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ABSTRACT Rural distribution systems, especially in developing countries, tend to be less reliable than
urban distribution systems because customers are (1) located remotely and (2) connected to weak aerial
networks with radial topologies without redundancy. To improve reliability in rural areas, microgrids (MGs)
are being integrated into conventional power systems. This study evaluates the effect on the reliability of
rural distribution systems when MGs are introduced considering different penetration levels for renewable
and nonrenewable distributed generation, and under rated power of energy storage. Here, we first formulate a
reliability model for a rural distribution system with MGs. Based on this model, an interactive method using
a sequential Monte Carlo simulation method is proposed and applied to calculate different conventional
reliability indices. We show that this approach facilitates the selection of the parameters of the different
systems constituting the MGs in order to comply with a predefined reliability objective. For instance,
by introducing only photovoltaic distributed generation systems to the rural distribution systems under study,
achieving the reliability objective is next to impossible. However, when correctly dimensioned-hybrid MGs
are introduced, such an objective is successfully achieved. In the future, our model and the results provided
herein could be combined with technical and economic studies to obtain an optimal solution that meets a
certain reliability objective.

INDEX TERMS Microgrids, Monte-Carlo simulation, reliability evaluation, rural distribution systems.

NOMENCLATURE
AENS Average Energy Not Supplied
ASAI Average Service Availability Index
BESS Batteries energy storage system
C Component
CAIDI Customer Average Interruption Distribution Index
CAIFI Customer Average Interruption Frequency Index
1I (t) Random Amount of Attenuation at time t
DERs Distributed Energy Resources
DG Generation Distribution
DG-MT Generation Distribution Micro-Gas Turbines
DG-PV Generation Distribution Photovoltaics
EENS Expected Energy Not Supplied Index
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ENS Energy Not Supplied
ESC Energy Storage Capacity
ESS Energies Storage System
FMEA Failure Mode and Effective Analysis
Id (t) Solar Altitude Angle at Time t
Imax Maximum Intensity of Sunlight per Day
I (t) Solar Radiation Received at Time t
kC Threshold Value
Li(t) Load Value at Hour t
LP Load Point
LPA Load Points Analyzed
LPM Load Points within the MG
LWF Load Weighting Factor
MCS Monte Carlo Simulation
MGs Microgrids
MSC Minimum Storage Capacity
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MT Micro-Gas Turbines
NCE Nominal Capacity (ESS)
ηC Conversion Efficiency of the PV System
Ni Number of customers at load point i
NP Number of Panels
Pai Average Load at Load Point i
PDG,k (t) Output of the kth DG at time t
PCharge Load Power
PChargeMax Maximum Load Power
PDischarge Discharge Power
PDischargeMax Maximum Discharge Power
PI Percentage of Improvement
pkj Control Parameter of Lateral Section k
PLDG-PV Penetration Level DG-PV
Pli(m) Peak Load Value for Load Point j
PL(t) Charge at Time t
PV Photovoltaics
PPV Output Power
QRemain Residual Energy in the ESS
QCharge Energy Stored in the ESS

in Island Mode
QDischarge Energy Released from the ESS

in Island Mode
QMin Minimum Allowed Residual

Capacity of the ESS
R Set of Load Points in the RDS
RDS Rural Distribution System
SAIFI System Average Interruption

Frequency Index
SAIDI System Average Interruption

Duration Index
SMCS Sequential Monte Carlo Simulation
UDS Urban Distribution Systems
λj Failure Index of Load Point
λij Failure Rates of the Main Section i
λkj Failure Rates of the Lateral Section k
λsj Failure Fates of the Series Element s
rj Interruption Duration
rij Interruption Duration of the Main

Section i
rkj Interruption Duration of the Lateral

Section k
rsj Interruption Duration of the Series

Element s
SP Area of a Solar Panel
t Time in a day (hours)
Tbatt Operation Time
TTF Time to Failure
TTR Time to Repair
Uj Mean Annual Interruption Time
wh(h) Weight Factor Per Hour for Load

Point j
wm(m) Monthly Weight Factor for Load

Point j

I. INTRODUCTION
One of the main features that causes power systems to
fail is obsolescence in such technology, even in developed
countries. Consequently, power systems have become unsus-
tainable in time. For example, in Europe, great investments
have been made to automate transmission grids, which repre-
sent approximately 3% of the complete system. Thus, more
resources are needed to update the remaining system in which
obsolete distribution grids represent >90% of it [1]. This
scenario is more complex for developing countries where
distribution grids are located in rural areas with low access
or limited resources.

In Colombia, users connected to rural distribution sys-
tems (RDS) suffered power interruptionsmore than 900 times
per year in 2018 [2]. Unfortunately, reports also indicate that
this figure is ∼20 times higher than that in urban distribu-
tion systems (UDS) [2], which implies that RDS are less
reliable than UDS. A possible explanation for this could be
that these users are located in faraway regions connected
by overhead networks with long distances. Consequently,
any environmental phenomenon introduces failures into the
system. In order to overcome interruption problems in RDS,
different strategies have been recently reported in the litera-
ture, most of which are oriented toward updating the network
architectures. One of these strategies is the introduction of
Microgrids (MGs), which play an important role in improving
efficacy, quality, performance, reliability, and cost [3]. MGs
were conceived under the idea that producing and distributing
energy within the same could place be a more robust and
efficient process than transmission networks [4].

MGs can be understood as ‘‘a group of interconnected
loads and distributed energy resources (DERs) with clearly
defined electrical boundaries that acts as a single control-
lable entity with respect to the grid and can connect and
disconnect from the grid to enable it to operate in both
grid-connected or island modes’’ [5]. Thus, the MG concept
matches perfectly with RDS, as their introduction can avoid
the previously mentioned transmission-associated problems.

In the field of MGs, new tendencies focus on distribu-
tion systems where the generation process can be placed
as close as possible to the user in order to reduce energy
losses within the transmission process. Another advantage is
the possibility of producing a system with the capability to
operate separately (i.e., in island mode) from the main net-
work when necessary [6]–[11]. Furthermore, MGs have been
designed by including energy storage systems (ESS) and con-
trollable loads, to improve the efficiency of the service while
reducing costs. Thus, many operative conditions must be
tuned in relation to subsystems and devices, with distributed
energy resources (DERs) and the physical network being the
most important. While DERs are generally constituted by
an active load, a distributed generation (DG) system or an
ESS, a physical network is required to connect all the devices
used. This network includes advanced control systems,
smart protection devices, and equipment for information and
communications [12], [13].
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Research literature indicates that the reliability of DS
with MGs can be assessed using analytical (statistical) tech-
niques and Monte Carlo Simulation (MCS) methods [14].
Within the analytical techniques, the tendency is to use
approximate Markov methods [15]–[18] or hybrid system-
atic strategies that combine, among others, failure modes
and effects analysis (FMEA), network models, the set of
minimum cuts, and connection matrices [19]–[25]. Unfortu-
nately, when the system is complex, analytical methods can
be extremely difficult to apply. As some authors point out,
in these circumstances computational methods such as MCS
are more feasible. Recent studies have shown that it is possi-
ble to obtain very satisfactory results using sequential MCS
(SMCS) [5], [26], [27].

Regarding the RDS, a considerable number of works have
recently been presented in the literature demonstrating the
current interest in these systems. As such, different charac-
teristics have been analyzed, leveraging the consolidation of
the concept. Indeed, the effect on the quality of an RDS has
been analyzed when microgeneration PV are introduced [28],
and the effect on reliability when MGs are introduced in
the RDS was evaluated from the sustainability point of
view while considering social and cultural characteristics
[29], [30]. Furthermore, MGs were compared to underground
networks from cost point of view (i.e., profitability), showing
that the former could be a more economical option [31], [32].
Likewise, energy management strategies have been discussed
in RDS with MGs [33].

Regarding reliability analysis in RDSwithMGs, only three
publications were identified. In the first publication, energy
availability and reliability of solar power grids in rural areas
were analyzed. In particular, seven picogrids in operation
were studied. The authors collected data in the field, per-
formed interviews and measurements, and determined the
number of user failures per week and the availability of the
system [34]. This study concluded that assessing the reliabil-
ity of installed power systems will be increasingly important
in the coming years, especially now that the PV market in
emerging economies, and particularly in India, is booming
with newmarket players and system providers [34]. However,
the authors did not compute any reliability index to assess the
impact of these on the system. In the second publication, the
authors quantified the benefits ofMGs in the RDS using some
metrics such as the probability of loss of load [35], but they do
not focus on a reliability analysis as such. In the third publi-
cation, the authors evaluated some Smart Grid (SG) functions
that improve the reliability of rural electricity networks. The
main focus of this study was reliability analysis. In the third
publication, the authors evaluated some Smart Grid functions
that improve the reliability of rural electricity networks. The
main focus of this study was reliability analysis. Thus, the
authors calculated several reliability indices using an analyt-
ical method [36].

In the literature reviewed, we identified that the reliability
assessment in RDS with MGs using computational meth-
ods has not yet been explored. Therefore, here we propose

a method to evaluate, via SMCS, the effect of introducing
MGs on the reliability of an RDS when different penetration
levels of DG, renewables or nonrenewable energies, and the
nominal capacity (ESS) are considered. Using our approach,
we select the parameters of the MG that guarantee the sys-
tem’s reliability for a short, medium, and longtime range [2]
according to Colombia’s regulations. The method was subse-
quently applied to data from real RDS. The remainder of this
paper is organized as follows. Section 2 presents the model-
ing of the reliability parameters in an RDS when MGs are
introduced. In Section 3, the reliability assessment method is
described. Next, in Section 4, the application of our SMCS
method to real data of an RDS is presented, emphasizing the
impact of introducing MGs into this RDS on its reliability.
Finally, the results, conclusions, and lines of future research
are presented.

II. RURAL DISTRIBUTION SYSTEM WITH MICROGRIDS
APPLICATIONS OVERVIEW
Here, we analyze an RDS with their respective loads when
MGs, consisting of photovoltaic (PV) and micro-gas tur-
bines (MT) DGs, and battery ESS (BESS), are included.
In addition, two reliability-related aspects were considered:
(1) the availability of resources, which represents the avail-
ability of solar radiation in the required amount, and (2) the
availability of equipment that represents the active or failed
state of the DS with MGs. Fig. 1 illustrates the block diagram
of the RDS reliability assessment model when the MGs are
introduced.

FIGURE 1. Reliability evaluation model of a real RDS with MGs.
BESS: Batteries energy storage system, DG: Distribution Generation,
MT: Micro-gas Turbine, PV: Photovoltaic.

A. RURAL DISTRIBUTION SYSTEMS
The distribution system (DS) is the final section of the power
system and provides a link between the consumers’ load
points and the generation and transmission systems. The
basic function of a DS is to supply electrical power from a
substation to the customers’ load points. Many DS used in
practice, especially RDS, have a single circuit main feeder
and are defined as radial RDS [37]–[39].

1) RELIABILITY EVALUATION IN A RDS
An RDS is usually represented by a general feeder consisting
of n main sections, m side sections, and one component in
series. Considering the basic function of a DS, the continuity
of service is an important criterion. This can be described by
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three basic load indices: (1) the average failure rate, (2) the
average interruption time, and (3) the average annual inter-
ruption time. For an RDS, based on the data of the elements
(λi, λk , λs, ri, rk , rs, pk ) and the series configuration of the
general feeder, these three basic load indices are calculated
based on the failure index of load point λj, duration rj and
mean annual interruption time Uj for load point j of a general
feeder using the following set of general formulas [19]:

λj = λsj +

n∑
i=1

λij +

m∑
k=1

pkj × λkj (1)

Uj = λsj × rsj +
n∑
i=1

λij × rij +
m∑
k=1

pkj × λkj × rkj (2)

rj =
Uj
λj

(3)

where Pkj is the control parameter of the lateral section k ,
which depends on the operating model of the fuse. By def-
inition, Pkj can take values of 1 or 0 corresponding to no
fuse or 100% reliable fuse, respectively, or a value between
0 and 1 for a fuse with probability of failure Pkj. Here we set
Pkj = 1. On the other hand, the parameters λij, λkj and λsj
are the failure rates of the main section i, the lateral section k
and the series element s, respectively; and rij, rkj and rsj are
the interruption duration (switching time or repair time) for
the three elements. As expected, and have different values for
different load points when different alternate supply modes
of operation are used, and disconnect switches are installed
at distinct locations in the feeder [19].

B. RELIABILITY MODEL OF THE FINAL LOAD
In an electrical system, weather conditions and seasonal
events affect load values. Therefore, the charging behavior
of the power system exhibits a repeating pattern under normal
conditions. Consequently, a variable loadmodel can be devel-
oped over time using historical data [40]. Hence, monthly and
hourly weighting factors were used to build a load model over
time using the proposed modeling method. The estimated
load for the jth load point at a given time for different sectors
(i.e., residential, commercial and industrial) can be calculated
as [40]–[43]:

Lj(t) = Wh(h)×Wm(m)× Plj (4)

where Lj(t) is the load value at hour t , andWh(h),Wm(m) and
Plj are the weight factor per hour, the monthly weight factor,
and the peak load value for the load point j, respectively. Fig. 2
shows the monthly and hourly weight factors estimated for
the RDS object of study in this study.

C. RELIABILITY MODEL IN CONVENTIONAL DG UNITS
In this work, conventional MT units are used as they are less
polluting than diesel units and are available in the region of
the case study. Regarding the reliability model, a two-state
model is used (Fig. 3), as it can be applied to any conventional
system.

FIGURE 2. (a) Monthly and (b) hourly demand weighting factors for a
Colombian RDS.

FIGURE 3. Two-state model for a repairable single component system.

D. STOCHASTIC POWER MODEL OF THE OUTPUT SYSTEM
PV devices are robust, simple in design, and require little
maintenance. PV generation directly converts sunlight into
electricity without interference from any heat engine. The
main advantage of PV systems is their construction, as inde-
pendent systems, to provide power ranging from micro to
megawatts [44]–[46]. The solar panel is the central element
of a PV system; its output depends on several factors such
as solar radiation or the intensity of sunlight received by
the panel, temperature, and relative humidity, among others,
being the most important solar radiation, which varies from
month to month, as illustrated in Fig. 4(a).

Let I (t) be the solar radiation received at time t . Then, the
output power PPV of the solar panel is given by [27], [40],
[43], [47].

PPV =


ηc

Kc
× S × I (t)2 0 < I (t) ≤ Kc

ηc × S × I (t) I (t) > Kc
(5)

where ηc is the conversion efficiency of the PV system,
including the inverters, and Kc is a threshold value. When
I (t) ≤ Kc, ηc varies linearly, and PPV has a second-order
relationship with I (t). When (t) ≥ Kc, ηc is usually constant,
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FIGURE 4. (a) Solar radiation Id (t) for April, May and August; (b) typical
variation of solar radiation received by a solar panel in one day, for
Colombia.

and PPV has a linear relationship with I (t). On the other hand,

S = Sp × Np (6)

where Sp is the area of the solar panel, and Np is the number
of panels.

Solar radiation depends mainly on the solar altitude angle
and the attenuation effect of cloud occlusion. The variation
of the solar altitude angle with time in a day can be deter-
mined by a definitive function, while the occlusion of the
clouds is random as the weather changes. Thus, I (t) can be
calculated as [27].

I (t) = Id (t)+1I (t) (7)

where1I (t) is the random amount of attenuation and Id (t) is
the solar altitude angle. The latter is defined as the average
value of sunlight at time t in a statistical time range (usually
one year). If the change in sunrise and sunset times during
the year is not considered, Id (t) can be approximated by the
following quadratic function [27]:

Id (t) =

Imax
(
−

1
36
t2 +

2
3
t − 3

)
6 ≤ t < 18

0 0 ≤ t < 6, 18 ≤ t < 24
(8)

In the equation above, t is the time in a day (hours), and
Imax is the maximum intensity of sunlight in a day. In our
approach, it is assumed that the maximum intensity occurs at
noon, that is, Imax = I (12).

Studies have shown that the variation in I (t) follows a
Normal distribution [40], [43]. Fig. 4(b) shows the typical
variation in the intensity of sunlight received by a solar panel
in one day [27]. For simplicity, it is assumed that 1I (t)
follows a standard Normal distribution.

1) RELIABILITY MODEL OF THE PV SYSTEM
To obtain the reliability model of a PV system, a combination
of the two-state model used in the MT system reliability
model and the PV system output power model given in
Equation 5 was used (Fig. 1 and Fig. 3).

E. STORAGE SYSTEM RELIABILITY MODEL
COMBINED WITH DG
Owing to its operational characteristics, the representation
of batteries in reliability studies requires a particular model.
It is generally accepted that the behavior of batteries is not
Markovian because their charge state depends on the opera-
tion of the system; thus, it is difficult to establish a model for
its operation. Furthermore, their service life, which depends
on the charge/discharge cycles, must be considered, and a
possible failure not related to service life, such as a failure
caused by a battery defect, must also be included in the
model [24]. However, these characteristics are not essential
when it is necessary to quantify the impact of putting batteries
in parallel with the DG to supply the energy not supplied by
the generators for any reason. In this case, battery availability
was used to quantify their influence on the reliability indices.

To improve the power quality and reliability of the power
supply in the MG, we combine batteries with intermittent
generation, such as PV, to smooth fluctuations in the out-
put of these DGs. In island mode, when the DG output is
greater than the load, the residual energy is stored in the
ESS according to its load capacity. When the DG output is
less than the load, the stored energy is released to supply
customers, considering the discharge capacity of the storage
system, assuming that the combined DGs and the ESS are
autonomous and controllable. Neglecting the influence of
time on power regulation, it can be assumed that the combined
DG output and the load and ESS can reach equilibrium at any
moment in time [27].

However, the DG-PV power output may be insufficient
for any of the following three situations: (1) DG failures,
(2) absence of light at night, or (3) insufficient light during the
day. When any of these situations occur while the MG is in
island mode, the ESS has to release energy. Because the ESS
operation time is limited by its storage capacity, it is necessary
to determine the operation time of the hybridized DGwith the
ESS in islandmode. This time, denoted as Tbatt , can be solved
using the following set of equations:

QMin = QRemain + QCharge + QDischarge; (9)

where

QCharge =
∫ Tbatt

0

[∑
k

PDG,k (t)− PL(t)

]
dt, (10)

when PL(t) < PDG(t) is the energy stored in the ESS in island
mode;

QDischarge =
∫ Tbatt

0

[
PL(t)−

∑
k

PDG,k (t)

]
dt, (11)
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when PL(t) > PDG(t) is the energy released from the ESS
in island mode; and QMin is the minimum allowed residual
capacity of the ESS.

In the expressions above, PL(t) represents the charge at
time t; PDG,k (t) represents the output of the kth DG at time t;
QRemain is the residual energy in the ESS at the beginning
when the MG switches to island mode. In this scenario, the
ESS can be considered as fully charged because, when the
MG is connected to the RDS, it can charge the storage system
if necessary. As mentioned above, the load power PCharge is
limited by the maximum load power PChargeMax of the storage
system, that is,

PCharge =
∑
k

PDG,k (t)− PL(t) ≤ PChargeMax (12)

Similarly, the discharge power PDischarge is limited by the
maximum discharge power PDischargeMax of the storage sys-
tem, that is,

PDischarge = PL(t)−
∑
k

PDG,k (t)− PL(t) ≤ PDischargeMax

(13)

The set of equations (9)-(11) are implicit integration equa-
tions, which are difficult to solve using analytical methods.
However, they can be solved by simulating the DG outputs
and hourly loads in island mode.

III. METHODS AND PROCEDURES TOWARD THE
RELIABILITY ASSESSMENT IN RURAL
DISTRIBUTION SYSTEM
A. SEQUENTIAL MONTE-CARLO SIMULATION
MCMC methods are the general designations for stochastic
simulations using random numbers. In the reliability eval-
uation using Sequential Monte Carlo simulation (SMCS)
methods, reliability indices are estimated by simulating the
operation of the real process and the random behavior of the
system. Therefore, this method treats the problem as a series
of experiments [48]. In theory, SMCS can consider practically
all aspects and contingencies inherent in the planning, design,
and operation of a DS, including random events such as load
variations and the generation, interruptions, and repairs of
elements represented by probability distributions.

When using SMCS methods, the duration of the state for
the components of each system is determined by sampling
from its corresponding probability distribution. In this tech-
nique, the time-state transition processes of such components
are first simulated by sampling. The next step is to combine
these results to create a chronological state transition process
for the entire system for a pre-specified simulation time. This
is achieved by using probability distributions that resemble
the duration of the state for each component. In a two-
state component representation, these are the operation and
repair state duration distribution functions, which are gener-
ally assumed to follow an Exponential distribution. However,
other probability distributions can be used [42], [49].

In Section III.C, we propose an algorithm for the reliability
evaluation of the RDSwith applications ofMGs using SMCS.

B. ADEQUACY INDICES OF THE RDS
The performance indices for the DS can be calculated
using the basic indices presented in equations (1)-(3).
Some examples of these performance indices include
the Customer Average Interruption Frequency Index
(CAIFI), Customer Average Interruption Distribution Index
(CAIDI), Energy (Power) Not Supplied (ENS), Average
Energy (Power) Not Supplied (AENS), Average Service
Availability Index (ASAI), System Average Interruption Fre-
quency Index (SAIFI), SystemAverage Interruption Duration
Index (SAIDI), and Expected Power Not Delivered Index
(EENS). The SAIFI, SAIDI, and ENS indexes can be cal-
culated as follows:

SAIFI =

∑
i∈R λiNi∑
i∈R Ni

(14)

SAIDI =

∑
i∈RUiNi∑
i∈R Ni

(15)

ENS =
∑
i∈R

PaiUi (16)

where λi, Ui and Ni are the average failure rate, the average
annual interruption time in hours per year, and the number of
customers at load point i, respectively. In addition, R is the set
of load points in the system, and Pai is the average load (in
kW) connected to load point i.

C. RELIABILITY ASSESSMENT ALGORITHM OF
RDS WITH MGs-DG-PV VIA SMCS
The general algorithm proposed for the reliability evaluation
of the RDS with applications of MGs based on the SMCS is
presented in Fig. 5 and described further below. The neces-
sary data to run the simulation is presented in section IV.C.

Step 1: Start by setting the stopping criterion. In this case,
we consider the maximum number of simulation years, which
was set as Years = 5000.

Step 2: Define the input parameters, which include the
failure (λ) and repair (µ) rates for each RDS and MG compo-
nent (i.e., DG-PV, DG-MT, and ESS), the number of clients
(Ni) at each load point (LP), the historical data of the peak
load in each LP, the historical data of solar radiation, and the
characteristics of the DG-PV, DG-MT, and ESS.

Step 3: Initialize the simulation process. Set the initial state
of all components to run, the initial simulation time (t = 0),
the simulation hours T to T = 8760, and the initial number
of years n to n = 1.

Step 4: While, n ≤ Years, go to the next step; otherwise,
go to step 18.

Step 5: Generate a random number from a U (0, 1) for
each component of the RDS and for each system of the MG
(DG-PV, DG-MT, and ESS) according to the two-state model
given in Section II.C. Then, the time to failure (TTF) was
calculated as TTF = − 1

λ
ln(U ) and time to repair (TTR) as
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FIGURE 5. Flow diagram for the reliability assessment of the RDS with MG-DG-PV via SMCS methods.

TTR = − 1
µ
ln(U ). Using SMCS for one year, the operating

history for each component is in the form of ascending-
descending chronological operating cycles. Finally, we find
the C component of the RDS with the minimum TTF and
assign the TTF to TTFC .
Step 6: While TTFC ≤ T , go to the next step; otherwise,

go to step 17.
Step 7: Define C as the failed component. If the failed

component is a transformer, proceed to the next step; other-
wise, go to step 9.

Step 8: If only the LP where the transformer is connected
fails, determine the location of C and report a failure to
component C . Further, determine the time out of service. For
each hour out of service, calculate the load weighting factor
(LFW ) according to the model given in Section II.B, and the
ENS for LPs according to equation 16. Go to step 16.
Step 9: Determine the location of C . If the failed compo-

nent is outside the MGs, proceed to the next step; otherwise,
go to step 12.

Step 10: For LPs outside the MGs, report a failure to
component C . Determine the downtime. For each hour out
of service, calculate LWF , and ENS for LPs. Go to the next
step.

Step 11: For LPs within the MG, the analysis is performed
depending on the characteristics of the MG. For example, for
an MG with DG-PV-MT-ESS, go to the MG algorithm given
in Fig. 5.

Step 12: If the soft-shift reconnect works, proceed to the
next step; otherwise, go to step 14.

Step 13: For LPs failing within the MGs, report a failure
to component C . Determine the time out of service. For each
hour out of service, calculate LWF and theENS for LPs. Go to
step 16.

Step 14: If all LPs fail except those found within other
MGs, report a failure to component C for LPs that are out of
other MGs. Determine the time out of service and calculate
LWF , and ENS for LPs. Go to next step.
Step 15: For LPs within other MGs, the analysis is per-

formed depending on the characteristics of the MG. For
example, for an MG with DG-PV-MT-ESS, go to the algo-
rithm shown in Fig. 5.

Step 16:Generate a new random number for component C
and transform it into a new TTFn, t = TTFC + TTR+ TTFn.
Assign t to TTFC and find the next C component of the RDS
with the minimum TTF . Set TTF to TTFC , and proceed to
step 6.
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Step 17: Calculate λ and U for the LPs, calculate
n = n+ 1 and go to step 4.

Step 18: Calculate the system reliability indices for the
sample years and End.

IV. COMPUTATIONAL VALIDATION THROUGH
A STUDY CASE
A. SELECTION OF THE RDS
In order to (1) evaluate the effect on reliability when intercon-
necting MGs in the RDS, and (2) to evaluate the reliability of
a real DS, we use a Colombian RDS. Thus, in this section,
we emphasize the reliability diagnosis of a Colombian DS.

1) RELIABILITY DIAGNOSIS OF THE COLOMBIAN
DISTRIBUTION SYSTEM
Based on the quality diagnosis of the electricity service in
Colombia performed by the Superintendencia de Servicios
Públicos Domiciliarios in 2018 [2], two conclusions can
be drawn. First, users of the Colombian Caribbean region
receive the electric power service with the worst reliability
indicators in the country. Secondly, when the quality of the
service was analyzed for each municipality in the country,
the results indicated that in some municipalities, which gen-
erally correspond to rural territories, the average duration of
interruptions per user is 800 hours with an average number of
interruptions per user of 900 times during 2018 alone. These
figures are more than 20 times higher than those reported
countrywide.

2) SAIDI AND SAIFI INDICATORS
In 2018, the SAIDI and SAIFI reliability indices for the RDS
under study were 226.4 times and 106.9 times, respectively,
which dramatically exceed the country’s indicators. Thus,
performing a reliability assessment of the Colombian RDS
is relevant, especially for the Colombian Caribbean region.
Fig. 6 shows the SAIFI reliability index for the RDS as
reported by different companies during 2017 and 2018.

B. DESCRIPTION OF THE RDS UNDER STUDY
As previously mentioned, here we use a RDS of the Colom-
bian Caribbean region. Specifically, we used data from the
municipality of Morroa, located in the Department of Sucre
(latitude: 9.20◦, longitude: -75.18◦). Morroa is a municipality
where approximately 58.6% of its 12784 inhabitants live in
rural areas. Fig. 7 shows the one-line diagram of the RDS
that will be used in this case, which corresponds to a radial
system with a supply point, without external power, and two
feeders or branches F1 and F2, all of which are loads of
residential type. In this system, all themain and lateral feeders
are overhead lines.

Table 1 shows the lengths in kilometers (km) of each
feeder. Furthermore, each branch has a single protection
device that disconnects the branch when a fault occurs in it,
that is, in the event of a failure in any of the branch lines
(main or lateral), the entire branch fails. In addition, each

TABLE 1. Length of the feeders.

TABLE 2. Customer data for the Colombian RDS under study.

transformer has protection devices that isolate it in the event
of a fault.

C. CUSTOMER AND LOADING DATA
Table 2 lists the number of customers and peak demand per
charging point.

Due to confidentiality restrictions, the load data was not
provided by the service provider company. Thus, the monthly
weighting factor (Fig. 2a) was estimated using the informa-
tion contained in the Monitoring of the Regional Electric
Power Demand Projections (Coast-Caribbean region) section
of the document ‘‘Proyección Regional de la Demanda
de Energía Eléctrica y Potencia Máxima en Colombia de
Abril del 2019’’ [50] by the Unidad de Planeación Minero
Energética (UPME) de Colombia. Furthermore, the hourly
weighting factor (Fig. 2b) was estimated from the docu-
ment ‘‘Criterios de Diseño de la Red de Electrificación
Rural’’ [51], which was prepared by Electrificadora de San-
tander (ESSA). Specifically, the daily demand curves for
strata 1 and 2 for the residential sector were used.
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FIGURE 6. SAIFI by Operator vs. National SAIFI for quality group 4 during 2018. Here, the
yellow horizontal line represents Colombia’s average SAIFI. SUI = Unique information
system on home public services.

FIGURE 7. Colombian RDS with a MGs-PV configuration.

D. SYSTEM RELIABILITY DATA
The reliability data assumed for the system components
reported in Table 3 were estimated from [52], which presents
the reliability data for the Colombian distribution system.
In addition, [53] and [54] were considered.

E. ASSESSMENT OF THE IMPACT OF THE DG-PV
PENETRATION LEVELS ON RDS RELIABILITY
Considering that the diagnostic of the RDS showed worrying
figures in the SAIFI reliability index, we introduced twoMGs
to the Colombian RDS, as shown in Fig. 7. In the modified

TABLE 3. Estimated system reliability data for the Colombian distribution
system. ∗ Failure rates on lines are per km of circuit; MTTR: mean time to
repair.

RDS, both MG1 and MG2 contained a DG-PV without stor-
age. Table 4 shows the reliability parameters for the DG-PV.
Real meteorological data were provided by the Instituto de
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Hidrología, Meteorología y Estudios Ambientales (IDEAM),
which is responsible for managing scientific, hydrological,
and meteorological information and everything related to the
environment in Colombia. The selected data correspond to the
EL TESORO station located in the municipality of Morroa,
Sucre. Table 5 shows the average of the highest solar radiation
(at noon) per month. The SMCS model was ran for one year
using 5000 simulations to guarantee the convergence.

TABLE 4. Reliability parameters by MG component for the modified RDS
in Fig. 7.

TABLE 5. Estimated monthly average solar radiation
(

Wh
m2

)
in Morroa,

Sucre.

1) IMPACT OF DG-PV PENETRATION LEVELS ON
THE RDS RELIABILITY
To estimate the impact of different penetration levels of a
DG-PV on the reliability of an RDS, we evaluated seven sce-
narios. In particular, the DG-PV was varied by considering
penetration levels of 50%, 75%, 100%, 150%, 200%, 400%,
and 1000%. Subsequently, reliability indices with respect
to a load point (LP) with and without the introduction of
MGs were calculated using the proposed model (Fig. 5).
As illustrated in Figs. 8 (a) and (b), the reliability results were
expressed in terms of the failure rate and the mean annual
interruption time for the load points within the MG (LPM).
In addition, the SAIFI, SAIDI, and ENS reliability indexes
for the LPM and F1 feeder were calculated for both the
current and modified RDS (Table 6). Fig. 9 (a) and (b) show
a graphical representation of these results.

Our findings suggest that (1) using DG-PV with penetra-
tion levels less than or equal to 75% do not significantly con-
tribute to increase the reliability of the RDS; (2) penetration
levels between 100% and 150% provided the best reliability;
and (3) increasing the penetration level up to 150% does
not significantly increase the reliability. Indeed, going from
150% to 1000% penetration only improves the SAIFI of the
F1 feeder by 6.3%.

On the other hand, when analyzing the expected relia-
bility values in Colombia for 2028 (Table 7) [55], we see
that by using the current RDS configuration or introducing

FIGURE 8. (a) Failure Rate and (b) Average Annual Interruption Time for
each LPM by MG penetration level.

FIGURE 9. SAIFI, SAIDI and ENS reliability indices for the (a) LPM and
(b) F1 feeder as a function of the MG penetration level.

different DG-PV penetration levels would be almost impos-
sible to comply with such reliability expectations. Therefore,
introducing hybrid MG systems combining different types of
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TABLE 6. Reliability indices for the modified RDS for different DG-PV
penetration levels.

TABLE 7. Colombian reliability goal.

DG into the paradigms of the current RDS could potentially
help to improve its reliability. This scenario is analyzed in the
next section.

F. ASSESSMENT OF THE IMPACT OF INTRODUCING MGS
WITH DG-PV-MT AND ESS ON THE RDS RELIABILITY
To comply with the reliability objectives established for
Colombia, we introduced two MGs to the Colombian RDS
presented in Fig. 7. In this modified RDS system (Fig. 10),
both MG1 and MG2 contain two DGs, one PV and one MT,
and an ESS system. The reliability parameters of the DG-PV,
DG-MT, and ESS are reported in Table 5. The SMCS was
evaluated for one year using 5000 simulations.

1) DG-PV-ESS PENETRATION ASSESSMENT
We evaluated three scenarios to analyze the impact of dif-
ferent DG-PV-ESS-MT penetration levels on the modified
Colombian RDS. In particular, the DG-MT penetration level
varied in {10%, 20%, 50%} for each MG, and the nominal
capacity ESS (NCE) changed in {25%, 50%, 75%, 100%},
resulting in 12 different scenarios. In all of them, the DG-PV
penetration level was set to 100%, and the energy storage
capacity (ESC) was set to 100% of the peak load with a
minimum storage capacity (MSC) of 10%.

FIGURE 10. Modified Colombian RDS when a MGs-PV-ESS-MT are
introduced. MG: Microgrid, PV: Photovoltaic, ESS: Energy storage system,
MT: micro-gas turbine.

TABLE 8. Reliability indices for the modified colombian rds. Here,
DG-PV = 100%, ESC = 100% and MSC = 10%.

Table 8 shows the resulting SAIFI, SAIDI, and ENS reli-
ability indices for the LPM and F1 feeder, and Fig. 11
its graphical representation. Thus, introducing a hybrid
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FIGURE 11. Reliability indices for the LPM varying the (a)–(c) NCE and (d)–(f) DG-MT penetration level in the modified RDS when DG-PV = 100%,
ESC = 100% and MSC = 10%.

MG system combining different types of DG to the RDS
dramatically increases its reliability. On the other hand, the
reliability indices obtained via SMCS can be used to recom-
mend a DG penetration level that meets a specific reliability
objective. For example, when a DG-PV penetration level of
100% of the peak load, an ESC of 100% of the peak load,
a MSC of 10% of the ESC, and a NCE of 25% are used,
none of the reliability objectives (Table 7) can be achieved
regardless of the DG-MT penetration levels. On the other
hand, leaving DG-PV, ESC, and MSC fixed, and using a
NCE of 50% allows achieving the reliability objectives with
a DG-MT penetration level of 50%. A similar outcome is
observed when DG-PV, ESC, and MCS are fixed, a NCE of
75% is used and the DG-MT penetration is set to 20% of the
peak load. Similarly, by fixing DG-PV, ESC, and MSC, and
setting NCE to 100%, the reliability objectives are achieved
with a DG-MT penetration level of 10% of the peak load.

Other combinations for achieving the reliability objectives
include fixing DG-PV, ESC, and MSC, setting a DG-MT
penetration level of 50% of the peak load and that the ESS
has a NCE of 50% of the ESC. However, if the DG-MT
penetration level decreases to 20% of the peak load, the
ESS would be required to have a NCE of 75% of the ESC.
Finally, if the DG-MT penetration level was only 10% of the
peak load, the ESS would need to have a NCE of 100% of
the ESC.

V. CONCLUSION AND FUTURE WORK
In this document we evaluated the effect of introducing
microgrids (MGs) for improving the reliability of rural dis-
tribution systems (RDS) using the Sequential Monte Carlo

simulation (SMCS) method. In addition, we explored dif-
ferent penetration levels of renewable DGs such as DG-PV,
the penetration levels of conventional DGs such as DG-MTs
and ESS, while assessing the effect of different NCE
levels.

Although we used a Colombian RDS as a case study, our
approach can be generalized to other RDS in developing
countries. By using different scenarios, we were able to show
how the results of a reliability evaluation serve to recommend
the sizing of the different systems comprising the MGs,
with the ultimate goal of meeting specific reliability objec-
tives. The study verified that introducing DG-PV alone would
not achieve the reliability objectives set for the country of the
case study, suggesting the need to introduce hybrid MGs and
emphasizing the correct dimensioning of the penetration level
of renewable DGs, non-renewable DGs and the NCE of the
ESS. This result shows that the approach of the modeling and
solutionmethod is useful to assess the reliability of a complex
system but also provides a tool to design it. Future research
could combine the results of this study with technical and
economic studies to determine the best solution that meets
certain reliability objectives.
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