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Abstract—This paper presents an application of Monte
Carlo Simulation Method (MCSM) for reliability evaluation of
a laboratory-based Micro Grid (LMG) by using of system
health, marginal and risk which are the basic system well-being
indices. The system well-being analysis is a new approach to
evaluate power system reliability. MCSM applied for reliability
evaluation of a LMG gives the results not only numerically but
also graphically which ensure the opportunity to view the
system state more precisely. It is easily understood the failure
or derated situation of single generator, or fault in system
network. Based on the performed simulation, a laboratory-
based Micro Grid reliability evaluation has been obtained on
well-being indices and showed its significant efficient by the
results.

Index Terms—Micro Grid reliability, Monte Carlo
Simulation, renewable energy resources, well-being analysis

I. INTRODUCTION

he next generation of power systems must change and

adapt to environmental factors, customer concerns, and
reliability issues. As an environment problem of the global
warming, clean energy like wind and solar power can be
considered as viable options for future electricity generation,
and customer-central concerns will be a driving force for
new concepts in demand participation. Additionally, the
recent and ongoing challenges related to blackouts and
power quality problems are required a new concept of Micro
Grid for future electric power supply. A laboratory-based
Micro Grid composed of renewable energy resources, wind
and solar, diesel generator and storage battery with a
constant electrical load is proposed in this study for
reliability evaluation.

The utilization of renewable energy resources in the new
competitive electric power marketing has gained a great
attention in recent years due to the economic and
environmental  concerns over fossil  fuel based!
consumption of the electric power system. However, a
Micro Grid which composed of renewable energy resources
such as wind and solar power generation is not stable and
reliable as for as a power supply system, since their
generations are influenced by the weather conditions. The
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behavior of Micro Grid should be characterized by the
random variables of which the

number increases in proportion to the number of renewable
energy resources in the system. There are needed a new
approach to assess the reliability of Micro Grid by utilizing
of wind and solar power generation as well as diesel
generator with storage battery in different configuration for
future electric power supply requirement with reliability.

In the last few decades, the power system operators and
isolated system planners are used to deal with analytical
technique instead of probabilistic method due to the
difficulty of interpret a single numerical risk index, such as
loss of energy expectation (LOEE) and the lack of system
information in a single risk index. System well-being
analysis is a new approach which provides a bridge between
the deterministic and the conventional probabilistic method
that has been successfully used for reliability evaluation of a
small system with a constant load using a contingency
enumeration approach [1], [2].

In this paper, a Monte Carlo Simulation Method applied
for the reliability evaluation of a laboratory-based Micro
Grid by using of the system well-being indices is presented.
The simulation results show not only numerically but also
graphically which ensure the opportunity to view the Micro
Grid system states more precisely with easily understood the
failure situations of the given laboratory-based Micro Grid.

Il. RELIABILITY EVALUATION OF A LABORATORY-BASED
Micro GRID

A conventional deterministic method cannot be used to
evaluate a Micro Grid reliability because the technique of
the deterministic method associate fixed capacity outputs to
generating units, however, the wind and solar power
generation which included in a Micro Grid have highly
fluctuating capacity outputs. Deterministic methods cannot
recognize the random behavior of the system. There are
needed a new evaluation method which combined the both
of probabilistic and deterministic methods to response these
complexities for a Micro Grid reliability evaluation. Submit
your manuscript electronically for review.

A system well-being analysis is a new approach which
satisfied the conditions mentioned above that to evaluate a
laboratory-based Micro Grid reliability using system health,
marginal and risk indices are described in the following
section.
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A. Micro Grid system model with well-being Indices

A model for reliability evaluation of a Laboratory-based
Micro Grid consisting of wind, solar power generation and
diesel generator (DG) with storage battery is shown in Fig.1.
The performance of the LMG can be monitored using well-
being analysis that combines deterministic consideration and
probabilistic indices. The LMG reliability can be considered
in one of the operating states to be designated as health,
marginal and risk states. Reliability of a LMG can be
obtained by calculating the well-being indices of health,
marginal and risk and some related indices of frequency and
duration (F&D).

A system operates in the health state, when it has enough
capacity reserve to meet a deterministic criterion such as the
loss of the largest unit (total capacity in LMG minus
Capacity of the Largest Unit in each contingency State
(CLUS)). A system operates in the marginal state is show
that the system still has the ability to provide the system
requirements, but there is no longer sufficient margin to
meet the specified the deterministic criterion. In the risk
state, the generating system has an inability to satisfy the
load requirements, it is means that the system load exceeds
the available capacity in the at risk state.

Wind PV DG
Maodel Muodel Model

[

Battery
Model

Hybrid Generation Model + Load Model

Risk Model
Healthy state (Load = (Cap In-CLUS ))
Marginal state (Cap In-CLUS<Load = Cap In)
Risk state (Load=Cap In)

k.

Reliability Evaluation
P(H) & P(M) ; LOLP & EENS

Fig.1. Model for reliability evaluation of a LMG

The Probability of health P(H), Probability of margin P(M)
and Probability of risk P(R), are the probabilities of finding
the system in the health, marginal and at risk states
respectively. The probability of risk is the conventional loss
of load probability (LOLP) which is one of the main
reliability indices we want to calculate in this study. The
probabilities of health, margin and risk are collectively
known as the basis well-being indices can be calculated
using MCSM for a LMG reliability evaluation.

B. Monte Carlo Simulation Method for a laboratory-based
Micro Grid reliability evaluation

There are two main categories of power system reliability
evaluation techniques: analytical and simulation. Analytical
techniques represent the system by analytical models and
evaluate the reliability indices from these models using
mathematical solutions. MCSM estimate the reliability
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indices by simulating the actual process and random
behavior of the system. The method, therefore, treats the
problem as a series of experiments. Analytical method is
usually restricted to the evaluation of expected values and a
limited range of system parameters. However, there is a
frequently a need to know the likely range of the reliability
indices, especially, for a Micro Grid system which supply
the electricity power to the customers need to know the
system’s adequacy of each time therefore to meet a required
electricity power supply with reliability.

MCSM can be used to evaluate the well-being indices for
a LMG and represent the system states and behavior by
simulating the actual process and random behavior of the
system. For this purpose, a Monte Carlo Simulation model is
modified for a LMG reliability evaluation are proposed and
presented by using of system well-being indices. In the
approach of MCSM, a LMG is modeled by a set of events
where, an event is a random or deterministic occurrence that
changes the state of the system. The events recognized by
the program “system well-being index computation” and
simulation model are the change in load, mean time to
failure (MTTF), mean time to repair and the forced outage
rate (FOR) of a generating unit. Each system state is
characterized in terms of the available margin, which is the
difference between the available capacity and the load.

C. Reliability Evaluation
Section |: Calculation of reliability indices

A LMG proposed in this study for reliability evaluation
has 20 generating units and a total of 2900kW capacity
outputs with a constant load. In order to applying a MCSM
for a LMG reliability evaluation, a Monte Carlo simulation
is modified to include all of the energy sources of the given
LMG with storage battery. The Annual peak load used for
load calculation is given as 2850kW. The available power
from all the generating units of the given LMG are
combined to create a generation model, which is compared
with the hourly load and the accepted deterministic criterion
to identify the system health, marginal and risk states. The
system health P(H) and margin P(M); The Loss of Load
Probability (LOLP) and Expected Energy Not Supplied
(EENS) can be calculated by following (1)-(4) [3, 4]:

n(H)

Zt(H)i

PIH) =N <8760 @

n(M)
Zt(M)i
P(M) = <8760 @)

n(R)

2 U(R),

LOLP =2
N x 8760 )

n(R)

SU
EENS = =
N x 8760
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(4)

Where,

t(H), : Duration for the ith healthy states
t(M ), : Duration for the ith marginal states
t(R); : Duration for the ith risk states
n(H): Total number of healthy states
n(M): Total number of marginal states

n(R): Total number of risk states
U,:  Unsupplied energy for duration t(R),
N :  Total number of simulated years

Section Il: Calculation of frequency and duration indices

Generally, the analytical methods for evaluating the
frequency and duration indices is relatively complex and
mathematical methods used are usually a simplification of
the actual system. However, these indices can be easily
estimated by the MCSM and gives the results as
distribution. This is different with the analytical methods
which gives the results as single as the expected values. The
frequency of health F(H), frequency of marginal F(M) and
frequency of risk F(R) states of the proposed a LMG can be
expressed as (5)-(7) respectively. Similarly, the duration of
health D(H), the duration of marginal D(M) and the duration
of risk D(R) can also be expressed and calculated by the
Monte Carlo simulation method.

F(H)=n(H)/N (5)
F(M)=n(M)/N (6)
F(R)=n(R)/N (7

IIl. SIMULATION RESULTS

The generating units in the laboratory-based Micro Grid
with their reliability input data are given in Table I. The
rating capacity of wind power generations are given as
6x320kW and 2x270kW, the rating capacity of solar power
generation is given as 8x30kW and the generations from
wind and solar are respectively managed based on the
climate data such as wind speed and irradiation data
recorded for one year time; the rating capacity of diesel
generator is given as 2x120kW with a size of 2x250kW
NAS battery for an electricity back-up in the LMG system.
The annual weekly peak load curve is shown in Fig.2.

TABLE!I
I 'RELIABILITY DATA USED IN THE LMG RELIABILITY EVALUATION

Generating Units Size(kW) | MTTF(h) | MTTR(h) | FOR
Wind power generation 6320 1.92x10° 80 0.04
Wind power generation 2x270 1.92x10° 80 0.04
Solar power generation 830 1.92-10° 80 0.04

Diesel generator 2=120 0.95-10° 50 0.05

NAS battery 2x250 1.98-10° 20 0.02
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Fig.2. Annual weekly peak load curve

Table Il shows the results of the LMG reliability. Table 111
shows the frequency and duration of the LMG applied for
the MCSM. The probability of health states, probability of
marginal states and probability of risk states of the proposed
Laboratory-based Micro Grid are simulated by MCSM as
shown in Fig.3, Fig.4 and Fig.5 respectively.

TABLE Il
SIMULATION RESULT OF LMG RELIABILITY EVALUATION

Radom Number seed 0.24 0.24 0.98
Simulation Years 800 500 100
Probability of Health 0.9923 0.9923 0.9921
Probability of Margin 0.0067 0.0068 0.0069
LOLP 0.0009 0.0009 0.0010
EENS (kwh/h) 0.1141 0.1142 0.1465
TABLE I
FREQUENCY AND DURATION RESULTS OF LMG
Radom Number seed 0.24 0.24 0.98
Simulation Years 800 500 100
Frequency of Health 11.75 11.79 12.3
Frequency of Margin 13.24 13.25 13.79
Frequency of Risk 1.62 1.6 1.63
Duration of Health 738 735 710
Duration of Margine 4.45 4.46 4.44
Duration of Risk 4.89 492 5.24
0.994
0.993
E 0.992 |
E‘ 0.991
g 0.990
* 0.989
0.988
Time(Year)
Fig.3. Health state probability of LMG
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Fig.4. Marginal state probability of LMG
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Fig.5. Loss of load probability of LMG

IV. CASE STUDIES

We consider a normal and un-normal case of the
Laboratory-based Micro Grid fluctuated by the load
changes. The capacity of wind and solar power generation
are considered as 60kW and 30kW respectively. The
capacity of diesel generator is considered as 53kW. The
annual weekly peak load is 130kW. By the simulation result,
Fig.6 shows a normal case (base case) of the distribution of
probability at health state of the LMG, Fig.7 and Fig.8
shows the base case of the distribution of frequency and
duration at health state of the LMG respectively. Fig.9
shows the distribution of the expected energy not supplied at
health state of the laboratory-based Micro Grid in normal
case.
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Fig.6. Distribution of probability at health state of LMG

Fig.10 shows the distribution of probability at marginal state
of the LMG, Fig.11 and Fig.12 shows the distribution of
frequency and duration at marginal state of the LMG
respectively.
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Fig.8. Distribution of duration at health state of LMG
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Fig.10. Distribution of probability at marginal state of LMG

When the laboratory-based Micro Grid operates in
isolation, load tracking problem will arise because diesel
generator respond slowly and are inertia-less. For a
conventional power system, while a new load comes on line,
the initial energy balance is satisfied by the system’s inertia,
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which results in a
slight reduction in system frequency. However, for a Micro

Grid, it cannot rely on generator inertia and must provide
some from storage to insure initial energy balance. In an un-

NAS battery to the LMG, the loss of load probability will be
improved from 0.08 to 0.0005 and the expected energy not
supplied will be down from 13127.2(kWh/yr) to
63.2(kWh/yr) when the annual load increased 40% of the
given load, respectively.

normal case, we considered a possible situation of the
laboratory-based Micro Grid that fluctuated by the load
changes while the load increased from 10% to 40%.
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Fig.11. Distribution of frequency at marginal state of LMG
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Fig.12. Distribution of duration at marginal state of LMG

For the un-normal case, the simulation result shows that
when the load increased from 10% to 20% of the given load,
the laboratory-based Micro Grid will be in a marginal state
and when it is increased in 40% of the given load, the
laboratory-based Micro Grid will be in a risk state. Fig.13
shows the probability of margin, health and risk state of the
LMG when the load increased from 10% to 40%. Fig.14
shows the duration of margin and risk state of the LMG
when the load increased from 10% to 40%.

For take a supply and demand balance of the LMG, we
used NAS battery for electricity energy back up that to
insure energy balance when the load increased. Fig.15
shows the reliability index, EENS (kWh/yr) of the LMG
using the NAS battery in three case studies.

In the case studies, casel shows the base case of the
LMG which have mentioned in this section and case2 shows
the system capacity of wind and solar power generation are
60kW and 30kW@ 2 respectively. The capacity of diesel
generator is considered as 53kW® 2 and the NAS battery is
given as 50kWg 2.

Table 1V shows the reliability evaluation of the case
studies. From the results, we can know that by installing the
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Casel NAS: OkW, Base case
Case2 NAS: 0kW, Load40% increased
Case3 NAS: 50kW, Load40% increased
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Fig.15. Expected Energy Not Supplie

TABLE IV
RELIABILITY EVALUATION OF THE CASE STUDIES
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Reliability Evaluation Casel Case2 Case3
LOLP 0.017 0.08 0.0005
EENS(kKWh/yr) 2396.6 | 13127.2 63.2
Interruption Frequency(/yr) | 20.33 55.06 0.57
Interruption Duraton(h/yr) 7.51 12.65 7.12

V. CONCLUSION
The rapid growth of renewable energy resources

utilization and the great potential for future use in electricity
power supply, required and needed a seriously consider for
make sure of the supply reliability of a given system. In this
paper, a reliability evaluation of a laboratory-based Micro
Grid consisting of renewable energy resources such as wind,
solar and diesel generator with storage battery is proposed
by a Monte Carlo Simulation method which using the
system well-being analysis.

System well-being index computation provides a bridge
between the deterministic and probabilistic methods and
defines indices that can be useful in a practical Micro Grid
reliability evaluation. It is can be very useful for those
situations in which the conventional probabilistic methods
have not been accepted and the deterministic techniques are
still applied such as a Micro Grid system. A laboratory-
based Micro Grid makes it possible and implement by using
the well-being approach not only numerically but also
graphically showing the actual features of the proposed
laboratory-based Micro Grid reliability.
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