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Abstract: This paper provides a thorough examination of various techniques for sharing active power
between multiple dispatchable generation sources distributed within an interconnected microgrid.
Ideally, an interconnected microgrid should function as a consistent load or source. However,
achieving this ideal operation requires compensating for natural load fluctuations and the intermittent
power output from non-dispatchable energy sources within the microgrid through timely and
adequate adjustments made by dispatchable generation. Numerous control and management systems
have been documented in the existing literature to achieve optimal microgrid operation. This paper
presents a concise comparison of most of the proposed systems published in the literature. The
benefits and restrictions of the proposed methods are thoroughly evaluated under various possible
operating scenarios.
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1. Introduction

The concept of microgrids, which involve integrated renewable energy sources, has
transformed from a mere concept to a tangible reality in today’s world. With the rapid
expansion of distributed power generation sources, microgrids have emerged as a practical
and versatile solution for disintegrating huge grids into smaller and more manageable
systems. This development has been driven by the increased energy efficiency of distributed
conventional power generation sources and the widespread availability of renewable
energy sources at domestic and commercial levels. These factors have played a key role in
fostering the evolution of microgrids [1].

Microgrids are becoming an increasingly popular solution for managing power sys-
tems with a high percentage of renewable penetration. They offer a flexible and decen-
tralised approach to energy management, allowing communities and organizations to
participate in the energy market, store, and distribute their own electricity. This approach
can increase energy efficiency, reduce costs, and improve the resilience of the overall
power system [2].

In a microgrid, power generation sources can include both conventional and non-
conventional (renewable) energy sources, such as wind, photovoltaic, energy storage (fly
wheels or chemical storage batteries), which can store excess energy for later use. As
such, advanced control systems are essential to manage the flow of electricity within the
microgrid, optimise energy utilisation, and reduce losses [3].

The widespread adoption of microgrids has been driven by a number of factors,
including the availability and cost-effectiveness of renewable energy sources, the desire to
develop independent and resilient power systems, and the need to reduce carbon emissions
and combat climate change. As technology continues to advance and the benefits of
microgrids become more widely recognised, it is expected that a greater adoption of this
energy management approach will dominate the energy market soon.

Conventional power generation follows a centralized model where electricity is pro-
duced in large quantities at a central facility, often located far away from consumers. The
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generated power is then transmitted through transmission lines and is distributed through
passive distribution networks. This long-standing model has successfully served the energy
requirements of large populations over many decades.

However, this model has some drawbacks. For one, it is often expensive to build
and maintain large power plants and transmission networks. In addition, substantial
transmission losses can occur during long-distance transmission, reducing the efficiency
of the system. There can also be reliability issues, such as power outages, that affect
large areas.

The development of distributed power generation, such as microgrids, has the poten-
tial to address some of these drawbacks by bringing power generation closer to the point
of use. By generating power locally, either through renewable sources or through smaller
and more efficient conventional sources, it is possible to reduce transmission losses and
enhance the efficiency of the overall system. It can also enhance the resilience of the system
by minimising the impact of power outages of large areas.

Another challenge with the traditional centralised model is that it is vulnerable to
disruptions, such as natural disasters or cyberattacks, which can cause widespread power
outages. Microgrids of distributed energy resources are seen to improve the resilience
and reliability of power systems by creating smaller, and more flexible networks that can
operate independently [3-6].

Overall, while the traditional model of centralised power generation and distribution
has performed well in the past, it is clear that new models and technologies have become
essential to meet evolving modern needs.

Extensive AC interconnected power systems have been established globally, linking
remote power generation sources to consumers. These grids consist of a network of high-
voltage transmission lines, substations, and medium/low voltage networks that enable an
efficient and reliable transfer of electric power over vast distances.

The development of AC interconnected power systems began in the early 20th cen-
tury and was driven by the need to connect remote power generation sources, such as
hydroelectric power plants, to urban centres and industrial areas. These systems have since
expanded to cover vast geographical areas and are capable of delivering large amounts of
electricity to millions of consumers.

One of the key advantages of interconnected power systems is the facilitation of
efficient sharing of power resources across a wide area. This means that when one area
experiences a shortage of power, electricity can be quickly and easily transmitted from
another area with excess power. Interconnected power systems also facilitate the integration
of diverse power generation sources, especially renewable sources such as wind, solar,
and others.

Despite their advantages, interconnected power systems are also vulnerable to disrup-
tions, such as severe weather events or cyberattacks, which can cause widespread power
outages. As a result, there is an increasing interest in developing more localised, distributed
power systems such as microgrids, which can operate independently in an islanded mode
of operation and while connected to the main grid.

In Australia, a large, interconnected power network has been developed that is cur-
rently interconnecting five eastern and southern states and territories, namely, Victoria,
Canberra, South Australia, Tasmania, Queensland, and New South Wales [7]. The network
spreads over 5000 km from South Australia to Queensland and is operated as the Na-
tional Electricity Market (NEM). Figure 1 shows the overall spread of this network which
has around 200 large generators and 13 major distribution networks, delivering around
200 TWh of electricity annually.
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Figure 1. Australia’s interconnected system [8] (source: AEMO through AEMC).

Traditionally, operating a specific segment of a network in isolation, even with an
ample supply of distributed power generation sources, was not initially regarded as a
favourable or recommended practice for many utilities [8]. It was only recommended
for extraordinary operational circumstances as the overall control and protection systems
were not specifically designed to support such operation. In the present days, microgrids
are recognized as a smart, practical, and sustainable option for grid operators. This shift
in perception is driven by the desire to fully leverage the advantages of higher levels of
penetration of distributed power sources, the availability of efficient and cost-effective
distributed generation technologies, and the need to reduce the expenses associated with
maintaining a reliable and redundant grid infrastructure [8]. Owing to the obvious eco-
nomic and environmental benefits, the model of having operational microgrids has been
investigated in the literature in detail. Numerous studies are conducted and reported
to evaluate the possibility of the independent, isolated operation of a microgrid under
various operating conditions. The research conducted in this particular field has garnered
significant interest and attention from researchers.

Australia, being at the forefront of grid evolution, is not only witnessing this trans-
formation but embracing it to ensure their power systems also evolve according to the
modern-day requirements of having an environmentally friendly green and sustainable
energy infrastructure; an infrastructure that can facilitate higher levels of renewables pen-
etration without compromising system reliability and security. Australia, while having
a large, interconnected power network on the eastern coast, also has four operational
microgrids on the western side (WA) to serve remote industries and communities [9,10].
The four microgrids in WA are: Perenjori, Bremer Bay, Kalbarri, and Ravensthorpe.

Figure 2 shows the four microgrids operating in the South-West Interconnected System
(SWIS) in WA. The Ravensthorpe microgrid was formed almost a decade ago, while the
other three were formed in the last 6 years; Bremer Bay in 2017, Perenjori in 2018 and
Kalbarri in 2021.
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Figure 2. Microgrids and interconnected network map of WA [11].

Kalbarri being the largest microgrid in Australia (Figure 3) is operating only on
renewable sources, comprising 1.6 MW of wind generation, 1 MW of roof top solar, and
2 MWh of battery storage. The microgrid in Kalbarri is a grid connected microgrid. The
grid can provide additional demand especially during the tourist season; however, the
microgrid itself can operate on its own in case grid interconnection is lost due to any
network abnormal event [11].

Kalbarri microgrid project

— =S westernpower :

Figure 3. Geographic view of Kalbarri microgrid [10].

Apart from Western Power of Western Australia, several other power utilities through-
out the world now also operate and maintain numerous microgrids. Studies related to the
stable and efficient design and operation of microgrids have lately attracted a lot of interest
in academia and industry [12]. The global market of microgrids is expected to grow to a
value of US25.04 b in 2026 from just US9.63 b in 2022 at a 20.4% Compound Annual Growth
Rate (CAGR) [13].

In the US, there are 160 microgrids in operation, mostly concentrated in seven states:
Alaska, Georgia, California, Texas, Maryland, Oklahoma, and New York. These provide
almost 0.2% of US electricity [14].

Microgrids having multiple grid connections to either a single grid or multiple grids
are a unique case, which has yet to be thoroughly investigated in the literature. Multiple
connections to one grid or multiple grids can be required for several operational reasons,
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primarily reliability [15]. Several sensitive installations related to defence or process-critical
industry might have additional reliability requirements. With recent advancements and
the benefits of operating a dis-integrated power system, it is likely that state level systems
operating as large microgrids will be seen in the near future. If this hypothetical scenario
is applied to the Australian network, it is possible that all or one interconnected state(s)
will be operated as large microgrids. If we consider Queensland (QLD), at the north end
of the interconnected NEM network, is being operated as a large microgrid then it has
already multiple interconnections with New South Wales (NSW). This can be regarded as
an example of a future microgrid with multiple interconnections. The two interconnections
are not only at different nodes but are also quite different, as one is an AC interconnection
while the other is a DC link. The DC link is called a Direct link, which is a 110 kV DC link
with flow limits given in Table 1 [16].

Table 1. Direct link active power flow limits.

From To Nominal Capacity
NSW QLD 107 MW
QLD NSW 210 MW

The other interconnector is called the QNI—Queensland to New South Wales inter-
connector. This interconnector consists of:

e A 330 kV double-circuit transmission line connecting Armidale, Dumaresq, Bulli
Creek, and Braemar substations;
375 kV dual-circuit transmission line connecting Braemar and Tarong substations;
Two transformers of 330/275 kV at Braemar substation.

The overall active power flow limit on the QNI is given in Table 2. These overall flow
limits in the existing interconnection, with several lines, demonstrate that a flow control
based on the sum of active power flows on multiple lines is a real example.

Table 2. QNI active power flow limits.

From To Nominal Capacity
NSW QLD 300-600 MW
QLD NSW 1078 MW

Several technical and commercial challenges related to microgrid operations have
been noted and several resolutions are proposed [17,18]. A key technical concern regarding
the optimal functioning of a microgrid revolves around the efficient distribution of active
power among its dispatchable distributed generation units (DDGUs). In the case of a
microgrid consisting of a single large dispatchable generation unit, such as a synchronous
machine or a dispatchable energy storage system, alongside other smaller non-dispatchable
distributed generation units (NDDGUs), primarily renewable energy sources of intermittent
characteristics, the sole dispatchable unit is responsible to compensate for any fluctuations
in the generation or demand. If a microgrid incorporates multiple dispatchable generation
units, they must be fully coordinated to effectively respond to changes in load demand,
active power generation, and changes in network configuration.

Changes in network configurations, load distribution or load concentration either
caused by the emergence of a new load centre or a generation station within a microgrid can
result in a completely different active power flow within the microgrid. In evolving modern-
day power systems, such changes are highly probable. In a case where the performance of
active power sharing control within a microgrid is dependent on the network configuration,
then for any and every modification in the network, the whole algorithm of active power
sharing will have to be revisited or retuned according to the new operating conditions.
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Mostly, this aspect of the performance criterion is found to be missing for the methods
which are presented in the literature so far [1,19].

MicroGrids

According to the IEEE “A micro grid is a group of interconnected loads and dis-
tributed energy resources within clearly defined electrical boundaries that acts as a single
controllable entity with respect to the grid.” [20].

Microgrids are roughly classed into two types, based on their connections to the main
grid: interconnected microgrids and isolated microgrids [21]. Isolated microgrids, as the
name suggests, have no linkage with a larger grid or a power system, but interconnected
microgrids can have one or multiple links to one or more grids or power systems. An
interconnected microgrid, on the other hand, may or may not remain connected to the other
grid(s). It may operate in three different modes:

1. Linked to the main grid(s) (Grid Connected Mode);
2. Isolated;
3.  Transition [22-24].

The detachment from the main power grid might be either intentional or unintentional.
In any operational scenario, the microgrid must be able to maintain its stability while in
any mode of operation at any given moment [25]. Types of microgrids are summarised

L
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Figure 4. Types of microgrids.

Apart from the basis of grid interconnection, microgrids can also be classified based
on the category of load they serve, for example, residential, commercial, or industrial.

The fundamental operational difference between a microgrid with a single grid inter-
connection and one with multiple grid interconnections is the way in which interconnection
flows are managed or controlled. A microgrid with multiple interconnections from one grid
system at the same voltage level and at the same interconnecting node is operating almost
like a microgrid with one connection to the grid, apart from having increased reliability.
However, a microgrid with multiple connections to a single grid system but at different
connecting nodes or at different voltage levels is quite different in terms of controlling or
managing the flow of active power to or from the connected grid system. Controlling active
power flow over the interconnector lines is significantly more challenging in such networks.

Microgrids which are connected to a grid should ideally function as a constant load
or a constant power source for the main grid while interconnected [26]. A microgrid
can only achieve this ideal operational scenario if the DDGUs within the microgrid can
compensate for the fluctuations in its local load or generation. DDGUs need to react
positively to any variations in load or generation, which can be caused by the intermittency
of renewable energy sources or due to a failure of any power-generating facility [26-28]. The
task of achieving optimal operation in microgrids with higher levels of renewable energy
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integration and fluctuating demands presents greater challenges compared to microgrids
with lower renewable energy penetration and stable load characteristics.

The progress made in inverter-based renewable generation (IBRG) technologies has
enabled the conversion of NDDGUSs into partially dispatchable power or energy sources by
the integration of battery energy storage systems (BESS). Additionally, advancements in
power electronics-based technology have led to the development of grid-forming inverters,
which can offer cutting-edge grid supports including virtual inertia, and very fast frequency
response. These innovations helped the concept of the independent operation of microgrids
relying entirely on IBRGs to meet their energy requirements [29,30].

The primary challenges faced by current microgrids can be outlined in the bullet
points below:

e Achieving optimal operation of an interconnected microgrid, as a constant load or a
steady source for the main grid;
Coordinating the microgrid’s response to internal variations in generation or demand;
Warranting stable and reliable performance for any mode of operation;
Maintaining specific levels of active power flowing through interconnection links.

Apart from the challenges listed above, microgrids face other challenges that must
also be addressed in order to ensure their successful implementation and operation. Ad-
dressing these challenges will require a coordinated effort from stakeholders including
industry, government, and academic institutions. With the right investments in technology,
policy, and infrastructure, microgrids have the potential to revolutionise the way electrical
energy is generated, distributed, and consumed. Some of the secondary challenges of
microgrids include:

o  Cybersecurity: Microgrids are vulnerable to cyberattacks, which can disrupt their op-
eration and potentially cause damage to equipment. This requires robust cybersecurity
measures to protect against threats such as hacking and malware.

e  Finance and Economics: Microgrids can be expensive to implement, particularly in
remote or rural areas. The economics of microgrids must be carefully considered to
ensure they are financially sustainable over a long term.

e  Regulatory and Policy Frameworks: Microgrids may face regulatory and policy bar-
riers that make it difficult to implement in certain regions. Clear and supportive
regulatory and policy frameworks are needed to encourage the development of micro-
grids and ensure their integration within larger power grids.

e  Technical Standards and Interoperability: Microgrids rely on a variety of equipment
and technologies, and ensuring they are interoperable and compliant with technical
standards is critical to their successful operation.

2. Power-Sharing Techniques

Numerous approaches have been proposed to facilitate efficient distribution of active
power among DDGUs in microgrids. One commonly employed approach is the utilization
of a power-frequency (P-f) droop control, which has been extensively adopted in different
ways to achieve appropriate power sharing among the DDGUs [22].

Traditionally, these droop controllers have proven to be a time tested, reliable, robust,
and simple method for controlling the active power output of DDGUs in response to a
changing load within a microgrid. Numerous studies have utilized P-f droop control
for ensuring that the system effectively meets the fluctuating demand through dynamic
unit response [23]. By utilizing a uniform frequency signal across all generating units,
it can easily adapt to the required variations without requiring additional signals. The
droop constant value is pre-set and remains fixed for each unit in conventional approaches.
However, alternative techniques suggest that the droop constant should be periodically
adjusted based on the unit’s operating conditions and the overall system [25-27]. These
controls are classified as adjustable droop-type controls, while the traditional approaches
are regarded as constant or fixed droop controls.
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Instead of basing droop settings on the capacity of DDGUs, a droop controller is
proposed in [26] in which the droop settings are continuously adjusted based on the current
reserve of the DDGUs. In the traditional approach, DDGU operators typically do not favor
adjustable droop controllers as this may result in sporadic changes to the active power
output of the unit at different rates. This can lead to increased mechanical wear and tear on
various hardware components such as valves and pumps.

Constant droop-based methods have demonstrated their suitability and robustness
in microgrid applications. However, if the value of the droop constant depends on the
network configuration and/or the number of generation units in the system at a given time,
the method can be considered a hybrid between adjustable and constant droop systems. In
such scenarios, if a central controller is unavailable for a certain time, then operators would
need to manually calculate the new droop constants for each unit.

A microgrid that is tightly connected to a larger and more powerful grid may not
encounter frequency changes due to internal load or generation fluctuations. In this
scenario, the frequency of the microgrid can be controlled by the larger grid, maintaining a
constant value. This can pose a challenge to the effectiveness of the P-f droop mechanism,
as the microgrid’s frequency is dictated by the external grid.

A method presented in [6] has focused on the economic dispatch of the generators
by separating the microgrid into smaller areas. In [29], a proposal is made for a central-
ized power-sharing mechanism that utilizes a web-based communication system with
low bandwidth.

In [31], a research study introduced two adaptive and intelligent control techniques
designed to manage the voltage and frequency of a microgrid in both islanded and grid-
connected modes, facilitating a seamless transition between the two operational modes.
The proposed controllers utilize H-infinity along with model predictive control methods
to enhance the performance of the P-f droop control algorithm. The H-infinity control
approach is employed to control the microgrid during islanded operation and ensure a
smooth transition between the microgrid’s operational modes.

Based on the same harmony search-based H-infinity control, an addition to droop
control is provided for tighter regulation of the microgrid’s frequency and voltage [32]. The
proposed control strategy improved power quality performance in an isolated microgrid.
A control approach is recommended for contemporary inverters with sophisticated charac-
teristics such as virtual inertia or that may operate in a mode known as virtual synchronous
machine (VSM) mode [33]. The harmony search-based H-infinity control algorithm has a
disadvantage in final rounds where the pitch adjustable rate (PAR) value is close to zero,
which may result in algorithm convergence performance stagnation.

Based on a fuzzy control with model predictive control (MPC), another suggested
technique altered the inertia constant H and damping coefficient D of the swing equation
given below.

d2s dé
M=+ D =Pu =P 1)
M= G7H )
nf
2GH d?5 ds
TE‘FDE*Pm_PE (3)

In the above equations:

M = Angular Momentum;
D = Damping Coefficient;
H = Inertia Constant;

G = MVA Capacity;

w = Angular velocity;

P,, = Mechanical Power;
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P, = Electrical Power.

This technique was shown to give improved frequency response for substantial load
changes inside an islanded microgrid. A more hierarchical and further-refined control
scheme with three levels of control is provided for tighter voltage and frequency regulation
and optimisation inside an isolated microgrid [24].

A frequency and voltage controller based on distributed consensus is presented for
improved frequency and voltage responsiveness during failures within an isolated micro-
grid [34]. This technique is presented only for islanded or grid-isolated microgrids. One
disadvantage of fuzzy logic control systems is that they are entirely dependent on human
knowledge. The rules of a fuzzy logic control system must be updated on a regular basis.
Several MPC models can only handle steady, open-loop processes. To explain a response,
MPC frequently requires several model coefficients. Some MPC models are designed for
output disturbances and may struggle with input disturbances. Even if the model is correct,
control performance will be poor if the prediction horizon is incorrectly stated [34].

Solar (PV) and wind power generation have traditionally been non-dispatchable,
with regular operation relying on Maximum Power Point Tracking (MPPT) management.
As a result, these can cause significant disruption to system dispatch, particularly in the
context of microgrids. A unique power-sharing control (PSC) strategy is presented in [35] to
manage wind and solar PV power production in microgrids to decrease the loss of energy
production from renewable sources involved and to efficiently satisfy dispatch command
or market schedules. While considering the various attributes of wind and solar PV power
generating systems, the disparity between dispatch command (market timetable) and real
renewable generation is initially offset by regulating wind power output by temperately
storing or releasing kinetic energy of turbine rotors. This method does not look at overall
active-power-sharing between all dispatchable generating units. Additionally, cascade
control has three drawbacks. For one thing, it requires an extra measurement (typically flow
rate) to function. Two, an extra controller must be calibrated. Third, the control technique
is more difficult—for both engineers and operators [36].

The integration of renewable energy sources into off-grid systems is hindered by
the inherent unpredictability of renewable power output. However, advanced control
techniques offer the potential for more efficient utilization of non-dispatchable sources.
In [37], a two-layer predictive management technique is proposed for an off-grid hybrid
microgrid consisting of controllable and non-controllable generating units, as well as a
storage system. The upper layer focuses on unit commitment, while the second layer
governs real-time operations. A response filter is utilized to mitigate load volatility and
ensure smoother operation of the microgrid.

Virtual synchronous generator (VSG) control for inverter microgrids have attracted
the interest of researchers to solve the issues related to low inertia in microgrids with
high renewable penetration. When there are uneven transmission line impedances, VSG
management cannot assure proportional reactive-power-sharing across DG units, while
active-power-sharing stays proportional among DGs [38]. An adaptive virtual impedance-
based VSG control strategy for grid-connected and islanded microgrids is suggested in [21]
to reduce impedance difference at inverter terminals and increase proportional reactive-
power-sharing across DGs. The virtual impedance is made up of an adaptive virtual
resistance and a fixed virtual inductance, with the virtual resistance being constructed
adaptively depending on the microgrid’s operation points.

As increasingly frequent and severe weather events interrupt the electricity system,
there is rising concern about future grids’ capacity to recover from such natural disasters.
Microgrids have also been considered as a possible source of resilience. While most previous
studies have focused on how to profit from existing microgrids through operating schemes,
Ref. [39] focuses on microgrid planning to reinforce the network against major breakdowns.
Three possible techniques are provided in this respect, with the goal of determining the
ideal nodes for connecting microgrids as well as the capacity of the dispatchable generating
units placed within microgrids.
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A distributed technique is proposed in [40] for resolving a combined active and re-
active power dispatch problem in only isolated microgrids. The information exchanged
by surrounding local controllers enables the algorithm to achieve optimal dispatch in a
secondary layer that serves as a reference for main controllers in each generator. The popu-
lation dynamics-based strategy simplifies deployment in systems with high penetration
of dispersed generation and a rudimentary communication network. The hierarchical
method is tested in a co-simulation platform to simulate real-world situations in a case
study of a microgrid with a management control scheme developed using the distributed
optimisation technique.

In [41], a method is introduced for frequency management and active-power-sharing in
an islanded microgrid by employing a communication mechanism which is event-triggered.
The proposed approach combines active-power-sharing and frequency regulation within
a unified framework through a distributed secondary control scheme. This scheme in-
corporates a sampled-data-based event-triggered communication mechanism, allowing
neighborhood sampled-data exchange only when a predefined triggering condition is
violated. When compared to standard periodic communication methods, the suggested
event-triggered communication mechanism outperforms them in terms of minimising
the number of communications between neighbours while maintaining the required per-
formance level of microgrids. The Lyapunov-Kravovskii functional technique is used to
construct certain necessary criteria for characterising the impacts of control gains, system
characteristics, and sampling time on microgrid stability.

The Industrial Internet of Things (IloT) is an architecture that leverages the Internet
of Things (IoT) and cloud computing to enable distributed control of current industrial
systems such as AC smart microgrids [42]. The research in [43] presented a unique safe
energy policy and load sharing strategy for renewable microgrids for off-grid independent
usage with power electronic jointing (PE]) established in the IIoT context. It is assumed
that an upper layer performs system dispatch computations, while a lower layer calculates
correct control procedures for the PE]J. Based on communication, a decentralised multi-
agent system (MAS) implements the upper layer of intelligent control. The high investment
cost is one of the obstacles and cons of using IIoT for microgrid operations, and the high
cost of adoption is one of the most visible industrial IoT concerns. It is imperative that
data storage and management are secure; IoT devices create a TON of data and experi-
ence frequent connectivity outages [44]. Because generating units are naturally scattered,
distributed control mechanisms are extensively used for AC autonomous microgrids. How-
ever, because a supplemental communication network is still required for transmitting
information among surrounding generators, active power deviations may be harmed by
various communication interruptions.

Achieving precise power sharing in islanded microgrids is a challenging task due
to various factors, including impedance mismatches in the feeders. To tackle this issue,
Ref. [45] proposes an event-triggered and distributed power-sharing method. The sug-
gested approach dynamically manages virtual impedances at fundamental positive /negative
sequence and harmonic frequencies, enabling distributed generating units to effectively ex-
change reactive, unbalanced, and harmonic powers. The proposed solution does not require
knowledge of the feeder impedance and utilizes information transmission among units
only during event-triggered periods, reducing communication overhead while maintaining
system performance.

Ref. [46] provides a dispatchable droop control mechanism for multiple distributed
generators that may be used in isolated AC microgrids. The suggested solution employs
first-order inertia components to create pseudo-hierarchical control, allowing the generators
to automatically divide the load on a smaller time scale while obeying the dispatch order
on a larger time scale. The suggested technique incorporates both active power regulation
and frequency restoration control. For different scenarios, it has either the reactive power
regulation control or the voltage control. Even when the stated power control references
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are infeasible, the proposed approach remains relevant. The efficiency of the suggested
strategy is demonstrated via a MATLAB/Simulink simulation.

In reference [47], the paper focuses on addressing power-sharing and power quality
enhancement issues in single-/three-phase islanded microgrids (S/T-MGs) that involve
unbalanced sources and loads. To tackle these challenges, a hierarchical distributed control
approach is proposed. This approach comprises three main components:

1. A phase-independent virtual synchronous generator (P-VSG) control, which serves as
the primary control for distributed generators;

2. A distributed secondary power flow regulator, responsible for power-sharing control
among distributed generators and balancing power flow between different phases;

3. A distributed secondary voltage regulator, dedicated to voltage restoration and im-
proving power quality in the microgrid.

In [48], the paper introduces two distinct approaches by utilizing two modes of
dispatchable distributed generation unit (DDGU) operation, named the unit power control
(UPC) mode and feeder flow control (FFC) mode. The same was also suggested in [23,49].
A particular issue was spotted in [48] when several DDGUs operating in FFC mode are
interconnected on the same feeder.

In [50], an alternative approach is proposed to tackle the challenge of real power-
sharing among the dispatchable distributed generation units (DDGUSs) in a microgrid. The
suggested method emphasizes the importance of positioning the largest DDGU near the
point of common coupling (PCC) or grid interconnection. This DDGU initially operates
in feeder flow control (FFC) mode, while the remaining DDGUs operate in unit power
control (UPC) mode. As the load increases and the FFC unit becomes fully loaded, the
next DDGU in the queue switches to FFC mode. This sequential process continues, with
DDGUs transitioning to FFC mode once the preceding DDGU reaches its maximum real
power output.

Considering that the primary objective of power-sharing methods is to ensure the
microgrid operates as a consistent power-consuming or power-supplying entity, it becomes
necessary to operate one or more dispatchable distributed generation units (DDGUs) in
feeder flow control (FFC) mode. To maintain sufficient reserve capacity in the DDGUs
operating in FFC mode and compensate for any load or generation variations within the
microgrid, it is preferable to maintain a high flow from the grid. However, it should be
noted that if the flow from or to the grid is excessively high, it can result in larger frequency
deviations during isolation or transition modes. Therefore, it is crucial to strike a careful
balance to sustain unplanned isolation events in the microgrid.

The approach presented in [51] assumes the presence of a single dispatchable dis-
tributed generation unit (DDGU) at the beginning of each internal feeder in a microgrid.
This arrangement allows for a constant power flow on each feeder by operating the re-
spective DDGU in feeder flow control (FFC) mode. Maintaining a consistent flow on each
internal feeder ensures an overall constant flow to or from the microgrid. However, this
assumption of having a DDGU at the start of every internal feeder is both idealistic and
restrictive. It is idealistic because the inclusion of numerous DDGUs within a microgrid
can be considered an expensive luxury. Additionally, it is restrictive because the DDGU is
limited to compensating for variations within its own feeder, even though it may have the
capacity to contribute to variations in other feeders within the microgrid.

FFC and UPC control modes are referenced in several research papers, therefore some
specific details are included in the following sections.

2.1. Power Control Modes

This section provides an explanation of two distinct modes of operation for Distributed
Dispersed Generation Units (DDGUs), namely UPC (unit power control) and FFC (feeder
flow control).
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2.1.1. Unit Power Control (UPC) Mode

During the period when the microgrid is interconnected with the main grid, DDGUs
operating in UPC mode ensure that a consistent output power level is maintained, irre-
spective of any fluctuations in load or generation. The frequency of the microgrid system
is regulated by the main grid, and if all units within the microgrid operate in unit power
control (UPC) mode, any variations in load can be compensated for by the main grid.

While a microgrid is isolated, the generating units operating in unit power control
(UPC) mode will respond to the fluctuations in demand. A traditional power versus
frequency (P-f) droop controller is employed, and the power is distributed among the
units based on a constant droop controller parameter, KU. The term “P-f” refers to the
relationship between the real power output (P) and the frequency (f) of the microgrid. The
droop parameter is used to regulate the rate at which the generator adjusts its power output
in response to changes in the grid frequency.

P-f droop is commonly used in decentralised power systems with multiple generators,
such as microgrids or islanded power systems. By using P-f droop control, the generators
in the system can share the load and maintain stable grid frequency without the need for
centralized control.

Overall, P-f droop is a simple and effective way to control the power output of
generators in a grid and maintain stable grid frequency. It is widely used in decentralized
power systems and is a key component of many modern power system control strategies.

The mathematical representation of the P-f droop controller is:

= -KY(P -1 (4)

The variables KY, f, P, f, and P’ represent the UPC droop constant, initial frequency
value, initial power value, final frequency value, and final power value, respectively.
Figure 5 below shows the conventional P-f droop curve.

MW
P’
po
KU1
. Kv2
K3
f fo Hz

Figure 5. P-f droop curve for UPC mode of operation.

The units operating in the unit power control (UPC) mode can have either the same or
different values of the droop parameter (KV), which determines their respective influence
on the changes in the operating conditions. The value of P, which represents the preferred
power level, is also dependent on the rating of each individual unit. Figure 6 depicts the
operation of a unit in UPC mode in a microgrid. Once the microgrid is isolated, any load
variation will result in change in the system frequency. The magnitude of the change in the
frequency depends on the overall system-wide effective value of KU.
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Figure 6. UPC mode of operation.

2.1.2. Feeder Flow Control (FFC) Mode

While a microgrid is interconnected with the main grid, the units operating in feeder
flow control (FFC) mode are responsible for regulating the power flow at a specific location
within the microgrid to a desired value referred to as FLrgr. For the units which are
connected within the same internal feeder and operating in FFC mode, FLRgr is set to
a value of FLFEEDER (FLREF 1= FLFEEDER 1 and FLREF 2= FLFEEDER 2). In the event of an
increase in load demand or a decrease in generation within the microgrid, the generation
units operating in feeder flow control (FFC) mode adjust their real power output to ensure
that the power flow at a specified location in the microgrid, known as FLggp, is maintained
at its designated value.

When a microgrid is isolated from the main grid, a feeder flow versus frequency (FL—f)
droop controller is employed to sustain the active power flow at the designated location.

FFC mode can be represented mathematically as:

f =f — K" (FL' —FL) (5)

Variable KF is the droop constant for FFC mode, while 9, FLY, f, and FL’ are the initial
and final values of frequency and power flow.
Figure 7 depicts the FFC mode of operation of a microgrid.

Micro Grid
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Flagr 2 G2 @
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Loads
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Figure 7. FFC mode of operation.
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A comparison of the two recommended modes of operation is provided in Table 3.

Table 3. Comparison of UPC and FFC control modes.

Feature urC FFC

Soog;f:;nsate internal generation and demand variations while connected No Limited to connected feeder level

Ensure ideal operation of the microgrid in grid-connected mode No Needs as many DDGUs as the number of
internal feeders

Compensate for the loss of DDGU within the interconnected microgrid No No

Respond to changes in the system frequency Yes Yes

Dependence on network configuration No Yes

2.2. Optimization

Optimization of the above-mentioned and other suggested active power-sharing
techniques is a completely different topic altogether and is not intended to be discussed
in detail in this article. However, some optimization methods which are proposed in
the research to enhance the technical or financial efficiency of such active power-sharing
methods are presented in this section.

To optimize the economic dispatch method for the power systems with the intermittent
renewable NDDGUs, a sophisticated optimization technique is proposed in [52] based on a
surrogate model. This model is based on a data-driven sparse polynomial chaos expansion,
which enables accurate estimations of statistical information.

With high penetration of large-scale NNDGUs in a power system, optimization of
the economic dispatch algorithm and to improve the stability of the overall system, [53]
suggests integrating the small, distributed generation units and operate them as a Virtual
Power Plant (VPP). A deep reinforcement learning (DRL) method is proposed which
ensures optimal economic dispatch of the VPPs.

An advanced concept of an energy market, Energy Internet (EI) which has enhanced
requirements operating efficiency for the generating units, has been proposed in the lit-
erature. In [54], a new feature of multi-energy coupling is proposed to enhance energy
utilization. Since the suggested method is not restricted to only exchange of electrical
energy, it is termed an indirect multi-energy transaction (IMET).

3. Conclusions

The active-power-sharing control mechanisms described above are primarily intended
for microgrids with one active grid link or for isolated microgrid operation. The devel-
opment of appropriate power-sharing strategies for microgrids with multiple active grid
interconnections has received little or no attention. The suggested techniques have several
limitations and are found to be effective for only one or a handful of operating conditions.

A wide variety of proposed active-power-sharing methods are based on droop control,
which has several drawbacks that limit their applicability for a modern power system, and
especially for a grid-connected microgrid or during the grid-connected mode of microgrid
operation. Various issues have been reported in texts related to such systems, including
poor transient performance, ignoring of load dynamics, and inability to impose a fixed
system frequency. However, P-f droop-based active-power-sharing methods are found to
be well suited for the island mode of microgrid operations.

Approaches that rely on a central master controller for load sharing among dis-
tributed generation units impose higher demands on the reliability of the communication
and control infrastructure. Therefore, utilities and microgrid operators need to carefully
choose the power-sharing method that aligns with the unique design and composition of
their microgrid.



Energies 2023, 16, 5175 15 0f 17

Author Contributions: Conceptualization, S.R.; methodology, S.R.; validation, S.R. and A.A.-S,;
formal analysis, S.R. and A.A.-S,; investigation, S.R. and A.A.-S.; resources, A.A.-S.; writing—original
draft preparation, S.R.; writing—review and editing, A.A.-S; visualization, S.R. and A.A.-S.; supervi-
sion, A.A.-S.; project administration, A.A.-S.; funding acquisition, A.A.-S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rizvi, S.M.; Abu-Siada, A.; Das, N.; Ishraque, M.E,; Shezan, S.A. Active Power Sharing Method for Microgrids with Multiple
Dispatchable Generation Units using Modified FFC and IFC Mode Controller. IEEE Access 2023, 11, 46229-46239. [CrossRef]

2. Setiawan, M.; Abu-Siada, A.; Shahnia, F. A New Technique for Simultaneous Load Current Sharing and Voltage Regulation in DC
Microgrids. IEEE Trans. Ind. Inform. 2018, 14, 1403-1414. [CrossRef]

3. Abdulmohsen, A.M.; Omran, W.A. Active/reactive power management in islanded micro grids via multi-agent systems. Int. |.
Electr. Power Energy Syst. 2022, 135, 107551. [CrossRef]

4. Arif, M.S.B.; Hasan, M.A. Micro grid architecture, control, and operation. In Hybrid-Renewable Energy Systems in Micro Grids;
Elsevier: Amsterdam, The Netherlands, 2018; pp. 23-37.

5. Bharatee, A.; Ray, PK,; Subudhi, B.; Ghosh, A. Power Management Strategies in a Hybrid Energy Storage System Integrated
AC/DC Micro grid: A Review. Energies 2022, 15, 7176. [CrossRef]

6. Li, X;; Wang, J.; Lu, Z; Cai, Y. A cloud edge computing method for economic dispatch of active distribution network with
multi-micro grids. Electr. Power Syst. Res. 2023, 214, 108806. [CrossRef]

7. Australian Energy Market Commission. Available online: https://www.aemc.gov.au/energy-system/electricity/electricity-
system/NEM (accessed on 4 February 2023).

8.  Nguyen, K.-L. Power Sharing Method for a Grid connected Microgrid with Multiple Distributed Generators. IEEE ]. Elect. Eng.
Tech. 2012, 7, 459-467. [CrossRef]

9.  Western Power. Available online: https://www.westernpower.com.au/our-energy-evolution/grid-technology/microgrid-
technology (accessed on 4 February 2023).

10. Western Power. Available online: https://www.westernpower.com.au/media /5967 /kalbarri-microgrid-fact-sheet-20220203.pdf
(accessed on 4 February 2023).

11.  Government of Western Australia. Available online: https://www.wa.gov.au/system/files /2021-12 /Final-DMG-Presentation-
Forum-17November2021b.pdf (accessed on 4 February 2023).

12. Mubashwar, M.; Abu-Siada, A.; Islam, S.; Dahidah, M. A New Cascaded Multilevel Inverter Topology with Galvanic Isolation.
IEEE Trans. Ind. Appl. 2018, 54, 3463-3472.

13. Globe News Wire. Available online: https://www.globenewswire.com/news-release/2022/06/06/2456587/0/en/Microgrid-
Global-Market-Report-2022.html (accessed on 4 February 2023).

14. Center for Climate and Energy Solutions. Available online: https://www.c2es.org/content/microgrids/ (accessed on
6 February 2023).

15.  Aghanoori, N. Enhancement of Microgrid Operation by Considering the Cascaded Impact of Communication Delay on System
Stability and Power Management. Int. J. Electr. Power Energy Syst. 2020, 120, 10596. [CrossRef]

16. AEMO. Interconnector Capabilities for the National Electricity Market. Published. November 2017. Available online:
https:/ /www.aemo.com.au/-/media/Files/Electricity /NEM/Security_and_Reliability /Congestion-Information /2017
/Interconnector-Capabilities.pdf (accessed on 4 February 2023).

17.  Ahn, S.-J. Power-sharing Method of Multiple Distributed Generators Considering Control Modes and Configurations of a
Microgrid. IEEE Trans. Power Deliv. 2020, 25, 2007-2016. [CrossRef]

18. Serrano-Fontova, A.; Azab, M. Development and performance analysis of a multi-functional algorithm for AC micro grids:
Simultaneous power sharing, voltage support and islanding detection. Int. ]. Electr. Power Energy Syst. 2022, 135, 107341.
[CrossRef]

19. Rizvi, S.; Abu-Siada, A. Active Power Sharing in a Micro-Grid with Multiple Grid Connections. Designs 2022, 6, 24. [CrossRef]

20. IEEE. Available online: https://smartgrid.ieee.org/images/files/pdf/IEEE_QER_Microgrids_October_3_2014.pdf (accessed on
1 May 2023).

21.  Aghanoori, N. Improving Voltage of Remote Connection Using Wind-Solar Farms Equipped with New Voltage Control Strategy
Using Virtual Impedance Monitoring Enabled by IEC61850 Communication. IET Gener. Transm. Distrib. 2019, 13, 2199-2207.
[CrossRef]

22. Jiayi, H. A review on distributed energy resources and microgrid. Renew. Sustain. Energy Rev. 2008, 12, 2472-2483. [CrossRef]

23. Bevrani, H. An Intelligent Droop Control for Simultaneous Voltage and Frequency Regulation in Islanded Microgrids. IEEE Trans.

Smart Grid 2013, 4, 1505-1513. [CrossRef]


https://doi.org/10.1109/ACCESS.2023.3274674
https://doi.org/10.1109/TII.2017.2761914
https://doi.org/10.1016/j.ijepes.2021.107551
https://doi.org/10.3390/en15197176
https://doi.org/10.1016/j.epsr.2022.108806
https://www.aemc.gov.au/energy-system/electricity/electricity-system/NEM
https://www.aemc.gov.au/energy-system/electricity/electricity-system/NEM
https://doi.org/10.5370/JEET.2012.7.4.459
https://www.westernpower.com.au/our-energy-evolution/grid-technology/microgrid-technology
https://www.westernpower.com.au/our-energy-evolution/grid-technology/microgrid-technology
https://www.westernpower.com.au/media/5967/kalbarri-microgrid-fact-sheet-20220203.pdf
https://www.wa.gov.au/system/files/2021-12/Final-DMG-Presentation-Forum-17November2021b.pdf
https://www.wa.gov.au/system/files/2021-12/Final-DMG-Presentation-Forum-17November2021b.pdf
https://www.globenewswire.com/news-release/2022/06/06/2456587/0/en/Microgrid-Global-Market-Report-2022.html
https://www.globenewswire.com/news-release/2022/06/06/2456587/0/en/Microgrid-Global-Market-Report-2022.html
https://www.c2es.org/content/microgrids/
https://doi.org/10.1016/j.ijepes.2020.105964
https://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/Congestion-Information/2017/Interconnector-Capabilities.pdf
https://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/Congestion-Information/2017/Interconnector-Capabilities.pdf
https://doi.org/10.1109/TPWRD.2010.2047736
https://doi.org/10.1016/j.ijepes.2021.107341
https://doi.org/10.3390/designs6020024
https://smartgrid.ieee.org/images/files/pdf/IEEE_QER_Microgrids_October_3_2014.pdf
https://doi.org/10.1049/iet-gtd.2018.5718
https://doi.org/10.1016/j.rser.2007.06.004
https://doi.org/10.1109/TSG.2013.2258947

Energies 2023, 16, 5175 16 of 17

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

Su, W.; Huang, A.Q.; Masrur, M.A; Srivastava, A.K.; Bi, T.; Shi, D. Special Section on Power Electronics-Enabled Smart Power
Distribution Grid. IEEE Trans. Smart Grid 2022, 13, 3851-3856. [CrossRef]

Ahn, S.-]. Power Scheduling of Distributed Generators for Economic and Stable Operation of a Microgrid. IEEE Trans. Smart Grid
2013, 4, 398-405. [CrossRef]

Katiraei, F. Power Management Strategies for a Microgrid with Multiple Distributed Generation Units. IEEE Trans. Power Systems
2006, 21, 1821-1831. [CrossRef]

Katiraei, F. Micro-Grid Autonomous Operation During and Subsequent to Islanding Process. IEEE Trans. Power Deliv. 2005,
20, 248-257. [CrossRef]

Prevedello, G.; Werth, A. The benefits of sharing in off-grid micro grids: A case study in the Philippines. Appl. Energy 2021,
303, 117605. [CrossRef]

Anand, V,; Singh, V.; Mekhlief, S.; Nandhini, G.M.; Kannbhiran, A. Power Electronics for Renewable Energy Systems. In Renewable
Energy for Sustainable Growth Assessment; Wiley: Hoboken, NJ, USA, 2022; pp. 81-117, 327-362.

Lopes, ].A.P. Defining control strategies for microgrids islanded operation. IEEE Trans. Power Syst. 2006, 21, 916-924. [CrossRef]
Sedhom, B.E.; El-Saadawi, M.M.; Elhosseini, M.A.; Saeed, M.A.; Abd-Raboh, E.E. A harmony search-based H-infinity control
method for islanded microgrid. ISA Trans. 2019, 99, 252-269. [CrossRef]

Sedhom, B.E.; El-Saadawi, M.M.; Hatata, A.Y.; Abd-Raboh, E.-H.E. H-Infinity versus model predictive control methods for
seamless transition between islanded- and grid-connected modes of microgrids. IET Renew. Power Gener. 2020, 14, 856-870.
[CrossRef]

Gupta, A.; Sharma, K K.; Kaur, G. Micro grids—A Future Perspective. In Artificial Intelligence-Based Energy Management Systems
for Smart Micro Grids; CRC Press: Boca Raton, FL, USA, 2022; pp. 103-126.

Laaksonen, H.; Kauhaniemi, K. Sensitivity analysis of frequency and voltage stability in islanded microgrid. In Proceedings of
the 19th International Conference on Electricity Distribution, Vienna, Austria, 21-24 May 2007; paper 0371.

Wang, P. Operational Adequacy Studies of Power Systems with Wind Farms and Energy Storages. IEEE Trans. Power Systems
2012, 27, 2377-2384. [CrossRef]

Yan, L.; Sheikholeslami, M.; Gong, W.; Shahidehpour, M.; Li, Z. Architecture, Control, and Implementation of Networked Micro
grids for Future Distribution Systems. J. Mod. Power Syst. Clean Energy 2022, 10, 286-299. [CrossRef]

Moretti, L.; Polimeni, S.; Meraldi, L.; Raboni, P.; Leva, S.; Manzolini, G. Assessing the impact of a two-layer predictive dispatch
algorithm on design and operation of off-grid hybrid micro grids. Renew. Energy 2019, 143, 1439-1453. [CrossRef]

Li, Y,; Dong, P; Liu, M.; Yang, G. A distributed coordination control based on finite-time consensus algorithm for a cluster of DC
micro grids. IEEE Trans. Power Syst. 2018, 34, 2205-2215. [CrossRef]

Borghei, M.; Ghassemi, M. Optimal planning of micro grids for resilient distribution networks. Int. J. Electr. Power Energy Syst.
2021, 128, 106682. [CrossRef]

Espafia, N.; Barco-Jiménez, J.; Pantoja, A.; Quijano, N. Distributed population dynamics for active and reactive power dispatch in
islanded micro grids. Int. J. Electr. Power Energy Syst. 2021, 125, 106407. [CrossRef]

Ding, L.; Han, Q.-L.; Zhang, X.-M. Distributed secondary control for active power sharing and frequency regulation in islanded
micro grids using an event-triggered communication mechanism. IEEE Trans. Ind. Inform. 2018, 15, 3910-3922. [CrossRef]
Sengupta, J.; Ruj, S.; Bit, S.D. Fair Share: Blockchain Enabled Fair, Accountable and Secure Data Sharing for Industrial IoT. IEEE
Trans. Netw. Serv. Manag. 2023, 1. [CrossRef]

Xu, W,; Li, J.; Dehghani, M.; GhasemiGarpachi, M. Blockchain-based secure energy policy and management of renewable-based
smart micro grids. Sustain. Cities Soc. 2021, 72, 103010. [CrossRef]

He, W.; Yu, M,; Yu, J. Distributed finite-time active power sharing control with generation costs considered. SN Appl. Sci. 2019,
1,1692. [CrossRef]

Lu, J.; Zhao, M.; Golestan, S.; Dragicevic, T.; Pan, X.; Guerrero, ]. M. Distributed event-triggered control for reactive, unbalanced,
and harmonic power sharing in islanded ac micro grids. IEEE Trans. Ind. Electron. 2021, 69, 1548-1560. [CrossRef]

Ling, Y,; Li, Y.; Yang, Z.; Xiang, ]J. A dispatchable droop control method for distributed generators in islanded ac micro grids.
IEEE Trans. Ind. Electron. 2020, 68, 8356-8366. [CrossRef]

Zhou, J.; Sun, H,; Xu, Y,; Han, R;; Yi, Z.; Wang, L.; Guerrero, ].M. Distributed power sharing control for islanded single-
/three-phase micro grids with admissible voltage and energy storage constraints. I[EEE Trans. Smart Grid 2021, 12, 2760-2775.
[CrossRef]

Khani, D. Impacts of distributed generations on power system transient and voltage stability. Electr. Power Energy Syst. 2012,
43, 488-500. [CrossRef]

Ai, Q. The impact of large-scale distributed generation on power grid and microgrids. Renew. Energy 2014, 62, 417-423. [CrossRef]
Bui, D.M. Investigate dynamic and transient characteristics of microgrid operation and develop a fast-scalable-adaptable
algorithm for fault protection system. Electr. Power Syst. Res. 2012, 120, 214-233. [CrossRef]

Ahn, S.J. A New Power Sharing Method for Distributed Generations in the Next-Generation Grid. Ph.D. Thesis, Seoul National
University, Seoul, Republic of Korea, 2009.

Wang, X; Liu, R.-P; Wang, X.; Hou, Y.; Bouffard, F. A Data-Driven Uncertainty Quantification Method for Stochastic Economic
Dispatch. IEEE Trans. Power Syst. 2022, 37, 812-815. [CrossRef]


https://doi.org/10.1109/TSG.2022.3187663
https://doi.org/10.1109/TSG.2012.2233773
https://doi.org/10.1109/TPWRS.2006.879260
https://doi.org/10.1109/TPWRD.2004.835051
https://doi.org/10.1016/j.apenergy.2021.117605
https://doi.org/10.1109/TPWRS.2006.873018
https://doi.org/10.1016/j.isatra.2019.10.014
https://doi.org/10.1049/iet-rpg.2019.0018
https://doi.org/10.1109/TPWRS.2012.2201181
https://doi.org/10.35833/MPCE.2021.000669
https://doi.org/10.1016/j.renene.2019.05.060
https://doi.org/10.1109/TPWRS.2018.2878769
https://doi.org/10.1016/j.ijepes.2020.106682
https://doi.org/10.1016/j.ijepes.2020.106407
https://doi.org/10.1109/TII.2018.2884494
https://doi.org/10.1109/TNSM.2023.3239832
https://doi.org/10.1016/j.scs.2021.103010
https://doi.org/10.1007/s42452-019-1745-0
https://doi.org/10.1109/TIE.2021.3057018
https://doi.org/10.1109/TIE.2020.3013547
https://doi.org/10.1109/TSG.2021.3057899
https://doi.org/10.1016/j.ijepes.2012.06.007
https://doi.org/10.1016/j.renene.2013.07.032
https://doi.org/10.1016/j.epsr.2014.04.003
https://doi.org/10.1109/TPWRS.2021.3114083

Energies 2023, 16, 5175 17 of 17

53. Lin, L.; Guan, X.; Peng, Y.; Wang, N.; Maharjan, S.; Ohtsuki, T. Deep Reinforcement Learning for Economic Dispatch of Virtual
Power Plant in Internet of Energy. IEEE Internet Things ]. 2020, 7, 6288-6301. [CrossRef]

54. Yang, L.; Sun, Q.; Zhang, N.; Li, Y. Indirect Multi-Energy Transactions of Energy Internet with Deep Reinforcement Learning
Approach. IEEE Trans. Power Syst. 2022, 37, 4067-4077. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1109/JIOT.2020.2966232
https://doi.org/10.1109/TPWRS.2022.3142969

	Introduction 
	Power-Sharing Techniques 
	Power Control Modes 
	Unit Power Control (UPC) Mode 
	Feeder Flow Control (FFC) Mode 

	Optimization 

	Conclusions 
	References

