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Abstract: Unbalanced currents, low power factor and high losses contribute to increasing the bill
infrastructure managers must pay to the TSO/DSO operator that supplies electric energy to the
railway system. Additionally, if regenerative energy coming from braking regimes is not allowed to
be injected into the grid or even is penalized when it occurs, then the optimization of those parameters
must be pursued. One of the possible measures that can be taken to counteract those phenomena is
the installation of electronic balancers in heavy loaded substations in order to optimize the interface
to the three-phase electric grid. This paper shows the benefit of such use taking examples from real
conditions and realistic simulations assumed equivalent to field measurements.
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1. Introduction

In the European Union there is an important increase underway in railway traffic
either in terms of passenger trains or in terms of freight trains. The constitution of the
Shift2Rail (S2R) Joint Undertaking (JU) is a driving force framed in the Horizon 2020 to
tackle the rising issues in this domain [1]. Among several others funded by the S2R JU, the
IN2STEMPO project is a large spectrum, one that has many and quite different objectives.
One of the most important is the study and demonstration of solutions based on Flexible
AC Transmission Systems (FACTS) devices capable of improving the performance of the
railway system [2].

The increasing traffic in almost all electrified railway lines also increases the power
demand from the transmission/distribution system operator (TSO/DSO). However, an
important part of the connected traction power substations (TPSS) present an electrical
interface to the high voltage (HV) or extra high voltage (EHV) grid that is far from optimal
regarding some relevant parameters. Pure single-phase connections, or based on V/V
transformers or on Scott or Leblanc transformers, present to the electric grid an equivalent
unbalanced load.

In the past, solutions like the Steinmetz compensation scheme were used to mitigate
the unbalance until a certain level. The process of balancing the traction power substation
current can be divided into two types: Passive balancing (fixed Steinmetz network) and
active balancing (variable current source). The passive Steinmetz compensation circuit can
achieve the balanced condition in a specific load power operating point. However, the fixed
impedance of a conventional Steinmetz compensation circuit does not provide the variable
equivalent impedance required by the highly variable traction loads if the compensation
is supposed to be made in the full load range. Still, it must be mentioned that Steinmetz
compensation circuits with variable equivalent impedances were researched [3].
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The fixed passive impedances are replaced by controllable currents through power
semiconductor devices (e.g., thyristors); the system is designated a Static Var Compensator
(SVC). However, two relevant issues can occur when using the thyristor-based active Stein-
metz system: The converter injects low-frequency harmonic currents into the electric grid
even when low-frequency tuned filters are used [4], and, due to an unknown equivalent
grid impedance there is the risk of potential resonances created by them [5].

Recently, new power electronics devices and converter topologies allowed the de-
velopment of advanced versions of the Steinmetz compensation circuit, either as single
converters [6-9] or hybrid solutions [10,11]. Thyristor-based or IGBT-based these compen-
sators are active balancers since they do not behave as variable equivalent impedances
in parallel with the point of common coupling but, instead, they act as variable current
sources according to the operation point of the railway load.

Only modern architectures, all based on power electronics converters, like the Static
Frequency Converter (SFC) [12,13], the co-phase arrangement [14,15], or the Rail Power
Conditioner (RPC) [16,17], are capable of interfacing with the grid in an optimized way,
i.e., balanced three-phase load, near sinusoidal currents and almost unitary power fac-
tor. However, these solutions require a special transformer like the RPC or the co-phase
architectures, or dual-stage converters, as is the case of the SFC.

The electronic balancer is a power electronics based system belonging to the FACTS
family and performs functions that improve some parameters of the railway electric system.
An electronic balancer is a universal solution since it is connected in parallel with the point
of common coupling (PCC) of the substation and so does not require a special transformer.

Its main architecture is similar to the active power filter or the Static Synchronous
Compensator (STATCOM), and its main function in railway applications is to balance the
three-phase currents although it can also compensate the reactive power thus increasing the
power factor in the three-phase grid. The balancer also acts as an active filter, having the
capability of compensating harmonic currents in a limited low-frequency range [8,18,19].
Relevant and positive side effects of balancer usage are better power quality and increased
energy efficiency, very important keywords in today’s electric railways industry [20-22].

In recent scientific literature, several works have addressed the problem of volt-
age/current unbalance. With experimental validation, in [23] the authors propose the
usage of a modular multilevel converter STATCOM to solve the effects of an unbalanced
load, where the injection of the third harmonic enables a more optimal operation. To cope
with train regeneration which causes a necessary increase in the compensator capacity, the
authors in [24] propose a hybrid topology with a modular multilevel converter railway
power conditioner and a magnetic controlled reactor where the capacity of the devices can
be reduced when compared with a traditional architecture.

The impact in the power grid of an increasing number of High Speed Railway (HSR)
lines together with the increase of renewable energy sources has also been addressed.
The adoption of STATCOM solutions to mitigate these issues has been reviewed in [25].
In [26] is presented a three-stage pre-assessment process taking into consideration the
grid connection scheme, towards an evaluation for the need of a compensator in the TPSS.
In [27] is studied the integration of wind farms and the HSR power system, when both
geographically coexist in weak power grids of remote areas. Specifically, the impact of
the intermittent TPSS power consumption will cause performance reduction of Doubly
Fed Induction Generator (DFIG) wind turbines. The solution proposed by the authors and
further extended by [28] is to propose a variable voltage unbalance factor target reference
for the railway STATCOM and the DFIG wind turbines, to cope with the standards and to
improve the DFIG wind turbine operation.

The objective of this paper is then the evaluation of the impact in the three-phase grid
of installing an electronic balancer in the railway electrical infrastructure. In particular,
it is focused on analyzing the resulting current and voltage unbalance factors, the power
factor and the power losses. The optimization of these parameters can be mandatory
through standards (e.g., the requirements set in [29,30]) and /or contractual agreements or,
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if optional, they bring benefits in terms of energy costs. Accordingly, only the steady-state
condition is of relevance in the work, with the dynamics of the balancer operation not
being relevant and, as such, not considered in the presented analysis.

2. Voltage Unbalance Factor, Power Factor and Losses

The architecture considered in this paper is the single-phase connection of a substa-
tion to the HV/EHV grid, as shown in Figure 1. The three relevant parameters under
analysis are the voltage unbalance factor (Visg), the power factor in the three-phase and the
grid losses.
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Figure 1. Electronic Balancer for compensation of the single-phase connection of a traction substation
toa HV/EHV grid.

2.1. Voltage Unbalance in the Three-Phase Grid

When seen from the three-phase grid, the single-phase substation current is an un-
balanced one. Then, the three-phase current can be decomposed into a positive sequence
component (PSC), a negative sequence component (NSC), and a zero sequence component
(Z5C), which is null when there is no neutral wire [31]. The three sequences of currents
(positive: I, negative: I, and zero: I,) are obtained from the currents in the tree-phase
system (I, I, and I.) by:

I 1 a a2 [
I =3 1 a® a L, 1
I 11 1] |L

where a = exp(j27/3). It should be mentioned that the decomposition is valid either in
transient conditions (time domain) or in steady-state (phasor domain). In this work only
the steady-state condition is relevant and the symmetrical components decomposition
provides three phasors: I, I, and I,,.

The main consequence of having a negative sequence component in the current is the
appearance of a negative sequence component in the three-phase voltage. This is a highly
negative factor that is penalized by either power quality standards or TSO/DSO operators.
The voltage unbalance factor is defined as the ratio between the magnitude of the negative
sequence component (V,) and the positive sequence component (V) and is highly limited
in quality of service regulations, grid codes and in relevant standards [29]:

VUF(O/O) = —=-100 (2)

Considering the assumption that the negative sequence impedance is equal to the
positive sequence one (either in high-voltage or in medium-voltage levels), the VijF factor
is also equal to the ratio between the NSC and the PSC components of the three-phase
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current. An accurate estimate of the produced voltage unbalance factor was demonstrated
in [32] and is given by:
St

Vop s — L
TS+ Sscag

®)
where S is the actual apparent power of the single-phase load and Sscsg is the three-
phase short-circuit apparent power of the grid at the point of connection of the load, i.e.
the primary side of the TPSS traction substation in this study.

Nevertheless, it should be noted that, if no additional compensation measures are
taken, the voltage unbalance factor tends to be higher when the TPSS is connected to HV
grids than when connected to EHV grids. This is due to the lower short-circuit equivalent
impedance of HV grids compared to EHV grids. Then, the connection to EHV grids could
be a solution to avoid excessive Vyr values but, usually, it is more expensive than the
connection to HV ones [33]. Thus, compensating the NSC of the three-phase current using
electronic balancers is of major importance for infrastructure managers leading to the
existence of an important market of technological solutions, supplied by major industrial
companies, to solve this issue.

2.2. Three-Phase Power Factor

The power factor in a three-phase system with the presence of negative and zero
sequence components of currents, as a result of unbalanced three-phase loads, has different
interpretations regarding the definition of apparent power [34]. In this work we use the
definition of power factor for the unbalanced load which includes the definition of apparent
power suggested by Buchholz known as Fryze Buchholz Depenbrock (FBD) theory [35].
According to this theory, in three-phase, three-wire systems, the three-phase active power
(named collective active power, Px) is defined as:

1 /T . ) .
Py = T /0 (Varia + Vprip + Veric)dt 4)

where v+ is the instantaneous voltage measured between phase k and a virtual star point
common to all phases and iy is the phase k current. Similarly, the apparent power (named
collective apparent power, Sy) is defined as:

Szz\/V§+V§*+V§~\/I§+I§+I§ )

where Vi« and Iy are the root mean square (r.m.s.) values of the voltage and current in
phase k, respectively. Using the two above defined powers, the collective power factor is

defined by:
P
PEy, = -= (6)
Sy
and expresses an important power quality aspect of the three-phase power circuit.

An alternative to the FBD theory for estimating the power factor in the three-phase
grid could be the one recommended in IEEE standard 1459 [36]. However, it can be
concluded that, for the conditions assumed in this work, namely a balanced voltage system
without harmonic distortion, the two definitions produce the same result.

2.3. Power Losses

Another important electric grid parameter is the three-phase power losses. Not only
the global efficiency of the system is affected but also high losses cause excessive heat
in the conductors and rise their temperature, reducing the reliability. For the calculation
of this parameter, the equivalent impedance of the electric grid represented in Figure 1
(Thévenin equivalent) is considered and obtained from TSO/DSO information. Parameters
Rg and jwLg are the equivalent positive sequence impedance of the grid. As example, in
an unbalanced condition the equivalent traction current flows only through phases a and b,
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being zero in phase c. If the equivalent traction current (defined by It,) has a rm.s. value
of Iy then the power losses in the unbalanced three-phase system, P 55y are given by:

Prossu = 2Rg|lTr|2 (7)

In the three-phase system the resulting current are given by:

L =1Ip e /6
Iy = Ip, &°/° ®)
I.=0

Assuming that the equivalent traction current has a power factor expressed by
PF = cos ¢ then, using (1), it can be obtained the three sequences of the three-phase
current. In this case, the positive, negative and zero sequences are given, respectively, by:

L =13 |Iy|e /®
L =13 |Iy| e /0= ©)
lo =0

When the balancer compensates the negative sequence of the load current the three-
phase current becomes balanced and the losses (P ogsp) are now only originated by I; and
are given by:

PrLossB = Rg|lTr|2 (10)

It can be concluded that a substantial loss reduction of 50% is achieved if a balanced
current circulates in the three-phase grid for the same load power.

If the operation mode of the electronic balancer is set to compensate also the power
factor then a further reduction of the losses can be obtained (P osspr) through the reduction
of the r.m.s. value of the current. In this case they are given by:

P ossPF = Rg|lTr|2(PF)2 (11)

This last losses factor reduction depends only on the power factor value (and not on
the absolute power value). Eventually, this reduction is not too important in order to justify
the other effects it has in the sizing (e.g., semiconductors, dc-bus capacitor) and structure
of the converter [37].

3. Electronic Balancer

The functionality of an electronic balancer can be reached with a three-phase dc/ac
power electronic converter without active power flow capability at the dc-bus. It can
manage reactive power and, in doing so, it can also redirect active power between its
phases, independently of the TPSS architecture: Single-phase, V-V (as shown in Figure 2a),
or other. The converter power structure can vary to a great extent but, in the medium
to high power range, the modular multilevel structure in its different arrangements (in
Figure 2b) is exemplified the full-bridge one) tends to have more advantages than its
alternatives [19,37]. In terms of three-phase grid interface the converter behaves like a
conventional one and its upper layer control structure is well known.



Electricity 2021, 2

559

T

Yia Yiw e

/T geeaoons poou [\

= o

a

=

Figure 2. Examples of possible architecture for the V-V based TPSS (a) and possible solution for
power structure of the electronic balancer using modular multilevel converter (b).

Among several alternatives to implement the control functions, the main ones used in
this work are based on [38,39] and can be organized as: (1) Positive sequence extraction
of the fundamental grid voltage, V, through a phase-locked loop (PLL) followed by a
Clarke transformation of the three-phase voltages and currents; (2) instantaneous real
and imaginary power calculation, p(t) and g(t), respectively, in («, B) axes; (3) estimation
of the average active power flow and dc-bus losses compensation; (4) mode selection
between: (i) No compensation, (ii) three-phase current balancing only or (iii) three-phase
current balancing and power factor compensation; (5) definition of the compensation
current in («, B) axes; (6) inverse Clarke transformation and closed loop control of the
three-phase currents (using proportional-resonant controllers). It should be mentioned that
the control algorithm also compensates low-frequency current harmonics [18]. The main
block diagram of the Balancer controller implementing the above functions is shown in
Figure 3, according to the following brief description.
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Figure 3. Control diagram of the Balancer system.

In an electric system intended to be balanced and containing only a positive sequence
of voltages, the presence of negative sequence components can be a major problem. In this
condition, it is shown that the active power supplied by the network is given by [40]:

P =3Vi1j cos ((P]) + 3V, 1, cos (gbz) (12)

where Vi, Vo, I) and I are the root-mean-square values of the positive and negative
sequence components of the voltage and current in the electric grid, respectively, and ¢,
(¢2) is the phase displacement between the voltage and current of the positive (negative)
sequence. Thus, the positive and negative sequence components of voltage and current
contribute to the active power. It is therefore necessary to develop and apply a control
method that properly addresses this condition, as in [38]. Since the fundamental objective
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of the compensation system is to impose balanced currents on the grid then, under this
condition, the active power will be associated only with the positive sequence component
of the grid voltage (estimated with block 1 in Figure 3). In this work an abc axes scalar
control method is proposed for the AC currents, but methods such as a3 axes control or dgq
(vector) axes control, among others, could also be used [41]. The pg-theory was selected as
the power control method [40]. In a three-phase, three-wire system, the abc — a8 Clarke
transformation of voltages and currents, also included in block 1 of Figure 3, is given by:

N 21 12 —127 %
= = Up (13)
v 310 V3/2 —+/3)2 "
C
The instantaneous powers, real and imaginary, p and g, respectively, are given by (see

block 2 in Figure 3):
I Tn (14)
q Up  —Ua] |ip

For the selection of the compensation mode for the imaginary power gc is the instan-
taneous imaginary power to be compensated (block 4 in Figure 3). For this application
two options are possible: Current balancing only or current balancing and power factor
correction. In both cases, harmonics compensation is included but in a limited range,
according to the above mentioned restrictions. In any condition, the dc-bus power losses,
Pdc, must be supplied by the electric grid (block 3 in Figure 3). Then, the compensation
currents references in «f axes (output of block 5 in Figure 3) are given by:

[i&] 1 |:Ua¢ g } |:_pC+Pdc:| (15)

¥ - 2 — —
Zc/g v%( + vﬂ U‘B Uy qC

The inverse Clarke transformation, aff — abc, which provides the three-phase AC
currents references (block 6 in Figure 3) for the converter is given by:

i 1 0 s
it | = |-12 Vo~ [iga] (16)
it —1/2 —\/3/2| L'Cs

The Proportional plus Resonant controller (PR) has been elected for the control of the
AC currents with zero steady-state error. The Laplace transform of the ideal PR controller is:

2K1},S
2 + w}

Gpr(s) = Kp, + (17)

where Kp, and Kj, are design parameters and wy is the grid angular frequency. Since this
work is mainly concerned with three-phase current balancing, losses and power factor, it is
assumed that there are no harmonics either in the three-phase voltages or the load currents.
Accordingly, there is no need of additional controllers, tuned for rejecting the load current
low-frequency harmonics.

It should be noted that the current control could be implemented in a axes, with
two PR controllers instead of three [40,42]. However, in the three-phase version it is more
simple to include the current limits in each phase because when compensating the power
factor, the three-phase currents at the converter output become themselves unbalanced.

Thus, in steady-state, the Balancer operation eliminates the NSC component of the
current in the three-phase grid and, if defined by the mode of operation, also compensates
all the remaining three-phase reactive power. In this way, the power factor in the three-
phase grid can be increased to near unitary and the power losses can be reduced if the
current magnitude is also reduced.
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As stated in the Introduction, only the steady-state operation is relevant in this work.
It is assumed that the Balancer operation does not affect the grid voltage and thus the
load current is considered an independent variable. The analysis presented in this work
depends on a dataset of measurements (in fact, realistic simulations) in each substations,
where this data is an output of the Horizon 2020 IN2STEMPO project. The methodology is
based on evaluation framework based on Matlab, where this framework uses the dataset to
generate results regarding the voltage unbalance factor, the power factor and power losses
in the three-phase grid. These results, presented in this paper in the following sections,
refer to different conditions according to the Balancer mode of operation; that being:

(i) No compensation: There is no compensation of the unbalanced three-phase current;
the system operates as is.

(i) Load current balancing: Only the negative sequence of the three-phase current is
compensated by the Balancer.

(iif) Load current balancing and power factor correction: The negative sequence (I,) of
the three-phase current is compensated for load balancing, and unitary power factor
is reached by compensating the imaginary /reactive part of the positive sequence of
the three-phase current.

The algorithm processes output data from domain-specific software (quasi-instantaneous
apparent power consumption with a time step of 1 s) obtained for two case studies: The first
one related to a near 250 km railway line which includes seven traction power substations
and a second case study with a near 290 km line comprising three substations.

4. Case Study #1: Seven Substations

Case study #1 is a line constituted by seven substations according to the diagram in
Figure 4.

TPSS 1 TPSS 2 TPSS 3 TPSS 4 TPSS 5 TPSS 6 TPSS 7

N.O. NONC e NONC Mo N.O.

~< ~< ~< ~< ~<

Figure 4. Simplified diagram of case study #1 substations.

For this line, and using the results from the simulated operation, Figure 5 shows the
range of apparent power as a percentage of the samples (samples of 1 s) that appears
during the period between 05:00 o’clock and 24:00 for all substations in this line.

As an example, in the case of TPSS 1, the apparent power range delivered by the
substation between 0 MVA to 10 MVA represents almost 95% of the operation time (05:00
to 24:00), which is less than half of the maximum apparent power for this scenario in
this TPSS.
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Figure 5. The range of apparent power in percentages per number of occurrences.
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For the following analysis, we chose two TPSS to show the results of the three relevant
parameters of the electric grid: Voltage unbalance factor, power factor and power losses.

Substation #7 has the highest average apparent power in this case study-traction line
with a conventional connection (single-phase) to the grid. Then, this TPSS is used to further
analyze those parameters.

4.1. Substation #7 with Conventional Feeding in Normal Operation

The highly variable apparent powet, Si, and active power, Py, absorbed by substation
#7 are shown in Figure 6.
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Figure 6. Apparent and active power consumed at substation #7.

As mentioned, without any compensation the unbalanced power gives origin to a
negative sequence component of the three-phase voltage at the PCC. For a connection to
a three-phase 63 kV voltage level the short circuit power at substation #7 is Ssczp = 800
MVA. Accordingly, the corresponding Vyr is given (in percentage) in Figure 7.

T T
Unbalance factor at TPSS 7

N W b~ o

-

Unbalance factor (%)

0 | | | |
400 600 800 1000 1200 1400

Time [min]

Figure 7. Voltage unbalance factor profile at the PCC corresponding to substation #7.

The Vyr profile ranges from zero to near 5%. While important, because it indicates that
Vur exceeds 1%, this information is not sufficient either for calculating the effective Vyr
factor that matters for standards fulfilling or for conformity assessment of quality of service
agreements. Usually, larger time windows and averaging factors are used to establish
the effective value for Vg [30]. An additional illustrative information is obtained with
the plots of the histograms of all substations in terms of the equivalent voltage unbalance
factor, where it is used the dataset of timestamped measurements for each TPSS power
consumption, sampled at one-second for around 19 h (from 05:00 to 24:00). In Figure 8 is
shown this plot and it should be pointed out that the short circuit power is different for
each substation.
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Figure 8. Voltage unbalance factor histograms corresponding to TPSS 1 to TPSS 7.

The seven substations constituting the railway line have different Vyp profiles, with
substations #3, #4 and #5 having the best interface while substations #1, #6 and #7 are
more loaded. Large unbalance factors with high number of occurrences will demand for
corrective measures in order to reduce this power quality issue.

In above Figure 8, it is shown the simulated instantaneous apparent and active power.
The highlighted window represents 30 min of time. The power factor parameter will be
represented in the next two figures below, Figure 9a,b, for the time period considered (from
480 min to 510 min).

a) Power factor in electric grid at PCC - TPSS 7 b) Power factor in 3AC grid at PCC - TPSS 7
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Figure 9. Power factor at substation #7 with and without compensation: (a) single-phase; (b) three-

phase.

Figure 9a represents the single phase power factor in the TPSS 7, using the apparent
and active power represented in Figure 6 to calculate their value. In the same Figure 9a
is also represented the power factor in the electric grid without any compensation of the
unbalanced three-phase current. The difference in the power factor in the electric grid is
due to the assumed definition of power factor for unbalanced loads in the electric grid.

Figure 9b shows the power factor in three-phase grid for three different scenarios:
(i) Without any compensation; (ii) balance of three-phase load current (the PF is still
below one); and (iii) load balance and power factor compensation (unitary power factor is
obtained). It is seen that compensation of the negative sequence component of the load
current increases the three-phase grid power factor to a value equal to the single-phase
load one.

As referred before, we use a definition of power factor for the unbalanced load which
includes the definition of apparent power suggested by Buchholz [35]. If we do not use the
mentioned approach for grid power factor, but use the IEEE 1459 approach to calculate the
power factor, without any compensation we get the power factor profile in Figure 10.

As stated above, the other electric grid parameter analyzed in these results is the three-
phase power losses, calculated according to the equivalent circuit in Figure 1. The total
power losses in the three-phase grid under different scenarios of load current compensation
is represented in Figures 11 and 12, at the point of common coupling of substation #7.
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Figure 10. Power factor at substation #7: (a) single-phase; (b) three-phase, in the three-phase grid
side, with different types of compensation.

Figure 11 shows the two different scenarios in the point of common coupling: (i) Total
losses in three-phase grid without any compensation of the load current (y-axis on the left
side); (ii) total losses in three-phase grid with the balance of the three-phase current (y-axis
on the left side).
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Figure 11. Power losses in the three-phase grid supplying substation #7.

The right y-axis of Figure 10 illustrates the percentage of the power loss decrease after
load balancing compared to the initial power losses before load balancing, defined by the
expression in (18):

Iy
PALoss = ILfSSB (18)
0SS

This type of compensation results in a constant reduction of the power losses of 50%.
The even distribution of the apparent power in the three phases implies a reduction of
the r.m.s. value of the current in two phases and an increase in the third one; globally, a
significant reduction in the losses is obtained. Figure 12 represents a scenario similar to
the one in Figure 11 when full compensation is considered—Iload balancing and power
factor correction.
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Figure 12. Power losses in the three-phase grid supplying substation #7 with different compensation
options.

The right y-axis of Figure 12 represents the percentage of the power losses decrease
compared to the initial power losses after load balancing and power factor correction as
defined in (19):

o b LossPF

PALass - PL (19)
0SS

Using the results from previous figures to represent the two parameters, power factor
and power losses, we can point out some conclusions:

*  In the scenario without compensation of the unbalanced current, the power factor in
the three-phase grid has a reduction of 1/v2 compared with the single phase power
factor at the TPSS (Figure 9a).

*  With the compensation of the negative sequence of the unbalanced three-phase current,
the power factor in three-phase grid increases by a factor of v/2 becoming equal to
the load power factor (Figure 9b). Additionally, if reactive power compensation is set,
then the grid power factor becomes unitary.

e  Regarding power losses, the compensation of current’s negative sequence component
has a consequence of losses decreasing around 50%. This losses” decrease can be
more noticeable by compensating to a unitary power factor in the three-phase grid, as
shown in Figure 12.

4.2. Substation #4 in Degraded Mode

To analyze some results from a degraded scenario, substation #5 is selected to be
placed out of service (OOS) in the simulated scenario, as illustrated in Figure 13. In this
degraded mode, the adjacent substations #4 and #6 give the power support in case of a
failure scenario (or out of service).

TPSS 1 TPSS 2 TPSS 3 %TPSS 4 XPSS 5 TPSS 6 TPSS 7
00s
N.C. N.C. N.C. . (Oper\ N.C. N.C

N.C
N.O. NONC N closedN_ ____] Closed N.O.

~< ~< ~< i ~< ~<

Figure 13. Connections of substations #4, #5 and #6 in a degraded mode.

The same procedure employed before is used to analyze the power factor and losses
in TPSS 4 towards the evaluation of this OOS scenario. The consumed apparent power, S;;,,
and active power, P;,, during all analyzed interval are given in Figure 14.
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Figure 14. Apparent and active power consumption in TPSS 4 when TPSS 5 is out of service.

In this scenario, TPSS 5 is out of service. When TPSS 5 is in failure mode during a
period of time, the adjacent substations will handle the out of service period of TPSS 5. We
selected the time period between 18:40 and 19:10 (from minute 1120 until minute 1150) to
analyze the power factor (in Figure 15) and the power losses (in Figures 16 and 17) in the

three-phase grid at the point of common coupling.

a) Power Factor in electric grid at the PCC - TPSS 4
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Figure 15. Power factor in the three-phase grid when TPSS 4 is operating in degraded mode:

(a) without Balancer compensation; (b) with Balancer compensation.
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Figure 16. Losses in the three-phase grid supplying TPSS 4 when TPSS 5 is out of service.
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Figure 17. Power losses and losses reduction in the three-phase grid supplying the TPSS 4 with
different compensation options.

Regarding power factor behaviour, similar conclusions as the ones obtained from
Figure 9 can be verified. In the three-phase grid the power factor increases if the compen-
sation of the negative sequence component is made by the Balancer; it increases to near
one if the full compensation is selected.

The same applies to losses in the three-phase grid: Full compensation (Figure 17)
obtains the highest reduction in the grid losses.

Using the results from previous figures to represent the power factor and power losses,
we have some conclusions:

¢ Without any compensation of the unbalanced load current, the power factor in the
three-phase grid has a reduction of 1/v2 compared with the single-phase power factor
at the TPSS (Figure 15a).

¢ With the compensation of the negative sequence of the unbalanced three-phase current,
the power factor in three-phase grid increases by a factor of v/2 becoming equal to the
load power factor. Additionally, if reactive power compensation is used, then the grid
power factor becomes unitary (Figure 15b).

*  Regarding power losses, the compensation of the current’s negative sequence has
a consequence of losses decreasing around 50%. This losses” decrease can be more
noticeable by compensating the power factor in the three-phase grid to one, as shown
in Figure 17.

5. Case Study #2: Three Substations

The other line studied in this work is constituted by three substations having a
2 x 25 kV electrification scheme, illustrated in Figure 18.

PSS 1 TPSS 2 TPSS 3
AT 1.1 AT 1.2 AT13 AT 2.1 AT 2.2 AT 2.3 AT 2.4 AT 3.1 AT 3.2 AT 3.3 AT 3.4
sy V€ N.C. a ﬂ ﬂ N.O. ﬂ ﬂ N.C N.C. ﬂ N.O. a ﬂ N.C, N.C. ﬂ
25 kv ] I [ 1 | L | |
e elees ™ N.O. N.O. #F=eelee= >

Figure 18. Single-line diagram of case study #2, a 2 x 25 kV line.

Since the global results obtained are quite similar to the ones presented for case study
#1, it is only presented the results when operating in normal mode and for one substation.

Substation #2 in Normal Operation

The quasi-instantaneous apparent power, Sin, and the active power, P;,, consumption
of a six hours timetable (between 15:00 and 21:00) for substation #2 are shown in Figure 19.
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Figure 19. Apparent and active power consumption at substation #2 in normal mode.

For a connection to a three-phase 220 kV voltage level the short circuit power at
substation #2 is Ssczy = 1000 MVA. Accordingly, the corresponding Vg is given (in
percentage) in Figure 20.
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Figure 20. Voltage unbalance factor profile at TPSS 2, in case study #2.

The Vyr profile ranges from zero to around 2%. As in case study #1, the occurrence
of very different levels for Vyr can be better visualized with a histogram of the results,
shown in Figure 21 for the three substations, although they are not enough for a complete
characterization of this parameter.
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Figure 21. Histogram of Vg for the three substations constituting the line in case study #2.

Substation #3 appears to have a better interface to the electric grid in terms of power
quality while substations #1 and #2 might require further attention in terms of monitoring.

The time period selected to analyze the power factor and the power losses in the
three-phase grid is from 17:20 to 17:50 (1040 min—1070 min). The power factor evaluation is
shown in Figure 22.
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Figure 22. Power factor in the three-phase grid when TPSS 2 is operating in normal mode: (a) without

Balancer compensation; (b) with Balancer compensation.

Regarding power factor behaviour, similar conclusions as the ones obtained from
Figures 9 and 15 are obtained. In the three-phase grid the power factor increases if the
compensation of the negative sequence component is made by the Balancer; it increases to
near one if the full compensation is made.

In relation to power losses the results for this analysis are shown in Figures 23 and 24
for the two possible compensation modes: Current balancing only and full compensa-

tion mode.
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Figure 23. Losses (left axis) and losses reduction (right axis) in the three-phase grid supplying
substation #2 in normal mode without and with load balancing.
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Figure 24. Losses (left axis) and losses reduction (right axis) in the three-phase grid supplying

substation #2 with different compensation options.
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Similarly to the power factor and also for the power losses, the conclusions are similar
to the ones obtained regarding case study #1. In both compensation modes there is an
important reduction of the power losses when comparing with the system operating
without any compensation.

The inclusion of the Balancer in the 2 x 25 kV electrification scheme could be justified
by similar reasons: The distances between substations are longer and the power require-
ments are usually also higher than in 1 x 25 kV. Thus, the unbalance factor, the power
factor and the equivalent power losses in the three-phase grid have the same or higher
importance.

6. Conclusions

The power quality issues associated with the unbalanced current in the three-phase
power grid caused by the single-phase railway electrification structure were addressed in
this paper. An electronic balancer can reduce/eliminate the negative sequence component
of the three-phase current, contributing to strongly reduce the voltage unbalance factor,
to increase the power factor value and to lower the power losses. The methodology to
validate the impact of this electronic balancer was proposed in this paper, using a database
of two different railway lines: One with 1 x 25 kV with seven substations and the second
with a 2 x 25 kV with three substations.

For each dataset, first it was evaluated a baseline scenario without compensation, then
it was compensated the negative sequence component of the current towards a balanced
power supply at the PCC, and finally the reactive power is minimized to achieve a unitary
power factor.

Analyzing the global results presented in this study, it can be concluded that there are
no differences in the system behavior, in normal mode or degraded mode, with 1 x 25 kV
or 2 x 25 kV supply, if the compensation mode is the same. A balanced three-phase current
does not originate any voltage unbalance factor and relevant gains are obtained either in
three-phase power factor or grid power losses when the negative sequence component of
the load current is compensated. Additionally, but not so relevant, further improvements
are obtained in the last two parameters if the load power factor is also compensated.

Globally, the compensation of the negative sequence component of the load current in
the three-phase grid brings important benefits to the power quality of the electrification
system. The improvement in the power factor and the losses reduction are the most
relevant, with the results and findings presented in this paper supporting the advantages
of using an electronic balancer.
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Abbreviations

The following abbreviations are used in this manuscript:

DFIG Doubly Fed Induction Generators
EHV Extra-High Voltage
FACTS Flexible AC Transmission Systems
FBD Fryze Buchholz Depenbrock
HV High Voltage
HSR High Speed Railway
IEEE Institute of Electrical and Electronics Engineers
IN2STEMPO  Innovative Solutions in Future Stations, Energy Metering and Power Supply
JU Joint Undertaking
NSC Negative Sequence Component
00s Out of Service
PCC Point of Common Coupling
PF Power Factor
PLL Phase-Locked Loop
PR Proportional plus Resonant
PSC Positive Sequence Component
RPC Rail Power Conditioner
S2R Shift2Rail
SEC Static Frequency Converter
STATCOM Static Synchronous Compensator
SvC Static Var Compensator
TPSS Traction Power Substations
TSO/DSO Transmission System Operator/Distribution System Operator
ZSC Zero Sequence Component
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