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Abstract—Recently, the concept of microgrids (clusters of 
distributed generation, energy storage units and reactive power 
sources serving a cluster of distributed loads in grid-connected 
and isolated grid modes) has gained a lot of interest under the 
smart grid vision. However, there is a strong need to develop 
systematic procedure for optimal construction of microgrids. 
This paper presents systematic and optimized approaches for 
clustering of the distribution system into a set of virtual 
microgrids with optimized self-adequacy. The probabilistic 
characteristics of distributed generation (DG) units are also 
considered by defining two new probabilistic indices representing 
real and reactive power of the lines. Next, the advantages of 
installing both distributed energy storage resources (DESRs) and 
distributed reactive sources (DRSs) are investigated to improve 
the self-adequacy of the constructed microgrids. The new 
strategy facilitates robust infrastructure for smart distribution 
systems operational control functions, such as self-healing, by 
using virtual microgrids as building blocks in future distribution 
systems. The problem formulation and solution algorithms are 
presented in this paper. The well-known PG&E 69-bus 
distribution system is selected as a test case and through several 
sensitivity studies, the effect of the total DESRs or DRSs 
capacities on the design and the robustness of the algorithm are 
investigated.  

Index Terms—Microgrid design, energy storage devices, 
reactive sources, energy losses, power imbalance, graph 
partitioning, tabu search. 

I. INTRODUCTION 

 OWER system structure has been changed significantly in 
the last decades. Introduction of renewable energy 

resources and electric energy storage devices on one hand and 
the increase in the rate of electricity consumption, associated 
costs of large power generating plants and environmental 
issues on the other hand, have manifested the need for new 
planning, operation and control strategies in the power 
distribution systems. In this scenario, the interest for local 
connection of renewable energy resources at the distribution 
level has gained lots of interest in industry and has changed 
the conventional distribution systems into multiple modern, 
interconnected distribution systems, so called microgrids.  
Microgrids are small electrical distribution systems which 
connect several electricity consumers to some distributed 
generators and storage units, which are mainly interfaced by 
power electronic converters [1].  
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There are several papers in literature related to microgrids 
and their potential benefits for the utility and customers [2]-
[5]; however, the concept of how to construct a microgrid and 
what factors are to be considered in their design has not been 
addressed properly. In particular, designing microgrids for 
optimum microgrid supply adequacy requires special attention 
to facilitate powerful infrastructure for self-healing control 
under the smart grid environment. Microgrids can be operated 
in autonomous, grid-connected and ride-through between the 
two modes [6]–[9]. The less the transferred energy between 
the microgrids, or the less the generation-load imbalance 
within them, the more self-sufficient the microgrids will be. 
Thus, more loads can be supplied in case of autonomous-mode 
operation of microgrids in the distribution system and the 
energy losses on power lines connecting the microgrids will be 
minimized. Therefore, minimization of power imbalance in 
microgrids or transferred energy between them can be 
considered as one of the important factors in construction of 
microgrids. 

Distributed generators (DGs) play an important role in 
construction of microgrids. A strategy to maximize the 
potential benefits of renewable resources and distributed 
energy storage devices is to optimally allocate and determine 
the size of distributed energy storage resources (DESRs) in a 
distribution system. By increasing the penetration level of 
renewable resources such as wind turbines or photovoltaic 
(PV) modules in the system, the intermittent characteristics of 
them can adversely affect the entire grid. In this situation, the 
integration of DESRs in the system is one of the feasible 
solutions to facilitate high level of renewable generation in the 
system. Moreover, DESRs will accommodate the amount of 
spilled energy by the renewable resources and this will benefit 
both utilities and DG owners [10]. The problem of optimally 
allocating and scheduling DESRs has already been solved in 
the literature [10]-[16]; however the concept of microgrid is 
not considered in their formulation and design. 

Another approach to enhance the self-adequacy of 
microgrids is introducing distributed reactive sources (DRSs) 
to the distribution system. The reactive power can be produced 
by distributed generators themselves or by capacitor banks. 
The reactive sources can reduce system losses, improve 
voltage profiles and in some cases, increase system capacity. 
In order to get the maximum benefits from DRSs, 
determination of their best locations and sizes in the system is 
necessary. Optimal allocating and sizing of distributed 
reactive sources has been addressed in literature [17]-[22]; 
however, the microgrid concept again is not considered by the 
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authors. 
In this paper, a systematic approach is presented for optimal 

construction of microgrids. For this purpose, initially, a 
sample system is built up by optimal allocation of different 
kinds of distributed generation (DG) units in a distribution 
system. The DGs types are assumed to be of standard types 
such as wind turbines, PV modules and biomass generators. 
PV and wind DGs are intermittent, cyclic and weather-based 
and biomass DG is constant power. Other types of DGs such 
as the small hydro, CHPs, etc., from the output power 
perspective, could also be characterized as generators with 
constant power, cyclical constant power, intermittent, etc., in 
the same approach that has been done for PV, wind or biomass 
DGs.  

 After optimal allocation of DGs, as a utility action, four 
different scenarios are followed to construct the microgrids. 
Firstly the system is divided into microgrids by minimizing 
the total annual transferred energy between microgrids without 
adding any DESRs or DRSs to the system. Afterwards, the 
DESRs, DRSs or both, are optimally allocated and sized in the 
system in order to minimize the objective function.  In all 
cases the objective function is the total annual energy 
transferred between microgrids or total annual load-generation 
energy imbalance in the zones. The probabilistic 
characteristics of DG units are also considered by defining two 
new probabilistic indices representing real and reactive power 
of the virtual cut-set lines. As a result, in case of faults or 
operation in autonomous mode, more loads can be supplied 
through the distributed generators in each microgrid. Further, 
the proposed microgrid construction approach facilitates 
splitting large distribution systems into optimized set of 
microgrids with high self-adequacy. The new design also 
facilitates robust infrastructure for smart distribution systems 
operation and control, such as self-healing control, by using 
virtual microgrids as building blocks in future distribution 
systems. The proposed design is in line with the recently 
developed IEEE Std 1547.4-2011, which presented a 
microgrid structure as the building blocks of active 
distribution systems [23].  

The optimal allocation of different types of DG units in a 
large distribution system, presented in this paper, is done with 
different approaches for a smaller system in [24]-[25].  The 
main contributions of the paper to the research field are related 
to the optimum construction of microgrids as follows: 

 The development of a systematic strategy for 
constructing self-sufficient microgrids, 

 Taking into account the uncertain characteristics of DG 
units and loads, for construction of microgrids as a step 
towards an improved self-healing action and 
coordinated control actions in a smart grid. 

 Optimally allocating and sizing DESRs in the distribution 
system in order to construct optimum microgrids, 

 Optimally allocating and sizing DRSs in the distribution 
system in order to construct optimum microgrids, 

 Simultaneous allocation of DESRs and DRSs in the 
distribution system for construction of optimum 
microgrids. 

Probabilistic load flow approaches, graph related theories 
and Tabu search optimization technique are used to conduct 
this research. Solving this problem will benefit the utility, DG 
owners and electricity consumers by constructing self- 
sufficient microgrids in the distribution system through 
optimally allocating DESRs and DRSs and minimizing the 
power imbalance in the microgrids.   

The paper is organized as follows. Section II presents the 
concepts of design; and Section III explains the models used 
for the system components including loads, generators, 
DESRs and DRSs. The formulation of problem is explained in 
Section IV. Section V explains the solution algorithms, and 
Section VI presents the results of optimal allocation of 
different kind of DGs in the well-known PG&E 69-bus 
distribution system. Section VII explains the optimum 
microgrid construction results and the sensitivity studies. In 
Section VIII, the robustness of the algorithm to variation of 
load and DG penetration level is investigated; and finally the 
paper is concluded in Section IX.  

II. DESIGN CONCEPT 

The goal of this research is to design microgrids in a 
distribution system including several dispatchable and 
intermittent distributed generation units for optimum 
microgrid supply adequacy. Clustering large scale distribution 
systems into a set of smaller microgrids can have several 
benefits for the utility, electric power consumers and DG 
owners. These benefits include easier control strategy, 
distributed control among microgrids, load routing and 
transfer among microgrids, enhanced reliability, etc. In 
response to disturbances, a self-healing system reconfiguration 
that splits a power network into self-sufficient islands can stop 
the propagation of disturbances and avoid cascading events. 
One of the important measures to determine the boundaries of 
the islands, by the existing system reconfiguration methods, is 
to minimize the real and reactive power imbalance within the 
islands [26]. Although the controllable generation and load 
must be balanced once a system partitions, if we consider 
minimizing the power imbalance in the zones at the planning 
stage, balancing generation and load will be much more 
convenient and effective in the operating stage.  If the cut sets 
are designed properly, each island can behave as a microgrid 
and may operate with minimum interactions from other parts 
of the system. This will prevent the disturbances from 
propagating over all the system, and reduce the affected loads 
by the disturbance. Therefore, an optimal partitioned system is 
the one with minimum generation-load imbalance in each 
zone. Although in some zones the generation level may not 
meet the required consumption at the peak level, the islanding 
may be possible at light-load periods. In the worst scenario 
that the distributed generation penetration level is low, 
islanding will be possible through minimum load shedding 
actions and this will be beneficial for both utility and 
customers. Further, the created virtual microgrids can be 
controlled in a coordinated manner to optimize the overall 
system-level operational aspects. 
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Fig. 1 The main design concepts and the virtual microgrids. 
 

The self-adequacy of microgrids is maximized by 
minimizing the energy flow between microgrids. If the 
microgrids are 100% self-adequate, the energy flow between 
microgrids is zero and if the microgrids are supplied by the 
power flowing into them (0% self-adequate), the energy flow 
between the microgrids is at a maxima. Therefore, the flowing 
power between the microgrids can be used as an index to 
represent the self-adequacy of them. The advantage of 
installing DESRs and DRSs to the distribution system is also 
considered in order to increase the self-sufficiency of the 
constructed microgrids. The DESRs can store the otherwise 
spilled energy generated by renewable-based resources such as 
wind turbines or even during off-peak hours of system 
operation while the energy prices are usually lower. Storing 
the energy and releasing it during on-peak period will increase 
the self-adequacy of the microgrids. On the other hand, DRSs 
which could be an independent reactive source or DG 
connected unit, inject reactive power to the distribution system 
and decrease the load-generation imbalance in microgrids. 
Considering the benefits of both DESRs and DRSs, if we 
install them in the distribution system simultaneously, the 
constructed microgrids will have less load-generation 
imbalance, which will be beneficial for both utility and 
customers. The question here is how to allocate these 
resources in the distribution system and how to split the 
distribution system so that the maximum self-adequate 
microgrids are achieved in the presence of the uncertain nature 
of renewable resources and loads. This paper answers this 
concern by optimally allocating the DESRs and DRSs into the 
distribution system and simultaneously searching for the 
optimum microgrids in terms of self-adequacy. The special 
characteristics of distribution system associated with power 
balancing, such as the intermittent nature of DG units and 
loads, are considered in the design by applying a probabilistic 
power balancing approach. The main design concepts 
proposed in this paper and how the virtual microgrids are 
clustered are shown in Fig. 1. 

III. MODELING OF LOADS, DGS, DESRS AND DRSS  

In order to optimally design microgrids with maximum 
self-adequacy, characteristics of all the system components, 
such as the uncertain nature of DG units and loads, should be 
modeled properly and be considered in the design. For this 
research, DG units are modeled as a combination of PV 

modules, wind turbines and biomass generators, which is the 
typical combination of most commonly used DG units in 
distribution systems. Other types of DGs could also be 
modeled with similar approaches. In this section, the steps 
taken to model the DG units, loads, DESRs, and DRSs are 
presented. 

A. PV Module Generators 

The output of each PV Module depends on the amount of 
solar irradiance, ambient temperature and characteristics of the 
module itself. For this research, the solar irradiance for each 
hour of the day is modeled by the Beta probability density 
function (PDF) using historical data [25]. In order to get the 
PDF of solar irradiance, the data related to a period of one 
year can be assessed and four days can be selected as 
representatives of four seasons. The day representing each 
season is further divided into 24-hour time segments, each 
having a PDF for solar irradiance. When the solar irradiance is 
modeled for each hour, the probabilistic function of the output 
power of PV modules can be generated easily. The Beta PDF 
used to describe the probabilistic nature of solar irradiance, is 
as shown in (1). 
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where s is solar irradiance (kW/m2), fb(s) is Beta distribution 
function of s, and α and β are parameters of the Beta 
distribution function. The parameters of the Beta distribution 
function are calculated by using the mean (µ) and standard 
deviation (σ) of random variable s as shown in (2). 
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The Beta PDF is generated for each time segment (one hour 
for this research) and the probabilistic output power of the PV 
modules is then calculated using the following equations [25]: 
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where Tcy and TA are cell and ambient temperature during state 
y (°C); Kv and Ki are voltage and current temperature 
coefficients (V/°C and A/°C); NOT is nominal operating 
temperature of cell per °C; FF is fill factor; Isc and Voc are 
short circuit current (A) and open circuit voltage (V); N, is the 
number of cells; IMPP and VMPP are current (A) and voltage (V) 
at maximum power point.; Psy is the output power of the PV 
module during state y and say is the average solar irradiance of 
state y.  

B. Wind Turbine Generators 

The output power of wind turbines depends on the wind 
speed and parameters of the wind-power conversion curve. 
For this research, similar to the PV module generators, the 
wind speed for each hour of the day is modeled by the Weibull 
PDF by using historical data [26]. In order to get the PDF of 
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wind speed, again, four days can be selected as representatives 
of four seasons. The day representing each season is further 
divided into 24-hour time segments, each having a probability 
density function for wind speed.  Once the wind speed is 
modeled for each hour, the probabilistic function of the output 
power of wind turbines can be generated easily. The wind 
speed is usually modeled using the Rayleigh PDF which is a 
special case of the Weibull PDF as shown in (8) [24]. 
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where c is called the scale index. The mean value of wind 
speed is calculated using the historical data for each time 
segment and then the scale index is calculated as shown in (9).  
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The output power of a wind turbine is then calculated using 
(10) [10], 
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where vci, vr, and vco are cut in, rated and cut out speed of the 
wind turbine, respectively; Pvw is the output power of the wind 
turbine during state w; and vaw is the average wind speed of 
state w. 

C. Biomass Generators and Loads 

The biomass generators are assumed to be firm generators 
with constant output powers without uncertainty. The load 
model is assumed to follow the IEEE-RTS [27]. In this system 
the hourly peak load is presented as a percentage of the daily 
peak load. 

D. DESRs and DRSs Modeling 

The DESRs are modeled as loads during the charging 
period and as generators during discharging period. It is also 
assumed that the DESRs charge only during off-peak hours of 
the day and discharge only during the on-peak hours. 
Therefore, for each period of 24 hours there is one charge-
discharge cycle. A constraint has been introduced on the 
amount of power generated by the DESRs as shown in (11).  

 

_ , _ ,DESR i t Load j t
i j

P P   t                   (11) 

where is the real power consumed at bus j at time t. 

This constraint keeps the output power of DESRs always less 
than the total demand during each hour and guarantees that the 
reverse power flow is coming from the DG units during any 
hour. The DRSs are also modeled as simple reactive sources 
with specific rated capacity.  

_ ,Load j tP

E. Combined Generation-Load Model 

For this research, a one year period is divided into four 
seasons and one day is representing each season. Furthermore, 
each day is divided into 24-hour time segments where each 

have their own PDFs for the output power of PV modules and 
wind turbines. In order to integrate the output power of PV 
modules and wind turbines as multistate 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 modules for each 
hour of the day is divided into twelve segments. This means 
for each hour of the day we have twelve states of solar DG 
power and twelve states of wind DG power with different 
probabilities. Assuming that solar irradiance and wind speed 
states are independent, the probability of any combination of 
the load and generation is obtained by convolving the two 
probabilities. Therefore, for each hour we have 144 (12×12) 
states with different probabilities and for each day there are 
3456 (24×144) states. In order to get the power and energy 
losses for the system, the deterministic power flow is run for 
each state and accumulated considering the probability of each 
state.  

IV. PROBLEM FORMULATION  

Optimization problems are constructed from an objective 
function, control variables and some constraints. This section 
explains the proposed problem formulation and associated 
constraints for optimal construction of microgrids. 

A. Optimization Objective Function 

This research includes two different optimization problems 
with two different objective functions. It is assumed that there 
are some candidate buses for installing DGs. These candidate 
buses are selected according to some parameters such as 
investor decisions, availability of energy etc. When the 
candidate buses are determined it is the utilities decision to 
whether allow the customers to install their DGs in the system 
or not. The utility will perform this task in a way to get the 
maximum benefits. 

In general maximizing the benefits in any planning 
problem is minimizing the cost while maintaining the system 
performance within acceptable limits. Here, the DGs are 
supposed to be customer owned; therefore, any costs related to 
the DGs including the capital cost, running cost, etc. is the 
responsibility of the customers and are not considered in the 
design. Therefore, the main concern of the utility will be the 
network losses. The losses are a key consideration in the 
planning problem because minimizing power losses will 
relieve the feeders, reduce voltage drop, improve voltage 
profile and also has other environmental and economical 
benefits. Also, minimizing losses in DG allocation will avoid 
the reverse power flow from large DG units that can increase 
the losses and overheat the feeders [25]. Therefore, the goal of 
the first problem is to minimize annual energy losses by 
optimally allocating different kinds of distributed generators. 
This scenario is applicable in distribution systems without DG 
units and faced with large number of DG connection 
applications. It is necessary to find the optimum locations and 
sizes of DG units under typical DG/load uncertainties. The 
objective function for the first problem can be defined as (12). 
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where N is the number of states for a year, shown in (13),  
= 365 ×(# of states per day)

=365 ×3456

N

1,26= 1,440                                (13) 

nLossP

n

is the system losses for that specific hour of the year, 

  is the probability of the related state and  is the time 

segment of the related state which is one hour for this 
research. Minimizing the total energy losses of the system is 
achieved by optimally allocating the DGs. Once this stage is 
done, the system is ready to be partitioned into microgrids.  

nh

The second optimization problem is optimal construction 
of microgrids. In this case, the total capacities of DESRs and 
DRSs are assumed to be pre-specified based on economic 
studies; therefore, the only goal is to minimize the real and 
reactive power imbalance between generation and loads within 
the microgrids by properly allocating and sizing of them. This 
scenario applies to distribution systems with an existing fuel 
mix of renewable and dispatchable DG units.  

To improve the system performance in terms of security of 
supply and more improved self-healing control actions, under 
the smart grid vision, the system can be transferred into a set 
of optimally constructed microgrids by integrating DESRs 
and/or DRSs. This is a step towards having self-sufficient 
islands in response to disturbances, which splits the power 
system into islanded microgrids as a self-healing strategy. 
Remarkable gain in system supply reliability can be achieved 
by implementing self-healing control structure in distribution 
systems. Although self-healing control actions is more general 
and may include system reconfigurations, load shedding, etc., 
if the microgrids are designed as self-sufficient zones, self-
healing control actions such as system reconfigurations and 
load shedding will be done in a more appropriate and effective 
way to maximize the reliability and robustness of the power 
infrastructure.  

In order to minimize the power imbalance in the microgrids 
and consider the probabilistic nature of the renewable 
resources, two new probabilistic indices are defined and 
presented in the objective function. The objective function for 
this problem can be formulated as (14): 
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where Pindex and Qindex are the defined indices to represent the 
probabilistic real and reactive power of the virtual cut set lines 
connecting the microgrids together, and calculated in (15).  
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where i and j are the nodes connecting two microgrids 
together, N is the number of states for each year 
(365×3456(states/day)), and ρk is the probability of the state in 
which the real and reactive powers are calculated. Selection of 
factors “a” and “b” depends on the system requirement for 
balancing the load-generation in the microgrids. Traditionally 
only the active power has been considered in system 
partitioning [28]-[31], which means a=1 and b=0. As an 
example, in [28] it is claimed that local reactive power 
compensators can be used to compensate reactive power 
imbalance. However, [26], 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 islands, has considered both real and reactive power 
balance in system partitioning. In conclusion “a” and “b” 
should be selected so that the power imbalance in the sub-
systems remains minimal and the system constraints such as 
voltage limits in the sub-systems are met. Since only the ratio 
of them is important for minimization, “a” and “b” could be 
set as equal (0.5 each in this research). NoM is the number of 
constructed microgrids and the denominator is set to 
normalize the cost function. The power balance objective 
function can be calculated by performing a probabilistic power 
flow in the system. 

B. Optimization Constraints 

There are several assumptions and constraints for solving 
the two problems defined in this paper. For the optimal 
allocation of DGs, the following constraints exist, which 
relates to the distribution system and DG limitations. 

 Penetration level of different types of DG, as w% of 
feeder capacity for wind based power, s% of feeder 
capacity for solar power and b% of feeder capacity for 
biomass generation,  

_

_

_
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P s of feeder capacity
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
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(16) 

Some distribution system companies may have 
limitations on the percentage of distributed generators 
allowed in their systems. For instance in Canada, 
according to [24], local distribution companies in Ontario 
were required to accept a percentage of customer owned 
wind-based DG units in their systems. 
 

  Power flow equations, 
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 Voltage limits at all the system buses including the slack 
bus, 

min , max

,1 1 0
t i

t

V V V i 1

V

,   

                                 
(19) 

  In a distribution system with large improperly allocated 
DG units, the reverse power flows from DG units to the 
power system through the substation transformer. This 
reverse current increases the losses and can overheat 
feeders; therefore, the utility has specific overriding 
rights to curtail the output of the DGs to limit this reverse 
power flow to 60% of substation rating [10].  
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                            For the second optimization problem, other than the above 
mentioned items, the total energy capacity of DESRs and their 
power ratings, as well as total reactive power of DRSs should 
be considered as follows: 

0.6
trated sub ratedP P P    (20) Set G = [1…1], P

DESR
= […], P

DRS
 = […] as the starting points

Update G, P
DESR 

and
 
P

DRS
 by STM 

_ _DESRs i DESR DESRs i DESRP P E E  
            

(21) 

_DRSs i DRSQ Q
                             Further to the above limitations, the Power flow equations 

should be modified in order to consider the real power charged 
or discharged by the DESRs and also the reactive power 
generated by the DRSs as shown in (23) and (24). 

(22) 

, , , , ,
1

 

cos( )

t t tSub DG DESRs Load

nbus

t i t j i j ij t j t i
i

P P P P

V V Y t  


   

     

  

          
(23)

 

, , , , ,
1

 

sin( )

t t tSub DG DRSs Load

nbus

t i t j i j ij t j t i
i

Q Q Q Q

V V Y t  


   

     

  

           
(24) 

The power of DESR units is positive in the discharging period 
and negative in the charging period. 

C. Optimization Control Variables 

For the optimal allocation of different kinds of DGs, the 
control variables are locations and sizes of different DGs in 
the system. For the optimal construction of microgrids, the 
control variables are divided into two sets, 1) the locations and 
sizes of the DESRs and DRSs in the distribution system and 2) 
the virtual cut set lines that connect the microgrids together. 
These parameters will be adjusted using optimization 
techniques explained in the next section to get the optimum 
results. 

V. SOLUTION ALGORITHMS 

The problem formulated in Section IV is a comprehensive 
multi-objective problem. Further, the combinatorial nature of 
the present problem demands efficient solution algorithms. 
Heuristic optimization techniques are well-suited for such 
optimization problems. In this paper, three different types of 
algorithms are used at different stages, including Tabu Search 
(TS) optimization algorithm as the main optimization method 
and graph theory-related algorithms as well as forward-
backward-based probabilistic power flow method. The 
flowchart of the algorithms is shown in Fig. 2.  

 The TS Algorithm is a heuristic search method that uses 
different memory structures to guide the search to a good 
solution both economically and effectively [32]-[33]. In this 
section the solution algorithm to main problem which is to 
construct the optimum microgrids by inserting DESRs and 
DRSs to the distribution system is explained. In the following 
subsections, the steps taken for implementing the algorithms 
are presented.  

 
 

 
 

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

A. Neighborhood Definition in Tabu Search (TS) 

The TS starts with a feasible solution and continues 
iteratively until certain criterion, which is usually the 
maximum iteration numbers, is reached. The control variables 
to make the neighbors are the locations and sizes of the 
DESRs and DRSs in the distribution system as well as the 
virtual cut set lines that connect the microgrids together. These 
control variables for each system can be represented as the 
following vectors: 

                      PDESR = [PDESR_1  ……  PDESR_k],                 (25) 
                       PDRS = [PDRS_1  ……  PDRS_k],                   (26) 
                       G = [1 0 1 1 0 …… 1 0 1 1],                   (27) 

where the length of the vectors PDESR, PDRS and G is equal to 
the number of buses and the power lines which can be 
considered as cutting edges respectively. Each derivative of 
PDESR and PDRS represents the rated capacity of DESRs or 
DRSs in that specific bus. The derivatives of the G vector 
represent one physical line in the system. The number “1” and 
“0” for each derivative represent an inside or between 
microgrids line respectively. The next step is to make three 
sets of neighbors for the starting points. A neighbor can be 
defined in many ways; here we have selected each neighbor 
by changing some derivatives (e.g. 5 derivatives) of each 
vector and checking the feasibility of the resulted design in 
terms of the constraints. There are some constraints for each 
feasible solution including those mentioned in Section IV-B, 

Perform Probabilistic Load Flow and Calculate the Power Indices 

Similar 

Yes  

Reached

Constraints? 

Satisfied 

Add updates to neighbourhood 

Select the best neighbour as the 
local optima, if not in the TL, save 
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The Best Local 
Optimum is selected as 

Best Solutio  
Maximum
 Iterations? the n 

Recent Local 
Optimums Jump to a new region 
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which were related to power aspects, as well as the graph-
related constraints explained in Section IV-D. The next step is 
to calculate the objective function for all neighborhoods, set 
the best neighbor as the new starting point and continue the 
process. 

B. Tabu List and Aspiration  

To avoid stopping in a local optima, and to prevent cycling 
around it, some Tabu restrictions should be imposed by using 
a list called Tabu List (TL). This list which has a first in first 
out structure keeps the best solutions that have been visited in 
previous moves or the moves that have been resulted in the 
optimum point in previous regions and avoids revisiting them. 
The length of TL depends on the size of the problem and is 
usually determined experimentally. In our problem, we have 
made the TL from the best recently visited solutions. For this 
purpose a quantity, which is unique for each set of parameters, 
and calculated using (28), is saved in the TL.  

2

1 11

 ( ) (( ) )2 2
n k n k

DER D

n

RS
i n i n k

i i

i

P i P iG i
 

    

     2i

          An aspiration criterion is a rule which releases the members 
of Tabu list. This relaxation is allowed when the newly met 
solution point has better properties than the optimum point 
reached so far. This phenomenon will make the search process 
more intelligent and avoids missing higher quality results. 

(28)  

C. Intensification and Diversification in TS 

Two memory structures are used in TS to avoid random 
search, namely they are Short-Term Memory (STM) and 
Long-Term Memory (LTM). The STM memorizes the 
common features of sub-optimal solutions for a number of 
iterations and then tries to search for the optimum point with 
similar features in that region. This intensification process will 
guide the search in each region to the high quality solutions 
rather than random undirected movements.  

During the search process, the LTM is used to diversify the 
search by jumping to a new region and allow the algorithm to 
go through all the possible solutions to find the global optima. 
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 sets of vectors with the same length as PDESR, PDRS and G. 
Each derivative of the STM vectors will represent the number 
of times the associated derivative has been changed in the sub-
optimal solutions. The larger each derivative indicates the less 
chance to be the optimum value. Thus, the next movements or 
neighborhoods will be selected so that the derivatives that are 
less suspected to be the optimum have higher chance to be 
changed. The long-term memory is also implemented in a 
similar way.  

D. Graph-Theory-Related Algorithms 

To check the constraints related to the system topology, 
some graph-related algorithms are implemented. These 
algorithms will check whether all the system buses are 
considered in different microgrids and secondly, 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 of its constituent edges is minimized [34]. The 
impedance of each branch is used as weight of edges in this 
research. There are several differences depending on whether 
the given graph is undirected, directed, or mixed. Here, since 
the main focus is to check the connectivity of the nodes in 
sub-graphs, we can assume undirected graph, which is 
generated from distribution system topology. 

Several algorithms are proposed to solve shortest path 
problem. In this paper the Dijkstra’s algorithm, which solves 
the single-source shortest path problems, has been used [35]. 
To answer the raised questions, 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 
specific bus is considered in a microgrid. If the same criterion 
applies for all system buses and there were no unconnected 
buses, this means 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. 

E. Forward-Backward-Based Probabilistic Power Flow  

The Forward-Backward load flow algorithm is a well-known 
power flow method used for radial distribution systems. It is 
based on the direct application of the KVL and KCL [36] to 
overcome numerical issues associated with other load flow 
solution algorithms (e.g. Newton-Raphson) when applied to 
sparse or weakly-meshed distribution systems.  The algorithm 
starts with assuming a flat profile for voltages of all the buses 
and follows an iterative-based procedure of three steps: 1) 
calculation of bus currents, 2) backward sweep, to calculate 
the branch currents and 3) forward sweep, to calculate the bus 
voltages. These three steps are repeated until convergence is 
achieved [36]. To calculate the annual energy losses or the 
power balance related indices, the forward backward power 
flow is run for each load-generation state and the results are 
accumulated considering the probability of states.  

In the next sections, the proposed algorithms have been 
applied to a 69-bus distribution system and several sensitivity 
studies are performed for the formulation and robustness of 
the design, and the results are presented. 

VI. OPTIMAL ALLOCATION OF DGS IN DISTRIBUTION SYSTEM 

The well-known PG&E 69-bus distribution system [37] is 
selected as a test system for optimal allocation/sizing of 
distributed generators, designing the optimum microgrids and 
sensitivity studies. For this research, a typical combination of 
three types of DG units is assumed; namely, wind-based, 
solar-based and biomass generators. It is assumed that total 
rated powers of the wind turbines is 350kW (w=9.21%), the 
total rated powers of the PV modules is 175kW (s=4.61%), 
whereas the total rated powers of the biomass generators is 
550kW (b=14.47%). The maximum rated power of each DG 
unit is set as 100kW for wind turbines, 50kW for PV modules  

 

http://en.wikipedia.org/wiki/Graph_(mathematics)#Undirected_graph
http://en.wikipedia.org/wiki/Graph_(mathematics)#Directed_graph
http://en.wikipedia.org/wiki/Graph_(mathematics)#Mixed_graph


 8

TABLE I. CANDIDATE BUSES FOR INSTALLING DGS 
DG type Candidate Buses 

Wind Turbine 
7, 10, 13, 16, 19, 22, 25, 28, 31, 34,  
37, 40, 43, 46, 49, 52, 55, 58, 61, 64 

PV Module 
8, 11, 14, 17, 20, 23, 26, 29, 32, 35, 38,  

41, 44, 47, 50, 53, 56, 59, 62, 65 

Biomass DG 
9, 12, 15, 18, 21, 24, 27, 30, 33, 36, 39,  

42, 45, 48, 51, 54, 57, 60, 63, 66 

 
Fig. 3 The 69-bus Distribution system with DGs' locations. 

 
and 200 kW for biomass generators. The candidate buses for 
installing wind turbines, PV modules and biomass generators 
are shown in Table I. It is noted that the candidate buses 
criterion is not restrictive as it can be increased to include the 
overall system buses. It is added to adapt the optimization 
scenario to practical cases, where wind, PV, biomass 
generators cannot be installed anywhere in the system due to 
the urbanity, environmental or other aspects of the system 
under study.  

The optimal DG allocation algorithm explained in Section 
IV is applied in order to get the optimum locations and 
optimum rated capacities of different types of DGs. As shown 
in Fig. 3, different kinds of DG units are distributed over the 
system buses and more concentrated close to the larger loads 
(whose locations are shown in Fig.4). The rated powers of the 
DG units are presented in Table II. After installing DG units 
with the total rated capacity of 28.27% of total real power 
load, the annual energy losses of the system is reduced from 
1416.1MWh to 867.66MWh. The optimal DG allocation step 
will be neglected if the distribution system has already 
installed the DG units.  

VII. OPTIMAL MICROGRID DESIGN  

In this section, the algorithms explained in Section V are 
applied to construct the optimum microgrids in the distribution 
system. For this purpose, the system designed in Section VI is 
chosen as the base system and then the optimum microgrids 
are designed for the system in four different scenarios. At the 
first step, the microgrids are constructed without adding any 
DESRs or DRSs in the distribution system. Then the DESRs 
and DRSs, individually and mutually, are allocated in the 
system to construct optimum microgrids. For each case, the 
total rated capacities of DESRs and DRSs are changed in 
order to see its effect on the optimum constructed microgrids 
and the objective function. 

0 10 20 30 40 50 60 70
0

50

100

150

200

250

300

350

Bus Number

K
W

 o
r 

K
V

A
R

 

 

Loads' Active Power

Loads' Reactive Power

[P Q] / 2

[P Q] / 4

 
Fig. 4 The 69-bus Distribution system’s loads. 
 

TABLE II. OPTIMUM SELECTED BUSES FOR INSTALLING DGS 

DG type 
Optimum Selected 

Buses 
Rated DG Capacities 

(kW) 

Wind Turbine 16, 25, 46, 49, 52, 64 50, 25, 75, 75, 100, 25 

PV Module 20, 23, 37, 32, 41, 56 25, 25, 25, 50, 25, 25 

Biomass DG 9, 48, 51, 54 50, 125, 175, 200 

 
TABLE III. OPTIMAL CONSTRUCTED MICROGRIDS FOR CASE A 

Min NoM Optimum Virtual Cut Set Lines 
Objective 
Function 

5 12, 19, 28, 62 116.1694 
6 9, 12, 19, 28, 62 199.3942 
7 9, 12, 19, 28, 47, 62 322.8392 
8 8, 9, 12, 19, 28, 47, 62 499.7940 
9 3, 8, 9, 12, 19, 28, 47, 62 718.3084 

 

A. System Partitioning without DESRs and DRSs 

The distribution system with optimum design for the 
locations and rated capacities of the DG units is partitioned 
into microgrids at this stage without installing DESRs or 
DRSs in the system. In this case, mathematically, the optimum 
result will occur when the system is split into two virtual 
microgrids and the connecting power line has the minimum 
transferring energy. In order to have more feasible values 
(more than two microgrids), another constraint is added, at this 
stage only, which is on the number of microgrids (NoM) to be 
equal or more than X. Table III shows the optimum virtual cut 
set lines to construct the microgrids while X varies between 5 
and 9. The optimum constructed microgrids for this case 
where X is set as 8 is shown in Fig. 5. In Table III, the cut set 
line j is the line between bus j and j+1. It is seen that the 
system partitioning results and the objective function will be 
different based on selection of minimum number of 
constructed microgrids.  

B. System Partitioning with DESRs Only 

The distributed energy storage resources are introduced to 
the system to reduce the negative impact of the intermittent 
nature of renewable resources. They are also beneficial in 
terms of saving the amount of spilled energy generated by 
wind turbines as well as PV modules. In this part, the DESRs 
are optimally allocated in the system and the system is 
partitioned simultaneously in order to minimize the load-
generation imbalance in the constructed microgrids. For this 
purpose, it is assumed that the total rated power of the DESRs 
is constant for each case and there is no limit to their stored 
energy (high energy application). 
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Fig. 5 The Optimum Constructed microgrids for 69-bus system 

 

 
Fig. 6 The Optimum Constructed microgrids with DESRs locations 

 
TABLE IV. OPTIMAL CONSTRUCTED MICROGRIDS FOR CASE B 

PDESRs 

(kW) 
Parameter Results 

Objective 
Function 

Buses 18,50,51,52,53 
PDESR (kW) 25,100,25,25,25 200 
Cut Sets 7,9,12,19,28,45,62 

494.6148 

Buses 12,19,40,48,50,51,54 
PDESR (kW) 25,25,25,25,25,150,25 300 

Cut Sets 7,9,12,19,28,45,62 

494.6043 

Buses 12,22,40,48,50,51,52,53,56,61 
PDESR (kW) 25,25,25,25,100,25,50,25,25,25 350 
Cut Sets 7,9,12,19,28,45,62 

494.6008 

Buses 4,9,11,12,19,40,44,50,51,53 
PDESR (kW) 25,25,25,25,25,25,50,125,50,25 400 
Cut Sets 7,9,12,19,28,45,62 

494.6002 

Buses 5,8,11,17,40,41,47,50,52,53,57,61 
PDESR (kW) 25,50,25,25,25,75,25,150,25,25,25,25 500 
Cut Sets 7,9,12,19,28,45,62 

494.5979 

 

The optimum locations and sizes of DESRs as well as 
optimum virtual cut set lines and the objective function is 
presented in Table IV.  The optimally constructed microgrids 
for the case that the total rated capacities of DESRs is set as 
350kW, is shown in Fig. 6.  
It is seen that by inserting the DESRs into the system, the 
objective function which is the energy imbalance in the 
microgrids is reduced. Since the DESRs do not generate active 
power, their effects on the total transferred power between the 
microgrids and the objective function are not as much as 
DRSs.  The optimal constructed microgrids will be affected by 
introducing DESRs to the system. Also the locations and sizes 
of DESRs vary for different total rated capacities of DESRs. 

 
Fig. 7 The Optimal Constructed microgrids with DRSs locations 

 
TABLE V. OPTIMAL CONSTRUCTED MICROGRIDS FOR CASE C 

QDRSs 
(kVAr) 

Parameter Results 
Objective 
Function 

Buses 14,16,19,23,24,26,27 
QDRS(kVAr) 25,50,25,25,25,25,25 200 
Cut Sets 7,9,12,19,28,45,62 

447.1635 

Buses 11,12,17,18,22,24,25,27,32,42,52,  57 
QDRS(kVAr) 25,25,25,25,25,25,25,25,25,25,25,25 300 

Cut Sets 8,9,12,19,28,47,62 

437.7200 

Buses 12,17,18,20,21,24,26,49,50,53 
QDRS(kVAr) 25,25,25,50,50,25,25,75,25,25 350 
Cut Sets 8,10,13,20,28,47,62 

421.5605 

Buses 16,20,21,23,27,49,50,51,53 
QDRS(kVAr) 25,75,25,25,50,25,25,100,50 400 
Cut Sets 8,10,13,20,28,47,62 

413.8431 

Buses 11,15,20,21,26,27,48,50,51,53,54 
QDRS(kVAr) 50,50,25,25,50,50,50,25,50,25,100 500 
Cut Sets 8,10,13,20,28,47,62 

399.4161 

C. System Partitioning with DRSs Only 

DRSs are added to the system to reduce losses, improve 
voltage profile or in some cases increase system capacity [38]. 
The reactive power can be generated with capacitor banks or 
as an auxiliary service provided by the distributed generators. 
In this part, the DRSs are optimally allocated in the system 
and the system is partitioned in order to minimize the load-
generation imbalance in the constructed microgrids. Similar to 
Case B, it is assumed that the total rated capacity of the DRSs 
is constant for each case. The optimum locations and sizes of 
DRSs as well as optimum virtual cut set lines and the 
objective function is presented in Table V. The optimal 
constructed microgrids for the case that the total rated 
capacities of DRSs is set as 400kVAr, is shown in Fig. 7. It is 
seen that by inserting the DRSs into the system, the objective 
function which is the energy imbalance in the microgrids is 
reduced. The optimally constructed microgrids and the 
locations and sized of DRSs also varies for different total rated 
capacities of DRSs. 

D. System Partitioning with Both DESRs and DRSs  

At this stage, both DESRs and DRSs are added to the system 
simultaneously and at the same time the system is partitioned 
into several microgrids in order to minimize the total load-
generation imbalance in the zones. The system partitioning 
results related to this section is shown in Table VI. From the 
results of Cases B and C one can conclude that the total 
objective function, which is the energy imbalance in the 
microgrids, will be reduced by adding DESRs or DRSs to the 
distribution system. 
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TABLE VI. OPTIMAL CONSTRUCTED MICROGRIDS FOR CASE D 
PDESRs 
(kW) 

PDRSs 
(kVAr) 

Parameter Results 
Objective  
Function 

Buses 19,28,36,37,40,52,56,65,67 
PDESR (kW) 25,25,50,25,25,25,50,50,25 

Buses 15,16,20,24,27,49,50,51,52,53,55 
QDRS(kVAr) 25,25,50,50,50,50,75,50,75,25,25 

300 500 

Cut Sets 8,10,13,20,28,47,62 

399.05 

Buses 17,23,28,29,36,38,44,52,66,67 
PDESR (kW) 25,25,25,25,50,50,75,25,25,25 

Buses 14,15,20,21,23,25,26,27,48,49,51,53,54,55
QDRS(kVAr) 25,25,25,25,25,25,25,25,25,25,50,50,25,25

350 400 

Cut Sets 8,10,13,20,28,47,62 

414.19 

Buses 6,10,17,24,26,28,37,50,52,55,59,61,64 
PDESR (kW) 25,25,25,25,25,25,25,50,50,25,50,25,25 

Buses 19,20,21,23,27,48,50,52,53,54 
QDRS(kVAr) 50,50,25,50,25,25,25,50,25,25 

400 350 

Cut Sets 8,10,13,20,28,47,62 

421.17 

Buses 
6,7,8,12,14,21,26,27,35,38, 

40,46,47,50,52,58 

PDESR (kW) 
50,25,25,25,25,25,25,25,25,25, 

25,50,25,25,50,50 
Buses 19,20,22,24,50,51 

QDRS(kVAr) 25,75,75,25,50,50 

500 300 

Cut Sets 8,10,13,20,28,47,62 

428.77 

 
Table VI also confirms that by adding both DESRs and 

DRSs into the system and partitioning the system, the 
magnitude of objective function will reduce more and 
subsequently, the constructed microgrids are more robust and 
self-sufficient in case of system faults or unexpected 
interruptions. As an example the optimally constructed 
microgrids for the case that the total rated capacities of DESRs 
and DRSs is set as 350kW and 400kVAr, respectively, is 
shown in Fig. 8. It shows that the DESRs and DRSs are more 
focused in the microgrids having larger loads. 

VIII. ROBUSTNESS OF THE DESIGN 

The research presented in this paper is related to the 
planning stage; however, in a real distribution system, the load 
level usually increases during a long term period of time. On 
the other hand, the generation level of DG units may vary 
depending on the types of DG units and uncertainty in their 
penetration level during a period of time. How these changes 
will affect the optimal constructed microgrids and whether the 
planned design is still optimal or near optimal design for the 
current system are investigated in this section.  For this 
purpose, several case studies are presented by considering 
different load and generation levels and their effects on the 
optimum design is observed. The studies are performed for the 
load and generation changing from 90% to 150% and the 
results are shown in Table VII. For the sensitivity studies in 
this section it is assumed that the optimum microgrids are 
designed with adding both DESRs and DRSs to the 
distribution system. The total rated capacities of DESRs and 
DRSs are 350 kW and 400 kVAr respectively. Table VII 
reveals that although there is a little difference in the optimum 
infrastructure in each case, the final constructed microgrids is 
very similar. The objective function, however, which depends 
on the generation and load levels varies in each case and is the 
optima for the related system. This means that if for any 
reason the load or generation changed over a period of time, 
the designed plan is still valid and close to optima in terms of 
load-generation imbalance in the microgrids. It is clear that  

 

 
Fig. 8 The Optimal Constructed microgrids with DESRs and DRSs locations 
 

TABLE VII. OPTIMUM VIRTUAL CUT SET LINES  
Load 

% 
DG 
% 

Optimum Virtual Cut Set Lines 
Objective 
Function 

90 100 7, 10, 13, 20, 28, 45, 62 367.8075 
110 100 8, 10, 13, 20, 28, 47, 62 472.6284 
120 100 8, 9, 12, 19, 28, 47, 62 536.3547 
150 100 8, 9, 12, 19, 28, 47, 62 719.5456 
100 90 8, 10, 13, 20, 28, 47, 62 424.3959 
100 110 8, 10, 13, 20, 28, 47, 62 404.0490 
100 120 7, 10, 13, 20, 28, 45, 62 405.6867 
100 150 7, 10, 13, 20, 28, 45, 62 374.6481 

 
further increase in the load or penetration level of DGs will 
affect the optimum design. In such cases, the optimally 
constructed microgrids should be updated accordingly. It can 
be noted also that the probabilistic nature of the proposed 
planning algorithms inherently increases the robustness of the 
planning problem against load/generation uncertainties. 

IX. CONCLUSIONS 

This paper presented a novel strategy for constructing 
microgrids with optimized supply adequacy. The active 
distribution system is initially developed by introducing 
different types of DG units such as wind turbines, PV modules 
and biomass generators. Considering the probabilistic nature 
of these resources and the hourly load profile, these generators 
are optimally sized and allocated in order to minimize the total 
annual energy losses in the distribution system. Next, by 
taking advantage of DESRs and DRSs, the system is 
partitioned into microgrids by optimally sizing and allocating 
these devices in the system and simultaneously minimizing the 
energy imbalance in the microgrids. The optimal partitioning 
scenario in case of emergency is the one with minimum power 
and energy imbalance in each zone. This will ease the control 
strategy in each island and protects other healthy areas of the 
network from the disturbances as a self-healing action in a 
distribution system. 

Several sensitivity studies are conducted on the PG&E 69-
bus test system to assess the effects of adding different 
capacities of DESRs and DRSs into the system. The 
sensitivity studies show that the optimal constructed 
microgrids are dependent on the amount of DESRs and DRSs 
added to the system. The robustness of the optimum 
infrastructure to the variation of DG penetration level and load 
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level is also investigated. The results show that the final result 
is not very sensitive to the DG and load level, which can be 
attributed to the probabilistic nature of the proposed planning 
scheme. The proposed planning framework can help utility 
engineers and system planners in designing self-sufficient 
microgrids, which can be a useful step towards the realization 
of more reliable and sustainable smart distribution grids. 
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