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Abstract—Microgrids are known as clusters of distributed en-
ergy resources serving a group of distributed loads in grid-con-
nected and isolated grid modes. Nowadays, the concept of micro-
grids has become a key subject in the smart grid area, demanding
a systematic procedure for their optimal construction. According
to the IEEE Std 1547.4, large distribution systems can be clus-
tered into a number of microgrids to facilitate powerful control
and operation infrastructure in future distribution systems. How-
ever, clustering large systems into a set of microgrids with high
reliability and security is not reported in current literature. To
fill-out this gap, this paper presents a systematic and optimized ap-
proach for designing microgrids taking into account system reli-
ability- and supply-security-related aspects. The optimum design
considers sustained and temporary faults, for system reliability
via a combined probabilistic reliability index, and real and reac-
tive power balance, for supply security. The loads are assumed to
be variable and different distributed generation (DG) technologies
are considered. Conceptual design, problem formulation and solu-
tion algorithms are presented in this paper. The well-known PG&E
69-bus distribution system is selected as the test system. The effect
of optimization coefficients on the design and the robustness of the
algorithm are investigated using sensitivity studies.

Index Terms—Graph partitioning, microgrid, power imbalance,
reliability, supply-security, tabu search.

I. INTRODUCTION

HE STRUCTURE of power systems has been changed

significantly resulting in new challenges for power sys-
tems’ planners and operators [1]. Several objectives including
system upgrade deferral, energy and power losses reduction and
system reliability enhancements, have motivated utility com-
panies for local connection of renewable energy resources and
storage units at the distribution level. This can transfer the con-
ventional distribution systems into multiple modern, intercon-
nected distribution systems, so called microgrids. Microgrids
are small distribution systems connecting a group of electricity
consumers to a number of distributed generators and storage
units, which in some cases, are interfaced by power electronic
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converters [2]. There are several papers in literature related to
microgrids and their potential benefits for the utility and cus-
tomers [3]-[6]; however, the concept of how to construct mul-
tiple interconnected microgrids and what factors are to be con-
sidered in their design have not been addressed properly.

Reliability of distribution systems has always been an impor-
tant objective for the design and operation of power systems [7].
Recently, it has become even more important from both tech-
nical and economic point of views, especially for network oper-
ators because of the recent introduction of performance-based
regulations in some countries [8]. In the smart grid environ-
ment or specifically in microgrid design, considering the reli-
ability-related issues will also have several technical and eco-
nomic benefits for utilities and customers. Several papers have
discussed the reliability assessment and evaluation in a distri-
bution system including distributed generations [8]—[11]; how-
ever, they have not been considered at the planning stage. In
other words, reliability can be considered at the planning stage,
as the number of components in a segment or a microgrid will
affect the failure rate and average repair time per year for that
microgrid; on the other hand, less number of components in a
microgrid will result in larger number of microgrids and less
generation or storage units per microgrid. This will also increase
the average repair time per year for the microgrids. Therefore,
the optimum microgrid infrastructure should be determined by
solving an optimization problem.

Furthermore, designing microgrids for having optimum
supply-security requires special attention to facilitate suc-
cessful islanded operation and a powerful infrastructure for
self-healing control under the smart grid environment [12]. The
less the generation-load imbalance within the microgrids, the
more self-sufficient and supply-secure the microgrids will be.
Thus, more loads can be supplied in case of autonomous-mode
of operation of microgrids in the distribution system and the
energy losses on power lines connecting the microgrids will be
minimized. Therefore, minimization of the power imbalance
in microgrids is another important factor in construction of
microgrids.

In this paper, a systematic approach is presented for optimal
construction of microgrids considering the importance of both
reliability and supply-security aspects. For this purpose, ini-
tially, a sample system is built up by optimum allocation of
different kinds of distributed generation (DG), storage units
and reactive power sources in a distribution system. A typical
DG fuel-mix composed of wind turbines, photovoltaic (PV)
modules and biomass generators as representatives of constant
power dispatchable DGs, is considered. After the optimal
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allocation of energy resources, as a utility action, the system
is divided into microgrids by optimizing only the reliability
indices of the whole system. Then, the system is partitioned
through optimizing only the supply security of microgrids; and
finally both reliability and supply-security of the microgrids are
considered for the system design. Such design approach will
ensure that the whole system has optimum reliability indices
and supply-security. Therefore, under fault conditions or oper-
ation in autonomous mode, more loads can be supplied through
DG units in each microgrid. The proposed design is also
aligned with the recently developed IEEE Std. 1547.4-2011,
which presented the microgrid structure as the building blocks
of active distribution systems [13].

The main contributions of this paper to the research field
are related to the optimum design of reliable and supply-se-
cure multi-microgrids-based distribution system that will ben-
efit utilities, DG owners and electricity consumers. Such contri-
butions can be summarized as follows:

* The development of a systematic strategy for constructing
reliable microgrids considering temporary and sustained
faults,

* The development of a systematic strategy for constructing
supply-secure microgrids considering both real and reac-
tive power self-sufficiency,

« Simultaneous consideration of reliability indices and real
and reactive supply security for the construction of op-
timum microgrids,

» Taking into account the uncertainty in the characteristics
of the DG units and loads for constructing a set of reliable
and supply-secure microgrids.

Probabilistic load flow approaches, graph-related theories,
and Tabu search optimization technique are used to conduct
this research. The paper is organized as follows: Section II
explains the motivations and design concepts; the generation
and load models are explained in Section III and the problem is
formulated in Section I'V; Section V explains the solution algo-
rithms and Section VI discusses implementation and sensitivity
studies; in Section VII, the robustness of the design to variation
of system parameters is investigated and lastly, the conclusions
are drawn in Section VIII.

II. MOTIVATIONS AND CONCEPTS OF DESIGN

This paper proposes a methodology for optimum design of
multiple microgrids in a smart distribution system. The moti-
vations for developing such design as well as reliability-related
and supply-security-related aspects of the design are explained
in this section.

A. Motivations for the Proposed Design

The problem defined in this paper is a planning problem;
therefore, the audience and user of the proposed approach will
be the utilities planners. It should be also noted that since the re-
search in this paper is a long-term planning problem, therefore,
system transients and dynamics which may occur in grid-con-
nected or islanded microgrids are out of the scope of this paper.
However, supply-adequacy is a necessary condition for stability
of islanded microgrids; this condition can be ensured by the
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proposed planning approach. With the expected high penetra-
tion levels of distributed energy resources (DGs, storage and
reactive sources) in future distribution systems, splitting the
system into clusters of generation and load units, so called mi-
crogrids, will be beneficial for both customers and utilities from
several aspects [13]. Therefore, using microgrids as building
blocks for smart distribution systems is recently proposed in
IEEE Std. 1547.4 [13]. From the communication and control
point of view, other than the improvements in reliability and
latency of the communication network, in a decentralized ap-
proach, the system can be operated more conveniently when
clustered into a set of microgrids [14]. Construction of micro-
grids will also improve the efficiency of the automatic fault lo-
cation detection techniques used in distribution systems. This
will improve the self-healing control actions [15]. Finally, from
self-healing point of view, as each microgrid is designed with
maximum supply security, minimum number of actions will be
required to achieve the self-healing capability of distribution
networks and the disconnected microgrids can operate in au-
tonomous mode with less amount of load shedding.

Reliability and supply-security related aspects will be ex-
plained in more details in the following sub-sections.

B. Reliability-Related Aspects

Microgrids in a distribution system are usually modeled as
segments in terms of reliability. From the reliability point of
view, this means that the whole system is modeled as segments
or microgrids and not components [16]. The number of com-
ponents in a segment or a microgrid affects the failure rate and
average repair time per year for that microgrid. On the other
hand, less number of components in a microgrid will result in a
larger number of microgrids and less generation or storage units
per microgrid. This will also increase the average repair time
per year for the microgrids. Therefore, the optimum microgrid
infrastructure should be determined by solving an optimization
problem.

By using the proposed design in this research, the constructed
microgrids and subsequently the whole distribution system will
have optimized reliability indices. Usually, utilities use stan-
dard indices to evaluate distribution system reliability. These
indices include SAIFT and SAIDI which are system average in-
terruption frequency index and system average interruption du-
ration index, respectively [17]. As the temporary faults are get-
ting more important, in recent years, the MAIFIe index which
measures the number of momentary interruptions per customer
has also been used by utilities to evaluate the reliability of the
system [16]. In order to consider the importance of both sus-
tained and temporary faults, all the reliability indices, SAIFI,
SAIDI, and MAIFTe are used, via a combined reliability index,
for designing the proposed optimum microgrids. Other relia-
bility indices could also be considered in a similar approach.

C. Supply -Security-Related Aspects

In response to disturbances, a self-healing system reconfigu-
ration that splits a power network into self-sufficient and supply-
secure microgrids can stop the propagation of disturbances and
avoid cascading events. Thus, an optimum microgrid design is
the one with maximum supply security. When the microgrids
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Fig. 1. Main design concepts and the virtual microgrids.

are constructed in a distribution system with maximum supply-
security, more loads can be supplied in case of autonomous-
mode operation and also the energy losses on power lines con-
necting the microgrids will be minimized. Traditionally, only
the real power has been considered in system partitioning [18].
However, by considering the reactive power in supporting the
voltage profile, both real and reactive power balance can be con-
sidered in designing the microgrids [19].

In such design, each microgrid may operate in grid-connected
or islanded mode, with minimum interactions from other parts
of the system. A sample distribution system with three con-
structed microgrids is shown in Fig. 1. With the proposed design
in this research, the constructed microgrids will not only be re-
liable but also they will have secure supply in case of islanding
and separation from the main substation.

III. MODELING OF LOADS AND DISTRIBUTED RESOURCES

Proper modeling of DGs and loads is essential to develop op-
timum microgrids design in a distribution system. For this pur-
pose, models of a combination of three typical DG technologies
are considered in this study, including PV modules, wind tur-
bines and biomass generators. PV and wind renewable resources
are probabilistic; therefore, the solar irradiance and wind speed
for each hour of the day are modeled by Beta and Weibull prob-
ability density functions (PDF), respectively, by using historical
data [12]. To develop the PDFs for a selected period of one year,
four days are selected as representatives of the four seasons of
the year. The day representing each season is further divided
into 24-hour time segments, each having a probability density
function for solar irradiance and wind speed. The load is also
modeled as an hourly shape load using IEEE-RTS [20]. In order
to integrate the output power of PV modules and wind turbines
as multi-state variables in the formulations, the continuous PDF
of each is divided into different states. The selected number of
states affects the accuracy and complexity of the formulation. In
this research, the output power of the wind turbine and PV mod-
ules for each hour of the day is divided into twelve segments
with different probabilities. Assuming that solar irradiance and
wind speed states are independent, the probability of any combi-
nation of the load and generation is obtained by convolving the

two probabilities. Therefore for each hour one has 144(12 x 12)
states with different probabilities and for each day there are
3456(24 x 144) states and for each year, 1 261 440(365 x 3456)
states including different time periods (day and night), with dif-
ferent penetration level of DGs. In order to calculate the supply
security of microgrids as well as the probability of having suc-
cessful microgrids to calculate reliability indices, each state is
assessed separately and the results are accumulated considering
the probability of each state. Further details on modeling dif-
ferent DG types, storage units and reactive sources are explained
in [12].

IV. PROBLEM FORMULATION

The objective function which includes maximization of relia-
bility and supply security of constructed microgrids, are formu-
lated in this section.

A. Reliability Index Calculations

As explained in Section I, three typical reliability indices are
used in this study, namely SAIFI, SAIDI, and MAIFIe. These
indices are calculated for a distribution system using annual
failure rate (\;), annual outage duration (U;) and momentary
failure rate (A,,;), respectively, at each load point as follows:
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where NolL is the number of load points, Nz is the number of
customers connected to load point ¢, A; is the annual failure rate
of the i*" load point, U; is the annual outage duration of the i*"
load point and A,,,; is the momentary failure rate of the it" load
point. These indices can be used in the same format for a dis-
tribution system without any distributed generation; however,
for a distribution system including several microgrids with dis-
tributed energy resources, the two indices, SAIFI and SAIDI
should be recalculated. For assessment of reliability indices,
each microgrid is considered as a segment including a group
of components and the whole distribution system is modeled as
segments or microgrids. If there is a fault in a microgrid, the
microgrid and all its loads will be disconnected. This fault will
cause service interruption for the downstream microgrids un-
less there is enough distributed generation in the downstream
microgrids to support the loads for the duration of service in-
terruption. In such case, if the output power of the generators
within the microgrid is sufficient to supply the local microgrid’s
loads, the number and duration of interruptions for that micro-
grid will decrease. Thus, both SAIFI and SAIDI will be lower
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for that microgrid comparing to the base-case without any DGs.
Therefore, for reliability-based clustering, the SAIFI and SAIDI
for each microgrid in a smart distribution grid can be calculated
as shown in (4) and (5),

SAIFIHG = SAfpfug|salf + (1 - Pﬂg)

X > SAIFIL,Gy,renm (4)
SAIDIHG = SAIDfug|Salf + (1 - Puc;)
x Y SAIDIcy,..... (5)

where the subscript “self” shows the index for that microgrid
without considering other parts of the system; P, is the prob-
ability that shows the percentage of times in a year that the gen-
eration in a microgrid exceeds the loads in that microgrid and is
calculated by accumulating the probability of each state having
more generation than loads over a one year period in a micro-
grid. As two extreme cases, if P, ¢ is zero which means the gen-
eration never exceeds the loads in the microgrid, then the index
calculated for the microgrid is the summation of the index for
the microgrid and all upstream ones. If P, is one which means
that all the times, the generation level is higher than the load in
the microgrid, the indices of upstream microgrids do not have
any effect on the reliability of that microgrid. It is clear that for
using (4) and (5) to calculate the reliability indices for a micro-
grid, the calculations should be started from the upstream mi-
crogrids and be initiated from the ones connected to the main
feeder. After calculating the reliability indices for each micro-
grid, the reliability indices of the whole system can be calculated
as weighted summation of the indices based on the number of
customers in each microgrid as shown in (6).
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where R, 4. can be replaced by SAIFI, SAIDI, or MAIFIe.
The three indices or objective functions can be minimized indi-
vidually or as a weighted summation single objective function to
consider both sustained and momentary indices. Since these in-
dices may have different values, the weighted summation of the
indices should be normalized using the target or the optimum
value for each index as shown in (7). The optimum value for
each index is the optimum result when the objective function
includes that index only.
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The above formulations are related to a specific system with
allocated switches and designed microgrid structure. However,
as changes in the switches’ locations in the system changes the
components in the microgrids only, the reliability indices for the
new design can be calculated in a similar approach. It should
also be noted that in this paper, it is assumed that the locations
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of DGs are fixed in the system and the switches are allocated to
optimize the system’s reliability and supply security indices. If
the DGs locations vary for any reason, then the problem should
be formulated and solved considering the new DG configura-
tion and the reliability indices can be calculated similarly. The
effects of considering each index as the objective function, on
the constructed microgrids, are presented in Section VI.

B. Supply-Security Index Calculations

The supply-security of the constructed microgrids is ex-
amined by defining a probabilistic adequacy index. When the
microgrids are created in a distribution system with maximum
supply-security, more loads can be supplied in case of au-
tonomous-mode operation. In order to test the adequacy of
both real power and reactive power in the system, the objective
function is defined as shown in (8). Selection of K>, and
K5, will define the real power supply-security, reactive power
supply-security or the combination of both, as the objective
function, and depends on the system requirement for balancing
the load-generation in the microgrids. Traditionally, only the
active power has been considered in system partitioning which
means K>, = 1 and Ky, = 0. However, by considering the
reactive power as an important role player in supporting the
voltage profile and knowing that a significant mismatch of
reactive power supply and demand causes high or low voltage
conditions within microgrids, both real and reactive power
balance should be considered in system partitioning [12]. In
other words, for the microgrids without any reactive power
compensators in the system, the coefficients should be set
equally as 0.5 each.

Since there are several probabilistic generation and variable
loads in the system, the multi-state generation-load model is
used for calculation of indices in the microgrids. For each gen-
eration-load state, the index is calculated by subtracting the load
level and losses from the generation at that state. The real and
reactive power losses in the microgrid are assumed to be 5% of
the real and reactive load at each state [21]. The supply-security
index for microgrid ¢ is defined as an accumulated index con-
sidering the probability of each generation-load state. Finally
the supply-security index for the whole system is defined by the
summation of the real and reactive power supply security in-
dices for the constructed microgrids and shown in (8).

Fy =Ky, x Fop + Ky, x Fog
NoM N nbus;

=Ko x 323> |Po
i=1 j=1 k=1
2
— Pr,, (14+0.05)] xp;
NoM N nbus;
TRy x D> D Qe
i=1 j=1 k=1
2
~Qr.,,(14+0.05)| xp, (8)

where N is the number of generation-load states, NoM is the
number of microgrids, nbus; is the number of buses in micro-
grld ’i, PGi,j,k, PLi,j,k: QGi,j,k: and QLi,j,k are the real and re-
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active generated power and the load in state 7, microgrid ¢ and
at bus k. Selection of Ky, and K, affects the constructed mi-
crogrids as will be shown in Section VI.

C. Combined Objective Function

Both reliability and supply-security indices can be considered
for the construction of microgrids. For this purpose, the two
objective functions are combined by weighting coefficients to
form a single objective optimization problem as shown in (9).

Mi’IL(F), F:K1F1+K2F2. (9)

Selection of Ky and K5 will determine the target of the objec-
tive function and whether it is the system reliability, supply-se-
curity, or a combination of both. Ky and K> can also be selected
so that the objective function represents the total costs. For this
purpose, K can represent the cost of interruption (low relia-
bility) in the system and K5 can represent the costs related to
lack of supply security for the loads in the microgrids. In case
of importance of both F} and F%, they can be set as 0.5 each;
however, in order to have more realistic and cost beneficial de-
sign, the coefficients should be set by performing cost-benefit
analysis for the systems’ reliability and supply-security, which
is out of the scope of this paper.

Since the optimum values of the two objective functions are
different, they are normalized in (9) with the same approach
presented in (7).

D. Optimization Constraints

Two important constraints should be satisfied to guarantee the
security of supply for the constructed microgrids. They are the
voltage magnitude limits on all system buses as well as max-
imum line currents which are formulated as follows.

* Voltage limits at all the system buses,

‘/Inin S ‘/t,i S ‘/max Vi 7£ 1. (10)
* Power line current limits,
Ii S Imax,i Vi. (11)

The optimum microgrid design should satisfy these condi-
tions in islanded mode of operation. In the next sections, the
algorithms used to solve the proposed optimization problem are
explained.

V. SOLUTION ALGORITHMS

The formulated problem in Section IV is a comprehensive
problem with combinatorial nature that demands efficient
solution algorithms. The problem has two different objective
functions which are aggregated into a single objective function,
by using pre-determined weighting coefficients, Ky and K».
Heuristic optimization techniques are well-suited for such op-
timization problems. Several heuristic optimization techniques
have been proposed in literature for graph partitioning which
cope with the combinatorial nature of the presented problem
[22], [23]. In this paper, three different algorithms are used
at different stages, including Tabu Search (TS), as the main
optimization method; graph-theory-related techniques; and
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Y

Fig. 2. Flowchart of the algorithms used for the design.

probabilistic power-flow methods. Since the main contribution
of the paper is the new problem formulation that combines
reliability and supply-security aspects and since the proposed
mixed algorithms proposed in this paper is effective and suf-
ficient for solving the defined problem, other optimization
methods are not considered in this research.

The flowchart of the algorithms is shown in Fig. 2. The op-
timization process starts by finding a feasible solution (G) and
continues until certain criterion, which is usually the maximum
iteration numbers, is reached. A feasible solution is an infra-
structure constructed through virtually cutting some power lines
in the network. The vector G which can be considered as control
variable for each system can be represented as follows:

G=1 011 0...1. 0 1 1) (12)
where the length of the vector is equal to the number of power
lines which can be considered as cutting edges to construct the
microgrids. Each component of the G vector represents one
physical line in the system. The number “1” and “0” for each
component of the G vector represents an inside or between mi-
crogrids line, respectively.

The next step is to make a set of neighbors for the starting
point. A neighbor can be defined in several ways; each neighbor
was selected by changing some components (e.g., 3 compo-
nents) of the G from “0” to “1” or vice versa and checking the
feasibility of the resulted infrastructure. To check the feasibility
of the solutions, graph-related algorithms are implemented.
These algorithms will check whether or not all the system
buses are considered in different microgrids and if all the buses
located in each microgrid are connected together as a tree. In
order to answer these two questions, the shortest path algorithm
can be used. The shortest path algorithm finds a path between
two vertices (buses) in the system such that the sum of weights



This article has been accepted for inclusion in a future issue of thisjournal.

of its constituent edges is minimized [24]. The impedance of
each branch is used as the weight of edges in this research
and the undirected graph is generated from the distribution
system topology. In order to check the connection between
buses in each microgrid, the distance from every system bus
to all system buses is checked for each suggested microgrid
design. If for a specific bus there is at least one path to another
bus of the system, then we can conclude that this specific bus
is considered in a microgrid. If the same criterion applies for
all system buses and there were no unconnected buses, then
all the system buses are considered in different microgrids and
also they are connected in each microgrid as a tree and the
two conditions are satisfied. The next step is to calculate the
objective function for all neighborhoods, set the best neighbor
as the new starting point and then continue the process.

The objective function includes two parts Fy and Fa. Fy is
determined as a weighted summation of normalized SAIFI,
SAIDI, and MAIFIe which are determined in a probabilistic
manner for a microgrid as explained in Section IV. F is
related to the real and reactive power supply-security. For
every microgrid design infrastructure, all load-generation
states are checked and the objective function is calculated by
probabilistic accumulation of adequacy indices for each state.
After calculating the objective function for all the points in the
neighborhood, the best neighbor will be set as the new starting
point and the algorithm continues. To avoid stopping at a local
optimum, and to prevent cycling around it, the Tabu List (TL)
is introduced which prevents visiting the best solutions that
have been visited in previous moves. To construct the TL from
the best recently visited solutions, a unique quantity for each
vector GG is used which is calculated in (13).

i G(i) x 2"
=1

The TS algorithm uses different memory structures to avoid
random search, namely they are the short-term memory (STM)
and the long-term memory (LTM) structures. The STM mem-
orizes the common features of sub-optimal solutions for a
number of iterations and tries to search for the solutions with
similar features in that region. The LTM diversifies the search
by jumping to new regions to find the global optimum. This
long-term memory will keep track of the common features of
all initial starting points in different regions to avoid restarting
from similar previously used starting points. The two types
of memories have been implemented by using two different
vectors with the same length as (. In the next sections, the
proposed algorithm is applied to a 69-bus distribution system.

(13)

VI. IMPLEMENTATION AND SENSITIVITY STUDIES

The well-known PG&E 69-bus distribution system [25] is se-
lected as the test system for the implementation of the algorithm
and conducting the sensitivity studies. The modified system’s
real and reactive powers of the loads are shown in Fig. 3. In
order to have a sample test system with DG units, distributed
energy storage resources (DESRs) as well as distributed reac-
tive sources (DRSs), are allocated in the system. The total rated
capacities of DG units are 250 kW, 150 kW, and 600 kW, for
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Fig. 4. The 69-bus distribution system with DGs’ locations.

wind turbines, PV modules, and biomass DGs, respectively. The
locations and rated capacities of different types of distributed
generators are presented in Table I. The DESRs and DRSs with
the total rated capacities of 450 kW and 400 kVAr are also in-
stalled in the system. The location and rated capacities of these
resources are shown in Table II. It is clear that for a real distribu-
tion system with already interconnected resources, these steps
will be neglected. The single-line diagram of the system with
the optimum locations of DGs, DESRs, and DRSs is shown in
Fig. 4. In the next sub-sections, the optimum microgrids are de-
signed for this system considering reliability and supply-secu-
rity as objective functions. The coefficients defined in the for-
mulations may vary for different distribution systems depending
on the economic conditions of the market. Depending on the se-
lection of the coefficients, the goal or objective function defined
in the paper can represent real costs.

A. Reliability-Related Objective Function Only

In this formulation, only the reliability-related objective func-
tion is considered, i.e., {1 = 1 and K5 = 0.

The reliability data of system components can be found in
[26]. The reliability indices are SAIFI, SAIDI, and MAIFIe, as
defined in Section I'V. In order to gauge the effect of considering
each reliability index as the objective function, on the optimum
design, several cases have been considered by combining these
indices. Table III shows the optimum switch locations for con-
structing the microgrids as well as the reliability indices of the
microgrid infrastructure. In this table, the cut-set line j is the
line between bus j and j + 1, line jei is the i** branch starting
from bus j. The NoZ is the number of zones or constructed
microgrids. It is observed that the constructed microgrids are
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TABLE I

OPTIMUM DG LOCATIONS

Locations in the System

DG type (Buses) Rated Capacities (kW)
Wind Turbine 13,16,19,35,43,52 50,25,25,50,50,50
PV Module 30,36,50,56,58,62 25,25,25,25,25,25
Biomass DG 6,15,21,27,33,38, 25,50,25,50,75,50,50,

42,45,54,57,68

50,75,75,75

TABLE II

OPTIMUM SELECTED BUSES FOR INSTALLING DESRS AND DRSS

Energy
Resource type

Locations in the System
(Buses)

Rated Capacities
(kW-kVAr)

DESRs

7,18,30,36,37,39,
45,48,56,59,61,63

25,25,25,50,25,50,25,
25,25,75,50,50

DRSs

7,11,15,19,23,31,33,
35,39,43,47,51,62,67

25,50,25,25,25,25,25,
25,25,25,50,25,25,25

TABLE III
OPTIMUM MICROGRIDS- RELIABILITY-RELATED ASPECTS

w, | W, | w, Optl";'amﬁf:;mh SAIFI SAIDI | MAIFIe | GOAL
01011 7,14,29,9¢1,59 0.428 18.68 0.277 0.277
0 110 6,13,30,9¢1,60 0.443 17.56 0.365 17.56
0 111 7,13,30,43,59 0.472 17.73 0.319 0.161
1 0|0 8,18,28,42,59 0.287 24.86 0.486 0.287
1 0|1 8,12,28,48,60 0.409 25.48 0.413 0916
1 1101 6,13,30,9¢1,60 0.343 17.57 0.455 0.196
1 1 1 8,18,28,42,60 0.437 19.82 0.381 1.027

different based on the considered reliability indices in the objec-
tive function. In this table, the objective functions for the cases
that consider SAIFI, SAIDI, or MAIFIe only are in failure/year,
hour/year, and (momentary failure)/year, respectively. For the
cases with the combined indices, the objective function is nor-
malized as explained in Section I'V.

B. Supply-Security-Related Objective Function Only

In this formulation, the supply-security-related objective
function is only considered, i.e., K1 = 0 and Ko = 1. The
objective function for optimizing the supply-security, defined
in (8), depends on the two coefficients Ky, and K,. In this
subsection, three case studies are presented to gauge the effects
of these coefficients on the optimum constructed microgrids.
The results of sensitivity studies are shown in Table IV. In
this table, the goal, corresponds to the results presented in the
first line, is to minimize the reactive power imbalance in the
microgrids only and the dimension of objective function is
kVAr while the goal, corresponds to the results presented in
the last line, is to minimize the active power imbalance in the
microgrids only and the dimension of objective function is
kW. For the middle row of the table, the objective function is a
combination of real and reactive power imbalance in kVA. As
can be seen in Table I'V, the constructed microgrids are different
based on the selection of real or reactive power generation-load
imbalance as the objective function.

TABLE 1V
OPTIMUM MICROGRIDS-SUPPLY-SECURITY-RELATED ASPECTS

Ky | Ky O ations Fy Fu | Gon
0 1 4,10,15,49,3¢el 32.40 18.74 18.74
0.5 0.5 6,10,15,48,3¢el 31.90 18.90 254
1 0 6,10,15,44,3¢el 30.90 19.23 30.90

BM - Biomass Generator
PV - Photovoltaic Module
‘WT - Wind Turbine

E -DESRs

Q -DRSs

—— - Switch Locations

Fig. 5. Optimum switch locations for 69-bus system.

TABLE V
OPTIMUM MICROGRIDS-COMBINATION OF OBJECTIVES

K | K ngv;:icol:ns Fsy | Fi | SAFI | sAIDI |MAIFle | Goal

0 | 1 | 61015431 | 3190 | 1890 | 087 | 4588 | 073 | 2.44
01 | 09 | 69158431 | 3224 | 1927 | 087 | 4581 | 074 | 2.6
03 | 07 | 815318459 | 4523 | 2712 | 051 | 2641 | 050 | 125
05 | 05 | 613,309¢c1,61 | 5101 | 2983 | 048 | 2486 | 049 | 1.08
07 | 03 | 818284259 | 56.10 | 3436 | 046 | 2273 | 045 | 0.74
09 | 01 | 7,15309¢1,59 | 5831 | 3227 | 045 | 20.2 | 042 | 029

1 | 0 | 818284260 | 5864 | 3574 | 043 | 1982 | 038 | 1.027

C. Considering Both Objective Functions

Both reliability and supply-security-related objective func-
tions are considered in this formulation. For this purpose,
the algorithm is applied under different circumstances with
different optimization coefficients and the optimum microgrids
infrastructure is developed as presented in Table V. For the
sensitivity studies, it is assumed that K, and K, are equal to
0.5 and Wy, W», and W3 are all equal to one. By changing K4
and K5, the total objective function changes based on the im-
portance of each of the objectives. It is seen that by increasing
K7 and decreasing K, the supply-security-related objective
function increases and the reliability indices decrease. Table V
shows that depending on the importance of reliability-related
or supply-security-related aspects, the optimum microgrid
infrastructure will vary. In this table, the goal of the objective
function also varies with the variation of the K; and K»
values. The optimum system infrastructure for the case where
K7 and K are 0.5 and 0.5, respectively, is shown in Fig. 5.
The optimum infrastructure in this case, divides the system
into 6 microgrids, each having the optimum reliability and
supply-security indices.



This article has been accepted for inclusion in a future issue of thisjournal. Content is final as presented, with the exception of pagination.

TABLE VI
OPTIMUM MICROGRIDS—VARIATION OF LOAD AND GENERATION

Optimum Switch
Load(%) | DG(%) P Locations NoZ | Goal
90 100 8,15,3¢1,44,59 6 135
100 100 6,13,30,9¢1,61 6 1.08
110 100 4,10,15 443¢2 6 123
130 100 4,10,15 44,3¢2 6 201
150 100 5,10,15,44,3¢2 6 1.97
100 90 4,10,15 443¢2 6 1.49
100 110 8,15, 3el 44,59 6 1.62
100 130 4,10,15 44, 3¢2 6 1.72
100 150 7,15,30, 9¢1,59 6 .17

VII. ROBUSTNESS OF THE DESIGN

The research presented in this paper targets the planning stage
which is of great importance to utility engineers. From the utility
point of view, a microgrid infrastructure or any other long-term
plan will be acceptable if it is optimal or near optimal, in case
of variation of system conditions, for the designated long-term
period.

Among the important characteristics of a distribution system
are variation of loads, penetration level of DGs and adding new
DGs to random buses of the system. How these changes will
affect the optimum infrastructure and whether the planned mi-
crogrids infrastructure is still optimum or near optimum design
are investigated in this section. For this purpose, several case
studies are presented; firstly the effect of changing the loads and
generation levels and then the effect of adding DGs to random
buses are investigated. For the sensitivity studies in this section,
it is assumed that both K5, and K5, are equal to 0.5, to consider
both real and reactive power security supplies; each of Wy, Ws,
and W3 is equal to one, to consider all reliability indices. Fi-
nally, both Ky and K5 are considered to be equal to 0.5 in order
to consider both reliability and supply-security objectives.

A. Load and Generation Levels

The load level or consumers of electric power in the system
usually increases over a long period of time. The penetration
level of DG units in the system also varies during a long term op-
erating period depending on several factors, such as economic,
environmental, and weather conditions. This subsection exam-
ines the effect of long-term variations in the load and generation
levels on the optimum design.

For this purpose, it is assumed that the load and generation
rated powers are changed from 90% to 150% for all system
buses and the results are shown in Table VI. The sensitivity
studies in this section show a little difference in the optimum
designed microgrids in each case; in all cases, the number of mi-
crogrids and majority of virtual cut-sets are similar. This means
that if for any reason the load or generation levels changed over
aperiod of time for all or some of the system buses, the designed
microgrids is still valid and close to optimum in terms of relia-
bility and supply-security. It is clear that further increase in the
load or penetration level of DGs will affect the optimum design.
In such cases, the optimum designed microgrids should be up-
dated accordingly.

IEEE TRANSACTIONS ON SMART GRID

TABLE VII
OPTIMUM MICROGRIDS—ADDING DGS TO RANDOM BUSES

DGKkW) | WSB Optimum Switch NoZ | Goal
Locations

0 000 6,13,30,9¢1 61 6 1.08

50 101 7.13,30,42,59 6 277
75 111 8,15 3¢1,44,59 6 3.08
125 212 6.13,30.9¢1,60 6 182
175 23 7.14,29.9¢1,59 6 22
225 324 8,15,301,44,59 6 2.86
275 335 7.14,29.9¢1,59 6 212
300 435 7.14,29.9¢1,59 6 312

B. Adding DGs to Random Buses of the System

During a long-term period, the total number of distributed
generators may increase in the system based on utilities’ or
DG owners’ decision. In this subsection, it is assumed that dif-
ferent types of distributed generators including wind turbines,
PV modules and biomass generators are randomly added to
some of the system buses and the optimum microgrid infra-
structure is designed and compared to the updated systems. The
results are shown in Table VII. In this table, the total pene-
tration level of DGs is increased from zero to 300 kW. The
second column, WSB, represents the number of wind, solar and
biomass DG units added to random buses of the system. For
instance, “WSB = 324” means three units of 25 kW wind tur-
bines, two units of 25 kW PV module and four units of 25 kW
biomass generators are added to nine (3+2+4) random buses of
the system. The sensitivity studies in this subsection reveal that
the optimum designed microgrids are similar in all cases. This
means that adding up to 300 kW new DGs to the system (30%
of existing DGs capacities) does not have significant impact on
the optimum microgrid design. It should be noted that adding
more DGs to the system may affect the optimum designed mi-
crogrids, and in such cases the microgrids should be modified
accordingly.

VIII. CONCLUSIONS

This paper presented a systematic and optimized strategy
for designing microgrids in a distribution system. The new
design takes into account both reliability and supply-security
objectives as a weighted summation in the objective func-
tion. In the designed optimum infrastructure, the constructed
microgrids have optimum reliability indices, whereas at the
same time have optimum supply-security. Three probabilistic
indices are defined to measure the reliability of the microgrids
and two probabilistic indices are defined to measure their
supply-security; which can be combined as one index. Sev-
eral sensitivity studies are conducted on the modified PG&E
69-bus distribution system to evaluate the effects of weighting
coefficients on the final constructed microgrids. The sensitivity
studies show that the optimally designed microgrids depend on
the weighting coefficients, which vary from one case to another
for different system parameters. The robustness of the design
to the variation of loads and DG penetration levels and adding
new DGs to the system is also investigated. The results show
that the final design is not very sensitive to the DG and load
level as well as adding new DGs to the system. The proposed
strategy for designing reliable and supply-secure microgrids in



This article has been accepted for inclusion in a future issue of thisjournal. Content is final as presented, with the exception of pagination.

AREFIFAR et al.: OPTIMUM MICROGRID DESIGN FOR ENHANCING RELIABILITY AND SUPPLY-SECURITY 9
a distribution system is a step towards having a more reliable [19] J. Li, C.-C. Liu, and K. P. Schneider, “Controlled partitioning of a
and cost efficient smart distribution network. power network considering real and reactive power balance,” IEEE
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