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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-

T 4

cation, which promotes the system’s “plug-and-play” functionality. Stability analysis was undertaken
and the proposed controller was proved to be exponentially stable. The dynamic response of the

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 (SS1 and S52). 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.
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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.

Z, #, Z,
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I] ] L ] 2
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Figure 3. Equivalent circuit of two substations.
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In Figure 3, Z; and Z; represent the line impedances between two substations Vsg;
and Vggp; Z; is the reactance of the locomotive load; I, I, and I, are the currents of Vg1,
Vssz, and the load. When the output voltages of Vgs1 and Vggy are equal, the system
current flows are described as follows:

Zy
L =—=2_1, 1
Y zirzt M
Z1
L=—21_ 1. 2
2Tz +Z, b @)

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 Vg1, 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:
-

i+ 7y

such that Equations (1) and (2) can be rewritten as:

I, 3)

Zs
L=-——=IL+1 4
1= 725t + e, (4)
_4a
i+ 2,
If the output voltages of substations V1 and V, are regulated as rated, there would be

no voltage difference (i.e., V1 = V, = E* and V1 — V;, = 0) and the circulation current can be
eliminated.

I, = I; — L. )

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 6* represent the rated voltage magnitude and phase, while E and 0 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:

0 = 0" — mP + koAw, (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:

Aw = —ky(6 — 6%), 8)

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;Ep .
NS = wi — " = —mi—sin(Ad) + b, (10)
i
. E;,—Ep)E
wo 1 = — (5~ B = —n BB cos(ag) o+ an
1

where Ep presents the equivalent voltage magnitude at point of common coupling (PCC); X;
and AJ; = 6; — 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 sinAJd;
~ Ad; 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), cosAé; ~ cosdy was constant. Then, the system operation states modeling can be
reduced to:

AN6; = —m;M;A6; + Aw;, (12)
_ ° N
wy VE; = —E; — n;N;E; — (Tsly —1)E* + Ae;, (13)

! * ! *
where M; = E)}E and N; = 7“’535(_"2 .
1 1
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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; = *kw(Afsi + ‘Sref)/ (14)

Aé; = —ke(E; + Eref), (15)

where k,, and k, are the designed control gains, while dref and E,f 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)

. _(-mM TN\ _ [ =W I
where X = (Ad/Aw) represents system states and W = ( koI 0O ) = ( 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 + sWq + W3) = 0. It can be concluded that W is positive definite. The roots of
det(s] — W) = 0 satisfies Re(s) < 0 if and only if the following conditions are satisfied:

Amin(W1 + W T) >0, (17)

Amin(Wa + WoT) > 0. (18)

Conditions (17) and (18) are satisfied as both W1 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 = woWX + wol, (19)

3 _f =14+nN I\ [ -Wp I
where X = (AE/Ae) represents the system states W = ( kI 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]
+ Wp)det(2sI + sWy + W») = 0. It can be concluded that W is positive definite, referring
to Lemma 1. The roots of det(sI — W) = 0 satisfies Re(s) < 0 if and only if the following
conditions are satisfied:

Amin (W1 + W) >0, (20)

Amin(Wa 4+ WJ) > 0. (21)

Conditions (20) and (21) are satisfied as both W1 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 (2 resistor
parallel with a 50 mH inductor. The structure of the traction power system under simulation
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is presented in Figure 4. Three substations and two locomotive loads were involved. L1, L2,
L3, and L4 represent the line impedances between the load and the substation. Comparison
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 SS1, 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 552 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 S53 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, SS52 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 SS3 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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Figure 6. Three substation output voltages of different control strategies under on-load conditions: (a) the traditional control
strategy; (b) the proposed strategy.

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. I¢; 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), Ic; = 0.5(I1 — 12), while I, = 0.5(I3 — I4). 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, Ic; =15 A and I =8
A with the traditional strategy, while Ic; =5 A and Iy = 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 S53 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 7. The voltage differences different control strategies under no-load conditions: (a) the traditional control strategy;

(b) the proposed strategy.
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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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Figure 9. The circulation currents when they were connected with the traction grid without a load: (a) the traditional control

strategy; (b) the proposed strategy.
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Figure 10. The voltage differences when they were connected with the traction grid with a load: (a) the traditional control

strategy; (b) the proposed strategy.
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Figure 11. The zoomed-in voltage differences (a) and circulation currents; (b) in the steady state when they were connected

with the traction grid without a load with the proposed strategy.



Energies 2021, 14,7

13 of 16

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. S51, S52, SS3, and load 1 were already connected to the grid before
8 s. Load 2 was connected to the traction grid at 8 s, 10 s, 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 S52
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 S52, namely Issp,
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 Igg; and Isgs, respectively. When the load moved from SS2
to SS3, Isgy 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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Figure 13. Output current and load voltage of different traction grids: (a) the traditional traction grid (b) the proposed AC

co-phase traction grid.

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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