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Abstract: This paper proposes the integration of a train line for regenerative braking into
a DC MicroGrid composed of PV generation, hybrid energy storage system (battery and
supercapacitor) and DC local load. The energy generated from regenerative braking is absorbed
by the supercapacitor, which is able to deal with bursts of power without affecting the stability
of the system. The control scheme is based on singular perturbation analysis, where we can split
the overall system in two interconnected subsystems with different time-scales dynamics, solving
the non-minimal phase problem for DC/DC converters. Therefore, a simplified control strategy
is obtained to control the train’s converter and to assure stability of the whole MicroGrid.
Simulation results show that the proposed control strategy can integrate regenerative braking
from train as a renewable source in the MicroGrid.

Keywords: MicroGrids, Singular Perturbation, Dynamical Feedback Linearization.

1. INTRODUCTION

The modernization of power network known as Smart-
Grids is changing the way electrical power systems are
designed. The efforts to reduce fossil based sources have
brought high penetration of renewable energy sources (re-
newables) into the grid, with their intermittent and non-
dispatchable characteristics. Also, the continuing electric
load growth along with modern loads based on power elec-
tronics highlight the necessity to bring reliable solutions to
improve power system operation (see Ribeiro et al. (2001,
2012)).

Direct Current (DC) MicroGrids are a good solution to
better integrate renewables and reduce the impact of
modern load applying a reliable operation that optimize
the power flow in the grid, properly supplying the loads
and guarantying power quality. The challenge here is to
develop a control strategy that assures system stability,
balancing the energy consumption and production in the
grid (see Olivares et al. (2014)).

In this context, many transportation systems like electric
vehicles and trains can be integrated in the MicroGrid
system, generating a great impacts to it. For example, the
regenerative braking of train cause bursts of power into
the system in few seconds, bringing instability problems.
Usually, classical linear PI control is not able to guarantee
the operation of the system with this type of disturbance,
even though it is widespread in the industry. Therefore,
a rigorous stability study using nonlinear techniques in

MicroGrids integrating transportation systems is more
relevant towards SmartGrids issues (see Hernandez and
Sutil (2016); Lu et al. (2014)).

This paper develops a control algorithm for bidirectional
boost converters used to control the integration of regen-
erative braking from a train line into a DC MicroGrid,
while considering stability of the whole MicroGrid. The
DC MicroGrid is composed of a PV generation, two energy
storage systems, a supercapacitor and a battery, acting in
different time scales to assure energy and power stability,
and a variable DC load that may represent electric vehicles
(bus, taxi, cars) charging station.

Based on singular perturbation analysis, the system can
be split in two interconnected subsystems, i.e. a fast
(current) subsystem and a slow (voltage) subsystem. This
induces a time scale separation that greatly simplifies the
control design process, solving the non-minimum phase
problem for a boost converter according to the chosen
control target. It is important to remark that even though
this is a current practice in industry, the formal analysis
and explanation of such approach was seldom presented
(see Chen et al. (2014); Iovine et al. (2017); Perez et al.
(2018Db)).

2. MICROGRID MODEL

A train line is integrated in the DC MicroGrid introduced
in Perez et al. (2018a) to be installed in a rail (subway,
train, tramway) station, where the MicroGrid is composed



of PV generation, a battery and a supercapacitor as a
hybrid energy storage system and a DC load, represent-
ing the station’s own needs as well as charging stations
for electric vehicles (bus, taxi, car). The purpose is to
allow regenerative braking, such that the surplus energy
on the train electric line can be properly absorbed by
the MicroGrid, avoiding overvoltage in the trains’ line,
and then allowing much more electric braking instead of
mechanical (see Barrero et al. (2008); Dixon and Ortuzar
(2002)). Fig. 1 depicts the proposed DC MicroGrid with
the train line connection. The state space average model
of the MicroGrid in Fig. 1 is expressed as follows:

1 1 1
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Vs, Vi, Vpy, Vi and Vp are the voltages on the superca-
pacitor, battery, PV array, DC load and train respectively.
Ve, Ve, Voo, Ve,, and Vg, are the input voltages of the
MicroGrid converters. I, Ir,, Ir,, Ir,, and It are the
inductor currents in the converters, Ve,, Ve, , Voo, Voo,

and Vi, are the output voltages of the converters. R;, Ra,
R4, Rs, R7, Rg, R11, R12, R14 and Ry5 are the resistances
representing the cable losses, Ro1, Ro2, Ros, Ros, Roz,
Ros, Ro11, Ro12, Rois and Rgi5 are switch losses of the
semiconductors. V. is the DC bus voltage and wuy, us, us,
uy and ugs are the modulation index of the converters in
the MicroGrid.

3. CONTROL STRATEGY
3.1 Control objective

The control target is to make the following variables V.,
I, I, Vo, and Vi, track their respective references
Vie 114, 11, V&, and V{5, provided by a higher con-
trol level. The voltage V, is a constant value designed
according to the voltage level of the MicroGrid’s devices,
while the current I7 is given by the calculation of the
optimal power flow in the system, such saving battery’s
life-time. The reference I7_  is provided by the MPPT
algorithm to track the maximum power point in the PV.
The voltage V(% is the desired voltage on the DC load
chosen according to the grid requirements. Finally, the
voltage V¢, is the desired voltage on the connection to
the train to allow regenerative braking.

3.2 Control design

The system (13)-(15) consists of two interconnected sub-
systems?! | i.e. the current Iy, subsystem 1 and the voltage
Ve, , subsystem 2. Therefore, we can develop a control such
that the voltage V¢, is designed to have slower dynamics
than the current I, resulting in a explicit time-scale
separation, where the singular perturbation condition is
created. With this consideration the control design can be
developed separately for each subsystem.

Defining x = V¢, and z = I, the subsystems can be
generically written as:

&= fo(,2) + gu(2)u (17)

This system is a second order one with one control input:
therefore, the remaining dynamics should be brought to
the equilibrium point by the controlled one. The idea is to
develop a control law where u tracks a reference trajectory
z* yet to be determined. In this case, V7  is provided
by the higher level control, but I7 —is not ready-made.
Therefore, it is a crucial step to determine I, which is
the desired trajectory of Ir,.

Let us suppose that there is a control law u = h(z, z) for
the current subsystem, such that z in (18) converges to z*
as follows:

Z=alz—2")+r(z,z%) (19)
where a is a positive real number and the nonlinear
function r is chosen such that:

1 The same analogy can be made for the supercapacitor system in

(1-3)-
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Fig. 1. The DC MicroGrid composed of a supercapacitor, a battery, a PV array, a DC load and regenerative braking

from a train line.
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(20)

We can impose faster dynamics on the current subsystem
designing dynamics given by constant a much faster than
the voltage subsystem. Then, the control input can be
written as:

1
h(z,z) = ;[a(z —27) +1(z,2%) = fal
where g, must be nonsingular.

(21)

To design the voltage subsystem, let us suppose that
current subsystem z is already in its equilibrium point z*
driven by (21). Hence, the control input can be written as:

u' = h(z,2%) = g2 (2, 2%) fa(, 27) (22)
Therefore, substituting z = z* and v = v/, we may obtain
the simplified model:

&= folw,2") = ga(x, 2797 ' (2, 27) f2(2, 27)

The control target here is to make x steer z*, so in (23) we
use z* to control z. Then, we suppose that exists a control
law z* = ho(x) where x can be asymptotically stabilized
at x*. We result in the following behavior:

(23)

& =blx —a") + ro(x, ") (24)
where b is a designed positive number and 7y is the
nonlinear part as proceeded in (20).

In order to calculate ha(x,z), we may use an additional
integrator for z* to be the control input of higher order
system without zero dynamics:

dz*
dt

(25)

:UZ

where the simplified system can be written as:

dz * *\ . — * *

E:fx(xvz )7.9&6(1'72 )gzl(x,z )fz(:n,z ) (26)
Consequently, the reference z* can be derived via feedback
linearization.

Remark: The use of singular perturbation to obtain the
simplified model is valid inside an operating region that is
given by the time scale ratio from the two subsystems.

3.3 Regenerative braking control
The proposed control design is now applied for the re-

generative braking system of the train. Hence, us can be
deduced as:

1
Us = Vi [Llﬁvlﬁ + VCl5 + R014IL16] (27)
Cia
where
vie = I7,, — Ki6(IL,s — I7,,) — Kf06 (28)

with Ky > 0 and K{; > 0, used to regulate the speed of
convergence of I, . Then, applying the control input (27)
in (13) we result in the simplified dynamics for V¢, :

Vo — Ve = Ve, 11,,[Ves + Rosli,

R14C14 C14Vey,

Considering V,, as the output, the calculation of its
derivative until finding the control input is v; = I L.+ The
following Lie derivatives can be deduced:

(29)

VCI4 = L}‘14h14(x) (30)

Veilf,, + Rosli, > 1
Ci4Ve,, 2 R14C14

VCM = VC]4 + (31)
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T Ve —
L6 YCi1s
Cl4VC14 16

1 * Ik
M(VCM +2Ro1517 )17,

Ver = L3, haa(x) + Ly, L}, haa(z)v, (32)

By introducing a synthetic input 6y, the input v; can be
designed as:

1
Lg14L}14h14(-T)
where the additional input is chosen using linear tech-
niques to give the desired dynamics for V¢, .

[0, — L3, h1a(z)] (33)

UVt =

Ht = _K14(VCI4 - V514) + K?4(Vcl4 - V514) (34)
where we can define the speed response of the voltage,
using Ki4 and K7 by pole placement and I} =~ can be

easily determined by integrating [ vdt = Iy .-

3.4 Supercapacitor control

The DC bus is regulated by the supercapacitor subsystem,
where the power balance is given by the stability of the
DC voltage: a complete stability analysis is developed to
ensure asymptotic stability of the whole system. A control
strategy similar to the one developed in Section 3.2 is
developed for the supercapacitor subsystem.

Here, it is possible to design the current I, to have
faster dynamics than voltage Vi, resulting in an explicit
time-scale separation. Using singular perturbation theory,
a simplified dynamics of Vi, is obtained where I, is
considered already in its desired value I7 = (see Perez et al.
(2018b)). Therefore, u; can be deduced as:

1

u =1+ [Lavz — Vo, + Ro1lL,] (35)
Co

— Kg(ILB — IZB) — K§a3

with positive K3 and K which are used to regulate the

convergence speeds of Ir,. Then, applying the control

input (35) in (2) results in simplified dynamics for Ve,:

Ik
V3 = IL3

1 Iy,
Vae — V¢
R202< d 02) CQVCZ

Ve, = Vo, — RouI7,] (36)

The following Lie derivatives can be then deduced:

Ve, = L}, ha()
Ve, = L3, ha(x) + Lg, L}, ha(x)vg

The chosen control input is vy = TZS, therefore we have
full state transformation with no zero dynamics:

V02 Vdc
vd VCl — 2R01]£3 |: 202 Rz VC’2 Cl
. 1 VCIIZ — R(nIL
AV _— 3 3 39
+ 02( T Vo (39)
vo = —Ko(Vo, — V3, + KS(Ve, = VE,)  (40)

We can define the speed of convergence for V,, allocating
the gains by pole placement to get slower voltage dynamics
for the simplified model (see Perez et al. (2018a)).

8.5 Stability Analysis

We may propose a Lyapunov function W to perform cal-
culations of the reference V7, such that V. is stabilized
in V.. The Lyapunov function is composed by the inter-
connection voltages of the MicroGrid to ensure stability of
those variables.

W = @Vdc Cs

ClZ

C
- Vér)z + 78(‘/08

C
+ j(Vblo

(VCS - Vég )2

(VCI2 Vce'lg) VCG’15)2 (41)

The derivative of W can be calculated as follows, where
Ve, is the degree of freedom used as the control input:

i VC*' — Vac Ves — Ve
W = Ve | -2 G
d [ 7 + 7 +
+VCS — Ve VClQ — Vae VCl5 - Vdc:| +
Ry Ry Ris

1
+(Ve, = VE) L%r(vdc —Ve,) + I, (1 — uz)} +

1
+(Ves — VE,) [Rg(vdc —Veg) + I, (1 — us)} +

Vae — Ve
+(VC12 - VCE’D) |:dl%12012 - IL13u4:| +
e Vdc - VC
w0 e[ e ]

In order to obtain asymptotic stable behavior, we investi-
gate the time derivative of W (see Khalil (2014)), where a

desired stable expression for W can be written as:

o VRV (Ve V)’
Ry R5
. (VCS - VCQ’g)Q . (VCI2 - VC6’12)2 . (VCIS - VCe’15)2{43)
Rg Ry Ris '

The control input Vg, is obtained from expression (43)
and can be expressed as:

N Rs Ve, — Ve
02 Vdc { V Vdc |: R5 +
Veg — Vae ch —Vae Voo, — Vdc:|
+ : +
Ry Ry Rys

1
~(Ver — V&) [R5<vdc CVE) 4 Iy (1— uzﬂ N

1
_(VCS — VCE’S) |:]%8(Vdc — Vg«g) + IL9(1 — U3):| +

Vie — Voo,
—(Vew, = VE,) [dc = IL13U4} +
Rio
Vie — Voo,
7(VC15 - VCe'ls) |:d}zcu + IL16:| +
15
_(VC5 B VCe'5)2 _ (VCS B VCe’s)2
R Rsg
Ve, —VELD)? (Vo — VE)?

_( Ci2 C12) _( Cis 015) } (44)

R12 R15
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Fig. 2. DC load current and solar irradiation.

The Lyapunov function in (41) results to be a ISS-like
Lyapunov function, where V; is playing the role of a
virtual input (see Iovine et al. (2018); Sontag (2008);
Krommydas and Alexandridis (2015)).

The control strategy for the battery, PV system and the
DC load are not presented here for lack of space, but the
control law of these systems are developed in Perez et al.
(2018a).

4. SIMULATION RESULTS

The proposed DC MicroGrid is implemented on Mat-
lab/Simulink to study the performance of the control
strategy developed in this paper. The supercapacitor has
50 F with 400 V of nominal voltage, resulting in 720 kW
nominal power rate. The lithium-ion battery has 150 kW
of nominal power with nominal voltage of 380 V. The
secondary controller allocates the battery to have a piece-
wise constant variation to save its life cycle. The PV
array is composed of 200 parallel cells and 15 series cells
of 60 W, resulting in 180 kWp of nominal power. The
MPPT algorithm used is the incremental conductance one.
The train has nominal voltage of 750 V', but during the
braking period the voltages increases very fast up to 800 V,
which results in a burst of power about 400 kW into the
MicroGrid. The DC load varies according to the power
demand with 100 kW of maximum consumption. The load
is supplied with 500 V. The DC/DC converters work with
10 kH z of switching frequency. Table 1 introduces the DC
MicroGrid parameters used on simulations.

Table 1. MicroGrid parameters

Cap | Battery | PV | DC load | Train Value
R R4 Ry Ri1 Rig 0.1 Q
C1 Cy Cr Ci1 Ciyg 1 mF
Ro Rs Rg Ri2 Ris 0.1
Ca Cs Cs Ri2 C1s 10 mF
Ro1 Roa Roz Ro11 Ro1s 10 m§2
Ro2 Ros Ros Ro14 Ro14 10 mQ

Fig. 2 depicts the variations on load current and solar
irradiation, used as simulation’s inputs to bring the DC
MicroGrid into nonlinear operating regions. The voltages
Vs, Ve, Vpy and Vr are introduced in Fig. 3. The
supercapacitor voltage Vg varies to regulate the mismatch
of power in the DC bus assuring voltage stability. The
battery is controlled with piecewise constant behavior
to provide power flow regulation in long term and the
PV voltage varies according to the irradiation profile.
The voltage on the train Vp remains constant in 750 V'
but during the regenerative braking period the voltage
increases up to 800 V.

430
415
400

385
411

Voltage [V]

410

409
300
290
280

270
790 i . T

780 - ub
770+ .

Voltage [V]

Voltage [V]

~
D
o
T
1

Voltage [V]

750

Tir'r18[s]

Fig. 3. Voltages Vs, Vg, Vpy and Vp respectively.
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Fig. 4. Currents Iy, Iry, I1y, 11,4 and Iy, respectively.

Fig. 4 introduces currents Ir,, Ir,, Ir,, I1,, and Iy, with
their respective control references. It can be seen that the
supercapacitor operates in fast dynamics to provide the
stability of the DC voltage. Reference I is continuously
varying to correct grid’s power mismatch. The battery
current Iy, follows its reference given by a higher control
level to slowly balance the power flow in the system.
Currents Iy, and I, varies according to the nonlinear
behavior of PV and DC load. The currents I, reacts
only during the regenerative braking period.

Figures 5 and 6 depict the voltages. The voltage V¢, is
the control input selected in the supercapacitor subsystem
to stabilize the DC bus voltage. The voltage on the DC
bus Vy. is controlled in a constant reference Vz. = 630 V,
such that the balance of power is guaranteed, allowing each
device of the system (Battery, PV, DC load and train) op-
erate according to their control targets. The voltage V. is
properly controlled, where the voltage presents fast control
response with good control performance. Therefore, it is
possible to accomplish the target to correctly feed the DC
load, where the voltage is controlled in the reference Ve
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with small transient variations. Finally, the voltage V¢,
on the train is controlled to allow the power generated by
the regenerative braking to be injected into the MicroGrid.
In the regenerative braking, the voltage of the train Vi
increases and the difference of voltage between Vp and
Ve,, allows the current flows into the MicroGrid, where
this fast peak of power is absorbed by the supercapacitor.
Fig. 6 introduces the remaining dynamics of the system,
voltages V., Ve,, Voo, Vo, and Vi,,. They are the
systems’ zero dynamics and according to the figure they
have stable behavior going to their equilibrium points.

5. CONCLUSION

This paper proposes a control strategy to allow regener-
ative braking power injection of a train line into a DC
MicroGrid while ensuring system stability. The superca-
pacitor’s target is to balance the power mismatch, mainly
due to the power burst caused by the train braking, while
the battery provides power flow regulation in long term.
The control scheme is based on singular perturbation the-
ory, where the system can be synthetically split in two
subsystems with different time-scale. The stability of the
systems is guaranteed with a strategy that greatly simpli-
fies the control design. Simulations of the whole system
highlight the control performance of the MicroGrid with
the regenerative train braking.
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