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a  b  s  t  r  a  c  t

The  increasing  integration  of  distributed  generation  introduces  severe  challenges  to  the secure  and  eco-
nomical  operation  of multi-microgrids  (MMGs).  Therefore,  an  accurate  and  timely  estimation  of  secure
ranges  for  dynamic  interchange  adjustments  is  necessary  for  microgrid  operators.  This  study  develops  a
new modeling  framework  for estimating  the  interchange  capability  between  MMGs  and  a distribution
network  (DN)  to increase  the  situation  awareness  of  the  microgrid  operator.  This framework  contains
a  two  models,  namely,  (1)  the  proposed  prediction  model,  which  considers  the economical  operation,
the  robustness  of  power  interchange,  and  the uncertainty  of  renewable  resources  on  a microgrid  level
to  obtain  the  operation  states  and  predicted  interchange  capabilities,  and  (2)  the  correction  model,
which  determines  the  available  interchange  capabilities  (AICs)  while  considering  the  effect  of  security
constraints  and  spinning  reserve  on the DN  level.  AICs  ensure  the control  flexibility  and  security  of  micro-
econd-order conic programming grids.  The  approach  based  on  model  predictive  control  is  used  in  this  framework  to optimize  the  system
operation  on  the microgrid  and  DN  levels.  The  point  estimation  method  and  second-order  conic  pro-
gramming  are  used  to solve  the  two-level  model  to guarantee  a globally  optimal  solution  and  improved
computational  efficiency.  Finally,  a distribution  system  with  multiple  microgrids  is  applied  to  prove  the
effectiveness  of  the proposed  framework.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Technological advancements, environmental policies, and
nergy market deregulation have spurred the deployment of dis-
ributed generators (DGs), small renewable installations, and large
istributed energy storage systems. Traditional paradigms, which
ely on centralized power generation and are distributed through

edium-voltage and low-voltage networks, have been adapted
o incorporate aggregated systems of DGs (i.e., microgrids) [1].
oupled with the increasing importance of the Energy Internet,
icrogrid is one of the fundamental units that provide the same

ower as the grid with the potential to improve its reliability,
ower quality, and environmental impact through controls and
he coproduction of heating and cooling [2]. The full exploita-

ion of multi-microgrids (MMGs), which involves the design of a
ew control architecture and the development of novel manage-
ent tools, has attracted research attention in recent years [3–7].

∗ Corresponding author.
E-mail address: xiaofeisjtu@163.com (F. Xiao).

ttp://dx.doi.org/10.1016/j.epsr.2017.07.001
378-7796/© 2017 Elsevier B.V. All rights reserved.
The dynamic adjustment of interchange flow between adjacent
microgrids allows microgrid operators to utilize available internal
and external flexible generation resources and available transfer
capability (ATC) and provide market participants with cost-saving
opportunities in both regions efficiently. In Ref. [5], a centralized
multi-objective optimization algorithm was proposed to coordi-
nate MMGs  optimally based on a distribution-interline power flow
controller. An optimal control algorithm was  presented in Ref. [6]
for the management of grid-connected MMGs  with the Monte Carlo
(MC) method. This algorithm finds the optimal operating points of
each dependent system in an active distribution grid. Meanwhile,
Ref. [7] proposed a decentralized optimal power flow algorithm to
coordinate the MMGs  and improve the overall performance of a
distribution network (DN).

From the development trends of renewable energy and energy
marketization, future active distribution grids may include numer-
ous microgrids that work as independent systems with different

rules, constraints, and objectives (e.g., reliability maximization, cost
minimization, and emission minimization) [5]. Every microgrid
operator seeks to manage the amount of power exchange dynam-
ically rather than implement power transactions with no control on

dx.doi.org/10.1016/j.epsr.2017.07.001
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsr.2017.07.001&domain=pdf
mailto:xiaofeisjtu@163.com
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Nomenclature

Symbols, abbreviations, and acronyms
min, max  Minimum and maximum
dch, ch Discharge and charge
MGCC Microgrid control center
DNCC Distribution network control center
PIC Predicted interchange capability
DPICP Dynamic power interchange capability prediction
DPICC Dynamic power interchange capability correction
MG Microgrid
DG Distributed generator
PV Photovoltaic
WT Wind turbine
MT  Microturbine
DE Diesel engine
ESD Energy storage device
BESS Battery energy storage system
SOC State of charge

Variables and parameters of the microgrid model
Pj, t
Mi

, Pj, t
Di

Power production of the ith MT  and the ith DE at
hour t in the jth microgrid

Pj, t
W , Pj, t

V Power production of the WT  and PV at hour t in the
jth microgrid

Pj, t
ULi

, Pj, t
ILi

Power consumption of the ith uninterruptible load
and the ith interruptible load at hour t in the jth
microgrid

Pj, t
MTL , Hj, t

MTL Power and heat transmission from cooperative
microgrids to the jth microgrid at hour t

Pj, t, dn
PCC , Pj, t, up

PCC Minimum and maximum power interchange
capabilities between the jth microgrid and DN at
hour t

Pj, t
PCC Power transaction at hour t, Pj, t

PCC < 0 if the jth

microgrid purchases power from the DN and Pj, t
PCC >

0 if the jth microgrid sells power
Pj, t
Si

Power production of the ith ESD at hour t in the jth
microgrid

Wj, t
Si

Stored energy inside the ith ESD at hour t in the jth
microgrid

Pj, t
DGi

Power production of the ith DG at hour t in the jth
microgrid

Hj, t
L Heat demand in the jth microgrid at hour t
URMi, DRMi Ramp-up/down rates of the ith MT
URDi, DRDi Ramp-up/down rates of the ith DE
NM Number of cooperative microgrids
NT , ND, NS , NI , NU Numbers of MT,  DE, and ESD units and

interruptible and uninterruptible loads in the jth
microgrid

Variables and parameters of the distribution network model
P̄t, dn
PCCi

, P̄t, up
PCCi

Minimum and maximum predicted interchange
capabilities between the microgrid and DN at the ith
bus and hour t

P̂t, dn
PCCi

, P̂t, up
PCCi

Minimum and maximum available interchange
capabilities between the microgrid and DN at the
ith bus and hour t

Pt
Li

, Qt
Li

Active/reactive powers of the ith bus at hour t
Pt , Qt Active/reactive power productions of the slack bus

Qt
PCCi

Reactive power production of the microgrid at the
ith bus and hour t

rt, dn
Gi

, rt, up
Gi

Down/up spinning reserve provisions of the slack
bus at the ith bus and hour t

rt, dn
Bi

, rt, up
Bi

Down/up spinning reserve provisions of the BESS
at the ith bus and hour t

Vt
i

Voltage of the ith bus at hour t
ıt
ij

Voltage phasor difference between the ith and jth
buses at hour t

gij , bij Conductance and susceptance between the ith and
jth buses
Gi Gi
at the ith bus and hour t

t t
P
Bi

, Q
Bi

Active/reactive power productions of the BESS at the
ith bus and hour t

Et
Bi

Stored energy inside the BESS at the ith bus and
hour t
NDN , NG , NB Numbers of buses, grid-connected microgrids,
and BESS in the DN

its tie-line power. Thus, microgrid operators must have real-
time knowledge of the secure range for potential interchange
adjustments to accomplish the objective of each independent
microgrid.

Methods for determining the secure interchange adjust-
ment range include security region methods [8–10] and various
advanced nonlinear methods, such as direct methods [11], continu-
ation methods [12–14], nonlinear optimization approaches [15,16],
and distributed computation frameworks [17,18]. The majority
of these methods are applied to ATC estimation for independent
power systems [9–16], while several calculate the interchange
capability between multi-area power systems [8,17,18]. Most of
these methods consider only physical system constraints (e.g.,
power line transmission capacity and voltage magnitude) or sta-
bility constraints (e.g., limit-induced and saddle-node bifurcations)
while preventing the current or near-future system operation sit-
uation. Furthermore, a single case study [11–15] cannot cover
all operational scenarios even under maximum load generation.
Specifically, a single case study for a complicated system, such as
MMGs, is highly likely to be significantly different from actual sys-
tem operating conditions. Thus, the analysis result corresponds to
neither an economical nor a secure system operation.

This study develops a new modeling framework that consists
of models for dynamic power interchange capability prediction
and correction (DPICP and DPICC, respectively) for estimating the
secure interchange adjustment range between MMGs  and DNs to
address the problems mentioned. In the DPICP model, each micro-
grid operator solves a stochastic multi-objective dispatch problem
with a look-ahead period for obtaining the possible economical
dispatch points and predicting the upward/downward ramping
capability of MMGs. The following uncertainties are dominant in
this stochastic problem: (1) heat and electricity load demands
and (2) photovoltaic (PV) and wind turbine (WT) power forecast
errors. Furthermore, the upward/downward ramping capabilities
of controllable units, including microturbine (MT) and diesel engine
(DE), are considered in this model. The DPICP model is suitable
for calculating the predicted interchange capabilities (PICs) from
the perspective of MMG  operators who  must execute the trade-
off between operation cost and control robustness. However, the
influence of the exchanging power of MMGs  on the security of the
DN cannot be overlooked. Therefore, DPICC model-based corrective
control measures must be implemented to avoid contingencies on
the DN level.

The major contributions of this study are as follows. (1) A new
modeling framework based on the model predictive control (MPC)

approach is designed for estimating a secure range for dynamic
interchange adjustments between MMGs  and the DN. The avail-
able interchange capabilities (AICs) can still be obtained under
this framework should some microgrids isolate themselves from
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he grid because of contingency. (2) The multi-objective function
dopted in the DPICP model achieves the cooperative operation of
he combined heat and power (CHP)-based MMGs while consider-
ng the operation cost and the power interchange robustness. (3) A
ew index is proposed to evaluate the robustness of power inter-
hange. (4) The results obtained by the proposed model can be used
o assist independent microgrids in participating autonomously in
he ramp market [19] and the demand response market. (5) High
ccuracy and computational speed are achieved with the proposed
ethod, which combines Hong’s point estimation method (PEM)

nd the second-order conic programming (SOCP) algorithm.
The remainder of this paper is organized as follows. Section 2

escribes the proposed framework for the estimation of dynamic
nterchange capability. Sections 3 and 4 present the DPICP and
PICC models and their solutions, respectively. Section 5 presents

he case studies and the analysis of the results. Finally, Section 6
resents the conclusions.

. Modeling framework of dynamic power interchange
stimation

.1. General framework of the proposed estimation process

The modeling of energy systems has been investigated for sev-
ral decades. Consequently, realistic and complex modeling tools
ave been developed to solve various problems in system oper-
tions. The combination of different models in one framework
aximizes the strengths of these models and captures more of

n energy system’s dimensions without the large computational
equirements of a single large modeling tool [20]. Fig. 1 shows the
roposed framework using the DPICP and DPICC models in an iter-
tive cycle for estimating the power interchange capability while
nsuring operation security on the microgrid and DN levels.

The DPICP model has two objectives: (1) minimization of oper-
tion costs for cooperative MMGs  and (2) maximization of power
nterchange robustness. Each microgrid control center (MGCC)
etermines the PICs using the fuzzy satisfying method and sends
hem to the distribution network control center (DNCC). The
pload process is incorporated to consider the possible near-future
peration situation of MMGs  and the disconnection/connection
onditions of microgrids. Then, the PICs, including power trans-
ctions, are reported to the DNCC, which determines the AICs for
icrogrid operators based on the DPICC model and the information

rom the DN level to maintain the security of the entire distribution
ystem. Such information includes the uploaded PICs, the DN oper-
tion cost, and the spinning reserve demand. As shown in Fig. 1,
he up and down spinning reserves are supported by the battery
nergy storage system (BESS) and the upstream network in the
PICC model.

.2. MPC-based approach for MGCC and DNCC scheduling

A MPC-based approach is proposed for each MGCC and DNCC to
chedule their available resources and determine the PICs and AICs.
n this approach, the forecasts of loads and renewable resources
erived from historical data are utilized to obtain the possible
ptimal operation points of MMGs  and DNs. The prediction and
orrection procedures are repeated at each time slot to ensure that
ppropriate operational measures are taken in response to unfore-
een changes. This MPC-based approach and the timeline for the
equential coordination of MGCC and DNCC are depicted in Fig. 2.
According to the proposed MPC-based scheme, MGCC and DNCC
rst solve the DPICP and DPICC models, respectively, over the next T

ime slots based on the predicted values. Subsequently, microgrid
perators re-dispatch tie-line power based on the AICs indicated
 Research 152 (2017) 237–248 239

by the DNCC for time slot k + 1. This power interchange estima-
tion routine is repeated in the succeeding time slots to determine
the operational measures in time slots k + 2, k + 3, and so on. AICs
are provided to microgrid operators for reference only, and the
actual re-dispatch of tie-line power that interchanges with the DN
is determined and controlled by independent microgrids.

3. Problem formulation

3.1. Formulation of the proposed DPICP model

The DPICP model aims to minimize the MMG  operation cost and
maximize the power interchange robustness, as formulated in Eq.
(1). According to the flexibility of the power system, the power
interchange robustness is at the optimum level when the upward
and downward ramping capabilities are equal [21]. Ramping capa-
bilities in this study are provided by the MTs, DEs, and interruptible
loads. To ensure consistency in the operation cost function, the
index of the power interchange robustness is designed as follows.

3.1.1. Objective functions of the DPICP model
min  F1 (X1) = W1J1.pu + W2J2.pu (1)

where

J1 =
t=k+T∑
t=k+1

NM∑
j=1

(Cj,tMT + Cj,tDE + Cj,tMO + Cj,tI − Cj,tPCC )

J2 =
t=k+T∑
t=k+1

(
�t,up − �t,dn

�t,up + �t,dn
)
2

�t,up =
NM∑
j=1

(Pj,t,upPCC − Pj,tPCC ),  �t,dn =
NM∑
j=1

(Pj,tPCC − Pj,t,dnPCC )

Pj,t,upPCC = Pj,tPCC +
NT∑
i=1

min(Pj,max
Mi

− Pj,t
Mi
, URMi)

+
ND∑
i=1

min(Pj,max
Di

− Pj,t
Di
, URDi) + Pj,t

ILi

Pj,t,dnPCC = Pj,tPCC −
NT∑
i=1

min(Pj,t
Mi

− Pj,min
Mi

, DRMi)

−
ND∑
i=1

min(Pj,t
Di

− Pj,min
Di

, DRDi)

where X1 = [PM , PD , PS , PIL , PPCC , PMTL , HMTL] is the vector of control
variables on the microgrid level, including MT,  DE, ESD production,
interruptible load, power transaction, and power and heat trans-
mission vectors. Parameters W1 and W2 are the weighting factors
that adjust the influence of different terms on the multi-objective
operation function. Jt1.pu and Jt2.pu denote the normalized objective
functions, namely, the operation cost and the power interchange
robustness of cooperative MMGs. �t,up and �t,dn are the upward and
downward ramping capabilities of MMGs. Given that the functions

in Eq. (1) are not in the same range and dimension, a fuzzy satisfying
method is used to calculate the normalized form of the objective
functions [22]. Specifically, operation cost J1 has five components,
namely, Cj, t

MT , Cj, t
DE , Cj, t

MO, Cj, t
I , and Cj, t

PCC , that are expressed as follows:
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Fig. 1. Proposed modeling framework.
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Fig. 2. Timeline for the sequential coordination of

Fuel-consumption generator cost [23]:

Cj,tMT =
NT∑
i=1

cMT
Pj,t
Mi

�Mi
t = k + 1, . . .,  k + T; j = 1, . . .,  NM (2)

Cj,tDE =
ND∑
i=1

[a(Pj,t
Di

)
2 + bPj,t

Di
+ c] t = k + 1, . . .,  k + T;

j = 1, . . .,  NM

(3)

here cMT and �Mi are the fuel price and the fuel conversion effi-
iency of MT,  respectively. a, b, and c are the coefficients of the DE
ost curve.

No-fuel-consumption generator cost:

Cj,tMO =
NS∑
i=1

cSBP
j,t
Si,ch/dch + cWTP

j,t
W + cPVP

j,t
V t = k + 1, . . .,  k + T;

j = 1, . . .,  NM

(4

here cSB, cWT, and cPV represent the maintenance cost coefficients
f ESD, WT,  and PV, respectively.

Load interruption penalty cost:

Cj,tI = ˇI

NI∑
i=1

(Pj,t, max
ILi

− Pj,t
ILi

) t = k + 1, . . .,  k + T; j = 1, . . .,  NM

(5)
here ˇI is the interruption cost coefficient.
Microgrid benefits:

Cj,tPCC = ctPP
j,t
PCC t = k + 1, . . .,  k + T; j = 1, . . .,  NM (6)
 and DNCC in a DN, including coupled microgrids.

where ctP denotes the market price. This study is based on a net
metering approach in which the price of buying and selling energy
is the same for all microgrids.

3.1.2. Constraints of the DPICP model
Power balance:

NT∑
i=1

Pj,t
Mi

+
ND∑
i=1

Pj,t
Di

+
NS∑
i=1

Pj,t
Si

+ Pj,tV + Pj,tW + Pj,tMTL = Pj,tPCC

+
NU∑
i=1

Pj,t
ULi

+
NI∑
i=1

Pj,t
ILi

t = k + 1, . . .,  k + T; j = 1, . . ., NM

(7)

Spinning reserve requirements [23]:

NT∑
i=1

min(Pj,max
Mi

− Pj,t
Mi
, URMi) +

ND∑
i=1

min(Pj,max
Di

− Pj,t
Di
, URDi)

+
NS∑
i=1

�SDi(W
j,t
Si

− Wj,min
Si

) ≥ �DGP
j,max
DG + �VP

j,t
V + �WP

j,max
W

+�L
NU∑
Pj,t
ULi

t = k + 1, . . .,  k + T; j = 1, . . ., NM

(8)
i=1

where �DG, �V, �W, and �L are the factors of the microgrid spinning
reserve.
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Heat balance:

Hj,tL = kMi

NT∑
i=1

Pj,t
Mi

+ Hj,tMTL t = k + 1, . . .,  k + T; j = 1, . . ., NM (9)

here kMi is the heat-to-power ratio of the ith MT [24].
Tie-line transfer capability limits within cooperative micro-

rids:

Pj,min
MTL ≤ Pj,tMTL ≤ Pj,max

MTL t = k + 1, . . .,  k + T; j = 1, . . .,  NM (10)

Hj,min
MTL ≤ Hj,tMTL ≤ Hj,max

MTL t = k + 1, . . .,  k + T; j = 1, . . .,  NM (11)

NM∑
j=1

Pj,tMTL =
NM∑
j=1

Hj,tMTL = 0 t = k + 1, . . .,  k + T; j = 1, . . ., NM (12)

Active power limits of DGs [25]:

Pj,t,min
DGi

≤ Pj,t
DGi

≤ Pj,t,max
DGi

t = k + 1, . . .,  k + T; j = 1, . . .,  NM (13)

Pj,t
DGi

− Pj,t−1
DGi

≤ URDGi

Pj,t−1
DGi

− Pj,t
DGi

≤ DRDGi

t = k + 1, . . .,  k + T; j = 1, . . .,  NM (14)

Power interchange capability limits:

Pj,min
PCC ≤ Pj,tPCC ≤ Pj,max

PCC t = k + 1, . . .,  k + T; j = 1, . . .,  NM (15)

Energy storage limits related to ESD [25]:

Wj,t
Si

= Wj,t−1
Si

+ �SCiP
j,t
Si,ch�t  − 1

�SDi
Pj,t
Si,dch�t

t = k + 1, . . .,  k + T; j = 1, . . .,  NM; �t  = 1h

(16)

Wj,min
Si

≤ Wj,t
Si

≤ Wj,max
Si

t = k + 1, . . .,  k + T; j = 1, . . .,  NM (17)

−Pj,max
Si,ch ≤ Pj,t

Si
≤ Pj,max

Si,dch t = k + 1, . . .,  k + T; j = 1, . . .,  NM (18)

here �SCi and �SDi are the efficiencies of the ith ESD during the
harge and discharge processes.

Limits of load interruption [25]:

0 ≤ Pj,t
ILi

≤ Pj,t,max
ILi

t = k + 1, . . .,  k + T; j = 1, . . .,  NM (19)

.1.3. Uncertainty characterization of the DPICP model
The uncertainties of PV, WT  power, and load demand forecasting

rror affect the microgrid operation. Therefore, the corresponding
robabilistic models should be constructed on the microgrid level.
he probability density functions (PDFs) of the PV, WT  power, and

oad demand forecast error in each month are obtained from his-
orical data, which include the stochastic time series of PV and the

T generation over a one-year period [26,27].
According to Ref. [26], the forecast errors of random variables

ave their own PDFs with mean values that are close to 0 and
heir standard deviation (STD) is related to their nominal power.

oreover, the STD of the random variables is used to indicate their
ispersion [28,29]. Assuming that the dispersion of variables is nor-
al, approximately 99.73% of the variables are within three STDs
� ± 3�). Thus, three STDs (±3�) are adopted to the PIC estimation
n Eq. (20):

P̄t,up
PCCi

= min(E(Pj,t,upPCC ) + 3�(Pj,t,upPCC ), Pj,max
PCC )

P̄t,dn
PCCi

=max(E(Pj,t,dnPCC ) − 3�(Pj,t,dnPCC ), Pj,min
PCC )

t = k + 1, . . .,  k + T; j = 1, . . .,  N

(20)
M

here functions E(·) and �(·) are used to calculate the expectation
nd the STD of the variables, respectively. The specific procedures
or solving this stochastic problem are illustrated in Section 4.
 Research 152 (2017) 237–248 241

3.2. Formulation of the proposed DPICC model

The goal of a DN operator is to coordinate the spinning reserve
while minimizing the sum of DN operation costs, including the
corrective capacity penalty and regulation ancillary service costs.

3.2.1. Objective functions of the DPICC model

min  F2(X2)

=
t=k+T∑
t=k+1

{
NG∑
i=1

cP

(
|P̄t,up
PCCi

− P̂t,up
PCCi

| + |P̄t,dn
PCCi

− P̂t,dn
PCCi

|
)

+ ctRP
t
Gi

}
(21)

where X2 = [PG , PB , QG , QB , QPCC ] is the DN level vector of the con-
trol variables, including active power production vectors of the
slack bus, BESS and reactive power production vectors of the slack
bus, BESS, and microgrids. cP is the penalty price for correcting the
secure range predicted by MMGs. ctR is the regulation market price.
The lines of most DNs, except those in dense urban areas, are loaded
significantly below their thermal capacity [30]. Thus, thermal limits
are not considered in the DPICC model. All grid-connected micro-
grids operate in PQ modes [31].

3.2.2. Constraints of the DPICC model
AC power balance:

Pt
Gi

− Pt
Li

+ Pt
Bi

+ Pt
PCCi

=
NDN∑
j=1

[
gij(Vti )2 − gijV

t
i
V t
j

cos ıt
ij

+ bijV
t
i
V t
j

sin ıt
ij

]

Qt
Gi

− Qt
Li

+ Qt
Bi

+ Qt
PCCi

=
NDN∑
j=1

[bij(Vti )2 − bijV
t
i
V t
j

cos ıt
ij

− gijV
t
i
V t
j

sin ıt
ij
]

t  = k + 1, . . .,  k + T; i = 1, . . .,  NDN

(22)

The vector of Pt
PCCi

is equal to the power transactions solved
using the DPICP model.

Active and reactive power limits of the slack bus:

Pmin
Gi

≤ Pt
Gi

≤ Pmax
Gi

Qmin
Gi

≤ Qt
Gi

≤ Qmax
Gi

t = k + 1, . . .,  k + T (23)

Reactive power limits at the point of common coupling between
microgrids and DN:

Qmin
PCCi

≤ Qt
PCCi

≤ Qmax
PCCi

t = k + 1, . . .,  k + T (24)

Microgrid reactive power production is limited by their inter-
facing converter sizes.

Bus voltage limits:

Vmin
i

≤ Vt
i

≤ Vmax
i

t = k + 1, . . .,  k + T (25)

Energy storage limits related to BESS [32]:

−Pmax
Bi,ch ≤ Pt

Bi
≤ Pmax

Bi,dch

−Qmax
Bi

≤ Qt
Bi

≤ Qmax
Bi

t = k + 1, . . .,  k + T (26)

(Pt
Bi

)2 + (Qt
Bi

)2 ≤ (Smax
Bi

)2 t = k + 1, . . .,  k + T (27)

Et
Bi

= Et−1
Bi

+ �BCiP
t
Bi,ch�t  − 1

�BDi
PtBi,dch�t

t = k + 1, . . .,  k + T; �t  = 1h

(28)

Emin
Bi

≤ Et
Bi

≤ Emax
Bi

t = k + 1, . . .,  k + T (29)
Et=k+1
Bi

= Et=k+T
Bi

(30)

where �BCi and �BDi are the efficiencies of BESS at the ith bus dur-
ing the charge and discharge processes. The constraint (26) and
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he capability curve of the active and reactive powers of charg-
ng/discharging are modeled by Eq. (27).

Spinning reserve provision limits related to the slack bus [32]:

rt,up
Gi

+ Pt
Gi

≤ Pmax
Gi

and Pt
Gi

− rt,dn
Gi

≥ Pmin
Gi

t = k + 1, . . .,  k + T

(31)

rt,up/dn
Gi

≤ Rup/dn,max
Gi

t = k + 1, . . .,  k + T (32)

here Rup/dn, max
Gi

is the maximum slack bus contribution for up and
own spinning reserves.

Spinning reserve provision limits related to the BESS [32]:

rt,up
Bi

+ Pt
Bi

≤ Pmax
Bi,dch and rt,dn

Bi
− Pt

Bi
≤ Pmax

Bi,ch t = k + 1, . . .,  k + T

(33)

Et
Bi

− 1
�BDi

(rt,up
Bi

+ PtBi)�t  ≥ Emin
Bi t = k + 1, . . .,  k + T; �t  = 1h

(34)

Et
Bi

+ �BCi(r
t,dn
Bi

− Pt
Bi

)�t  ≤ Emax
Bi

t = k + 1, . . .,  k + T; �t  = 1h

(35)

The limited reservoir capacity of BESS results in a time-limited
eserve provision. Therefore, Eqs. (34) and (35) are considered in
his study.

Spinning reserve constraints [32]:

NB∑
i=1

rt,up
Bi

+ rt,up
Gi

≥
NG∑
i=1

(
PtPCCi − P̂

t,dn

PCCi

)
+ �R

NDN∑
i=1

PtLi

NB∑
i=1

rt,dn
Bi

+ rt,dn
Gi

≥
NG∑
i=1

(
P̂
t,up

PCCi − PtPCCi

)
+ �R

NDN∑
i=1

PtLi

t = k + 1, . . .,  k + T

(36)

here �R is the rate of the spinning reserve requirement related to
oad demand. The AICs of each microgrid are scheduled based on
he proportion of PICs reported by the microgrids [33].

Feasible solution requirements:

P̄t,dn
PCCi

≤ P̂t,dn
PCCi

≤ Pt
PCCi

≤ P̂t,up
PCCi

≤ P̄t,up
PCCi

t = k + 1, . . .,  k + T (37)

. Solution procedure

In the proposed modeling framework, sequence quadratic pro-
ramming (SQP) and PEM are used to solve the DPICP model. Given
he nonconvex results of the DPICC model, the identification of the
lobal optimal solution is a complex process. Thus, SOCP is used
o transform the original DPICC model to a convex programming
roblem.

.1. Stochastic PIC calculation using the PEM

PEM is an approximation method that directly provides the first
ew statistical moments of random output based only on a few
eterministic optimization calculations. Compared with the MC
ethod, the PEM generally imposes a low computation burden.

Different schemes can be applied in the frame of the PEM. Cur-

ently, 2m, 2m + 1, and 4m + 1 PEM schemes are widely used to
olve probabilistic power flow problems [29,34,35]. The 2m + 1 PEM
cheme provides the best solution in terms of accuracy and com-
utation effort and is the most efficient scheme for dealing with
 Research 152 (2017) 237–248

normal distribution. This study assumes that the behavior of all the
input random variables are similar to the normal distribution func-
tion [36]. Therefore, this assumption indicates that the 2m + 1 PEM
scheme is a suitable tool to cover the uncertainty effect.

PEM focuses on the statistical information provided by the few
initial central moments of random variables on s points for each
variable, hereby designated as concentrations. The relationship
between input and output can be obtained using these points and
function F. The sth concentration (xl,s, wl,s) of an uncertain variable
xl can be defined as a pair composed of location xl,s and weight wl,s.
Location xl,s is the sth value of variable xl at which function F is
evaluated. Weight wl,s accounts for the relative importance of this
evaluation in the output random variables. The number of random
variables is m, and the total number of evaluations of F is s × m [34].
Specifically, the 2m + 1 PEM scheme considers one more evaluation
of function F at the point made up of the mean values of the random
variables. Therefore, the total number of F evaluations is 2m + 1.
The steps in computing the moments of the output variables can
be summarized as follows:

Step 1: Determine the number of random variables m and set
l = 1.

Step 2: Calculate the skewness and kurtosis of uncertain variable
xl:

�l,j = Mj(xl)

(�xl)
j

= E[(xl − �xl)
j]

(�xl)
j

j = 3, 4 (38)

where �xl and �xl are the mean and STD of xl , respectively.
Step 3: Determine the locations of concentrations (�l,1, �l,2) [34]:

�l,s = �l,3
2

+ (−1)3−s
√
�l,4 − 3

4
�2
l,3 s = 1, 2 (39)

Step 4: Determine the weights as follows:

wl,s = (−1)3−s

�l,s(�l,1 − �l,2)
s  = 1, 2 (40)

Step 5: Obtain the two estimated locations of uncertain variable
xl:

xl,s = �l + �l,s�l s = 1, 2 (41)

Step 6: Calculate the deterministic problem for the estimated
locations:

Z(l, s) = F1(�x1, �x2, . . ., xl,s, . . .,  �xm) s = 1, 2 (42)

In the proposed stochastic PIC calculation method, the deter-
ministic problem is the procedure for solving the multi-objective
operation function in Eq. (1) with the SQP-based method.

Step 7: Update E(Z) and E(Z2) as follows:

E(Zj) = E(Zj) +
2∑
s=1

wl,s(Z(l, s))j j = 1, 2 (43)

Step 8: Repeat Steps 2–7 for l = l + 1 until the list of random input
variables is exhausted.

Step 9: Evaluate E(Z) and E(Z2) as follows [34]:

E(Zj) = E(Zj) + w0(F1(�x1, �x2, . . .�xm))j j = 1, 2 (44)

where:

w0 = 1 −
m∑ 1

(�l, 4 − �2 )

l=1 l, 3

Step 10: Determine the mean and STD of the output variables.
The aforementioned steps can be applied with the correlated

random variables using the rotational transformation method [37].
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Table  1
Limits and bids of the DGs in MMGs.

Type Minimum power (kW) Maximum power (kW) Ramp up/down rate (kW) Bid coefficients

PV1/PV2 0 40 – cPV = 0.0016 $/(kWh)
WT1/WT2 0 80 – cWT = 0.0016 $/(kWh)

– cSB = 0.008 $/(kWh), �SCi = �SDi = 90%
40 cMT = 0.15 $/(kWh), �Mi = 40%
30 a = 0.012 $/(kW2 h), b = 0.15 $/(kWh), c = 1.1 $/h
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Fig. 3. Flowchart of the implementation of the hybrid method of solving the mod-
eling framework.

Table 2
Limits of the energy storage devices.

Type Minimum SOC (kWh) Maximum SOC (kWh) Initial SOC (kWh)
ESD1/ESD2 −20 20 

MT1/MT2 0 40 

DE1/DE2 0 30 

his method transforms the correlated set of input random vari-
bles into the uncorrelated set of input random variables on the
asis of the eigenvalues and corresponding eigenvectors of the
ovariance matrix.

.2. Deterministic AIC calculation using the SOCP

The SOCP approach has been applied in power system studies,
uch as in optimal power flow and transmission system planning,
nd the global optimal solution of these models has been numer-
cally confirmed [38,39]. The steps in computing the AICs in the
PICC model are as follows:

Step 1: Define new variables as follows:

t
i = (Vti )

2
(45)

Rt
ij

= Vt
i
Vt
j

cos ıt
ij

and Tt
ij

= Vt
i
Vt
j

sin ıt
ij (46)

Step 2: Take the magnitude square of Eq. (46) as follows:

Rtij)
2 + (Ttij)

2 = uti u
t
j (47)

Step 3: Relax the equality constraints expressed in Eq. (47) as
ollows:

Rtij)
2 + (Ttij)

2 ≤ uti u
t
j (48)

Step 4: Replace Eqs. (22) and (25) based on the new variables as
ollows:

Pt
Gi

+ Pt
Bi

− Pt
Li

+ Pt
PCCi

=
NDN∑
j=1

(giju
t
i − gijR

t
ij + bijT

t
ij)

Qt
Gi

+ Qt
Bi

− Qt
Li

+ Qt
PCCi

=
NDN∑
j=1

(biju
t
i − bijR

t
ij − gijT

t
ij)

(49)

min
i ≤ uti ≤ umax

i (50)

Step 5: Combine the results of the PICs and determine the AICs
sing the DPICC model.

Given the convexity of the feasible region of the DPICC model,
he global optimal solution can be solved using a standard com-

ercial software. The flowchart for solving the DPICP and DPICC
odels is illustrated in Fig. 3.

. Case study and numerical results

The mathematical models described previously re applied to a
3-bus distribution system with MMGs, as shown in Fig. 4. The
tochastic analysis of the DPICP model is investigated in Section
.2. The DPICC model is analyzed in Section 5.3.

.1. Test system
ase I. Seven grid-connected microgrids with cooperative and
oncooperative operations within the test distribution system are
hown in Fig. 4. The MMG  test case, which is composed of MG1  and
G2, is presented in detail to examine the features of the proposed
ESD1 20 200 120
ESD2 20 180 100

DPICP model. This MMG  [5] consists of two sets of each of the fol-
lowing: DEs, MTs, ESDs, WTs, and PVs. The tie-line achieves power
and heat transmission, which satisfy P1,max

MTL = P2,max
MTL = 20 kW and

H1,max
MTL = H2,max

MTL = 20 kW within cooperative microgrids. L1 and L2

are heat loads and L3–L6 are electricity loads, among which L5 and
L6 are interruptible. Tables 1 and 2 present the output power lim-
its, ramping up/down limits, and bid coefficients of the DGs  in the
MMGs.
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Fig. 4. 33-bus test distribution system with CHP-based MMGs.

Fig. 5. Forecasted data for PV and WT power.

t
s
a
M

Table 3
Market prices of upstream power system.

Type of time Time Price ($/(kWh))

Peak time 10:00–14:00, 18:00–21:00 0.137
Valley time 00:00–07:00, 23:00–24:00 0.028
Flat time The rest 0.081
Fig. 6. Forecasted data for load demand.

Case studies are conducted for a sample day in November, and
he forecasts for PV, WT  power, electricity load, and heat load are

hown in Figs. 5 and 6. The STDs of PV, WT  power, and load demand
re 10%, 15%, and 3% of their forecasted data, respectively [28].
oreover, spinning reserve parameters �DG, �V, �W, and �L are set
Fig. 7. Daily load curve from the CAISO.

to 0.25, 0.1, 0.15, and 0.03, respectively [23]. The market prices are
shown in Table 3 [28].

Case II. The 33-bus test system has 32 branches, with Bus 1 as the
slack bus. Details of the 33-bus test system can be found in Ref. [40].
The maximum active power output and maximum spinning reserve
of the slack bus are 4 MW and 1 MV,  respectively. The power capa-
bility limit of the BESS unit is 100 kVA. The maximum and minimum
SOC of the BESS unit are 200 and 1000 kVh, respectively. The initial
percentage of SOC for BESS is 25% [32]. The locations of MMGs  and
BESSs are determined by active participation factors (APFs) [41]. In
Fig. 4, the seven most critical buses due to the high level of APFs
are illustrated in bold. The penalty price is set to 0.5 $/kWh, and the
regulation market prices are the same as that shown in Table 3. In
the subsequent cases, the peak load is obtained from Ref. [40] and

the remaining daily load profile follows a typical load curve from
the California Independent System Operator (CAISO) [42], as shown
in Fig. 7.
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Table  4
Pareto optimal solution of the deterministic case for the MMG  system.

# W1 W2 J1 ($) J2 (pu) J1,pu = J1,max−J1
J1,max−J1,min

J2,pu = J2,max−J2
J2,max−J2,min

min  (J1, J2)

1 1.0 0.0 302.83630 13.45220 1 0 0
2  0.9 0.1 310.83630 11.95038 0.99270 0.11164 0.11164
3  0.8 0.2 330.83630 10.45038 0.97446 0.22315 0.22315
4  0.7 0.3 350.84291 8.94227 0.95622 0.33526 0.33526
5  0.6 0.4 370.92421 7.86899 0.93791 0.41504 0.41504
6  0.5 0.5 403.10509 6.26032 0.90856 0.53462 0.53462
7  0.4 0.6 503.49378 3.96092 0.81700 0.70556 0.70556
8  0.3 0.7 634.72534 2.79051 0.69732 0.79256 0.69732
9  0.2 0.8 811.94606 1.68838 0.53570 0.87449 0.53570
10  0.1 0.9 1053.38685 0.89939 0.31551 0.93314 0.31551
11  0.0 1.0 1399.35007 0.00000 0 1 0

The highlighted row (in bold font) corresponds to the best compromise Pareto optimal solution.
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Fig. 8. Pareto front of the MMG  tes

.2. Results and analysis of the DPICP model

The results of three different scenarios are compared to illustrate
he effectiveness of the proposed method clearly (T is set to 24 h and
tarting time k is set to 0):

(I) Deterministic optimization;
(II) Uncertainty characterization using the PEM;
III) Uncertainty characterization using the MC.

In Scenario I, only the mean value of the random variables for
4 h is considered in the DPICP model. The calculated maximum and
inimum values of the MMG  operation cost (J1) are $1399.35007

nd $302.83630, respectively, and the calculated maximum and
inimum values of power interchange robustness (J2) are 13.45220

nd 0.00000 pu, respectively. These values are used to solve the
ulti-objective function expressed in Eq. (1). These border values

re obtained by maximizing and minimizing the objective functions
f the DPICP model individually.

Table 4 shows the values of the objective functions for all 11
areto optimal solutions. The fuzzy satisfying method is utilized in
his study to select the best solution among the obtained Pareto
ptimal sets. The last column of Table 4 clearly indicates that
he optimal solution is #7, with the maximum weakest member-
hip function of 0.70556. The corresponding MMG  operation cost
nd power interchange robustness are equal to $503.49378 and
.96092 pu, respectively. Correspondingly, the Pareto optimal front
f the objective functions is calculated as depicted in Fig. 8a.

In Scenario II, the stochastic behaviors of the PV, the WT  power,
he electricity load, and the heat load are considered. In this section,

EM is employed to model the uncertainties with respect to its
ean and STD values. In this scenario, the expected MMG  operation

ost is higher than that of the deterministic scenario. The mean
alues of the objective functions are also summarized in Table 5.
: (a) Scenario I and (b) Scenario II.

As shown in Table 5, solution #7 is the optimal solution. The Pareto
optimal front of the objective functions is derived as depicted in
Fig. 8b.

From the results of Scenarios I and II, the Pareto optimal solu-
tions for the DPICP model are derived, as shown in Fig. 9a and b. In
this study, the weighting factors are determined by the fuzzy sat-
isfying method, and the Pareto optimal solution is regarded as the
PICs uploaded to the DNCC. Fig. 9c and d illustrates the range of PICs
at the 6th, 12th, and 18th hours. These figures show that the upper
limit of the PICs exceeds the transmission capacity limit (100 kW)
at the 12th and 18th hours.

The MC  method was used to obtain the results of the DPICP
model in Scenario III to verify the accuracy of Hong’s PEM (2m  + 1
scheme). The results of MC  are reported for 10,000 trial simula-
tions. Table 6 shows the individual maximum relative errors of the
first seven moments of the power interchange capability limits. The
individual relative error for the r-order moment of the upper and
lower limits of the power interchange capability in the PEM for the
jth microgrid at hour t, that is, ε

�r P
j,  t , up/dn
PCC

, is expressed in follow-

ing equations [27]. The values in Table 6 show the high level of
accuracy of the results for all moments.

ε
�r P

j,  t up/dn
PCC

= 100 ·
|�r, PEM

P
j,  t, up/dn
PCC

− �r, MC

P
j, t,  up/dn
PCC

|

Pj, max
PCC

(51)

ε�r Pmax
PCC

= max
j,t

{ε
�r P

j,t,up/dn
PCC

} j  = 1, 2, t = k + 1, . . .,  k + T (52)

5.3. Results and analysis of the DPICC model
The PICs of MG3, MG4, and MG6  are assumed equal to MG2, and
the PICs of MG5  and MG7  are assumed equal to MG1  to simulate
the condition of seven grid-connected microgrids operating in the
33-bus test distribution system, as shown in Fig. 4. Then, the PICs,
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Table 5
Pareto optimal solution of the PEM for the MMG  system.

# W1 W2 J1 ($) J2 (pu) J1,pu = J1,max−J1
J1,max−J1,min

J2,pu = J2,max−J2
J2,max−J2,min

min (J1, J2)

1 1.0 0.0 303.07711 13.45118 1 0 0
2  0.9 0.1 310.95490 11.95102 0.99260 0.11159 0.11159
3  0.8 0.2 330.84769 10.44568 0.97445 0.22350 0.22350
4  0.7 0.3 350.95416 8.94053 0.95612 0.33538 0.33538
5  0.6 0.4 371.22965 7.86916 0.93763 0.41503 0.41503
6  0.5 0.5 403.12370 6.25972 0.90854 0.53467 0.53467
7  0.4 0.6 503.50980 3.95988 0.81699 0.70563 0.70563
8  0.3 0.7 634.82886 2.79008 0.69723 0.79259 0.69723
9  0.2 0.8 812.26453 1.68797 0.53541 0.87452 0.53541
10  0.1 0.9 1054.18504 0.89923 0.31478 0.93315 0.31478
11  0.0 1.0 1400.65705 0.00000 0 1 0

The highlighted row (in bold font) corresponds to the best compromise Pareto optimal solution.

Fig. 9. Power interchange capabilities: (a) mean value of the power interchange limits for MG1, (b) mean value of the power interchange limits for MG2, (c) PICs for MG1
considering STD, and (d) PICs for MG2  considering STD.

Table 6
Individual maximum relative errors of the first seven moments of the power interchange capabilities.

i
t
b
m
r
A
n
D

r-order moment 1st 2nd 

Individual maximum relative error (%) 0.669 0.832 

ncluding the power transactions, of all microgrids are uploaded
o the DNCC. Fig. 10 displays the AICs of MG1  and MG2  calculated
y the DNCC using the SOCP with varied spinning reserve require-
ents. The calculations show that the higher the spinning reserve

equirement, the more the interchange power capacity is corrected.

s shown in Fig. 10, the distribution system experiences up spin-
ing reserve shortage at the period of 14:00–21:00 because the
N load demand reaches its peak value at this period as well as
3rd 4th 5th 6th 7th

0.932 1.146 1.108 0.770 1.005

the spinning reserve requirement. Only the AICs for the first hour
report to the MGCCs under the MPC-based scheme.

The SQP-based method [43] is selected and compared with the
SOCP-based method to verify the effectiveness of the proposed
method, and the total amounts of corrected ramping capabilities

and the DN operation costs are shown in Table 7. The SOCP formu-
lation provides better operating points than the SQP formulation.
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Fig. 10. PICs and AICs with �R = 10% and �R = 15%: (a) MG1  and (b) MG2.

Table 7
Results from the SQP and SOCP formulations of the DPICC model with varied spinning reserve requirements.

Rate of spinning reserve �R = 6% �R = 7% �R = 8% �R = 9% �R = 10%
Total  corrected ramping
capabilities (kWh)

SQP [43] 0 2.94695 67.43812 185.75744 350.40264
SOCP 0 

F2(X2) ($) SQP [43] 6457.01022 

SOCP 6456.32458 

Fig. 11. Spinning reserve requirement and the corrected ramping capability varia-
tion with the BESS unit maximum output.

Table 8
Results of DN operation cost and power loss with varied BESS unit capacities
(�R = 6%).

Maximum SOC of the BESS 500 1000 1500 2000

o
m
m
t
c
g
t
s

t
c
l
h
a
t
p

unit (kWh)
F2(X2) ($) 6510.21 6456.32 6419.94 6402.08
Power loss (kWh) 2521.34 2516.13 2500.28 2500.07

This test case considers the variations of the BESS unit maximum
utput from 100 kW to 500 kW and the spinning reserve require-
ent from 2% to 10% to analyze the sensitivity of the BESS unit’s
aximum output and total corrected capabilities. Fig. 11 shows

hat as the BESS unit’s maximum output increases, the corrected
apabilities decrease. When the BESS unit’s maximum output is
reater than 400 kW and the spinning reserve requirement is less
han 10%, no corrective capabilities are observed because of the
ufficient reserve space supplemented by the BESS.

In addition to providing spinning reserve, the energy pool of
he BESS is used to reduce the generation cost and alleviate line
ongestion. As shown in Table 8, the DN operation cost and power
oss decrease as the BESS unit’s maximum SOC increases. On one

and, the BESS is used to store energy during the off-peak period
nd discharge power at peak times to reduce the operation cost. On
he other hand, the BESS provides the DNCC with active and reactive
owers to alleviate line congestion and decrease the power loss.
2.94668 67.43107 185.72750 350.34630
6460.14619 6491.74501 6549.64502 6631.85390
6457.79792 6490.04012 6549.18834 6631.49774

6. Conclusion

The increasing frequency and growing capacity of power
interchange between MMGs  and DN are expected to affect the oper-
ational aspects of power systems. Given that microgrids may  be
independent systems with different rules, constraints, and objec-
tives, the secure ranges for dynamic interchange adjustments must
be estimated. This study proposes a new modeling framework that
consists of the DPICP and DPICC models. Each independent micro-
grid can accomplish its own set of objectives with AICs.

The proposed methodology is tested on a 33-bus distribution
system with MMGs. The high accuracy of the proposed PEM-based
method is verified through comparisons with the MC method. The
integration of large BESS (with a maximum output of up to 400 kW)
is permissible for the 10% spinning reserve requirement without
PICs to be corrected. Furthermore, the results of the proposed model
can enhance situation awareness and assist microgrids in partici-
pating in the ramp and demand response markets.

The proposed framework can be easily extended to other micro-
grid and distribution system operation applications. Specifically,
the objective function of the DPICP model can be modified to sat-
isfy different microgrid operation modes. The DPICC model can be
applied to other distribution systems that are integrated with wind
farms and PV systems to ensure secure operations on the DN level.
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