
 

 

 University of Groningen

Sliding mode voltage control of boost converters in DC microgrids
Cucuzzella, Michele; Lazzari, Riccardo; Trip, Sebastian; Rosti, Simone; Sandroni, Carlo;
Ferrara, Antonella
Published in:
Control Engineering Practice

DOI:
10.1016/j.conengprac.2018.01.009

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Final author's version (accepted by publisher, after peer review)

Publication date:
2018

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Cucuzzella, M., Lazzari, R., Trip, S., Rosti, S., Sandroni, C., & Ferrara, A. (2018). Sliding mode voltage
control of boost converters in DC microgrids. Control Engineering Practice, 73, 161-170.
https://doi.org/10.1016/j.conengprac.2018.01.009

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 26-12-2020

https://doi.org/10.1016/j.conengprac.2018.01.009
https://www.rug.nl/research/portal/en/publications/sliding-mode-voltage-control-of-boost-converters-in-dc-microgrids(69dab742-23d2-4279-8b3e-03739080d366).html
https://doi.org/10.1016/j.conengprac.2018.01.009


Control Engineering Practice 00 (2018) 1–12

Control
Engineering

Practice

Sliding mode voltage control of boost converters in DC microgrids⇤

Michele Cucuzzellaa,⇤⇤, Riccardo Lazzarib, Sebastian Tripa, Simone Rostic, Carlo Sandronib,
Antonella Ferrarac

aFaculty of Science and Engineering, University of Groningen, Nijenborgh 4, 9747 AG Groningen, the Netherlands
bDepartment of Power Generation Technologies and Materials, RSE S.p.A., via Rubattino Ra↵aele 54, 20134 Milan, Italy

cDipartimento di Ingegneria Industriale e dell’Informazione, University of Pavia, via Ferrata 5, 27100 Pavia, Italy

Abstract

This paper deals with the design of a robust decentralized control scheme for voltage regulation in boost-based DC microgrids. The proposed
solution consists of the design of a suitable manifold on which voltage regulation is achieved even in presence of unknown load demand and
modelling uncertainties. A second order sliding mode control is used to constrain the state of the microgrid to this manifold by generating
continuous control inputs that can be used as duty cycles of the power converters. The proposed control scheme has been theoretically analyzed
and validated through experiments on a real DC microgrid.

Keywords: DC Microgrids, Sliding mode control, Decentralized control, Uncertain systems, Voltage regulation.

1. Introduction

Nowadays, due to economical, technological and environ-
mental reasons, the most relevant challenge in power grids deals
with the transition of the traditional power generation and trans-
mission systems towards the large scale introduction of smaller
Distributed Generation units (DGus) [1, 2, 3, 4]. Moreover,
due to the ever-increasing energy demand and the public con-
cern about global warming and climate change, much e↵ort has
been focused on the di↵usion of environmentally friendly Re-
newable Energy Sources (RES) [5]. However, it is well known
that when several DGus are interconnected to each other, is-
sues such as voltage and frequency deviations arise together
with protections problems [2, 6]. In this context, in order to
integrate di↵erent types of RES and, in addition, electrify re-
mote areas, the so-called microgrids have been proposed as a
new concept of electric power systems [7, 8, 9]. Microgrids are
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electrical distribution networks, composed of clusters of DGus,
loads, energy storage systems and energy conversion devices
interconnected through power distribution lines and able to op-
erate in islanded and grid-connected modes [10, 11, 12, 13].

Since electrical Alternating Current (AC) has been widely
used in most industrial, commercial and residential applica-
tions, AC microgrids have attracted the attention of many con-
trol system researchers as well as power electronics and elec-
trical engineers [14, 15, 16, 17, 18, 19, 20]. However, sev-
eral advantages of DC microgrids with respect to AC micro-
grids are well known [21, 22]. The most important advantage
relies on the natural interface of many types of RES, energy
storage systems and loads (e.g. photovoltaic panels, batteries,
electronic appliances and electric vehicles) with DC network,
through DC-DC power converters. For this reason, lossy con-
version stages are reduced and consequently DC microgrids are
more e�cient than AC microgrids. Furthermore, control sys-
tems for a DC microgrid are less complex than the ones required
for an AC microgrid, where several issues such as synchroniza-
tion, frequency regulation, reactive power flows, harmonics and
unbalanced loads need to be addressed.

DC microgrids can operate in the so-called islanded oper-
ation mode to supply an isolated area or can be connected to
existing AC networks (e.g. an AC microgrid or the main grid)
through a DC-AC bidirectional converter, forming a so-called
hybrid microgrid [23, 24], ensuring a high power quality level.
Moreover, the growing need of interconnecting remote power
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networks (e.g. o↵-shore wind farms) has encouraged the use
of High Voltage Direct Current (HVDC) technology, which is
advantageous not only for long distances, but also for underwa-
ter cables, asynchronous networks and grids running at di↵erent
frequencies [25]. Di↵erent control approaches have been inves-
tigated in the literature (see for instance [26, 27, 28] and the ref-
erences therein). Finally, DC microgrids are widely deployed
in avionics, data centres, traction power systems, manufactur-
ing industries, and recently used in modern design for ships and
large charging facilities for electric vehicles. For all these rea-
sons, DC microgrids are attracting growing interest and receive
much attention from the research community.

Two main control objectives in DC microgrids are voltage
regulation and current or power sharing. Regulating the volt-
ages is required to ensure a proper operation of connected loads,
whereas current or power sharing prevents the overstressing
of any source. Typically, both objectives are simultaneously
achieved by designing hierarchical control schemes. In the lit-
erature, these control problems have been addressed by di↵er-
ent approaches (see for instance [29, 30, 31, 32, 33, 34, 35, 36,
37, 38] and the references there in). All these works deal with
DC-DC buck converters or do not take into account the model
of the power converter. However, in many battery-powered ap-
plications such as hybrid electric vehicles and lighting systems,
DC-DC boost converters can be used in order to achieve higher
voltage and reduce the number of cells1 [39, 40, 41]. Since the
dynamics of the boost converter are nonlinear, regulating the
output voltage in presence of unknown load demand and un-
certain network parameters is not an easy task. For all these
reasons, the solution in this paper relies on the Sliding Mode
(SM) control methodology to solve the voltage control problem
in boost-based DC microgrids a↵ected by nonlinearities and un-
certainties [42, 43, 44]. Indeed, sliding modes are well known
for their robustness properties and, belonging to the class of
Variable Structure Control Systems, have been extensively ap-
plied in power electronics, since they are perfectly adequate to
control the inherently variable structure nature of DC-DC con-
verters [45, 46, 47, 48, 49, 50]. SM controllers require to op-
erate at very high (ideally infinite) and variable switching fre-
quency. This condition increases the power losses and the is-
sues related to the electromagnetic interference noise, making
the design of the input and output filters more complicated [51].
SM controllers based on the hysteresis-modulation (also known
as delta-modulation) have been proposed in order to restrict the
switching frequency (see for instance [52]). To do this, addi-
tional tools such as constant timer circuits or adaptive hystere-
sis band are required, making the solution more elaborated and
then unattractive. Moreover, this approach (called quasi-SM)
reduces the robustness of the control system [53]. Alternatively,
the so-called equivalent control approach and the application of
state space averaging method to SM control have been proposed
together with the Pulse Width Modulation (PWM) technique
(otherwise known as duty cycle control) to achieve constant
switching frequency [54]. However, computing the equivalent

1Battery-powered applications often stack cells in series to increase the volt-
age level.

control often requires the perfect knowledge of the model pa-
rameters as well as the load and the input voltage [55], or the
implementation of observers to estimate them [56]. Alterna-
tively, in [57] a total SM controller has been proposed relying
on the nominal model of a single boost converter and exploiting
a discontinuous control law to reject the model uncertainties.

In this paper, in order to control the output voltage of boost
converters in DC microgrids, a fully decentralized Second Or-
der SM (SOSM) control solution is proposed, capable of deal-
ing with unknown load and input voltage dynamics, as well as
uncertain model parameters, without requiring the use of ob-
servers. Due to its decentralized and robust nature, the design
of each low-level local controller does not depend on the knowl-
edge of the whole microgrid, making the control synthesis sim-
ple, the control scheme scalable and suitable for be coupled
with higher-level control schemes aimed at generating voltage
references that guarantee load sharing. Since a higher order
sliding modes methodology is used, the proposed controllers
generate continuous inputs that can be used as duty cycles, in
order to achieve constant switching frequency. Besides, being
of higher order, a distinguishing feature of the proposed con-
trol scheme is that an additional auxiliary integral controller is
coupled to the controlled converter, via suitable designed slid-
ing function. Moreover, with respect to the existing literature
(to the best of our knowledge) in this paper the local stability
of a boost-based microgrid is analyzed, instead of the single
boost converter, theoretically proving that on the obtained slid-
ing manifold, the desired operating point is robustly locally ex-
ponentially stable. Additionally, the analysis is useful to choose
suitable controller parameters ensuring the stability, and facili-
tates the tuning of the controllers. The proposed control scheme
has been validated through experimental tests on a real DC mi-
crogrid test facility at Ricerca sul Sistema Energetico (RSE),
in Milan, Italy [58], showing satisfactory closed-loop perfor-
mances.

The present paper is organized as follows: Section 2 intro-
duces the main concepts and the description of the considered
system. In Section 3 the microgrid model is presented and the
control problem is formulated, while in Section 4 the proposed
SOSM is designed. In Section 5 the stability properties of the
controlled system are theoretically analyzed, while in Section 6
the experimental results on a real DC microgrid are illustrated
and discussed. Some conclusions are finally gathered in Sec-
tion 7.

2. DC Microgrid Model

Before introducing the model of the considered boost-based
DC microgrid, for the readers’ convenience, some basic notions
on DC microgrids are presented.

Fig. 1 shows the electrical scheme of a typical boost-based
DC microgrid, where two DGus, with local loads, exchange
power through the distribution line represented by the resistance
Ri j. The energy source of a DGu, which can be of renewable
type, is represented, for simplicity, by a DC voltage source VDC .
The boost converter feeds a local DC load with a voltage level
V higher than VDC . Note that, the boost converter allows to

2
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Figure 1. The considered electrical scheme of a typical boost-based DC microgrid composed of two DGus.

obtain an output voltage level higher than or equal to the voltage
input. This is done due to the quick succession of two di↵erent
operation stages during which the inductance Lt accumulates
or supplies energy. The resistance Rt, instead, represents all the
unavoidable energy losses. Finally the capacitor Ct is used in
order to maintain a constant voltage at the output of the power
converter. The local DC load is connected to the so-called Point
of Common Coupling (PCC) and it can be treated as a current
disturbance IL.

The network is represented by a connected and undirected
graph G = (V , E), where the nodes V = {1, ..., n}, represent the
DGus and the edges E = {1, ...,m}, represent the distribution
lines interconnecting the DGus. First, consider the scheme re-
ported in Fig. 1. By applying the Kirchho↵’s current (KCL)
and voltage (KVL) laws, and by using an average switching
method, the governing dynamic equations2 of the i-th node are
the following

Lti İti = �Rti Iti � uiVi + VDCi

Cti V̇i = uiIti � ILi �
P

j2Ni
Ii j,

(1)

where Ni is the set of nodes (i.e., DGus) connected to the i-th
DGu by distribution lines, while ui = 1 � di is the control input
and di is the duty cycle (0  di  1). Exploiting the Quasi
Stationary Line (QSL) approximation of power lines [59, 60],
for each j 2 Ni, one has

Ii j =
1

Ri j
(Vi � Vj). (2)

The symbols used in (1) and (2) are described in Table 1.

Remark 1. (Kron reduction) Note that in (1), the load cur-
rents are located only at the PCC of each DGu (see also Fig. 1).
However, in many cases the loads are not close to the DGus.
Then, by using the well known Kron reduction method, it is
possible to map arbitrary interconnections of DGus (boundary
nodes) and loads (interior nodes), into a reduced network with
only local loads [31, 61].

2For the sake of simplicity, the dependence of all the variables on time t is
omitted throughout the paper.

Table 1. Description of the used symbols

State variables

Iti Inductor current
Vi Boost output voltage
Ii j Exchanged current

Parameters

Rti Filter resistance
Lti Filter inductance
Cti Shunt capacitor
Ri j Line resistance

Inputs

ui Control input
VDCi Voltage source
ILi Unknown current demand

The network topology can be represented by its corresponding
incidence matrix B 2 Rn⇥m. The ends of edge k are arbitrarily
labeled with a + and a �. More precisely, one has that

bik =

8>>>>><
>>>>>:

+1 if i is the positive end of k
�1 if i is the negative end of k
0 otherwise.

Let ‘�’ denote the so-called Hadamard product (also known
as Schur product). Given the vectors p 2 Rn,q 2 Rn, then (p �
q) 2 Rn with (p � q)i = piqi for all i 2 V . After substituting (2)
in (1), the overall microgrid system can be written compactly
for all nodes i 2 V as

Lt ı̇t = �Rtıt � u � v + vDC

Ctv̇ = u � ıt � BR
�1

B
T

v � ıL, (3)

where ıt = [It1 , . . . , Itn ]T , v = [V1, . . . ,Vn]T , vDC = [VDC1 , . . . ,
VDCn ]T , ıL = [IL1 , . . . , ILn ]T , and u = [u1, . . . , un]T . More-
over Ct,Lt and Rt are n ⇥ n positive definite diagonal matri-
ces, while R is a m ⇥ m positive definite diagonal matrix, e.g.
Rt = diag{Rt1 , . . . ,Rtn } and R = diag{R1, . . . ,Rm}, with Rk = Ri j
for all k 2 E , where line k connects nodes i and j.
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3. Problem Formulation

Before introducing the control problem and in order to per-
mit the controller design in the next sections, the following as-
sumption is introduced:

Assumption 1. (Available information) The state variables Iti
and Vi are locally available only at the i-th DGu. The network
parameters Rti ,Ri, Lti ,Cti , the current disturbance ILi , and the
voltage source VDCi are constant, unknown but bounded, with
bounds a-priori known.

Remark 2. (Decentralized control) Since, according to As-
sumption 1, the values of Iti and Vi are available only at the
i-th DGu, the control scheme to regulate the voltages needs to
be fully decentralized.

Remark 3. (Varying uncertainty) Note that the parameter un-
certainty, the current disturbance and the voltage source are re-
quired to be constant (Assumption 1) only to allow for a steady
state solution and to theoretically analyze its stability. In fact,
since a robust control strategy is adopted, Assumption 1 is not
needed to reach and remain on the desired sliding manifold that
is designed in Section 4.

Note that given a constant current disturbance ıL, and a con-
stant voltage source vDC, there exist a constant control input u

and a steady state solution (ıt, v) to system (3) that satisfy

ıt = Rt
�1 ��u � v + vDC

�

BR
�1

B
T

v = u � ıt � ıL. (4)

The second line of (4) implies3 that at the steady state the total
generated current 1

T
n (u � ıt) is equal to the total current demand

1
T
n ıL. To formulate the control objective, aiming at voltage reg-

ulation, it is assumed that for every DGu, there exists a desired
reference voltage V?i .

Assumption 2. (Desired voltage) There exists a constant ref-
erence voltage V?i at the PCC, for all i 2 V .

The objective is then formulated as follows: Given system
(3), and given a v

? = [V?1 , . . . ,V
?
n ]T , we aim at designing a fully

decentralized control scheme capable of guaranteeing voltage
regulation, i.e.

Objective 1. (Voltage regulation)

lim
t!1

v(t) = v = v
?. (5)

4. The Proposed Solution

In this section a fully decentralized Suboptimal Second Or-
der Sliding Mode (SSOSM) low-level control scheme is pro-
posed in order to achieve Objective 1, providing a continuous

3The incidence matrix B satisfies 1
T
n B = 0, where 1n 2 Rn is the vector

consisting of all ones.

control input. As a first step, system (3) is augmented with ad-
ditional state variables ✓i for all i 2 V , resulting in:

Lt ı̇t = �Rtıt � u � v + vDC

Ctv̇ = u � ıt � BR
�1

B
T

v � ıL
✓̇ = � �

v � v
?� .

(6)

The additional state ✓ will be coupled to the control input u via
the proposed control scheme, and its dynamics provide a form
of integral action that is helpful to obtain the desired voltage
regulation.

Now, to facilitate the discussion, some definitions are re-
called that are essential to sliding mode control. To this end,
consider system

ẋ = ⇣(x,u), (7)

with x 2 Rn, u 2 Rm.

Definition 1. (Sliding function) The sliding function �(x) :
Rn ! Rm is a su�ciently smooth output function of system
(7).

Definition 2. (Sliding manifold) The r–sliding manifold 4 is
given by

n
x 2 Rn,u 2 Rm : � = L⇣� = · · · = L(r�1)

⇣ � = 0

o
, (8)

where L(r�1)
⇣ �(x) is the (r � 1)-th order Lie derivative of �(x)

along the vector field ⇣(x,u). With a slight abuse of notation,
also L⇣�(x) = �̇(x), and L(2)

⇣ �(x) = �̈(x) are used in the re-
mainder.

Definition 3. (Sliding mode order) A r–order sliding mode is
enforced from t = Tr � 0, when, starting from an initial con-
dition, the state of (7) reaches the r–sliding manifold, and re-
mains there for all t � Tr. The order of a sliding mode con-
troller is identical to the order of the sliding mode that it is
aimed at enforcing.

Now, a suitable sliding function �(ıt, v, ✓) for system (6)
will be introduced, that permits to prove the achievement of
Objective 1. The choice is indeed motivated by the stability
analysis in the next section, but it is stated here for the sake of
exposition. First, the sliding function � : R3n ! Rn is given by

�(ıt, v, ✓) =M1ıt +M2(v � v
?) �M3✓, (9)

where M1 = diag{m11 , . . . ,m1n }, M2 = diag{m21 , . . . ,m2n }, M3 =
diag{m31 , . . . ,m3n } are positive definite diagonal matrices suit-
able selected in order to assign the dynamics of system (3) when
it is constrained on the manifold � = 0. Since M1, M2, M3 are
diagonal matrices, �i, i 2 V , depends, according to Assump-
tion 1, only on the state variables locally available at the i-th
node, facilitating the design of a decentralized control scheme
(see Remark 2).

4For the sake of simplicity, the order r of the sliding manifold is omitted in
the remainder of this paper.

4
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By regarding the sliding function (9) as the output function
of system (3), it appears that the relative degree5 of the system
is one. This implies that a first order sliding mode controller
can be naturally applied in order to attain in a finite time the
sliding manifold � = 0 [42]. In this case, the discontinuous
control signal generated by a first order sliding mode controller
can be directly used to open and close the switch of the boost
converter.

Remark 4. (Duty cycle) By using a (discontinuous) first or-
der sliding mode control law to open and close the switch of
the boost converter, the Insulated Gate Bipolar Transistors (IG-
BTs) switching frequency cannot be a-priori fixed and the cor-
responding power losses could be very high. To overcome this
issue, di↵erent techniques have been proposed in the litera-
ture (see for instance [62, 63, 64] and the references therein).
In [62], fixed switching frequency is achieved by constraining
the state of the controlled system in a neighbour of the slid-
ing manifold (boundary layer approach), loosing the robustness
property typical of SM control. In order to ensure a constant
switching frequency, an adaptive hysteresis SM control and a
load observer have been proposed in [63, 64], leading to more
complicated controller implementations. However, in order to
achieve a constant IGBTs switching frequency, boost convert-
ers are usually controlled by implementing the so-called Pulse
Width Modulation (PWM) technique. To do this, a continuous
control signal that represents the so-called duty cycle of the
boost converter is required.

Since sliding mode controllers generate a discontinuous con-
trol signal, in order to obtain a continuous control signal, the
procedure suggested in [65] is adopted by integrating the dis-
continuous signal, yielding for system (6)

Lt ı̇t = �Rtıt � u � v + vDC

Ctv̇ = u � ıt � BR
�1

B
T

v � ıL
✓̇ = � �

v � v
?�

u̇ = h,

(10)

where h 2 Rn is the new (discontinuous) sliding mode con-
trol input. From (10) one can observe that the system relative
degree (with respect to the new control input h) is now two.
Then, it is possible to rely on second order sliding mode control
strategy in order to steer the state of system (10) to the sliding
manifold � = �̇ = 0 for all t � Tr. To make the controller de-
sign explicit, a specific second order sliding mode controller is
discussed, namely, the well known ‘Suboptimal Second Order
Sliding Mode’ (SSOSM) controller proposed in [65].

Define di equal to
P

j2Ni
Ii j, with Ii j given by (2). For each

node two auxiliary variables are defined, ⇠1i = �i and ⇠2i =
�̇i, i 2 V , and the so-called auxiliary system is build as follows:

⇠̇1i = ⇠2i

⇠̇2i = �i(İti , V̇i, ḋi, ui) � �i(Iti ,Vi)hi
u̇i = hi,

(11)

5 The relative degree is the minimum order ⇢ of the time derivative �(⇢)
i , i 2

V , of the sliding function associated to the i-th node in which the control ui, i 2
V , explicitly appears.

where ⇠2i is not measurable. Indeed, according to Assump-
tion 1, ILi is unknown and the parameters of the model are un-
certain. Bearing in mind that ⇠̇2i = �̈i = �i + �ihi, the expres-
sions for �i and �i are straightforwardly obtained from (9) by
taking the second derivative of �i with respect to time, yielding

�i(·) = �m1i L�1
ti Rti İti + m3i V̇i � m1i L�1

ti V̇iui
+m2iC�1

ti İti ui � m2iC�1
ti ḋi

�i(·) = m1i L�1
ti Vi � m2iC�1

ti Iti .

(12)

The following assumption is made on the uncertainties �i and
�i, i 2 V .

Assumption 3. (Bounded uncertainty) Functions �i and �i in
(11) have known bounds, i.e.,

|�i(·)|  �i 8i 2 V , (13)

0 < �mini  �i(·)  �maxi 8i 2 V , (14)

�i, �mini and �maxi being positive constants.

Remark 5. (Adaptive SSOSM) Note that in practical cases
the bounds in (13) and (14) can be determined relying on data
analysis and physical insights. However, if these bounds can-
not be a-priori estimated, the adaptive version of the SSOSM
algorithm proposed in [66] can be used to dominate the e↵ect
of the uncertainties.

With reference to [65], for each DGu i 2 V , the control law
that is proposed to steer ⇠1i and ⇠2i , to zero in a finite time can
be expressed as

hi = ↵iHmaxi sgn
 
⇠1i �

1
2
⇠1,maxi

!
, (15)

with

Hmaxi > max
 
�i

↵⇤i �mini

;
4�i

3�mini � ↵⇤i �maxi

!
, (16)

↵⇤i 2 (0, 1] \
✓
0,

3�mini

�maxi

◆
, (17)

↵i switching between ↵⇤i and 1, according to [65, Algorithm 1].
Note that the control input ui(t) =

R t
0 hi(⌧)d⌧, is continuous,

since wi is piecewise constant. Then, di = 1 � ui can be used
as duty cycle of the i-th boost converter. The extremal values
⇠1,maxi in (15) can be detected by implementing for instance a
peak detector as in [67]. Note also that the design of the local
controller for each DGu is not based on the knowledge of the
whole microgrid, making the control synthesis simpler and the
proposed control scheme scalable.

Remark 6. (Alternative SOSM controllers) In this work the
control scheme relies on the SSOSM control law proposed in
[65]. However, to constrain system (10) on the sliding manifold
� = �̇ = 0, any other SOSM control law that does not need the
measurement of �̇ can be used (e.g. the super-twisting control
algorithm [68]).

5
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5. Stability Analysis And Tuning Guidelines

In this section the (local) stability of the desired steady state
(ıt, v?, ✓) is studied, satisfying under an appropriate control in-
put u the steady state equations

0 = �Rtıt � u � v
? + vDC

0 = u � ıt � BR
�1

B
T

v
? � ıL

0 = � �
v
? � v

?� .
(18)

As will be shown, the stability analysis provides guidelines
on the proper selection of the parameters appearing in the de-
signed sliding function (9). First, one notices that the pro-
posed SSOSM control scheme ensures that, after a finite time,
the system (6) is constrained to the manifold characterized by
� = �̇ = 0. This is made explicit in the following lemma:

Lemma 1. (Convergence to the sliding manifold) Let Assump-
tions 1-3 hold. The solutions to system (6), controlled via the
SSOSM control law (11)–(17), converge in a finite time Tr, to
the sliding manifold {(ıt, v, ✓) : � = �̇ = 0}, with� given by (9).

Proof. Following [65], the application of (11)–(17) to each con-
verter guarantees that � = �̇ = 0, for all t � Tr. The details are
omitted, since they are an immediate consequence of the used
SSOSM control algorithm [65]. ⌅

To continue the stability analysis, the so-called equivalent con-
trol is introduced, that permits to characterize the input u to the
system once the sliding manifold is attained.

Definition 4. (Equivalent control) Consider system (7) and
the sliding function �. Assume that a r–order sliding mode ex-
ists on the manifold (8). Assume also that a solution to system
�(r) = L(r)

⇣ � = 0, with respect to the control input u, exists. This
solution is called equivalent control and is denoted by ueq [42].

Particularly, the dynamics of (7) are described on the sliding
manifold by the so-called equivalent system that is obtained by
substituting ueq for u. For the system at hand, the corresponding
equivalent control is given by

ueq =
⇣
M1Lt

�1diag(v) �M2Ct
�1diag(ıt)

⌘�1

· � �M1Lt
�1

Rtıt �M2Ct
�1

BR
�1

B
T

v

+M1Lt
�1

vDC �M2Ct
�1ıL +M3(v � v

?)
�
.

(19)

The (global) stability study of the resulting nonlinear equivalent
system is postponed to a future research. Instead, the focus here
is on a local stability result, providing guidelines to the design
of the control parameters. Therefore, system (6) is linearized
around the point (ıt, v?, ✓), resulting in the linearized system

Lt ı̇t = �Rt(ıt � ıt) � u � (v � v
?) � v

? � (u � u)

Ctv̇ = u � (ıt � ıt) + ıt � (u � u) � BR
�1

B
T (v � v

?)

✓̇ = �(v � v
?).

(20)

Next, it is investigated how the linearized system behaves on
the sliding manifold under the proposed sliding mode control
scheme. The obtained equivalent system for (20) is determined
explicitly in the following lemma:

Lemma 2. (Equivalent system) For all t � Tr, the linearized
dynamics of the controlled microgrid are given by the equiva-
lent version of system (20) and are as follows:

2
66664
˙̃v

˙̃✓

3
77775 =

"
F G

�I 0

#

|    {z    }
A

"
ṽ

✓̃

#
, (21)

where ṽ = v � v
?, ✓̃ = ✓ � ✓, and I is the identity matrix.

Furthermore, the matrices F and G are given by

F = �M1
�1

M2diag(u) � BR
�1

B
T

+WM1Lt
�1diag(ıt)

⇣
M1
�1

M2Rt � diag(u)
⌘

�WM2Ct
�1diag(ıt)

⇣
diag(u)M1

�1
M2 + BR

�1
B

T
⌘

+WM3diag(ıt),
(22)

and

G =M3M1
�1diag(u) �M3WLt

�1
Rtdiag(ıt)

+M3WM2M1
�1

Ct
�1diag(ıt)diag(u),

(23)

where

W =
⇣
Lt
�1

M1diag(v?) � Ct
�1

M2diag(ıt)
⌘�1
. (24)

Proof. The relation �̇ = 0 is equivalent to

M1 ı̇t +M2v̇ �M3✓̇ = 0. (25)

Bearing in mind the dynamics (20), equation (25) can be solved
for u, where it is additionally exploited that on the manifold
� = 0 one has M1ıt = M3✓ �M2(v � v

?) and that at the point
(ıt, v?, ✓) it holds that M1ıt = M3✓. This yields the following
equivalent control ueq:

ueq = u +W

⇣
M1Lt

�1(�Rt ı̃t � u � ṽ)

+M2Ct
�1(u � ı̃t � BR

�1
B

T
ṽ) +M3ṽ

⌘
,

(26)

where ı̃t = ıt � ıt and W is given by (24). Substituting ueq for u

in (20), and using again the relations M1ıt =M3✓�M2(v� v
?)

and M1ıt = M3✓, it can be readily confirmed that the last two
equations of (20) reduce to (21). ⌅

As a consequence of the previous lemma, in order to prove that
system (20) is exponentially stable on the attained sliding mani-
fold, matrix A in (21) needs to be Hurwitz. However, explicitly
characterizing all the eigenvalues of A is di�cult, mainly due
to the coupling term BR

�1
B

T . Generally, the eigenvalues de-
pend indeed on the particular microgrid, its parameters and its
operation point. However, in the remainder of this section, it
is shown that, by LaSalle’s invariance principle, the desired op-
erating point of the controlled microgrid can always be made
locally exponentially stable by choosing appropriate values for
M1,M2 and M3 in the controller. Bearing in mind that system
(21) is linear, the (local) exponential stability of (21) is indeed
identical to matrix A being Hurwitz. Before continuing the sta-
bility analysis of (21), it is noted that in any practical case, the
filter resistance is negligible, i.e. Rt ⇡ 0. This leads to the
following result on G given by (23).

6
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Lemma 3. (Positive definiteness of (23)) Let Assumption 3
hold. The matrix G in (23) is positive definite.

Proof. The matrix M3 in (9) is positive definite, and as a conse-
quence of Assumption 3 also the matrix W = diag{w1, . . . ,wn}
is positive definite, since wi is the steady state value of �i(·) > 0.
From (23), we have

(M3WLt
�1)�1

G = diag(u)diag(v?) � Rtdiag(ıt). (27)

Since Rt ⇡ 0 and the entries of u and v
? are positive, it follows

that G > 0. ⌅

Exploiting Lemma 3 above, it is possible to suggest a suit-
able Lyapunov function to study the stability of system (21),
or equally, the stability of (20) on the sliding manifold.

Proposition 1. (Su�cient condition for local exponential sta-

bility). Let Assumptions 1-3 hold. The desired operating point
(ıt, v?, ✓), satisfying (18) can be made locally exponentially sta-
ble on the sliding manifold characterized by � = �̇ = 0, by
choosing the entries of M2 su�ciently large.

Proof. Consider the Lyapunov function

S (ṽ, ✓̃) = ṽ
T

ṽ + ✓̃
T

G✓̃, (28)

where G > 0 follows from Lemma 3. A straightforward calcu-
lation shows that S (ṽ, ✓̃) satisfies along the solutions to (21)

Ṡ (ṽ, ✓̃) = ṽ
T (F + F

T )ṽ  0. (29)

From (22) we have

W
�1

F = �M2Lt
�1

⇣
diag(u)diag(v?) � Rtdiag(ıt)

⌘

�M1Lt
�1diag(u)diag(ıt) +M3diag(ıt)

�M1BR
�1

B
T

Lt
�1diag(v?).

(30)

Since Rt ⇡ 0, then by choosing the entries of M2 su�ciently
large, the diagonal of F can be made su�ciently negative such
that F + F

T < 0. By LaSalle’s invariance principle, the solu-
tions to (21) converge to the largest invariant set where ṽ = 0.
Moreover, on this invariant set it holds, due to the invertibility
of G, that ✓̃ = 0. Therefore, the solutions to (21) converge to
the origin. This in turn implies that all the eigenvalues of A are
negative, and consequently (21) is exponentially stable. Fur-
thermore, since on the sliding manifold one has that � = 0, the
local exponential stability of ṽ and ✓̃, implies that ıt converges
exponentially to M1

�1
M3✓. ⌅

Remark 7. (Tuning rules) First, we notice that for any i 2
V , the requirement of �i(·) > 0 in Assumption 3 provides the
following tuning rule

m1i >
Lti Iti

Cti V?i
m2i if Iti > 0. (31)

If instead Iti  0, then �i(·) is positive for any m1i ,m2i . Sec-
ondly, one can notice that under the assumption of constant
current exchanged with the neighbouring nodes, F becomes a
diagonal matrix. Then, a tedious, but straightforward, calcula-
tion provides explicit bounds on the permitted values of M1,M2

and M3 such that the dynamics matrix

Ai =

"
Fi Gi
�1 0

#
2 R2⇥2 (32)

of the i-th boost converter is Hurwitz for any i 2 V , i.e.,

m1i >
Lti

ui
m3i +

Rti

ui
m2i �

V?i
Iti

m2i if Iti > 0

m1i <
Lti

ui
m3i +

Rti

ui
m2i �

V?i
Iti

m2i if Iti  0.
(33)

Finally, combining (31) and (33), we have that

µ
i
< m1i < µi, (34)

with

µ
i
= max

0
BBBB@

Lti

ui
m3i +

Rti

ui
m2i �

V?i
|Iti |

m2i ;
Lti |Iti |
Cti V?i

m2i

1
CCCCA

µi =
Lti

ui
m3i +

Rti

ui
m2i +

V?i
|Iti |

m2i .

(35)

6. Experimental Results

In order to verify the proposed control strategy, experimen-
tal tests have been carried out using the DC microgrid test fa-
cility at RSE, shown in Figs. 2–4. The controller parameters
suggested by the stability results in the previous section were
very useful for conducting the experiments. The RSE’s DC
grid is unipolar with a nominal voltage of 380 V and, during
the test, includes one resistive load, with a maximum power of
30 kW at 400 V, one DC generator with a maximum power of
30 kW, that can be used as a PV emulator, and two Energy Stor-
age Systems, based on high temperature NaNiCl batteries, each
of them with an energy of 18 kWh and a maximum power of
30 kW for 10 s. These components are connected to a common
DC link through four 35 kW DC-DC boost synchronous con-
verters. The DC-DC converters are distributed and connected
to the DC link with power distribution lines characterized by
di↵erent parameters, as reported in Table 2.

The control of each converter is realized through two dSpace
controllers that measure the inductor current and the boost out-
put voltage and drive the power electronic converters. The DC-
DC converters of the load and of the generator have input volt-
ages equal to 266 V and 320 V, respectively. They are con-
trolled in constant power mode and are treated, during the test,
as current disturbances (see Fig. 2). The bidirectional convert-
ers of the batteries are controlled through the SSOSM control
strategy described in Section 4, in order to regulate the voltage
at Node 2 and Node 4 (see Fig. 2). The voltage reference V?

7
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VDC2

Lt2

Node 2

R12 L12

Node 1

LoadCt2

R13 L13

Node 3 Node 4

PV

R34 L34

Ct1 VDC1

Lt1

Boost
Battery2

Boost
Battery1

Figure 2. The considered electrical scheme of the RSE’s DC microgrid adopted during the test.

	
Figure 3. Photo of the RSE’s DC microgrid adopted during the test.

Table 2. RSE DC Microgrid parameters

Symbol Value Unit Description

VDC1 ,VDC2 278 V Batteries nominal voltage
V? 380 V DC network nominal voltage
R12 250 m⌦ Tie-Line resistance 1-2
R13 39 m⌦ Tie-Line resistance 1-3
R34 250 m⌦ Tie-Line resistance 3-4
L12 140 µH Tie-Line inductance 1-2
L13 86 µH Tie-Line inductance 1-3
L34 140 µH Tie-Line inductance 3-4

Ct1 ,Ct2 6.8 mF Output capacitances
Lt1 , Lt2 1.12 mH Input inductances

fsw 4 kHz Switching frequency

for these nodes is set equal to 380 V, while the input voltages
VDC1 and VDC2 are both equal to 278 V. According to the stabil-
ity results in Section 5, the SSOSM control parameters for the
battery converters are reported in Table 3. In order to investi-
gate the performance of the proposed control approach within
a low voltage DC microgrid, four di↵erent scenarios are im-
plemented. Note that in the following figures it is arbitrarily
assumed that the current entering any node is positive (passive
sign convention).

Scenario 1. Disturbance with a limited ramp rate power

variation: In the first scenario it is assumed that the system is
in a steady state condition with zero power absorbed by the load

Figure 4. Layout of the RSE’s DC microgrid adopted during the test.

Table 3. SSOSM control parameters

Parameter Value

m1i 0.01
m2i 0.1
m3i 1

Hmaxi 4
↵⇤i 0.05

or provided by the generator. Each battery converter regulates
its output voltage at the desired value equal to 380 V and there
is no exchange of power between these two components. At the
time instant t = 5 s the power reference for the load converter
(see Fig. 5) or for the generator converter (see Fig. 6) is set to
20 kW and at the time instant t = 35 s, is reset to 0 kW with the
ramp rate limited to 1 kW/s. As shown in the pictures, when
the disturbance has a limited ramp rate, the proposed control
strategy is able to keep the output voltage of both the batteries
DC-DC converter to their reference without any voltage varia-
tion. When the system reaches the steady state condition, the
two battery converters exchange power with the DC network in
order to maintain the voltages equal to the desired values. In
this situation there is not an optimal current sharing between
the two battery converters because the load and the generator
are not connected to the same node of the grid and di↵erent line
impedances connect the components.

Scenario 2. Disturbance with a step power variation: In
8
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Figure 5. Scenario 1: system performance with a load variation of about 20 kW
in case of ramp rate equal to 1 kW/s.
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Figure 6. Scenario 1: system performance with a generator variation of about
20 kW in case of ramp rate equal to 1 kW/s.

the second scenario the same tests explained in Scenario 1 are
replicated without the ramp rate limitation. In this situation it
is possible to see, as shown in Fig. 7 and in Fig. 8, a transient
in the DC network voltages due to the step power variation of
the load and the generator, respectively. The transient is di↵er-
ent in these two cases because the dynamics of the load and the
generator are di↵erent. In any case the system exhibits a stable
performance thanks to the robustness of the proposed decen-
tralized SSOSM control approach.

Scenario 3. Step variation of the voltage reference: In this
third scenario it is assumed that the system is in a steady state
condition with a constant power equal to 20 kW absorbed by
the load or provided by the generator. Each battery converter
regulates its output voltage at a fixed value equal to 380 V, and
the power exchanged by the two batteries is di↵erent due to
the di↵erent line impedances. At the time instant t = 5 s the
DC voltage reference for one of the two battery converters is
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Figure 7. Scenario 2: system performance with a step load variation of about
20 kW.
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Figure 8. Scenario 2: system performance with a step generator variation of
about 20 kW.

modified. Fig. 9 shows the system performances when the con-
stant load is set to 20 kW and the reference voltage of the first
battery converter is increased by 5 V, while Fig. 10 shows the
opposite situation with the constant generation set to 20 kW and
the reference voltage of the second battery converter decreased
by 5 V. In these situations it is possible to observe that the DC
voltage variation in one battery converter has no significant ef-
fect on the voltage at the other battery converter. The system
exhibits a stable performance thanks to the robustness of the
proposed decentralized SSOSM control approach. By modi-
fying the voltage reference of the two battery converters it is
possible to obtain a di↵erent current sharing among the batter-
ies of the microgrid. As illustrated in the next scenario, it is
indeed possible to cover the control objective related to optimal
current sharing.

Scenario 4. Current sharing: In this scenario the proposed
voltage controllers have been coupled with a higher-level con-

9
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Figure 9. Scenario 3: system performance with a step DC voltage reference
variation of battery converter number 1.
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Figure 10. Scenario 3: system performance with a step DC voltage reference
variation of battery converter number 2.

trol scheme that calculates the voltage references for the battery
converters in order to achieve optimal current sharing among
the batteries (see Fig. 11). Although the analysis of a higher-
level control scheme is outside the scope of this work, Scenario
4 is aimed at showing experimentally that the proposed volt-
age controllers, due to their robustness property in tracking the
voltage references, can be coupled with a higher-level control
scheme that guarantees optimal current or power sharing.

Finally, note that in the discussed scenarios, only the voltage
at Node 2 and Node 4 have been controlled with the proposed
strategy. Nevertheless, the voltage deviations from the nominal
value in the other two nodes (i.e. Node 1 and Node 3), depend-
ing on the line impedances, are always less than the 5% of the
desired voltage value.
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Figure 11. Scenario 4: system performance in case of constant load (20 kW)
and voltage reference variation for the DC-DC battery converters in order to
obtain optimal current sharing.

7. Conclusions

In this paper a robust control strategy has been designed to
regulate the voltage in boost-based DC microgrids. The pro-
posed control scheme is fully decentralized and is based on
higher order sliding mode control methodology, which allows
to obtain continuous control inputs. The latter can be used as
duty cycles of the boost converters, achieving constant switch-
ing frequency and facilitating a PWM-based implementation.
The stability of a boost-based microgrid has been theoretically
analyzed proving that, on the proposed sliding manifold, the
desired operating point is locally exponentially stable. The pro-
posed control scheme has been validated through experimental
tests on a real DC microgrid, showing satisfactory closed-loop
performances. Interesting future research includes the stability
analysis of the obtained nonlinear equivalent system, as well
as studying the performance of the proposed control scheme
in more heterogeneous networks, possibly including di↵erent
converter types and the presence of local control strategies that
di↵er from the one proposed here.
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