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A B S T R A C T

With the increased uncertainty and variability of net load induced from high penetrations of renewable
energy, independent operation of single microgrid (MG) is facing great operational problems such as high
operation cost, low self-consumption of local renewable energy and exacerbating peak and valley load. In this
paper, a mobile energy storage system (MESS) and power transaction-based flexibility enhancement strategy is
proposed for interconnecting multi-microgrid (MMG) considering uncertain renewable generation. The MESS
can move between different microgrids by a truck, and we use this temporal–spatial flexibility to provide
charging/discharging service for MMG. Then, the Aumann–Shapley is developed for expenses allocating in
MMG system with MESS and power transaction due to ensuring the fairness and reasonableness is of the
utmost important in collaborative operation. After that, the expected power not served (EPNS) and expected
power curtailment (EPC) are derived as the risk measure to evaluate the uncertain renewable energy from
the perspective of risk aversion. Numerical studies show that MESS for MMG operation enables the reduction
in total operational cost of diesel generator by 23.58%, the improvement in total grid connection volumes
of wind and solar by 7.17%, and the improvement in smoothness of the total load curve by 0.92%. Besides,
interconnected system for MMG operation enables the improvement in total grid connection volumes of wind
and solar by 6.69%, and the improvement in smoothness of the total load curve by 1.50% in comparison with
the unconnected system.
1. Introduction

With the rapid development of industrial technologies, traditional
fossil fuels are facing a huge depletion crisis, which has promoted the
utilization of renewable energy to gradually increase to meet human
energy demand (Das et al., 2021). At present, renewable energy is
delivered to the grid mainly through centralized or distributed meth-
ods (Ruan et al., 2020). The distributed integration of renewable energy
method is conducive to promoting the local use of renewable energy
and the reliability of power supply in comparison with centralized inte-
gration, which has caused extensive research by scholars (Al-Ghussain
et al., 2020). As an effective utilization mode of distributed renewable
energy, microgrid (MG) is a new subject studied by domestic and
international researchers in recent years (Atia & Yamada, 2016). About
34% of global MG projects are in the United States, providing the expe-
rience to other countries in policy, control systems, and demonstration
projects (Feng et al., 2018). Besides the United States, MG projects
in the Asia-Pacific region are also growing rapidly, which accounts
for about 40% of the global MG capacity. Japan’s New Energy and
Industrial Technology Development Organization (NEDO) has provided
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funding for MG research, which is mainly related to new energy so-
lutions, power supply reliability, and flexible electrical control (Ustun
et al., 2011). Three representative renewable energy island MGs have
been built and are operating in the East China Sea to provide green
and reliable electricity supply (Zhao et al., 2018). In summary, many
countries are developing MG projects in the world.

Wind and solar resources are one of the most competitive sources
of renewable energy (Liu et al., 2019). After the large-scale integra-
tion of wind and solar resources into the power grid, the problem of
insufficient flexibility of the MG system is outstanding because of the
inherent volatility and randomness (Elkadeem et al., 2020). The MG
system thus needs to have greater flexibility to cope with the defects of
wind and solar resources. If the flexibility of the system is insufficient,
to ensure the safety and stability of the power system, it is necessary
to properly curtail wind and solar or shed load when the load demand
is too small or too large (Croce et al., 2020). However, the curtailment
of wind and solar is contrary to the original intention of developing
renewable energy, while load shedding will cause greater economic
vailable online 24 April 2021
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losses. Therefore, the higher flexibility of the MG system has greater
significance for the large-scale integration of wind and solar resources.

On the one hand, for the interconnected multi-microgrid (MMG)
system, multiple adjacent MGs constitute an interconnected and
mutually-powered MMG system in a certain area, which can decrease
the operating cost of system (Wang et al., 2019). For example, Zhang
et al. (2018) formulated the problem of transaction coordination and
economic operation of MMG as a unit commitment optimization prob-
lem to minimize the operational cost. Wu et al. (2012) adopted co-
ordinated information and strategies among MMG based on the au-
tonomous control model to decrease the operating cost of distributed
generation. And Li et al. (2018) proposed an interconnected scheduling
model for energy and reserve, using distributed energy storage to opti-
mize the operation of MMG system. On the other hand, mobile energy
storage system (MESS) is mobilized by a big truck and connected to the
distribution system at different stations in comparison with stationary
energy storage system (SESS). And MESS is one of the most effective
way to reduce operating cost and enhance resilience in distribution
systems. For example, Abdeltawab and Mohamed (2017) presented a
day-ahead energy management system based on MESS to reduce the
cost of grid power supply. Lei et al. (2016) introduced the potential
of MESS in enhancing the resilience of distribution systems to cope
with extreme weather, which not only can improve the ability of power
supply systems to withstand critical loads, but also improve the ability
to recover after disasters. Similarly, the two-stage optimization model
was proposed in Kim and Dvorkin (2018), with the goal of improving
the resilience of distribution systems through MESS and MGs.

From existing literature we notice that: (i) Prior work is rarely
mentioned in interconnected MMG system and MESS working together
to improve flexibility, especially to reduce the daily MMG operating
cost, improve penetration level of wind and solar power as well as
smooth load profile. (ii) Ignoring the uncertainty of wind and solar
resources may lead to MMG operational solutions becoming infeasible
by the analyst (Li et al., 2017). (iii) If MMG operational flexibility with
MESS and power transaction is considered, the proper allocation of
economic cost to each MG needs to be studied, as it should undertake
corresponding cost when the MG exists power transaction or MESS
provides charging/discharging service for the MG.

For addressing above issues, enhancing stochastic MMG operational
flexibility with MESS and power transaction is studied. The main
contributions of this paper are shown as follows:

(1) MESS and power transaction-based flexibility enhancement
strategy for MMG system is studied, which aims to reduce the daily
MMG operating cost, improve penetration level of wind and solar
power as well as smooth load profile.

(2) EPNS and EPC-based risk assessment (RA) is devised for un-
certain wind and solar power. The RA needs neither to sample a
large number of wind and solar power, nor to calculate a complex
multi-objective optimization problem.

(3) The value of Aumann–Shapley is used for allocating economic
cost of MMG system. And the effectiveness of the proposed model is
verified by evolutionary predator and prey strategy (EPPS) algorithm.

2. Configuration of mobile energy storage system

2.1. Temporal–spatial characteristics of MESS

The transportation network is modeled by the temporal–spatial
characteristics, which has been widely applied to optimize the problem
of vehicle routing and scheduling (Yao et al., 2019). Therefore, the
temporal–spatial characteristics of MESS among MMG is presented, as
shown in Fig. 1, and it is constituted by MG stations and trip arcs,
showing all possible transportation routes. Two types of trip arcs are
defined in the temporal–spatial characteristics of MESS as follows. (1)
Moving arcs: it connects two different MG stations and represents a
movement both time and spatial locations. For example, as shown in
2

Fig. 1, the MESS can move from MG 1 to MG 2 or MG 3 during the
transit time interval. (2) Holding arcs: it connects two same MG stations,
and it indicates that MESS is not moving during the dispatch period.
This means that the MESS continues to provide charging/discharging
service for the MG. The entire transportation paths of MESS can be
represented by continuous trip arcs, which indicates the departure MG
station and destination MG station.

For the sake of illustrating the dynamic location information of
MESS, we define the binary variables 𝑢𝑛(𝑡) ∈ {0, 1}, which represents
the state of MESS at time 𝑡. 𝑢𝑛(𝑡) = 1 if the MESS locates at MG station

at time 𝑡, and 𝑢𝑛(𝑡) = 0 if the MESS does not locate at MG station 𝑛 at
ime 𝑡.

𝜁𝑛,𝑚(𝑡) is the transportation time between MG stations 𝑛 and 𝑚
t time 𝑡, which is constituted of three segments: traffic congestion
elay 𝑘tra(𝑡), commute time 𝐷𝑛,𝑚∕𝑣MESS and installation time 𝜀insMESS (Ab-
eltawab & Mohamed, 2017).

𝑛,𝑚(𝑡) =

⎧

⎪

⎨

⎪

⎩

round
(

𝑘tra(𝑡)+𝐷𝑛,𝑚∕𝑣MESS+𝜀insMESS
𝛥𝑇h

)

, 𝑛 ≠ 𝑚

0, 𝑛 = 𝑚
(1)

where 𝑛, 𝑚 = 1, 2,… , 𝑁MG, and 𝑁MG is the number of MG. 𝐷𝑛,𝑚 repre-
ents the transportation distance between MG stations 𝑛 and 𝑚 at time
𝑡, 𝑣MESS is the average moving speed of MESS, and 𝑘tra(𝑡) is a time-
dependent index that gives an indicator of the traffic delay at time 𝑡.
𝛥𝑇h is the unit time step in hour.

Since 𝜁𝑛,𝑚(𝑡) denotes the transportation time between MG stations
𝑛 and 𝑚 at time 𝑡, the MESS departing from MG station 𝑛 at time 𝑡
cannot be connected to MG station 𝑚 until time 𝑡 + 𝜁𝑛,𝑚(𝑡). This can be
summarized as:

𝑢𝑛(𝑡) +
1

𝑁MG ⋅ 𝛤
∑

0≤𝛿𝑛,𝑚(𝑡)≤𝜁𝑛,𝑚(𝑡)

∑

𝑚≠𝑛
𝑢𝑚

(

𝑡 + 𝛿𝑛,𝑚(𝑡)
)

≤ 1, ∀𝑛,∀𝑚 (2)

𝛤 = max
𝑛,𝑚,𝑡

{

𝜁𝑛,𝑚(𝑡)
}

, ∀𝑛,∀𝑚,∀𝑡 (3)

where 𝛿𝑛,𝑚(𝑡) ∈
{

0, 1,… , 𝜁𝑛,𝑚(𝑡)
}

, and 𝛤 is the maximum value of 𝜁𝑛,𝑚(𝑡)
for all cases of 𝑛, 𝑚 at time 𝑡.

According to (2) and (3), the transit-time decomposition matrix
𝑄 is developed considering transit model of MESS, and the detailed
descriptions please refer to Kwon et al. (2019).

𝑄 =

⎡

⎢

⎢

⎢

⎢

⎣

𝐈 𝐘1
1 𝐘1

2 ⋯ 𝐘1
𝛤 𝐎 𝐎 ⋯ 𝐎

𝐎 𝐈 𝐘2
1 𝐘2

2 ⋯ 𝐘2
𝛤 𝐎 ⋯ 𝐎

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮
𝐎 𝐎 𝐎 𝐎 𝐎 ⋯ 𝐎 𝐈 𝐘T−𝟏

𝐥

⎤

⎥

⎥

⎥

⎥

⎦

(4)

where

𝐘t
𝜏 = 1

𝑁MG ⋅ 𝛤

⎡

⎢

⎢

⎢

⎢

⎣

0 𝑦𝑡𝜏12 ⋯ 𝑦𝑡𝜏1𝑁MG
𝑦𝑡𝜏21 0 ⋯ 𝑦𝑡𝜏2𝑁MG
⋮ ⋮ 𝑦𝑡𝜏𝑛𝑚 ⋮

𝑦𝑡𝜏𝑁MG1
𝑦𝑡𝜏𝑁MG2

⋯ 0

⎤

⎥

⎥

⎥

⎥

⎦

,

∀𝜏 ∈
{

0, 1,… , 𝜁𝑛,𝑚(𝑡)… , 𝛤
}

(5)

𝑦𝑡𝜏𝑛𝑚 ∈ {0, 1}, ∀𝑛,∀𝑚,∀𝑡, 0 ≤ 𝜏 ≤ 𝛤 (6)

In (4), I is the identity matrix, O is the zero matrix, and 𝑇 is
the number of scheduling intervals in a day. In (5), 𝑦𝑡𝜏𝑛𝑚 is a binary
constant. 𝑦𝑡𝜏𝑛𝑚 = 1 for 0 ≤ 𝜏 ≤ 𝜁𝑛,𝑚(𝑡), indicating that MESS can arrive
at MG station 𝑚 at time 𝑡 + 𝜁𝑛,𝑚(𝑡) + 1; otherwise, 𝑦𝑡𝜏𝑛𝑚 is set to 0.

2.2. Operation constraints of MESS

When arrives at a MG, the MESS provides charging/discharging

service for the MG, while satisfying the following operation constraints:
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Fig. 1. Temporal–spatial characteristics of MESS.
⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

𝑆𝑂𝐸(0) = 𝑆𝑂𝐸(𝑇 ) (a)

𝑆𝑂𝐶(𝑡) = 𝑆𝑂𝐸(𝑡)
𝐸MESS

(b)

𝐸MESS = 𝑆𝑂𝐸max−𝑆𝑂𝐸min
𝑆𝑂𝐶max−𝑆𝑂𝐶min

(c)

𝑆𝑂𝐸(𝑡) = 𝑆𝑂𝐸(𝑡 − 1) + (1 − 𝛾(𝑡))𝑃 ch,𝑡
MESS𝜂

ch
MESS +

𝛾(𝑡)𝑃 dch,𝑡
MESS

𝜂dchMESS
(d)

(7)

where state of energy (SOE) is used to describe the estimation of the
available energy state of MESS, satisfying (7).(a) (7)(b) represents state
of charge (SOC), and it is the ratio of available power to the maximum
available capacity of the MESS, 𝐸MESS represents the maximum avail-
able capacity of the MESS calculated by (7)(c). 𝑆𝑂𝐶min and 𝑆𝑂𝐶max are
respectively the minimum and maximum SOC of MESS. 𝑆𝑂𝐸min and
𝑆𝑂𝐸max are respectively the minimum and maximum SOE of MESS.
For ∀𝑡 ∈ (0, 𝑇 ), the mathematical model between the SOE and the
charging/discharging power can be expressed as (7)d), where 𝑃 ch∕dch,𝑡

MESS
and 𝜂ch∕dchMESS represent charging/discharging power and efficiency of
MESS, respectively (Zheng et al., 2018). The binary variables 𝛾(𝑡) ∈
{0, 1} are defined to represent the charging/discharging state of MESS
at time 𝑡, let 𝛾(𝑡) = 1 denotes that the MESS is in the discharging state
at the MG station, and 𝛾(𝑡) = 0 denotes that the MESS is in the charging
state at the MG station.

3. Problem formulation

Microgrid is defined as a decentralized group of loads and dis-
tributed energy resources that normally operates connected to and
synchronous with the main grid, but can also disconnected to ‘‘island
state’’ and operation autonomously. Microgrid can improve the relia-
bility of supply by changing between connected and island model, and
it can effectively integrate renewable energy (Cagnano et al., 2020).
Fig. 2 shows the structure of the studied three-microgrid system in a
radial feeder, where each MG consists of one wind turbine (WT), one
photovoltaic (PV), one diesel generator (DG) and local load demand.
In the system, MESS is a large energy storage battery with a truck as a
carrier, and it can be inserted into different MG stations during different
time intervals for providing charging/discharging service. In addition,
the power transaction among different MGs is also considered in the
MMG system to address the issues of power surplus or shortage of MG.
The goal of this paper is to take the advantages of the transportability
and interconnection to reduce the daily MMG operating cost, improve
penetration level of wind and solar power, and last but not least,
smooth load profile.
3

3.1. Objective function

The objective function of MESS based flexibility improvement for
MMG scheduling under uncertain environment aims to minimize the
total economic cost (EC). In EC, it consists of the operational cost (OC)
of DG and MESS, the transaction cost (TC) of selling/purchasing power
with the other MGs and DPN, and EPNS and EPC costs of wind and
solar power, which is shown as follows:

𝐶 =
𝑁MG
∑

𝑛=1

𝑇
∑

𝑡=1

(

𝑎𝑛DG𝑃
𝑛,𝑡
DG + 𝑏𝑛DG

)

(8a)

+
𝑁MG
∑

𝑛=1,𝑚≠𝑛

𝑇
∑

𝑡=1

(

𝑒𝑡MG

(

𝑃 𝑛,𝑚,𝑡
MG,B − 𝑃 𝑛,𝑚,𝑡

MG,S

)

+ 𝑒𝑡DPN
(

𝑃 𝑛,𝑡
DPN,B − 𝑃 𝑛,𝑡

DPN,S

))

(8b)

+
𝑁MG
∑

𝑛=1

𝑇
∑

𝑡=1

(

𝑢𝑛(𝑡)𝑒MESS|𝑃
ch∕dch,𝑡
MESS |

)

+
𝑇
∑

𝑡=1

(

𝜌MESS|𝑃
ch∕dch,𝑡
MESS |

)

+ 𝐶labor (8c)

+
𝑁MG
∑

𝑛=1

𝑇
∑

𝑡=1

(

𝑒𝑡DPN𝑃
𝑛,𝑡
WT,EPNS + 𝜆𝑃 𝑛,𝑡

WT,EPC

)

(8d)

+
𝑁MG
∑

𝑛=1

𝑇
∑

𝑡=1

(

𝑒𝑡DPN𝑃
𝑛,𝑡
PV,EPNS + 𝜆𝑃 𝑛,𝑡

PV,EPC

)

(8e)

where (8a) represents OC of DG, 𝑎𝑛DG and 𝑏𝑛DG are the OC coefficients,
and 𝑃 𝑛,𝑡

DG stands for output of DG in the 𝑛th MG at time 𝑡. (8b) represents
TC of exchange power including electricity purchased/sold among
MGs and DPN. 𝑃 𝑛,𝑡

MG,B and 𝑃 𝑛,𝑡
MG,S are respectively the exchange power

among MGs, and 𝑒𝑡MG is the electricity price of power transaction in
different MGs at time 𝑡. Similarly, 𝑃 𝑛,𝑡

DPN,B and 𝑃 𝑛,𝑡
DPN,S are respectively

the exchange power between MG and DPN, and 𝑒𝑡DPN is the electricity
price of power transaction between MG and DPN at time 𝑡. (8c) models
the OC of MESS. 𝑒MESS and 𝑃 ch∕dch,𝑡

MESS denote the cost coefficients and
charging/discharging power of MESS at time 𝑡, respectively. 𝜌MESS is
a given degradation cost coefficient of MESS. And 𝐶labor is the truck
labor cost which includes the daily allowance of the truck driver and
technical staff. (8d) and (8e) denote the EPNS and EPC costs after wind
and solar power integration, and 𝜆 denotes EPC penalty coefficient.

3.2. Constraints

In order to ensure the safety and reliability of the system within
the allowed power limits, the optimal solution must meet the following
constraints.

(1) Generation constraints: In order to obtain optimal MMG schedul-
ing solutions, WT, PV, DG and MESS are constrained by their technical
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Fig. 2. Typical structure of a three-microgrid system with MESS and power transaction.
limits as follows:

𝑃 𝑛
WT,min ⩽ 𝑃 𝑛,𝑡

WT ⩽ 𝑃 𝑛
WT,max (9)

𝑃 𝑛
PV,min ⩽ 𝑃 𝑛,𝑡

PV ⩽ 𝑃 𝑛
PV,max (10)

𝑃 𝑛
DG,min ≤ 𝑃 𝑛,𝑡

DG ≤ 𝑃 𝑛
DG,max (11)

− 𝑅𝑛
down ≤ 𝑃 𝑛,𝑡

DG − 𝑃 𝑛,𝑡−1
DG ≤ 𝑅𝑛

up (12)
|

|

|

𝑃 ch∕dch,𝑡
MESS

|

|

|

≤ 𝑃 ch∕dch
MESS,max (13)

𝑆𝑂𝐶min < 𝑆𝑂𝐶(𝑡) < 𝑆𝑂𝐶max (14)

where constraints (9)–(11) ensure that WT, PV and DG satisfy the upper
and lower power generation limits in each MG at time 𝑡. 𝑃 𝑛

WT,min, 𝑃
𝑛
PV,min

and 𝑃 𝑛
DG,min are respectively minimum outputs of WT, PV and DG in

the 𝑛th MG. 𝑃 𝑛
WT,max, 𝑃 𝑛

PV,max and 𝑃 𝑛
DG,max are respectively maximum

outputs of WT, PV and DG in the 𝑛th MG. Constraint (12) means that
the output of DG should satisfy the ramp up and down rate limits during
the adjacent time intervals. 𝑅𝑛

up and 𝑅𝑛
down are respectively maximum

ramp up and down rates of DG in the 𝑛th MG. Eq. (13) defines
the MESS charging/discharging power limit. 𝑃 ch∕dch

MESS,max is maximum
charging/discharging power of MESS. Finally, Eq. (14) denotes the SOC
upper and lower limits of MESS (Paul et al., 2019).

(2) Exchange status constraints: Each MG is designed to purchase/sell
electricity from the other MGs, or purchase/sell electricity from DPN.
But purchasing and selling electricity cannot be simultaneously for each
MG at time 𝑡. Therefore, the power exchange status of each MG is
denoted by binary variables:

𝑟𝑛,𝑚(𝑡) + 𝑠𝑛,𝑚(𝑡) ⩽ 1, ∀𝑛, 𝑚 ∈ 𝑁MG, 𝑚 ≠ 𝑛,∀𝑡 ∈ 𝑇 (15)

𝑣𝑛(𝑡) +𝑤𝑛(𝑡) ⩽ 1, ∀𝑛 ∈ 𝑁MG, ∀𝑡 ∈ 𝑇 (16)

where 𝑟𝑛,𝑚(𝑡) and 𝑠𝑛,𝑚(𝑡) are exchange status among MGs. There is
no power transaction between MGs 𝑛 and 𝑚 when 𝑟𝑛,𝑚(𝑡) = 𝑠𝑛,𝑚(𝑡) = 0
at time 𝑡. Else, either 𝑟𝑛,𝑚(𝑡) or 𝑠𝑛,𝑚(𝑡) equals to 1, there exists power
transaction among MGs. In this case, 𝑟𝑛,𝑚(𝑡) = 1 if MG 𝑛 purchases
power from MG 𝑚 at time 𝑡, and 𝑠𝑛,𝑚(𝑡) = 1 if MG 𝑛 sells power to
MG 𝑚 at time 𝑡. 𝑣𝑛(𝑡) and 𝑤𝑛(𝑡) are exchange status between MG and
DPN. Likewise, there is no power transaction between MG 𝑛 and DPN
when 𝑣𝑛(𝑡) = 𝑤𝑛(𝑡) = 0 at time 𝑡. Else, either 𝑣𝑛(𝑡) or 𝑤𝑛(𝑡) equals to
1, there exists power transaction between MG and DPN. In this case,
𝑣𝑛(𝑡) = 1 if MG 𝑛 purchases power from DPN at time 𝑡, and 𝑤𝑛(𝑡) = 1 if
MG 𝑛 sells power to DPN at time 𝑡.

(3) Exchange power constraints: Considering technical limits of trans-
mission lines and inverter, exchange power should satisfy the following
constraints:

0 ⩽ 𝑃 𝑛,𝑚,𝑡 ⩽ 𝑟 (𝑡)𝑃 𝑛,𝑚 , ∀𝑛, 𝑚 ∈ 𝑁 , 𝑚 ≠ 𝑛, ∀𝑡 ∈ 𝑇 (17)
4

MG,B 𝑛,𝑚 MG,max MG
0 ⩽ 𝑃 𝑛,𝑚,𝑡
MG,S ⩽ 𝑠𝑛,𝑚(𝑡)𝑃

𝑛,𝑚
MG,max, ∀𝑛, 𝑚 ∈ 𝑁MG, 𝑚 ≠ 𝑛, ∀𝑡 ∈ 𝑇 (18)

0 ⩽ 𝑃 𝑛,𝑡
DPN,B ⩽ 𝑣𝑛(𝑡)𝑃 𝑛

DPN,max, ∀𝑛 ∈ 𝑁MG, ∀𝑡 ∈ 𝑇 (19)

0 ⩽ 𝑃 𝑛,𝑡
DPN,S ⩽ 𝑤𝑛(𝑡)𝑃 𝑛

DPN,max, ∀𝑛 ∈ 𝑁MG, ∀𝑡 ∈ 𝑇 (20)

𝑃 𝑛,𝑚,𝑡
MG,B = 𝑃𝑚,𝑛,𝑡

MG,S, ∀𝑛, 𝑚 ∈ 𝑁MG, 𝑚 ≠ 𝑛, ∀𝑡 ∈ 𝑇 (21)

where 𝑃 𝑛,𝑚,𝑡
MG,B, 𝑃 𝑛,𝑚,𝑡

MG,S, 𝑃 𝑛,𝑡
DPN,B and 𝑃 𝑛,𝑡

DPN,S denote power purchased from
other MGs, power sold to other MGs, power purchased from DPN and
power sold to DPN at time 𝑡, respectively (Cui et al., 2019).

(4) Load balance constraint: The sum of outputs of WT, PV and DG,
charging/discharging power of MESS and the transaction power must
meet the local load demand 𝑃 𝑛,𝑡

L of each MG at time 𝑡:

𝑃 𝑛,𝑡
DG + 𝑃 𝑛,𝑡

WT +𝑃 𝑛,𝑡
PV + 𝑃 𝑛,𝑚,𝑡

MG,B + 𝑃 𝑛,𝑡
DPN,B = 𝑃 𝑛,𝑡

L + 𝑃 ch∕dch,𝑡
MESS + 𝑃 𝑛,𝑚,𝑡

MG,S + 𝑃 𝑛,𝑡
DPN,S

(22)

3.3. EPNS and EPC-based RA for uncertain wind and solar power

In order to acquire reliable MMG scheduling solutions under the
fluctuation and forecasting uncertainty of wind and solar power, this
paper converts uncertain wind and solar power into confidence interval
variables, and proposes EPNS and EPC-based RA for evaluating un-
certain wind and solar power. The model regards EPNS and EPC as
risk measure to evaluate the potential loss of load due to WT and PV
generation uncertainty. At the same time, the model does not need to
sample a large number of wind and solar power to simulate the true dis-
tribution or calculate a complex multi-objective optimization problems
to account for the feasibility of wind and solar power generation (Chen
et al., 2017). The detailed descriptions of risk measure are given as
below.

The confidence interval of wind and solar power under a given
confidence level is explained in Chen et al. (2017). Thus, we take wind
power as an example and consider 95% confidence level of wind power,
then 𝛼 = 0.05, 𝑍1− 𝛼

2
= 1.96, and the confidence interval of wind power

is
𝑃 𝑛,𝑡
WT − 𝜇𝑡

𝜎𝑡
∈ [−𝑍1− 𝛼

2
, 𝑍1− 𝛼

2
] ⇒ 𝑃 𝑛,𝑡

WT ∈ [𝜇𝑡 −𝑍1− 𝛼
2
𝜎𝑡, 𝜇𝑡 +𝑍1− 𝛼

2
𝜎𝑡]

⇒ 𝑃 𝑛,𝑡
WT ∈

[

𝜇𝑡 − 1.96𝜎𝑡, 𝜇𝑡 + 1.96𝜎𝑡
]

(23)

where 𝜇𝑡 and 𝜎𝑡 are the mean value and standard deviation of wind
power at time 𝑡, respectively.

According to the characteristics that the wind power 𝑃 𝑛,𝑡
WT follows

Gaussian distribution in a short term, the probability density function
𝑓
(

𝑃 𝑛,𝑡 ) and cumulative distribution function 𝐹 (𝑃 𝑛,𝑡 ) of wind power
WT WT
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Fig. 3. The flow chart of stochastic MMG scheduling with MESS and power transaction.
are given as follows (Li et al., 2014):

𝑓
(

𝑃 𝑛,𝑡
WT

)

= 1

𝜎𝑡
√

2𝜋
𝑒
−

(

𝑃𝑛,𝑡WT−𝜇
𝑡
)2

2(𝜎𝑡)2 (24)

𝐹 (𝑃 𝑛,𝑡
WT) =

1

𝜎𝑡
√

2𝜋 ∫

𝑃 𝑛,𝑡
WT

0
𝑒
− (𝑥−𝜇

𝑡)2
2(𝜎𝑡)2 𝑑𝑥 (25)

Thus the hourly EPNS of wind power in the 𝑛th MG 𝑃 𝑛,𝑡
WT,EPNS is given

by

𝑃 𝑛,𝑡
WT,EPNS = ∫

𝑃 𝑛,𝑡
WT

𝑃 𝑛
WT,min

(

𝑃 𝑛,𝑡
WT − 𝑥

)

𝑓 (𝑥)𝑑𝑥 (26)

and the hourly EPC of wind power in the 𝑛th MG 𝑃 𝑛,𝑡
WT,EPC is described

by

𝑃 𝑛,𝑡
WT,EPC = ∫

𝑃 𝑛
WT,max

𝑃 𝑛,𝑡
WT

(

𝑥 − 𝑃 𝑛,𝑡
WT

)

𝑓 (𝑥)𝑑𝑥 (27)

Similarly, according to the probability density function 𝑓
(

𝑃 𝑛,𝑡
PV

)

and
cumulative distribution function 𝐹 (𝑃 𝑛,𝑡

PV) of solar power (Ran et al.,
2015), the hourly EPNS 𝑃 𝑛,𝑡

PV,EPNS and EPC 𝑃 𝑛,𝑡
PV,EPC of solar power in the

𝑛th MG are given by Eqs. (28) and (29), respectively. .

𝑃 𝑛,𝑡
PV,EPNS = ∫

𝑃 𝑛,𝑡
PV

𝑃 𝑛
PV,min

(

𝑃 𝑛,𝑡
PV − 𝑥

)

𝑓 (𝑥)𝑑𝑥 (28)

𝑃 𝑛,𝑡
PV,EPC = ∫

𝑃 𝑛
PV,max

𝑃 𝑛,𝑡
PV

(

𝑥 − 𝑃 𝑛,𝑡
PV

)

𝑓 (𝑥)𝑑𝑥 (29)

4. Research method

The flow chart of stochastic MMG scheduling with MESS and power
transaction is shown in Fig. 3, and the topology of the MMG system
is depicted in Fig. 4. The main steps for the scheduling are listed as
follows.

Step 1: Set up EPPS algorithm parameters: group scale, the maxi-
mum number of calculations, and bounds of the variables.

Step 2: Input forecast values of wind power, solar power, load
demand and electricity price. And then input device parameters of WT,
PV and DG.
5

Step 3: Input traffic congestion, moving speed, transportation dis-
tance and installation time of MESS. And obtain temporal–spatial char-
acteristics of MESS according to (1)–(6).

Step 4: Calculate the objective function 𝐶 by EPPS algorithm under
constraints (7) and (9)–(29). And obtain the OC of DG and MESS, the
TC of selling/purchasing power with the other MGs and DPN, and EPNS
and EPC costs of wind and solar power.

Step 5:Determine outputs of WT, PV and DG, exchange power among
MGs, and position and charging/discharging power of MESS.

5. Aumann–Shapley and evolutionary predator and prey strategy
algorithm

Shapley value is one of the important classical solutions in coop-
erative games, and it reflects the average marginal contribution of
members to each sub-alliance. However, the computational complexity
of the Shapley value increases exponentially with the increase in the
number of participating members, and the allocation results are easily
affected by the relative size of the participating members and lack of
fairness (Amaris et al., 2018).

The Aumann–Shapley value method is an extension of the Shapley
value theory in an infinite number of in-game alliances. It can solve
the problem of income distribution in an infinite number of in-games
through limiting treatment and analysis. The basic idea is to divide
each player into an infinite number of players, and then use Shapley
method to calculate the allocation of each small player (Faria et al.,
2009). The essence of Aumann–Shapley value method is to find the
average value of the marginal contribution of each player to each
cooperative alliance. Therefore, the impact of the order in which each
player joins the alliance on the allocation results can be ignored. It has
economic consistency and equality, and can achieve fair and reasonable
allocation. The Aumann–Shapley value method has been widely used in
power system congestion cost allocation, transmission cost allocation,
and network loss allocation (Junqueira et al., 2007).

This paper applies the Aumann–Shapley value method to allocate
EC of MMG system. The EC allocated to the 𝑛th MG based on the
Aumann–Shapley value method is the integral of its power from 0 to
𝑃 𝑛.

𝜋𝑛 =
𝑃 𝑛 𝜕𝐶

(

𝑥𝑷
𝑃 𝑛

)

d𝑥 = 𝑃 𝑛
1 𝜕𝐶(𝑥𝑷 )

d𝑥 (30)
∫0 𝜕𝑃 𝑛 ∫0 𝜕𝑃 𝑛
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Fig. 4. The topology of the MMG system.
where 𝜋𝑛 is EC of the 𝑛th MG. 𝑷 is the power vector of resources of
the MMG system including output of DG, charging/discharging power
of MESS and exchange power among MGs and DPN. 𝐶(𝑥𝑷 ) is the cost
function of EC obtained by Eq. (8). 𝑃 𝑛 is the power vector of resources
of the 𝑛th MG.

On the other hand, in order to obtain the optimal scheduling
solution of the MMG system, this paper adopts a group intelligent
optimization algorithm named evolutionary predator and prey strat-
egy (EPPS). This algorithm studied the dynamic interaction behaviors
between Australian hunting dogs and goats, including hunting dog
predatory behavior and goat escape behavior. And then, the algorithm
proposes the concepts of empirical predator, strategic predator, prey
and safe location to simulate the predator-escape behavior between the
two animals: hunting dog predator mechanism, goat scanning mech-
anism and goat escape mechanism. In EPPS, the experience predator
refers to the hounds that directly prey on goats, the strategic predator
refers to the hounds that can adjust the predation path through the
exchange of population information, the prey refers to the goats chased
by the hounds, and the safe position refers to the refuge that the
chased goat needs to seek. Based on these concepts, EPPS uses animal
scanning strategies, predation strategies and escape strategies to design
evolutionary algorithms.

In EPPS, the individual with the best fitness value in each generation
is selected as the prey, and the individual with the worst fitness value
in each generation is selected as the safe location. In addition to prey
and safe locations, the remaining individuals are randomly divided
into experience predators and strategic predators. EPPS studied three
processes from the perspective of predator predation and prey escape.
When a group of predators find prey, the experienced predator will
directly pursue the prey based on the experience. They will scan the
safe location and try to escape from the predicament when the prey
finds itself in a dangerous situation. As for the strategic predators,
they will update their predation routes in real time according to the
6

Algorithm 1 The pseudocode of EPPS algorithm
1: Initial group scale :=𝑃𝑜𝑝 and set up algorithm parameters;
2: Calculate the objective function value 𝐶, store the current individ-

ual as the initial solutions, and determine the prey and the safe
location according to the best and worst fitness value;

3: Set 𝑔 ∶= 0, the maximum number of iterations ∶= 𝑀𝑎𝑥_𝐺, and the
index of the prey ∶= 𝑖𝑛𝑑𝑒𝑥(0);

4: while 𝑔 ≤ 𝑀𝑎𝑥_𝐺 do
5: Calculate the scanning distance at the 𝑔th generation prey 𝑙(𝑔)max;
6: for 𝑖 = 1 ∶ 𝑃𝑜𝑝 do
7: if 𝑖 == 𝑖𝑛𝑑𝑒𝑥(𝑔) then
8: Prey perform search mechanism according to the scanning

directions and scanning distance;
9: else if 𝑟𝑎𝑛𝑑 < 0.3 then

10: Experienced predators perform search mechanism based on
successful paths of the other predators;

11: else
12: Strategic predators perform search mechanism based on the

preyâĂŹs position and escaping direction;
13: end if
14: end for
15: Adjust the position of each individual if constraint is satisfied;
16: Adjust the prey, the safe location and 𝑖𝑛𝑑𝑒𝑥 according to the

calculated the fitness value of each individual;
17: 𝑔 = 𝑔 + 1;
18: end while

route where the prey escape. The pseudocode of EPPS is presented in
Algorithm 1 and the specific search mechanism of predators and prey
is illustrated in Chen et al. (2016).
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Fig. 5. Forecast values of wind power, solar power, load demand and electricity price.
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6. Case study

6.1. Simulation settings

To prove the validity of the proposed model, numerical studies are
conducted on a three-microgrid system with MESS. Each MG system
is constituted of WT, PV, DG and local load demand, and the corre-
sponding parameter settings of DG are shown in Table 1. The upper
limit of exchange power in each transaction is set to 50 kW. In terms of
MESS and SESS, the related parameters including charging/discharging
efficiency and power, the range of 𝑆𝑂𝐶, moving speed and so on, are
shown in Table 2. Forecast values of wind power, solar power, load
demand and electricity price are shown in Fig. 5, and forecast errors
of load demand and electricity price are set to be 10% and 20% (Li
et al., 2018), respectively. We adopt EPPS algorithm to solve the MMG
scheduling problem, and the sample population and the maximum
number of calculation are set to 100 and 100,000, respectively. All
the simulation are conducted on a desktop personal computer with a
2.60-GHz Inter Core i7 processor with 16.0 GB of RAM under MATLAB
environment.

In order to verify the effectiveness of MESS and power transaction-
based flexibility improvement strategy for MMG under uncertain en-
vironment, simulation results are analyzed in the following three seg-
ments:

(1) The comparison of MESS and interconnected MMG system work-
ing together on flexibility enhancement in comparison with SESS and
unconnected MMG system.

(2) The comparison of the penetration level of wind and solar power
under the proposed model, bi-probability-interval optimization (BPIO)
model and conditional value-at-credibility (CVaC) model.

(3) The comparison of PSO, GSO and EPPS in solving the proposed
optimization model.

6.2. Simulation results and discussion

6.2.1. Simulation about MESS and SESS on flexibility improvement
Fig. 6 offers the charging/discharging power, the position and 𝑆𝑂𝐶

of MESS. The histogram represents the charging/discharging power
of MESS while the dash and solid lines with marks indicate the lo-
cations and 𝑆𝑂𝐶 of MESS, respectively. Note that a negative power
represents discharging state of MESS, while a positive power indicates
7

s

the charging state of MESS. As shown in Fig. 6, MESS provides charg-
ing/discharging service for MG1 in 05:00–06:00, 07:00–08:00, 14:00–
15:00, 18:00–19:00 and 21:00–22:00, MG2 in 01:00–02:00, 03:00–
05:00, 08:00–09:00, 11:00–12:00, 13:00–14:00, 15:00–16:00, 19:00–
21:00 and 22:00–01:00 and MG3 in 02:00–03:00, 06:00–07:00, 09:00–
11:00, 12:00–13:00 and 16:00–18:00. MESS is mainly docked at sta-
tions MG2 and MG3. The reason for this phenomenon is that MG2 and
MG3 have a higher sharing of wind and solar power with a bigger
fluctuation of load curve than that of MG1. MESS thus needs to provide
charging/discharging service to mitigate the fluctuation of the net load
with high penetrations of wind and solar power. Moreover, the 𝑆𝑂𝐶
value of MESS mainly fluctuates between 1 and 0.2, as shown in Fig. 6,
which satisfies the constraint (14).

For the sake of illustrating the advantages of MESS for flexibility im-
provement in reducing operation cost and increasing penetration rate
of renewable energy, this paper compares two MMG system models.
One is a MMG system model using MESS (model 1), and the other is

MMG system model using SESS (model 2). The optimal capacity of
MESS is 30kWh, which is much less than that of the SESS. That is,
the MESS based energy sharing strategy can reduce investment cost in
installing energy storage. The optimal hourly outputs of DG in each MG
are provided in Fig. 7, and OC of DG as shown in Table 3. Evidently,
we can see that model 1 has less output of DG than model 2. Compared

ith model 2, the OC of DG in each MG are reduced by 30.57%, 21.42%
nd 15.21%, respectively. In addition, it can be also observed from
ig. 8 that the optimal outputs of wind and solar power in model 1
re more than these of model 2 in each MG. The penetration rate of
ind and solar power of model 1 in each MG is 51.27%, 57.38% and
5.86%, while the penetration rate of wind and solar power of model
is 41.26%, 51.35% and 51.57%. By contrast, the grid connection

olumes of wind and solar in each MG are increased by 10.01%,
.03% and 4.29%, respectively. Therefore, the optimization results
erify the MESS can improve MMG flexibility in terms of reducing
nergy storage capacity, saving OC of DG and improving wind and solar
ower penetration level.

In order to accurately estimate the property of implementing MESS
n improving the load curve’s characteristics, the parameters of the load
actor, peak to valley, and peak compensate are adopted as shown by
qs. (31)–(33), respectively (Dehnavi & Abdi, 2016). Eq. (31) is used to
valuate the smoothness of the load curve, and the larger its value, the

maller the fluctuation of load demand. It is ideally 100% which shows
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Table 1
DG parameters of MMG system.

𝑎𝑛DG ($/kW) 𝑏𝑛DG ($) 𝑅𝑛
up (kW/h) 𝑅𝑛

down (kW/h) 𝑃 𝑛
DG,min(kW) 𝑃 𝑛

DG,max(kW)

MG1 0.19433 0 80 75 40 200
MG2 0.19455 0 40 35 40 100
MG3 0.19515 0 40 35 40 100
Table 2
MESS and SESS parameters of MMG system.

𝜂ch/ 𝜂dch 𝑆𝑂𝐶max/ 𝑆𝑂𝐶min 𝑃 ch
max/𝑃 dch

max(kW/h) 𝑣MESS(km/h) 𝑒($/kW) 𝜌

MESS 0.9 1/0.2 25/20 20 0.221 0.01
SESS 0.9 1/0.2 25/20 – 0.221 0.01
Table 3
Operational cost of DG for each MG about models 1 and 2.

Hour MG1 MG2 MG3

Model 1 ($) Model 2 ($) Model 1 ($) Model 2 ($) Model 1 ($) Model 2 ($)

1 12.0402 19.6159 10.7160 12.8760 11.0946 13.2809
2 15.3429 19.6003 11.2344 13.4443 11.8633 13.7235
3 19.6720 20.9075 10.6455 14.9837 10.2281 12.5849
4 14.4298 22.2292 11.7105 12.7472 11.1999 13.0601
5 13.9366 17.4818 10.3374 14.3551 12.0873 13.5439
6 11.8705 18.9230 10.5512 13.8370 9.1828 13.4645
7 11.8585 22.6506 8.9279 14.1275 10.3097 13.0471
8 11.5319 21.2447 14.2870 14.4275 12.0210 13.3383
9 16.5059 16.9534 12.3438 13.4217 14.1867 14.3928
10 10.0809 21.1837 9.4069 13.2326 11.2096 13.5744
11 9.0544 18.7349 9.7879 13.3741 10.3020 14.0061
12 12.9119 19.5773 9.5913 13.7524 15.4445 15.7064
13 9.9575 18.8041 11.1920 14.3227 11.8243 11.9416
14 15.2785 18.1421 10.5617 13.4198 11.5391 12.6774
15 19.8529 20.3899 8.7917 13.0691 8.9474 11.9421
16 15.7825 18.0922 10.1011 13.0779 10.9206 12.3621
17 19.4759 21.4419 9.2942 14.8007 13.3872 13.8100
18 15.5283 22.5063 13.2063 13.3082 10.9671 12.8299
19 15.0567 22.1218 9.4214 14.1366 12.4811 14.0608
20 14.7591 22.8759 10.8688 13.7745 10.7139 14.4675
21 13.7892 20.7229 10.6402 13.1296 11.6542 13.7902
22 11.7739 19.8684 10.9930 13.1091 10.9895 14.6490
23 13.5433 23.6670 10.4386 12.8564 10.5626 13.5000
24 14.2537 19.5454 11.4926 12.8907 10.5189 12.9866

Total 338.2873↓ 487.2502 256.5412↓ 326.4744 273.6354↓ 322.7399
Drop rate 30.57% – 21.42% – 15.21% –
Fig. 6. Location and charging/discharging power of MESS.
8
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Fig. 7. Output of DG for each MG about model 1 and 2.
Fig. 8. Outputs of wind and solar power for each MG about model 1 and 2.
Table 4
The characteristics of the load curve about each MG.

Item MG1 MG2 MG3

𝐹1 𝐹2 𝐹3 𝐹1 𝐹2 𝐹3 𝐹1 𝐹2 𝐹3

With WT and PV 71.16% 60.99% – 62.33% 83.39% – 6.24% 172.38% –
MESS, WT and PV 72.38% ↑ 59.24% ↓ 1.87% 63.69% ↑ 82.19% ↓ 1.51% 6.50% ↑ 171.88% ↓ 0.98%
that load demand is constant and does not change with the time.

𝐹1 = 𝐿𝑜𝑎𝑑 − 𝑓𝑎𝑐𝑡𝑜𝑟% = 100 ×
⎛

⎜

⎜

∑𝑇
𝑡=1 𝑃

𝑛,𝑡
L,item

𝑇 × max{𝑃 𝑛,𝑡 }

⎞

⎟

⎟

(31)
9

⎝ L,item ⎠
Peak to valley represents the distance ratio between peak to valley
as follows:

𝐹2 = 𝑃𝑒𝑎𝑘 − 𝑡𝑜 − 𝑣𝑎𝑙𝑙𝑒𝑦% = 100 ×

(

max{𝑃 𝑛,𝑡
L,item} − min{𝑃 𝑛,𝑡

L,item}
𝑛,𝑡

)

(32)

max{𝑃L,item}
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Fig. 9. Outputs of wind and solar power based on the proposed and BPIO model.
T
O .
Peak compensate shows the normalized amount of peak reduction
after implementing MESS and wind and solar grid-connected:

𝐹3 = 𝑃𝑒𝑎𝑘−𝐶𝑜𝑚𝑝𝑒𝑛𝑠𝑎𝑡𝑒% = 100×

(

max{𝑃 𝑛,𝑡
L,WP} − max{𝑃 𝑛,𝑡

L,MESS}

max{𝑃 𝑛,𝑡
L,WP}

)

(33)

here 𝑃 𝑛,𝑡
L,item represents the load curve after implementing wind power,

olar power and MESS, i.e., 𝑃 𝑛,𝑡
L,WP = 𝑃 𝑛,𝑡

L −𝑃 𝑛,𝑡
WT−𝑃 𝑛,𝑡

PV represents the load
urve with wind and solar power, 𝑃 𝑛,𝑡

L,MESS = 𝑃 𝑛,𝑡
L − 𝑃 𝑛,𝑡

WT − 𝑃 𝑛,𝑡
PV − 𝑃 ch∕dch,𝑡

MESS
epresents the load curve with wind power, solar power and MESS. The
bove three characteristics of the load curve are explained in Table 4.
rom the table, the load factor 𝐹1 increases 1.22%, 1.36%, 0.26%
han that without implementing MESS in each MG, and the factor of
eak compensate 𝐹3 increases 1.87%, 1.51%, 0.98%, while the factor
f the peak to valley 𝐹2 decreases 1.75%, 1.2%, 0.5%, respectively.
nd the reason why the peak to valley 𝐹2 of MG3 is greater than
00% is that the outputs of wind and solar power exceed the load
emand. Therefore, MESS for MMG operation can improve flexibility
n smoothing load profile and reducing peak–valley difference.

According to the optimal MMG operational solution for {MG1, MG2,
G3}, we obtain the OC and TC of MMG system, which are calculated

y Eq. (30). The above correlative values are shown in Table 5. As
een in Table 5, the OC of DG and TC of power transaction in MG1
re the highest due to the largest load demand. And it can be also
bserved from Table 5 that MG3 sells power to the other MGs or DPN
or economic benefit. This is because the load demand of MG3 is low,
nd it has redundant power to provide for the other MGs. In addition,
he OC of MESS in terms of {MG1}, {MG2} and {MG3} are $35.2624,
72.8466 and $41.6536, respectively. That is, OC of MESS in MG is
elated to locations and charging/discharging power shown in Fig. 6.
herefore, the proposed EC allocation strategies of MMG system based
umann–Shapley value has economic consistency and equality, and can
chieve fair and reasonable cost allocation.

.2.2. Simulation about interconnected and unconnected MMG system on
lexibility improvement

To investigate the impact of wind and solar power penetration,
his subsection conducts numerical experiments with interconnected
nd unconnected system, and the numerical results are summarized
n Table 6. As we can see in Table 6, for each MG, the penetration
10

ate of wind and solar power in the interconnected system increases
able 5
C of DG, TC of power transaction and OC of MESS for each MG in {MG1, MG2, MG3}
MG OC of DG ($) TC of power transaction ($) OC of MESS ($)

MG1 338.2873 514.5249 35.2624
MG2 256.5412 70.9908 72.8466
MG3 273.6354 −162.1765 41.6536
Total 868.4639 423.3392 149.7626

Table 6
Penetration rate of wind and solar power in interconnected and unconnected MMG
system.

System type MG1 MG2 MG3

Interconnected System 51.27% 57.38% 55.86%
Unconnected System 41.67% 52.23% 51.76%

9.60%, 5.15% and 4.10% in comparison with the unconnected system,
respectively.

The load curve’s characteristics of unconnected and interconnected
systems are shown in Table 7. From the table, the load factor 𝐹1 of
interconnected system increases 2.31%, 2.20%, 0.33% than that uncon-
nected system, and the factor of peak compensate 𝐹3 increases 0.43%,
1.31%, 8.12%, while the factor of the peak to valley 𝐹2 decreases
2.45%, 10.42%, 16.01%, respectively. The results are understandable
because energy can be transmitted among MGs and the interconnected
MMG system can cope with volatility and intermittence of wind and
solar with more flexibly.

6.2.3. Simulation comparison among different risk evaluation models under
uncertain environment

In order to verify the effectiveness of EPNS and EPC-based RA for
uncertain wind and solar power, the proposed RA model is compared
with BPIO and CVaC model. The core of BPIO model is to obtain the
optimal scheduling solution by considering risk and profit of wind and
solar power integration. CVaC model is a credibility assessment-based
risk aversion model. The optimal hourly outputs of wind and solar
power under the proposed model and BPIO are illustrated by Fig. 9.
Fig. 10 shows the optimal hourly outputs of wind and solar power
under the proposed model and CVaC model. It is observed from two
figures that the grid connection volume based on EPNS and EPC-based
RA model is higher than that of the BPIO and CVaC model at most
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Fig. 10. Outputs of wind and solar power based on the proposed and CVaC model.
able 7
he characteristics of the load curve in interconnected and unconnected MMG system.
Item MG1 MG2 MG3

𝐹1 𝐹2 𝐹3 𝐹1 𝐹2 𝐹3 𝐹1 𝐹2 𝐹3

Unconnected System 70.07% 61.69% – 61.49% 92.61% – 6.17% 187.89% –
Interconnected System 72.38% ↑ 59.24% ↓ 0.43% 63.69% ↑ 82.19% ↓ 1.31% 6.50% ↑ 171.88% ↓ 8.12%
Table 8
Comparison of simulation results obtained by PSO, GSO and EPPS.

Algorithm Maximum value ($) Minimum value ($) Mean value ($) Standard deviation

PSO 1487.5647 1479.9278 1483.6825 2.6398
GSO 1480.1912 1472.2416 1475.1692 2.1142
EPPS 1477.8911 1471.4048 1474.2871 1.9316
times. By comparison, EPNS and EPC-based RA model can improve the
penetration level of wind and solar power, which in turn the curtailed
wind and solar is lower. In other words, BPIO and CVaC model are
conservative for addressing the uncertainty of wind and solar power.

6.2.4. Simulation about algorithm comparison among PSO, GSO and EPPS
In order to verify the effectiveness of EPPS algorithm, we focus

on comparing the performance of PSO, GSO and EPPS in terms of
objective function value and convergence rate. Each algorithm runs
independently for 30 times and the maximum number of calculations
is set to 100,000. The simulation results are shown in Table 8. Ac-
cording to the comparison of maximum, minimum, mean, and standard
deviation values, EPPS yields the best statistical properties. In addition,
the convergence curves obtained by PSO, GSO and EPPS are provided
in Fig. 11. From the figure, we can see that EPPS shows a faster
convergence rate and a smaller accuracy.

The iteration will be stopped when the difference of the fitness
values in two adjacent generations reaches an acceptable accuracy
1 × 10−3 or the function evaluation reaches the maximum number of
terations 100,000. From Fig. 11, we can see that algorithm reaches
ptimal solution after the approximately 55,000th iteration, and the
ifference between the two adjacent generations is 0.

. Conclusions

This paper presents the MESS and power transaction-based flexibil-
11

ty enhancement strategy in MMG system, which aims to minimize the
MMG operating cost while mitigating the fluctuation of the net load
with high penetrations of wind and solar power. Firstly, the temporal–
spatial model of MESS is systematically designed to achieve charg-
ing/discharging service for MG. This approach guarantees that MESS is
with good performance in dealing with the volatility and intermittence
of wind and solar power. Then, the optimal MMG scheduling solution
becomes feasible under EPNS and EPC-based RA model. Additionally,
the EC problem of proposed model is formulated as a single-objective
optimization problem and solved by EPPS algorithm.

We evaluated the performance of the proposed method on a three-
microgrid system. MESS for MMG operation enables the reduction in
operational cost of DG in each MG by 30.57%, 21.42% and 15.21%,
the improvement in grid connection volumes of wind and solar in each
MG by 10.01%, 6.03% and 3.81%, and the improvement in smoothness
of the load curve in each MG by 1.22%, 1.36% and 0.26%, respectively.
The results show that MESS for MMG operation can efficiently reduce
the MMG operating cost, improve penetration level of wind and solar
power as well as smooth load profile. Interconnected system for MMG
operation enables the improvement in grid connection volumes of wind
and solar in each MG by 9.60%, 5.15% and 4.10%, and the improve-
ment in smoothness of the load curve in each MG by 2.31%, 2.20%
and 0.33% in comparison with the unconnected system, respectively.
The results show that interconnected system for MMG operation can
efficiently improve penetration level of wind and solar power as well
as smooth load profile. Additionally, EPNS and EPC-based RA can

be well used as the risk measure for wind and solar uncertainty. In



Sustainable Cities and Society 71 (2021) 102962Z.L. Qu et al.

P
q
V

A

A

C

Fig. 11. Convergence curves of PSO, GSO and EPPS.
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summary, this paper provides valuable experience for MMG operation
by implementing MESS and power transaction.
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