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Electrification of the transportation sector is one of the main pillars of the future decarbonized society. In this
context, high-speed railway corridors are expected to reduce as much as possible their environmental impact
while maintaining the safety and quality of service with minimum investments. In pursuing those objectives,
the multi-terminal DC railway system may become the preferred paradigm. In contrast to conventional AC
railway electrification schemes, the multi-terminal DC railway system requires the adoption of a control
algorithm to establish suitable references for the power converters. This paper elaborates on a new consensus-
based secondary control strategy, which can be implemented in a distributed fashion. In this approach, each
power converter controller receives information from its nearest neighbors to adjust its operating point. A 600-
km railway system, subject to realistic train traffic, is used to compare the performance of the proposed control
strategy with that of purely local controllers. Numerical simulations evidence that the proposed distributed
control scheme provides a compromise solution in terms of voltage drops and equalization of power converter
loading, surpassing the performance of conventional state-of-the art controllers.

1. Introduction

Electric railways are expected to play an important role in the
coming decades in decarbonizing the transportation system. Accord-
ing to [1], the global demand for passenger and freight transport is
expected to double by 2050. The main expected actors in this arena are
China, India, Europe, and Russia, making this issue a matter of global
interest. Therefore, it becomes essential to improve the efficiency while
at the same time reducing the investment and operating costs of these
transportation systems.

Currently, several AC and DC railway electrification arrangements
coexist, each with its own layout of rolling stock, catenaries, and
feeding substations. Traditionally, DC systems have been restricted to
trams, commuter trains, and medium-distance trains [2] with voltages
lower than 3 kV. In contrast, single-phase high-voltage AC systems are
employed for long-distance and high-speed trains due to the higher
power demand of these traction applications [3]. Although they have
been around for decades, both distinct and disjoint electrification ar-
rangements are quite mature. However, the advent of the IGBT-based
Voltage Source Converter (VSC) is expected to drastically and quickly
change the landscape, giving rise to several new applications aimed
at improving the performance of those traditional feeding technolo-
gies [4]. For example, the possibility of downsizing the AC substation,
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resorting to the so-called Hybrid Railway Power Conditioner (HRPC), is
presented in [5]. Furthermore, [6-10] also explore the benefits that the
incorporation of distributed resources, including renewable generation
and energy storage systems, can provide in terms of environmental
impact. In this line, an interesting discussion about the location of
the storage system, the reversibility of the feeding substations, and the
regenerative braking of the rolling stock is analyzed in [11]. It is also
possible to find applications to improve power quality by compensating
harmonics and imbalances in single-phase AC systems [12-14].

In fact, VSC technology has made the break-even point between AC
and DC systems no longer clear [15]. It was recognized early in [16]
that single-phase AC is not the ideal railway electrification system, as
DC schemes may bring important advantages. Following this line, [17]
proposes a brand new electrification system entirely built around a
seamless medium voltage DC (MVDC) catenary, supplied from the AC
grid by a number of VSC, conforming in this way a multi-terminal DC
(MTDC) system. This new paradigm also considers the possibility of
interconnecting multiple traction subsystems, each with different DC
voltage levels, which are mainly determined by the expected power
density of the transportation route. Such an MTDC railway scheme
would eventually bring a number of benefits, particularly in greenfield
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Fig. 1. DC railway system fed by N power stations.

developments, ranging from simpler rolling stock layouts, reduced
investment in railway infrastructure, higher reliability and modularity,
more friendly integration into the AC grid, and opportunities for new
business models.

The control approach for this new railway electrification system, as
outlined in [17], relies on a hierarchical control system similar to those
used in conventional AC and DC power systems: a central supervisory
(secondary) controller coordinates the local (primary) VSC controllers,
so that the resulting power flows are optimized while the DC voltage
is kept within limits throughout the catenary length. In this sense,
several alternatives can be considered regarding coordinated control of
DC voltage for multi-terminal VSC-MVDC distribution networks [18].
In [19,20], custom droops are proposed for the primary controllers
of MTDC systems to improve the power-sharing among the converters
connected to the DC network. In [21] the classic primary, secondary,
and tertiary hierarchical approach is considered for AC and DC mi-
crogrids, in this case involving a centralized secondary controller that
requires dedicated communication links with each individual primary
controller. In [22], a sparse communication network is unfolded across
an AC microgrid to facilitate limited data exchange among inverter
controllers, satisfying primary and secondary control objectives. In
[23], a communication network is proposed to improve the current
sharing capabilities of a railway system. However, the main drawback
of this method is that it requires the addition of voltage measurement
points that communicate with power substations.

In this paper, a distributed semi-autonomous voltage/power control
for MTDC railway systems is proposed in which VSC local controllers
exclusively exchange information with their direct neighbors. The de-
sign of the controller is based on the framework of multi-agent systems.
Among its advantages is the fact that it is not based on the plant model,
but on the measurements, so that the inclusion of exogenous variables
does not affect the performance of the controller. The performance
and ratings of the proposed approach are compared with those of two
customary fully autonomous local control strategies, namely: (a) fixed
voltage strategy, (b) unsupervised local droop controller.

The paper is structured as follows: Section 2 provides a brief
overview of the MTDC railway system. Section 3 reviews customary
autonomous control strategies. Section 4 presents the proposed control
strategy. Section 5 provides simulation results showing the benefits of
the proposed load-sharing method. Conclusions are drawn in Section 6.

2. DC railway system

Fig. 1 shows the topology of the MTDC railway system proposed
in [17] to connect train stations A and B. The railway system may
conceptually be thought of as a single DC catenary running without
interruption from A to B, fed by a number of power stations at inter-
mediate points. One of the main advantages of this new electrification
paradigm for railways is that the total installed power of power sta-
tions is much lower than that of conventional AC systems with split

catenaries [17]. The following subsections provide some details about
the power stations and the communication infrastructure required to
implement the proposed control scheme.

2.1. Converters station model

In the MTDC paradigm, each power station is composed of a VSC
connected to a high-voltage AC system through a power transformer, as
shown in Fig. 1. This has several advantages from the point of view of
the AC system. On the one hand, the power demanded by the railway
system is balanced, unlike in single-phase AC electrification schemes.
On the other hand, it is possible to operate at the unity power factor,
making the use of reactive power compensators unnecessary.

Taking into account the power and voltage levels involved, the
suitable VSCs for this application are Modular Multilevel Converters
(MMC) [24,25]. MMC VSCs are characterized by high conduction losses
and very low switching losses due to their low switching frequency
[26], so it is possible to neglect the loss term that depends linearly on
the DC current of the VSC. As a consequence, the total power losses to
be considered in the VSC power station can be expressed as follows:

2
Ploss = Alossldc + Bloss’ (l)

where iy, = py./Uqe> A iS @ parameter that accounts for VSC
and transformer conduction losses and B,,;, models the no-load losses
that include: switching losses, transformer no-load losses, VSC and
transformer cooling system losses, filter losses, and auxiliary services.

2.2. Communication infrastructure

The MTDC railway system can be operated in several ways, de-
pending on the available communication infrastructure. In the seminal
work in which this concept was proposed, two control strategies were
envisioned [17]. In the simplest approach, the target of each VSC is to
maintain its DC output voltage constant, which is termed in this paper
as Fixed Voltage approach (discussed in detail later). The second one is
based on a centralized supervisory controller, intended to optimize the
DC output of the VSCs according to a given criterion. Note that this
second approach requires a communication infrastructure connecting
all substations to the central controller. If public communication net-
works were used, this would result in high exposure to cyber attacks.
In addition, any outage of the central controller may significantly
compromise the overall system performance.

To overcome those shortcomings, this work proposes a distributed
control strategy, i.e. without a centralized controller, involving a sim-
pler and more resilient communication infrastructure. Communication
links are deployed exclusively between adjacent VSC power stations, as
shown in Fig. 1, closely resembling the arrangement proposed in [27]
for microgrids. Due to the typical distances involved between the power
stations, and the very low bandwidth required, low-cost technologies,
such as Power Line Communication (PLC), can be safely used [28].
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3. Local control strategies

A suitable control strategy for power systems based on electronic-
interfaced power supplies should focus on the following objectives [29]:

(a) Equalization of the shared load per unit among the sources.
(b) Ensure voltage regulation throughout the system.

Despite the advantages of simple control systems, which are ex-
clusively based on local measurements, the conventional strategies
discussed in the following subsections fail to satisfy both objectives
simultaneously.

3.1. Fixed voltage controller

The simplest VSC control strategy in charge of feeding the DC
system is to keep its own DC output voltage at a given reference value
as follows:

v =v°, @)

where V'V is a constant value and v} is the reference voltage on the
DC side of the VSC i. Note that the VSCs shown in Fig. 1 are equipped
with fast controllers capable of maintaining the DC side voltage at the
desired value regardless of load changes or other perturbations. This
means that v; — v in a few milliseconds. This very simple strategy is
the most effective in terms of the minimal current flowing along the
catenary. Consequently, Joule losses are reduced. However, this strat-
egy does not satisfy the load-sharing requirement among converters,
resulting in unnecessarily high converter oversizing.

3.2. Voltage droop controller

Load-sharing among generators has traditionally been a crucial
problem in AC power systems. For this purpose, a real power—frequency
(P-f) droop characteristic has usually been implemented in the primary
generator controllers [30]. Despite being a purely local control law,
its application guarantees a global and almost perfect load-sharing
between generators. The effectiveness of this simple control action in
AC power systems is based on the following facts:

(a) The frequency is a global variable of the steady-state power
system.

(b) The real power flows between two nodes of the system depend
mainly on the relative angles of their nodal voltages.

(c) The angle of any generator voltage depends on the integral of
frequencies.

Taking into account (a), each generator of the power system can
observe any imbalance between generation and demand, regardless of
how far it is from the rest of the generators. In case of an imbalance, and
considering (b) and (c), the angles will change until almost perfect load-
sharing is achieved. This is because the angles are the integral of the
frequency; therefore, their behavior is similar to that of a PI controller.

However, in a DC system, there is no frequency or angle. Power
flows depend only on voltage magnitude differences between gener-
ators and loads. Therefore, instead of a P-f droop, a power-voltage
(P-V) droop is customarily applied. Thus, an alternative strategy to set
the VSC DC output voltage can be stated as follows:

v =V’ -K.p, 3

where p; is the active power measured at the terminals of VSC i and K,
is the positive droop coefficient.

However, the application of this simple strategy has several draw-
backs compared to its AC counterpart:

(a) The voltage is a local magnitude.
(b) Perfect load-sharing is impossible among distant generators.
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(c) Large droops are required in those cases, causing severe voltage
variations.

Taking into account (a), the ability of any generator to detect
any imbalance between generation and demand is drastically reduced.
Therefore, it is very difficult for far away generators to collaborate
in sharing the load in an efficient manner, as stated in point (b). A
possible improvement of this undesirable situation can be achieved by
using large droops, leading to undervoltages or overvoltages, as pointed
out in (c¢). In addition, those large droops can be seen as large gains
in closed-loop control, increasing the risk of making the entire system
unstable [31]. For this reason and in order to satisfy both requirements
defined at the beginning of this section, a secondary control layer must
be implemented to adjust the setpoints of the primary control layer.
Recently, in [32], it was proposed that a centralized controller modifies
the droop parameter to define the cooperation between the traction
substations. However, the limitations of this scheme are related to the
reliability of communications and the computational cost of central
processing.

4. Secondary voltage control based on a distributed cooperative
scheme

This section is devoted to describing the proposed distributed sec-
ondary control scheme as an alternative to a fully centralized ap-
proach. The proposal takes advantage of the underlying MTDC elec-
trification topology for the deployment of a peer-to-peer communica-
tion infrastructure between neighboring feeding substations, as shown
in Fig. 1. Such distributed approach significantly reduces the invest-
ment in communications infrastructure, as compared with a centralized
controller.

In this section, a brief review of graph theory and distributed
averaging algorithms is provided. Then, the consensus-based voltage
droop control is presented.

4.1. Preliminaries of graph theory

Let us denote a graph as G = (N,&,4) with N = {n},....ny}
being a non-empty finite set of N nodes, & C N X N the set of
communication links, and A the weighted adjacency matrix. The latter
is defined by a;; = 0, and q;; > 0 if (j,i) € €. The neighbors of agent
i are denoted by I = {j € N : (i,j) € €}. In this particular work, N
corresponds to VSC-based substations that are permanently connected
through a communication link with their corresponding neighbors.
For this reason, a time-invariant graph is assumed. In addition, the
graph is undirected because a;; = aj, Vi,j. Every undirected graph
has an associated Laplacian matrix L, characterizing its topology as
follows [33]:

N
a; ifi=j
ij = Z{ Y @
—a; ifi# ).
It is worth noting that L is symmetric for undirected graphs, and
therefore all of its eigenvalues are real and can be sorted in ascending
order as:

0=A <Ay < < dy. )

The right eigenvector associated with the first zero eigenvalue is the
unity vector, al for a« € R. For this reason, it can be shown that all
elements of an arbitrary vector x must be the same to satisfy Lx =
0 [34].

4.2. Continuous-time distributed averaging

The communication network of a multi-agent system can be mod-
eled by an undirected and weighted graph ¢ = (N, €, A) which has the
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properties outlined in the previous section. Consider that each agent
i € {1,..., N} has a scalar value x; assigned. A widely used update rule
for the agent i to adjust its value x; is as follows:

Xi=2aij (xj—xi), 6)
jel

where j € I denotes the set of neighbors of node i, and g;; is the

corresponding value of the adjacency matrix A. Thus, the variable x;

evolves towards a weighted average of the values of its neighbors x;.

The collective dynamics following protocol (6) can be written in terms

of the Laplacian matrix as:

x = —-Lx. @)

Therefore, if the communication network ¢ = (W, &, A) is active,
the steady-state resulting from this dynamic process (0 = —Lx) is such
that all components of x converge to a common value, due to the
properties of the Laplacian matrix [34]. For this reason, (6) is called
continuous-time distributed averaging or consensus.

4.3. Voltage regulation and power-sharing

The fundamental idea of this work is to apply the distributed
cooperative control theory to design a controller that simultaneously
improves voltage regulation and power-sharing between converter sta-
tions. To ensure a proper operation, even under a communication
failure scenario, it is assumed that a slightly modified primary droop
controller (3) is locally implemented in all the feeding VSCs. Basically,
an additional secondary control variable ¢ is added to (3) as follows:
¥ =VO - K,p, +&. ®

i

The aim of the secondary control variable ¢ is to eliminate terminal
voltage deviations while maintaining a proper level of power-sharing.
Therefore, the secondary control law proposed in this work simulta-
neously considers voltage deviations from a reference value ¥, and
power-sharing among neighboring VSCs, as follows:

& =KW —v)+ Y a;(p; - p) ©)
jei

where K and q;; are positive gains weighting the relative importance
of the pursued control objectives, a;; being the (i, )th element of
the adjacency matrix A associated with the deployed communication
network. Note that K is not the classical pinning gain associated to
leader consensus strategies [34] because the consensus variable, p;, and
the regulation variable, v,*, are different.

Fig. 2 shows the complete control scheme for the hth VSC and its
gth and kth neighbors. The primary control layer is composed of the
droop controller, to avoid overloading, while the secondary controller
(9) achieves a tunable compromise between the objectives. Thus, it is
possible to differentiate three cases depending on the values of these
parameters:

» Case 1 (K; # 0,A = 0). In this case, the second term in (9)
vanishes. As a consequence of the integral characteristic of the
secondary layer, the steady state is reached when all the VSCs
satisfy the condition V? = v*. Note that this behavior corresponds
to the Fixed Voltage Controller (2).

Case 2 (K; = 0, A # 0). The first term of (9) disappears in this
case. Therefore, the steady state is achieved when p; = p; for all
the neighboring VSCs that feed the railway. The secondary control
variables & converge to a value that changes the individual droop
characteristic to establish perfect power-sharing.

Case 3 (K, # 0, A # 0) In this case, the joint operation of (8)
and (9) reaches a compromise solution between power-sharing
and voltage regulation based on the relative weighting gains a;;
and K.
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Fig. 2. Proposed secondary control strategy and communications infrastructure.

Table 1
Simulation parameters for the case study.

VSC locations

VSC 1 (km) 60

VSC 2 (km) 180
VSC 3 (km) 300
VSC 4 (km) 420
VSC 5 (km) 540
VSC losses and efficiency

Full-load losses (%) 1.7
No-load losses (%) 0.7
Catenary

Cross section (mm?) 150
Equivalent resistance mQ/km 57

Rated voltage (kV) 24

Minimum voltage (kV) 18

Controller parameters

K, 0.1
K, 2.7
q, 0.1

i

5. Performance assessment

This section is devoted to evaluating the performance of the pro-
posed distributed control strategy in a railway system as depicted in
Fig. 1. That is, a 600-km system is supplied from five VSC substations
with the static data shown in Table 1. The simulated traffic scheduling
between stations A and B is shown in Fig. 3(a). It consists of a time
window from 6:00 am to 12:00 pm with five trains departing from
stations A and B. Note that each train follows a trajectory conditioned
by maximum speeds, arrival time, altitude changes, etc. It has been
considered that all trains follow the same speed profile, which is shown
in Fig. 3.(b) along with the corresponding power demand. Due to the
slope of the terrain, the power consumption of the routes A-B (red
curves), and B-A (green curves) are not exactly the same.

Note that the distance between the supplying VSC stations doubles
the one used in conventional AC 2 x 25 kV railway electrification. This
parameter has been selected in this way to highlight one of the main
advantages of the multi-terminal DC paradigm, as reported in [17].
Evidently, the definition of the distance between the substations has to
be determined by a planing tool which is out of the scope of this paper.
In any case, it is important to highlight that the simulation results
evidence that the technical constraints, i.e. minimum catenary voltages,
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Fig. 3. (a) Traffic schedule between stations A and B. (b) Speed and power profiles
along the route.

are satisfied even with this large distance between the substations.
Moreover, and regarding safety issues, the rail potential and stray
currents are within the regulatory limits [35]. In this respect, it has
been assumed that the railway system is isolated from the ground. An
estimation of the rail potential and the stray current can be done by
assuming the most unfavorable position of a train, which is the mid
point between two VSC substations according to [35]. With the train
located at that point, the rail potential and stray current reach 77.23
V and 1.26 mA/m respectively, well below the recommended limits of
90 V and 2.5 mA/m.

Table 1 also details the catenary data and the VSC losses, duly
justified in the appendix. Finally, the control parameters (K, and g;;)
used in the simulations are provided. Those parameters play a key role
in the performance of the consensus-based secondary control, aimed at
achieving a compromise solution between the voltage regulation and
power sharing. For this reason, in order to assess the influence of these
parameters, a sensitivity analysis has been included at the end of this
section.

The performance of the proposed distributed controller (CONS) is
compared to those obtained by local strategies: fixed voltage (FV) and
local droop (LD). For this purpose, the following set of key performance
indicators (KPIs) has been selected for a quantitative and systematic
comparison:

+ Minimum voltage along the catenary.

International Journal of Electrical Power and Energy Systems 148 (2023) 108986

» Maximum power injected by VSC substations in normal and
faulted situations.
» Energy losses and efficiency of the entire system.

Two scenarios have been simulated: normal operation (i.e., all
substations operating normally) and single substation failure. Note that
the most critical situation corresponds to a failure in those substations
with only one neighbor (VSC1 or VSC5). In this case, the nearest
substation (VSC2 or VSC4, respectively) must cope with the largest
catenary section, which may face under-voltage conditions.

Finally, it is worth mentioning that the secondary controller is
implemented in the discrete-time domain. Therefore, to carry out the
simulations, (9) is discretized using the forward Euler method with
a time step of 100 ms. In addition, to model the impact of the com-
munications delay, the active powers demanded by the neighbor VSC
stations are collected with a delay with respect to the local measured
magnitudes, as follows:

el =g v (KS(VO —oF )+ Y - p§)> , (10)

jei

where Ar represents the delay considered and z the discrete time step.
5.1. Normal operation

The voltage profiles along the catenary for the simulated period
are compared in Fig. 4. Due to the displacement of trains, the voltage
profile is continuously changing (red color is used to highlight the time
instant when the minimum catenary voltage is reached). An initial anal-
ysis of these curves evidences the inherently opposite behavior of the
local controllers FV and LD. Note that the FV control strategy leads to
the minimum voltage variations along the catenary, as the VSC stations
maintain the supply voltage to a constant value. On the contrary, the
LD controller yields the highest voltage variations, since the objective
is to equalize the traction load as much as possible, irrespective of the
supply voltage. In contrast, the proposed secondary, consensus-based
controller achieves an intermediate performance, that better balances
the two contradicting goals of the purely local controllers. This quali-
tative analysis is confirmed with a quantitative comparison taking into
account the statistical data shown in Table 2. Both Fig. 4 and Table 2
clearly evidence that the best voltage regulation is obtained with the
FV approach, with a minimum voltage around 22.91 kV (0.95 p.u.) and
all voltages remaining within 23.52 kV (0.98 p.u.) and 24.25 kV (1.01
p-u.) 95% of the time. The voltage regulation clearly deteriorates in
the case of the local droop controller LD, which leads to a minimum
voltage of 20.9 kV (0.87 p.u.) and a much wider voltage range during
95% of time, namely between 21.91 kV (0.91 p.u.) and 24.13 kV (1.01
p-u.). The proposed consensus-based control technique (CONS) yields
excellent results, with a minimum voltage of 22.54 kV (0.94 p.u.), quite
close to that obtained with the FV approach. Additionally, the voltage
range along the catenary is narrower, varying between 23.38 kV (0.97
p-u.) and 24.43 kV (1.02 p.u) 95% of the time. Therefore, taking into
account the catenary voltage profile, it can be stated that the proposed
CONS approach performs almost the same as the FV controller, which
is the best possible control algorithm for this KPI.

The above analysis can be complemented by analyzing the VSC
DC output voltages over the simulated period, as shown in Fig. 5
using box plots. As expected, voltages are kept constant in the first
case, while there is a wide range of variation associated with the
LD approach. This result suggests the need for a coordinated control
strategy, implemented either centrally or in a distributed fashion, to
keep the voltage range within acceptable limits. The application of the
proposed CONS approach clearly leads to an improved voltage scenario.
On the one hand, the median voltage value is close to the constant
voltage used in the FV approach. On the other hand, the interquartile
range is narrower than in the LD controller, which clearly demonstrates
the improvement achieved in voltage regulation.
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Fig. 4. Normal operation: voltage profiles along the railway system during the
simulated period with the minimum (red/solid) voltages. (Top) FV approach. (Mid)
LD approach. (Bottom) CONS approach.

Table 2

Catenary voltage statistical results for normal operation.
Control strategy FV LD CONS
Mean (kV) 23.91 23.02 23.90
Median (kV) 24.00 23.03 23.94
Minimum (kV) 2291 20.90 22.54
Maximum (kV) 24.41 24.85 24.76

95% conf. int. (kV) [23.52, 24.25] [21.91, 24.13] [23.38, 24.43]

One of the main advantages of the proposed multi-terminal DC
railway electrification is the possibility of sharing the traction load
among the set of VSC power stations. This may lead, in conjunction
with adequate control actions, to a much lower power rating of the
substation assets. The influence of the controller in the load sharing can
be assessed by analyzing the substation power injections, represented
in Fig. 6 through box plots. In the case of the FV approach, the
power delivered by the VSC substation depends on the demand of the
rolling stock and its relative position with respect to the substation,
since the supply voltage is kept constant. As a result, large variations
in the injected power occur, as shown in Fig. 6. This leads to large
maximum injected power (about 13.4 MW), owing to the reduced load-
sharing capability of this control approach. In contrast, the LD strategy
leads to lower active power variations, and hence reduced maximum
active power injections (about 8.8 MW), because the load is shared
among the different substations irrespective of the train positions.
Nevertheless, this good performance is achieved to the detriment of
the voltage profiles, as previously discussed with the help of Fig. 5.
The incorporation of the secondary consensus-based controller, as an
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Fig. 5. Normal operation: box plots of the VSC DC output voltages at each power
station during the simulated period.

Table 3

Power, energy, losses and efficiency results for normal operation.
Control strategy FV LD CONS
Maximum power (MW) 13.4 8.8 9.6
VSC rated power (MW) 19.9 15.6 15.5
Trains energy (MWh) 107.77 107.77 107.77
AC energy (MWh) 114.00 113.82 113.41
Catenary losses (MWh) 1.70 2.39 2.03
Converter losses (MWh) 4.52 3.65 3.61
Total losses (MWh) 6.22 6.04 5.64
Efficiency 94.5 94.7 95.0

enabler of the load sharing capabilities to simultaneously reducing the
voltage variations, yields excellent results. In this respect, note that,
even though the maximum power demand reaches 9.6 MW under the
CONS approach, the median and interquartile ranges of the VSC power
injections are almost the same as those of the LD controller. This reveals
that the performance of the proposed CONS algorithm is similar to the
best controller in terms of the load sharing KPI.

Table 3 summarizes the main simulation results for the normal
scenario where all the VSC stations are in operation. These include max-
imum VSC powers, energy losses, efficiency and VSC rated power. It is
worth noting that the VSC ratings are defined according to the results
detailed in Section 5.2, where a scenario with a faulted substation is
analyzed. In this regard, the higher VSC rating is associated to the FV
control approach, due to its inherent inability to provide load sharing.
In contrast, due to the ability to keep the supply voltages constant, the
FV controller achieves the lowest catenary ohmic losses. However, the
larger VSC rating required by this controller penalizes the converter
losses. As a result, the FV control approach will lead to the higher
CAPEX and OPEX, since it requires the use of large VSCs which reduce
the overall system efficiency. Conversely, the LD controller achieves
the lowest VSC rated power, with a positive impact on the CAPEX.
However, the catenary losses considerably increase, since the load is
shared among all the VSC substations while the catenary voltages are
lower, as shown in Fig. 5. In any case, the overall system efficiency
increases due to the lower VSC losses. Finally, the proposed CONS
approach leads to VSC ratings that are almost the same as in the
LD controller, achieving the best overall efficiency. This is due to
the improved voltage profile, which reduces the ohmic losses of the
catenary with respect to the LD controller.
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Table 4

Simulation results with a single faulted VSC substation.
VSC out Viin (KV) P,,. (MW)
of service FV LD CONS FV LD CONS
VSC1 18.91 14.19 17.84 18.1 14.2 14.1
VsC2 21.88 19.48 20.73 14.5 11.2 10.8
VSC3 21.93 19.55 21.24 14.1 10.6 9.8
VSC4 22.24 20.06 21.22 16.5 11.8 11.2
VSC5 20.39 16.67 18.55 16.8 14.5 12.4

5.2. Operation with faulted VSC substation

This section is devoted to an analysis of a faulted scenario where
a VSC substation remains disconnected due to an outage while the
respective communication links become idling. Table 4 shows, for each
control strategy, the minimum voltage along the catenary and the max-
imum power provided by the VSCs in service. Each substation outage
has been considered to last for the entire simulated period and, thus, the
trains are fed by the four remaining substations. From Table 4, it can
be concluded that the worst-case scenario corresponds to an outage at
the VSC substation 1, as it leads to the minimum catenary voltage and
the maximum active power demand. Note that this active power value
determines the rated power of the VSC substations included in Table 3,
where a 20% safety margin has been applied. The overload of the VSC
substation during faulty conditions forces injected peak powers greater
than 18 MW when the FV strategy is applied. However, by applying
the CONS controller, the power is shared among the VSC substations,
much like in the LD approach as shown in Fig. 7.

Fig. 8 shows the catenary voltages over the simulated time period,
clearly evidencing that the lower voltages arise in the surroundings of
the faulted substation. The statistical analysis of the catenary voltages
is presented in Table 5. These results show that the CONS strategy
maintains the minimum voltage at 17.84 kV (0,74 p.u.), which is
close to the 18.91 kV (0.79 p.u.) achieved by the FV approach. The
comparison is even better regarding the 95% confidence intervals,
where the voltage differences are below 2% ([0.91-1.04] p.u. for the
FV scheme versus [0.90-1.06] p.u. for the proposed CONS control). On
the contrary, the LD controller leads to unacceptable minimum voltage,
which reaches 14.19 kV (0.59 p.u.), while the 95% confidence interval
for the catenary voltage is also wider: [0.82-1.05] p.u.

5.3. Influence of controller gains

As the two main objectives of the controller, namely voltage regu-
lation and load sharing, are contradictory to a large extent, it is worth
exploring the sensitivity of the system performance to the controller
gains.
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Table 5

Catenary voltage statistical results for the worst-case faulted operation.
Control strategy FV LD CONS
Mean (kV) 23.70 22.43 23.65
Median (kV) 23.98 22.76 23.90
Minimum (kV) 18.91 14.19 17.84
Maximum (kV) 25.21 25.59 25.50

95% conf. int. (kV)

[22.04, 25.04]

[19.68, 25.18]

[21.66, 25.39]

For this purpose, simulations are carried out using the normal
operation scenario, and the results are summarized in Table 6. The
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Table 6
Sensitivity of the system performance to controller gains.
K, a; 1AV |)ee (V) |4V |ex (V) [Pl (MW)
1.35 0.10 590 1602 9.10
2.7 0.10 387 1455 9.88
5.4 0.10 260 1327 10.54
2.7 0.02 134 1207 11.31
2.7 0.10 1455 387 9.88
2.7 0.50 978 2024 8.05

KPIs shown in this table correspond to the maximum voltage deviation
with respect to the rated voltage at the VSC output (|4V|}%.) and
the catenary (|4V|°), respectively, as well as the maximum power
injected by any of the VSC stations (P)'cr.). The first two KPIs are
related to the voltage regulation capability, while the third is indicative
of the load sharing feature.

The rows of Table 6 corresponding to the base-case parameters used
in the simulations discussed in the previous sections (i.e., K, = 2.7
and a; = 0.1), are highlighted in bold font. First, the upper part of
the table compares the results when only the value of the gain K| is
altered. This variable is increased and decreased by a factor of two. As
expected, the reduction of this parameter causes a greater deviation of
the voltages with respect to the rated value. In contrast, increasing this
parameter means that the voltage is kept within a narrower band. The
consequence of limiting the voltage deviation is a reduction in power-
sharing ability and, therefore, an increase of the maximum power
injected by a station. A similar discussion can be made with the bottom
of the table, where the value of a;; has been changed by a factor of five.
However, note that changing the value of one of the gains affects both
targets. Thus, in addition to the value of the gain itself, it is necessary
to consider the relative values between them.

6. Conclusion

This paper has proposed a distributed control approach based on
the consensus concept to control the VSCs that feed a MTDC railway
electrification system. The controller relies on a simple communication
infrastructure that takes advantage of the particular topology of the
underlying railway system. Each VSC substation shares information
with its adjacent neighbors to define the corresponding operating point,
which is defined by a consensus-based algorithm. The aim of the
underlying control law is to simultaneously balance the two main
objectives of any MTDC system, namely: voltage regulation and power-
sharing among the VSCs feeding the DC grid. As a matter of fact, purely
local control strategies fail in this purpose. On the one hand, the trivial
strategy of keeping constant the VSC terminal voltage, irrespective
of the train locations, leads to the flattest voltage profile and lowest
catenary circulating currents, at the cost of higher VSC ratings due
to inefficient VSC power-sharing. On the other hand, the conventional
droop controller achieves a good load balance, reducing accordingly the
substation installed power, but voltage drops are noticeably higher. The
proposed consensus-based distributed load-sharing provides a weighted
compromise solution: load-sharing is improved by letting VSCs help
their neighbors while the voltage profiles are not subject to severe
fluctuations. In addition, the efficiency is slightly improved when over-
all losses (i.e. VSC substations plus the catenary) are considered. All
these advantages are obtained with a distributed control scheme that
relies on the simplest communication infrastructure, in contrast to a
fully centralized paradigm, which facilitates its field deployment and
operational robustness.
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Appendix

The power losses that have been considered in this work refer to
the VSC, the substation transformer, and the auxiliary services. The
resulting values collected in Table 1 are justified as follows:

» VSC. The VSC used in this application corresponds to an MMC
topology. The MMC losses strongly depend on several factors,
e.g. submodule configuration and voltage balancing algorithms,
among others [36]. In [37] converter losses around 1% are ob-
tained for a 1-GW MMC. In [38], for a nominal power of 25 MW
(closer to the proposed in our paper), the losses are estimated to
be around 1.7%. In this paper, no distinction is made between no-
load losses and total full-load losses. In [39], a 5-MW half-bridge
MMC is reported to have 0.4% conduction losses and 0.22%
switching losses, giving a full-load losses of 0.62%. These power
losses are relatively low compared to other reported results, but
they give a hint that switching losses in a medium-voltage and
medium-power MMC are half of the conduction losses. Taking all
these issues into account, the total power losses are assumed to
be 1.25%, between the values proposed by [37,38], where the
no-load and full-load conduction losses are 0.42% and 0.84%,
respectively.

Transformer. The total power losses of the transformer have
to fulfill the current energy efficiency standard [40]. For this
reason, a minimum peak efficiency of 99.7% has been considered
given the characteristic rated power of the substation transformer,
which is about 25 MVA. Note that the maximum efficiency of the
transformer corresponds to a load factor given by the relationship
between the no-load (P,) and Joule full-load (P,,) power losses:
Copt = /P,/P,,. Therefore, it is possible to derive the power
losses terms given the load factor for the maximum transformer
efficiency. The load factor of the substation transformers has
been considered to be about 80%, which is a high value since
the objective of the proposed secondary control algorithm is to
share the traction power to reduce the VSC ratings as much as
possible. As a result, the no-load losses and full-load Joule losses
are estimated as 0.15% and 0.23% respectively.

Auxiliary services. Cooling systems, ICT devices, and other substa-
tion components demand active power, which has been estimated
to be 0.1% of the rated power.
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