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Abstract: The economic power-dispatching model of a multi-microgrid is comprehensively estab-
lished in this paper, considering many factors, such as generation cost, discharge cost, power-purchase
cost, power sales revenue, and environmental cost. To construct this model, power interactions be-
tween the two microgrids and those between the micro- and main grids are considered. Furthermore,
the particle swarm optimization (PSO) algorithm is utilized to solve the economic power-dispatching
model. To validate the effectiveness of the proposed model as well as the solution algorithm, a
practical project case is studied and discussed. In the case study, the impact of multiple scenarios is
first analyzed. Then, the system operation economic costs under different scenarios are described in
detail. Moreover, according to the optimization power-dispatching results of the multi-microgrid,
power interactions between the two microgrids and those between the micro- and main grids are
fully discussed.
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Green energy, such as wind and solar, has attracted more and more attention, especially
in the background of the change in the world energy pattern and “dual carbon” goal.
Microgrids have gradually become one of the important components of the new power
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o system due to their advantages of a reliable power supply, cleanliness, and flexible [1,2].
Academic Editors: Hugo Morais and As the extension and deepening of microgrids, the multi-microgrid can effectively
Rui Castro overcome the instability and limited working capacity of the single microgrid. Furthermore,

the multi-microgrid not only considerably improves the absorption rate of new energy,
but also achieves the coordination of the supply and demand of power between the two
microgrids and those between the micro- and main grids. The multi-microgrid can also
enhance the reliability and security of the system’s power supply, and effectively improve
the robustness and economy of the system’s operation [3-5].

At present, domestic and international research mainly focus on control strategies [6-8],
frequency regulations [9-12], and optimal dispatching strategies [13-16] for the single
microgrid. The research on multi-microgrids with two or more microgrids is gradually

® attracting the extensive attention of scholars.
In [17], Zhou et al. proposed a coordinated control strategy for the tie line power of a
multi-microgrid system. In [18], Zhi et al. discussed the advantages and disadvantages of

hierarchical, master—slave, multi-agent, and peer-to-peer control strategies, and proposed a
This article is an open access article  CONStructive plan for the future development of the multi-microgrid. A multi-microgrid
distributed under the terms and  active-control strategy under a fault scenario was proposed by Yang et al. [19]. Zhao
conditions of the Creative Commons €t al. [20] proposed a hierarchical system optimization scheme for a multi-microgrid, which
Attribution (CC BY) license (https://  integrated the functions of energy management, optimized operation, and coordination
creativecommons.org/ licenses /by / control. Based on the hierarchical control in the multi-microgrid system, the black start
40/). process and load recovery sequence were studied [21].
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In [22], an uncertain optimal dispatching model for the multi-microgrid operation was
established. In this model, the reliability and economic indicators were taken into account.
In [23], an optimization strategy for the multi-microgrid power cooperation operation
considering the uncertainty of electricity price and game fraud was proposed. Moreover, a
multi-microgrid two-level optimal dispatching strategy considering demand response and
shared energy storage was presented [24]. In [25], a multi-microgrid cooperative operation
optimization strategy that takes into account the two-level carbon trading and demand
response was considered.

For the multi-microgrid dispatching problem with the non-cooperative characteristic,
a dynamic game framework of an intelligent distribution network based on a multi-agent
system was designed [26]. With the goal of maximizing the benefits of the multi-microgrid
system, the operation model of each unit in the microgrid and the transaction model
between the two microgrids were established [27], and a multi-microgrid market game
bidding strategy based on the Stackelberg game was also proposed. Considering the
uncertainty of electric vehicles and the utilization of electric energy, a multi-microgrid
Bayesian bidding game model was established [28].

Based on the above literature survey, the existing studies on multi-microgrids focus on
the control strategies, optimal dispatching, and multi-microgrid game. However, there still
remains a major challenge that the research on the safe coordination, economic control, and
interaction inside the microgrid, between the two microgrids and between the multi-micro-
and main grids, is not perfect and needs to be strengthened.

Based on the above research motivation and consideration factors, this paper proposes
an economic power-dispatching model of a multi-microgrid system, comprehensively
considering many factors, such as generation cost, discharge cost, power-purchase cost,
power sales revenue, and environmental cost. To construct this model, power interactions
between the two microgrids and those between the micro- and main grids are also con-
sidered. Additionally, the solution approach for the economic power-dispatching model
based on the particle swarm optimization (PSO) algorithm is also presented. To validate
the effectiveness of the proposed model as well as the solution algorithm, a practical project
case is studied. In the case study, the impact of multiple scenarios is first analyzed. Then,
the system operation economic costs under different scenarios are described in detail. In
addition, according to the optimization power-dispatching results for the multi-microgrid,
power interactions between the two microgrids and those between the micro- and main
grids are fully discussed.

2. Cooperative Operation Dispatching Model of a Multi-Microgrid
2.1. Multi-Microgrid Structure

The structure of a multi-microgrid composed of an active distribution network is
shown in Figure 1. Each microgrid can be independent and connected with each other [29].
At the same time, the power coordination between the two microgrids and that between
the micro- and main grids can be achieved through the microgrid control center and the
multi-microgrid intelligent controller, respectively. Each microgrid includes distributed
generation, load, an energy storage system (e.g., battery), and other devices. Distributed
power generation mainly includes wind turbine (WT) and photovoltaic (PV) energy.
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Figure 1. Multi-microgrid typical structure.

2.2. Hierarchical Dispatching Strategy

The distributed power generation of renewable energy in a microgrid changes over
time in engineering practice, and the load demand is also different in different periods [30,31].
To ensure the orderly and coordinated operation of the power supply inside the microgrid,
between the two microgrids, and between the multi-micro- and main grids, the microgrid
control center and the multi-microgrid intelligent controller are used to formulate hierar-
chical dispatching strategies for the multi-microgrid. Additionally, the structure is divided
into three levels.

(1) Inside the microgrid

This study aims to absorb all the renewable energy produced by the microgrid and im-
prove the efficiency of the microgrid. First, we should judge whether or not the distributed
power generation of renewable energy in a microgrid can meet the load demand. If it meets
the load demand, the surplus electric energy is used for battery charging or supplied to
other microgrids, or uploaded to the main grid. Additionally, if the load demand cannot be
met, the battery discharges or other microgrid inputs, or electricity energy is purchased
directly from the main grid.

(2) Between the two microgrids

The microgrid control center collects the power generation information and the load
information of each microgrid at different times. When the microgrid has sufficient power
generation, it gives priority to charging the battery, and then sells power to the main grid.
If renewable energy power generation in a microgrid is insufficient, taking the lowest total
operating cost as the objective function, the power of the microgrid in a multi-microgrid is
coordinated and dispatched to maximize the local consumption of renewable energy.

(3) Between the main grid and microgrid

The intelligent control terminal combines the power generation information, load
information, battery conditions, and electricity price factors of each microgrid. Taking the
lowest total operating cost of the multi-microgrid as the objective function, an optimal
economic power-dispatching strategy is formulated by comparing the sell-and-purchase
electricity prices and the power generation cost through the intelligent control terminal. It
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can be better to achieve the optimal coordinated operation of power between the main grid
and microgrid.

3. Optimal Economic Power-Dispatching Model
3.1. Objective Function

The electric energy exchange among microgrids is conducive to improve the utiliza-
tion rate of renewable energy by regional autonomous consumption, the internal dynamic
balance of the power supply, and power demand of the multi-microgrid. Considering
the generation cost, discharge cost, power-purchase cost, power sales revenue, and en-
vironmental cost, the economic power-dispatching model of a multi-microgrid, which
takes the maximum comprehensive benefits as the objective function for dispatching, was
established. The objective function can be formulated as follows:

n
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In Equation (1), n is the number of microgrids in a multi-microgrid; C; ; is the gen-
eration cost of the microgrid i; and P; 4, is the power generation of the wind turbine in a
microgrid 7 at time t. P; ¢+ is the power generation of photovoltaic energy in a microgrid i at
time . A, and A¢ represent the average power generation cost of a wind turbine and photo-
voltaics, respectively. C; ; is the power-purchase cost generated by the daily periodicity of
a microgrid i. P; |, represents the load power of a microgrid i at time t; 0; | ; represents the
power-purchase price at time f. a;(a; = {0,1}) represents the power-purchase identification
of microgrid i. When the power supply of a microgrid i is greater than the load demand,
a; = 0, the microgrid i can be self-sufficient. On the contrary, a; = 1, microgrid i purchases
power from the main microgrid to ensure a power supply. C; 3 is the battery discharge
cost generated by the daily periodicity of the microgrid i. A; p is the battery discharge
cost. C; 4 is the electricity sales revenue generated by the daily periodicity of the microgrid
i. 0; 0 represents the price of electricity sold by the microgrid i to the main grid at time .
bi(bj={0,1}) represents the power sale identification of the microgrid i. When the power
generated by renewable energy in a microgrid i is greater than the load power at time
t, the microgrid has sufficient power production; then, b;= 1. Additionally, microgrid i
sells electricity to the main grid. When the power generated by renewable energy in the
microgrid i is less than the load power at time ¢, then b; = 0 and there is no surplus electricity
available for sale in the microgrid i. C; 5 is the transaction cost of the microgrid i supplying
power to other microgrids. Ck is the cost of treating k-type pollutants in a microgrid i. k

represents the type of pollutant emitted (CO,, CO, SO,, NOy, etc.). '71 represents the
emission coefficient of pollutants per KWH generated by the jth power-generation unit of a
microgrid i.
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3.2. Constraints and Limits

(1) System power balance:

n

Z(Pzwt+P,g,t+szt+Pz —grid — Zploadz (2)
i=1
In Equation (2), P; u+ and P; ¢ ¢ represent the output power of the wind turbine and
photovoltaics in a microgrid i, respectively. P;p; (P; ;a1 OF P; 4is 1) represents the output
power of a battery in microgrid i. When the battery is charged, P;;; < 0, and when
the battery is discharged, P;} >0. P; g4 represents the interaction power between the
microgrid i and other microgrids. If microgrid i supplies power to other microgrids,
Pigig < 0, and if microgrid i is powered by other microgrids, P; ;g > 0. P;—; is the
interaction power between the microgrid i and main grid. If the microgrid i purchases
power from the main grid, P;_, <0, and if the main grid sells power to the microgrid i,
P;_, >0. Pr,,4; represents the load demand of the microgrid i.

(2) Inorder to protect the distributed power supply and prolong its service life, its output
should meet the following constraints:

iw,t — iw,t

Pmm < P gt < Pmax (3)

pmin < P < pmax
1,8t

1,8t

In Equation (3), Pm‘r; and P77 represent the minimum and maximum output power
values of a wind turbine in the microgrid i, respectively. PlH;‘t‘ and Plr{‘g‘?‘tX represent the mini-
mum and maximum output power values of photovoltaics in the microgrid 7, respectively.

(3) Operating constraints of energy storage system:

The operation constraints of an energy storage system, such as a battery, include the
state-of-charge (SOC), the power constraints of charge and discharge, the time constraints
of charge and discharge, and the states constraint of start and end.

a SOC constraints

SOCpin < SOC; < SOCrax @)

In Equation (4), SOC; is the state-of-charge of the battery at ¢t time. SOCpax and
SOCin are the maximum and minimum values of the battery, respectively. Generally,
SOCpjin = 0.1~0.2 and SOCax = 0.8~0.9. In this paper, SOCp;n is set to 0.2 and SOCax is
set to 0.9. During the unit period At, the SOC value of the battery changes uniformly, and
the state of charge can be expressed as:

EEss
gsOC _ SSOC( —5) — B gis 1 At ®)
Egss

{SSOC _ SSOC( o 5) + e P[,cha,tAtXt

To prolong the life of the battery, the state difference of the battery charge or discharge
in the adjacent time period should satisfy:

‘sfo‘f — §59C| < 0.2 )

b  Charge and discharge power constraints

To improve the reliability and safety factors, the battery cannot be charged or dis-
charged at the same time on one side, and on the other side, the maximum charging and
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discharging power of the battery cannot higher than 20% of the battery-rated capacity Ey,
namely:
X Yip =0
0 < Picpas < 0.2E;p Xt @)
0 < Piais <0.2E;,Y;,

In Equation (7), X;; and Y;; are the charge and discharge state signs, respectively,
in the microgrid i, namely, X;; = {0,1}, Y;; = {0,1}. P;, and P; 4is; are the charge and
discharge power rates, respectively, of the battery at ¢ time in microgrid 1.

¢ Charge—discharge time constraints

The charge and discharge frequencies of the batteries are closely linked to their service
life. Consequently, the charge and discharge frequencies are, respectively, constrained by
the higher values N; ; and N; 5, namely:

{Z'Xi,t+l - Xi,t'S Ni,l (8)
YY1 — Yie|< Nip

(4) To prevent line and equipment damage, the switching power constraints between the
microgrid and other microgrids should be meet:

t,min t t,max
Pifgrid < Pi—grid < Pifgrid ©)

In Equation (9), Pf’_lgi:;d and Pf’_rgi?d are the minimum and maximum values of the
exchange power between the microgrid and the microgrid at time ¢.

In a similar manner, the exchange power constraints between the micro- and main
grids should be meet:

P/t < Pl < P/ (10)

In Equation (10), Pl.t’_r’;in and Pl-t'_n;ax are the minimum and maximum values of the
exchange power between the microgrid i and main microgrid at time ¢.

4. Optimization Model-Solving Algorithm

The optimal economic power-dispatching model described in Equations (1)—(10) is
a complex nonlinear optimization model with continuous and discrete variables. In the
proposed model, P, Pist, Pigt, Pipy, Pi_]-, and P;y are continuous variables, and the
discrete variables are a;, b;, X; t, and Y; ;. The traditional enumerative search algorithm can
hardly solve this model in reasonable time. Evolutionary algorithms, such as particle swarm
optimization, genetic algorithm, ant colony algorithm, and fish swarm algorithm, are widely
used to solve this model due to strong portability and good adaptability. Particle swarm
optimization (PSO) is an evolutionary algorithm in the field of intelligence. It has a strong
global search ability, few adjustment parameters, high precision, and rapid convergence
speed [32]. This paper used this algorithm to solve it. It should be explained that other
evolutionary algorithms can also be applied to solve the model, and the comparisons
among these evolutionary algorithms were outside the range of our study. The iterative
formula of the particle swarm optimization algorithm is the following:

VI = wVy + 171 (Pog — Xzq) + C2r2(P8d = Xaa) (11)
X — X,g + V1

In Equation (11),d=1,2,...,D.z=1, 2,..., N. V,; is the D-dimensional particle Xz
of the flight velocity vector; VI is the D-dimensional particle X”$* of the flight velocity
vector; P,y is the D-dimensional individual extremum, and Py is the D-dimensional global
extremum. c; and ¢, are non-negative constants called learning factors. r; and r, are
random numbers distributed in the interval [0, 1]. In order to prevent the blind search of
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particles, their positions and speeds are generally limited to certain intervals: [—Xin, Xmax]
and [_Vmin/ Vmax]'

The specific solution steps are listed below and a flowchart of the solution algorithm
is presented in Figure 2.

Set various parameters

Update the inertia weight factor w and the learning
factors ¢, and ¢, according to Equation (12)

Compute the objective
function

v

Update individual extremum and
global extremum

v

Update the location and speed of each particle
according to Equation (11)

The termination
condition is reached?

Figure 2. Flowchart of the solution algorithm.

Step 1: Set various parameters, including algorithm-control and multi-microgrid
parameters.

Step 2: Update the inertia weight factor w and learning factors c; and ¢, according to
Equation (12):

W = Wmax — (wmax*wmin)lter

( Maxiter)

— _ {Cmax—Cmin

€1 = Cmax max_min) Jter (12)
€2 = Cmin + ~iiian Iter

In Equation (12), wmax and W are the maximum and minimum values of the inertia
weight factors, respectively. At the beginning of the iteration, the larger the value of the
inertia weight factor w, the stronger the global optimization ability of the algorithm. At
the end of iteration, the smaller the value of the inertia weight factor w, the stronger the
convergence ability of the algorithm. In this study, we took wmax = 0.9 and Wiy = 0.4. Iter
and Maxiter are the iteration numbers at present and the maximum number of iterations,
respectively. cmax and cmin are the maximum and minimum values of the learning factors,
respectively. At the beginning of the iteration, the larger the value of ¢; and the smaller
the value of ¢y, the stronger the global optimization ability of the algorithm. At the end
of the iteration, the smaller the value of ¢; and the larger the value of ¢y, the stronger the
convergence of the algorithm. In this study, cmax Was set to 2.5 and c¢pin was set to 0.5.

Step 3: Compute the objective function to obtain the fitness of the current particle;

Step 4: Update the individual and global extrema.

Step 5: Update the location and speed of each particle according to Equation (11).

Step 6: Stop criterion judgment. If the termination condition is achieved, end and
output the results. Otherwise, turn to Step 2.
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5. Case Study
5.1. Case Introduction

The multi-microgrid composed of three microgrids in the Xiongan New Area was
employed as the study object, as indicated in Figure 1. The multi-microgrid can be linked
to the main grid by the circuit breakers. The wind turbines and photovoltaics are taken into
consideration. Each microgrid as well as the multi-microgrid need to meet the coordination
of power supply and demand. The remaining power in the microgrid is stored by the
battery or transferred to other microgrids with insufficient power by the link. In addition,
the remaining power may also be uploaded to the main grid by the link between the micro-
and main grids. Hence, optimal energy dispatching in the multi-microgrid is achieved,
and the stability of the whole multi-microgrid is guaranteed. In order to better reflect
the dynamic dispatching occurring in the multi-microgrid, the calculation period was set
as 1 day(d), which was divided into 24 periods. Additionally, each period was 1 h. The
relevant parameters of the multi-microgrid system are presented in Tables 1-4 [33,34].

Table 1. Microgrid configuration parameters.

Parameters WT PV Battery
Microgrid1 3.5 MW 8§ MW 5 MW

Microgrid2 I MW 30 MW 20 MW
Microgrid3 13 MW 18 MW 12 MW

Table 2. Time-of-use electricity price.

Time 20:00- 23:00-
0:00-7:00 7:00-10:00 10:00-14:00 14:00-20:00
Prices (Yuan/kWh) 23:00 0:00
Sell prices 0.40 0.78 1.18 0.78 1.18 0.40
Purchase prices 0.60 0.95 1.35 0.95 1.35 0.95

Table 3. Power generation cost of wind turbine and photovoltaic.

Category Wind Turbine Power Generation = Photovoltaic Power Generation
Cost (CNY/kw-h) 0.61 0.75
Subsidy (CNY/kw-h) 0.2 0.18

Table 4. Pollutant-emission factors.

Pollution Pollutant-Emission Coefficient
Pollutant Type Control Cost - WT Main Grid
(Yuan/kw-h) Network
CO, 0.210 0 0 889
CcO 0.125 0 0 12.1
SO, 14.842 0 0 1.8
NO 62.964 0 0 1.6

5.2. Multi-Scenario Impact Analysis

Four scenarios in the engineering application were set according to whether the energy
storage system and the microgrid participated in power dispatching or not, as presented in
Table 5.
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Table 5. Comparison of operation costs in different scenarios.

Energy Storage System Does Not Participate in

Energy Storage System Participates in Dispatching

Dispatching
Scenario . - - . - - - .
No Power Dispatching Power Dispatching No Power Dispatching Power Dispatching
between the Two between the Two between the Two between the Two
Microgrids Microgrids Microgrids Microgrids
Cost 3.30 x 10° (Scenario 1) 3.18 x 10° (Scenario 2) 3.19 x 10° (Scenario 3) 3.12 x 10° (Scenario 4)

Scenario 1: The energy storage system does not participate in power dispatching,
and no power dispatching is conducted between the two microgrids. The microgrid in a
multi- microgrid directly participates in the power dispatching with the main grid. In this
scenario, the distributed power generation in the microgrid gives priority to meet the load
needs in the corresponding microgrid. If it cannot be met, the corresponding microgrid
purchases electric energy from the main grid.

Scenario 2: The energy storage system does not participate in power dispatching,
and power dispatching is conducted between the two microgrids. The main grid and
microgrid in the multi-microgrid jointly participate in power dispatching. In this scenario,
the distributed power generation in the microgrid gives priority to meet the load needs
in the corresponding microgrid. If it cannot be met, the corresponding microgrid obtains
electric energy from other microgrids, firstly. Additionally, if it still cannot be met, the
corresponding microgrid purchases electric energy from the main grid.

Scenario 3: The energy storage system participates in the dispatching, and no power
dispatching is conducted between the two microgrids. The main grid and microgrid in the
multi-microgrid jointly participate in power dispatching. In this scenario, the distributed
power generation in the microgrid gives priority to meet the load needs in the correspond-
ing microgrid. If it cannot be met, the energy storage system in the corresponding microgrid
discharges electric energy to supplement this. Additionally, if it still cannot be met, the
corresponding microgrid purchases electric energy from the main grid.

Scenario 4: The energy storage system participates in power dispatching, and power
dispatching is conducted between the two microgrids. The main grid and microgrid jointly
participate in power dispatching. In this scenario, the distributed power generation in the
microgrid gives priority to meet the load needs of the corresponding microgrid. If it cannot
be met, the energy storage system in the corresponding microgrid discharges electric energy
to supplement this. However, if it cannot be met, the corresponding microgrid purchases
electric energy from other microgrids, and if it still cannot be met, the corresponding
microgrid purchases electric energy from the main grid. Table 5 presents the total operation
cost of the multi-microgrid in different scenarios.

Table 5 shows that the economy of the total operation cost of the multi-microgrid in
Scenario 4 is better than that in the other three scenarios. The reasons are analyzed as
follows:

(1) The energy storage system plays an important role in peak shaving and valley filling
for both the main grid and the multi-microgrid in Scenario 4. When the electricity price
is low, a high amount of electric energy is stored by the battery, and electric energy
is released when the electricity price is high or the load is at a peak. Consequently,
Scenario 4 is more economical than Scenarios 1 and 2.

(2) Compared with Scenario 3, when the priority output of the distributed generation
units in the microgrid cannot meet the load needs, the microgrid can dispatch electric
energy from the microgrid with residual power. The cost of dispatching is low;
consequently, Scenario 4 is better than Scenario 3 in terms of economy.

5.3. Interconnection Dispatching Analysis in a Multi-Microgrid

With the balance of the supply and demand of power, the optimal distribution of
electric energy is achieved so as to maximize the comprehensive benefits of the multi-
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microgrid, as presented in Figures 3 and 4. Taking microgrid 1 as an example, the detailed
analysis is presented as follows:
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Figure 3. Multi-microgrid optimization results. (a) Microgrid 1 system optimization results; (b) mi-
crogrid 2 system optimization results; (c) microgrid 3 system optimization results.
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Figure 4. Change in SOC values of storage battery.

At 0:00-8:00, the new energy power can meet the load demand of microgrid 1. Mean-
while, the surplus electricity in microgrid 1 is transmitted to microgrid 2 or the battery.
From 8:00 to 11:00, the new energy power of microgrid 1 cannot meet the load demand,
and the deficit of power in microgrid 1 needs to be supplemented from the main grid.
From 11:00 to 17:00, the new energy power of microgrid 1 generates enough power to
meet the load demand without purchasing power from other sources. At the same time,
it can sell the surplus power to the main grid or transmit the surplus power to microgrid
2. The new energy power of microgrid 1 is insufficient from 17:00 to 24:00, where elec-
tricity is purchased from the main grid from 17:00 to 21:00. From 21:00 to 24:00, the part
deficit of electricity is purchased from the main grid, and the part deficit of electricity is
supplemented by the battery.

5.3.1. Interconnection Dispatching Analysis between the Two Microgrids

Figure 5 presents the following:

At 0:00 to 8:00, there is no power dispatching between microgrids 1 and 3, and the
same is true for microgrids 2 and 3. Moreover, microgrid 1 supplies surplus power to
microgrid 2.

During 9:00-12:00, microgrid 3’s power interacts with the microgrids 1 and 2, respec-
tively. The deficit of power in microgrid 3 is supplemented by microgrids 1 and 2. No
power dispatching is conducted between microgrids 1 and 2.

During 16:00-18:00, microgrid 2’s power interacts with microgrids 1 and 3, respectively.
The deficit of power in microgrid 2 is supplemented by microgrids 1 and 3. No power
dispatching is conducted between microgrids 1 and 3. There is no power dispatching
among microgrids 1, 2, and 3 at other times.
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In a word, each microgrid provides surplus power for others and serves as a backup for

the others. The interconnection dispatching principle is to maximize the local consumption
of microgrid load and minimize the exchange power between the two microgrids, so as to
achieve optimal interconnection dispatching among the microgrids in a multi-microgrid.
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Figure 5. Interconnection dispatching optimization results between the two microgrids.

5.3.2. Interconnection Dispatching Optimization Analysis between the Main Grid and
Multi-Microgrid
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Figure 6 presents the following:

As for microgrid 1: from 8:00 to 10:00, the main grid transmits electric energy to
microgrid 1. From 11:00 to 15:00, microgrid 1 transmits electric energy to the main
grid. From 17: 00 to 24:00, the main grid transmits electric energy to microgrid 1. On
other occasions, there is no power dispatching between microgrid 1 and the main grid.
As for microgrid 2: from 0:00 to 11:00, the main grid transmits electric energy to
microgrid 2. From 11:00-15:00, the microgrid 2 transmits electric energy to the main
grid. The main grid transmits electric energy to microgrid 2 during 16:00-24:00. On
other occasions, there is no power dispatching between microgrid 2 and the main grid.
As for microgrid 3: from 0:00 to 9:00, the main grid transmits electric energy to
microgrid 3. From 11:00 to 16:00, microgrid 3 transmits electric energy to the main
grid. From 17:00 to 24:00, the main grid transmits electric energy to microgrid 3.
During 9:00-11:00 and 16:00-17:00, there is no power exchange between microgrid 3
and the main grid.

0:00 4:00 8:00 12:00 16:00 20:00 24:00
Time (hour)

Figure 6. The power-dispatching optimization between the main grid and the multi-microgrid.

6. Conclusions

In order to consume all the renewable energy and improve the efficiency of the multi-

microgrid, an economic dispatching model for multi-microgrid was proposed, considering
factors, such as generation cost, discharge cost, power-purchase cost, power sales revenue,
and environmental cost. The power interactions between the two microgrids and those
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between the microgrid and main grid were considered in the model proposed in our
study. The verification analysis was performed by taking the multi-microgrid composed
of three microgrids as an example, and different optimization operation results for the
multi-microgrid were obtained under four scenarios in the engineering application. The
results verify the effectiveness of the proposed method, and the following conclusions can
be drawn:

(1) Allowing the multi-microgrid to freely exchange power with the main grid can
improve the economy of a multi-microgrid operation.

(2) The use of a battery in a multi-microgrid can mitigate the impact of renewable energy
output volatility on the multi-micro- and main grids. In addition, when the electricity
price is low, a high amount of electric energy is stored by the battery, and the electric
energy is released when the electricity price is high or the load demand is at its peak.
It plays the role of the “time—space complementation” of electric energy.

(3) Interconnection dispatching and the mutual power supply of a multi-microgrid can
enhance power supply reliability, and the stability and economy of the system.

In conclusion, an economic dispatching of the multi-microgrid has a certain signif-
icance for the operation decision for a multi-microgrid, especially for the construction
of a novel power system. In addition, a multi-objective optimization algorithm for a
multi-microgrid cooperative operation, which simultaneously considers the factors of en-
vironment, satisfaction, and economy, will be studied further in the future, based on the
research of our paper. It is helpful to improve the reliability and comprehensive benefits of
the power system.

Author Contributions: Writing—original draft, HW.; writing—review and editing, X.W., K.S. and
Y.H. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Hebei Provincial Key Research and Development Program
(Grant No. 21312102D), the Hebei Key Project of Science and Technology Research for Universities
(Grant No. ZD2022162), the Fundamental Research Funds for the Central Universities (Grant No.
2022MS095), and the Top Youth Talent Support Program of Hebei Province ([2018]-27).

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

References

1.

10.

11.

Boloukat, M.H.S.; Foroud, A.A. Multiperiod Planning of Distribution Networks Under Competitive Electricity Market with
Penetration of Several Microgrids, Part I: Modeling and Solution Methodology. IEEE Trans. Ind. Inform. 2018, 14, 4884-4894.
[CrossRef]

Chen, G.; Wang, ].M.; Yuan, X.D.; Chen, L.; Zhao, L.J.; He, Y.L. Chinese National Condition Based Power Dispatching Optimization
in Microgrids. J. Control Sci. Eng. 2018, 2018, 8695391. [CrossRef]

Manjarres, P.; Malik, O. Frequency Regulation by Fuzzy and Binary Control in a Hybrid Islanded Microgrid. J. Mod. Power Syst.
Clean Energy 2015, 3, 429-439. [CrossRef]

Nunna, H.K.; Doolla, S. Multiagent-Based Distributed-Energy-Resource Management for Intelligent Microgrids. IEEE Trans. Ind.
Electron. 2013, 60, 1678-1687. [CrossRef]

Kargarian, A ; Falahati, B.; Fu, Y.; Baradar, M. Multi-Objective Optimal Power Flow Algorithm to Enhance Multi-Microgrids Performance
Incorporating IPFC, 2012; IEEE: Piscataway, NJ, USA, 2012.

Wu, J.; Guan, X. Coordinated Multi-microgrids Optimal Control Algorithm for Smart Distribution Management System. IEEE
Trans. Smart Grid 2013, 4, 2174-2181. [CrossRef]

Dolan, M.].; Davidson, E.M.; Kockar, I.; Ault, G.W.; McArthur, S.D.J. Distribution Power Flow Management Utilizing an Online
Optimal Power Flow Technique. IEEE Trans. Power Syst. 2012, 27, 790-799. [CrossRef]

Zu, Q.W.; Niu, Y.G.; Chen, B. Study on Multi-objective Economic Operating Strategy of Microgrid Based on Improved Particle
Swarm Optimization Algorithm. Power Syst. Prot. Control 2017, 45, 57-63.

Latif, A.; Paul, M.; Das, D.C.; Hussain, S.M.S.; Ustun, T.S. Price Based Demand Response for Optimal Frequency Stabilization in
ORC Solar Thermal Based Isolated Hybrid Microgrid under Salp Swarm Technique. Electronics 2020, 9, 2209. [CrossRef]

Guha, D.; Roy, PK.; Banerjee, S. Disturbance Observer Aided Optimised Fractional-Order Three-Degree-of-Freedom Tilt-Integral-
Derivative Controller for Load Frequency Control of Power Systems. IET Gener. Transm. Distrib. 2021, 15, 716-736. [CrossRef]
Latif, A.; Hussain, S.M.S.; Das, D.C.; Ustun, T.S. Design and Implementation of Maiden Dual-Level Controller for Ameliorating
Frequency Control in a Hybrid Microgrid. Energies 2021, 14, 2418. [CrossRef]


http://doi.org/10.1109/TII.2018.2807396
http://doi.org/10.1155/2018/8695391
http://doi.org/10.1007/s40565-014-0079-6
http://doi.org/10.1109/TIE.2012.2193857
http://doi.org/10.1109/TSG.2013.2269481
http://doi.org/10.1109/TPWRS.2011.2177673
http://doi.org/10.3390/electronics9122209
http://doi.org/10.1049/gtd2.12054
http://doi.org/10.3390/en14092418

Energies 2022, 15, 8194 13 of 13

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Guha, D; Roy, PK.; Banerjee, S. Observer-Aided Resilient Hybrid Fractional-Order Controller for Frequency Regulation of Hybrid
Power System. Int. Trans. Electr. Energy Syst. 2021, 31, e13014. [CrossRef]

Kiehbadroudinezhad, M.; Merabet, A.; Rajabipour, A.; Cada, M.; Kiehbadroudinezhad, S.; Khanali, M.; Hosseinzadeh-Bandbatha,
H. Optimization of Wind/Solar Energy Microgrid by Division Algorithm Considering Human Health and Environmental Impacts
for Power-water Cogeneration. Energy Convers. Manag. 2022, 252, 115064. [CrossRef]

Wu, H.B,; Liu, X.Y,; Ding, M. Dynamic Economic Dispatch of a Microgrid: Mathematical Models and Solution Algorithm. Electr.
Power Energy Syst. 2014, 63, 336-346. [CrossRef]

Song, X.Y.; Wang, Y.S. Economic and Environmental Dispatch of Microgrid using Co-evolutionary Genetic Algorithm. Power Syst.
Prot. Control 2014, 42, 85-89.

Liu, Y.X,; Guo, L.; Wang, C.S. Economic Dispatch of Microgrid Based on Two Stage Robust Optimization. Proc. CSEE 2018, 38,
4013-4022.

Zhou, N.C; Jin, M.; Wang, Q.G.; Su, S.; Yan, Y. Hierarchical Coordination Control Strategy for Multi-microgrid System with Series
and Parallel Structure. Autom. Electr. Power Syst. 2013, 37, 13-18. [CrossRef]

Zhi, N.; Xiao, X.; Tian, P.G.; Zhang, H. Research and Prospect of Multi-microgrid Control Strategies. Electr. Power Autom. Equip.
2016, 36, 107-115.

Yang, ].E; Zhang, C.; Dong, J.; Zhang, X.Y.; Ren, H.Q.; Zhang, ].H. Active Collaborative Control Strategy for Distribution Network
with Multi-microgrid in Fault Scenario. Proc. CSU-EPSA 2021, 33, 66-72.

Zhao, B.; Wang, X,; Lin, D.; Calvin, M.M.; Morgan, ].C.; Qin, R.; Wang, C. Energy Management of Multiple Microgrids Based on a
System of Systems Architecture. IEEE Trans. Power Syst. 2018, 33, 6410-6421. [CrossRef]

Resende, F.O.; Gil, N.J.; Lopes, J.A.P. Service Restoration on Distribution Systems using Multi-Micro Grids. Eur. Trans. Electr.
Power 2011, 21, 1327-1342. [CrossRef]

Zhou, Y.Z.; Wu, H; Li, YN. Dynamic Dispatch of Multi-microgrid for Neighboring Islands Based on MCS-PSO Algorithm. Autom.
Electr. Power Syst. 2014, 38, 204-210.

Du, J.N,; Han, X.Q.; Li, T.J.; Yin, Z.H.; Bai, H. Optimization Strategy of Multi Microgrid Electric Energy Cooperative Operation
Considering Electricity Price Uncertainty and Game Cheating Behaviors. Power Syst. Technol. 2022. [CrossRef]

Xu, Y.C,; Liu, H.Q.; Sun, S.H.; Mi, L. Bi-level Optimal Scheduling of Multi-microgrid System Considering Demand Response and
Shared Energy Storage. Electr. Power Autom. Equip. 2022. [CrossRef]

Qiao, X.B,; Yang, Z.X,; Li, Y; Ling, F; Zhong, ].].; Zhang, L.Q. Optimization Strategy for Cooperative Operation of Multi-microgrids
Considering Two-level Carbon Trading and Demand Response. High Volt. Eng. 2022, 48, 2573-2583.

Jiang, R.Z.; Qiu, X.Y,; Li, D. Multi-Agent System Based Dynamic Game Model of Smart Distribution Network Containing
Multi-Microgrid. Power Syst. Technol. 2014, 38, 3321-3327.

Zhou, B.X,; Peng, H.Y.; Zang, T.L.; Zhang, Y.; Zhao, WW.; Cao, Q. Strategy of Peer-to-Peer Trade in Multi-Microgrid Based on
Stackelberg Game. Proc. CSU-EPSA 2022. [CrossRef]

Yu, Y,; Li, G.; Li, Z. A Game Theoretical Pricing Mechanism for Multi-Microgrid Energy Trading Considering Electric Vehicles
Uncertainty. [EEE Access 2020, 8, 156519-156529. [CrossRef]

Vasiljevska, J.; Lopes, J.; Matos, M.A. Multi-microgrid Impact Assessment using Multi Criteria Decision Aid methods. In Proceed-
ings of the 2009 IEEE Bucharest PowerTech, Bucharest, Romania, 28 June-2 July 2009.

Xu, Q.S,; Li, L.; Cai, J.L.; Luan, K.N.; Yang, B. Day-ahead Optimized Economic Dispatch of CCHP Multi-microgrid System
Considering Power Interaction Among Microgrids. Power Syst. Autom. 2018, 42, 36—44.

Liu, J.E; Wang, X.S; Lu, J.B.; Zeng, J. Collaborative Optimization of Multi-microgrid System Based on Multi-agent Game and
Reinforcement Learning. Power Syst. Technol. 2022, 46, 2722-2732.

Wang, H.P,; Duan, EH.; Wang, X.L.; He, Y.L. Selective Maintenance of Multistate Systems Considering the Random Uncertainty
of the System Mission Period and Mission Breaks. Arab. |. Sci. Eng. 2022. [CrossRef]

Yang, S.X.; Zhu, X.G.; Peng, S.J. Multi—Agent Cost Optimization Strategy Model of New Energy Micro-grid Based on Non—
Cooperative Game Theory. Electr. Meas. Instrum. 2021, 58, 116-123.

Hu, X.T; Liu, T.Q.; He, C; Liu, S.; Liu, Y.K. Multi-objective Optimal Operation of Microgrid Considering the Battery Loss
Characteristics. Proc. CSEE 2016, 36, 2674-2681.


http://doi.org/10.1002/2050-7038.13014
http://doi.org/10.1016/j.enconman.2021.115064
http://doi.org/10.1016/j.ijepes.2014.06.002
http://doi.org/10.1016/j.ijepes.2011.10.029
http://doi.org/10.1109/TPWRS.2018.2840055
http://doi.org/10.1002/etep.404
http://doi.org/10.13335/j.1000-3673.pst.2022.0587
http://doi.org/10.16081/j.epae.202208039
http://doi.org/10.19635/j.cnki.csu-epsa.000980
http://doi.org/10.1109/ACCESS.2020.3019815
http://doi.org/10.1007/s13369-022-07237-y

	Introduction 
	Cooperative Operation Dispatching Model of a Multi-Microgrid 
	Multi-Microgrid Structure 
	Hierarchical Dispatching Strategy 

	Optimal Economic Power-Dispatching Model 
	Objective Function 
	Constraints and Limits 

	Optimization Model-Solving Algorithm 
	Case Study 
	Case Introduction 
	Multi-Scenario Impact Analysis 
	Interconnection Dispatching Analysis in a Multi-Microgrid 
	Interconnection Dispatching Analysis between the Two Microgrids 
	Interconnection Dispatching Optimization Analysis between the Main Grid and Multi-Microgrid 


	Conclusions 
	References

