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Abstract— Smart grid incorporates communication and control
technologies to provide more efficient and reliable electricity to cus-
tomers. The infrastructure of such power system will allow the cus-
tomers to generate and store electricity, and use that in case of an
outage or disconnection from the utility. Therefore, the outage of
power from the utility side does not necessarily result in loss of elec-
tricity. This paper presents a new process for reliability assessment
of future power distribution systems affected by the customers’ dis-
tributed energy resources (DER). The method to calculate the relia-
bility indices, such as SAIFI and SAIDI, based on a Monte Carlo
simulation is explained; and results are provided for case studies
with residential, commercial, and industrial customers, renewable
generation, and battery systems.

Keywords—Battery; distributed generation; future distribution
systems; reliability analysis ; smart grid.

L.

Reliability has always been of utmost importance during de-
sign, operation, and planning of electric power systems. In the
recent decades, reliability of power systems has become more
critical as the daily lives of people highly depend on electricity.
According to the U.S. Energy Information Administration
(EIA), over the past three decades, the consumption electricity
by appliances and electronic device of U.S. residential custom-
ers has almost doubled [1]. The outburst of smart phones,
growth of electric vehicles, and introduction of new appliances
are now accelerating the need for reliable and available electric-
ity. Nowadays, electricity is being taken for granted by the cus-
tomers, meaning that long power outages may not be tolerated
anymore. On the other hand, the statistics on the reliability of
power systems are not promising as the number of outages af-
fecting customers is increasing, and the reliability of the U.S.
grid is decreasing by roughly 2% each year [2, 3]. What makes
providing reliable electricity to customers even more challeng-
ing are the aging infrastructure of power systems, demand that
is growing faster than system capacity is expanding, and rising
integration of intermittent generation, such as wind turbines and
photovoltaic (PV) panels, into the grid [4].

INTRODUCTION

Moving toward smarter grids seems to be an indispensable
approach to confronting the challenges of future power systems.
Smart grids incorporate information and communications tech-
nology (ICT) into the power system infrastructure and aim to
provide more reliable, efficient, and secure electric grids [5].
The reliability of an electric grid can be improved as a result of
smart grid technologies, such as situational awareness, auto-
mated and fast controls, and bidirectional communications. On
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the other hand, an efficient use of assets may push a power sys-
tem operating close to the edge, where it will be exposed to
higher volatility, and its reliability may adversely be affected
[6]. Therefore, it is essential to assess the reliability of smart
grids considering the impact of various factors such as custom-
ers’ DER and customer demand management.

Electricity outages are caused by failures in generation,
transmission, or distribution systems. However, outages in the
electrical distribution system are responsible for most of the
hours that electricity is unavailable to customers [7]. This paper
addresses a notable challenge in reliability assessment of the fu-
ture power distribution systems attributed to availability of dis-
tributed generation and storage system. In fact, reliability of
conventional power distribution systems is evaluated using
commonly accepted indices, such as System Average Interrup-
tion Frequency Index (SAIFI), and System Average Interrup-
tion Duration Index (SAIDI) [8]. In such systems, which are
supplied with a radial network configuration, the direction of
power flow is from the utility side to the customers. Hence, there
is always a power interruption in a conventional distribution
system when an outage occurs disconnecting an upstream
feeder directly supplying a load, if that load cannot be trans-
ferred to another operating feeder. However, in future power
distribution systems, customers using their own distributed gen-
eration and previously stored power from their batteries may not
even become aware of such outage. Therefore, in this paper, we
propose an improved calculation of SAIFI and SAIDI consider-
ing the actual outage frequency and duration experienced by the
customers. The calculation technique for reliability assessment
is based on the Monte Carlo simulation (MCS) approach. This
study accounts for the stochastic nature of renewable generation
as well as random failure and repair duration in the system. In
addition, a number of reliability assessment indices, such as
Value of Lost Load (VOLLs), Energy Not Supplied (ENS;), and
Customer Interruption Cost (CICs), are proposed from the per-
spective of each customer sector “s”. The customer-side relia-
bility indices are defined to account for the smart grid features
and aim to capture the influence of customers’ distributed en-
ergy resources (DER) on the reliability of future power systems.
The reliability assessment approach is explained using simula-
tion case studies, and results are discussed.

1L

This section provides a brief description of different compo-
nents of the smart grid model. The following figure shows the
available resources of an electricity customer. The smart grid

MODELING



2015 IEEE Conference on Technologies for Sustainability (SusTech)

customers may utilize these resources to reliably meet their
electricity demand.

-

ELECTRICITY CUSTOMER FEATURES

Distributed
Generation

Management

Fig. 1. The features of an electricity customer in a smart grid environment.

Fig. 2 shows a schematic of the model for reliability evalua-
tion, including electric utility, different types of customers, and
instances of the areas impacted by different contingencies. The
customers may have their own renewable generation and en-
ergy storage resources.

The power network is assumed to have a mesh configuration.
Therefore, in case of a contingency in the system, only part of
the system will be disconnected form the utility. This paper
uses a graph theoretic representation of a power distribution
system; and instead of simulating individual contingencies, the
consequences of these contingencies are modeled as impacted
areas. An impacted area is modeled by disconnection of part of
the grid including all of the customers within that area around
the center of the contingency. These areas are realized using
exponential outage rates and normally distributed restoration
durations. During the simulation, the contingencies are origi-
nated at random points in the network and are surrounded by
an impacted area with a radius R,,;, determined using a uni-
form distribution between 0 (i.e., no impact) and up to total
system interruption. The model is designed to be general; and,
in case the capacity of distributed energy resources (DER) is
high enough to satisfy the load in an isolated mode from the
utility, the overall power network can be a representative of a
micro-grid.

Electric |A
Utility  [¥
% Residential ﬁ Industrial < ° Commercial

¢ Electricity Flow . Instances of impacted areas

Fig. 2. Main entities of the distribution system model for reliability evalua-
tion, and instances of impacted areas A, B, and C by different contingencies.
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The electric utility is simply responsible for providing power
to the customers and buying back the extra power. Here, we
don’t perform load flow analysis and assume that the power
flow is within the capacity limits of the equipment. The electric
grid is subject to contingencies which may lead to isolated (out-
age) areas in the system.

Three customer sectors have been considered in the studies:
residential, industrial, and commercial. Each sector is realized
through an individual load profile. The hourly load of each cus-
tomer is then calculated using normal distribution with the av-
erage value coming from the load profile, depending on the
type of the customer.

The hourly output power of two renewable generation sys-
tems (wind and PV) are modeled using probability distribu-
tions. Hourly wind speed can be adequately represented by the
Weibull distribution [9]. A simple power curve formula is then
used to calculate the hourly wind power generation, gy, (£;), as
described by (1) [10].

Vi (t) = Vg
Capw (# Vci < VW(t]) < Vr
gw(ty) = T €y
Capw Vo < V() < Voo
0 otherwise

Where, Capyy is the rated capacity of the wind turbine, and
Vw (tj) is the wind speed in m/s at time t;. V;, V., and V,, rep-
resent cut-in, rated, and cut-out wind speeds of the wind turbine
in m/s, respectively.

The output power of a PV system depends on many param-
eters, including environmental factors (e.g., temperature, cloud
cover, dust, etc. [11]) and solar panel related (e.g., technology,
type of installation, etc. [12]).

We use the daily mean hourly solar irradiance data and as-
sume the irradiance for different hours follow normal distribu-
tions. Next, the PV generation at each hour, ng(tj), is calcu-
lated using (2) [13].

IR(t))?
Cappv (m) IR(t]) < IRC
9ev(8) =1 Cappy <'I’;(t")) IR < IR(t) < IRyq (&
std

IR(t) = IRy

Where, Cappy is the rated capacity of the PV system, and
Vw (tj) is the solar irradiance at time step t; in W/m?. IR and
I R4 represent specific solar irradiance close to 150 W/m? and
solar irradiance in the standard environment in W/m?, respec-
tively.

III.

The reliability of the system is assessed using a sequential
MCS approach. In this method, the time to the next failure and

PROPOSED RELIABILITY EVALUATION METHOD
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the duration of failure in the system are determined by sam-
pling the associated failure and repair probability distributions,
respectively. The load and generation of each customer are also
determined using their provided probability distributions as
discussed.

In a smart grid, the demand side management (DSM) affects
the way power is supplied and being used by the customers.
Therefore, the DSM can impact the reliability of the system.
The proposed reliability evaluation method considers the im-
pacts of random outages and the customer demand manage-
ment on the reliability. In order to model the impact of the
DSM, the total demand, total local generation, and available
battery charge of customer x at time step t; are denoted by

d, (tj), gx(t]-), and b, (tj), respectively.

In case of a contingency, the impact of a customer’s demand
management can be simply modeled by the following process:

- If dx(t]-) > 0, then try to supply the load from the gen-

eration (gx(tj))

2-  If the residual demand (d;(tj)) is not zero, then use the
battery storage up to (min{bx(tj),DRx}) to supply the
load.

3- If the d;(tj) is nil, then there is no loss of load
(LOL,(t;) = 0); otherwise LOL,(¢;) = di(t;)

In the above process, DR, is the maximum allowable battery
discharge rate for customer x in % of battery capacity per t;. We
define LOL, (tj) to represent the amount of customer x’s loss of
load power at time step t;. We further define the index of inter-
ruption, IOIx(tj), as:

LOL,(t;)) >0

1
101,(t; :{ 3
x( ]) 0 Otherwise )

Subsequently, we define the index of interruption frequency,
IOIF, ., by taking the union of IOI for each customer x af-
fected by the outage k, as expressed by (4), where Ty, is the set
of all time steps during outage k.

I0IF,, = U 10L.(t;) (4)

t]'ETk

Equation 4 indicates that if a customer cannot meet the load
for one or more time steps during an outage, then the customer
is counted as interrupted due to that outage (i.e., [OIF, , = 1).

In this study the time step is assumed to be one hour, and
therefore, the duration of interruption can directly be calculated
by adding up the multiples of the hours (i.e. I0I). The index of
interruption duration, /01D, ,, is defined by (5) which repre-
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sents the duration of interruption per outage k, for each cus-
tomer x.

101D, = Z 101(t)) (5)
tjETk
Finally, SAIFI and SAIDI are defined as:

NCDTL
g:l Zk=1 IOIFx,k

SAIFI =
NXxT

(6)

YN TR 101D, ),

SAIDI =
NXT

Q)

where N and N,,,, are the total number of customers and con-
tingencies within duration of T years. SAIFI and SAIDI repre-
sent the average frequency and duration of interruptions per
customer of the power distribution system for the duration of T
years, respectively.

As previously mentioned, we define the customer-side reli-
ability indices to determine the impact of the local electricity
generation and storage as well as DSM on the reliability per
customer sector. The indices include: Value of Lost Load
(VOLLs), Energy Not Supplied (ENSs), and Customer Inter-

ruption Cost (CIC;), for a customer. ENSg, VOLL, and CIC,
kWh $

customer,year’ wr’

respectively. For example, in a case of residential customers,

the equations are defined as follows.

255:1 Z§:1 LOLxr(tj)

. $
are in and Sear for each customer sector s,

ENS, = 8

R Ng xT (®)
R seon CDFg(101ID,)

VOLLy = —— =t 101Dxk 9

R NR X NCOTl ( )

CICy = ENSg X VOLLg (10)

where, xr and Ny are the index and total number of the resi-
dential customers, respectively. J is the simulation hours in T
years; CDFy represents the residential customer damage func-
tion which is a function of interruption duration. Equations (8-
10) may be revised for commercial and industrial customer sec-
tors by replacing “xr” with “xc” and “xi”, and subscript “R”
with “C” and “I” subscripts, respectively.

IV. CASE STUDY

The case studies are provided to perform reliability assess-
ment and determine the impact of customer DER, such as re-
newable generation and storage systems on the results.

The first system studied includes only the residential cus-
tomers. In the second case study, the customers are diverse
from residential, commercial and industrial sectors. The pa-
rameters of the system for these cases are provided in Table I
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and 11, respectively. Capy and Capg are average battery and
generation capacities of the customers; A and u are failure and
repair rates for the contingencies in the system used for both
case studies. d,; 4, represents the maximum demand of a cus-
tomer which is used along with the load profiles to determine
the load value at each hour.

TABLE I. CASE STUDY PARAMETERS WITH RESIDENTIAL CUSTOMERS.

Table III shows the reliability indices of a case study in this
case. As the percentage of customers with generation and bat-
tery increases, both the average duration and frequency of the
interruption in the system decreases.

TABLE III. RELIABILITY INDEXES WITH DIFFERENT PERCENTAGES OF THE
CUSTOMERS OWNING GENERATION-BATTERY SYSTEMS

SAIFI

SAIDI

Customer
Type

Percentage with

Battery/Gen | (

1

hrs

Customer, year

) |C

customer, year

Parameter Capp | Capg A U dmax
Value 400 | 1.25 | 0.5 2 |12x10* 1.1
Unit kWh | kW ! kw
Year | Year

TABLE II. STUDY PARAMETERS WITH COMMERCIAL & INDUSTRIAL

CUSTOMERS.
Parameter N | Capg | Capg | dmax
Commercial 200 | 2.5 1 16
Industrial 20 15 25 20
Unit - kWh | kW | kW

3 0% 1.35 4.07
=
2 50% 0.86 257
z
= 100% 0.66 1.55

Table IV provides the reliability indices from the customer’s
perspective, for the same study. As a result of using DER, cus-
tomers’ energy not supplied and the interruption costs de-
crease. According to the results, by having 50% and 100% of
customers own distributed generation and battery systems, the
customer interruption cost drops by 45% and 79%, respec-

Hourly data used for the wind speed, solar radiation, and cus-
tomer loads are from [14], [15], and [16], respectively, where
the average data for three load sectors, wind and PV generation
are depicted in Figs. 3 and 4, and used to calculate dx(tj) and
gx(tj) respectively. The customer damage functions used for

the loss-of-load cost analysis per customer sector are based on
typical data from [17-18].

tively.

TABLE IV. CUSTOMER PERSPECTIVE RELIABILITY WITH DIFFERENT
PERCENTAGES OF THEM OWNING GENERATION-BATTERY SYSTEMS

Customer Pervcvei;ll:age VOLLg, l;'(%?;:
Sector | o iGen | (B/KWH) (W
_ 0% 6.67 2.91
<
=
£ 50% 6.65 1.6
3
e~
100% 6.5 0.62

------ Industrial
= Commercial

Residential

Percentage of the Peak Load (%)

1234567 89101112131415161718192021222324
Time (hour)

Fig. 3. Average load profiles for residential, commercial, and industrial loads.
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Fig. 4. Average PV and wind generation profiles.

B. Reliability analysis with residential, commercial, and
industrial customers

In this case, the customers are diversified from residential,
commercial, and industrial sectors, with the parameters pro-
vided in Tables I and II. These customers have different load
profiles during an average day, as shown in Fig. 3. Similar to
the previous case, Table V shows how the reliability of the
smart grid improves by having higher percentages of the cus-
tomers own DER. In addition, the diversity of the customers
leads to lower SAIFI and SAIDI values, and therefore, an im-
provement in system reliability.

TABLE V. RELIABILITY INDEXES WITH DIFFERENT PERCENTAGES OF THE
CUSTOMERS OWNING GENERATION-BATTERY SYSTEMS

V.  RESULTS AND DISCUSSIONS

A. Reliability analysis with residential customers

In this study, the customers are all from the residential sec-
tor. The objective is to investigate the impact of renewable gen-
eration and storage systems on the reliability from the system
and customer points of view.
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Customer
Type

Percentage with

SAIFI
1

SAIDI
hrs

Battery/Gen | (

Customer, year)

customer, year

E53 0% 1.2 3.3
w o,

TES 0% 0.8 2.2
g 3= 0

© 100% 0.62 1.5
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VI. CONCLUSIONS AND FUTURE WORK

A reliability assessment method was proposed based on
Monte Carlo simulation technique to capture the impact of ac-
tive customers and distributed energy resources on system re-
liability. Reliability was assessed from both the system and
customer point of view by applying a number of commonly
used and newly defined indices. The results indicate that both
frequency and duration of interruptions can be improved with
higher DER capacities. In fact, the new reliability calculation
suggests that by having additional electricity resources at the
customer side, the reliability of the system improves, while by
using the conventional method of reliability calculation, the re-
sults would not be different in these cases.
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