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Preface to "Power Quality in Electrified
Transportation Systems”

Due to the wide range of signaling, control, diagnostic and metering functions implemented
nowadays with higher standards of immunity, availability and reliability, and to the ever increasing
integration with renewables and smart transportation modes, Power Quality for modern railways
and electrified transportation systems has widened its scope and refined its definitions. The extension
of the frequency range, the inclusion of resonant behavior and system stability, the coverage of
electric arcs and other transients and interactions with the high-voltage distribution and transmission
upstream traction power stations are just the most significant examples.

A comprehensive presentation of the aforementioned phenomena is offered in “Power
Quality Phenomena in Electric Railway Power Supply Systems: An Exhaustive Framework and
Classification” by Kaleybar et al.

Yet, the most relevant impact on the grid upstream remains the more “classical” reactive power
demand and low-frequency harmonic distortion, as confirmed by the significant amount of
contributions discussing problems of Power Quality compensation both at the traction supply
infrastructure (“New Reactive Power Compensation Strategies for Railway Infrastructure Capacity
Increasing” by Morais et al.; “A Novel Co-Phase Power-Supply System Based on Modular Multilevel
Converter for High-Speed Railway AT Traction Power-Supply System” by Si Wu, Mingli Wu and Yi
Wang,;“A Novel Co-Phase Power Supply System for Electrified Railway Based on V Type Connection
Traction Transformer” by Shaofeng Xie, Yiming Zhang, Hui Wang; “Harmonic Mitigation in Electric
Railway Systems Using Improved Model Predictive Control” by Panpean et al.) and onboard
(“Application of a Non-carrier-Based Modulation for Current Harmonics Spectrum Control during
Regenerative Braking of the Electric Vehicle” by Steczek, Chudzik and Szelag). With their work
“Experimental Validation of a Reduced-Scale Rail Power Conditioner Based on Modular Multilevel
Converter for AC Railway Power Grids”, Tanta et al. have offered a significant amount of
experimental results on a scaled prototype of a power conditioner. Kus, Skala and Drabek instead in
“Complex Design Method of Filtration Station Considering Harmonic Components” consider the
problem from a classic standpoint, optimizing the design of passive harmonic control measures
(filters).

Consequential to the harmonic excitation of AC railway lines, there is the problem of resonances
causing overvoltages (parallel resonances) and undue stress in components and the possible
triggering of protection relays: “Harmonic Overvoltage Analysis of Electric Railways in a Wide
Frequency Range Based on Relative Frequency Relationships of the Vehicle-Grid Coupling System”
by Qiujiang Liu et al. investigates the impedance behavior of traction power stations over a
wide frequency range, proposing a method to go beyond the limitation imposed by the switching
frequency of compensating converters; “Detection of Harmonic Overvoltage and Resonance in AC
Railways Using Measured Pantograph Electrical Quantities” by Mariscotti and Sandrolini discusses
a straightforward approach to the analysis and interpretation of rolling stock input quantities to detect
in real time incipient resonances and in general to identify the frequency ranges of abnormally large
or small line impedance values.

Moving away from the core problem of the reactive power impact, harmonics and resonances of
railways, other contributions have considered Power Quality problems of electrified transports in a
wider context, dealing with transient phenomena (electric arcs typical of DC railways and metros in



“A Novel Arc Detection Method for DC Railway Systems” by Seferi et al.), integration with renewable
energies (“Decentralized Control Strategy for an AC Co-Phase Traction Microgrid” by Lan Ma et al.)
and electric vehicles (“Four-Quadrant Operations of Bidirectional Chargers for Electric Vehicles in
Smart Car Parks: G2V, V2G, and V4G” by Tingting He et al.), or simply considering the impact on
the infrastructure and train scheduling as one of the degrees of freedom for its optimization (“The
Problem of Train Scheduling in the Context of the Load on the Power Supply Infrastructure. A Case
Study” by Haladyn).

The paper “Electrodynamics of Reactive Power in the Space of Inter-Substation Zones of AC
Electrified Railway Line” by Kostin et al. has proposed a different framework for the interpretation
of harmonics propagation in railways, starting from fundamental electromagnetic theory.

Finally, “Review of Legal Aspects of Electrical Power Quality in Ship Systems in the Wake
of the Novelisation and Implementation of IACS Rules and Requirement” has departed from land
transportation systems focusing on maritime transportation, and in particular onboard electric
distribution, with the ever increasing relevance of all-electric ships and the recent evolution of
international regulations for harmonic distortion and power quality. In the light of the recent
developments in Power Quality as a horizontal discipline across the various forms of electrified
transportation systems, the papers appearing in this volume may be a useful reference and inspiration

for further research.

Andrea Mariscotti, Leonardo Sandrolini
Editors
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Abstract: Electric railway power systems (ERPS) as one of the most critical and high-power end-user
loads of utility grids are characterized by outlandish power quality (PQ) problems all over the world.
The extension and evolution of different supply topologies for these systems has resulted in significant
and various forms of distortions in network voltage and current in all ERPS, the connected power
system, and adjacent consumers. During the last years, numerous studies have been offered to
investigate various aspects of PQs in a specific supplying topology. Variation in the supply structure of
the ERPS and different types of locomotives has propelled the observation of different PQ phenomena.
This versatility and development have led to confront considerable types of two-way interactive
interfaces as well as reliability and PQ problems in ERPS. In addition, the lack of standards explicitly
dedicated to ERPS has added to the ambiguity and complexity of this issue. In this paper, an extensive
review of PQ distortions and phenomena in different configurations of ERPS is proposed and a
systematic classification is presented. More than 140 scientific papers and publications are studied
and categorized which can provide a fast review and a perfect perspective on the status of PQ indexes
for researchers and experts.

Keywords: power quality; electric railway system; harmonics; unbalance; resonance; voltage
distortions; reactive power; EMI

1. Introduction

The outstanding characteristics of electric railway power systems (ERPS) such as safe transport,
high-power/capacity, high-speed, great reliability and resilience, and environment-friendly manner
make them one of the popular and promising transport systems [1]. These systems have experienced
considerable improvement and evolution during the last decades. Historical, geographical,
and economical reasons have led to the establishment of different ERPSs structures in various
countries [2]. This development and diversity have resulted in facing different forms of distortions
and power quality (PQ) issues not only in ERPSs, but also in the supplier utility grid and other
adjacent loads. Generally, PQ issues in ERPSs have been investigated individually by dividing the
systems into three areas of DC, 16.67/25 Hz AC and 50/60 Hz AC. The DC type ERPSs introduced
as the primary technology with lower requirements and capacity in transportation electrification.
Urban railway systems including subways, trams, and light-rails are the most popular types of DC
systems. Voltage/current harmonics, waveform transients, system imbalance, and low power factor
are the foremost phenomena which are reported in the so-far published researches related to these

Energies 2020, 13, 6662; d0i:10.3390/en13246662 1 www.mdpi.com/journal/energies
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systems [3-5]. The hardness and complexity of AC motors to supply the high-power traction loads
with the industrial frequency caused to establishment of 16.67/25 Hz system taking advantage of
rotary frequency converters. The frequency transient, stability problems driven by electromechanical
transients, and amplification of negative sequence current or imbalance in synchronous generators are
the main PQ issues of these systems [6-8]. With the subsequent developments of technologies and
high demands for transportation, industrial frequency-based ERPSs have become promoted and more
popular. Primary systems in this context are established based on 1 x 25 kV ERPSs, which can be found in
different forms of without return conductor, with return feeder, and with booster transformer. The most
important PQ phenomena reported in these systems include imbalance, harmonics, low-frequency
oscillations, low power factor, voltage drops, and electromagnetic interference (EMI) based issues
due to the return currents and arcing [9-11]. The next-generation AC ERPSs were adopted based on
autotransformer based 2 X 25 kV systems concentrating on mitigation of EMI issues, voltage drops,
and arcing problems [12-14]. The PQ problems related to AC ERPSs are so crucial that different
configurations of passive and active compensation technologies [15-18] are proposed to mitigate them
in the literature. Meanwhile, extensive studies are underway regarding replacing existing systems with
modern power electronics (PE)-based ERPSs as co-phase, advanced co-phase, and different types of
VSC and MMCs [19-23]. These ERPSs are recognized as green types because the VSCs can control their
output voltage and currents matching with the desired PQ. During the last years, multiple studies have
been addressed some of PQ indexes in a specific supplying ERPS. In [24,25] PQ analysis in high-speed
railways (HSR) and 1 x 25 kV ERPSs have been carried out. Mariscotti has analyzed PQ issues in
16.67 Hz and DC ERPSs specifically in terms of conditioning and measurement in [26,27]. The analysis
in 2 X 25 kV ERPSs emphasizing EMI phenomena has been carried out in [28]. In [29] an inclusive study
of harmonic problems in ERPSs has been studied. However, there is still a lack of a comprehensive study
and framework that addresses all PQ phenomena and classifies them based on ERPS types. In addition,
unlike the power systems, for which multiple standards and resources have been developed, the ERPS
suffers from a deficiency of a comprehensive and all-encompassing resource. This has been reinforced
the ambiguity and complexity of PQ analysis in ERPSs. Meanwhile, selecting a suitable method to
relieve PQ issues needs a complete knowledge and identification of main sources, features, influencing
factors, and occurrence environment. Motivated by the above-mentioned shortcomings, this paper
presents an exhaustive definition and classification of PQ indexes and distortions together with a
brief review of various ERPSs configuration and the classified reported PQ phenomena in literature
based on each ERPS type. The rest parts of the paper are structured as follows: Section 2 describes
and portrays all the PQ phenomena and influencing factors in ERPS. In Section 3 the investigation of
phenomena based on the classified ERPS type is presented. In Section 4 the classification of reported
PQ phenomena in literature is discussed. Finally, Section 5 concludes the paper.

2. Power Quality Phenomena in ERPS

PQ issues, disturbances, or phenomena are terms used to characterize voltage or current deviations
from its ideal waveform. Different forms of PQ phenomena have been occurred all around the world
according to the designed and operating structure of ERPS. In this section, the reported PQ indexes
in EPRSs together with originated and influencing factors are described and categorized based on
their type.

2.1. System Unbalance

One of the most important and common PQ phenomena in EPRSs is system unbalance which
emanated from single-phase power supplying AC EPRS [30]. In normal conditions, when the network
is balanced, the three-phase voltages/currents are identical in magnitude and the phase differences are
120°. When the system is gotten imbalanced, the three-phase voltages/currents are not the same in
magnitude and the phases are unsymmetrical.
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So far, different definitions of unbalance have been proposed in a three-phase system. The issue of
unbalance can be categorized into two subjects: voltage unbalance and current unbalance. These voltage
and current unbalances may cause extra losses, communication interference, motor overheating,
and malfunction of relays [30-37]. The degree of these unbalances depends on the train’s movement,
the tractive profile of electric locomotives, the type of traction substation transformer (TST) [35], and the
power-supply scheme. Numerous problems due to imbalance motivated experts to look at it with a
more specialized view and to propose standards for measuring the imbalance. The three key definitions
of imbalance are provided by the IEEE [38], IEC [39], and NEMA [40] over the years.

e [EEEstd 112-1991

In 1991, the IEEE introduced its second definition of voltage imbalance under standard 112 to
define an indicator for voltage imbalance, in which the maximum deviation of the effective value of
the phase voltage from the mean effective value of the phase voltage, relative to the average value of
the phase voltage according to Equation (1) [38]. Where PVUR denotes phase voltage unbalance rate.

max{lVﬂ - Vzwg AVe— Vavg ’ |Vc - Vuvgl}
%PVUR = x 100 1)
Vavg
Va+Vp+ V.
Vigg =~ @

e [EC 60034-26

The IEC standard defines voltage imbalance as the ratio of the negative or zero sequence component
to the positive sequence component. In simple words, it is a voltage variation in a power system in
which the voltage amplitudes or the phase angle differences between them are not equal. The negative
and positive sequence of line voltage can be calculated using the Fortescue matrix as Equation (4) [39].
Where ¢y denotes voltage imbalance ratio.

N V- Vab
Yoy = FXlOOZ FXlOO 3)
ab
Vap® 1 1 1 Vb
Vab+ =1 a dz Vbc (4)
V™ 1 a2 a )\ Va
Vap =Va—=Vp
Ve =V = Ve (%)
Vo =Ve=Vy

e  ANSI/NEMA Standard MG1-1993

In 1993, NEMA introduced a standard for unbalance that included only the effective magnitude of
line-by-line voltages. In this definition, the maximum deviation of the effective value of line voltages
from the average effective value of line voltages, compared to the average value of line voltages as
follows [40]. Where LVUR denotes line voltage unbalance rate.

Vbr: - Vavg

’ ’

maxHng - Vuvg ch - Vavg” «

%LVUR =

100 6
Voos (6)

In general, the voltage/currents unbalance factor (VUF/CUF) is defined to measure the intensity of
the system unbalance as given in Equations (7) and (8).

o, V-
JoVUF = F x 100 (7)
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o I
7%CUF = T x 100 (8)

where V™ and I” are the negative sequence voltage and currents, and V* and I* present the positive
sequence voltage and currents. A higher amount of factors declare a high value of negative-sequence
current (NSC) injected to the ERPS. Depending on the adopted TST type in ERPS, the factors are
changed. Figure 1 illustrates the measured real imbalance situation of Wuhan-Guangzhou high-speed
electrified railway [41].

Voltage Unbalance Factor(%)

Current Unbalance Factor (%) 03
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90
o 025

70 02
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(a) (b)

Figure 1. The measured unbalance ratio in Wuhan-Guangzhou high-speed electrified railway system:
(a) Current unbalance factor; (b) Voltage unbalance factor [41].

2.2. Harmonics

The ERPS is one of the main harmonic provenances in the public power grid. Depending on the
supplying topology type, different forms of harmonic phenomena can emerge.

2.2.1. Low Order Harmonics

Low order harmonics (LOH) known also as main harmonics are the most critical kind of harmonics
in ERPS. They have been noticed as the motivation of numerous functioning obstacles both to the power
grid and ERPS. The amplitude of the LOH is greater than the other harmonic spectrum ingredients.
Accordingly, the negative efficacy of LOH can decline the fundamental signal amplitude impressively.
Intensive shaking and noises in motors and generators, exceeding of heat and loss in transformers
and transmission lines, harmful impacts and destructions in relays and other protection systems,
and instability of power network are some of their main adversely effects [42]. In general, the main
LOH in ERPS can be classified into three categories as follows.

e  Background Harmonics

This category also known as internal harmonics of ERPS is generated by the power supplying
system in the absence of operational trains. In addition, they can be turned out by adjacent contiguous
nonlinear loads linked to the joint busbar as a point of common coupling. The harmonic spectrum
ranges for background harmonics are pretty much odd inherent harmonics like 3rd, 5th, 7th, ...,
19th [43,44].

e  Train Internal Harmonics

In AC ERPS, trains and their PE converter based interior driving systems are assumed in
the guise of basic harmonic origination. Most functioning trains in the world even now contain
thyristor/diode-based PE converters in their configuration, which turn out current harmonics and
accordingly voltage harmonic and distortion [24,45-47]. The low order ingredients as 3rd, 5th, 7th, ...,
21st, and 23rd are the most highlighted ones measured in these kinds of trains. Figure 2a demonstrates
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the harmonic content of conventional thyristor/diode-based trains measured in the ERPS. Conversely,
the modern trains equipped with four-quadrant converters (4QCs) evolve less harmonic pollution
thanks to the adoption of high switching frequency (pulse-width modulation) (PWM). However,
as shown in Figure 2b even the amplitude of LOH has declined significantly (the vertical axes scale
has been decreased), the high order components around switching frequency are considered as a
substantial problem. These components are known as the characteristic harmonics which will be
explained in the next sections.

H E
g g
g L | [re—— £
2 1ol o Characteristic harmonics
2 g
i : AL
= Uil .

0 A 1 T TPATTI TP TR, -

0 20 40 60 80 100 0 20 40 60 80 100

Harmonic order Harmonic order
(a) (b)

Figure 2. The harmonic spectrum of the traditional and modern trains. (a) Traditional SS4 locomotives.
(b) High-speed modern CRH2 locomotives [24].

e  DC Substation Harmonics

In addition to the trains, the internal structure of ERPS is considered as the foremost and significant
harmonic origination in the power grid. Contingent on the AC or DC type supplying system, type of
converter in traction power substation (TPSS) and voltage level, various forms of harmonic phenomena
can arise. Metro (subway) EPRSs which are fed by multi-pulse conventional rectification substations are
a pivotal reason for LOH distortion in the primary side of the grid [48-51]. Moreover, DC traction motor
based traditional locomotives functioning in AC systems are massive harmonic contamination loads
regarding the high-power utilization of nonlinear rectification converter. The harmonic ingredients in
the primary-side current of AC/DC substations can be defined as the function of pulse number:

h=kp+1keN )

where p is the pulse number of converter and / expresses the harmonic order. The popular n-pulse
rectifier based traditional substations in EPRSs is 6, 12, 18, and 24 pulses. The primary-side current
waveforms and fast Fourier transform (FFT) investigation for these types of TPSSs are simulated
and demonstrated on a small scale in Figure 3. As can be seen from the figures, by increasing the
number of pulses, the total harmonic distortion (THD) percentage has been decreased and the harmonic
components are shifted from low orders to high orders.
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Figure 3. The primary-side current of n-pulse AC/DC converters with FFT analysis. (a) 6-pulse
(b) 12-pulse (c) 18-pulse (d) 24-pulse.

2.2.2. Inter-Harmonics

In ERPS inter-harmonics (InH) are emerged by AC motors controlled by variable frequency drives
(VEDs). They are related to the fundamental main frequency (f,) and the input AC frequency (f;)
which supplies VFD. These kinds of harmonics are realized between the typical and characterized
harmonics of the VFDs. The main reason for occurrence is the compilation among the switching tasks
applied to invert the DC-link voltage to the three-phase AC voltage with the DC current ripple [52-55].
The frequency of the inter-harmonics can be characterized as

fin = |np,-f,- + mpofo| n, mezZ (10)

where p; and p, denote the number of pulses in the rectification and inversion process.
The inter-harmonics afford pulsating torque harmonics, stimulate a linked traction motor and torsional
resonance path, wheel wear, and a critical impact on the torsional behavior of the entire train.

2.2.3. Low Frequency Oscillation

The low frequency oscillation (LFO) is an impermanent phenomenon and a vehicle-grid
interlinkage issue situated by the impedance inconsistency between the ERPS and the modern
trains particularly those equipped with 4QCs. Furthermore, LFO can be produced by the rotary
frequency converter (RFC) used in several European ERPS [56,57]. In LFO circumstances the voltage
and current demonstrate a magnitude and phase oscillation. It can lead to several significant problems,
such as the conservation system breakdown, over voltage and current, damage to the onboard devices,
and even divergence oscillation of voltage and current leading to railway accidents and obstruction or
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inconsistency issues [56-65]. Three types of LFO scenarios are defined in the literature depending on
the structure of ERPS type. Figure 4. demonstrates the LFO in catenary voltage and currents.

Voltage/V

e _._ eSS AT\ Iy 1
| Traction network Inflowed \ Outflowed |

e in o i S VAN R e s

Catenary Pantograph < "

e e e e |

Figure 4. The overhead catenary voltage and current with low frequency oscillation (LFO)
phenomenon [59,60].

e LFO in RFC based ERPS

In the age of starting railway electrification, based on the low requests, existing low-capacity power
grids, and consequences regarding using of powerful motors in industrial frequency, the low-frequency
systems got more attention. These kinds of ERPS are established in several countries as Austria,
Germany, Switzerland, Norway, Sweden, and the USA functioning with a frequency of 16.67 or 25 Hz.
The frequency below the power grid frequency demonstrates the urgency of the requirement for RFC.
The LFO is primarily measured in these kinds of ERPS. The usual oscillation content in this group is
reported in the range of (0.1-0.3) p.u [56-58].

e  LFO in ERPS without RFC

The consistently incremental request for passenger and mass transfer as well as subsequent
advancement of technologies and power networks promote the construction and development of
transformer-based AC systems operating with industrial frequency and without RFCs. The conventional
1 x 25 kV and 2 x 25 kV autotransformer based ERPS are the most popular embraced structures.
Notwithstanding, LFO in such a network often occurs by concurrent functioning of multiple
trains. The ultra-critical quantity of operating trains which leads to the LFO occurrence is reported
approximately 6-8. The usual oscillation content in this group of LFO is reported in the range of
(0.01-0.12) p.u [59-63].

e Irregular LFO

The latter category of LFO is non-periodic and immethodical oscillations that can enhance current
and voltage magnitude unfavorably. The irregular LFO has been reported mostly in China [64,65]. It is
not possible to assign a special frequency oscillation range for this type of LFO. Figure 5 shows the
measured voltage and current waveforms including various types of LFO. As shown in the figure,
the most undesirable type is related to irregular LFO with higher current magnitude reinforcement.
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Figure 5. Measured various types of LFO phenomena [64].
2.2.4. Harmonic Resonance

The current LOH produced by trains mainly in modern ERPS can spread all around the power
supply networks. Contrarily, the inductance and capacitive specifications of the overhead catenary
system (OCS), may make a distributed LC circuit that can lead to parallels or series resonance at the
specific frequencies. The interaction of these current harmonics and internal resonance may cause
the harmonic resonance (HR) phenomenon at some characteristic frequencies in ERPS. By way of
explanation, some harmonic ingredients are strengthened by the resonance. The HR can create serious
issues such as drastic voltage distortion, electromagnetic interference in communication and signaling
system, overheating and losses, and misdeed of protection equipment [66-79].

Figure 6 illustrates the harmonic spectrums for measured OCS currents/voltages reported in two
main HSR lines in China and Italy containing HR phenomenon. This phenomenon which is reported
in many countries can be divided into parallel and series scenarios. Generally, the composition of
inductive and capacitive features of OCS can lead to either a series resonance (when L and C are in
series) or a parallel resonance (when L and C are in parallel).
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Figure 6. Distorted pantograph voltage/current under the high-frequency resonance with FFT analysis
in China and Italy. (a) JingHu high-speed railways (HSR) [64] (b) Italy HSR [79].
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e  Parallel HR

The parallel HR (PHR) is most likely HR scenario in ERPS due to the inductive and capacitive
specification of multi-conductor OCS. The specified frequency oscillation range for PHR based on
measurements is between 10 and 55 p.u. The critical HR incidents correlate with the parallel resonance
which is the basic concern in TPSS. The PHR has been reported in some countries which are classified
based on the order in Table 1.

Table 1. Different types of reported harmonic resonance (HR) in the literature.

No.  Type of HR Frequency Period (p.u) Location
1 Parallel 15-20, 45-55, 35-59, 50-64 China [66—69]

2 Parallel 24-30 Korea [43]

3 Parallel 21-29,39,121,139 Italy [28,70]

4 Parallel 20-60 United Kingdom [71]
5 Parallel 49-51 Thailand [72]

6 Parallel 29-41 Japan [73]

7 Parallel Up to 63 Zimbabwe [74]

8 Parallel 13-20 Czech Republic [75]
9 Parallel 21,81 Iran [76]

10 Parallel <25 Germany [77]

11 Series 3-7 Spain [78]

12 Series 64,72, 80 Italy [79]

e  Series HR

The series HR (SHR) is an infrequent HR phenomenon in EPRSs. Functioning of FACT device or
conditioners as static VAR compensators, STATCOM and Steinmetz theory may interact with ERPS
impedance and create SHR. The specified oscillation content in this group is reported in the range of
(3-9) p.u. The SHR has been reported in some countries which are mentioned in Table 1.

2.2.5. Harmonic Instabilities

The most basic factor of harmonic instabilities (HI) genesis is the higher switching frequency of
PWM based 4QCs in recent and modern trains. The interplay among the multiple switching frequency
and ERPS interior resonance frequency reinforce an intense oscillation with a sort of insignificant
damping termed as HI [80-87]. In addition, the high-frequency features of the closed-loop control
system for 4QCs including voltage and the current controller can interact with ERPS and originate
HI. Accordingly, HI may amplify the voltage and current harmonics and cause the system to be
instable. Compared with HR as a stable phenomenon and harmonic reinforcement, the HI is an
unstable phenomenon. The specified oscillation content for this phenomenon is dependent on the
resonance frequencies.

Nevertheless, according to the measurements and reports, the resonance orders can be in the
range of 2nd to 100th with field test intensifications of 23rd to 24th and 47th to 55th [64]. It can lead
to critical issues such as overvoltage problems, stimulate some harmonic ingredients, explosion or
malfunction of protection devices together with overheating and loss problems. HI phenomenon has
been stated in China [64], Switzerland [81], and Italy [82]. Figure 7 demonstrates a measured OCS
voltage waveform including HI. For the purpose of having a rapid review and a suitable classification,
the harmonic phenomena organization chart together with the frequency range is presented in Figure 8.
This figure illustrates an epitome of the harmonic indexes with their different types in ERPS. Meanwhile,
the possible per unit range for each phenomenon has been determined and demonstrated. A schematic
based comparison together with a technical discussion between harmonic phenomena can be found
in [64,80].
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Figure 7. Measured overhead catenary system (OCS) voltage and experiment waveform with harmonic
instabilities (HI). (a) Traction power substation (TPSS) voltage in electric railway power systems
(ERPS) [64]. (b) Phase-to-phase unstable voltage [83].
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2.3. Reactive Power and Low Power Factor

Notwithstanding the application of advanced PWM based trains, the majority of working trains
in ERPS all over the world are still based on AC/DC rectifiers using thyristor or diode. This can cause
the current distortion in the primary-side of the substation and overlap commutation angle. Therefore,
it can reduce the power factor (PF) of the system substantially. On the other side, considering the
impacts of ERPS impedance including the inductive reactance features of the OCS, the PF will be
reduced by about 1-5%. The low PF in the system can be the origination of many problems including,
lower efficiency, high power losses, heating of devices, and high voltage drops across the line [45,88-95].
This is so serious for power grids that fine subscribers with a low power factor of 0.9 in PCC. However,
the average amount of PF in ERPS depending on the type of supply is measured in the range of
0.70-0.84 [93]. Figure 9 demonstrates the measurements of PF for three different popular HST trains
operating in the world. According to these figures, for the light-loading situation and coasting mode,
the amount of PF is proportionally lower and rapidly when the train current/power increase PF reaches
close to unity. Power factor is commonly specified by a particular description assuming a balanced
situation without harmonics on the system. However, in a real practical system, the PF can be affected
by the harmonic components and imbalance condition in the ERPS. Accordingly, the type of traction
transformer and its loading characteristics will play an important role to determine the PF in AC
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ERPS [95]. The performance of popular traction transformers in ERPS is based on the different PF
definitions as fundamental PF (PF,), effective PF (PFg), vector PF (PFy), and arithmetic PF (PFg) [95]
in IEEE Std-1459 is demonstrated in Table 2. The practical measurement in this table reveals the
better performance of Y/d and Scott transformer in presence of harmonics for both balanced and
imbalanced conditions.
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Figure 9. Measured power factor (PF) range for different kinds of modern trains. (a) CRH2A-China [94],
(b) TGV-France [12], (¢) ETR500-Italy [12].

Table 2. Performance of different traction transformers based on PF definitions in the harmonic presence.

Transformer Type Load Condition PF; PFg PFy PFA Overall
Sinele-phase Balanced high very low medium very low very low
&P Unbalanced high very low medium very low ¥
Balanced low low high low .
Vv Unbalanced medium low high medium  edium
y/d Balanced very high medium very high medium very
Unbalanced very high ~ medium  very high low high
Balanced medium very high low very high .
Scott Unbalanced low high low very high high
Balanced very low high very low high
Le-Blanc Unbalanced very low very high very low high low

2.4. Transient Events

PQ phenomena in ERPS includes a wide range of disturbances and different types of deviations
in voltage amplitude or waveform. The PQ deviation events/disturbances can be classified based on
the disposition of the waveform distortion, duration, rate of rising, and amplitude for each category of
electromagnetic disturbances. A comprehensive classification of PQ electromagnetic phenomena for
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power systems can be found in [96]. However, due to the specific and different features, a specific
classification based on the characteristics of ERPS has been carried out. The transient events are
unwelcome and momentary in nature. Generally, transient events can be classified into two groups of
impulsive and oscillatory which comprised the waveshape of both current and voltage transient.

2.4.1. Impulsive Transients (ImT)

The ImT is an abrupt, frequency variation from the nominal condition of voltage/current, which is
usually unidirectional in polarity. It is specified by the peak value, rate of rising or decay, and duration
times. The most popular reason for the occurrence of impulsive transients in ERPS are as follow:

° Lightning

Every time thunderstorms happen, ERPS has exposed to impulses transients of lightning.
The strikes can be direct lightning to any conductor which is in the upper of the ground or indirect form
as the induced voltage in a part of the system caused by close lightning [97-100]. The lightning energy
can damage and completely destroy the equipment. Figure 10 illustrates the measured waveforms
during lightning occurrence in four position distance of Swedish railway
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Figure 10. Measured waveforms during lightning occurrence in 4 position distance of Swedish railway
facility [98]. (a) Line-to-neutral voltage (b) Local ground to rail current waveforms.

e  Switching of circuit breakers

Some remarkable voltage transients are measured during the operating switching of circuit
breakers the ERPS. This type of transients can be classified in the impulsive group because of the
sudden rise and duration of occurrence. The two possible switchings in ERPS can be defined as
switching of the main high-voltage busbar for maintenance purposes and switching of converters
in TPSS for daily operations [101]. The measured voltage transient for the mentioned switching of
breakers in Rome subway is shown in Figure 11.
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Figure 11. Measured two types of transient voltage in MV busbar of Rome subway system [101].
(a) Recorded type 1 transient voltage. (b) Recorded type 2 transient voltage.
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e  Abnormal changes in tractive efforts

During the train movement in the route, several situations may cause sudden changes in the
driving of traction motors and consequently sudden changes in voltage or currents. Some of these
factors and conditions are abnormal abruptly generated tractive effort by passing neutral sections and
high current absorption which can make step-change in pantograph voltage. In addition, the other
type of transient can be measured during the passing neutral zone in changing over the supplying
substation of sections [27,102]. The measured voltage transients for the two mentioned situations in
Italian ERPS are shown in Figure 12.
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Figure 12. Measured transient voltage in 3 kV DC Italian ERPS [102]. (a) Caused by sudden generated
tractive effort. (b) Caused by passing neutral section and changing supplying TPSS.

2.4.2. Oscillatory Transients (OsT)

The OsT is an abrupt, and non-power frequency variation of the steady-state situation
of voltage/current, which is usually bidirectional in polarity. OsT includes a waveform with
instantaneous amount changes of polarity quickly for several times and commonly declining within a
fundamental-frequency period. It is specified by the amplitude, spectral content, and duration times.
They can be classified into three groups of low (<5 kHz), medium (5-500 kHz), and high (0.5-5 MHz)
frequency oscillations [96]. The most popular reason for the occurrence of OsT in ERPS are as follows:

e  Changing in operational condition and modulation patterns

During the train movement in the route, some circumstances may lead to having changes in the
operation of locomotives or modulation patterns of drive converters related to traction motors and
consequently changes in voltage or currents. Some of these factors and conditions are as sudden
braking, train wheel slide/slip, change in driving pattern, and extra torque. The field measurement of
this phenomenon is demonstrated in Figure 13a.

5000 0 2700+ - 1550
400 voltage
= = 2600+ —e— current|
- s 41525
4000 o -
s 2 25004 <
i E €
£ {1500
- & 2400 ?5J
H “é, 3
3000
s {1475
80 S 2300
2500
s 2200 - : - - - - 1450
15} e 151 152 153 154 155 156 157 158

Time [s]

time [ms]
(a) (b)

Figure 13. Measured transient voltage and currents in 3 kV DC ERPS. (a) Pantograph voltage and
ripple index caused by changes in operational conditions [104]. (b) Pantograph voltage and current
during oscillatory transients (OsT) caused by sliding/jump effect [103].
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e  Sliding contact and pantograph jump over OCS

Due to the sliding contact between the OCS and suspended pantograph on top of trains during
their movement, the electromagnetic transient events which are a very common phenomenon can
reduce the effective voltage and continuity of train operation. By increasing the operational speed
of trains especially in HSR and high-power lines the related problems will get worse. Moreover,
during this interaction, the arcing issue can appear which is detrimental for the signaling system [103].
However, based on the ERPS features we have classified this phenomenon in the radiated interference
indices category which will be discussed in the next sessions. Field measurement of voltage/current
transient caused by sliding contact for 3 kV DC ERPS is illustrated in Figure 13b.

e Inrush current of the locomotive transformer

The very low frequency OsT with less than hundreds Hz typically is connected with ferroresonance
and energization of a power transformer. In the power system, this phenomenon happens when
the system resonance leads to the amplification of low-frequency ingredients of transformer inrush
current [96].

In ERPS especially AC type, this can occur when the unmagnetized transformer of the locomotive
is connected to the OCS. When the onboard train’s transformer is connected to the OCS, an inrush
current issue arises because of the nonlinear conditions caused by a saturated transformer [105,106].
A measured inrush current transient in Switzerland is shown in Figure 14. This phenomenon can be
mitigated by suitably sizing and designing transformers and filters.
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Figure 14. Measured inrush current transient in Switzerland BLS Re465 locomotive [105].
e  Capacitor bank energization

The capacitor bank energization can arise both in low and medium frequency OsT. The low
frequency OsT in ERPS is more common due to the energization and switching of capacitor
banks [104-106]. Due to the low PF and voltage drop in railway systems, reactive power compensation
using capacitors is prevalent in terms of different compensators as capacitor bank, passive filters,
thyristor-switched capacitor (TSC), static VAR compensator (SVC), and railway power conditioner
(RPC) [107].

2.5. Short Duration rms Variations

These kinds of variations are characterized as the variations in voltage/current for a period
not exceeding one minute. According to occurrence duration, it can be in three forms of an
instantaneous, momentary, or temporary phenomenon. Meanwhile, depending on the reason of
appearance, the variations can be classified into three formats of voltage dips, voltage surge/rises,
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and interruptions [96]. However, the duration of the variations does not meet all the time the values
assigned for the power grid standard due to the special features of ERPS. The measured voltage dip in
Korea and Rome metro lines are represented in Figure 15.

2.5.1. Voltage Dips (Sag)

Voltage dip is a kind of phenomenon when a short duration decrement occurs in rms value
of voltage. This decrement is defined in the range of 10-90% of nominal amplitude. It can be

measured in TPSS and on-board. The reasons for and influencing factors of occurrence in ERPS are as
follows [108-112]:

e  During the fault occurrence in the line.

e  The high value of starting current absorbed by traction motors.
e  Sudden load changes or supplying high-power locomotives.

e  TPSS transformers energization.

e The motor blocking caused by the segregation of pantograph and OCS in the vibration situations
or neutral sections.

e  TPSS equipment triggering such as lightning, escalator, air-conditioners, heaters, etc.
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Figure 15. Measured voltage dip in Korea. (a) 4-cycle voltage sag signal without a noise [111]; (b) 63%
voltage sag recorded in Rome metro line [101].

2.5.2. Voltage Rises (Swell)

The voltage rises known also as swell are characterized in IEEE 1159-2019 standard as the 10-80%
increment in the rms value of voltage in a short duration of less than one minute [96]. It is infrequent
in comparison to the voltage sag. This phenomenon can be caused in ERPS by different factors like:

e Sudden load changing or supplying high-power locomotives.

e  TPSS transformers de-energization.

e  The motor blocking caused by the segregation of pantograph and OCD in the vibration situations
or neutral sections.

e  TPSS equipment ceasing such as lightning, escalator, air-conditioners, heaters, etc.

e De-energization or disconnecting of high-power loads.

It is worth mentioning that the impacts of voltage swell to the ERPS in comparison to voltage sag
are more hazardous. They can destruct equipment, leading to overheating and loss issues together
with a malfunction on protection devices [108-112]. Figure 16 demonstrates the examples of reported
voltage swell in Korean HSR.
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Figure 16. Measured voltage swell in ERPS. (a) 3 kV DC line in Italy [109]. (b) Korea HSR (G7) [108].
2.5.3. Interruption (InR)

Interruptions have been defined by IEEE 1159-2019 as a short-duration in which the rms voltage
amplitude is less than 10% of nominal voltage [96]. The impressive external determinants in interruption
occurrence are the cutting of the fuse, the operating of the circuit breaker, failure and fault in the
power system equipment, etc. The foremost reason for the short interruption in ERPS is the abrupt
disconnection between the contact wire and pantograph. Losing of data, ruining of susceptible
equipment, unwelcome tripping of protective devices, and relays and malfunction of data processing
equipment are substantial ruinous impacts [3,109,112-114]. Figure 17 demonstrates the example of
measured interruption in 25 kV AC ERPS line of Italy.
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Figure 17. The measured interruption in ERPS. (a) Uncontrolled InR in 25 kV AC ERPS line of Italy [112];
(b) Controlled 10 ms InR with smart electric neutral section executer [113].

2.6. Long Duration rms

These kinds of variations are characterized as the variations in voltage/current for a period longer
than one minute. However, due to the instantaneous variation of loads and time-varying features of
ERPS, the duration can be lower in such a system. Depending on the creating factors of the variation,
this phenomenon can be classified into three formats of overvoltage, undervoltage, and sustained
interruption [96].

2.6.1. Overvoltage (OvG)

When the system voltage increments and exceeds the higher limit of the designed nominal rate,
it is known as an overvoltage situation. This phenomenon is in the range of a 10-20% increase in rms
voltage less with a duration longer than 1 min [96]. However, it should be noted that the maximum
allowed overvoltage in ERPS is 20%. Based on [99], more than 16% of malfunctions in electric power
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systems are originated from overvoltage. However, the time/location-varying traction load in ERPS
has made it more prone to accept such a phenomenon. Figure 18a illustrates the overvoltage situation
during the braking of trains in Metro de Medellin. Various influencing factors can lead to overvoltage
occurrence in ERPS as [6,12,115-119]:

e Voltage increase in the OCS in the case of regenerative braking and lack of consumer trains in
the network.

e  The interlinkage of system harmonics and pantograph impedance and created resonances.

e  System instabilities.

e  Oscillations happening in the onboard controllers.

e  Automatic passing of neutral zones.

e Impedance unconformity at the inverter and traction motor terminals.

e Lightening overvoltage.

e  Switching or other atmospheric phenomena.

e  Functioning of split-phase breakers in case of phase changing procedure.
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Figure 18. The measured overvoltage and under voltage in ERPS. (a) Overvoltage situation during

braking of trains in Metro de Medellin without dissipating resistance [117] (b) Voltage drop/undervoltage
in 25 kV ERPS [120]. (c) Simulated voltage drop across the Rome-Florence HSR line.

The overvoltage can damage electronic equipment, traction, and compressor motors located in
the trains and the insulators. It can also cause malfunction and failure on protection and relays.

2.6.2. Undervoltage (UvG)

When the system voltage decrements and exceeds the lower limit of the designed nominal rate,
it is known as undervoltage (UvG) situation. According to IEEE 1159-2019, this phenomenon is in
the range of a 10% to 20% decrease in rms voltage less with a duration longer than 1 min. However,
it should be noted that the minimum allowed voltage drop or undervoltage situation in ERPS is
—33% [1]. Therefore, ERPS can tolerate most of these UvG situations. The analysis of voltage drops in
ERPS is important for all rating, design, and planning stages to confirm that even under the worst
situation, the voltage at the pantograph satisfies the related standards [120-123]. In DC ERPS, voltage
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drops are assigned just by the resistive component of the line, omitting the transient phenomena.
On the other hand, the AC ERPS lines are affected not only by the resistive component but also by the
inductive voltage drop and the reactive power included in the system. Meanwhile, the type of DC
power supply including unilateral, bilateral, single-point parallel, and multi-parallel connections can
influence the voltage drops [1]. Figure 18b,c show the voltage drop situation over the distance from
TPSS in 25 kV AC and 3 kV DC ERPS, respectively.

2.6.3. Interruption Sustained (InRS)

The decrement of the voltage to less than 10% of the nominal value for a duration of more than one
minute is characterized as sustained interruption [96]. Like short interruption, this phenomenon can be
caused by some influencing factors like operating of the fuses or circuit breaker, failure, and fault in the
line equipment undesirable tripping of protective devices and relays [101,109,112-114]. In Figure 19
sustained interruption with periods of about 3.5 min, which has been occurred at the substation of
Rome subway is demonstrated.
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Figure 19. The measured sustained interruption with 3.5 min duration in Rome metro line [101].
2.7. Voltage Fluctuation (Flicker)

Voltage Fluctuations are characterized as the change in nominal voltage in the range from 0.1 to
7% with frequencies less than 25 Hz. The time-varying specification and abrupt load changes in ERPS
can lead to a fast variation of the traction current results in sudden changes of OCS voltage known
as voltage flicker. The voltage flicker can have resulted in light flickering, destruct the equipment,
unwanted triggering of relays, and protection devices. The currents flowing in ERPS equipment may
lead to pulsating forces with high amplitude and which can be potentially harmful to TPSS equipment.
Static frequency converters (SFC), the operation of high-power traction motors, and arcing equipment
are the main reasons for flicker occurrence [41,124-126]. Figure 20 demonstrates the examples of
measured short and long duration voltage flicker in ERPS TPSS.
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Figure 20. Measured voltage flicker in railway substation. (a) Short duration flicker [124]. (b) Long
duration flicker in three-phase high-voltage busbar [41].

2.8. Waveform Distortion

Waveform distortions are characterized as a steady-state deflection from an ideal fundamental
power frequency sinusoidal. According to IEEE 1159-2019, there are five different forms of waveform
distortion as harmonics, inter-harmonics, DC offset, notch, and noise. Due to the importance of the
harmonic issue in ERPS, we classified and discussed the first two forms separately in harmonic sections.

2.8.1. DC offset

The existence of a dc component in voltage or current in the AC side is characterized as dc
offset. In ERPS, the most popular time to occurrence of this phenomenon is controlling 4QCs with
indirect current control methods [127,128]. Meanwhile, in the six-step mode control of permanent
magnet machines, the difference between the positive and negative half-cycle length can lead to this
phenomenon on the AC side [129]. DC offset can cause DC magnetization of magnetic equipment,
saturate the transformers, enhance heating problems, stressing of insulation. It can also impact the
stability of 4QCs.

2.8.2. Notch

The notch is a kind of voltage disturbance which can be occurred mostly by power electronics
devices. Technically, it can be generated by the synchronous transition of two semiconductors
persisting on the equal dc output terminal for a short time period, when two out of three of the ac
inputs are short-circuited. This can be found especially in voltage source converters controlling by SVM
modulation technique which drives traction motors. Meanwhile, this phenomenon can be originated
in 4QC drives [3,71,111]. Based on its specification, this phenomenon can be found in both transient
and oscillation forms. In addition, due to the periodic situation and frequency oscillation features it
can be classified as harmonic distortions. However, implementing high capacitors or batteries can
mitigate this phenomenon.

2.8.3. Noise

According to IEEE 1159-2019, noise is characterized as an undesirable electric signal with contents
lower than 200 kHz which can be imposed on the voltage/current of conductors [96]. In ERPS, it can be
occurred by power electronic devices, control circuits, arcing equipment, and traction locomotives with
onboard rectifiers. Meanwhile, impulsive noise and radio frequency (RF) noises have been addressed
in some papers [100,130-132] as electromagnetic transients caused by the sliding contact between the
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OCS and the pantograph. The common amplitude of the noise is lower than 0.01 p.u of the voltage
magnitude. The communication and signaling systems in ERPS are the most vulnerable parts which
are at risk and damage. Utilizing filters and isolation systems, this phenomenon can be mitigated.
Due to the high potential of ERPS associated with electromagnetic noises, this phenomenon has been
covered and categorized in the conductive electromagnetic interference group.

2.9. Electromagnetic Interference (EMI)

Electromagnetic interference (EMI) is characterized as a phenomenon in which an electromagnetic
field (EF) interposes with another, cause to the contortion of both fields. In other words, electromagnetic
coupling between a source of interference and a general sufferer system is demonstrated whenever
an interlinkage happens between the EF produced by the source and the sufferer system. As a
consequence, initiating a transfer of energy between them unfavorably modifies the physical features
and performance of the system. EMI and electromagnetic compatibility (EMC) issues play a significant
role in the generic performance of the ERPS and signaling systems. The EMI disturbances in ERPS
can be manifested by formations of current/voltage, electric/magnetic field coupling and they can be
classified into the four types of conduct, inducted, electrostatic, and radiated [1,131-145]. The different
impacts of EMI between ERPS, infrastructure, and circumambient environment are demonstrated in
Figure 21. These EMIs are known as

MAINS SUPPLY

SUB STATION

SIGNALLING
CURRENTS

EMISSION FROM
ROLLING STOCK (H & E)

RETURN CURRENT PATH
Figure 21. Electromagnetic interference (EMI) occurrence places in ERPS [134].

e  The induced interference voltage because of the inductive/capacitive coupling of three-phase ac
power grid transmission lines nearby to the OCS and TPSS.

e  The induced interference voltage by inductive/capacitive coupling of OCS conductors.

e  The conducted interference between rails and signaling systems/track circuits.

e  The inducted/radiated interference originated by pantograph arcing.

2.9.1. Conducted EMI

Conducted EMI (CEMI) phenomenon occurs when a source and sufferer system share one or
more conductors. CEMI can be produced by injection of distorted current or harmonics into the power
lines from devices with nonlinear features, or by transient overvoltage originated by switching and
atmospheric phenomena [1]. In most ERPS, the running rail conductors are utilized simultaneously as
a return circuit and as the conductors for locomotive detection and signaling systems. In this situation,
the trains and TPSSs which are the source of harmonic currents can interfere with the signaling
system and disrupt the signal of track circuits [1]. The frequency analysis and separation for power
systems and signaling systems together with designing frequency filters are the main procedures
to mitigate this phenomenon. The earth current or known as the stray current is the other type of
foremost conductive coupling that returns currents flow through the earth and re-enter to the rails

20



Energies 2020, 13, 6662

nearby the TPSS especially in DC ERPS. The high amount of currents injected into the soil can lead to
electrochemical corrosion in metal devices buried in the earth. Meanwhile, it can result in high rail to
earth or touch voltage [103,131-136]. Figure 22a shows a simple diagram of stray current phenomena
in DC ERPS. The other form of conducted EMI mentioned in the literature are emissions related to the
PWM converters which drive the train’s induction motors [137]. They can be stimulated and generate
RF noises. Figure 22b shows an example of measured CEMI in PWM 4QC with power factor correction
(PFC) unit.
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Different forms of conducted EMI (CEMI) in ERPS. (a) Simple diagram of stray
current phenomena in DC ERPS. (b) Output measured EMI in 4QC without filter (output
frequency = 15 Hz) [137].

Figure 22.

2.9.2. Inducted EMI

Inductive EMI (IEMI) happens when the magnetic flux is related to the source current interface
with a secondary system. ERPS’s lines especially AC types are known as a source of such EMI
phenomenon since they can induce the electromotive force (emf) on the close paralleled conductors.

This longitudinal emf and the induced voltage is one of IEMI impacts. The other type is related
to physical positioning, cause transverse emf to generate considerable audio frequency noise in
communication circuits and power controlling cable networks [131-142]. The measured induced
voltages on a conductor parallel to ERPS for both 1 X 25 kV and 2 x 25 kV are shown in Figure 23.
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Figure 23. The induced and touch voltage on a conductor parallel to ERPS track. (a) Induced voltage
based on the distance of the conductor [138]. (b) Induced voltage based on frequency for both 1 x 25 kV
and 2 x 25 kV ERPSs [139].
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2.9.3. Electrostatic/Capacitance EMI

Electrostatic EMI (EEMI) can be caused by the production of electrostatic electric fields (EF) and
happens when an EF source (primary system) has a considerable parasitic capacitance against the
victim circuit (secondary system), leading to undesirable interference and induced voltage on the
secondary system [1]. EEMI is executed when the railway lines are close to the interfering OCS lines
(inducing EF source) and the conductors in the line (rails, signaling and telecommunication cables,
metal objects) receiving interference. The noise generated by EEMI becomes more critical in the case of
a high voltage supply. EEMI has been reported mostly during the regenerative braking of trains in
field test measurements with frequencies ranged 8-20 kHz and the maximum transient rail current
amount of 10 A [131,132]. It can be categorized in static type, where the conductors of a system with
high-voltage make a potential divider toward the capacitors to earth or other metal objects, and dynamic
type, where a sudden change in voltage or inherent track admittance like charging and discharging
of capacitors or switching semiconductors may cause CdV/dt currents [131,132]. The diagrams of
both static and dynamic EEMI are displayed in Figure 24 marking capacitor coupling between wires,
ground, and metal subjects closed.

isolator

ground wire

Metal fence

(a) (b)
Figure 24. The static and dynamic electrostatic (EEMI) in ERPS. (a) Static EEML. (b) Dynamic EEMI.
2.9.4. Radiated EMI

One of the foremost common phenomena in ERPS especially in HSR is radiated EMI (REMI)
known also as arcing. The interlinkage between the pantograph and contact wire or between the
train’s brushes and the third or fourth rail in ERPS and neutral intersection points are the main
influencing factors and environments in creating REMI. To put it another way, loss of mechanical
touch between a train and supplying wires because of excessive shaking and disturbances at ERPS
tracks, the electric arc can occur. Even though the duration of this phenomenon is so short, it is
highly nonlinear features lead to distorted currents with RF spectra that makes radiated emissions.
The arcing issue can distort voltages and currents of ERPS and produce different kinds of transient
problems [131-145]. Meanwhile, they can create DC components in AC points which may breakdown
of dielectrics. However, the foremost issue caused by REMI is an intervention in the wireless or
radio-based telecommunication systems, traction power, and signaling system. Various factors like
train speed, absorbed current, inductance feature of OCS, network power factor, etc., can impact the
arcing phenomenon. Figure 25a,b show examples of pantograph and brush-based arcing phenomenon
in ERS.
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Figure 25. Arcing phenomenon and measured radiated emission in ERPS. (a) Pantograph arcing.
(b) Brush arcing. (c) The measured electric field emission in the range frequency of 30 MHz to 1 GHz

with train positions on ground and viaduct [145].

The impact of arc in ERPS can be either as radiated or inducted. The radiated EMI type which
is discussed in this section is related to the high-frequency part of the pantograph current transient.
The inducted type which is related to the low-frequency part of the pantograph current transient is
discussed in OsT section. Figure 25c illustrates the measured radiated electric field emission by the
pantograph-catenary interaction in the two train positions (viaduct and ground) at 10 m position. As it
is obvious in the figure, the frequency band of REM], in this case, is in the range of 30 MHz to 1 GHz.
To have a comprehensive review and appropriate categorization of all mentioned phenomena, the PQ
phenomena organized chart is presented in Figure 26. This figure illustrates the overview of the main

PQ phenomena together with their different types in ERPS.
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Figure 26. Classification and organization chart of power quality (PQ) phenomena in ERPS.
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3. Investigation of PQ Phenomena Occurrence Based on ERPS Type

Railway electrification has experienced a significant modification and evolution process over
time. A sharp increase in population growth and enhanced demand for high-power and high-speed
transport together with historical, geographical, and economic policies and features of the countries,
have led to different structures of ERPSs all around the world. Depending on the configuration of
each ERPS, PQ characteristics and influencing parameters are different. In this section, a brief review
of various ERPSs configurations together with the classified reported PQ phenomena in literature
based on supplying system type are presented. As mentioned, at the beginning of the ERPS the
transformer-based TPSS were prevalent and popular. They were based on the DC supplying system
which feeds DC motors directly. The TPSSs in such an ERPS is resourced with the three-phase
multiple pulse rectifiers to cover the locomotive’s energy. They lead to a wide spectrum of harmonics.
However, in addition to the harmonic problems, voltage fluctuations, voltage imbalance, voltage
drops, and other transient events are reported in different DC TPSS around the world. Meanwhile,
the brush-based arcs and the EMI based problems due to the stray currents are the other issues of DC
ERPS. Inventing advanced PE-based DC TPSS and taking benefits of bidirectional switches, the DC
voltage regulation, allowing the regenerative braking energy harvesting of trains, reduction of voltage
drop and voltage fluctuation has occurred. With the growing developments of power technologies and
electrical motors, the AC transformer-based TPSS were appeared and got popular. The 1 x 25kV simple
and back feeder based structures are initial configurations have been adopted. The main problem of
these systems is voltage and current imbalance due to the single-phase feeding systems. Furthermore,
the LPF, harmonics, transient problems, and EMI issues, and telecommunication interfaces regarding
the return currents are other forms of PQ indices that have been reported in the literature. To decrease
the return current of rail and mitigate EMI issues, the booster transformer (BT) based 1 x 25 kV ERPS
was presented. However, the large arcing and voltage drops in BT sections could cause essential
damage to the OCS. Further, the BT sections reduce the operating speed of trains. Motivated by
these problems, the autotransformer based 2 x 25 kV ERPS has been employed. Reducing inductive
and telecommunication interfaces, voltage drops, and arcing problems are the foremost features of
these systems. Nonetheless, LFO and HI issues regarding the high-speed 4QC based locomotives
and impedance interplay among the system and trains are the fundamental obstacles of these ERPS.
To decrease the arcing problems and enhance the functioning speed of trains close the TPSSs the
specialists provided a new ERPS topology with a lower number of neutral sections and insulating
areas. They are known as co-phase system. Disregarding the converter performance in the co-phase
ERPS configuration, the PQ issues are like other traditional ERPS except arcing and related problems
which have been reduced. During the development of AC industrial frequency-based ERPS, several
countries like Germany, Norway, Sweden, Austria, and Switzerland employed the 16.67 Hz ERPS
using RFC. The main critical issues of such an ERPS are stability and transient problems owing to the
synchronously coupled motor and generators. Furthermore, the modern kind of frequency converter
termed the static frequency converter (SFC) comprises high-frequency harmonics and HR and HI
phenomena. In addition, a wide range of perturbation among SFC and RFC manifest during their
parallel functioning. However, as a consequence of the PE-based equipment, SFC can mitigate the
system imbalance, control power factor, and regulate voltage.

With the rapid developments of power electronics and high-voltage switches, a new ERPS
structure called advanced co-phase system is presented. Due to the three-phase to single-phase
converter and their capability in controlling output voltage and currents, these types of ERPS can
compensate harmonics, imbalance, and PE. Meanwhile, with the elimination of neutral zones, the arcing
problems and other related voltage variation can be suppressed. In some cases, the three-phase to
single-phase converters are based on the modular multilevel converter either direct (AC/AC) or indirect
(AC/DC/AC). The MMC based ERPS is connected directly to the utility grid via the three-phase side of
MMC. These systems symmetrically transfer active power from the three-phase grid to the single-phase
OCS which leads to compensate NSC and harmonics and improve PF simultaneously. Eliminating
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bulky traction transformers, integrating of OCS, and removing the neutral sections which lead to obviate
the arcing problems and voltage fluctuation and transients are the advantages of mentioned ERPS.
To have a quick review and appropriate classification of all mentioned ERPS structures, the related
organized chart is provided in Figure 27. This figure illustrates a comprehensive classification of ERPS
types based on internal configuration.
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Figure 27. Classification and organization chart of different ERPS configuration.
4. Discussion and Classification

Choosing the right method to mitigate PQ issues requires comprehensive knowledge and
identification of main sources, the characteristics, influencing factors, and occurrence environment.
Unlike the power grid, for which numerous standards and resources have been developed, the ERPS
suffers from a lack of a comprehensive and all-encompassing resource. As discussed before, by the
proliferation and development of ERPSs, different forms of PQ phenomena emerge. Generally
speaking, all kinds of ERPS can be categorized according to their internal configuration in two groups,
transformer-based and modern power electronic converter based. The first category known as the
most popular and predominant system is the preference of experts in the designing stage due to the
lower expenditure costs and effortless operation. However, as evaluated in a specific framework,
these systems deal with many PQ issues which even may enhance their costs remarkably. Meanwhile,
as a perspective view and compatibility evaluation with future smart grid-based ERPS, power flow
control in these ERPSs contain many complexities and difficulties.

On the contrary, the second group ERPSs taking advantage of the modern converter have not
only admirable performance in terms of power quality but also significant potential to achieve future
smart grid-based networks. However, the high cost of PE converters is still a basic weak point for
this type which has led them to remain in the theoretical stage for the time being and prevents the
developments and implementation of these systems. The overall classification of PQ phenomena based
on the sources, ERPS system structure, and the probability of occurrence together with an overview of
some main studies which have been carried out in each index are provided in Table 3.
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Table 3. Reported classified PQ indexes in different ERPS.

Phenomena Type Causes and Sources System Type & References
VUF single-phase power supply, asymmetric faults AC1x25kV[30], AC2 x 25kV [37,41]
Unbalance CUF sinale-nh ! tric fault AC2x25kV[31,41], AC1x25kV [33],
gle-phase power supply, asymmetric faults AC 15 kV-16.67 Hz [36]
LOH background harmonics, train internal AC 1 x25KkV [24,44-47], AC 2 x 25 kV
harmonics, DC rectifier substation [42,43], LVDC [29,48,50], MVDC [49,51]
InH AC motors controlled by variable frequency AC 1 x25kV [54,55],2 x 25 kV [53],
drives, onboard PWM converters 15 kV-16.67 Hz [52], MVDC [53]
LFO impedance mismatch between the railway AC 1 x25kV [59-62],2 x 25 kV [64,65]
Harmonics network and PWM trains, rotary converter 15 kV-16.67 Hz [56-58], MVDC [63]
HR interaction of current harmonics and internal AC1x25kV [71-75],2 x 25 kV
resonance of LC circuit of OCS [66-70,76,79], 15 kV-16.67 Hz [77]
interaction between high switching frequency
of PWM converters in modern trains and
HI internal resonance of OCS, high-frequency AC115>;\2151:\27[$;?I’86;’128>7< zilll;vD[gszz /841
specifications of the closed-loop control system - 2 (8187, 1821
for 4QC
Low Power overlap commutation angel in conventional AC 1 x25kV [89,90,95], 2 x 25 kV [92-94],
Factor LPF rectifier, inductive reactance features of the 15 kV-16.67 Hz [88], MVDC [12],
OCS, supplying sections with different phase LVDC [12,51]
sbrermal changing in hacive fform sl AC1X 25KV (99,101,225 kY (7,
[T contact between pantograph and OCS, passing 15kV-16.67 Hz [98], MVDC [99,102],
’ LVDC [101,102]
Transient events L neutr, a,l zone .
changing in operational condition and
modulation patterns, sliding contact and AC1x25KkV [106,111],2 x 25 kV [1],
OsT pantograph jump over OCS, inrush current of 15 kV-16.67 Hz [105], MVDC [103,104],
locomotive transformer, capacitor bank LVDC [103,104]
energization
Sag fault occurrence, high current absorbed by AC1x25kV[108,111,112], 2 x 25 kV [110],
traction motors, sudden load changes or 15kV-16.67 Hz [105,109], MVDC [109]
supplying high-power locomotives, AC1x25kV [108,111,112], 2 x 25 kV [110],
TPSS transformers 15 kV-16.67 Hz [105,109], MVDC [109]
Short duration Swell energization/de-energization, motor blocking
rms variation caused by the segregation of pantograph and
OCS, neutral sections,
train assgsP IS\IsZeqléﬁrorlelgt t}? %ﬁlglgeg operatin, ACT x25kV [108,109,112,113], 2 x 25 kV
oFthe circuiltl:l;reakgr fpailure and fEult & [108,113], 15 kV-16.67 Hz [109],
InR . L ! . MVDC [109], LVDC [3,114]
abruptly disconnection between the contact
wire and pantograph
regenerative braking and lack of consumer
trains, resonance, system instabilities, passing AC1x25kV[99,115],2 x 25 kV [12,116],
OovG of neutral zones, lightning, switching or other 15 kV-16.67 Hz [6], MVDC [117],
atmospheric phenomena, functioning of LVDC [117,118]
Long duration split-phase breakers
rms variation Type of line (unilateral, bilateral, ... ), AC1x25KkV [122],2 x25kV [120,121],
UvG high traffic of line, resonance, system 15 kV-16.67 Hz [123], MVDC [1,122],
instabilities, passing of neutral zones, LVDC [1,117,122]
Train passes NZ, pantograph bounce operating ¢ 1 55 1y [108,109,112,113], 2 x 25 kV
of the circuit breaker, failure, and fault,
InRS abruptly disconnection between the contact [108,113], 15 kV-16.67 Hz [109],
: MVDC [109], LVDC [3,114]
wire and pantograph
Voltage time-varying specification, abrupt load changes
fluctuation FIK in ERPS, static frequency converters, operation AC 1 x25kV [41,108,124,125], 2 X 25 kV
(Flicker) of high—pgwer trgction motors, [108], 15 kV-16.67 Hz [124], LVDC [124]
arcing equipment
indirect current control method of 4QCs, AC1x25kV [127,129],2 x 25 kV [127,129],
DC offset inequality of the positive and negative 15 kV-16.67 Hz [127], MVDC [127],
half-cycle length in six-step mode control LVDC [128]
Waveform power electronics devices, 4QC drives,
distortion Notch abruptly disconnection between the contact AC1x25kV[45,71,111],2 x 25 kV [18,111],
wire and pantograph
pgwer elgctronic devices, (Eontrol circuﬁts, AC 1 x 25 KV [100,131,132], 2 x 25 kV [100],
Noise arcing equipment and traction locomotives 15 kV-16.67 Hz [131.132], MVDC [130],

with onboard rectifiers, sliding contact between
the OCS and the pantograph

LVDC [130-132]
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Table 3. Cont.

Phenomena Type Causes and Sources System Type & References
injection of distorted current or harmonics into
the power lines from devices with nonlinear AC1x25kV[1,134,137],2 x 25 kV
CEMI features, transient overvoltage originated by [1,134,137], 15 kV-16.67 Hz [1,137,140],

switching and atmospheric phenomena, return MVDC [1,135,136,145], LVDC [1,135,145]
current flowing through earth

Interfacing of magnetic flux related to the AC1x25kV [1,134,138,139,143,144],
IEMI source current with a secondary closed system, 2 x 25kV [1,138,139,142-144],
Electromagnetic physical positioning causing transverse emf 15 kV-16.7 Hz [1,138,140]
Interference production of electrostatic electric fields,
capacitive interference between closed
EEMI conductors and earth, the sudden change in AC1x25kV[1,133],2 x 25 kV [1,133],
voltage or inherent track admittance causing 15 kV-16.7 Hz [1,133]

charging and discharging of capacitors or
switching semiconductors
Thi mtter}mkagbe ]:etweetr}‘lﬂte p a,mggmﬁh a“i AC1x 25KV [1,143], 2 x 25 kV [1,143],
REMIL O o b rail, motel "% 15kV-167 Hz [1], MVDC [103,136,145],
’ LVDC [103,145]

intersection points

5. Conclusions

Since the start of railway electrification, ERPSs have experienced substantial modifications
and developments. This diversity including the types of railway power supply systems, AC or
DC-based power supply, the types of converters adopted in trains and TPSS, controlling and drive
systems, and the dedicated frequency has led to various power quality issues reported all around
the world. Furthermore, the lack of specific standards and encompassing resources dedicated to
ERPS has increased the obscurity and complexity of its PQ. In this paper, a comprehensive review of
PQ phenomena in terms of characteristics, influencing factors, and occurrence sources in different
configurations of ERPSs is proposed and a systematic classification is presented. Meanwhile, a detailed
review of the reported PQ phenomena in the literature is classified. Unbalance of system, various
types of harmonics, low power factor, different aspects of transients events, and waveform deviations,
with EMI are addressed with details as the outstanding indexes. Classifying and assessing of diverse
transformer-based and PE modern converter based ERPS exposed that the latter types are more
efficient and have good performance regarding the PQ issues. Moreover, due to the suitable power
flow capability and possible connection to the weak utility networks, which can mitigate and reduce
the PQ issues significantly, the converter based ERPS are realized as an appropriate option for smart
grid-based future studies of ERPS.
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Abstract: In AC railway electrification systems, the impact of reactive power flow in
the feeding voltage magnitude is one aspect contributing to the quality of supply degradation.
Specifically, this issue results in limitations in the infrastructure capacity, either in the maximum
number of trains and in maximum train power. In this paper, two reactive power compensation
strategies are presented and compared, in terms of the theoretical railway infrastructure capacity.
The first strategy considers a static VAR compensator, located in the neutral zone and compensating
the substation reactive power, achieving a maximum capacity increase up to 50% without depending
on each train active power. The second strategy adapts each train reactive power, achieving also a
capacity increase around 50%, only with an increase of the train apparent power below 10%. With a
smart metering infrastructure, the implementation of such compensation strategy is viable, satisfying
the requirements of real-time knowledge of the railway electrification system state. Specifically,
the usage of droop curves to adapt in real time the compensation scheme can bring the operation
closer to optimality. Thus, the quality of supply and the infrastructure capacity can be increased with
a mobile reactive power compensation scheme, based on a smart metering framework.

Keywords: electric traction systems; mobile reactive power compensation; power quality; railway
power systems; railway infrastructure capacity; smart railways

1. Introduction

The Railway transportation system has huge power requirements, leading the railway operators
to be focused on the increase of the energy efficiency in order to reduce the energy consumption bill.
According to [1], the railway sector has a 9% market share in transportation of passengers and goods
in the European Union, with an increase of 8.9% between 2005 and 2015. In addition, this market share
is only achieved with a final energy consumption of 2%, in comparison with other sectors.

With the mission of “Moving European Railway Forward”, the Shift2Rail European program [2]
targets the reduction of costs, increases the capacity, reliability, and punctuality. In particular,
this program contributes to doubling the railway capacity [3].

The increase of railway infrastructure capacity is an extensive research area where the evaluation
is made with the application of definitions, metrics methodologies, and tools [4]. Despite there being
no standard definition of railway capacity, it can be defined as the number of trains that can safely
pass over a segment of line, within a selected time period.

Regarding the electrification aspects, generally the railway infrastructure capacity is directly
affected by the current collection quality of the electric train, which is normally determined by
both the mechanical and electrical parts. The mechanical part concerns the train—infrastructure
interactions, like pantograph-catenary [5,6], and the wheel-rail [7], which determines the stability of
electric transmission and is a source of electrical issues. Due to the inductive characteristic of railway
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transmission line, this will directly affect the quality of supply of electric trains, being also a source of
electrical issues.

Specifically, due to the electrical characteristics of the railway electrification, the increase of railway
infrastructure capacity leads to an increase in line voltage drop. According to the IEC60850 [8], in AC
1 x 25 kV electrification scheme, the lowest non-permanent voltage is 0.7 p.u. (17.5 kV), whereas
the lowest permanent voltage is 0.76 p.u. (19 kV). Specifically, if the voltage is higher than the lowest
permanent voltage, the train can consume all its demand power; if the lowest non-permanent voltage
is reached, a limit of operation is achieved and the train power must be clipped to zero.

It is well known that the higher the reactive power flow, the higher the voltage drop across the
catenary line [9]. The study of reactive power, and power flow depends on a model for the catenary.

The catenary line is usually modeled as a multi-conductor line model, for each of the conductors
(rails, buried cables, aerial protection cables, feeder cables, and contact line, as example). This results
in a matrix of self and mutual impedances, where the main diagonal (self impedance) depends on
the analysis of the ring formed by the respective conductor and the earth return, and the remaining
elements of the matrix corresponds to the mutual impedances [10]. These elements can be obtained
from the application of the Carson formulas, as proposed in [11] and as demonstrated its railway
application in [12].

For power flow calculations and for 1 x 25 kV electrification scheme, the multi-conductor
line model can be simplified to consider the same voltage level in the conductors. First, the earth
conductance is not considered, as well as the rail-earth conductance and the capacitance matrix.
Therefore, this can be simplified to a lumped-parameters line model. As illustrated in [12],
one approach to perform this simplification is in adding all the admittance matrix elements
corresponding to the same voltage level. For 1 x 25 kV, this results in a 2 x 2 impedance matrix that
can be further simplified to a PI model.

This simplified model allows a proper usage of common power flow solvers in the railway
electrification analysis, namely reactive power flow control. This paper proposes an adaptation
on the railway reactive power control, towards an increase in the railway infrastructure capacity.
This adaptation will directly result in a reduction of the losses, as a first objective, bringing clear
advantages to the railway infrastructure.

This paper is structured in seven sections. The following Section 2 presents a literature review.
Section 3 presents the materials and models, starting with a basic model and covering the used
simulation framework. Section 4 presents the methodology for reactive power compensation, with an
illustration for a particular scenario. Section 5 presents the rest of the methodology and the results
for the increase in the railway infrastructure capacity with the adaptation of the reactive power in the
catenary. Section 6 discusses a conceptual architecture to implement this reactive power compensation
strategy, with the usage of a smart metering framework. Finally, the conclusions of this work are
presented in Section 7.

2. Literature Review

Several works have been addressed in the literature regarding strategies for power quality
improvement in railways. In AC electrification, two main types of devices based on power
electronics are usually implemented: voltage stabilization devices, or voltage boosters, and line
current balancers [13].

The main objective of the high voltage boosters is to inject reactive power into the line, with a level
adapted in real time. Usually, this is achieved with a static VAR compensator (SVC) and tuned LC
filters for specific harmonics [13].

The purpose of line current balancers is to minimize the unbalance caused in
the transmission/distribution network by the railway electrification.
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These two types of devices are necessary to comply with the increase for power demand.
Usually, infrastructure managers adopt systems in the Traction Power Substation (TPS) site that
can either balance the line currents and inject reactive power (to boost the catenary voltage).

In [14,15], comparative studies on several Railway Power Conditioners (RPC) topologies are
presented, to be employed in the TPS. Traditional RPC comprises two back-to-back converters
and two isolation/coupling transformers [16,17]. From this topology, several have been derived,
such as the active power quality compensator (AQPC) which comprises a three phase converter [18],
or the hybrid power quality compensator (HPQC) in which the APQC is combined with a Static
VAR compensator [19,20]; In addition, modular multilevel converter (MMC) topologies have been
researched in current years [21].

Despite the inability to control the line current unbalances, the inclusion of voltage stabilization
devices in the opposite site of the TPS (in the end of a traction feeder section, the neutral zone)
will strongly support this desired voltage boost. Thus, this compensation strategy allows more
powerful trains without violating the standards (e.g., IEC60850 [8]). In [22,23], strategies are presented
to include compensation systems at the end of a traction section feeder. In [24], the 3 kV increase
in the minimum voltage in the catenary is highlighted, with further details of this project in [25].
However, this improvement is achieved with a system occupying a very large area. The compensation
scheme for Static VAR Compensator is also studied in [26], with the usage of a neural network for
online operation.

In the PhD thesis of [27] and later in [28], an alternative to the inclusion of bulky SVCs is proposed,
with the adoption of mobile reactive power compensators. This is achieved with the reactive power
injection within each train. This compensation strategy is further extended with the work of [29],
where the compensation scheme is based in a genetic algorithm heuristic. Later in [30], the usage of
modern locomotives as mobile reactive power compensators is evaluated and compared, where they
can be more efficient than SVC. However, the limitations related to the control of leading power factor
as well as the need for very fast algorithms are considered that do not justify the usage of a power
factor different than the unitary.

From the knowledge of the authors, the possibility of operating the modern trains with variable
power factor has not been actively researched in recent years. However, from the authors’ point of
view, the reason for this is not in the advantages, but in the difficulty to implement such a strategy,
since it requires real-time knowledge of the state of the railway electrification.

Regarding the infrastructure capacity increase, most works are focused on the operational and
logistics. In [31], the main concepts and methods to perform capacity analysis are reviewed. In theory,
the capacity is defined as the number of trains running over a line section, during a time interval,
with trains running at minimum headway. This capacity mostly depends on infrastructure constraints
(signaling system, power traction constraints, single/double tracks, speed limits, etc.), on traffic
parameters (timetables, priorities, type of trains, etc.) and on operation parameters (track interruptions,
train stop time, etc.). In [3], increasing the railway infrastructure capacity by increasing the speed of
freight trains is proposed. Specifically, in the case of a delay, these trains are allowed to have higher
maximum speed.

In this work, the infrastructure capacity increase with the adoption of reactive power
compensation strategies is reviewed. In the following section, the models and the used framework to
demonstrate the infrastructure capacity improvement are presented.

3. Materials and Methods

This section covers the models and simulation framework required for power flow analysis
and for reactive power control. The combination of these models, the simulation framework,
and the compensation strategy will be the scientific contribution for a new approach to reactive power
control in the railway system.
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3.1. Basic Model

The basic model considers the Traction Power Substation (TPS), the catenary line, and the electric
train. The electric train is simplified from the dynamic model as follows:

dv _ Fr(v) —w(v) — g(x)
dat M(t)

)

where Fr(v) is the traction force, w(v) is the aerodynamic resistive force, and g(x) represents the track
gradient and curvature forces. The electric active power is directly related to the train dynamic
movement and the reactive power is the one to control. At higher speeds, the maximum traction force
is limited by the maximum available power [32]. Therefore, the train can be simplified to a decoupled
active and reactive power load.

In this work, the considered line model is represented as the PI line model, Z;. Then, the railway
power flow can be analyzed in Figure 1, where the train, V}, is supplied through the catenary line, Z;,
from a 25 kV TPS, V;.

Zi=Ri+j X

I

Figure 1. Steady state equivalent circuit.

The apparent, active, and reactive power flows (S;, Ps and Qs, respectively) in the TPS can be
obtained from the following expressions:

=k @)
Ps 4 ]Qs
The current in the branch can be expressed as:
L= Vs—Vtcos(zS).—]Vtsm((S) 3
Ri+jX
where V, = V,Z0and V; = V;Z6. Thus, replacing the expression in (2),
B VSZRI — Vs Vi Ry cos () — Vs Vs X; sin ()
T R? 4 X? @
0. - VSZX[ + Vs Vi R sin (8) — Vs V; X; cos (9)
° R} + X7

It can be seen that the active and reactive power flow in the TPS is dependent on the magnitude
and phase of the train voltage, as well as on the line characteristics.

Supported by the expression in (4), let’s consider a variation of the train voltage magnitude
(from 15 kV to 30 kV) and the train voltage phase (between —m/4 to 7t/4). Assuming a line distance
of 30 km and X /R = 3, Figure 2 shows the TPS active and reactive power as a function of the train
voltage and phase.

The lines in Figure 2 show the isobaric lines where the power flow at TPS is the same. In particular,
in each figure, the lines having, respectively, 0 MW for Figure 2a and 0 MVAr for Figure 2b
is highlighted.
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a) TPS active power (MW) as function of train voltage

b) TPS reactive power (MVAr) as function of train voltage
for a 30 km line (X/R = 3)

for a 30 km line (X/R = 3)
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Figure 2. Sensibility analysis for different conditions of train voltage and phase: (a) Active power flow
at TPS; (b) Reactive power flow at TPS.

From the analysis of Figure 2a, it is possible to view that a variation on the phase of the train will
considerably affect the active power flow in the TPS (the variation of the train voltage is barely related
to a variation on active power flow at TPS).

Regarding Figure 2b, it is visible that, for a train voltage phase angle of, around, —0.4 radians,
the reactive power only depends on the train voltage.

If the train active and reactive power is obtained from the application of previous sensibility

analysis, it is possible to perform a correlation of TPS power flow and train power flow. Specifically,
the train power is given by:

P +jQi = ViI] ©®)
Replacing the I by expression in (3), it is obtained for P; and Q; the following:

Vi Vi Ry cos (8) + Vi Vs X; sin (6) — v R; cos (25) — 78 X; sin (24)
b = 21 %2
Ry + X;

Vi V. Ry sin (6) — Vi* Ry sin (20) + V,> X cos (26) — V; Vs X; cos (9)
Q= R2+ X2
X

The TPS active and reactive power can be related to the train power, through a variable change.
However, considering the expressions in (4) and (6), there is no simple mathematical solution that
results in the TPS power as function of the train power.

A simple procedure (to conduct a variable change of the train voltage and phase, in order to
obtain the TPS power, from expression (4), and the train power, from expression (6)), towards an
evaluation of the dependence of TPS power from the train voltage is considered. The result of this
evaluation can be analyzed graphically, in Figure 3.

Figure 3a presents isobaric curves of active power at TPS, as a function on the train active and
reactive power. In particular, in this result, it is visible that TPS active power is more dependent on
train active power. In Figure 3b, the dependence of TPS reactive power is more dependent on the train
reactive power.

To conclude, in previous analysis, a dependence on TPS reactive power and train voltage
magnitude are visible. Specifically, by having an inductive reactive power flow in the TPS, the train

voltage magnitude will reduce, as visible in Figure 2a. In addition, by changing the train reactive
power value, this results in an adaptation of the reactive power in the TPS.
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a) Relation of train active and reactive power with TPS active power (in MW) b) Relation of train active and reactive power with TPS reactive power (in MVAr)
for a 30 km line (X/R = 3) for a 30 km line (X/R = 3)
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Figure 3. Sensibility analysis for different conditions of train power: (a) active power flow at TPS;
(b) reactive power flow at TPS.

Thus, the adaptation of the reactive power by changing the train reactive power to a capacitive
power factor results in a reduction of the TPS reactive power and an increase of the train voltage level.

3.2. Simulation Framework

The simulation framework of this work is now presented in Figure 4, where the TPS, a railway
line, and a single train are illustrated.

a) Schematic diagram

A occjeae B
,,,,,,,,,,,,,,,,,, 00 00 O
L \
b) PI model diagram
Substation

[ q Train

Voltage
Source

Distributed Ground

c) Electrical model diagram

Substation Line Train Line Neutral Zone

branchi o

bus; busy buss

Pr Qr

Figure 4. Framework of the 1 x 25 kV models: (a) illustration of physical representation; (b) PI
model diagram; (c) considered bus-branch model for MatPower (Note: the traction transformer is not
considered in this work).

The power flow problem considered in this simple model is a nonlinear problem, as previously
discussed. The usage of MatPower [33], and, in particular, the Newton-Raphson solver, allows this
problem to be solved. Therefore, for a fixed supply voltage and specific branch parameters, the train
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power consumption can be fixed regardless of the voltage drop in the line. With this, the voltages in
the nodes can be calculated, as well as the injected supply power in the TPS.

Considering the simple model in Figure 4c, this has four variable parameters: (i) a variable line
distance, dy ; (ii) a variable train power, Pr; (iii) a variable train power factor, PFr; and (iv) a variable
line X/R ratio, X/R;..

To better evaluate the model, these parameters can be spawned across a surface of possible
parameters S(Ly, X/Rr, Pr,PFr) € R*% where di € 10 dual, X/RL €  [X/Ryin  X/Ryax,
Py € [Puin Puax] and PFr € [0 1]. The surface of possible parameters has infinite possible solutions.

One element of the surface of parameters can be parametrized as set of parameters
SP(Ld,X/RL,PT, PFT) € S, where

L, (in km)
X/Rp,
Py (in MW)
Set of parameters SP = { PFr (7)

Voltage @ bus;, k= {1, 2}
Power busy. k={1, 2}
Line losses Pand Q

To study the behavior of this model, it is possible to generate several SP elements,
using distribution probability function for each of the four parameters, inside the defined interval of
values. Assuming that, for each parameter, N random possibilities are generated. Then, the surface of
solutions depends on testing N* different elements, resulting in a huge computational power required
for this model and a hard task to evaluate the model. A more direct analysis, in particular, a sensibility
analysis, will better illustrate and validate the behavior of the model.

3.3. Sensibility Analysis

A sensibility analysis is an adequate tool to evaluate the variation of certain input variables,
in particular, the variation of the parameters. In this analysis, three parameters can be defined as
variable and the fourth can be fixed, as better explained in the following results.

Considering a testing surface, given by the expression:

L, [0.1 :2:301] (inkm)
X/rRp {2:1:5}

Pr [-20:2:20] (inMW)
PFr {0.8090951} ind.

®)

By fixing the X/R; ratio, then this leaves room to variate the other three variables.
Thus, the sensibility analysis can be seen within the train voltage value, as visible in Figure 5.

Complementarily, the second sensibility analysis is made by fixing the PFr value. The remaining
parameters will be variate towards an evaluation of the resultant voltage value, as visible in Figure 6.

From the evaluation of the parameters of the model, it is clear that the X/r; ratio will affect
the train voltage. Specifically, a higher X/Rr ratio results in higher voltage drops in the line, which is
a characteristic of high inductive lines. Nevertheless, the characteristics of the line depend on several
aspects related to the design of the electrification, and, therefore, in this work, a fixed value for the
X/Ry, ratio (specifically, Ry = 0.15 Q/km and X; = 0.45 Q/km) is considered.

The only aspect that can be manipulated is the train power factor. By having higher power
factor values, this reduces the voltage drop. Therefore, in the following section, the reactive power
compensation is detailed.
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Figure 5. Sensibility analysis for X/R; = 3: voltage levels for different train power factor values,
spawned across different train active power values and line distances.
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Figure 6. Sensibility analysis for PFr = 0.95 : voltage levels for different X/Ry, ratios.
4. Reactive Power Compensation

As previously illustrated, there is a clear advantage in controlling the reactive power in the railway
electrification. This section covers the used methodology to improve the traction power supply with
the adaptation of the train power factor, using references coming from measurements from TPS. In this
section, a simple reactive power compensation algorithm is presented first, and is demonstrated in
the performance of such algorithm.
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4.1. Algorithm for Reactive Power Compensation

The adopted optimization strategy was based on the compensation strategy from [27],

where the train reactive power is iteratively adapted, based on solving the power flow problem.
This simple algorithm is presented in the following Algorithm1, based on fixed steepest descent
method, where Q1 is a tolerance value for the reactive power and the A is the step size for the
iterative process.

Algorithm 1: Reactive Power Compensation Using Fixed Steepest Descent Method

1

© ® N o W AR W N

o
=S

12

13

begin

SET Qy = O0Muvar;

SET A = Ay

while NOT termination criteria do
LAUNCH (Power Flow Algorithm)
GET Qsst

if |Qss7| > Quin then

| SET Q1 = Qx — A Qsst
else

| BREAK
end

end

end

Considering the following set of parameters SP, where

L; = 30km
Sp— X/R; ~ 3 R = 0.155 &/xm
") Pr = 10MW

PFr = 090ind. (initial value)

Figure 7 presents the results for the proposed algorithm (with fixed A

for the optimization of SP.

a) Train voltage
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Figure 7. Illustration of algorithm evolution for reactive power compensation: (a) evolution of

train voltage; (b) evolution of SST reactive power. Note, for illustration purposes, that the reactive

compensation procedure is only enabled at iteration it = 10.
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This result clearly illustrates the major advantages of this reactive power compensation. The train
voltage increases 25.8%, and the resultant reactive power in traction substation is zero.

Regarding the train operation, as illustrated in Figure 8, the train active power consumption is
unaffected, as expected; the reactive power is considerably changed, from an inductive power factor to
a capacitive one; the big advantage is on the reduction of the apparent power consumption which is
directly related to a reduction in train power losses (in train transformer and power converters).
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Figure 8. Illustration of algorithm evolution for reactive power compensation: (a) evolution of train
active power; (b) evolution of train reactive power; (c) evolution of train apparent power.

Finally, the major advantage of this strategy is visible in Figure 9, where the power losses in
catenary can be reduced by half.
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Figure 9. Illustration of algorithm evolution for reactive power compensation: (a) evolution of active
power losses in catenary; (b) evolution of reactive power losses in catenary.

However, these results must be taken with caution, regarding the predefined parameters
and specifically the initial inductive train power factor of 0.9. In the following, a sensibility analysis
will be made to better evaluate the potential improvement from initial different power factors.

4.2. Sensibility Analysis

Figure 9 presents the visible active and reactive power losses in the catenary, for SP in (9).
A sensibility analysis will be performed for a fixed X/R;, ~ 3, with the results in Figure 10.
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Figure 10. Sensibility analysis for reactive power compensation: line power loss reduction,
in percentage, for different power factors. Note that the values near 0 MW or near 0 km are not
relevant for this demonstration.

As expected, for lower values for PFr, this results in higher reduction in the line losses. This value
is expected since trains will have more margin to adapt the power factor value to a capacitive one.

In the following section, this algorithm will be included to compensate the reactive power in two
situations: (i) compensation in NZ through a PWM controlled SVC, using measurements from TPS;
and (ii) compensation made by each train.

5. Increase of the Railway Infrastructure Capacity

This section proposes to increase the infrastructure capacity of a railway line (increase of
the number of trains), with the adoption of a reactive power compensation strategy.

The railway infrastructure capacity will be considered, in this section, as the maximum number
of trains that can exist in a railway line, all of them separated with the same distance among each
others, and that the voltage levels on the line are according to IEC60850 [8]. The security issues such as
minimum distance that a train must be apart from each other will not be considered.

Consider a railway line branch, with fixed length separating the TPS and a neutral zone,
and having N trains. In order to better evaluate the infrastructure capacity, in the implemented
model illustrated in Figure 11, the distances dy,d>, - - - ,d,+1 are all the same, as well as all the train
powers, Pr and Qr.
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a) Schematic diagram
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Figure 11. Framework for the increase of railway capacity: (a) illustration of physical representation;
(b) considered bus-branch model for MatPower.

With this consideration, three different case studies can be listed:

e Study of railway capacity without compensation (Baseline);
e Installation of a Static VAR Compensator located at neutral zone;
®  On-board compensation in all trains;

5.1. Baseline: Railway Capacity without Compensation

This section takes into account a railway line having a fixed length Drpsenz = 29.2 km
(corresponding to the maximum distance of a track section of a real 250 km railway line,
from the knowledge of the authors).

The procedure to evaluate the railway capacity is illustrated in Figure 12, where the addition of
trains to the railway line is iteratively tested.

START:

SET Ny = 1
desired Ppqin = k MW
:

LOOP: for each train in line up to Np
slowly increase Ppyqin up to k MW
activelly adjust the reactive power compensation

up to the limit (RUN Algorithm 1)

end

BREAK:
maximum line
infrastructure capacity

is reached

Figure 12. Flowchart to test the increasing of capacity procedure.

Specifically, considering that the line has N trains, each train will be separated among them by

a fixed distance: b
TPS&NZ
TN (0

It is noteworthy that the usage of variable train distances will result in opening a degree of
freedom that, only with an extensive probabilistic analysis (for different distances), is it possible to
obtain reasonable results. Nevertheless, similar results are expected.

In this baseline case study, the procedure in Figure 12 will not consider the active adjustment of
reactive power. The maximum infrastructure capacity is then achieved when the voltage in the line is
lower than the IEC60850 minimum non-permanent voltage (17.5 kV [8]). The decision for choosing
the non-permanent voltage was arbitrary between the two minimum IEC60850 voltage limits (both
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voltage level values are valid for the following analysis, expecting similar results; the window between
these two levels must not be considered as a steady state train operation).

Figure 13 illustrates the results, where a relation of the number of trains and the minimum voltage
level is illustrated for different cases.

a) Relation of voltage with number of trains
for different train powers (train PF = 0.98 cap.)
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Figure 13. Relation of number of trains with voltage in neutral zone: (a) variation of active power in
each train, for fixed PF = 0.98 ind.; (b) variation of power factor in each train, for fixed active power of
0.5 MW and 2 MW.

Specifically, Figure 13a presents the dependence of minimum voltage level and the number of
trains, for different power values in each train. In theory, it is possible to have 16 trains in the line,
all consuming 2 MW with PF = 0.98 ind., without achieving the lower value of non-permanent voltage
(17.5 kV according to IEC60850).

Figure 13b shows the voltage for different train power factors, where the increase to unitary power
factor from PF = 0.9 ind. results in an increase of the railway capacity around 67% (for Py = 2 MW,
increase from 12 to 20 trains).

Table 1 extends the evaluation of railway capacity for different train power consumptions and for
different train power factors.
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Table 1. Maximum number of trains, for different train power consumptions and for different train
power factors. Note: the percentage reduction from unitary power factor is presented in parentheses.
As an example, the baseline for Pr = 2 MW and PF = 1 is 20 trains; then, for PF = 0.9 ind., it is only
possible to have 12 trains (8 less than the unitary power factor, corresponding —40% less than baseline).

Train Power Factor

Train Active Power 0.9 ind. 0.95ind. 0.98 ind. 1

50 58 66 82

0.5 MW (—39.0%) (—29.3%) (—19.5%) (0%)
25 29 33 41

1MW (—39.0%) (—29.3%) (—19.5%) (0%)
12 14 16 20

2MwW (—40.0%) (—30.0%) (—20.0%) (0%)
8 9 11 13

3 MW (—385%) (—30.8%) (—15.4%) (0%)
6 7 8 10

4 MW (—40.0%) (=30.0%) (—20.0%) 0%)
5 5 6 8

5MW (=37.5%) (—37.5%) (—25.0%) (0%)

From this baseline, two possible strategies for the railway reactive compensation will be covered,
considering each train starting with PF = 0.98 ind.

5.2. Reactive Power Compensation in the Neutral Zone

In the second case study, the reactive power compensation will be made with a SVC in the neutral
zone, having the objective of minimizing the SST reactive power. Figure 14 presents the lower voltage
in line, as a function of the number of trains in the line.

Table 2 extends the evaluation of railway capacity for different power consumptions and for
different compensation limits at the neutral zone.

Table 2. Maximum number of trains, for different train power consumptions and for different Neutral
Zone power limits. Note: the percentage improvement from baseline is presented in parentheses
(where 0 MVAr means no compensation). As an example, the baseline for Pr = 2 MW is 16 trains; then,
for Qnz = 20 MVAr, it is possible to have nine more trains (+56% more than baseline).

Neutral Zone Power Limit (for Compensation)

Train Active Power 0MVAr 5MVAr 10 MVAr 20 MVAr 30 MVAr

66 81 90 100 105
0.5 MW (0%)  (+22.73%)  (+36.36%) (+51.52%)  (+59.09%)
33 40 45 50 52
1MW (0%)  (+21.21%) (+36.36%) (+51.52%) (+57.58%)
16 20 22 25 26
2MwW (0%) (+25%)  (+37.50%) (+56.25%)  (+62.50%)
11 13 15 16 17
3MW (0%)  (+18.18%) (+36.36%) (+45.45%)  (+54.55%)
8 10 11 12 12
4 MW (0%) (+25%)  (+37.50%)  (+50%) (+50%)
6 8 8 9 10
5 MW (0%)  (+33.33%) (+33.33%)  (+50%)  (+66.67%)
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a) Relation of voltage with number of trains, for different train powers
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Figure 14. Relation of number of trains (PF = 0.98 ind.) with lower voltage in line: (a) variation of
active power in each train, for fixed NZ limit power (15 MVA maximum power, as example, visible after
30 trains for 1 MW train power); (b) variation of NZ limit power, for fixed train active power of 2 MW.

From the results of Table 2, it is possible to identify a relation of the maximum number of trains,
Nirains,max, in the line and the power of each train, Py, [MW], following (11):

Ntmins,max = KNZ,lim * (11)

Ptrain

In addition, it is possible to estimate the Ky /i, parameter, since it follows a polynomial function
and is dependent on the limit power of the SVC of NZ, Pyz. For the obtained results, this can be
extrapolated to the expression in (12):

Ky(Pnz)* + KiPyz + Ko
Ntmins,max(PNZr Ptmin) = ( ) Pt : (12)
rain

where Ky = 33.4, K; = 1.35 and K; = —0.0252, for this case study.

The evaluation of the percentage improvement of the railway infrastructure capacity, in Table 2,
shows that this improvement is mostly dependent on the NZ reactive power. Specifically, it follows
a polynomial trendline, as illustrated in Figure 15.
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Evaluation of railway capacity improvement and NZ reactive power, for different train
power consumptions
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Figure 15. Relation of capacity improvement with the increase of the NZ reactive power. The dots
display the Table 2 percentage improvement values; the smaller dot lines present polynomial regression
curves from each of those points. The blue dash-dot line (Average improvement) presents a polynomial
regression curve from the average of all the improvement values.

The analysis of the trendline shows that, for the considered railway line, the maximum train
capacity improvement is around 50% to 60%. However, for higher NZ installed power (above 25 MVAr),
it is expected that the capacity improvement will flatten, mostly due to the voltage limitation in the
NZ (according to the railway standards, the SVC can not impose a voltage higher than 1.1 p.u).

5.3. Mobile Reactive Power Compensation

Previously, it was considered that the reactive power compensation is performed in NZ. It was
visible that the capacity improvement is mostly dependent on the NZ power capability and not in
the train power demand.

In this section, the reactive power compensation is performed in each train, where it will be limited
by the maximum compensation, which means minimum capacitive power factor. By considering
a train operating in any power factor, then the apparent power is given by the following expression:

P

IS| = p PE€ Ry, PFe |01] (13)

The variation of the apparent power in relation with the unitary power factor condition is given by:

P
_ _ 14
AS| = 5 —P (14)

If expressed in percentage of P, this variation is only dependent on the power factor:

o1 (1—PF
AS[%] = < PE ) * 100 (15)

Figure 16 illustrates the variation of apparent power, AS[%], for different train power factors.

Similarly to the NZ reactive power compensation algorithm, the mobile reactive power
compensation algorithm will adapt the reactive power in one bus (e.g., bus k), in order to minimize
the reactive power in another bus (specifically, bus k — 1). However, the difference here is that the same
algorithm is replicated to all of the trains in the line.

To better illustrate the expected behavior of the compensation scheme, if the train in bus; in
Figure 11 is considered, this train compensation objective is to have a zero value of reactive power
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feeding the branchy..3, at bus,. This is achieved with the adjustment of power factor, as exemplified in
Figure 17, where, from the baseline train reactive power Qr, this is reduced to Q*.

Relation of Increase on Train Apparent Power and its Power Factor

60 b

40 ,

Increase of Apparent Power (%)

]

0 I . I I . I I . I
0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
Train Power Factor

Figure 16. Relation of changing power factor, from unitary one, with an increase of train
apparent power.

. a’rcc’os(fb)r =0.98 ind.

—Qr.

Figure 17. Illustration of the adjustment of power factor for mobile reactive power compensation.

In Figure 17 and, in the following results, the train will start with an inductive power factor (0.98)
as a baseline. Furthermore, fixed increments of k. will be considered, where arccos(x;) = 0.005.

Figure 18 presents the results of the mobile reactive power compensation, where the maximum
train limit PF is 0.98 cap., in Figure 18a, and follows the different «,, in Figure 18b.

In Figure 18b, it is clear that simple adaptation of reactive power in each train will result in an
increase in the number of trains. Specifically, changing the PF from 0.98 ind. to 0.94 cap. will result
in an increasing in 50% in the number of trains. This result is obtained with the increase of the train
apparent power in 6.4% (by using Equation (15) for PF 0.94 cap.). All the results are presented in
Table 3.

Table 3. Maximum number of trains, for different train power consumptions and for different power
factor limit. Note: the percentage improvement from baseline (train PF = 0.98 ind.) is presented in
parentheses. As an example, the baseline for Pr = 2 MW is 16 trains; then for P = 0.92 cap., it is
possible to have eight more trains (+50% more than baseline).

Train Active Power

Train Power Factor 05MW 1MW 2MW 3MW 4MW 5MW

) 66 33 16 11 8 6
098 ind. (#0%)  (+0%)  (+0%)  (+0%)  (+0%)  (+0%)
) 74 37 18 12 9 7
0.985 ind. (+12%)  (+12%) (+13%)  (+9%)  (+13%)  (+17%)
] 77 38 19 12 9 7
0.99 ind. (+17%)  (+15%)  (+19%)  (+9%)  (+13%) (+17%)
) 80 40 20 13 10 7
0.995 ind. (+21%)  (+21%)  (+25%) (+18%) (+25%) (+17%)
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Table 3. Cont.

Train Active Power
Train Power Factor 05MW 1MW 2MW 3MW 4MW 5MW

82 M 20 13 10 8

1.00 (+24%)  (+24%) (+25%) (+18%) (+25%)  (+33%)
86 43 21 14 10 8

0.99 cap. (+30%)  (+30%) (+31%) (+27%) (+25%) (+33%)
88 44 22 14 11 8

0.98 cap. (+33%)  (+33%) (+38%) (+27%) (+38%) (+33%)
90 45 2 15 11 9

0.97 cap. (+36%)  (+36%) (+38%) (+36%) (+38%) (+50%)
92 46 23 15 11 9

0.96 cap. (+39%)  (+39%) (+44%) (+36%) (+38%)  (+50%)
95 47 24 16 12 9

0.94 cap. (+44%)  (+42%)  (+50%) (+45%) (+50%)  (+50%)
98 49 24 16 12 10

0.92 cap. (+48%)  (+48%) (+50%) (+45%) (+50%)  (+67%)

a) Relation of voltage with number of trains
for different train powers (train PF = 0.98 cap.)
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Figure 18. Relation of number of trains (PF = 0.98 ind.) with lower voltage in line: (a) variation of
active power in each train, for fixed train PF limit (0.98 cap.); (b) variation of compensation, for fixed
train active power of 2 MW.

It is possible to identify a correlation between the capacity improvement, in percentage,
and the limit for train power factor. These results are presented in Table 4.
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Table 4. Comparison of power factor with apparent power increase and average improvement of
railway infrastructure capacity.

Train Power Factor Power I Capacity Imp:

0.98 ind. —2.0% 0.0%
0.985 ind. —1.5% 10.7%
0.99 ind. —1.0% 15.5%
0.995 ind. —0.5% 20.2%

1.00 0.0% 23.9%
0.99 cap. 1.0% 28.6%
0.98 cap. 2.0% 32.7%
0.97 cap. 3.1% 39.1%
0.96 cap. 4.2% 40.2%
0.95 cap. 5.3% 41.1%
0.94 cap. 6.4% 44.9%
0.93 cap. 7.5% 46.5%
0.92 cap. 8.7% 51.2%

It can be easily concluded that, if the trains operate with capacitive power factors, the number
of trains in the line can be increased. However, the implementation of this strategy should be
in compliance with the standard EN 50388-1 [34], by ensuring that the capacitive reactive power
compensation made by each train is clipped to zero, once the catenary nominal voltage is reached.
In addition, in regenerative mode as stated in the same standard, the voltage is likely to increase and,
then, capacitive reactive power compensation must be avoided.

A smart railway framework will take advantage of these results, in order to justify the advantages
for either the railway operators and the infrastructure managers. This framework will be covered in
the following section.

6. Smart Railway Framework

The advantages of controlling the reactive power flow in the railway electrification were presented
in previous sections, both in the reduction of the line losses and in the increase of the railway
infrastructure capacity. In this section, the practical implementation of the proposal of this work is
discussed. Specifically, a conceptual architecture to implement a reactive power compensation strategy
is presented, with the usage of a smart metering framework. This framework targets advantages both
for the infrastructure managers and the train operators.

6.1. The Problem of Mobile Reactive Power Compensation

One limitation of the railway infrastructure is in the impossibility of each train to measure
the power flowing along the catenary (it is impossible to have current sensors measuring
the downstream and upstream currents). The on-board energy measurement and data transmission to
ground stations [35] have been implemented in the past few years by railway operators, and the details
on this measurement have been actively researched [36].

A reactive power compensation strategy must have accurate measurements on the power flow
in the catenary. Specifically, as illustrated in Figure 19, the train Ty must have the knowledge of
the power flow at upstream, in the train Ty _; node.

This knowledge of the catenary power flow is not an easy task due to several issues:

*  Itrequires the implementation of on-board energy meters in all trains (or in the majority) and in
the TPS;

e Requires data reporting to a central station (data gathering);

e Itis needed to calculate the power flow in each node and dynamically adapt this calculation
mechanism to consider all trains in the traction section (power flow calculation);
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¢ In the case of reactive power compensation strategy, the generated setpoints must be sent to each
train (setpoints updating)
e All of these procedures must be made within real-time constraints.

The optimal operation for reactive power compensation will be achieved without delay in the Data
Gathering — Power flow calculation — Generation of reactive power references — Setpoints updating
procedure flow.

Smart
Railways

Metering Calculation
{
Reactive Power Compensation

N Qeomy ; _le PQ
Setpointa Ty = { % Setpoints Tz—{__'_'""’ Da-!aTz={Pka Setpointa TN:{QM..,
- PQ PQ
? Data T, = { PkKm Data Ty = { PkKm
]

-
n— | N ) D NZ et

Figure 19. Integration of reactive power compensation in a smart railway framework.

However, in a practical implementation of a reactive power compensation strategy, strategies to
avoid non-optimal operation should be adopted. It is clear that the power flow prediction algorithms
(that estimate future consumptions) are necessary.

Considering a power flow prediction algorithm that depends on real-time data and can predict a
near future, the reactive power compensation algorithm can be more successful to operate in optimal
conditions.

Assuming that the smart railways framework is able to predict a time window (as example, 10 s)
with a specific accuracy (as example 20% in error) then, in the worst case, the predictor algorithm
generates a train reactive power setpoint with a 20% error.

6.2. A Solution for Mobile Reactive Power Compensation

It is necessary to the train to have not only the setpoint of the reactive power, but also the resultant
catenary voltage after the compensation. Naturally, the reactive power injected by a train will affect
the voltage of the same train; this is a feedback process. The expected and correct voltage value can be
used to improve the algorithm in the following way:

e If the train voltage is above the expected voltage, then it means that the amount of reactive power
injected is above the optimal value;

e  Then, the on-board reactive power compensation system (viewed as an algorithm that adapts
the power factor depending on the desired reactive power value) will reduce the value of
reactive power.

e If the train voltage is below the expected, then the on-board reactive power compensation system
will increase the injection of reactive power.

A droop-like approach can be used to help stabilize the reactive power control.
This on-board adaptation will follow a droop characteristic curve, as illustrated in Figure 20:
the higher the deviation of the voltage and the closer the train is to the NZ, the higher the correction

to Qcamp~
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h
AQsetpoint

0 kn

Figure 20. Droop strategy for on-board adjustment. The AV7 is the difference between the real train
voltage and the expected train voltage. The AQepoin is the output of the droop curve, where this
value is added to the predicted Qcomp.

The slope of the droop characteristic curve might be difficult to obtain. As an example, if all
trains have the same droop characteristic curve, it is possible to have a resonance behavior. This
train—network interactions and resonance is a well known issue [37], where the converter control
loops must be immune to low-frequency oscillation, harmonic resonance, and harmonic instability
phenomena (specifically with the tuning of current and voltage control loops, as well as the estimation
of the phase angle of the incoming voltage). Therefore, the proposed droop approach most likely
reduces a possible low frequency oscillation in the reactive power.

Therefore, in this conceptual implementation, the droop characteristic must be dependent on
the distance between the train and the TPS, as well as the number of trains separating a compensation
one and the TPS. It is expected that the trains closer to the TPS are requested for a higher contribution
of the reactive power, in comparison to the trains closer to the neutral zone.

Considering the example in Figure 21, the usage of the real measured voltage for on-board
adaptation of the reactive power will contribute to having an operation closer to the optimal
(in comparison with only following the Qcomp setpoints).
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z
Y
¥
predicted Qi
»
0 10 20 507
timei(s)
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Figure 21. Illustration of the on-board adaptation, supported by the predicted Qcomp and Vr espim.
from the smart railways framework.
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6.3. The Path to Reactive Power Compensation

The SVC compensation strategy is based on the inclusion of power electronic devices within
the proximity of the NZ. Currently, the compensation strategy is local and does not take into
consideration the measurements of the reactive power in the TPS. In this work, a communication
channel is considered, where the reactive power is measured in the TPS and used in the NZ to inject
reactive power.

The proposed mobile reactive power compensation scheme requires that each train is able to adapt
its own power factor. This requirement leaves some of the currently used trains, since the technology
used does not allow this level of adaptation. The infrastructure managers can promote modernization
of train fleet, with cost reduction of operation for trains able to adapt the reactive power.

As one outcome from UIC International Railway Solutions (IRS) 90930 stakeholders workshop [38],
from July 2020 onwards, the European rail sector should implement a new standard for energy
metering, which includes the installation of on-board energy metering systems as well as data
exchanges on ground [39]. Therefore, the need for smart metering is now closer to being achieved.

Finally, as a preliminary incentive, the billing should accommodate the injection of the reactive
power, similarly to the situation happening in certain countries, where the regenerated energy is billed
in favor of the railway operator. The clear advantages for the infrastructure managers should allow,
in theory, the elimination of the reactive (capacitive) power billing. Further billing strategies should
accommodate this effort that the railway operators might take, in order to improve the power quality.
The injection of reactive power can be seen as a service that the railway operators can provide.

7. Discussion and Conclusions

In this section, a final discussion and conclusions on the outcomes of this work are presented.
This work results from the recent lack of coverage of railway reactive power control in the literature.
Specifically, the reactive power control towards increase of railway infrastructure capacity is not
an active research topic, from the knowledge of the authors.

From the presented results in this work and as already highlighted in the literature, the increase
of railway energy efficiency is clear, not only with the reduction of the reactive power consumption
from the transmission/distribution system operator, but also with the reduction of line power losses.
The example of Figure 9 illustrates the potential of reduction of catenary power losses up to 50%.

The approach to study the infrastructure capacity improvement is the new hypothesis
covered with this work. Specifically, two reactive power compensation strategies are compared,
regarding the railway infrastructure capacity. The integration of a static VAR compensation in
the neutral zone can increase the railway capacity up to 50%, without its compensation factor
depending on the train active power. The second (proposed) compensation strategy considers the
integration of the reactive power compensation within each train. With this strategy, it is possible to
increase the railway capacity up to 50%, only with an increase of train apparent power below 10%.

The findings in this work were obtained with certain open degrees of freedom, such as each train
power consumption, the NZ SVC power limitations, and the maximum capacitive power factor for
each train. Certain degrees of freedom were closed with justifications made throughout the article.
As an example, the X/R] ratio was fixed since it depends on the characteristics of the electrification.
The line distance was also fixed. It is expected that these two parameters do not affect the railway
capacity (in percentage). The other fixed parameter is the distance between each train. It is clear that
this corresponds to an ideal situation (in a realistic situation, the train dynamic constraints, journey
timetables, signaling, among others, will affect each train position, and the distance between trains
will not be all the same). However, only with an extensive statistical analysis is it possible to evaluate
if variable train distances result in different results. It is expected, as an example, that, if the majority
of trains are more concentrated near the TPS, the resultant minimum voltage will be higher than the
fixed distance presented in this work.
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Later, in this work, a smart railway framework is proposed, focused on solving the issues

regarding this reactive power compensation strategy. A solution is then presented based on a droop
controller and a smart metering strategy, which enables the trains to be closer to an optimal point of
operation. With this work, the quality of supply in the railway network can be increased, with the
adoption of a mobile reactive power compensation strategy based on a smart metering framework.
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Abbreviations

The following abbreviations are used in this manuscript:

APQC  Active Power Quality Compensator
HPQC  Hybrid Power Quality Compensator

IRS

International Railway Solutions

MMC  Modular Multilevel Converter
MRPC  Mobile Reactive Power Compensation

Nz
PF

Neutral Zone
Power Factor

PWM  Pulse Width Modulation

RPC Railway Power Conditioner

SvC Static VAR Compensator

TPS Traction Power Substation

UIC Union Internationale des Chemins de fer—International Union of Railways
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Abstract: The existing problems of the traction power-supply system (i.e., the existence of the neutral
section and the power quality problems) limit the development of railways, especially high-speed
railways, which are developing rapidly worldwide. The existence of the neutral section leads to the
speed loss and traction loss as well as mechanical failures, all of which threaten the fast and safe
operation of the train and the system. Meanwhile, the power quality problems (e.g., the negative
sequence current, the reactive power, and the harmonic) can bring a series of problems that cannot be
ignored on the three-phase grid side. In response, many researchers have proposed co-phase power-
supply schemes to solve these two problems simultaneously. Given that the auto-transformer (AT)
power-supply mode has become the main power-supply mode for the high-speed railway traction
power-supply system, it has a bright future following the rapid development of the high-speed
railway. In addition, there is no co-phase power-supply scheme designed for AT power-supply mode
in the existing schemes. Therefore, the main contribution of this paper is to propose a specifically
designed power-supply mode more suitable for the AT, as well as to establish the control systems for
the rectifier side and the inverter side. In addition, for the proposed scheme, the operation principle
is analyzed, the mathematical model is built, and the control system is created, and its functionality is
verified by simulation, and its advantages are compared and summarized finally. The result proves
that it can meet functional requirements. At the same time, compared with the existing co-phase
power-supply scheme, it saves an auto-transformer in terms of topology, reduces the current stress by
10.9% in terms of the current stress of the switching device, and reduces the power loss by 0.25% in
terms of the entire system power loss, which will result in a larger amount of electricity being saved.
All of this makes it a more suitable co-phase power-supply scheme for the AT power-supply mode.

Keywords: co-phase power-supply system; traction power supply; modular multilevel converter
(MMC); AT power-supply mode; power quality; neutral section

1. Introduction

There are still two significant problems in the current railway traction power-supply
system:

(1) Neutral Section:

Due to the single-phase, non-linear, random fluctuating load characteristics of the
locomotive, the railway traction power-supply system adopts the rotating phase sequence
method to supply power to the locomotive (i.e., the phase of the traction network will
change every 20 km-25 km). Therefore, the areas of different phase sequences need to
be isolated, which leads to the existence of a non-electrical zone, which is the neutral
section [1].

The neutral section results in the loss of the speed and the traction of the train as
well as the mechanical wear and tear in traction power-supply systems and locomotives.
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In addition, there already have some cases of train ramp accidents and substation tripping
accidents due to the neutral section. Thus, it really brings major safety hazards to the
fast and safe operation of the train and system. In particular, high-speed railways will
pass through the neutral section more frequently because of their high speed. For the
development of railways, especially high-speed railways, it is necessary to solve the
problem of the neutral section [2].

In response to the problems brought by the neutral section, researchers have proposed
many schemes. Recently, more attention has been paid to the continuous power passing
through neutral section scheme. e.g., mechanical switches ground auto-passing neutral
section scheme [3], electronic switches ground auto-passing neutral section scheme [4,5],
flexible ground auto-passing neutral section scheme [6]. Although these schemes can solve
the power problems brought by the neutral section to some extent, such as reduce the
time of power loss and reduce the over-voltage and over-current in the process of passing
through the neutral section, they do not fundamentally eliminate the neutral section area on
the traction network, so the mechanical weakness is still there, which still cause mechanical
losses and economic costs.

(2) Power Quality Problem:

The locomotive loads with non-linear, single-phase, and random fluctuation charac-
teristics bring the power quality problems to the power grid, e.g., the negative sequence
current, harmonics, and reactive power.

The power quality problems will pose a hazard to the grid and equipment. Negative
sequence currents can be harmful to generators, asynchronous motors, transformers,
transmission lines, and communication systems. Harmonics, especially the high-order
harmonics brought by the “AC-DC-AC” electric locomotives that have been widely used
in high-speed railways and heavy-haul railways in recent years, are prone to cause high-
frequency resonance, which can easily cause damage to electrical equipment and accidents.
Reactive power can increase the loss of lines and equipment, increase the voltage drop of
lines and transformers, and bring adverse effects to the power grid and equipment [7-9].

In response to the power quality problems, researchers have proposed many schemes.
A passive filter in [10] was used to solve the harmonics and reactive power problems.
The Static Var Compensator (SVC) in [11,12] was used to address the negative sequence
current and reactive power, while it is quite limited in its ability to suppress harmonics.
The Static Synchronous Compensator (STATCOM) in [13] has better harmonic characteris-
tics and can use for negative sequence current, reactive power, and harmonics compensa-
tion. The Active Power Filter (APF) in [14] can solve power quality problems effectively,
but the cost is relatively high. However, these solutions are only proposed to address
power quality issues, but do not attempt to address the problem of the neutral section.

Recently, some researchers have proposed co-phase power-supply schemes to si-
multaneously solve the neutral section and power quality problems. Among them, one
category is the compensation co-phase power-supply scheme, and the other category is
the through co-phase power-supply scheme. The compensation co-phase power-supply
schemes can solve the power quality problems and the neutral section at the same time.
However, it can only eliminate the neutral section at the substation but cannot eliminate
the neutral section in the entire traction network. This kind of co-phase power-supply
schemes includes China’s first co-phase power-supply unit, which is put into operation
at the Mershan substation in 2010 [10] and the first single three-phase combined co-phase
power-supply unit at the Shangyu substation in 2014 [15], as well as the Active Power
Compensator (APC) [16], the Railway Power Conditioner (PRC) [17,18], the Hybrid Power
Quality Conditioner (HPQC) [19-22], and the Hybrid Electrical Magnetic Power Quality
Compensator (HEMPQC) [23]. The through co-phase power-supply schemes can simulta-
neously and completely solve the power quality problems and eliminate all neutral section
of the whole traction network, making the traction network whole line through, e.g., the
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schemes based on the Cascaded H-Bridge (CHB) converter in [24,25] and the schemes
based on the Modular Multilevel Converter (MMC) in [26].

However, these co-phase power-supply schemes are not specifically detailed in terms
of the specific power-supply mode. As is well known, high-speed railways are developing
rapidly all over the world since they attract great attention from many countries due to
their high speed, large transportation capacity, low average energy consumption, light
environmental impact, and good economic benefits. To improve the power-supply capacity
of the traction network, reduce the number of traction substation and the electromagnetic
interference to the adjacent metal conductors, Japan first use the AT power-supply mode in
high-speed railways [27].

As for the two prominent problems existing in the railway system. The existence
of the neutral section is a common problem in existing electrified railways, and it exists
worldwide. At the present stage, there are problems of the neutral section in electrified
railways in China, Japan, France, and the United Kingdom. Only Germany built a power
grid on the railway with a frequency different from that of the public grid to isolate it
from the public grid, achieve the same phase across the entire line, cancel the neutral
section, and realize the co-phase power-supply system. Power quality is also a common
problem in electrified railways worldwide. The Japanese Shinkansen used STATCOM
[28] and RPC [29,30] to solve the power quality problem in 1993 and 2002, respectively.
With the rapid development of high-speed railways, the AT power-supply mode has
been vigorously promoted and has become the main power-supply mode for high-speed
railways [31]. In view of the wide application of AT power-supply mode in high-speed
railways and its bright prospects, scheme to these two prominent problems in AT power-
supply system are valuable to study.

Therefore, the main contribution and innovation of this paper is that under the back-
ground that there is no co-phase power-supply scheme designed for AT power-supply
mode, a co-phase power-supply scheme designed for AT power-supply mode and more
suitable for it is proposed, and the control systems for the rectifier side and the inverter
side is created, and the control section that can make the newly added bridge arm voltage
balance is added to the control system of the inverter side. In addition, for this scheme, its
operation principle is analyzed, its mathematical model is established, its control system
is created, its functionality is verified by simulation, and finally, its superiority over other
schemes when applied to the AT power-supply mode is analyzed and summarized. The
results prove that the topology proposed in this paper is superior for AT power-supply
system in the following aspects, in terms of topology, it eliminates an auto-transformer,
in terms of current stress of the insulated gate bipolar transistor (IGBT) of the bridge arm
of the inverter, it reduces the current stress by 10.9%, in terms of power loss, it reduces
the power loss of the system by 0.25%, which means that for a 40 MW traction substation,
100 kWh of power can be saved in one hour, and the long-term power savings of many
substations will be significant.

This paper is organized as follows. In Section 2, the operating principle and math-
ematical model of the proposed scheme are described. In Section 3, the control system
is illustrated. In Section 4, the simulation verification and advantages analysis of the
proposed topology are elaborated. In Section 6, the conclusion is stated.

2. Operation Principle of the Proposed Co-Phase Power-Supply Scheme
2.1. The Topology of the Proposed Scheme

In the existing railway power-supply system, the Auto-Transformer (AT) power-
supply mode can not only reduce the interference of the electrified railway to the adjacent
communication lines but also has good technical and economic indexes for the traction
power-supply system, which make it more suitable to the operation of high-speed and
high-power electric locomotives. In terms of structure, as shown in Figure 1, AT power-
supply mode is composed of traction transformer, auto-transformer, catenary, steel rail, and
positive feeder. The wiring form of traction transformer in AT power-supply mode can be
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divided into the three-phase-two-phase balanced transformer shown in Figure 1a (taking
the most widely used Scott wiring three-phase-two-phase balanced transformer [32] as
an example, and adding the required auto-transformer in the substation to the secondary
side) , the three-phase crossing wiring traction transformer shown in Figure 1b [33], the
V/X wiring traction transformer shown in Figure 1c [34], and the secondary midpoint
withdrawable single-phase wiring traction transformer shown in Figure 1d [35]. The auto-
transformer in the AT power-supply mode is connected in parallel between the contact
suspension and the positive feeder, eliminating the segmentation caused by the addition of
the transformer to the contact network. The distance between two auto-transformers is
generally 8-15 km.
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Figure 1. Traditional AT traction power-supply system components: (a) three-phase-two-phase
balanced wiring transformer; (b) three-phase cross wiring transformer; (c) V/X wiring transformer;
(d) secondary midpoint withdrawable single-phase wiring transformer.

Researchers have proposed several schemes to the existing problems of neutral section
and power quality in the system. Among them, the schemes to neutral section can be
divided into power-off neutral section passing scheme and live-line neutral section passing
scheme according to whether the main circuit breaker is closed or not. The live-line neutral
section passing schemes can be divided into column switch neutral section passing scheme,
mechanical switch ground automatic neutral section passing scheme, electronic switch
ground automatic neutral section passing scheme and flexible ground automatic neutral
section passing scheme [36]. The performance of each scheme in terms of functionality,
operation, cost and maintenance has been listed in Table 1 below.

It can be seen from the table that in terms of functionality, power loss time and
over-voltage, the three ground automatic neutral section passing schemes have a shorter
power-loss time, which brings less speed loss, and at the same time, less over-voltage
impact. Among them, the best is the flexible ground automatic neutral section passing
scheme, which realizes the complete uninterrupted power supply and no over-voltage
shock. The other solutions have relatively long power-loss time, relatively large speed
loss, and over-voltage impact. Manual power-off neutral section passing scheme is the
worst, since the power-loss time is long, and the speed loss is large, and it is easy to
cause over-voltage impact. In operation, according to the fatigue degree of the train crew,
except for the manual power-off neutral section passing scheme, there is no need for the
train crew to operate, which will not cause the passing through the neutral section with
electricity caused by human operation errors. In terms of cost and maintenance, the three
ground automatic neutral section passing schemes are more expensive to invest in, with the
flexible above-ground automatic over-phase being the most expensive. In terms of switch
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lifetime, the three ground automatic neutral section passing scheme involve switches. The
mechanical switch has a short lifetime and high maintenance costs. The switches involved
in the electronic switch ground automatic neutral section passing scheme and the flexible
ground automatic neutral section passing scheme have a long lifetime and the maintenance
cost is not high [4,6,36-38].

Table 1. Comparative analysis of neutral section passing schemes in terms of functionality, operation, cost and maintenance.

Power-Off Neutral Live-Line Neutral
Section Passing Scheme Section Passing Scheme
Comparative Specific Comparison
Aspects Content Manual Vehicle-Mounted . Mechanical Switch  Electronic Switch ~ Flexible Ground
P y Column Switch . . .
Power-off Automatic Neutral Section Ground Automatic Ground Automatic Automatic
Neutral Section  Neutral Section Passing Scheme Neutral Section Neutral Section Neutral Section
Passing Scheme  Passing Scheme 8 Passing Scheme Passing Scheme Passing Scheme
Long Long Relatively long Relatively short Short Co;z\iiteely
power-loss time power-loss power-loss power-loss power-losstime, power-loss .
A 5 N X N . X N . uninterrupted
(speed loss) time, big time, big time, relatively relatively small time, small
N power neutral
speed loss speed loss big speed loss speed loss speed loss section passin
Functionality P 8
Easy to cause Mechanical switch the operating No over-
Over-voltage Over-voltage N s over-voltage caused
over-voltage over-voltage R brings operating 3 voltage
shock shock by mechanical
shock over-voltage . o shock
switches solved
. the fatigue Easy to cause No train crew No train crew No train crew No train crew No train crew
Operation degree of the . N . . . . . . . . . .
train crew train crew fatigue operation required operation required operation required  operation required ~operation required
Investment Small Relatively small Relatively small Relatively big Relatively big Big
Cost and
maintenance Switch lifetime Short switch Long switch Long switch
(if included in the scheme) None None None lifetime lifetime lifetime

Those schemes to power quality problems include passive filter, Static Var Compen-
sator (SVC), Static Synchronous Compensator (STATCOM), Active Power Filter (APF),
Railway Power Conditioner (RPC). As shown in Table 2, in comparison, passive filters are
used to control harmonics and reactive power, but they can only eliminate specific har-
monics. In addition, it is easy to resonate with the system impedance and cause harmonic
amplification. Since the device cannot follow the dynamic changes in time, the fixed capac-
itor value in each passive filter cannot totally compensate the frequently change reactive
power, then cannot reach a unitary power factor correction [39]. SVC is used for negative
sequence and reactive power compensation, but its suppression effect on harmonics is
limited, and it will bring harmonic problems by itself. In addition, may produce series and
parallel resonance. Compared to the SVC, STATCOM behaves as a bidirectional reactive
power compensator, with a faster response time, larger load capability, lower harmonic
contents and more compact design structure [39]. APF can eliminate harmonics well, but
when APF is used to compensate negative sequence and reactive power, its cost is high, so
it is usually used in combination with passive compensation. PRC is a relatively successful
power management program, which effectively realizes the comprehensive compensation
of reactive power, negative sequence and harmonic current [39-41].
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Table 2. Comparative analysis of the performance of the schemes for the power quality problems.

Name of Each Scheme

Passive filter

None

Negative Sequence Harmonics Reactive Power Others
. . . Require large space for installation
Govern harmonics, but only Govern reactive power, but with e .
A o . - . and high implementation cost.
eliminate specific harmonics. poor continuity, which cannot be . X
o the change in the filter parameters
And it is easy to resonate compensated well due to the e
. . N L affected by the heat or lifetime,
with the system impedance and  frequent fluctuation of the traction . . . .
. e which gradually caused misoperations in
cause harmonic amplification load.

the filter functionality

Compensation for

Limited harmoni .
© onic May produce series-

SsvVC 5 suppression and it will bring Compensation for reactive power
negative sequence h . : parallel resonance
armonic problems by itself
Compensation for . Fast response for reactive
STATCOM 3 Low harmonic content N Small Land area
negative sequence power compensation
The cost is high when used to
sation f . . . . sat ti d
APF ComPenea ton for Harmonic suppression Compensation for reactive power compensate negative sequence an
negative sequence reactive power, so it is usually combined
with passive compensation.
Effective realization Effective implementation . .
. . Effective harmonic
RPC of reactive power of negative sequence . None
. h compensation
compensation compensation

Recently, the co-phase power-supply scheme proposed by researchers can simultane-
ously and well solve the problems of neutral section and power quality. These co-phase
power-supply schemes can be divided into compensative co-phase power-supply schemes
and continuous co-phase power-supply schemes. Compensative co-phase power-supply
schemes include combined co-phase power-supply schemes, APC, RPC, HPQC, etc. Contin-
uous co-phase power-supply schemes include continuous co-phase power-supply schemes
based on cascaded H-bridge structure and continuous co-phase power-supply schemes
based on modular multilevel converter (MMC). The compensative co-phase power-supply
scheme is to combine with the transformer to supply power to the traction network.
The negative sequence reactive harmonics are compensated by the installed power elec-
tronic devices on the secondary side of the traction transformer, but it can only eliminate
the neutral section in the substation. The neutral sections where the districts are located
are still there, and the full line continuous cannot be achieved. The continuous co-phase
power-supply scheme uses a back-to-back power electronic structure to directly hang to
the traction network. The amplitude and phase of the output voltage of this structure can
be controlled. It can achieve the same phase of the traction network across the entire line,
thereby achieving a full line continuous. At the same time, it can also compensate the
negative sequence current, reactive power and harmonics well.

The continuous co-phase power-supply scheme replaces the traction transformer in
the traditional traction power-supply system, which connects the three-phase power grid
and the traction network with a co-phase power-supply device, which is generally a back-
to-back structure consisting of switching devices. By controlling the rectifier side of the
back-to-back structure, the power quality problems (i.e., negative sequence current, reactive
power, and harmonics) that may be brought to the power grid side can be addressed. At the
same time, by controlling the inverter side in the back-to-back structure, the amplitude,
phase, and frequency of the output voltage supplied to the traction network are controllable
to achieve the same phase of the output voltage of the substations, thereby achieving
the same phase of the entire traction network, thereby eliminating the neutral section.
Therefore, the through co-phase power supply can wholly and simultaneously solve the
problems of the neutral section and power quality problems.

If the co-phase power-supply scheme that has been proposed in the most paper is
applied to the AT power-supply system, as shown in Figure 2a, an auto-transformer is
required between the back-to-back structure of the topology and the traction network.
The structure proposed in this paper, as shown in Figure 2b, uses a bridge leg to replace
the role of the auto-transformer. The newly added bridge leg should be connected to the
rail (i.e., the R line in Figure 2), and the modules on it should be controlled to ensure that
the voltage between the contact grid (i.e., the T line in Figure 2) and the rail, as well as the
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voltage between the positive feeder (i.e., the F line in Figure 2) and the rail, are 27.5 kV
single-phase AC voltages of equal amplitude and 180 degrees difference in phase, i.e.,
Vrr = 27.520° and Vrg = 27.5/180°. The functionality and advantages of this scheme
will be analyzed and illustrated in detail in Section 4.

220 kV Power Grid
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1 Co-phase |

___ 1 Traction Power |
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Figure 2. Co-phase power-supply system topologies: (a) The scheme already have been proposed but is not specific to AT
supply mode; (b) The scheme proposed in this paper for AT supply mode.

2.2. The Mathematical Model of the Proposed Scheme

As for the mathematical model, the topology proposed in this paper is a back-to-
back structure consisting of the rectifier side, which is composed of three bridge legs
corresponding to the three-phase step-down transformer, and the inverter side, which is
composed of three bridge legs corresponding to the two single-phase output voltages to
the traction network. The mathematical model of the rectifier side and the inverter side
will be illustrated separately below.

2.2.1. The Rectifier Side

According to the equivalent circuits as shown in Figure 3 and Kirchhoff’s voltage law,
we have Equation (1) [42]

{ Uy = L% — Uy — Uno + §Uae; (i = a,b,)

L , )
Uy = LG + Uy — Uno — 3Uge; (i = a,b,c)

In Equation (1), L = Ls + Ly, and Ry is so small that can be ignored. Bringing in
Uno = 0, adding and subtracting the two-equation in (1) from each other yields (2)

dlin—i . X
{ U = % (Ihdtlm) + %(uli —Uy);(i=a,b,c) @)

Uge = LA 4 (U + U,y )3 (i = a,b )
As shown in Figure 3, is is the AC side source current, i is the circulating current,

i, is the upper arm current, i; is the lower arm current, and i, is the DC bus current, the
relationship between them is as follows [43].

i =1 —1i
{ T ®)
le="2"
iu = _ij;"!‘l'c
. i . 4
{ 1 = 1754’15 ( )
. iy +ip
ch: Z (u12 1) (5)
i=ab,c
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As for the instantaneous power, the rectifier side was analyzed, and the results were
as follows [43]

{ IIZuu f uuu.iau 6)
al = Ugllal
Ignoring the harmonic components yields the bridge arm’s current and voltage ex-

pression [43].

Uy, = %Mdc — /22U, sin wt @
Uy = $uge +V2U, sinwt
{ Ly = —3V/2I;sin (wt + @) — $ 14 @®
Iy = %\/Ela sin (wt + ¢) — %Idc

The expression for instantaneous power is obtained by bringing (7) and (8) into (6).

{ P, = A — B(wt) + C(2wt) o

Py = A+ B(wt) + C(2wt)

A= %Uala cos g — %Udcldc
B(wt) = Y2Uy I, sin (wt + ) — Y2U, I sinwt (10)
C(2wt) = —LU,1, cos (2wt + @)

'1dc 7dcv
vau d vbu 'cu L Tu &r.R I }r l
Ry Ry Ry Ro Ro Ry
U Ql l{ 42
L[} Lg Lu L[} Lo Lg C le@l
¥ Lo Y L Low Iy ¥ I Y
]ca ]cb [cc iE [cT cR ]CF
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¥ lu Y Iu Iy In Ry Iry
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Ua2|, a2
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Figure 3. The equivalent circuit of the proposed topology: (a) Rectifier side equivalent circuit of the proposed topology; (b)
Inverter side equivalent circuit of the proposed topology.

2.2.2. The Inverter Side

The inverter side uses a bridge leg to replace the AT self-coupling transformer. As for
voltage of the inverter side, the voltage between the T line and the R line as well as the
voltage between the F line and the R line are two 27.5 kV single-phase AC voltages of equal
amplitude and 180° difference in phase, i.e., Vrr = 27.520° and Vrg = 27.52180°.

As for the current of the inverter side, the current in the upper and lower bridge arms
is a superposition of the AC side current and the circulating current, while the circulating
current is a superposition of the fundamental frequency component, the double frequency
component, and the DC component, which is come from the DC bus current. In addition,
regarding the output side current, When the train is within one AT interval before or after
the substation, there will be current on the R line. In contrast, when the train is not within
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one AT interval before or after the substation, there will be no current on the R line, and
the T/F line current’s amplitude is a constant value.

As for the instantaneous power, there will be an equal distribution of the direct-current
across the three bridge legs, ignoring the harmonic component, and the expressions for the
voltages are as below [43].

Upy = %”dc - \/EUT sinwt (11)
Up = %udc +V2Uy sinwt
And the current expressions are as below [43].
{ I, = %\/EIT sin (wt + ¢) + %Idc (12)
It = —3V2Irsin (wt + @) + 11,

And the expression for the instantaneous power in the bridge legs are as follows.
Pr, = A — B(wt) + c¢(2wt) (13)
Pr; = A+ B(wt) + c¢(2wt)

A= —Urlrcos ¢+ tUgely

—_\V2 i V2 i 14
B(wt) = —YEUgcIr sin (wt + @) + 52 Urlye sin wt (14)
C(2wt) = JUrlt cos (2wt + @)

3. Control System for the Proposed Topology

According to the analysis of the operation principle above, the control objectives
below need to be met as a co-phase power-supply device, For the rectifier side, the control
objectives of no negative sequence current, reactive current, and harmonic component
on the rectifier side should be met, and at the same time, the DC bus voltage should be
stabilized near the reference value, so as to avoid power quality problems caused by the
traction network and to maintain the stability of the DC side. For the inverter side, it
is necessary to achieve the control objectives of controllable amplitude and phase of the
output voltage to ensure that the entire traction network substations have the voltage of
the same phase and amplitude. In addition, because of the newly added bridge leg, it is
necessary to ensure that the voltage between the contact network and the rail as well as the
voltage between the positive feeder and the rail are 27.5 kV single-phase AC voltages of
equal amplitude and 180° in phase.

3.1. The Control System for the Rectifier Side

As for the rectifier side, according to the mathematical model in Section 2, add and
subtract Equation (1) to each other, the following equation can be obtained [43].

L&iv _ 7‘/H+‘/I _BI
2i vt v 27 (15)
R,
Defining # as Ve and w as Vs, we can get the following equation [43].
VC:XSﬂ_%%_gls (16)
Vs =i — L3RI,

And we can get V;, and V] if there is V- and Vs [43].

{ Vi=Ve—Vs an

Vi=Ve+Vs
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By using the PI controller, according to the following expression, we can get V- and V.

{ Ve(s) = Vaa(s) — BIs(s) — iz (s) — is(5)]kn + By

Va(s) = Y _ RI(s) = [i(5) — ie(s) s + 52 1

From this, the control system on the rectifier side can be obtained, as shown in
Figure 4. And the modulation method is selected to be CPS-SPWM [44].
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Figure 4. The control system for the rectifier side of the proposed topology.

3.2. The Control System for the Inverter Side

As for the inverter side, based on the mathematical model built for the inverter side,
the following expression can be obtained [42].

{Vn—% L% — Uy

19
VTI Vdc LleI + Ur ( )
Since i, = ’7‘ +i. [43] and i = 7"75 + i [43], the equation can be transformed into:
VTuzifquLdiff%diitS 20
Udf ad L dig (20)
Vi =%+ Ur — LG + 35

Taking the T line as an example, with the PI controller, we can get the upper and lower
bridge arm reference voltages by the following expression.

Vru(s) = 25 — Uz (s) —
Vri(s) = 28 1 Up(s) +

Al — iz (s) - (s)](
At — iz (s) — ic(s)) (K,

From this, the control system on the inverter side can be get.

As shown in Figure 5, since the output voltages are two single-phase AC voltages
of equal amplitude and 180° difference in phase, if we want to convert them to the dgq
coordinate system for control, we need to converter them to the ABC coordinate system
first. By converting Vrr to the A-phase and Vg to the sum of the B phase and C phase, we
can convert them to the ABC coordinate system and then control them.

)
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Figure 5. The control system for the inverter side of the proposed topology.

4. The Verification of the Proposed Topology by Simulation

In this section, the functionality of the proposed topology is verified by simulation.
The simulation builds a realistic model of AC-DC-AC substation. The grid voltage of the
system is 220 kV. Then connect the grid to a step-down transformer to transfer the voltage
to the rated phase voltage of 27.5 kV on the AC grid side. Then connect the secondary side
of the step-down transformer to the MMC-based back-to back structure. The rated voltage
of the DC bus of the back-to-back structure is 80 kV. In addition, the rated phase voltage on
the output side is 27.5 kV.

As for the functions that the device needs to meet, as analyzed above, the proposed
co-phase power-supply device for the AT power-supply mode needs to meet the following
functions: the rectifier side should eliminate negative sequence current, reactive current,
and harmonics to ensure that it does not bring power quality problems for the power
grid, and the DC bus voltage needs to be stabilized near the reference value. As for the
inverter side, it is necessary to ensure that the output voltage’s amplitude and phase can
be controlled at the control reference value.

It can be seen from Figure 6a that the voltage and current on the rectifier side basically
have no phase difference, i.e., their power factor is basically 1, which means that there
is no reactive current component. The three-phase voltage and current waveforms have
stable amplitude and good waveforms without negative sequence and harmonic compo-
nents, meeting the functional requirements of the co-phase power-supply scheme on the
rectifier side.

It can be seen from Figure 6b that the DC bus voltage can rise and stabilize at the
reference value with minimal fluctuations, meeting the requirement of the DC bus voltage.

It can be seen from Figure 6¢,d that the voltage’s amplitude and phase on the output
side can be stabilized at the reference value. And to verify that when the current changes
suddenly, the voltage remains stable and basically unchanged. The load mutation is set at
1.995 s, and the current changes suddenly with it. It can be seen from Figure 6¢,d that the
voltage remains stable and basically unchanged. Therefore, the inverter side can meet the
functional requirements of the co-phase power-supply scheme.

In summary, the simulation verified that the entire system can meet the functional
requirements of the co-phase power-supply scheme.
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Figure 6. The simulation results of the proposed topology: (a) Voltage and current on the three-phase input side of the
proposed topology; (b) DC-bus voltage of the proposed topology; (c) Voltage between T line and F line on the output side
of the proposed topology; (d) Voltage between T line and R line on the output side of the proposed topology; (e) Voltage
between F line and R line on the output side of the proposed topology; (f) Current on the output side of the proposed

topology.

5. The Advantages Analysis of the Proposed Topology

After verifying that the proposed co-phase power-supply device topology can meet
the functional requirements of the co-phase power-supply scheme, the advantages of the
proposed topology needs to be analyzed and discussed.

Then the two schemes need to be compared in the same scenario. It is assumed that the
scenarios of the two schemes are both AC-DC-AC substations with a rated power of 40 MW.
The step-down transformer transfers the 220 kV grid voltage to the rated grid-side phase
voltage of 27.5 kV, the system rated DC bus voltage is 80 kV, and the system output side
rated phase voltage is 27.5 kV. As for the MMC structure, there are both three bridge legs on
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the rectifier side and the inverter side. Each bridge leg is divided into the upper and lower
bridge arms. There are 40 sub-modules on each bridge arm. The rated capacitor voltage of
the sub-module is 2 kV, and the switching device is selected to be Infineon-FZ1500R33HE3.

The following section will specifically analyze the advantages and disadvantages of
the two schemes in different aspects under this scenario.

5.1. The Comparative Analysis of Current Stress of the Switching Devices

From the perspective of the current stresses borne by switching devices in the topology,
qualitative analysis shows that since the inverter side adds a bridge leg, the DC component
flowing from the DC bus into the inverter side bridge leg is changed from the original two
equal parts to three equal parts, so that the DC component in the bridge leg decreases.
As for the AC output side, when the locomotive is in one AT interval before or after the
substation, there will be a current inflow on the newly added bridge leg, because the sum
of the TRF line current is zero, T line current outflow, and R and F line current inflow, so
the current’s amplitude of the bridge leg connected to the F line is reduced. In addition,
when the locomotive is not located in one AT interval before or after the substation, there
is no difference in the AC current with other topology. Therefore, in a comprehensive view,
when the power is constant, the current stress of the switching devices in the inverter side
bridge leg of the topology proposed in this paper is smaller.

At the same time, quantitative analysis shows that the current stress value of the
inverter side switching device is indeed smaller. The calculation is based on the system
rated at 40 MW, and the calculation is according to the maximum current may appear
in the bridge leg. For example, on the rectifier side, since S = 3 UL, Us = 27.5 kV, the
current Iy = 484.85 A can be obtained, and because S = Uy I, the reference value of U,
is 80 kV, I;. = 500 A can be obtained, thus the maximum current in the bridge arm is
415 + Ich = 509.51 A. However, on the inverter side, the output voltages are two single-
phase voltages, thus S = 2 UI, U, = 27.5kV, the current I, = 727.27 A can be obtained, so
the maximum current in the bridge arm is %L} + %” = 680.93 A. Therefore, in summary,
the current maximum value of the switching devices on the rectifier and inverter sides is,
respectively 509.51 A and 680.93 A.

It is similarly calculated that the maximum currents in the bridge arm of the rectifier-
inverter side of the already proposed topology are respectively 509.51 A and 764.24 A.

It can be seen that the current stress of the inverter side switching devices of the
topology proposed in this paper is significantly reduced.

5.2. The Comparative Analysis of the Power Loss of the Whole System

From the perspective of power loss, the loss of the device can be calculated theoretically.
The power loss of a switching device consists of two parts: the conduction loss and the
turn-on turn-off loss. The expression is as below [45,46].

Prot = Prot + Pptot
Priot = Preon + Pron +PTaff (22)
Ppitot = Ppeon + PDoff

The Pryot and Ppyo; means the total power loss of the IGBT and diode separately, and
the Preon Pron Pro ff are the conduction loss and turn-on turn-off losses of the IBGT in a
fundamental output period, and the Ppc,n Ppofys are the conduction loss and turn-off loss
of the diode. All these losses make up the total loss of a switching device. These losses can
be calculated individually by these equations below [45,46].
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In these equations, ic(7) and ip(T) can be obtained based on the rated values, and
Vce and VE can be obtained based on the corresponding current values and the output
characteristic curves of the switching devices provided in [47]. E,; E, ff Eec can be obtained
from the corresponding current and the device loss curves provided in [47]. Vegofr VEoff
can also be obtained from the corresponding current and the output characteristic curve.
Set the rated power of the system to 40 MW. From this, it can be calculated that the power
loss of all switching devices in the topology proposed in this paper in one fundamental
period is 613.67 kW, while the power loss of the switching devices in the topology has been
commonly proposed is 502.28 kW.

At the same time, the Infineon Online Power Simulation Tool (IPOSIM) (produced
by Infineon in Munich, Germany and provided on the official website) can be used to
approximate the power loss of the switching device after setting the value of the DC link
voltage, RMS current, frequency, and the switching frequency on it. The Infineon Online
Power Simulation Tool (IPOSIM) (produced by Infineon in Munich, Germany and provided
on the official website) calculation result of the power loss of the topology proposed in
this paper is 625.44 kW, while the result of the topology commonly proposed is 536.80 kW.
However, from the perspective of switching devices, the power loss proposed in this paper
is relatively high, from the perspective of the entire system of the scheme, the scheme
proposed in this paper eliminates an auto-transformer. Take an auto-transformer with a
nameplate capacity of 31.5 MVA as an example. Its actual electromagnetic capacity is only
13.3 MVA, saving it can save about $30,000 and save about 0.5% of energy loss, which is
66.5 KW.

So as for the loss of the whole system, we need to add the loss of the transformer
based on the loss of switching devices. Because of the high efficiency of high-voltage large-
capacity transformers, we set the efficiency of high-voltage large-capacity transformers at
99.5%, and set the rated system power to 40 MW, then the efficiency of the whole system (i.e.,
considering the previous step-down transformer and the energy losses of the switching
devices) is 97.96%, and the efficiency of the whole system of the commonly proposed
scheme (i.e., considering the previous step-down transformer, an auto-transformer and the
energy losses of the switching devices) is 97.71%.

Although the numerical difference in efficiency between the two systems is not mas-
sive, considering that the railway system is a large-capacity system, for example, with
a rated capacity at 40 MW, a difference of 0.25% would result in an energy difference
of 100 kWh per hour, so the scheme proposed in this paper can save 100 kWh per hour
compared to the commonly proposed scheme, which has excellent economic benefits in the
long term.

6. Conclusions

Against the background that there is no previous co-phase power-supply scheme
especially designed for the AT power-supply mode, this article proposes a co-phase power-
supply scheme for the AT power-supply mode traction power-supply system that has
become the main power-supply mode for the high-speed railways. The feasibility and
functionality of the scheme are verified by establishing mathematical models, creating
control systems, and simulating. It proves that the scheme proposed in this paper can meet
the needs of the co-phase power-supply system. In addition, on this basis, a comparative
analysis with the system that has been commonly proposed has verified that this scheme
has obvious advantages in the current stress of the switching device and the power loss
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Abbreviations

The following abbreviations are used in this manuscript:

AT Auto-transformer

MMC Modular multilevel converter

SvC Static var compensator

STATCOM  Static synchronous compensator

APF Active power filter

APC Active power compensator

RPC Railway power conditioner

HPQC Hybrid power quality conditioner

HEMPQC Hybrid electrical magnetic power quality compensator

CHB Cascaded H-Bridge

Vrr Voltage of the contact network to the rails (kV)

Vir Voltage of the positive feeder to the rails (kV)

Ui The voltage of phase i on the AC grid side connected to the back-to-back rectifier side based on MMC (i = a, b, ¢) (kV)
L The integrated equivalent inductance in the single-phase equivalent circuit of MMC.(mH)

iy Upper arm current of MMC back-to-back structure (A)
i Lower arm current of MMC back-to-back structure (A)

Uyi Sum of the voltages of the i-phase upper bridge arm sub-modules of the MMC structure (kV)
uy; Sum of the voltages of the i-phase lower bridge arm sub-modules of the MMC structure (kV)
Uy, Voltage of the DC bus in the MMC back-to-back structure (kV)

is The source current of AC grid side connected to the back-to-back rectifier side based on MMC (A)
ic The circulating current of the MMC-based back-to-back structure (A)

ige Current of the DC bus in the MMC back-to-back structure (A)

Pa Instantaneous power of the A-phase upper bridge arm (kW)

LD linear dichroism

Py Instantaneous power of the A-phase lower bridge arm(kW)

Ve Defined as — %™ (kV)

Vs Defined as ZL (kV)

Prot Total power loss of the switching device in a fundamental output period (m])

Priot Total power loss of the IGBT in a fundamental output period (m])

Ppiot Total power loss of the diode in a fundamental output period (m])

Preon Conduction loss of the IGBT in a fundamental output period (m])

Proyn Turn-on loss of the IGBT in a fundamental output period (m])

Prosr Turn-off loss of the IGBT in a fundamental output period (m])

Ppeon Conduction loss of the diode in a fundamental output period (m])

Ppyoss Turn-off loss of the diode in a fundamental output period (m])
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Abstract: Power quality and neutral section are two technical problems that hinder the development
of electrified railway to high-speed and heavy railway. The co-phase power supply technology
is one of the best ways to solve these two technical problems. At present, a V type connection
traction transformer is widely used in a power frequency single-phase AC traction power supply
system, especially in high-speed railway. In this paper, a new type of co-phase power supply
system for electrified railway based on V type connection traction transformer is proposed. One
single-phase winding in the V type connection traction transformer is used as main power supply
channel, and three ports are used as compensation ports. Neutral section is no longer set with traction
substation, and the train is continuously powered through. The independent single-phase Static
Var Generators (SVGs) are used to compensate the three-phase imbalance caused by single-phase
traction load. When necessary, the power factor can be improved at the same time. The principle,
structure, control strategy, and capacity configuration of the technical scheme are analyzed in this
paper, and the effectiveness of the scheme is verified by using the measured data of electrified railway.
The advantage of this scheme lies in the universal applicability of the V type connection traction
transformer, and the flexibility of the SVG device.

Keywords: co-phase power supply technology; power quality; V type connection traction trans-
former; comprehensive compensation; Static Var Generator (SVG)

1. Introduction

As the backbone of modern comprehensive transportation system and one of the
main modes of transportation, railway plays an important role in the process of social and
economic development in China [1,2]. According to the railway statistics bulletin of 2019
issued by the State Railway Administration of China, by the end of 2019, business mileage
has reached 139,000 km, and the railway electrification rate reached 71.9% [3].

With the development of electrified railways, power quality has always been a research
hotspot, because of the characteristics of the traction power supply system [4]. A power
frequency single phase AC system is widely used in China’s electrified railways. The
structure diagram of existing electrified railways is shown in Figure 1. As a single-phase
power load essentially, traction load will cause power quality problems including mainly
negative sequence in three-phase power system [5-7]. In order to reduce the influence of
traction load on the three-phase unbalance at the Point of Common Coupling (PCC) of
power system, the scheme of supplying power by sections in traction network and each
section using three-phase power system in turn is usually adopted. The neutral section is
set between two adjacent power supply sections [8-10]. However, it brings about a series
of problems, such as the reduction of train speed, loss of traction force, frequent action of
phase passing device, short service life, and low reliability, which seriously affect the safe
and stable operation of the train. It shows that the neutral section is the weakest link in
the AC traction power supply system of electric railway, and greatly restricts the traction
power supply system Railway Development [11,12].
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Figure 1. Structure diagram of China’s existing traction power supply system.

With widespread use of AC-DC-AC electric locomotives using Pulse Width Modu-
lation (PWM) technology, compared to the traditional AC-DC electric locomotives, the
harmonic problem has been greatly improved, and the power factor is close to 1, which has
overcome the shortcomings of traditional AC-DC electric locomotives [13-18]. However,
at the same time, because of the huge increase in traction power of AC-DC-AC electric
locomotives, the high-power single-phase traction load will cause more three-phase unbal-
ance problems in the power system. Therefore, negative sequence will become the focus of
power quality research of electrified railways.

In view of how to effectively solve the power quality problems including mainly nega-
tive sequence and neutral section, a lot of research work has been carried out, and different
solutions have been put forward. The scheme to solve the negative sequence and electrical
phase separation in Germany is adopting special railway power generation, transmission,
and distribution system and setting a three-phase/single AC-DC-AC converter in the
traction substation. At the same time, the neutral section is cancelled [19]. In Japan, Scott
traction transformer and Railway Static Power Conditioner (RPC) are used in Shinkansen
to compensate three-phase unbalance and voltage fluctuation so as to reduce the influence
of traction load on three-phase power system [20—-22]. It can solve the problem of power
quality, and automatic passing neutral section technology is used to solve the problems
caused by neutral section. Bilateral power supply technology is adopted in Russia to cancel
neutral section between traction substations [19]. However, the traction power supply
system is parallel with the power system transmission lines, and maybe there is current
power in the traction power supply system, which needs to be restrained.

The idea of a co-phase power supply system to eliminate the neutral section and solve
power quality problem is first proposed in [23]. The co-phase power supply refers to the
power supply mode that a traction substation or multiple traction substations of a railway
line supply the whole traction network with the same phase (line) voltage in the same
three-phase power grid. If two adjacent traction substations adopt bilateral power supply,
the co-phase power supply network formed by multiple traction substations on the line is
called through co-phase power supply, referred to as through power supply [24,25].
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Since the concept of co-phase power supply system was proposed, there have been
some related studies on topological structure, compensation technology, and control strat-
egy about co-phase power supply system. The co-phase power supply scheme based on
three-phase-two-phase balanced connection traction transformer and Power Flow Con-
troller (PFC) is proposed in [26]. Furthermore, more co-phase power supply schemes are
proposed in [19,27,28]. Moreover, the schemes proposed in [19,26] have been applied in the
Meishan traction substation of Chengdu Kunming railway, Shayu traction substation of
Central South Passage of Shanxi Province, and Wenzhou City railway S1 line. The practice
results show that the co-phase power supply technology can effectively solve the power
quality problem with negative sequence as the main factor and cancel the neutral section at
the traction substation.

In order to effectively reduce the PFC device capacity, a co-phase power supply
scheme based on Hybrid Power Quality Conditioner (HPQC) was proposed in [29]. By
using relatively inexpensive passive components to provide a part of reactive power,
the active device capacity can be reduced. In order to obtain satisfactory compensation
effects, the HPQC system often needs to consider more complex factors in design. A
scheme to reduce the device capacity of RPC by using a C-type filter is proposed in [30],
the C-type filter can compensate for a part of reactive power of the traction load while
filtering out harmonics. Therefore, the device capacity of RPC can be reduced to a certain
extent. In addition, based on the Modular Multilevel Converter (MMC) technology, the
co-phase power supply schemes by using three-phase/single-phase AC-DC-AC converter
is introduced in [31-33]. The outstanding advantage of these design schemes is that they
can realize the balanced transformation between a three-phase system and single-phase
system without generating power quality problems. However, it should be noted that in
these schemes, all the power of the traction load will be transmitted through the power
electronic converter, so the required device capacity will be equivalent to the capacity of a
traditional traction transformer [34].

In recent years, Static Var Generator (SVG) has been widely used in various transmis-
sion and distribution systems due to its outstanding performance in compensating reactive
power, etc. [35]. Compared with the traditional Static Var Compensator (SVC), SVG has
the characteristics of faster dynamic response and lower harmonic content [36-38].

In view of this, a co-phase power supply scheme based on SVG for V type connection
traction transformer which is widely used in high-speed railway is proposed in this paper.
The feature of the scheme is that the traction load and compensation equipment share
the same transformer, which can realize the comprehensive compensation of negative
sequence and reactive power, effectively solve the problem of power quality, and cancel
the neutral section at traction substation. Furthermore, the capacity of compensation
equipment is minimized.

2. System Structure

Based on V type connection traction transformer and SVG, a novel co-phase power
supply system for electrified railway is proposed in this paper. By means of unequal side V
type connection traction transformer and setting single-phase SVG on multiple ports of the
secondary side, the negative sequence and reactive power comprehensive compensation is
carried out for three-phase unbalance and power factor, so that the power quality can meet
the standard. For traction load, neutral section at the outlet of traction substation can be
cancelled to realize co-phase power supply. The scheme of system is shown in Figure 2.

In Figure 2, the system mainly includes the Traction Compensation Transformer
(TCT), the Comprehensive Compensation Equipment (CCE), and the Measurement and
Control System (MCS). TCT is composed of unequal side V type connection traction
transformer. The primary side terminal of TCT is connected with three-phase power
system. The secondary side port ab of TCT is traction port, and port ac, b’c, and ad are
compensation ports.
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Figure 2. Structure diagram of traction substation with co-phase power supply. (a) Traction substation under direct power

supply mode; (b) traction substation under Auto Transformer (AT) power supply mode.

CCE is composed of three single-phase SVGs, which are connected with compensation
ports, respectively. MCS includes the Voltage Transformer (VT), the Current Transformer
(CT), and the Controller Device (CD), and the signal output terminal of CD is connected
with the control terminal of CCE.

Traction port ab of TCT is connected to traction network with VT and CT. If the power
supply mode of traction network is direct power supply mode or direct power supply
mode with return line, as shown in Figure 2a, terminal a of traction port ab is connected
with traction network, terminal b is connected with rail.

If the traction network power supply mode is AT power supply mode, as shown in
Figure 2b, terminal a of traction port ab of TCT is connected with traction network, and
terminal b is connected with negative feeder.

3. Comprehensive Compensation Principle

The system takes the negative sequence limits of three-phase high-voltage bus and
power factor as the compensation target. By controlling the reactive power generated by
CCE, the reactive power and negative sequence generated by single-phase traction load
are comprehensively compensated, so that the compensated power factor and negative
sequence meet the requirements of the compensation target. CCE only changes the reactive
power flow and does not change the active power flow.

3.1. Comprehensive Compensation Principle
According to reference [39], any traction port or compensation port A on the secondary

S i
side of the traction transformer, the positive and negative sequence currents I, and I,
generated on the primary side can be expressed as
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where I, is the effective value of the port current; 1, is the angle at which u A lags u AP
is the power factor angle; ky = U, /+/3Uy. U, is the effective value of the port voltage U,.

The traction load current and power factor angle of TCT secondary traction port are
setas I} and ¢r, respectively. Taking the traction load in traction condition as an example,
the comprehensive compensation principle of CCE is analyzed as follows.

When CCE performs comprehensive compensation, its positive and negative sequence
phasor diagram is shown in Figure 3.

@) (b)

Figure 3. Phasor diagram of comprehensive compensation principle. (a) Phasor diagram of Positive
sequence; (b) phasor diagram of Negative sequence.

In Figure 3, Uy, U, and U are the A, B, C three-phase voltage of the three-phase
high-voltage bus, and U], U, and U3 are the compensation port voltage of TCT secondary
side SVG1, SVG2, and SVGS3, respectively, and Uy is the traction port voltage of the TCT
secondary side. The corresponding negative sequence voltage are Uy, Uy, Uc, Uy, Uy,
U; ,and UZ According to the topology of CCE, the relation diagram of positive sequence
phasor and negative sequence phasor can be determined. Furthermore, the reactive currents
generated by SVG1, SVG2, and SVG3 are I 1, I >, and I 3, respectively, where I 1 is inductive
current and I 2 and I 3 are capacitive current. The corresponding negative sequence currents
arel; I, ,and I5, respectively. The resultant negative sequence current [ , L canbe used to

offset the negative sequence current I generated by the traction load. When the negative
sequence is fully compensated, Equation (2) is correct:

I+ =0, +1 +1, +1; =o. @)
3.2. Comprehensive Compensation Model

According to the above analysis, it can be seen that CCE compensates the negative
sequence and reactive power compensation simultaneously. Generally, the check point of
negative sequence and power factor is Point of Common Coupling (PCC), so the negative
sequence and reactive power generated by traction load at PCC are compensation object.
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In case of CCE compensation, the active power of traction load remains unchanged at PCC,
then reactive power Qcss and power factor cos ¢} after compensation can be expressed
as follows: .
QCSS = SLsin¢L+ ZSkSiH(PK = (1*Kc)5LSin¢L, (3)
k=1

, Spcos¢r
cos ¢ = ,
\/(SL cos ¢1)* + (Qcss)*

where S; and ¢ are the total apparent power and power factor angle of traction load. S

and ¢y, are the reactive power and power factor angle of SVG, respectively. 7 is the number

of compensation ports, so n = 3 for Figure 2. K is the reactive power compensation degree.
According to Equation (3), K¢ can be expressed as

)

-~ Z}?:l Sk sin (Pk

K =
¢ SLSil"l(PL

®)
After using CCE to compensate, the negative sequence power at PCC is
S =S+ 22:1 Seelfc = (1 — Ky)Spef®, (6)

where 6; = 2¢p; + ¢, 1, and ¢, are angle of U} lagging behind U 4 and traction load
power factor angle; 6 = 2y + ¢, P, and ¢ are angle of compensating port k voltage lag-
ging behind U, and power factor angle of SVG, respectively; Ky is the negative sequence
compensation degree.

According to Equation (6), Ky can be expressed as

ZZ:l Skgjek

Ky = -
N SLgfgL

@
According to Equations (5) and (7), the comprehensive compensation effects of reactive
power and negative sequence can be determined respectively by K¢ and Ky. K¢ and Ky
are real numbers, and the range is K¢, Ky € [0,1].
Equation (7) is expanded according to the real part and the imaginary part, respectively,
and constitutes the simultaneous equations together with Equation (5). The comprehensive
compensation model shown as Equation (8):

KnSpcosfp = — ZEzl SkCDSGk . (8)

KCSL sin ¢L = — Z;Clzl Sksincpk
KNSpsinfp = — Y Sgsiny

The reactive power generated by SVG1, SVG2, and SVG3 are Sy, Sy, and S3, re-
spectively, and according to Section 3.1, ¢1 = 7/2, ¢ = —m/2, and ¢35 = —7/2, the
comprehensive compensation model can be obtained as follows according to Equation (8):

KnSp cos(2¢r, + ¢r) = Sysin2yy — Spsin2ypp — Szsin2yp3 )

KCSL Sin(PL = *S] + 52 + S3
KnSpsin(2yr + ¢r) = —Sq cos 2y + Sp cos 2y + Sz cos 213

where ¢, = —71/6, 1 = =57/6, P, = —7/2,and P3 = —71/6.
51, S2, and S3 can be solved by Equation (9):

S1 = J5KnSicosr+ J(Ky — Kc)Spsingr
52 = %KNSL Cos (PL - %(K[\] - Kc)sL sinq>L ’ (10)

S3 = L(2Ky + K¢)S singy,
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where S, > 0 (k=1, 2) means that SVG1 and SVG2 output inductive and capacitive
reactive power, respectively; otherwise, SVG1 and SVG2 output capacitive and inductive
reactive power, respectively; SVG3 always output capacitive reactive power.

If Equation (10) is divided by U, the reactive current generated by SVG1, SVG2, and
SVG3 are shown in Equation (11):

Il = % KNIL COos (PL + %(KN - KC)IL Sil"l(PL
12 = 1{57% KNIL COS(PL - %(KN - KC)IL Sin(PL ’ (11)
13 = %(ZKN + Kc)IL sinch

where k; = 3Ua /Uy, kyy = V3Ua/Uy (k=1, 2, 3),and satisfies Uy = U, = Us.

4. Comprehensive Compensation Control Strategy

As shown in Figure 4, set the instantaneous value of voltage on primary side of TCT
as Uy (t) = v2Uy sin(wt). With U 4 as the reference, the port voltage of traction port Uy
and load current I 1 are shown as follows:

Uy (t) = V2U sin(wt — ;) = v/2U] sin(wt + %), (12)

IL(t) = Ina(t) + I () = V2Ip sin(wt + % —¢r1) + Ip(t), (13)

where I11(t) is the fundamental current; Iy (t) is the harmonic current; I1; is the effec-
tive value of the fundamental current; w is the angular frequency; and ¢;; is the fun-
damental power factor angle. The fundamental component I;; of load current can be
further decomposed into instantaneous active component I; 1, and instantaneous reactive
component I} 14:

In(t) = V2I11, sin(wt + %) — jV2Ip14 cos(wt + %), (14)

where ILlp = ILl Ccos (PL, Iqu = ILl Sin(PL.
By introducing Equation (14) into Equation (13) and multiplying both sides of the
equation by sin(wt + %) and cos(wt + ¥ ), Equations (15) and (16) can be obtained:

I (t)sin(wt + F) = [4&1}7 - 4&1;4 cos(wt + %) — gluq sin(2wt + %)} + I (t) sin(wt + Z), (15)
I (t) cos(wt + %) = P#qu + 4&147 cos(2wt + §) + 4&1;; sin(2wt + %)} + I (t) cos(wt + %), (16)

DC components 4[ L1p and —41 L14 can be separated from Equations (15) and (16),
and then I 1, and I11; can be obtained.

4.1. System Control Strategy

When CCE operates, Uy, Uy, and Us are, respectively, locked by phase-locked loop
(PLL) to generate synchronous signals sin(wt — %), sin(wt — 5 ), and sin(wt 4 £ ). Under
the traction condition of traction load, SVG1 outputs inductive reactive power, SVG2 and
SVG3 output capacitive reactive power. Therefore, the synchronous signals of compensa-
tion current of SVG1, SVG2, and SVGS3 are, respectively, — cos(wt — %), cos(wt — %), and
cos(wt + ). According to Equation (11), the expected values of compensation current of
SVG1,SVG2, and SVGS3, I}, I;, and I3 are
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Ii“ = \\ﬁk [KNIL];J -+ %(KN — KC)IUq] COS((Ut — %)
I = &i [KNILlp f(KN - KC)Iqu] cos(wt—73) - 17)

I = ‘[kM [(2Kn + Kc)I114] cos(wt + £)

According to Equation (17), the block diagram of the expected value detection of
compensation currents of the CCE is shown in Figure 5.
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Figure 5. Block diagram of expected value detection of compensation currents.

88



Energies 2021, 14,1214

The expected compensation currents I}, I5, and I3 are compared with the actual
currents value Iy, I, and I3 on the compensation port. After PI adjustment, the PWM
control signal driving SVG is generated by carrier modulation technology. Therefore, the
CCE can be controlled to send out the corresponding expected compensation currents. The
control block diagram of CCE is shown in Figure 6.
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Figure 6. Control block diagram of Comprehensive Compensation Equipment (CCE).

4.2. Determination Method and Steps of K¢ and Ky

In the integrated compensation control strategy, the key to achieve the compensation
goal is to confirm the appropriate reactive power compensation degree K¢ and negative
sequence compensation degree Ky.

The relationship between the K¢ and power factors can be obtained by solving
Equations (3) and (4) simultaneously:

(18)

where cos ¢ and cos ¢} are power factors before and after compensation.
The following relationship between the limit of three-phase voltage unbalance degree
at PCC ¢, and the allowable negative sequence power at PCC S; is

Se =¢eu- Sa, (19)

where S is the short circuit capacity at PCC.
If the residual negative sequence power caused by traction load at PCC after com-

pensation is Si, its magnitude shall meet |S | < S,. The relationship between Ky and

expected value of three-phase voltage unbalance degree ¢}, can be obtained by solving
Equations (6) and (19), as shown in Equation (20):

_SL—€p-Sa

K
N S,

(20)
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At present, AC/DC/AC electric locomotive and AC/DC electric locomotive are

widely used in electrified railway. According to load characteristics, the methods for
determining the values of K¢ and Ky can be summarized as follows, the specific steps are

0]

@

©)

*)

When the negative sequence power S; generated by the traction load is greater than
the allowable negative sequence power S at PCC, and the power factor cos ¢; is less
than the target power factor value cos ¢*, the negative sequence and reactive power
are compensated by CCE at the same time. Based on the expected target, the value of
K¢ and Ky can be determined according to Equations (18) and (20). Then, according
to Equation (10), the Sy, Sp, and Sz are obtained. Under the traction condition of
traction load, Sy is inductive or capacitive reactive (S; > 0 or S; < 0), S, is capacitive
or inductive reactive (S > 0 or Sy < 0), and S3 is capacitive reactive;

When S; is greater than S, and cos ¢ is greater than or equal to cos ¢*. Only the
negative sequence power is compensated by CCE, and the power factor is not changed
before and after compensation. Therefore, K¢ can be determined by K¢ = 0, and
based on the expected target after compensation, the value of Ky can be determined
according to Equation (20). Then according to Equation (10), the S, Sy, and S3 are
obtained. Under the traction condition of traction load, Sy is inductive reactive, S,
and S3 are capacitive reactive;

When S; is less than or equal to Se, and cos ¢y, is less than cos ¢*. Only the reac-
tive sequence power is compensated by CCE. Therefore, Ky can be determined by
Ky = 0, and based on the expected target after compensation, the value of K¢ can be
determined according to Equation (18). Then, according to Equation (10), the Sy, Sy,
and S3 are obtained. Under the traction condition of traction load, Sy, Sy, and Sj are
all capacitive reactive;

When S is less than or equal to S, and cos ¢; is greater than or equal to cos ¢*. The
negative sequence and reactive power generated by the traction load can meet the
compensation target, no additional compensation is required. Therefore, Ky and K¢
can be determined by Ky = 0 and K¢ = 0. CCE operates in standby.

In summary, the schematic diagram of the process of determining the values of K¢

and Ky is shown in Figure 7.

Determine the allowable
amount of negative sequence
power S, and the expected
power factor cos¢’ at the PCC

e

Measure the current

negative sequence power
S; and power factor cosg,
of the traction substation

CCE is in the standby state
without compensation
Ke=0,Ky =0

CCE compensates for the negative | | CCE only compensates for the

CCE only compensates for the
negative sequence power reactive power
Ky =[S, &5, )f5: Ky=0

Ke=1-lcosgy* ~1Jf(cosp)*-1)

sequence and reactive power
Ky =[5, ¢S5,
Ko =1-flicosgl) = 1)ff(cosp,) -1) K.=0

i

Figure 7. Schematic diagram of the process of determining the values of K- and Ky.
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5. Effectiveness Verification
5.1. Analysis and Verification of Comprehensive Compensation Scheme Based on Actual Case

Take the actual data of an electrified railway traction load as an example for illustration.
The traction transformer is single-phase wiring, and its primary side is connected to the A
and B phases of the 110 kV power system. The primary and secondary side transformation
ratio is 110/27.5. By using the power quality test device, the amplitude and phase angle of
the voltage and current of the primary and secondary sides of the traction transformer are
recorded. The measurement period is 24 h. After processing the data, the diagram of 24-h
load curve of the traction load is shown in Figure 8.

After further statistical analysis of the load data, it shows that the 95% probability
value of the three-phase voltage unbalance degree of the traction substation is 1.2%, and
the maximum is 3.6%. The maximum value has exceeded 2.6%, the limit of the three-phase
voltage unbalance degree standard [40]. In addition, the daily average power factor of the
traction substation is 0.79, which is lower than the economic power factor of 0.9 required
by the power system. Therefore, it is necessary to set up an appropriate compensation
scheme for comprehensive treatment of the negative sequence and reactive power in the
traction substation. The diagram of 24-h three-phase voltage unbalance degree curve of the
traction substation is shown in Figure 9.
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Figure 8. Diagram of 24-h load curve of the traction substation.
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Figure 9. Diagram of 24-h three-phase voltage unbalance degree curve of the traction substation.

The design target of the compensation scheme proposed in this paper is that after
compensation, the maximum value of the three-phase voltage unbalance degree of the
traction substation will be reduced to a value less than the limit, for example, 2.5%, the 95%
probability value will be further reduced to a value less than the limit, for example, 1%,
and the daily average power factor is increased to 0.9.
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1

In order to reduce the capacity of the compensation device as much as possible, for
the condition where the three-phase voltage unbalance degree caused by the traction load
is greater than 1.2%, the first negative sequence allowable amount S,; will implemented
as the assessment reference value, S;; = 12.5 MVA. According to Equation (19), it can be
known that the corresponding three-phase voltage unbalance degree target is 2.5%. If S|
is greater than S,, the expected value of the three-phase voltage unbalance degree after
compensation is set to 2.5%. Otherwise, S; meets the requirements of Sy, so that the CCE
is standby. However, for the condition where the three-phase voltage unbalance degree is
less than or equal to 1.2%, the allowable second negative sequence Sz, will implemented
as the assessment reference value, S, = 5 MVA. Moreover, the corresponding three-phase
voltage unbalance degree target is 1.0%. If S| is greater than S, the expected value of the
three-phase voltage unbalance degree after compensation is set to 1.0%. Otherwise, S}
meets the requirements of Sy, and similarly there is also no need to compensate for the
negative sequence power.

Based on the selection of the above limits, by using the determination method and
steps of K¢ and Ky given in Section 4.2, the values of K¢ and Ky corresponding to the load
at each moment of the traction substation can be calculated. As shown in Figure 10.
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Figure 10. Diagram of 24-h K¢ and Ky calculation results curve of the traction substation. (a) Diagram of calculation
results for reactive power compensation degree K¢ during a day; (b) diagram of calculation results for negative sequence

compensation degree Ky during a day.

According to the calculation results of K¢ and Ky in Figure 10, it can be further
calculated by Equation (10) that the maximum reactive power compensation amount
required by SVG1, SVG2, and SVGS3 are 2.66 MVA, 2.66 MVA, and 3.55 MVA, respectively.
Therefore, combined with actual engineering applications, a comprehensive compensation
design scheme for the traction substation can be determined. The device capacity of
SVG1, SVG2, and SVG3 can be selected respectively as 3 MVA, 3 MVA, and 5 MVA.
Furthermore, the capacity of each device above is the actual value of required to meet the
compensation target.

Based on the above compensation design scheme, after implementing the comprehen-
sive compensation of negative sequence and reactive power for the traction substation, the
diagram of 24-h device output power of the CCE is shown in Figure 11.

The diagram of 24-h three-phase voltage unbalance degree curve and power
factor curve of the traction substation before and after compensation are shown in
Figures 12 and 13, respectively.
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Figure 11. Diagram of device output curve of the CCE during a day. (a) Diagram of device output curve of the Static Var
Generator (SVG)1 during a day; (b) diagram of device output curve of the SVG2 during a day; (c) diagram of device output
curve of the SVG3 during a day; (d) diagram of total device output curve of the CCE during a day.
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Figure 12. Diagram of 24-h three-phase voltage unbalance degree curve of the traction substation (before and after compensation).

In Figure 14, the statistical result after compensation shows that the 95% probability
value of the three-phase voltage unbalance degree of the traction substation has reduced
from 1.2% to 1.0%, and the maximum also has reduced from 3.6% to 2.5%. At the same
time, the daily average power factor of the traction substation has increased from 0.79 to
0.91, achieving compensation design target.

5.2. Analysis and Verification of Comprehensive Compensation Control Strategy

To verify the effectiveness of the comprehensive compensation control strategy, a
simulation model is established with MATLAB/SIMULINK, as shown in Figure 15. In the
simulation model, the short-circuit capacity of the power system is set to 500 MVA; on the
primary-side of TCT, the power system voltage is 110 kV; on the secondary side of TCT,
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the voltage of traction port is 27.5 kV. Furthermore, the constant power source is used for
simulating the traction load.

The compensation is only needed when the negative sequence power or reactive
power does not meet the requirements of the compensation target. Therefore, based
on the actual traction load data within 24 h given in Section 5.1, three typical cases are
selected for simulation verification in this section. Among of them, case 1 will conduct
simulation analysis for the condition when negative sequence power and reactive power
need to be compensated simultaneously; and case 2 will conduct simulation analysis for
the condition when only the negative sequence power need to be compensated; finally,
case 3 will conduct simulation analysis for the condition when only the reactive power
need to be compensated.

Case 1:

In case 1, take the traction load data at 21.574 h as an example, at this time traction the
load power is 18.2 MVA, three-phase voltage unbalance degree &5, at the PCC is 3.6%, and
power factor cos ¢y ; is 0.8. Because eL, exceeds the limit of 2.5%, and cos ¢ is also lower
than the limit of economic power factor 0.9. Therefore, according to the comprehensive
compensation strategy, comprehensive compensation for negative sequence and reactive
power is required. Set the compensation target of three-phase voltage unbalance degree
at PCC as €}, = 2.5%, and power factor compensation target as cos¢* = 0.9, so that
Ky = 0.31, K¢ = 0.35.

CCE was put into operation at 0.3 s. The simulation results are shown in Figure 16. It
can be seen that after CCE operates, the three-phase voltage unbalance degree at the PCC
is rapidly reduced from 3.6% to 2.5%. At the same time, the power factor also increased
rapidly from 0.8 to 0.9. The compensation target of CCE is realized for negative sequence
and reactive power. Table 1 shows the results of case 1 before and after comprehensive
compensation.

Case 2:
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Figure 13. Diagram of 24-h power factor curve of the traction substation (before and after compensation).
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Figure 14. Diagram of statistical result of the data in Figures 12 and 13. (a) Diagram of statistical result of three-phase
voltage unbalance degree during a day before and after compensation; (b) diagram of statistical result of power factor
during a day before and after compensation.

N1=110:27.5 N2-110:0.93

T Traction Bus

Figure 15. Diagram of comprehensive compensation control strategy simulation.

In case 2, take the traction load data at 21.563 h as an example, at this time traction
load power is 14.3 MVA, three-phase voltage unbalance degree et at the PCC is 2.9%,
and power factor cos ¢y, is 0.9. Because ebzz exceeds the limit of 2.5%, cos ¢, still meets
the requirement of economic power factor. Therefore, according to the comprehensive
compensation control strategy, only the negative sequence power needs to be compensated.
Set the compensation target of three-phase voltage unbalance degree at PCC as &}, = 2.5%,
and power factor compensation target as cos ¢* = 0.9, so that Ky = 0.31, K¢ = 0.

CCE was put into operation at 0.3 s. The simulation results are shown in Figure 17.
It can be seen that after CCE operates, the three-phase voltage unbalance degree at the
PCC is rapidly reduced from 2.9% to 2.5%. At the same time, because of the CCE does not
inject additional reactive power into the system and the reactive power at PCC will not
change, the power factor can always be stabilized at 0.9. The compensation target of CCE
is realized for negative sequence power. Table 2 shows the results of case 2 before and after
negative sequence power compensation.

Case 3:
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Figure 16. Simulation results at Point of Common Coupling (PCC) before and after comprehensive compensation.

Table 1. Statistical results of typical values before and after comprehensive compensation.

Three-Phase Voltage

Three-Phase Voltage

Parameters Power Factor
Positive Sequence Negative Sequence Unbalance Degree
Before compensation 61.89 kV 2.23kV 3.6% 0.8
After compensation 62.28 kV 1.56 kV 2.5% 0.9
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Figure 17. Simulation results at PCC before and after negative sequence power compensation.

96



Energies 2021, 14,1214

Table 2. Statistical results of typical values before and after negative sequence power compensation.

Parameters

Three-Phase

Voltage

Positive Sequence

Negative Sequence

Three-Phase Voltage
Unbalance Degree

Power Factor

Before compensation
After compensation

62.48 kV
62.48 kV

1.80 kV
1.56 kV

2.9%
2.5%

0.9
0.9

__ Before Compensation =

In the case 3, take the measured load data of the traction substation at 21.634 h as an
example, at this time traction load power is 4.0 MVA, three-phase voltage unbalance degree
er3 at the PCC is 0.8%, and power factor cos ¢y is 0.9. The other simulation parameters
are the same as above. Because sﬁz meets the 1.0% limit, cos ¢;3 is lower than the limit
of economic power factor 0.9. Therefore, according to the comprehensive compensation
control strategy, only the reactive power needs to be compensated. Set the compensation
target of three-phase voltage unbalance degree at PCC as €]}, = 0.8%, and power factor
compensation target as cos ¢* = 0.9, so that Ky = 0, K¢ = 0.35.

CCE was put into operation at 0.3 s. The simulation results are shown in Figure 18.
It can be seen that after CCE operates, the power factor at the PCC is rapidly increased
from 0.8 to 0.9. At the same time, the three-phase voltage unbalance degree is always
maintained at a low level of 0.8%, and no further compensation for negative sequence
power is required. The compensation target of CCE is realized for reactive power. Table 3
shows the results of case 3 before and after reactive power compensation.

After Compensation
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Figure 18. Simulation results at PCC before and after reactive power compensation.
Table 3. Statistical results of typical values before and after reactive power compensation.
Three-Phase Voltage Three-Phase Voltage
Parameters Power Factor

Positive Sequence

Negative Sequence

Unbalance Degree

Before compensation
After compensation

63.15 kV
63.26 kV

0.50 kV
0.51 kV

0.8%
0.8%

0.8
0.9

In summary, through the above three simulation experiment results based on mea-
sured load data, the effectiveness of the comprehensive compensation control strategy
proposed in this paper is fully verified. The system responds quickly and the compensation
effect is better.
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6. Conclusions

In this paper, a novel co-phase power supply system for electrified railway based on
V type connection traction transformer was proposed to cancel neutral section at the outlet
of traction substation, and compensate for the negative sequence and reactive power. It
is beneficial to reduce the adverse effects caused by the train passing the neutral section
and improve the safety of train operation. Moreover, it can also effectively solve the
power quality problem mainly caused by the negative sequence power generated by the
electrified railway.

The Traction Compensation Transformer (TCT) presented in the scheme has both
traction port and compensation port, and the windings of the traction port and compen-
sation port can be shared. It has obvious advantages such as high functional integration,
effectively reducing equipment footprint and transformer manufacturing difficulty. Fur-
thermore, the traction port of the TCT is essentially a single-phase transformer with a
high capacity utilization rate, which can effectively reduce the installation capacity of
the equipment.

The scheme proposed in this paper is suitable for the comprehensive treatment of neg-
ative sequence and reactive power of various AC-DC and AC-DC-AC electric locomotives,
and the working conditions of the CCE are reversible. When the traction load is working
under the regenerative braking conditions, it can still feed power that meets the standard
to the power system.
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Abbreviations

Abbreviations

SVG Static Var Generator

PCC Point of Common Coupling

RPC Railway Static Power Conditioner
PFC Power Flow Controller

HPQC Hybrid Power Quality Conditioner
MMC Modular Multilevel Converter

SvC Static Var Compensator

TCT Traction Compensation Transformer
CCE Comprehensive Compensation Equipment
MCS Measurement and Control System
VT Voltage Transformer

CT Current Transformer

CD Controller Device

AT Auto Transformer
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Variables

U 4,Up,Uc Voltage of the three-phase high-voltage bus

U;,l-l;, UE Negative sequence component of u A UB, Uc

Uy, Uy, Uz Compensation port voltage of TCT secondary side SVG1, SVG2, SVG3
U; , U ; , U; Negative sequence component of Ul,Uz,U3

I 1,1 2 I3 Compensation current generated by SVG1, SVG2, SVG3

11_, 12_,13_ Negative sequence component of I1,Iy, I3

up, Traction port voltage of TCT secondary side

up, Negative sequence component of u;

I L Traction load current

I L Negative sequence component of I L

Qcss Reactive power of co-phase power supply traction substation after compensation
cos ([)’L Power factor of co-phase power supply traction substation after compensation
Sy, Total apparent power of traction load

oL Power factor angle of traction load

S Reactive power generated by SVGs

o Power factor angle of SVGs

n The number of compensation ports

K¢ Reactive power compensation degree

P, Angle of u lagging behind Uy

Py Angle of compensating port k voltage lagging behind Uy

Ky Negative sequence compensation degree

51,52,53 Reactive power generated by SVG1, SVG2, SVG3

kr TCT traction port voltage and primary sideline voltage transformation ratio
km TCT compensation port voltage and primary sideline voltage transformation ratio
Iy The effective value of fundamental current of traction load

ér1 Power factor angle of fundamental current of traction load

Irap.d, L1g Instantaneous active component andreactive component of I1;

15,15, 13 Expected values of compensation current of SVG1, SVG2, and SVG3

e The limit of three-phase voltage unbalance degree at PCC

Se The allowable negative sequence power at PCC

S The short circuit capacity at PCC

5 The residual negative sequence power at PCC after compensation

e Expected value of three-phase voltage unbalance degree at PCC

cos ¢* Expected value of power factor
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Abstract: An electric multiple unit (EMU) high-speed train is the dynamic load that degrades the
power quality in an electric railway system. Therefore, a power quality improvement system using
an active power filter (APF) must be considered. Due to the oscillating load current in the dynamic
load condition, a fast and accurate harmonic current-tracking performance is required. As such,
this paper proposes the design of a model predictive control (MPC) since the minimization of cost
function in the MPC process can suitably determine APF switching states. The design technique of
MPC is based on the APF mathematical model. This controller was designed to compensate the time
delay in the digital control. Moreover, the synchronous detection (SD) method applied the reference
current calculations, as shown in this paper. To verify the proposed MPC, the overall control of APF
was implemented on a eZdsp F28335 board by using the hardware-in-the-loop technique. The testing
results indicated that the proposed MPC can provide a fast and accurate harmonic current-tracking
response compared with the proportional-integral controller. In the load changing condition, the
MPC was still effective in providing a good result after compensation. The percentage of total
harmonic distortion, the percentage current unbalance factor, and the power factor would also be
kept within the IEEE Standard 519 and IEEE Standard 1459.

Keywords: harmonic mitigation; active power filter; synchronous detection; model predictive control;
electric railway system

1. Introduction

Nowadays, electric multiple unit high-speed trains (EMU high-speed trains) are an
important part of the transportation infrastructure. The power distribution system is the
utility supply for EMU high-speed train drives. The EMU high-speed train consists of a
single-phase rectifier, three-phase inverter, traction motor drive, facilities in the passenger
compartment, and other loads. These components behave like a linear and non-linear load.
These loads produce harmonic currents, unbalanced currents, and reactive power on the
utility supply side. The degradation of power quality can lead to many disadvantages,
such as power loss in transmission lines and power transformers [1,2]; the arcing [3] and
irregularity [4] of the EMU’s pantograph; interference in the communication systems and
electric railway signaling systems [5]; electromagnetic interference of electric devices [6];
malfunction of the device [7]; and protective device failures and short-life electric de-
vices [8]. In [9,10], the EMU-high speed train works in three typical situations. The first
situation is during accelerating startup. This situation results in a fast increase in the load
current. In the second situation, the EMU high-speed train moves away at a constant
speed. The load current is invariable. The last situation is a braking. In this situation,
the load current decreases rapidly. Thus, the load current behavior of the electric railway
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system is dynamically varied, which significantly affects the power quality in the transient
condition. The undesirable effects on the power system, power equipment, and adjacent
loads may occur. The reliability requirements of power distribution systems are neces-
sary. Consequently, the power quality improvement in the electric railway system must
be examined.

By considering the power quality conditioning in railway electrification, there are
many techniques, such as static VAR compensators (SVC) [11], static synchronous compen-
sators (STATCOM) [12], passive power filter (PPF) [13], active power filter (APF) [14], and
hybrid power filter (HPF) [15]. The SVC and STATCOM are used for the imbalance current
and reactive power compensations. Nevertheless, SVC and STATCOM cannot mitigate the
harmonic. The PPF are widely installed in the system to mitigate the main harmonics for
large loads, but the current balancing cannot be achieved using this technique. PPF param-
eters are designed to mitigate the harmonic at the specific frequency (resonance frequency).
In the case of load changing, these parameters should be redesigned to maintain good
compensation performance. It should be noted that the PPF are not suitable for dynamic
load conditions, especially for EMU high-speed trains.

The APF can compensate both for imbalanced currents and reactive power, as well as
perform harmonic mitigation. To solve the aforementioned problems, an APF is a suitable
power filter for the electric railway system [16]. The APF would provide a faster dynamic
response, higher compensation performance, and more flexibility compared with the SVC,
STATCOM, PPF, and HPF. Therefore, the power quality improvement of an electric railway
system using the APF is intensively studied in this paper.

The harmonic mitigation topology in an electric railway system using APF is shown
in Figure 1. It is well known that the compensating current control is an important part of
the APF system. Therefore, from the literature survey, it was found that there are several
strategies to control the compensating current injection. In the electric railway system,
the hysteresis control was applied for the harmonic mitigation in the electric railway sys-
tem [17]. This control has a fast dynamic response, simplicity, and is also insensitive to the
model and system parameter variations. However, the hysteresis operation provides an
oscillating and high switching frequencies. It can cause the compensating current ripple.
Moreover, the frequency rating of the devices (IGBTs, MOSFETs, etc.) and the heating due
to switching losses must be considered for practical work. For an APF with another system,
the PI controller [18] is widely used to control the compensating current. It has the pro-
portional and integral terms. These terms offer good transient and steady state responses.
However, the parameter design of the PI controller is based on a mathematical model of
the system. Here, the harmonic current-tracking performance is affected during a variation
of the system parameters. A proportional resonant (PR) controller is also applied for the
APF control [19]. The PR controller parameters can be tuned for the specific harmonic
frequency. This point has good tracking performance between the compensating current
and the reference current at the selected harmonic frequency. However, the harmonic
components may occur at any frequency. Thus, excellent harmonic current tracking perfor-
mance cannot be completely achieved by the PR controller. In addition, in a three-phase
four-wire system, a repetitive (RT) controller [20] was adopted. This controller can provide
the steady-state tracking accuracy for the harmonic current control. Due to the periodic
operation by the RT mechanism, the harmonic current will not be exactly compensated in
the transient condition. Moreover, the stability analysis of the RT controller has become a
serious problem in the design process.
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Figure 1. The structure of electric railway system and the control strategy of the harmonic mitiga-
tion system using an active power filter (APF). EMU: electric multiple unit (EMU); PCC: point of
common coupling.

From the presentation in [9,10], the load current of electric railway systems fluctuates
along with the traffic situation. From the load current fluctuation, a suitable compensating

Current controller of the APF in the electric railway system must have a fast dynamic
response according to the load current behavior. In recent years, the MPC is extensively
used for power electronics converters because of the advantages of high control accuracy
and fast dynamic response [21]. Therefore, the MPC is suitable for compensating the APF
current control. Processing and sampling delays exist in a digital control. Here, the MPC can
compensate for these delays. The mechanism of this controller can be designed to predict
future switching states for the converter. The stability-constrained of the MPC controller
is well-proven in [22]. In this work, the MPC was used to improve the performance of
the APF compensating current control in an electric railway system. Moreover, the MPC
compensating current control in the electric railway system was not found in any of the
previous research.

This paper is structured as follows: Section 2 describes the structure of electric railway
systems and the APF control strategy. The reference current calculation using the SD
method is presented in Section 3. Then, the compensating current control based on the
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MPC is discussed in detail in Section 4. Section 5 presents the configuration of the HIL
simulation technique. The testing results of the harmonic mitigation and discussions are
described in Section 6. Finally, Section 7 concludes this work.

2. Active Power Filter Topology in an Electric Railway System.

The structure of an electric railway system is depicted in Figure 1. The Le-Blanc
transformer is utilized to step down the voltage level from 69 kV (three-phase voltage
source) to 26 kV (two single-phase voltage source). The phase angle difference of the two
single-phase power system between phase m and phase t is 90 degrees. These voltages are
used to drive the EMU high-speed train. The advantage of using a Le-Blanc transformer is
the voltage source balancing at phase m and phase t. The non-linear load characteristics of
the electric railway system can be found in [23].

The APF circuit topology in the electric railway systems consists of voltage source
inverters (VSIs). The two VSIs are connected back -to-back through a common DC capacitor
(Cyc)- The VSIs are connected to the step-down side of the transformer through the line
impedance at phase 7 and phase t (R¢(y,4), Lc(m,t))- These VSIs act as a source to inject the
compensating currents into the point of common coupling (PCC). An APF control strategy
would directly have an impact on the performance of the power quality enhancement.
Therefore, this point has been continuously developed. An APF control strategy in an
electric railway system, as shown in Figure 1, consists of the reference current calculation
(part A), the DC bus voltage control (part B), and the compensating current control (part
C). By considering “part A” from previous publications, there are many methods for the
reference calculation [24-26]. In this work, the SD method was proposed. This method
can calculate an accurate harmonic current. The calculation procedure of the SD method is
simple. It results in a fast computational time. In the literature review, the DC bus voltage
level for APFs [12,15,16,18] and power converter circuits [27,28] is commonly regulated
by a PI controller because the steady-state accuracy for the DC bus voltage control was
considered. From the previous work [29], the DC bus voltage control loop using the PI
controller was suitably designed. Therefore, the PI controller parameters and the reference
DC bus voltage in [29] are defined for DC bus voltage control in part B. Finally, part C is
the compensating current control, which significantly affected the injection performance
of the compensating current. The purpose of this part was to design a controller to track
the compensating current with the least error possible. The harmonic mitigation, power
factor correction, and load balancing can be achieved efficiently by the improvement of the
control strategy.

3. Reference Current Calculation

The SD method is used to calculate the reference currents (i(. (m, t)) for the compensating
current controls. The SD method applied in the three-phase power system was firstly
proposed in 1992 by Lin et al. [30]. For this method, the computational capability of the
reference currents is simple. Here, it can provide a fast calculation time. This approach is
suitable for the real-time implementation on a digital signal processing (DSP) board. From
the prominent point explained above, the SD method is applied to calculate the i. (mt) in
this work. The calculation procedure of the reference currents by the SD method can be

summarized by the block diagram in Figure 2. There are four steps to calculate the ié (

m,t)
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Figure 2. The block diagram of SD method for the APF in electric railway system.

Step 1: Calculate the instantaneous power of the EMU high-speed train (p) using
Equation (1). The assumption of this method is that the equal average power have to be
obtained after compensation. The p can be separated in terms of DC components (p,,, ;)
and AC components (p,¢). The DC and AC terms mean that there are the fundamental
and harmonic components, respectively:

{ p= (Upcc,m X Z.Lm) + (Upcc,t X iLt) )
P=Put Pt Pt P

Step 2: Calculate the fundamental component of the instantaneous power (p). The
low-pass filter (LPF) is chosen to draw the p from the p. In this work, the cutoff frequency
of LPF is equal to 60 Hz.

Step 3: Calculate the fundamental currents (fs(m/t)) by Equation (2):

; _ PXUpeem
sm — V2
~ Vieem (2)
;t _ PXUpect
st — 2
\%

pec,t

where v (1) are the amplitude of the single-phase source voltages for each phase.
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Step 4: Calculate the i~ (m) for the compensating current controls using Equation (3):

ZE‘[ =irp — st

{ iém =iLm - ;sm - i;c (3)
4. Compensating Current Control System with Model Predictive Control
4.1. Principle of a MPC

The controller’s delay time is an important issue with digital control because of the
performance improvement in the transient condition. Therefore, the time delay compen-
sation is concerned with the digital controller. The MPC has an ability to predict the next
switching states of the converter over a fixed set time horizon, and also compensate the
digital time delay. The operation of MPC is based on a system behavior prediction using a
mathematical model. The measured values of the system in their present states are required
for the predictive data. In addition, the minimization of cost function is a part of the MPC
mechanism. This function determines suitably the converter’s switching states. Therefore,
this controller can provide a fast dynamic response and high control performance. The
MPC approach, when applied to the APF compensating current control, is depicted in
Figure 3, and can be divided into three principle components: the reference current predic-
tion, the compensating current prediction, and the minimization of cost function. In this
work, the MPC design is based on the APF switching state prediction using a mathematical
model. The computational burden of the control platform and the DSP board operation
leads to a processing delay of two sampling periods [31]. To compensate for the delay time
in the computational of the control platform and the DSP board operation, the predictions
are determined at the time 7 + 2. The prediction process uses the measured values of the
system at the time n (present states). In addition, the minimization of cost function is a part
of MPC mechanism.

Slwu) SI(/M.H SZ(m./) §2(m,1)
fnn
DSP
delay
h A A A
Sima(n+1) 52(,,,_,,(n+1)
Simn(n+1) Sy (1 +1) ) -
R Reference | _ Minimization | Compensating ‘#(m”
l”""“(ib Current lenn (¥ 2)‘ of o) (n+2) Current 41‘4'"’" ()
Prediction Cost Function Prediction Mn)

Figure 3. The model predictive control for compensating current control system. DSP: digital
signal processing.

4.2. The Reference Current Prediction

The i¢,, 9 calculated via the SD method is the reference currents at the time instant
n (ia mt) (n)). However, the computational burden of the control platform and the DSP
board operation leads to a processing delay for the two sampling periods. In order to
compensate for the processing delay, the reference currents prediction at the time instant
n+2 (i (m) (n 4 2)) must be taken into account in the MPC approach. Moreover, ref. [32]
presents the use of the first-order Lagrange method, which can provide a good performance
for the reference current prediction. Thus, the first-order Lagrange method is used to predict
the if. (mt) (1 +2) in this paper. By considering the if. (mt) (n) calculated from the SD method,
the reference currents at the previous time instant n — 1 (i (mt) (n—1))and if (m) (n+2)
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A%

are derived using the linear-type prediction. The iam t)(n +2) can be expressed as
Equation (4):
10y (1 + 2) = Big ) (1) = 20 1y (1 — 1) 4)

4.3. The Compensating Current Prediction

The APF circuit structure, as shown in Figure 4, is firstly considered to study the
compensating current prediction. According to Figure 4, the APF operation is to inject
the compensating currents (ic(,,r)) from the APF bus to the PCC bus through a linear

p
transformer. The differential equation of the compensating currents (%) are adopted

for the process of the compensating the current prediction. Therefore, the differential
equation of the APF in Equation (5) is considered:

diCP,(m/t) vinv,(m,t) - RC(m,t)iCP,(m,t) - ZJP(m,t)

= ®)
dt LC(m,f)
i, i,
P dc.m de,t .
Im S2m SZI S
B L & )L J( & 1
by, Lpl L i
Cm ‘( ‘P.m*r Cm HCm 4 Tldc Ct
+ - + | p L + >4
p('c,m inv,m o de vl'IWJ vpcc,l
a:l l:a
J J
PCC Bus AP " SZ[ S]f - . - )
us APF Bus APF Bus PCC Bus
Linear ,|< APF (phas > . " ,l‘ G Linear
ransformer At |<. DC Capacitor ARF(phase) Transformer

. RemnTs . T
lCP,(m,t)(n + 2) = (1 - (Wl)) lCP,(m,t)(n + 1) + Lis

Figure 4. The structure of APF in electric railway systems.

Here, the forward Euler formula is used to approximate the % term. The dlcr;#
can be considered as the discrete time model in Equation (6). The compensating current
of the next sampling period (icp, () (1 + 1)) are obtained, as in Equation (7), where the
Op(m,t) (1) and vy, (1) (11) are the APF output voltage and the inverter output voltage at
the time instant 1, respectively. vp(,, ;) (n) are equal to vjy (1) (1n)/a. Further, 1 : aisa

conversion ratio of the linear transformer:

dicp mp) _ icp mp(n+1) —icp (me(n)

at T, ©)
. RC(m t)TS . Ts
icpmpnm+1)=1——""—|icpmpn(n)+ Vino (m.t) (1) — Op(mp (1 )
crmy(n+1) ( Lo @Mﬂ>%w(wﬂu Py (1))

We note that the processing delay compensation is necessary to achieve the fast
dynamic response and precise current tracking. The compensating current prediction at the
time instant 1 + 2 (icp (1) (11 + 2)) are to compensate for the processing delay. Here, it has
the ability to eliminate the current tracking error at the next sampling period. Therefore,
icp,(m,t)(n + 1) is shifted forward to icp () (1 + 2), as in Equation (8):

) (vinv,(m,t) (” + 1) ~ UP(m,t) (n + 1)) (8)

LC(rn,t) 109 C(m,t
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In addition, vp(,, ) (n + 1) can follow a similar procedure as the one mentioned above.
These values are calculated by Equation (9):

Legmy RemnTs + Loy |
Z)P(m,t)(n + l) = Uino,(m,t) (” + 1) + M‘Zlc(m,t) (i’l) - <M> ICP,(m,t) (” + 1) )

Ts T;

From Equation (9), the inverter output voltage prediction at the time instant n + 1
(Ving, (m,¢) (n + 1)) in Equation (10) relates to the switching states of the APF (Sy,, 4 (1),S2(,1) (1))
and the DC bus voltage (V;.(n)) at the time instant n:

Vigro, (mypy (M + 1) = (Sl(m,t)(n) - Sz(m,t)(”)) x Vie(n) (10)

4.4. The Minimization of Cost Function
The main objective of this work was to reduce the tracking errors between i¢(,, ;) and

) (n 4+ 2) are the cost
function (gp1pc,(m,1))- The smallest of gy1pc,(m,¢) value is used to select the switching state
for the minimum errors between ic(,, ;) and if, (m)* The time horizon of the cost function is
the possible switching states of APE. The gyipc,(,¢) can be defined by Equation (11), which
the ic (1) (1 +2) equal to icp (1) (1 +2)/a:

ié( i)’ Therefore, the absolute errors between ié( mt) (n+2) and 15

2 ;
8MPC,(m,t) = (*C(m,t) (n+2) - l(zj(m,t) (n+2) 1n

The compensating currents are predicted by considering the APF switching states.
The VSIs was studied. The possible switching states can be categorized into four cases,
as listed in Table 1. This assumes that an inverted pair of signals is provided to the two
switches connected to each converter leg. The switching state at the time instant n + 2
can provide the smallest value of gyipc (). This switching state is applied at the next
sampling period. The whole process of MPC can be summarized using a flow diagram, as
shown in Figure 5.

Table 1. The possible switching states of APF.

Switching States (k) S1(m,¢) S2(mt) Vino,(m,t) V)
1 0 (off) 0 (off) 0
2 1 (on) 0 (off) Vie
3 0 (off) 1 (on) —Vie
4 1 (on) 1 (on) 0
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Figure 5. The MPC flow diagram for each sampling period.

5. Hardware-in-the-Loop (HIL) Simulation

In this work, we focused on the design and development of the MPC to improve
current control APF performance. We introduced a harmonic mitigation system for electric
railway systems. To first prove the enhanced approach and to clearly investigate its
performance before the real experimental platform setup, the HIL technique was applied
for validation. The overall control strategy improved in this work was implemented
digitally in the eZdsp F28335 board. The considered harmonic mitigation system in the
electric railway system was simulated using the MATLAB/Simulink program, while the
reference current calculation was simulated using the SD method, the compensating current
controls with the MPC controller, and the DC bus voltage control with the PI controller
written in C programming languages using the code composer studio (CCStudio) software
on the eZdsp F28335 board. The MATLAB/Simulink program in the host computer and
the CCStudio software in the eZdsp F28335 board were interfaced by the JTAG emulator,
as depicted in Figure 6. The blocks in Simulink called “From RTDX” and “To RTDX” were
used to send and receive data between MATLAB/Simulink program and eZdsp F28335
board, respectively. Note that the HIL simulation setup was achieved by opening the
operating mode of the TMS320 F28335 card and the J9 jumper on the docking station.
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Figure 6. The configuration of the hardware-in-the-loop (HIL) simulation.

The HIL simulation model used to test the performance of the harmonic mitigation
is shown in Figure 7. The PCC voltages (v, (), load currents (if (1)), compensating
currents (ic(,, ), and DC bus voltage (V) were measured from the considered power
systems. These data were sent to the target of eZdsp F28335 with the “From RTDX” block,
and were calculated in the overall control strategy to generated the pulses (Sy;t).Sy,+ were
transferred into the host computer via the “To RTDX” block. S, were used to switch the
IGBTs of the APF for the compensating current injection control.
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Figure 7. The HIL simulation model for the harmonic mitigation using the APF in the electric railway system.

6. Results and Discussion

From the HIL model presented above, the performance comparison study between
the conventional PI controller [29] and the proposed MPC for the compensating current
control is herein discussed. The harmonic mitigation in the electric railway system was
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tested in two situations. In situation 1, at t = 0-0.4 s, the balanced loads of EMU high-speed
train was considered. In situation 2, at t = 0.4-0.7 s, the balanced loads were changed to the
unbalanced loads. The harmonic producing load in this situation was extremely changed
for the electric railway system. This was found in the case of a fault of the electrical system.
The performance evaluation of the controllers tested in this system were classified into two
categories: the tracking of the compensating current control and APF performance.

6.1. The Tracking Performance of the Compensating Current Control

The aim of the compensating current control was to reduce the errors between the
ic(m,t) and the i, (m)° The tracking performance of the currents between ic(,, +) and if; (m,t)
controlled by the PI controller and the MPC can be seen in Figure 8. According to the
waveforms in Figure 8, the MPC can control i¢,, s to track iam/”, as calculated the SD
method. The results confirmed that the MPC can provide a small tracking error compared
with the PI controller, even though the load currents of the EMU high-speed train were
changed. In addition, the MPC provided a faster dynamic response than the PI controller,
which can be seen from Figure 8 at the t = 0.4 s. In the load changing situation, the high

oscillating current from PI controller can cause a problem in the system.
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Figure 8. The tracking performance of the compensating currents.
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6.2. The Performance of APF

EMU-high speed train loads can generate harmonic and unbalanced source currents.
The performance indices for the harmonic mitigation in the electric railway system are the
average total harmonic distortion of source currents (%THD,y) [33], the current unbalanced
factor (%CUF) [34], and the power factor (PF). The testing results of the harmonic mitigation
based on the MPC in Figure 9 show that the proposed controller can efficiently control the
compensating currents. The performance indices of the harmonic mitigation are completely
addressed in Table 2.
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Figure 9. The testing results of the harmonic mitigation performance in the electric railway system using the MPC.
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Table 2. The performance indices of the harmonic mitigation.

Situation 1 Situation 2
Performance Indices Compensation
PI MPC PI MPC
Before 21.46 21.63
o,
#eTHDaw After 3.38 2.19 6.94 4.06
Before 0.00 95.45
%oCUF After 0.00 0.00 2.25 156
PE Before 0.97 0.70
After 0.99 0.99 0.99 0.99

Before compensation, the waveforms of iy ,, ;) depended on nonlinear loads. These
resulted in the source current distortion. The %TH D, values of these currents in situations
1-2 were equal to 21.46% and 21.63%, respectively. These values were much higher than
the IEEE Std. 519-2014. Before compensation, the %CUF values for situations 1-2 were
equal to 0.00% and 95.45%, respectively. The %CUF for the situation 2 was much greater
than the IEEE Std. 1459-2010. In situations 1-2, the PF before compensation were equal to
0.97 and 0.70, respectively.

After compensation, the APF injected the i¢(,, ;) into the PCC at 0.1 s. The iy,
became a more sinusoidal waveform, which caused the waveforms of iy, ) to nearly
become a sinusoidal waveform, as shown in Figure 9. The %THD,, results of the controller
testing are shown in Table 2. As a result, in situations 1-2, the MPC provides a small
%THDg, compared with the PI controller. The unbalanced source current in situation 2
became balanced source current. According to situation 2, after compensation, the %CUF
value from the MPC was less than the PI controller. Nevertheless, the PI controller and
MPC provided good PF correctio. For the DC bus voltage control, the PI controller was
sufficient to regulate the DC bus voltage (V). The PI controller parameters (K, = 0.0554
and K; = 0.7895) [29] were defined for the DC bus voltage loop control. From Figure 9, it
can be seen that the V. is kept constant at the V; using the PI controller.

7. Conclusions

The APF control based on the MPC in the electric railway system was completely
presented in this paper. The SD method was applied for an APF reference current calcula-
tion. In order to compensate the processing delay for the MPC, the compensating current
prediction at the time instant n+2 was designed. A fast transient response and steady-state
tracking accuracy for the compensating current control was accomplished. The overall
control strategy of APF was implemented on the eZdsp F28335 board. The HIL results were
mentioned. The proposed MPC design clearly provides an excellent dynamic response in
the load changing condition. The %THD,, and %CUF follows in the IEEE standard 519 and
IEEE standard 1459, respectively. Moreover, this approach can provide the unity power
factor. In future work, the control platform implemented on the eZdsp F28335 board is
necessary for the experimental setup of APF in electric railway systems.
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Abstract: The regenerative braking of railway vehicles is widely used in DC railway systems
all over the world. This mode of operation provides an opportunity to reuse part of the energy
consumed by vehicles, and makes the railway system more energy efficient. During regenerative
braking, not only energy management is an issue, but also Electromagnetic Compatibility EMC
issues, such as interference of generated current harmonics with a railway signaling system. In this
paper, the selective harmonic elimination modulation technique (SHE-PWM) was introduced to the
traction drive with a three-level inverter to reduce specific catenary current harmonics generated
during regenerative braking. The simulation model of a traction drive appropriate for harmonics
analysis was proposed and verified by the measurements in the low-power laboratory drive system.
The model was re-scaled to the 3 kV DC system for further study. The model of an induction motor
with electromotive force and the method of its calculation was proposed. Furthermore, an analysis
of the braking chopper operation was carried out. The asymmetric control of braking chopper was
proposed to reduce the current harmonics below limits during chopper operation.

Keywords: selective harmonic elimination; regenerative braking; railway vehicle; EMC

1. Introduction

The regenerative braking of the rolling stock gives an opportunity to reduce energy consumption
in electric transportation systems like railways, trams, and metro. The higher traffic density, the higher
energy-saving can be achieved. However, the regenerative braking of a vehicle in the system changes
its character from being a load to being a source. Therefore, this operating mode requires a separate
approach to the issues solved for the tractive operation, such as the generation of current harmonics
and compatibility with the railway signaling system.

One of the issues in the electric transportation system, with vehicles equipped with regenerative
braking, is energy management. Studies can be found for metros [1], DC railway systems [2], and AC
high-speed railway [3] where authors analyze and optimize the energy flow between braking vehicles,
accelerating vehicles, and energy storage systems (ESS) [4,5]. The development of ESS is one of
the options for increasing the reuse of regenerated energy. Thus, the development of topology and
sizing of the ESS is crucial for application [6-8]. In DC systems, the flow of the regenerated energy is
terminated by rectifiers at the substations, which is the cause of limited receptivity of the DC systems [9].
To unblock the flow of the energy from the DC railway or metro system reversible substations with
inverters are being used [10,11].
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Another system level approach to the problem of increasing efficiency of the energy regeneration
is the optimization of an Automatic Train Operation (ATO) system [12]. The adjustment of vehicles’
trajectories in multivehicle systems can result in energy-saving up to 19% [13].

Energy efficiency and performance of the rolling stock require the use of high power converters
for traction and regenerative braking [14], leading to a wide range of EMC problems between the
vehicles and the supply infrastructure (e.g., harmonic distortion [15], instability [16]) and towards
command-control systems as well [17] (e.g., resonances [18], radio interference, including wireless
systems [19]). It was observed that harmonics present in traction currents flowing in rails could cause
disturbances in the operation of signaling systems, track circuits, and axle counters [20], in particular.
Research works on new solutions applied in traction drives supplied by 3 kV DC could reduce energy
losses and EMC problems [21]. It is a complex issue due to the variability of applied technical solutions
and phenomena which are to be taken into account (resonances, and non-linearities of elements [22]),
and different systems which could be disturbed (signaling, command and control, and especially
track circuits). European regulations require confirmation of compatibility between rolling stock and
track infrastructure [23]. Therefore railway infrastructure operators were imposing limits of electric
vehicle current harmonics in order to assure the safety of traffic on railway lines. It was significantly
important in counties when the modern rolling stock was put into service on railway lines with track
circuits, as for example in Poland [24]. Some examples of such limits versus frequency are shown in
Figure 1 [25] and Figure 2. [26]. Limits imposed by Polish railways in the 1990s of the XX century
were too strict comparing with other railway operators; they were too difficult to be fulfilled by newly
introduced rolling stock, leading to these limits being eased—as shown in Figure 3. [27]. Typically,
research on compatibility issues was focused on traction currents taken by a vehicle operating in a
driving mode. However, during recuperative braking, harmonics in current delivered from a vehicle
to catenary must be within the defined limits [27].
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Figure 1. Comparison of limits imposed on harmonics in traction vehicles current supplied by 3 kV DC
system on Polish railways in the 90s of the XX century (1) and on Italian railways (2) [25].
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Figure 2. Modified limits of harmonics in vehicle/s current supplied by 3 kV DC voltage [26].
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Figure 3. Currently applicable limits of harmonics in vehicle’s current on Polish railway lines [27] for a
range of frequencies according to types of track circuits applied (1,2,3).

This paper concerns theoretical, and simulation analyses of a spectrum of recuperation current
harmonics. This research was also confirmed by measurements using a laboratory stand.

Figure 4 presents the power supply system of the DC railway line where the braking vehicle
is transferring the regenerated energy via catenary to an accelerating vehicle. The area of possible
interference between current harmonics generated by a drive of a braking vehicle (Icat—catenary
current) and the railway signaling (RS) systems (Is—control signal).
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Figure 4. Simplified scheme of the railway power supply system and the area of possible interference
between harmonics from braking vehicle and RS system.

2. Methodology

The methodology used for the study presented in this article was based on the use of the simulation
model of a traction drive (3 kV DC-500 kW) verified in the laboratory scale (0.6 kV DC-2.5 kW).
The simulation model, after being verified, was rescaled to the 3 kV DC and used to analyze the
circulation of the current harmonics during regenerative braking in the 3 kV DC traction system.
Only steady states were taken under consideration, and an Fast Fouries Transform (FFT) algorithm
was used to determine harmonics amplitudes.

2.1. Simulation Model of the Drive

Figure 5 presents a simulation model of the drive used for the purpose of this work. It consists of
a Voltage Source Inverter (VSI) with a braking circuit and a model of an induction machine. Figure 5b
presents two types of the equivalent circuit of one phase of an induction motor. Circuit MOD1 from
Figure 5b is suitable only for simulations for a fundamental component of a phase current. In MOD1
the load is represented by an additional series resistance Ry, in the rotor’s branch. The Rjy,4 should
affect only the fundamental component of the rotor’s current I'r. However, it will suppress all higher
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harmonics. For higher harmonics, R;y,4 should be close to zero, and due to the slip is close to 1. In this
work, the authors tested the MOD2 model from Figure 5b, where resistance Rj,,y was replaced by
Electromotive Force (EMF) modelled as a voltage source where Vgyr is a modulo and @gpr is an
argument. Solving the Figure 5a (MOD2) equivalent circuit, the EMF is represented by the following
formula: -
Vph = Zs 'Iph

EMF = | ———
(Z’T + Rlaad)

'Rloud (1)

where:

7, =R, + jwL'y is rotor’s impedance,

Z_s = Rs + jwLs is stator’s impedance,

Ripad = R’,~(%) is additional resistance in rotor replaced by EMF,

— V.
oh = ?p is motor’s phase current.
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Figure 5. The simulation model (a) 3-Ivl VSI a with braking circuit (b) equivalent circuit of the one
phase of an induction model (MOD1: load modelled as resistance; MOD2: load modelled as a voltage
source).

In this work, two drives have been considered (Table 1). The real-size drive (3KVM motor model)
has been used for mathematical simulations of 3 kV drive system. The laboratory-size drive (two
Siemens 1LA7106 motors-breaking and driving) has been used for real model verification in small scale.

Table 1. Parameters of the laboratory-size and full size-traction drives.

Siemens 1LA7106
Type (Motor) 3KVM (Model)
Rated power—Pn 2.2 kW 500 kW
Rated current—In 4.85 A 170 A
Rated voltage—Un 400 V 1900 V
Stator leakage inductance per-phase—Ls 10.8 mH 1.56 mH
Stator winding resistance per phase—Rs 2.84 Q) 0.107 O
Rotor leakage inductance per-phase—L'r 10.6 mH 1.6 mH
Rotor resistance per phase—R'r 2.73Q 0.07 Q
Core loss resistance—Rm 1200 O o0
Magnetizing inductance—Lm 275 mH 53 mH
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2.2. Selective Harmonic Elimination

The selective harmonic elimination technique is well studied and described in the literature [28].
This technique is an arbitrary type modulation which imposes switching times for each transistor
(switching angles). It has no reference or carrier signal, like in other modulation methods. Switching
angles determines the shape of the switching function for transistors which develops the inverter’s
output voltage waveform. There are numerous techniques for determining switching angles. One of
the most popular is based on the Particle Swarm Optimization (PSO) algorithm [29]. However, most of
the techniques [30,31] are based on the development of the Fourier Series (2) into the set of nonlinear
Equation (6).

f(wt) =ay+ Z [ay sin(nwt) + by, cos(nwt)] (2)
n=1
where: ag, a, and by: coefficients described by the Euler’s formulas.
Assuming quarter-wave symmetry, the function has to fulfil the following conditions:

flot) = =f(wt +m) ®
flwt) = f(n - wt) @

For quarter-wave symmetry the coefficients ay and b, are equal to zero and for the three-level
(Figure 2), the coefficient a,, is given by:

2Upc N i
2|1+ '21 (=1)"-cos(n-k;)| foroddn )
i

0 for even n

ay =

The set of nonlinear equations for N = 5 switching angles and 3 level inverter is as follows:

21— cos(ay) + cos(ap) — cos(az) + ...
...cos(ay) —cos(as)] = M1
£ [1 - cos(5a1) + cos(5az) — cos(5a3) + ...
...cos(5ay) —cos(5a5)] =0
Z[1 - cos(7a1) + cos(7az) — cos(7az) + ...

...cos(7ay) —cos(7as)] =0 (6)
%[1 —cos(11ay) + cos(11ay) — cos(1laz) + ...
...cos(11ay) — cos(11as)] =0
ﬁ[l —cos(13aq) + cos(13ay) — cos(13az) + ...
...cos(13ay) — cos(13as)] = 0
where: M1 is for modulation index:
4
Vi=M1 %; for M1{0, =) @)

The set of Equation (6) can be solved using an optimization algorithm. In such a case the fitness
function must be formulated and minimized. The example of a fitness function for N = 5 switching
angles is the following:

2
Minimize, frir(an, a3, a4,05) = o1 (V1 = V) +05:(Vs)* +

2 2 2
07:(V7)" +o11-(Vi1)” +013:(V13) ®)
subjectto: 0 <a; <ap <az<ag<as< %
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where: V is a fundamental component, and V5, Vy, Vy, Vi3 are 5th, 7th, 11th and 13th voltage
harmonics (p.u.) respectively, o, are penalty weights for the optimization process.

The result of the optimization process is determination of the switching angles. In the three-level
Neutral Point Clamped Voltage Source Inverter (NPC VSI) the switching function is realized by four
transistors for each phase (Tn1, Tnz, Tn3, Tng—where n is phase number). T),; transistors operates
in positive half of the period. Tps transistors operates in negative half of the period and Tpy, Ty
transistors operate as negations of T4, Ty, respectively. Figure 6 presents the division of the switching
function developed of upper transistors in the inverter’s leg (refer to Figure 5).

SF(ut) T SF(o) T12
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0 ) —‘ H " 0 H H H H
N =% a=" = T (on K NA;T\,T-A‘Z WM’Z"\:?\‘Q (o)
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B 3 d e ==
~ el o

Figure 6. Implementation of switching angles in the switching function for three-level inverter.

In this work, the SHE-PWM was used to affect the spectrum of catenary current (Ica¢) by control of
harmonics of the inverter’s output current (phase current of the motor).

2.3. Laboratory Setup and Measurements

The model verification was conducted with the laboratory setup (Figure 7). The parameters of the
equivalent circuits are listed in Table 1.
The stand consists of two drive systems:

—  Driving system built from the Invertec P2 inverter, which drives the first Siemens 1LA7106 motor.

—  Breaking system, built of a specially designed laboratory 3-level inverter, which controls the
voltage of the second Siemens 1LA7106 motor. The control of transistors, in the case of the Selective
Harmonic Elimination (SHE) algorithm, is carried out in the DSPACE 1104 card, using the Look
UP tables, created in the MATLAB. The control of transistors, in the case of the Sinus Pulse Width
Modulation (SPWM) algorithm, is carried out in the DSPACE 1104 card, using a timer system,
created in the MATLAB-Simulink.

The verification consisted of the DC-link currents (Iyot, Imid, ltop—Figure 5a) comparison between
results of measurements and simulations. The spectra of inverter’s DC-link currents and motor’s phase
currents have been compared. The first comparison was made for SPWM modulation. The drive was
performing regenerative braking with phase current Iy, = 7.4 A. During the experiment, the braking
motor was driven with constant rotating speed by an induction motor (Driving motor and fed with a
Driving inverter). Regenerated energy was dispersed in a resistor (120 (2). Braking choppers were not
active, and a voltage measured in DC-link was 600 V. Figures 8 and 9 present the comparison between
the experimental results and simulations. Presented results have been obtained for modulation index
M1 = 0.9, carrier frequency f. = 850 Hz and fundamental frequency f; = 50 Hz.

The same methodology of comparison between measurements and simulations was applied for
SHE modulation. The SHE-PWM used in this part of research represents M1 = 0.9 and f; = 50 Hz
with N = 9 switching angles in quarter period. The following voltage harmonics: 5th, 7th, 11th, 13th,
17th, 19th, 29th, 31st have been eliminated from output voltage waveform. The fundamental of the
phase current was I, =7 A. Harmonics in three wires of a 3-level inverter were compared in terms
of simulations and measurements (Figure 9). Thus, on the basis of results presented in this section,
the authors claim that the proposed model and methodology has been validated and can be applied
for further analysis.
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Figure 8. Spectrum of DC-link currents in VSI NPC inverter with SPWM (a) current I, (ref to Figure 5a),

(b) current Liy;q (ref to Figure 5a), (c) current lyop (ref to Figure 5a).
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Figure 9. Spectrum of DC-link currents in VSI NPC inverter with SHE-PWM (a) current I,y (ref to
Figure 5a) (b) current I ;g (ref to Figure 5a) (c) current Itop (ref to Figure 5a).

3. Current Spectrum Generated by 3-1vl Laboratory Traction Drive

In this section, the results of simulations for a three-level, laboratory-size inverter during
regenerative braking have been presented. The spectra of DC-link harmonics has been analyzed to
reveal the differences between SPWM and SHE-PWM during vehicles braking. The aim of this section
is to present the influence of the SHE application on current harmonics in the band of frequency
1500-3000 Hz, generated by a traction vehicle during braking.

3.1. Regenerative Braking with SPWM

Figures 10 and 11 present the simulations of DC-link currents in an NPC 3 level inverter during
regenerative operation with SPWM modulation. Simulations were conducted for modulation index
M1 = 0.9, and fundamental frequency f; = 50 Hz, and carrier frequency f. = 850 Hz. The third harmonic
of a fundamental component (3f¢) was observed in all three wires. The first harmonic of the carrier has
significant value as well. Figure 12 presents the result of the spectral analysis of the catenary current.
The characteristic feature of presented modulation is that the carrier harmonic (fc) is present in DC-link
and it is canceled in the catenary current. The pattern of generated harmonics is typical for SPWM
with a natural sampling technique.
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Figure 10. Waveform of DC-link currents during regenerative operation of 3-level NPC inverter with
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SPWM (current description refer to Figure 5) (a) current Iy, (b) current Liyig, (¢) current ligp.
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Figure 12. Simulated catenary current of 3-level NPC inverter with SPWM (a) waveform, (b) spectrum.
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3.2. Regenerative Braking with SHE

The similar study, compared to the ones presented in Section 3.1, has been carried out for the SHE
modulation. The goal was to identify which harmonic circulates in the DC-link and which transfers
to catenary during regenerative braking with SHE modulation. The operating point studied in this
section was defined by M1 = 0.9, ff = 50 Hz, and N = 9, and the following harmonics were eliminated
from output voltage: 5th, 7th, 11th, 13th, 17th, 19th, 29th, 31st. Figures 13 and 14 presents simulated
DC-link current waveform and spectrum respectively. Elimination of 29th, 31st harmonics from the
output voltage results with elimination of 30th harmonics from catenary current (Figure 15).
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Figure 13. Waveform of DC-link currents during regenerative operation of a 3 Ivl NPC inverter with
SHE-PWM (current description refers to Figure 5) (a) current o, (b) current Iq, (c) current Ligp.
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Figure 14. Spectra of DC-link currents during regenerative operation of a 3-level NPC inverter with
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Figure 15. Simulated catenary current of a 3-level NPC inverter with SHE-PWM (a) waveform,
(b) spectrum.

4. Results for a 3 kV DC Railway System

4.1. Model Scalling for 3 kV DC

The attention in this section is focused on the study of current harmonics circulation in the 3 kV DC
railway system with a vehicle operating in a regenerative braking mode (Figure 16). The results were
achieved by using the model of the braking drive, presented and verified in Section 2, and scaled to the
3 kV by application of parameters from Table 1. The load for the braking energy was modelled as the
DC current source (I},) with an input gamma filter (L;, Cp). This model is able to represent both the
accelerating vehicle and the energy source or storage device. The I} oap current represents the energy
drawn by the LOAD from the system, without harmonics generated by the device. Thus, the harmonics
generated by the braking vehicle will not be interfered by other sources. It makes a clear picture of
harmonics generated by the vehicle and circulating in the system without any additional disturbances.
The model of the traction substation (TS) was simplified to the voltage source with internal resistance
(Ry) and diode blocking the reverse circulation of energy through a rectifier. To reduce the computational
effort a single drive was modelled (500 kW). Results have been referred to the limits recalculated by the
following formula:

©)

where:

iin—limits recalculated,

ij,—original limits,

ny—number of motors on-board single vehicle,
nim—number of inverters on-board single vehicle,
ny—number of vehicles in the traction set.

Irs Ri2 ﬁ% Teat

L

BRAKING
VEHICLE

Icat

Figure 16. The simulation model of 3 kV DC system with braking vehicle and the load for
regenerated energy.
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Formula (9) was developed with the following assumptions: algebraic summation of current
harmonics generated on-board single vehicle and geometric summation of current harmonics generated
on-board different vehicles in the same traction set (based on general law for summation of harmonic
current from different harmonic sources presented in IEC 61000-3-6).

4.2. Results of Simulation

The traction drive operates in variable conditions, such as variable load. In the proposed
methodology, the load is modelled by the electromotive force (EMF) as the perfect AC voltage source.
Figure 17 presents the EMF calculated for ff = 52 Hz and M1 = 0.9 for different load conditions of a
500 kW induction motor. Both, modulo and argument of EMF were determined for motoring (positive
values of a fundamental phase current, I,1) and braking (negative values of a fundamental phase
current, Iph1). The fundamental phase current was calculated to represent a load from 50% to 150%
of nominal value. The parameters of EMF are not symmetrical for motor and braking operation.
The reason is that during motor operation, the reactive power consumed by the magnetization branch
is taken from the inverter, and in braking operation it is taken from the EMF. Thus, this phenomena
gives asymmetry between motor and braking operation and can be observed in Figure 17.
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Figure 17. The electromotive force determined for motor and braking operation (a) modulo,
(b) argument.

Figures 18 and 19 present the simulated spectra of phase current for different load conditions.
It can be observed that phase current harmonics do not depend on load conditions (fundamental
component) which refers to the assumption that slip for higher harmonics is close to zero. The proposed
simulation model correctly models this phenomenon for both SPWM and SHE-PWM. The next step
was to compare the catenary current (Icat) harmonics for the motor and braking operating mode.
The results of this comparison, for unlimited system receptivity for regenerated power, are presented
in Figure 20 for SPWM and Figure 21 for SHE-PWM. It can be noticed that for perfect conditions,
the catenary current harmonics are similar for motor and braking operation.

2500 rad
[Hz) 3000

Figure 18. Spectrum of the phase current (Ipy) as the function of fundamental component (Iph1)
for SPWM.
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Figure 19. Spectrum of the phase current (I,p,) as the function of fundamental component (Ipp1) for SHE.

Figure 20. Spectrum of the catenary current (Leat) as the function of fundamental component (Ipp)
for SPWM.

S 2 oh
2000 R SN " 255
2500 ~

f[Hz]

Figure 21. Spectrum of the catenary current (Icat) as the function of fundamental component (Ipn1)
for SHE.

The next experiment was developed to prove that SHE-PWM is beneficial in the application
for regenerative braking mode regarding control of a catenary current harmonic. Figure 22 presents
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simulation results for the model from Figure 16 where M1 = 0.9; f; = 52 Hz; f. = 18-ff; [y oap = 400 A;
Iph1 = =255 A (per motor). The parameters of the vehicle on-board filters were as follows Lg = 4.7 mH;
Cg = 6.5 mFE. The receiver for the recuperated energy was assumed to be an energy storage device with
the input filter Lj = 4 mH; C = 0.4 mF. Results presented in Figure 22 refer to the limits recalculated
using Formula (9) for two vehicles (n, = 2) with three 3-level inverters on-board each vehicle (njn, =3)
and six induction motors on-board each vehicle (ny = 6). It can be observed that the violation of
the limits is present for this operating point. For the same conditions, the SHE-PWM was applied,
and the results are presented in Figure 23. The following voltage harmonics were eliminated: 5th, 7th,
11th, 13th, 17th, 19th, 29th, 31st. Elimination of these voltage harmonics provides the modulation
which generates It harmonics below assumed limits (Figure 23) The SHE gives the possibility to
control current harmonics during regenerative braking in such a way as to avoid assumed limits.
However, the 42nd harmonic (2184 Hz) of Icar is very close to the limit. In practice, the margin is
required. Assuming 10% of the required margin (between harmonic amplitude and the limit), the SHE
was not able to find feasible solution. To solve this issue with the same number of switching angles,
the Selective Harmonic Mitigation was applied (SHM-PWM). The following pattern of elimination
and mitigation of voltage harmonics was developed: 5th = 0, 7th = 0, 11th = 0, 13th = 0, 17th = 0,
19th = 5%, 25th = 20%, 29th = 5%. Figure 24 presents results for SHM-PWM and the margin between
current harmonic and limit is visible.
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Figure 22. Simulation results for regenerative braking with SPWM (a) Ipn—phase current,
(b) Icat—catenary current.
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Figure 23. Simulation results for regenerative braking with SHE-PWM (a) Ipn—phase current,
(b) Icat—catenary current.
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Figure 24. Simulation results for regenerative braking with SHM-PWM (a) I,,—phase current,
(b) Leat—catenary current.

4.3. The Influence of a Braking Chopper

The previous study was carried out with an assumption that the DC-power supply is fully
receptive. The case presented in this section assumes that DC system cannot absorb all regenerated
energy. Thus, the current of the energy storage device is limited to 300 A (Figure 25) In such a case,
the braking chopper onboard the vehicle must be activated. In this section, the influence of a braking
chopper on the catenary current harmonics is presented. In a three-level NPC inverter a braking
chopper is divided into two sections. The regular operation of the chopper generates harmonics on the
fundamental chopper frequency and its multiplications.
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Figure 25. Schema of braking circuit (a) topology of braking chopper in 3 Ivl NPC inverter, (b) switching
function for chopper transistors.

In following part of this section an influence of a braking chopper on Ic,t spectrum is presented.
The chopper frequency is fb = 900 Hz. and braking resistor was Ry, = 5 Q2 each. The I pap was
limited to 300 A to model the limited receptivity of the DC-system. The assumption was to keep
the DC-link voltage close to 3600 V. The choppers were operating during this experiment with duty
cycle 0.3. Different values of the shift (shifted braking pulsation (SBP)) were implemented between
chopper pulses (Figure 26) to investigate the possibilities of reducing current harmonics generated by
the chopper below assumed limits. The shift was defined by the following formula:

SHIFT = %D (10)

where:

tp—is a time delay of every second pulse,
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T—period of the chopper pulsation.

Figure 26. Current of braking choppers (Ig [A]) vs time [s] for (a) shift =0, (b) shift = 0.25, (c) shift = 0.32.

Figure 27 presents the influence of a braking chopper on I..t spectrum. The implementation
of shift = 0.25 eliminates harmonic 2xfb, however it generates inter-harmonics 1.5xfb and 2.5xfb.
The optimum value of shift, in this case, was 0.32 (Figure 27c). The inter-harmonics were generated,
but their values were reduced below limits. The 2fb harmonic was present but reduced as well.
The proposed SBP was efficient for the presented operating point and it is worth further study and
development. Moreover, to satisfy the margin between amplitudes of generated current, harmonics
and imposed limits the SHM-PWM was implemented (Figure 27d) with the same pattern as proposed
in Section 4.2. However, the problem of the lack of margin for harmonics generated by chopper
remains. To solve this problem, the variable mixed cycle techniques (MDC). The idea of MDC was
explained in Figure 28. In MDC the assumed duty cycle of braking chopper is achieved as the mean
value of two duty cycles kp and kg e.g., k = 0.3 can be generated by ks = 0.1 and kg = 0.5. In Figure 29
it is presented that application of MDC provides margins between amplitudes of current harmonics
generated by chopper operation and assumed limits.
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Figure 27. Catenary current harmonics for chopper braking operation (frequency of braking chopper
fb = 900 Hz, duty cycle k = 0.3) (a) SHE-PWM with regular chopper braking, (b) SHE-PWM with
chopper pulses with shift = 0.25, (c) SHE-PWM with chopper pulses with shift = 0.32, (d) SHM-PWM

with chopper pulses with shift = 0.32.
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Figure 28. Current of braking choppers (Ig [A]) vs time [s] for mixed duty cycle (MCD) kp = 0.1,

kg = 0.5 (effective duty cycle k = 0.3).
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Figure 29. Catenary current harmonics for chopper braking operation (frequency of braking chopper
fb = 900 Hz) for mixed duty cycle (MCD) ks = 0.1, kg = 0.5 (effective duty cycle k = 0.3).

More results for different duty cycles are presented in Figure 30. For every duty cycle of chopper
there is a combination of Shift and MDC which allows to reduce amplitudes of harmonics generated by
braking chopper below assumed limits. The proposed control over braking chopper, combined with
SHM-PWM, gives control over current harmonics generated by the vehicle and allows them to not
violate assumed limits for their amplitudes.
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Figure 30. Catenary current harmonics for chopper braking operation (frequency of braking chopper
fb =900 Hz) for different duties (a) k = 0.2 with MDC; (b) k = 0.4; (c) k = 0.5.
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5. Conclusions

The aim of this paper was to present the benefits of the application of SHE-PWM in a traction
drive with a three-level inverter, to reduce specific current harmonics generated during regenerative
braking. Moreover, the operation of braking choppers was taken into consideration. One operating
point was chosen as a reference for the case study. The authors claim that SHE-PWM can be used in
inverter’s operating areas only where the typical modulations used in traction drives generate too high
amplitudes of current harmonics and violate limits imposed by signaling system. Thus, there is no
reason to study it in a whole range of operation during regenerative braking. It should be used as the
interventional technique, where the probability of interference is high. However, the concern might be
the applicability of SHE-PWM in real traction dives. Nowadays the implementation of SHE in traction
drives by combining it with SVM is not an issue, due to rapid development of inverter controllers. Thus,
its implementation was not a scope of this work. However, it is suggested to use SHE-PWM as the
off-line technique, which means the switching angles should be pre-processed and stored as the lookup
tables. It gives the opportunity to utilize a highly developed optimization algorithm without time
pressure, typical for on-line techniques. The innovation of this paper is based on the presentation that
SHE-PWM and SHM-PWM can be applied to control current harmonics as well during regenerative
braking of a railway vehicle. Moreover the asymmetric technique of controlling a braking chopper
in a three-level inverter was proposed to avoid the generation of current harmonics by a chopper
in bands of frequency where limits are imposed on them. For low values duty cycles, the mixed
duty cycle technique (MDC) was proposed to avoid generation of current harmonics above assumed
limits. The proposed combination of SHM-PWM and chopper operation on braking operation of the
vehicle allows the tuning of the amplitudes of catenary current harmonic below assumed limits to meet
compatibility requirements. In this paper only examples have been presented. The further analysis
are required for generalization of proposed technique. The dynamic performance of the proposed
SHM-PWM will be investigated in the next research.
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Abstract: Rail power conditioner (RPC) has the ability to improve the power quality in AC railway
power grids. This power conditioner can increase the loading capacity of traction substations, balance
the active power between the feeder load sections, and compensate for reactive power and current
harmonics. At present, there is increasing use of multilevel converter topologies, which provide
scalability and robust performance under different conditions. In this framework, modular multilevel
converter (MMC) is emerging as a prominent solution for medium-voltage applications. Serving
that purpose, this paper focuses on the implementation, testing, and validation of a reduced-scale
laboratory prototype of a proposed RPC based on an MMC. The developed laboratory prototype,
designed to be compact, reliable, and adaptable to multipurpose applications, is presented, highlight-
ing the main control and power circuit boards of the MMC. In addition, MMC parameter design of
the filter inductor and submodule capacitor is also explained. Experimental analysis and validation
of a reduced-scale prototype RPC based on MMC topology, are provided to verify the power quality
improvement in electrified railway power grids. Thus, two experimental case studies are presented:
(1) when both of the load sections are unequally loaded; (2) when only one load section is loaded.
Experimental results confirm the RPC based on MMC is effective in reducing the harmonic contents,
solving the problem of three-phase current imbalance and compensating reactive power.

Keywords: electrified railway systems; modular multilevel converter; power quality; rail power con-
ditioner

1. Introduction

Electric traction power systems are the main suppliers of electrical energy to electric
locomotives, which normally operate with a higher power-to-weight ratio than conven-
tional diesel locomotives [1]. Moreover, electric locomotives are less noisy and require
less frequent maintenance than diesel locomotives [2]. However, when considering AC
traction power systems, electric locomotives represent non-linear single-phase loads and
adversely influence the power quality of the three-phase power grid [3]. Some of the prob-
lems related to power quality deterioration are the harmonic distortion produced by the
electric locomotives and the negative sequence components (NSC) of currents created by
the three-phase current imbalance of the power grid [4]. Numerous approaches to improve
power quality have been developed and investigated in recent decades to overcome the de-
terioration of power quality in electrified railway systems [5,6]. In this regard, active power
compensator-based power electronics converters are still in development for consistency
with the latest evolution of high-speed electrified railway systems that broadly use 25 kV,
50 Hz power supplies [7]. For this reason, a power conditioner installed on a traction feeder,
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called a rail power conditioner (RPC), was introduced in [8]. The RPC system consists of
two power converters (one power converter is connected for each traction feeder or load
section) that provide the reactive power required by the traction loads, and maintain a
unitary power factor on the three-phase power grid. In addition, the RPC shifts the active
power from the highly loaded section to the lightly loaded section to maintain balanced
active power between phases [9]. The RPC also compensates for the harmonics and the
NSC of currents, consequently providing a robust power grid without perturbation and
with a higher overloading capacity [10].

The typical RPC, presented in Figure 1, is composed of two back-to-back single-phase
converters that are connected to the traction feeders (load sections) via two coupling
transformers [10,11]. These transformers are important to step-down the load voltages and
to achieve the necessary isolation between the RPC and the single-phase traction power
grid [12]. However, these transformers significantly increase the total cost of the typical RPC
solution. Moreover, the two-level back-to-back power converters are unscalable and should
hold the total power of the RPC [13]. In this case, due to the low switching frequency of
the power switching devices, harmonic content in the synthetized waveforms is presented
in the low-frequency domain. These reasons may weaken the RPC performance, leading
to a lower quality of synthesized waveforms and bulky grid-connected passive filters.
Consequently, it is recognized that multilevel power converters are important to synthesize
high quality waveforms and reduce the size of grid-connected passive filters [14].

Three-phase Power Grid 4
B
C
V/V Power |}, AN
Load Section (y) Transformer(:(wwxq Load Section (x)
Step-down [,u\,«:, = J\,«\,«J Step-down
Transformer Transformer

Two-Level
Converter (y)-I 3 1 3

e e e e o —— —— — —— ——

Figure 1. Typical rail power conditioner (RPC) connection with two-level back-to-back converters
and open-delta (V/V) power transformer.

In this context, the modular multilevel converter (MMC) is an attractive and promising
solution for high power and custom power applications [15]. This is due to its salient
features in terms of modularity, superior reliability, and high efficiency, and the reduced
size of passive filters resulting from the low harmonic content in the multilevel voltage and
current waveforms [16]. The modular structure means that MMC can scale to different
power and voltage levels, and, in some applications, it can be a transformer-less configura-
tion for grid-connected applications [17]. The MMC, in this paper, is composed of several
low-voltage two-level converters, called submodules (SMs), connected in a cascade manner.
Thus, the total MMC switching frequency is divided between the SMs, which results in
low switching frequency for each device and reduced total switching losses. In addition,
these cascade-connected SMs are capable of generating high-quality waveforms due to
the reduced voltage stress and the utilization of low-voltage switching devices [18,19].
The MMC topology was first introduced in 2001 by the Marquardt Group for medium-
voltage transmission applications. After 19 years of improvement, the MMC became the
preferable multilevel converter topology for medium- and high-power applications [20].
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Several MMC applications based on power electronics transformers in railway traction
systems are presented in [21].

Many RPC topologies have been proposed in the literature using the MMC with
high compensation capacity. For instance, an RPC based on a full-bridge back-to-back
AC/DC/AC MMC and an open-delta (V/V) power transformer is presented in [22],
an RPC based on a two-phase three-wire AC/DC/AC MMC and V/V power transformer
is presented in [14,23], and an RPC based on an AC/AC MMC [24] and V/V power
transformer is presented in [25]. In addition, authors in [26] present a classification of the
RPC topologies. This paper mainly discusses the RPC based on a half-bridge AC/DC/AC
MMC and V/V power transformer. The MMC is equipped with half-bridge SMs that
only introduce positive voltage with a bidirectional current. At present, the majority of
the marketed MMC projects are based on the AC/DC/AC MMC with half-bridge SMs.
This is due to its lower costs, higher efficiency, and simple structure of the half-bridge SM
compared to other types of MMC SMs [27].

The main contributions of the current paper are: (a) design and confirm the function-
ality of one half-bridge SM, including driver, protection, and power boards; (b) description
of the implementation of a reduced-scale laboratory workbench of an RPC based on a
half-bridge MMC and V/V power transformer; (c) experimental analysis of the proposed
RPC based on MMC system considering two case studies—when two load sections are
loaded and when only one load section is loaded; and (d) Presenting the main advantages
of the implemented reduced-scale prototype in terms of power quality improvement in
electrified railway systems. Validation of this prototype helps to predict the performance
of the RPC based on MMC under high-power applications. The novelty of this paper is
in the experimental analysis and validation of the proposed reduced-scale prototype RPC
based on MMC.

This paper is organized as follows: Section 2 explains the rail power conditioner
based on a modular multilevel converter (RPC based on MMC) and the related control
algorithm. Section 3 presents the implementation of the proposed reduced-scale RPC based
on MMC laboratory prototype. Section 4 presents the experimental results of the proposed
reduced-scale RPC based on MMC prototype, considering two case studies: when two load
sections are loaded and when only one load section is loaded. Finally, Section 5 summarizes
the main conclusions of the developed work.

2. Rail Power Conditioner Based on an AC/DC/AC Modular Multilevel Converter and
V/V Power Transformer

2.1. Rail Power Conditioner Topologies

In the literature, three types of RPC based on AC/DC/AC MMC exist: (a) an RPC
based on a full-bridge back-to-back AC/DC/AC MMC and V/V power transformer as
shown in Figure 2a; (b) an RPC based on a two-phase three-wire AC/DC/AC MMC and
V/V power transformer as shown in Figure 2b; and (c) an RPC based on a half-bridge
AC/DC/AC MMC and V/V power transformer as shown in Figure 2c. Many studies
recommend using a half-bridge SM in the AC/DC/AC MMC and a full-bridge SM in the
AC/AC MMC [28,29]. Therefore, the design and implementation process of the half-bridge
SM is discussed in this paper. Reference [30] presents various MMC SM topologies, such as
half-bridge SM, full-bridge SM, multilevel neutral point clamped SM, and multilevel flying
capacitor SM. In the half-bridge SM, which is the simplest approach and the core of this
study, each half-bridge SM, as shown in Figure 3, involves two power switching devices;
in this example, we use the isolated gate bipolar transistor (IGBT), and one capacitor that
could be inserted or bypassed. By comparison, filter inductors are important to limit the
circulating currents between MMC arms and other harmonic content [31].
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Figure 2. Rail power conditioner (RPC) topologies based on an AC/DC/AC modular multilevel converter (MMC) and
V/V power transformer: (a) RPC based on full-bridge back-to-back MMC; (b) RPC based on two-phase three-wires MMC;
(c) RPC based on half-bridge MMC.
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Figure 3. Schematic of a half-bridge submodule (SM).

The RPC based on full-bridge back-to-back MMC, presented in Figure 2a, has the
highest number of hardware components and the most complex control among the RPC
based on MMC topologies. In addition, it requires isolation transformers to interface with
the single-phase traction power grid because two of the RPC phases are connected to the
same wire [23]. As a result, this solution is expensive when implemented as a reduced-
scale laboratory prototype. In contrast, according to [26], the RPC based on a two-phase
three-wire MMC and the RPC based on a half-bridge MMC have fewer components and
require a smaller area for installation. They also can be classified as a special-purpose
RPC because they are recommended to be used with only the V/V power transformer.
For instance, using these topologies with a Scott power transformer requires a higher
DC-link voltage and, therefore, using power switching devices with higher power ratings.
Moreover, isolation transformers are not mandatory in these solutions because each phase
of the RPC is connected to a single wire [26].

Due to the lower control complexity and the simple structure of the RPC based on half-
bridge MMC, and because this topology saves 50% of the RPC based on full-bridge back-to-
back MMC power devices, an implementation of a reduced-scale laboratory prototype was
selected to validate the RPC based on half-bridge MMC configuration. In this context, [31]
presents the control algorithm of the RPC based on half-bridge MMC using deadbeat
predictive control and the associated simulation results. Reference [32] presents another
possible control algorithm for the RPC based on half-bridge MMC using proportional-
integral (PI) controllers and the related simulation results. In this paper, the control
algorithms of the proposed RPC based on MMC, published in [31], are experimentally
validated. The operation principle of the RPC and other operation modes are presented
in [26]. In addition, a comprehensive comparison between the RPC based on MMC
topologies is presented in [23]. Consequently, authors in [26,32,33] presented the control
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theory, operation principle, simulation results, and other comparative analyses of the RPC
based on half-bridge MMC.

2.2. Rail Power Conditioner Based on Half-Bridge Modular Multilevel Converter Control Algorithm

One of the main objectives of the RPC based on MMC control algorithm is to calculate
the compensation current references, i}y, iy,. Figure 4 shows the RPC based on half-bridge
MMC and V/V power transformer control strategy. The compensation currents can be
determined using the instantaneous load section currents i, ir,, where these currents are
the most important variables because they are considered as the input signals for the control
algorithm. There are two current sensors used on both load sections (x and y) to acquire the
currents, i and ir,,. Furthermore, a phase-locked loop (PLL) is essential to obtain the phase
angles for both catenary voltages of uy and u,. More information about the PLL used can
be found in [34]. The low-pass filter (LPF) is necessary to extract the DC current component
resulting from multiplying the load section currents i, ir,, with the correspondent sine
waves in the V/V traction system, sin(wt — 77/6) and sin(wt — 71/2), respectively. In this
case, the instantaneous currents of phase x and phase y after compensation iy, iyy are
generated and, then, using Equation (1) the compensation current references, iy, iy, are
obtained. Detailed mathematical analysis and explanation of the establishment of the
compensation current references can be found in [31,32].

i =iy — iLx (1)
P .
by = ty2 — 1y

i)vc
« *
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iLx > Controller
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> DC-link : To Power
. Signal (LM
iLy + Voltage A ;guTll > Switching
PLLJ hlaN Control Modulator .
R Control Devices
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- Predictive| Ury Uryi -
Phase Shift Contesiital %i\;:lr

Figure 4. RPC based on half-bridge MMC and V/V power transformer control strategy.

The MMC DC-link voltage control and SM voltage control are crucial to guarantee
a good compensation performance. Because the DC-link voltage in the RPC based on
half-bridge MMC is applied in two capacitors placed in series, voltage balance between
these capacitors is necessary to obtain the neutral point between them. If the two DC-link
capacitor voltages are unbalanced, it may cause voltage fluctuations and distortion in
current waveforms [35]. A PI controller is thus used to correct the mismatch between
the actual value of the DC-link voltage with its reference value. Another PI controller is
applied to balance the voltages between the two DC-link capacitors, as shown in Figure 5a.
The output of the DC-link voltage control is added to the compensation current references
iy, i, Then, a predictive controller is used to produce the compensation currents. Mathe-
matical analysis of the RPC based on half-bridge MMC, including circulating current and
predictive control analysis can be found in [31].
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Figure 5. RPC based on half-bridge MMC control blocks: (a) DC-link voltage control; (b) averaging voltage balancing
control (AVBC); (c) individual voltage balancing control (IVBC).

The SM voltage control in MMC consists of two control parts: averaging voltage
balancing control (AVBC) and individual voltage balancing control (IVBC) [32]. The AVBC
presented in Figure 5b ensures that the voltage for each SM in the MMC phase is close
to the average voltage that is provided as a reference. It is implemented by adding the
measured SM voltages for each MMC phase and dividing the result by the number of SMs
per phase. The actual average voltage value, in this case, is calculated and compared to
a reference average voltage, V¢),. Then, a PI controller is used to correct the difference
between the actual and the reference values of the SM average voltage per MMC phase.
The output of that PI controller is considered as a reference for a circulating current
controller, which is implemented by summing the upper and the lower arm currents for
each MMC phase i,¢;, and i,,, where o belongs to phase x or phase y. The second PI
controller allows a low circulating current between the MMC phases [32]. By comparison,
the IVBC forces the capacitor voltage of each SM to follow its reference, which is performed
by a proportional controller for each SM. The output of the IVBC is multiplied by +1 if the
arm’s current direction is to charge the capacitors, or by —1 if its direction is to discharge
the capacitors [33]. The final signals of SM voltage control block are added to the final
reference waveforms u7;, 17, to give the voltage command generation for each SM in phase
x and phase y, u},;, u,*y,., where i refers to the number of SMs. Finally, the voltage command
for each SM is applied to a signal modulator to drive the MMC power switching devices.
Further details of the RPC control strategy can be found in [31] and [32].

3. Implementation of a Reduced-Scale Laboratory Prototype RPC Based on
Half-Bridge MMC

This section presents the main steps for the development of the reduced-scale RPC
based on half-bridge MMC. The implemented prototype is developed to validate the RPC
based on half-bridge MMC concept and the associated control algorithms. The main
specifications of this prototype are selected and some of the hardware components are
described in this section. Furthermore, design of the parameters of the reduced-scale RPC
based on half-bridge MMC, such as the size of the MMC SM capacitor, the size of the filter
inductors, and the size of the MMC main DC-link capacitor, are also presented in this
section. Additionally, this section explains the SM structure, the control system hardware,
and the supplementary power equipment. As is demonstrated, each SM consists of three
boards: the driver circuit board, the protection circuit board, and the power circuit board.
It should be noted that some of the components and systems have been oversized in order
to ensure that, in the event of abnormal operation, safety is not compromised.

3.1. Parameters Design

The RPC based on the half-bridge MMC system, presented in Figure 2¢, designed as
a laboratory reduced-scale prototype, has eight SMs in total (four SMs in one MMC leg).
The main objective of the implementation is to validate the RPC based on the half-bridge
MMC topology, the proposed control algorithm, and the proposed MMC protection system.
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Consequently, a reduced-scale prototype with a few voltage levels is sufficient for a proof
of concept. The prototype is implemented considering its operation in a two-phase V/V
connection. In addition, the implementation is carried out considering that the converter
will be used for the purpose of power quality improvement. In the V/V traction system
configuration, the total DC-link voltage of the RPC based on half-bridge MMC should
have a value at least twice that of the load section peak voltages due to the half-bridge
configuration [32]. In this section, the main guidelines and principles for design of the
MMC filter inductance, the main DC-link capacitor, and the SM capacitor are presented.

The design of the filter inductance directly influences the control system capability to
track the compensation current references. In addition, the current ripples depend on the
voltage applied on the inductance, the value of the inductance, and the time that the voltage
is applied. The inductance can be designed by considering the factors of current ripple
suppression and the speed of signal tracking [36]. The filter inductance operates as an
inner MMC filter to attenuate high-frequency harmonics in the arm current and to limit the
DC-link short circuit current [16]. Moreover, sizing the filtering inductance requires taking
into account the suppression of undesired low-frequency harmonics, such as the MMC
circulating current that is mainly composed of the 2nd order harmonics [37,38]. According
to [32,39], the equation that determines the value of the filter inductance, L, ;); o € {x, y} is
presented in Equation (2), where, V. is the total DC-link voltage of the MMC, Vg, is the
SM DC-link voltage, f is the traction power grid fundamental component frequency, Ly ;
o € {x, y} is the MMC arm current, fs, is the switching frequency, and A I, ;) is the MMC
arm current ripple.

Va2 2
4

Vsm = Vsm
2 <Ly < Yee——
8 fsw A IW(u,l) o) 27Tf I
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A low value of the SM capacitor implies high-voltage ripples. Alternatively, a high
value of capacitance results in an expensive and bulky MMC prototype [40]. The bulky
converter requires a bigger area for installation. Thus, the previous principle is taken into
account in the selection process of the SM capacitor value, where this value is estimated
by considering the trade-off between the size, costs, and voltage ripple [16]. Furthermore,
according to a study presented in [39], there is a resonance point related to the filter
inductance and the DC-link capacitor of each SM, in which the maximum value of the
resonance angular frequency should always be smaller than the fundamental frequency
to avoid the resonance phenomenon. As a result, the resonance frequency that is related
to the filter inductance and the SM capacitor should be considered in the MMC design
process. According to [32,39], the equation that calculates the minimum capacitance of
each SM capacitor is presented in Equation (3), where L, ) is the filter inductance, N is the
MMC voltage level, (N — 1) is the number of SMs in one MMC arm, 7 is the modulation
index, Uy (ear) is the peak voltage value of the catenary voltage, V. is the MMC DC-link
voltage, and f is the power grid fundamental component frequency.

3(N—1)+2(N—1)n?
48 (27-[ f)z LU(M,I)
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Because the main DC-link voltage is always equal to (N — 1) times of a single SM
voltage as presented in Equation (5), in the half-bridge MMC, the size of the main DC-link
capacitor should be at least (N — 1) times the SM capacitor value [39]. Choosing the
right value of the main DC-link capacitor is important because this value determines the
converter power capacity, thus guaranteeing the ability of the RPC based on half-bridge
MMC to compensate reactive power and harmonics, and to shift half of the active power
difference between the load sections. In this regard, the main DC-link power should cover

n
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the MMC power losses, pjysses, and the AC power of the converter, p,, as presented in
Equation (6) [16].

Vi = Vsy' (N — 1); N: MMC voltage levels ®)
Pdc= PacTPlosses & Ve ldc = Z Uo brgtPlosses ©)
o=x,y

The instantaneous power provided by each capacitor of the main DC-link, p,,, can be
expressed by Equation (7), where Wy, is the energy stored in the DC-link capacitor, Cy, is
the capacitance of the DC-link capacitor, and v, is the DC-link voltage.

1
W, (3 Canh) e ”
Pdca = ar dt = Ydca “~dca dt

Then, it is possible to define Equation (8), which gives the minimum capacitance of
the main DC-link capacitor, where f; is the DC-link voltage ripple frequency (twice the
fundamental frequency in the full-bridge converter and equal to the fundamental frequency
in the half-bridge converter), Cgcq(nin) is the minimum capacitance of the DC-link capacitor,
and AV, is the DC-link voltage ripples (peak-to-peak).

Py
C > . daa
dea(min) = Viea AViea fd 8)

The active power difference between the load sections in the reduced-scale prototype
varies between 0 and 1500 W. The converter shifts half of the active power difference
between sections. Therefore, the worst-case scenario is when only one load section is loaded
when the converter shifts a higher value of active power between the load sections. In this
context, it is possible to consider the parameters (P, = 750 W, f; = 50 Hz; V3, =200 V;
AV e, = 30 V), then, the minimum capacitance for one DC-link capacitor, as presented in
Equation (8), should be equal to or greater than 2.5 mF.

The final MMC parameters of the reduced-scale prototype are presented in item 4.
These are calculated with regard to Equations (2), (3) and (8). By considering the root-
mean square (RMS) voltage value of the load section voltages 100 V and fundamental grid
frequency of 50 Hz, and by supposing the maximum RMS value of the MMC arm current
Lo = 20 A, then the filter inductance value should be within the range of 0.1 mH < L, )
< 10 mH. Consequently, by applying this range in Equation (3), the SM capacitance should
be higher than 100 pF.

In the RPC based on half-bridge MMC reduced-scale prototype, only eight SMs with
high switching frequency will be used to reduce the MMC complexity. The used switching
frequency is 40 kHz, which allows a sinusoidal waveform to be synthesized with very good
quality and fast dynamic response when compensating load current harmonics. However,
in high-power applications, a few tens of SMs with low switching frequency can be used to
achieve the same objectives.

3.2. Supplementary Power Equipment

The implemented reduced-scale prototype mainly consists of the power system and
control system hardware. This section describes the supplementary power hardware
used to obtain a reduced-scale traction power grid. Figure 6 shows a diagram of the
supplementary power equipment used to obtain the three-phase public power grid and
the two-phase traction power grid after using a V/V transformer. The objective is to have
two-phase voltages, Uy and Uy with 60° out-of-phase due to the V/V connection [41].
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Figure 6. Supplementary power equipment diagram.

Figure 7 shows the supplementary power equipment setup. Three single-phase auto-
transformers are used to change the voltage magnitudes of Uy and U,. The connection
must be carried out after respecting the phase order as shown in Figure 6. The output
voltages of the auto-transformers (input voltages of the V/V transformer) must be in phase
with the line-to-line voltages, U4c and Upc, to have a phase shift of 60°, as presented in
Equation (9).

V/V transformer

Load inductances Auto-transformer

lLoad section (x) Soft-starter

Figure 7. Supplementary power equipment setup.

One of the V/V connection advantages is its easy implementation in the laboratory.
Hence, single-phase step-down transformers are used to implement the V/V connection
and to obtain two-phase voltages, Ux and Uy, as presented in Equation (9). Attention to the
polarity of the single-phase transformers must be considered to obtain the correct phase
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shift. These single-phase transformers have a turns ratio of 0.5. In this case, the point z,
as shown in the Figure 6, is the neutral of the reduced-scale traction power grid. Each load
section is connected to an inductance and a full-bridge rectifier. The inductances are
important to represent the non-linear inductive traction load. The indicated values in
Figure 6 are used in the real implementation.

Because the single-phase auto-transformers have a large magnetization inductance
value, a soft-starter is required to avoid high inrush currents at the moment of connec-
tion to the power grid. This soft-starter inserts series-connected resistors into the auto-
transformers input, and a timer contactor is used to bypass the series-connected resistors
after a predefined period.

The main purpose of the supplementary power equipment is to have different load
power values to show the capability of the RPC based on half-bridge MMC in improving
the three-phase grid power quality. The resistors, Ry; and Ry1, have a small value and
mainly determine most of the consumed power in each load section. On the contrary,
the resistors, Ry> and Ry, have a high value because the main purpose of these resistors
is to dissipate the stored energy in the capacitors for safety reasons after turning off the
power supply or disconnecting the load resistors of Ry; and Ry using contactors.

Uy =230 2 0% Up =230 £/—120°; U = 230 £—240° (V) )
Upc = 400 £—30°; Upe = 400 £—90° (V)

3.3. Implementation of a Reduced-Scale Modular Multilevel Converter

This section presents the implementation of the reduced-scale MMC, including the
SM components. Initially, the main aim is to implement a well-designed SM, then replicate
the work to have a full MMC. For this purpose, various tests should be employed on the
designed SM before implementing the final MMC. This is essential to guarantee a robust
performance under abnormal conditions when several cascade-connected SMs are under
operation. Consequently, this item presents the MMC design process, including the SM
implementation and validation.

3.3.1. IGBT Driver Circuit Board

The main application of the driver board is to drive the SM switching devices. In this
context, an isolated driver with two complementary channels in a single package is used
(SI824x from Silicon Labs [42]). This driver is specifically targeted to drive complementary
switching devices (as in the case of half-bridge power converter developed). In addition,
its main feature is the integrated deadtime generator between the high-side/low-side
drivers that allow highly precise control for achieving optimal total harmonics distortion
(THD). Another driver, HCPL-3120, is employed to drive an additional IGBT switch for the
purpose of overvoltage protection, as explained in Section 3.3.2. Figure 8 shows the driver
circuit board hardware. The pulse width modulation (PWM) input signals are supplied
from the main central control unit and the outputs of this board are connected to the
gate-emitter of each IGBT that composes the SM.

The driver circuit board is designed using an optimized layout to reduce the length of
the board traces. That is, the design should respect the minimum compulsory dimensions
to maintain the isolation between the channels. In addition, the optimized layout is
important to minimize the board parasitics, such as parasitic inductance and capacitance,
thus reducing noise and improving the board performance. This is possible by decreasing
some signal loops and keep connections as short as possible. Moreover, decoupling
capacitors located close to the main power supply signals are used to avoid erroneous
operation. Furthermore, extra jumpers are added, allowing the voltage value (either 0 V or
—15V) of the IGBT switching device to be turned off. The turn-off negative voltage applied
to the gate-emitter junction helps to decrease the turn-off time of the IGBT, thus improving
the overall performance and obtaining a faster switching device.
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Driver
(HCPL-3120)

Figure 8. Isolated gate bipolar transistor (IGBT) driver circuit board.

3.3.2. Protection Circuit Board

MMC reliability and stability are some of the most important demands. This includes
protection against consequences that may appear due to the MMC malfunctioning, bearing
in mind that the MMC topology contains many power switching devices, such as an
IGBT and diodes, and each device can be a possible failure point. Because the MMC is
composed of multiple cascade-connected SMs, each SM should have its own protection
system; thus, the developed protection circuit board is essential for each MMC SM. Figure 9
shows the developed protection board, which is applied to each MMC SM. This protection
consists of two main parts: overcurrent protection and overvoltage protection. A detailed
description of this overvoltage and overcurrent protection with experimental results is
presented in [43].

Voltage sensor
1

1 Current sensor

| terminals (bottom) Current sensor

(top)

Current sensor
(bottom)

Voltage sensor
terminals

Figure 9. Protection circuit board: (a) top view; (b) bottom view.

It is worth noting that several protection systems are implemented, either by means of
implemented boards, such as the protection circuit board, or through verification functions
in the developed supervision software. In addition, four semiconductor fuses are used as
ultimate protection, where each MMC arm has one semiconductor protection fuse.

3.3.3. Power Circuit Board

The power circuit board includes the half-bridge SM components, such as DC-link
capacitors, coupling capacitors, power switching devices, discharge resistors, and power
terminals. Three power switching devices, IGBTs, are mounted on the top surface of the
power circuit board, where two of these switching devices commutate at 40 kHz switching
frequency to synthesize output waveform signal of 50 Hz. The third switching device
(the one that uses the HCPL-3120) is used for overvoltage protection purposes. In this
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context, IGBT switching device with fast free-wheeling diode is used in the SM power
circuit board.

A bank of electrolytic capacitors, composed of 21 parallel-connected electrolytic capac-
itors of 47 uF, is used to increase the SM capacitor lifetime because it is possible to reduce
both the equivalent series resistance and the equivalent series inductance of the SM capac-
itor. All aluminum electrolytic capacitors have the same rating, and they are connected
in parallel to increase the equivalent SM capacitance, thus storing a greater amount of
electrical energy. Furthermore, reducing the total equivalent series resistance of the SM
capacitor is important to reduce the power dissipation in the electrolytic capacitors. It also
helps to obtain better stability of the control loop, in addition to boosting the overall perfor-
mance and reliability [44]. The power circuit board is presented in Figure 10. This board
contains power terminals to connect with the driver circuit and the protection circuit boards.
In addition, these power terminals are beneficial to accomplish the cascade connection of
the MMC SMs. Table 1 offers a list of the power circuit board component values.

Series-connected Bank of Electrolytic capacitors

(QQQQQ
Cii‘

TVS didoes IGBT terminals

L L]
e we 00
e ape 00 0o

Decoupling
capacitors

(b)

Figure 10. Power circuit board: (a) top view; (b) bottom view.

Table 1. Power circuit board components.

Components Symbols Values
Electrolytic capacitor Csm 21 x 47 uF =987 uF
Decoupling capacitor Cae 1.1 uF

Discharge resistor Ryis 5kQ

After the implementation of one SM, it is important to validate the SM operation
conditions before implementing a complete reduced-scale MMC prototype. The full im-
plementation of an MMC prototype is not a good strategy to test the power circuit board
because it is difficult to predict the SMs performance when they are connected in a cascade
configuration. In this case, the power switching devices, and the electromagnetic and
thermal characteristics for each SM, are different. Consequently, an experimental setup
to test the half-bridge SM power circuit board is required. Authors in [45] introduced a
simplified scheme to test the half-bridge MMC SM. In this study, the same testing scheme
presented in [45] is used to validate one MMC SM. However, presenting the experimental
results of this test is outside of the scope of this paper because the main contribution of
this study is to validate the RPC based on half-bridge MMC in terms of control theory
and operation.

3.3.4. Final Modular Multilevel Converter Submodule

Figure 11 presents the final power submodule (SM) structure, including the driver
circuit board, the protection circuit board, the power circuit board and the IGBT heatsink.

152



Energies 2021, 14, 484

It is worth noting that the final SM hardware has a compact, extensible, and cubic design
to build the reduced-scale RPC based on half-bridge MMC prototype. Each four cascade-
connected SMs are composed of a single MMC leg/phase, as shown in Figure 12. The total
number of SMs for the RPC based on half-bridge MMC reduced-scale prototype is eight.
Section 4 presents the experimental analysis of the reduced-scale prototype RPC based
on half-bridge MMC under two case studies: (a) when two load sections are loaded;
and (b) when only one load section is loaded. Then, a discussion of experimental results of
a reduced-scale prototype is provided to link with the performance of the RPC based on
MMC under high-power applications.

IGBT driver circuit

Protection circuit board

board

Power circuit
board

Figure 12. Single MMC leg/phase (four submodules).

3.4. Control System Hardware

The control system hardware has several output flat cable connectors to link between
the digital signal processor (DSP) and the auxiliary control units, such as sensors and
actuators. The digital system loop always exchanges information between the DSP and
the auxiliary control units (such as signal conditioning unit, sensors unit, and the PWM
control unit). The DSP board is presented in Figure 13a, and integrates several connectors
to facilitate the connection between different control boards and the DSP control unit.
Figure 13b presents a digital-to-analogue converter (DAC) board, which is important to
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verify the accuracy of the digital signals generated in the DSP. Two signal conditioning
boards are used; the one presented in Figure 13c is dedicated to the external analogue-to-
digital converter (ADC) channels, and the other presented in Figure 13d,e is dedicated to
the internal ADC channels in the DSP. This ADC board contains two main parts: the voltage
sensors placed at the bottom side, and the signal conditioning part placed at the top side.
PWM adapters are used to convert from ribbon cable terminals to DB-9 connector terminals,
as presented in Figure 13f.

A A A A A A A B

(e) (®)

Figure 13. Some of the control system boards: (a) digital signal processor (DSP) board; (b) digital-to-analogue converter
(DAC) board; (c) Signal conditioning board for the external analogue-to-digital converter (ADC); (d) Signal conditioning
board for the internal ADC—top view; (e) Signal conditioning board for the internal ADC—bottom view; (f) pulse width
modulation (PWM) adapter.

The control system hardware is enclosed in a metallic box, as shown in Figure 14.
The metallic box also includes several input/output connectors to interface between the
control system and the power system hardware, such as the driver circuit and the protection
circuit boards. A command circuit board is used to interface and isolate between the driver
circuit boards and the protection circuit boards. This command board also saves the error
when an overcurrent or overvoltage condition is detected, stopping the IGBT switching
devices, until a reset command is released. In addition, several power connectors in the
metallic box are used to connect the SM DC-link voltages with the associated voltage
sensors. A DC power supply is also used to convert the 230 V AC to a regulated low-
voltage (+15V, +5V, =15 V) to supply the electronic components of the control system
hardware. It is worth noting that the majority of the control system hardware is installed in
the metallic box. This is very important to maintain the distance between the control system
hardware and the power system hardware, thus reducing the electromagnetic interference
effects. The electromagnetic fields generated due to the power system hardware can affect
the correct functionality of the DSP, where these fields may induce currents loops in the
electronic components.

Figure 15 shows the global communication structure of the reduced-scale RPC based
on half-bridge MMC prototype. A depicted hardware architecture of the control system
is presented, where a Delfino DSP controller from Texas Instruments TMS320£28335 is
used as a central control unit [46]. The converter requires 18 ADC channels (12 voltage
sensors and six current sensors), a DAC unit to check the correctness of digital signals in
the DSP, and eight PWM channels (one PWM channel is used for each SM, then the driver
circuit board generates two complementary PWM signals to derive the IGBT switching
devices). A user interface unit based on the RS-232 data interface is used to send and
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receive commands, such as commands for pre-charging and discharging of SM capacitors.
Two ADC units are used to convert the analogue signals to digital signals. Subsequently,
the digital signals can be analyzed and processed by the DSP. However, the ADC units have
different bit resolutions; the internal ADC channels of the DSP are unipolar and have 12 bits
of resolution. Therefore, they are dedicated to the purpose of DC signal processing, such as
the MMC DC-link voltages (SM voltages and main DC-link voltage). The external ADC
integrated circuit (IC) has 8 bipolar ADC channels with 14 bits of resolution. Therefore,
they are reserved for the purpose of AC signal processing, such as the load section voltages
waveforms, as shown in Figure 15.

Central control unit (DSP)

Power supply i _'_'" A o ' Signal conditioning board
11111 nn / 7 . for the internal ADC

+5V,+15V,-15V

Signal conditioning board
for the external ADC
Command board

PWM adapters DAC board

Figure 14. Control system hardware fitted in a metallic box.

Three-Phase Power Grid
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Section (x)
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SPI

DAC
[ —
Delfino CPU

TMS320{28335
RS-232 User
Interface
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8PWM
Channels

External 14 bits ADC
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Figure 15. Global communication structure of the reduced-scale prototype RPC based on half-bridge MMC.
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4. Experimental Results of the Laboratory Prototype RPC Based on Half-Bridge MMC

This section presents the RPC based on half-bridge MMC experimental results. Figure 16
shows the implemented MMC workbench, which includes the control system hardware,
isolated-channel oscilloscopes, and a spare SM. A computer device is used that allows
user interface with the DSP. The experimental results were obtained using the TPS2000B
oscilloscope from Tektronix. In addition, a Fluke 434 Power Quality Analyzer was used to
measure the THD, the ratio of NSC, and the frequency spectrum of the three-phase currents.
Figure 17 shows the experimental setup schematic, which consists of the supplementary
power equipment (auto-transformers, V/V transformer, and full-bridge rectifiers) and
the RPC based on half-bridge MMC. For this purpose, full-bridge rectifiers with filtering
capacitors are used to create harmonic contents and current imbalance in the three-phase
public power grid. The parameters used in this experimental validation are presented in
Table 2, where load section y active power is selected to be 150% of the active power of the
load section x. Therefore, as presented in Table 2, the value of the resistor Ry is 150% the
value of the resistor Ry.

Isolated-channels
oscilloscopes

Mid-neutral

point DC-link

Figure 16. Workbench with the developed modular multilevel converter (MMC).

The resistors of Ry, and Ry, have a high value because their main function is to
discharge the filtering capacitors after disconnecting the load power resistors, Ry; and
Ry1, using contactors. The reduced-scale RPC based on half-bridge MMC consists of eight
half-bridge SMs, in which each MMC leg or phase has four SMs. The MMC parameters,
such as capacitance of the SM capacitor, the capacitance of the main DC-link capacitor,
the MMC leg filter inductors, and the PWM switching frequency, are also presented in
Table 2. Two case studies are presented in this experimental test: The first case study is
when the load section y active power is 150% of the load section x active power, and the
second case study is when only load section y is loaded.

4.1. Experimental Results When Two Load Sections are Loaded

This item presents the RPC based on half-bridge MMC prototype experimental results
when the load section y active power is 150% of the active power of the load section
x. Figure 18a shows the three-phase currents at the secondary windings of the V/V
transformer before compensation, and when both load sections are unequally loaded.
The currents are imbalanced and contain harmonic content. Figure 19a shows the phase
difference angle between the phase x and phase y currents or the load section currents
before compensation and the phase-to-neutral voltage 114, which is used as a reference
waveform with a phase angle equal to zero. There are almost 30° out-of-phase between 14
and iy, and nearly 90° out-of-phase between 14 and i, before compensation.
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Figure 17. Schematic of the RPC based on half-bridge MMC experimental setup.

Table 2. Experimental parameters of the RPC based on half-bridge MMC.

Parameters Symbols Values
Power grid RMS phase voltage up, ug, Uc 230V
Phase x and phase y RMS voltage Uy, Uy 40V
SM voltage Vsm 80V
MMC main DC-link voltage Vica + Vico 160V
Filter inductance of the arm Liu, Lyt Ly, Ly, 1.6 mH
Load section inductance Ly, Ly 5mH
Load resistor (section x) Ry1 6.50)
Load resistor (section y) Ryq 434 0)
Resistors to discharge the capacitors Ryz, Ryn 33 kQ)
Capacitance of the filtering capacitors Cy, Cy 470 puF
Capacitance of the SM capacitor Csm 987 uF
Capacitance of the main DC-link capacitors Ciea = Caep 2820 uF
PWM SM switching frequency st 40 kHz
Modulating signal fundamental frequency f 50 Hz
Highest/Lowest duty-cycle — 0.92/0.08
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Figure 18. Experimental results when two load sections are loaded: (a) before compensation; (b) after compensation. Phase x
current (ix: 10 A/div); phase y current (iy: 10 A/div); phase z current (iz: 10 A/div).
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Figure 19. Experimental results when two load sections are loaded: (a) before compensation; (b) after compensation. Phase x
current (iy: 5 A/div); phase y current (i,: 5 A/div); phase A voltage (u4: 100 V/div).

(a)

Figure 18b presents the three-phase currents at the secondary windings of the V/V
transformer after compensation. The currents are balanced with lower harmonic content
and without NSCs. In this case, the RPC compensates reactive power and balances the
active power between the load sections. Consequently, a unitary power factor is obtained
at the three-phase power grid. In addition, there are almost 0° out-of-phase between 1,4
and iy, and almost 120°out-of-phase between 1, and i, after compensation, as presented in
Figure 19b. This means the reactive power is totally exchanged between the load sections
and the power compensator. There is no reactive power exchanged with the three-phase
power grid and the power factor is unitary.

Figure 20 presents the frequency spectrum of the three-phase currents at the secondary
windings of the V/V transformer. Figure 20a shows the harmonic contents before com-
pensation with a THD ratio close to 23.1%. Figure 20b shows the harmonic contents after
compensation with a THD ratio close to 3.1%. These results are obtained at a fundamental
frequency component of 50 Hz.
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Figure 20. Frequency spectrum of the three-phase currents at the secondary windings of the V/V transformer (when two

load sections are loaded): (a) before compensation; (b) after compensation.

Figure 21a presents the values of the harmonic contents before compensation. Phase x
current iy has the highest ratio of THD, with a value close to 22.9%. The third-order har-
monic is the highest harmonic content before compensation. Figure 21b shows the values
of the harmonic contents after compensation. In this case, the THD ratio is significantly
reduced, particularly the third- and fifth-order harmonics. It is worth noting that the
even-order harmonics circulate between the MMC phases and do not contribute to the RPC
compensation currents.
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Figure 21. Harmonic contents value of the three-phase currents at the secondary windings of the V/V transformer (when
two load sections are loaded): (a) before compensation; (b) after compensation.

Figure 22 shows the phasors diagram and the unbalance ratio (NSC ratio) of the
three-phase currents at the secondary of the V/V transformer. The unbalance ratio before
compensation is close to 46.8%, as shown in Figure 22a. The phasors diagram, in this case,
shows three-phase current vectors that have different magnitude values. By considering
the phase voltage 14 as a reference and due to the nature of the V/V connection, the phase
x current lags the reference voltage by nearly 30°, whereas the phase y current lags the
reference voltage by nearly 90°. Figure 22b shows the unbalance ratio and the phasors
diagram of the three-phase currents after compensation. The unbalance ratio, in this case,
is significantly reduced and has a value close to 2.9%. As observed, the three-phase current
phasors are balanced, with similar magnitude values and 120° out-of-phase.
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Figure 22. Unbalance ratio and phasors diagram of three-phase currents at the secondary of the V/V transformer (when
two load sections are loaded): (a) before compensation; (b) after compensation.

The compensation currents synthesized by the RPC are presented in Figure 23.
The compensation current of the load section ¥, 7y, is higher than the compensation current
of the load section y, i;y. This is due to the unequal loading power and the fact that the
section x converter injects a higher amount of energy than the section y converter. Ina V/V
connection, the section x converter compensates a quantity ofa capacitive reactive power,
whereas the section y converter compensates a quantity of an inductive reactive power.
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Figure 23. Experimental results (when two load sections are loaded): phase x compensation current
(irx: 5 A/div); phase y compensation current (ir: 5 A/div).

Figure 24a,b shows the SM voltage waveforms of the section x converter and the
section y converter, respectively. The SM voltages are close to the reference value of 80 V.
However, due to the half-bridge topology of the SM, the voltage ripple frequency is equal
to the fundamental frequency of 50 Hz. Furthermore, because the section x converter
injects a higher amount of power, the SM voltages of section x converter Vspiy1, Va2,
Vsmys, and Vsprya, have higher voltage ripples than the SM voltages of section iy converter
Vsmy1, Vsmy2, Vsmys, and Vspyys. These results confirm the effectiveness of the MMC leg
averaging voltage balancing control and the MMC SM individual voltage balancing control
to maintain a balanced voltage of the MMC SMs.
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Figure 24. Experimental results (when two load sections are loaded): (a) SM voltages of section x converter; (b) SM voltages
of section y converter. SM DC voltage (Vsps: 20 V/div).
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4.2. Experimental Results When One Load Section is Loaded

This item presents the RPC based on half-bridge MMC prototype experimental results
when only the load section y is loaded (load section x has no loads). Figure 25a shows the
secondary windings three-phase currents of the V/V transformer before compensation,
and when only load section y is loaded. The currents are imbalanced and contain harmonic
contents. Phase x current iy, has a zero RMS value because the load section x is not
loaded. Consequently, phase y current i, and phase z current i;, have 180° out-of-phase.
The imbalance ratio, in this case, is higher than the case when both of the load sections
were loaded. Figure 25b presents the secondary windings three-phase currents of the V/V
transformer after compensation. The currents are balanced with lower harmonic contents
and lower NSCs of currents. In this case, the RPC compensates reactive power and balances
the active power between the load sections, thus a unitary power factor is obtained at the
three-phase power grid side.
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Figure 25. Experimental results (one load section is loaded): (a) before compensation; (b) after compensation. Phase x
current (ix: 5 A/div); phase y current (iy: 5 A/div); phase z current (iz: 5 A/div).

Figure 26 presents the frequency spectrum of the three-phase currents at the secondary
windings of the V/V transformer. In this context, Figure 26a shows the harmonic contents
before compensation with a THD ratio close to 15.1% at a fundamental frequency of 50 Hz.
Figure 26b shows the harmonic contents after the compensation with a THD ratio close
to 2.5%. This confirms the effectiveness of the RPC based on half-bridge MMC system in
improving the power quality of the three-phase power grid
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Figure 26. Frequency spectrum of the three-phase currents at the secondary windings of the V/V transformer (when one
load section is loaded): (a) before compensation; (b) after compensation.

Figure 27a presents the values of harmonic contents before compensation. Phase y
and phase z currents have 180° out-of-phase, and have almost the same ratio of the THD.
The third-order harmonic is the highest harmonic content before compensation, with a
ratio close to 14.2%, considering a fundamental frequency of 50 Hz. Figure 27b shows the
values of the harmonic contents after compensation. In this case, the THD is significantly
reduced, and the third-order harmonics does not exceed the ratio of 2%. It is worth noting
that the even-order harmonics circulate between the MMC phases and do not contribute to
the RPC compensation currents.
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Figure 27. Harmonic contents value of the three-phase currents at the secondary windings of the V/V transformer (when

one load section is loaded):

(a) before compensation; (b) after compensation.

Figure 28 shows the phasors diagram and the unbalance ratio of the three-phase
currents at the secondary windings of the V/V transformer. The unbalance ratio (NSC
ratio) before compensation is close to 97.7%, as shown in Figure 28a. The phasors diagram,
in this case, shows only two-phase currents that have equal magnitudes and 180° out-
of-phase. By considering the phasor of the phase voltage 1, as a reference, due to the
nature of the V/V connection, phase y current lags the reference by nearly 90°, whereas
phase z current lags the reference by nearly 270°. Figure 28b shows the unbalance ratio
and the phasors diagram of the three-phase currents after compensation. The unbalance
ratio, in this case, is significantly reduced and has a value close to 1.6%. As observed,
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the three-phase current phasors are balanced, with similar magnitude values and 120°
out-of-phase.
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Figure 28. Unbalance ratio and phasors diagram of the three-phase currents at the secondary of the V/V transformer (when
one load section is loaded): (a) before compensation; (b) after compensation.

The compensation currents synthesized by the RPC are presented in Figure 29.

The compensation current of the load section x, iy, is completely sinusoidal because

there are no loads connected to the load section x. In this case, the section x converter

compensates the reactive power and balances the active power between the load sections.

The section y converter compensates harmonic contents and reactive power, and also
balances the active power between the load sections.
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Figure 29. Experimental results (when one load section is loaded): phase x compensation current (iy,:
5 A/div); phase y compensation current (iy,: 5 A/div).

Figure 30a,b shows the SM voltage waveforms of the section x converter and the
section y converter, respectively. The SM voltages are close to the reference value of 80 V.
However, due to the half-bridge topology of the SM, the voltage ripple frequency is equal
to the fundamental frequency of 50 Hz. Furthermore, because the section x converter and
the section y converter compensate an almost equal amount of power, the SM voltages
of the MMC have almost equal voltage ripples for the section x and section y converters.
These results confirm the effectiveness of the MMC leg averaging voltage balancing control

and the MMC SM individual voltage balancing control to maintain a balanced voltage of
the MMC SMs.
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Figure 30. Experimental results (when one load section is loaded): (a) SM voltages of section x converter; (b) SM voltages of
section y converter. SM DC voltage (Vgps: 20 V/div).

4.3. Discussion and Experimental Analysis

The presented experimental results confirm the validity of the compensation strategy
and the associated capacitor voltage balancing control of the MMC SMs presented in this
paper. In addition, the experimental results show that the RPC based on half-bridge MMC
is a viable solution for the purpose of power quality improvement in electrified railway
systems. In the experimental validation, only eight SMs with a 40 kHz switching frequency
were used. However, for high-power applications, a few tens of SMs with a lower SM
switching frequency should be employed, which and would allow the MMC to synthesize
sinusoidal waveforms with better quality and lower harmonic contents. Subsequently,
the experimental case reported in this paper involves a low number of SMs with a high
SM switching frequency (this choice was selected to reduce the MMC complexity and
costs). It was verified that the compensation currents synthesized by the reduced-scale RPC
based on half-bridge MMC satisfy the requirements of NSC compensation and harmonics
cancelation. As a result, it is important to highlight that, in high-power applications,
the number of MMC SMs should increase, but the switching frequency could be reduced
to achieve the same objectives.

5. Conclusions

This paper presented the implementation, testing, and experimental validation of
a reduced-scale laboratory prototype of a proposed rail power conditioner (RPC) based
on a modular multilevel converter (MMC). The design of the parameters of the MMC,
such as filter inductors and submodule (SM) capacitors, were also described in the paper.
Moreover, SM power components and the associated power hardware were explained
in detail. This power hardware involved three main circuit boards: the driver circuit
board, protection circuit board, and power circuit board. Furthermore, the control system
hardware of the reduced-scale RPC based on MMC was introduced in the paper, in addition
to the related communication structure between the MMC power and control circuit boards.

Experimental results were presented considering two case studies of electrified railway
systems: when both load sections (x and y) are loaded and when only the load section y is
loaded. In the first case study, the load section y active power is 150% of the active power of
the load section x, whereas, in the second case study, the load section x has no load and the
load section y maintains its power value. Experimental results show that the RPC based
on half-bridge MMC system injects a higher amount of reactive power and shifts a higher
amount of active power in the second case study, which is the worst-case scenario. In this
case, the compensation currents synthesized by the RPC are higher than those presented in
the first case study.
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In this developed prototype, only eight SMs with high switching frequency are used,
to reduce the MMC complexity. The switching frequency is 40 kHz, which allows sinusoidal
current waveforms to be synthesized with very good quality, and also permits a fast
dynamic response to be obtained. However, in high-power applications, a few tens of SMs
with low switching frequency should be used to achieve the same objectives. This will
lead to higher scalability and reliability of the MMC in high power applications. Thus,
if one SM breaks, it will not fully affect the MMC functionality. The higher the number
of SMs, the better the quality and robustness of the generated waveforms. Consequently,
increasing the total number of SMs is a relevant suggestion for future work. The presented
experimental analysis proves the effectiveness of the proposed RPC based on MMC and its
principle of operation, thus improving the power quality in electrified railway power grids.
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Abstract: The paper deals with a new methodology for calculating the filter parameters. The basis is
respect for the fact that the real filter current consists of other harmonic components, which filter is
tuned. The proposed methodology was used to design filters for traction substation 25 kV /50 Hz.
The operation of the locomotives in the AC supply systems of 25 kV /50 Hz leads to a rising of
higher order harmonic currents. Due to the 1-phase supply system, these are mainly the 3rd and
5th harmonics. By simulation and subsequent measurement of the proposed traction power station
filters the proposed methodology was verified. Thus, the filter design can also be used for filter
compensating stations of the standard 3-phase distribution network. The described method presents
an optimal filter design without unnecessary oversizing. This fact reduces the size and cost of the
filter. It is shown that it is possible to design a filter that meets the requirements for power quality
under extreme load and to minimise distortion of line voltage.

Keywords: AC traction systems; traction substation; harmonics; power harmonic filters; total
harmonic distortion

1. Introduction

The amount and power of non-linear loads are growing steadily. Although the
connection and converter control are also completed with respect to the reduction of
harmonic currents, it is often necessary to equip the substations with equipment for
harmonics minimization and power factor compensation. The classic solution is to install
filters tuned to the desired harmonics. The integral (physical) property of the filters is also
the power factor compensation.

The advantage of tuned filters is their low cost. Filters are usually tuned to the 5th
and 7th harmonic, in exceptional cases, on the 11th and 13th harmonic. For single-phase
systems, it is usually on the 3rd and 5th harmonic. The design of filters also for high powers
is well described in the literature, for example [1,2]. They can also be used in a combination
with a broadband filter, or other connection for high order harmonics [3,4]. In articles, filters
are tuned to a characteristic harmonic. Their designs are based on fundamental relations
of Theoretical Electrical Engineering. As the power filters also has compensation effect,
overcompensation of the system can occur at high loads. Therefore, it is necessary to equip
the substation with a quick decompensation unit [5,6]. Using filters and decompensation
unit in the traction system is described in [7]. Another way is to use active filters or other
types of electronic converters [8-10]. The advantage of these systems is a better filtering
and compensating effect. The disadvantage is a considerably higher price. The effects of
filters designed for resonant frequency, in addition to extreme loads, are described in [11].
Verification of the effect of the filter is achieved from the impedance ratio of the filter and
the system or through simulations. At the same time, one can check the current load of the
filter. Due to the load, it is necessary to change the parameters of the filter capacitor and
repeat the calculations. Consequently, its compensation power is also checked. The second
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option is an under-tuning of the filter. This will reduce the current stress on the filter, but
also reduces the filtering effect.

This article describes the derivation of a new filter design method for a traction power
station. Electric traction is specific in its power level and single-phase character. In extreme
cases, traction overhead lines can reach up to 50 km in length. This also produced harmonic
voltages whose values significantly distorted the AC waveform [12].

For new types of locomotives, harmonic currents are significantly reduced. The
reference [13] describes measurement of harmonic components of modern locomotives
in the UK. In operation, however, a number of older types of locomotives are equipped
with diode and thyristor 1-phase rectifiers, which take a considerably distorted current
from an overhead line. It is estimated that 32% of diode and thyristor locomotives are still
in operation. In the section where the proposed filters were installed (see Figure 1), the
amount of these locomotives is an even 80%. Since it is necessary to accept new power
quality requirements and reduce losses, many traction stations need to be supplemented
by equipment for harmonics reduction and power factor compensation.

Power network
3x22kVac /50Hz or 3x110kVac /50Hz

mi M ™2 TT: Tra!ction Transforn'!er )
i - ; FCU: Filter Compensation Unit
FCU FCU
Overhead line Overhead line
25kVac / 50 Hz ., ., 25kVac / 50 Hz

Figure 1. Block scheme of traction substation with filter compensation unit.

The basis of the new methodology is to determine the power of the filter capacitor
so that the required filtering and compensating effect is already included directly in the
filter design. Using this method does not overload the filter. The filter then has the greatest
filtering effect at minimal financial costs.

Since the harmonic currents of the other orders are presented in the overhead line
currents and the filter design does not respect this fact, due to the impedance conditions,
these currents also pass through some filters. To avoid overloading the filters, it is neces-
sary to design the filters even with respect to these harmonic currents. In the described
calculations, these harmonics are also accepted in the design.

The proposed methodology describes the optimum filter design without unnecessary
oversizing; thereby it reduces the price, weight, size, and filter losses. The filter tuned
to a specific harmonic is also loaded by other harmonics. The standard design oversizes
the filter to protect its damage. The described methodology enables optimal filter design
considering the calculation of a specific harmonic and other main harmonics.

The method is applied in the design of the substation for traction overhead lines of
25 kV/50 Hz. The proposed methodology is verified simulations and measurements in
real traffic.

2. The Method of Filter Compensation Unit Design

The issue of filter design for high voltage and high power (in order MVAr) is relatively
difficult. It is solved e.g., in [14]. At present, it may be constructing the new traction power
station also with the active filters, e.g., [15-17].
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2.1. The Initial Data for the Filter Design
The design requires the following data (see Figure 2):

1. The individual harmonic currents to be filtered, especially those of h-orders;

2. The total compensating power required, Qy, to be supplied to the traction power
network;

3. Thevoltage U; at the point where filters are going to be installed.

U, Uy Uy R
U
N lll
In
Ihn
R
L
Cc UlC
UCN l UhC
Qc~ I U.c
Currents:
Qcn - capacitor 1, _ filter first harmonics
nominal power current
Ucn - capacitor (capacitive charakter)
nominal voltage L, - h-order harmonic
current
Indexing: 1,,,, - n-order harmonic
Lhn - harmonics order  current in filter of h-
N - nominal value harmonic

Figure 2. Schematic diagram of proposed symbols.

It is necessary to determine the following basic parameters:

1. The nominal voltage Ucy and the nominal installed power Qcy of the capacitor;
2. The current and inductance of the filter reactor, and the effective resistance R of the
filter reactor.

2.2. Derivation of Basic Relations
The resonance condition for the i-th harmonic is:

B 1
N hzw%C

@)

Assuming that R = 0, the voltage of the first harmonic across the capacitor C for the
filter of the h-th harmonic (important for the Ucy determination — capacitor design) is:

_ _ 1 _ u; 1
the = hiXe = hgg = XX @
S S— @
‘w1 Cy _ 1
I 2
@0 220
h2
Uy = U —— 3
1c=Ur— ®)
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By introducing the voltage increase coefficient of the first harmonic across the capacitor:

h2
%= @)
The following is valid:
Uic = aylh )

The parameters of power capacitors are usually determined by the value of the nomi-
nal power Qcy at the nominal voltage Ucy. Then the nominal power of the capacitor is:

1 _ Qcn

QCN = w1CU2 = - = C(}]C —
CN ch u(Z:N

(6)

For the first harmonic current passing through the filter of the h-th harmonic, the

following is valid:

_ Ui gl U1 Qcn

Il = = = ay
2
UCN

Xe © Xe @)

This current has a capacitive character and the filter of the s-th harmonic supplies the
traction overhead line with the compensating power:

u; \?
Qe=UlL =a (@) Qcn (®)

2.3. Simplified Design of the Capacitor Battery

The equations mentioned above do not lead to the device dimensioning. The current
passing through the individual filter elements determines the current dimensioning of the
filter parts. Voltage drops across the filter impedances, caused by this current together with
the supply voltage, determine the voltage load and thus the capacitor battery dimensioning.

In order to formulate the mathematical relations more easily, the following are
first assumed:

1. Only the compensating current and the h-order current, for which the filter is designed,
pass through each filter;

2. The traction overhead line voltage U; can be permanently higher than the nominal
voltage Uy;

3. The voltage across the capacitor Uc can be permanently higher than its nominal
voltage Ucn;

4. The capacitor current Ic can be permanently higher than its nominal current Icy.

Based on these assumptions, it is necessary to prevent the capacitor from either
current or voltage overload. It must comply with both current and voltage conditions of
the solution. The following is valid:

Uy = kysUy Uc = x,Ucy Ic < xilen )

where

kus—the nominal voltage increase factor of the traction overhead line;
k;—the nominal current increase factor of the capacitor;
x,—the nominal voltage increase factor of the capacitor.

2.4. Basic Design of Capacitor Banks

In Equation (9) the ks constant is set by a standard (EN 50, 160 or national standards),
the other two constants are set by the manufacturers of capacitors.
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2.4.1. Calculation Based on the Current Conditions

The calculation is based on the assumptions mentioned above, i.e., only the compen-
sating current and the h-order harmonic current which is to be eliminated pass through the

filter. Then the following is valid:
\/12-’-[} < x;len (10)

By inserting the above-mentioned relations and after formal rearrangements, the
relation for the value of the capacitor minimal power Qcyyyi, is obtained:

Ucen]
aikysUNQen + [ Uey < %7 QENUEN, and[Qen]; > [QeNmin; = % (11)
2 — 2212 ( Uy )
7 mkus ( Tey

The calculation of Qcnyin ensures that the capacitor will not be overloaded with
current. The resulting power of the capacitor then will be higher.

2.4.2. Calculation Based on the Voltage Condition

As in the previous section, it is possible to define the voltage condition for the deter-
mination of the minimal power of the capacitor battery:

V Uie + Uje < rullen (12)

Yielding the equation defining the value of the minimal power of the capacitor:

Uen 1y
h Kz—ahkz (uCN)Z

NB: The index “i” in (11) denotes the power calculated on the basis of the current
condition. Similarly, the index “u” in (13) denotes the power calculated on the basis of the
voltage condition.

[Qenly = [QeNminly = (13)

2.4.3. Determination of the Minimal Installed Power

In order to achieve further simplification, it is possible to introduce auxiliary quantities,
i.e., the apparent power S, caused by the harmonic current across an ideal voltage source,
and coefficients k;, and k;, taking into account the capacitors’ load:

Sy = UnI, (14)
1
ki = . 15)
U, _ 4212
ﬁ K ayks (UCN)
1
kuc = (16)

2
Uy 2 212
huCN K5 — aykis uCN

When applying the introduced coefficients, the following are valid for the minimum
values of power of capacitor:

[Qenl; = kicSy and [Qen] iy = kucSn (17)

The minimal value of the installed power is then acquired as the higher value obtained
from Equation (17).
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2.5. Calculation Taking into Account Non-Filtered Harmonics

The equations derived in the previous sections are derived for an ideal situation, when
only the compensating current of the first harmonic I; and the current of the h-order to
which the filter is tuned pass through the filter. The actual voltage and current are distorted
by a whole spectrum of characteristic and non-characteristic harmonics. This results in an
additional load each capacitor is subjected to, as part of the current of other harmonics I;; to
which the filter is not tuned, passes through the filter. The following section demonstrates
the derivation of the influence of the current non-filtered harmonics on the power load of
the filter.

The filter is tuned to the frequency f = h.f1. Here, the frequency f can be arbitrary. Part
of the harmonic currents of other (non-filtered) orders pass through the filter at the same
time. Now it is possible to rearrange Equation (10), and subsequently Equation (12), that
they meet the new conditions for the determination of the minimal power of the capacitor:

40
B+I2+ Y I2< kilew (18)
n=2
n#h
40
w+ur+ )y, U< xley (19)
n=2
n#h

The third part of the radicand in Equation (18) and Equation (19) corresponds to the
proportion of the higher order harmonics (i.e., the non-filtered harmonics) which influence
the filter load.

Taking into account the load of the capacitors, the coefficients k,c and kjc f from
Equation (15) and Equation (16) can be rearranged as follows:

kic = ; 2 (20)
A
% Kl a’lkg’s(&[gv) (UCN) 24;1 =2 (%gn)z
n#th
kue = _ ! 2 1)
n | - a2ig () - (UCN) = _, —(f‘_'”")z
ntgh "

The subsequent procedure is the same; Equation (17) is used.

2.6. Selection of the Capacitor according to the Required Compensating Power

The relations mentioned above are used for the determination of the minimal power
of a capacitor. The minimal compensating power expressed by means of Equation (8) is
as follows:

m \? Uy
Qkmin = (71> Qcn = ay (kuS > kS (22)
Ucen Ucen

where kj, is the coefficient determined on the basis of the current or voltage condition by
means of the relations of Equations (16) and (17), and Equations (20) and (21).
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2.7. Calculation of Filter Inductance

From the resonance condition and the relation for the capacitor power, it is possible
to derive: )
1 U
L=—5——CN (23)
h?wi Qen
3. Design of Filters for Traction Supply Stations
3.1. Determination of Key Parameters
3.1.1. The Required Compensating Power

The determination of the minimal compensating power of filters is based on the length
of the traction overhead line and the track structure (thus the number of locomotives is
determined together with their maximum power on the track). Based on the requirements
of the track operator, as much as 110 A of inductive current needs to be smoothed out. The
corresponding value of the compensating power required is Qge; = 2970 kVAr.

3.1.2. Requirements for Filtering of Harmonic Currents

Harmonic currents can be determined by a calculation based on the amplitude law
and an assumed load, or by measurements. If measurements cannot be performed, a
method based on experience with similar existing devices is used. For a single-phase load,
the selected filters will be tuned close to the third and fifth harmonics. The filter selected
for the third harmonic will filter the third harmonic current and at the same time, it will
exhibit the highest percentage of compensating power. In contrast, the fifth harmonic filter
will exhibit low compensation, but it will also reduce currents of higher harmonic orders to
some extent.

It is also necessary to install a decompensation reactor in the traction supply station.
With respect to the required compensating power of filters, the selected nominal current
is Ipc = 120 A. This switching reactor is also a source of other harmonic currents, which
need to be added to the harmonics in the traction overhead line. Table 1 shows the values
of the currents measured under a maximum load of the traction overhead line, which need
to be added to the values of harmonics produced by the decompensation element. Other
harmonics exhibit negligible values from the viewpoint of the filter load.

Table 1. Values of harmonic currents measured in the traction overhead line and across the decom-
pensation element.

hl- 3 5 7 9 11 13
I, [A] 07 17.5 142 12.1 114 1.8

3.1.3. Proportional Values of Higher Harmonic Voltages

In addition to the effects of the compensating current and the fifth harmonic current,
the dimensioning of the fifth harmonic filter will also be affected by values of harmonic
currents of higher orders. Table 2 shows values obtained by measurements performed at
a maximum load. The values for the 7th to 13th harmonics are crucial for the design of a
filter, taking into account the effect of the non-filtered harmonics.

Table 2. Proportional values of harmonic voltages (without filters).

hI 3 5 7 9 11 13
w, [%] 424 2.9 3.02 345 408 1.03
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3.2. Simplified Calculation of a Capacitor
3.2.1. Calculation of the Nominal Voltage Ucy of a Capacitor

The nominal output voltage of the traction supply station is Uy = 27,000 V. According
to Equations (3) and (4), the first harmonic voltage across the capacitor is U;c3 = 30,375 V
for the third harmonic filter and U;cs = 28,125 V for the fifth harmonic filter. Taking
into account the voltage and the requirement for the lowest possible number of ca-
pacitors connected in series, the selected value of the nominal voltage of capacitors is
Uen =2 x 20,000 = 40,000 V.

3.2.2. Calculation of the Minimum Power Qcnyyi, of a Capacitor

First, coefficients are determined according to Equations (15) and (16):

kics = 1.594; kic5 = 1.508; kyc3 = 1.635; kyc5 = 0.508;

These values indicate that the third harmonic filter will be designed on the basis of the
voltage condition in Equation (12), and the fifth harmonic filter on the basis of the current
condition in Equation (10).

According to Equation (14), the apparent power of the filter for the selected harmonics
is Sp3 = 1611.9 kVA; S;,5 = 567 kVA. By applying coefficients k.3 and k; 5, the value of the
minimum installed power of a capacitor is Qcnz = 2635.4 kVAr; Qcns = 855 kVAr.

3.3. Calculation of a Capacitor with Respect to Non-Filtered Harmonics

In this section, the calculation described in Section 2.4 is modified, e.g., in respect to
the effects of harmonics to which the filter is not tuned.

Most harmonic currents of the fifth order and higher orders will pass through the
fifth harmonic filter. According to Equations (20) and (21), the design takes into account
a certain share of these harmonics in the load of the filter (actually, the third harmonic
filter will not be loaded with these currents). To make the calculation clear, the value of
the denominator of the fraction in the third part of Equation (20) is calculated first. Then
the values of the whole fraction for the individual harmonics are calculated by applying
Table 2. Table 3 shows the results. With respect to the designed power of the third harmonic
filter, the design now focuses on the filter of the fifth harmonic.

Table 3. Auxiliary table used for the calculation of coefficients k.

nl-] 7 9 1 13
(s -1y 53.16 16.14 82 5.00
8 /(g - 1)’ 0.0501 0.0204 0.0157 0.0005

The values in the second line of the table in fact show the proportional value of the
filtration of the listed harmonics. The values that are taking into account the actual voltage
distortion are listed in the bottom line of the table. By applying results from Table 3, the
values of coefficients k; and k;, are: k.5 = 0.505; k;.5 = 1.557;

Now the capacitor design is based on the current condition (18). By applying
Equations (17) and (20), the calculated value of the minimum installed power of a capac-
itor is Qcns = 883 kVAr.

3.4. Compensating Power of Filters

By means of Equation (22) and the necessary minimal power of the filter capacitor,
the compensating power is determined: Qy; = 1485.8 kVAr; Qis5 = 459 kVAr. The total
compensating power of the traction supply station is Qj = 1485.8 + 459 = 1918 kVAr. This
value is lower than the value required Qy; = 2970 kVAr. As the main portion of the
compensation will be achieved by the third harmonic filter (as required by the investor),
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its compensating power has to be the following: Qi3 = 2970 — 459 = 2511 kVAr. Then, by
means of Equation (20), the following is true:

1/ Uew V2, 1 40 \? B
QCNg—a3<kUsuN) Q"3_1,125 T127 2511 =4048  kVAr (24)

3.5. Compensating Power of Filters

Taking into account Ucy = 40 kV and the minimal Qcy required, the following are
selected according to datasheets:

Filter F3: 8 units connected, Ucy = 20 kV and Qcy = 535.6 kVAr each. Then
QCNS =4284.8 kVAr.

Filter F5: 4 units connected, Ucy = 20 kV and Qcy = 223.7 kVAr each. Then
QCNS =894.8 kVAr.

For further calculations based on the voltages and powers mentioned above, the follow-
ing is true: Cpz = 8.52 puF and Cr5 = 1.78 uE.

The actual compensating power of installed filters will be Qy = 3171 kVAr, which is a
higher value than the required Qjye;-

As the principle of the proposed method is to ensure the maximum exploitation of the
filter power without concerns over overloading the filter with other harmonics, it is in this
case possible to tune the filters to frequencies relatively close to the resonance frequency of
harmonic currents. Filters will therefore be tuned to the frequencies of: f,3 = 147 Hz; f,5 =
247 Hz. Based on the resonance condition, values of filter inductance are then calculated:
LF3 =137.6 mH; Lp5 =233.25mH.

Figure 3 gives an overall view of the traction substation, where the filters were de-
signed according to this new method and installed. The filters themselves are housed with
components in separate cells in a substation.

Figure 3. View of traction substation 25 kV /50 Hz.
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4. Simulation of Effects of Filters in the Traction System
4.1. Description of the Traction System and Its Parameters

Before the installation itself, the effects of filters were verified by simulations. The
methods of modelling and the traction specifics are described in [18]. Article [19] is con-
cerned with resonances occurring in the traction system, which can significantly influence
the results. The following sections will deal with steady-state simulations and measure-
ments. Transient phenomena are the concern of article [20].

Basic parameters of the system:

e  Short-circuit power on high voltage (110 kV) line: Sxs” = 19,702 MVA;
e  The value calculated for the selected voltage level is then 27 kV: Lgg = 2.15 mH;
e  The transformer in the substation: Syt = 12.5 MVA, 110/27 kV, 50 Hz, u; = 12.5%,
Py =80 kW;
e By calculation, the following values are obtained: Ryt = 0.373 [(}], LyT = 22.88 mH.
The values of harmonic currents used in simulations are obtained from the measure-
ments performed and are listed in Table 1. The length of the traction overhead line is
extreme and reaches a length of up to 50 km from the traction substation. The line parame-
ters per one kilometre are: Ry = 0.26 ()/km; Ly = 1.43 mH/km; C, = 20.5 nF/km. The
modelling principles and details are described in [21].
Overview scheme of the overall system presents the Figure 4. For research of a
filtration traction station design, it is necessary to specify the individual parts of the system:

Power supply network;
Overhead line;

Locomotive (train);

Filter compensation unit (FCU).

Itr

traction overhead line

lncu g

train

Utr

ffilter compensation
unit

FCU

Figure 4. Overview scheme for simulations.

4.1.1. Power Supply Network (AC Power Supply)

Power supply network is characterised by inductance, which can be calculated by
knowledge of the short-circuit power (at HV line 110 kV). Supply system 110 kV has
a short-circuit power of Sgs” = 10,000 MVA. The nominal overhead line voltage is con-
sidered 27.5 kV. The appropriate inductance of the overhead line is Lgg = 2.15 mH. The
AC power supply 25 kV is assumed as ideal sinewave source by its first harmonic and
constant amplitude.
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The proportion of any harmonic voltage would be low in comparison to the voltage
resulting from harmonic currents by locomotives. The traction substation transformer
rated parameters are: Syt = 12.2 MVA, 110/27.5 kV, 50 Hz, uy, = 12.5%, P = 80 kW. By the
calculation, there are: Zn1 =7.23 O3, Ryr = 0.373 Q, Ly = 22.88 mH.

The model of the power supply system is shown in the Figure 5.

nearly

AC power supply ideal tr ;ﬁg?r: er
inductance voltage 110127 5KV
source one-phase
—e
Les=2.15 mH Lyr= 22.88 mH Rnr=0.373 Q
Un=27 kV
f=50 Hz

Figure 5. Power supply system model.

4.1.2. Overhead Line

The overhead line modelling is very specific. It is standardly one-way power supply;
compare to distribution network the length is approx. 40 km. There are two ways to
simulate the overhead line: use the distributed parameter theory or m-cells model.

The 7-cells model enables to simulate the locomotive at any point of the overhead
line; therefore, the 7-cells model was selected. It is recommended to use one 7-cell per
each 4 km of the overhead line. We considered the total length of the overhead line up to
40 km; therefore, the model of the overhead line consists of 10 r-cells. Figure 6 shows the
recalculated values of each parts of the model.

traction power line traction power line total of traction power line traction power line
series resistance series inductance series resistance series inductance
Rvk=0.26 Q Lvk = 4.26 mH 10 T — Ce”S Rvk=0.26 Q Lvk =426 mH

T T T T

traction power line traction power line traction powerline traction power line
parallel capacitance parallel capacitance parallel capacitance parallel capacitance
Cvk=205nF Cvk=205nF Cvk=20.5nF Cvk =205 nF

Figure 6. The overhead line simulation model.

4.1.3. Locomotive (Train)

The locomotive (train) is modelled for harmonic detection purposes only as a current
source. This current source contains a first harmonic of 157 A and other characteristic
harmonics measured on the locomotives. The values of these harmonics are given in Table 1.
The overhead line model described in Section 4.1.2 allows the connection of the locomotive
at any point of the traction overhead line during the simulation.

4.1.4. Filter Compensation Unit (FCU)

The basic scheme of the filter is shown in Figure 2. As the filter always filters and com-
pensates by its nature, it is referred to as FCU (filter compensation unit) in Figures 1 and 4.
The simulations were involved filters tuned to / = 3 and 5. The filter unit operates as a
decompensation unit as well.

Calculated values of filter components are described in Section 3.5, including compen-
sation filter power.
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4.2. Results of the Simulation

The voltage is monitored in the place of the connection to the traction overhead line
and for all cases, it is denoted as U, The monitored currents are depicted in Figure 1, i.e.,
the current passing through the traction overhead line I}, the current drawn from the AC
power supply system I,c and the current passing through the filters I,

Figure 7 shows the waveforms of currents and voltages without the filters installed.
Figure 8 depicts the waveforms with the filters installed. The waveforms indicate an active,
reactive and distortion power, thus subjecting the traction system to an extreme load. What
is apparent in the case of the filter application is both the system overcompensation and
the significant reduction in the distortion of voltages and currents caused by higher-order
harmonics. Figure 9 shows the values of the individual voltage harmonics and the total
harmonic distortion (THD) factor for the traction overhead line. The values for the current
drawn from the AC power supply network are depicted in Figure 10. Exact values and their
comparison with the values obtained by measurements can be found in tables in Section 6.

Voltage and current without filters - simulation
50 250

40 200

Yy Py

_ <

z [lo 8

5034 bbs /0.!36 by tme /0 88
-20 / I / -100
o \ N (A
-40 -200
-50 -250

—Traction overhead line voltage - Utr ~ —AC power supply current - lac

Figure 7. Voltage and current waveforms of the system without filter—simulation.

Voltage and current with filters - simulation
50 300

40

/RN I\
n T\ I a0

g, \\ [\ /[, E
5_100.36 \\(.97 //0498 \\we tim//l.oo k]

—Traction overhead line voltage - Utr  —AC power supply current - lac

Figure 8. The voltage and current waveforms of the system in operation with connected
filters—simulation.
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Voltage harmonics - simulation
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Figure 9. Filters influence on harmonic voltages of the substation system—simulation.

AC-power supply current harmonics - simulation
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Figure 10. Filters Influence on harmonic currents of the substation system—simulation.

5. The Harmonic Measurement of the Railway Substation

In order to verify the efficiency of filters at extreme load and at the same time their
current stresses, a series of measurements were selected for load current harmonics of about
150 A. At a phase shift of 26 degrees, this corresponds to the active power P = 3.6 MW and
reactive power Q = 1.77 MVAr. By using the filters, the total harmonic distortion (THD)
of voltage is reduced from 7.63% to 4.45% and the I, current from 33.6% to 12.65%. The
measured voltages without the filters are shown in Figure 11 and with the attached filter in

Figure 12. Figure 13 then presents the measurement equipment.
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Figure 11. Voltage and current waveforms of the system without filter—measurement.
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Figure 13. View of the measuring stand at the traction substation.
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6. Evaluation of Filtration Efficiency

The effect of the filter on the current waveform is shown in the waveform in Figure 14.
There is a significant reduction in the third and the fifth harmonic current. The fifth
harmonic filter has also an effect on the reduction currents of other harmonics. In Table 4
the percent harmonic voltages in the system are listed without filter (index NF) and with
filter (index WEF). At the same time, the values of permitted distortion according to the
standard [22] are shown here. Monitoring of harmonics of order & = 21 or higher has
no practical significance. The filtration effect of the filters is evident from the tables.
Measurements and simulations show excellent filtration efficiency at the third and fifth
harmonic, and the influence of the fifth harmonic filter to reduce the values for the seventh,
ninth and the eleventh harmonic components.

Current with filters - measurement

i
AN ANy
A VSR (74

-300

Itr [A]

V

—Traction overhead line current - Itr ~ —AC power supply current -lac

Figure 14. Comparison of taken current under load without filters and with filters.

Table 4. Percent values of harmonic voltages by measurement and simulation and limits by standard IEC.

Percentages. Measurement Simulation IEC Standard
harmonics order Utrnf Utrwf Utrnf Utrwf Uh
2 0.03 0.03 0.00 0.03 2
3 4.24 0.42 3.42 0.45 5
4 0.05 0.08 0.00 0.05 1
5 2.99 0.66 2.62 0.67 6
6 0.11 0.08 0.01 0.04 0.5
7 3.02 2.00 2.85 1.95 5
8 0.11 0.11 0.01 0.02 0.5
9 3.45 2.34 3.40 2.40 1.5
10 0.14 0.16 0.01 0.01 0.5
11 4.08 2.79 4.28 2.98 3.5
12 0.11 0.16 0.01 0.01 0.46
13 1.03 0.68 1.05 0.68 3
14 0.14 0.13 0.03 0.00 0.43
15 0.27 0.29 0.75 0.00 0.4
16 0.14 0.12 0.08 0.02 0.41
17 0.24 0.24 0.60 0.02 2
18 0.11 0.09 0.02 0.02 0.39
19 0.22 0.20 0.07 0.01 1.76
20 0.11 0.11 0.06 0.01 0.37
THD 7.63% 4.45% 7.64% 4.42% 8%

note: nf = filter off, wf = filter on.
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References

7. Conclusions

The paper described a new methodology for optimum filter design for harmonic
low-order filtering of traction substations and reactive power compensation. A specific
feature of the traction system is the single-phase system, which is the cause of the 3rd
harmonic current. Another typical feature is the operation of older types of locomotives
(diode or thyristor), which are a source of high harmonics and reactive power consumption.

The main goal of the paper was to propose a novel method for the design of a traction
filtration unit. The mentioned method performed the design of the filter of the whole
spectrum of harmonic loading filter and prevented unnecessary oversizing of the design of
the filter, which, of course, had a major impact on minimizing the filter capacitor power
and thus on the size and price of the capacitor. The methodology is designed in such a way
that we accept the proportional part of harmonic currents of higher orders, which will flow
through the filter and thus can overload the filter. Using filters greatly reduced the harmonic
currents that were taken from the traction substation and reduced the voltage distortion.

The described method was applied for the design of filters for a 27 kV traction substa-
tion. The methodology was verified by simulations and measurements.

The results show that the harmonic currents taken from the supply system (see Table 1)
and the voltage (see Table 2) are high without the use of filters. With the use of filters,
these harmonics decrease. As can be seen from Figure 11, the current of the 3rd and 5th
harmonics is significantly reduced. The total THDI current distortion coefficient is reduced
from 33% to 12% using a filter.

It is shown that the filter of the 5th harmonic has a filter effect even at higher fre-
quencies. The decrease in voltage distortion is evident up to the 11th harmonic. For this
frequency the value allowed by the standard was exceeded when measuring without a
filter (allowed 3.5%, measured 4.08%, see Table 4). Using a 5th harmonic filter, the 11th
harmonic voltage is reduced to 2.79%.

The Table 4 shows the evident filtering effect of the 5th harmonic filter.

By comparing with other design methods, it is evident that the filters according to the
proposed methodology show the highest filtration effect.

The proposed methodology was tested on the traction substation 25 kV/50 Hz, where
dynamic states with a high proportion of harmonics occur. In the same way it can be used
for design of common (three-phase) filter compensation stations.
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Abstract: Harmonic overvoltage in electric railway traction networks can pose a serious threat to
the safe and stable operation of the traction power supply system (TPSS). Existing studies aim at
improving the control damping of grid-connected converters, neglecting the impedance frequency
characteristics (IFCs) of the actual TPSS. The applicable frequency range of these studies is relatively
low, usually no more than half of the switching frequency, and there is a large gap with the actual
traction network harmonic overvoltage frequency range of 750 Hz-3750 Hz. In this paper, first,
the IFCs of the actual TPSS in the wide frequency range of 150 Hz-5000 Hz are obtained through
field tests, and the resonant frequency distribution characteristics of TPSS are analyzed. After that,
the aliasing effect of the sampling process and the sideband effect of the modulation process of the
digital control of the grid-connected converter are considered. Based on the relative relationships
among the inherent resonant frequency of the TPSS, sampling frequency and switching frequency,
an impedance matching analysis method is proposed for the wide frequency range of the vehicle-grid
coupling system. By this method, the sampling frequency and switching frequency can be decoupled,
and the harmonic overvoltage of traction network in the frequency range of two times switching
frequency and above can be directly estimated. Finally, the method proposed in this paper is validated
by the comparative simulation analysis of seven different cases.

Keywords: electric railway; harmonic resonance; harmonic overvoltage; stability analysis; resonant
frequency; traction power supply system

1. Introduction

Since alternating current-direct current-alternating current (AC-DC-AC) Electric Multiple Units
(EMUs) and electric locomotives have been adopted widely in China, the traction power supply
system (TPSS) and electric locomotives” electrical matching instability caused by high-order harmonic
overvoltage traction network problems occur from time to time. Harmonic overvoltage of traction
networks can cause the substation feeder to trip. In severe cases, it will cause damage to the high-voltage
equipment of the catenary, the on-board high-voltage equipment, and the electrical equipment in the
substation. In addition, it can even result in the disruption of the locomotive operation [1]. A widely
applied method is that the harmonic overvoltage problem of traction networks is mostly regarded as
a harmonic instability problem of the vehicle—grid coupling control system. The method utilizes Re
{Zin(jw)} > 0 as stability criterion, where Re {Zin(jw)} > 0 denotes the real part of input impedance
of grid-connected converters port. When Zin(jw) does not satisfy the condition that the real part
is greater than 0 at a certain frequency, the risk of harmonic instability is considered to exist [2-6].
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The European Norm EN 50388, which is enforced by railway administrations in several countries,
requires all new elements added to the system checked for compatibility [7]. The standard also
specifies that harmonic overvoltage is classified into three main categories: overvoltage caused by
system instability, harmonics and other phenomena. However, the standard only requires that in a
25,000 V, 50 Hz network, the peak voltage is always below 50,000 V, which is a lax standard with
regard to harmonics. There are two deficiencies in the method that the harmonic overvoltage problem
is completely regarded as an equivalent control stability analysis of the grid-connected converter,
which makes it difficult to solve practical cases.

The impedance frequency characteristics (IFCs) of the TPSS are deliberately simplified. In the
existing literatures, input impedance of traction network is usually represented by a parallel LC circuit.
This simple circuit can introduce a parallel resonance. However, the IFCs of the actual TPSS may exhibit
multiple parallel resonances, and the resonant frequency is affected by power supply mode, the length
of railway, location of the locomotive and other factors. This implies a wide range of resonance
frequencies. The discrepancy between the simplified circuit model in a laboratory setting and actual
system requires more detailed consideration when analyzing real problems with existing methods.
Researchers reckoned that their proposed method may become invalid if there are two resonances on a
TPSS with an approximately symmetrical distribution of Nyquist frequency [8]. The current research
on this issue is still insufficient, mainly because of the lack of field test data and effective techniques
that can test the IFCs of a 25 kV electric railway over a wide frequency range.

The applicable frequency range of the existing research is lower than the switching frequency.
Although the influence of complex factors, such as time delay and LCL filters, is taken into consideration,
most of the current research has focused on the relatively low frequency range, that is, below the
Nyquist sampling frequency or half of the switching frequency. These studies do not apply to real
on-board grid-connected converters switching frequency of only a few hundred hertz, while harmonic
overvoltage frequency can reach thousands of hertz (several times the switching frequency). Though the
published papers [8-10] attempt to broaden the frequency range applicable to the study by considering
the aliasing effect of the converter-controlled sampling processes, these studies are mostly limited by
the premise assumptions fsam = fsw O fsam = 2 fsw. The pulse-width modulation (PWM) element can
be simplified into a proportional element. However, in practice, due to the multiplexed or modular
cascade structure of the grid-connected converter, the multiplicative relationship between fi;; and f
can be 0.5-fold, 1-fold, 2-fold, 4-fold or even any frequency multiplicity [11]. Therefore, the current
study is limited in terms of its applicable frequency range.

In the simulation or experiment of previous studies, the switching frequency of the converter or
the sampling frequency of the controller is much higher than the resonant frequency of the impedance
network. In most studies, the resonant frequency of the impedance network is less than half of the
sampling frequency and switching frequency (see Table 1). That is, the sampling frequency and
switching frequency are much larger than the Nyquist frequency. In addition, in almost all previous
studies, the ratio of the switching frequency of the converter to the sampling frequency of the controller
is fixed at 2:1, 1:1 or 1:2 and there is a lack of research on other ratios. Furthermore, the switching
frequency of the converter often ranges from 2 kHz to higher than 10 kHz in previous studies, while in
actual railway systems, the switching frequency of the train converter is usually in the range of
250-1250 Hz. There is a large difference between the two frequency ranges. In our earlier research,
the resonance frequency of TPSS under different operation conditions is distributed in a wide frequency
range of hundreds to more than 3000 Hz.

Allin all, it can be deduced that, in reality, the resonant frequency of the traction network may be:
1. above the sampling frequency of the train converter; 2. below the sampling frequency and within
the range of Nyquist frequency (0—half of the sampling frequency); 3. below the sampling frequency
but between the Nyquist frequency and the sampling frequency.
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Table 1. Comparison among different frequencies.

References fsw/kHz fsam/kHz fresonant/kHz Comments
[1] 10 10 lor2 fresonant < 0.5 fsw = 0.5 fsam
[2] 15 15 3.08,2.03 fresonant < 0.5 fsw = 0.5 fsam
[3] 20 10 14 fresonant < 0.5 fsam < 0.5 fw
5 1o osartas e e,
[9] 4 4 0.476 fresonant < 0.5 fsw = 0.5 fsam
[11] 10 10 1.6 fresonant < 0.5 fsw = 0.5 fsam
[12] 20 20 5 Fresonant < 0.5 few = 0.5 feam
[13,14] 6 12 2.7 fresonant < 0.5 fsw = 0.25 fsam
[15] 15 10 44 fresonant < 0.5 fsw < fsam
[16] 10 10 0.4 fresonant < 0.5 fsw = 0.5 fsam
[17] 10 10 1 fresonant < 0.5 fsw = 0.5 fsam

Our work is more effective than previous research. This paper investigates the mechanism of
resonant overvoltage in a wider frequency range, that is, all of the above three cases. In addition,
this paper also considers more combinations of the ratio of the sampling frequency (fsan) to the
switching frequency (fs), which can be categorized into four situations: (a.) 2 foum < fow; (b.) fsw <
Soam < 2 fsw; (€) 2 fsw < foam < 4 fow; (d.) 4 fsw < foam. Taking the above mentioned three cases and four
situations into account, this paper provides a wider vision to the TPSS resonant overvoltage problem.

To address the above research deficiencies, this paper mainly focuses on harmonic overvoltage of
the traction network with a wide frequency range. First of all, this paper presents the results of the
impedance frequency characteristics test and analyzes the inherent resonant frequency distribution
characteristics of the traction network. Moreover, the aliasing effect of the converter control processes
and the PWM sideband effect are taken into consideration in this paper. The relative magnitude
relationship of the traction network impedance resonant frequency, sampling frequency and PWM
switching frequency is considered. The obtained model is suitable for any multiple relationship
between fsy and fsqn, and can suppress harmonic overvoltage of the traction network by changing f,
and fsm. This paper presents the link between the steady-state waveform of traction network harmonic
overvoltage and the control stability of the vehicle-grid coupling system, and proposes a formula for
the harmonic overvoltage of the traction network, which makes a comprehensive description of the
harmonic overvoltage of the traction network of the network coupling system.

SuP|th(jw)| = ”ZhVHhVIhV”oo (])
@
< NZnylloo IHnylleo [y lleo

where V}, represents the harmonic overvoltage, Zj,, is the impedance matrix of vehicle-grid coupling
system, Hy,, is the control coupling coefficient matrix, I, is the harmonic source matrix. Equation (1)
has the form and dimension of Ohm’s law, which can take all the variables and parameters of the
vehicle-grid coupling system into account. Equation (1) will be elaborated on below.

2. Vehicle-Grid Coupling System

Vehicle-Grid Coupling System Model

In Figure 1, it is shown that the electrified railway vehicle-grid coupling system is mainly
composed of TPSS and on-board converter.
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Figure 1. Model of the vehicle-grid coupling system. (a) Actual railways; (b) the converter model.

The TPSS is made up of multiple subsystems: substation (SS), auto-transformer post (ATP),
section post (SP), rail, over contact line (OLC), positive feeder (PF), and multi-conductor transmission
line traction network with complex structure and parameters. The model of the on-board converter
is shown in Figure 1b. The design of the converter digital control system on control logic includes
digital signal processor (DSP) and field-programmable gate array (FPGA). The control algorithm is
implemented on DSP. FPGA is used to execute modulation algorithms. The actual power supply
operation mode is AT/double traction/parallel lines/overhead contact line-classic-hanging. The railroad
section researched was not covered by a tunnel.

The Root Mean Square (RMS) and instantaneous value waveforms of voltage, before and after
the tripping of the T-bus of a traction substation, are depicted in Figure 2. The measuring data of the
traction substation are from one case of [1]. The general procedure for evaluating harmonic overvoltage
based on measured waveforms is: Fourier analysis is performed on the measured instantaneous
waveforms to obtain the magnitude and frequency of each order harmonics of traction network voltage,
and then the frequency of the harmonic component with the largest amplitude is taken as the traction
network voltage resonant frequency [1,12,13]. According to this procedure, the resonant frequency of
the traction network voltage shown in Figure 2 is 950 Hz. In order to distinguish the terms’ resonant
frequency in the control system from the inherent resonant frequency of the TPSS, this paper refers to
the frequency of the harmonic component with the largest amplitude in the traction network voltage
as the traction network resonant overvoltage frequency fi,.
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Figure 2. Harmonic overvoltage waveforms of the traction network in actual railways.
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3. IFCs of TPSSs

The authors’ previous research has proposed a harmonic impedance testing method based on a
harmonic generator (HG) constructed with cascaded H-bridge converters, which can directly measure
the input harmonic impedance of the 25 kV electric railway traction network port in the range of 5000 Hz.
The test method and implementation process have been presented in detail in the literature [14,15].
Operation of the telecontrol switches 1-28 in Figure 1a to switch the different power supply modes,
during the test, is shown in Table 2. Here, we inject the harmonic current with a harmonic source
and obtain harmonic impedance by the method of harmonic voltage and current test [1]. Eventually,

the IFCs of the TPSSs are obtained at SP1 under different operating modes. The test results are depicted
in Figure 3.

Table 2. Switch operation table during the impedance frequency characteristic (IFC) tests.

No. Switch Connected Switch Disconnected Power Supply Operation Mode

1 1-12 13-28 Autotransformer (AT)/Double
track/Non-over-zone

2 1~24 25~28 AT/Double track/Over-zone

3 1~5,79,11 6,8,10,12~28 AT/Single track/Non-over-zone

1~5,79,11,13, 6,8,10,12,15, .

4 14,17,19,21,23 16,18,20,22,24~28 AT/Single track/Over-zone

5 1~4 5~28 Direct supply/Double track/Non-over-zone
Direct supply/Double

6 24 1,35~28 track/Non-over-zone/Without PF

7 4 1~3,5~28 Direct supply/Single

track/Non-over-zone/Without PF

7000 {1775,6757) (2450, 6610)
[ | —— AT/Double track/Non-over-zone
o 60001 ouble track/Over-zone
b I | ingle track/Non-over-zone
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0 e r - r
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Figure 3. Impedance frequency characteristics of the actual railway by field tests.

The test results shown in Figure 3 indicate that the inherent resonant frequency of the TPSS
itself is affected by factors such as length of the traction network (over-zone vs. non-over-zone test),
auto-transformer (AT vs. direct supply test), line type (single track vs. double track railway test),
and the structure of the traction network (with or without a PF comparison test), which are subject to
complex variations. In addition, the existence of more than two resonances for the over-zone feeding
with a long power supply section provides measured data and supporting evidence for the potential
problems identified in [8]. The above results indicate that the complex IFCs of the actual traction
network and its own inherent resonance bring great challenges to the analysis of the vehicle-grid
coupling system and the control design and parameter setting of the grid-connected converter.
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4. Control Modeling of Converters

4.1. Sampling Process and Aliasing Effect

Consider the sampling process of voltage Vg, and current i, as shown in the Figure 4. When the
original signal frequency X(jw) is less than the Nyquist sampling frequency, the sampling output R(jw)
will be attached to generate a high-frequency interference signal. If the frequency distance between the
signals is large, the low-pass filter can be used to recover the original signal from the sampled signal,
that is V(jw). If the frequency of X(jw) is greater than or equal to the Nyquist sampling frequency,
the original signal will additionally generate a low-frequency sampling signal. Low-pass filter will
not be used to recover the original signal from the sampled signal. In Figure 4, it leads to the effect of
spectrum aliasing.

X(jo) X(jo)
0 O 050 Oan © 0 O 0350, Oam @
R(jw) R(jo)

[ Oam=®o ‘ Y -
!?Um) 0.50 On @ T 0.5 Oam @
0 9 05 Ogam 0 0 050 g ©

Figure 4. Diagram of the aliasing effect.

Considering the effect of the aliasing effect, there are multiple frequency signals in the sampling
element at the same time, and signals of various frequencies couple each other. The sampling element
can be equivalent to a multi-input multi-output system. The relationship of the input and output
system can be described as Equation (2) by matrix. Assuming that the input signal is composed of n
frequency components, the output signal will also be composed of n components.

r(a)x) ai ap a3 aia e x(a)x)
1(@sam — @x) a1 axn a3 ax - X(@sam — @x)
r(wsam + wx) = a3 az a33 a3y - X(Wsam + @) (2)
r(2wsam — wx) ay agp a3 ayq e X(2wsam — wx)

The elements on the main diagonal in (2) are the self-coupling conductivity coefficients,
which characterize the input-output relationship of the same frequency signal. The elements on the
non-diagonal are the mutual coupling conductivity coefficients, which characterize the input-output
relationship of signals of different frequencies.

As shown in Figure 5, in order to obtain the coefficients of A = (ajj)nxn by the superposition
theorem, let the input signal have only one non-zero element at a time, implying:

ay = f—;lxi =0, Vizl 3)

where x(w)) = 6(w — wy). Take the solution of the conduction coefficients of the first component as
an example. As shown in Figure 5, at first, set the amplitude of frequency w¢ of the input signal as
1, and the other components are 0, that is, (w — wg). According to the signal equation x,(t) affected
after the impulse train and the transfer function of the zero-order holder (ZOH), the amplitude and
phase angle curves of each component of the output signal r(t) can be depicted in Figure 5 | r(w)
| and Z r(w), respectively. According to the component represented by the red curves in Figure 5,

192



Energies 2020, 13, 6672

the self-coupling conductivity coefficient all, as well as the mutual coupling conductivity coefficients
al2, al3, etc., can be obtained. Therefore, the first column element of the conduction matrix in (2) can
be obtained.

& (ml) 8((0-(0;) 5[w'((")xam-mx)]

Figure 5. Derivation of the sampling transfer function at multiple frequencies.
Repeat the above steps until all the elements of the entire matrix are found. It can be written as (4):

G(wx) Glwy)el™ G(wy)
G((Usam - (Ux)ejn G(ﬂ)sam - (Ux) G(wsum - wx)e]n

A(wy) = .
( X) G((Usam + (Ux) G(wsam + wx)em G(wsam + CUX)

©

where G(w) is defined as the transfer function of ZOH.
4.2. Modulation Process and Aliasing Effect

4.2.1. Natural Sampling PWM (NSPWM)

According to the analytical expression [16,18] for the output voltage of a single H-bridge converter
NSPWM, the frequency spectrum of the bridge port output voltage varies as the frequency of the
modulation waveform gradually increases, and its trajectory is depicted in Figure 6, where the y-axis
represents the frequency of the modulation waveform signal and the x-axis represents the frequency
spectrum of uc(t). Taking Figure 6 as an example, make tangent 1 parallel to the x—axis at y = 2250 Hz.
The tangent plane and trajectory intersect at two points. The value of the x-axis corresponding to the
intersection point represents the frequency of the main component of the output voltage. As shown in
Figure 6, the pair of natural numbers (m k) indicates the kth harmonic component of the mth group of
sideband harmonics. The baseband trace in Figure 6 represents the component change of the uc(t) at
the same frequency as the modulation waveform and is the most dominant component of the PWM
modulation process.

Through the analysis in Figure 6, it can be found that the NSPWM input and output segments are
also similar to the sampling process with the aliasing effect. If the frequency of the input modulation
wave signal is less than the switching frequency, the output signal will additionally generate a
high-frequency interference signal, then the input modulation wave signal can be recovered with
a low-pass filter. On the contrary, if the frequency of the input modulation wave signal is greater
than the switching frequency, the output signal will additionally produce low-frequency interference.
The frequency of the uppermost low-frequency interference component is wg — w,, and the input
modulation wave signal cannot be fully recovered by the low-pass filter, as shown in Figure 7. The above
NSPWM process can be intuitively understood from the perspective of signal transmission, compared
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with the switching frequency, the low-frequency original signal will produce additional high-frequency
interference, and the high-frequency original signal will produce additional low-frequency interference.
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Figure 6. Locus of the spectral distribution (fs = 2000 Hz, d; = 0.25).
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Figure 7. Diagram of the natural sampling pulse-width modulation (NSPWM) sideband effect.

According to the above analysis, the relationship between the input and output signal of the
NSPWM segment can be approximated by (5). 9%, represents the relationship between the kth harmonic
component of the mth group of sideband harmonics in the output voltage spectrum and the modulation
waveform signal. In order to simplify the analysis, only the main Oth and 1st sideband harmonics are
considered in Equation (5).

u(w;) 1 8(1) 8? % e r(w;z)
u(2ws — w;) 8(1) 1 9 3(1) e r(2ws — wz)
u(2ws + wz) = 8% 82 1 z9g s r(2ws + w;) (5)
u(dws — w;) 82 8% 82 1 e r(dws — wz)

4.2.2. Regular Sampling PWM (RSPWM)

In the method of NSPWM, sinusoidal modulation wave and triangular carrier are compared in
real time. Their intersection points are defined by the transcendental equation, which is complicated to
solve. In order to facilitate the application in digital control system, the modulation wave is usually
sampled and kept constant for a certain period of time; this modulation method is called RSPWM,
which can be equated with a sampling segment in series with NSPWM segment. As shown in Figure 8,
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a simulation is built in the software PSCAD to test the RSPWM input/output signal description function,
set fsam = fsw = 2000 Hz, and the cutoff frequency is 5500 Hz.

Impulse-train 1.
[,(t) Jsw
d,cos(o,t)
W, zon [
U(jo
Hyjo)= (J_ ) ﬂPulses
Uu(jo)
N 2 H-bridge ——
FFT  f—u,(t) I pu.
1 converter —

Figure 8. Test about the signal input-output relation of regular sampling (RSPWM).

Figure 9 shows the results of the test. Spikes within the switching frequency range are due to
the aliasing effect of the sampling process. Above the switching frequency range, the aliasing effect
and the sideband effect are combined. Figure 9 also shows that the existing research mostly treats the
modulation segment as a ZOH segment [9,17], which only performs well in the low-frequency range.
However, there are large errors in the high-frequency range.

10 4 aliasing effect + sideband effect

aliasing effect —
([ S SO
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o
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Figure 9. Amplitude cure of RSPWM in a wide frequency.

5. Harmonic Overvoltage Analysis of Traction Network in a Wide Frequency Range

5.1. Relative Relationship among TPSS Subsection Inherent Resonant Frequency, Sampling Frequency and
Switching Frequency

The relative relationship among the inherent resonant frequency (IRF), sampling frequency and
switching frequency of the TPSS is shown in Figure 10. As presented in the existing research [11],
the switching frequency and sampling frequency can take different ratios. Moreover, inherent
resonant frequency of the actual TPSSs is distributed over a wide frequency range, there are different
ways of combining the relative value of the three frequency types. According to the analysis in
Sections 4.1 and 4.2, the low-pass filter can be used to recover the original signal at half of fsa;m and
fsw. Therefore, when the IRF of the TPSSs exists in the range of 0.5 fsam N fsy, the low-frequency
single-component model can be used for analysis. When IRF2 ¢ (0.5 fsam, fsw), the aliasing effect of
sampling should be considered. When IRF3 ¢ (fsy,0), the aliasing effect of sampling and sideband
effect should be considered simultaneously. By decomposing the relative relationship of IRF, fsam and
fsw, the frequency range of harmonic overvoltage in the traction network can be greatly expanded
for research.
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Figure 10. Relative relations among the IRF, sampling frequency, and switching frequency.

Figure 11 shows a block diagram of a wide frequency range control system considering sampling
aliasing effects and modulation sideband effects, where Hy (s) represents the capacitor voltage controller,
Hci(s) represents the current loop controller, Hsam(s) represents the transfer function of the sampling
segment, Hy, (s) represents the transfer function of the network voltage feed-forward shown in (4),
Gq(s) represents the total delay of the system, Hpwm(s) represents the transfer function of the NSPWM
segment shown in (5), Hp,i(s) represents correcting the transfer function of the current sampling sensor.
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Figure 11. Control block diagram of the vehicle—grid coupling system at wide frequencies.
5.2. Low-Frequency Range Analysis

In the range of low frequency, the system closed-loop transfer function matrix H¢(s) shown in
Figure 11 can be described as:

Gref Yy Yy
I T+Z. Y T+Z.Y, T+Z.Yy, I
ref
\% _ —=ZeGyef 1 —ZeYy, v (6)
L T+Z.Y, RV T+Z:Y, e
% V
< ~(ZeAZe)Grep  1-YoZe  —(ZetZe)Yy h
[EVAR THZY, ~— 1+ZY,
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where Y is the input admittance of the converter port, G, is the current control equivalent gain, Y}, is
the equivalent admittance of voltage fluctuation. According to (6), these three parameters can be
measured by small signal frequency scanning for amplitude frequency and phase frequency curves.

I= Yng + Greflref + Y,V )

Yy, Gref, Y, can be described as:

v, — 1-HagHs
8 7 Zc+HaigHiHsi
HdigHu
G”f " Zc+HaigHiHsi ®)
Y, —Haig

= ZeFHgigHoHy

The traction network voltage Vi, of the vehicle-grid coupling system can be obtained by (6),
which can be described as (9):

T
—Ze Hcll 0 0 Iref

Ve =| Z 0 Hago O Ve )
—Ze 0 0 Has Vh
= ZnyHyyIny

where H.1, Heip, Heis are the elements in the corresponding position in Hc(s). The harmonic
overvoltage of the traction network can be described as (1).

In (1), it is illustrated that the value of harmonic voltage is closely related to the harmonic
impedance matrix Zy,, harmonic gain matrix Hy,, and harmonic noise Ij,: (1) When ||Hy, || gets
the maximum value at a certain frequency, it means (represents) that this frequency is the resonant
frequency of Hy,. In this case, the control of vehicle-grid coupling system will be unstable. With the
excitation of limited harmonics, a harmonic overvoltage of the traction network can be generated.
(2) When ||Z},,|| gets the maximum value at a certain frequency, it means that this frequency is the
inherent resonant frequency of the TPSSs. Due to the extremely large input impedance amplitude of
the TPSS port, even if the grid-connected converter satisfies Re{Y(jw)} > 0, the problem of traction
network harmonic overvoltage may have occurred under the excitation of limited harmonics. In this
case, the grid-connected converter can be treated as a harmonic current source. (3) ||Iy|| stands for
harmonic excitation. The larger its value, the more serious the harmonic overvoltage accident of the
traction network will occur. Theoretically, after reducing I, to 0 with effective measures, harmonic
overvoltage of the traction network will not occur, even if || Zy,, Hy,y || is large.

5.3. High-Frequency Range Analysis

In the range of high-frequency, each signal in Figure 11 no longer has single frequency, but becomes
matrix or vector multi-frequency form. In order to simplify the analysis, the sampling process in Hgy(s)
and Hg;(s) is not considered for the time being. The signals of each node can be described as (10):

(@) = [i(0) i(ws — @) i(ws + @) IF

iref(w) = [iref(w) iref(a’s - a)) iref(a’s + w) .. '}T

Te(@) = [ve(@) ve(ws — @) ve(ws + @) .. (10)
vg(w) = [vg(w) vg(ws — w) vg(ws + w) LT

ih(w) = [vn (@) vp(ws — @) vy (ws + @) ...]T

0e(@) = [ve(@) ve(ws — @) v (ws + @) ...
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The high-frequency form of (8) can be described as:

Yg = (Ze + HaigHaHs) ™ (I~ HaigH)
Gret = (Zc + HdichiHsi)_ f'Idichi 11)
Yh= —(Zc+ HdichiHsi)_ Hdig

where:
Z. = diag(Ze(w) Ze(ws — w) Ze(ws — w) Ze(2ws — ) ...)
Ze = diag(Ze(w) Ze(ws — @) Ze(ws + ) Ze(2ws — ) ...

Zee =2+ Z
Yo =2z (12)
Yo =271
Yee = Zc_e1
The high-frequency form of (6) can be described as:
(I+ YgZe) ' Gret I+ YgZe) 'Y, (I+YgZe) ™'Yy
He=| -Zo(I+YgZe) ' Gret Yy I+ YeZe) 'Y, ~Zo(I+ YyZe) 'Yy, (13)

Zec(I+YeZe) " Grot (I=Z) Y I+ YeZe) Yy ~Zec(I+ YgZe) 'Y

The high-frequency solution of (1) can be obtained by bringing (10)—(13) into (9). So far, the harmonic
overvoltage analysis of the wide frequency range traction network is integrated by (1).

6. Discussions

Build the simulation model in PSCAD as shown in Figure 1b. The key parameters used in the model
are given in Table 3. There are two inherent parallel resonance points (21st- and 36th-order harmonic
resonance) in TPSS. The current controller only uses the proportional controller K. Analogous to
Figure 10, it is necessary to consider the case where the switching frequency and sampling frequency
take different ratios. In case 7, only the ninth-order harmonic current is applied as a reference to
simulate the low-order harmonic interference of the voltage outer loop output in Figure 11.

Table 3. List of simulating cases.

Case Kg fsam/Hz  fs/Hz Low-Order Harmonic fsamfs Stability =~ Overvoltage
1 40 1500 6000 N 1:4 N Y
2 5 1500 3000 N 1:2 Y N
3 40 1500 1500 N 1:1 N Y
4 5 1500 1500 N 11 Y N
5 40 1500 750 N 2:1 N Y
6 40 3000 1500 N 2:1 Y N
7 40 3000 750 9th 4:1 Y Y

Simulation results are shown in the last two columns of Table 3. It can be observed that when
there is no passive filter on the traction network side, the control of cases 1, 3 and 5 is unstable and the
harmonic overvoltage of the traction network occurs at the same time. However, the control of cases 2,
4 and 6 is stable, and no harmonic overvoltage of the traction network occurs. In particular, the system
of case 7 is stable, but still produces harmonic overvoltage. When the passive filter on the traction
network side is put into operation, all cases have no stability and no harmonic overvoltage problems.

The impedance—frequency curves of Cases 1-4 are depicted in Figure 12. Assuming that fs, >
fsam in these four cases, the first inherent resonant frequency frl of the TPSSs satisfies 0.5 fsam < fr1
< fsam, the second one f, satisfies fsam < fr1. These frequencies are outside the frequency range of
most existing studies. The simulation results of Figure 12 and Table 3 illustrate that (Case 1 vs. 3,
Case 2 vs. 4) increasing the switching frequency has no effect on the input impedance of the converter
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in the low frequency range, however, this can improve the input impedance characteristics in the high
frequency range. The vehicle-grid coupling system will be unstable when the input impedance of the
TPSSs port and the input impedance of the grid-connected converter meet the conditions shown in (14).

0 750 1500 2250 3000

1000

T

7g4

Impedance/Q
)
(=]

with PF

S

0 750 1500 2250 3000
Frequency/Hz

Figure 12. Impedance—frequency curves of Cases 1-4.

After the passive filter is put into use in the traction network, the amplitude of Z, is reduced sharply,
the phase change becomes flat at the same time, and the amplitude and phase conditions required for
instability in (14) are destroyed, thus suppressing the harmonic overvoltage of the traction network.

|Zel = |Zg| (14)
agr(Ze) —agr(Zg) +180° <0

The simulation result of Case 4 is shown in Figure 13. Before 0.22 s, K = 5. In this case,
the condition of (14) is not satisfied, and there is no overvoltage in the traction network. K, is increased
to 40 at 0.22 s. According to the vehicle-grid impedance frequency characteristics shown in Figure 12,
the condition of (14) is satisfied. Control instability occurs in the system, and the harmonic voltage of the
traction network is continuously amplified as a divergent waveform. After 0.44 s, when the harmonic
voltage of the traction network is amplified to a certain degree, it will not continue to be amplified,
showing a steady-state waveform. The reason is that the amplitude limiting nonlinear segment of
the control loop reduces the equivalent open-loop gain and forms a nonlinear self-excited oscillation
process. In actual cases, nonlinear factors are more complicated. When the passive filter on the traction
network side is put into operation after 0.6 s, the harmonic overvoltage disappears instantaneously.

The impedance-frequency curves of Cases 5-7 are depicted in Figure 14 and the simulation result
of Case 7 is shown in Figure 15. After applying the 9th-order harmonic disturbance of the current loop
at 0.4 s, where analog is the output interference of the outer voltage loop. The high-order harmonic
overvoltage appears in the voltage of the traction network, and the frequency of it is the same as the
traction network inherent resonant frequency 1050 Hz. According to the impedance curve depicted in
Figure 14, this system does not satisfy (14), hence, it is a stable system. However, harmonic overvoltage
still occurs because at this time, fsam = 3000 Hz, whereas fs,, = 750 Hz. Based on the sideband effect
of modulation process mentioned in Section 4.2, the 9th-order low-harmonic will generate a high
harmonic interference of 2 x 750 — 450 = 1050 Hz, which exactly coincides with the inherent resonant
frequency of the TPSS (see curve Z in Figure 12). Therefore, a traction network overvoltage occurs
when the current is multiplied by extremely large impedance. The situation that controlled the stable
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vehicle-grid coupling system generates harmonic overvoltage in the traction network belonging to
the second case discussed in (1). In this case, the grid-connected converter can be substituted by a
harmonic current source model in the vehicle-grid coupling system.

The limiting link of the control loop, as a nonlinear link, is equivalent to a gain reduction when
the modulating wave is overmodulated. In future studies, we should consider the nonlinearity of the
transformer hysteresis loop in the actual traction power system, which also has the effect of reducing
the gain. In addition, we should consider other nonlinear conditions that occur in the actual line,
which is our approach to be carried out in the future in this area.
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Figure 13. Simulating waveforms of Case 4.
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Figure 15. Simulating waveforms of Case 7.
7. Conclusions

In this paper, by studying the IFCs, sampling aliasing effect and modulation of the sideband effect
model of the actual TPSSs, as well as considering the relative relationship of the inherent resonant
frequency, sampling frequency and switching frequency of the TPSSs, harmonic overvoltage of traction
network can be analyzed in a wide frequency range. Equation (1) is proposed to comprehensively
elucidate the harmonic overvoltage mechanism of the traction network. The vehicle—grid coupling
system instability model and the converter harmonic source model are unified and described in (1).
Meanwhile, the application scope, distinction, and connection of these two models are discussed
in detail.
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Abstract: Harmonic resonances are part of the power quality (PQ) problems of electrified railways
and have serious consequences for the continuity of service and integrity of components in terms
of overvoltage stress. The interaction between traction power stations (TPSs) and trains that causes
line resonances is briefly reviewed, showing the dependence on infrastructure conditions. The
objective is monitoring of resonance conditions at the onboard pantograph interface, which is new
with respect to the approaches proposed in the literature and is equally applicable to TPS terminals.
Voltage and current spectra, and derived impedance and power spectra, are analyzed, proposing a
compact and efficient method based on short-time Fourier transform that is suitable for real-time
implementation, possibly with the hardware available onboard for energy metering and harmonic
interference monitoring. The methods are tested by sweeping long recordings taken at some European
railways, covering cases of longer and shorter supply sections, with a range of resonance frequencies
of about one decade. They give insight into the spectral behavior of resonances, their dependency on
position and change over time, and the criteria needed to recognize genuine infrastructure resonances
from rolling stock emissions.

Keywords: electrified railway; Fourier transform; harmonic resonance; overvoltage; power quality;
traction power supply

1. Introduction

Railways are being used worldwide as an efficient and effective transportation infras-
tructure for people and goods, both long distance and within an urban context. Peculiarly,
the traction supply arrangement differs from three-phase industrial networks in several
aspects: AC railways are single phase operated at the medium voltage (MV) level, they
have a physical extension typical of a transmission network but separated into smaller
sections for most AC railways, the traction line feeds power to distributed moving loads
(the trains), and the interaction between traction power stations (TPSs) and trains causes
a variety of power quality (PQ) phenomena that are relevant to internal operation and
disturbance to third parties [1]. In particular, as mainly focused on by the EN 50388 stan-
dards [2,3] regarding the interaction between rolling stock and the supply traction line,
harmonic distortion and, in general, conducted emissions may cause local disturbances to
signaling and control devices as well as supply line distortion, instability, and overvoltages.
The first have been subject to extensive research for PQ indexes and criteria [1], as well
as compensation strategies and implementations [4-8]. The latter are the objectives of
recent research aimed at defining the conditions for line instability, harmonic resonances,
consequences in terms of excessive distortion, and insulation breakdown [9-13].

Supply traction lines of some tens of km or longer, with significant capacitive loading
due to MV cables, transformers, and trains (with their own onboard devices), exhibit a wide
range of resonance phenomena, occurring in the frequency interval of a hundred of Hz
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up to some kHz, depending on the supply arrangement and length [14]. Traction systems
in use today are mostly operated at 25 kV 50/60 Hz and 15 kV 16.7 Hz with different
supply schemes. The supply sections of the latter are much longer, with extensive earthing
bringing the resonant frequency of the line in the lower part of the considered frequency
range, namely one or a few hundred Hz. The 2 x 25 kV systems have shorter supply
sections with resonances in the kHz range [15-21], according to recent investigations for a
series of resonance incidents [1,9]. As shown in [9,22], in a real scenario the response of the
line may be quite complex.

The behavior of the traction line impedance with fixed feeding points (the TPSs)
and moving loads (the trains) was initially analyzed, among others, in [14], proposing
simple one-dimensional models based on transmission-line theory and indicating the
high-level conditions for line resonance, as recalled by [9]. Basically, a line resonance occurs
when the inductive and capacitive reactance terms with opposite signs are nearly equal
in amplitude and compensate, leading to extreme conditions of very small or very large
terminal impedance, depending on whether such elements are series or parallel connected.
As for elementary resonant circuits, series and parallel resonances lead to situations of
current or voltage amplification at the resonant frequency.

A real system is a more complex and articulated combination of series and parallel
connected elements. The overall traction line can be subdivided into different sub-circuits
that are relevant to define and analyze propagation of harmonics and coupling onto a
range of affected systems. The harmonics propagate along the pantograph and catenary
system and along the return circuit, pertaining to the so-called hot and cold paths. The cold
path is relevant for induced and conducted disturbance onto signaling and communication
systems that share the track with the traction supply circuit; the studied circuit must include
an accurate model of the return circuit, of common to differential signal transformation,
and of local resonances. The hot path, conversely, concerns mainly the traction supply and
overhead distribution system with an overall return along the return circuit and earth; the
studied circuit is relevant for distortion shared by the TPSs and trains, and propagated
back onto the high voltage feeding line and then into the public grid.

Resonances can occur between the elements interconnected by the long traction line
over a broad frequency range, concretizing as low-frequency and high-frequency oscilla-
tions (identified as LFOs and HFOs, respectively). Recalling the EN 50388 standards [2,3]
and the interpretation given in [9], it may be said that LFOs are related to system instabil-
ity [23], mostly caused by delay and phase rotation along the line [24] and interaction of
active controls onboard rolling stock, applying power factor compensation [25,26]. This led
to the catastrophic blackout of the Swiss network in April 1995 (as reported in [25,27]) and
significant research activity among the infrastructure owners, manufacturers, and scholars.
A comprehensive list of incidents caused by network resonances is reported in [1] and a
detailed list of those which occurred in China is reported in [9].

HFOs, along with causing overvoltages, are sometimes interpreted as a PQ problem,
where network resonances are excited by the rolling stock harmonic emissions and by
transient phenomena, such as the electric arc at pantograph [28]. Network resonances are
of course subject to variability depending on loading and the relative position and the type
of trains in the supply section, although the theory of the one-dimensional transmission
line suggests that main resonances do not depend on train position [9,14]. Such slight
variability, in particular for secondary resonances, was observed during tests carried out in
a well-documented system, the test ring at Velim in Czechia, where the influence of train
position every 500 m, including traction supply cables, was investigated [29]. The longer
the traction supply section between two TPSs, the lower the main resonant frequency, as
theoretically demonstrated in [14] and taken up and commented by [9].

The consequence of parallel resonances occurring in the hot path is an increase in the
distortion injected back into the public grid and, most of all, line voltage amplification,
with potentially catastrophic effects:
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e  excessive instantaneous voltage may trigger TPS overvoltage protections, possibly
causing cascaded tripping and the collapse of a large portion of the railway’s elec-
tric network,

e  overvoltage stress in terms of single or repeated overvoltages of varying intensity that
may cause the failure of surge arresters, likely resulting in a short circuit through the
failed unit and a sudden TPS out-of-service due to protection tripping.

Series resonances may also occur [15], where the propagation of distortion involves
the TPS and the upstream network, resulting in an increased distortion injected into the
public grid. Sainz et al. traced correspondences between these resonances and the zeros
of the pantograph impedance Z,. In general, major series resonance should occur in the
lower part of the HFO range, where the series resistance is lower and the risk of excitation
by low-order harmonics is higher, and consequences are thus worse.

As HFOs are caused by the resonance of TPS and the line while accounting for
distributed and lumped capacitance terms, and are excited by rolling stock emissions, two
approaches may be identified for harmonic and resonance suppression: ground-based
suppression and on-board suppression [9]. Among ground-based suppression techniques,
use of passive and active filters installed at TPSs is the most common solution [30], although
some network’s reconfigurations may also be considered in order to shift the resonance
frequency and reduce the factor of merit. On-board suppression may be achieved by
installing passive filters, which may be exposed to excessive stress when an entire line
section with resonance excited by nearby trains occurs [9]. On-board suppression most
often relies on the modification of the converter modulation, rather than a revolutionary
change of topology [31].

Converter control can be initiated and adapted if continuous monitoring of the panto-
graph quantities and of incipient line resonances is provided. Similarly, critical situations
and the necessity of suppression implementation for a given line may be assessed if
pantograph quantities are available and evaluated. In fact, this work discusses practical
conditions for detection of resonance conditions from a railway vehicle perspective, using
information available at the pantograph electric interface. Other measurement techniques
have been proposed in the past [9,30,32], using purposely developed equipment located
at TPS. The focus here instead is on the observability of resonance phenomena from the
pantograph interface, to provide a distributed monitoring system that can be, in principle,
installed onboard all the trains of the network.

The work is structured as follows: Section 2 describes the quantities and conditions
for resonance to occur; Section 3 goes into the details of the detection and interpretation of
harmonic resonances; Section 4 reports the results obtained from measured data collected
during test runs in Switzerland and France, thus covering both 16.7 Hz and 50 Hz traction
supply systems.

2. Network Resonance

As shown in [9], the system may be analyzed by means of multiconductor transmission
line (MTL) equations, representing the overall network as a meshed set of series and parallel
connected branches, to which lumped circuits (such as the TPS and the train as well as
auxiliary transformers, including the pole mounted step-down transformers considered
in [16]) may be attached at nodes. Although often neglected, MV connecting cables between
TPS and the traction line may give a significant additional capacitance, which can bring
the “natural” resonance of the supply section to a lower frequency (see considerations
on the relevance of such parameters for exact fitting of measured frequency response
in [29]). Similarly, adding capacitance to the train, as for the roof’s HV cable joining the
two pantographs or a separate capacitor for arcing emission reduction [28], reduces the
resonance frequency.

For the analysis of the hot path there is in general no need of a detailed model of
the conductors forming the return path (the “cold path”); conversely, studying track-
connected signaling circuits requires attention to track balance and rail-to-rail and rail-
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to-earth parameters. The hot path is often studied using simplification of conductors at
the same potential into equivalent conductors [33], as considered also in [9] (see refs no.
92 and 93 there). However, the accuracy of the simplification worsens with increasing
frequency [33,34], so that while this approach may be used for load flow studies and
electromechanical simulation, it could lead to errors when frequencies of one to some kHz
are considered, as they are for HFOs.

Network resonances depend on the studied transfer function and may be different if
considering different quantities:

e the TPS voltage to evaluate the occurrence of overvoltages and the impact of TPS
equipment,

e theline current flowing through the TPS transformer, as a PQ phenomenon impacting
on the feeding network upstream,

e the pantograph voltage as a measure of parallel resonance along the line and the
chance of interfering with the operation of the onboard converters,

e the pantograph current providing direct information on the exchanged active and
reactive power and disturbance to track signaling, if interpreted as a return current.

Considering, in particular, the effect of the additional capacitance provided by the high-
voltage cables wayside and onboard, the local train-based measurement of line resonances
becomes more relevant.

Focusing on the source of the distortion exciting the traction line resonances and
on the available measurements from the locomotive (or electro-train), the impedance is
modeled at the pantograph-line interface, as carried out in [9,14]. The simplified schematic
is shown in Figure 1.

Zrps
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HV 3 phase distribution line

HV single-phase distribution line
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section

i

ph. sep. ph. sep. neutral
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R

—
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Figure 1. (a) Simplified equivalent circuit for the AC traction line seen at the pantograph port; (b) single-side supply scheme
typical of 25 kV 50/60 Hz systems; (c) portion of an interconnected network typical of 15 kV 16.7 Hz systems.

The frequency response of a railway line depends first of all on its length, and in
particular on the length of the supply section, when this is electrically separated from the
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adjacent sections. The 50/60 Hz systems have the necessity of strict separation of each
supply section, being derived from the national grid by loading alternatively two of the
three phases (each supply section has thus a phase rotation of 120° electrical degrees); this
is achieved by the phase separation sections, more commonly altogether named “neutral
sections”. Conversely, 16.7 Hz systems have in several countries (such as Switzerland) a
dedicated single-phase distribution and transmission network upstream, so that a phase
separation is not, in principle, necessary. Then, mainly exigencies of network stability and
continuity of service require the use of some neutral sections, more separated than for
50/60 Hz systems. To fix the ideas, the length for a 50/60 Hz high-speed line is in the order
of 40 km, whereas for 16.7 Hz systems it may be in the order of a hundred km.
From the point of view of HFO modeling, this has two consequences:

e Alonger supply section implies that HFOs begin in principle at a lower frequency,
although a direct proportionality between length for the two systems is not correct, as
there are differences in the traction conductors and per-unit-length parameters.

e  The ideal equivalent circuit arrangement for 50/60 Hz and 16.7 Hz systems differs
in that the former always has one TPS at one end of the line and the other end is left
floating against the neutral section, whereas for the latter there may be configurations
with more than one TPS with a piece of line terminated on a TPS at each end, without
electrical separation. These two cases are shown below for completeness.

The impedance resulting from the parallel combination of the left and right sections at
the pantograph connection point gives the following known expressions, having assumed

a typical single-side supply scheme, as in 25 kV systems (see Figure 1a):

_z Zrps cosh(yx) + Zcsinh(yx) 1

"~ ¢ Zrpssinh(yx) + Zc cosh(yx) Zr="2 @)

% “tanh(7(D — x))

Z1ps cosh(yx) + Zcsinh(yx)

Z =17 Zy =72 h(y(D — 2
/12 ccosh(7( x)) Zrpssinh(yD) + Z. cosh(yD) @
The resonance condition results from:
Zrpssinh(yD) + Z cosh(yD) =0 D = tanh ™! (—#) (3)
TPS

Now, in [9] a purely inductive Z7pg is assumed and the tanh( ) function is simplified
with its own argument, so that (3) reduces to:

jwLrps = *,YZTC) = *WLC *)
having indicated with C the total capacitance of the line. The first objection may be that the
inductance of the line has disappeared, but neglecting the shunt conductance as sensible for
the overhead conductors of the traction supply, the r + jwl term in Z, = \/(r + jwl) / jwe
and in y = \/(r + jwl) (jwc) simplify in the fraction Z. /D (small letters indicate per-unit-
length parameters).

For a system without phase separation points and longer supply sections separated
by some neutral sections, as in the case of 16.7 Hz railways (shown in Figure 1c), the
two-terminal impedance condition at many locations are those of Zrpg at each side. This is
a simplification that neglects the two adjacent line sections beyond the considered TPSs
that are assumed to represent a low-impedance termination.

7 _7 Z1ps cosh (yx) + Zsinh(yx) 5)
1 2 Zpgsinh(7x) + Zc cosh (7x)
7, = Zrpg cosh[y(D — x)] + Zsinh[y(D — x)] ©

"~ " Zrpssinh[y(D — x)] + Zc cosh[y(D — x)]
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At resonance, inductive and capacitive terms compensate, leaving a line impedance
with resistive behavior [35,36]. The resistive term should then be determined quite accu-
rately, and the skin effect should be taken into account for a correct estimate of damping and
height of the impedance peaks. Similarly, the depth of anti-resonance (or series resonance)
points depends on the series resistance, chiefly influenced by skin effect in the traction
supply conductors. For traction line conductors, skin effect is prominent in the running
rails [37,38], whereas overhead conductors are not appreciably affected, being made of
metals with negligible magnetic permeability in addition to their smaller cross section.
Transformers at TPS and on-board can increase the overall line loss and may introduce
some proximity effect within their windings; this explains the fact that stray inductance
(that by definition represents the uncoupled magnetic field in air and is a linear term) is
slightly frequency dependent.

3. Resonance Detection

Network impedance and resonance measurement methods may be broadly classified
in active and passive methods, the former actively applying test signals to the network,
whereas the latter listens passively to the accessible electrical quantities [39-41]. Active
methods are invasive, necessitate precautions to interface the test signal generator to the
high-voltage railway traction supply [9] and are more suited for ground installation, rather
than onboard. Measuring line impedance and resonance effects without injecting a test
signal, but exploiting the accessible electrical quantities at the pantograph interface, has the
drawback instead of increased noise, incoherence between various spectral components of
the same quantity, and a more jagged and noisy impedance curve.

The selected approach for onboard implementation is a passive method measuring
electrical quantities at pantograph and mimicking an expert’s behavior when observing an
ideal display that contains a set of signal characteristics extracted from the original input
quantities. Such characteristics correspond to the spectrum components of the pantograph
voltage and current, together with other derived quantities (impedance and power terms).
Investigated criteria regard the abnormal increase in some spectrum components, together
with their specific behavior vs. time. The approach considers the analogous behavior of
adjacent spectrum components in order to discard isolated components, possibly caused
by onboard power converters, that do not match the assumption of a limited factor of merit
and broader resonance peaks.

3.1. Selected Pantograph Quantities and Basic Fourier Analysis

With the objective of detecting incipient resonances in real time using on-board instru-
mentation, as discussed in Section 2, the quantities that are accessible at the pantograph
interface are V), and I,, the frequency domain spectra of the pantograph voltage and current,
obtained from the corresponding v, and i, time waveforms. The same approach can then
be transferred to the TPS, where the available quantities are the line voltage V; and each
feeder current If,k, or the total line current I;.

Spectra are calculated with a short-time Fourier transform (STFT) approach, with care
to use P > 2 periods of the fundamental f; for demonstration purposes to set a frequency
resolution df = f1 /P that has the following advantages:

e itattenuates rapid transients lasting less than one cycle,
e itdisplays well even and odd harmonics with at least one intermediate bin between
each of them; we should remember, however, that odd harmonics prevail and have a
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behavior coherent with the train’s operating conditions, so that they are even more
separated and exempt from significant spectral leakage from the adjacent components,

e itallows the use of tapering windows with a broad main lobe (such as flat-top), as
the resulting reduction in frequency resolution is less than a factor of 2 anyway with
respect to the implicit rectangular window.

In any case, the signals can be analyzed with a percentage of overlap p > 50%, ensuring
a time resolution down to the fundamental period without hindering the desirable real-time
response and frequency resolution.

3.2. Resonance Conditions

Resonance of an electrical circuit is defined as the situation at a given frequency
where inductive and capacitive reactance in a loop are equal in magnitude and opposite in
sign so that they cancel each other, resulting in an exchange of energy between the two,
stored alternatively in the magnetic field of the inductive parts and the electric field of
the capacitive parts. The resulting oscillation is internal to the loop and the externally
visible effect is that of extremely small or large resistive impedance for series and parallel
resonances, respectively.

A HFO condition occurs at the maxima of pantograph impedance Z; as a parallel
resonance; the line voltage resonance then occurs if there corresponds a significant current
excitation close to the identified resonance frequency. A series resonance occurs at the zeros
of the same Z,, causing a maximization of the current flowing back down to the TPS, and
possibly upstream. In both cases, the resistance of the return circuit due to the skin effect in
the running rails [37,38] plays a major role and reduces the factor of merit, especially when
observing the increase in minima and reduction in maxima of the Z, curve.

Practically speaking, with values of the factor of merit Q in the order of 10, the
bandwidth 5f around the ideal resonance frequency f,, which is proportional to 1/Q, so
about 10%, will represent an interval with non-negligible width, bracketing more than one
harmonic component, when f, is of the order of magnitude of one or more kHz. This is
confirmed by the voltage spectra shown in [18,20,21] and discussed later in Section 4.

5f=f/Q ©)

The lower the Q factor, the lower the peak at resonance and the less relevant the effect
of such resonance and the necessity to detect it.

At resonance (parallel or series one) the reactive components compensate and the net
resulting impedance has a real value. This condition translates into the voltage V) and
current I, phasors at the resonance frequency being in phase.

From a harmonic power flow point of view this is equivalent to a cancellation of
the harmonic reactive power term Qj, at the said resonance frequency, maximizing the
harmonic active power fraction. Remember that the term “harmonic reactive power”
results from the direct multiplication of voltage and current phasors at the same frequency,
neglecting distortion power terms resulting from mixed multiplication of voltage and
current phasors at different frequencies [35,36]. It is not meant by this that the active
power term P}, is maximum overall, but its fraction taken with respect to the total harmonic
apparent power A = /(P;2+Q;,?) (namely the harmonic displacement factor dj, = P,/ Ay)
is. This is clear as all low-order harmonics are characterized by large values of apparent
power and consequently, in proportion, active power as well, as demonstrated in [42]. The
use of dj, allows a normalized weighting of the active power flow at all frequencies without
problems of scale, with which resonance conditions may be characterized and identified.

What is also observed is that the harmonic power flow at the resonant frequency
is prevalently active (theoretically only active power would flow in relation to circuit
losses). As the analysis is carried out at the characteristic harmonics of the traction supply
fundamental that might not coincide with the observed resonant frequency, the cancellation
of the harmonic reactive power terms may be only approximate.
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However, cancellation of reactive power at a given harmonic is a necessary, but not
sufficient, condition for identification of network resonances, series or parallel. In fact,
there are transient situations, as identified in the polar plots of the harmonic active and
reactive power components in [42], for which the reactive power term may be temporarily
very small with active power prevailing. This behavior was investigated in [43] to identify
suitable PQ source indicators, focusing in particular on the sign and intensity of the active
power indicator.

The harmonic active power Pj, has thus proven itself as a valid indicator of power
flow and behavior of harmonic power sources, as well as of resonance conditions, with
a better discernibility than for voltage and current quantities alone. As the product of
the two quantities, it has better scale properties than their quotient, i.e., the pantograph
impedance Z,.

The transient conditions mentioned, in any case, last namely for a limited amount of
time and are often related to the train’s operating conditions, whereas network resonances
are more persistent and may depend only slightly on train position. Thus, an additional
criterion to reject the vast majority of such transients is that the identified resonance
condition last longer than the typical transient duration, that may be assumed to be some
seconds, based on practice [42].

In addition, recalling the considerations on the factor of merit Q, a network resonance
will affect several frequency bins at which there will be a significant increase in the harmonic
power factor, whereas a loco emission is often limited to one or few harmonics.

From the definition of HFO it is understood also that a network parallel resonance
as such should be accompanied by some amount of voltage amplification. Series reso-
nances instead should be characterized by low voltage components and correspondingly
current amplification.

3.3. Detection Criteria

Regarding criteria for detection, all harmonic components and the basic frequency
resolution may be used, as well as grouped harmonics and a band-pass approach.

The most direct approach is based on detecting an excessive distortion of V), that
would cause the increase in the peak and rms values of the waveform. Alternatively, the
attention may be focused on the peak and rms values of the waveform in an attempt to
avoid the Fourier analysis. The peak value is nevertheless exposed to transients that would
be detected as false positives; the rms value instead requires a calculation whose complexity
is approximately that of a FFT implementation. In addition, the use of harmonic spectra
allows the implementation of additional criteria, as the presence of adjacent harmonics and
harmonic grouping.

Therefore, a time interval where some distortion threshold is exceeded is marked as
a first candidate for resonance detection, although the excessive voltage distortion may
be caused by an excess of current distortion due, e.g., to a particular operating point of
the rolling stock power system. Confirmation comes from the corresponding assessment
of current distortion at the same harmonics, verifying that it does not exceed a suitable
threshold. This is equivalent to the verification of a sufficiently large Z, to justify the
increased distortion observed in V), in turn not caused by an increase in I,.

A set of rules is given identifying the criteria for the identification of resonance
conditions, HFO, and their time behavior.

Rule 1: a resonance condition configures around the peaks of Z,, the local maxima of
the network impedance curve at the pantograph interface; frequency bins satisfying such a
condition form the set H; ; (set of indexes h satisfying rule 1).

Rule 2: HFO is triggered if the rolling stock has emissions exciting the resonance and
if this is visible in the V), spectrum, peaking around the resonance frequency.

Rule 3: an incipient HFO situation with an increase in a voltage component V), + can
be prevented, once distinguished from a momentary increase in a current component Iy, j+
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(e.g., caused by a transient operation of onboard converters), for which the ratio Z, = V,, /I,
is taken into account.

In general, the identification of the resonance is made on a semi-quantitative ba-
sis, where the detection of a fractional increase in Z, and V), is sufficient (as it will be
demonstrated in Section 5 with experimental data); the uncertainty requirement for the
measurement of the pantograph quantities is thus not demanding and fits existing trans-
ducers and instrumentation already installed for monitoring purposes.

As observed in practice, converters’ emissions in the kHz range may be accompanied
by a slight increase in Z;, due, for example, to the inductive behavior of the onboard
transformer through which such emissions flow. However, such an increase is limited to
a few spectral lines, so that it might be distinguished from a HFO due to the apparent
larger Q factor. To make the interpretation of the Z, spectrum easier and less prone to
errors, a robust check is carried out by combining the Z, spectrum with the distribution of
dy, values, resulting in the filtered impedance Z’ p- A convenient threshold dy,, = 0.9 was
determined with some trial and error, with respect to the discernibility and interpretability
of the resulting graphs, but also inspired from the often adopted value of 0.9 as a limit
for the fundamental displacement factor (or power factor in general) in AC railways
and distribution networks. Such threshold value, as commented below, may be slightly
increased [36,42], but its physical meaning remains; it cannot be too close to unity as the
frequency resolution limits the capability of capturing the ideal reactive power cancellation
at resonance.

Rule 4: a HFO is confirmed if d, > dy,, (dy,, = 0.9 is a convenient threshold, but other
values, maybe slightly larger, are possible); frequency bins satisfying such condition form
the set H, 4 (set of indexes h satisfying rule 4).

Z/p = Zp X (d/l > dthr) (10)

The intersection of sets H; ; and H, 4 indicates the frequency interval that satisfies
both rules 1 and 4: H, = H, 1 N H; 4. This effectively removes many extraneous points and
makes easier the interpretation of 2-D STFT spectrum of Z',,.

The confirmation of a HFO condition with parallel resonance comes from a local
increase in voltage distortion components. To this aim, the V), spectrum is scaled by
normalizing it with respect to the fundamental value at the same time instant (Vp,h)/ and
for an exigency of scale, only harmonic values are displayed, discarding the fundamental
and the larger low-frequency components.

Vp,h = Vp,h/Vp/l (11)

A further confirmation, as anticipated at the end of Section 3.2, is the time duration for
which the same hypothetical resonance condition (holding all rules 1 to 4 so far) persists
for a preset time interval.

Rule 5: a HFO is confirmed if the bins in the set H, defined above remain in the set for
a sufficient time duration set to TH min-

From Vp,h, it is possible to evaluate the overall distortion as total harmonic distortion
(THD), just by taking the rooted sum of squares:

THD = [Y (V1) 12)
h>1

This approach is in line with [18], but it is ineffective in practice if the real behavior of
the AC railway and rolling stock is considered:

e  Low-order harmonics are ubiquitous in AC railways [1,4,42], and may or may not be
produced by the rolling stock used for tests, depending on the type of the on-board
converters; modern 4QCs (four-quadrant converters) are not, in general, a source of
low-order harmonics. Low-order harmonics have the largest amplitude of all voltage
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spectrum components in AC railways, and they would mask the effect in the overall
THD of higher-order components at resonance.

e High-order components at HFO frequencies do not always correspond to the main
emission components of rolling stock, but are excited by lesser distortion components,
such as some of the lateral bands of 4QC emissions.

For a scale problem (avoiding the influence of low-order harmonics) and for selectivity
with respect to the emission patterns of various types of rolling stock, it is thus advisable
to limit the calculation of THD to frequency bands, starting from a conveniently large
minimum frequency and with an extension that preserves some accuracy and sensitivity
for detection of incipient resonance conditions. This concept corresponds to the proposal
of evaluating harmonics and supraharmonics in power systems implementing a wavelet
bank [44] or, equivalently, the ripple of DC grids in bands, using intervals for the STFT
indexes or, equivalently, a bank of pass-band filters [45].

~ 2
THD; = | Y. (V) (13)
heH;

Such bands H; may have an extension of some or several hundred Hz, that should
be selected taking into account that the two AC railways with different fundamental
frequency will populate differently each interval, with a denser harmonic sequence for
16.7 Hz systems. It is in fact unavoidable that 50/60 Hz components are more spaced apart
and contribute less terms within the same bandwidth; a minimum number of harmonics per
frequency band should be decided to bracket the whole harmonic group of a 4QC emission
(whose spread as per pulse-width modulation theory depends on the output frequency).

Conversely, resonances are related to the geometry and electrical characteristics of
the infrastructure and not to the fundamental frequency, for which the same band repre-
sentation would fit both systems. From this, it is evident that a meaningful and effective
representation of voltage distortion must trade off between these two exigencies.

In the following, the index i = 0 will indicate the THD for the first band between the
fundamental and 500 Hz, selected as a convenient frequency value to separate low-order
distortion from the first emission components of modern onboard converters. All other
bands H; are numbered consecutively starting from i = 1.

Frequency-limited harmonic distortion profiles calculated using real measured data
are rarely smooth, as they collect adjacent spectrum components of mixed origin. Some
deal of numeric smoothing is thus necessary to ease readability, as will be shown at the
end of Section 4.

4. Results and Discussion

Long data records taken along some AC railway systems are considered for the
verification of the rules and conditions discussed so far. The considered systems represent
modern railways with quite different topologies, as described in [46], where the origin and
the characteristics of data are also clarified:

e 15KkV 16.7 Hz system (Switzerland) with a passenger train in normal service hauled
by a Re460 locomotive (nominal power about 6 MW, single pantograph), traveling at
commercial speed of about 130 km/h and frequent stops,

e 2 x 25kV 50 Hz system (France), featuring a large-power high-speed train (TGV
Dasye) with almost double nominal power (about 12 MW), double pantograph and
higher speed (about 250 km/h). Power demand in the French system is quite large
and in some cases this leads to the installation of additional substations or booster
solutions to compensate voltage drops, reducing the length of supply sections.

The collection through one or two pantographs does not influence the quantities
subject to the present study. Pantograph and voltage current waveforms may occasionally
be affected by arcing, whose effects disappear as long as spectra are the result of a calcula-
tion over many periods, or they are subject to averaging during post-processing; neutral
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sections instead have a clear impact as the two pantograph quantities drop to zero. Other
mechanical oscillations have no direct effect on the analysis, except for the mentioned
occasional arcing. For the double-pantograph TGV train, the overall current I, is the result
of the sum of the two individual pantograph currents I,; and Is.

The measurement system was described in [47], together with a quantification of the
uncertainty that is summarized in Table 1.

Table 1. Metrological characteristics of V), and I, sensors (Adapted with permission from ref. [47]. 2021 IEEE).

Metrological Performance

Vy and I;, Channels

I, (Rogl) I, (Rog2) V, (Cap. div)
Sensitivity 1.2/9 mArms <10 mArms <4 Vrms
Full scale 300/3000 Arms >1000 Arms >100 kVrms
Uncertainty (k = 1) <3% rel. for 10 x sens. values <1.4% full scale <1.5% relative

Note: k indicates the coverage factor of uncertainty, that is, the multiplying factor of the estimated sample dispersion.

The contactless capacitive voltage divider was made of a helical winding making the
secondary plate of the HV capacitor, with the first plate represented by a bare pantograph
part at catenary voltage; such a device is intrinsically linear and has a large bandwidth,
and its limitations are in the signal conditioning circuit that is discussed in [47]. The two
Rogowski coils are derivative circuits corrected by the respective electronic integrator and
signal conditioning circuitry. In each case, the uncertainty reported in Table 1 was estimated
considering the characteristics of the signal conditioning circuitry and the available full-
scale values.

The use of the condition of Rule 4 allows for exclusion during post-processing points
in the time-frequency space that are not relevant from a resonance-tracking viewpoint.
Such points in the following graphs are excluded and their position is set as white as the
background (this was implemented using the feature NaN, “not a number”, in Matlab).

Three cases are considered in the following figures: a 1200 s run on the 16.7 Hz system
in Figure 2, an 850 s run on the 50 Hz system in Figure 3, and a zoom of a 16.7 Hz system
situation that shows a time-varying anti-resonance. In each figure the information from
top to bottom, left to right is displayed with the following scheme:

e  adiagram with voltage (black), current (green), and active power (red) profiles, scaled
to accommodate them compactly in the same graph,

e  two 2-D plots versus time and frequency of the harmonic impedance Z, and harmonic
displacement factor dj, using color-coded intensity,

e  two post-processed 2-D plots, where the filtered impedance Z, and normalized
harmonic voltage Vp,;, are shown, using two different color maps for a matter of easy
discernibility with the NaN arrangement mentioned.

In Figure 2a, a neutral section is clearly visible just before 600 s with V), falling rapidly
to 0, with zero current and power absorption as well. There are frequent phases of traction
and braking that alternate during the trip, as this train was in normal passenger service.

It is possible to recognize some red areas for Z, (Figure 2b) corresponding to large
values of impedance and, in principle, to line resonance situations, if confirmed by the P,
map (Figure 2c) with application of Rule 4. These areas are located, for example, at about
9 and 12 kHz and extend intermittently before and after the neutral section; the resonance
at about 14.5 kHz, instead, disappears after the neutral section.

The persistent horizontal line at 4 kHz is well evident as a voltage harmonic in Figure 2e,
but is not backed up by a corresponding large impedance value Z', in Figure 2d, as this is,
as known, an emission of another type of train running on the same line.

In Figure 3a two neutral sections are visible, at about 400 s and 600 s, again with a drop
of pantograph current and absorbed power to zero. The phases of traction and braking
appear to be milder (especially braking) than in the previous case of Figure 2a. Looking
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more closely, the absorbed power is almost double, as the train is a high-speed TGV train
without intermediate train stops.
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214



Energies 2021, 14, 5645

-
N

-
[o2) o
T T

L

(kAL P IMW]
(2]

Syl

| RUASE |

1_x10

P
N

[kV];

V_/10
P
S

0 100 200 300 400 500 600 700 800

Time [s]
(a)
20 500 1
18 450 0.9
16 E 400 0.8
14 8 1350 0.7
w ~
Z 12§ 300 = 06
> | IS B
S0 2502 8 0535
S N3
g 8 200 g 0.4
w 7B
6f 150 0.3
n 100 0.2
2 50 0.1
0 & s £ izt st b 0
0 200 400 600 800 0 200 400 600 800
Time [s] Time [s]
(b) (0
20 500 20 . . - . -40
18 £ 450 18t 1 45
16 f 400 16
i -50
14 350 14
= ~
T 12 300 T12p = M
> e Sy
210 250 =2 210 60 %
] NS o=
g 8f 200 g 8 65
w A w
6 150 6f
-70
4 100 4
2r 50 2 75
23 el & e e i WY L LR e (] g
0 200 400 600 800 0 200 400 600 800
Time [s] Time [s]
(d) (e)

Figure 3. France example: (a) voltage (black), current (green), and active power (red) profiles; (b) harmonic impedance Z,;
(c) harmonic displacement factor dy;; (d) filtered impedance Z’p ; (e) normalized harmonic voltage Vp,h

215



Energies 2021, 14, 5645

There are several red areas of Z,, (Figure 3b), which however do satisfy Rule 4 (d, > 0.9),
as shown by comparing with Figure 3c. The persistent horizontal lines at about 2, 4, and
6 kHz in Figure 3e are not backed up by corresponding large impedance values of Z in
Figure 3d, and they are in fact the harmonic emissions of a 4QC converter working at 2 kHz
switching frequency.

It is interesting to observe two red areas of Z, with a shape that is typical of a line
resonance at about 8-9 kHz and 10-11 kHz, at time 200 s and 300 s, respectively, but they
do not pass the Rule 4 verification.

At some locations, this network shows a slight deviation from the theoretically
grounded assumption that resonances do not depend on train position; this occurs between
the two phase-separation sections, between 500 s and 650 s. Around 11-12 kHz an approxi-
mate U shape is barely visible in the Z, graph, and it is better highlighted when combined
with Py, as per Rule 4, as shown in Figure 3d,e. A slight dependency on train position is in
reality possible when the line is not straight, but rather a joint with a third line segment at
a junction.

Anti-resonances are also clearly visible as between 10 and 12 kHz, ascending first and
then descending, centered on 200 s.

Observing Figure 4b, there is a triangularly shaped set of low values (from 12 kHz
to about 18 kHz and then back to 14 kHz) indicating an anti-resonance, as the harmonic
power Py, is also maximum (Figure 4c), and the values of Z’, and Vp,h are at their minimum
(greenish and yellowish, respectively). The triangular anti-resonance begins and ends with
slightly larger values of Z', and Vp,;,, and at the vertex shows its minima. Correspondingly,
there is a moderately large value of Z’ p at about 12 kHz, making the base of this triangular
area and showing distortion values V), that are moderately large (around 60 dB, that
is 0.1%). In the original Z, map (Figure 4b), there is a larger red area of high impedance
values that do not pass the confirmation dj, test of Rule 4 and disappear when considering
Z', in Figure 4d.

Starting from the previous tests’ cases, the behavior of the band limited THD was
evaluated, as shown in Figure 5 for Switzerland and Figure 6 for France. Bands for
calculation of THD; were selected depending on the characteristics of the Vp,h spectrum,
starting from a frequency of 500 Hz and separating the low-frequency interval from the
successive bands H; = 1 kHz located above it. THD; curves were smoothed before plotting
using a moving average filter of order 11.

The two systems confirm their major differences, with the France AC network featur-
ing higher distortion, and not only in the first low-frequency interval.

Resonance occurrence corresponds to time intervals with large THD;, although situa-
tions of increased rolling stock emissions also fall into this category and a clear distinction
without Z, information is not possible. In addition, the prevalence of active harmonic
power is an indicator that the distortion corresponds to a resonance situation, whereas
without it intervals of current pulling might also be included.

The THD for Switzerland is all caused by network components in THDy, so below
500 Hz. Considering the high-frequency THD, it is evident that the THD channels of 1 kHz
are not very selective in tracking resonances, as even THD14 can follow the two resonances
at 13-14.5 kHz occurring in the intervals 650-800 s and 850-1000 s. The THD14 profile loses
its dynamic due to other voltage components for which there is no prevalence of harmonic
active power and where Vp,h would have discarded. Similarly, THDg misses the resonance
at 9.5 kHz before 600 s and tracks it only between 600 and 950 s.

Observing France in Figure 6, THD; captures two resonances at about 200 and 350 s,
also visible in Figure 3e. At higher frequency, THD1y and THD;, track the two resonances
at about 10.5 kHz, occurring in particular at 500 and 650 s. THDs and THDg should have
tracked the discontinuous resonances occurring between 4.5 and 6.5 kHz, and they are
partially successful, at the beginning and around 500-550 s.

216



Energies 2021, 14, 5645

Frequency [kHz]

300 350

Frequency [kHz]

300

350

550

6 T T T T T T
g4 1
=3
o= AN
]

o
> o
_Q.
2 2f ]
o
T
o
>7 4L i
& ! ! : ! ! !
300 350 400 450 500 550
Time [s]
(a)
500
450
400
350
w
300 T
P )
N3
200 3
P
150
100
50
400 450 500 550 300 350 400 450 500
Time [s] Time [s]
(b) (0)
500 20 . g . ; .
450 18
400 16
350 14
w
300 12
e
250= Z1o
N8
200 g8 T cid
i
150 6 "
100 4
50 2
ok i
400 450 500 550 400 450 500
Time [s] Time [s]
(d) (e)

550

Figure 4. Switzerland example with zoom of time-varying anti-resonance: (a) voltage (black), current (green), and active
power (red) profiles; (b) harmonic impedance Z;; (c) harmonic active power Py; (d) filtered impedance z' p; (e) normalized
harmonic voltage V, ;.

217



Energies 2021, 14, 5645

5 T T T T T T
4
X 3k
(@]
= 2t :
1 - .
0 1 A 1 | - 1 1
0 200 400 600 800 1000 1200
107

ol &,ﬂ uh |," ,,W'w MH

M ' M

0 200 400 600 800 1000 1200
Time [s]

THD %

Figure 5. Switzerland case of Figure 2 (16.7 Hz): harmonic distortion profiles THD; calculated at some frequency bands
H; = 1 kHz together with an indication of low-frequency distortion THD calculated over the first 500 Hz (Hy = 500 Hz).
THD, THDy, THD (above); THD4, THDs, THDg, THDg, THD14 (below).

218



Energies 2021, 14, 5645

THD %

Ll

; i
l‘“ ll ]‘F M“ | ||||I \L“ d

100 2
T|me [s]
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together with an indication of low-frequency distortion THD, calculated over the first 500 Hz (H, = 500 Hz). THD, THD,,
THD; (above); THDs, THDg, THD7, THD11, THD;; (below).

5. Outline of Real-Time Implementation

The discussed method is based on electrical quantities available onboard (V) and
I;) and processed by means of STFT, on which the ratio and the product are calculated
to derive Z, and Py, that, once normalized, gives dj,. The involved operations are thus
basic operations available in a wide range of microcontrollers and microprocessors. The
processing to produce the figures in Section 4 was purposely performed using a large
number of bins on the frequency axis with a 8 Hz frequency resolution for graphical
reasons; what is discussed in the following is the optimization of time and frequency
resolution, as well as the size of matrices to fit available memory and process data in real
time. Real time is defined as a time frame suitable to feedback on the monitored system
following the detection of events that trigger a control action. In the present case, the
identification of an incipient major resonance condition with increasing overvoltage caused
by distortion should trigger a change of the rolling stock operating conditions, besides
tagging the chainage position for later inspection. An estimate of the real-time requirement
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can be based on experience and confirmed by plots of resonance conditions vs. time that
are available in the literature; Figure 3 in [9] shows an almost linear increase in line voltage
between 28 kV at 9:35 am and more than 30 kV at 9:36 am. A detection and action time of
some seconds is thus suitable for real-time reaction to these types of phenomena.

The discussion begins with a flowchart and description of data structures (Figure 7).
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Figure 7. Flowchart of the harmonic resonance detection method and data structures used to support
estimate of computational and storage complexity.

The number of points N is determined by the sampling frequency f; and the frequency
resolution df: N = f;/df (of course, N is an integer and should be rounded if needed). Then,
the sampling frequency must be set to a minimum of twice the maximum frequency that
is to be evaluated. In our case, we also reasoned on components that are slightly above
10 kHz, which implies f; > 25 kSa/s (in Section 4 the value of f; was 50 kSa/s).

Keeping df = 16.7 Hz (T = 60 ms), the resulting N ranges between 1500 and 3000 for f;
ranging between 25 and 50 kSa/s. Let’s assume the same f; of Section 4 and N = 3000.

Such calculation can be accommodated in any DSP or microcontroller with a math
core. For the ongoing discussion, a basic 10 MFlops floating-point calculation speed may
be considered, as reserved for running the algorithm (“Flops” stands for floating point
operations per second); it is a small fraction of the whole DSP calculation performance
in excess of several hundred MFlops (exemplified by [48,49] covering almost 20 years
of DSP production). For complex operations, a factor of four should be considered for
multiplication or division, and a factor of two for summation. A reserved 10 MWords
memory area may be also assumed, having for simplicity indicated with “words” a unit
suitable for a single-precision floating point number; although, in case of 32-bit words
a double-precision floating point number requires two words. Similarly, this reference
memory budget is a small fraction of the total system memory, that can range up to several
hundred MB.

At every time instant f; the vectors V), and I, are calculated with a fast Fourier
transform (FFT) of N points and the complexity, as known, is in the order of 1.5Nlog,N.
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This amounts to 52k Flops for the two N values, to be multiplied by four assuming all
operations are complex multiplications, resulting in 2.1% of the 10 MFlops basic calculation
speed. The occupied memory is 2N words for each complex vector, so 12 kWords, or 0.12%.

Calculation of Z;, then, requires (2 + 2 + 1)N for the absolute value of the numerator
and denominator, separately, with two square roots (single CPU instruction with a math
coprocessor) and a ratio of real vectors, so another 3N, which is in total 8N Flops (24 kFlops,
or 0.24%). The necessary memory is 2N words as a complex vector.

Calculation of Py, requires the calculation of apparent power A, (with the same com-
plexity of Z,) and the extraction of the real part that has no complexity. The, for dj,, reusing
the pre-calculated A;, (that must be stored somewhere in memory, requiring 2N words, or
6 kWords), there is only the ratio of the absolute values of P, and A;, so N Flops.

Calculation of data structures Z’, and Vp,h is accomplished by a comparison and
flagging for the former (2N operations) and by a scalar division for the latter, in total 3N
Flops, and the storage of two real vectors (2N words).

The check of Z, local peaks and large positive values of dj,, with creation of sets
H, 1 and H, 4, needs some amount of code, possibly implementing a local peak search
with comparison with neighbors, so some number of operations that may be collectively
estimated to about 10N. The storage is that of the new sets H,; and H, 4, and then the
resulting H; as intersection, in total up to 3N Words.

Calculations of the frequency vectors are repeated every dT seconds and the resulting
vectors may be stored in adjacent memory areas to ease the comparison over the time
axis. Time resolution is not demanding and dT may be chosen as a minimum equal to
300 ms for uniformity, between 16.7, 50 and 60 Hz systems, corresponding to 25 m of
train movement at 300 km/h (equal to the length of one coach). Longer time intervals
may be selected as well, easing computational and storage necessities and providing an
adequate space resolution. Confirmation of persistence of a resonance, as commented
in Section 4, is achieved if the conditions shown in Rules 1 to 4 persist, e.g., for tens of
seconds, corresponding to about 1 km of traveled line at 300 km/h. Such an interval of
observation T represents the number of vectors stored in memory in a circular fashion,
beyond which the oldest ones are replaced by the newest ones. The depth of the circular
buffer will thus be B = Ty, /dT, corresponding to about 33 for the exemplified choices of
dT and T}ot. Correspondingly, the number of repeated calculations over 1's, M, is given by
M =1/dT, equal to three in the present case.

The check of persistency of membership of indexes to the set H, (to last longer than
TH min) can be achieved with some logic operations, that collectively will not take more
than N Flops at each time instant (in fact, H, 1, H, 4 and H, are always quite sparse, possibly
filled up to some % maximum).

By showing figures below 100% in the last row of Table 2, it is demonstrated that
the allocated 10 MFlops and 10 MWords are sufficient for the implementation of the
proposed method in real time. In case of increased requirements, e.g., a more complete
representation or additional verifications, the computational and storage requirements
should be scaled correspondingly.

Table 2. Summary of estimated computational and memory budget (fs = 50 kSa/s, N = 3000). Algorithm steps are numbered

as in the flowchart of Figure 7.

Algorithm Step Float. Point Ops. (% of 10 MFlops) Memory (% of 10 MWords)
(1) cale. Vp, I, 2.1 0.12
(2) cale. Z, 0.24 0.06
(2) calc. P, with A, 0.24 0.12
(2) calc. dj, 0.12 0.06
(3) cale. Z'p and V, 0.09 0.06
(4) cale. Hy 1, Hy 4 and H, 0.3 0.18
(5) check Tr min 0.03 0.0
Total computational (xM) and storage (x B) 936 19.8

requirements
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6. Conclusions

This work has discussed the problem of detection of resonances in AC railways in
a rolling stock perspective, starting from the measured pantograph quantities (voltage
and current) and using the derived quantities of pantograph impedance and harmonic
active power. Suitable conditions are identified for the detection of resonance, focusing
on parallel resonances, and a set of rules has been formulated. Local maxima of the
pantograph impedance are detected and confirmed by a prevalent flow of harmonic active
power, indicating the mutual cancellation of the harmonic reactive power terms. Such a
condition for the harmonic active power also persists in the case of series resonance, for
which minima of the pantograph impedance should be considered (an example is given
in Figure 4). In both cases, further confirmation is obtained by the amplification of the
harmonic components of voltage and current, respectively.

Rules are synthesized for the maxima of pantograph impedance Z, and for the nor-
malized harmonic active power (called harmonic displacement factor d;,) to be larger than
a convenient threshold (which for the demonstration was set to 0.9). These criteria have
then been validated by means of extensive experimental data measured in two different
AC railway networks, one operated at 16.7 Hz (Switzerland) and one at 50 Hz (France).

The straightforward monitoring of voltage harmonic distortion was also included and
compared to results in [18]. Although it is a useful indicator in general, it has issues of
selectivity, due to the mix of voltage harmonic components with opposite or incoherent
behavior not being able to reject those without a large active power fraction. It also always
necessitates some degree of smoothing during post-processing to improve readability
of obtained distortion profiles versus time. It has, however, a simple implementation,
especially if implemented with a filter bank.

The comparison of voltage harmonic distortion over selected frequency bands with the
results previously obtained with the pantograph impedance, combined with the harmonic
displacement factor, has shown the superiority of the latter in terms of ability to locate
and track resonance phenomena, avoiding the interference of spectral components of a
reactive nature.
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Abstract: Electric arcing due to contact interruption between the pantograph and the overhead contact
line in electrified railway networks is an important and unwanted phenomenon. Arcing events are
short-term power quality disturbances that produce significant electromagnetic disturbances both
conducted and radiated as well as increased degradation on contact wire and contact strip of the
pantograph. Early-stage detection can prevent further deterioration of the current collection quality,
reduce excessive wear in the pantograph-catenary system, and mitigate failure of the pantograph
contact strip. This paper presents a novel arc detection method for DC railway networks. The method
quantifies the rate-of-change of the instantaneous phase of the oscillating pantograph current signal
during an arc occurrence through the Hilbert transform. Application of the method to practical
pantograph current data measurements, demonstrates that phase derivative is a useful parameter
for detecting and localizing significant power quality disturbances due to electric arcs during both
coasting and regenerative braking phases of a running locomotive. The detected number of arcs
may be used to calculate the distribution of the arcs per kilometre as an alternative estimation of the
current collection quality index and consequently used to assess the pantograph-catenary system
performance. The detected arc number may also contribute to lowering predictive maintenance costs
of pantograph-catenary inspections works as these can be performed only at determined sections of
the line extracted by using arcing time locations and speed profiles of the locomotive.

Keywords: pantograph-catenary system; current collection quality; arc detection; predictive mainte-
nance; railway electrical networks; Hilbert transform; rail transportation; power quality disturbance

1. Introduction

Smooth dynamic interaction between the contact strip of the pantograph and the
overhead contact line (OCL) is important for the safe and efficient performance of electrical
train transportation services. A reliable contact contributes to minimising short-term power
quality events and establishing good quality current collection to power the train [1,2].
Indeed, a continuous mechanical sliding contact distinguishes high and poor quality cur-
rent collection performance [3—-6]. However, it is unlikely that continuous contact can
be maintained for an entire train journey due to mechanical oscillations of the train [7],
horizontal zigzag movement of the pantograph [8], and faults or incorrect adjustment in the
pantograph operating system [9]. Therefore, contact interruption between pantograph and
OCL will occur leading to arcing phenomena which in turn causes a number of unwanted
issues such as: conducted short-term power-quality events; current flow disturbances; un-
desirable radiated electromagnetic emissions [7,8,10-12]; increased temperature at contact
points [13]; increased wear on contact wire and contact strip of the pantograph [3,8,12], and
electric micro-welding phenomena [6]. It is worth mentioning that continuous and steady
development of wear on the contact wire and contact strip of a pantograph can damage
the pantograph frame and the contact strip, deteriorate the quality of current collection,
and result in serious consequences leading to service interruption [8].
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Standard EN 50367 [2] considers either the measured vertical contact force exercised
by the pantograph to OCL or the percentage of arcing (ratio between the total duration
of all arcs to the total run time) as an assessor of pantograph current collection quality.
Therefore, arc detection in railway electrical networks, including their geographical locali-
sation and characterization in terms of time duration, are fundamental for the assessment
of the contact wire lifetime, pantograph lifetime and consequently for the entire safety and
performance of the train transportation service. Furthermore, arc detection and characteri-
zation has a direct impact on lowering the cost of periodical maintenance which can often
be expensive [14,15]. Due to the relevance of arcs and the impact on general power quality
in electrified transportation services, much effort has been devoted to arc identification
techniques by the research community.

In general, arc detection techniques can be grouped into three main categories: those
based on image processing of recorded videos; those based on emission evaluation of
physical quantities such as light, temperature and radiated electromagnetic field; and those
based on the processing of electrical quantities such as voltage and current signals. In this
context, [14] proposed the usage of image processing algorithms to detect arcs occurring in
a pantograph-catenary system. This method requires a video camera to be installed close
to the pantograph. Video frame images are processed by an algorithm in order to detect
pantograph movement with changes in the surrounding background of the processed
images attributed to arc occurrence. Reference [16] proposed the application of threshold
values to binary converted frame images, where the evaluated ratio of white pixels to black
pixels is considered as an index of arc occurrence.

Barmada et al. [15], initially proposed the use of a Support Vector Machine (SVM)
based classification algorithm to detect the presence of arcs. Extracted features of panto-
graph recorded voltage, pantograph current, and signals from phototube sensors were used
to support the proposed algorithm. The method has been shown to achieve an arc detection
accuracy of 80%. Later on, Bermada et al. [17], proposed the use of clustering techniques
to detect arcs by considering only the current signals, this avoiding the deployment of
phototube sensors. Current signals were processed and grouped in 4 classes which indicate
both the presence and magnitudes of the detected arcs.

In reference [18], the authors developed a new arc detection technique by analysing
the recorded locomotive current. It was observed that arc occurrence causes significant
injection of a DC component into the AC current signal, due to increased disturbances in
the transformer magnetizing circuit. This proposed method requires accurate knowledge
of the network infrastructure and the speed of the running train in order correlate and
distinguish DC components caused by other factors, for example by the presence of phase
separation sections. As a consequence, the method cannot be successfully applied for
arc detection in cases when trains cross multiple power separation sections [19], and for
example, when crossing borders from one country to another within Europe [20,21].

Light emission (ultraviolet emission) produced by arcs and measured by phototube
sensors has been proposed in [4] as an appropriate measurement system for arc detec-
tion. Similarly, in Standard EN 50317 [1], a light detector for measuring predefined light
wavelengths emitted by copper material under arcing is proposed. Despite the fact that an
additional measurement sensor is needed, the proposed technique requires different sen-
sors or sensors with appropriate wavelength tuning due to different material-to-material
emission characteristics. For example when trains need to travel from one particular
section characterised by copper contact wire material, to another section characterised
by aluminium alloys or aluminium conductor steel reinforced contact wires [3], or for
example when trains enter tunnels, and an aluminium overhead conductor rail substitutes
a traditional copper contact wire [18].

Significant temperature changes developed at the contact point between pantograph
strip and OCL occur during arc occurrence has been exploited by the proposed method
in [13] for monitoring the current collection quality of a pantograph-catenary system.
Images from a thermal camera installed close to the pantograph continuously recorded
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and fed a number of arc detection image processing algorithms. The temperature of the
contact point was identified by using an edge detection algorithm (Canny algorithm), and
the Hough transform for continuous detection of OCL movement. The main issue with
this particular method appears to be the high computational burden.

Reference [22] proposes a new method for arc detection by analyzing the spectral
content of the electromagnetic field radiation caused by the arc occurrence. The radiated
signals were captured by an antenna and processed for the determination of possible char-
acteristic radiated frequencies. A wide range of measured frequencies were observed in
relation to arc occurrence with the main peak located around 18 MHz. A possible limitation
of method is related to the fact that all analyzed arcs were created in a laboratory environ-
ment. Arcs occurring in practical rail systems may have different radiated characteristic
frequencies, and be influenced by factors such as the length of OCL, number of trains,
respective train positions, and network topology of the employed converters, etc.

The quality of the current collection has also been evaluated by the use of wavelet
multi-resolution analyses [5]. Recorded current signals were decomposed to a 4th level,
and then a comparative analysis by considering the energy of the signal quantified through
Parseval’s theorem employed to discriminate arc occurrences from electric welding phe-
nomena [6]. Although the comparative analysis shows good results, it limits itself only
to detecting the electric welding phenomenon. Hence, the effectiveness of the method to
discriminate against other possible common phenomena in electric railway systems, for
example, the presence of current spikes is still an open question.

Another interesting approach for arc detection has been proposed by measuring the
vertical displacement and lateral accelerations of the OCL when the pantograph passes [9].
The proposed method clearly does not directly detect an arc event, but its consequences
are evaluated. Large deviations of the displacement and acceleration have been associated
to pantographs with contact strip degradation or defects, and hence the method supports
maintenance activities.

Clearly, early-stage defect detection in contact wire and pantograph strip can prevent
excessive wear in the entire pantograph-catenary system, and help maintenance service
improve scheduling of inspection work. To this end, this paper proposes a new method
for arc detection in DC railway systems. The proposed technique does not require any
external equipment to be installed on the train (such as sensors, cameras, or antennas),
because it is based on signal processing of measured pantograph current only. Furthermore,
it does not employ extensive processing techniques, which results in a low processing
overhead, and therefore it can be implemented relatively easy in real-time. The method
exploits the low-frequency oscillation characteristic triggered by an arc occurrence in DC
railway systems. Through application of the Hilbert transform (HT) the instantaneous
phase of the generated signal associated with an arc event is quantified. It is shown
that the instantaneous phase derivative can be employed to detect and localize in time
the presence of arcs. The number of arcs per kilometre can be also calculated to allow
a reliable estimation of the current collection quality index, and consequently form a
valuable assessment of the entire pantograph-catenary system. HT is useful to analyse
non-stationary time series [23], and to detect short-time disturbances. In contrast Fourier
transform and the short-time version assumes signal periodicity and are optimised for
stationary signals analysis [24-26].

The rest of the paper is structured as follows: Section 2 presents an overview of
the arc occurrence mechanism and its impact on the railway network. In Section 3, the
characteristics of the recorded current and voltage signals, containing real arcs are presented.
The proposed detection method is described in Section 4, whereas the simulation results
are presented in Section 5. Section 6 provides a comprehensive sensitivity analysis of the
proposed method. Conclusions are summarised in Section 7.

227



Energies 2021, 14, 444

2. Definition Mechanism of Occurrence and Impact of Electric Arcs in
Railway Network

Electric arcs in railway transportation networks are physically defined as electric
discharges occurring in the conductive ionizing gas, known as plasma, between the panto-
graph contact strip and the OCL [27]. This air gap forms during pantograph detachment
and consists of three regions. The anode region and the cathode region, which are char-
acterized by a nonlinear voltage drop, and the plasma column region characterized by a
linear voltage drop. The latter is a function of physical distance between the two electrodes
and the physical properties of the plasma [27].

Arcs occur because of the inability of the pantograph to continually stay attached to the
contact wire. One of the main reasons causing this contact interruption is the mechanical
oscillation of the train caused by the irregularity of the track geometry [7], and abrupt
variation of the height of the contact wire mainly when trains enter tunnels [4].

In order to avoid rapid consumption of the pantograph contact strip, the contact wire is
distributed in a zigzag manner throughout the track. Consequently, the pantograph follows
this zigzag movement, and when the contact wire approaches the extreme ends of strip an
increased air gap is developed between the pantograph and OCL, which causes an arc. The
latter has been simulated and confirmed experimentally in a laboratory environment [8,28].

Another relevant cause of electric arcs is a fault in the pantograph mechanism or an
incorrect adjustment of its operating system [9]. These cause either a low contact force to
be exercised by the pantograph to the OCL, which in turn has a negative effect because
it weakens the contact point and so the air gap increases, or it produces a high contact
force that progresses the wear of the contact wire [29]. This wear deteriorates the contact
quality and as a consequence electric micro-welding phenomena occur [6], which makes
the occurrence of arcing more frequent. The arc occurrence mechanism is also negatively
affected by factors such as increased train speed, the collected traction level current, as well
as poor weather conditions including strong winds, snow, and ice [2,8,9,28].

Electric arcs are notorious for producing electromagnetic phenomena which propagate
to the entire railway network. A wide range of injected electromagnetic frequencies have
been observed during arc occurrence where some of them can excite resonant frequencies
of the employed network components (such as filters and contact lines) [10,30], together
with DC components induced in AC signals as a result of current interruption due to
arcing [18]. Other conducted electromagnetic disturbances resulting from arcs are voltage
transients and oscillations [8,30,31]. Low and high frequency oscillations spanning up to
hundreds of MHz due to arcing phenomenon [7,22] have been electromagnetically radiated
to nearby circuits, and potentially interfering with signaling and radio communications
systems [7,8,10-12,32].

3. Characteristics of Voltage and Current Recorded Signals

This section presents the time domain characteristics of voltage and current signals
measured at the pantograph of a locomotive operating on a 3 kV DC railway network in
Italy. The signals used for this analysis are part of 16ENG04 MyRailS project [33,34] and
can be accessed online [35]. The signals are recorded using a data acquisition system (DAQ)
sampling at 50 kS/s installed on-board the train.

Figure 1 presents two examples of the measured pantograph voltages V', and currents
I, of two different arc occurrences during the coasting phase of a running train. It can be
observed that initially the pantograph voltage and current signals are relatively steady,
indicating good and continuous sliding mechanical contact between the pantograph and
OCL. When an arc occurs there is an immediate pantograph voltage V7, drop (V.drop 1)
consistent with the research outcomes presented in [27]. Due to contact interruption,
pantograph current I}, decreases because of the inability of the arc channel to conduct the
level of current required by the traction drive of the locomotive. This current decrease in
turn causes the stored energy in the magnetic field of the system inductance to be released
instantly [8,10], and consequently causing the voltage spike (V.spike) shown in Figure 1a,b.
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Figure 1. Time domain representation of pantograph voltage Vp, and pantograph current I, during arc event 3 and 5
occurred in a coasting phase.

After the first voltage spike, V, continues to decrease almost linearly up to the point
denoted as V.drop 2. This further decrease can be explained due to the increased gap
between pantograph contact strip and the OCL, and this is again consistent with previous
research studies [27,28]. After this voltage drop (V.drop 2), the pantograph restores its
contact with the OCL, producing a voltage transient followed by oscillations (see the blue
line—V). This behavior is also confirmed by previous work [7,8] and simulation [10] stud-
ies, and is a typical system response due to an applied transient/impulse. The oscillatory
behavior of Vy, is reflected in the current signal, causing I}, to oscillate.

Figure 2 shows recorded signals of two arc occurrences during two separate regener-
ative braking phases of the train. It is noted that the pantograph currents have negative
values indicating current leaving the train. In Figure 2a, the arc is associated with a pan-
tograph current magnitude decrease (from —280 A to —200 A approximately), causing a
voltage spike (V.spike) due to the immediate release of stored energy in the magnetic field
of the locomotive inductances. As soon as the contact restores, an immediate pantograph
voltage drop (V.drop) occurs most likely caused by the loading effect of the locomotive
filter, and then followed by a low-frequency oscillation observed both in V, and I,. A more
peculiar behavior of V, and I, due to an arc is presented in Figure 2b, where the first
pantograph detachment (characterized by an I, magnitude decrease (I.drop 1) and V),
increase (V.spike 1) is followed by a second detachment (characterized by Ldrop 2 and
V.spike 2) before the final restoration of the mechanical sliding contact.
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Figure 2. Time domain representation of pantograph voltage Vj, and pantograph current I, during arc event 7 and 9

occurred in a regenerative braking phase.
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Many other recorded arcs are considered for the analysis in this paper. These arc
events trigger similar oscillatory patterns experienced by the recorded quantities. Based on
these types of wave forms, the low-frequency oscillation characteristics have been exploited
by the proposed arc detection method presented in the following section.

4. Proposed Arc Detection Method

The proposed detection method is based on the instantaneous phase evaluation of
the low-frequency oscillations triggered by the arc occurrence. As the raw data recorded
at the pantograph level are real valued numbers, a mathematical operation is required
to create an analytic complex valued signal, having both real and imaginary terms, thus
enabling extraction of suitable phase information. In this analysis, the HT [36-38] is
employed to quantify the instantaneous magnitude and phase of the considered time series
signals. The HT is widely used in digital communication systems [39], mechanical vibration
analysis [40], and recently proposed for Power Quality (PQ) disturbance monitoring [26,41]
and Phasor Measurement Unit (PMU) parameter estimation [42]. Equation (1) depicts the
general form of an analytic signal:

y(t) = ye(t) +j-yi(t) = ye(t) +j- HT{y:(t)} ¢))

where y;(t) is the continuous time real signal, and y;(t) is the imaginary terms of the
analytic signal that is formed by the application of HT on y,(t) [36-39]. In the time domain
the y;(t) is formed by the convolution operation of v (t) with the function 1/ 7t [36], as
shown in Equation (2),

B =) @

whereas, in the frequency domain the HT operation introduces a constant phase shift of
—90 degrees for every positive frequency component, and a 90 degrees for the negative
frequency components present in the signal. This is achieved by using either a digital Finite
Impulse Response (FIR) filter [37,39] or by using the Fourier transform approach [36]. In
this paper the Fourier transform technique is employed to obtain the HT. This is normally
implemented by the following steps:
e Perform the Fourier transform on the real input sequence;
e Setthe DC and the Nyquist component to zero;
e Multiply the positive frequency components of the spectrum by ¢~ (7/2), and the
negative frequency components of the spectrum by ¢l(7/2);
e Perform the inverse Fourier transform on the modified sequence to obtain the imagi-
nary terms of the analytic signal;
Once the analytic signal is created, the instantaneous amplitude A(t) (also known as
envelope function of the signal), instantaneous phase ¢(t), and the rate of change of the
instantaneous phase (ROCOP) are computed by Equations (3)—(5), respectively.

A(t) = \Jy2(1) + (HT{ye(1)})? 3)
1 HT{y:(t)}
¢(t) = tan ! yr(t) (4)
_ do(t)
ROCOP(t) = T ®)

Considering the discrete sampled form y, 1] of the real time continuous signal y(t),
and its respectively calculated analytic signal y[n]=y,[n]+j-yi[n], Equation (5) takes the
form of Equation (6)
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AP[n] _ pn— P
ROCOP[n] = A T Ar (6)
where n is the number of samples acquired in y,(t); for a time sampled signal At is the
sampling time which is 20 us, and A¢ is the difference in phase between successive.
A flow chart of the proposed algorithm is presented in Figure 3, where pre-filtering
and post-filtering stages are used to attenuate the external noise of I}, signal and the ROCOP
noise, respectively. These stages are explained in detail in Section 6 of the paper.

§ [ e | o
Pantograph | Pre-Filtering | HilbertTransformm Instantaneous ‘ Post-Filtering iaetectiong)
Current Ip ‘ Stage | ROCOP ‘ Stage | < )/

Figure 3. Flow chart of the proposed algorithm.

From the calculated parameters, ROCOP was found to be a good indicator for the arc
detection in DC railway system as it is presented in following section.

5. Results of the Proposed Method

Signals (pantograph voltages and pantograph currents) have been recorded on-board
the Trenitalia locomotive E464, and are categorized in two main groups [35]: arc signals
detected during the traction/coasting phase that for convenience in the following analysis
are identified as arc events 1 to 6, and arc signals detected during the regenerative braking
phase identified as arc events 7 to 13.

Due to larger magnitudes and a longer time durations experienced by the arc triggered
oscillations the following analysis considers the pantograph current as the quantity pro-
cessed. Furthermore, by considering the current quantity, the method will be more immune
to voltage disturbances such as voltage transients that may potentially compromise the
accuracy of the method if V, is considered.

Figures 4 and 5 present the instantaneous pantograph currents, together with in-
stantaneous phase angles and instantaneous ROCOP values for all of the coasting and
regenerative braking stage arc signals detected, respectively. To filter the incoming I,
signals from the external noise, a digital FIR filter of order 200 with cutoff frequency set
at 100 Hz has been employed. In the next section an explanation for choosing the said
order and cutoff frequency of the filter is provided. All the required calculations were
performed in Matlab and LabVIEW programming using the HT toolsets provided in these
programming environments.

The instantaneous phase angle calculations for each presented arc events in
Figures 4 and 5 reflect the phase angle behavior during low-frequency oscillations triggered
by the arc events. To avoid ROCOP spikes due to phase angle jumps (passing from 7
to -7r and vice-versa), the phase angle is unwrapped. On the other hand, the ROCOP
calculations provide clear evidence of the presence of an arcing event in all the considered
signals, despite the apparent noise levels seen in the signal of Figure 4f. Noise may affect
any arc detection triggering mechanism, but noise removal may be dealt with through
appropriate filtering techniques. Arcs captured during the regenerative braking stage of the
locomotive also are identified using ROCOP calculations as presented in Figure 5. Further
to the arc detection, the method also can precisely localise in time the occurrence of the arc.
This additional information can be useful to support, for example, future geographic arc
localization algorithms.
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Figure 4. Instantaneous recorded Ip, instantaneous calculated phase angle, and instantaneous ROCOP for all of the arcs

detected during the coasting phase.
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Figure 5. Instantaneous recorded I, instantaneous calculated phase angle, and instantaneous ROCOP for all of the arcs

detected during the regenerative braking phase.

To appreciate the ROCOP noise level observed in Figure 4f, magnified versions of
Vp and I, are presented in Figure 6. Two possible factors that influence the ROCOP noise
level can be: the increased noise level on top of the pantograph current signal, and the
small variations in the pantograph voltage level (approximately 30 to 40 volt observed
in Figure 6), that is of course reflected on the current oscillation having low magnitude
variation (approximately 40 A to 45 A) during arcing events. Furthermore, indeed all the
severe arcing events, characterised by increased air gap between the contact strip of the
pantograph and OCL which either force the measured pantograph current to zero (observe
Figures 4a,c—e and 5b,c,d f,g, or produce significant variations of the current magnitude as
in Figures 4b and 5a,e are not surrounded by significant noise level.

3800

3780

Current (A)

3600 - - t t t 100
271.8 271.9 272 2724 272.2 272.3 272.4

Time (s)

Figure 6. Time domain representation of V, and I, during arc event 6.

A possible reason for having such small variations in the magnitude of I, (see
Figure 4f) produced by non-significant arcs, can be explained with the locomotive po-
sition along the track and the level of current collected. By looking at Figure 4f, it can be
observed that for the first 3 s (265 to 268 s) the train has been stationary (probably waiting
on a station), characterized by low traction current with significant distortion. A high level
of distortion when trains are near stations has previously been observed in [43]. After the
stationary phase, the train has started and accelerated for approximately 2 to 3 s (268 s
to 270 s), leaving the station (confirmed by the very low train speed of 27 km /h reported
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in [35]). While leaving stations, trains at low speed often change track position which
forces the pantograph to change the OCL and the train wheels to experience mechanical
oscillations causing some minor arcs to occur.

The preliminary results of the proposed method indicate the need for a fine-tuning of
the algorithm to eliminate for example the noise level of calculated ROCOP (in Figure 4f)
and to understand possible factors that may influence the effectiveness of the algorithm.
These issues are considered in the next section of this paper.

6. Sensitivity Analysis

The effect of signal magnitude, noise and the length of the considered signal on
the calculated ROCOP parameter are evaluated in this section. Pre- and post-filtering
techniques are employed and presented for noise and harmonic attenuation of I, and
smoothing of the phase derivative, respectively.

6.1. Pre-Filter Selection

To appreciate the harmonic presence and other frequency components of a DC rail
network signal, a typical frequency spectrum of I, signal during and after the arc event 1
is presented in Figure 7. The spectrum produced by the discrete Fourier transform (DFT)
algorithm, has a frequency resolution of 1 Hz and is limited to 1000 Hz to clearly show the
band of frequencies (5 Hz to approximately 250 Hz) excited by the arcing phenomenon.
Within the frequency band, a particular frequency component (14 Hz) corresponding to the
natural resonance frequency of the locomotive input filter [30,44] is also excited, causing as
a consequence a significant rise in its respective magnitude.

108 T T T T
Spectrum during arcing event
Spectrum when no arcing exists

i “““‘v MMW WW‘*WWWWMW

0 400 600 1000
Frequency (Hz)

Current Ip (A)

Figure 7. Frequency spectrum of I;, during and after arc occurrence.

To filter the incoming I, signal from high frequency components and external noise,
a digital Finite Impulse Response (FIR) filter is considered. ROCOP signal to noise ratio
(SNR) parameter was calculated for one of the arc events (arc event 1), by considering
different filter orders (ranging from 10 to 300) to filter the incoming I, signal. The latter
allows ROCOP SNR to filter order response curves to be constructed for several considered
cutoff frequencies (50 Hz, 100 Hz, 200 Hz, 300 Hz, 500 Hz and 1000 Hz) as presented in
Figure 8.

The analysis shows that low cutoff frequencies are needed to avoid frequency com-
ponents and the noise infiltration into the ROCOP parameter. Cutoff frequency curves
of 50 Hz to 300 Hz follow the same pattern and have negligible differences among them.
This indicates that potentially any cutoff frequency (ranging from 50 Hz to 300 Hz) can be
employed, which provide similar reproduced results. Differences begin to appear when
considering the cutoff frequency of 500 Hz and are more obvious for the 1000 Hz curve,
reaching differences of more than 10 dB. This large difference is caused by the presence of
a band of frequencies ranging from 850 Hz to 950 Hz approximately, as shown in Figure 7.
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The analysis also shows that higher filter orders provide larger ROCOP SNR, and the
behaviour of the curve response is less fluctuating beyond the 150 filter order.

———50Hz
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Figure 8. ROCOP SNR to filter order response curves constructed for filter cutoff frequencies of

50 Hz, 100 Hz, 200 Hz, 300 Hz, 500 Hz and 1000 Hz.

In this study, the filter order was selected to be 200, whereas the cutoff frequency
100 Hz. This cutoff frequency can also contribute to attenuate the 300 Hz component
(as a result of the six-pulse rectifier installed in the electric substation) which is more
distinctive when trains are near stations. The 300 Hz frequency component and other
relevant components in I}, signal of arc event 6, are calculated as a function of time by
the short-time Fourier transform (STFT) algorithm and are presented in Figure 9 by the
spectrogram plot. The plot estimates and localizes in time the frequency content of the
considered signal. It clearly indicates a 300 Hz frequency component, and a band of
frequencies of 750 Hz to 850 Hz that are present continuously throughout the recording
interval, and a temporary 14 Hz frequency component, excited by the arcing event. It is
clear that the 300 Hz frequency component and the band of frequencies ranging from 750 Hz
to 850 Hz approximately are not affected by the arc occurrence (visible after second 6).
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Figure 9. Spectrogram plot of I, for arc event 6.

The selected filter parameters also have shown to remove more surrounding noise
level in the ROCOP of Figure 4f.
6.2. Noise Sensitivity Analysis

To understand how noise affects the calculated ROCOP, a noise sensitivity analysis has
been performed on I, signal of arc event 1. This analysis considers the white Gaussian noise
because it is the most common type of signal noise found in electric system signals [37].
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Furthermore, after pre-filtering of I}, it is considered that all that remains within the
passband can be reasonably approximated by additive white Gaussian noise.

While different levels of noise have been added to the recorded I}, the maximum
absolute value of the calculated ROCOP has been recorded to allow the SNR-ROCOP
response curve to be constructed. Figure 10, presents the SNR-ROCOP response evaluated
for different noise variances corresponding to a SNR ranging from 100 to 35 dB. An almost
constant ROCOP behavior can be observed in the interval of 100 to 70 dB. Below 70 dB,
the ROCOP measured parameter experiences an increased variability leading to increased
uncertainty of the measured parameter.
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Figure 10. SNR-ROCOP response of I, for arc event 1.

Although the analysis presented in Figure 10 is a good representation of the behavior
of ROCOP magnitude at different noise levels, it does not represent the strength of the
ROCOP magnitude itself to the surrounding ROCOP noise level. Therefore, further analysis
is required to represent the impact of the noise floor level (developed in relation to the
noise level contained in the analyzed current signal) on the measured parameter. Different
levels of noise have been added to the I, and the ROCOP SNR has been evaluated and
presented in Figure 11 versus SNR corresponding to I;.
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Figure 11. ROCOP SNR versus SNR of I}, for arc event 1.

As can be seen, the strength of the ROCOP magnitude to the ROCOP noise level is
influenced by the increasing noise level in the Ip signal. However, this influence is almost
negligible in the interval of 100 dB to 70 dB, and small (approximately only -1 dB) from
70 dB down to 40 dB. This is because of the efficient attenuation effect the FIR filter has on
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the input signal. Similarly, as observed in Figure 10, ROCOP SNR experiences an increased
variability due to increased noise level starting below 70 dB SNR.

6.3. Post Filtering-ROCOP Noise Attenuation and Smoothing

The noise sensitivity analysis indicated an increase in the ROCOP noise floor level
when externally applied noise magnitude increases. Because these noise levels can com-
promise any arc detection triggering mechanism, it is necessary to attenuate it as much as
possible. Therefore, this subsection presents the use of a mitigation technique to further
attenuate and smooth the noise level and fluctuations of the ROCOP calculated parameter
observed in Figures 4f and 5a, allowing the algorithm to better interpret the processed data.

A moving average (MA) filter was considered to filter the ROCOP noise and spikes.
As any type of filter, a MA filter offers various output responses for different filter order
selection. To identify the behavior of the filter under different noise levels present on the arc
event 1 signal, and to provide assistance on the selection of the filter order for the required
application, Figure 12 presents the relationship between the ROCOP SNR and the MA filter
order for several filter response curves.
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Figure 12. ROCOP SNR versus MA filter order for different SNR levels.

As can be seen, all the responses (corresponding to different noise levels present
on Ip) follow the same decay and provide good attenuation (approximately 6 dB) when
considering the 50th filter order. Increasing the filter order from 50 to 100 provides an
additional 4.9 dB attenuation respectively for signals having SNR noise levels of 80 dB to
40 dB. Several numerical simulations have been performed for the identification of the best
MA filter order for all ROCOP curves presented in Figures 4 and 5. It was found that the
50th filter order provides good attenuation of the ROCOP noise.

The absolute ROCOP calculated results filtered by the MA filter, for all the arcing
captured events are presented respectively in Figures 13 and 14. These Figures clearly
indicate the attenuation effect the MA filter has on the ROCOP noise. For example, the
ROCOP noise level of Figure 4f has been considerably eliminated, and as a consequence the
ROCOP parameter during arcing is more clearly differentiated from the noisy environment.

Another important feature of the MA filter is the smoothing effect it has on the
ROCOP fluctuations. For example, the ROCOP spikes resulting from current spikes in
Figure 5a,d,f,g, are all smoothed by both FIR and the MA filter. Consequently, ROCOP
spikes will not be counted as arcing events with a proper triggering level in place. These
features of the MA filter provide significant advantages to an arc detection triggering
mechanism allowing the rest of the proposed method to accurately identify the input data.
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Figure 13. Absolute instantaneous ROCOP after being filtered by the MA filter for the arc events 1 to 6.
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Figure 14. Absolute instantaneous ROCOP after being filtered by the MA filter for the arc events 7 to 13.

6.4. Magnitude Sensitivity Analysis

The following subsection presents the influence of pantograph current oscillation
magnitude on the arc detection capability of the proposed method. In this analysis, I}, of
arc event 11 (recorded during the regenerative braking phase) has been considered because
the current was not forced to zero during the arcing event, allowing a proper scaling of the
oscillation magnitude.

In such a context, the current oscillation instant during the arcing event was extracted,
linearly scaled by a factor ranging between 0.9 to 0.1 in 0.1 steps, and then synthesized
within the real data recordings to be used for testing the proposed method. The extracted
portion of the current oscillation I is presented in Figure 15, along with all the scaled
versions denoted as I;,» to Ip10, corresponding to scaling factors 0.9 to 0.1, respectively.

The method was tested with all the 10 pantograph current versions, and the relation-
ship between the calculated ROCOP SNR and the scaling factors is presented in Figure 16.
ROCOP SNR values (for each scale factor) indicate the level of differentiation of the arc
from the environment noise level. It is normally expected a decrease in ROCOP SNR with
decreasing scale factors because the magnitude of the arc oscillation reduces significantly,
for example to 36 A and 18 A (absolute values), respectively for scale factors 0.2 and 0.1
(corresponding to I;;9 and I;,10 of Figure 15.
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-300

Pantograph Current (A)
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00 . I . . .
2523.94 2523.96 2523.98 2524 2524.02 2524.04
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Figure 15. Pantograph current Ip1 of arc event 11, along with scaled current versions Ipa to Ipio,
respectively, for scaling factors 0.9 to 0.1.
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Figure 16. ROCOP SNR values versus the scaling factors for the considered arc event 11.

This magnitude sensitivity analysis has shown that the proposed method is capable of
identifying all arcing events having reduced oscillation magnitudes down to 18A. However,
arcing events of such a small oscillation magnitude can be considered non-significant when
compared to oscillation magnitudes of the real captured arcing events (arc events 1 to 13).

6.5. Signal Window Length Impact

The effect of considered signal length on the ROCOP parameter is studied in this
subsection. Pantograph current of arc event 1 has been considered for this analysis. Initially,
the maximum ROCOP parameter observed within the time window processed signal is
evaluated for the total length of the recorded signal (150,000 samples equals to 3 s). The
signal was divided into equal lengths through different consecutive time windows and
processed by the proposed method.

The maximum ROCOP values for different fixed window signal lengths are presented
in Figure 17 (blue curve), where text annotations indicate the number of samples within
each time window.
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Figure 17. Maximum ROCOP values for different signal lengths.

A small difference in ROCOP magnitude exists between a long considered signal of
3 s and shorter signals of 1s,0.6 s, 0.2 s and 0.1 s corresponding to (50,000, 30,000, 10,000
and 5000) samples as presented by the blue curve in Figure 17. Decreasing further the
length of the time window to 3000 samples, 1500 samples or 1000 samples produces a
decrease in ROCOP magnitude. This behaviour is caused by short windows that fail to
accommodate a compete arcing event. This is demonstrated when sliding windows of 50%
overlap are used (see the red curve in Figure 17), which better accommodate the arcing
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event for processing, and consequently produce ROCOP magnitudes of small differences
for short windows.

The analysis presented in this section has indicated that the proposed arc detection
method is capable of detecting arcs of different magnitude at different noise levels in the
DC rail network.

In addition, standard EN 50317 [1] requires the current collection quality of the
pantograph-catenary system to be evaluated. For this purpose the percentage of arcing is
proposed in [1], to be calculated as the ratio of total duration of all arcs to the total run time
for pantograph current values above the 30% of the nominal current per pantograph. The
proposed arc detection method clearly cannot evaluate the time duration of the arcs, but
the detected arcs can be used to compute the number of arcs per kilometre, as an alternative
criterion (also acceptable by standard EN 50317 [1]) for evaluating the current collection
quality.

As presented, the method does not employ an extensive processing technique, and
therefore it can be implemented in real-time. One option to accomplish this could be to
embed the algorithm within the actual train computational and monitoring units. Alterna-
tively, the on-board instrumentation of the train can be considered for the possibility of
sharing the measured pantograph current with external acquisition and computational
units, such as microcontrollers having real-time computational capabilities.

7. Conclusions

This paper has presented a novel arc detection technique for DC Railway Systems.
The method quantifies the instantaneous ROCOP of the pantograph current oscillating
signal during the arc occurrence with the help of the Hilbert transform. Real current signals
measured at a 3 kV DC pantograph level of a running locomotive have been applied to
test the performance of the algorithm, and it was demonstrated that the phase derivative
can detect and localize in time all the electric arcs occurring at both the coasting and
regenerative braking phase.

The sensitivity of the algorithm to external applied white Gaussian noise, various
synthesized oscillating magnitudes representing different arcing events, and the length
of the considered signal is also evaluated. It was demonstrated that the noise level in
the pantograph current has little influence in ROCOP parameter due to efficient noise
attenuation provided by the FIR filter. ROCOP parameter measured for signals having
SNR between 100 dB to 70 dB was high repeatable, whereas, below the 70 dB of SNR,
ROCOP becomes variable, leading to increased uncertainty.

A moving average filter was employed to attenuate and smooth the ROCOP noise
level and spikes, and it was demonstrated that the ROCOP parameters after the filtering
stage were clearly differentiated from the rest of the noisy environment.

The magnitude sensitivity analysis has demonstrated that the proposed method is
also capable to identify minor arcing events having oscillation magnitudes down to 18 A.
These arcs are typical in very low train speeds and are probably caused when trains change
the track position.

A small difference in ROCOP magnitude for different considered signal lengths (3 s
and 1s,0.6,0.2sand 0.1 s lengths) has also been demonstrated. For very short considered
time windows (1000 to 3000) samples, it was shown that sliding windows outperforms
fixed length windows because complete arcing events are better accommodated, providing
so consistently results.

The DC arc detection method in this paper provides a new tool for accurate, real-time
condition monitoring of critical electrified rail infrastructure. This has the potential to
enable predictive maintenance, thereby reducing operational costs and improving safety.
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Abstract: High speed and heavy loads have become more prevalent in the traction power supply
system recently. To ensure system operating stability, better power quality, and sufficient power
capacity, improvements are needed over the conventional traction system. Inspired by the concept of
a microgrid (MG), an AC co-phase traction MG system was proposed. Substations were connected to
the traction grid as distributed generators operate in islanded mode. Droop control was adopted
as the primary control to stabilize the system’s operating frequency and voltage. Considering the
operating features of the substation and locomotive load, a de-centralized secondary control strategy
was proposed for AC co-phase traction MG system operation with enhanced resiliency. The proposed
control strategy could increase system stability and prevent circulation currents between substations.
Moreover, the proposed de-centralized coordination between substations does not rely on communi-
cation, which promotes the system’s “
and the proposed controller was proved to be exponentially stable. The dynamic response of the

plug-and-play” functionality. Stability analysis was undertaken
proposed controller was validated using comprehensive case studies in MATLAB/Simulink.

Keywords: circulation current; co-phased traction system; secondary control; microgrid

1. Introduction

With the development of high-speed rail, the requirements for traction power quality
and capacity have increased [1]. A conventional railway traction power system suffers
from critical power quality problems, such as voltage unbalance, poor power factor, and
harmonic distortion. To compensate for the reactive power and harmonics of the catenary,
a co-phase traction power supply system was proposed based on the design of an active
power compensator [2,3]. A benefit of the co-phase system is that half of the neutral sections
can be canceled. To link all the catenaries of the substations without any neutral sections,
an advanced co-phase system was proposed in [4]. Instead of a traction transformer, a
three-phase to single-phase converter was adopted by the substation [5]. Therefore, the
traction voltage can be controlled and there’s only one catenary in the system. However,
the system could be destabilized with varying line impedances or loading conditions.

The substations could be controlled as distributed generators (DGs), and the advanced
co-phase traction power grid could be treated as a special type of microgrid (MG). Different
from a conventional MG [6,7], there are several unique characteristics of a traction MG. First,
the locomotive load moves on the traction grid, which means that the system impedance
distribution changes regularly. Second, due to the unique features of the traction power
infrastructure, the distance between two substations is fixed to dozens of kilometers, which
results in a non-ignorable line impedance effect. Third, unlike the DGs with various capac-
ities, converter-based substations with an identical power capacity are connected to the
traction grid. Automatic power-sharing in response to the line impedance variation should
be realized [8], which is different from the proportional power-sharing in a conventional
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MG [9,10]. Lastly, since the traction power system is an autonomous AC system, the AC
traction MG operates constantly under islanded operation mode [11,12].

Coordinated operation between multiple DGs in the context of autonomous MG oper-
ation has been frequently discussed in the literature. Conventional islanded MGs contain
multiple inverter-based DGs that are installed in parallel [13]. Differing in their control ob-
jectives, there are three typical control modes, namely, P/Q control, V/F control, and droop
control [14]. Under P/Q control, a DG inverter operates as a current source whose power
output is as commanded. In contrast, a fixed voltage and frequency reference is adopted
by the inverter in V/F control. Due to the differences in inverter impedance and capacity,
an overcurrent problem would be frequently generated when multiple V/F-controlled
inverters operate in parallel [15]. Moreover, a V/F-controlled DG normally operates as
the only slack node in an islanded MG, which requires its installed power capacity to be
sufficiently large. To automatically stabilize the system frequency and voltage while achiev-
ing DG power-sharing, droop control is proposed [16,17]. However, due to system line
impedance variation, mismatched DG reactive power-sharing is inevitable in conventional
droop control [18]. To ensure system operation synchronization, voltage regulation, power
balance, and load sharing, many advanced control strategies are carried out. Improved
droop control [19,20], virtual impedance-based control [21,22], and improved hierarchical
control strategies [23] are often adopted to eliminate the frequency and voltage deviations
caused by droop control and achieve accurate power-sharing [24,25].

Similar challenges to voltage regulation and power-sharing exist in an advanced
co-phase traction system. Inspired by the concept of an MG, an AC co-phase traction MG
was proposed in this study.

e  Considering the characteristics of a traction system, a decentralized control strategy
was proposed to enhance the traction MG operating performance. In the proposed
strategy, no communication between substations was introduced, which makes it
easier for the substation to realize plug-and-play functionality.

e Due to the benefit of automatic power-sharing between substations, the capacity of
the high-speed railway could easily be expanded through the connection of more
substations without modification, which differs from the ones in a conventional
traction grid.

e  As the primary control is implemented, the traction grid operating frequency and
voltage can be stabilized via autonomous regulation through multiple substations
coordinating together. In addition, the phase and voltage magnitude error is elimi-
nated in the secondary control. Despite the effect of the long-distance line impedance,
the traction grid voltage is maintained in an acceptable range along the catenary line.
Moreover, the circulation current is eliminated due to the elimination of the substation
voltage difference.

e  Without neutral sections, there is only one catenary in a traction MG, which makes it
more flexible for distributed renewable resources to integrate with the traction grid in
the future.

The rest of this paper is constructed as follows. The proposed AC co-phase traction
MG system is introduced in Section 2. In Section 3, the line-impedance-based power-
sharing and circulation current are analyzed and the proposed control strategy is presented.
The small-signal stability of the system is analyzed in Section 4. Simulations results based
on three substations are derived in Section 5 to validate the effectiveness of the proposed
strategy for the AC co-phase traction MG system.

2. AC Co-Phase Traction Microgrid

In an advanced co-phase system, only one catenary line is utilized, which does not
require a neutral section. All substations are connected to the single-phase AC traction
grid [4]. Inspired by the concept of an MG, an AC co-phase traction MG is proposed in this
section. The system topology is presented schematically in Figure 1.
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Figure 1. AC co-phase traction microgrid (PV: photovoltaics).

As shown in Figure 1, substations are utilized to stabilize the traction grid and energize
the locomotive loads. The traction MG and the main grid are interconnected by substations
through AC/AC converters (551 and SS2). Compared to a conventional transformer, a
converter-based substation operates as a controllable voltage source with better controlla-
bility. Due to the characteristics of an AC co-phase traction MG, the substation converter
always operates under islanded mode. The distance between the substations is normally
at the kilometer (km) level and the effect from the line impedance (LL1, LL2, and LL3) is
non-negligible. Additionally, the capacity of each substation is identical, which is different
from the case in a typical MG where the generation capacities would vary.

Only a locomotive load is presented in the traction MG. As the trains move, the
loads are not connected at fixed points. Line impendence between the source and load is
constantly changing, and thus, power-sharing between substations is difficult to achieve
using the conventional droop controller. Based on a line impedance change, an automatic
power-sharing strategy can be adopted. The locomotive load will automatically be ener-
gized by the nearest substation. Such a method is not only easy to apply but also maintains
the operation voltage of the loads within an acceptable range all the time.

Additionally, DGs can also be directly connected to the traction grid. The power
generated by the DGs can be utilized to support loads or flow into the grid through the
substation. Without any neutral section, it is also more flexible for DGs to connect with the
traction gird. As a result, the proposed traction MG will help with renewable penetration
along the railway.

3. Proposed Traction MG

In an islanded MG, at least one voltage source that acts as a slack bus needs to be
present. However, in a traction grid, all the substations are distributed on one long feeder.
If only one slack bus is presented, due to the line impedance effect, the system will be
destabilized by the substations that are far away [5]. As the voltage difference between the
substations increases, there will also be more power losses caused by the circulation current.
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To achieve a robust system, all the substations are operated as a voltage source, which
supports the voltage of the traction MG. A decentralized control strategy is proposed for the
substations on the traction grid, as shown in Figure 2. In the traction system, the catenary
line impedance changes the locomotive location. For an effective load power allocation, an
automatic power-sharing function can be achieved under this control strategy. Furthermore,
a two-layer-based control strategy is designed for the system stability enhancement and the
output voltage synchronization. In the following section, the circulation current between
the substations is first analyzed; then, primary control and secondary control strategies are
introduced for the substation operation in the traction MG.

E »(( 1)«
g (7] G
] )E*
e e
= N,
D
17

Droop
_ ‘ control
[=) A
=] v
=
S Power l Voltage reference
E caculation
E 7' A v
& out loop/L

urrent inner loog‘
Vg
y
. . \_J .
Traction Grid Grid

Figure 2. The proposed decentralized control strategy for the substation in the traction microgrid.

3.1. Line-Impedance-Based Power-Sharing and Circulation Current between the Substations

In a conventional traction power grid, only one substation provides power in each
interval. There will be a significant voltage drop at the end of each interval due to the
long-line impedance. Without a neutral section, the substations in a traction MG could
operate in coordination and the voltage drop could be effectively reduced. Figure 3 presents
an equivalent circuit of a traction MG with two substations.

7 ] —_ Z )
| — ° | — |
—J 1
[l ]L 12
VYS 1 I/v[ ZL VSS 2

Figure 3. Equivalent circuit of two substations.
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In Figure 3, Z; and Z; represent the line impedances between two substations Vss;
and Vsgy; Z; is the reactance of the locomotive load; I, I, and I; are the currents of Vg1,
Vss2, and the load. When the output voltages of Vss1 and Vs, are equal, the system
current flows are described as follows:

Z
L=—-—-—I, 1
=z 1)
Zy
L= ——1I. 2
2=zt (2

The values of Z; and Z; depend on the location of the locomotive load. It can be seen
that when the load moves toward the substation Vsg1, the line impedance Z; gets smaller.
Referring to Equations (1) and (2), in this case, the current I; increases while the current
I, decreases. This indicates the fact that the load will get more energy from the nearest
substation. In conclusion, automatic line-impedance-based power-sharing is achieved in
this traction power system. Compared to a conventional traction grid, the voltage drop on
the line impedance would be maintained in an acceptable range, which will be discussed
in detail in Section 5.

A voltage difference between two substations will result in circulation currents.
Such currents will flow through the line impedance between two sources and eventu-
ally be fed back to the grid through a converter. This would not only cause extra energy
loss due to the line impedance and the power electronic devices but will also have a nega-
tive effect on the converter power stress and lifetime. The circulation current is defined
as:
1=
T+ 7y

such that Equations (1) and (2) can be rewritten as:

I, 3

Z
L=—"—1I 1 4
1 Zl+ZzL+ cr ()
Z4
L=——1I —1I.
2=z Lok ®)

If the output voltages of substations V1 and V, are regulated as rated, there would be
no voltage difference (i.e., Vi =V, = E*and V| — V3 = 0) and the circulation current can be
eliminated.

3.2. Primary Control

In this work, a three-phase converter was adopted to stabilize the DC link voltage,
while a single-phase converter was applied to maintain the traction grid voltage and
support the locomotive load consumption. Three control loops were introduced under
primary control, namely, droop control, a voltage out loop, and a current inner loop.
DC bias current control was adopted for the inner current loop [26]. The D/Q voltage
reference was generated by the voltage out loop. In [5], the voltage loop reference came
from the sampling voltage/phase values from the connection point of each substation
in the traction grid. When the initial state is changed, such as in the load condition, the
system will collapse. Moreover, there is only one voltage source in the advanced co-phase
traction grid. The long-distance line impedance between the substations and voltage source
will cause a considerable voltage drop and become a threat to the stability of the system.
Droop control is widely implemented in islanded MG to stabilize the voltage. In a high
voltage traction power system where the line impedances are inductive (X >> R), droop
control is suitable for this system. In order to autonomously stabilize the traction grid
operating frequency and voltage using multiple substations in coordination, droop control
is implemented at each substation. Based on the calculation of the power at the output
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connection point, the voltage amplitude and phase reference are generated according to
the droop function.

3.3. Secondary Control

Due to the inherent characteristics of droop control, steady-state deviations will be
introduced to both the system operating frequency and voltage magnitude [27]. In this
study, secondary control was implemented for further regulation. As shown in Figure 2,
E*and 0* represent the rated voltage magnitude and phase, while E and 6 represent the
substation output voltage magnitude and phase. In the AC co-phase traction MG system,
the rated phase is synchronized with the grid all the time. The proposed voltage and phase
regulation are defined as:

6 =6 —mP + kpAw, (6)

E = E* —nQ + ke, @)

where m and n represent the droop coefficients of the P-f and Q-V droops, respectively;
k., and k. are the designed control gains; Aw and Ae are the designed secondary control
variables:

A = —ko(0 — 67), ®)

Ae = —k,(E — E*). ©)

By implementing integrators, the phase and voltage magnitude error is eliminated.
Despite the effect of long-distance line impedance, the traction grid voltage is maintained in
an acceptable range along the catenary line. Moreover, the circulation current is eliminated
due to the elimination of the substation voltage difference.

4. Stability Analysis
4.1. Modeling of System Operation States

To derive the stability conditions for the proposed controller, a system small-signal
model was developed. The following lemmas are introduced for the subsequent analysis.

Lemma 1 [28]: If M is positive definite and N is positive definite/semi-definite, then
M + N is positive definite/semi-definite.

To avoid unnecessary technical complications, we ignored the delay in adjusting the
output frequency and modeled the delay in adjusting the output voltage magnitude as a
first-order low-pass filter [29]. The system operation states under primary control can be
modeled as:

E;E
ASj = w; — w* = —my; ;(Psin(Aéi) + Aw;, (10)
i

(E; — Ep)E

wv_l}.S =—(E—E")=—n; Pcos(A(Si) + Ae;, (11)

1

where Ep presents the equivalent voltage magnitude at point of common coupling (PCC); X;
and Ad; = ; — dpcc represent the equivalent reactance and voltage phasor phase mismatch
between the ith DG and the PCC and w, represents the cut-off frequency of the equivalent
low-pass filter from the output voltage adjustment; Aw; and Ae; are the designed secondary
control variables. To derive the system’s small-signal stability, it was assumed that sinAJ;
~ A¢é; and Ep ~ E*. Additionally, referring to the conditions where the AC droop control is
validated [30], it was assumed that in Equation (8), E; ~ Ej was constant, and in Equation
(9), cosAd; ~ cosdy was constant. Then, the system operation states modeling can be
reduced to:

AS; = —m;M;AS; + Aw;, (12)
TN T 13)
i ! B cos o’ v
where M; = E/;(f* and N; = %,
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It is noteworthy that the time scale of the secondary control is at the millisecond level,
while the variation of the system impedance, X; can be considered to be a constant at such
a time scale. For subsequent analysis, X;, and thus M; and Nj, are treated as constants.
Denote M = diag(M;), N = diag(N;), m = diag(m;), and n = diag(n;). The proposed secondary
controller is modeled as: .

Aw; = ko (AS; + 5ref)r (14)

D& = —ke(Ei + Eref), (15)

where k,, and k, are the designed control gains, while J,,s and E, represent the reference
voltage and phase reference for each substation, respectively.

4.2. Phase Regulation Stability

Denote mM = diag(m;M;) and let I represent the unit matrix and 0 represent the zero
matrix. The linearized system model can be expressed in matrix form as:

X=WX+U, (16)

B (-mM I\ [ -W; I
where X = (Ad/Aw) represents system states and W = < kol 0 ) = ( W, 0 ) .

U represents variables that are independent from X. The characteristic polynomial of
W can be simplified using a Schur complement and is derived as: det(s] — W) = det(sI +
Wi)det(2sI + sWy + Wj) = 0. It can be concluded that W is positive definite. The roots of
det(sI — W) = 0 satisfies Re(s) < 0 if and only if the following conditions are satisfied:

Amin(Wi + Wi T) > 0, 17)

Amin(Wa + WoT) > 0. (18)

Conditions (17) and (18) are satisfied as both W; and W, are positive definite. There-
fore, it can be concluded that the system is exponentially stable with the proposed controller.

4.3. Voltage Regulation Stability

Denote nN = diag(n;N;). The linearized system model can be expressed in matrix form
as:

X = waWX + wyll, (19)

B _( —14+nN 1\ ([ -W I
where X = (AE/ Ae) represents the system states W = < kol 0 > = < "W, 0 )

U represents variables that are independent from X. The characteristic polynomial
of W can be simplified using a Schur complement and is derived as: det(s] — W) = det(s]
+ Wy)det(2s + sWy + W) = 0. It can be concluded that W is positive definite, referring
to Lemma 1. The roots of det(s] — W) = 0 satisfies Re(s) < 0 if and only if the following
conditions are satisfied:

Amin(W1 +W[) >0, (20)

Amin (W2 + WT) > 0. (21)

Conditions (20) and (21) are satisfied as both W; and W, are positive definite. There-
fore, it can be concluded that the system is exponentially stable with the proposed controller.

5. Results

To verify the proposed decentralized control strategy for the AC co-phase traction
MG power system, simulations using MATLAB/Simulink were studied. The single-phase
AC traction voltage RMS value was rated as 400 V, the unite line impedance of the catenary
was defined as 0.076 +j0.176 (2/km. The locomotive load was modeled as a 10 Q) resistor
parallel with a 50 mH inductor. The structure of the traction power system under simulation
is presented in Figure 4. Three substations and two locomotive loads were involved. L1, L2,
L3, and L4 represent the line igypedances between the load and the substation. Comparison
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results regarding the system’s operational stability, circulation current elimination, and
load voltage drop regulation are carried out in the following sections.

5.1. Voltage/Frequency Regulation

As previously discussed, compared to the conventional large-scale power grid, the
operational stability of an AC co-phase traction grid can be easily affected by the line
impedance and load condition and could be improved by the proposed control strategy.
In this section, compared to the traditional control strategy in [4], the simulation results
for the system stability under different conditions are discussed. In Figure 4, the proposed
control strategy was adopted by all the substations S51, SS2, and SS3. All the substations
operated as a voltage source. With the same system structure, there was only one voltage
source SS1 that supported the traction grid voltage in the former research, while 552
and SS3 operated as power sources. The output voltage waveforms are given when the
substation that is connected with the traction grid has a different load condition.

5.1.1. No-Load Condition

In this simulation, SS1 was connected to the traction grid at 0 s, SS2 was connected to
the traction grid at 3 s, SS3 was connected to the traction grid at 6 s, load 1 is connected to
the traction grid at 9 s, load 2 is connected to the traction grid at 12 s. The lengths of L1 =
L2 = L3 = L4 = 3, which means the load was connected at the middle point between the
two substations

As shown in Figure 5a, as the only voltage source, SS1 kept a constant output voltage
V1 all the time. At time T1, SS2 was connected with the traction grid. The voltage reference
for the voltage loop was only affected by line impedances L1 and L2. The output voltage
of SS2 V2 went to a steady state after nearly 1 s of dynamic response. At T2, SS3 was
connected with the traction grid. The voltage reference for the voltage loop was affected
by line impedances L1, L2, L3, and L4. The output voltage of SS3 V3 went to a steady
state after nearly 1 s of dynamic response. It can be seen that V3 was getting smaller than
V2, because of the voltage droop on the bigger line impedance. Load 1 and load 2 were
connected with the grid at T3 and T4, respectively. After a quick dynamic response, the
entire system maintained a steady state.

The simulation results for the proposed control strategy are shown in Figure 5b. In
this AC co-phase traction MG, all the substations were operating as voltage sources. There
was a dynamic process when SS1 was connected with the traction. Due to the additional
droop and secondary control, the speed of the system dynamic response was affected.
However, same as SS2 and SS3, all the substations had a steady output voltage after 1 s.
The voltage reference for the voltage loop was no longer just the sampling value on the
grid. It depended on the power consumption according to the control strategy. All the
output voltages were steady after load 1 and load 2 were connected with the grid.

5.1.2. On-Load Condition

To validate the system stability under different load conditions, the substation was
connected to the grid with a load. SS1 was connected to the traction grid at 0 s, load 1 was
connected to the traction grid at 3 s, S52 was connected to the traction grid at 6 s, load 2
was connected to the traction grid at 9 s, and SS3 was connected to the traction grid at 12 s.
All the loads were still connected at the middle point of two substations. The simulation
results are shown in Figure 6.
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Figure 5. Three substation output voltages of different control strategies under a no-load condition: (a) the traditional
control strategy; (b) the proposed strategy.

As shown in Figure 6a, SS1 kept a constant output voltage V1 all the time. The system
was stable until 553 was connected to the traction grid. Before T3, there were already two
loads on the grid. The voltage reference error of SS3 had a great effect on the system’s
stability. In contrast, the system remained stable under on-load conditions. Based on
the decentralized control strategy, the inverter of the substation not only provided the
power consumption but also stabilized the traction grid voltage. In addition, when the
line impendence was getting bigger, the stability of the proposed system was guaranteed,
while the system became unstable in [4].

5.2. Circulation Current

A circulation current between substations is one of the key issues for a system’s
efficiency and lifetime. Same as the section before, two load conditions will be discussed.
The voltage difference and circulation current comparison results are given in the following.
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5.2.1. No-Load Condition

With the same no-load condition as before, the loads were connected to the grid after
all the substations were on-grid. As it can be observed, Figure 7 gives the voltage difference
V1 — V2 and V2 - V3 results of different control strategies under no-load conditions. In
Figure 7a, when the loads connected to the grid, V1 — V2 and V2 — V3 had dynamic
responses every time, which indicates that the system was sensitive to the load condition.
In contrast, the voltage differences with the proposed strategy displayed better dynamic
performance.

For the steady-state part, the zoomed-in results at the last second are given in Figure 8.
It can be seen that nearly 50% of the voltage difference was cut down by the application of
the proposed control strategy for the traction MG.

With the decrease of the voltage difference, the circulation current could be eliminated.
The circulation currents’ results with different strategies are depicted in Figure 9. Icy is the
circulation current between SS1 and SS2, while I is the circulation current between SS2
and SS3. In this simulation, the line impedances of L1, L2, L3, and L4 were same. According
to (3), Icp = 0.5(I1 — 12), while I = 0.5(13 — 14). It can be seen that the circulation current
was relative to the voltage difference in Figure 9.

In the zoomed-in results in the steady state for the last second, Ic1 = 15 A and Icp =8
A with the traditional strategy, while Ic; =5 A and I¢; = 1 A with the proposed strategy.
The circulation current was reduced by more than 66%.

5.2.2. On-Load Condition

As seen in Figure 6, the system was unstable after SS3 connected to the grid with the
traditional strategy. As a result, the voltage differences increased, which caused a large
circulation current, as shown in Figure 10a. However, the voltage differences remained in
an acceptable range with the proposed control strategy in Figure 10b.
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Figure 8. The zoomed-in voltage differences in the steady state under a no-load condition: (a) the
traditional control strategy; (b) the proposed strategy.

The zoomed-in results of the voltage differences and circulation currents of the pro-
posed strategy at the last second are also given in Figure 11. Both V1 — V2 and V2 — V3
were less than 20 V. I¢; and I were smaller than 5 A. The circulation currents between
substations were eliminated under the on-load conditions.
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5.3. Power Sharing/Voltage Drop

In the existing traction grid, only one substation provides the power for one interval
due to the neutral section.

There was an obvious voltage drop at the end of the catenary. The situation was
different with the proposed traction MG system. The simulation was modified based on
the structure in Figure 4. As shown in Figure 12, six same-value line impedances L were
connected in series. SS1, SS2, SS3, and load 1 were already connected to the grid before
8 s. Load 2 was connected to the traction grid at 8 s,10s,12 s, 14 s, and 16 s in sequence.
The length of L was 1 km, which is a reasonable number considering the speed of the
locomotive and the system response. For the traditional traction grid simulation, only SS2
supported the load consumption.

The current and the voltage of the load comparison results with different traction
grids is given in Figure 13. As shown in Figure 13a, the output current of SS2, namely Igsp,
was getting smaller when load 2 moved away from the station. With the line impedance
increase, the load voltage was getting smaller too. As a result, it was hard to meet the
voltage requirement when the load was far away from the station. Compared to the
traditional traction grid, there was only a small voltage drop on the load in the proposed
AC co-phase traction grid. As can be seen in Figure 13a, there were two output currents
from SS2 and SS3, which were Isgy and Isss, respectively. When the load moved from SS2
to SS3, Issy became smaller, while Isgy got bigger. The largest voltage drop happened when
the load was moving at the middle point. As seen in the analysis in Section 3, the load got
more power from the near substation. The line-impedance-based power-sharing required
no additional control and could maintain the load voltage in an acceptable range all the
time.
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6. Conclusions

In this study, the AC co-phase traction MG system structure was introduced. To im-
prove the system’s operating performance, a decentralized control strategy was designed
for the converter-based substation. A small-signal stability analysis was presented for
the proposed controller. Finally, the proposed work was validated through extensive
simulations. With the proposed decentralized control strategy, the system’s stability was
improved under various load and line impedance conditions. The circulation current
was reduced by more than 66%, which indicates the higher efficiency of the system. In
addition, the quality of the load voltage was guaranteed despite the significant effect of
the line impedance. With the simplified control and power-sharing strategy, additional
substations can be easily integrated for further increases of the system’s capacity for future
high-speed trains. Moreover, without communications between the substations or to the
grid, “plug-and-play” functionality is realized. In the following research, optimization
of the control parameters for the system’s robustness and the application of distributed
renewable energy in the traction MG will be further studied.
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Abstract: This paper presents the four-quadrant operation modes of bidirectional chargers for electric
vehicles (EVs) framed in smart car parks. A cascaded model predictive control (MPC) scheme for the
bidirectional two-stage off-board chargers is proposed. The controller is constructed in two stages.
The model predictive direct power control for the grid side is applied to track the active/reactive
power references. The model predictive direct current control is proposed to achieve constant current
charging/discharging for the EV load side. With this MPC strategy, EV chargers are able to transmit
the active and reactive powers between the EV batteries and the power grid. Apart from exchanging
the active power, the vehicle-for-grid (V4G) mode is proposed, where the chargers are used to deliver
the reactive power to support the grid, simultaneously combined with grid-to-vehicle or vehicle-
to-grid operation modes. In the V4G mode, the EV battery functions as the static var compensator.
According to the simulation results, the system can operate effectively in the full control regions of
the active and reactive power (PQ) plane under the aforementioned operation modes. Fast dynamic
response and great steady-state system performances can be verified through various simulation and
experimental results.

Keywords: model predictive control; bidirectional two-stage charger; electric vehicle

1. Introduction

Electric vehicles (EVs), including railway, public service, and personal vehicles, play
an important role in building a clean and efficient environment in the transportation
market [1-5]. They reduces the pollution, gas emissions, and the reliability of fuel oil.
With the permeation of EVs in recent decades, they are considered a new major load
in the main grid and distributed systems [6]. When connected to the grid, EV batteries
can deliver power to the grid as energy storage devices. When the EVs consume power,
it is denoted as a grid-to-vehicle (G2V) operation. On the other hand, it is known as a
vehicle-to-grid (V2G) operation when the energy is provided from the EVs to the grid [7,8].
Therefore, the installation of bidirectional EV charging stations is needed to fulfill the
demands mentioned above.

As a new paradigm of transport devices, EV batteries have the ability to compensate
the grid with active power via the bidirectional chargers. The current chargers can be
classified into several types in terms of the location (on-/off-board) and function (unidirec-
tional/bidirectional) [9]. In a recent work, Kwon et al. proposed an electrolytic capacitor
bidirectional EV charger to exchange the active power between the grid, EVs, and smart
homes [10]. In [11], Zahid designed a bidirectional DC/DC resonant converter to reduce
the cost and size of the chargers for V2G operation. As control methods for converters have
developed in recent years, it is now possible for the EVs to exchange the reactive power
with the main grid, in addition to the active power. A system in which EVs can participate
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in the microgrids as the reactive power provider was presented in [12]. The economic
efficiency from different aspects, including the energy market, reactive market, and lost
opportunities, was analyzed to show the effectiveness of EV participation. The reactive
power compensation capabilities of EVs in two different bidirectional battery converter
topologies were investigated in [13]. EV batteries were used as static var compensators
to support the main grid; this was named the vehicle-for-grid (V4G) mode in this paper.
Under this working condition, the reactive power is transmitted between the EVs and
the power grid. In [14], the EV batteries could operate only in the V2G mode or with
reactive power operation. It is impossible for the controller to meet the active and reactive
power requirements at the same time. In [15,16], reactive power could be controlled to be
provided from/to the EVs. According to the types of the operation modes, the current
references of the EV and grid sides were generated and sent to be used according to the
pulse width modulation (PWM) strategy. Then, the bidirectional chargers were able to
operate in the V2G/G2V/V4G modes in smart grids or homes.

Compared with the PWM strategies for current-tracking targets used in [14-16],
an advanced model predictive control (MPC) algorithm was proposed with no need for
modulation. Due to its easy implementation and its combination of multiple objectives,
the MPC scheme has recently attracted researchers [17,18]. The adoption of the MPC
method strongly depends on the calculation speed of the components and system. With the
application of microprocessors, it is now possible to apply it in the MPC method to
control powered electronic devices [19]. A cost function was designed to select an optimal
switching state for the next sampling period [20]. The model predictive direct power control
with duty cycle optimization was proposed to control the PWM rectifier [21]. A nonzero
vector and a zero vector operating with optimal control times were selected to achieve
better system performance. In [22], the model predictive current control was applied on
the grid side to track the grid current reference. Currently, the predictive control strategy is
used for unidirectional power flow in general. The active power is delivered from the grid
side to the load side.

To achieve bidirectional active/reactive power flow (four-quadrant operation), a cas-
caded model predictive control is proposed in this paper. The controller is divided into two
parts. One is for the active and reactive power control used in the grid side, denoted as the
model predictive direct power control (MPDPC). The combination of the active and reactive
powers’ errors is designed as the cost function. It is used to track the active/reactive power
demands for the power grid. Another is the current control for the EV side to achieve
a constant current charging target, which is named the model predictive direct current
control (MPDCC). The key novelties of the paper can be summarized as follows: (1) The
active and reactive powers can be controlled independently with the cascaded predictive
control; (2) EV batteries regarded as the reactive power generator (V4G mode) are proposed
to support the main grid; (3) the initial constant current control for charging/discharging
operation is available on the load side.

In this paper, a three-phase laboratory converter and a DC/DC half-bridge converter
were developed as the bidirectional EV charger. Simulation and experimental tests were
implemented to verify the proposed method in the four-quadrant operation. The detailed
working scenarios were: (1) the pure G2V operation mode; (2) the pure V2G operation
mode; (3) the pure inductive V4G operation mode; (4) the pure capacitive V4G operation
mode; (5) the G2V along with the inductive V4G operation mode; (6) the V2G along with
the inductive V4G operation mode; (7) the V2G along with the capacitive V4G operation
mode; (8) the G2V along with the capacitive V4G operation mode. It should be noted
that the inductive/capacitive operation refers to positive/negative reactive power during
the transmission.

The rest of this paper is presented as follows. Section 2 discusses the topologies,
application fields, and pros and cons of the unidirectional and bidirectional chargers.
In Section 3, the selected off-board EV battery charger prototype is introduced and the
proposed MPC methods for both the first stage and second stage are explained in detail.
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Sections 4 and 5 present the simulation and experimental results of the bidirectional charger
under the G2V, V2G, and V4G operation modes. Finally, the conclusions are shown in
Section 6.

2. Electric Vehicle Battery Chargers for Smart Car Park Integration

According to the power flow direction, the types of EV chargers can be summarized
as: unidirectional /bidirectional with on-/off-board chargers [23]. The active and reactive
power (PQ) coordinate in Figure 1 shows the full control region for EV battery chargers.
The positive directions of P and Q represent the power being delivered from the grid to
the EVs. According to the direction of active and reactive power transmission, the PQ
plane can be divided into eight operation modes. The xy axes of the PQ frame, defined as
Modes I-1V, represent the pure G2V, inductive V4G, V2G, and capacitive V4G operations,
respectively. The other four quadrants show the V2G or G2V operation along with the
capacitive or inductive V4G operation.

III: hQ

Inductive V4G
VI: V:
V2G with G2V with

inductive V4G |~ inductive V4G

1I:
V26 VIL VIIL:
V2G with G2V with

capacitive VAG - capacitive V4G

Iv:
|’,C/apacitive V4G

Figure 1. Four-quadrant operation for chargers.

2.1. Unidirectional Chargers

Unidirectional chargers can only operate on the positive x-axis (i.e., P > 0) of the
P-Q coordinates (Modes I, V, and VIII), as shown in Figure 1. EVs can only be charged.
On the other hand, reactive power is able to be transmitted during the battery charging
process. However, low-frequency current harmonics will be introduced in the utility, which
is inadvisable [24]. Therefore, these chargers are used to achieve a unity power factor
operation, as presented in Mode L.

Various topologies have been studied for both single- and three-phase unidirectional
chargers with half-bridge, full-bridge, or multilevel topologies. Considering the cost,
size, and component stresses of the chargers, different topology circuits are applied in
diverse application fields. The power factor correction boost converter, a conventional
topology, is used in the low-power-level application [24]. To increase the application power
level, some advanced topologies were proposed and discussed, such as the interleaved
AC/DC boost converter, inverting or positive buck/boost PFC converter, and the multilevel
converter [23,25].

2.2. Bidirectional Chargers

To make full use of EV batteries, smart chargers with V2G technology have been pro-
posed and extensively studied. With the G2V and V2G technologies, the active power can
be transferred to the EV batteries and returned back to the grid. They are controlled for op-
eration in all regions of the PQ plane. This kind of bidirectional charger takes into account
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the grid’s and EV drivers’ energy demands. Along with optimal charging/discharging
schemes, potential commercial benefits stemming from EV chargers can be achieved, as dis-
cussed in our previous work [26]. Apart from transmitting the active power in V2G/G2V
operations, reactive power (inductive or capacitive) can be provided by the batteries to
improve the power quality. During the reactive power operation process, the EV batteries
can be regarded as capacitor banks, static compensators, etc. Note that it is impossible for
the state of charge (SOC) and lifetime of the batteries to be affected when operating as a
reactive power provider [16]. However, due to the increasing charge-discharge cycles, the
DC-link filter capacitor is affected under this reactive power support condition.

Figure 2 shows the typical single-/three-phase bidirectional battery chargers, respec-
tively. There are three power level types for EV chargers, namely, Level 1, Level 2, and
Level 3. Most EV chargers are able to be plugged into a home or office outlet for Level 1
(slow charging) or Level 2 [23]. They are usually designed for on-board chargers for private
or public facilities with a single-phase topology. For commercial applications, such as
shopping malls and official car parking spots, three-phase structures are normally applied
with Level 2 or 3 (fast-charging) chargers installed for off-board charging. The EVs can be
controlled to fully charge within two or three hours. Therefore, the three-phase circuits are
selected and studied for the smart car park in this paper.

|

S —ﬁ} 8s :
Vs C __ —!_ BAT

L

AS‘Z AR} AS'4 T__

(a) Circuit topology of a single-phase bidirectional charger.
r L ALJ-} _L)'}
Grid

C-— — Battery

o 4

(b) Circuit topology of a three-phase bidirectional charger.

Figure 2. Bidirectional charger structures.

3. Proposed System and Control Scheme for Bidirectional Power Flow

With the integration of EVs, car parks located in workplaces or shopping malls show
enormous potential for getting EVs involved in the grid. To exploit this commercial
potential, a smart car park where large populations of EVs would be parked was proposed
in a previous work [26]. The proposed smart car park system consists of bidirectional
charging stations, a control center, and energy storage devices, as presented in Figure 3.
The active/reactive power management system can be regarded as a central controller.
The power demands from the EVs and storage system (such as a supercapacitor/flywheel)
are sent to this central controller. Optimal control strategies are applied to generate the
control signals. The switching states are transferred to drive the relevant converters
or devices.

The bidirectional chargers should be controlled to track the active/reactive power
and charging/discharging current references provided from the grid and EVs, respectively.
Due to the easy implementation and ability to fulfill multiple objectives, the proposed
MPC method is designed to track these targets. The classical topology in Figure 2b is used
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for energy storage systems with the bidirectional power flow [27]. However, as a boost
converter, the range of the battery voltage is limited, varying from the grid peak voltage to
the battery maximum voltage [28], which will be proved later in this section.

3-phase .
Grid Power Supply G
—> Switching States

Bidirectional 2-Level Demand Flow

AC/DC Converter

Switching
States

3 ! |
Bidirectional Bidirectional Bidirectional
DC/DC Converter| |DC/DC Converter| ~~ |DC/DC Converter

Active/Reactive Power
Management System

Demands

Figure 3. Framework of the smart car park system.

Considering that the common nominal battery voltage is between 300 and 400 V,
an AC/DC boost converter, the typical topology, is preferred in the rectification stage with
a120/240 V grid connection [25]. A DC/DC half-bridge bidirectional converter is used
to interface with the EV batteries. With this DC/DC converter, the low boundary of the
charging/discharging range can be enlarged from the peak value of the grid voltage to 0 V.

Based on the above analysis, a three-phase two-stage converter is used as the off-board
bidirectional charger, as depicted in Figure 4. The two-level AC/DC converter is connected
with the power grid via a line resistance (R) and a filter inductor (L). A filter capacitor (C)
is connected on the DC bus to smooth the DC voltage. The half-bridge DC/DC converter
is applied as the second stage. An output inductor (L;.) connecting the battery is used on
the DC side.

R
Grid
c_—
-l- TBattety
Grid side AC/DC converter ~ DC/DC converter EV side

Figure 4. Three-phase off-board charger.

The switching signals of the three-phase AC/DC converter are defined as
[ 1 SjorS;s, orSsison
Sk = { 0 SpyorSy orSgison ’ M

where k = a, b, ¢ phase.
The switching state is transformed into the stationary a8 coordinate system, written as

2|1 -1
Sep = 3{ 0 7 ]Sabc, 2

2

|
MfSran
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where L
S
S a
sacﬁ = |: Sa :|/ Sabe = | Sp

B | Sc |

Similarly, the input voltage of the AC/DC converter in the af coordinates can be
expressed as:

C S
I S; ] Vie- (3)

The eight possible switching states and the corresponding input voltage vectors are
summarized in Table 1.

V,
Vup = { V; ] = SupVic =

Table 1. Input voltage vectors of the AC/DC converter in the a8 coordinates.

No Su Sb SC Soc Sﬂ Vy Vﬂ ||V,x+jVﬂ||
0 0 0 0 0 0 0 0 0
1 1 0 0 2 0 2Vqe 0 2Vge

1 1 c Vie 2V,
2 1 1 0 3 e e ﬁ e/
3 0 1 0 -1 L Y Vac 2Vae
3 V3 3 V3 3
4 0 1 1 -2 0 _ Wi 0 Wy,
1 1 c Vie 2V,
5 0 0 1 -3 v — e ,ﬁ e/
6 1 0 1 1 L Vae _ Vi 2Vie
3 V3 3 V3 3
7 1 1 1 0 0 0 0 0

3.1. The Charging Rate Analysis

Assuming that the reference voltage V,,  is located in sector 1 of the vector diagram
presented in Figure 5, based on the parallelogram law, it can be obtained from the two
closest voltage vectors (V; and V), expressed as

T T,
{ TSV1+TSV2_Vref ,

4)
Ti+Th+Ty=Ts

where Ty, T, and Tj are the action periods for the three basic voltage vectors, Vi, V;, and
Wo,7, respectively.

V3(010)

V4 (011) Vi (100)

Vs (001) Vs (101)

Figure 5. Eight possible input voltage vectors.
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In the & coordinate system, the included angle between the reference value (V,,f) and
the voltage vector (V) is denoted as 0. Based on the law of sines, the relationship among
V1, Vo, and V,ef can be recorded as

T T
‘Vref‘ _ ‘Tivll _ |T§V2‘
sin(3)  sin(5—6)  sinf

©)

Because V; and V; have the same amplitude, which is equal to 2%"‘ , (4) and (5) can be
rewritten as .
T, = stsin(§ —0)
Tr = mTssinf ’ ©)
To=Ts-Th+ T

where m is the modulation in index, which can be calculated by

\/§| Vie f ‘
m=———. 7)
Vite
In the space vector modulation, a system constraint condition should be met:
T+ T, <T.. ®)
Substituting (6)—(8), the system constraint can be represented as
Viae
Viep| < ——F——. 9
‘ )Lf|7\/§s”1(%+9) ()
In order to satisfy (9) for any included angle 0, it can be deduced that
V.
Vin = [Vies| < % (10)
which can be rewritten as
Vie = \/gvm = Vphfph/ (11)

where V}, is amplitude of the phase voltage and V), _p;, is the phase-to-phase voltage,
known as the line voltage.

Therefore, the output DC-link voltage V. of the three-phase AC/DC converter has
a minimum value. With the topology in Figure 2b, the DC-side output voltage is limited
to between the voltage-line voltage and the fully charged voltage of the battery. In order
to achieve the full range of charging/discharging from the minimum to the maximum
battery voltage, a DC/DC bidirectional half-bridge converter is connected with the battery,
as described in Figure 4.

3.2. Model Predictive Direct Power Control for the Grid Side

The MPC strategy for tracking the grid active/reactive power—named MPDPC—is
proposed in this section. A cost function is designed as the combination of the error between
the predicted and expected values of the active and reactive powers. The appropriate
switching state that minimizes the cost function is chosen for the next sampling period.

A balanced source power is considered on the AC side. The system model in the
standard af frame transformation can be written as

di
L= = Viap — Rigap — Vap, (12)
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where V.5 and i, 45 represent the grid voltage and phase current vectors, respectively,
and are expressed by

V.

Vo o 201 =1 _—1 81

AV — S :| |: 2 2 :| \Y
gp { V3 V3 b |

Ve 30 % =% Ve

C e _2[1 =) =3 ] e
w75l o g

lg,E

Based on the forward Euler approximation, the derivative of the grid current can be

assumed as i (k1) — g (k)
Loap _ lglk+1)—1g
T T. . (13)
The grid current (12) in the discrete time domain can be written as
. Ts . .
ig(k+1) = f(vg,uﬁ(k) - ng,:x/s(k) - Va/}(k)) +lgap (k). (14)

Then, the active/reactive powers for the next time instant (k 4 1) are predicted as

P(k+1) = §Re{vgig}

2 (15)
3 . .
= E(Vg,vf(k"" Diga(k+1) + Vg,ﬁ(k"‘ 1)13,;5(k+ 1)
3
Q(k+1) = ZIm{ Vi
(k+1) = > m{ Vgig} ”

3 . .
= E(Vg,ﬁ(kJr Diga(k+1) = Voalk+1)iga(k+1)),

where Vg o (k+1), Vg g(k+1), iga(k+1),and ig g(k + 1) are the predicted values. igq(k+1)
and ig 5(k + 1) are obtained from (14). Due to the large value of the rate between the grid
frequency and sampling frequency, Vg (k + 1) and V, g(k + 1) can be assumed to be same
as the measured values, Vy o (k) and V, g(k), respectively.

The cost function is designed as

g =/ (Preg = P(k+1))2 + (Quey — QU +1))2. 17)

The commands of the active/reactive powers (P, s and Q,f) are determined by the
center controller to satisfy the requirements of the grid and the EV customers.

3.3. Model Predictive Direct Current Control for the EV Side
For the half-bridge DC/DC converter, the switching state G is defined as

[ 1 upper switch G; is on
G= { 0 lower switch Gy ison (18)

This means that the switching state G is set to 1 when the upper switch is on and the

lower one is off, or vice versa.
Based on Kirchhoff’s voltage law (KVL), when G is controlled to be 1, the DC-link

voltage can be obtained as
ipqt

dt
where V. is the voltage on the DC bus, Vj,; is the battery voltage, and iy, is the battery
charging/discharging current.

Vie=1L + Voats (19)
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Similarly, when the switching state G is 0, the KVL value of the DC/DC converter can
be expressed as
dibaf
dt
Based on (19) and (20), the mathematical model of the bidirectional DC/DC converter
can be written as

0=L20 v (20)

dipa
dat
Then, the predicted battery current at the k + 1 time instant is obtained as

GVye=1L + Vipat- (21)

. . Ts
lbut(k + 1) = Ipat + f(GVdC - Vbat)' (22)

For constant current charging, the cost function g.. is defined as

8cc = (ibaf - ith)zf (23)

where i, , is the reference value of the battery current.
Neglecting the power loss in the transmission, the grid active power reference (Py.f)
can be calculated as

N N
Pfﬂf = Z Pb*at#n + Pstor = Z Vbut#nizut#n + Pstor, (24)
n=1 n=1

where Py .., Vg and iy, are the charging power reference, voltage, and expected
charging current of the nth EV battery, respectively, N is the total number of the parked
EVs, and Ps;o; is the power delivered to the storage system. In this paper, as an example, N
is set to 1 without the storage system, which leads to P,.r = P, = Vyui},,. The proposed
control algorithm is shown in Figure 6.

V Vow i, ap(lct1) P& Q
aff
Three-phas Eq. 15,16 . DC/DC
v Sk : Tpag — converter Cost
; conv