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a b s t r a c t

In this paper, a novel methodology is presented to evaluate the micro-grids reliability concerning the
dynamic thermal aging failure of transformers. The widespread presence of distributed generation
(DG) units reduces the loading passing through the distribution transformers and consequently improves
the dynamic thermal failures. The system reliability is investigated for various penetrations of different
scenarios from the view of DG technologies. The introduced method is applied to a realistic distribution
system comprising different distribution transformers in Iran. The sensitivity analysis corresponding to
adequacy indices such as expected energy not-supplied (EENS) based on DG penetrations is performed.
By the use of the novel methodology proposed, it is possible to recognize how different DG technologies
and penetrations can impact on the system reliability. The results demonstrate that the diesel generators
and hybrid systems including diesel generators, photovoltaic units, and wind turbines are the most
promising DG technologies to improve the transformer failures and the reliability of micro-grids com-
pared with renewable DG units.

� 2015 Elsevier Ltd. All rights reserved.

Introduction

Economic and reliable supply of electrical energy is an essential
and important criterion from the view of operating and designing
the power system [1,2]. Many efforts such as reclosing [3,4], opti-
mizing allocation of protective and switching devices [5,6],
decreasing the failures of system elements [1,2,7], reconfiguring
the system [8,9], and using distributed generation units (DGs)
[10,11] have been devoted to improve the electrical distribution
system reliability.

Much effort has also been devoted to investigate the effects,
impacts, and advantages of DGs. In addition to the well-known
advantages of using DG units, e.g. line capacity release [12], reduc-
tion of negative environmental effects [13], improvement of volt-
age profile [14], loss reduction of transmission lines [13,14], price
reduction of wholesale electricity market [15,16], and the reliabil-
ity improvement of future grids in a widespread use of DG units
have been studied in different references [10,11].

Moreover, the transformer loss-of-life (LOL) reduction by
increasing the penetration of DG units is also described in [17,18].
On the other hand, the condition-dependent outage model of trans-
former and age-related failures affect the reliability evaluations

[19–21]. Literature reviews show that a great deal of attention
has been paid to studying the benefits of DG units. However, some
important benefits of DGs have not been investigated. This paper
focuses on the benefits of DGs to reduce the dynamic thermal fail-
ures of distribution transformers. By the implementation of
low-voltage customer-owned DG units, the power and current
passing through the distribution transformers are decreased. This
can lead to a reduction in the time evolution of the transformers’
hottest-spot temperature (HST); although authors in [17,18] have
been identified how the LOL rate of transformer is reduced as a
function of DG technology mix and penetration level, the impact
of transformer LOL on the transformer failure rate and the system
reliability has not been studied. Due to this literature reviews, there
is a knowledge gap about the quantifying of micro-grids reliability
as a function of DG units which lead to a reduction in the dynamic
thermal failure of distribution transformers.

This paper tries to fill such a knowledge gap by introducing a
novel methodology to identify the transformer dynamic
thermal-aging failure reduction provided by the use of DG units.
The probabilistic indicators are used for modeling of aging and
loading-based of transformers based on Arrhenius–Weibull
life-stress model. Several DG types consist of small-scale wind tur-
bines (WT), diesel generators, and photovoltaic (PV) are modeled.
The various penetration levels are considered for different DG tech-
nologies through a sensitivity analysis. The proposed methodology
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is applied to a realistic and modernized distribution system of
Hormozgan regional electric company (HREC) in Iran.

The reminder of this paper is organized as follows.
Section ‘Problem statement’ focuses on the problem description.
Sections ‘Load modeling’, ‘Modeling of DG units’, and ‘Dielectric
failure of transformers based on dynamic thermal model’ discuss
the modeling of load, DG units, and dielectric failure of transform-
ers based on dynamic thermal, respectively. Reliability assessment
and the main contribution of thispaper are presented in Sections
‘Reliability evaluation’ and ‘Reliability evaluation method concern-
ing the dynamic thermal failures of transformers in wide spread
presence of DG units’. The case study and the test results employed
to justify the effectiveness of the proposed method are
demonstrated in Sections ‘Case study’ and ‘Test results’. Finally,
the conclusion drawn from the proposed method appears in
Section ‘Conclusion’.

Problem statement

The main purpose of this paper is to evaluate the reliability of
electric grids with regard to the aging and loading failures of trans-
formers in widespread low-voltage and customer-owned DG units.
To achieve the objective, the demand side including the load pat-
terns of customers and patterns of the renewable resource of out-
put power should be simulated in a statistic and stochastic domain.
It is clear that by identifying the load and generation patterns, it is
possible to identify the ratio of transformer load to its nameplate
rating. Thus, the thermal response of a sample transformer can
be computed and accordingly the aging and loading failures are
identified. According to the precise failure of transformers,
stochastic modeling of the output power of DG units and other
uncertainties such as availability of system elements, the reliability
of electrical grid in a widespread presence of DGs are evaluated.
The various DG technologies and their penetration levels are exam-
ined. Therefore, selecting a satisfying set of economic and reliable
DG technologies from the view of reliability is achievable.

In this paper, the Monte Carlo simulation (MCS) is used to simu-
late the electric distribution system. Subsequent to the system data
and contents including the consumption pattern of low-voltage cus-
tomer loads, ambient temperature, wind speed, solar irradiance,
time to failure (TTF), and time to repair (TTR) of power elements,
cumulative density functions (CDFs) are identified. According to
inverse CDFs, a random number generation can provide sets of sim-
ulated variables and parameters. The nature of simulated variables
is similar to the corresponding actual phenomena.

Load modeling

The consumption pattern of the customer loads can be derived
from the historical data or assumed that it follows the IEEE-RTS
system [22]. If the historical data is selected to be used, it is neces-
sary to remove the time dependence of the recorded data [17]. In
this case, the database contents should be classified into different
typical days representing the working days and weekends of four
seasons. In this paper, it is assumed that the consumption patterns
of customer loads follow the IEEE-RTS system data. In addition, the
voltage-dependency of low-voltage customers is modeled on the
basis of [23] similar to the methodology used in [17,18]. The volt-
age supply of low-voltage customers also depends on the power
flow calculations. The forward–backward sweep, ladder iteration
method [1,24], and Zbus-Gauss method (considering the R/X ratio)
[25] are some methods used to solve the power flow in radial dis-
tribution systems. In this paper, the ladder iteration method has
been selected, because it is simple and easy to implement [1,24].

Modeling of DG units

Wind turbine (WT) units

As described in Section ‘Problem statement’, to chronologically
simulate the output power of small scale wind-based DG units,

Nomenclature

v; vm instantaneous and mean value of wind speed (m/s)
r;l standard deviation and mean value
f ðxÞ probability density function (pdf) of variable x
u random number uniformly distributed on [0,1]
PPV ðtÞ; PW ðtÞ output power of solar-based and wind-based dis-

tributed generation (DG) (W)
Prated rated output power of wind turbine (W)
vci;vrated;vco cut-in, rated and cut-off speed of the wind turbine

(m/s)
G irradiance on a horizontal plane (kW/m2)
kt clearness index
t time segment of Monte Carlo Simulation (MCS)
Tc; Ta solar cell and ambient temperature (�C)
NOT nominal operating temperature of the solar cell (�C)
I; Isc output current and short circuit current of the photo

voltaic (PV) modules (A)
KI;KV current and voltage temperature coefficient (A/�C) and

(V/�C)
V ;Voc output voltage and open circuit voltage of the PV mod-

ules (V)
PPV power output of the PV module
NPV number of PV modules
g PV inverter efficiency
MTTFj;MTTRj mean time to failure and repair of j-th component
Up timej;Down timej duration of in service and out of service

time of j-th component

e maximum limit of stopping criteria
EðXÞ expected value of parameter X
NT ;NP number of transformers and total number of power ele-

ments
Availabilityðk; tÞ availability and unavailability of k-th element in

the t-th time segment
Si

m;t ; Si
rated; Ki

m;t transformer load and its nameplate and their ra-
tio in m-th iteration, t-th hour and i-th load point

Ri ratio of rated and no load loss in i-th transformer
hu; hfl ultimate and full load steady state top oil temperature

rise over ambient temperature
hi

0; hii transient top oil temperature rise over ambient temper-
ature in i-th transformer and load point

hi
g ; hgðflÞ ultimate and full load hot spot temperature rise over top

oil temperature in i-th transformer and load point
hi

hst ; ha hot spot temperature in i-th transformer and load point
and ambient temprature

LOLi
t ; LOLi

T ; Li loss of life in t-th hour and i-th transformer, loss of
life in period of T and i-th transformer, expected life of
i-th transformer

a; b derive exponent to calculate hu; h
i
g

A;B experimental constants are assessed from historical or
accelerated life testing data

Pri
t failure probability of i-th transformer in t-th hour
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