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Abstract — Railway transport system microgrid model is
observed from the point of balancing energy flows between
accelerating and decelerating trains, hybrid energy storage
systems and a single supply substation connected to the main
power grid. In this paper, an energy flow optimization of a
railway system microgrid is presented. Optimization
problem is formulated as a linear program that takes into
account energy storage systems with corresponding charge
and discharge efficiencies, actual electricity prices and
simulated daily train consumption profiles. Performance of
the proposed approach is verified through one-day
simulation scenario with model predictive control scheme
and by considering different prediction horizon lengths.

1. Introduction

Transport systems are considered as large energy consumers
that accounted for 31.8 % of overall energy consumption and
for 1160.2 million tons of CO, emission in Europe in 2012
alone [1]. As a part of it, railway transport accounted for 2%
of overall energy consumption and 7 million tons of CO;
emission. For the same year in Croatia, 164.5 GWh were
spent on transporting around 27.6 million passengers and 11
million tons of goods through the railway system [2]. Given
the European Union climate and energy targets for 2020,
also known as the 20-20-20 plan, it becomes important to
improve the energy efficiency of the railway systems and
market the “green image” of railway applications. Advances
in information and communication technologies and
electronics, together with more efficient and economically
affordable energy storage systems, provide an opportunity
for complex technical systems like railway transport to
transform from passive loads that consume energy from the
grid into more proactive entities with an ability to adapt to
changing energy exchange terms and various demands of the
power grid.

In order to increase the energy efficiency of the railway
system, a considerable amount of effort is invested on better
utilization and efficiency of braking trains regenerative
energy [3]-[13]. Electric trains in braking convert the
mechanical Kkinetic energy to electrical energy and feed it
back to the catenary. If another train is accelerating while
supplied from the same substation, energy sent back to the
catenary will be used for powering its acceleration. If there
are no accelerating trains nearby, regenerated energy causes
overvoltage that potentially damages the system
infrastructure. The energy is then dissipated on train built-in
resistors, or it is stored in energy storage devices if available.
An opportunity is provided to tune train timetables in order

to closely coordinate nearby trains such that the braking
trains regenerative energy is immediately reused by
accelerating trains [3], [4]. Introduction of on-board and
stationary energy storage systems [5]-[13] for storing the
regenerative braking energy for later use show that savings
of up to 30 % of regenerative energy are achievable. In order
to further increase the economic effects related to energy
flows of the railway system, it is necessary to implement a
higher-level control system to take into account the
possibility of different electricity prices throughout the day
or changing acceptable power exchange levels imposed by
the power utility.

The concept of microgrids brought possibility of dynamical
optimization of the railway system total power consumption
by means of distributed regenerative braking, renewable
energy sources and storages, all of which transforms it to
active participant in the power system [8], [9]. A clear
microgrid structure is formable for each railway system
supply substation, where braking trains present distributed
sources and the energy storage systems are installed in the
substation. The microgrid energy management system
balances the energy flows between accelerating trains
energy consumption, decelerating trains energy production,
energy storages and energy exchange with the grid. It takes
into account declared price profile for energy exchange on
the grid side, current state of the energy storage and
prediction of trains energy consumption, and makes the
decision when to buy/sell electrical energy from/to the utility
grid and in which amount. Therefore each supply substation
along the train route may be observed as an individual
microgrid. By making a step-up further, the railway traffic
system is observed as a chain of microgrids that can be
coordinated in order to attain minimum cost for energy
drawn from the grid while all the trains operate according to
timetable and operational constraints along the routes.
Previous work on microgrid energy flow optimization is
performed on a DC microgrid that consists of photovoltaic
array, batteries stack and fuel cells stack with electrolyser,
all connected to the grid via bidirectional power converter.
Minimization of microgrid operating costs is formulated by
using a linear program that takes into account energy storage
devices charge and discharge efficiencies [14], [15].

The improvement in energy consumption efficiency has
additional advantages for the railway operator and the power
system in general: the use of the grid is more efficient and a
smaller capacity is required; the railway operator becomes
less dependent on the power grid; decentralization of the
power system thus increasing its reliability and stability;
finally, the amount of power that needs to be contracted is



reduced and the operating costs are further decreased [4].

In this paper, a railway system microgrid is considered
consisting of a hybrid energy storage system, distributed
generation of nearby trains in braking and a bidirectional
connection to the power grid through a supply substation.
Microgrid energy flow optimization problem is defined as a
linear program (LP) and a model predictive control (MPC)
scheme with receding horizon philosophy is implemented.
The performance of the proposed approach is verified on a
one-day simulation scenario considering different prediction
horizon lengths.

This paper is structured as follows. In Section 2, a microgrid
model is presented. In Section 3, the optimization problem
and model predictive control scheme are formulated.
Performance verification of the proposed approach is given
in Section 4.

2. Microgrid model

The microgrid model, presented in Fig. 1, is observed from
the point of balancing energy flows between accelerating
and decelerating trains, hybrid energy storage system and a
supply station connected to the utility grid with variable
energy price c. Considering a hierarchical design of
microgrid control, the focus here is put on high-level
optimization of energy flows, whereas voltage stability and
power quality are controlled at lower control levels [15].
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Fig. 1 — Energy flow optimization problem illustration.

Table 1 — Microgrid components

Component Notation | Rated power
Grid connection P; 15 MW
Supercapacitor Psc 1.2 MW
Battery storage Pgar 0.3 MW
Train traction power Prg 13 MW
Power burned in the resistors Py 15 MW

The following balance equation in the microgrid is always
satisfied:

Prgp + Pg = P + Psc + Pgar, 1)

where P, denotes the power consumption (Pyz > 0) or
production (Prr < 0) by accelerating/decelerating trains

and Py is the excess power than can not be exported to the
utility grid and is burned on the trains resistors (P, = 0). By
convention, power components Ps;, Pgar, and P; are
positive when supplying power to the microgrid. Therefore,
power components Ps. and Py 47 are negative for charging,
and power component P; is negative for exporting energy
to the utility grid. Power component Py, is positive, denoting
the power taken from the microgrid.

A. Energy storage systems

Microgrid energy storage system is chosen as hybrid storage
system consisted of supercapacitors and batteries. The use
of hybrid storage devices ensures the storage flexibility,
where the usage of supercapacitors is essential to capture the
high power density and high frequency of operation
associated to regenerative braking; the usage of batteries for
absorbing this short peaks of energy entails an oversized
system and short life cycle. On the other hand, batteries are
characterised with high energy density and an ability to
provide storage for larger period of time. Hybrid solution is
a reasonable balance between the two [5], [6], [10].
Considered energy storage systems are modelled with
discrete-time first-order difference equations [14], [15]:
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where k denotes discrete time instant, state x; is normalized
state-of-charge (SoC), C is storage capacity, n., and P, are
charging efficiency and charging power component of
storage system ( P,, <0), while 14y and Py, are
discharging efficiency and discharging power component of
storage system (P, = 0). Sampling time AT is chosen to
be 15 seconds in order to match the precomputed train
consumption profile resolution obtained from [16], where
AT is chosen to capture the train dynamics and avoid the
linearization effects. Power ratings of involved microgrid
components are listed in Table 1, while parameters of the
considered storage systems are listed in Table 2.

Table 2 — Energy storage system parameters

Parameter Battery storage | Supercapacitor
Capacity [kWh] 60 13
Discharge efficiency 0.8 0.95
Charge efficiency 0.8 0.95
Maximum SoC 1 1
Minimum SoC 0.1 0.1

The discrete-time energy storage system model (2) can be
rewritten in state-space form:

X1 = AXy + Buy, ©))

where A is identity matrix I,,,, B?* is the system input
matrix calculated from (2), x, = [x£4T, x;¢]" state vector

i
-« [PBAT pBAT pSC SC pR
and uy is [Pdch,k'Pch,k'Pdch,k'Pch,k'Pk] .



B. Train traction power

Train traction power profile P;p is obtained as a
precomputed solution to the optimization problem presented
in [16], [17], where trains on route energy consumption
profile was minimized with respect to time-tables, route
restrictions (speed limits, train traction force boundaries)
and passengers comfort. The train optimal control problem
was solved for travel durations of 5, 10 and 15 minutes
(between two adjacent stations) and solutions are merged to
form a vector of optimum power consumption profile for
each 15 seconds time instant over the period of next 24
hours. Exemplary on-route passenger train consumption
profiles for 5, 10 and 15 minutes travel time between the two
stations are presented in Fig. 2.
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Fig. 2 — Train consumption profiles between two stations.

C. Utility grid connection

Connection to the grid is established through a bidirectional
traction substation with nominal power P; chosen to match
the most common type of supply substations found in
railway systems in Croatia. Electricity price profiles ¢, for
the simulation period are obtained from European power
exchange site [13] that accounts for more than a third of total
European power consumption. For simplicity, same prices
are assumed for buying and selling energy from the grid.
Since the simulated train nominal power is in a megawatt
scale, renewable energy sources like photovoltaic panels or
wind turbines are not considered because of a rather small
power production contribution in comparison to the train
consumption. Therefore, only power generation in the
microgrid is the regenerative braking energy from trains.

3. Energy flow optimization

The objective of the energy flow optimization is set to
minimize the economic cost of the microgrid operation,
taking into account the current SoC of the microgrid storages
Xy, predicted trains consumption profile, electricity price
profile ¢, representing the economic criterion of the utility
grid and technical constraints on microgrid components.
Energy  flow optimization results in  optimal
charging/discharging profiles for storage components,
PRaT., PEAT, P35, and PSS, that guarantee the optimal
economic cost on the prediction horizon N, and P& which
ensures that no excess power is exported to the utility grid,
where 0 < k < N — 1 [15].

The objective function is formulated as follows:

N-1
= Z ¢ PEAT, @)
k=0

where N is prediction horizon length, ¢, is the electricity
price for time instant k expressed in €/MWh, P¢ is the utility
grid power component determined by balance equation (1),
which represents the total power exchanged with the grid. It
is important to notice that the criterion (4) is a function only
of exchanged energy on the prediction horizon under certain
price conditions.

For simplicity, the consumption of auxiliary power supplies
in trains or the efficiency of the traction power converters
are omitted. Microgrid physical constraints are introduced to
the control problem as state and input constraints.
Constraints include supercapacitor and battery SoC
limitations in order to preserve the health of the storage
systems:

Xscmin = Xs¢ = Xscmax (5)
XBATmin < XBAT = XBATmaxs (6)
maximum charging and discharging power of the
supercapacitor and batteries:
BAT BAT BAT
Pdch,min < Pdch < Pdch,max: (7)
BAT BAT BAT
Pch,min < Pch =< Pch,maxv (8)
SC N SC
Pdch,min < Pdch < Pdch,max' (9)
N N NS
Pch,min < Pch < Pch,max' (10)

Constraints on utility grid power rating are defined as
follows:

PG,min < PG < PG,maxr (11)

and constraints on the power dissipated in the resistors:

Py > 0.

(12)

After the objective function (4) and the constraints (5)-(12)
have been defined, the optimization problem is formulated
as a linear program written in the following matrix form:

min/(u, x5, ¢,Prg ) = flu+d,
u

(13)
sst. Eu<Ex,+g,

where vectors f and g, matrices E, and E, and constant d
are calculated from (4)-(12). Trains energy consumption
vector Py is precalculated. Solution of the described
optimization problem is a vector of optimum values of
control variables u* over the horizon N. However, during
the time from which the control variables are calculated to
the end of the prediction horizon, several disturbances may
act on the system and calculated solution may no longer be
optimal.

Therefore a Model Predictive Control (MPC) scheme [19] is
introduced with receding horizon philosophy for closed-
loop control, presented in Fig. 3. In MPC framework, the



optimal control sequence u* for the prediction horizon N is
calculated at time t =0 by solving the energy flow
optimization problem (13) for the initial state of the system
xo = x(t). In the receding horizon philosophy only the first
control action u(t) = ug is implemented and the system is
propagated to the state at time instant t 4+ 1 where the
optimization problem is again solved for newly defined
circumstances. The optimization problem uses a system
model formulated in (3) to simulate the system behaviour on
the prediction horizon. Due to model inaccuracy or different
disturbances that may act on the system during that time, the
optimal control sequence is again recalculated at time t + 1
to compensate for any unpredicted system behaviour. By
recalculating the optimal control sequence at each time
instant t with all the pricing and consumption information
currently available and only implementing the first control
vector, feedback is introduced through system states x(t).

Model predictive control (MPC) framework
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Fig. 3 — Model predictive control framework.
4. Results

Performance of the proposed approach in this paper is
verified with a simulation scenario based on actual
electricity price data (Epex prices for 16th and 17th of July
2015 [18]), train consumption profiles obtained from the
optimization problem presented in [16], and a model of
hybrid energy storage system consisted of supercapacitors
and batteries. The system is simulated with a time step AT
of 15 seconds and the optimal energy flows are calculated
for a period of 24 hours since energy prices are usually given
one day in advance. The procedure is studied for different
lengths of the prediction horizon N.

Daily economic cost of the railway system operation with
integrated microgrid is formulated in 15 seconds scale as:

5760

Ceost = ) C(OPG(OAT,

t=0

(14)

where t ranges to 24 hours (5760 - 15s = 24h) and P;; is
formulated in (1). It is assumed that only 3 MW of
regenerative power can be exported to the utility grid,
therefore, Pg 1y IS set to -3 MW in (11). Solution obtained
through optimizing microgrid energy flows is compared
with a railway system operation cost without the integrated
microgrid, in which case P;(t) = Prg(t) + Pr(t) in (14),
where Pg(t) is setto ensure that P; (t) = — 3 MW, meaning
that only the cost of trains consumption without the excess
regenerative braking power is taken into account for
calculating the daily economic cost of railway system

operation. Total operation cost of the railway system without
integrated microgrid amounts to 327.66 €, with 60 % of the
regenerative energy exchanged with the grid.

Linear optimization problem formulated in (13) is solved
using IBM ILOG CPLEX 12.6. optimization package, while
the MPC closed loop control scheme is implemented using
YALMIP toolbox for MATLAB [20].

Operation costs of the railway system with integrated
microgrid are presented in Table 3 and compared with the
railway system operation costs.

Table 3 — Railway system operation costs for one-day period

Prediction horizon N [h] 1 2 3
Operation costs ¢, [€] 316.18 | 316.09 | 315.91
Improvement 11.48€ | 11.57€ | 11.75€
3.50% | 3.53% | 3.58 %
Prediction horizon N [h] 6 12 24
Operation costs ¢, [€] 315.77 | 315.92 | 315.92
Improvement 11.89€ | 11.74€ | 11.74 €
3.63% | 3.58% | 3.58 %

Optimizations performed with shorter prediction horizons
are outperformed by the ones with longer prediction
horizons due to the fact that the control algorithm is able to
find the highest prices in a longer time period and therefore
better utilize stored energy by discharging the storage
system during the highest price on the horizon. Although it
was expected that the best performance are obtained for N =
24 h, due to specific price and consumption profiles, the best
results are obtained for N = 6 h.

In Fig. 4, daily microgrid operation is presented including (i)
energy storage charging and discharging profiles — optimal
control sequence, (ii) electricity price profile, (iii) grid and
train consumption profiles, and (iv) energy storage SoC
profiles, with sampling time of 15 seconds throughout 24
hours, where N is set to 6 hours as it is shown to be the best
scenario in Table 3.

A closer view of the control system behaviour is shown in
Fig. 5, where results of one hour system performance are
presented (time period of 17:00-18:00 h).

From the presented results it is observed that energy storage
is discharged during low electricity prices and charged
during high electricity prices. It is shown that due to
limitation of the power that can be exported to the grid,
supercapacitors are mainly charged during the braking of
trains in order to utilize the regenerative braking energy
which confirms the choice of a hybrid energy storage
systems since batteries are rarely used for storing the
regenerative braking energy and are better exploited for
utilization of the difference in electricity price profile
throughout the day.

Increase in the energy storage capacity (CB4T, C5¢) ensures
further reductions of the operation costs since more of the
regenerative braking energy is stored in the storage rather
than dissipated in the resistors. However, an increase in the
capacity would have a significant impact on the investment
costs of the storage system. To find the optimal capacity of
the storage system, a cost-benefit analysis should be
performed taking into account the investment costs and the
reduction of the operational costs.



Railway system with integrated microgrid restored 71 % of
the regenerative braking energy. Additional simulations
were performed with the prediction horizon N =6 to
measure the control system performance for different
limitations on the power exported to the grid Py ;,,,, With
results presented in Table 4. It is shown that the performance
of the control system compared to the no-microgrid
behaviour is decreased when more regenerative braking
energy can be exported to the grid.

Table 4 — Operation costs with respect to P ;in

Maximum exported power 3 5 15
to the grid Pg i [MW]

Operation costs without 3976 | 3082 | 2872
microgrid [€] ' ) )
Operation costs with 3162 | 3011 | 2858
microgrid [€] ' ) )
Improvement [%] 350 | 232 | 047
Restored regenerative energy

without microgrid [%] 58.86 | 7822 | 100
Restored regenerative energy

with microgrid [%] 716718546 | 100
Improvement [%] 1281 | 7.24 0

5. Conclusion

In this paper energy flow optimization in railway system
with integrated microgrid is presented. Model predictive
control scheme is implemented and the approach is verified
for different prediction horizon lengths on a simulation
scenario. It is shown that the proposed approach reduces the
railway system operation costs through charging and
discharging of the hybrid energy storage system, with better
performance for longer prediction horizons. Choice of
energy storage systems is validated as it is shown that
supercapacitors are used for storing the regenerative braking
energy, while batteries perform better at utilization of the

Energy storage power flows

difference in the electricity price profile throughout the day.
Due to inherent complexity, the railway system is observed
from two different control levels. The higher-level railway
system optimization introduced here optimizes energy flows
with respect to external grid conditions, state of the energy
storage system and railway traffic. Lower, consumption
level optimization, where each train is controlled to achieve
least travel costs while maintaining the time-table and
passengers comfort can be recomputed such that interaction
of both levels is taken into account and the computed energy
consumption profile on the lower level directly maximizes
the global economic gain of the whole system operation.
Price of energy exchange with the grid is for an individual
train transformed through the higher coordination system
and the economic cost is reduced by cooperative action of
all the trains in balancing energy flows.
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