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ABSTRACT In this paper, we propose a method to minimize the system losses of electrified railway traction
systems by utilizing static var compensators (SVCs). We suggest a power flow analysis model for a railway
system considering two types of SVC connections: line-to-ground and line-to-line connections. Furthermore,
an optimal operation whose objective is to minimize the system loss is presented based on particle swarm
optimization by utilizing the power flow calculation method. The proposed power flow model and optimal
operation are verified using MATLAB and PSCAD simulation programs. An electrified railway traction
system can be operated economically by exploiting the proposed method.

INDEX TERMS Auto-transformer, railway traction system, static var compensator, power flow analysis,
particle swarm optimization.

NOMENCLATURE
INDICES
k Indices of auto-transformers (ATs)
n Indices of trains
r , i Indices of real and imaginary values
m Indices of particls swarm optimization (PSO)

VARIABLES
VCk , ICk Voltage and current of AT k at catenary
VRk , IRk Voltage and current of AT k at rail
VFk , IFk Voltage and current of AT k at feeder
VTCn, ITCn Voltage and current of train n at catenary
VTRn, ITRn Voltage and current of train n at rail
ITn Current injected to train n
IGC , IGF Current injected from the network
ISC Output current of SVC at catenary
ISF Output current of SVC at feeder
QSC Reactive power of SVC at catenary
QSF Reactive power of SVC at feeder

The associate editor coordinating the review of this manuscript and
approving it for publication was Feng Wu.

CONSTANTS
NAT , NT Number of ATs and trains
Nit Number of iteration for PSO
NPSO Number of position vectors for PSO
RC + jXC Impedance of catenary
RR + jXR Impedance of rail
RF + jXF Impedance of feeder
PTn + jQTn Load of train n
tn Ratio of train n position
ρ1, ρ2, ρ3 Random variables
ω1, ω2, ω3 Weighting factors for PSO
η Weighting factor for balancing
Cm Variation coefficient for PSO

VECTORS
Um Velocity vector at iteration m
Pm Position vector at iteration m
PPb Current best position vector
PGb Global best position vector

I. INTRODUCTION
An electric locomotive in a railway traction system is a great
source of negative sequence current, harmonic currents, and
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voltage level reduction because it can be represented by a line-
to-line load with an unbalanced characteristic [1]. Therefore,
exploiting static var compensators (SVCs) has been con-
sidered a promising method to mitigate problems regarding
power quality in railway traction systems [2]–[6]. In [2]–[3],
a constant AC voltage control function was investigated for a
railway traction system. In [4], the feasibility of an SVC was
investigated at different positions. In addition, compensation
methods for a negative sequence current in a three-phase
system were developed in [5] and [6]. However, while SVC
is being exploited for various purposes in the conventional
power network (i.e., system loss minimization, profit max-
imization, and operating cost minimization), studies on the
operation of SVCs in railway traction networks are scarce.

An efficient way to utilize an SVC in a power system is to
determine the reactive power outputs based on the optimiza-
tion problem [7]. Various studies to find the optimal operating
points of an SVC for conventional transmission or distribu-
tion networks have been suggested [8]–[14]. For example,
in [8] and [9], optimization problems to minimize the system
losses andmaximize the profit of network operators were pro-
posed. However, to the best of our knowledge, such methods
have rarely been investigated for electrified railway traction
systems.

The load flow calculation method should be investigated
to derive the optimal operating points of SVCs in railway
traction systems because it is used as a constraint in opti-
mization problems. Several studies have proposed load flow
calculation methods for railway traction systems [15]–[17].
In [15], a load flow calculation method considering multi-
ple trains was presented, and simulation studies considering
various situations were provided. In [16], detailed character-
istics of trains were considered in the power flow calculation,
such as the variation in load consumption according to the
velocity and the reactive power compensation function of
locomotives. In [17], a power flow calculation method using
an admittance matrix model of an auto-transformer (AT)
and Scott transformer was presented. However, in [15]–[17],
the operation of SVCs was not considered in the power flow
calculation.

In [18], an optimal control method for SVCs in a railway
traction system was proposed. The objective of the method
in [18] is to minimize system losses, and the reactive power
reference is determined based on linearized equations of the
railway traction system. However, SVC is only considered
a line-to-ground reactive power compensating device, and
the power flow calculation method considering SVC was
not presented in [18]. Thus, further studies on power flow
calculation considering the practical connection of an SVC
in a railway system are required.

Here, we propose an SVC operation method to minimize
the power loss in an electrified railway traction system. First,
a power flow calculation method considering SVCs in a
railway traction system is proposed. Then, an optimization
procedure based on particle swarm optimization (PSO) is
proposed. Specifically, in this study, two implementation

schemes of SVCs are considered: a single SVC connecting
catenary to ground and two SVCs connecting catenary to rail
and feeder to rail. The novelty and contributions of the study
are summarized as follows:

• A power flow calculation method of an AT-fed railway
traction system considering the operation of SVCs is
proposed. Furthermore, the proposed method considers
two SVC connection schemes.

• A loss minimization method using SVCs in a railway
traction system is proposed. The proposed optimization
method is based on PSO.

• It is verified via a comparison of the results of the
electro-magnetic transient program PSCAD that the pro-
posed power flow analysis method emulates practical
AT-fed railway traction systems.

• It is observed by comparing the proposed method and
existing SVC control schemes that the proposed opera-
tion scheme reduces system losses.

The remainder of this paper is organized as follows.
Section II investigates the configuration of an AT-fed railway
traction system and an SVC connection method. Section III
presents the power flow calculation method of the railway
system considering SVCs. Section IV provides an optimiza-
tion procedure to minimize system losses. Section V verifies
the proposed methods using two simulation programs: MAT-
LAB and PSCAD. Finally, Section VI provides the conclu-
sions of this paper.

II. SYSTEM CONFIGURATION
A. AT-FED RAILWAY TRACTION SYSTEM
Fig. 1 shows the configuration of an electrified railway trac-
tion system fed by 5 ATs. There are three phases: catenary,
rail, and feeder. The currents are injected from the transmis-
sion network via the Scott transformer at the catenary and
feeder sides. Trains are connected between the catenary and
the rail, and their positions change with time. An SVC is
connected at the 5-th AT (AT #5), and a configuration of
the connection is described in Section II-B. Note that all the
voltage and current parameters are in the form of complex
numbers.

B. CONFIGURATION OF SVC CONNECTION
Fig. 2 shows the configurations for implementing an SVC in
a railway traction system. Fig. 2(a) presents a single line-to-
ground connection of the SVC. In this scheme, a single SVC
is installed at the 5-th AT and the current (ISC ) is only pro-
vided via the catenary line. In Fig. 2(a), the SVC is grounded
and not connected to the rail. Most previous studies consid-
ering SVCs in an AT-fed railway traction system assumed a
line-to-ground connection [2]–[4], [18]. As reactive current
flows like an unbalanced load in this scheme, there may be a
voltage deviation in the rail phase (i.e., a voltage increase in
VR5).

On the other hand, the line-to-line connection scheme,
which is depicted in Fig. 2(b), provides reactive power to both
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FIGURE 1. Configuration of a railway traction system fed by 5 ATs.

FIGURE 2. Configurations of SVC connections: (a) line-to-ground scheme
and (b) line-to-line scheme.

the catenary and feeder. In addition, SVCs are not grounded
and are connected to the rail phase. Therefore, in contrast to
the line-to-ground scheme in Fig. 2(a), two SVCs are required
to implement the system. In the line-to-line scheme, SVCs
provide current to the catenary (ISC ) and feeder (ISF ), and
the sum of the currents flows through the rail. As the current
injected into the two sides can be regulated independently,
this scheme is effective for load balancing (reducing negative
current into the railway traction system) [19].

III. POWER FLOW CALCULATION MODEL
In this section, a power flow calculation model of an AT-fed
railway traction system (described in Fig. 1) is presented,
which is required for the optimal operation of SVCs. The
two SVC connection methods described in Section II-B are
considered in the model. To develop the calculation method,

we first investigate simultaneous equations to represent the
railway traction system and demonstrate that the proposed
equations can be solved. Then, we propose a solutionmethod.

A. EQUATIONS OF THE TRACTION SYSTEM
In Fig. 1, all the voltages and currents can be represented
in the form of complex numbers. The real and imaginary
parts of each variable are indicated by superscripts r and i,
respectively (i.e., IC1 = I rC1 + jI iC1). The railway traction
system has two types of sections: sections with and without a
train. Fig. 3(a) shows the configuration of the section without
a locomotive between the catenary and the rail. In this case,
the real and imaginary parts of the line current from the k-th
AT to the (k + 1)-th AT are defined, respectively, as

I rxk =
Rx(V r

xk − V
r
x(k+1))+ Xx(V

i
xk − V

i
x(k+1))

R2x + X2
x

, (1)

I ixk =
Rx(V i

xk − V
i
x(k+1))− Xx(V

r
xk − V

r
x(k+1))

R2x + X2
x

, (2)

where x ∈ {C,R,F}. On the other hand, as shown
in Fig. 3(b), the line currents of the catenary and rail sides
flow from the k-th AT to the node connected to the train.
Therefore, for the section including the train load, the real
and imaginary parts of the line currents of the catenary and
rail are, respectively, defined as

I ryk =
Ry(V r

yk − V
r
Tyn)+ Xy(V

i
yk − V

i
Tyn)

tn(R2y + X2
y )

, (3)

I iyk =
Ry(V i

yk − V
i
Tyn)− Xy(V

r
yk − V

r
Tyn)

tn(R2y + X2
y )

, (4)

where y ∈ {C,R}. In addition, in this case, the real and
imaginary parts of the line current flowing from the train side
to the (k + 1)-th AT can be defined, respectively, as

I rTyn=
Ry(V r

Tyn − V
r
y(k+1))+Xy(V

i
Tyn − V

i
y(k+1))

(1− tn)(R2y + X2
y )

, (5)

I iTyn=
Ry(V i

Tyn − V
i
y(k+1))−Xy(V

r
Tyn − V

r
y(k+1))

(1− tn)(R2y + X2
y )

. (6)
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FIGURE 3. Configurations of the section between ATs (a) without a train
and (b) with a train.

In addition, according to the characteristics of an AT,
the currents from the rail to the catenary and feeder are
identical. Therefore, the following equations can be defined at
the catenary and feeder phases for the k+1-th AT in Fig. 3(a):

I rCk + 0.5(I rRk − I
r
R(k+1))− I

r
C(k+1) = 0, (7)

I iCk + 0.5(I iRk − I
i
R(k+1))− I

i
C(k+1) = 0, (8)

I rFk + 0.5(I rRk − I
r
R(k+1))− I

r
F(k+1) = 0, (9)

I iFk + 0.5(I iRk − I
i
R(k+1))− I

i
F(k+1) = 0. (10)

Note that (7)–(10) do not hold for AT #1 because the rail
connected to the first AT is grounded (the injected current
is not preserved). In the case of k = 5, the above equa-
tions change with the SVC connection method. Otherwise,
the above equations can be described for the train in Fig. 3(b)
as follows:

I rTCn + 0.5(I rTRn − I
r
R(k+1))− I

r
C(k+1) = 0, (11)

I iTCn + 0.5(I iTRn − I
i
R(k+1))− I

i
C(k+1) = 0, (12)

I rFk + 0.5(I rTRn − I
r
R(k+1))− I

r
F(k+1) = 0, (13)

I iFk + 0.5(I iTRn − I
i
R(k+1))− I

i
F(k+1) = 0. (14)

Then, as the voltages from the catenary to the rail and from
the rail to the feeder are identical for an AT, the following
equations are defined:

V r
Ck + V

r
Fk − 2V r

Rk = 0, (15)

V i
Ck + V

i
Fk − 2V i

Rk = 0. (16)

In Fig. 3(b), additional constraints can be defined by the
characteristics of the train load. First, the power consumed
by the n-th train satisfies the following equations:

PTn = (V r
TCn − V

r
TRn)I

r
Tn + (V i

TCn − V
i
TRn)I

i
Tn, (17)

QTn = (V i
TCn − V

i
TRn)I

r
Tn − (V r

TCn − V
r
TRn)I

i
Tn, (18)

where

I rTn + jI
i
Tn = (I rCk + jI

i
Ck )− (I rTCn + jI

i
TCn), (19)

In addition, the train current can be defined at the rail as:

I rTn + jI
i
Tn = −(I

r
Rk + jI

i
Rk )+ (I rTRn + jI

i
TRn). (20)

Finally, for AT #1, the catenary and feeder are connected
to the grid side and the rail is grounded, and the following
equations are satisfied:

(V r
C1 + jV

i
C1)− (V r

F1 + jV
i
F1) = VG, (21)

V r
R1 + jV

i
R1 = 0. (22)

B. EQUATIONS OF SVC
As SVCs are implemented at AT #5, the current con-
straints regarding the 5-th AT change with the SVC connec-
tion scheme. For the single line-to-ground scheme depicted
in Fig. 2(a), the currents at the catenary and feeder satisfy the
following equations:

I rC4 + 0.5I rR4 + I
r
SC = 0, (23)

I iC4 + 0.5I iR4 + I
i
SC = 0, (24)

I rF4 + 0.5I rR4 = 0, (25)

I iF4 + 0.5I iR4 = 0. (26)

Furthermore, the output current should satisfy the following
equations:

(V r
C5 + jV

i
C5)(I

r
SC − jI

i
SC ) = jQSC . (27)

On the other hand, for the line-to-line connection mode
depicted in Fig. 2(b), currents are injected into both the
catenary and feeder. Furthermore, in contrast to the line-to-
ground connection, the current flows from the rail phase.
Therefore, (23)–(26) are modified as

I rC4 + 0.5I rR4 + 0.5I rSC = 0, (28)

I iC4 + 0.5I iR4 + 0.5I iSC = 0, (29)

I rF4 + 0.5I rR4 + 0.5I rSF = 0, (30)

I iF4 + 0.5I iR4 + 0.5I rSF = 0. (31)

Similar to the line-to-ground connection, the output currents
(I rSC , I

i
SC , I

r
SF , and I

i
SF ) satisfy the following conditions:

(V r
C5 − V

r
R5)I

r
SC + (V i

C5 − V
i
R5)I

i
SC = 0, (32)

(V i
C5 − V

i
R5)I

r
SC − (V r

C5 − V
r
R5)I

i
SC = QSC , (33)

(V r
F5 − V

r
R5)I

r
SF + (V i

F5 − V
i
R5)I

i
SF = 0, (34)

(V i
C5 − V

i
R5)I

r
SF − (V r

F5 − V
r
R5)I

i
SF = QSF , (35)
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TABLE 1. Simultaneous equations.

FIGURE 4. Flowchart of Newton—Raphson method.

C. SOLVING METHOD
As described in Sections III-A and III-B, (1)–(35) present the
railway traction system with SVCs. There are 6NAT + 4NT
voltages and 6(NAT − 1) + 4NT line currents. In addition,
two and four currents for SVCs are unknown for a single
line-to-ground and line-to-line system, respectively. Note that
the real and imaginary parts of the current and voltage are
distinctive variables. Therefore, the total number of unknown
variables is 12NAT + 8NT − 4 for the line-to-ground scheme
and 12NAT + 8NT − 2 for the line-to-line scheme.
The equations defined by (1)–(35) are summarized

in Table 1. As shown in Table 1, the numbers of unknown
variables and simultaneous equations are identical for both
cases. Thus, if the system is physically feasible, we can derive
unique solutions. However, as (1)–(35) are non-linear equa-
tions, the Newton—Raphson method illustrated in Fig. 4 is
utilized in this paper [20].

D. SCALABILITY OF THE PROPOSED METHOD
As the power flow calculation method was developed by
generalized form, the calculation method can be adopted for
not only the system described in Fig. 1 but also the railway
traction system with the different number of ATs and trains.
Furthermore, even if the method considered only one SVC at
the last AT and two connection schemes, the power flow cal-
culation with multiple SVCs or different connection method
can be easily defined with small modification because a
principle to make simultaneous equations is identical even
for other topologies. Thus, it is suggested that the proposed
method is scalable not only for the number of ATs and trains,
but also for the number of SVCs and connection scheme.

IV. PROPOSED LOSS MINIMIZATION METHOD
A. PARTICLE SWARM OPTIMIZATION
PSO is an optimization method developed by Eberhart
et al. [21]. It is a multi-agent search technique that has
evolved from the emergent motion of a flock of birds search-
ing for food. This technique has been widely used for opti-
mization problems in power system applications [22]–[27].
For example, in [26], PSO was utilized to optimize com-
bined heat and power system. Also, in [27], the algorithm
was exploited to operate thyristor-controlled series capaci-
tor (TCSC). In the implementation of the PSO algorithm,
the position vector (Pm) and velocity vector (Um) should be
first defined at the current step (m). Then, the velocity and
position at the next step can be calculated as follows:

Um+1 = ω1Um + ω2ρ1 (PPb − Pm)

+ω3ρ2 (PGb − Pm) , (36)

Pm+1 = Pm + Um+1. (37)

where ρ1 and ρ2 are random variables in the range [0,1].
To mitigate premature convergence of the proposed PSO

algorithm. A mutation strategy described in [28] is utilized to
maintain population diversity. Specifically, when premature
convergence is detected during the iteration, the positions of
particles are updated by adding random perturbations as:

Pm+1 = Pm + Cmρ3(max (Pm)−min (Pm)), (38)

where, ρ3 is random variable in the range [-0.5,0.5].

B. PROBLEM FORMULATION
The objective of the reactive power dispatch for SVCs is to
minimize the active power loss in the railway traction system,
which can be expressed as follows:

fobj = V r
C1I

r
C1 + V

r
F1I

r
F1 −

NT∑
n=1

PTn. (39)

The two left-hand side terms in fobj are the active powers
injected from the grid side, and the third term is the total
active power load. If the system is a line-to-line connection
system, an additional term is added to the objective function
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as follows:

fobj=V r
C1I

r
C1+V

r
F1I

r
F1−

NT∑
n=1

PTn+η |QSC−QSF | (40)

The last term in (40) is added to minimize the mismatch
between the two reactive power outputs in the SVCs, which
reduces the voltage imbalance in the railway traction system.
The importance of reactive power output balancing is deter-
mined by the weighting factor, η.

A penalty function (fp) is also added to the above objective
functions to exclude the infeasible solution causing a voltage
violation. The penalty function is defined in (41), as shown
at the bottom of the page. In (41), M is a sufficiently large
number, Vub is the upper bound, and Vlb is the lower bound.
If there is no violation in the voltages at the catenary and
feeder, the value of fp is zero; thus, the objective function can
be minimized.

C. OVERALL PROCEDURE
Fig. 5 shows a flowchart of the overall procedure. First,
NPSO position vectors are generated randomly. Then, fobj
is calculated for each position vector and the best position
is defined as PPb and PGb. Furthermore, the value of the
objective function for the best position is defined as fPb and
fGb. When calculating fobj, the power flow calculation method
derived in Section III is exploited.

As shown in Fig. 5, the update of the position vectors
is iterated Nit times. For each iteration number (m), fPb is
derived. In addition, after calculating the best position and
objective function value, velocity vectors are calculated and
the next position vectors are derived using (36) and (37),
respectively. Finally, if m = Nit , the iteration is completed
and the optimal solution is derived. The detailed procedure
for calculation and derivation is illustrated in Fig. 5.

Even the proposed optimizationmethod is designed for one
SVC at the last AT, the proposed method can be modified for
the system including multiple SVCs with few efforts because
increase in position vector size can be easily adopted for PSO,
which is relative advantages of heuristic optimization method
[25]. Thus, the proposed optimization method is also scalable
for general railway traction system similar with the power
flow calculation method.

V. SIMULATION RESULT
Two cases are investigated in this study for verification.
The first case is investigated to verify the proposed power
flow calculation method, which is described in Section V-A.
In this case, the test system is identical to that in Fig. 1. Two
trains are connected in the traction system; the first train is
connected between ATs #2 and #3, and the second train is

FIGURE 5. Overall procedure of the proposed method.

connected between ATs #3 and #4. The active and reactive
power absorptions of the two trains are 8 MW and 2 MVAr,
respectively. The two trains are located on the 3:4 section
between the two ATs. The railway traction system is con-

fp=M

[NAT∑
k=1

max(VCk−Vub, 0)+
NAT∑
k=1

max(VFk−Vub, 0)+
NAT∑
k=1

max(Vlb−VCk , 0)+
NAT∑
k=1

max(Vlb−VFk , 0)

]
. (41)
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FIGURE 6. Positions of trains in Case 2.

nected to a 135 kV AC transmission network, and the turn
ratio of the Scott transformer is 135:50 (i.e., VC1 − VF1 =
50 kV). The line impedances of the catenary, feeder, and rail
between the ATs are 0.71+ j1.2241�, 0.71+ j1.2241�, and
2.4 + j3.5814 �, respectively, which are derived from [29].
The simulation for the first case was performed using both
PSCAD and MATLAB. In addition, both the SVC schemes
in Fig. 2 are investigated.

In Section V-B, the second case is investigated to verify
the proposed optimal operation method. All the parameters
of the railway traction system are identical to those in the
first case. The only difference is that three trains moving from
AT #1 to AT #5 are considered, and their positions change
according to time. Fig. 6 shows the positions of the trains
according to the time period. In Section V-B, a MATLAB
simulation is presented to compare the power losses between
the railway traction systems with and without SVCs. Also, in
Section V-C, to verify the proposedmethod for various condi-
tions, 1,000 randomly generated cases are investigated using
the conventional and the proposed method. The simulation
was performed with following hardware specifications: Intel
core i9-10900 @ 2.80 GHz, 64-bit, and 32 GB RAM.

A. VERIFICATION OF POWER FLOW ANALYSIS
Table 2 lists the results of the power flow calculation with
a single line-to-ground connected SVC. In the case study,
the output reactive power of the SVC (QSC ) is 5 MVAr.
As presented in Table 2, the voltage and current profiles for
the results of PSCAD and MATLAB are almost identical.
Specifically, the maximum errors for the voltage and current
are 0.0023 kV and 0.0003 kA, respectively, which are only
0.0092 % and 0.075 % of the rated voltage and current levels,
respectively. Therefore, for the railway traction system with a
single line-to-ground connected SVC, it is suggested that the
proposed power flow calculation method emulates the actual
system well.

Table 3 lists the results of the power flow calculation with
double line-to-line connected SVCs. In the case study, both
outputs of SVCs at the catenary and feeder sides (QSC and
QSF ) are 3 MVAr. Similar to the result in the case of a single
line-to-ground scheme, the voltage and current profiles for
the two software programs are almost identical. The maxi-
mum errors for the voltage and current are 0.0004 kV and

TABLE 2. Power flow calculation result with line-to-ground SVC.

TABLE 3. Power flow calculation result with line-to-ground SVC.

0.0003 kA, respectively, which are 0.0016 % and 0.075 %
of the rated voltage and current levels, respectively. The
mismatch in the proposed method is smaller for the line-to-
line scheme; however, the calculation is exact in both cases.

As shown in the power flow calculation result, the double
line-to-line connection scheme is more effective for volt-
age balancing in the railway traction system; consequently,
smaller negative currents are generated. On the other hand,
the voltage of AT #5 in the catenary phase is 25.2317 kV
for case 1 and 24.9252 kV for case 2. However, the reactive
power supplied by the SVCs is 5MVAr for case 1 and 6MVAr
(3MVAr×2) for case 2. Thus, it was observed that the voltage
supporting capability is higher for a single line-to-ground
connected SVC scheme because the AC voltage increases
more with less reactive power.

B. VERIFICATION OF LOSS MINIMIZATION
Three cases are compared to demonstrate that the proposed
method successfully reduces active power loss in an AT-fed

219686 VOLUME 8, 2020



G.-S. Lee et al.: Loss Minimization of Electrified Railway Traction Systems Using SVC Based on PSO

FIGURE 7. Simulation results without an SVC.

railway traction system: a system without SVC, a single
line-to-ground SVC, and line-to-line SVCs. For each case,
10 snapshots are investigated, as shown in Fig. 6. The time
interval between two snapshots is 10 min. Fig. 7 shows the
voltage profiles of the railway traction system without an
SVC. As shown in Fig. 7(a), the voltages of the catenary and
feeder were naturally maintained almost identical. The power
loss without an SVC is 437.7 kWh during 80 min.

1) FOR THE SINGLE LINE-TO-GROUND SCHEME
Fig. 8 shows the simulation results for the same load profiles
considering a single line-to-ground SVC. The results for the
constant AC voltage control scheme and the proposedmethod
are compared to demonstrate that the proposed method is
more effective than the rule-based control scheme. As shown
in Fig. 8(a), the AC voltage of AT #5 at the catenary was
maintained at a nominal value (25 kV) regardless of the
load profiles. On the other hand, for the proposed method,
the magnitude of the AC voltage at the catenary changed
according to time.

Fig. 8(b) shows the profile of the AC voltage at the feeder.
As shown in Fig. 8(b), for the single line-to-ground SVC,
the AC voltage magnitudes for the catenary and feeder were
not balanced owing to the unbalanced reactive power pro-
vided by the SVC. From Figs. 8(a) and 8(b), it is observed that
the voltage magnitudes were lower for the proposed method;
thus, the reactive power provided by the SVC was also lower
for the proposedmethod, as shown in Fig. 8(c). Therefore, it is
suggested that the power loss is minimized and the capacity
of the SVC is reduced by the proposed method for the railway
traction system.

The active power losses for the voltage control and pro-
posed methods were 465.50 kWh and 426.82 kWh, respec-
tively. Although the AC voltage is maintained constant in
the voltage control method, the power loss increases; conse-
quently, the economic burden for the system operator may
also increase. However, the active power loss is reduced by
approximately 8.30 % by using the proposed method, and

FIGURE 8. Simulation results with a single line-to-ground SVC.

the voltage is maintained within the allowable range because
the penalty factor is included in the objective function. The
average elapsed time of the optimization is 4.92 sec for each
time period, which is enough small to be implemented in
practical application.

2) FOR THE DOUBLE LINE-TO-LINE SCHEME
Fig. 9 shows the simulation results for the double line-to-
line SVCs. The scenario is identical to that of the single
scheme. For the constant voltage control scheme in this case,
the operation of the SVCs is decided by two rules: 1) main-
taining the AC voltage at the catenary at the rated value and
2) maintaining the reactive power outputs for the two SVCs
identical. As shown in Figs. 9(a) and 9(b), the voltage magni-
tudes are maintained at their nominal values for the constant
voltage control scheme. In contrast to the single line-to-
ground scheme, the AC voltages for the catenary and feeder
are regulated simultaneously because the resources providing
reactive power are located on both sides. In contrast, in the
proposed method, the magnitude of the AC voltage changed
according to the load profiles. Figs. 9(c) and 9(d) show the
reactive power outputs for the two SVCs. Owing to the con-
trol objective of the voltage control mode, the reactive power
outputs are the same for the two SVCs. However, the reactive
power outputs for the proposed method are slightly different
from each other because loss minimization is more important
than power balancing.

The active power losses for the voltage control and pro-
posed methods were 435.33 kWh and 417.21 kWh, respec-
tively. The power loss of the constant voltage control scheme
is higher than that of the single line-to-ground scheme. How-
ever, for the proposed method, the power loss is reduced
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FIGURE 9. Simulation results with double line-to-line SVCs.

FIGURE 10. A statistical comparison for power losses between the
constant voltage and the proposed method.

by 4.34 %, presumably due to the line-to-line connection
scheme. The average elapsed time is 4.82 for double line-to-
line scheme for each time period. Thus, the proposed method
can be implemented in practical manner.

C. STATISTICAL ANALYSIS
To verify the proposed method for more generalized input
data, statistical analysis for the power loss reduction is inves-
tigated. For the analysis, 1,000 randomly generated cases
are utilized with variation in SVC connection scheme, train
position, train number, and train load profile. Fig.10 shows
the power loss reduction for the proposed method compared
with the constant voltage control mode. As shown in Fig. 10,
power losses of railway traction system are reduced for all
cases. Maximum loss reduction in Fig. 10 is 14.77 % and

minimum value is 2.99 %, thus, it is suggested that the
performance of proposed method is statistically verified.

VI. CONCLUSION
In this paper, a PSO-based loss minimization method for an
AT-fed railway traction system was presented. In addition,
a new power flow calculation model considering an SVC
was proposed. Two SVC connection schemes, single line-to-
ground and double line-to-line, were considered in the power
flow and optimization problem. The proposed method was
verified using MATLAB and PSCAD simulations. Specifi-
cally, for power flow calculation model, the largest mismatch
of voltage profile between MATLAB and PSCAD model is
only 0.0092 %. Also, for the optimization method, power
loss of railway traction system is reduced up to 14.77 %.
Therefore, it is suggested that the proposed power flowmodel
represent the railway traction system well and the proposed
optimization method is effective for power loss reduction.
In conclusion, SVCs can be exploited in a more efficient way
for a railway traction system by using the proposed method.
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