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ABSTRACT Reliability is of critical importance for the microgrid (MG) and deserved more attention.
Aiming at photovoltaics (PV) and energy storage system (ESS) based MG, the microturbine (MT), PV, ESS
and comprehensive load (CL) which is composed of hourly time-varying component, stochastic component,
and controllable component, are chronologically modeled and combined with model of load shedding
minimization and sequential Monte Carlo (SMC) simulation algorithm. Then, the reliability assessment
framework is developed and employed in the comprehensive case studies. Firstly, varying characteristics
of reliability indices, including loss of load probability (LOLP), average service availability index (ASAI),
system average interruption duration index (SAIDI), system average interruption frequency index (SAIFI)
and customer average interruption duration index (CAIDI), over PV penetration are investigated, and the
surge effect of SAIFI (SE-SAIFI) is especially put forward and studied, followed by the principle of PV
capacity decision considering SE-SAIFI. Secondly, the clear pictures of reliability profiles over ESS sizes
are depicted and analyzed, following with a novel method to reasonably decide ESS sizes based on the
definition of expected hourly redundant power (EHRP). At last, reliability indices of multiple scenarios with
different percentages of controllable load are calculated and the benefits of load management are analyzed
in the viewpoint of reliability of standalone MG. Results of the case studies also confirm the necessities of
reliability assessment during the MG planning and size optimization, and the validity of the methodologies
developed in this work.

INDEX TERMS Standalonemicrogrid, energy storage system, sequentialMonte Carlo simulation, reliability
varying characteristics.

I. INTRODUCTION
Microgrids (MGs), supplying an efficient way for clean
energy absorption and more flexible and smart power service,
have attracted more and more interests [1]–[3]. Nowadays,
a growing percentage of energy at home and abroad is
employed to power the communities, smart industrial parks,
isolated islands and remote rural settlements, et al., not
via traditional distribution grids but different types
of MGs [4]–[6].

The challenges of intermittent nature of distributed gen-
erators (DGs), such as photovoltaics (PVs), wind turbines,
etc., and novel energy management techniques have been
necessitating the reliability assessment, especially on the
standalone MGs. Different from grid-connected MGs or
MG clusters, which are attracting more study interests on
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economic efficiency and reduction of fossil fuel
usage [7], [8], standalone MGs are subject to more probable
interruptions of power supply [9]. Therefore, energy storage
systems (ESSs) have been playing an important role in the
power supply-demand balance, mitigation of fluctuation of
renewable powers and also the power supply continuity,
considering that there is no power support from main grid
for standalone MG [10].

The studies on reliability assessment of main grids [11]
can give strong but still not enough support for MG reliabil-
ity assessment, because of the absolutely different operation
strategy, varying natures of the DGs, loads and applications
of ESSs. A large number of literatures considered the reli-
ability of MG as a criteria or constraint to deal with the
MG planning or sizes optimization of DGs and/or ESSs.
Reference [12] proposed a framework to economically opti-
mize the deployment of DGs with a prerequisite of stipu-
lated reliability. Reference [13] took the islanded operation
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reliability which is represented by powermismatch, as a crite-
ria to examine the feasibility of scheduling decisions in grid-
connected mode. Similarly, Reference [14] combined the
expected curtailed energy (ECE) index with the optimization
model as part of objective function. In [15], battery size study
was implemented in order to meet the reliability guarantees of
island-capable MG, and loss of load probability (LOLP) was
adopted as an index to denote reliability efficiency of battery
size. It can be concluded from the aforementioned literatures
that the consideration of reliability of MGs, especially the
standalone ones or those with island-capable requirement, are
of great importance to the economy and efficiency of MGs.
Unfortunately, the reliability should be not only modeled as
a ’criteria’ or ’deadline’ to validate the decisions of planning,
grid augmentation, or power dispatch, et al., but also studied
more comprehensively to get the overall profile and varying
characteristics.

Reliability varying characteristics over the main elements
of MG are attracting increasing but still not sufficient atten-
tions. Reference [16] performed sensitivity studies of ade-
quacy indices of standalone MG for spinning reserve, sizes
of PV and ESS based on Monte Carlo (MC) simulation.
In line with this work, [17] focused on the role of outage
management strategy in reliability performance and demon-
strated that MGs could gain reliability benefit from proper
outage management strategy. Case studies implemented
by [18] and [19] established the significant effects of RERs
and BSS on the reliability indices as well as the economic
efficiencies. Taking both the active and reactive power bal-
ance into consideration, Reference [20] analyzed the relia-
bility improvement quantitatively due to the interconnection
of distributed reactive sources (DRSs) and distributed energy
storage resources (DESRs). In addition, Load manage-
ment [21], [22] and demand response [23], play an important
role in minimizing load curtailment and hence have been
included in the reliability evaluation framework of MG.

From literature surveys, firstly, we can see that present
research mainly deal with the reliability indices as crite-
ria or constraints in the procedure of planning or energy dis-
patch. However, the reliability itself is a key and independent
index of the power service and deserved a systematic and
comprehensive study. Secondly, in order to comprehensively
work out and compare the impacts of key elements, DGs,
ESSs, load management, etc., should be considered in a
unified framework rather than analyzed separately. Last, not
only the reliability indices of probability, but also those of
frequency & duration should be included in the study, for
only the probability indices cannot depict the full view of
MG reliability, and furthermore, frequency & duration
indices may show different trends from probability indices,
which has been demonstrated in the following discussion.

To fill these gaps, within the context of standalone MG,
the reliability assessment methodology and varying char-
acteristics of reliability indices are studied, following with
comprehensive discussions. The contributions of the paper
are as follows:

(a) A framework of sequential Monte Carlo (SMC) sim-
ulation including the models of MG and reliability indices
of both probability and also frequency & duration was
developed;

(b) Comprehensive study on a test standalone MG system
is implemented to provide insights on reliability performance
over sizes of PV and ESS, and controllable load percent;
and

(c) The varying natures of probability indices and
frequency & duration indices are thoroughly analyzed to pro-
mote a more reasonable planning decision when customers’
requirements for the availability and continuity of power
supply are delicately concerned.

The remainder of the paper is organized as follows.
Section II formulates the stochastic models of MG and
its elements, and SMC simulation algorithm procedures.
In Section III, reliability varying characteristics are worked
out and discussed based on intensive case studies, followed
by conclusions of the paper in Section IV.

II. STOCHASTIC MODELS OF MG AND SMC ALGORITHM
PROCEDURES
Analytical method and MC simulation are the basic method-
ologies in the reliability assessment of power system. Ana-
lytical method is usually more efficient than MC simulation
in small systems, but will be limited or even forbidden
by a) the rapidly growing computational burden along with
the expansion of system dimensions or the increase of
concerned stochastic issues, b) the loss of accuracy from
ignoring high order contingencies, and c) the incompati-
bility with chronological factors of MG [24]. MC simula-
tions, including the non-sequential Monte Carlo (NSMC)
simulation and SMC simulation are preferred for the con-
vergence performance independent on the system dimen-
sions and capability to deal with the system behavior
such as power dispatch, energy management and load
shedding, et al., [25], [26]. In NSMC simulation, however,
it is difficult to provide the frequency & duration indices
since the random states of system components rather than
the chronological state sequences are considered. On the
contrary, the SMC simulation is attractive for its capa-
bility of dealing with the chronological and time-varying
issues, such as load fluctuations, performance cycles of the
components, et al., more accurately and efficiently [27].
In this paper, the need to work out not only probability indices
but also frequency & duration indices, and the requirements
of conveniently dealing with the stochastic and time-varying
natures in MG favor the application of SMC simulation.
Accordingly, the PV, microturbine (MT), ESS, load and the
load-shedding strategy, considering their stochastic natures
and operation performance, are modeled to be suitable for
SMC simulation in this section. The effect of transmission
elements, such as transformers, busbars, feeder sections, etc.,
are assumed as ideal elements, i.e., ignoring their failure
rates and capacity constraints. However, the proposed models
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below could be simply extended to consider the aforemen-
tioned constraints.

A. ELEMENTS’ CHRONOLOGICAL OPERATION MODEL
The operation states of MG elements can be worked out
by (1) [28]. 

Ton,ij = −
(
1
λi

)
ln uij

Toff ,ij = −
(

1
µi

)
ln ξij

(1)

Subscript i denotes the number of simulated element,
and j denotes the number of operational sequences. For
element i, Ton,ij and Toff ,ij are the sampling operation time
and repair time of j-th operational sequence. λi and µi are the
failure rate and repair rate, respectively. uij and ξij are random
numbers generated from the continuous uniform distributions
on the interval (0,1).

In order to get the operation status of MG, all the hourly
‘on-off’ sequences should be worked out and combined pre-
viously. Then the information combining probabilistic data
and frequency& duration data are inherently contained and
extracted accordingly.

B. PV POWER OUTPUT MODEL
PV power, with natures of intermittency and probability,
can notably affect the reliability of MG, especially when
the PV penetration is high. During the day time, power output
of PV with Beta-probability density function, is modeled
as (2) [29], [30].

f (PavailablePV (h)) =
0(α + β)
0(α)0(β)

(
PavailablePV (h)

PmaxPV

)α−1
(
1−

PavailablePV (h)

PmaxPV

)β−1
(2)

where PmaxPV and PavailablePV (h) are the PV power under maxi-
mum solar irradiance and the value available in the simulation
hour h during day time, respectively. f (PavailablePV (h)) is the
distribution function of PavailablePV (h), α and β are the shape
parameters of Beta distribution, and 0 is a Gamma function.

C. ESS MODEL
ESS plays an important role in the mitigation of renewable
power fluctuation and keeping the consistency of power sup-
ply especially in the standaloneMG.Battery is applied as ESS
in this paper, and modeled based on state of charge (SOC) as
below [21]:

SOC(h) = (1− δ)SOC(h− 1)

+
PESSc(h)1tηc

EmaxESS
FESSc(h)−

PESSd (h)1t
EmaxESS ηd

FESSd (h)

(3)

where SOC(h) is the SOC of ESS in simulation step h, and
initialized as 0.5 in this work. PESSc(h) and PESSd (h) are

charging and discharging power of ESS in simulation step h,
respectively. EmaxESS is energy capacity of ESS. δ is the self-
discharging rate and assumed as 0.001. ηc and ηd , identically
assumed as 0.9, are the charging and discharging efficiency
of ESS, respectively. FESSc(h) and FESSd (h) are the charging
and discharging state variables of ESS, and valued in the
following equations:

FESSc(h) =

{
1 when ESS in ch arg ing state
0 when ESS in disch arg ing state

(4)

and

FESSd (h) = 1− FESSc(h) (5)

Still in (3), 1t is the simulation step. As it is set as 1 hour in
this paper, (3) can be rewritten as follow:

SOC(h) = (1− δ)SOC(h− 1)

+
PESSc(h)ηc
EmaxESS

FESSc(h)−
PESSd (h)
EmaxESS ηd

FESSd (h) (6)

D. COMPREHENSIVE LOAD MODEL
In this paper, the hourly time-varying load model combined
with the stochastic nature and performance of load man-
agement, comprehensive load (CL), denoted as PLOAD(h) is
developed and modeled as follow:

PLOAD(h) = PL_t (h)+ PL_rand (h)+ PL_cb(h) (7)

where PL_t (h), PL_rand (h) and PL_cb(h) are hourly time-
varying component [27], stochastic component [31], and
controllable component [32], respectively. PL_t (h) and
PL_rand (h) are specified as (8), (9).

PL_t (h) = Pyear,peak × Pmonth(m(h))× Phour (h) (8)

f (PL_rand ) =
1

√
2πσLOAD

exp

(
−

(
PL_rand − µLOAD

)2
2σ 2

LOAD

)
(9)

In (8), Pyear,peak is the annual peak load and Pmonth is
the percentage of monthly load in terms of the annual peak.
Similarly, Phour (h) is the percentage of hourly load in terms
of monthly peak. m(h) is the month related to the simulation
hour h. As expressed in (9), load uncertainty componentPrand
is modeled by normal distribution function, and its expec-
tation value and standard deviation are µLOAD and σLOAD,
respectively. Controllable loads Pcb(h), represented by con-
tracted bands of possible reduction of the scheduled demand,
are predetermined by agreement between the MG operator
and the customers [32]. When power insufficiency occurs in
simulation step h, the load Pctr (h) within contracted bands
will be curtailed.

E. MINIMIZATION OF LOAD SHEDDING MODEL
Different energy scheduling strategies will lead to differ-
ent operating decisions and also different results of relia-
bility assessment. When it comes to the standalone MGs,
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obj.
Min{Pcurtail(h)} (10)

s.t. PMT (h)+ PPV (h)+ PESSd (h) = PL_t (h)+ PL_rand (h)+ PL_cb(h)− Pctr (h)− Pcurtail(h)+ PESSc(h) (11)

0 ≤ PMT (h) ≤ PMTmaxFMT (h) (12)
0 ≤ |PMT (h)− PMT (h)| ≤ 1PMT (13)
0 ≤ PPV (h) ≤ PavailablePV (h)FPV (h) (14)
0 ≤ PESSd (h) ≤ PmaxESSdFESS (h)FESSd (h) (15)
0 ≤ PESSc(h) ≤ PmaxESScFESS (h)FESSc(h) (16)

SOCmin ≤
{
(1− δ)SOC(h− 1)+

PESSc(h)ηc
EmaxESS

FESSc(h)−
PESSd (h)
EmaxESS ηd

FESSd (h)
}
≤ SOCmax (17)

0 ≤ Pcurtail(h) ≤ PL_t (h)+ PL_rand (h) (18)
0 ≤ Pctr (h) ≤ PL_cb(h) (19)

the main consideration usually is to achieve the supply-
demand balance and avoid or minimize the load curtailment if
unavoidable.

Different from the cost-efficient [17] or environment-
friendly [33] energy scheduling strategies, for example, a load
curtailment minimizing model is developed to reschedule
the generation output of DGs, battery charging/discharging
power, and at last the load curtailment when necessary. The
reliability indices resulted from the load curtailmentminimiz-
ing model is adopted in the study of the reliability varying
characteristics over different factors, since the aforemen-
tioned strategy of load curtailment shows a more clear and
straightforward direction to the inherency of reliability, and
is formulated as below:
h in the expression (10)-(19), as shown at the top of this

page, denotes the simulation hour. In (10), the objective
function is to minimize the load curtailment, i.e., Pcurtail(h).
(11)-(19) are the constraints expressions, where (11) is power
balance constraint, (12) is MT capacity constraint, (13) is
MT ramping up/down constraints, (14) is PV available power
constraint, (15), (16) and (17) are ESS discharging power,
charging power and SOC constraints, respectively, (18) is the
load curtailment constraint and (19) is load control constraint.
PMT (h) and PPV (h) denote power output of MT and

PV, PESSd (h) and PESSc(h) denotes the ESS discharging
power and charging power, respectively. FMT (h), FPV (h), and
FESS (h) are the binary states variables resulted from SMC
simulation, representing the normal states when equivalent
to 1, and fault states when equivalent to 0. PMTmax is the
capacity of MT, with the maximum ramping up/down capac-
ity of 1PMT . PmaxESSd and PmaxESSc are the maximum discharg-
ing and charging power of ESS, respectively, and SOCmin
and SOCmax are the minimum and maximum permissible
SOC value of ESS.

F. RELIABILITY INDICES AND CONVERGENCE CRITERIA
In order to depict the overview of MG reliability, LOLP
and average service availability index (ASAI), catego-
rized as indices of probability, as well as system average
interruption duration index (SAIDI, in hour/customer. year),

system average interruption frequency index (SAIFI, in inter-
ruptions/customer. year) and customer average interruption
duration index (CAIDI, in hour/customer. interruption), cate-
gorized as indices of frequency & duration are both adopted.
Comprehensive interpretations of these indices are given
in [11], [20], [34] and [35]. It should be noted that, the reli-
ability indices of system rather than those of customer load
points are referred, for the reliability varying characteristics
of MG system as a whole are focused and studied in this
paper.

The coefficient of variation β is used to denote the conver-
gence of SMC simulation, and calculated as below:

β =

√
V (FR)/H
E(FR)

(20)

where V (FR) and E(FR) are the variance and expected value
of reliability test function FR, respectively. H is the total
number of simulation hour steps.

G. PROCEDURES OF RELIABILITY ASSESSMENT
ALGORITHM
A reliability assessment algorithm based on SMC simula-
tion has been developed. Comprehensively considering the
impacts of MT, PV, ESS, CL, etc., reliability profile of
MG can be depicted by implementing the algorithm. The
algorithm procedures graphically are shown as flowchart
in Fig. 1.

Based on the aforementioned algorithm, a reliability evalu-
ation program for MG has been coded in MATLAB language
on the platform of MATLAB-R2014b. With this program,
a test system built in Section III is modeled and chronologi-
cally simulated, and its reliability varying characteristics are
studied thereafter.

III. CASE STUDIES
A. TEST SYSTEM AND CALCULATING ASSUMPTIONS
A test system of PV-ESS based standaloneMG, schematically
shown in Fig. 2, is applied as the background of reliability
assessment.

The following data and assumptions are applied in the case
studies.
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FIGURE 1. Flowchart of SMC simulation based algorithm for reliability
assessment of MG.

FIGURE 2. A schematic diagram of the PV-ESS based standalone MG for
case studies.

(1) Annual Peak Load of the load points LP_A, LP_B,
LP_C, LP_D and LP_E are identical with those of LP19,
LP20, LP21, LP22 and LP23 of Feeder 4 in IEEE-RBTS
BUS6 [36], and collected in Tab. 1. Percentages of monthly
load in terms of the annual peak Pmonth, and the percentages
of hourly load in terms of monthly peakPhour (h) are specified
in Tab. 2 and Tab. 3 [37]. It should be noted that, hourly load
variation parameters are given by time interval of 15 min-
utes in [37] and the parameters of first 15 minutes of every
hour are selected in this paper as Phour (h) of different load
points to model the behavioral patterns of energy consumers.
Expectation value µLOAD and standard deviation σLOAD of
load uncertainty component, referred in (9) are assumed as 0
and ten percent of hourly load, respectively. Then the profile
of CL in a year is worked out and shown in Fig. 3.

(2) The failure rate, repair rate and repair duration of MT
are assumed as 0.2 occurrences per year, 0.125 occurrences

FIGURE 3. Curve of annual chronological CL with stochastic and hourly
time-varying natures.

TABLE 1. Annual peak load data.

TABLE 2. Monthly load percentages in terms of annual peak.

TABLE 3. Hourly load percentages in terms of monthly peak.

per hour and 8 hours respectively [37]. Failure rates of PV,
and ESS are assumed as zero in the following case studies,
i.e., FPV (h) = FESS (h) ≡ 1, considering that the sizes of PV
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FIGURE 4. Coefficients of variation of different reliability indices within
the convergence criteria (0.015) from SMC simulation of 10 years.

and ESS contribute much more to the reliability indices than
their failure rates. However, the ignored failure rates could
be simply included when necessary, by updating FPV (h) and
FESS (h) according to the hourly ’on-off’ sequences of PV
and ESS.

(3) Capacity of MT is assumed as 1.6 MW to provide the
MG with consistent power supply and a fairly reasonable
level of reliability, and sizes of PV and ESS are specified in
the following study.

B. CONVERGENCE PERFORMANCE
Adequate computation cost is needed to get an acceptable
coefficient of variation β. When β < 0.015, it is assumed that
convergence criteria is reached in this paper. Here, PV capac-
ity is assumed as 0.4 MW, and power capacity and energy
capacity of ESS are assumed as 0.1 MW and 1.0 MWh,
respectively. Then reliability assessment of the test system
is implemented and the convergence performance is inves-
tigated accordingly. As shown in Fig. 4, the coefficients of
variation of different indices are all less than 0.015 when the
total simulation period reaches 10 years, i.e., 87600 hours.
Consequently, the results presented below are computed from
simulation of 87600 hours, then the results will be discussed
with the same accuracy.

C. RELIABILITY PERFORMANCE OVER PV PENETRATION
As shown in Tab. 4, three scenarios, I, II and III, are defined
by changing the sizes of ESS, i.e., energy capacity and charg-
ing & discharging power capacity (represented as ’Power
capacity’ for simplification in Tab. 4). Charging and dis-
charging efficiency are both assumed as 0.9, and permissible
SOC range is 0.2-0.9.

With the incremental steps of 0.2 MW, the capacity of PV
varies from 0.4MW to 6.2MW.As shown in Fig. 5, the curves
of reliability indices are worked out and numbered by I, II
and III, according to the numbers of scenarios in Tab. 4.

Fig. 5 shows that, PV capacity imposes different impacts
to different indices. From curves of LOLP-I, ASAI-I and
SAIDI-I, it is observed that the probability and total duration
time per year of load interruption will be decreased, while the

TABLE 4. ESS sizes of different scenarios.

TABLE 5. Reliability indices over different percentages of controllable
load at LP_C.

decreasing rate reduces along with the increase of PV capac-
ity, even gradually to zero approximately. From Fig. 5 (a)-(c),
the range of PV capacity can be roughly subdivided into
3 subintervals, i.e., extremely insufficient (0.4-1.0), insuffi-
cient (1.0-2.0) and redundant interval (2.0-6.2) for scenario I.
From the viewpoint of reliability efficiency, the reasonable
capacity of PV can be determined accordingly.

Moreover, the reliability can be further improved, when
necessary, by optimization of ESS sizes for example, rather
than increasing the PV capacity. The reliability curves
denoted by I, II and III, derived from different ESS sizes
in Tab. 5, respectively, show that ESSwith reasonable size can
make full use of the PV capacity to obtain a higher reliability
level.

It should be also noted that the curves of SAIFI-I and
CAIDI-I show fluctuant profiles during the increase of PV
capacity. In the extremely insufficient interval (0.4-1.0), the
load disruption frequency, i.e., SAIFI increases along with
the increase of PV capacity, but at the same time the mean
disruption duration of each frequency, i.e., CAIDI decreases.
The similar varying performance can also be found from
curves of SAIFI-II and CAIDI-II in the interval (0.4-0.8)
instead. It is referred as ’surge effect of SAIFI’ (SE-SAIFI)
over PV capacity in this paper, which should be carefully
taken into consideration in the decision of PV capacity.

In order to give further information and explanation of
SE-SAIFI, the operation sequences from 5864 h to 5876 h,
namely, 9:00 to 21:00 on 31th Aug. of the first simulation
year, are explicitly shown in Fig. 6. Because of the redun-
dancy of power supply from 9:00 to 12:00, ESS is charged
continuously in this time interval. During 12:00 to 21:00,
however, PV and MT can’t cover the load anymore, due to
the increase of load and decrease of PV output. Obviously,
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FIGURE 5. Reliability performance over varying PV capacities with consideration of different ESS sizes denoted as I, II and III:
Along with increase of PV capacity, indices of (a) LOLP, (b) ASAI and (c) SAIDI improve steadily at a decreasing rate, and change
evidently due to the variation of ESS sizes. (d) SE-SAIFI occurs when PV capacity is extremely insufficient and is depressed by
upgrading ESS sizes. (e) CAIDI curve presents a valley correspondingly when SE-SAIFI occurs.

ESS is expected to discharge and compensate power gap.
The test function of LOLP, denoted as FLOLP(h), turns to 1
(i.e., power deficiency) from 0 (i.e., power redundancy)
at 13:00, then turns over again at 14:00, and rises back
to 1 at 15:00.

It is seen that, the power interruption period from 13:00 to
21:00 is split into two intervals at the point of 14:00. This
case can be helpful to understand SE-SAIFI. When the

PV power is relatively small, as in interval (0.4-1.0)
of SAIFI-I, or interval (0.4-0.8) of SAIFI-II, the increase of
PV capacity will lead to more splits in the curve of FLOLP(h)
as exemplified in Fig. 6, rather than reduce of load disruption
occasions, resulting in a larger SAIFI and a smaller CAIDI
accordingly. Nevertheless, when PV capacity exceeds the
turning point of extremely insufficient interval, 1.0MW of
curve SAIFI-I for example, the increased PV capacity is large
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enough to partially eliminate the load disruption occasions
with larger probabilities. Namely, SAIFI will be decreased
accordingly.

It is obvious that the PV capacity should be greater than
the turning point of extremely insufficient interval to avoid
SE-SAIFI. By studying the curves of SAIFI-I, SAIFI-II and
SAIFI-III, it is also worth mentioning that ESS with adequate
size can depress the SE-SAIFI. The SE-SAIFI interval of
curve SAIFI-II is smaller than that of curve SAIFI-I, and
SE-SAIFI of SAIFI-III is almost vanished due to ESS with
enough size. To draw a conclusion, the size of PV should be
determined at least to overcome SE-SAIFI, with the consid-
eration of ESS sizes.

D. RELIABILITY PERFORMANCE OVER ESS SIZES
Based on the developed program, reliability performance
over different ESS sizes are studied. In this subsection,
PV capacity is assumed as 2.6 MW and kept constant as a
prerequisite for the following reliability calculations. Accord-
ing to the analysis in Subsection C, the PV capacity is large
enough to present less influence on the variety of relia-
bility indices. Hence, the reliability varying characteristics
only resulting from changes of ESS sizes can be clearly
investigated. With energy capacity varying from 1.0 MWh
to 10.8 MWh with incremental steps of 0.2 MWh, and
charging/discharging power capacity varying from 0.1 MW
to 3 MW with incremental steps of 0.1 MW, the contour
diagrams of reliability indices are worked out and shown
in Fig. 7.

It can be seen from Fig. 7 that the reliability indices are
improved continuously along with the increase of ESS energy
capacity when the ESS power capacity is large enough. How-
ever, the improvement of reliability will be constrained to
some extent by only increasing ESS energy capacity if the
ESS power capacity is insufficient. Taking Fig. 7(a) as an
example, with the constant ESS power capacity of 0.4 MW,
the LOLP decreased marginally from 0.0902 to 0.0894,
by increasing ESS energy capacity from 7 MWh at point
P1 to 10.4 MWh at point P2. When the ESS power capacity
is 1.5MW and kept constant, however, the shift from point P3
to point P4, with identical ESS energy capacity to P1 and P2,
respectively, will lead to an evident improvement of LOLP
from 0.0535 to 0.0039. Similar varying characteristics can

FIGURE 6. A case of split of FLOLP curve during the operation sequences
from 5864-hour to 5876-hour (i.e., 9:00 to 21:00 on 31th Aug. of the first
simulation year) shown as an explanation of SE-SAIFI. Notice that due to
the relatively small sizes of PV and ESS, the power interruption period
from 13:00 to 21:00 is split into two intervals at the point of 14:00 when
the fluctuation of CL occurs.

also be found when other diagrams in Fig. 7 are investigated.
Then, a novel method is proposed by defining expected
hourly redundant power (EHRP) in (21)-(23), as shown
at the bottom of this page, to determine the reasonable size
of ESS.

EHRP can be worked out by SMC simulation without
heavy computational burden, because the load shedding
strategy and ESS performance are not necessarily consid-
ered. Since the reliability requirements favor the capac-
ity of ESS that is large enough to absorb the redundant
power as much as possible, index of EHRP will give
a reasonable reference for ESS power capacity decision.
Based on the assumptions in subsection A of Section III,
EHRP is determined as 1.352 MW. Then the capacity ref-
erence lines which are parallel with the energy capacity
axis, with constant power capacity of EHRP, are drawn
in Fig. 7.

It should be noted that, the contour lines are divided
into two parts by capacity reference lines, i.e., upper part
and lower part. Upper part of contour lines are approxi-
mately vertical to the energy capacity axis, and lower part of

EHRP =
1
H ′

H∑
h=1

FEHRP(h)× (PMTmaxFMT (h)+ PavailablePV (h)FPV (h)− PLOAD(h)) (21)

where,

FEHRP(h) =

{
0, whenPMTmaxFMT (h)+ PavailablePV (h)FPV (h) ≤ PLOAD(h)
1, whenPMTmaxFMT (h)+ PavailablePV (h)FPV (h) > PLOAD(h)

(22)

and

H ′ =
H∑
h=1

FEHRP(h) (23)
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FIGURE 7. Reliability performance over varying energy capacity and power capacity of ESS: (a) along with increase of energy
capacity, LOLP improves marginally when power capacity is lower than capacity reference line (e.g., from P1 to P2), but evidently
when power capacity is higher than capacity reference line (e.g., from P3 to P4). Other indices, such as (b) ASAI, (c) SAIDI, (d) SAIFI
and (e) CAIDI show characteristics similar to those of LOLP.

contour lines turn to horizontal direction gradually. Based
on the investigation to the diagrams, the preferable sizes of
ESS power and energy capacity can be determined from the
viewpoint of reliability efficiency as below.

Assumed that the ESS power capacity is equal to EHRP,
i.e., the value denoted by capacity reference line, reliability

will be improved evidently and continuously along with the
increase of ESS energy capacity, which can be determined
by the requirement of reliability. Take SAIFI in Fig. 7(d)
as an example, the ESS energy capacity should be no less
than 9 MWh if SAIFI<53.25 interruptions/customer. year
is required, with a ESS power capacity equal to EHRP as
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FIGURE 8. Reliability performance over different controllable percent of load: Curves of (a) LOLP, (b) ASAI, (c) SAIDI and (e) CAIDI
present approximate linearity, different from curve of (d) SAIFI with fluctuations.

an prerequisite. Oversized power capacity of ESS which
is much larger than EHRP is not preferable either due to
the lower reliability efficiency. On the contrary, Undersized
power capacity of ESS which is much lower than EHRP,
will strongly constrain the reliability performance and its
sensitivity to ESS energy capacity. It is suggested that ESS
size can be determined by two steps:

(a) Work out EHRP as a reference of power capacity,
and

(b) Determine the energy capacity by investigating the
upper part of contour lines as shown in Fig. 7.

E. RELIABILITY PERFORMANCE OVER CONTROLLABLE
LOADS
Controllable loads, such as air conditioner, electrical vehi-
cles, etc., are playing an emerging but important role in the
mitigation of load fluctuations. In order to perform the study
on reliability performance over controllable loads, sizes of
PV and ESS, are properly assumed in advance. PV capac-
ity is assumed as 2.6 MW, identical to the value used in
Subsection D, and the way in which PV capacity is deter-
mined has been explained above. According to the study in
Subsection D, the assumed power capacity of ESS is equal

VOLUME 7, 2019 120881



X. Song et al.: Reliability Varying Characteristics of PV-ESS-Based Standalone MG

to EHRP, i.e., 1.352 MW to provide fair reliability efficiency
of power capacity, and the ESS energy capacity is assumed
thereafter as 5 MWh to present a reasonable benchmark of
MG reliability. Here, LP_C is assumed as a partially con-
trolled load point with a varying controllable percentage of
load. The reliability indices over different controllable per-
centages of load are listed in Tab. 5, fromwhich it can be seen
that ASAI is improved evidently from 0.9331 to 0.9612, when
the index of probability, for example is mentioned. At the
same time, the index of frequency, SAIFI is improved from
95.45 to 89.90 interruptions/customer. year, and the index of
duration, CAIDI is reduced from 6.15 to 3.77 hours/customer.
interruption.

In addition, curves of reliability indices over controllable
percentages of load are depicted in Fig. 8. Compared to
varying characteristics of the reliability indices over sizes of
PV and ESS, Fig. 8 shows approximate linear characteristics
except the fluctuations of SAIFI curve, implying the notable
reliability efficiency of load control. To draw a conclusion,
load control should be no doubt considered delicately, espe-
cially when the reliability requirements cannot be met effec-
tively by increasing the power supply or ESS sizes.

IV. CONCLUSION
In this paper, a framework of reliability assessment and
varying characteristic analysis aiming at PV-ESS based stan-
dalone MG has been developed, by taking the sequential
stochastic states of main components ofMG, minimization of
load shedding model, as well as CLmodel into consideration.
we have conducted series of case studies and comprehen-
sively investigated not only the indices of probability but also
those of frequency & duration. The case studies have sug-
gested that, first of all, increase of PV capacity will improve
the indices of probability, but probably result in SE-SAIFI
at the same time, especially when the ESS is undersized.
However, SE-SAIFI can be avoided by properly deciding PV
capacity to surpass the turning point, which is affected by the
ESS sizes. Furthermore, EHRP have been worked out as a
reference to reasonably determine the ESS power capacity,
following with the decision of ESS energy capacity according
to the requirement of reliability of MG. The solution of
ESS size prompted by the novel method has provided rea-
sonable balance between power and energy capacity. Lastly,
most of the reliability indices under study have shown evi-
dent improvements due to the increase of controllable load,
which have strongly validated the reliability efficiency of load
control.
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