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With the increasing penetration of new energy devices such as photovoltaic (PV)
systems, energy storage systems, and charging piles in the power grid, the one-way energy
transmission mode of the traditional distribution network is transforming into a two-way
energy flow mode. Although this transformation improves energy utilization efficiency, the
characteristics of two-way energy flow and increased load fluctuation in the active
distribution network also pose new challenges to the safe and stable operation of the power
grid. Currently, effective adjustment can be achieved at the park or building level, but the
governance of regional energy fluctuations still faces technical bottlenecks, leading to the
need for some regions to limit the access capacity of new distributed energy resources
(DERs). Energy interconnection and energy management of multi-microgrids (MMGs) is an
important approach to address this situation. By establishing threshold power constraints and
a cross-section energy mutual aid mechanism, multi-microgrids can not only enhance the
stability of the power grid but also realize the coordinated improvement of low-carbon
performance and economic benefits in the region. This paper first analyzes the basic
architecture of a single-point microgrid, then discusses the communication architecture,
control mode, and control strategy of the microgrid system, and finally prospects the future
research directions, aiming to provide theoretical references and technical support for the
collaborative control of more microgrids under the scenario of high-penetration distributed
energy.

multi-microgrid, microgrid group, energy management, active distribution
network

At present, China's fossil energy is still in the bottleneck of energy management. The world is
actively exploring new energy forms, and renewable energies such as wind energy and solar energy
provide effective solutions to energy problems [1].

When new energy is used as the power supply source, there are uncertainties on both the power
generation side and the user side [2]. If the traditional power grid operation mode is adopted, when
new energy reaches a certain proportion, it will inevitably bring a significant impact on the stability
and safety of power grid operation [3]. A microgrid (MG) can be regarded as a controllable "cell" of
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the power system; for example, this "cell" can be controlled as a simple dispatchable load to meet
the second-level response requirements of the transmission system [4].

With the continuous increase in the penetration rate of uncertain renewable energies in
microgrids, the coordinated operation of shared energy storage and microgrid clusters is an effective
means to improve their absorption capacity [5]. There have been many engineering cases of energy
management within a single microgrid, but conducting research on energy management between
multiple microgrids—including the development of energy balance strategies and the establishment
of power generation and consumption models—still faces considerable challenges [6].

From the perspective of current research, energy-interconnected microgrid clusters must not only
consider the characteristics of each energy supply network itself but also the interaction and
influence between different systems during operation [7]. This paper introduces and analyzes the
typical single-microgrid architecture [8], the control logic and communication mode of multi-
microgrids, and the research status of multi-microgrid operation strategies, and prospects the
problems to be solved and the next research directions in multi-microgrid energy management [9].

2. Topology of microgrids
2.1. Typical topology of single-point microgrids

The primary structure of a typical single-point microgrid mainly includes three basic forms: pure AC
bus, DC bus-dominated, and hybrid bus [10].

2.1.1. AC microgrid

The AC microgrid has a simple composition structure and allows flexible access to PV systems,
energy storage systems, charging piles, etc [11]. On the AC bus, distributed generation (DG) and
energy storage systems are connected to the microgrid bus either directly or indirectly, and its
structure is shown in Figure 1.
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Figure 1. AC microgrid structure
An AC microgrid with an AC bus needs to be equipped with a power conversion system (PCS), a

device that meets the requirement of AC-DC conversion [12]. However, due to energy loss during
the conversion process, the energy utilization efficiency of the AC microgrid is reduced [13].
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2.1.2. DC microgrid

In a DC microgrid system, the DC bus connects devices such as DG, energy storage systems, and
loads, and then connects to the main grid through a PCS, with its structure shown in Figure 2. The
DC microgrid adopts DC conversion technology to achieve differentiated power supply, which can
supply electrical energy to loads with different voltages [14].
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Figure 2. DC microgrid structure
2.1.3. Hybrid microgrid

The structure of the hybrid microgrid is shown in Figure 3, where AC and DC buses coexist [15]. It
comprehensively considers the demand for AC and DC power on the energy consumption side,
supplies power to different loads respectively, reduces the number of power electronic converters
used in pure AC or DC microgrids, and improves comprehensive efficiency [16].
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Figure 3. Hybrid microgrid structure

In hybrid microgrids, multi-voltage DC buses are sometimes used, which can not only meet the
access requirements of different voltage levels but also adapt to distributed PV power generation,
charging piles, and energy storage systems [17]. However, the energy management system of hybrid
microgrids often faces problems such as inconsistent protocols and high control difficulty [18].

2.2. Typical topology of multi-microgrids

Factors such as power grid harmonics, voltage, and frequency all pose challenges to the stable
operation of the power grid [19]. To address these challenges, measures such as energy storage and
reactive power compensation can be adopted [20]. A multi-microgrid (MMG) can be defined as a
mode where multiple low-voltage microgrids or new energy users within a region are
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interconnected, and a certain control method is adopted to realize the interaction of information flow
and energy flow. The topology design of MMGs should be based on energy dispatch and
management [21] to improve system stability.

2.2.1. Centralized control topology

The physical topology of centralized control manages each microgrid uniformly through a central
energy management system, and the interior of each microgrid is optimized according to its own
optimization objectives [22]; the typical topology is shown in Figure 4.
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Figure 4. Centralized MMG topology structure

With the increase in the number of connected microgrids, the volume of information exchange
data and the frequency of energy interaction increase sharply. The central energy manager cannot
meet the real-time requirements of the power system dispatch in terms of calculation speed [23].

2.2.2. Distributed logical topology

Compared with the centralized logical topology, the distributed control topology has higher
flexibility.

For the distributed MMG topology, the control system of the distributed microgrid performs
power flow calculation and control through each microgrid in the distributed system, thereby
achieving a certain level of regional control and re-stabilizing the operation [24]. The topology of
distributed multi-microgrids (MMGs) has diversity.

2.2.3. Hybrid hierarchical logical control topology

The hybrid hierarchical MMG topology stratifies the central energy router to solve its performance
bottleneck problem, effectively alleviating the advantages of the central energy router in the
centralized topology.
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Figure 5. Hybrid MMG topology structure

In the hybrid control topology of the hybrid MMG topology, a single microgrid only
interconnects with adjacent microgrids, as shown in Figure 5. The operation between these
microgrids is coordinated through a sub-energy management system [25]. The sub-energy
management system quickly transmits demand information, coordinates adjacent microgrids to
provide energy support, and reports to the central energy management [26]. The design of the hybrid
control topology can consider introducing a multi-level energy manager mode to prevent the overall
system paralysis caused by the failure of a single controller [27].

In terms of control levels, some literatures have also proposed a multi-agent system (MAS).
Through hierarchical dispatch and real-time reporting of operation status, the effectiveness of multi-
microgrid control can be improved [28]. The multi-microgrid architecture based on the multi-agent
control strategy is shown in Figure 6.
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Figure 6. Multi-agent control strategy-based multi-microgrid architecture

Research on multi-microgrid system protection and system protection schemes have not yet
reached the level of engineering application, and improvements to the multi-microgrid system
structure, formulation of protection standards, and corresponding theories of distribution network
protection based on practical feedback are still needed [29].

3. Operation and control technology of multi-microgrid systems

Considering the current status of distribution network technology, the user side is mostly passive,
and no breakthroughs have been made in control protocols, communication technologies, access,
and grouping control modes between the grid side and the user side [30].

3.1. Communication technology for multi-microgrid control

Multi-microgrids can be connected to the medium and low-voltage main grid centrally through a
single point of common coupling (PCC) or distributedly through multiple PCCs, as shown in Figure
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7. To achieve optimal operation through multi-microgrid collaboration, each sub-grid can be in
either a parallel or series relationship [31].
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Figure 7. Multi-microgrid topology structure

For the logical communication of the microgrid control system, the following methods can be
adopted: O Direct information transmission, i.e., a point-to-point information exchange method; @
An indirect information transmission "middle platform" system, which stores all necessary
information in the global database of the "middle platform". This method can realize mutual backup
between multiple middle platforms, but there may be a certain time delay in the case of a large
number of microgrids.

3.2. Strategies adopted by controllers in microgrids

The main adjustable components in a microgrid include the charging and discharging of energy
storage systems, the power generation of PV systems, and the energy consumption power of
adjustable loads [32].

In terms of energy storage control: The control of distributed power inverters is generally divided
into two methods: power source control and voltage-frequency control [33].

In terms of PV power generation control: For dispatchable power control, we have classified
adjustable loads and realized effective control of adjustable loads by directly cutting off loads
through branch switches or adjusting power using frequency converters [34].

3.3. Multi-point control mode

As the core of multi-microgrid operation control, the energy management system integrates
functions such as dispatch strategy formulation, power control, load management, and output control
of distributed power sources and energy storage systems [35].
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Figure 8. Energy management structure

As shown in Figure 8, multi-microgrid energy management can be divided into two categories:
centralized and distributed. Centralized energy management relies on a multi-microgrid energy
management system that formulates optimization strategies uniformly; distributed energy
management mainly relies on management institutions (distribution network level, multi-microgrid
level) to conduct operation management and decision-making through multiple agent systems,
thereby realizing the stable operation of the multi-microgrid system [37].

The optimal dispatch of multi-microgrids is different from the single dispatch strategy of a single
microgrid. It is necessary to comprehensively consider factors such as the output of distributed
power sources and differences in load peak-valley characteristics among various microgrids, and
introduce a mutual game mechanism between microgrids to formulate the optimal dispatch strategy
for multi-microgrids [38]. An energy optimization model that considers power fluctuations at the
point of common coupling should be constructed to address differences in the output of distributed
power sources in the multi-microgrid system [39].

4. Interaction and control strategy logic of multi-microgrids

Currently, for the interaction strategies of multi-dimensional power grids, the main focuses are on
the strategy for power stability or minimum fluctuation, the most economical strategy within a
region, and the strategy for low carbon emissions or minimum carbon trading costs [40]. The current
research mainly focuses on the cost per kilowatt-hour of PV and energy storage systems, which is
evaluated through weighted accumulation [41]. The optimal strategy for carbon emission right
trading costs can be used as a supplement to electric energy mutual aid, and its trading mechanism is
not currently supervised by electric energy wall-separated trading and other regulations [42]. The
carbon trading mechanism allows various producers to conduct carbon emission right trading on the
carbon trading platform under the supervision of regulatory authorities, through the reasonable
formulation of carbon emission rights for each subject [43].

4.1. Carbon trading mechanism model of microgrids

(1) The carbon emission right quota E?,t of microgrid i at time t is:

0
Ef =" (PG +PRE)
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In the formula: PicftT is the power generation of the generator in microgrid i at time t ; P}}ES

is the power generation of the new energy unit in microgrid i at time t ; €° is the carbon emission
right quota allocation coefficient.

2) The actual carbon emissions E€©? of microgrid i at time t is:
1,t g

CO, COpGT
Ei,t =e P}

In the formula: z—:co2 is the carbon emission coefficient.

4.2. Autonomous economic optimization dispatch model of microgrids

A microgrid optimizes the allocation of its own resources according to the pricing strategy set by the
market authority (MA). It purchases electricity from the outside when there is a power shortage and
sells electricity to the outside when there is a power surplus. Each microgrid aims to minimize the
operation cost, and the objective function is shown in Formula (3).

minfk:Cf:—i—CﬁX—i—CE&t

In the formula: fy is the operation cost of microgrid k ; C} is the power generation cost of
units in microgrid k ; Cy* is the cost of interaction between microgrid k and the external grid;

C{Zat is the cost of battery participation in operation in microgrid k .

4.2.1. Power generation cost of units

Since wind and solar power generation belong to renewable clean energy, their operation process
produces almost no operation cost. Only the fuel costs of diesel generators or gas-fired units in the
microgrid are considered here, as shown in Formulas (4)—(6).

PMT PFC
MT__ T gas k. FC__ T gas k,t
Ci = thl Ck Ci = thl Ck
- Nyt X LavNg = Nrc XLavNg

CR=C{ +Ci°

In the formulas: clgfS is the fuel purchase price of microgrid k ; PkM;r and PE? are the power

generation of the micro-turbine (MT) and fuel cell (FC) in time period t, respectively; nyr and
nrc are the power generation efficiencies of the diesel generator or gas-fired unit; Lyyng is the

lower heating value of diesel or natural gas; CkMT is the power generation cost of the MT; CEC is
the power generation cost of the FC.
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4.3. Constraint conditions

From the perspective of the power grid, a microgrid can be regarded as a virtual load with a range
from negative to positive, where its electricity consumption and power generation can be seen as the
increase and decrease of the virtual load. The cost of dispatching the microgrid by the power grid is:

pMG
FAG= Dt D jene PuPO)

In the formula: nyg is the set of microgrids; PM¢ is the dispatched capacity of microgrid j in

time period t ; when le\ftG>O , it is the active power output from microgrid j to the power grid in

time period t; A, is the electricity selling price of microgrid j to the power grid in time period t

; when P G<0, it is the active power output from the power grid to microgrid j in time period t

;A

The dynamic constraint of microgrid output can be expressed as:

¢ 1S the electricity purchase price of the power grid in time period t .

pM <P GpM

Jmln t— Jma.x t

The upper output limit P Jmax ¢ of microgrid j in time period t can be expressed as:

pyL
P _ Z PMTJ»t Jst
Jmax tT E :NGHMT jn,max

In the formula: EJPtV and Eit are the expected values of the PV system output forecast and self-

load forecast of microgrid j in time period t, respectively; nyT is the micro-turbine base load of

microgrid j ; P}\I/{Tnax is the rnaximum output of the micro-turbine.

The lower output limit PM . of microgrid j in time period t can be expressed as:

Jmm

L
MTPV!
3t gt
Jmm t— E :NenMT jn,min

PMT

In the formula: Pj 15,

is the minimum output of the micro-turbine.

5. Future research prospects

For microgrid control, under the current background of high-proportion penetration of new energy,
the contradiction between the main grid and the user side will become increasingly prominent. How
to refine the construction of "energy network and control network" for multi-dimensional interaction
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on the energy consumption side are the two main research lines, and control strategies are important
contents running through them [36].

At the energy network level, through research on grid-forming inverters, high-current discharge
batteries, and hybrid energy storage batteries combining supercapacitors and chemical energy, the
regulating capacity and flexibility of terminal microgrids have been significantly improved.

At the control network level, PV and energy storage systems already have regional-level
regulating capacity, but if they cannot match the supply capacity of the distribution network, their
regulation effect will be greatly reduced.

At the strategy level, how to realize grid-friendly interaction, smooth and stable load, controlled
carbon emissions, and economical efficiency, and form valuable terminal new energy hardware
investment, microgrid control strategies, and regulation strategies for regional multi-microgrids will
also be one of the key research contents in the next stage.

6. Conclusion

This paper first summarizes the existing microgrid research. Existing microgrids mainly implement
control at the terminal or conduct cluster control of PV and energy storage systems in a certain
region, which can realize good interaction with the power grid to a certain extent. This paper
elaborates on the structure of single microgrids, the structure of multi-microgrids, and their related
communication and control modes, and introduces in depth the strategy functions based on the two
dimensions of carbon emissions and economy. The next research and development direction should
focus on the balance between support and economy. Research on terminal economic regulation,
optimization of the effective local absorption rate of new energy, smooth grid interaction, and
demand response will become the main technical issues and research directions in subsequent
studies. This research will be of great significance to the realization of carbon peaking and carbon
neutrality and the comprehensive development of electric power energy.
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