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+is study presents a multiobjective energy management model for the connected cophase traction power system (CCTPS). Each
traction substation (TSS) includes a power flow controller (PFC), energy storage systems (ESS), wind turbine, and PV modules
beside a single-phase traction power transformer. Also, in order to exchange the power between the adjacent TSSs, power transfer
controllers (PTCs) are used. +e proposed energy management model is formulated as a multistage multiobjective optimization
problem with a lexicography approach. In the first stage, the cost of purchased energy is minimized. In the second stage, the
independence of the CCTPS from the external grid improved. Finally, minimizing the voltage unbalanced ratio (VUR) of CCTPS
is considered as the third stage goal. According to the simulation results, utilizing GAMS optimization software, the proposed
model will decrease remarkably VUR and dependency of CCTPS without any increase in operation cost.

1. Introduction

1.1. Background and Motivation. A substantial share of the
world’s energy consumption (roughly 28%) is dedicated to
the transportation sector [1]. Hence, considering environ-
mental concerns and high-efficiency transportation alter-
natives have received considerable attention [2, 3]. +e
development of transportation methods based on rails, es-
pecially electric railway systems, is one of the most efficient
ways to reduce emissions and energy consumption chal-
lenges [4]. However, the expansion of electric railway sys-
tems will pose new challenges to the electrical network since
they consume large amounts of electricity [5].

Since the advent of electrical railway systems (ERSs), the
development of their power supply systems has always been
up to date with regards to technological advances [6]. In this
respect, the current interest in the reliable-economic op-
eration of ERSs necessitates an active power flow controller
in order to manage the transferred power with the upstream
grid in the presence of possible elements such as energy
storage systems (ESSs) [7]. Regarding this situation, ERS
engineers encounter a variety of challenges to develop

appropriate feeding schemes, including proposing efficient
structures and optimal energy management models [6–8].
+anks to the development of power systems toward smart
grids as well as the remarkable progress of power electronics
as a part of the challenges has been mitigated [9]. Also, there
are similarities and differences between a cophase traction
power system (CCTPS) and a regular power system in the
respect of energy management. Apart from inherent power
quality problems that have to be considered by CCTPS
operators, the variation in the number, speed, and location
of locomotives causes rapid changes in demand within a
short time period, requiring different scheduling intervals
[10–13]. Moreover, railway energy management systems
contain different time-based operational modes, including
day-ahead operation, minute-ahead operation, and real-
time operation that can be categorized into two groups from
a managed object viewpoint such as train and traction
substation energy management systems [14].

1.2. Literature Review. +rough the evolution of ERSs, a
great number of feeding schemes have been proposed and
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developed to supply the traction’s demand in an econom-
ically and stably manner [7]. Nevertheless, the power quality
(PQ) issues caused by ERSs, e.g., the low power factor (PF)
and the voltage unbalances in the upstream power grid side,
affect the stable operation of the external supplier grids
[15–18]. PQ problems resulting from phase imbalances are
perhaps the main concern for railway engineers [6]. Phase
imbalances occur because traction loads are mainly single-
phase and fed by three-phase power systems [19]. As a
consequence of this issue, a negative sequence current will be
caused, and in order to compensate for such power im-
balances, an electric power supplier that has a high-enough
short-circuit capacity will be required [20]. To solve the PQ
issues besides other benefits that are addressed in references
[21–23], CCTPS has been employed [24, 25]. CCTPSs can
reduce neutral zones by half of the previous systems,
eliminate negative sequence currents, and suppress har-
monics [26]. It is worthmentioning that neutral zones pose a
major barrier to managing energy efficiently and stable
operation of the high-speed electric railway systems [27].

As mentioned earlier, ERSs consume a significant
amount of energy; consequently, managing the energy flow
besides coordinating different facilities in these systems is
vital to bring economic-energy savings. In this context, in
reference [28], the optimal operation and scheduling of
transformers in an ERS are investigated, taking into account
their loss of energy. However, the proposed approach is just
based on the economic aspect neglecting PQ issues. Akbari
et al. and Li et al. [29–31] proposed optimal operation
strategies for several multienergy hub structures deploying
regenerative braking energy (RBE) along with renewable
energy resources (RERs). Also, providing the cooling,
heating, and power demands of ERSs stations have been
considered in their models using simple DC power flow
equations. However, none of references [28–31] has studied
the operational indices associated with the interaction be-
tween ERSs and upstream networks, such as voltage un-
balanced ratio (VUR) and independence ratio.

Various types of energy storage units with different
technologies utilized by ERSs are reviewed by Liu and Li
[32]. Deploying ESSs can enhance the efficiency and per-
formance stability of the ERSs, especially considering the
uncertainty in RERs and RBE [32]. Ovalle et al. [33] pre-
sented a methodology for sizing ESSs considering a trade-off
between energy storage capacity and charging power. Cui
et al. [10] presented a hierarchical control strategy aiming to
reduce the operation cost and improve the power quality of
ERSs by means of a supercapacitor-based ESS. However,
managing the ESS and RERs for optimal operation of ERSs
has not been addressed simultaneously.

Based on information gap decision theory, Huang et al.
[34] proposed an energy management framework for
CCTPSs to solve solar power uncertainty. Aguado et al. [35]
proposed an optimization model based on the nonlinear
programming (NLP) problem for optimal operation of an
ERS. Also, RERs, including PV and wind generation, are
used to meet the traction load alongside RBE. However, the
PQ issues are not considered in their model. Salkuti [36]
presented an optimal operating model in which the

uncertainty of RER and the total operating cost of the system
are considered. However, the mutual impacts between the
external grid and ERS and the PQ problems have been
neglected. Aiming to reduce the peak power in DC-elec-
trified railway substations, Sumpavakup et al. [37] proposed
a strategy for energy storage systems’ operation through
utilizing RBE. Also, by considering the cost reduction and
energy consumption minimization as objective functions,
the impact of ESSs on the power peak shaving has been
studied. A two-level deterministic energy management
model for day-ahead scheduling and minute-ahead opera-
tion is presented [38]. Chen et al. [39] presented a deter-
ministic model based on mixed-integer linear programming
(MILP) aiming to minimize the operation cost and the error
between the day-ahead optimal dispatch results and intraday
operating feedbacks. However, neither VUR nor indepen-
dence ratio has been addressed in their model. An optimal
energy management model for CCTPSs is proposed in [40]
with an economic saving point of view. Liu et al. [41]
presented a multistage robust model in which the uncer-
tainties of PV and traction load have been considered.
However, in references [40, 41], the VUR is just taken into
account as a constraint, but not as a goal. Table 1 provides a
summary of the literature review.

1.3. Contributions and Paper Organization. In this study, a
deterministic energy management strategy is proposed for
CCTPSs. In the proposed multiobjective model, the traction
substations (TSSs) are expected to minimize their operating
cost as the main objective of the model. Also, regarding the
PQ problems, which could result in penalty charges for ERSs
[12], the independence index of CCTPS has been introduced
and considered as the second objective. +erefore, unlike
references [10, 34–41], the proposed model improves the
independence of the CCTPS from the external grid because
TSSs can exchange power and utilize the dispatchable re-
sources of other TSSs. Moreover, compared to references
[35–39], the three-phase VUR is taken into account, and
unlike references [40, 41], the VUR is considered as the third
objective of the proposed model. According to the simu-
lation results, the proposed model will improve simulta-
neously the VUR and the independence of CCTPS without
any increase in operation cost, which is not addressed by
previous studies. +e main contributions of this study could
be listed as follows:

(1) Proposing a novel multistage multiobjective opti-
mization model for CCTPS’s operation

(2) Coordinating the RBE utilization, local RERs, and
the operation of adjacent traction substations

(3) Minimizing the operation cost of CCTPS and re-
ducing VUR simultaneously without incurring any
additional costs

(4) Introducing and improving the independency index
of CCTPS

(5) Facilitating the interaction between the upstream
power grid and CCTPS through considering VUR
and independency index
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+e rest of this study is organized as follows. In Section 2,
the CCTPS structure is introduced, and the mathematical
model of the system is presented. +e methodology of
solving the multistage optimization problem is expressed in
Section 3. Section 4 represents simulation results, and
Section 5 contains a summarized conclusion.

2. System Modeling

Figure 1 shows the architecture of cophase TSSs and the
feeding scheme of presumed CCTPS. In each TSS, a single-
phase transformer worked along with a power flow con-
troller to supply traction load. +rough this feeding scheme,
the PQ problems, including PF, VUR, and the negative
sequence current in the upstream grid side, can be alleviated
[40, 41]. Besides, PV modules, wind turbines, and ESSs are
employed by TSSs. +e adjacent TSSs can exchange power
utilizing AC-DC-AC power conversion units as power
transfer controllers (PTCs). In the following, the mathe-
matical model of the mentioned elements is presented beside
the objective functions of the proposed energy management
strategy.

2.1. Energy Storage System. +e dynamic model of ESSs is
used in the proposed model. To ensure the proper perfor-
mance of ESSs, some technical constraints must be satisfied,
which are translated to a set of mathematical constraints,
consisting of relationships (1)–(6). Also, i and t denote the
indices of TSS and time, respectively.
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where Eb
i,t denotes the state of energy (SOE) of ESS in TSS i at

time interval t [42]. +e constraints (2) and (3) prevent the
charging and discharging power of ESS to exceed their
maximum capacity rates. To avoid simultaneously charging
or discharging ESS, constraint (4) checks the ESS charging
and discharging mode at each time interval through two
binary variables represented ub,c

i,t and ub,d
i,t [43]. +e con-

straint (5) limits the SOE to be in the narrow of the max-
imum and minimum allowed values. In addition, by
constraint (6), the initial and final conditions of ESS are met
[44].

2.2. PV Module. Solar irradiance and ambient temperature,
as the main external factors, as well as the specification of a
PV module determine its power output. +e relationship
between these parameters can be expressed by (7) [45, 46].
Also, the specifications of PV modules according to refer-
ence [47] are used.
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am
i,t − 25  . (7)

2.3.Wind Turbine. +e wind turbine output is calculated by
the following equation widely used in studies [48].
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(8)

2.4. Power Transfer Controller. Inequality (9) prevents the
transferred power between TSS i and j to achieve an amount
higher than PTC’s capacity.+e state of transferring power is
modeled by the binary variable aPTC

i,j as a parameter in the

Table 1: A summary of the literature review.

Reference Aiming to

Power
flow Considering RER

DC AC PQ
issues

Dependency
index PV Wind

[34] Minimize the operating cost ✓ ✓ 7 ✓ 7

[35] Minimize the operating cost ✓ 7 7 ✓ ✓
[36] Minimize the total operating cost ✓ 7 7 ✓ ✓
[37] Reduce the peak power demand of TSS ✓ 7 7 7 7

[38] Minimize cost and energy consumption ✓ 7 7 7 7

[39] Minimize the operating costs and operation deviation ✓ 7 7 ✓ ✓
[40] Minimize the daily operating cost ✓ ✓ 7 ✓ 7

[41] Minimize the operating cost ✓ ✓ 7 ✓ 7

+is study Minimize the operating cost and voltage unbalances ratio and improve the
independence from the external grid ✓ ✓ ✓ ✓ ✓
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optimization problem. +e power balance between two
adjusts TSSs is guaranteed by

P
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2.5. Power Flow Controller. +e PFC is a back-to-back
converter that connects the railway feeding grid to the
upstream grid through two convertors named α and β-phase
convertors. +e PV and ESS adjoin to the feeding scheme by
the DC-link between α and β-phase converters. +e trans-
mitted power through the convertors is limited by
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2.6.EnergyBalance. +e active and reactive power flowmust
be in balance at each time interval. +e balance of active
power in each node is expressed by (14), (15), and (17), as
well as that for the reactive power in (16).
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As stated in (14), the power exchanging between TSS i
(P

G,buy
i,t , PG,sell

i,t ) and the upstream grid is carried out through
the α-phase convertor and the single-phase transformer
(PST

i,t ). Constraint (15) illustrates the power balance on the
DC-link node. +e β-phase converter controls the reactive
power balance through constraint (16) and supplies the
traction loads along with the single-phase transformer,
employing constraint (17). Also, PL

i,t and QL
i,t are the active

and reactive power traction loads, as well as PRBE
i,t and QRBE

i,t

for regenerative braking.

2.7. Objective Functions. As stated, CCTPS is seeking to
minimize its operation cost in the form of energy cost ex-
changed with the upstream grid, which is expressed as

MinΦ1 � Min · 
i∈I
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P
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where Φ1 is the cost of exchanging energy between CCTPS
and the upstream grid, ρbuyt and ρsellt denote to the purchasing

�e upstream power grid
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Figure 1: +e architecture of the connected cophase traction system.
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and selling price of electricity, and P
g,buy
i,t and P

g,sell
i,t express

the purchased and sold power from or to the upstream grid
by TSS i at time interval t. As a result, their adjustment can
determine how much power is transferred to the external
grid.

Since TSSs are connected, they can share their facilities,
including renewable energy power generation and the
emerged RBE. As a result, the amount of excess energy in
each TSS can provide the demand of the other substations
instead of selling it to the external grid. Consequently, in the
second stage of optimization, by minimizing the total
purchased power from the upstream grid, the operation of
the facilities will be rescheduled in the way that TSSs have
more exchange with each other instead of with the external
grid. In the following equation, Φ2 is the second goal, which
shows the total purchased power from the upstream grid,
and is considered as the index of dependency on the external
grid.

MinΦ2 � Min 
t∈T

P
g,buy
i,t . (19)

Regarding PQ issues, the third objective function is
allocated to the total three-phase VUR. Based on Chen et al.
study [49], the three-phase VUR in the upstream grid side
can be calculated as
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i∈I


t∈T
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where εU
i,t expresses the three-phase voltage unbalanced ratio

caused by TSS i. I−
i,t, Us, and Scap are the negative sequence

current in the grid side, the nominal voltage of the grid, and
the short-circuit capacity, respectively. In addition, to keep
εU

i,t lower than the maximum allowed amount, the following
equation is employed.

εU
i,t ≤ ε

max,U
i , i ∈ I, t ∈ T. (22)

Also, the negative sequence current is determined based
on the feeding scheme, such as the connection type of the
matching transformer at the high voltage side of the CCTPS,
which can be calculated as [23]

I
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, (23)

where KTS and Kα are the coefficients relevant to the ar-
chitecture of the implemented feeding scheme and the
specification of PFC, according to reference [23] containing
the modeling procedure and the associated mathematical
relationships.

3. The Multistage Multiobjective Optimization
Solving Method

+ere is a variety of solving methods for multiobjective
optimization problems [50]. In this study, with regards to

the priorities of objective functions for the CCTPS’s oper-
ator, a lexicography approach is used to establish the
proposed model in a multistage way. Defining 3 stages, the
optimal results of the stages with higher priority are
considered as constraints in the optimization process of
lower stages. For the sake of clarity, Φ1 is considered as the
first objective function with the highest priority for the
CCTPS’s operator.+e second objective orΦ2 is minimized
while the optimal result of Φ1, which is obtained from the
first stage, has been integrated into the second stage of the
optimization problem. +e same procedure for stage three
is considered. Figure 2 shows the flowchart of the solving
presses. Also, according to the linearization techniques for
an absolute value function, equation (23) can be replaced
by (24)–(27).
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Xi,t ≤M · u
linear
i,t , i ∈ I, t ∈ T, (26)

Yi,t ≤M · 1 − u
linear
i,t , i ∈ I, t ∈ T,

(27)

where M is a big number, and Xi,t and Yi,t are the two
auxiliary positive variables. In addition, according to (23),
the negative sequence currents can be canceled through the
operation of both single-phase transformer and PFC at the
same time. +erefore, their stable operation should be
guaranteed in order to apply the proposed energy man-
agement strategy. Moreover, according to (15), since the
energy flow in PFC significantly depends on the production
of renewable energies, their power generation should be
forecasted accurately. However, ESS, as a dispatchable re-
source, can compensate for a part of upcoming prediction
errors.

4. Simulation Results

+e proposed energy management model, as a mixed-in-
teger quadratically constrained programming (MIQCP)
problem, is simulated in GAMS software and solved by the
CPLEX solver on an Intel Core i5 2.53GHz, 6.0GB RAM
computer [51].

4.1. InputData. In order to evaluate the effectiveness of the
proposed model, 3 TSSs are considered with the same
feeding scheme as shown in Figure 1, which are connected
through PTCs. Technical parameters of each TSS’s devices
are given in Table 2. Figure 3 shows PV and wind
power generation in a day. Real-time pricing (RTP)
scheme is used for the electricity tariff according to
Figure 4. Also, the selling price is assumed to equal the
purchasing cost.
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5. Simulation Results and Discussion

Table 3 provides the optimization problem results in each
stage, including the daily operation cost, the index of de-
pendency, and the total three-phase VUR. For the sake of
clarity, it should be mentioned that the variation columns

illustrate the alterations between the results of the first stage
with those of other stages. Comparing the results of the first
and second stages, the purchasing energy from the upstream
grid is decreased by about 8.36MWh or 12%. In the second
stage, most of the harvested energy, including the RBE and
renewable resources’ output, is used to supply CCTPS

StartStage 1

Stage 2

Stage 3

Forecasted load
Forecasted generation Grids and devices data

Min Ф1
S.t. : (1)-(17),
(20), (22), and (23)

Min Ф2
S.t. : (1)-(17),
(20), (22), (23),
and Ф1 ≤ ϕ*1

Min Ф3
S.t. : (1)-(17),
(20), (22), (23),
Ф1 ≤ ϕ*1, and Ф2 ≤ ϕ*2

The optimal solution
of ϕ*1 obtained from stage 1

The optimal solution of
ϕ*1 and ϕ*2 obtained from stage 2

End

Figure 2: +e flowchart of the optimization of the proposed energy management model.

Table 2: +e technical specification of the employed devices and facilities.

Parameter TSS1 TSS2 TSS3
Pmax,c

i (kW) 500 400 600
Pmax,d

i (kW) 500 400 600
Emax

i (kWh) 1000 800 12000
Emin

i (kWh) 200 160 240
KTS 1/

�
3

√
1/

�
3

√
1/

�
3

√

Kα 1/3 1/3 1/3
εmax,U

i (%) 2 2 2
PW,Nom

i (kW) 750 0 500
Vci

i (m/s) 2.5 2.5 2.5
Vr

i (m/s) 14 14 14
Vco

i (m/s) 25 25 25
S

pv
i (m2) 1400 1700 2500
ηpv

i (%) 15.7 15.7 15.7
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demands instead of selling it to the upstream grid. Com-
paring the results of the first and third stages, the total three-
phase VUR remarkably improved without additional cost in
scheduling manner, beside the independency of CCTPS is
improved by 12%. However, a well-designed control system
is required to realize the optimal scheduled results. Com-
paring the results of the second and third stages, the total
three-phase VUR reduced about 15% without increasing the

daily operation cost and the purchased energy from the
upstream grid.

+e proposed energy management strategy is compared
to other similar studies [35–41] in order to demonstrate its
advantages. Although the uncertainties of RERs have been
considered [35, 36], neither the interactions between ERSs
and upstream grids nor the VUR have been considered. In
addition, the comparison test results infer that under stage 1
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Figure 3: +e renewable power generation profiles during the day. (a) +e PV power generation profile. (b) +e wind generation power
profile.
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Figure 4: +e electricity price during the day.

Table 3: Optimization results.

Optimization stage Entity
Φ1 Φ2 Φ3

Amount ($) Variation (%) Amount (MWh) Variation (%) Amount (%)

+e first stage

TSS 1 2032.2 - 21.2 - 5.56
TSS 2 3654.6 - 24.4 - 5.6
TSS 3 2194.5 - 21.8 - 5.31
CCTPS 7881.3 - 67.4 - 16.47

+e second stage

TSS 1 2447.6 20 19.0 − 10 5.139
TSS 2 2847.3 − 22 20.0 − 18 5.34
TSS 3 2586.4 18 20.0 − 8 5.19
CCTPS 7881.3 0 59.0 − 12 15.67

+e third stage

TSS 1 2297.1 13 18.9 − 11 4.3 e− 4
TSS 2 3072.4 − 16 20.1 − 18 3.7 e− 8
TSS 3 2511.8 14 20.1 − 8 3.8 e− 8
CCTPS 7881.3 0 59.0 − 12 1.3 e− 4
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Figure 6: +e transferred power between TSSs.
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Figure 7: +e optimal scheduled power for PFC convertors. (a) +e optimal schedule in stage 3. (b) +e optimal schedule in stage 2.
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of the proposed model, considering just operational costs
like the approach of references [38–41], about 12% or
8MWh more energy should be purchased from the external
grid. Whereas, through the opportunity that the

interconnection of TSSs will bring by sharing their facilities,
the amount of purchased energy could be reduced by
deploying the approach of stage 2 of the proposed model.
Moreover, although by reducing the exchanged power with
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Figure 10: +e SOC of ESSs in TSSs during the day.
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the external grid, the VUR will decrease consequently (about
1%, by observing the results of stages 1 and 2), and the
significant difference between the results of stage 1, the same
approach as references [38–41], and stage 3 highlights the
success of the proposed model in order to reduce VUR
which is about 16%.

+e decrease in exchanged power with the upstream grid
in the second stage, including less purchased or sold power,
is the first result that claims attention in Figure 5 that can
improve the peak-to-valley ratio of the power profile
through this stage. Additionally, as a result, the transferred
power between TSSs will increase, and they support each
other in order to provide their demand. +e transferred
power between TSSs is shown in Figure 6.

Figure 7 shows the optimal scheduling results for PFC in
TSS 3 in stages 2 and 3. It can be seen that the power profile
of PFC’s convertors became smoother after optimizing Φ3.
Also, the positive value for the α-phase convertor and the
negative value for the β-phase convertor show that the power
is injected into DC bus of PFC. Besides, the renewable re-
sources and ESS participated effectively in managing the
power flow in each TSS to achieve its desired goals. Also,
through utilizing PTC units, TSSs can exchange power to
supply their demand and reduce their dependency on the
external grid. Figure 8 shows the transferred power between
TSS 3 and 2, and Figure 9 shows the exchanged power
between TSS 3 and the upstream grid.

Figure 10 shows the state of charge (SOC) of ESSs. As
mentioned earlier, the charging and discharging power of
ESS decreased after minimizing Φ2 in the second stage. As a
consequence of improving the independence of CCTPS, the
use of ESSs has decreased, so that the total daily charging or
discharging them has reduced from about 4.838MWh to
4.800MWh or 0.6%, while the daily operation cost is
constant. It can be concluded that the operating cost of ESSs
is improved. Also, the average of total stored energy in TSSs
decreased by 730 kWh or 2.8%, comparing the results of the
first and second stages.

6. Conclusion

+e planning and operation of electric railway systems is an
evolving field. A flexible traction power supply system in-
tegrating back-to-back converters, storage systems, and
renewable energies will be a key component of the smart
railway systems. +is study proposes a multistage multi-
objective optimal energy management strategy for an
interconnected traction power system, in which along with
the upstream power grid, renewable energies, such as solar
and wind power, are used to supply the traction power
demand. Minimizing the daily operating cost, the depen-
dency on the upstream grid, and the three-phase voltage
unbalance ratio have been considered as the objectives of the
proposed model utilizing mixed-integer quadratically con-
strained programming. +e obtained results have been
compared to similar available studies to show the merits of
the proposed model. Also, simulation results approve that

the system independence and generating the voltage un-
balance could be effectively managed by the proposed energy
management strategy without any additional cost. Specifi-
cally, CCTPS independency and its three-phase voltage
unbalance ratio have been improved by about 12% and 15%,
respectively. Developing the model as a bilevel optimization
problem is considered for the future study.

Acronyms

CCTPS: Connected cophase traction power system
ESS: Energy storage system
ERS: Electrical railway system
MILP: Mixed-integer linear programming
MIQCP: Mixed-integer quadratically constrained

programming
NLP: Nonlinear programming
PF: Power factor
PFC: Power flow controller
PTC: Power transfer controller
PQ: Power quality
RBE: Regenerative braking energy
RER: Renewable energy resource
RTP: Real-time pricing
SOC: State of charge
SOE: State of energy
TSS: Traction substation
VUR: Voltage unbalanced ratio.

Indices and sets

I: Set of TSSs
T: Set of time intervals
t: Index of time interval
i and j: Index of TSS.

Parameters

δb
i : Self-discharging rate of ESS
ηb,c

i , ηb,d
i : Charging/discharging efficiency of ESS

Emax
i , Emin

i : Minimum and maximum allowed SOE limit of
ESS

Pmax,c
i ,

Pmax,d
i :

Maximum charging/discharging rate of ESS

P
pv
i,t : Generated power from PV at time interval t

ηpv
i : Conversion coefficient of solar unit (%)

S
pv
i : Array area of solar unit

I
pv
i,t : Solar irradiance (kW/m2)

Tam
i,t : Ambient temperature at time interval t

PW
i,t : Generated power from wind turbines at time

interval t
Vi,t: Wind speed at time interval t
vci

i , vr
i , and

vco
i :

+e cut-in, rated, and cut-out wind speeds

Ai, Bi, and
Ci:

Wind turbine constants

PW,Nom
i

: +e rated output power of wind turbine
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SPTC
i,j : +e capacity of PTC between TSS i and j

Sαi , S
β
i : +e capacity of the α and β-phase converters of

PFC in the ith TSS
PL

i,t, QL
i,t: +e active and reactive power of traction load

at time interval t
PRBE

i,t ,
QRBE

i,t :
+e active and reactive power of regenerative
braking at time interval t

ρbuy
t , ρsell

t : Price of purchasing/selling power from/to the
main grid at time interval t

Us: +e rated line-to-line voltage of the grid
UTS: +e voltage of the single-phase traction

transformer in the traction side
Uα: +e input voltage of the α-phase converter in

the grid side
I−

i,t: +e negative current in the grid side
Scap: +e short-circuit capacity
εmax ,U

i : +e upper limit of three-phase voltage
unbalanced ratio

aPTC
i,j : +e binary parameters for PTC between TSS i

and j, indicating the status of transferring
power.

Variables

Eb
i,t: Energy stored in ESS of the ith TSS at time

interval t
Pb,d

i,t , Pb,c
i,t : Power charging/discharging rate of ESS at time

interval t
ub,c

i,t , ub,d
i,t : Binary variable for ESS charging/discharging

constraint
ulinear

i,t : Binary auxiliary variable for linearization
PPTC

i,j,t ,
QPTC

i,j,t :
+e active and reactive transferred power
between TSS i and j through PTC

Pα
i,t: +e power of the α-phase converter of PFC in the

ith TSS at time interval t
P
β
i,t, Q

β
i,t: +e active and reactive power of the β-phase

converter of the PFC in the ith TSS at time
interval t

P
G,buy
i,t : Purchased power from the external grid

PG,sell
i,t : Sold power to the external grid

PST
i,t : +e power of the single-phase traction

transformer at time interval t
εU

i,t: +e voltage unbalanced ratio.
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