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ABSTRACT A new energy management framework for multi-microgrid (MMG) systems composed of high
renewable energy sources (RES) is proposed in this paper. In traditional energy management system (EMS),
battery energy storage system (BESS) is only considered in a single microgrid (MG) optimization model,
which leads to underutilization of storage devices and waste of resources. Considering the advantages of
local consumption of RES, this paper develops a hierarchical multi-agent energy management strategy.
A two-step model aiming at maximizing the usage of RES is established to help determine the strategy.
In the first step, the strategy is developed to maximize the local consumption of RES based on the demand
response programs (DRP) and BESS within the independent MG. In the second step, the community
BESS and BESSs are used to share the RES of multiple MGs for increasing the utilization ratio of RES.
Simultaneously, the output of each controllable distributed generator (CDG) and the transaction with power
grid are determined through a distributed adjustable power generation plan query library (DGPS). Moreover,
the simulation with a three-MG system proves that the strategy can effectively increase the utilization ratio
of RES and reduce the transaction with power grid compared to the traditional strategy.

INDEX TERMS Demand response programs, energy management system, mixed integer linear program-
ming, multiagent system, multi-microgrids.
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E AI;G,» Rated capacity of BESS.

I_’,tf,,t;i /I_Jf,fGi Upper limits of BESS charg-

ing/discharging power.

7711\;/12,- / ’71151_G,- BESS charging/discharging
efficiencies.
dryg,/incyg, maximum ratio of

reduced/incresed load.

ar/on The weighting factor of objec-
tive function.
At/AT The time duration for convert-
ing power to energy.
VARIABLES
PAN/ILGM The net load.
pPé Shortage power input value of DGPS.
Mf,IDGG ; Commitment status indicator of a CDG.
vf,ID(g / Status change indicator of a CDG.
PSR JPFEPY CDG/CCDG power output.
Wz\%ft / W]S%?, tG T.he amount of greenhouse gas emis-
sions.

B+ B—
nyi,l‘/yl%Gi,t
PflGi,l/PMGi,t

BESS charging/discharging indicator.
BESS charging/discharging power.

PtCB *) PZCB B CBESS charging/discharging power.
SOCﬁGM BESS state of charge.

P%/ILG,-, ‘ Electricity load after applying DRP.
PszerGi,z / PszfGi,z Increased/reduced load during DRP.

drMG;1/INCMG; 1

SUr Va
PMG,'Y, MG,

Ratio of reduced/incresed load.
Surplus/shortage power in MG opti-
mization.

P ./ Pl power purchase from / sell to the power

MG, MGi,t
grid.
Ci1ee /Ce¢ Operation cost of CDG/CCDG.
C ﬁ%ﬁfmr Star up cost of CDG.
CEN cLC The total environmental / power genera-

tion cost of CDGs.
Transaction/renewable energy residual

tr rer
CMGi'[/CMGi’r . . . .
cost in MG optimization.

I. INTRODUCTION

Under the social background with the energy shortage and
environmental pollution, RES such as wind energy, solar
energy are the most important substituted energy sources
which are being the main energy of modern power sys-
tems [1]. Renewable energy is dispersively connected into
the distribution networks at present, and the adoption of
local consumption has been the trend of its development.
MG is a combination of distributed energy, energy storage
system, loads and other equipments [2]. The different forms
of power generation and electricity consumption unit are
connected into the distribution networks as smart nodes with
bidirectional scheduling capability, realizing the maximum
benefit in grid-tied mode and improving reliability of system
towards various accidents in island mode, while satisfying the
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user requirement [3], [4]. Hence, MG is the key part of the
power grid transition from the existing grid to the future smart
grid [5]. With the increasing penetration of distributed energy
and the facts that uncertainties of both supply and demand
in MG, MMG system is designed to handle those problem.
The integration of interconnected MGs’ resources and the
interaction with the distribution network are common in the
future smart distribution system [6], [7]. The cooperation of
MMG system is favorable to the reasonable distribution of
energy, the optimization of network operation costs and the
improvement of power grid reliability [8].

Energy management system (EMS) is used for optimally
scheduling power resources and energy storage systems in
multi-microgrids to maintain supply-demand balance [9].
A lot of research has sought to introduce the algorithm and
optimization models for the MMG EMS. In [10], [11], a con-
trol strategy for the coordinated operation of networked MGs
in a distribution system is proposed. They formulate the prob-
lem as a stochastic bi-level optimization problem in which
the upper level problem is solved by the distribution oper-
ator in order to guarantee the operational constraints while
the lower level problem is to minimize the operation costs
of MGs. However, the storage devices are not considered.
In [12]-[14], the authors present a bilevel optimal operation
model for distribution networks with grid-connected MGs.
The upper-level model determines the optimal dispatch of
the distribution network to achieve its power loss reduction
and voltage profile improvement, while the lower-level model
determines the optimal operation strategy of distributed gen-
erators in MGs considering the utilization of renewable
power. However, in [12], although the operation of multi-
ple grid-connected MGs are considered, only the interaction
between the distribution network and MGs is studied without
considering any power exchange among MGs. By contrast,
in [13], [14], the cooperative interaction between MGs and
energy storage systems is also taken into account. Specifi-
cally, the cooperation among MGs is modeled by an interac-
tive energy game matrix based on priority-based game theory
to take full advantage of energy storage systems. Moreover,
the authors in [14] introduce the responsive reserve of dis-
tributed generators to the model to improve the system oper-
ation. Additionally, in [15], a distributed algorithm for the
energy management of networked MGs based on the on-line
alternating direction method of multipliers algorithm is pro-
posed. Their objective is to coordinate the power schedul-
ing of various components in the MGs while satisfying the
underlying power network operation constraints. As reported
by [16], in order to minimize the MGs operational costs,
a decentralized markov decision based process has been pre-
sented. Multiagent system (MAS) has many features such
as autonomous, communication, which realizes the bidirec-
tional alternation of MGs’ data and energy. From the aspects
of modeling method, control, communication, energy coordi-
nation, etc., the application of MAS in distributed coordina-
tion control and optimization for micro-grid and multi-micro
network is discussed [17]. A multiagent-based hierarchical
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TABLE 1. Contribution comparison between our paper and related works.

[19]

This  [10] [13]

YN sudy (11 121y Sﬂ
BESS participates in MG optimization Y N N Y Y Y
BESS participates in MMG optimization Y N N N N N
CBESS participates in MMG optimization Y N N N N Y
Power exchange between the power grid and MGs Y Y N Y Y Y
Power exchange among MGs Y N Y Y Y Y
DC energy exchange network Y N N N N N
The CDGs have reconfigurability Y N N N N N
Optimization goals: operate costs Y Y Y Y Y Y
Optimization goals: the residual cost of renewable energy Y N N N N N
Consider the uncertainty in the day-ahead operation N N N N N Y
Consider the uncertainty in the real-time operation Y N N N N N

EMS which considers DRP and distributed storage system
has been used to minimize the cost of electricity and reduce
the system peak demand [18], [19]. MMG system requires
the optimal operation of MGs with uncertainty management
taken into account. Under the circumstance, a robust opti-
mization based scheduling method for multi-microgrids con-
sidering uncertainties in RESs and forecasted electric loads is
designed [20], [28].

Compared with related works, this paper has some
improvements in different aspects. The contribution compari-
son between this paper and related works is shown in Table 1.

Review of the literature has identified that there are still
some issues to be improved in the scheduling and dispatch-
ing of MGs. With the increasing penetration of renewable
energy resources, the BESSs are becoming more and more
important. In [12]-[14], BESS only participates in MG layer
optimization, and ignores the remaining available capacity
that can be utilized in MMG layer optimization. In [19], [21],
the most remarkable one is that though the energy exchange
of grid-MGs/MG-MG in those literature have considered.
Specifically, they only allow exchange energy through the
traditional AC distribution network. In contrast, the DC
power lines enable the direct energy exchange among MGs.
In [10], [11], [15], all CDGs are running in MG optimization
under any circumstance, which leads to increase equipment
operating costs. Most of the optimization goals are to min-
imize operating costs, which are not an excellent in some
cases. In [20], [24], [28], although the uncertainty of RESs
is considered in MMG system, the authors only consider
it in day-ahead scheduling and ignore the RESs dynamic
fluctuations in real-time operation.

In order to address the above issues, this paper presents
a multiagent hierarchical energy management strategy for
interconnected multi-microgrids. From the Fig. 1, we can see
that each MG is connected to the traditional AC distribu-
tion network and at the same time, they are interconnected
by a dedicated DC power lines. The AC power lines can
provide sufficient energy. The DC power lines enables the
direct energy exchange among MGs and the connection to
the distribution network by DC/AC converter can ensure that
the surplus renewable energy is uniformly uploaded to the
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power grid. Compared with previous multi-microgrids energy
management strategy [10]-[15], [19]-[21], [24], the features
of energy management strategy proposed in this paper are
summarized as follows:

o In addition to participating in MG layer optimization,
BESS of each MG also participates in MMG layer
optimization. The purpose is to increase consumption
of renewable energy by taking full advantage of BESS
remaining available capacity.

o Considering maximizing local consumption of renew-
able energy in day-ahead scheduling control based on
a hierarchical optimization method, renewable energy
residual costs are added to the optimization goals.

o Rule-based energy scheduler is proposed in real-time
scheduling, Based on the MMG system architecture,
the energy management for the coordination between the
DC power lines and the AC power lines can effectively
cope with uncertainty.

o In the face of the shortcomings of always running all
CDGs to participate in MG optimization under any
circumstances, the concept of "distributed adjustable
power generation plan query library" is proposed. It is
a database that can find the best match and output of
CDGs based on the power shortage.

This paper is organized as follows. Section II presents
the energy management strategies. Section III introduces the
model for day-ahead scheduling. Section IV describes the
numerical simulations and discussion. Section V concludes
the paper.

Il. ENERGY MANAGEMENT STRATEGIES
Configuration and components of MMG system under con-
sideration is outlined in this section.

A. SYSTEM DESCRIPTION

The MMG system, composed of three MGs (MG1, MG2,
MG3) and community MG (CMG), is used in this study in
order to study the problem of the renewable energy con-
sumption. The structure of the system is shown in Fig. 1.
Each MG contains a BESS, CDG, photovoltaic (PV), wind
turbine (WT), and electrical load. CMG is the shared dis-
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CDG
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FIGURE 1. The structure of proposed MMG system.

tributed energy resources, which is comprised of community
CDG (CCDG) and community BESS (CBESS). In MMG
system, each MG is connected to the power grid via the AC
bus and can receive power in real time; all MGs and CMG
are connected via the DC bus and execute renewable energy
transactions. In addition, MMG’s surplus renewable energy
is delivered to the power grid through the DC/AC converter.
To ensure higher utilization ratio of renewable energy, it is
assumed that the storage devices do not store energy by
charging from the power grid.

B. SYSTEM MODEL

1) PV AND WT

PV and WT are considered as uncontrollable power genera-
tion units due to their stochastic output power. The historical
forecast data in day-ahead market are used as correlated
scenarios in this paper. P/"X;bt and PX},’TG[’ , are the forecasted
output of PV / WT (in kW), and they should satisfy the

following power limits.

—PV

O S PflvGi,t S PMG,' (1)
—WT

0 < PG, = Pug, @

where ﬁ;};i and T’ZTGi are the upper limits of PV/WT power
output (in kW).

PﬁEg[_ , 18 the forecasted renewable power of MGi in 7 (in
kW).

ES _ pPV wrT
MGt = Pmcie T Pyc: 3
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DC Power Flow Communication Flow

2) CDG

It is assumed that a diesel generator is controllable power
generation unit, which can produce energy based on the
reference value. In this paper, a diesel generator is used to
represent CDG. Pf,,%cit is CDG power output (in kW), and it
should satisfy the following constraints.

—=CDG

CDG CDG

0 < PyG.1 < 6. - Py, )
1igec, € {0, 1} )
CDG CDG CDG  pCPG
|PMG,',Z - MGi,t—ll = pMG,‘ ' PMGi (6)
The generation limit and ramp up rate constraints for a
. . . . —CDG
diesel generator are illustrated in Equations (4)-(6). PMG,-
represent upper limits of CDG power output (in kW). uf,IDG? ‘

is a binary variable indicating on/off status of generator. pﬁ%?

represents ramp up limits of CDG.

Cﬁ%?l, the cost of a diesel generator (in $), can be formu-
lated as in equation (7). At the same time, C AZ%iG;SW as a star
up cost (in $) is considered in equation (8).

CDG CDG \2 CDG
CMGi,t =aj - (PMG,-,Z) +ap - PMGi,t + a3 7)
CDG _star __ _ CDG CDG_star
CMGi,t = YMG;t* CMGi ®
CDG CDG CDG
VaiGre = max{(y G, — MG, i-1) 0} &)

where aj, a; and a3 are generator cost function coefficients.
vf,IDG(i , represents the change in the status of generator.

A diesel generator uses oil, which is fossil fuels. At the
same time, it can release harmful gases such as sulfur, nitro-

gen and carbon oxides, and cause environmental pollution.
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Thus, the cost of pollution is considered in this paper. WISI();?I,

the amount of greenhouse gas emissions (in tCO»), relies
on the amount of used fuel in the diesel generator. so it is
calculated using equation (10).

e
CDG CDG ist
WMG,',I =JmcG; W (10)

In above equations, fﬁgg is the emission coefficient of the
1

generator (in tCO»/m?> ), which depends on the fuel type and
generator characteristics. PR is the fuel price of generator
(in $/m> ).

Equation (11) is restriction about the amount of the carbon
dioxide. Wf,,DG? is the maximum value of MGi allowed (in
tCO»).

—CDG
D> W, < Wy, (11

3) BESS

In practice, various storage systems have their own character-
istics. EﬁG[, the maximum energy storage capacity (in kWh),
is used for a battery model:

Epg. = Ay, - Vit (12)

where AﬁGi is the current-hour(Ah) rating of the battery, and
Vf;Gi (in V) is the maximum voltage of the battery when it is
fully charged (100% state of charge).

The operation of BESS should meet the following con-
straints.

Pfjbl_’t and P]lf,[_Gl_’t represent BESS charing and discharging
power (in kW). Equation (13) and (14) limit BESS charing
and discharging power capacity.

—B+

0 = Pll\;/I_I—Gi,Z = J/]S-gi,t ’ PMG,' (]3)
B— B— -B—

0=<PyG.:=Yuc. Puac (14)

YatGie T Yitcie < 1 (15)

YVitGio Yirgie € 101} (16)

where ﬁﬁ—irG,- and ﬁZ_G,- are the upper limits of BESS charg-
ing and discharging power (in kW), respectively. Equa-
tion (15) means that BESS cannot operate in charging
mode and discharging mode simultaneously. V}EI&,; and
Vltljlz;,-,t are the state of BESS charing and discharging in ¢
(=1,charing/discharging; =0, otherwise).

Equation (17) shows the change of electricity stored in
BESS at ¢+ > 1, which includes net energy injection and
energy losses during charging/discharging process.

SOChiG,i = SOChiG, -1

37
1 Py~ . - At
pB+ B+ MGi,t
£8Py Ay, — — =)
MG; et

7)

where SOC,ZG’_J is BESS state of charge (SOC) at time ¢.
'71?/1+G,- and nf[Gi are the charging and discharging efficiencies.
At is the time duration for converting power to energy.
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FP MG, .t

PﬂiGi,t(l - drMGi,t) PL.

I [
PMGE,I . drMGf

FIGURE 2. Modeling participated load in DRP.

The limit and initial of SOC in a BESS is constrained by
equations (18) and (19).

0 < SOCp., <1 (18)
S0Cy 6. -1 = SOCyq. (19)

initial
4) LOAD

Two types of loads are considered in MG: shiftable load and
fixed load. Shiftable loads can be shifted in time, but a definite
amount of energy must be consumed in the planning horizon.
On other hand, fixed loads are critical loads, which are not
allowed to be shifted or shedded. PILVI_G, ;» the amount of
shiftable loads from interval ¢ to other time (in kW), is shown
by the Equation (20).

Plll;l_G,',t = dryMG;.t 'PI%/IG,v,z (20)
0 < dryg,: < drug, (21)

In above equations, P[%/IG,-,t indicates the primary electric
loads in interval ¢ (in kW). dryg, and d_rMG,. represents
the percentage factor of load shifting from hour ¢ and its
maximum value.

C. CONCEPTS: TERMINOLOGIES AND DEFINITIONS

1) DRP

The aim of DRP is to shift the shiftable load from high
electricity price time intervals to the low electricity price
time intervals. So each MG will adjust their shiftable loads
regarding to day-ahead forecasting electricity price in order
to minimize purchase cost as well as maximizing sale profit.
It is noted that each MG can shift only the limited portion of
the load which can be different during scheduling horizon.
Modeling participated load in DRP is illustrated by Fig. 2.

Pk/IJFG,',t is the shiftable loads from other time intervals to
interval ¢ (in kW). PdMLGm, the load after applying DRP (in

kW), can be formulated as:
P%‘G,',l‘ = (1 - drMGiat) ' P1[(4G,',t +P1%;E;i,t (22)

To prevent the excessive shift of load in the intervals,
the increased load P/%/IE, , in each interval (in kW) is limited
by the following constraint:

Pﬁme = incua,i - Plyc, (23)
0 < incyc,: < incug, (24)
169935
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Initial State

VANEEZ AN

Charze  Unchange

MG

optimization Discharge
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Chage Unchangs Dischage  Usnchange Discharge
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FIGURE 3. All changes of BESS state.

€DG
MGy,

cDG
PMGJ .
cDG
Moy,

e

DGPS
CCDG
R

FIGURE 4. Distributed power generation plan come from query library.

where incy g, , and incy g, represents the incremental factor
and its maximum value.

For the load, the total daily consumed energy of MG will be
the same before and after applying DRP, which can be defined
by the Equation (25).

24 24
L— _ L+
Zt:l PMGiJ - Zt:1 PMG,-,t (25)

2) STATE CHANGE OF BESS

BESS has three state changes: charge, unchange, and dis-
charge. Since BESS cannot be charged and discharged at
the same time, all possible state changes of BESS in the
day-ahead two-level scheduling is shown in Fig. 3. From the
Fig. 3, we can see that BESS state of MMG optimization is
affected by BESS state of MG optimization. For example,
if BESS state of MG optimization is charged, in MMG opti-
mization, its state can only be one of the two state (charge or
unchange). so here is one of the constraints of BESS in MMG
optimization.

3) DGPS
DGPS is a database which have 1-to-1 mappings between
the input value and the output value. Fig. 4 shows that the
corresponding power output of CDGs can be queried by
entering P} into the database.

CEY and CEN indicate the total power generation cost and
environmental cost of CDGs.

N

C[CG — Z (CAS%?,[ + Cﬁ%ﬁ;smr) + CICCDG + CICCDG_Smr
i

(26)

N
CEY = (30 WERE, + WEDS) - RE @
i
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where PREN is the macroeconomic cost of CO, reduction
(in $/t).

Objective function: Considering the total power genera-
tion cost and environmental cost, the best cooperative power
generation schedule for all CDGs under all circumstances
is developed, which utilized for minimizing the operational
cost of MMG system and avoid unnecessary trading with the
power grid. Equation (28) is the objective function.

minf] = a1C,CG + ozthEN (28)

In order to solve multi-objective optimization, a weight-
ing method is used to integrate the two objectives into one
objective.where o, oy are the weighting factor according to
the importance degree of the optimization goal, and their sum
is 1. In this study, oy = 0.6, ap = 0.4.

Constraints: Some equality and inequality constraints
should be met.

The generation of CDGs is limited in Equation (4)-(11).

P}%is the shortage power of MMG system (in kW) which is
a independent variable. Equation (29) indicates that its range
of values contains all possible conditions in the database.
Equation (30) shows the equivalent relationship between
input and output.

N CDGiax CCDGpax
0<Pe <) Py +P (29)

N
CDG CCDG
P — Z,-=1 PERG + P (30)

where PdeG?t and Pf,l%(i;:”‘” represent the output power (in kW)

and its upper limits of CDG (in kW). P,CCDG and PICCDG’”““‘
represent the output power (in kW) and its upper limits of
CCDG (in kW).

4) RULE-BASED ENERGY SCHEDULER
In real-time dispatch, a rule based energy scheduler was
carried out to solve uncertainties (i.e. RES and Load) in MG.
It is determined by the actual measured and predicted value of
the net load (load minus the amount of renewable energy gen-
erated) and is addressed by coordinating energy management
between the DC/AC power line and the grid. Note that the
real-time dispatch interval could be any short uniform time
interval (e.g. 1-second interval). In this paper, the proposed
dispatching interval is assumed to be 1 s (A7 = 1s). As the
time scale is 1 s, the time window of the dispatch covers
86400 intervals (i.e. 24h). 7 € {1,2,...,RT} RT =
86400. In day-ahead dispatch, the proposed dispatching inter-
val is assumed to be 1 hour (At = 1h).t € {1,2,...,T}
T =24.

The net load (in kW) at the time ¢ is presented by the
equation (31).

L __ pdL RES
MGt — PMG,‘J MGt (31)

DNL _ DPRES
MG,',? - P]ll‘/[Gi,/t\ - PMG[,’I\ (32)

where P%LG,-,I is the day-ahead prediction of the net load. Note

AL . . .
that ( @ ) is used to denote the variables in real time market.
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Algorithm 1 Real-Time Processing of Prediction Error

. pNL  pNL bty sell
Input: PMz(;;i’t’ PMGi,?, PMGM and PMG,-,t
. pbuy Dpsell
Output: P, GiF and Py Gi7

1 Running Rule-based energy scheduler;
2 while7 < RT do

_ I )
NL _ PugAr
o | EHOT
5 EMGis?:PhMGis?. At,
uy
p Ebuy _ PMGl-,r'At,
MG;T = ~ 3600 °
! Pse[[ At
7 sell = MGt .
gy~
8 if £ : Gi’?A%/LE MG, T t:llLen
9 a=Eyc:— gMG,-,?;
: se
10 if0<a< EMGi’?then
buy
=buy MG; T
11 P ~= Sl
MGt AT
! EA'ell —a
1 ’ﬁxell . MG .
MG,-,tll_ AT ?
. se <
13 else if £ MG _ba then
iy 1l
» oy _ Eygat@—Eyg 7 |
MGt T T ’
15 Psell =0
MGi,t ’
16 end
17 else
_ pNL _ TNL
18 a=EyGs bEMG,- 7
. uy
19 if0<a< EMGi’?then
Ehuy _
20 ’P\buy _ PmeiTe
MG T — AT
! EA'ell .
21 sell  __ “MG;.t
MGT— AT
. })uy
22 else if E, c + < athen
Is
Sbuy .
3 Pyug.7=0: n
sell _pbhwy
2 Bsell _ _ Eyigita—Eyg o |
MGt — t ’
25 end
26 end
27 t++;
28 end

MGA calculates ﬁi;ycj’? .and ﬁijl(l;l? (powe; purchased
from / sold to power grid in real-time operation schedul-
ing) based on Pﬂéi,z and Pf‘jléi’t(power purchase from /
sell to the power grid in day-ahead operation) according to

Algorithm 1.

D. MULTI AGENT SYSTEM STRUCTURE

The structure of the proposed MMG hierarchical MAS is
shown in Fig. 5. The communication between the agents and
the time sequence they take place are contained in this figure.
The agents are briefly described in accordance to the nature
of the task they are responsible for.
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1) LOCAL AGENTS

Local agents that are responsible to represent a single com-
ponent of MMG system, such as PV agent, WT agent,
Load agent, BESS agent, CDG agent, CBESS agent, CCDG
agent. These are responsible for communicating with their
MG agent to upload relevant data and receiving operational
commands.

2) MG AGENT

MG agent (MGA), which is MG EMS, performs MG layer
optimization based on the data from local agents and uploads
the result of MG optimization (surplus/shortage power as well
as the energy storage status information ) to the MMG agent.
In addition, it also inform the local agents about the state of
operation change commands from MMG agent.

3) MARKET AGENT
Market agent (MA) is responsible for providing the
day-ahead buying and selling prices signals for MMG agent.

4) MMG AGENT

MMG agent (MMGA), which is community EMS, is respon-
sible for the global optimization of MMG system. It receives
all the information from MA and MGA and inform the state
of operation change commands to MGA.

The communication between agents is shown in Fig. 5.
Firstly, a message about getting the forecast market price
signals is sent by MMGA to MA. MA sends the forecast
buying and selling prices to MMGA. Secondly, The infor-
mation (info) request about MG optimization results and the
forecast market price signals from MMGA are destined to
MGA. Thirdly, each MGA will inform its local agents about
the information request messages, such as the forecast power
of PV, WT, and Load and the initial value of BESS/CBESS.
Based on the information replied from their local agent, each
MGA will perform MG layer optimization. The result of MG
optimization is calculated in Algorithm 2. Fourthly, All the
MGA will reply the MMGA about the result of MG optimiza-
tion/the initial value of CBESS. Based on the information
replied from all the MGA, MMGA will perform MMG layer
optimization. The result of MMG optimization is calculated
in Algorithm 3. At last, MMGA will inform MGA about the
state of operation change commands and Respective MGA
will inform their local agents about the state of operation
change commands.

E. PROPOSED STRATEGIES
With high renewable penetration, MMG system has the abil-
ity to make full use of renewable energy. A multiagent-based
hierarchical energy management strategy, with demand side
management and power scheduling in interconnected MMGs,
is shown in Fig. 6.

The proposed operation framework have two operation
module: Day-ahead operation module and real-time opera-
tion module. MG optimization and MMG optimization are
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@ CCDG Agent @ CDG Agent PV Agent
CBESS Agent @ WT Agent Load Agent
FIGURE 5. The structure of proposed hierarchical MAS.
MG1
Historical Database & Forecasting Tool |
{ ] )
Price WT Power PV Power Load Power
Forecasting Forecasting Forecasting i
i ) I
Toputs: MG EMS performs Mg I(g)’umizanon considering
BESS constraints
i
Outputs:
New BESS constraints
Power shortage or surplus
l MG2 MG3

MMG EMS performs global optimization of MMG system considering
Inputs: all the batteries

CBESS constraints

Query the DGPS

Day-ahead Operation Scheduli

Day-ahead Operation Module

Real-time Operation Module

Day-ahead plan MG EMS applies control logic of the
rule based energy scheduler

FIGURE 6. Proposed operation framework.

Real-time Operation
Scheduling

included in the day-ahead operation module. The objec-
tive of the proposed day-ahead energy scheduling is max-
imizing the renewable energy consumption to identify the
optimal amount of electricity to be purchased from/sold
to the power grid and the commitment of CDGs over the
next 24 hours. In MG optimization, renewable power gen-
eration, electricity load and electricity price are predicted
based on historical database and forecasting tools. Consid-
ering DRP, the shiftable load and BESS are utilized by MG
EMS to perform demand side optimization management. The
objective of optimization is to maximize local renewable
energy consumption, as well as minimize the cost of power
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exchange based on the day-ahead electricity price. In MMG
optimization, Firstly, community BESS and all MG’s BESS
are utilized by MMG EMS to perform MMG optimization
based on the load deficiencies and renewable energy surplus
information uploaded by each MG EMS. The objective of
optimization is to further consume renewable energy. Then,
DGPS performs judgment based on the optimized power
information. If the power is short, the optimal generation plan
for CDGs and purchase amount from power grid through the
AC bus can be obtained. Otherwise, excess renewable energy
will be sold to the power grid through shared DC bus. A rule
based energy scheduler is proposed in the real-time operation
module. It is determined by the actual measured and predicted
value of the net load (load minus the amount of renewable
energy generated) and is addressed by coordinating energy
management between the DC/AC power line and the grid.

llIl. HOURLY DAY-AHEAD OPTIMAL SCHEDULING MODEL
In this section, problem formulation is based on MILP. MILP
problems can be easily implemented through commercial
software like CPLEX, which guarantee global optimality.
The first step is MG optimization considering DRP carried
out by MG EMS. The second step is MMG optimization,
which contains two parts. That is, the global optimization of
distributed energy storage and distributed controllable power
generation is completed by community EMS. Mathematical
models are established in the following sections in detail.

A. STEP 1: MG OPTIMIZATION
Considering maximizing consumption of renewable energy

in day-ahead scheduling, I{ﬁ?n’ renewable energy residual
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cost is adopted. The calculation of Cﬁgit is defined as:

buy buy buy
ChiG,, =Pya,, - At -max{PR", PR}", ..., PRy} (33)

where Py and P are the surplus power (in kW) and
shortage power (in kW) in MG optimization. PR?”VV and PR‘;e”
are the price of power buying/selling (in $/kWh).

C Itv;G,- , indicates the transaction cost.

Sur sell
P - At PR;

T
t when Zl (PﬁEgm - PﬁlG,—,t) At >0
Cyvg. = 1= buy (34)
| P, Ar - PRE®

T
when Zl (Pfflng,r - PILVIG,-,t) A <0
1=

T
Zl (Pffgi LT PJ%/IG,-, ;) - At is the difference of RE gener-
=

ation and load for the future 24h. CerIG” (in $) conforms
the constraints that when the load is higher than the RE
generation, Cztvrlc,« , is equal to the cost of power bought from
the power grid; when the load is lower than the RE generation,
Cyy Git is equal to the profit of power sold to the power grid
or other MGs.

Objective function: The objective of MG optimization
is to maximize renewable energy consumption of individual
MG, as shown below:

T
minfy =) a1 - G, +e2- Chyg, ) (39)
t=1

Constraints: Some equality and inequality constraints
should be met.

The generation of RE (PV and WT) is limited in Equa-
tion (1)-(3).

The operational constraints of a BESS are shown in Equa-
tion (12)-(19).

The constraints of load and DRP are specified in Equa-
tion (20)-(25).

For each MG, the balance between RE generation, shortage
power, discharge power of BESS and surplus power, charge
power of BESS, load after DRP is described by Equation (36).

(Pf/lEgi,t + PX;G,',I + Pf/[_G[,t) - At
= (P3iG,i + PhiG,.c + Pitc,) - A 1 €T (36)

After completing MG optimization by each MGA at step 1,

+ —
each M~GA calgulates Piﬁ,”Gi’t, PX}‘GM, Pf,[Ght, PE/IG,-,I and
part of Pf,;;i , / Pfl??n (some BESS determinable charge and
discharge power in distributed energy storage optimization)
according to Algorithm 2. The calculated values are commu-

nicated to the MMGA.

B. STEP 2: MMG OPTIMIZATION
There are two-stage optimization of the community EMS.
In the first stage, according to the surplus power, shortage
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Algorithm 2 Computation of MG Optimization Result

. pRES pL buy sell
Input: Pif5,. Piyg, PR’ PRI
. psur va + -
Output' PMG,',I’ }iﬂg—f,’,t’ EMG,',Z’ PMG,',I"
part of PMG,',,/PMGL,

1 Running MG optimization;

2 return PI?;E;,-,[’ Plll?/I_G,-,t’P%}G,-,t;
3 whiler < T do

4 if Pf,IEgi’ ;=< Pj‘f,}‘G’_’t then

5 PX/?G,-J = PX,/[LG,-J - PfflEg,»,t - M_G,-,t;
o | | P =0

7 if Py, , > O then

8 \ Py, =0;

9 else if Pf,th , > 0 then
10 ‘ ﬁfj{;i,, =0

11 end

12 else

13 PyG.. =0

14 PSMWG,-,t = Pf/IEg,-,t - P%/ILGi,t - Pﬁfc,-,t;
15 if Py, , > 0 then

16 ‘ ﬁf,,_cl.,, =0

17 else if Pf,,‘Gl_’ , > 0 then
18 ‘ ﬁfj[;i,t =0;

19 end
20 end
21 t++;
22 end

power and the charge/discharge margin of BESS in each
MG, the optimization of all the batteries in MMG sys-
tem will be performed to further consumption of renew-
able energy. In the second stage, the generation schedule
of all the CDG in MMG system is made based on the
update of shortage power obtained from the first stage.
Details of the two-stage optimization control are presented as
follows:

1) DISTRIBUTED ENERGY STORAGE OPTIMIZATION
Similarly, the objective of this optimization is to further max-
imize renewable energy consumption of the MMG system.
In the meantime, the BESS of each MG and community BESS
participate in global optimization.

Objective function:

N T
minfs = 3 ) te1 - Cii,, + 2+ Ciig, ) @37
i=1 =1
C P b b buy
](/([zgi,t = %gi,r AL max{PRluy, PRzuy, ey PRZZy} (38)

where ﬁjﬂ;f’t and 7’;‘1’@” are the surplus power (in kW)
and shortage power (in kW) in distributed energy storage
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optimization.
—7’% At PRS*!
when 12:1 tijl (PS’” - PIVV‘;GM) At >0
Cita, = Py, At PR”“‘ %9)
when 12:1 IX:I (P;V’;rG — PX,‘;G )-At <0

N T

X (P, — Phio
totla_llstLTrlplus power and the total shortage power of MMG
system after each MG optimization. 5/?16,-, (in $) conforms
the constraints that when the total surplus power is higher than
the total shortage power, C}V’IG is equal to the cost of power
bought from the power grid; when the total surplus power is
lower than the total shortage power, CZ{,;G” is equal to the
profit of power sold to the power grid.

Constraints: Some equality and inequality constraints
should be met.

The operational constraints of CBESS are shown in
Equation (12)-(19).

Based on the state of the BESS after MG optimization,
the new constraints of BESS are presented as follows.

“) - At is the difference between the

~ —B+
0 <Py, < Ve Pua (40)
O<Pﬁaz—7152;z PMG,~ (41)

where IN’%SM and PMG,»,: represent BESS charing and dis-
charging power (in kW) in distributed energy storage opti-
mization. Equation (40) and (41) limit BESS charing and
discharging power capacity. )751‘5[_’, and )71551_’ , are the state of
BESS charing and discharging in distributed energy storage
optimization (=1,charing/discharging; =0, otherwise).
Equation (42) shows the change of electricity stored in
BESS at ¢ > 1 in distributed energy storage optimization.

~ B ~ MB
SOCMG,-,t = SOCMG -1
B+ =B+ B+
5Py, + Puc,) - At yg
MG,
B— ~B_
B Py, T me,-,t) - Ar

. ) (42)

M Gi
where SOC ZG,—, , is BESS SOC at time ¢ in distributed energy
storage optimization. Here, the initial of SOC in a BESS is
constrained by Equation (43).

~ MB
SOC G, 1=1 = SOCﬁGi,zzl (43)

Equation (44) shows that power surplus, BESS discharg-
ing, power shortage (such as bought from the power grid) and
CBESS discharging should be balanced with power shortage,
BESS charging, power surplus (such as sold to the power
grid) and CBESS charging.

Z (PyiG,, +

169940

Pl + Piic,) - A+ PP A

_Z(PMG + M+G +P,§;’G )- At + PEBY L Ar (44)

2) DISTRIBUTED GENERATION OPTIMIZATION

In this stage, the dispatchable units can produce electrical
energy based on the update of shortage power obtained from
the first stage. The corresponding power output of CDGs can
be queried by entering P} into the DGPS.

N o

va
ZPMG,‘J
i

N
D D ~CD
when 3 i, <= (37 PERS. 1 + P00 e

P}}a R CDG_ "CDG. )
ZP max + P; _max

MG;,t
i

D CDG CDG
when Z P}}JG,‘J > (Z Py, S 4

After completing MMG optlmlzatlon by each MMGA at
step 2, MMGA calculates PMG . and ij}léi’[ according to
Algorithm 3.

IV. NUMERICAL SIMULATIONS

In this paper, All MILP-based models developed for simula-
tions of the proposed operation of MMG system have been
simulated in MATLAB software with integration of Yalmip
and IBM ILOG CPLEX.

A. CASE CONFIGURATION

In order to investigate the proposed strategy for MMG sys-
tem, we consider the system depicted in Fig. 1 and Table 2
summarizes the major components in the system. BESS
parameters in MG and CMG are shown in Table 3. The
parameters related to CDGs of each MG and CMG are tabu-
lated in Table 4. The emission coefficient of oil is set as 3.51
tCOy/ m? based on the information provided in [27], and the
macroeconomic cost of CO; reduction is $598.97/¢ [28]. The
price of diesel oil is set as $820/m3 [29].

The forecast output data of PV and WT from the responsi-
bility area of 50Hertz in Germany is used. those data were
generated by the weather models(e.g. GFS,ECMWF) and
the master data(geographic coordinates, address) of PV and
WT [30]. The forecast output power of the renewable power
generation was shown in Fig. 7 and Fig. 8.

In this paper, day-ahead total load forecast from three
areas (Latvia, Bosnia and Slovakia) of entsoe transparency
platform are used [31]. The data of load profile was shown
in Fig. 9. In DRP, both EMG,- and %MGI- are assumed to be
20%. It means that only 20% of the MGs’ load is shifted, also
just 20% increment in the MGs’ load is permitted in all time
intervals [32].

Typically, the electricity price changes as the demand for
electricity changes. day-ahead prices forecast from entsoe
transparency platform is plotted in Fig. 10 [31]. For our
simulations, we supposed a selling price equal to half the
purchasing cost.
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Algorithm 3 Computation of MMG Optimization Result

SUr

. va + -
IHPUt' PME,',[’ PMG,',!’ PIIE/IG,‘,I’ P/?’[G,‘,l‘
. pbuy sell

Output: PMGM, MGt

1 Running Distributed energy storage optimization;
BB— CB+ pCB—.

2 return PMG I,PMG t,P P ;
3 whllet <T do

N
SUr < Va
4 if ZP < Xi:PMGu then
Dva _
5 Z PMG“ =
SUr pB— CB—.
Z( MG;, MG, _PMGM)_P’ ’
N ~
SUr —_— .
6 PMG,,, =0
!
—CDG ~ —=CCDG
7 if Z P"“ < (Z Pyg, +P ) then
8 Runmng Dlstrlbuted generation
optlmlzatlon,
9 return Pf,IDG? .
CCDG. ’
10 P; at
15€ 1 — .
1 PZ =0;
12 P =0
13 else
—CDG
14 return Pf,,%(i;t = Pyq,;
15 PECPG — PCCDG;
sell __ (.
16 P =0;
N
buy —CDG —CCDG
17 P; :212 MG” (ZPMG + P );
18 end
19 else
N ~
20 > P, =0
!
N
sur —_
A MGy =
l
Z (Psur P}\/;G , PB MG, ) _ P[CB‘F;
22 return PCDG =0;
ccpg G
23 P; =0;
1l N5
5€ — SUr .
24 Pt = Z MG,
l
b )
2 P =0;
26 end
27 t++;
28 end

B. STEP 1: MG OPTIMIZATION

In this paper, the load participates in DRP, considering the
purchase cost and sales profit based on the maximum con-
sumption of renewable energy. Results of the optimization of
MG are illustrated in Fig. 11. The figure shows three MGs
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TABLE 2. Components of the MMG system.

No Name Type Quantity Capacity
WT 160kW 10 1600kW

PV 300W 2000  600kW

MGl CDG 180kW 1 180kW
BESS 2V/1000Ah 100 200kWh

Load - - 2000kW

WT 190kW 4 760kW

PV 410W 1000  410kW

MG2 CDG 160kW 1 160kW
BESS 2V/2000Ah 45 180kWh

Load - - 1000kW
WT 200kW 11 2200kW
PV 300W 5000  1500kW

MG3 CDG 200kW 1 200kW
BESS 4V/1000Ah 55 220kWh
Load - - 3300kW

Community CDG ~ 500kW 1 500kW

Community MG unity BESS 4V/1000Ah 105 420kWh

TABLE 3. Parameters of BESSs in MMG system.

Battery energy storage systems

Parameters MGl MG2____MG3 ___ MGC
Capacity (kWh) 200 180 220 420
Initial SOC (%) 25 22 27 36
Charging efficiencies (%) 97 96 95 95
Discharging  efficiencies 95 98 95 98
(%)

The upper limits of BESS 150 125 160 200
charging and discharging

power (kW)

TABLE 4. Parameters of CDGs in MMG system.

Controllable distributed generators

Parameters MGI  MGZ _ MG3 _ MGC
ay 15 20 12 10
as 80 85 75 70
as 0 0 0 0
Start-up Cost ($) 15 13 15 14
Ramp-up rate 0.4 0.41 0.43 0.44
Upper limits of CDG 200 180 160 500
power output (kW)
1600 T T T T T
MGI-PV
1400 ——MG2-PV/| o
——MG3-PV
1200 B
~ 1000 | .
z
=
T 800} 1
z
o
600 | g
400 .
200 B
0 . . . L .
4 8 12 16 20 24

Time(hour)
FIGURE 7. The forecast values of PV output power in the 50Hertz grid

area.

that have different loads and generation capacity of renewable
energy. In Fig. 11(a), the load is less than generation capac-
ity of renewable energy at any time in MGI1. Considering
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FIGURE 8. The forecast values of WT output power in the 50Hertz grid
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FIGURE 9. The forecast values of hourly load profile.
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FIGURE 10. The forecast values of hourly grid electricity price.

the surplus sales of renewable energy, the load from the
peak price interval is shifted to the off-peak intervals, while
ensuring the load demand. Fig. 11(b) shows that the load is
shifted as much as possible to the intervals that the generation
capacity of renewable energy is more than the load in MG2.
The load is more than the generation capacity of renewable
energy at any time in MG3, so it needs to buy electricity.
According to the electricity price of Fig. 9, load from the peak
price interval is shifted to the off-peak intervals after DRP
in Fig. 11(c).
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TABLE 5. Comparison of result of these cases, (a) MG1, (b) MG2 and
(c) MG3.

(a)

Purchased Sold Utilization of Cost(+)/
MGl power power renewable energy Profit(-)
(kWh) (kWh) (%) ®
Casel-1 0 9049.50 77.54 -185474.72
Casel-2 372.8 9493.67 76.44 -189762.72
Casel-3 0 8966.23 77.15 -193307.35
(b)
Purchased Sold Utilization of Cost(+)/
MG2 power power renewable energy Profit(-)
(kWh) (kWh) (%) ®
Casel-1 1343 2878 84.62 -13034.95
Casel-2 2420.2 4009.7 78.57 2522.13
Casel-3 552.69 1908.76 89.8 -22278.3
©
Purchased Sold Utilization of Cost(+)/
MG3 power power  renewable energy Profit(-)
(kWh) (kWh) (%) $)
Casel-1 19510 0 100 790458.76
Casel-2  20095.17  666.43 98.6 763416.31
Casel-3 19485.42 0 100 767667.34

The amount of power exchange, utilization of renewable
energy, costs, and profits of all MGs are given in Table 5.

It is obvious that the utilization of renewable energy has
been improved. Cases 1-3 reduce the amount of purchasing
from the power grid or other MGs by making full use of local
consumption of renewable energy. At the same time, although
the proposed method achieves the lowest power exchange,
it still has good results in terms of cost and profit.

In order to elaborate the impact of the proposed strat-
egy, three cases have been compared in MG optimization:
(1) case 1-1: optimal scheduling of MG does not consider
DRP [33]. (2) case 1-2: optimal scheduling of MG considers
DRP, aiming to minimize the operation cost. The operation
cost is the difference between purchase price and sales price
[19], [21]. (3) case 1-3: The proposed optimal scheduling
based on the maximum consumption of renewable energy.

C. STEP 2: MMG OPTIMIZATION

1) DISTRIBUTED ENERGY STORAGE OPTIMIZATION

In order to further consume renewable energy, not only con-
sider CBESS, but also the BESS of each MG are utilized to
participate in optimal scheduling of MMG. It can be clearly
seen from the Fig. 12 that the power scheduling of MG’s
BESS in the first step MG optimization and the second step
MMG optimization. It is obvious that BESS is fully utilized
through 2-steps optimization scheduling.

To verify the effectiveness of the proposed optimal
scheduling, four cases are compared: (1) case 2-1: An un
coordinated operation strategy. Although the operation of
multiple grid-connected MGs are considered, only the inter-
action between the distribution network and MGs is stud-
ied without considering any power exchange among MGs
[11], [12], [15], [34]. The system total operation cost is the
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FIGURE 11. Load of MG in response to DRP, (a) MG1, (b) MG2 and (c) MG3.
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FIGURE 12. Power scheduling of BESS, (a) BESS1, (b) BESS2 and (c) BESS3.

TABLE 6. performance comparison in terms of RES consumption.

24

Case2-1 purchased power
Case2-2 purchased power

Case2-1 sold power
Case2-2 sold power

Purchased  Sold Utilization of Costw)/ [~ Case2-3 purchased power Case2-3 sold power
MMG power power renewable energy Profit-) . = Case2-4 purchased power Case2-4 sold power
(kWh) _ (kWh) %) ® 1500 ' ' ' ' '
Case2-1  20038.10  10874.99 89.8 552081.69 A .
Case22 1233691  3173.80 97.03 387610.95 1000 | FPRaN
Case2-3  12228.11  3156.81 97.04 382075.66 NN W I
Case2-4  10869.66  1991.36 98.14 354072.19 DA e i
500 F Y 7 1
“ \ IA\ "l’
§ |‘\ “‘ ,;’, R ‘\:‘ ‘:" ’
summation of individual’s cost. (2) case 2-2: An coordinated < 0 y .
operation strategy. In addition to considering the interaction %
between the distribution network and MGs, power exchange A 500 ]
among MGs is also considered [22], [23]. (3) case 2-3: In
order to reduce the overall operating cost of MMG system, -1000 - 7
CBESS is considered [19], [21]. (4) case 2-4: The proposed
optimal scheduling based on the maximum consumption of -1500 - .
" 1 " PR R " | - " " 1 " " P " "
renewable energy. 4 3 12 16 20 24

Fig. 13 demonstrates that buying and selling power
between power grid for all the cases. It can be seen from
Fig. 13 that the amount of purchased power and sold power
has been significantly reduced due to the application of the
proposed strategy. Through this strategy, MMG system can
make full use of renewable energy and reduce transactions
with power grid.
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Interval(h)

FIGURE 13. Buying and selling amount of electricity in all cases.

The amount of power exchange, utilization of renew-

able energy, costs, and profits of MMG system are given
in Table 6. Obviously, due to share the renewable energy
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FIGURE 14. The generation schedule of all the CDG in MMG system.

with other MGs, the cost of MMG system is reduced and the
utilization of renewable energy is improved.

2) DISTRIBUTED GENERATION OPTIMIZATION

For the shortage of power, first, we get all the CDGs’
power generation plans through DGPS, and then power
exchang with the power grid.The schedule for the gen-
eration of all CDGs in the MMG system is shown in
Figure 14.

V. CONCLUSION

In this paper, a new strategy for improving renewable energy
local utilization of MMG system through MAS has been pro-
posed. In contrast to the traditional energy management strat-
egy, the BESSs of each MG is also considered by MMG EMS
in addition to the CBESS and the CDGs for achieving global
optimization. The surplus and shortage power of each MG has
been not only compensated by trading power within power
grid and the shared distributed energy resources, but also
adjusted by exchanging power with other MGs. At the same
time, all BESSs participate in the use of renewable energy
and the global optimal power generation strategy of all CDGs
are enforced, which significantly increases the transactions
among MGs. Through these transactions, local utilization of
the renewable energy is promoted within the whole MMG
system. What’s more, in order to maximize renewable energy
local consumption, DRP has been taken into consideration
and the simulation results proves the improvement effect. In a
typical scenario, renewable energy utilization of the entire
MMG system is improved by 12.32% using the proposed
strategy. Considering big data calculation, this paper proposes
optimization strategy based on hierarchical EMS. Simulation
results show that, the cooperation of all BESSs is more
effective in maximizing renewable energy local consumption
and the cooperation of all CDGs is beneficial in reducing the
operational cost of MMG system.
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