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Abstract: This article aims to provide a comprehensive review of control strategies for AC microgrids
(MG) and presents a confidently designed hierarchical control approach divided into different
levels. These levels are specifically designed to perform functions based on the MG’s mode of
operation, such as grid-connected or islanded mode. The primary control ensures frequency (f) and
voltage (V) stability, whereas the secondary control adjusts their values to their references and the
tertiary control efficiently manages the power of distributed generators (DGs) in a cost-effective
manner. The article extensively discusses centralized, decentralized, and distributed strategies for
each control level, highlighting their differences, advantages, disadvantages, and areas of application.
Finally, the usefulness of different control strategies at different levels is demonstrated through
practical examples.
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1. Introduction

The future of traditional distribution networks is focused on small distributed genera-
tors (DGs), which, due to their features and requirements of zero greenhouse gas emissions,
will predominantly be renewable [1-3]. Due to growing environmental concerns, the use of
thermal-based DGs such as diesel generators or gas turbines is expected to decrease over
time. Instead, there is a shift towards systems that rely entirely on renewable energy sources.
Unlike traditional generators, DGs are installed near consumption sources, allowing for
local energy production. Some advantages of distributed generation are a reduction in
losses, self-consumption, and the feasible adaptation of renewable energy sources. How-
ever, including DGs without a proper coordinated scheme can cause waveform distortions,
voltage fluctuations, protection failures due to bidirectional flows, and other issues related
to power quality [4].

In case of severe power network failures or contingencies, these DGs are typically
disconnected for security and do not provide backup to reduce the expected energy not
supplied (EENS). The microgrid (MG) then emerges as a novel reliable and resilient subsys-
tem against contingencies, integrating distributed generation and allowing it to operate
properly even when isolated from the main electrical system. By including DGs in the
control environment of the MG, two operating modes can be distinguished: The first is the
grid-connected state of operation, where DGs take frequency (f) and voltage (V) references
from the main grid, and the second is island mode, which allows them to continue operat-
ing while disconnected from the main grid while f and V references are established by at
least one of the DGs [5].

The infrastructure of existing networks, the type of DGs to be integrated, and other
specifications oriented toward end-users determine the most suitable architecture of the
MG, which can be AC, DC, or hybrid [6,7]. Economic, energy quality, reliability, stability,
and resilience concerns generate interest among researchers and network operators to study
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different MG architectures and control strategies [6,8]. In these, the operation between all
the DGs is addressed through a hierarchical approach of levels or layers, which, depending
on the communication links available, can use one strategy or another.

This study presents an overview of the hierarchical approach in AC MGs considering
different control strategies, which can be visualized in Figures 1 and 2 [9,10]. Depending
on the control level analyzed (primary, secondary, or tertiary), the response times and
functions performed are different, as follows: The primary control is the fastest of all,
with short response times typically around milliseconds if performed by inverter-based
generation and a bit slower if performed by synchronous machines. The primary control
coordinates the internal control of the DGs to keep the MG stable, i.e., it stabilizes f and V
but in values different from the nominal ones, using fast and efficient strategies. Centralized
and decentralized strategies are implemented at this level, with droop control being used
the most for stability and power sharing between all DGs [11]. Droop control provides
effective load contribution without the need for communication links.
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Voltage and Current Control
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Figure 1. The hierarchical control [10,11].
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Figure 2. Hierarchical control strategies [4].

The secondary control takes place within the span of several seconds to a few minutes
and is responsible for restoring f and V values by reducing deviations to zero. It acts after
the primary control, comparing the measured values with their references and processing
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the errors to send them to the DGs to restore their parameters. Given the characteristics
of its functions, it requires communication links and can use distributed or centralized
control strategies. The tertiary control is the slowest and operates within the span of several
minutes to hours. It manages the optimal flow, as well as the dispatch of DGs through
technical-economic criteria, and like the previous level, uses distributed or centralized
strategies for its tasks [4,6,12].

To delve deeper into the study of hierarchical control in MGs, different techniques
and methods have been investigated at all levels, in which a specific purpose or function is
assigned. In addition, application areas are presented, ultimately evaluating the advantages
and disadvantages. Structurally, the study continues to address the topic in Section 2, which
discusses AC MG principal components, and in Section 3, which discusses the hierarchical
control in MGs, including all levels or layers. This is followed by Sections 4-6, which
present control strategies, and concludes with Sections 7-9, which present the examples,
comments and discussion, and conclusion and references, respectively.

2. AC Microgrids and Principal Components

An MG is a portion of an electrical system that comprises linear or non-linear loads
and DGs (distributed generators) such as solar generation, wind generation, fuel cells,
fossil fuel-based generation, energy storage devices, and, more recently, custom power
devices (CPDs). These devices collaborate to form a subsystem that can function either
independently or in conjunction with the main electrical grid [13-19]. One of the two
operational modes of an MG is the mode that is disconnected from the main grid, also
referred to as island mode, isolated mode, standalone mode, or autonomous mode [6,20].
The other mode is connected mode, in which the MG is linked to the main power grid at
the point of common coupling (PCC), as illustrated in Figure 3 [21-23]. Depending on the
availability of primary resources for DGs, the MG may import or export power to/from

the main grid in this mode.
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Among various architectures, the AC MG is considered the dominant type, in which
most DGs connect to the distribution system through a power electronics interface to supply
part or all of the user’s demand [6,24]. Additionally, the DGs can also be connected through
transformers. This DGs are typically synchronous or induction machine-type generation.
Figure 3 shows an example of an AC MG whose subsystem environment can be observed.
Regardless of the MG mode of operation, its control systems are essential for performing
basic power injection purposes. Multi-level control strategies are typically used to achieve
objectives such as optimal dispatch, operating cost minimization, and improved power
quality [4].

To enhance the functionality of MGs with resilient, secure, and reliable approaches,
researchers have explored the incorporation of energy storage systems (ESSs) and, more
recently, custom power devices (CPDs).

2.1. Energy Storage Systems

ESSs serve to convert electrical energy into various forms that can be stored and later
reconverted into electricity as required. The classification of storage systems, as depicted in
Figure 4, is primarily based on the type of energy stored within the system. Accordingly,
ESSs can be categorized into mechanical, electrical, electrochemical, chemical, and thermal
energy storage [25-30].

ENERGY STORAGE

TECHNOLOGIES

L ! ! ! L

Mechanical Electrical Electrochemical Chemical Thermal
Storage Storage Storage Storage Storage
Pumped Super Lead-acid I Hyd Sensible
—a hydro capacitor battery ygrogen Heat
- PHS - SCES storage
Advanced
Compressed Supercond. battery Latent
—a air Magnetic — ABESS Heat
- CAES - SMES storage
Flow
Flywheel battery
™ _FEs - FBESS

Figure 4. Classification of energy storage technologies based on the storage methodology [29].

Figure 5 shows a comparison of power ratings/requirements and discharge time at
rated power of energy storage technologies and their potential applications [25,29].

ESSs can be divided into two main types: power applications and energy applica-
tions. In general terms, power applications involve storage devices suitable for short-term
applications, with short discharge times (seconds to several minutes, typically less than
an hour), whereas energy applications include storage systems appropriate for long-term
applications, with extended discharge times (usually more than an hour and up to sev-
eral months).

Commonly, short-term applications require energy storage systems to supply energy
immediately after activation, although they undergo a rapid discharge. The ESSs for these
applications must have an energy-to-power ratio (energy capacity in kWh divided by
the power rating in kW) of less than one hour. On the other side, the requirements of
charge/discharge rates are high, and per the power application, the ESSs must perform a
huge number of charge/discharge cycles per day.
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Figure 5. Comparison of energy storage technologies for providing services to the smart grid:
(a) discharge time versus power requirement; (b) discharge time versus power rating [25].

Conversely, long-term applications do not need energy storage to supply energy
instantly after activation, and the maximum duration of power delivery is longer than an
hour. These required energy storage systems must have an energy-to-power ratio of more
than one hour so they are able to supply power for several days or weeks (even months).
On the other side, the requirements of charge/discharge rates are not high, and per the
energy application, the ESSs hardly exceeds two full charge/discharge cycles per day.

Thus, energy storage applications may be appropriately categorized for both long
and short duration and frequent and infrequent discharge. These are considered the most
relevant characteristics for a preliminary assessment of ESS technologies [25].

In the same way, specific power (expressed in W/kg) and specific energy (Wh/kg) are
also two parameters of great importance that indicate how much power and energy can be
obtained per unit weight of the ESS.

These two properties play a major role, especially in transportation applications such
as hybrid and electric vehicles (HEVs/EVs), where the weight of battery packs for these
applications must be reduced to an acceptable fraction of the HEV/EV total weight. Figure 6
shows the comparison of specific power and specific energy of various ESS technologies. As
can be seen, the higher the specific power and energy, the lighter the energy storage system.

The ESS technologies suitable for lightweight applications can be found in the top
right corner of the figure. In contrast, the lower the specific power and energy, the heavier
the energy storage system (these technologies are located in the bottom left corner). As
can be seen, super capacitors, SMES, and flywheels are the technologies with the highest
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specific power, but they have low specific energy. In the same way, fuel cells have the
highest specific energy, but they show a relatively moderate specific power. Most batteries
are located in the middle levels in terms of specific power and specific energy, with Li-ion
batteries having both high specific energy and high specific power. This explains the recent
wide range of applications for Li-ion batteries, especially from portable electronic devices
to transportation.
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Figure 6. Comparison of specific power and specific energy of various ESS technologies [25].

It can be straightforwardly inferred that the features of energy storage technologies
must align with the requirements of the specific application under consideration to select
the most suitable technology [25].

In the context of MGs, short-term applications are the pertinent qualifiers for ESSs.
Within this domain, we observe that supercapacitors, flywheels, SMES (superconducting mag-
netic energy storage), and both lead-acid and advanced batteries demonstrate competence.

These types of technologies, due to their great response capacity and short-time access,
are of special interest for applications in MGs with high penetration of non-conventional
renewable generation. In this scenario, storage systems are necessary to counteract the high
fluctuations of non-conventional renewable generation and demand, thus maintaining the
balance of energy and power.

Furthermore, when appropriately coupled with power electronics interfaces and
controllers, these ESSs are capable of furnishing the smart microgrid with active and
reactive power independently, simultaneously, and with exceptional speed to regulate both
fand V.

The regulation capacity is another mandatory subject of study in MGs due to the lack
of inertial response, as most DGs are inverter-based resources. To overcome this issue, ESSs
are necessary, as they can assume the task of a synchronous generator to emulate inertia
via an adequate control scheme [10]. In context with the above and with the hierarchical
control, Pb-acid and advanced batteries are employed at secondary and tertiary control
levels, whereas flywheels are utilized at the primary control level.

Despite the fact that batteries possess the required speed to operate effectively at the
primary level, the constant charging and discharging demanded by this level of control can
potentially diminish the anticipated lifespan of the batteries. In contrast, this issue does
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not apply to flywheels, which is why that technology finds application at the primary level
of control.

2.2. Custom Power Devices

Regarding CPDs (custom power devices), they are mainly divided into two groups:
network reconfiguring type and compensating type, as depicted in Figure 7. These power
electronic devices can be connected either in series or in parallel configurations. These
devices allow for improved power transfer capability and rapid voltage control (an inherent
feature of electronic devices). Furthermore, they contribute to increased stability margins
during resilient contingencies [31,32].

CusTOM POWER

DEVICES

Compensating Regoer?gon:in
Devices Ll
Devices
Distribution Static Static Var Static Voltage Static Static Cirquit Static
Compensator Compensator Regulator Transfer Breaker Current
(DSTATCOM) (SVC) (SVR) Switch (STS) (SCB) Limiter (SCL)
Active Power Dynamic
Filter Voltage
(APF) Restorer
(DVR)

Figure 7. Classification of custom power devices [32].

Generally, CPDs employed in MGs due to the maturity reached by the technology are
designed to regulate voltage at the three hierarchical levels of control. These devices include
the SVC (static var compensator) and the DSTATCOM (distribution static compensator),
both of which serve as reactive power sources to enhance and mitigate challenges associated
with dynamic voltage stability in microgrids.

3. Hierarchical Control

As introduced in the previous section, MG control can be characterized as a three-level
control: primary (first), secondary (second), and tertiary (third) [2,4,8,21,33-38]. Also, it can
be found in the literature as a four-level control: voltage (first), primary (second), secondary
(third), and tertiary (fourth) [39]; as zero (first), primary (second), secondary (third), and
tertiary (fourth) [40]; or as converter output control (first), power sharing control (second),
MG supervision control (third), and tertiary control (fourth) [41].

Studying the MG with three-level control is the most common approach since the
four-level approach subdivides the functions of one hierarchy into two or assigns it another
name, as shown in Figure 8. The following explains the basis of each level of operation.

The primary control level consists of a local variable control scheme, where MG
stability in f and V is ensured; thus, it only functions in island mode. The secondary control
level ensures that f and V are within acceptable values, restoring them to nominal values
after the primary control has stabilized them. The secondary control, like the primary
control, only operates when the MG is disconnected from the main grid. In the hierarchical
control strategy, the optimal distribution management system and energy flow control take
place at the tertiary control level [42]. This is the decision level at which the power exchange
between the MG and the main grid is controlled, making it the only one enabled in both
modes of operation. By applying an appropriate control architecture, the system becomes



Sustainability 2023, 15, 15195

8 of 28

more flexible and expandable so that more DGs can be integrated [4]. In the field of control
strategies, several approaches can be taken. One such approach is decentralized control, as
shown in Figure 9a. This type of control uses local measurements that are processed by a
unit known as a local controller (LC). Another approach is centralized control, as shown in
Figure 9b, which relies on communication links to send commands from the supervisory
control of the MG (central controller) to lower-level controllers [6]. Lastly, there is the
distributed control, as shown in Figure 9c, which is characterized by the distribution of
control responsibilities throughout the MG, with the DGs acting as autonomous agents that
operate cooperatively to achieve global objectives [33,35,43-45].

Hierarchical Control
[

]
Primary Secondary Tertiary
Control Control Control

Grid Tertiary
Supervisory i Control

Converter

Output

Control

Power
Control | €

Grid Conected

ksl Ikl

Figure 8. Equivalences between 3- and 4-level hierarchical control [39—-41].
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(a)

.......... Communication link
Physical connection
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(b) (c)

Figure 9. (a) Decentralized control strategy; (b) centralized control strategy; (c) distributed control
strategy [44].
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3.1. Primary Control

The primary control is a critical component in the hierarchical structure of an MG,
serving as the main control level. It has two primary functions: controlling the active power
and voltage in island mode and regulating the frequency of the MG when the connection
with the main grid is lost [8,46—49].

To achieve these objectives, the primary control must deal with inner voltage and
current control loops as well as with f regulation and power sharing [41,50,51]. To achieve
these objectives, different strategies can be implemented, including both centralized and
decentralized approaches. Techniques based on droop control are widely used as a de-
centralized strategy, and they are the most common in practice [21]. In droop control, the
converters act as voltage sources and adjust the reference voltage and frequency to stable
values [52-59]. It is based on mimicking the synchronous generator by generating an inten-
tional frequency deviation. In other words, it changes the frequency and amplitude of the
voltage based on the load. Indeed, since the power electronic interface of DGs is inertia-less,
a control that is able to adapt itself when the load changes has to be implemented. This can
be achieved by adjusting the output voltage frequency and amplitude. An increase in the
power demand implies a decrease in the voltage frequency or amplitude, based on whether
the increase is in the active or reactive power, respectively. This technique is highly reliable
and maximizes the distribution capacity of the MG, making it ideal for the operation of
converters in parallel [15].

In addition to droop control, other communication-based techniques can be used,
such as master—slave control, which is centralized but less frequently used compared to
droop control [2,4]. Finally, according to the literature, the distributed control strategy is
not studied at this level.

Overall, the primary control is a crucial aspect of MG operation, ensuring that the MG
is stable and functions properly. The appropriate selection of control strategies depends
on various factors, including the nature of the MG, the types of DGs used, and the specific
requirements of the system.

3.2. Secondary Control

The second level of control in the hierarchical structure of an MG is responsible for
addressing deviations in voltage and frequency in the MG. However, the secondary control
only operates in island mode, similar to the primary control [2]. The main function of the
secondary control is to compensate for the steady-state errors in voltage and frequency
in the MG, ensuring that they are restored to their nominal values [60]. Additionally, in
larger MGs with more than one bus, the secondary control is responsible for controlling the
voltage profile along all the AC buses, keeping it within the operating limits.

Unlike the primary control, the secondary control uses communication systems that
monitor large sectors to coordinate the actions of all generation units within a specified
area. The response time of the secondary control is slower than that of the primary control,
typically in the range of seconds to minutes [46]. The control strategies at this level are
generally centralized and can also be distributed [61]. Commonly, centralized control is
used in small MGs, whereas distributed schemes are used in larger ones [33].

The secondary control is responsible for ensuring that the MG operates stably and
reliably, even during changes in power supply or load demand. It is designed to provide
more fine-grained control than the primary control, with the ability to adjust voltage
and frequency to correct any steady-state errors. Additionally, the secondary control is
responsible for managing power flows between different parts of the MG, ensuring that
there is enough power available for regulation to meet the needs of all loads.

The communication systems used in the secondary control allow for real-time moni-
toring and control of the MG, enabling operators to quickly respond to any changes in load
or generation. However, since the secondary control is mostly centralized, it may be more
susceptible to failures in communication or power supply disruptions.
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3.3. Tertiary Control

The tertiary control level is responsible for optimizing the operation of the MG by
establishing its interaction with the main grid through the control of active and reactive
power references for each of the DGs. The optimization is usually based on economic
criteria, which consider the relationship between demand and energy supply balance,
along with the marginal generation cost of each unit of the DGs [2]. This level of control
plays a crucial role in ensuring efficient and reliable operation of the MG, particularly in
situations where the load demand and energy supply balance are constantly changing.

In grid-connected mode, the tertiary control level considers short-term load changes,
generation forecasts, energy storage capacity, specific demand requirements, and price
signals provided by the electricity market in analyzing MG operation. It optimizes the
power output of the DGs to ensure that the overall cost of generation is minimized while
meeting the demand requirements. In island mode, the tertiary control level is responsible
for restoring the secondary control reserve and managing any potential congestion in the
MG. It also manages the power injection according to the availability of resources and the
demand requirements.

Due to the several functions performed by the tertiary control level, communication
between the DGs is necessary for the connected and island modes of operation. This
communication enables the DGs to coordinate their actions and ensure the optimization of
the overall MG operation. The use of advanced communication systems and intelligent
algorithms can further improve the efficiency and reliability of the tertiary control level [46].

In order to achieve optimal operation of an MG, an energy management system
(EMS) is often employed [62,63]. The EMS is responsible for managing and optimizing the
generation and consumption of energy within the MG, based on various criteria such as
economic efficiency, environmental impact, and grid stability [64-70].

At the tertiary control level, the EMS is responsible for coordinating the various DGs
within the MG, including renewable energy sources, energy storage systems, and backup
generators, to ensure that the MG is operating efficiently and reliably. The EMS uses a
variety of algorithms and optimization techniques to determine the optimal dispatch of
power from each DG based on real-time supply-and-demand conditions.

In addition, the EMS monitors and forecasts the energy supply demand within the
MG, taking into account factors such as weather patterns, load variability, and energy
storage levels. This allows the EMS to predict any potential energy imbalances and to
proactively adjust the DG dispatch to maintain a stable and reliable supply of energy. The
EMS also plays a critical role in the interface between the MG and the main grid. It manages
the connection and disconnection of the MG from the main grid and ensures that the MG
operates within the grid code and regulatory requirements. This includes controlling the
power flow between the MG and the main grid.

In addition, the economic optimization of the MG as seen before is highly dependent
on the hierarchical structure and could be implemented considering the randomness of
power generation and load, like in [71].

Opverall, the EMS is an essential component of a well-designed MG, enabling efficient
and reliable operation of the system while maximizing the benefits of the DGs within it.

4. Decentralized Control Strategy

In isolated MGs, the control methods in which the DGs are controlled through an LC
or independently, as shown in Figure 9a, and in which each controller acts using only its
own measurements [4], as mentioned previously, are decentralized. This control strategy
has the disadvantage of the LCs not having enough information about the operating state
of other DGs since they operate independently. Nevertheless, it is considered the most
reliable control method, as there is no need for communication links between different
units. For large-scale MGs, this communication-free control strategy can be considered the
best solution.



Sustainability 2023, 15, 15195 11 of 28

Decentralized control contributes to better energy management as the complexity of
the electrical MG increases, controlling each unit separately [72]. In this control technique,
the system can continue operating even if a connection between the DGs is lost. The
advantages of decentralized control are that it is suitable for diverse, complex, and large-
scale systems; is plug-and-play friendly and computationally inexpensive; and has the
possibility of continuing to operate even if multiple points fail. The disadvantages of this
control are the absence of a communication structure despite the need for synchronization
among all DGs [4].

4.1. Decentralized Strategies for Primary Control
Droop Control

The most widely used and developed primary decentralized control strategy, due
to its versatility, is droop control (see Table 1). This technique has even been studied for
islanding detection, like in [73]. The main advantage of droop control is that it does not
require a communication link to achieve power sharing (contribution of each DG). This
provides flexibility and autonomy to the MG. Additionally, it allows for the inclusion
of inverter-based generation in the MG since it is not exclusive for DGs like traditional
synchronous machines [27,74]. When using this control technique, the parallel connection

of DGs is permitted [2].

Table 1. Control droop variants.

Approach

Methodology

References

Conventional
droop control

P/V and Q/f droop

P/Vand f/Q
augmented droop

V-1 droop

Angle droop

Virtual frame
transformation

Virtual flux

Virtual impedance

Virtual admittance

Signal injection

Adaptive
voltage droop

It mimics the behavior of a traditional synchronous generator.

It is based on the line impedances characteristics of low-voltage AC
MGs. In this case, the dependency of V is linked to P and the
dependency of f is linked to Q.

It is implemented to regulate the increase in active and reactive power
with voltage in low-voltage AC MGs.

It is used to avoid inherent slow dynamics in conventional droop. The
voltage components are allowed to follow a linear droop function with
respect to the current.

The droop equations are set in terms of the voltage angle. The angle is
related to the active power instead of the frequency.

A reference frame is used to decouple the active and reactive power.
This allows the control to be independent of feeder impedance.

It enhances voltage regulation during transients. The reactive power is
shared proportional to the estimated flux instead of the voltage.

A supplementary control loop is added to decouple real and reactive
power. This control loop incorporates a virtual impedance to adjust the
output impedance of the inverter.

The virtual admittance is implemented to avoid the differentiation
issue related to the converter output current in the virtual

impedance technique.

It is designed to avoid unbalanced power flow through the feeders
connecting the inverters and loads.

This technique improves the voltage regulation caused by reactive
power sharing.

[2,4,6,8,21,34-36,38—
40,46,47,55,57,58,61,66,75-81]

[8,46]

[34,36,39,40]

[8,35]

[8,34,47,55,61,82]
[2,36,55,83]

(8]

[21,35,46,55,61,76,80]

[75]

[2,21,39,40]

[21,34,39,47,55,61,81]

The basic idea behind droop control, as previously mentioned, is to emulate the behav-

ior of a synchronous generator whose frequency decreases as active power consumption
increases [2]. The characteristics of traditional droop control can be visualized in Figure 10
and can be explained as follows [84]:
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Figure 10. Characteristics of voltage and frequency droop for a grid with inductive behavior [84].

As the frequency decreases from f to f, the DG increases its active power from Py
to P. A droop in frequency then indicates an increase in the active power of the system.
The expressions of droop control for a network with inductive behavior can be written as
follows [85]:

f=fo=—kp(P—P) M

V-W= _kq(Q - QO) @

In Equation (1), the dependence between frequency and active power, as previously
mentioned, can be seen. Equation (2) describes the dependence between voltage and
reactive power. Here, k, and k; are the droop coefficients that represent the slopes of
frequency and voltage drop, respectively, as seen in Figure 10.

The direct relationship between the droop control expressions and the physical char-
acteristics of the MG is of great importance. Such is the case that when the MG is mainly
resistive, as is often the case in low-voltage distribution networks, the equations change
as follows:

V—Vy=—kp(P— Py) (©)]

f—=fo=Fk(Q— Qo) 4)

In a conventional network, the large synchronous generators (SGs) provide significant
rotating inertia in the system; hence, changes in grid frequency indicate a difference
between the electrical power consumption and the mechanical input power. All generators
act on frequency through their P/f droop controllers. However, in MGs, most DGs are
converter-interfaced to the network. Consequently, islanded MGs lack the rotating inertia
on which the conventional grid control is based, and consequently, a P/f droop control
based on the inertia alone is not possible. However, in inductive networks, the power flow
equations show an intrinsic relationship between the active power and the phase angle
difference and between the reactive power and the grid voltage. As frequency dynamically
determines the phase angle, P/f and Q/V droop controllers, analogous to those in the
conventional network, can be used in the dispatchable DG units of inductive MGs.

In a traditional power system, a P(f) droop is implemented, where f is measured to
determine the desired input power. In an MG with droops not depending on inertia, an
analogous f(P) characteristic can be implemented as well [86]. That is, the AC power is
measured to determine the frequency of the DG. However, droop control does have some
drawbacks. One of these is the lack of communication infrastructure, which can make
synchronization between all DGs difficult. To overcome this, extra synchronization control
loops are needed if the operation of the MG includes parallel inverters. Nevertheless,
droop control remains a popular and reliable choice for MG control due to its versatility
and autonomy.

Since the beginning of electric power systems, droop control has been extensively
studied in the control literature, resulting in numerous linear and nonlinear variants, which
can be seen in Figure 11. Based on the physical characteristics or improvements in the
performance of one function or another, one droop variant or another can be used [21,40,59].
Table 2 presents the advantages and disadvantages of some of the most used variants in
the control mechanisms developed to solve problems in the MG.
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Table 2. Advantages and disadvantages of droop control.

Variant of Droop
Control

Advantages

Disadvantages

Conventional droop
control [2]

P/Vand f/Q
augmented droop [34]

Angle droop [47]

Virtual frame
transformation [36]

Virtual impedance [21]

Virtual admittance [75]

Signal injection [39]

Adaptive voltage
droop [55]

No need for communication channels

Less expensive to install

More flexible, reliable, and expandable

Simple implementation

Ability to adjust active and reactive power without
compromising voltage and frequency

Ensures proper power sharing among DGs

Same frequency regulation as conventional droop
Simple implementation

Decoupled control of active and reactive power
Simple implementation without the need for
system parameters

Can work for linear and non-linear loads

Can work for linear and non-linear loads
Decoupled control of active and reactive power
No need for system parameters

Works for linear and non-linear loads

Improved voltage regulation

Affected by system parameters

Used for highly inductive transmission lines
Cannot handle non-linear loads

Affected by system parameters

Used for highly resistive transmission lines
Cannot handle non-linear loads

Can cause phase synchronization issues and
ultimately make the MR unstable

Line parameters must be accurately known
Does not ensure good voltage regulation
Does not guarantee voltage regulation
Unwanted deviations in frequency and voltage
can occur

Does not guarantee voltage regulation

Complex implementation
Can cause harmonic distortion of voltage

System parameters must be well known

At the secondary and tertiary levels, decentralized strategies are not studied due to
the need for communication between DGs.

5. Centralized Control Strategy

The control methods with which DGs are managed by a central controller, as shown
in Figure 9b, are called centralized control strategies. A centralized control strategy is
designed with a basic control scheme that has been used in traditional power systems [4].
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Typically, this has been the most used topology in secondary and tertiary controls due to the
requirement of communication among the DGs, but it is also used in primary control [35].
In this strategy, the system has LCs corresponding to the management of each DG in the
MG. Each LC has a communication link with the central controller. The central controller is
unique and collects all the required information from the DGs, generating commands for
each LC. In this control strategy, the LCs do not have any communication links with each
other, and they cannot act independently.

The centralized scheme has the advantage of having the controllability of the entire
system at a single point. Nevertheless, this characteristic adds the disadvantage of being
susceptible to a failure in the controller or communication, which could lead to the collapse
of the entire MG. Other drawbacks include poor performance that can arise in the system
due to communication delays and measurement errors [61]. The most commonly used
method that employs the use of a centralized strategy is master—slave control [4]. While
centralized control has some drawbacks, it can be an effective solution in certain situations
where communication is reliable and system stability is of utmost importance.

5.1. Centralized Control Strategies for Primary Control
Master-Slave Control

In MG control systems, the master—slave control strategy is a commonly used approach
to manage the power output of DGs [87]. The basic idea of this strategy is to have one DG,
usually the most powerful or the most reliable one, acting as the master and the other DGs
acting as slaves [47]. The master is responsible for all of the calculations and provides the
power, voltage, and frequency commands to the other DGs, acting as slaves.

This approach has several advantages, including simplicity, reliability, and scalability.
It allows for easy integration of new DGs into the MG, and it is relatively easy to implement
with simple communication protocols. Additionally, by having one DG acting as the master,
the risk of conflicting control signals is reduced, which helps to maintain stability within the
MG. However, there are also some potential drawbacks to the master-slave control strategy.
One major concern is the single point of failure that comes with having one DG acting as the
master. If the master fails, the entire MG could be at risk of destabilization. To counteract
the disadvantage of network collapse if the master DG fails, a strategy called “priority
rotation window,” which proposes random selection of the master, has been presented in
the literature [8,47]. Additionally, this strategy does not allow for dynamic load balancing
between the different DGs, which could lead to inefficiencies in power generation due
to delays in the communication system that prevent the master from ordering the set
points correctly.

Despite these limitations, the master—slave control strategy is still widely used in MG
control systems, particularly in smaller, less complex MGs. It provides a simple, reliable,
and cost-effective approach to managing DGs within an MG and is a good starting point
for more advanced control strategies.

5.2. Centralized Control Strategies for Secondary Control
5.2.1. Master-Slave Control

In an MG, the secondary control is responsible for regulating the frequency and voltage
levels within the system. In the master—slave control strategy for secondary control, the
master generating unit is responsible for regulating the frequency and voltage levels in
the MG. The master unit is typically the generator with the highest power output, and
its power output is modulated to maintain the frequency and voltage levels at the set
points [39]. The slave units follow the instructions of the master by delivering power in
cases where the master unit cannot regulate the parameters by itself. By using the master
unit to modulate the power output, the frequency and voltage levels can be kept within the
desired range, even in the presence of load changes or other disturbances.

However, the master-slave control strategy for secondary control also has some
limitations. For example, if the master unit fails or becomes disconnected from the MG, the
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entire system may become unstable or even collapse. Additionally, if the slave units are
not properly synchronized with the master unit, they may inject power that is out of phase
with the system, which can lead to instability and other problems. Therefore, it is important
to carefully design and implement the master—slave control strategy for secondary control
to ensure the reliable and stable operation of the MG.

5.2.2. Central Control and Supervision of Microgrid

Central control and supervision of the MG (MGCC) is a critical aspect for ensuring
reliable and efficient operation. The central controller is an exclusive independent control
and acts as the brain of the MG. It is responsible for monitoring and controlling all of the
connected components, including generators, loads, energy storage systems, and power
electronics [8,88,89]. One of the main functions of the central controller is to maintain
the frequency and voltage of the MG within acceptable levels [90]. To achieve this, the
controller receives information from the LC of each DG, which is responsible for regulating
the output power of the generator based on the frequency and voltage measurements.

The central controller processes all of this information and decides which generator
or generators should be responsible for restoring the frequency and voltage back to their
nominal values. This decision is based on the availability of power from each generator, as
well as other factors, such as the priority of the loads and the constraints of the MG.

In addition to maintaining the frequency and voltage, the central controller also per-
forms other functions, such as load shedding, islanding detection, and re-synchronization.
Load shedding involves disconnecting certain loads from the MG in case of a shortage of
power, whereas islanding detection is the process of detecting when the MG has become
disconnected from the main grid and switching it to island mode. Re-synchronization
involves reconnecting the MG back to the main grid after a period of islanding.

Overall, central control and supervision is crucial to the reliable and efficient operation
of an MG. This requires a sophisticated control system and advanced communication infras-
tructure to ensure seamless coordination and operation of all of the connected components.

5.3. Centralized Control Strategies for Tertiary Control
Central Grid Supervision Controller

This strategy is used in grid-connected mode to control the import or export of
energy with the main grid [42]. In this case, the controller exchanges information with the
distribution system operator to optimize operation of the MG. Economic criteria, resource
availability, forecasting, the state of charge of storage systems, and local demand establish
the power injection control commands for each of the DGs [8].

The central controller is always monitoring economic signals to determine whether to
buy energy from the main grid or sell energy from the DGs in the MG.

This strategy can also be implemented in isolated mode, providing load balancing by
setting the interaction of power with the main grid to zero.

As mentioned in previous sections, the control technique can be implemented using
an EMS. An EMS has the ability to operate in both MG modes of operation by modifying
the optimization problem restrictions and objective function [91].

Additionally, the controller implements strategies to increase the benefit of the MG
using flexible strategies like the demand response approach.

6. Distributed Control Strategy

The concept of distributed control is an alternative approach to the centralized and
decentralized control strategies in MG systems. In distributed control, there is no central
controller, and each DG has its own LC that interacts with other LCs to maintain the MG
stable operation [8]. This strategy is mostly used in islanded mode and can be implemented
at both secondary and tertiary control levels [92]. The operation of DGs with this strategy
corresponds to a distributed cooperative effort that depends on the method used.
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One of the main advantages of distributed control is its robustness, as it can tolerate
faults and failures in some components without causing catastrophic MG failures. In
contrast, the centralized strategy has a common point of failure in the central controller.
Distributed control is also scalable, allowing for easier changes to the MG, such as adding
new DGs, energy storage systems, and loads without affecting the operation of other ele-
ments. Furthermore, it enables the plug-and-play operation of DGs, as in the decentralized
strategy [4,35].

However, distributed control is not without its challenges. Communication delays
and measurement errors can negatively impact its effectiveness [61]. To overcome these
challenges, various methods have been developed. In the secondary control level, the
multi-agent technique and its variants are commonly employed. In the tertiary control
level, the following techniques are used: distributed power injection, distributed economic
dispatch, the predictive control technique, the consensus technique, and the decomposi-
tion technique.

Overall, distributed control is a promising approach for MG control, offering numer-
ous benefits, including flexibility, scalability, and robustness, but it also requires careful
consideration of communication protocols, measurement accuracy, and control algorithm
design to achieve optimal performance.

6.1. Distributed Strategies for Secondary Control
Multi-Agent Technique

The multi-agent technique has been widely used in MGs. In this technique, the
DGs are considered autonomous agents with the ability to interact within the MG and
change the conditions through their actions. The intelligence of each agent is characterized
by its reaction to the environment, proactivity (goal-oriented action), and social skills
(communication between agents) [4,21,34,93].

In this technique, the agents communicate with each other to exchange information
about their current state and to coordinate their actions in order to achieve a common
goal. The agents can also negotiate with each other to determine which agent is best
suited to regulating the frequency and voltage at any given time. In ref. [94], a consensus
fault-tolerant control that depends on the information transferring between MG neighbor
agents through a graph communication network is used. This control method is highly
effective at mitigating the fault effect using the multi-agent technique.

One of the challenges of the multi-agent technique is the design of the agent communi-
cation protocol, which should be efficient and reliable to ensure proper coordination among
agents. Another challenge is the development of effective negotiation strategies, which
should take into account the preferences and constraints of each agent.

6.2. Distributed Control Strategies for Tertiary Control
6.2.1. Distributed Power Injection

In the distributed power injection technique, the power to be injected by each DG
is determined by measuring the average current demand of the loads and dividing it by
the number of units. This method is advantageous in its simplicity, as it does not require
advanced communication or control systems. However, it has some limitations, such as the
lack of control over some types of DGs, particularly those that are dependent on renewable
energy sources like solar. In such cases, the power output of the DG cannot be easily
controlled, which can lead to imbalances in the MG. Thus, the distributed power injection
technique may not be suitable for systems that require precise control and regulation
of power output. Despite its limitations, this technique remains a valuable option for
smaller-scale MGs or for situations where advanced control systems are not available or
necessary [8].
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6.2.2. Predictive Control Technique

The predictive control technique is a powerful approach that solves multivariable
optimization problems using demand and generation forecasts with feedback mechanisms.
It also handles the constraints of the power system, making it a versatile and effective
method for power management [21,34,95]. This technique can ensure a fair and optimal
distribution of power among the DG, making it particularly useful in MGs. One advantage
of the predictive control technique is its ability to anticipate changes in power generation
and demand and adjust accordingly, which can lead to significant improvements in the
stability and efficiency of the MG. The changes in power or demand are addressed through
DGs pre-set with a reserve or with DGs that can be susceptible to curtailment. The control
commands are assigned by the local controllers in accordance with the type of technology
of the DG and the availability of the forecasted primary source. Additionally, this technique
can be combined with other control strategies, such as multi-agent systems, to further
enhance the performance and reliability of the MG [96].

6.2.3. Consensus Technique

The consensus technique is a distributed optimization approach in which each DG
follows a global objective function that is normally set up to minimize costs but can be
adapted for another purposes. Consensus algorithms aim to ensure that all DGs have
the same information state to achieve the best performance in the MG. The consensus
technique is particularly useful when the DGs have different types of resources, such
as wind and solar, and operate under different conditions. In such cases, a distributed
approach that balances the different resources and operating conditions can improve the
overall performance of the MG. The consensus technique can also handle uncertainties
in the MG, such as changes in demand and generation. However, the performance of the
consensus technique depends on the communication network between the DGs and the
accuracy of the information exchange. Therefore, efficient communication protocols and
reliable information exchange mechanisms are essential for the success of the consensus
technique in an MG [4,21,34,61].

6.2.4. Distributed Economic Dispatch

The problem of centralized conventional dispatch can be solved in a distributed way
through two approaches [35]:

Marginal Cost Consensus Approach

The marginal cost consensus approach involves estimating marginal costs and using
consensus algorithms to solve the optimization problem.

The main idea behind this approach is to obtain a consensus on the marginal costs
of each DG in order to allocate the total load demand in a fair and efficient manner. The
marginal costs represent the additional cost required to generate an additional unit of
electricity and are used to determine the optimal dispatch of the available resources.

To implement this approach, each DG estimates its own marginal cost and shares this
information with the other DGs using a consensus algorithm. The algorithm is designed to
ensure that all DGs converge to a common value for the marginal costs. Once a consensus
is reached, the total load demand is allocated among the DGs based on their respective
marginal costs.

This technique offers several advantages over the centralized approach, including
greater flexibility and scalability. It also reduces the reliance on a central controller and the
risk of a single point of failure. However, the approach may be affected by communication
delays and measurement errors, which can lead to suboptimal solutions [97].

Distributed Gradient Method

The distributed gradient method approach is another technique for solving the central-
ized conventional dispatch problem in a distributed manner. Unlike the previous approach,
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in this method, the marginal costs are calculated, which requires more robust algorithms
and a longer amount of convergence time. It also uses a power balance that has constrains
related to the location of each DG. If a load is in the neighborhood of the DG, that load can
be supplied by the DG, otherwise, the DG contribution is zero. Also, the power balance
is predefined to achieve identical marginal costs in all of the DGs. This approach has the
disadvantage of not being suitable for MGs with distributed line congestion.

The congestion problem is solved by including constraints related to line current ca-
pacity limits and maximum and minimum power outputs of DGs. Including the congestion
problem takes more time to achieve the convergence of the solution, but it guarantees the
proper dispatch of each DG [98].

6.2.5. Decomposition Technique

The decomposition technique is a control technique where the original optimization
problem is divided into several subproblems, which are assigned to all the control agents
and then iteratively solved until convergence. This approach reduces the computational
burden and allows for parallel processing, improving the overall efficiency of the solution.
Moreover, the communication requirements among the agents are reduced, making this
technique suitable for large-scale systems. The subproblems are solved independently by
each control agent, and their solutions are combined to obtain the final solution of the
original problem [21].

7. Examples

To illustrate the hierarchical control, an AC MG was simulated in the environment
of MatLab R2021a [99]. The MG consisted of three DC sources that had different power,
as seen in Figure 12. It consisted of a storage system feeding converter 1, a photovoltaic
system feeding converter 2, and a wind turbine system for converter 3. Every converter had
a filter and a coupling transformer to connect them to the PCC. The three sources supplied
two fixed RL and R loads and one variable load, as specified in Table 3.

PCC | External Grid
S L RO o
R | T 4
Converter 1 Filter Transformer
500 kW
o8 0™ B
1 | T K
Converter 2 Filter Transformer *
300 kW T T l
o 4 BT Hep
L | T L
Converter 3 Filter Transformer Load 1 Load 2 Variable Load
200 kW

Figure 12. AC microgrid.

Table 3. Load specifications.

Load 1 Load 2 Variable Load

400 kW 50 kW 400 kW
100 kVAR 0kVAR 100 kVAR
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7.1. Tertiary Control

As mentioned in previous sections, the tertiary control oversees energy management.
This management for the example MG is visualized in Figure 13.

Day Ahead Planning

Power (kW)

[ Converter2
[ External Grid
[ Converter 1

Load 05

—e— State of Charge SoC

01 23 4 56 7 8 9 1011 1213 14 15 16 17 18 19 20 21 22 23 24
Time (h)

Figure 13. Energy management for tertiary control.

The strategy used for the EMS was the central grid supervision controller (CGSC),
which correspond to the centralized control strategies. This strategy plans the day-ahead
operation of the MG and controls the import or export of energy with the external grid.
It takes into consideration all of the restrictions of the DGs as well as the economic and
environmental considerations imposed to minimize the total cost of the MG.

The optimization problem follows a mixed integer linear programming approach. The
objective function and some restrictions of the MG can be seen below:

Min Cror = Cwr + Cpy + Cpess + CGrip ®)

Pcen(t) = Porip(t) + Ppv () + Pwr(t) + Pprs(t) (6)

Ppem(t) = Pexc(t) + Pen(t) + Proap(t) @)

PGen(t) = Poem(t) 8)

Xprs(t) + Xcu(t) <1 )

Xgria (£) + Xexe(t) < 1 (10)

SoC(t+1) = Soc(t) + 1€ XL pry ~ s X T p () 1)
max Emax

Ppis(t) < Ppessmx X Xpis(t), Pen(t) < Ppessmx X Xcu(t) (12)

PGrip(t) < Pexomx(t) X Xgria(t), Pexc(t) < Pexomx(t) X Xexc(t) (13)

S0Cpin < SoC(t) X S0Cyax (14)

In Equation (8), the power balance between the generation and consumption of energy
considering the discharge and charge state of the battery as well as the export or import
of energy with the external grid is set. Equations (9) and (10) are binary restrictions that
indicate the state of charge (SoC) of the battery as well as the interaction of the MG with
the main. In Equation (11), the SoC is modeled, and the final restrictions are for the SoC
and the max power of the battery and external grid, respectively.

To estimate the energy production of the renewable generators, the CGSC used an
artificial neuronal network (ANN). The ANN predicted the wind speed, temperature, and
irradiance. With the variables mentioned before, the mathematical modeling was used to
feed the optimization problem with Ppy (t) and Ppy(t).



Sustainability 2023, 15, 15195

20 of 28

As seen in Figure 13, the controller resolved the optimization for the day-ahead
problem and set the points of operation of each DG while regulating the state of charge
of the storage system. During the entire 24 h, the controller effectively managed and
maintained the balance between load and generation. If the energy production in the MG
was insufficient to supply the load, the MG imported energy from the external grid. This
was seen in the morning and night hours. If the MG generated more energy than was
required by the local load, the MG exported energy to the external grid. This happened at
noon and during certain hours of the early afternoon.

7.2. Primary and Secondary Control

The primary and secondary controls are intricately linked to the stability of the MG.
To visualize the concepts discussed, a simulation was executed. To achieve this, an example
of frequency/active power droop control implementation, aligning with the decentralized
control strategies, is provided, along with a secondary control utilizing MG supervisory
control (MGSC), which corresponds to the centralized control strategies.

The droop control can be expressed for each DG as:

fi— fo=—kp(P1 — Po1) (15)
f2 = fo=—kp(P2 — Po2) (16)
fz = fo = —kp3(Ps — Po3) (17)

From Equations (15)—(17), it is possible to derive that, once the frequency regulation is
completed and a common MG frequency is achieved, the following terms are equal:

kp1(P1 — Po1) = kpo(P2 — Po2) = kp3(P5 — Pog) (18)

Equation (18) shows that there is a close relationship between the droop control coeffi-
cient and the supplied active power of each DG. In fact, if all of the DGs are implemented
with the same droop control coefficient, perfect power sharing is achieved.

Before the simulation, the MG was disconnected from the PCC to analyze the is-
land mode.

To illustrate the scenario, the three DGs were operated in a droop control, and the
experimental results are presented in Figure 14.

The black start began at t = 0 with the connection of the three DGs. Att = 0, the
load was the sum of the two fixed loads of the table (450 kW and 50 kVAR). The three DGs
supplied the load with the power sharing of the droop control. As a consequence of the
droop, the frequency deviated from the nominal and convergence to a stabilized value
in around 1 s, as can be seen in the zoomed-in window in Figure 14b. After the transient
response, a global frequency was reached at t = 2 s. As mentioned in the theory before, the
droop control method consists of subtracting a proportional part of the active power from
a frequency reference to emulate a virtual inertia, which guarantees the convergence of a
common deviated frequency (with respect to the nominal value) on the MG.

At t = 2.5, the load was augmented by the connection of the variable load and the
three DGs supplied the load, stepping up their active power set points. The delivered
power of each DG followed the laws of the droop and reached a stable contribution, as
illustrated in the zoomed-in image of Figure 14a. Also, as can be observed, the frequency
of the three DGs decreased and reached a steady state after around 2 s (see the zoom-in
part to the right in Figure 14b).
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Figure 14. Experimental simulation using droop control and MGCC for primary and secondary
control levels, (a) active power, (b) frequencies.

For the secondary control, the frequency/active power control can be expressed
mathematically as follows:

f=fo—kp(P—P)+¢ (19)

where ¢ is the term of the secondary control that performs the desired correction; thus, the
frequency can be adjusted, as shown in the Figure 15.

The MGCC measured the variable of interest, executed the required calculations, and
sent the secondary terms to each DG.

In the simulation at ¢t = 5.5 s, the secondary control was enabled. The three DGs
participated in restoring the value of the frequency to the nominal by injecting active power,
as can be seen in Figure 14a,b.

The new steady state of the frequency was finally reached in less than 3 s.
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Secondary control level
correction term

Py P
Figure 15. Primary- and secondary-level control action [76].

8. Comments and Discussion

At the primary control level, the decentralized strategy using droop control has
improved over the years, starting with conventional droop, which does not consider
the management of nonlinear loads, to virtual impedance droop, signal injection, and
adaptive voltage droop, which do. In ref. [47] (published in 2020), it is stated that adaptive
voltage droop cannot be used for this purpose, but in [20] (published in 2021), assisted
by [100], it is demonstrated that this variant of droop can indeed handle nonlinear loads;
this discussion demonstrates the need for a detailed review. The interest in the study of
this topic, combined with technological developments and supported by well-established
concepts such as droop control, allows for works such as [101], where the frequency and
voltage droop coefficients are calculated using fuzzy logic to objectively control the first
level in the hierarchical approach, and studies like [102], where deep reinforcement learning
is used. Additionally, the use of CPDs, being novel devices that improve the performance
of MG control in resilient contingencies, is expected to be an interesting topic for future
studies in the area of emerging networks [31].

As shown in the example, the two first levels are only activated when the MG is
isolated. This is because in the grid-connected mode, the regulation of frequency and
voltage is a task for the external grid. In recent years, these control levels for MGs have
been employed for ancillary services, but there is no standard that rules the requirements
of power or energy quality. Currently, great effort is being made to finally use MGs to not
only regulate their own subsystems but also to support the external grid with the use of
several control strategies in the hierarchical structure.

Figure 2 is of particular interest because it shows that certain control strategies cannot
be implemented at certain levels of control. Even though some authors have shown that a
distributed strategy could be used for primary control, those studies do not explain the
need for fast and extremely expensive communication systems for this purpose [35]. At
the secondary control level, the communication among DGs is a rule in the literature, and
even though there are studies like [76] that aim to be communication-less, the authors
conclude that this approach requires complex analysis of the topology and loads of the MG,
representing a drawback for flexibility. They also show that it is susceptible to instabilities
produced by clock drifts in power converters. The tertiary level is the only one that is well
stablished as a communication-dependent level, and no works have been presented that
aim to show the opposite.

9. Conclusions

In distribution networks, the inclusion of multiple DGs requires the development
of control strategies to manage power flows within the MG or between the MG and the
traditional grid. The hierarchical approach with three levels (primary, secondary, tertiary)
and different control strategies (decentralized, centralized, distributed) has proven to be
very efficient in achieving the set objectives. The primary control ensures reliable and
safe operation while maintaining voltage and frequency stability. This control is mostly
decentralized, functional only in islanded mode, and implemented using droop control.
The secondary control is applied to optimize the quality of MG energy while minimizing
voltage and frequency deviations. It is used in centralized and distributed approaches, with
applications in autonomous mode, although voltage regulation is a task that responds to a
local phenomenon, and it could also be a function to be performed in grid-connected mode.
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The tertiary control is used to achieve economic optimization based on energy costs and
the electricity market. By using information, it can be used with centralized or distributed
strategies. This control is the only one that performs tasks in both modes of MG operation.

Through a review and a comprehensive descriptive approach, this study allows for
a pedagogical understanding of hierarchical control in MGs. As a result, it is possible
to segment the different levels of control according to the mode of operation of the MG
to delve into the different control strategies. In the final part, the examples create a
binding environment between theory and practice that allows the concepts studied to
be consolidated.
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Abbreviations

AC Alternating current

ANN Artificial neuronal network
BESS Battery energy storage system
CPD Custom power device

Cpy Photovoltaic power cost

Cwr Wind turbine power cost
CGSC Central grid supervisory controller
Cror Total cost

CgEss Battery cost

CgriD Grid power cost

DC Direct current

DG Distributed generator
DSTATCOM  Distribution static compensator
ESS Energy storage system

ENS Energy not supplied

EMS Energy management system
Einax Max energy

f Frequency

HEV/EV Hybrid and electric vehicle

I Current

ky Active power droop coefficient
kg Reactive power droop coefficient

kW

Kilowatt
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kVAR Kilovolt ampere reactive
LC Local controller
MG Microgrid
MGCC Microgrid central controller
MGSC Microgrid supervisory control
P Active power
PCC Point of common coupling
Pcy Charge power
Ppy Photovoltaic power
Pwr Wind turbine power
PgEss Battery power
Ppem Demanded power
Pprs Discharge power
Pexc Excess power
Pcen Generated power
PgriD Grid power
Proap Load power
Q Reactive power
S0C State of charge
SsvC Static var compensator
SMES Superconducting magnetic energy storage
T Time
\% Voltage
XcH Charge binary variable
Xpis Discharge binary variable
Kexe Excess binary variable
Xerid Grid binary variable
NcH Battery charge efficiency
IDIS Battery discharge efficiency
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