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Abstract— A low-level distributed nonlinear controller for a
DC MicroGrid integrated in a Smart Railway Station capable
to recover trains’ braking energy is introduced in this paper.
The DC MicroGrid is composed by a number of elements: two
different types of renewable energy sources (regenerative braking
energy recovery from the trains and photovoltaic panels), two
kinds of storages acting at different time scales (a battery and
a supercapacitor), a DC load representing an aggregation of all
loads in the MicroGrid, and the connection with the main AC
grid. The nonlinear model of the MicroGrid is introduced, and a
complete stability analysis is investigated to the purpose to meet
power balance and grid voltage stability requirements. An Input-
to-State Stability (ISS)-like Lyapunov function is obtained with
a System-of-Systems approach, and it is utilized to develop the
control laws for the converters in order to fulfill the dedicated
objective each of them has. Simulation results, showing the
desired grid behavior using the proposed nonlinear control
laws, are introduced and compared with classical Proportional
Integral (PI) linear controllers, with respect to performances and
parametric robustness. The DC MicroGrid is shown to be able to
operate braking energy recovery while performing load feeding
and renewable energy integration and guaranteeing a proper DC
voltage profile.

Index Terms— DC MicroGrids, grid stability, input-to-state
stability (ISS), Lyapunov methods, nonlinear control, railway
station, renewable source integration.

NOMENCLATURE

η Dynamics related to the DC bus interconnection.
μ Controlled dynamics of the supercapacitor sys-

tem.
ωr Grid frequency in [rad/s].
ξ1 Dynamics controlled by feedback linearization.
ξ2 Dynamics controlled by dynamical feedback lin-

earization.
ζ Zero dynamics.
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ILm Inductor current in [A], m = {3, 6, 9, 13, 16}.
Ild Direct current on AC grid in [p.u.].
Ilq Quadratic current on AC grid in [p.u.].
IL Current on DC load in [A].
Km.n Control gains.
L f,g Lie derivative.
r Reference vector.
ui Control input, i = {1, 2, 3, 4, 5, 6, 7}.
vm Additional control inputs.
VB Voltage on battery in [V ].
VCn Voltage on the capacitor Cn in [V ], where n =

{1, 2, 4, 5, 7, 8, 11, 12, 14, 15, 17}.
Vdc Voltage on the DC bus in [V ].
Vld Direct voltage on AC grid in [p.u.].
Vlq Quadratic voltage on AC grid in [p.u.].
VL Voltage on DC load in [V ].
VPV Voltage on PV array in [V ].
VS Voltage on supercapacitor in [V ].
VT Voltage on train system in [V ].
W Lyapunov function.
x Extended state variable.
xe Equilibrium point of x .
y Output control.
z1,2 Variable transformation for VC14 .

I. INTRODUCTION

THE continuing electric load growth along with modern
loads based on power converters remarked the necessity

to suit the system operation in electrical grids. In addition,
environmental issues related to the emission of pollution in
the atmosphere and the reduction of fossil fuel reserves has
brought the use of renewable energy sources. Renewable
energy is now the key for locally producing clean and inex-
haustible energy to supply the world’s increasing demand for
electricity. The intermittent characteristic of renewable energy
and its application through distributed generation resulted in
great impacts on power quality [1]–[3]. Direct Current (DC)
MicroGrids are attracting interest, thanks to their ability to
easily integrate modern loads, renewable sources, and energy
storages [4]–[9]. They also acknowledged the fact that most
renewable energy sources and storages use DC energy (as
photovoltaics (PVs) and batteries for example), and allow
the reduction in the number of power converters in the grid
with simpler topology. By doing this, they increase energy
efficiency and allow fast control of the grid.
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DC MicroGrids are an innovative solution to be used also
in transportation systems to integrate the advantages of energy
storage utilization [10]–[15]. Indeed, they can help to reach the
target of increasing the energy saving [16] and the capability
to compensate strong perturbations [17]. DC MicroGrids rep-
resent also a new possibility of integrating a different kind of
energy resource, which is due to the trains’ braking energy
recovery systems that regenerate this energy by providing
negative torque to the driven wheels. Then, the motor act as
a generator, injecting power to the grid. Since the generated
energy in regenerative braking is free from pollutant emission
and waste, it can be considered as an alternative energy
resource [18]–[20]. In a railway station, the regenerated energy
is usually transferred to the third rail in order to let nearby
trains utilize it. In case it cannot be used by other trains,
it is dissipated on resistors. The purpose of this paper is to
introduce a model and related control methods for a Smart
Railway Station able to store the regenerated energy in a
battery, allowing the option to become a market participant
and sell the energy (maybe providing also ancillary services
through a connection to the main AC grid) or simply to have
the energy available if needed [13].

Several results are available in the scientific literature about
an energy management system (EMS) for optimal management
of the regenerative energy [12], [21]–[23], but only few results
focus on the physical systems’ interconnection and on the
relative stability analysis [13], [24], [25]. Indeed, due to the
fact that they are well known in the scientific community
because of their simplicity, usually linear control techniques
based on proportional integral (PI) strategies are used: they do
not rely on a rigorous stability analysis [26]. Unfortunately,
the linear control is limited to a linearized model, which is
restricted to only one operating point. When dealing with
strong perturbations, as the impact of regenerative energy in
a MicroGrid, linear techniques may not be enough to solve
the question of general stability in a power system [27]–[29].
Thus, a nonlinear control approach is more suitable to
this purpose due to the nonlinear nature of the electrical
models [30]–[32].

For example, a complete nonlinear model of a DC distrib-
ution system driven by PI cascaded droop-based controllers
including a damping factor is developed in [33], where a
valid nonlinear stability analysis is conducted using Lyapunov
techniques. Also, small-signal stability studies are introduced
as in [34], where different DC loads and a supercapacitor
compose the DC networks of aircraft. Then, a large-signal-
stabilizing study is proposed to ensure global stability by
generating proper stabilizing power references for the whole
system. In [35], a simplified model of a small DC Micro-
Grid under droop control is addressed to reduce the com-
plexity of the nonlinear stability analysis, which is based
on the bifurcation theory, and a relation among grid para-
meters is provided. Several strategies for stability analysis
and stabilization techniques for DC MicroGrids are presented
in [28] and [29].

In this paper, a DC MicroGrid for a Smart Railway Station
equipped with renewables, as PVs and regenerative system,
storage devices, and loads is proposed, which is able to

connect or disconnect to the AC main grid, and the low-level
control laws needed to let the MicroGrid correctly operate are
introduced, together with a complete stability analysis. In the
considered framework, a device dedicated to train braking
energy recovery is added together with the conventional PV
source: the targets are to merge regenerate energy from the
trains (that can be very significant) to the one produced by
PV and to keep a desired voltage level for the DC bus.
The combination of the two renewable sources stresses the
system with respect to any kind of perturbation can take
place. As appropriate hypothesis of power availability for
the DC MicroGrid is taken into account, the AC network
does not contribute to the DC MicroGrid stability: it is
seen as a controllable load to be fed selecting the needed
amount of active power and reactive power. The stability
of the DC MicroGrid is ensured by different time scale
storage devices utilization (batteries and supercapacitors),
in order to obtain a flexible and reliable system in response
to the intermittent nature of the renewables: the batteries
have the duty to provide energy when it is missing from
the renewable sources, while the supercapacitors act to com-
pensate the power transient variations in power production or
consumption [36]–[38].

A System-of-Systems approach like the one introduced
in [27] is utilized to develop the controllers for letting each
converter carry out its task at the local level and for performing
whole system stability, similar to [32], [36], and [39]. Here,
the topology of some key converters has been reconsidered:
since low voltage and high energy density is desired for the
fast storage device due to usual standards and economical
reasons, a bidirectional boost converter (presenting nonmin-
imum phase characteristics in the control target variables)
is connected to the storage in charge of controlling the DC
bus [33]. Also, according to the application, reconsiderations
on the DC voltage bus value brought to the necessity of the
utilization of buck converters for the loads and the regenerative
system. The emerging model results to be more complex
to control with respect to the one in [32], and with the
necessity to use together several control tools as feedback
linearization [40], dynamic feedback linearization [41], and
input-to-stable stability (ISS) [42]–[44] to prove the stability
of the system as a whole. Furthermore, with respect to the
stability analysis in [36], the here used ISS-like Lyapunov
function produces less complex to implement control laws.
The proposed distributed nonlinear control technique is shown
to ensure better performances of the interconnected nonlinear
system with respect to linear control techniques, impacting
positively the power quality and allowing for the possibility
to perform a system’s operating region analysis [29].

This paper is organized as follows. In Section II,
the complete model of the DC MicroGrid grid-connected
is introduced, according to average models and Pulse-Width
Modulation (PWM) methods [30]. Then, in Section III,
the adopted analysis is carried out to satisfy stability require-
ments and to find the dedicated distributed nonlinear con-
trol law. Section IV provides the simulation results, with a
paragraph dedicated to explanation about how to physically
understand the meaning of the proposed control law and a
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Fig. 1. Considered MicroGrid framework.

comparison with classical linear control including parametric
robustness tests. In Section V, conclusions are provided.

II. DC MICROGRID

The considered DC MicroGrid is depicted in Fig. 1: it is
composed by two different types of renewable energy sources
(braking energy recovery from the trains and PV panels), two
kinds of storages acting at different time scales (a battery
and a supercapacitor), a DC load and the connection with
the main AC grid. The target is to assure voltage stability
in the DC grid and correctly feed power to the load while
absorbing power from the PV array and the braking energy
recovery system. To each component of the MicroGrid (PV
array, energy recovery system, battery, supercapacitor, and
load). a DC/DC converter is used, and a DC/AC one for the
AC grid connection. By applying the Kirchhoff law in the
MicroGrid circuit in Fig. 1, the dynamical equations for the
state space modeling of the whole system are obtained in (1)–
(19)

V̇C1 = 1

R1C1
VS − 1

R1C1
VC1 − 1

C1
IL3 (1)

V̇C2 = 1

R2C2
Vdc − 1

R2C2
VC2 + 1

C2
IL3(1 − u1) (2)

İL3 = 1

L3
VC1 − 1

L3
VC2(1 − u1) − R01

L3
IL3 (3)

V̇C4 = 1

R4C4
VB − 1

R4C4
VC4 − 1

C4
IL6 (4)

V̇C5 = 1

R5C5
Vdc − 1

R5C5
VC5 + 1

C5
IL6(1 − u2) (5)

İL6 = 1

L6
VC4 − 1

L6
VC5(1 − u2) − R04

L6
IL6 (6)

V̇C7 = 1

R7C7
VPV − 1

R7C7
VC7 − 1

C7
IL9 (7)

V̇C8 = 1

R8C8
Vdc − 1

R8C8
VC8 + 1

C8
IL9(1 − u3) (8)

İL9 = 1

L9
VC7 − 1

L9
VC8(1 − u3) − R08

L9
IL9

+ 1

L9
(R08 − R07)IL9u3 (9)

V̇C11 = 1

R11C11
VL − 1

R11C11
VC11 + 1

C11
IL13 (10)

V̇C12 = 1

R12C12
Vdc − 1

R12C12
VC12 − 1

C12
IL13 u4 (11)

İL13 = − 1

L13
VC11 + 1

L13
VC12u4 − R011

L13
IL13

− 1

L13
(R012 − R011)IL13u4 (12)

V̇C14 = 1

R14C14
VT − 1

R14C14
VC14 − IL16

C14
u5 (13)

V̇C15 = 1

R15C15
Vdc − 1

R15C15
VC15 + 1

C15
IL16 (14)

İL16 = 1

L16
VC14u5 − 1

L16
VC15 − R014

L16
IL16 (15)

İld = − Rl

Ll
Ild + ωr Ilq + 1

2Ll
VC17u6 − Vld

Ll
(16)

İlq = − Rl

Ll
Ilq − ωr Ild + 1

2Ll
VC17u7 − Vlq

Ll
(17)

V̇C17 = Vdc − VC17

R17C17
− 3

2C17

Ild Vld + Ilq Vlq

VC17

(18)

V̇dc = 1

C10

[
VC2 − Vdc

R2
+ VC5 − Vdc

R5
+ VC8 − Vdc

R8

+ VC12 − Vdc

R12
+ VC15 − Vdc

R15
+ VC17 − Vdc

R17

]
.

(19)
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Another important target to be accomplished is to save the
battery lifetime. Since the regenerative system introduces a
very high peak current in a very short time period, the battery
would be stressed if in charge of absorbing it and the lifetime
would be significantly reduced. The supercapacitor is chosen
to absorb this amount of power; indeed, thanks to its different
characteristics, its lifetime will not be affected as the battery
one. Power coming from the battery will then be modified
according to the new level of energy in the supercapacitor,
and according to a desired charge/discharge rate [45], [46].

Finally, this DC grid is used to provide ancillary services
of active and reactive powers to an AC grid. Two assumptions
are made: a higher level controller is supposed to provide ref-
erences to be accomplished by the local controllers [26], [47];
the second one is about a proper sizing of PV array, battery,
and supercapacitor in order to have feasible power balance
with respect to the sizing of the load and of the power coming
from the braking recovery system.

A. Supercapacitor Subsystem

The supercapacitor is an energy storage device, which is
used to improve power quality, due to its capability to provide
a fast response to grid oscillations. It has a high power
density and an increased life cycle while having a considerably
low energy density. The combination of such device with a
slower one allows to ensure proper control and management
strategies of the power flow, dealing with the multiple-time-
scale characteristic of DC MicroGrids [48]. Indeed, combining
the battery characteristics with the supercapacitor ones, it is
possible to have the supercapacitor acting to counteract to grid
transient variations, while the battery deals with the power
flow [49]. The considered supercapacitor is composed of 4
parallel and 18 series cells with 9 m� of equivalent DC
series resistance, resulting in 50 F of total capacitance, 420 V
of nominal voltage, and has 1.225 kWh of nominal energy
capacity.

A bidirectional-boost converter connects the supercapacitor
to the DC link. The average state-space model is introduced
in (1)–(3): here, VS is the supercapacitor’s voltage, VC1 is the
voltage of capacitor C1, VC2 is the voltage on capacitor C2,
and IL3 is the current on inductor L3. R1 and R2 are the
resistances representing the cable losses, while R01 and R02
are the switch losses of the semiconductors, where R01 = R02,
and u1 is the duty cycle of the converter.

In the following, we will consider IL3 as the output of the
subsystem (1)–(3) (relative degree equal to 1), and VC1 and
VC2 the zero dynamics. The control target will be to properly
let the voltage VC2 track a desired trajectory, which is V e

C2
,

in order to accomplish the aforementioned duty of ensuring
voltage stability. The choice of controlling directly the current
is done according to a common practice in power systems
community and the physics of the device. Indeed, to directly
control the voltage would bring several difficulties that come
from the characteristics of the system. These difficulties can
be dealt with by creating a multi-time-scale behavior on the
system by the control scheme, since the current dynamics can
be designed to be faster than the voltage one [40], [50]–[52].

To directly control the voltage would result in an oscillating
behavior because of the nonminimum phase characteristics
of the subsystem [40], [53]. Then, the dynamic feedback lin-
earization technique is used (see [41], [54]), as in [52].

B. Battery Subsystem

The battery is a storage device which is usually used
as energy reservoir. Here, an ion-lithium battery bank is
considered. Compared to other battery technologies, this kind
of battery has a higher energy density, longer life cycle, and
absence of memory effect [5], [55]. The target of the battery
is to regulate the power flow in the system according to a
reference given by the secondary control level. A proper sizing
is mandatory for the battery to be able to inject or absorb the
needed amount of power. A piecewise constant power supply
is demanded for maximizing the lifetime. The chosen battery
has 380 V of nominal voltage, current capacity of 1000 Ah,
and nominal discharge current of 434 A, resulting in 380 kWh
of energy capacity and 165 kW of nominal power.

A bidirectional-boost converter is used to integrate the
battery in the MicroGrid. The average state-space model of
the battery converter is introduced in (4)-(6): where VB is the
battery’s voltage, VC4 and VC5 are the voltages on capacitors
C4 and C5, respectively, and IL6 is the current on the inductor
L6. R4 and R5 are the resistances representing the cable losses,
while R04 and R05 are the switch losses of the semiconductors,
where R04 = R05. u2 is the duty cycle of the converter.

In the following, we will consider IL6 as the output of the
subsystem (4)–(6), and VC4 and VC5 the zero dynamics. As for
the battery, the relative degree of the system is 1, but since the
control target is to properly reach a desired current reference
for IL6 , i.e., I ∗

L6
, the classical feedback linearization technique

can be used [40].

C. PV Subsystem

The PV is the main generation in the considered MicroGrid,
and it is obviously scaled according to the MicroGrid’s load.
The incremental conductance algorithm is applied to track the
reference for the PV array in the maximum power point. This
method is one of the classical maximum power point track-
ing (MPPT) algorithms and is characterized by fast response
and simple design [56], [57]. The MPPT algorithm is chosen
to be used as the reference to PV’s control strategy optimizing
the power generation in the MicroGrid. The PV array model
is composed by 15 modules in series and 100 modules
in parallel of Kyocera SM48-KSM model, which generates
72 kW in nominal conditions (1000 W/m2 irradiation and
25 ◦C temperature). Its open-circuit voltage is 342 V.

A boost converter connects the PV to the DC bus. The
state-space model of the PV converter is presented in (7)–(9):
where VPV is the panel’s voltage, VC7 is the voltage on
capacitor C7, VC8 is the voltage on capacitor C8, while IL9 is
the current on the inductor L9. R7 and R8 are the resistances
representing the cable losses, and R07 and R08 are the switch
losses of the semiconductors. u3 is the duty cycle of the
converter.
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In the following, IL9 is considered as the output of the sub-
system (7)–(9). Since the control target is to follow the current
reference I ∗

L9
, similar considerations to the case of the battery

subsystem can be done.

D. Load Subsystem

The general DC load in the MicroGrid represents lights,
ventilation, heating, and electrical vehicles, as an aggregation
of the power demand in the smart train station. The load
is piecewise time variant, shifting the power according to
the required demand [58], where the voltage deviation is not
allowed to exceed the grid limits. The DC load connected via a
DC/DC converter is an adequate representation for modern DC
distribution systems, since it represents a significant portion of
the total load in DC networks [33]. The main load requirement
is to maintain its voltage inside of the grid requirements
(normally ±5%). The nominal load voltage is set to be 500 V
and the maximum power consumption is 62.5 kW.

The load converter is a buck one. The state-space model is
introduced in (10)–(12): where VL is the load voltage, VC11 and
VC12 are the voltages on capacitor C11 and C12, respectively,
and IL13 is the current on the inductor L13. R11 and R12 are the
resistances representing the cable losses, and R011 and R012
are the switch losses of the semiconductors. u4 is the duty
cycle of the converter. The load is represented as a variable
current source IL with a fixed resistance in parallel RL . The
variations in the current source represent the load demand
variations and are related to the load voltage as follows:

VL = RL

R11 + RL
(VC11 − R11 IL). (20)

In the following, VC11 is the output of the subsystem
(10)–(12). According to its structure, the relative degree of
the subsystem is 2, and there is only a zero dynamics, which
is VC12 . Feedback linearization can be used to properly control
the voltage VC11 to follow a desired reference V ∗

C11
.

E. Train’s Recovery Braking Energy Subsystem

A train line can recover energy through regenerative braking
when the train motor occasionally becomes a generator by
producing a counter-torque in the electrical motor [19]. The
braking energy recovery system is a renewable energy source,
and the perturbation it introduces is different with respect
to the usually considered ones. Indeed, it introduces a high
level of current in a short-time period [14], [15], [59] in a
predictable way. However, this intermittent high power peak
can cause instability in a MicroGrid context; to avoid it,
the supercapacitor has the duty to absorb the transient peak of
energy [17], [24], [49], [60]. As a consequence, the battery is
less stressed.

A voltage source VT around 750 V models the train DC bus;
when the regenerative braking takes place, the voltage of the
train line increases to reach the values around 900 V. A buck
converter is exclusively dedicated to the energy recovery,
connecting the train line to the DC MicroGrid. The load of
the train is fed by one or more others converters and they are
independent: train’s load is not included in the regenerative

braking system. This system recovers the braking energy
instead of wasting it, and also helps the train’s grid to keep its
voltage inside desired operational margins. The target of the
converter is to keep its voltage to the constant value of the
train line, resulting in a power injection of approximately 0.5
up to 1.0 MW in a few seconds when the regenerative energy
is recovered.

The state-space model of the regenerative energy subsystem
including the buck converter is presented in (13)–(15). Here,
VT is the train’s line voltage source, VC14 is the voltage on
capacitor C14, VC15 is the voltage on capacitor C15, and IL16

is the current on inductor L16. R14 and R15 are the resistances
representing the cable losses, and R014 and R015 are the switch
losses of the semiconductors, considering: R014 = R015. u5 is
the duty cycle of the converter.

In the following, we will consider IL16 as the output of
the subsystem (13)–(15), and the two voltages are the zero
dynamics. Since the control target is to track a constant
reference for VC14 , similar considerations for the case of the
supercapacitor subsystem are done, and dynamic feedback
linearization is used [52].

F. Connection to the AC Grid

A connection with a main AC grid is included in the
considered MicroGrid, with the possibility to supply active
and reactive powers according to the grid demand. From the
MicroGrid point of view, it results as to supply an AC load,
ensuring power supply to the network. The connection is done
through a three-phase AC bus of 400 V rms and ωr = 50 Hz
of the fundamental frequency. The equivalent impedance of
the grid is Ll = 0.5 mH and Rl = 2 m�, and the short-circuit
power is Psc = 50 MVA.

Equations (16)–(18) represent the state-space model of the
Voltage Source Converter (VSC) connecting the MicroGrid
with the main grid. The synchronous dq reference frame
is chosen such that the d-axis is fixed to the AC voltage,
i.e., Vld = Vl,rms and Vlq = 0. Ild and Ilq are the direct
and quadratic currents in the AC line, respectively, and Vld

and Vlq are the related direct and quadratic voltages on the
AC grid using Park’s transformation [61]. VC17 is the voltage
on capacitor C17, and R17 is the cable losses in the VSC. The
modulation indexes u6 and u7 are the control inputs: they are
bounded by (u2

6 + u2
7)

1/2 ≤ 1.
In the following, Ild and Ilq will be the outputs of the sub-

systems, and VC17 the zero dynamics. Feedback linearization is
used to meet the control target, i.e., to let the outputs reach two
decoupled current references I ∗

ld and I ∗
lq . They are obtained by

given power references P∗
l and Q∗

l , as in [51]

I ∗
ld = 2

3

P∗
l

Vld
, I ∗

lq = −2

3

Q∗
l

Vld
. (21)

G. DC Bus

The DC bus is the point of common coupling (PCC) among
the devices, and it represents the interconnection of different
subsystems. This node is represented by the capacitor C10
in Fig. 1, and its dynamical behavior Vdc is introduced in (19).



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

6 IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY

It is not directly controllable by any control inputs; then,
we will consider it as a zero dynamics of the whole system.
The control target is to fix a certain reference voltage V ∗

dc for
the DC bus; the control law of the supercapacitor subsystem
will be developed to this purpose.

H. Hierarchical Control Structure

A hierarchical control structure is considered in this
work [26], [28]. While the low-level controllers for the con-
verters are here introduced, their needed references are sup-
posed to be provided by a higher secondary level controller,
which development is out of the scope of this work. The
references for the voltages of DC bus, DC load, and regen-
erative system are fixed and chosen a priori: they are V ∗

dc,
V ∗

C11
, and V ∗

C14
, respectively. The current reference I ∗

L9
for the

PV is given by the incremental conductance MPPT algorithm,
in order to address the maximum power point for the PV. The
reference of active and reactive powers to be provided to the
AC grid are I ∗

ld and I ∗
lq , while the one for the battery is I ∗

L6
.

These references are supposed to be calculated with an optimal
power flow controller, considering grid codes, the physical
constraints of the devices given by their sizes and the needs
of the MicroGrids, as in [47] and [62]. The reference vector is

r = [
I ∗

L6
I ∗

L9
V ∗

dc V ∗
C11

V ∗
C14

I ∗
ld I ∗

lq

]
. (22)

Part of the contribution of this paper relies on the develop-
ment of control laws for stabilizing the dynamics introduced
in (1)–(19) with respect to given references, introduced in (22).
Furthermore, a complete rigorous analysis of the DC Micro-
Grid is implemented, proving the stability of the whole system
and answering to the following problem.

Problem 1: Given the equations in (1)–(19), and supposing
the given references in (22) to fulfill the steady-state stability
conditions (i.e., to correctly satisfy power balance in steady-
state), the development of dedicated control law u1, . . . , u7
such to ensure grid stability is needed.

III. CONTROL STRATEGY

This section describes the control design for each subsystem
composing the entire system and provides a stabilization
analysis for the whole grid.

A. Preliminaries

Let us consider the extended state x , the respective equilib-

rium point xe, the output y and the error x̃
�= x − xe

x = [ξ1 ξ2 η μ ζ ]T (23)

xe = [ξ e
1 ξ e

2 ηe μe ζ e ]T (24)

y = [yμ yξ1 yξ2 ]T (25)

where

ξ1 = [IL6 α6 IL9 α9 Ild αd Ilq αq ] (26)

ξ2 = [VC11 α11 IL13α13 VC14 V̇C14 IL16 α16] (27)

η = [VC5 VC8 VC12 VC15 VC17 Vdc] (28)

μ = [VC2 V̇C2 IL3 α3 ], ζ = [VC1 VC4 VC7] (29)

ξ e
1 = [

I ∗
L6

0 I ∗
L9

0 I ∗
ld 0 I ∗

lq 0
]

(30)

ξ e
2 = [

V ∗
C11

0 I e
L13

0 V ∗
C14

0 I e
L16

0
]

(31)

ηe = [
V ∗

C5
V ∗

C8
V ∗

C12
V ∗

C15
V ∗

C17
V ∗

dc

]
(32)

μe = [
V e

C2
V̇ e

C2
I e

L3
0

]
, ζ e = [

V ∗
C1

V ∗
C4

V ∗
C7

]
(33)

yμ = [y1] = [IL3], yξ2 = [y6 y7] = [
VC11 IL16

]
(34)

yξ1 = [y2 y3 y4 y5] = [IL6 IL9 Ild Ilq]. (35)

The equations of IL J , with J = {3, 6, 9, 13, 16, d, q},
and VCI , with I = {1, 2, 4, 5, 7, 8, 10, 11, 12, 14, 15, 17},
are introduced in (1)–(19), while the terms αH , with H =
{3, 6, 9, 11, 13, 16, d, q}, are integral terms ensuring zero error
in steady state and are governed by the following equations:

α̇3 = IL3 − I e
L3

; α̇6 = IL6 − I ∗
L6

(36)

α̇9 = IL9 − I ∗
L9

; α̇11 = VC11 − V ∗
C11

(37)

α̇13 = IL13 − I e
L13

; α̇16 = IL16 − I e
L16

(38)

α̇d = Ild − I ∗
ld ; α̇q = Ilq − I ∗

lq . (39)

Here, ξ1 is composed by the directly controllable dynamics
that have a fixed reference and are the outputs of their subsys-
tems, together with their related integral error terms. ξ2 is com-
posed by the controllable dynamics of subsystems (10)–(12)
(using feedback linearization) and (13)–(15) (using dynamical
feedback linearization), the related integral error terms and
the time derivative of VC14 , which is needed for the control
purposes. Moreover, η is composed by the zero dynamics
dealing with the system interconnection. Then, μ is composed
by the controllable dynamics of the subsystem (1)–(3) (using
dynamical feedback linearization), an integral error term and
the time derivative of VC2 . Finally, ζ is composed by the
remaining zero dynamics.

The values of the equilibrium point are either provided
by the higher level controller in (22), either obtained by
solving (1)–(19), for VCI , I = {1, 4, 5, 7, 8, 12, 15, 17}, and
(36)–(39) in steady state, given (22). Finally, the trajecto-
ries V e

C2
, I e

L3
, I e

L13
, and I e

L16
are obtained by backstepping

(V e
C2

), feedback linearization (I e
L13

), and dynamical feedback
linearization (I e

L3
and I e

L16
) techniques to meet the control

purpose

V e
C2

= Vdc + K10

Vdc

(
V ∗

dc
2 − V 2

dc

) − R2�dc

− R2

Vdc
[�5 + �8 + �12 + �15 + �17 + �W ]

(40)

I e
L3

=
∫

1

Lg2 L1
f2

(
VC2

) [
θd − L2

f2

(
VC2

)]
dt (41)

I e
L13

= VC11 − VL

R11
− C11

[
K11

(
VC11 − V ∗

C11

) + K α
11α11

]
(42)

I e
L16

=
∫

1

Lg14 L1
f14

(VC14)

[
θt − L2

f14

(
VC14

)]
dt (43)

with

�5 = (
VC5 − V e

C5

) [
Vdc − VC5

R5
+ IL6(1 − u2)

]
(44)
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�8 = (
VC8 − V e

C8

) [
Vdc − VC8

R8
+ IL9(1 − u3)

]
(45)

�12 = (
VC12 − V e

C12

) [
Vdc − VC12

R12
− IL13u4

]
(46)

�15 = (
VC15 − V e

C15

) [
Vdc − VC15

R15
+ IL16

]
(47)

�17 = (
VC17 − V e

C17

) [
Vdc − VC17

R17
− 3(Ild Vld + Ilq Vlq )

2VC17

]

(48)

�dc = VC5 − Vdc

R5
+ VC8 − Vdc

R8
+ VC12 − Vdc

R12

+ VC15 − Vdc

R15
+ VC17 − Vdc

R17
(49)

�W = −
(
VC5 − V e

C5

)2

R5
−

(
VC8 − V e

C8

)2

R8
−

(
VC12 − V e

C12

)2

R12

−
(
VC15 − V e

C15

)2

R15
−

(
VC17 − V e

C17

)2

R17
(50)

where

Lg2 L1
f2

(
VC2

) = 1

C2VC2

(
VC1 − 2R01 I e

L3

)
(51)

Lg14 L1
f14

(
VC14

) = 1

C14VC14

(
VC15 + 2R014 I e

L16

)
(52)

L2
f2
(VC2) = I e

L3

C2VC2

V̇C1 + V̇dc

R2C2

−
[

1

R2C2
+ VC1 I e

L3
− R01 I e

L3

2

C2VC2
2

]
V̇C2

(53)

L2
f14

(
VC14

) = I e
L16

C14VC14

V̇C15

−
[

1

R14C14
− VC15I

e
L16

+ R014 I e
L16

2

C14VC14
2

]
V̇C14

(54)

θd = V̈ e
C2

− K2
(
V̇C2 − V̇ e

C2

) − K α
2 (VC2 − V e

C2
)

(55)

θt = −K14
(
V̇C14

) − K α
14

(
VC14 − V ∗

C14

)
. (56)

For lack of space, no further details will be provided on the
selection process of these trajectories. An explanation will be
given in the formal stability proof, which is introduced in a
constructive way. However, details on the used techniques can
be found in [40] and [41].

B. Control Inputs

The control inputs u1, u2, u3, u4, u5, u6, u7 are designed
by feedback linearization, dynamical feedback linearization,
and Lyapunov technique as follows. For the lack of space,
the design procedure is not introduced in detail (see [40]);
however, some calculations are provided together with the
complete stability analysis. The developed control laws are

u1 = 1 + 1

VC2

[L3v3 − VC1 + R01 IL3] (57)

u2 = 1 + 1

VC5

[L6v6 − VC4 + R04 IL6] (58)

u3 = L9v9 − VC7 + VC8 + R08 IL9

VC8 − (R08 − R07)IL9

(59)

u4 = L13v4 + VC11 + R011 IL13

VC12 − (R012 − R011)IL13

(60)

u5 = 1

VC14

[L16v16 + VC15 + R014 IL16] (61)

u6 = 2

VC17

[Llvid + Rl Ild − ωr Ll Ilq + Vld ] (62)

u7 = 2

VC17

[Llviq + Rl Ilq + ωr Ll Ild + Vlq ] (63)

with

v3 = İ e
L3

− K3
(
IL3 − I e

L3

) − K α
3 α3 (64)

v6 = −K6
(
IL6 − I ∗

L6

) − K α
6 α6 (65)

v9 = −K9
(
IL9 − I ∗

L9

) − K α
9 α9 (66)

v4 = v13 +
(

1

R11
− C11 K11

)
v11

−C11K α
11

(
VC11 − V ∗

C11

)
(67)

v11 = −K11
(
VC11 − V ∗

C11

) − K α
11α11 (68)

v13 = İ e
L3

− K13
(
IL13 − I e

L13

) − K α
13α13 (69)

v16 = İ e
L16

−K16
(
IL16 − I e

L16

) − K α
16α16 (70)

vid = −Kd
(
Ild − I ∗

ld

) − K α
d αd (71)

viq = −Kq
(
Ilq − I ∗

lq

) − K α
q αq . (72)

The control inputs are bounded: ui ∈ [0, 1], i ∈
{1, 2, 3, 4, 5}, and (u2

6 + u2
7)

1/2 ≤ 1. Let us consider the set
�xe of all possible values of the equilibrium point xe and
the set �K of all possible positive values of the gains Ki ,
K α

i , i ∈ {3, 6, 9, 10, 11, 13, 16, d, q}, such that the physical
constraints of the converters are not violate. Given xe ∈ �xe ,
let us consider the set �RL of all the possible values of RL

and IL such that the condition of balance of power is satisfied.
Such condition can be expressed by

V e
C2

− V ∗
dc

R2
+ V ∗

C5
− V ∗

dc

R5
+ V ∗

C8
− V ∗

dc

R8

+ V ∗
C12

− V ∗
dc

R12
+ V ∗

C15
− V ∗

dc

R15
+ V ∗

C17
− V ∗

dc

R17
= 0. (73)

Let us, furthermore, consider the set �x̃ of any evolution
of x̃ satisfying for each t the conditions

VC2 > 0; VC5 > 0; VC8 − (R08 − R07)IL9 > 0

VC14 > 0; VC17 > 0; VC12 − (R012 − R011)IL13 > 0. (74)

C. Stability Analysis

The main result can now be formulated as follows.
Theorem 1: Given xe ∈ �xe , RL , IL ∈ �RL , Ki , K α

i ∈
�K , the control laws u1, u2, u3, u4, u5, u6, u7 introduced
in (57)–(63) solve the Problem 1, since there exist suitable
functions ω ∈ KL and γ ∈ K such that

�x̃(t)� ≤ ω(x̃(0), t) + γ
(
V ∗

dc

)
(75)

provided that x̃ ∈ �x̃ .
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Proof: The proof is based on the development
of a Lyapunov function W for the whole system x̃
(see [27], [32], [36]). Such Lyapunov function is composed
by several Lyapunov functions

W (x̃(t)) = Wx̃ = Wξ̃1
+ Wξ̃2

+ Wη̃ + Wμ̃ + Wζ̃ > 0. (76)

In the following, the proof is structured according to
the introduction of the extended states ξ1, ξ2, η, μ, and
ζ . For each of them, a Lyapunov function is provided,
aiming at showing stability for the overall system. Wξ̃1
and Wξ̃2

will be the first pieces, since their dynamics are
directly controllable with respect to a fixed given reference.
The focus will move on the zero dynamics involved in
the systems’ interconnection, with Wη̃, and how to control
such interconnection, with Wμ̃. Finally, the stability analy-
sis is provided for the remaining zero dynamics considered
by Wζ̃ .

Classical input–output feedback linearization technique
is used to calculate the control inputs in (58), (59), (62),
and (63), according to the output yξ1 (see [40]). Consequently,
the following Lyapunov function Wξ̃1

can be used to prove
stability of ξ1:

Wξ̃1
= W6 + W9 + Wd,q > 0 (77)

where

W j = 1

2

(
IL j − I ∗

L j

)2 + K α
j

2
α2

j > 0, j ∈ {6, 9} (78)

Wd,q = 1

2

((
Ild − I ∗

ld

)2 + (
Ilq − I ∗

lq

)2

+ K α
d α2

d + K α
q α2

q

)
> 0. (79)

Using the control inputs in (58), (59), (62), and (63),
the related time derivatives are calculated as

Ẇ j = −K j
(
IL j − I ∗

L j

)2 ≤ 0, j ∈ {6, 9} (80)

Ẇd,q = −Kd
(
Ild − I ∗

ld

)2 − Kq
(
Ilq − I ∗

lq

)2 ≤ 0. (81)

From Ẇ6 ≤ 0, it results W6(t) ≤ W6(0), which implies
that IL6 − I ∗

L6
and α6 are bounded, thanks to Lyapunov

theorem. Consequently, it can be shown that Ẅ6 is bounded
as well. Then, Ẇ6 is uniformly continuous in time. At this
point, by applying Barbalat’s lemma, it is possible to establish
that Ẇ6 → 0 as t → ∞: ergo (IL6 − I ∗

L6
) → 0 and

α6 → 0 [40]. The same is valid for Ẇ9 and Ẇd,q with respect
to Ẅ9 and Ẅd,q .

Asymptotic stability is then proved for the errors con-
sidered in (77), thanks to (80), (81) and Barbalat’s lemma.
We will continue in a similar way for the remaining Lyapunov
functions.

We continue the analysis by focusing on Wξ̃2

Wξ̃2
= W11,13 + W14 + W16. (82)

First, classical input–output feedback linearization is used
for obtaining the control input in (60) that leads to a positive
definite W11,13 with a negative semidefinite Ẇ11,13, ensuring

stability according to the same argumentations used for (78),
(79), (80), and (81)

W11,13 = 1

2

(
VC11 − V ∗

C11

)2 + K α
11

2
α2

11

+1

2

(
IL13 − I e

L13

)2 + K α
13

2
α2

13 > 0 (83)

Ẇ11,13 = −K11
(
VC11 − V ∗

C11

)2 − K13
(
IL13 − I e

L13

)2 ≤ 0.

(84)

Next, the dynamical feedback linearization is used to calcu-
late the control input (61) based on (43); indeed, the reference
I e

L16
in (43) is calculated in a way such there exists W14 > 0

with a Ẇ14 < 0, where

W14 = 1

2

(
VC14 − V ∗

C14

)2 + 1

2
V̇ 2

C14
> 0. (85)

This can be shown using a change of variable, where
z1 = VC14 and z2 = V̇C14 . The resulting system would be⎧⎨

⎩
ż1 = z2

ż2 = L2
f14

+ Lg14 L1
f14

d I e
L16

dt

(86)

and, considering (d I e
L16

/dt) as a control input, the chosen
value in (43) allows to obtain a linear stable system with
respect to the desired equilibrium{

ż1 = z2

ż2 = −K14z2 − K α
14

(
z1 − z∗

1

)
.

(87)

From (87), it is possible to calculate the proper time
derivative of the Lyapunov function in (85) such that

Ẇ14 < 0. (88)

Then, the control input in (61) correctly operates the track-
ing of the calculated reference in (43), as it can be shown
by calculating the time derivative of the following Lyapunov
function W16:

W16 = 1

2

(
IL16 − I e

L16

)2 + 1

2
K α

16α
2
16 > 0 (89)

Ẇ16 = −K16
(
IL16 − I e

L16

)2 ≤ 0. (90)

In the same way as for (78) and (80), in the case of
Ẇ16, asymptotic stability can be proven by Barbalat’s lemma
utilization with the calculation of Ẅ16.

The control input u1 represents the remaining degree of
freedom of the system: it is then designed with the purpose to
control the interconnection of the whole system. To analyze
the stability of such interconnection, the Lyapunov function
Wη̃ is introduced to perform calculations of the reference for
VC2 to be applied by u1 in order to control the interconnections

Wη̃ = C10

2
V 2

dc + C5

2

(
VC5 − V ∗

C5

)2

+C8

2

(
VC8 − V ∗

C8

)2 + C12

2

(
VC12 − V ∗

C12

)2

+C15

2

(
VC15 − V ∗

C15

)2 + C17

2

(
VC17 − V ∗

C17

)2
> 0.

(91)
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The time derivative can be calculated as

Ẇη̃ = Vdc

(
1

R2
(VC2 − Vdc) + �dc

)

+ �5 + �8 + �12 + �15 + �17 (92)

where the term representing the available degree of freedom,
i.e., VC2 , is clearly indicated, and the others are defined
in (44)–(49). Then, by backstepping, supposing the dynamics
of VC2 matches its reference calculated in (40), the function
Ẇη̃ can be written as

Ẇη̃ = K10

R2
V ∗

dc
2 − K10

R2
V 2

dc −
(
VC5 − V ∗

C5

)2

R5

−
(
VC8 − V ∗

C8

)2

R8
−

(
VC12 − V ∗

C12

)2

R12

−
(
VC15 − V ∗

C15

)2

R15
−

(
VC17 − V ∗

C17

)2

R17
. (93)

The Lyapunov function in (91) results to be a ISS-like
Lyapunov function [42], [63], [64], as explained at the end of
the proof.

Here, VC2 is considered as the control input, and by tracking
its reference trajectory V e

C2
in (40), it can regulate Vdc and

assure stability for the considered dynamics. The extended
state μ is studied to obtain convergence of VC2 to V e

C2
. Then,

using the control input in (57), the trajectory in (41) and
defining a Lyapunov function Wμ̃ as

Wμ̃ = W2 + W3 (94)

where

W2 = 1

2

(
VC2 − V e

C2

)2 + 1

2

(
dVC2

dt
− dV e

C2

dt

)2

> 0 (95)

W3 = 1

2

(
IL3 −

∫ d I e
L3

dt

)2

+ 1

2
K α

3 α2
3 > 0. (96)

Stability is proven with arguments similar to the ones used
for (85), (86), (87), and (88), considering a state-dependent
trajectory and its time derivatives V̇ e

C2
and V̈ e

C2
, obtaining

Ẇ2 < 0; Ẇ3 = −
(

IL3 −
∫ d I e

L3

dt

)2

≤ 0. (97)

Let us finally focus on the states that represent the remaining
zero dynamics of the system. To show their stability, the Lya-
punov function Wζ̃ is used and the controlled dynamics are
considered already on their equilibrium point

Wζ̃ = W1 + W4 + W7 (98)

W j = 1

2
C j

(
VC j − V ∗

C j

)2
> 0, j ∈ {1, 4, 7}. (99)

By (1), (4), and (7), it is easy to show that

Ẇ j = − 1

R j

(
VC j − V ∗

C j

)2
< 0, j ∈ {1, 4, 7} (100)

assuring asymptotic stability for these zero dynamics.
From (77), (82), (91), (94), and (98), we can state that there

exist functions α, α ∈ K∞ such that α(|x̃ |) ≤ Wx̃ (η) ≤ α(|x̃ |)

TABLE I

MICROGRID PARAMETERS

for Wx̃ in (76). From (80), (81), (84), (88), (90), (93), (97),
and (100), we can state that

Ẇx̃
(
x̃, V ∗

dc

) ≤ −βx̃(|x̃ |) + γx̃
(|V ∗

dc|
)

(101)

with βx̃ , γx̃ ∈ K∞, and V ∗
dc playing the role of a virtual

input [39], [42], [63]. From (101), inequality in (75) follows.
�

Remark 1: ISS stability is practically accepted for the pro-
posed application domain [65], [66]. However, the stronger
stability results can be derived from the proposed analysis
by the passivity-based considerations, as in [33] and [67].
Also, the domain of attraction and the convergence to the
equilibrium can be better defined as depending on the pro-
posed Lyapunov function and the control gains, according
to [43], [44]. Numerical methods as the one proposed in [68]
can be used for computing the reachable set.

IV. SIMULATION RESULTS

The DC MicroGrid model for a Smart Railway Station
proposed in Fig. 1 has been implemented with the SimPower-
Systems toolbox of MATLAB/Simulink. The used parameters’
values are introduced in Table I. The switching frequency of
the DC/DC converters is 10 kHz while the VSC converter
is 20 kHz. Here, a simulation of the introduced nonlinear
control laws is presented, and a comparison with the classical
linear technique is proposed. The simulation time is 30 s:
during this time, both the conditions of having or not having
regenerative energy from the braking recovery system is
proposed.

A. Proposed Nonlinear Control

Here, the proposed nonlinear control is shown to be capable
to stabilize the DC MicroGrid. Fig. 2 introduces the incident
irradiation on the PV system and the current variation in
the DC load, respectively. They represent, in a realistic way,
the time-varying disturbances impacting the system. These
variations are used to test the control system performance
when several nonlinearities characteristics take place. Panel
temperature is kept constant during the simulation time; the
current values are negative since the load is absorbing power
from the MicroGrid.

The voltages VS , VB , VPV , and VT , of supercapacitor,
battery, PV array, and train, respectively, are depicted in Fig. 3.
While VS has important variations, highlighting the charge and
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Fig. 2. PV incident irradiance and the demanded dc load current, respectively.

Fig. 3. Voltages VS , VB , VPV , VT , of the supercapacitor, battery, PV array,
and train, respectively.

Fig. 4. Currents IL3 , IL6 , and IL9 and their references I e
L3

, I∗
L6

, and I∗
L9

.

discharge of the supercapacitor, VB is not affected by the same
problems as expected, since the references provided by the
higher level controller allow for a lower charge/discharge rate.
The voltage VPV varies according to the incident irradiation
in Fig. 2. The voltage VT produces a high-voltage peak in a
short-time period due to the regenerative braking.

The currents IL3 , IL6 , and IL9 , respectively, related to the
supercapacitor, battery, and PV array subsystem, are depicted
in Fig. 4. They are shown to correctly follow their references
given by the higher level controller, as for I ∗

L6
from the power

flow model or I ∗
L9

by the MPPT algorithm, or calculated such
that to keep DC bus voltage stability, as for I e

L3
, which depends

on the desired value of V e
C2

for VC2 (see Fig. 5). The reference
V e

C2
is calculated for having a proper regulation of the voltage

in the DC bus, and it is a function of several state variables,
as shown in (40), and on the way it is controlled, as shown
in (41).

The obtained reference V e
C2

, together with the consequent
dynamics of IL3 , is shown to correctly be capable to perform

Fig. 5. Voltage VC2 and its nominal reference V e
C2

.

Fig. 6. DC bus voltage Vdc and its reference V ∗
dc.

Fig. 7. DC load voltage VC11 and its reference V ∗
C11

.

Fig. 8. Currents IL13 , IL16 , and IR17 with their respective references I e
L13

and ILe
16

.

DC bus voltage regulation to the desired value V ∗
dc in Fig. 6.

The effects of such fast control response to the grid variations
are such that the transient peaks are lower than 2.4% of the
nominal value.

To better highlight the quality of the proposed control
action, a more detailed description of the involved power
sources and power load are needed. The DC load profile has
been introduced in Fig. 2. Fig. 7 shows the effectiveness of
the proposed control action for DC load voltage regulation,
resulting in the requested current IL13 depicted in Fig. 8.
It is calculated according to the current demanded by DC
load. The obtained load voltage successfully meets the grid
code requirements (±5%). Fig. 8 also describes the renewable
power profile of the braking regenerative system, IL16 , and
the current flowing to the AC grid through the VSC, IR17 .
The profiles of the current IL16 and its reference I e

L16
are a

consequence of the desired reference for VC14 , i.e., V ∗
C14

, and
the proper control of such dynamics (see Fig. 9). Indeed, since
VT increases very fast during brake recovery peaks, to control
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Fig. 9. Voltage VC14 and its reference V ∗
C14

ensuring the injection of power
from the regenerative system.

Fig. 10. Direct and quadrature currents Ild and Ilq with their references I∗
ld

and I∗
lq , respectively.

Fig. 11. AC bus voltage and the injected current into AC grid in [p.u.].

the voltage VC14 to a constant reference V ∗
C14

equal to the same
value of VT when there is no regenerative energy means to
absorb the whole injected power, obtaining a desired current
profile as the one of I e

L16
in Fig. 8. To better understand the

possible risks of grid instability due to it, it is important to
remark that the injected regenerative power is much higher
than the one normally provided by the PV array.

The current IR17 in Fig. 8 is given by the required direct
(Ild ) and quadratic (Ilq ) current to supply the AC grid. Fig. 10
introduces the references I ∗

ld and I ∗
lq given by the second-level

controller and shows how they are perfectly tracked by the
related dynamics. Fig. 11 depicts the rms voltage and current
in the AC side of the main grid in per unit (Sbase = 100 kVA
and Vbase = 400 V). The current injected in AC grid is directly
related to the desired active power injected in the grid as shown
in (21) . The AC voltage is kept constant since the AC bus is
considered to be a strong grid.

Finally, the zero dynamics are introduced to verify their
stability. The voltage dynamics VC1 , VC4 , and VC7 are depicted
in Fig. 12. Their variations are related to the dynamics of VS ,
VB , VPV , and IL3 , IL6 , IL9 in Figs. 3 and 4, according to the
power injected/absorbed by the devices. The remaining zero
dynamics are depicted in Fig. 13. They are the output voltages
of the converters connecting the devices (battery, PV, DC load,
train, and AC grid) into the MicroGrid by the DC bus.
As for the ones previously described, their dynamical behavior

Fig. 12. Dynamics of VC1 , VC4 , and VC7 , respectively.

Fig. 13. Output voltages VC5 , VC8 , VC12 , VC15 , and VC17 on the MicroGrid
converters (zero dynamics).

depends on the ongoing power flow. Fig. 13 characterizes their
stable behavior.

Once that the whole dynamics are introduced, and a full
knowledge of the disturbances acting on the MicroGrid has
been acquired, we would like to better highlight the success of
the proposed control action. Indeed, Fig. 6 shows how the pro-
posed nonlinear control performs voltage stability according
to the grid codes and with a proper margin of error under the
whole set of adverse circumstances, as the regenerate power
input, AC and DC load power variations, PV and battery
operating point variations. In the next, a further remark about
the importance of dealing with nonlinear control is proposed.

B. Control Comparison: Linear Versus Nonlinear

A very common control strategy applied to power converters
and to MicroGrids in general, both in academia and in industry,
is the linear PI technique. However, in this work, the impor-
tance of using nonlinear techniques is addressed. This is
because the PI technique works around a linearized operation
point, which suffers of great limitations when compared to
the nonlinear control techniques. In this section, a comparison
between the two control strategies is done, with the objective
to compare the control performance and the related limitations.

For the lack of space, a full comparison concerning the
whole set of variable is not proposed. However, since DC bus
voltage stability is the most important requirement, the com-
parison in Fig. 14 will focus on this dynamics, which is the
key for the good interconnection of the subsystems. Fig. 14
shows the comparison of different voltage behaviors in the DC
bus when using the proposed nonlinear controller (in red) and
the classical PI controller (in blue). As it is possible to state,
when implementing the introduced nonlinear control, the DC
bus dynamics presents smaller variations with respect to the
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Fig. 14. Comparison of the DC bus dynamics when the whole system is
controlled by simple PI (blue curve) and by the introduced nonlinear technique
(red curve).

Fig. 15. Zoomed-in view on Vdc to compare PI and nonlinear control in the
most critical transients.

ones with the simpler PI control: indeed, the PI control has
higher overshoots. This is better highlighted in Fig. 15, where
a zoom of the comparison for the two most critical transients
is depicted. It is clearly shown that the nonlinear control has
a smaller overshoot and a faster convergence rate than the PI
control. Also, since the nonlinear control considers different
nonlinearities, it has a larger operating region and there is
no need to tune the gains continuously according to different
operating points.

Therefore, the proposed nonlinear control is shown to
better perform when dealing with the system interconnection.
A better controller is very important for improving energy
efficiency, which is relevant for renewable energy systems
integration in a MicroGrid. However, the most interesting
point on this comparison is the fact that in an extensive set
of simulations carried out exploring the effects of several
disturbances, it was necessary to readjust the PI parameters
for each case. While in the same simulations, the nonlinear
control has always kept the same tunning. In the same way,
the nonlinear tunning is a trivial pole placement problem for
all elements, while for the PI, it is necessary to use one
of the standard methods like root locus, but with complex
interferences between one controller setting to the others.
Indeed, this is much easier tunning procedure, and the fact
that it is valid for the whole operation region is a part of the
most interesting advantages of the nonlinear control.

C. Robustness

Simulations to the purpose to test the robustness of the
proposed control laws are here introduced. The presence of
errors for the value of the grid parameters as resistances,
inductors, and capacitors is treated. Two cases are described:
in the first one, the parameters have a value of −20%
smaller than nominal one, while in the second case, the value
is +20% larger than the nominal value. The considered
grid parameters are: R2, C1, C2, L3, R5, C4, C5, L6,

Fig. 16. Voltage Vdc when comparing PI and nonlinear control with
parametric errors of +20% and −20%.

Fig. 17. Zoomed-in view on Vdc in Fig. 16 to compare PI and nonlinear
control in the most critical transients.

R8, C7, C8, L9, R12, C11, C12, L13, R15, C14, C15, L16,
R17 and C17.

The simulations are performed for both the PI and the
proposed nonlinear control, in order to better introduce a
proper comparison. Fig. 16 introduces the behavior of the
DC bus voltage Vdc considering the parametric errors: as it
is possible to state, the transients present higher peaks for
both control techniques, but the nonlinear approach has better
performances compared with the PI one because of the smaller
overshoots.

A zoom on the highest transients in the proposed robustness
test for both control strategies is depicted in Fig. 17. It is
clearly possible to see that the proposed nonlinear strategy
presents smaller overshoots and a faster response than the
traditional PI strategy even with considerable parametrical
errors. We can conclude that the nonlinear controller shows
good robustness properties in these simulations.

The improvements of the nonlinear controller over the PI
can be better remarked in Fig. 18, where the parametric errors
are extended to be of +25% higher than the nominal value.
As it is possible to see, in this case, the voltage on the DC bus
for the PI control diverges after the regenerative train braking
takes place, while the nonlinear controller keeps a good
performance. This behavior is highlighted in Fig. 19, where a
first zoomed-in view of Fig. 18 in the most critical transient is
proposed, still highlighting the better control performance of
the nonlinear control versus the PI, and with a second zoom
on the beginning of the unstable behavior of the PI strategy.
An interesting point to be addressed is the fact that the PI
needs to readjust the control gains and parameters to keep
following the grid reference and to correctly perform stability,
while the nonlinear gains can work in a broader region of
attraction and, consequently, need less tuning. Therefore, it is
possible to conclude that the nonlinear controller can stand
larger disturbances, like the braking energy recovery, and that
it is able to operate in a wider region with more robust
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Fig. 18. Voltage Vdc in case of parametric error of +25% higher than the
nominal value.

Fig. 19. Zoomed-in view of Fig. 18 in the highest transients, showing
the unstable behavior of PI control after the high peak transient due to the
regenerative braking.

performances toward parametrical errors when compared with
the standard PI control.

V. CONCLUSION

This paper addresses the problem of controlling a
grid-connected DC MicroGrid for a Smart Railway Station.
The proposed MicroGrid is used to absorb the train braking
regenerative power, which constitutes a very large and sudden
peak of power that is difficult to address by classical linear
controllers. This MicroGrid is also used to integrate distributed
generation as PV arrays. The proposed system is based on
two energy storages with different time scales, i.e., a battery
and a supercapacitor. The MicroGrid is then completed with
a variable DC load (that represents the aggregation of all
DC loads as lights, heating, and electric vehicles) and a
connection with the AC grid. The proposed DC MicroGrid is
controlled by low-level distributed nonlinear controllers. For
each subsystem composing the MicroGrid and for each related
target, a control strategy is provided according to a hierarchical
control structure and a System-of-Systems approach.

The nonlinear control laws are developed according to a
rigorous analysis based on an ISS-like Lyapunov function,
which provides the possibility to let the MicroGrid operate
under several adverse circumstances, as for example, the high
perturbations brought by the train’s braking recovery energy
system or the load variations. Both theoretical and numerical
results show the capability of the proposed approach to handle
the complex scenarios given by the mix of different renewable
sources, loads, and storage devices.

As future steps, the proposed algorithms will be first imple-
mented in the laboratory test bench, and in the following, they
will be tested in a real subway station.
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