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ABSTRACT The increasing demand for energy and the high penetration of distributed energy resources
require the evolution of current electrical systems toward smarter and more reliable electric grids. In this
regard, microgrids (MG) play a vital role in integrating distributed energy resources (DER), loads, and
storage systems. However, microgrid architectures lack versatility and flexibility in terms of control, limiting
their expansion. This paper presents a multi-mode master-slave control approach to increase the flexibility
of DC-coupled hybrid microgrids. The proposed control scheme allows optimal coordination of the power
units connected to each bus. Coordination among buses is also achieved through interlinking and interfacing
converters; thus, ensuring the reliable operation of the microgrid. Moreover, this approach considers the
possible expansion of the capacity of the MG, providing more degrees of freedom for optimization and
control. An MG with two DC distribution buses connected to the main grid is selected as a case study to
develop dynamic modeling and establish a control architecture. The advantages of the proposed control are
discussed via MATLAB simulation results considering the operation of the MG in several scenarios.

INDEX TERMS Hybrid microgrids, hierarchical control, master-slave control, multi-mode control.

I. INTRODUCTION

The higher penetration of distributed energy resources
(DERs), and the rapid deployment of new loads and sources
such as electric vehicles (EVs) and energy storage systems
(ESS), has given rise to the need for smarter and more reliable
electrical systems [1], [2]. The future distribution network
must consider interactive power systems that use scalable
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grids while maintaining high-performance standards. More-
over, key features such as flexibility, modularity and avail-
ability need to be enhanced [3], [4].

Since 1882, microgrids (MGs) have been playing an
important role in coordinating and integrating different power
units and loads. MGs can provide several benefits. For
instance, they can reduce power losses and environmental
emissions; provide ancillary services; and improve energy
production saving and reliability, among others [3], [5],
[6], [7], [8]. MGs are classified according to their grid
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FIGURE 1. DC-coupled double bus hybrid MG architecture selected for the case study.

configuration in DC, AC, and hybrid types [5], [6], [9]. More-
over, AC MGs are well established and have been studied
thoroughly during the last few years [3], [10]. Conversely,
DC-based MGs have caught the attention of the scientific
community as they reduce the system’s operational com-
plexity because they do not require reactive power con-
trol and frequency regulation. Fewer conversion stages are
needed as most of the renewable-based generators have a DC
nature, and no synchronization algorithms make DC MGs
more efficient than other types of MGs [11], [12], [13].
Although AC MGs have higher power ratings, DC MGs
applications range from space applications [14] to industrial
applications of around 100 kW [15]. Additionally, promising
results have been demonstrated, such as energy savings of
about 5 — 15% [16], [17], [18]. However, most DC MGs are
proposed to analyze particular applications in which defined
architectures and controls are applied to fulfill the corre-
sponding power requirements [4], [6], [8], [19], [20], [21].
Hierarchical control structures are applied and recom-
mended for MGs, which usually comprise primary, sec-
ondary, and tertiary control layers [22]. The primary level
operates on power converters, used as interfaces, and is there-
fore characterized by the use of local variables and by having
the highest bandwidth. On the other hand, the secondary
level is a multi-objective control layer, commonly related
to power and voltage control [5]. Indeed, for hybrid MGs,
the power exchange between buses is also controlled by
this layer, which operates the interlinking converters (power
conversion units exchanging power between the buses of an
MG). Finally, the tertiary level is related to optimization of
objectives as well as interaction with the main grid [9].
Hierarchical control has been widely applied to MGs’
control. For instance, in [23], the event signals approach
is used between the primary and the secondary layers to
minimize communication issues. Other hierarchical control
approaches are proposed considering an adaptive operation.
However, in these approaches, previous knowledge of the
operation modes is needed for the proper operation of the
control strategy [24], [25]. Conversely, master-slave control
is another hierarchical control approach applied to MGs
and hybrid systems that provides good control performance.
Although it was initially used for the disconnection of DERs
in a grid-connected to islanded operation switch [26], [27],
[28], it is currently applied to hybrid systems composed
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of wind generators and PV systems [29]. In fact, in [28],
a control method is proposed to minimize the communi-
cation bandwidth requirement in complex MGs, which is
one of the frequently criticized drawbacks of this configura-
tion. Additionally, in [26] and [27], seamless techniques are
proposed to minimize the transition effect from islanded to
grid-connected modes and vice versa.

In master-slave control, the DERs or the ESSs operate as
master units regulating the voltage of the buses of a microgrid,
and therefore, the rest of the elements of the system oper-
ate as slaves. However, transitions of one element between
master and slave roles can trigger oscillation problems in the
distribution buses [25]. Currently, there are no further stud-
ies that analyze the transition between multiple operational
modes in DC MGs [5]. In this context, this paper proposes a
multi-mode control approach that allows to some power con-
verters to be configured as master units that regulate the main
variables of the system while the others remain as slaves.
The proposed operation ensures adaptability and reliability
through a multi-mode operation with limited communication
bandwidth. The proposed approach focuses on facilitating
the expansion capability of a DC MG while maintaining its
control robustness.

In view of the presented literature review, the main contri-
butions of this work are.

1) A hierarchical control structure based on a master-slave
approach is proposed ensuring adaptability and modularity
through a multi-mode operation with limited communica-
tion bandwidth, also facilitating the expansion capability of
aDC MG.

ii) In the proposed scheme, the tertiary control level is in
charge of determining the operation mode and the secondary
level regulates the voltage of each DC bus based on novel
state-transition diagrams for the main elements of DC MGs.
Note that the proposed scheme considers the THD (among its
variables) to determine the MG’s operation mode.

iii) A logistic function is proposed to ensure the smooth
transition of the conversion stages between master and slave
roles determined by the tertiary control level. Note that the
transition from master to slave and vice versa is produced
only when the MG’s operation conditions change, and this
is smooth, avoiding stability issues.

The architecture with two DC distribution buses and AC
source capability shown in Fig.1 is chosen for case-study
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to validate the proposed theoretical approach. The selected
architecture feds loads in the three buses, integrates RES in
both DC buses and uses an ESS in only one DC bus. As a
particular feature, this microgrid can support the AC loads
with high quality voltage despite the quality of the voltage
of the grid or an auxiliary generator. Extensive simulation
studies validate the good performance of the proposed control
strategy in this architecture under different operation modes,
i.e., grid-connected, generator-connected and island mode.
Finally, Table 1 shows the features of this proposal compared
to some previously related works.

The rest of the paper is organized as follows. Section II
describes the modular MG scalability process while,
in Section III, the architecture selected for the case-study
is modeled dynamically. Subsequently, in Section IV, the
model of a DC-coupled hybrid MG selected for the case
study is presented. The proposed multi-mode master-slave
control approach is explained in Section V providing details
about the mode-transition logic and the design of the required
control loops. The correct operation of the proposed control is
validated in Section VI via simulation results in the selected
MG architecture operating in several scenarios. Conclusions
are presented in Section VII.

Il. MODULAR MICROGRID ARCHITECTURES
The development of more flexible DC MG architectures
presents important challenges along with attractive opportu-
nities. This action will facilitate, for example, the incremental
integration of new loads and sources, helping to solve the
problem of limited access to electricity in some rural develop-
ing regions and potentially improving agricultural production
activities. However, technological and economical shortcom-
ings must be first solved to bring robustness to this solution.
Therefore, the progressive power expansion capability as well
as the possibility to boost the use of ESS as backup energy to
provide stability become indispensable [30], [31], [32].
There is no single methodology that outlines the best
way to expand or modify MGs. Interesting works related to
increasing their power capacity have been presented in [30],
[31], and [32] where scalable DC MGs were developed;
however, these papers only address a particular case, which
is satisfied in a business-as-usual context. Therefore, to show
different architectures and how they could be expanded,
a family of modular MGs is depicted in Fig. 2. The main
idea is to demonstrate the incremental method that is used
to obtain vast interconnected sub-systems from the simplest
canonical single-bus MG, thus illustrating the context in
which the main contribution of this paper can be applied.
Fig.2 (a) shows a stand-alone single DC-bus MG used to
feed a single load employing only one DER generator and
one ESS. The power conversion stages required in this case
are used only by the generator and the ESS (and eventually
the load). Note that multiple loads, generators and ESSs can
be modularly incorporated to this canonical system into a
single DC bus. The new elements can be connected either
through the same power converters or by parallel converters.
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The first scaling step of the MG capacity involves integrating
an additional DC distribution bus as shown in Fig.2 (b). This
architecture allows the power to be distributed into two dif-
ferent DC voltage levels (Extra Low Voltage Direct Current -
ELVDC or Low Voltage Direct Current - LVDC, for
example, [33]). The controlled power exchange between
different buses must be conducted through bidirectional
interlinking converters (ILCs). Thus, the power in this con-
figuration can also be increased by using multiple ILCs
connected in parallel. The second scaling step is to add a
DC-AC interfacing converter (a power conversion unit allow-
ing exchange of power between the microgrid and an external
element such as the grid) to this structure; hence, AC loads
can be supplied. Moreover, due to the interfacing converters
(IFCs), the system can operate as a stand-alone DC-coupled
hybrid MG or as a grid-connected hybrid MG, as depicted in
Fig.2 (c) [9].

Note that the linear interconnection of many buses is the
simplest way to increase the MG’s capacity. However, if any
component in the chain fails, it can jeopardize the entire
system’s operation. Therefore, individual IFCs are added
between each DC bus and the AC bus, thus providing an
extra power transfer path and increasing reliability, as sug-
gested by the architecture in Fig.2 (d). Finally, beyond a local
organization of the MG, Fig.2 (e) depicts the interconnection
of multiple modular MGs with different current types (DC
or AC) and distinct voltage levels. Moreover, the use of
various buses or even the use of clusters of MGs [3], [33]
increases the number of elements absorbing and/or injecting
energy between buses, the main grid and between clusters.
Nevertheless, multi-system architectures require more com-
plex controls and communication techniques to apply the
energy management system (EMS) properly. An interesting
way to address the problem is to have power units ensuring
the reliable operation of the MG operating as masters, while
others operate as slaves. In this way, several units can be
added without affecting the control architecture. This last
aspect points in the direction of having more modular and
reconfigurable MGs.

1Il. DESCRIPTION OF THE CASE STUDY

MIREDHI-Lab is a research project funded by the Ministerio
de Ciencia, Tecnologia e Innovacién de Colombia (MinCien-
cias). The project’s main objective is to develop a pilot facility
for a smart hybrid MG capable of providing electricity to rural
zones and facilitating the use of technology in agricultural
activities, and, in general, in daily life. The proposed MG
architecture depicted in Fig.3 was scaled through the linear
interconnection of one AC and two DC buses. The two DC
buses, Bus 1 and Bus 2, have different voltage levels and
are connected to an AC sub-system (Bus 3) which, in turn,
is properly connected to the main grid or a diesel generator
(DG). Hence, for this architecture, grid-connected, generator-
connected and island mode are operational modalities that
can be derived. Additionally, as a particular feature, Bus 1
can support the autonomy of the whole system when the
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TABLE 1. Comparison between the State-of-the-Art Techniques and the proposed system.

Parameter Proposed [12] [13] [15] [20] [24] [16] [17] [18] [8]
Considers THD v v X X X X X X X
Transition type Logistic function Ramp X N/A Direct transition X X Direct transition Direct transition Loss-Free Resistor
Control level* S/T PtoT PtoT PtoT P/S S S P/S P/S P/S
Scalability v X x v v v v v v
Control type Master/slave  Hierarchical Hierarchical Centralized Distributed ~ Distributed Predictive =~ Master/slave Master/slave Master/slave
No. operation modes 5 3 2 1 8 3 2 2 2
Validation results Simulation Simulation ~ Simulation Experimental ~Experimental ~ Simulation Simulation  Sim. & Exp. Experimental Sim. & Exp.
* P: Primary, S: Secondary, T: Tertiary.
a) b) ILC unit
DC
/DC
ESS Loads DER ESS JJ Loads JJ DER JJ ESS JJ LoadsJJ DER JJ
C) — IFC unit ILC unit
DC
Grid Bus 3 <. “he
Loads ESS JJ Loads JJ DER J ESS JJ Loads JJ DER JJ
R
d)
Loads_ e)
Grid Generator |
AC
Distribution
ILC unit
DC
/DC
ESS JJ Loads JJ DER J ESS JJ Loads JJ DER JJ

FIGURE 2. Family of modular MG architectures: a) single DC bus; b) double DC-bus; c) grid-connected DC-coupled hybrid; d) redundant

DC-coupled hybrid; and e) DC and DC-coupled hybrid networks.

microgrid is operating in island mode. To this end, the Bus 1 is
composed of a PV generator (PVG1), a wind turbine based
generator (WTG1) and an energy storage system (ESSi).
Similarly, Bus 2 integrates PV generation (PVG>) to supply
the power consumption in both DC buses, exchanging power
between them through an /LC. Moreover, to coordinate with
the main grid and supply AC loads, Bus 2 is connected to
Bus 3 through an /FC [9]. Note that the only function of
Bus 3 is power distribution because when either the grid or
the auxiliary generator are present, they impose the voltage
and the /FC converter only shares power. When operating in
island mode, a Stand Alone Converter (SAC) feeds the loads,
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thus ensuring a high-quality voltage. Under these consider-
ations, the MG is modeled differentiating the AC side and
the DC side, where the latter is responsible for the dynamic
behavior. Additionally, converters are considered ideal ele-
ments to simplify theoretical development. In terms of con-
trol, the MG needs to regulate the voltages of the DC buses
which will be achieved using separate controllers (primary
control level). However, as will be described in detail later,
the ILC that interconnects the two DC buses can only regulate
one of them, thus enforcing another converter to regulate the
voltage of the remaining bus. The secondary control layer is
in charge of determining both the converter’s instantaneous
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FIGURE 3. MIREDHI-Lab microgrid architecture.

operation mode (““master”” or ‘“‘slave’”) and the overall mode
of the microgrid, i.e., grid-connected or island modes among
others.

IV. MICROGRID MODELING

A. BUS VOLTAGE MODEL

A simplified mathematical model of the DC side of the MG
is developed considering that the primary control level is
dynamically faster than the secondary control level. This
assumption is valid for hierarchical structures, as a time-scale
separation of usually ten times is established, i.e., the primary
control is ten times faster than the secondary control [3].
Therefore, the dynamics of the power unit do not influence
the model of the DC buses. Bus 1 and Bus 2 are modeled
as nodes with a constant capacitance C, (n = 1, 2) which
is large enough that the input capacitance of the connected
loads is negligible. Then, for the analysis, the state variables
v1 and v, are defined as the voltages of Bus 1 and Bus 2,
respectively. The types of loads considered for this case study
are constant power loads (Pcpy,), constant resistive loads
(R,) and constant current loads (iccr,,). The resistive and
inductive components of the wires interconnecting different
elements into the MG are considered negligible. Thus, the
expressions for each bus are defined as:

V| = Cil (ipve, + iEss, + ic,) + #PWTGI
1 . V%
= T (Vl iccr, +pepLy + R_l) (H
. 1 . . 1
n=g (—inc, + irrc,) + @PPVGZ

2
- ﬁ (Vz iccr, + pepL, + psac + 1%) (2)
It should be noted that (1) and (2) comprise two main terms.
The first term includes the currents of the power units which
can operate as control variables (ipyg,, igss, and ijc, in
(1), and ij;c, and ijrc, in (2)). The second term comprises
other power generation units which are not used for control
purposes (Pwrg, in (1) and Ppyg, in (2)), and the loads. The
proposed strategy consists of selecting the proper variables
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to control the system while the other variables are considered
disturbances. Then, the currents selected as the control for
each bus are defined as icomp, and icomp, While the sum
of the other currents is grouped in the terms A;; and Aj,
respectively. Also, the power of the elements that are not used
for the control and the constant power loads are grouped in
the terms A, and Ay, respectively. Then, expressions (1)
and (2) are rewritten as follows:

= 2 N N e
V= —i — — Ay — ——

1 C compy C il C pl Ci R
= ey + A+ A — 22 (@)
Vo = —i —Ap+ —Ap— ——=

2 G compy G i2 G p2 G Ry

By imposing zero dynamics on (3) and (4), the following
equilibrium point coordinate (v1,v7) is found:

1

V=3 (Rl I + /R 212 +4R1P1) &)
1

v =3 (Rz L+ R L2+ 4R2P2) (6)

where IY = Ipyg, +1ic, +1Ess, —IccL,» 12 = Lirc, +1ic, —
Iccr,, P1 = Pwrg, —Pcpr, and P2 = Ppyg, —Pcpr, —Psac-
These parameters are the values of the variables defined at a
specific operation point. By linearizing (3) and (4) around the
equilibrium point defined by (5) and (6), equations (7) and (8)
are obtained:

. 1~ 1 ~ 2 ~
V= —i, —A; —A
V1 i leomp, + C il + Civt pl
P —P 1
([ Pwrg, ! cPLy 3 o
C1v; CiRy
- 1~ 1 ~ 2 ~
V2 = C_zlcompz + C_zAiZ + @A[ﬂ
P —P —P 1 -
_ [ Prve; S/ig CPLy 5 @®)
sz2 C2R2
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Then, by applying the Laplace transformation, the follow-
ing expressions are derived:
1

Ci

Vi(s) =
Pry 1
s+ (Clv% + CiR,

) Teomp, (5)

Api(s) ©

7compg (s)
s+ Pry + L
vy | GRy

Ara(s)

Pry 1
s+ (sz% + Csz)

2
Cov; <
+ =2 Apa(s) (10)
Pry 1
s+ (Cz\% + Csz)
where Pry = Pwrg, — Pcpr, and Pry = Ppyg, — Psac —
Pcpr,. By considering zero dynamics in the perturbation
variables, the transfer functions that represent the dynamics

of the bus voltages with respect to the compensation currents
are derived as follows:

Gi(s) = = (11)
s+ (22 + o)
1
Gas) = = (12)

Pry 1
s+ (sz% + Csz)

On the other hand, the AC side is modeled using simple
algebraic expressions, which allows the operation modes
(island, grid-connected and generation-connected) to be
easily defined. Therefore, the power contributions of the
involved elements are defined as:

PGrp; = (—PLps; + Pircs) NgrNpg (13)
PGeny = (—PLps; + Pirc;) NenlNpg (14)
Psac; = (—Ppss) (1 — Npg) (15)

where Ny, Ng, and N, are integer variables that take values
in the set [0, 1] and define the mode of operation of Bus 3.
Ngr and N, are active (value equal to 1) when either the
grid or the auxiliary generator are connected to the system,
respectively. Ny, is active when the grid or the generator
comply with the power quality requirements (amplitude and
frequency of the voltage into admissible ranges), thus they
can feed the AC loads. Note that Psac, and Pjrc, are variables
that define the power exchange between Bus 2 and Bus 3; they
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Vn ()

FIGURE 4. Block diagram of the bus voltage regulation loops.

are given directly by the consumption of the loads connected
to Bus 3 or the power balance in Bus 2, respectively. In terms
of hardware, this functionality can be obtained by integrating
a multi-port static transfer switch.
The same type of loads defined for DC buses are consid-
ered for the AC side and are defined in (16).
V2
Prps; = Pcpr; + R_33 + v3icer, (16)

The excursion of the MG variables is limited to provide
adequate rules for its operation. The following equations
define the corresponding constraints:

0 < Ppy, < Ppy,,..
—PEss1y, < Pesst < PESS1yx
0 < Pwr, < Pwr,,,,
—Picu < Pric < Pricy,
—Pirc, < Pirc < PIFCy g
0 < Psac =< PsaCa
0 < Pcpr, < PcrL,, o
0 < Iccr, < IccLy,,o
<R =Ry,

<R, <Ry

Ry
R;

min
min max

where Ppy1, Pgss,, Pwrc,, PiLc, Ppv,, Pirc, PLps,, PLDs,>
Prps; € R, Ppy, . Pwr,,, PEss,,, . and Prps, — are
positive.

B. BUS VOLTAGE REGULATION SCHEME

As can be observed by analyzing the resulting transfer func-
tions in (17) and (18), the following inequalities must be
satisfied to achieve open-loop stable behavior:

i
P - 17
ry > R an
v
P ——= 18
r > R (18)

Then, a unitary-gain feedback control loop is proposed to
ensure stability for a wide range of Pcpr, and Pssc values
in both buses. To regulate the bus voltages, outer control
loops are designed using proportional-integral compensators
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which are tuned using conventional techniques. The resulting
control scheme for each DC bus is depicted in Fig. 4.

V. MULTI-MODE MASTER-SLAVE MICROGRID CONTROL
A. FUNDAMENTALS OF THE PROPOSED CONTROL

The primary control level of the MG is modeled to ensure
the power balance in capacitances C and C, for Bus 1 and
Bus 2, respectively. Then, at the secondary control level, the
proposed master-slave control guarantees the proper oper-
ation of the MG in its multiple modes (MG-modes). The
individual capabilities of the units are essential for the system
as a whole. Therefore, a set of rules allows a power conversion
unit that has the capability to regulate the bus voltage to be
selected as a “master.” Once this is defined, the remaining
power conversion units connected to the same bus operate
as “slaves.” According to these rules, if a conversion unit
operating as a “‘master”’ loses the regulation capability, one
of the units operating as a “‘slave” replaces it and takes on the
“master’” role. To ensure proper operation of the master/slave
strategy, it is necessary to have at least two units that can
function as either master or slave. A common state machine
defines the operational modes and the conditions required for
transitioning between them. In addition, every unit has a local
state machine that determines the required operation mode
when the selected unit performs the master role.

The role of “master” in Bus 1 can be assumed by either
the ILC, the ESS, or the PV units. Similarly, in Bus 2, the
“master”” role can be performed by either the IFC or the ILC.
Note that under this consideration, PVG, cannot perform the
master function and is limited to work at maximum power
by design consideration. To obtain the needed control action
for each bus, the currents of the “master’ units are used as
main variables. When a transition is enforced, the current
reference given by the actual “master” is transferred to the
new ‘“‘master”’ using a smooth transition characterized by
the logistic function. The amount of current required to keep
the bus voltage regulated is computed by the outer regulation
loops (PI controllers) via the control actions Icomp, (s), as can
be seen in the block diagram of Fig. 4.

B. LOGIC STATE-TRANSITION FUNCTION FOR
MULTI-MODE OPERATION

The multi-mode operation of the studied MG is designed
using a state-transition logic function. The five modes are
briefly defined as follows.

¢ Grid-connected: in this mode, the MG is connected to
the grid through the IFC and the AC load is supplied by
the common connection point.

« Island: in this mode, the MG has no connection with any
AC source, and the AC loads are supplied from the MG
through the SAC unit.

« Poor quality grid: this mode is activated when the quality
of the voltage provided by the grid is poor. In this mode,
the MG is connected to the grid through the IFC but
the AC loads are fed through the SAC ensuring a high
quality voltage.
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TABLE 2. Parameters used in transitions between MG modes.

Indicator ~ Threshold 1 ~ Threshold 2
THD THDgct THDmaz
Voltage Vimin Vact

o AC Generator: in this mode, the grid is usually absent,
and the MG cannot cover the power consumption of
the loads. The generator, the MG and the AC loads
configure a power sharing node. Note that, unlike in
grid-connected mode, the generator has a unidirectional
power flow.

« Poor quality generator: in this mode, the generator can-
not ensure the power quality threshold to feed AC loads,
and they are, therefore, powered through the SAC.

As depicted in the state-flow diagram presented in Fig. 5,
different events in the MG variables enforce the transition
from one mode to another. For example, if the system is
operating in ““grid-connected mode”, and the grid fails, then
the MG will operate in “island mode” until the auxiliary
generator starts and the MG can be connected to it. When
the auxiliary generator is ready to be connected, if it can
provide a voltage with acceptable quality (with adequate
Total Harmonic Distortion (THD) and RMS voltage), the
system will change to the “AC generator mode” . Conversely,
if the quality of the voltage of the generator is poor, the
system will operate in “‘poor quality generator mode”. The
set of transitions to jump from one mode to another is defined
by thresholds in the THD and the RMS values of the grid
and generator voltages as they were summarized in Table 2.
Note that the operation of the system following the proposed
state-flow logic is independent of the method used to measure
the THD. Depending on the mode in which the microgrid
operates, the IFC and ILC converters perform the regulation
task in one of the buses. In Fig. 5, M represents that a unit is
regulating the voltage of the bus 1 and similarly M, represents
that a unit is regulating the voltage of the bus 2.

The reconfiguration of the MG is performed according to
its operational modes, which is achieved changing the power
units logic state-transition. For instance, the ESS unit can
operate in four different modes: a) deactivated mode (OFF),
b) charge regulation mode c) discharge regulation mode, and
d) limited power charging mode. In deactivated mode, the unit
can be disconnected for maintenance or wait in stand-alone
operation to cover a subsequent energy shortage condition.
In limited power charging mode, the control enforces either
a constant power, a constant current, or a constant voltage
regime, depending on the selected criteria. In discharging or
charging regulation modes, the unit can provide a constant
amount of power to regulate the voltage of the bus (master
role). The state of charge (SOC) of the batteries defines the
constraints to enforce transitions between the modes of the
ESS (20% < SoC < 80%). These values are defined based
on several criteria, including the type, age, and particular
features of the battery [34]. Additionally, the output current
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FIGURE 5. State-transition diagram defining multi-mode operation of the MG.

Limited power

charging mode
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= 0
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50% < S0C < 60%
&
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Deactivated
mode
S50C > 80%
ar
SSAC0pe = 0

Charge regulation
mode

FIGURE 6. State-flow diagram of the ESS unit.

can be either positive or negative, particularly when ESS
operates regulating the bus, which implies the freedom to
change between charge and discharge regulation modes. The
variable S.S.AC is used to synchronize the operational modes
between microgrid and the units. The state-transition diagram
for the ESS is depicted in Fig. 6.

Similarly, the PVG and WTG units (DER units) can operate
in three modes: a) deactivated mode (OFF), b) maximum
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Limited power
generation mode ‘comp = a

Deactivated
mode

FIGURE 7. State-flow diagram of a DER unit.

power point tracking (MPPT) mode, and c) limited power
generation mode. The MPPT mode is preferable because it
allows the system to leverage the maximum power produced
by the DER. However, in some cases, the power demanded
by the MG can be lower than the instantaneous production,
thus forcing the system to limit its generation. If multiple
units are integrated into the same bus, some can operate
in OFF-mode, others in MPPT mode and others in limited
power mode. The DER units” OFF-mode can be triggered by
several conditions including failure or reconfiguration. The
state-transition diagram for DER units is depicted in Fig. 7.
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FIGURE 8. Comparison between step, ramp and logistic function
transitions.

C. SMOOTH TRANSITIONS BETWEEN MASTER AND

SLAVE ROLES

When a change between modes is enforced, i.e., the master
role is transferred from one unit to another, the control must
ensure a smooth transition of the control action between them.
After evaluating the use of step-based and ramp-based transi-
tions, the logistic function was selected for the advantageous
smooth evolution of its derivative [35]. This function can be
programmed using the following mathematical expression.

1

PO = T Fmap

(19)
in which the main parameters are 81 and B,, where § is the
logistic growth rate and B, is ¢ is the midpoint of the logistic
function. A graphical comparison is shown in Fig. 8, where
a slope of 1 was used in the ramp transition and 81 = 20 and
B> = 1 were used in the logistic function. These parameters
were selected in order to have a transition time of half a
second, as shown in Fig. 8.

The smooth transition is activated simultaneously in the
acting master unit and the slave unit that will take the master
role. Once the transition starts, a new transition cannot be
ordered until the final values are achieved.

The diagram in Fig. 9 summarizes the proposed control
structure detailing the hierarchical levels, the signal interac-
tion between units and the required control loops.

VI. SIMULATIONS AND RESULTS

To validate the performance of the proposed control strategy,
the MG model and proposed control structure were imple-
mented in MATLAB/Simulink using the parameters listed
in Table 3 and Table 4. The values of capacitances for
bus 1 and bus 2 are computed assuming that a discharge
event implies a time of 40 ms to reach a limit of 80% of
the nominal voltage when a power load of 1 kW is con-
nected to each bus. Compensators are synthesized using the
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TABLE 3. Constraints for generation and load levels.

Variable Parameter Value  Units
Ppy,, .. Maximum PV power 1.2 kW
Pgss, ' Maximum disch. power 2 kW
Pgss., Maximum char. power 0.8 kW
Py, Nominal wind power 0.2 kW
Prrcomas ILC nominal power 3 kW
Prrc,,on IFC nominal power 3 kW
PsACan SAC nominal power 1 kW
Pcp Lomas CPL maximum power 1 kW
Pcco Lovmas CPL maximum current 1 EW
Lnin Minimum CRL on bus 1 5.76 Q
Ra,,.. Minimum CRL on bus 2 144 Q

TABLE 4. Simulation parameters.

Variable Parameter Value Units
C1 Capacitance bus 1 9% mF
Co Capacitance bus 2 3,8 mF
V1 Nominal voltage bus 1 48 14
V2 Nominal voltage bus 2 240 14
Ts Sampling time 1 s

Initial conditions
v1 Voltage bus 1 48 1%
icomp; Compensation current bus 1 0 1%
Pccp, CCL on bus 1 0 w
iCLPl CPL on bus 1 0 A
Ry CRL on bus 1 1 MSQ
Ppya, PV power on bus 1 0 w
Pgss,  Power from ESS on bus 1 0 w
Pwyra, Wind power on bus 1 0 w
SoC State of charge 55 %
V2 Voltage bus 2 240 14
icomp2 Compensation current bus 2 0 1%
Pccor, CCL on bus 2 0 w
ICPLy CPL on bus 2 0 A
Ro> CRL on bus 2 1 MSQ
Ppya, PV power on bus 2 0 w
TABLE 5. Controller parameters.
Variable Parameter Value

Kp1  Proportional gain bus 1 5

K;l Integral gain bus 1 1

Kp2  Proportional gain bus 2 8

K;2 Integral gain bus 2 1

SISO Design Tool in MATLAB considering a time response
without overshoot and a settling time of about 1 s. Valida-
tion is presented in three consecutive steps. First, the bus
voltages’ closed-loop dynamic performance is assessed. This
first validation scenario considers two separate tests, which
are load disturbances and transitions between modes when
disturbances are present. Note that the latter is the worst-
case scenario. After validating the correct operation of the
inner elements of the proposed control, a per-day scenario
is performed to assess the adequate operation of the entire
system.
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FIGURE 9. Proposed master-slave control strategy for the studied MG.

A. DYNAMIC RESPONSE

1) RESPONSE TO POWER DISTURBANCES

Using the control scheme proposed in Section I'V for both DC
buses of the MG, the transient response of the voltage regula-
tion loops is assessed. The values of the controlled parameters
are tuned to prevent overshoots in the compensation of current
and are listed in Table 5.

Fig. 10 shows the regulation control loops response to the
power disturbances, which are introduced by load transitions.
The initial conditions are shown in Table 4. These initial
conditions are chosen to start the power balance equal to zero.
The applied stimulus can be listed as follows.

» To: The MG starts from a self-compensated operation
which implies that icopp1 = 0 A and icoppr = 0 A. » Ty:
The resistive load R, = 144 is connected which implies
that icopp, = 0 A and icomp, = 1.66 A. » T,: The constant
current load Iccr, = 8.33A is connected which implies that
icomp; = 8.33 A and icomp, = 3.33 A. » T3: The constant
current load Iccr, = 1.66 A is connected which implies that
icomp; = 8.33 A and icomp, = 4.99 A. » T4: The constant
power load Pcpy, = 400 W and the resistive load Ry = 5.8
are simultaneously connected which implies that icopp, =
16.6 A and icomp, = 8.31 A. » Ts: The load Pcpr, = 400 W
is connected and the load R, = R;,,, is disconnected which
implies that icomp, = 24.93 A and icopmp, = 8.33 A. » Tg:
The loads Iccy,,Iccr, Pcpr,,R1,P2 are disconnected which
implies that icomp, = 8.33 A and icomp, = 1.66 A. » T7: The
load R; = R»,,;, is disconnected which implies that icomp, =
0 A and icomp, = O A, returning to the initial conditions.
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FIGURE 10. Response to power disturbances.

Fig. 10 illustrates that the proposed control regulates properly
the bus voltages when disturbances are applied. Moreover, the
response does not present overshoots and has a fast settling
time.

2) RESPONSE TO TRANSITIONS BETWEEN MODES

To test the transient response of the proposed control, a tran-
sition from grid-connected mode to island mode is enforced.
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Two experiments are considered in this test. The first one
consists of a smooth transition between grid-connected mode
and island mode without disturbances while the second one
considers the presence of a power disturbance during the
same transition previously described. Note that this is the
worst-case scenario. In both experiments, Bus 1 starts with a
resistive load of 400 W. Its ESS is operating in limited power
charging mode demanding 100 W, and the ILC is ensuring
the voltage regulation of the bus, i.e., the ILC is operating as
the ““master”.

The results are provided in Fig. 11, where the blue lines
present the controller performance without perturbations
and the orange lines illustrate the controller performance
under the presence of perturbations. When no perturbation
is present it can be seen that during the first time interval
(between 0 and 0.5 s), the initial conditions cause that the ILC
introduces 500 W to balance the power of Bus 1 while that
power is consequently extracted from Bus 2 (see Fig. 11 (a)
between 0 and 0.5 s). At 0.5 s, the MG is disconnected from
the grid, leading to the change from grid-connected mode
to islanded mode. The ILC must, therefore, replace the IFC
in executing the “master” role of regulating the voltage of
Bus 2. In turn, this implies that the regulation of Bus 1 must
be assumed by the ESS which operates as the new ‘“‘master”.
As can be noted in Fig. 11 (a), the transition of the ILC from
regulating Bus 1 by introducing 500 W to regulating Bus 2
by extracting 300 W from Bus 1 follows the logistic func-
tion defined in the previous section. Likewise, the resulting
transition in the ESS from consuming a regulated power of
100 W to contributing 700 W follows the same behavior,
see Fig. 11 (b). Additionally, it is observed in Fig. 11 (c)
that the voltage of Bus 1 suffers a short transient deviation
of around 1.2 V which is compensated during the transition
interval (1 s). Fig. 11 (d) depicts the compensation current
required to regulate the voltage of Bus 1, which is assumed
firstly by the ILC and then by the ESS, showing a smooth
change.

Similarly, when the load perturbation occurs, i.e., a sudden
reduction of the power load in Bus 1 from 500 to 400 W dur-
ing the transition, the proposed control structure achieves the
same good performance (see the orange lines from Fig. 11).
As expected both the ILC power transference and the ESS
contribution follow the logistic function (see Fig. 11 (a) and
Fig. 11 (b), respectively). Due to the load reduction, the
ESS changes its power contribution from 100 to 600 W (see
Fig. 11 (b)). Fig. 11 (c) shows that the load perturbation
does not affect the voltage regulation, and Fig. 11 (d) depicts
that the compensation current required to regulate the voltage
of Bus 1 has a smooth change despite the presence of an
additional disturbance during the transition.

B. ASSESSMENT OF THE OVERALL PERFORMANCE INTO
A DAILY PROFILE

As mentioned in Section V-B, the studied MG in Fig. 9
can operate in five modes. The performance of the proposed
control scheme is assessed in a complete daily operation,

55344

To T T T3
S—— — *
1 1
400 a) ' :
1
1 1
1 1
o200 : i
= | |
~ 1 ]
Q 1 ]
= 0 I |
1 1
1 1
Transition type :
-200 [ —— without perturbation !
— with perturbation ._:—
b) | -
600 i e : —
! 1
1
~ i i
X 400 I i
\—7 1 |
2] I 1
%) i i
IS4}
200 ! ]
1 1
1 1
: Transition type
0 : ~——— without perturbation
— ~—with perturbation
S 46t
\al
S 45+
a4t
Transition type
a3 ~— without perturbation
o ~— with perturbation
15 d)
14
< Perturbati -
< 13+ Perturbation ™,
- e ———
g
S 12
-
11 Transition type
——— without perturbation
~—with perturbation

0 0.5 1 1.5 2
Time(seg)

FIGURE 11. Waveforms of the master-slave control actions during a
transition from grid-connected to island mode.

as shown in Fig. 12. In this figure, three main scenarios
are analyzed in the following subsections. In the first one,
the MG operates in grid-connected mode. The second one
analyses the transition between operation modes; in the last
one, the MG operates in island mode. In addition, it should
be noted that different load disturbances and master-slave
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FIGURE 12. Daily operation assessment.

transitions are conducted in each operation mode to illustrate
the robustness of the system’s operation.

1) GRID-CONNECTED OPERATION MODE

The grid-connected mode is illustrated in Fig. 12 from » Ty
to » T3. In this mode, the MG is supplied by the electrical
grid; therefore, the ILC unit controls the voltage of Bus 1
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(ELVDC bus), and the IFC regulates the voltage of Bus 2
(LVDC bus).

From » Ty to » T4, itis observed that Bus 1 and Bus 2 volt-
ages start perfectly regulated (see Fig. 12 (a) and Fig. 12 (b),
respectively), and the SOC begins at 55% (see Fig. 12 (c)).
During this time interval, Bus 1 is regulated by the ILC (see
Fig. 12 (h)), and the ESS is charged due to the lack of
loads. In » T}, a set of loads is connected in both buses (see
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Fig. 12 (e)) enforcing the need for power support from the
grid. Thus, from » T to » T, the PI compensators maintain
the regulation of the bus voltages using the compensation
currents depicted in Fig. 12 (f) and Fig. 12 (g). The currents
are provided by the ILC and the IFC, seen in Fig. 12 (h) and
Fig. 12 (i), respectively.

When ¢ = 8 h, PV power starts to be generated in both
buses (see Fig. 12 (j)), which minimizes the power extracted
from the grid and changes the direction of the power flows
in the ILC and the IFC (see Fig. 12 (h) and Fig. 12 (1)), thus
highlighting the system’s bidirectional capability. Note that
when more PV energy is generated, some part of the power
starts to be injected into the grid. Moreover, at the same time,
the ESS is still being charged by power delivered from the
wind turbine and the PV system.

2) MULTI-MODE OPERATION

From » T, to » Tg, the MG passes through different opera-
tion modes based on changes in the THD on the AC side or
if the Vypug6,.4 < Vaer. For instance, it is observed that during
» T, the wind and PV generation increase constantly (see
Fig. 12 (d) and Fig. 12 (j)), charging the battery and injecting
energy to the main grid. During this period several loads are
connected to Bus 1 and later to Bus 2 (see Fig. 12 (e)). It is
worth mentioning that in the worst-case scenario, the voltage
spike produced by the connection of the loads is no longer
than 1 V in both buses.

Moreover, during this period, the event defined by
THDg,iq < THD, causes the first transition to the AC-poor
grid quality mode (see the state-transition diagram in Fig. 5).
In this scenario, the SAC unit is activated (see Fig. 12 (k)),
thus allowing the AC loads to be supplied and compensated
for. Similarly, between » T4 and » Ts, the MG undergoes a
second transition to the AC-generator mode (Vinss,y < Vact)-
When the diesel generator (DG) is turned on, the poor quality
behavior on the AC side is solved. Therefore, the SAC unit is
turned off (see Fig. 12 (k)). In this mode, however, the SAC
can be activated again if the THD is below the permissible
level. Finally, it should be noted that when the MG operates
in normal mode, i.e., grid-connected mode, Bus 1 voltage is
regulated by the ILC (M7), and Bus 2 voltage is regulated by
the IFC (M3), while the other units become slaves.

3) ISLAND-MODE OPERATION

Conversely, in the island mode of the MG, i.e., when the
AC subsystem is disconnected from the grid, the system is
forced to change the master units regulating the bus voltages.
Consequently, the other units automatically become slaves.
Thus, in this operation mode defined between » T7 and » Tg,
the ESS regulates the voltage of Bus 1 and the ILC regulates
the voltage of Bus 2, as seen in Fig. 12 (1) and Fig. 12 (h),
respectively.

VIi. CONCLUSION
A flexible multi-mode master-slave approach has been devel-
oped in this paper to control a DC-coupled double-bus hybrid
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MG architecture. The fundamentals of the proposal are the
existence of power conversion units that can operate as mas-
ters or slaves, thus fulfilling a regulation function on one
side and a power transfer function on the other side. It was
demonstrated that, in this approach, simple linear controllers
can be employed to ensure the proper operation of the con-
trol structure. The proposed control scheme considers the
tertiary and secondary levels of the hierarchical structure.
The tertiary level provides the mode of operation using a
mode-transition logic that follows the conventional operation
of programmable automates. Simulated results validate the
advantageous features of the proposed control showing a
good dynamic performance during transitions between oper-
ation modes and ensuring stability under several different
operating conditions.

The results show that the transition between operation
modes is achieved in less than one second (as designed in
the logistic function) where all the controlled variables reach
steady-state values before one second. The proposed control
permits some units to be used as masters whereas all others,
including those that have yet to be added, operate as slaves,
thus enhancing the MG’s modularity and reconfigurability.

Nevertheless, as linear controllers are employed, it is not
possible to include constraints on the controlled variables in
the formulation. Therefore, using advanced control strate-
gies, such as model predictive control is proposed as future
research. Additionally, applying the proposed control scheme
for hybrid AC/DC MGs should be examined along with its
experimental validation.
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