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The penetration of renewable energy sources in the distribution systems had been led to the rapid development
of microgrids. In this paper, a two-level energy management strategy is proposed to optimize the operation costs
of the islanded networked microgrids and manage uncertainties. The proposed hybrid energy scheduling con-
siders the surplus and shortage powers to determine the transactive energy among microgrids. To achieve this
goal, we define the adjustable power concept (increasing or decreasing the production of controllable distributed
generators) for the microgrids to determine the optimal transactive energy. At the lower-level of the optimization
framework, an autonomous operation scheduling is performed to minimize the total operation cost of each
microgrid. The global optimization is performed at the upper-level of optimization to minimize the total oper-
ating costs of the networked microgrids. The primary energy management of microgrids is rescheduled in the
lower-level to ensure the best plan for the system. Also, various demand response programs have been applied to
the model to enhance the flexibility of the microgrids. The proposed model has been tested on a standard case
study for different scenarios. The simulation results show that the proposed model reduces the operating cost of

the system by 174.758%.

1. Introduction

According to the increasing electric load worldwide, reducing
greenhouse gas emission, incorporating large-scale renewable genera-
tion penetration, and blending communication technologies, the mod-
ern power systems are going to the smart active networks. The
microgrids (MGs) are usually considered the decentralized group of local
energy sources, load demands, and energy storage systems that integrate
renewable and non-renewable energy sources [1,2]. The MGs improve
the flexibility, resilience, reliability, and power quality of the power
systems. Also, they are one of the main solutions to reduce the emission
of greenhouse gasses [3].

The high penetration of renewable energy sources (RESs) in the
distribution systems creates new challenges because of the fluctuations
and randomness of uncontrollable units (such as photovoltaic and wind
turbines). Some research works integrate the battery energy storage
systems (BESSs) to improve the efficiency of the renewable energy
sources in the distribution systems [4-6]. Better and more coordinated
of RESs utilization, reducing operation costs, reducing the amount of
load shedding, increasing the reliability, reducing the environmental
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effects, and the economic and technical developments of MGs have
caused to MGs connected to the each other. Therefore, the concept of
networked MGs had been introduced [7,8].

Networked MGs have been defined as a cluster of MGs that are in the
spatial vicinity and can transact energy together [9]. Moving towards
energy-efficient management in networked MGs has led to the emer-
gence of the microgrid community (MGC). As shown in Fig. 1, an MGC
has composed of at least two MGs and MG community-level devices
(MCLDs) that are directly connected to the upstream network. The
community microturbine (CMT), community battery energy storage
system (CBESS), community renewable energy sources, and community
electrical loads are the main elements of MCLDs [10].

Compared to distribution networks, networked MGs have limited
energy management capabilities. The main differences between net-
worked MGs and distribution networks include topology, control
structure, energy management system, prevent fault extension from one
part of the network to another, load routing, and increased reliability.
Also, the scale of the networked MGs is less than distribution networks.
Unlike distribution networks, the networked MGs can be operated as
islanded mode. It should be noted that a private company could form the
networked MGs, while distribution system operator (DSO) is responsible
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Fig. 1. View of an MGC.

for the operation of the distribution network [11].

Most research works focused on the grid-connected mode scheduling
of networked MGs. The authors in [12] presented an optimal energy
management strategy based on robust optimization for the operation of
an MG considering the uncertain nature of renewable generation. Du et
al. in [13] suggested a collaborative game to minimize the operation cost
of multi-microgrid systems in a grid-connected mode. However, the
uncertain behavior of renewable generation and the role of battery en-
ergy storage systems had been ignored. Wang et al. in [14] compared the
hybrid and decentralized energy management of networked MGs in the
grid-connected mode. This comparison had been performed unfairly
because the number of the available devices in the two schemes was not
the same.

Buietal. in [15] introduced the adjustable power concept to improve
the transactive energy among microgrids in a grid-connected mode.
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Table 1
A summary of the literature review.
Ref. Model Pros Cons
[2] e Multi-objective optimization e The proposed model was tested on the multi-microgrid o The uncertainty of renewable generation and load demand was

Deterministic optimization
Heuristic algorithm
(FMGPSO)

systems

integrated into the model

e The emission of greenhouse gasses had been considered

[3] o Cost minimization e The operation of the islanded multi-microgrid systems had
e Deterministic optimization been studied
e Heuristic algorithm (PSO- e The renewable generation and energy storage system
IPM) integrated into the model
[10] o Cost minimization e The proposed model provided a layer privacy for the MGs
e Deterministic optimization e The proposed model was tested on the islanded multi-
e Mixed-integer linear microgrid systems
programing e The renewable generation and energy storage system
integrated into the model
[13] e Cost minimization e Both renewable generation and dispatchable resources had
e Deterministic optimization been considered
e Benders decomposition e The proposed model was tested on the multi-microgrid
approach systems
[15] e Cost minimization e The adjustable power was introduced to manage the
e Deterministic optimization transactive energy
e Mixed-integer linear e The PBDR programs, energy storage systems, renewable
programing energy resources had been integrated into the model
e The proposed mode ensure the privacy of MGs
[16] e Cost minimization e The islanded microgrid was studied
e Deterministic optimization o The waste of energy had been investigated
e Mixed integer linear e The role of DR programs and energy storage systems had been
programing studied
[19] e Cost minimization and e The proposed model was tested on the islanded systems
reliability maximization e The reliability problems had been considered
e Deterministic optimization e The proposed model provided a layer privacy for the MGs
e Mixed integer linear
programing
[22] e Cost minimization e The islanded multi-microgrid system had been investigated
e Deterministic optimization e The adjustable power was considered
e Incorporating CPLEX with e The energy storage systems and renewable energy resources
Java, Net Beans had been integrated into the model
This e Cost minimization e The proposed model provides a layer privacy for the MGs

study e Stochastic optimization
Mixed integer linear
programing

investigated

The renewable generation and energy storage system

The adjustable power for energy trading is considered
The efficiency of the proposed model on the wasted energy is

not considered

The impact of DR programs on optimal energy scheduling had
not been investigated

The adjustable power concept and wasted energy of MGs were
not studied

The proposed model cannot ensure the privacy of MGs

The impacts of DR programs on the wasted energy and optimal
capacity of energy storage system were not investigated

The uncertainty of renewable generation and load demand was
not considered

The adjustable power concept for transactive energy had not
been considered

The wasted energy was not considered

The adjustable power concept had not been considered

The opportunity of cost-saving by the DR programs was not
provided

The uncertainty of renewable generation and load demand was
not studied

The impacts of DR programs and battery energy storage
systems were not investigated

The wasted energy was not considered

The uncertainty of renewable generation and load demand was
not studied

The adjustable power concept for transactive energy among
MGs had not been considered

The proposed model cannot ensure the privacy of MGs

The efficiency of the proposed model on the wasted energy was
not studied

The impact of DR programs on the optimal capacity of energy
storage system was not investigated

The probability behavior of demand loads and renewable
resources had been ignored

The islanded multi-microgrid system was not studied

The efficiency of the proposed model in the multi-microgrid
systems was not evaluated

The uncertain nature of renewable generation had been
ignored

The adjustable power was not considered

The impacts of DR programs on the operation scheduling of the
system and the optimal capacity of BESS were not studied
The waste of energy had not been investigated

The adjustable power was not defined

The probability behavior of demand loads and renewable
resources had been ignored

The proposed model cannot ensure the privacy of MGs

The impact of DR programs on the optimal capacity of energy
storage system was not investigated

The waste of energy was ignored

The uncertainty of renewable generation and load demand had
been neglected

The performance of the proposed model on the multi-energy
system will be investigated in the future work

The impact of DR programs on the optimal capacity of the
energy storage system is investigated
The uncertain nature of renewable generation and load

demand has been applied to the model by probability

technique

Although the role of battery energy storage systems had been studied,
the uncertain natures of renewable generation and demand loads were
not considered. However, the impact of demand response programs on
the optimal capacity of battery energy storage systems and wasted en-
ergy were not investigated. In [10], Tian et al. presented hierarchical
energy management for the economic operation of a grid-connected
MGC and various islanded modes. In islanded operation mode, MGs
are unaware of MGC disconnection from the grid. MGs inform the sur-
plus and shortage powers to MGC and trade energy between themselves
and the MGC. Therefore, if MGC cannot transact energy with the up-
stream network at periods that the surplus of power is high, the wasted

energy in MGC will be enhanced. As a result, the operation costs and
environmental pollution will be increased [10]. Nevertheless, the im-
pacts of the uncertain nature of RES and demand response programs
(DRPs) were not investigated.

On the other hand, some research works had been focused on the
operation of microgrids in the islanded mode. In [16], an optimal co-
ordinated energy dispatch model was proposed for a multi-energy
microgrid in the grid-connected and islanded modes without consid-
ering uncertainties. In [17], the authors presented a robust optimization
model to determine the optimal dispatch of a microgrid in both
grid-connected and islanded modes. However, the role of a price-based
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demand response program and battery energy storage systems was not
studied. A decentralized energy scheduling framework had been sug-
gested in [18] to increase the reliability in the islanded mode. Hussain
et al. proposed nested energy management by prioritizing electrical
loads for networked MGs to minimize the operation cost of the system in
the grid-connected and islanded modes [19]. Also, in [20], the authors
minimized the operation cost in the grid-connected and islanded modes,
while the privacy of MGs and the cost of local transactive energy had
been ignored. When MGs collaborate together, privacy becomes crucial.
In centralized energy management, the operator needs the load profile
of the consumers and characteristics of power generation units. The
required information will destroy the privacy of microgrids [21].

Hussain et al. [22] focused on the allocation of load shedding amount
in the multi-microgrid systems by an effort-based reward framework to
define the contribution of microgrids based on their capacity. In the
proposed model, the individual energy management of microgrids had
been performed by the local energy management system (MEMS). Also,
the community energy management system (CEMS) is responsible to
manage the power-sharing among the microgrids. Nevertheless, the
proposed model did not provide the rescheduling opportunity for the
microgrid to reduce the operation costs and the amount of wasted en-
ergy. However, the uncertainty of renewable generation, and load de-
mands was not applied to the model. Also, the efficiency of demand
response programs on the proposed model was not studied.

In the hybrid energy management frameworks, MGs can exchange
power between each other and the MGC. In the hierarchical models [10]
and [14], the surplus and shortage powers were sent to EMS-MGC.
However, MGs can prevent unnecessary energy exchange with the up-
stream network and waste of energy using the concept of adjustable
power. In the islanded mode, some part of the energy abandons to
provide a balance in supply and demand, which is called a waste of
energy. Therefore, it is necessary to consider the energy deviation cost
(because of wasted energy) in the objective function [16].

In this paper, we utilize the concept of adjustable power to manage
the controllable distributed generators (CDGs) and prevent wasted en-
ergy in the system. Also, we investigate the role of demand-side man-
agement for peak shaving and cost-saving. The EMS-MGC is responsible
to decide for the optimal generation of CDGs. In this paper, we inves-
tigate the islanded mode from the upstream network that is very
important to evaluate the efficiency of MGC. However, the battery en-
ergy storage systems are used to control RESs fluctuations, maintain
system reliability, and enhance system flexibility. A summary of the
literature in the multi-microgrid systems has been discussed in Table 1.
The main contributions of the proposed model are listed as follows:

1) A two-level optimization model based on a hierarchical optimization
method is provided to minimize the operating cost of networked MGs
in islanded mode. In this model, individual MGs are networked under
an MGC to increase reliability, prevent waste of energy, integration
RESs, and improve their privacy than centralized energy manage-
ment mode.

2) Considering adjustable power concept to improve the internal
transactive energy among MGs and reduce the operation costs. Also,
we evaluate the efficiency of the proposed model on the wasted
energy and the amount of load shedding.

3) Various uncertainties are considered to handle the renewable gen-
eration fluctuations and demand loads.

4) A price-based demand response program is considered to reduce the
involuntary load shedding and provides the opportunity for cost-
saving for MGs. Also, the impact of DR programs on the optimal
capacity of the energy storage system is investigated.

The rest of this paper is organized as follows: Section 2 describes the
model description. Section 3 presents the mathematical modeling of the
proposed model. The mathematical formulation of the objective func-
tion is shown in Section 4. The case studies and simulation results are
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presented in Section 5. Finally, conclusions and future works have been
presented in Section 6.

2. Problem statement

The structure of the networked microgrids system, components, and
the proposed energy scheduling strategy are described in this section.
The studied system consists of four MGs that one of them is considered as
MGC to provide a fair comparison with other related works. We inte-
grate various controllable sources (such as microturbines and fuel cells),
battery energy storage systems, and renewable energy sources (photo-
voltaic and wind turbine) to supply the electric load in microgrids. Also,
the community microturbine, the community battery energy storage
system, community renewable energy sources, and community elec-
trical loads are considered in the MGC [10].

The battery energy storage systems and demand response programs
play an important role in enhancing flexibility. The battery energy
storage system is used to increase the availability time of RESs and store
surplus energy. Also, the demand response programs (DRPs) reduce the
amount of load shedding, provide the opportunity for cost-saving, and
maintain the balance in the distribution system by load shifting and
voluntary curtailment. Cost reduction and maintaining system reli-
ability at acceptable levels are the main goals of energy management in
the islanded mode. The networked MGs are consists of MGs that are
geographically close to each other and can work together to accomplish
some goals [9]. Maintaining the connection between the MGs to increase
the system stability compared to decentralized energy management is
one of the advantages of MGC in islanded mode. Unlike centralized
energy management, hybrid energy management has a single level of
privacy. In a centralized energy management system, the flexibility and
reliability of the system will be lost if the central EMS (C-EMS)
destroyed. According to the disadvantages and deficiencies of both
centralized and decentralized energy management strategies, a hybrid
energy management strategy has been proposed that is a combination of
both centralized-decentralized energy management [19].

According to Fig. 2, the MGs interact closely with each other in MGC.
MGs have different owners, that they may have different purposes for
interaction. In the hybrid energy management system, MGs optimize
their local resources in parallel (without being aware of other MGs). In
the proposed energy management, the upper-level and the lower-level
are focused on the management of MCLDs and MGs, respectively. The
flexibility and operation costs of the hybrid energy management strategy
are better than centralized and decentralized strategies. More benefits of
MGC can be found in [10].

This paper covers the day-ahead scheduling of islanded MGs that
consists of two levels. At the lower-level, an autonomous operation
scheduling is performed that each MG optimizes its objective. Un-
certainties of RESs and electricity load demands are considered at this
level. The commitment status of CDGs, the charge/discharge status of
the BESS, the DR participation, the surplus and shortage amounts of
power, and the adjustable power ranges, have been defined at this level.
The surplus and shortage of energy, adjustable power range, and mar-
ginal cost of CDG units have been sent to EMS-MGC after lower-level
optimization. When the MGC is disconnected from the main grid,
MGC continues to maintain connections between MGs.

The upper-level focuses on coordination between MGs and MCLDs to
reduce the total operating cost of the networked MGs. Similar to the
lower-level, the uncertainties of RESs and electrical loads have been
considered at this level. The commitment status of the community
microturbine, the charge/discharge status of the community battery
energy storage system, the amount of load shedding, and the optimal
amount adjustable powers have been determined by MGC at the upper-
level.

After performing global optimization at the upper-level, EMS-MGC
sends information to MCLDs and each EMS-MG. According to the results
of the global optimization, MGs modify their primary scheduling, while
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Fig. 2. The structure of networked microgrids.

MGs consider the amount of adjustable power in the day-ahead sched-
uling. The adjustable powers modify the generation of CDGs according
to the marginal cost of dispatchable resources in the other MGs and
MGC.

3. Mathematical model

The energy scheduling of networked MGs in islanded mode is
formulated as MILP. The goal of the optimization problem is cost
minimization of the studied system considering the technical
constraints.

3.1. Photovoltaic panels

Power generation of PVs is calculated as (1) [23]:

P = NPV @, (1-0.005(T,; —25)) (€))

3.2. Wind turbines

Output power of wind turbines is determined as (2) [24]:

0,ifv, < wvyorv, > V7,

Vi 7\1;[ o ci r
T C,'vlfvw << Vs (2)
w w

WT _
P i T P,
P;,, otherwise

3.3. Controllable distributed generators (CDGs)

The microturbines and fuel cells are considered as the controllable
resources, and their operating costs are formulated as the linear function
according to (3)-(4) [23]:

Cre = Pye @)
C
CDG __ "
4 = )
ng'l

The following constraints have been imposed on the operation of
CDGs:

PCDG‘ijDG < PZ_DG < PCDG.X[(JT_DG; Xf/.DG € {0,1} 5)

X+ xP <XV

tj

X € {0,1} ©)

ijoc _ xCDG _ xSU _ Xf/D %)

=1 tj

Eq. (5) shows the power generation limits for CDGs. Eq. (6) shows
that the CDG unit cannot be started up and shut down simultaneously.
Finally, the relationship between binary variables is presented in Eq. (7).

3.4. Battery energy storage systems

The BESSs store energy during off-peak periods to import the stored
energy to the system during peak periods. The operation and mainte-
nance costs of battery energy storage systems can be formulated as the
linear function as (8) [16,25]:

CF = K PEPP At + Ky PP At + K EF " At ®)

Given that each MG is the owner of the local generation units and
BESS, the operation cost of them are imposed directly on the MGs. In
another word, the BESSs are not independent units, and there is no need
to receive a reward for cost-saving. The battery energy storage system
should satisfy the following constraints:

E,Efl — E:ZS _ P’ES.DixAA[/',IES.Dix + PIES,CIU-_ALI,IES.Chr _ EIES.T]L.AI (9)
S0C, = EF [ER (10)
80C < 50C, < 50C an
0 S PfS‘DiS S XrES‘nix.PES‘DiX 12
0< PES.Chr < XES.Chr PES‘Chr ( )
— 7t — %t -
XYESADi: + XYESAChr S 1;XIES'DiS,XfS’Chr c {07 1} (13)
EPS = E55 ift = 1 a4+
EF > ER ift =T (15)
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where, SOC, is the state of charge of BESS. Eq. (9) defines the dynamic
state of charge of BESS. The state-of-charge constraints of the BESS are
presented in Egs. (10) to (12). Eq. (13) prevents from charging and
discharging of BESS at the same time. Eqgs. (14) and (15) represent the
amount of initial and final energy in BESS, respectively.

3.5. O&M cost modeling

The O&M cost of each unit is formulated by (16) to (19) [10]:

COMT = KL, P ae)

COIPY = K5y, P a7

P = Ko Py as)
2

C{Toml-O&M — CIO&M'WT + CIO&MPV + Z Ct(.)j&M,CDG (19)

Jj=1
where CFo1al-OM g the total O&M cost of the units.
3.6. Demand response programs

e Interruptible loads (ILs): Most load shedding programs are per-
formed in islanded operation mode to increase stability and feed
sensitive loads by voluntary curtailment. The reward for voluntary
curtailment and the bounds of interruptible loads are shown in (20)
and (21), respectively [24]:

Clt = o't pit (20)

0 S PIL S Plnﬂe); (21)
t t

The MGs sign a contract according to their load profile with con-

sumers who are willing to participate in the interruptible load pro-
gram. The minimum and maximum bounds, the incentive prices, and
the number of hours allowed to be interruptible loads have been
marked in this contract. More information on the types of inter-
ruptible load programs can be found in [26].
Controllable loads (CLs): MGs can participate in the price-based
demand response programs (PBDRP) to shift some part of their de-
mands to off-peak periods. The mathematical formulation of shift-
able DRPs are presented in (22) to (25) [24]:

P = (1 —DR,).P? + Ldr, (22)
T T

> Ldr, =Y DR.P! 23)
=1 =1

DRY" < DR, < DRM** 24)

P[Load — P’Flex 4 P/lnﬂex _ PfL (25)

Eq. (22) represents the load profile after participation in the PBDRP.
Eq. (23) ensures each MG can only shift loads. The minimum and
maximum DR levels are presented in (24). Finally, the total load profile
of MGs is calculated by (25).

3.7. Models of other uncertainties along with generating and reducing
scenarios

To enhance the reliability of the work, we model the uncertain na-
ture of RES and demand loads by stochastic scenario-generation and
reduction techniques. The wind speed, solar radiation, and load de-
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mands follow a probability distribution function (PDF) that is based on
the corresponding historical data [27]. Although the stochastic tech-
nique enhances the reliability of the work, it has not any effect on the
performance of the proposed model. To describe the uncertain behavior
of a wind turbine, the Weibull distribution function (26) is used:

PDF(v) = %G)kilexp< B (‘f)k) ‘k: (S)—l.(}% o5
H

The Beta distribution function has been used to handle the uncer-
tainty of PVs. The Beta distribution function is modeled by (28):
T(a+p)

PDF(x) = @) K (1 —x)! (28)

(27)

c =

where a and f are calculated using the mean value p and the standard
deviation 8 as (29) and (30):

p=(1-p)x (W—l) 29)
a=t*P (30
L—p

Electric load scenarios are modeled with normal distribution (31):

p< (- M)2> 31

PDF(x) = ——e
X) = —F——€X
28

V2w

We choose a set of PDFs intervals to consider the uncertainties. The

n, indicates the number of selected intervals. The probability of each
scenario is calculated by (32) and (33):

Yend ;T

Pene = / PDF(x)dx,n,=1,2,...,N, (32)
1 Xend :Tx

Yon, = p X (/ x‘PDF(x)dx) e =1,2,...,N, (33)

The number and probability of scenarios are calculated by (34) and
(35):

N =1]M (34)

Ps :H[)XJS:LL...,NS (35)

If all the scenarios are considered, the problem will be complicated.
As a result, reducing the scenario is necessary to increase the compu-
tational speed of the optimization. In this paper, a MILP scenario
reduction method is used that is shown in (36) to (43):

N N M3

mmf = Z Z Z ‘/V"lev"z (36)

ny ny on3

NN
”Z Zﬂs("hnz;nz) =Pyt =12, N (37)
o v
N N3
SN pnimng) =py,,.m=1,2,.,N, (38)
=1 ny=1
M N
Z Zﬂx(nunp%) =Papps=1,2,..,N; (39)
=1 m=1
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N N N3

Z Z pr ny,np,n3) = 1,Vny,ny, s (40)

m=1 m=1 ny=

py(nina,n3) < Wy, Vi, ng, s 41)

0 < p,(n1,ny,n3) < 1,Yn,,ny,n3 (42)

Wiy € {0,1} 43
The number of scenarios is minimized by Eq. (36). W, n, n, is a binary

variable that indicates the status of scenario selection nj, n,, and ns if its
value is 1; and also, the parameter p,(n;.n,.n;) determines the proba-
bility of scenario nj, ng, and ns [27].

3.8. Market model

In MGC islanded mode scheduling, the power transactions are per-
formed only between the MGs and the MGC. In this case, there are two
market participants: 1) MGC agent and 2) MG agents. Power trans-
actions are done through bilateral contracts, which is a major method
for energy trading [14]. Power transactions between MGs and MCLDs
are performed in MGC. Therefore, the MG can supply its load by
buying/selling electricity from/to other MGs or MCLDs. As a result, the
price of energy exchange between MGC and MGs is a fixed time-of-use
tariff [19]. Detailed and complete steps on bilateral contracts can be
found in [10].

4. Proposed two-level operation model

In this section, we proposed a two-level hierarchical control frame-
work for the day-ahead hourly scheduling of the networked microgrids
systems. The control structure is composed of autonomous energy
management (MG energy scheduling) at the lower-level and global en-
ergy management at the upper-level (MGC energy scheduling).

4.1. Lower-level EMS

The goal of energy management at this level is cost minimization of
MGs in islanded mode to increase the reliability of MGs, which should
satisfy the operational constraints. The objective function of the lower-
level is formulated as (44) and (45):

2
Z CCPG SUCCDG XU 4 SDCCDG XD ) + CES

N T
g Sy $\biy Siy shi
CF; = § Ps E =1
s=1

=1 +ClL 4 CTowl_08M _ oM

s, S0 S0

44)
Cf/ltl — M)Plgw; lS‘hmt pij”Pi‘tlzTismplm (45)
The energy balance for each MG has been presented in (46):
2
Z( Pff’,?) + PxErS"Dn + PZV,T[‘ + Pf:/, _ PE? Chr Pﬁ,(;c[:d ngl[ [Shmz Pﬁ}stxr;;tus
Jj=1
(46)

The bounds of transactive energy have been defined in (47) to (49):

pShort By, < P%;smr < PShort By, 47)

KNAN) KCRAN)

CFf = Z (ZC‘CP’S

=1
IL T l M
+C + C nta 0&
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PSS S, < PSS < P g, “8)

By, + SI, = 1 (49)
Also, the adjustable power range for each MG is formulated as (50):

o Sell ~ CDG DG Buy
i < a7 + Kpgary < P

CDG CDG
s,tij xtzj— (Pi:/' Ps[z/)

<Pg.vc prG) < AP
(50)

else

|APY =0

endif

After local optimization, the MGs send surplus/shortage powers, the
adjustable power range of controllable units, and the marginal cost of
their local resources to EMS-MGC.

4.2. Upper-level EMS

The operation cost MGC is the objective of the upper-level of the
optimization framework. The cost function of the upper-level is formu-
lated as (51):

(Cum -+ SUCHT X3V 4 SDCHMT XS ) - ¢S

CFMGC — Zp‘ Z 3 2 )
r:

= | +CL 4 ¢Towi-0am | oM _,’_Z Z( N

ERAN]
=1 j=1

(51)

The cost of exchanged power and the power balance limits are
formulated in (52) and (53), respectively. Also, the bound of adjustable
power is shown in (54):

CEM =p! SPBLA\ _,’_p:)I:Pfe!II (52)

3
CMT CES,Dis CES,Chr _Short _Surplus
Ps,r + P:.r - P:.z + E :(Pg/lrz + Piwzz )
i=1

(53)
3 2
+D D (AP) + P+ P — P = P - PP

< AP < AP (54)

sitij — KRAN)

At the upper-level, MGC focuses on the connection between MGs to
control the adjustable power and the amount of transactive energy. Also,
MGC can supply shortage power in MGs with the generation units in the
community or using energy storage systems that store the surplus energy
of MGs during off-peak periods. After the upper-level optimization,
EMS-MGC sends information to MGs. Therefore, each MG modifies the
output power of CDGs according to the adjustable power.

4.3. Lower-level EMS rescheduling

After performing global optimization in MGC, each MG modifies the
primary scheduling by performing local optimization to set the amount
of adjustable power. The objective function of the rescheduling step is
formulated as follows:

((“fDGJFKgZZ.]) AP >+SUCcDG X3 4 SDCEPO. Xf?{]) +C5. (55)
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Fig. 3. Flowchart of the proposed energy management strategy of networked MGs.

The power balance of the rescheduling step is shown by (56).

2
Z(PCDQ 1T AP )+PES,Di.x 4 pWT 4 pPV _ pESChr

ERAN) S,y s, S\ st S,

- (56)
_Surplus 1
P%r)ad — PM,Shzm + P/;w” urplus + P%;sen + PM,.Re(

s, s, s,

The cost of sending/receiving power is calculated through (57):

CR&S — pR_ecPRec +/)r§'fnPSen

s i s, st

(57)

The flowchart of the proposed model is shown in Fig. 3. The pro-
posed framework is modeled as Mixed Integer Linear Programming
(MILP) and has been solved under GAMS and MATLAB software on a
Core i7, 3.5 GHz processor with 12 GB of RAM.

5. Case study
The input data and case studies have been introduced in this section.
5.1. Input data

In this paper, the energy management of islanded networked MGs
has been investigated to minimize the operation cost of the system. The
proposed method is based on the modified MGC system [15], which is
updated for four MGs [14]. It is assumed that some part of the insensitive
loads is cut to maintain the reliability of the MG and increase its sta-
bility. The minimum and maximum amounts of DR are —20% and 20%,
respectively. According to [19], the penalty cost (ar) is higher than the
marginal cost of CDGs. The maximum amount of power exchange is
considered 1500 kW. The onshore wind turbine Vestas V100 IEC IIB is
considered according to [28]. The electricity prices are taken from the
South Australian Energy Market Operator and are shown in Fig. 4.

Also, the wind speed, sun irradiation, and electric load can be found
in [29-31]. The characteristics of microturbines, fuel cells, storage
systems, and renewable generation are presented in Tables 2,3,4, and 5,
respectively.

5.2. Results and discussion

To evaluate the efficiency of the proposed model, three cases are
examined:
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Fig. 4. Day-ahead profiles of electricity prices.

(i) Case 1 (uncoordinated operation strategy): Each MG performs an
autonomous operation scheduling and individually minimizes its
costs using decentralized energy management. In this case, all
MGs are disconnected from the upstream network and operated
as an islanded mode.

(ii) Case 2 (hybrid energy management without adjustable power): In this
case, the operation scheduling of an island networked MG system
has been investigated using hybrid energy management without
considering adjustable power. The MGC operates in disconnected
mode, while the connection between the MGs in MGC is
established.

(iii) Case 3 (hybrid energy management considering adjustable power): In
this case, we evaluate the proposed hybrid energy management
strategy. We consider the adjustable power concept to study the
transactive energy among the MGs. Also, MGs can modify their
primary scheduling in the rescheduling step. The results of the
transactive energy among MGs are shown in Fig. 5. Fig. 5a and b
shows the amount of transactive energy among MGs at the lower-
level considering the PBDR program. Also, the amount of trans-
active energy among MGs without the PBDR program has been
presented in Fig. 5c and d.

The positive values show the surplus power, while the negative
values are the shortage power of MGs. It should be noted that the sur-
plus/shortage powers have been considered as generation/load in the
MGC. As we can see, the amount of transactive energy in case 3 is more
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Table 2
Parameters of MTs in each microgrid and MGC [32].

Microturbine characteristics

Parameters MT1 MT2 MT3 CMT

n (%) 29.5 31.1 28.9 29.5

PMT qnd PMT (kW) 0, 190 0, 320 0, 240 0, 950

SUCMT.and SDCMT ($) 0.22, 0.1 0.2,0.12 0.21, 0.09 0.18, 0.16

O&M cost ($ /kWh) 0.016 0.009 0.011 0.012
Table 3

Parameters of FCs in each microgrid [32].

Fuel cell characteristics

Parameters FC; (MCFC) FCs83 (PAFC)
n (%) 52.2 38.1
PF¢ and PFC (KW) 0, 300 0, 400
SUCFC and SDCC ($) 0.33, 0.22 0.32,0.2
O&M cost($ /kWh) 0.045 0.036

Table 4

BESS parameters in each microgrid and MGC [24,33,34].

Lead acid battery energy storage systems

Parameters BESS; BESS, BESS3 CBESS
K51 (5 /kWh) 0.002 0.002 0.002 0.002
EES (kWh) 2800 2600 2400 3200
EES and& EE,, (kWh) 570 and 530 and 490 and 640 and
570 530 490 640

P and& PO (ew) 700 650 600 800
SOC and& SOC (%) 80 and 20 80 and 20 80 and 20 80 and 20
”Es,uis and& ﬂESvChY(%) 92 92 92 92

Table 5

Value of parameters [28,35-37] ($ USA).
Value Parameters Value Parameters
1.7$/GJ Cng 2 MW Rated power of wind turbine
9.78 KWh/m? Lng 3m/s Cut-in wind speed
0.12$/KWh pPs 22 m/s Cut-out wind speed
0.6$/KWh pPE 12 m/s Rated wind speed
3% per month " 30% v
0.08%/KWh a 2.16 m? a4
0.016$/KWh K% 0.015$/KWh  KWT,,

than case 2 because of adjustable power. The results of Fig. 5 show that
the adjustable power enhances the internal power trading. The total
hourly transactive energy between MGs and MGC in the case studies for
different conditions has been presented in Fig. 6.

When the PBDR program has been implemented, the total daily
transactive energy in cases 2 and 3 is —1298 kWh and 1005 kWh,
respectively. It means that MGs in case 2 import energy from MGC. Also,
when the MGs cannot participate in the PBDR program, the total daily
amount of transactive energy in cases 2 and 3 is —2090 kWh and 575
kWh, respectively. However, the results of Fig. 6 show that by the PBDR
program, the amount of surplus energy of MGs is enhanced. Unlike MGs
1 and 3, the MG2 has surplus power at the most of time slots. Therefore,
MGs 1 and 3 can utilize the surplus power of MG2 as a back-up to supply
the required energy. Fig. 7 shows the amount of load shedding and
wasted energy for the case studies.

In the uncoordinated operation, MGs are not able to transact energy
together. Therefore, if MGs have surplus power, they will suffer from the
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Fig. 5. Exchanged power scheduling results in microgrids in cases 2 and 3.

waste of energy [16], and if they have a power shortage, they will suffer
from load shedding. Both wasted energy and load shedding increase the
cost of energy scheduling. Therefore, the connection among MGs (cases
2 and 3) reduces the operating costs compared to uncoordinated mode.
The results of adjustable power considering the PBDR program is pre-
sented in Table 6.

According to Table 6, EMS-MGC informs the EMS-MG2 to increase
the output power of MT-MG2 because the cost function of MT-MG?2 is
lower than other sources, and it can generate more energy. Therefore,
using adjustable power, EMS-MGC reduces the total cost of the system
and the shortages in other MGs and MGC. To prevent the wasted energy
at time slots 21 and 22, EMS-MGC sends the reduction signals to fuel
cells in MGs1 and 3. Since the generation costs of fuel cells are higher
than CMT and MTs, the reduction signals have been sent to the fuel cells.
The total cost of the studied system in different case studies is shown in
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Table 7.

When MGs participate in the PBDR program, they can shift their load
demands from peak periods to off-peak periods. Therefore, the power
generation of units with high marginal cost has been decreased. Also, the
amount of load shedding has been decreased. Therefore, the total cost of
the system is decreased by the PBDR program in the case studies. It
should be noted that the cost of MGs in the proposed model is less than
cases land 2. In case 1, the MGs cannot exchange energy together, and
each MG should supply the required energy locally by its sources. In case
3, the adjustable powers help to improve the transactive energy among
MGs, and compared to case 2, the total cost of the system is reduced. The
results of the energy scheduling of BESSs, CDGs, and load shedding in
case studies are shown in Fig. 8.

During off-peak periods, the generation power of CDGs in case 1 is
more than cases 2 and 3 because MGs cannot transact energy together,
and each MG should supply the required energy by its local resources.
The total generation of CDGs in cases 1, 2, and 3 is 29,982 kWh, 29,792
kWh, and 29,923 kWh, respectively. Therefore, the amount of load
shedding, emission of greenhouse gasses, wasted energy, and total cost
in case 1 is more than other case studies. Also, the minimum load
shedding belongs to case 3. The performance of battery energy storage
systems in the proposed model for different conditions is shown in
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Fig. 7. Results of load shedding and waste of energy in cases 1 to 3.
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Table 6
Bounds for adjustable amount in each MG of networked MGs system with
consideration PBDRP.

Time apgd apgd apid apgd apgd
0 (KWh) (KWh) (KWh) (KWh) (KWh)
1 320 0 0 0 0

2 320 0 0 0 0

3 320 0 0 0 0

4 320 0 0 0 0

5 320 0 0 0 0

6 320 0 0 0 0

7 0 0 0 0 0

8 0 0 0 0 0

9 0 0 0 0 0

10 320 0 0 0 0

11 320 -172 0 0 0

12 320 —240 0 0 0

13 320 —212 0 0 0

14 320 0 0 0 0

15 63 0 0 0 0

16 0 0 0 0 0

17 0 0 0 0 0

18 0 0 0 0 0

19 0 0 0 0 0

20 0 0 0 0 0

21 0 0 -101 0 —400
22 0 0 -125 0 —400
23 52 0 0 0 0

24 320 0 0 0 0

Fig. 9a and b. According to Figs. 8 and 9, BESSs stored surplus power
during off-peak periods and discharged it during peak periods. As shown
in Fig. 9, the PBDR program has a significant impact on the performance
of CBESS.

If MGs participate in DR programs, the MGC can utilize a battery
energy storage system with a lower capacity to reduce investment costs.
Due to the lack of MGC connection to the upstream network, CBESS has
been used more to maintain stability and increases system reliability in
the islanded mode. The maximum value of CBESS-SOC in Fig. 9a is
0.587, and the energy capacity of CBESS is 3200 kWh. The energy ca-
pacity of new storage with two iterations through Eq. (58) is equal to
2076.35 kWh with 800 kW charge/discharge power, and the minimum
initial/final energy 415.27 kWh. The number of iterations continues
until the SOCyey is set to the maximum value (0.8). The charge status of
MGC new battery energy storage in case 3 with the PBDR program is
shown in Fig. 10.

EES

R .New

=E¥ - E(ngnd - EES)
, 58
soc

6. Conclusions and future research challenge

This paper proposes a two-level optimization framework for the day
ahead scheduling of islanded networked microgrids with high penetra-
tion of renewable energy sources. To show the superiority and efficiency
of the proposed model, three cases are compared with each other. In the
proposed model, a hybrid energy management system is used that
consists of local optimization, global optimization, and re-local opti-
mization. The objective of the proposed model is the cost minimization

Table 7

Operating costs of the studied system in different conditions.
DR status Case 1 Case 2 Case 3
With PBDRP 2934.26% 2819.40$ 2759.51$%
Without PBDRP 3209.60$ 3029.40$ 2965.33$
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Fig. 8. (a) Summation of power scheduling of BESS, CDG, and interruptible
load in case 1 (b) power scheduling of BESS, CDG, and interruptible load in case
2 (c) power scheduling of BESS, CDG, and interruptible load in case 3.

of the MGs and the system. Besides, the adjustable power ranges have
been defined to control the surplus/shortage energy of microgrids by
MGC and improve the transactive energy in the system. Also, control and
coordination between surplus and shortage powers are achieved
through power exchange by system-level devices and power exchange
among MGs. By the adjustable power concepts: 1) the generation power
of cheaper CDGs has been increased to reduce the total cost of the sys-
tem. 2) The shortage powers of MGs and MGC have been decreased
using the surplus power of MGs. 3) The amount of involuntary load
shedding has been decreased. 4) Preventing the wasted energy in
islanded mode. According to the simulation results, the proposed model
has better technical and economic performances. The simulation results
show that the proposed model reduces the amount of wasted energy and
load shedding of the system. The proposed model can be applied to the
practice setting where a virtual power plant (VPP) provides energy
services for a certain geographical area consist of several MGs [38]. The
MGs send their shortage/surplus powers to the VPP. The VPP defines the
adjustable power amounts to provide better transactive energy among
MGs. Also, it is noteworthy that the proposed model is applicable to
multi-energy systems, where the heating and electric networks are in-
tegrated [39]. In these systems, the MGC should define two electric and
thermal adjustable powers. The efficiency of the proposed model on
multi-energy systems will be investigated in future works.
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