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ABSTRACT With the increasing requirements of the railway sector for electrified railways and the
development of society, the traction power supply system needs to become more flexible, economic and
reliable. The traditional traction power supply system has many problems due to its own topology, such
as negative sequence current, load fluctuation, low utilization rate of regenerative braking energy, and
inability to use the distributed generation along the railway. In order to solve these problems and make
the traction power supply system (TPSS) more flexible, efficient and reliable, a novel TPSS called flexible
smart traction power supply system (FSTPSS) is proposed. This traction power supply system consists of
AC-DC-AC traction substation and the microgrid along the railway. It can effectively mitigate the problems
of negative sequence current, improve regenerative braking energy utilization and distributed generation
utilization. A hierarchical energy management strategy is also proposed here, which can effectively improve
the operating economy of FSTPSS and reduce the load fluctuation of FSTPSS. And based on the actual load
measurement power of a traction substation of China’s Beijing-Shanghai high-speed railway, the proposed
energy management strategy has been verified for the economic improvement and load fluctuation reduction
of TPSS.

INDEX TERMS AC-DC-AC traction substation, hierarchical energy management strategy, high-speed
railway, microgrid, smart grid, traction power supply system.

I. INTRODUCTION

Traditional traction power supply system (TPSS) has typ-
ical problems of asymmetrical power supply and passing
the neutral section due to its own structure. Among them,
asymmetric power supply will send back a large amount of
negative sequence current to the utility power grid, which
will easily cause the negative sequence current of public
connection point to exceed its standard [1], and increase the
power supply cost. Electric locomotives usually generate a
large number of harmonics. If these harmonics are directly
transmitted to the grid without control, it may cause the
harmonics of the utility power grid to exceed the standard.
The neutral section makes the traction network set up many
phase separation areas, which increases the construction cost
of the traction network. When the train passes the neutral
section, it will cause voltage and current pikes and transients
to TPSS, as well as train speed loss. In recent years, with

The associate editor coordinating the review of this manuscript and

approving it for publication was Alon Kuperman

VOLUME 9, 2021

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

the development of power electronics technology, some stud-
ies propose using AC-DC-AC traction substation to replace
traditional traction substation, eliminating neutral section,
realizing co-phase power supply across the full line, and
solving the problem of power quality in TPSS.

In [2], a traction substation with AC-DC-AC topology
based on multi-converter has been proposed, and the opera-
tion results show that the AC-DC-AC traction substation can
well improve the power quality of TPSS. He et al. [3] has
proposed a novel co-phase TPSS, and in the proposed sys-
tem, a DC power transmission system is designed to provide
access for distributed generation. In [4], a co-phase TPSS
has been built in Meishan, China. The running test results
validate the feasibility of the proposed co-phase power supply
system. Therefore, it is feasible to replace traditional traction
substation with AC-DC-AC traction substation which could
effectively improve the power quality in TPSS.

In order to build a more environmentally friendly TPSS and
reduce the operating cost of TPSS, the economics of energy
storage system for electrified railways is analyzed in [5].
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Simulation results show that using a suitable energy storage
system can effectively improve the economics of traction
substation. The research in [6] points out that the microgrid
formed by distributed generation and energy storage device
along the railway can be connected to the railway traction
network to increase the power supply capacity of TPSS.
However, after access to distributed generation, the power
flow of TPSS will become more difficult to predict due
to the randomness of distributed generation output. But if
the output of distributed generation and traction load can
be accurately predicted, this problem can be solved. Some
day-ahead forecasts for photovoltaic are proposed in [7]-[9].
The results show that the day-ahead forecasts for photo-
voltaic are very accurate on a time scale of minutes. The
traction load estimation method is analyzed in [10]-[12].
The analysis results show that although the traction load
has a certain degree of randomness, if the appropriate time
scale is selected, the load forecast can be very accurate.
Therefore, although both traction load and distributed gener-
ation output have a certain degree of randomness, the use of
appropriate load forecasting technology can still accurately
predict them on a certain time scale, thereby facilitating
effective energy management system. In [13], [14], the con-
verter control of the energy storage system (ESS) is ana-
lyzed in the DC power transmission system. Some simulation
models of microgrid interconnection including railways are
proposed in [15]-[17]. These simulation results show that
railway and microgrid can exchange power stably through
converters.

At present, there are some studies devoted to researching
novel TPSS and its energy management strategy. M. Chen
[18] has proposed a topology scheme of installing hybrid
energy storage system (HESS) on DC bus of AC-DC-AC
traction substation to collect and utilize regenerative braking
energy of train. However, the effect of different train posi-
tions on power transmission efficiency was not considered
in this study. A centralized-decentralized automation archi-
tecture is proposed in [19]. The energy management system
(EMS) proposed in this research can balance the contradic-
tion between the central EMS and the decentralized EMS.
However, TPSS proposed in this article is still not completely
controlled by power electronic devices, and the energy flow of
some substations is still uncontrollable. An optimal economic
operation optimization method that takes into account the
short-term charge and discharge cost of ESS is proposed
in [20]. However, the ESS model considered by this method
is too complicated with high computation cost. In practical
operation, since the short-term random fluctuations of the
load are difficult to accurately predict, complex models can-
not actually improve the accuracy of optimization. Kleftakis
and Hatziargyriou [21] has proposed an optimal control of
reversible substations and wayside storage devices in metro
railway networks, which can provide a certain reference
for the optimal operation of high-speed railway. In [22],
[23], some optimal railway operation methods considering
wayside ESS have been proposed, but these methods are
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based on traditional traction substations. In [24]-[26], some
optimization methods for microgrid have been proposed, but
these methods do not take into account the traction load.
In [27], a coordinated approach of dynamically adjusting the
load of the controllable rail train and energy storage battery
is designed, which uses demand response decision of rail
transits system with minimum operational energy. In [28], an
integrated electricity-thermal EMS for high-speed railways
is proposed, which uses two mode-train operation EMS and
station operation EMS to control the power flow. In [29], a
hierarchical model predictive control is designed, the energy
consumption of the trains is controlled as a lower level and
the energy flow of the whole TPSS is controlled as a higher
level. In fact, traction load is also a special load, and it is
entirely possible to design a microgrid architecture consid-
ering the traction load for which the optimization methods
described above can be used. Besides, whether it is the way-
side microgrid or the AC-DC-AC traction substation, they
are fully controlled by power electronic devices. Therefore,
it is possible to integrate the wayside microgrid and the
AC-DC-AC traction substation to supply power to the traction
load. All power electronic devices in the system are managed
in a unified manner to realize the joint optimization of the
power supply to the traction load. At the same time, TPSS’s
reliability and economy can be improved. This makes TPSS
more flexible and smarter. Based on this, this paper proposes a
flexible smart traction power supply system (FSTPSS) which
is shown in Fig. 1 and its hierarchical energy management
strategy. The contributions and technical novelty of this paper
are as follows:

1) A novel topology of traction power supply system is
proposed, which is the first time to combine co-phase power
supply system and the wayside microgrid which consider the
10kV distribution network load.

2) Due to the long power supply interval of the co-phase
power supply system, the calculation time for global opti-
mization of the overall system is very large and error is
unacceptable. Thus, the concept of traction power supply
system unit is creatively proposed to determine the optimiza-
tion range of the co-phase power supply system. For a single
FSTPSS unit, an economically optimal energy management
strategy is proposed to meet the requirements of the FSTPSS
unit EMS. The economics of FSTPSS unit after the optimiza-
tion of the proposed energy management strategy is verified
by a practical case.

3) In order to balance the contradiction between FSTPSS’s
load fluctuation and operation cost, a central energy manage-
ment strategy is creatively proposed. For multiple FSTPSS
units, a multi-objective optimization method called hierar-
chical sequence method is adopted to realize the energy
management of the central EMS. The optimization goal is to
minimize the overall fluctuation of the power obtained by the
FSTPSS unit from the utility power grid within the allowable
range. The load fluctuation of the whole FSTPSS after the
optimization of the proposed energy management strategy is
also verified by a case study.
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FIGURE 1. Schematic diagram of flexible smart traction power supply system.
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FIGURE 2. Topology diagram of flexible smart traction power supply system.

This paper is organized as follows: Section II intro-
duces the topology of FSTPSS and its power supply mode.
Section III introduces the specific implementation steps of
the hierarchical energy strategy of FSTPSS. In section IV,
the case study and the result are given, followed by the
conclusion and the suggestions about future work in
Section V.
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Il. DESCRIPTION OF FLEXIBLE INTELLIGENT TRACTION
POWER SUPPLY SYSTEM
The topology of the system is shown in Fig. 2. Compared with
TPSS, FSTPSS has the following changes:

First, in FSTPSS, the traditional traction substations are
replaced by AC-DC-AC traction substations. This allows the
traction substations to achieve symmetrical power supply,
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thereby solving the problem of negative sequence current
completely. Meanwhile, since each traction substation has
realized symmetrical power supply, the system no longer
needs the neutral section which is generated to realize the
commutation connection. Therefore, TPSS can realize the
co-phase power supply in full line. In addition, the DC bus of
this AC-DC-AC traction substation is equipped with HESS,
so its short-term power supply capacity can be improved. This
short-term power supply capacity improvement can effec-
tively meet peak power demand. Also, HESS can collect and
store the regenerative braking energy of the locomotive and
use it for the next time. In traditional traction substations, this
kind of regenerative braking energy is often returned directly
to the grid, and there is no return income, sometimes even
with penalty costs incurred.

Second, to make better use of all kinds of wayside dis-
tributed generation, FSTPSS sets up a 1.5kV DC bus along
the railway, which is connected to the traction network
through AC-DC converter. The DC bus can be connected to
HESS and wayside distributed generation to form regional
microgrid. This kind of regional microgrid not only can
improve the power supply capacity of traction supply power
system and recuperate the regenerative braking energy of the
locomotive, but also supply power to the 10kV distribution
network near the microgrid to enhance the power supply
capacity of the 10kV distribution network. To better improve
the voltage level of the traction network, the microgrid con-
nection point of the microgrid should be the lowest point of
the network’s voltage so that the function of the microgrid can
be maximized. Concretely, we could consider every situations
of traction network that could happen and calculate every sit-
uation’s voltage distribution of the traction network. Then, the
average voltage distribution could be calculated. The point
with the lowest average value could be chosen as our micro-
grid connection point. Also, this is only a theoretical method
of connection point selection. In the actual connection point
selection process, the distance between the connection point
and the microgrid and the convenience of the point for access
also need to be considered.

Since the AC-DC-AC traction substation and the microgrid
use fully controllable power electronic converters to connect
to the traction network, when the power supply capacity is
sufficient, the power source of the locomotive can be com-
pletely controlled. Therefore, FSTPSS has extremely high
flexibility in power supply strategy selection. This extremely
high flexibility allows FSTPSS to select appropriate opti-
mization strategies to reduce the operating cost of FSTPSS,
such as buying more electricity when the grid electricity
price is low. When the electricity price is high, the pre-stored
energy in HESS is preferentially used for power supply, and
only when the energy storage device reaches its power supply
capacity limit, electricity is taken from the grid. In addi-
tion, more power sources also mean that FSTPSS has higher
resilience. When the public grid encounters a natural disaster
and power failure, or FSTPSS has a power supply failure,
the energy control system can timely determine where the
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FIGURE 3. Topology diagram of flexible intelligent traction power supply
system.

locomotive is located and distribute the power supply near
the locomotive to supply power to each locomotive to ensure
that the locomotive can continue its service to a safe area.
In fact, if this kind of traction power supply system needs to
achieve the above-mentioned flexibility and resilience, it also
needs a smart energy control system, which can make optimal
decisions based on the feedback of various information in the
system, such as locomotive power demand, the power gen-
eration of distributed generations, and remaining electricity
of ESS.

Therefore, FSTPSS is also equipped with a smart energy
management system (SEMS), as shown in Fig. 3. At the
bottom level are the locomotive EMS, AC-DC-AC traction
substation EMS, and microgrid EMS. The middle layer is the
FSTPSS unit EMS, which is responsible for regulating the
energy flow in the designated power supply interval. The top
layer is the central EMS, which is responsible for regulating
the energy flow between the units of the FSTPSS. As shown
in Fig. 2, the traction substation and microgrid on the left
are responsible for power supply in the yellow power supply
section, and the traction substation and microgrid on the right
are responsible for power supply in the blue power supply
section. When the locomotive moves from the blue power
supply section into the yellow power supply section, the posi-
tion sensor sends the locomotive’s position information to the
central EMS in time, and the central EMS can switch the
power supply in time.

IIl. THE HIERARCHICAL ENERGY STRATEGY OF FSTPSS

FSTPSS’s hierarchical energy management strategy is imple-
mented by SEMS. SEMS is a system that manages the energy
flow and distribution among AC-DC-AC traction substa-
tions, hybrid energy storage systems, high-speed trains, and
distributed power sources. SEMS formulates related energy
management strategies based on the parameters of locomo-
tive load, distributed generation output, the parameters of
hybrid energy storage system, and the parameters of 10kV
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FIGURE 4. Steps of FITPSS’s day-ahead energy optimization strategy.

distribution network load. This paper mainly researches the
day-ahead energy optimization strategy of FSTPSS. The
main steps of FSTPSS’s day-ahead energy optimization strat-
egy are shown in Fig. 4.

A. FSTPSS UNIT EMS STRATEGY
For the FSTPSS unit, the daily operating cost should be
composed of two parts: one is the cost of the FSTPSS unit
getting electricity from the grid every day, and the other is
the depreciation cost of HESS of the FSTPSS unit during the
daily charge and discharge process. The daily cost of FSTPSS
unit obtaining electric energy from the grid usually consists
of two parts, one is the electricity consumption cost, and the
other is the demand charge which is the penalty for peak load.
The electricity consumption cost refers to the electricity
purchased by the FSTPSS unit from the grid multiplied by
the unit price of electricity. The calculation formula is shown
in (1):

T
Crec = ) Tee * Plyia,puy - A1/60 €]

t=1

where T is the total number of time step in a day, t is the
current moment, Az (min) is the time interval, ”fscc (¥/kWh)
is the unit price of electricity, and P;ri 4 buy (kW) represents
the active power from the grid consumed by the FITPSS unit.

The demand electricity cost refers to the maximum average
power of the FSTPSS traction transformer within 15 minutes
in a day multiplied by the demand electricity price unit price.
As shown in (2) and (3):

1+15/A1—1
wag = Z Pgtgrid,buy/(ls/At)
t
t=12,..., T —15/At+1 2)

Cpc = npc - max(P! . P? ., PLAIS/AI=TY (3

avg> *avg’ " - avg
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where Pﬁwg is the average active power within 15 min of trac-
tion substation, ”bc (¥/kWh) is the unit demand electricity
cost.

As the microgrid system along the railway is also con-
nected to the 10kV distribution network, it is also necessary
to consider that under certain circumstances, FSTPSS will
supply power to the 10kV distribution network. Therefore,
the FSTPSS system mentioned in this paper has two aspects
of transactions. On the one hand, it is the transaction between
FSTPSS and the utility power grid. This part of the transac-
tion complies with the transaction system mentioned above.
On the other hand, it is the transaction between the wayside
microgrid and the 10kV distribution network. This part of the
transaction can use the internal electricity trading mechanism
of the microgrid. If the microgrid successfully supplies power
to the 10kV distribution network, a certain amount of revenue
from electricity sales can be obtained, and the electricity
sale revenue is equal to the price of electricity minus the
transmission cost of using the distribution network to transmit
electricity, as shown in (4):

T
Cesk = Y (Thee = Tirans) * Picro—toaa - A1/60 (4)
=1
where P!, ., . (kW)is the active power sold by the micro-

grid, 7wyqns (E/KW) represents unit power transmission cost.
The unit transmission cost is determined by the megawatt

kilometer method [30]-[33]. The concrete calculation

method is shown in (5) - (7):
C.i

P rated ,iLi

N

Rirans = Y (v2.iPeili) + Co0, P = P 1+Poo+ - +Poy

1

Vai = &)

(6)
Tirans = Rirans/P @)

where y;; is the transmission cost per megawatt kilometer
of line i. C; is the transmission cost of line i under rated
power. Pueq.i 18 the rated transmission power of line i. L;
is the length of line i. R4y is the transmission cost with a
transmission power of P, P, ; is the transmission power of
line i, C; ¢ is the transmission loss of network.

For the depreciation cost of hybrid energy storage sys-
tem during the daily charging and discharging process [19],
the charge of each energy storage device is shown in (5):

1 r(1+r)"

Cgss = C —_—
ESS ESS,cap X d+ry—1

PESS,rule . Ta

T
XY (Phgs - A1 (8)

=1
where PEgss rare (MW) is the rated power of the energy storage
device, T, (h) represents the maximum operating time of the
energy storage device in one year, Cgss cqp (¥) TEpresents
the investment cost of the energy storage device, r (%/year)

64131



IEEE Access

Y. Ying et al.: FSTPSS and lts Hierarchical Energy Management Strategy

represents the depreciation rate (%/year), n (year) represents
the normal service life of the energy storage device, P
(MW) represents the charge and discharge power of the
energy storage device.

Therefore, for a FSTPSS unit, to achieve the lowest daily
operating cost (DOC) of the system, it is necessary to reduce
its electricity consumption cost, demand charge, and HESS
depreciation cost as much as possible, and maximize its elec-
tricity sale revenue. The objective function can be expressed
in (6):

min Cpoc = Ceec + Cpc—CEesr + CEess 9)

To achieve the optimization target shown in (6), it is
necessary to add the constraints of related variables. The
following variables currently exist in the optimization tar-
get: the power from the grid consumed by the FSTPSS
unit (Psub arid buy) the power returned to power grid
by FSTPSS unit (P!, grid,fed)’ the charging power of
capacitor in AC-DC-AC traction substation (Pgub’ we.ch)s the
discharging power of capacitor in AC-DC-AC traction sub-
station (Pmb ue. 4is)» the state of charge of the capacitor in
AC-DC-AC traction substation (E stub,u .)> the charging power
of battery in AC-DC-AC traction substation (meb’hm’ o)
the discharging power of battery in AC-DC-AC traction sub-
station (Pgub’ bar.dis)» the state of charge of the battery in
AC-DC-AC traction substation (E sl'ub, pat)» the power provided
by the AC-DC-AC traction substation to the traction network
(P! ,_7), the power returned by the traction network to the
AC-DC-AC traction substation (PT «p)» the charging power
of capacitor in the microgrid (Pmlcra ue.ch)» the discharging
power of capacitor in the microgrid (sz cro.ue.dis)» State of
charge of the capacitor in the microgrid (E ), the charg-
ing power of battery in the microgrid (Pmtcro par.cn)» the dis-
charging power of battery in the microgrid (P!

mic ro bat, dm)

the state of charge of the battery in the microgrid (Eml cro.bat)>
the power provided by the microgrid to the traction network
(P! iero—7)> the power returned by the traction network to the
microgrid (PY_,,:.,,)» the power from DC bus in the micro-
grid to 10kV distribution network (P’DC#W 4)» the power
supplied by the 10kV distribution network to the 10kV load
(P! 10KV gri i4)- The variables above are continuous variables.

To facilitate the calculation, the following variables
are added: the state variable of limiting capacitor charge
and discharge in AC-DC-AC traction substation (bsub ue)»
the state variable of limiting battery charge and dlscharge in
AC-DC-AC traction substation (bsub pat)» the state variable
of limiting capacitor charge and discharge in the micro-
grid (bmwm .c)» the state variable of limiting battery charge
and discharge in the microgrid (bmum pat)» the state vari-
able of limiting the direction of power exchange between
AC-DC-AC traction substation and the grid (b_’mb_ eri )
state variables of limiting the power exchange between
AC-DC-AC traction substation and the traction network
(b.,,_7), state variables of limiting the power exchange
between the microgrid and traction network (b‘micme). The
variables above are binary variables.

micro,uc
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The constraints of the power balance of the FSTPSS unit
are as follows:

Pi‘ubfgrid,buy + Pi'ub,bat,dis + Pz‘ub,uc,dis + PtTfsub
= Péub bat ,ch + Piub uc,ch + vaub T + Pgub—grid,feth (10)
vt Pmlcm bat dis + Pmlcm uc,dis + PT —micro
= anicru,bat,ch + Pmicro,uc,ch + Pmicr()fT + Pmicr()fluuth

(11)

Piub—T+P;1icr0—T+P§7k =PtT_'_P mb+PT —micro (12)
t !

Prricro—toad T Plowvgria = Plokvicad (13)

where PI’,V is the power of photovoltaic power station;

Pé ub—grid fed is the power returned from the AC-DC-AC trac-
tion substation to the grid. P} is the power consumed by the
traction load. P}, is the regenerative braking power of the
traction load. P! ., . is the power provided by the micro-
grid to the load of the 10kV distribution network. P/, grid
is the power of the 10kV distribution network. Py 1y uq 1S
the load power of 10kV distribution network. Equation (7)
represents the power balance of the DC bus in the AC-DC-AC
traction substation. Equation (11) denotes the power balance
of the DC bus of the microgrid. Equation (12) represents the
power balance of the traction network. Equation (13) repre-
sents the power balance of the 10kV distribution network.

The charging and discharging constraints of energy storage
devices are as follows:

El ;=0 =i pES + 0P At — Py At /nfvi o

(14)
EF' = E??E"dvl',j (15)
0 < P} < min(Pj, (E[4" - SOCI™ — E[")
[ An) Vit (16)
0 < P}; giy < min(P[%, (E;Jfl — E[%" . SOC/5™) - pifs
JAL) Vi, jt (7

where «; ; is the self- discharge coefficient of energy storage
device j of system i. 77 " and nd” are efficiency of charging
and discharging of energy storage device j of system i, respec-
tively. SOC} “}a" and SOC; ”j"“ are the maximum and minimum
values of the state of charge of energy storage device j of
system i. P’“’e is the rated power of energy storage device j of
systemi. i can be AC-DC-AC traction substation or the micro-
grid along railway. j can be battery or capacitor. Equation (14)
indicates that the remaining energy of energy storage device
at the current moment is equal to the remaining energy at
the previous moment plus (or minus) the energy charged (or
discharged) at the previous moment. Also, the initial energy
of the energy storage device should be equal to the energy of
the energy storage device at the end of the day, as shown in
(15). Inequalities (16) and (17) indicate that the charging and
discharging power of the energy storage device is restricted
by the rated power and the current remaining energy of the
energy storage device.
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Some variables are divided into two variables to distinguish
the direction of the variable, so they cannot exist at the same
time. Therefore, the following constraints need to be added:

P!

rate t s
ijen = Pij - bij P

ijo Pijdis = P;Zte (1= bg’j) Vi, j,t (18)

0= Péubfgrid‘buy = S;E):grid ’ bgubfgrid’

0= Pi‘ubfgridxfed = xmuz)igrid (1= bi‘ubfgrid) vi
(19)

0< me;,_T < Ssub,converter * béub_T

0< Pt]",mb = Ssub,converter (1= béubfT) Vi (20)

t !
0= Pmicro—T = Smicm,converter . bmicm—T

0= PtT—micm < Smicro,converter * (1 — bim'cm_f) Vi
1)
where ST10% gria 18 the short-circuit capacity at the public con-

nection point. Sgp, converter 15 the capacity of the AC-DC-AC
traction substation converter. Spicro,converrer 1 the capacity
of the microgrid converter. Inequality (18) is the restriction
of the charging and discharging state of the energy storage
device, which is used to ensure that the energy storage device
is only in one state of charging and discharging in a period
of time. Inequalities (16-18) are the restriction on the power
exchange, which guarantee the exchange power between the
AC-DC-AC traction substation and the grid, the exchange
power between the AC-DC-AC traction substation and the
traction network and the exchange power between the micro-
grid and the traction network can only be in in one of the states
of taking power and feeding power.

Finally, the relevant constraints of the 10kV distribution
network are as follows:

—Smicro—load ,converter
t
=< Pmicrofload = Smicro—load,converteth (22)
t max
0 =< Piowvgria = SionvgriaVt (23)

where Syicro—load,converrer 15 the capacity of the converter
responsible for power transmission between the microgrid
and the 10kV distribution network. ST}, grid is the short-
circuit capacity of the 10kV distribution network. Inequality
(22) represents that the power exchange between the micro-
grid and the 10kV distribution network cannot exceed the
upper limit of its converter capacity. Inequality (23) denotes
that the power output by the 10kV distribution network can-
not exceed its own short-circuit capacity.

B. CENTRAL EMS STRATEGY

For the central EMS, the optimization goal is to minimize the
impact of each FSTPSS unit on the grid, so the sum of the
standard deviations of the power exchanged by each FSTPSS
unit with the grid is selected as the objective function of the
central EMS, as shown in (24):

1

T N 2
min STD = [Z O PRail(r)y — PRaity?2) T} (24)

t=1 n=1
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FIGURE 5. Schematic diagram of power exchange between FSTPSS units.

where Pff“”(t) is the power exchanged between the nth
FITPSS unit and the grid at time t, which is equal to
P, grid buy MINUS P, grid feq- N i the number of FSTPSS
units managed by the central EMS. PR s the daily average
value of the power exchanged between all FSTPSS units
managed by the central EMS and the grid, which can be
calculated by (25):

N T
Pg‘f”l — Z ZPsatl(t) (25)
n=1 t=1

Since the traction network of FSTPSS is a co-phase power
supply traction network, the traction network can be equiv-
alent to an AC bus, and the power exchange between each
FSTPSS unit is completed through the traction network,
as shown in Fig. 5.

In the above, when considering the power exchange in the
FSTPSS unit itself, its power transmission loss is ignored
since its power transmission distance is very short. For
the power transmission between different FSTPSS units,
the transmission distance is relatively long (usually a traction
power supply section is between 20~50km), so such power
transmission loss cannot be ignored. Therefore, for the power
transmission between different FSTPSS units, the transmis-
sion efficiency should be considered. If it is assumed that the
length (distribution line distance) of the power supply area
under each FSTPSS unit is approximately the same, the equa-
tion shown in (26) is established to express the relationship
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of power exchange between FSTPSS units:

1 1 1 _
Psub7T+PmicrofT+Pbk =P_1+Pio2+--+Piy

P%"—suh +P1T—micr0 +P1T = P1—1 +nP2—1

+MPP3ot + -+ () Py
2 2 2

Psub—T + Pmicro—T + Pbk =Pr1+Pro+- -+ Py
2 2 2

PT*A‘ub + PTfmicra + PT = nPl*Z

+Py2+nP3a+ -+ ()" PPy
P;lub—T +P;Inicr0—T +PZk :P”—l +P"—2+“'+P"—"
P’;"—sub + P?‘—micm + P?‘ = (n)nilpl—"

+(77)n_2P27n + 4 Proy

(26)

where P!, . P. . P . . andP, .  arethe power
exchange variables of FSTPSS i, which are described above.
PiT is the power consumed by the traction load of FSTPSS i.
P}, is the regenerative braking power of the traction load of
FSTPSS i. P;_; represents the power provided by FSTPSS
unit i to FSTPSS wnit j. i, j € o = {1,2, ..., n}. n is
the power transmission efficiency between adjacent FSTPSS
units. It should be noted that when performing the opti-
mization strategy of the central EMS, the equation (12) in
the FSTPSS unit EMS strategy should be replaced by the
corresponding equation in (26).

Besides, the optimization goals of the central EMS and
the FSTPSS unit EMS are not consistent, so the problem
of optimization priority will occur during optimization. For
the research of this paper, the economic optimization goal
of FSTPSS unit should be guaranteed first, and then the
optimization goal of minimizing power fluctuation of each
FSTPSS unit could be considered. Therefore, the hierarchical
sequence method is proposed to solve the multi-objective
optimization problem of this paper. The basic idea of the
hierarchical sequence method is as follows: when optimizing
multiple goals, divide the priority of each optimization goal.
First, the goal with higher priority is optimized, with a certain
tolerance set after obtaining the optimal value of the target
with higher priority. Then the optimization of the next priority
target is performed near the tolerance of the previous target.
Its outline is as follows:

AGD) = minfi(xy
XER

HE®) = min foe0. Ri= X110 <A1 )+mi,x € R,
XEK]

AED) = min i), Ro= X100 < ?)+m, x € Ri},
XENY

L™y = min f(x),

XER,—1

Ramt = {XUfom1() <fumt GO™D) i, x € Roa)
)

Among them, fj(x), f2(x), ..., fu(x) is the n targets to be
optimized arranged by priority, and mj, mo, ..., my_1 i
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FIGURE 6. Schematic diagram of the generated traction load.

the optimization tolerance of the corresponding upper-level
target.

Compared with the use of weights to adjust the priority
of multiple goals, the advantage of using the hierarchical
sequence method is that there is no need to determine the
weight of each goal. For the problem of this paper, it is
difficult to draw a weight relationship between each opti-
mization goal, because it is difficult to clarify how much
economic benefit each FSTPSS unit needs to sacrifice to min-
imize the overall power fluctuation of the system. Moreover,
for a single FSTPSS unit, its economic benefits are settled
separately. If the overall power fluctuation of the system is
minimized without considering the economic benefits of a
single FSTPSS unit, it is possible that the economic benefits
of certain FSTPSS units will drop sharply while the economic
benefits of some FSTPSS units remain basically unchanged.
This will undoubtedly cause resistance to joint optimization
in actual implementation. In this case, this contradiction can
be resolved by using the hierarchical sequence method. Each
FSTPSS unit gives its own tolerance, that is, the tolerance of
economic loss, and then the central EMS optimizes the over-
all fluctuation of the system. This balances out the contradic-
tion between the economic requirements of a single FSTPSS
unit versus the overall power fluctuation of the system.

IV. CASE STUDY

A. CASE STUDY OF FITPSS UNIT EMS

1) CASE DESCRIPTION

In order to verify the effectiveness of the proposed energy
management strategy, a high-speed passenger dedicated line
on the Beijing-Shanghai high-speed railway is used in this
case study. Part of the traction load is shown in Fig. 6 (time
interval is 1 second).

In day-ahead load forecasting, the accuracy of load fore-
casting in an ultra-short period of time is often not very accu-
rate, but the forecasting of the average load in a long period of
time is often more accurate [34]. Therefore, when performing
day-ahead optimization, a long period of time is usually used
as the calculation interval for the average load. So, in the
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FIGURE 7. Power of PV generation.

day-ahead optimization of this paper, the average load within
a time interval of 5 minutes is chosen as the calculation
interval. For the load within 5 minutes, the method of real-
time optimization and tracking of the target load is used on
the same day. After obtaining the average load optimization
value within 5 minutes, the method of real-time tracking of
the target optimization value is used to optimize the real-time
load (time interval is 1 second). The optimization goal of this
method is to minimize the error between the real-time load
forecast value and the target optimization value in the target
time interval.

The solar radiation data of PV plant can be obtained
from [35]. The area of the PV panel is 104 m2, the photo-
electric efficiency is 15%, and the power of PV generation is
shown in Fig. 7.

Lithium iron phosphate battery and UCs are used in ESS.
The optimal configuration parameters of batteries and UCs
can be obtained by the method in [20] which comprehensively
considers their economic benefits to the traction power supply
system. The method is as follows: (1) determining the daily
investment cost when selecting a pair of PV and HESS capac-
ity;(2) for each selected PV and HESS capacity, calculating
the daily electricity cost before and after the installation
of PV and HESS (the calculation method of daily power
consumption depends on the specific system operation state).
(3) Calculating the economic returns which equal to the daily
electricity revenue minus the daily investment cost. The daily
electricity revenue is equal to the daily electricity cost of the
traction power supply system before the installation of PV
and HESS minus the daily electricity consumption after the
installation of PV and HESS. (4) Repeating steps (1) - (3)
several times and finding the PV and HESS capacity
with the largest economic returns as the final capacity
selection.

The parameters of each energy storage device in the
FSTPSS unit are shown in Table 1.

In this paper, the number of lines for the microgrid to
supply power to the 10kV distribution network is 1, and the
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TABLE 1. Parameters of energy storage device.

Sub- Micro-

Parameters Unit battery Sub-UC battery Micro-UC
Rated power MW 2 5 3 6
Rated capacity M}?N 3 0.3 4.5 0.36
SOC range / 0.1~0.9 0‘05;0'9 0.1~0.9 0.05~0.95
Initial SOC / 0.5 0.5 0.5 0.5
Self-discharging  /mon 0.05 0 0.05 0
rate th
Efficiency(char = g008 0909 0808 0909
ge/discharge)
Operation cost %7/&71\11[ 23.97 0. 96 23.97 0.96
TABLE 2. Parameters of electricity costs.
Type Time ranges Cost
0:00~6:00
0.25
22:00~0:00
Electricity consumption 8:00~12:00 108
cost(¥/kWh) 17:00~22:00 '
6:00~8:00
0.62
12:00~17:00
Electricity transmission full day 0.04
cost(¥’kWh)
Demand charge cost(¥/kW) full day 1.4

length is set to 10km. Since the transmission network is small,
its transmission loss is ignored. The rated power transmission
cost can be calculated from [36], which is ¥2.4/hour, and the
rated power 0.06MW. Electricity consumption cost, electric-
ity transmission cost and demand electricity cost are shown
in Table 2. The load power of the 10kV distribution network
is shown in Fig. 10.

2) OPERATION RESULT

The optimization problem of FSTPSS unit is a mixed integer
linear programming (MILP) problem, so YALMIP toolbox
(version 20200116) is used to write the related objective
functions and constraints of the algorithm, and IBM ILOG
CPLEX (version 12.10) solver is called to solve MILP prob-
lem. The branch-and-cut method is used in solving MILP by
CPLEX solver [37]-[40]. The optimization program runs in
the MATLAB R2018a under the environment of Intel Core
17-8700 CPU@3.2GHz and 16GB RAM. The comparison of
the power obtained by the traction substation from the grid
before and after optimization is shown in Fig. 8. It can be
seen that the power obtained by the traction substation from
the grid is reduced after the optimization, and there is no
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FIGURE 8. Comparison of traction substation power before and after
optimization.
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FIGURE 9. Schematic diagram of real-time power value tracking target
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negative power again. Besides, its overall load fluctuation has
also been reduced.

A part of the results of real-time load tracking optimization
is shown in Fig. 9. It can be seen that using real-time load
tracking optimization can optimize the real-time power value
to the target power value.

Fig. 10 shows the power required for the 10kV distribution
network before and after optimization. It can be seen from
Fig. 10 that the 10kV distribution network in FSTPSS can
have less power supply pressure to a certain extent, and
for users of the 10kV distribution network, their electricity
bills have been reduced due to the cheaper electricity prices
provided by the microgrid. Therefore, it is of practical sig-
nificance to connect the 10kV distribution network to the
microgrid along the railway.

The state of charge of each energy storage device is shown
in Fig. 11. It can be seen from Fig. 11 that the increase
in battery energy mainly occurs when the electricity price
is low, and the decrease in battery energy mainly occurs
when the electricity price is high. This is because the battery
has a large capacity and a small instantaneous discharge
power, and its main function is to save costs via energy
arbitrage. The increase and decrease of capacitance energy
are mainly occurs when the electricity price is high, and when
the electricity price is low, capacitor energy hardly changes.
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energy storage device.

This is because the capacitor has a small capacity and large
instantaneous charging and discharging power. So usually,
the main function of capacitors is not to store energy but
to balance fluctuating loads. When the price of electricity is
high, it is usually the peak period of electricity consumption.
Therefore, capacitors need to be used frequently to balance
the high fluctuations of the traction load.

Table 3 shows the operation costs of different types of
TPSS. It can be seen from Table 3 that if the traditional TPSS
traction substation is changed to the AC-DC-AC traction
substation, the operation cost can be reduced by about 6%.
This is mainly due to some functions of HESS in AC-DC-AC
substation: First, the HESS in the AC-DC-AC traction substa-
tion can recuperate part of the energy from the regenerative
braking of the train which could reduce electricity consump-
tion costs. Second, HESS can use the electricity price dif-
ference to save electricity consumption costs. Thirdly, HESS
could reduce peak power to save demand charge. And if the
traditional TPSS is completely transformed into FSTPSS,
it can cut the electricity costs by nearly half, because the
FSTPSS system not only has the functions described above,
but also has the function of acting as a micro power source.
This ability is due to the distributed generation along the
line connected to FSTPSS. Hence, the power consumed
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TABLE 3. Comparison of operation costs of different types of TPSS.

TPSS with AC-DC-

Traditional TPSS AC traction FSTPSS
substation
Daily
operating cost 80125 75492 46334
(€]
Cost reduction - 5.78% 42.17%
16 T T T T
14+ Traction load 1 4

Traction load 2
Traction load 3
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FIGURE 12. Diagram of the traction load of three FSTPSS units.

by the traction load is provided by distributed generation
partly, which reduces electricity consumption cost. There-
fore, in terms of daily operation costs, FSTPSS is the most
economical.

B. CASE STUDY OF CENRTAL EMS

1) CASE DESCRIPTION

In this case, three consecutive FSTPSS units are consid-
ered. The train will pass through these three FSTPSS units
in sequence. The traction load of these FSTPSS units is
generated by the method described in [11]. Since the load
generation method described in [11] takes into account the
time sequence, the method can be extended to generate three
consecutive traction loads. Specifically, the length of the
power supply interval can be extended to three times, and
then the loads of the three power supply intervals can be
obtained sequentially in chronological order. Length of the
power supply interval of each FSTPSS unit is set to 30km.
The generated partial load curve is shown in Fig. 12.

The solar radiation data of the three FSTPSS units is
obtained from [34]. And the power of PV generation of three
FSTPSS units are shown in Fig. 13.

The load power of 10 kV distribution network of three
FSTPSS units is shown in Fig. 14. The parameters of HESS,
electricity consumption cost, electricity transmission cost,
and demand charge are the same as the case above. The power
transmission efficiency between adjacent FSTPSS units
is set to 0.968. n is calculated according to the traction
power flow calculation software TRANS [41]-[43], which
was developed by the Traction Power Supply Institute of
Beijing Jiaotong University.

Before implementing the optimization goal of the cen-
tral EMS, the optimization goal of the FSTPSS unit EMS
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FIGURE 13. PV power of three FSTPSS units.
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FIGURE 14. Load power of 10 kV distribution network.

is performed first. After that, according to the hierarchical
sequence method, a specific cost margin is set for each
FSTPSS unit so that the central EMS can complete its opti-
mization goal. The margin of daily operation cost selected in
this paper is ¥20,000 per FSTPSS unit.

2) OPERATION RESULT

The optimization problem of the whole FSTPSS is a mixed
integer quadratic programming (MIQP) problem. The imple-
mentation process of the optimization algorithm is as follows:
first, the optimal value of FSTPSS unit could be calculated
according to its constraints and objective function; secondly,
taking the optimal value of each FSTPSS unit plus its eco-
nomic margin as the additional optimization constraints of the
whole FSTPSS. Finally, optimal value of the whole FSTPSS
can be calculated by YALMIP with CPLEX solver. The
branch-and-cut method is used in solving MIQP by CPLEX
solver.

The comparison of traction substation power before and
after the optimization of central EMS is shown in Fig. 15.
It can be seen that after the optimization of central EMS,
the load fluctuation of each traction substation is significantly
reduced.

The operation cost of each FSTPSS unit and the stan-
dard deviation of the traction substation power before and
after optimization are shown in Table 4. From Table 4,
it can be seen that the standard deviation of the traction
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FIGURE 15. The comparison of traction substation power before and after
the optimization of central EMS. (a)Power of traction substation of
FSTPSS1. (b)Power of traction substation of FSTPSS2. (c)Power of traction
substation of FSTPSS3.

substation power of each FSTPSS unit is significantly
reduced after the optimization of the central EMS. However,
its operation cost has increased after the optimization of the
central EMS.

Therefore, reducing the volatility of the load has an associ-
ated cost. The increased daily operation cost of the FSTPSS
unit can be understood as the cost paid to reduce the volatility
of the load. Fig. 16 shows the relationship between the total
daily operation cost of three FSTPSS units and the sum of the
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TABLE 4. The operation cost of each FITPSS unit and the standard
deviation of the traction substation power.

FSTPSS1  FSTPSS2  FSTPSS3
Operating cost after 46334 47333 47554
monomer optimization (¥)
Standard deviation 26.74 28.25 284
(monomer optimization)
Operatlpg Vcos.t after joint 66334 67333 67554
optimization (¥)
Standard deviation (joint 453 17.02 95

optimization)

80 4

o
=)
1

Sum of standard deviations
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)
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operation cost/¥10*

FIGURE 16. Schematic diagram of the relationship between daily
operating loss and standard deviation of traction substation power.

standard deviations of the traction substation power among
these FSTPSS units.

If a negative exponential curve is used to fit it, the coeffi-
cient of determination reaches 0.997, and the fitting formula
is shown in (28):

STD = 790.5¢ 577 — 0.177 (28)

where C (¥10%) is the operation cost of the three traction
substations.

The central energy management system can select the
appropriate operating mode according to this formula: load
with less volatility or load with better economy.

C. PERFRMANCE ANALYSIS

Table 5 shows the computation time of the above optimiza-
tion problem. Since the FSTPSS unit optimization and the
whole FSTPSS optimization are day-ahead optimizations,
their computation time are acceptable, and the computation
time of real-time tracking optimization is less than its time
interval of tracking (15s), its computation time is also accept-
able in practical use. The computation time of the whole
FSTPSS optimization is much higher than that of FSTPSS
unit. The reason is that the whole FSTPSS optimization
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TABLE 5. Computation time of each optimization problem.

Computation
Type time (s)
FSTPSS unit optimization 33.579
The whole FSTPSS optimization 952.262
Real-time tracking optimization 6.083

problem has excessive number of integer variables which
makes the CPLEX solver have too many branches when
using the branch-and-cut method. Too many branch variables
make the computer’s RAM not enough to be used. Therefore,
the CPLEX solver calls the heuristic algorithm to reduce the
number of branches. However, the heuristic algorithm cannot
perform efficient parallel computing, so the computation time
is greatly increased. In the future, if there are computers
with larger RAM, this computation time can be significantly
reduced.

In addition, since the long-distance transmission of current
in the contact line has a huge loss, considering that the
energy transmission efficiency is more than 90%, the joint
optimized FSTPSS unit should not exceed four and the length
of the whole FSTPSS should not exceed 120km. Also, due
to the requirements of real-time operation, too many exter-
nal random variables will also seriously affect the speed of
real-time operation. Therefore, it is necessary to consider
the computing performance of the computing device at the
edge to comprehensively select the optimized number of
variables. Concretely, the theoretical computation time for
real-time tracking optimization should less than its time inter-
val. According to the computation time of real-time tracking
optimization, when three FSTPSS units are jointly optimized,
the real-time tracking optimization time is 14.025s, and when
four FSTPSS units are jointly optimized, the real-time track-
ing optimization time is 19.094s. Therefore, in this paper
under the limitation of computer configuration, the number
of optimized FSTPSS units should not exceed 3, but if the
configuration of the computer is sufficient, the number of
optimized FSTPSS units can reach 4. And due to the upper
limit of the current carrying capacity of the contact wire
of TPSS, the number of trains cannot be increased without
limitation. According to [42], the current carrying capacity of
a contact wire without a reinforced wire is 876A, so for a trac-
tion network with a voltage level of 27.5kV, its transmission
capacity is 24.07MVA. The statistics in [11] show that the
90% power of a CRH2 train is about 5.8-6.5MW. Therefore,
in order to ensure that the current carrying capacity of the
contact line does not exceed its maximum value frequently,
the number of trains in a FSTPSS unit should not exceed 4.

V. CONCLUSION
Many problems of traditional traction power supply systems
are due to their inability to optimally control the flow of
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power. In this paper, a flexible smart traction power supply
system (FSTPSS) is proposed. This traction power supply
system can realize the smart control of the power of the entire
electrified railway, and provides an interface for connecting
distributed generation and distribution network.

In order to realize the flexible and smart control of the
power of the entire electric railway, a hierarchical energy
management strategy is proposed. This energy management
strategy has two levels of optimization: FSTPSS unit EMS
optimization and central EMS optimization. The optimization
goal of the FSTPSS unit EMS is minimizing operation cost
of unit throughout the day. The operating results show that
the operating cost in the unit can be reduced by up to 42.17%
compared with the traditional traction power supply system.
After completing the optimal economic optimization of each
FSTPSS unit, a certain economic margin is set for each
FSTPSS unit to achieve the optimization of the central EMS.
The optimization goal of the central EMS is to minimize
the load fluctuation of the entire electrified railway. The
optimized results show that the sum of the standard deviations
of the power obtained by multiple FSTPSS units from the
utility grid can continue to decrease as the economic margin
increases. With an economic margin close to one-half of the
operating cost, the sum of its standard deviations can be
reduced by 62.8%. This paper also gives a specific formula
for the relationship between sum of standard deviations and
the overall railway operating cost. This formula can provide
a reference for FSTPSS to select a suitable operating point.

At present, this novel topology traction power supply sys-
tem has not been applied in practice. In the future, how to
build this novel traction power supply system and whether
the energy management strategy of this novel traction power
supply system can be effectively implemented will be further
studied.
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