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Abstract— A power management controller able to provide
optimal reference values to local controllers for a DC microgrid
recycling the train braking energy in a railway station is
introduced. Power balance and desired energy levels are the
targets of the proposed controller. Constraints regarding the
nature of the devices or the physics of the grid are considered.
Simulation results illustrating two different cases with their
respective optimal control actions are provided.

Index terms - Microgrid, railway station, regenerative brak-
ing integration, power flow, MPC.

I. INTRODUCTION

Distributed power generation utilizing renewable energy
source such as solar, wind, fuel cell, and biomass can help
to alleviate the pressure of energy shortage and to reduce
environment pollution. Direct Current (DC) microgrids are
attracting interest for their ability to easily integrate modern
loads, renewable sources and energy storage [1], and trans-
portation systems is one of the interested domains [2], [3],
[4], [5]. In this paper a Smart Railway Station is considered,
where the energy utilization is more efficient compared to a
normal railway station thanks to the presence of solar energy,
recovery braking systems and storage devices to supply the
local loads. A dedicated DC microgrid is treated, where the
regeneration of the train braking energy is seen either as an
important possibility to recycle electric power, due to the
fact that it is naturally available when the train uses electric
brakes to slow down its engines instead of using mechanical
brakes, but either as a problem for voltage stability and
power quality, due to its intermittent high peaks of power.
Therefore, a dedicated power management controller able to
provide optimal reference values to the local controllers of
the devices composing the DC microgrid is needed, to reach
the target to recycling the train braking energy in a railway
station while assuring its power flow and keeping voltage
inside operation bounds.

The purpose of this work is to introduce a dedicated power
management model for a Smart Railway Station able to store
the regenerated energy in a battery using a supercapacitor as
energy buffer while keeping a correct power balance among
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Fig. 1.
the two renewables, the storages, the Alternate Current (AC)
main grid in the train station and the local loads, as depicted
in Fig. 1. In recent years, a lot of research has been carried
out in terms of control strategies for optimal management of
the regenerative energy in microgrids [6], [7], [8], [9], but
there are still not yet contributions on power management
models dedicated to DC microgrids with different kind of
Energy Storage Systems (ESS).

The control target of the proposed power management
model is to provide the needed references to the low level
controllers that are dedicated to each physical device in
the microgrid [10], [11], considering given references and
constraints for the battery energy and the power demanded
and provided to the AC grid. Only the power management
control level is treated in this work [12], [13]: the lower [14],
[15], [16] and higher [6], [17] control levels are supposed to
work properly and to meet their targets. This paper extends
the preliminary results described in [18], considering power
losses and converter efficiency, and is focusing on a specific
application as the Smart Railway Station. The resulting
problem is a non linear optimization one, and it is solved
by a Model Predictive Control (MPC) formulation for Mixed
Integer Quadratic Programming (MIQP) [19], [17], [20].

This paper is organized as follows. In Section II the power
management model is introduced. Then in Section III the
adopted algorithm using MPC is carried out. Section IV
provides simulation results and compares different cases,
while in Section V conclusions are outlined.

The considered framework in a power flow scheme

II. POWER MANAGEMENT MODEL
A. Energy Equations

Fig. 1 describes the considered microgrid and its power
flow. According to it, the stored energies into the DC micro-
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grid, the battery and the supercapacitor will vary depending
on the interaction of PV, regenerative braking, AC grid and
load. Indeed, the energy variations in the battery and the
supercapacitor depend on the power output of these devices,
while for the DC they depend on the power balance between
the produced and demanded power [18], [21].

Epc, Ep, Eg are the energies stored in the DC microgrid,
battery and supercapacitor, respectively. Dpy — Ppy is the
power produced by the PV array, where Dpy is the current
available power and Ppy is the calculated quantity to be
neglected for stability purposes. With similar configuration,
Dt — Pr is the power produced by the train braking, where
Dy is the current available power and Pr is the neglected
one, and Dy — Pp is the power demanded by the load,
with Dy the current demanded power and P; the quantity
to be disconnected to ensure effective feasibility of the
optimization problem (load shedding).

P}, Py, P4, P, Pl., Py are the powers exchanged
by the battery the supercapacitor and the AC grid, respec-
tively, where PE ) Pg' , PZC are the provided powers and P,
Pg, P, are the absorbed ones. The parameters 7py-, 1 /L,
ngs 1/ngs n&, 1/npy. nr, Nhe and 1/n7 - describe the loss
in efficiency during the power flow. A parameter ag allows
us to consider the self-discharge ratio of the supercapacitor
taking place in the considered time interval 7'; the small
self-discharge ratio of the battery is neglected because of
the relative short time span considered with respect to the
battery dynamics. The dynamical system resulting from Fig.
1 is then:

which can be rewritten in a linear discrete-time form as

z(k+1)=Ax (k) + Bu (k) + Dd (k) (1)

where the state is
z=[ Epc Ep Es ]T: [ 21 zo a3 ]T
and the control input and disturbance vector are
u= [Ppy P, P} Pg P§ Pg PTPXCPXC]T
= [uy uz uz ug Us Ug U7 Ug ug]T

d=[Dpy Dy Dpr )" =[d dy ds]"

The discrete time matrices A, B, D are

10 0 npv —7,% nr
A= 10 1 0 D=0 0 0
0 0 1-Tas 0 0 0

Epo (k+1) = Epc (k) = T [ (Dy, (k) — 1 (k)| +
+T [npv (Dpy (k) — Ppy (k) +ngPS (k)] +

+T |~ Pg (k) + i PE (k) = £ P5 (k)} +

+T [WT (Dr (k) = Pr (k) + nacPic (k) — éPXC’ (k’)}
Ep(k+1)=Ep (k) +T[Pg (k) — Pg (k)]
Eg(k+1)=(1—-Tag)Eg (k) +T [Pg (k) — PJ (k)]

—npv ,%L B~z
B, = 0 0 -1 1
0 0 0 0
1 1
Ns —55 ~Nr TNAC —o
By=1 0 0 0 0

-1 1 0 0 0

B. Constrains

The system introduced in (1) must consider physical and
control-related constraints for the devices, here introduced:

1) DC grid: To ensure the power quality and to avoid
problems related to the connection with the physical devices,
the energy stored in the DC grid must be kept between an
interval, i.e.

EBc < Epc (k) < Epe, vk

where E, EMe > 0.
2) Battery: To protect the devices, the energy in the
battery should remain in a range of values, i.e.

Ep < Ep (k) < By ,Vk

where E7Z, Eé‘;f > 0. The power absorbed/provided by the
battery is also bounded:

P (k) < Pp,Vk

where Pg,ﬁ; > 0. As the life time of the battery is very
important, strong constraints on battery power variation are
imposed:

| P (k+1) —
| P (k+1

P} (k) H < APB,Vk
) — Pg (k) || < APp,Vk

where APy, AP5 > 0. Since the power coming in or
out the battery cannot take place at the same time, another
constraint is implemented:

P (k) x Py (k) = 0,Vk

This constraint, which avoids simultaneous battery charging
and discharging, is described using the binary variable Sp:

Sg (k) € {0,1},Vk
0< P}t (k) < Sp (k) - Py, Vk
0<P; (k)< (1—Sgp(k):Pg,Vk

Due to this formulation, the linear control problem becomes
nonlinear and the MIQP is necessary.

3) Supercapacitor: The constraints for the supercapaci-
tor are nearly the same as for the battery, but the power
variations are not bounded since the supercapacitor has to
ensure the voltage stability with respect to the variations
taking place on the grid. The energy in the supercapacitor is
bounded by

E§ < Es (k) < E§',Vk
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where £, Egv/[ > 0. The power absorbed/provided by the
supercapacitor is bounded as well, for physical reasons:

0< PF (k) <P, Vk
0< Pg (k) < Pg.,Vk

where P;,?; > 0. As for the battery, the charging and
discharging phenomena of the supercapacitor cannot take
place simultaneously, and the Sg binary variable is used to
impose it:

Ss (k) € {0,1},Vk
0< Pi (k) < S (k) Pg,Vk
0 < Py (k) < (1- Ss (k) - Py, 'k

4) AC Grid: The AC grid represents an added degree of
freedom and is seen as a source or a load depending on the
needs of the DC microgrid: it is then possible to provide
power to it according to the availability of power from
renewables and battery or to absorb it in case of necessity.
Obviously, the possibility to use it as buffer is reduced by
economic reasons not treated here but considered by the
higher level controller when providing the battery energy
reference. The constraints are only on the maximum power
to be exchanged and on the power variations:

HPXC (k+1)
[Pac (k+1) —

= Plo ()| < APc, Vk
AC (k’)H < AP0, Yk

where AP, AP, > 0. As for battery and supercapaci-
tor, the power flow is bounded:
Sac (k‘) S {0, 1} ,Vk
0 < Pic (k) < Sac (k) - Pag, ¥k
0 < Py (k) < (1~ Sac (k) - Pac,Vk
with Py, Pap > 0.
5) PV: The power from the PV array cannot be negative:

Dpy (k) — Ppy (k) > 0,Vk

where Ppy (k) > 0, VEk.
6) Load: The power consumed by the load is bounded to

be positive:
Dy, (k) —

where Pr, (k) > 0, Vk.
7) Train braking: As for the constraint of the PV, the
power provided by the train braking cannot be negative:

Dr (k) —
where Pr (k) > 0,Vk.

Py (k) > 0,k

Pr (k) > 0,k

III. POWER MANAGEMENT CONTROLLER

According to the model and the constraints introduced
Sections II-A and II-B, it is now possible to define the
optimal control problem. As already mentioned, it will result
in a MIQP problem and will be solved using the MPC [19].

For problem feasibility reasons, the hypothesis of knowing
the disturbances Dr(k), Dpy (k) and Dr(k) for k,k +

.,k + N, where N is the considered prediction horizon,
must be done. While it introduces small prediction errors
for Dr (k) and Dpy(k), as described in [18], it matches
the reality for Dr(k), since its evolution is known. If future
load variations are known, as loads are often scheduled or
periodic, this information can be included in the algorithm.

The target of the power management controller is to
compute the power optimal set points values for the lower
level controllers to ensure power balance and a desired level
of charge for the ESSs. Desired energy levels for DC grid
Eh - = 7, battery E; = z% and supercapacitor By = x5
are considered, which are computed by the higher control
level (see [16], [10]). The reference vector for the state is

o =[a ap oy " =[Epe Ep Ey |

A. Optimal Control Problem

The selected cost function has the objective to bring the
state as close as possible to the reference vector while
satisfying the introduced constraints. Once the initial state
xo (k) and the prediction horizon N are given, the problem
O is solved at each step k by the MPC strategy.

0= m?)l ik +N)"Pz(k+ N)+ 2
k+N—-1
+5 Zk [#(0)" Q3 (i) + u(i)" Ru (i)
s.t.
() =x(i)—a",Vi
z(i+1) = Az (i) + Bu (i) + Dd (i), Vi
x (k) = 20 (k),
et <z (7) < 2 Vi
P < xy (1) < xd vi
o <z (i) <y, Vi
Sp (i), Ss (i), Sac (i) € {0,1},Vi
0 <y (i) <dy (4),Vi
0 <wug (i) <ds(i),Vi
0<u(i) < Sp (k) P, Vi
0<ug(i) <(1-8p (k) Pp,Vi
0 <us (i) < S (k) - Pg, Vi
0 <wug (i) < (1 - Ss (k) - Pg, Vi
0 <y (i) <ds(i),Vi
0 < us (i) < Sac (k) - Pae, Vi
0 < ug (i) < (1— Sac (k) - Py, Vi
lus (i + 1) — uz ()] < AP, Vi
lua (i + 1) = ug (i)|| < APR, Vi
lus (i + 1) — us (§)|| < AP0, Vi
llug (i + 1) — ug (i)|| < AP 4, Vi

where P > 0, Q > 0, R > 0 are weight matrices.
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TABLE I

REFERENCES
Ebc Ep Es
1.39¢~% kWh | 270 kWh | 5 kWh
TABLE Il
CONSTRAINTS FOR THE STATE VARIABLES
Ep., | 90%EpL, | ER | 90kWh | ET | 1.41 kWh
M . M M
EM_ | 110%E},, | EM | 270kWh | EM | 8kWh

IV. SIMULATIONS

Simulations of the proposed power management controller
applied to the microgrid in Fig. 1 are introduced in this
Section. They are obtained using Matlab R2017b with the
toolbox Yalmip [22].

Simulation time is 170 seconds, while the sampling time is
one second and the prediction horizon is 10 time steps, both
for state variables and control inputs. As already mentioned,
the MPC method requires a forecast for the future distur-
bances over the rolling prediction horizon. In this simulation,
for each prediction horizon, the future disturbance related
to the train braking is given, while future solar power and
demanded load are considered constant with respect to the
last measured value. Real data are used for solar power
production and regenerative braking. Used references and
constraints are introduced in Tables LILIILIV. Note that
the P3 and P, are merged into Pg, Q = {B,S, AC},
for simplicity reasons in the following: for battery and
supercapacitor, positive and negative values mean to provide
and absorb power to the DC microgrid respectively; for the
AC grid, positive and negative values mean to demand and
supply power to the AC grid respectively.

Two case studies will be introduced and discussed, in order
to show the different results that can be obtained when con-
sidering the same situation with different constraints for the
battery. Both case studies describe a situation where initially
the supercapacitor has the energy lower than its reference,
two train braking events take place in the simulation (each
lasts 12 seconds, see Fig. 8 and 9) and the DC microgrid
continuously provides at least 200kW and at most 300kW
to the AC grid (see Fig. 10 and 11). For Case study 1
the maximum power absorbed/provided by the battery is

TABLE III
CONSTRAINTS FOR THE CONTROL INPUTS

Py | 240kWh (case 1) | Pp | 240 kWh (case 1)
?g 360 kWh (case 2) Pg 360 kWh (case 2)
P 1000 kWh Py 1000 kWh
Pho 300 kWh Pac 300 kWh
APL 20 kWh APg 20 kWh
AP, 100 kWh AP 100 kWh
TABLE IV
PARAMETERS OF THE DYNAMICAL MODEL
nh/ng 1093 [ nd/ng ] 097 [mpyv [ 1 [me | 1
Nhe/mac 1095 as [ 1073 | mp [1[ T [1s

Power [kW]
Energy [KWh]

-1200 .
0 20 40 60 80 100 120 140 160

Time [s]

Fig. 2. Case 1 - The energy of the supercapacitor E's (red line with right
ordinate) with resjgect to its reference(green line) and the calculated optimal
value of Pg ( Pg and Pg ) (blue line with left ordinate).
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Fig. 3. Case 2 - The energy of the supercapacitor E's (red line with right

ordinate) with resjeect to its reference(green line) and the calculated optimal
value of Pg ( Pg and Pg ) (blue line with left ordinate).

240kW, while Case study 2 has more relaxed constraints for
the battery power with a maximum of 360kW. It is worth
noticing that if there is more power absorbed/provided by
the battery, the battery lifetime will reduce. The considered
solar and load power conditions are equal, as it is possible
to see from Fig. 6, 7, 12 and 13.

Fig. 2, 3, 4 and 5 show that the proposed power man-
agement scheme reaches the target to properly control the
energies in the battery and the supercapacitor with respect
to their desired references. Indeed, when the train braking
recovery phenomena takes place, the supercapacitor absorbs
the high amount of power coming from the train to keep
the power balance. As there is much more power arriving,
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®| {100 &
-200 - EL
300 ‘ ‘ ‘ ‘ ‘ s s P
0 20 40 60 80 100 120 140 160
Time [s]
Fig. 4. Case 1 - The energy of the battery E'p (red line with the right

ordinate) with resE
value of Pp ( Pg

ect to its reference(green line) and the calculated optimal

and Py ) (blue line with left ordinate).

400

300 -
Q00 o e 300 =
i 100 f- 3
g 0 200 3
3 -100 - 5]
o (=4
200 - 100 W
-300 |
‘ ‘ ‘ : : : . I S
0 20 40 60 80 100 120 140 160
Time [s]
Fig. 5. Case 2 - The energy of the battery Ep(red line with the right

value of Pg ( Pg and Pg ) (blue line with left ordinate).
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Fig. 6. Case | - The available power D py, (red line) from the renewables
and the calculated optimal value of Dpy — Ppy (blue line).
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Fig. 7. Case 2 - The available power D py, (red line) from the renewables
and the calculated optimal value of Dpy — Ppy (blue line).

the available power from renewables is partially neglected.
After the recovery phenomena, the supercapacitor starts to
provide back the power to the DC grid and slowly return to
its reference (see Fig. 2 and 3). It is worth noticing that after
the first train braking event the energy of supercapacitor is
released in a slower manner with respect to the second train
braking event. This is due to decrease of the PV available
power, which allows for a faster discharge. Moreover, due
to the hidden choice to not use power from the AC grid
for economical reasons, we observe that there is no power
provided by the AC grid: the energy reference for the battery
has taken that into account.

The comparison between the two considered cases shows
how the more relaxed constraints impact on the system
evolution and on its performances. Indeed, as easily pre-
dictable, the capability of the system to store renewable
power increases with the increase of the possibility to store
renewable power in the battery, as can be seen from the
differences in the neglected available powers from PV and
train recovery systems in Fig. 6, 7, 8 and 9. Moreover, a
faster convergence rate to the references is available for the
energies in the battery (see Fig.4 and 5), clearly, and the
supercapacitor as well, as depicted in Fig. 2 and 3. As the
battery is able to absorb more power, the level of energy in
the supercapacitor returns faster to its desired value.

Compared to the Case study 1, in Case study 2 the battery
provides power earlier as there is not enough power from

2000 T T T T T T

1500 -

1000 [

Power [kW]

500 -

100

120 140 160

0 I
0 20

60 80

Time [s]
Fig. 8. Case | - The available power D (red line) from the train braking
and the calculated optimal value of D7 — Pr (blue line).
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Fig. 9. Case 2 - The available power Dt (red line) from the train braking
and the calculated optimal value of D7 — Pr (blue line).
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Fig. 10. Case 1 - The calculated optimal value of P4¢ (P:(c and P, ).

the renewables and it will help the energy of supercapacitor
to return to its reference. As the power limit of battery is
changed, the DC microgrid supply less power to the AC
grid during the second train braking. For this microgrid to
be autonomous in energy, in Fig.12 the necessity to partially
shut down the load of a small value is highlighted over the
time range of [135s-150s]. As a final verification, Fig.14 and
Fig.15 confirm DC microgrid stability with respect to its
constraints in both cases.

V. CONCLUSIONS

In this paper, a dynamic power management controller
of an AC-connected DC microgrid integrated in a Smart
Railway Station is introduced. While receiving energy refer-
ences for the storages by a higher control level, the proposed
optimal control strategy targets to obtain the power set point
references to be implemented by the physical devices at a
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o
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Time [s]
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00 - 335 = Tk
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= - 330
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g g .
350 [ 1( ‘ J h =
300 s ‘ ‘ s ‘ s ‘ s
0 20 40 60 80 100 120 140 160
Time [s]
Fig. 12. Case 1 - The real power demanded by the load Dy, (red line)

and the calculated optimal value of Dy, — Py, (blue line)
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Fig. 13. Case 2 - The real power demanded by the load Dy, (red line)

and the calculated optimal value of Dy, — Py, (blue line)
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Fig. 14. Case 1 - The DC grid energy (blue line) with respect to its
reference (green line) and the limits (red line)
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Fig. 15. Case 2 - The DC grid energy (blue line) with respect to its
reference (green line) and the limits (red line)

lower control level to the purpose to preserve voltage and
power stability in the DC microgrid. The MPC method with
the receding horizon technique is utilized.

The considered cases show the good capability of the
system to manage the complex task of recovering the energy
from the train braking while ensuring power balance and
a proper energy level in the storage devices. The proposed
simulations clearly depict the importance to correctly find
a proper trade-off between the control-induced constraints
and the physical ones, correctly sizing the components and
weighting the relations among them.

The proper sizing of the storage devices and their physical
constraints was out of the scope of this work. Nevertheless,
future works can focus on such aspects. Indeed, with the pro-
posed controller, it would be possible to study and optimize
the needed size of the components looking for the best trade-
off among system performances and economical constraints
(as battery lifetime or supercapacitor sizing, for example).
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