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Abstract

A suitable mixture of renewable resources including wind, tidal and photovoltaic units
can be used in the microgrids installed in coastal areas or islands. However, the variation
in the renewable resources such as wind speed, tidal current speed and solar radiation
is significant that affects the reliability performance of these microgrids. Thus, to accu-
rately evaluate the reliability of the microgrids, the failure rate of composed components
affected by the variation in the renewable resources must be considered. To study the
impact of variation in the temperature and renewable resources on the failure rate of
components, different equations including Arrhenius law, temperature modification fac-
tor, fatigue strength, bending and contact stress, limit state function of turbine, thermal
loss of semiconductor devices, the temperature rise of transformer and cable, the temper-
ature coefficient of voltage and power of photovoltaic panels are developed. According
to the developed equations, the components failure rate, and consequently the failure rate
of the microgrid considering the variation in the temperature and renewable resources
are determined. Then, by simulation, the impact of different energy sources on the fail-
ure rate of the whole system is evaluated and the reliability in a microgrid consisting of
offshore renewable energy sources will be studied.

1 INTRODUCTION

In recent years, the renewable energy-based generation units
such as wind turbines, photovoltaic (PV) panels, current type
tidal units and wave energy conversion systems are increasingly
used to supply the local loads in the microgrids. In addition to
benefits such as reducing voltage drops, reducing power losses,
increasing the reliability and improving the voltage profile, the
microgrids allow the renewable energy-based resources to be
used to supply the local consumers. However, attributable to
dissimilarity in the renewable resources, the power produced
by the renewable energy-based generation units varies widely in
time that affects different aspects of these microgrids that must
be studied. Due to the importance of microgrid reliability, many
of the past researches have been devoted to this topic. In [1],
mission-profile-based reliability assessment of DC microgrids
in system-level is performed. In this research, to study the reli-
ability of the power electronics components and systems such
as capacitors and power semiconductors used in the microgrids,
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the climate variation and operating limitations are considered
in the microgrid, which also includes the configuration of the
converters, the available energy sources and the interconnected
structure of the system. The presented approach is examined
on a DC microgrid, including PV panel, fuel cell and battery
to calculate the unreliability of these generation units consider-
ing the years of the operation. However, to calculate the failure
rate of the understudied generation units the effect of other
affective components are not considered and the failure rate
of equipment and elements used in the system is not taken
into account due to the diversity of renewable energy sources.
Besides, only PV system as a renewable resource is consid-
ered in the DC microgrid. In [2], reliability assessment of the
stand-alone microgrids including PV generation units, micro-
turbines, comprehensive loads and energy storage systems is
achieved. In this research, in order to model the output power
of PV arrays, the beta probability density function has been
used. Several reliability indicators are discussed below, including
loss of load probability, average service availability index, system
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average interruption duration index, system average inter-
ruption frequency index and customer average interruption
duration index considering PV penetration, which are calculated
using the Monte Carlo method. However, several disadvantages
of this paper are excluded as the composed components fail-
ure rate ignoring and the solar radiation variation effects on the
reliability indices of the PV-based microgrids. In [3], reliabil-
ity evaluation of an isolated microgrid including wind turbine,
PV system, distributed generation units consuming fuel and
the loads with capability to contribute in load-frequency con-
trol (LFC) is performed. In this literature, the impact of the
random failures of cyber-physical system including switches, cir-
cuit breakers, microsource controllers, current transformers and
potential transformers resulted in the malfunction of the fre-
quency control on the reliability indices is investigated using
of the Monte Carlo simulation method. However, in the pro-
posed reliability assessment technique, the impact of affective
components such as generators, PV panels and transformer
is not considered. In [4], short-term reliability evaluation of
the islanded microgrids using of the time-varying probability
ordered tree screening algorithm is performed and the relia-
bility indices of the understudied microgrid containing loss of
load probability and expected energy not supplied (EENS) are
determined. This paper calculates, based on the proposed algo-
rithm, the reliability indices of the islanded microgrid including
microturbines, wind turbines, PV systems, energy storage sys-
tems and loads. However, in the proposed reliability assessment
method, the impact of the variation in the renewable resources
and the components failure rate are not taken into account. In
[5], a novel sequential sampling algorithm is proposed to evalu-
ate the reliability of the microgrids including microturbines and
PV systems. This paper uses the variation method to deter-
mine the optimal probability density function of the random
variables. However, the variable rate of failure for PV system
dependent on the solar irradiation power is not considered. In
[6], the superconducting magnetic energy storage system is used
to smooth the fluctuated power of the PV panel and conse-
quently, enhance the reliability of the microgrids containing PV
generators. In this research, a fuzzy logic approach is projected
in order to advance the reliability of the microgrids including PV
systems and superconducting magnetic energy storage systems.
However, the impact of variable renewable resource on the
reliability indices and also the components failure rate is not
considered in this study. In [7], to evaluate the reliability and eco-
nomics of the microgrids in distribution systems, new metrics
including reliability parameters for a microgrid in the islanded
mode, indices indicating distributed generation and load char-
acteristics in the microgrid, microgrid economic indices and
customer-based reliability indices, are proposed. In this study,
using two-step Monte Carlo simulation method, the reliability
and economics of a microgrid containing intermittent genera-
tion units is determined. The drawback of this paper is that the
effect of the changing in sunlight and wind speed on the reli-
ability indices of the understudied microgrid containing wind
turbine and PV system is not considered. In [8], to model the
reliability performance of the microgrids in the hot standby

mode, hybrid methods including Markov model, fault tree anal-
ysis, reduced binary decision diagram and reduced sequential
binary decision diagram are proposed. To investigate the effec-
tiveness of the proposed techniques, reliability analysis of the
IEEE 5-bus microgrid system including 100 kW PV system and
diesel generator is performed. However, the influence of the
solar radiation changing continuously on the PV system fail-
ure rate is not done in the modelling. In [9], the optimal size
of the energy storage system in the networked microgrid con-
sidering the reliability and resilience indices is determined. This
paper develops a bi-level optimization model for the energy
storage sizing problem. In the upper-level problem, the annual
profit is maximized, and in the lower-level problem, the profit
under multiple operating scenarios is maximized. However, the
changing in solar radiation cause the variable failure rate in the
microgrid-based PV systems, which is not molded in the pro-
posed framework. In [10], the models of the momentary event
are developed to be integrated in the reliability evaluation of
the active distribution systems. This paper proposes a novel
aggregared reliability even model to consider the effect of the
random failures of the distribution systems including voltage
sags, momentary interruptions and sustained interruptions on
the reliability indices of distribution systems. However, the fail-
ure rate of the generation units of the distribution system is not
considered in the proposed study. In [11], a hierarchical struc-
ture is proposed to assess the reliability of an islanded hybrid
microgrid. This paper models the reliability performance of the
power converters used in the renewable energy-based genera-
tion units considering the power semiconductors arrangement
and loading condition. However, since changes in weather
conditions affect PV output power and network reliability indi-
cators, they are not discussed in this paper. In [12], a novel
reliability assessment method based on the time correlation
model is introduced to evaluate the reliability of the microgrids.
This paper develops the model of the microgrid, based on the
distributed power supply output model, load and component
fault model, and then using of the improved Latin Hypercube
sampling method, the generated power of the wind turbine and
PV system is sampled. However, since the failure rate of tur-
bines and other renewable sources is not modelled in this paper,
it can be omitted as a complete framework. In [13], reliability
assessment of the microgrids considering the distributed energy
storage systems is performed. This paper solves, using of the
dynamic programming, the unit commitment problem of the
microgrid in two cases equipped to the energy storage system
and without energy storage system. Nevertheless, the disad-
vantages of this paper include not considering variation in the
renewable resources.

In [14], the Markov chain model is proposed to study the
reliability performance of the centralized and decentralized
microgrids. In [15], a stand-alone microgrid including the PV
systems, diesel generator and battery is considered and using the
mixed integer linear programming approach, the optimal size of
the associated units is determined. This paper uses the rolling
horizon-based Sequential Monte Carlo method for reliability
evaluation of the microgrid to determine the optimal size of the
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NARGESZAR ET AL. 509

units. In [16], the failure rate of the power electronic convert-
ers used in the generation units of the microgrids is proposed
to be non-exponential, and based on this fact, the reliability
assessment of the microgrids is performed. In [17], to analyse
the overall reliability of an islanded microgrid containing high
penetration level of the renewable resources, the impact of the
operation failure probability of power electronic components is
considered. This paper uses the hybrid energy storage system
instead of the conventional battery storage system to improve
the reliability of the microgrid. In [18], the impact of the dis-
tributed energy resources, electrical vehicles and energy storage
system on the reliability, power quality, energy management and
control strategies of the microgrids is studied.

This paper considers a suitable mixture of renewable
resources including wind unit, tidal turbine and PV system to be
installed in a coastal or island microgrid. To determine the relia-
bility performance of these microgrids, the impact of composed
components failure on the overall failure of microgrid must be
studied. Besides, due to the variation in the renewable resources
and ambient temperature, for accurate reliability calculation, it
is necessary to determine the impact of variation in wind speed,
tidal current speed, solar radiation and temperature on the fail-
ure rate of composed components. Thus, the innovations of this
paper are:

- Detailed reliability model of a renewable energy-based micro-
grid containing wind, tidal and PV systems is developed, and
the impact of failure of all effective composed components
on the overall failure of microgrid is considered.

- Due to the variation in the renewable resources and temper-
ature, the impact of all effective parameters including wind
speed, tidal current speed, solar radiation and temperature
on the failure rate of all components is studied. For this
purpose, different equations including Arrhenius law, tem-
perature modification factor of alloy steels, fatigue strength,
bending and contact stress equations of mechanical parts,
limit state function of turbine, thermal loss of semiconduc-
tor devices, the temperature rise of transformer and cable, the
temperature coefficient of voltage and power of PV panels are
developed.

- The technology associated to the generator used in the
wind and tidal units affects the reliability performance
of these units. For comprehensive study of these units,
two well-known technologies including permanent magnet
synchronous generator (PMSG) and double fed induction
generator (DFIG) are considered.

Based on the goals of this paper, it is organized as follow:
the structure of the understudied microgrids and the included
modules of the power generation units with renewable energy
technology are introduced in Section 2. The failure rate of the
elements used in the system based on temperature changes
is described in Section 3. Section 4 is devoted on the imple-
mentation of the proposed method in practice and reliability
evaluation approach is introduced. Simulation results are given
in Section 5 and the conclusion is presented to summarize the
findings in Section 6.

Load 

Central controller

PV systemTidal turbineWind turbine

FIGURE 1 The structure of the renewable energy-based microgrid

2 THE STRUCTURE OF THE
RENEWABLE ENERGY-BASED
MICROGRID

The structure of a renewable energy-based microgrid contain-
ing the wind turbines, tidal units and PV systems to supply the
required load is shown in Figure 1. To control and manage the
generated power of the renewable resources of the microgrid, a
central control system that plays a major role in smooth stable
operation of the microgrid is taken into account. In the renew-
able energy-based system, the central controller performs the
same function that the supervisory control and data acquisition
(SCADA) does in the power system.

The composed components of a typical wind turbine are
shown in Figure 2. To extract the kinetic energy of the mov-
ing air mass, a wind generation unit is equipped to the wind
turbine, gearbox for change the rotation speed, generator for
electric power generation, electrical converters for voltage and
frequency adjustment, control system for control the electri-
cal converters, transformer for voltage matching and cable
for power transmission [19]. Different generator technologies
are used in the wind generation units including squirrel cage
induction generators, PMSG, electrically excited synchronous
generators and DFIG [20].

The basis of electricity generation in wind units and cur-
rent type tidal plants are similar. Thus, the structure of the
tidal generation units would be the same of the wind power
plants structure [21]. Due to the high potential of tidal cur-
rents and the maturity of technologies associated to marine
current turbine, numerous tidal current farms such as 10 MW
Anglesey tidal farm in Wales, 10 MW Sound of Islay tidal farm
in Scotland and 12 MW Raz Blanchard tidal farm are con-
structed and operated in past years [21]. Two types of ocean
energies including wave and tidal current are most advanced
and are expected to use for electric power generation in future
[22]. In [22], a review of the current states of these renewable
resources is performed and different aspects of these energies
including environmental impacts, life cycle, social impacts, cost–
benefit analysis, grid integration, resource variability, power
quality and control, installation, operation and maintenance
are discussed. From resource variability point of view, the
tidal current energy is periodic, and so, the forecasting of this
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Wind turbine

Gearbox PMSG
Electrical 
converters

Cable Transformer 
Control 
system

FIGURE 2 The constitutive components of a typical wind power generation unit

Gearbox 

Tidal turbine

Electrical 
converters

Cable Transformer 
Control 
system

DFIG

FIGURE 3 The composed components of a typical tidal turbine

Electrical 
converters

Control 
system

Cable Transformer 

PV panels

FIGURE 4 The composed components of a typical PV system

energy over long time horizons with high accuracy is possi-
ble. However, the wave energy is a stochastic resource and
so, accurate forecasting of this resource is difficult [22]. Thus,
due to the predictability of tidal currents, the tidal turbines
are considered to be installed in the renewable energy-based
microgrid.

Among different generator technologies used in the wind
and tidal turbines to convert the kinetic energy of the wind
speed and tidal current streams, DFIG and PMSG are widely
have been used, in recent years [23]. Thus, to investigate both
technologies, the understudied wind and tidal turbines are,
respectively, based on the PMSG and DFIG technologies. In
Figure 3, the composed components of a tidal power gen-
eration unit equipped to the DFIG expertise, including tidal
turbine, gearbox, DFIG, electrical converters, control system,
transformer and cable are presented.

In a typical PV system, the energy of the sunlight is directly
converted to the DC electric power using of the p-n junctions of
the PV cells. To transfer the DC generated power of the PV pan-
els, the electrical converters for maximum power point tracking
(MPPT) and converting the DC voltage to the AC voltage, con-
trol system for control the electrical converters, transformer for
voltage matching and cable for power transmission are used
[24]. The composed components of a typical PV system are
presented in Figure 4.

3 THE FAILURE RATE OF
RENEWABLE ENERGY-BASED
GENERATION UNITS

In this part of the paper, the failure rate of wind generation
units, tidal turbines and PV systems according to the composed
components failure rate considering the effect of the variation
in the renewable resources including wind turbine speed, solar
radiation and tidal current speed and furthermore, the tem-
perature variation is derived. For each component, a two-state
Markov model including up and down states, as presented in
Figure 5, are considered. The failure rate (λ) is the transition
rate from up state to the down state, and the repair rate (μ) is
the transition rate from down state to the up state [25].

The probability of the Markov model up and down states
presented in Figure 5 can be calculated as (1) [25].

Pup =
𝜇

𝜆 + 𝜇
, Pdown =

𝜆

𝜆 + 𝜇
. (1)

3.1 The failure rate of wind turbine

In this part, the equivalent failure rate of a wind turbine based
on the PMSG technology is determined. As can be shown in

FIGURE 5 The two-step Markov model for the system components
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NARGESZAR ET AL. 511

Figure 2, the failure of the main components of a wind genera-
tion unit covering gearbox, PMSG, electrical converters, control
system, transformer and cable leads the transmission of the pro-
duced power of the wind turbine to the microgrid stops and the
output power would be zero. Thus, according to the reliability
concept, since all of this equipment is located in series in the
system, the equivalent failure rate of the wind generation unit
and repair rate can be calculated as [25]:

𝜆t =

n∑
k=1

𝜆k, (2)

𝜇t =
𝜆t∑n

k=1
𝜆k

𝜇k

, (3)

where λt and μt are, respectively, equivalent failure rate and
repair rate of the wind turbine composed of n series compo-
nents in the reliability model. In (3), λk and μk are failure rate
and repair rate of main elements of the wind turbine structure,
respectively. In this phase, the effect of temperature and wind
speed on the failure rate of wind energy system will be calcu-
lated. In [26–29], the gearbox reliability concepts used in the
some types of wind turbines including spur, helical and cylin-
drical gears considering the effect of the pitting and tooth root
breakage, bending and contact fatigue, fretting corrosion and
plastic deformation is studied. The permissible bending and
contact stresses of the gearbox can be calculated as [26–29]:

𝜎F =
𝜎F limYN

SF Y𝜃YZ
, (4)

𝜎H =
𝜎F limZN ZW

SH Y𝜃YZ
, (5)

where σF, σH, σFlim, σHlim, YN, SF, YZ, ZN, ZW, SH and Yθ are
permissible bending stress, permissible contact stress, fatigue
limit for bending stress, fatigue limit for contact stress, stress
cycle factor for bending strength, safety factor for bending
stress, reliability factor, stress cycle factor for pitting resistance,
hardness ratio factor for pitting resistance, safety factor for
pitting and temperature factor. The hours of expected fatigue
lifetime considering the rotational speed of the gearbox can be
determined as [26–29]:

H𝜎H =
nLh

60nq
, (6)

H𝜎F =
nL f

60nq
, (7)

where HσH, HσF, nLh, n, q and nLf are the expected fatigue life-
time considering contact stress and bending stress, number of
load cycles expected by pitting, rotational speed (rpm), num-
ber of load application by one turn of gear and number of
load cycles expected by fatigue feature. It is deduced from the
reliability analysis of the gearbox performed in [26–29], the rela-
tionship between the probability of the failure of the gearbox
and the rotational speed is linear. The rotational speed of the
turbine, generator and gearbox is dependent on the wind speed

as [20]:

n =
60𝜔
2𝜋

=
60v

2𝜋r
, (8)

where n is the rotational speed in rpm, ω is the angular velocity
in rad/s, v is the wind speed and r is the radius of the rotational
device. In the wind turbine, the temperature of the composed
components does not exceed 100◦C. The temperature modi-
fication factor associated to the carbon and alloy steels widely
used in the gear manufacturing can be determined as [30]:

kd = 0.975 + 0.000432TF − 0.115 × 10−5
T 2

F

+ 0.104 × 10−8
T 3

F
− 0.595 × 10−12

T 4
F
, (9)

where TF is the temperature of the device in Fahrenheit and
is between 70 and 1000◦F. The fatigue strength of the gearbox
components is inversely proportional to the endurance limit that
is determined as [30]:

Se = kakbkckek f S ′e , (10)

where Se and Se
’ are endurance limit and base endurance limit,

ka, kb, kc, kd, ke, kf are the modification coefficients associ-
ated to the surface condition, size, load, temperature, reliability
and miscellaneous-effects. Thus the failure of the gearbox
components can be determined as [30]:

𝜆gearbox (TF ) =
kd (TF )
kd (TF 0)

𝜆gearbox (TF 0). (11)

In this stage, the failure rate of the wind turbine consider-
ing the variation in the wind speed and ambient temperature
is determined. The probability of down state of a wind tur-
bine arisen from failure of the rotor blades considering the wind
speed can be determined as [31]:

Pdown−state = probability o f [ f (v) ≤ 0], (12)

where f(v) is the limit state function which can be mathematically
obtained in (13) [31].

f (v) = fc −
CmM f

Z f
. (13)

In (13), Zf is the modulus of the spar section of the cor-
responding axis in m3, Mf is the flap-wise bending moment
corresponding to the blade root in kNm, fc is the spar mate-
rial strength in kN/m2 and Cm is modelled to investigate the
inherent uncertainty of the turbine failure. The flap-wise bend-
ing moment of the wind turbine considering the wind speed can
be determined as [31]:

M f = −45.9 + 52.3v. (14)

To consider the uncertainty nature of the turbine failure, the
normal distribution function is used for Cm which include the
mean value as 1 and the standard deviation as 0.39 [31]. As
mentioned the temperature of the wind turbine components
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FIGURE 6 The power curve of the wind turbine
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FIGURE 7 The rotor speed considering the wind speed

does not exceed 100◦C. Equation (11) shows the failure rate of
wind turbine in checking the reliability of the system along with
the effect of ambient temperature. PMSG failure also depends
on the failure rate of electrical and mechanical components. In
[32–34], the temperature rise of the generators arisen from the
current of the stator windings is calculated. According to the
Arrhenius law, the failure rate of the generator at temperature θ
in ◦C can be calculated as [35]:

𝜆(𝜃) = 𝜆(25◦C)e
−Ea

k

(
1

𝜃+273
−

1

298

)
, (15)

where λ(25◦C) is the failure rate of the generator at 25◦C, Ea is
the activation energy and k is the Boltzmann constant. Accord-
ing to the PMSG wind turbine power generation curve shown
in Figure 6, the effect of wind speed changes on the failure rate
of electrical and mechanical components can be understood.

According to the wind turbine generator generating power
diagram shown in Figure 6, the turbine output power will be
zero for speeds less than the cut-in speed and more than cut-
off speed. This feature is intended to prevent power loss and
damage to components. Moreover, in the allowable wind speed
range between cut-in and rated speed, the output power of the
turbine is proportional to the third power of the wind speed.
For wind speeds between nominal speed and cut-off speed, the
output power is constant. The induced voltage in the stator
windings of the generator is proportional to the magnetic flux
of the permanent magnet and the rotational speed of the rotor.
Thus, the rotor speed and induced voltage considering the wind
speed would be as presented in Figures 7 and 8.

Since the current of stator windings is determined by dividing
the turbine power by the stator voltage, so with the availability
of wiring resistance, power losses can be equated (9) [20].

Ploss-PMSG = 3RG I 2
G
, (16)

induced voltage

wind speed
cut-in
speed

rated
speed

cut-out
speed

rated
voltage

FIGURE 8 The induced voltage in the stator windings versus wind speed

where RG and IG are the stator winding resistance and the
stator current, respectively. The temperature of the generator
insulation can be determined as [20]:

TG = Ta + RGH Ploss-PMSG , (17)

where Ta is the ambient temperature and RGH is the equivalent
thermal resistance of the windings to the generator body includ-
ing different insulation materials. According to the Arrhenius
law, the failure rate of the electrical part of the PMSG consider-
ing the variation in the wind speed and ambient temperature can
be determined as (12). The failure rate of the generator due to
the mechanical failures can be determined based on the fatigue
stress of the rotational part, that is, rotor. The failure rate of
the generator arisen from the mechanical failures is proportional
to the rotational speed [26–30]. The temperature of the gener-
ator components does not exceed 100◦C, and so, considering
the effect of temperature on the failure rate of the components
given in Equation (9), the total failure rate of PMSG can be
determined as (15) [25].

𝜆PMSG = 𝜆PMSG−e + 𝜆PMSG−m, (18)

where λPMSG-e and λPMSG-m are failure rates of the PMSG arisen
from the failures of the electrical and mechanical parts of the
generator, respectively. The typical structure of the electrical
converters used in the wind turbines based on the PMSG
technology is presented in Figure 9. As observed in the afore-
mentioned figure, a rectifier is connected to the stator of the
PMSG to convert the AC voltage with variable frequency and
magnitude to the DC voltage. A capacitor is also placed in
the DC link to smooth the output voltage. Then, an inverter
is connected to the DC link to convert the DC voltage to
the AC voltage. To calculate the failure rate of the rectifier or
inverter, the temperature of every semiconductor piece used in
the converters must be determined as [36]:

Tsd = Ta + PS RTH + Psd RCH , (19)

where Tsd is the temperature of each semiconductor device
including diode, thyristor or insulated-gate bipolar transistor
(IGBT) used in the rectifier or inverter, Psd is the thermal loss
of the associated semiconductor device, RTH is the equivalent
thermal resistance of interface case to the heat sink and RCH

is the thermal resistance from the semiconductor interface case
to the associated junction. The rectifier includes six thyristors
and six diodes, while the inverter includes six IGBTs and six
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FIGURE 9 The structure of the electrical
converters

diodes. Thus, PS can be calculated as (17) and (18), for rectifier
and inverter, respectively [36].

PS-recti fier = 6 × (Psd -thyristor + Psd -diode ), (20)

PS-inverter = 6 × (Psd -IGBT + Psd -diode ). (21)

The thermal loss of each semiconductor device including
diode, thyristor or IGBT can be calculated as [36]:

Psd = Psd -cond + Psd -rec =
1
2

[
U0

IP

𝜋
+ r

I 2
P

4

]

± m cos𝜑

[
U0

IP

8
+ r

I 2
P

3𝜋

]
+

UDC

Unom
PSW , (22)

where Psd-cond, Psd-rec, PSW are the thermal losses of the diode,
thyristor or IGBT associated to the conduction, recovery and
switching states, respectively. The voltages U0, Unom and UDC

are voltage drop on the semiconductor device, reference voltage
and DC link voltage, respectively. The parameter r is the resis-
tance of the semiconductor device, m is the modulation index,ɸ
is the angle between voltage and current and IP is the peak value
of the current passing through each phase of the rectifier or
inverter that can be calculated as (20) and (21), respectively. The
sign of the second term in (19) for the IGBTs in the inverter
operation state is positive and in the rectifier operation state
is negative, while, for the thyristors and diodes in the inverter
operation state, the sign is negative and in the rectifier operation
state is positive [36].

IP-recti fier =

√
2PG√
3VG

, (23)

where PG and VG are the generated power and induced voltage
of the PMSG that are calculated based on the power curve of the
wind turbine (Figure 6) and the magnitude of the stator voltage
(Figure 8) [25].

IP-inverter = IP-recti fier

VG

Vi
, (24)

where Vi is the output voltage of the inverter. The failure rate
of every semiconductor piece in number of failures at 106 h
considering the variation in the ambient temperature and wind
speed those result in the variation in the temperature of the
junction can be calculated as [36]:

𝜆 = 𝜆1k1𝜋1 + 𝜆2k2𝜋2 + 𝜆3𝜋3 + 𝜆4, (25)

where λ1, λ2 and λ3 are the base failure rates of the conducting,
non- conducting and temperature effect cycling contributions,

λ4 is the failure rate associated to the solder joint and electrical
overstress contribution, k1 and k2 are the acceleration param-
eters associated to the conducting and non-conducting modes
that can be calculated in (23) [36].

k1 or k2 = e

−Ea

k
(

1

Tsd +273
−

1

298
)
. (26)

However, the activation energy values for the operating and
non-operating states of the semiconductor devices are differ-
ent. The factors π1 and π2 are used to model the duty cycle for
conducting and non-conducting modes which are determined
in (24) and (25), respectively [36].

𝜋1 =
1 − Pnon

DCop
, (27)

𝜋2 =
Pnon

DCnonop
, (28)

where DCop and DCnonop are constant that is given for a spe-
cific semiconductor device, and Pnon is the probability of the
generator non-conducting mode. The coefficient π3 is associ-
ated to the delta temperature cycling acceleration that can be
determined as [36]:

𝜋3 =

(
Tsd − Ta

DT

)2

, (29)

where DT is a constant that is given for a specific semiconduc-
tor device. The failure rate of the electrical converters can be
calculated as [25]:

𝜆ec = 𝜆r + 𝜆c + 𝜆i , (30)

where λr, λc and λi represent the failure rates of the ended rec-
tifier, clamped capacitor and inverter, respectively. The failure
rates of the rectifier and inverter can be calculated as [36]:

𝜆r = 6 × (𝜆thyristor + 𝜆diode ), (31)

𝜆i = 6 × (𝜆IGBT + 𝜆diode ), (32)

where λthyristor, λdiode and λIGBT are failure rates of thyristors,
diodes and IGBTs, respectively. To calculate these failure rates,
Equation (22) is used. However, the associated parameters such
as activation energy, base failure rates, thermal losses and cur-
rent passes through them that are used in this equation to
determine the failure rate of thyristors, diodes or IGBTs are
different. The failure rate of the capacitor placed between the
rectifier and the inverter can be determined as [11]:

𝜆C = 𝜆0𝜋T 𝜋C𝜋V 𝜋SR𝜋E , (33)
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514 NARGESZAR ET AL.

where λ0, πT, πC, πV, πSR and πE are the base failure rate of
the capacitor at the test condition, temperature factor, capac-
itance factor, voltage stress factor, series resistance factor and
environmental factor, respectively.

According to the IEC 60076–7, the temperature of an oil-
type transformer widely used in the power system considering
the winding current can be determined as [37]:

Ttr = Ta + ΔT0

(
1 + rt a

1 + rt

)x

+ Hgr ay, (34)

where Ttr is the temperature of the transformer in winding cur-
rent (Itr), ∆T0 is the rate of change of transformer temperature
in steady state despite nominal losses, rt indicates the ratio of
load losses in rated current and no load losses, x and y are the
oil and coil power coefficients, H represents the hot spot factor,
gr is used to model the average-winding-to-average-oil at rated
current and a is the ratio of the winding current over the rated
current. Equation (21) shows the inductive voltage of a trans-
former in which the current of the inverter is considered to be
the same as the current of the transformer. It is worth noting
that wind speed changes are also included. According to the
Arrhenius law, the failure rate of the transformer considering
the variable temperature ascended from the difference in the
ambient temperature and wind speed can be determined. The
temperature rise of a cross-linked polyethylene (XLPE) cable
widely utilized in the power system considering the cable current
can be determined as [38]:

ΔT = T1

(
rI 2 +

Wd

2

)
+ nT2(Wd + rI 2(1 + 𝜎1))

+ n(T3 + T4)(Wd + rI 2(1 + 𝜎1 + 𝜎2)), (35)

where T1, T2, T3 and T4 are the thermal resistances between
different layers of the cable. If the number of layers used in
the understudied cable is less than the numbers considered in
the model, two or more of the layers coincide, and so, the cor-
responding thermal resistance will be zero. Besides, σ1 and σ2

are relative losses between different layers of the cable; Wd is
the dielectric losses, r is the resistance of the cable conductor
at maximum operation temperature, I is the cable current and
n is the number of conductors in the cable. According to the
Arrhenius law, the failure rate of the XLPE cable, considering
different temperature associated to the different ambient tem-
perature and different currents ascended from the variation in
the wind speed can be investigated.

3.2 The failure rate of tidal turbine

To evaluate the tidal generation unit failure rate considering the
components failure rate, the procedure similar to the wind tur-
bine failure rate determination is followed. The failure of the
main components of the tidal unit including tidal turbine, gear-
box, DFIG, electrical converters, control system, transformer
and cable results in the failure of the overall power plant and

Output Power

tidal current
speedcut-in

speed
rated
speed

rated
power

FIGURE 10 The power curve of tidal turbines

so, these components are in series in the reliability model of the
unit. Thus, the equivalent failure and repair rates of the tidal
generation unit can be determined as (2) and (3), respectively.
In this stage, the dependency of tidal unit components on the
tidal current speed is determined. The relationships that indicate
the dependency of the wind turbine gearbox and turbine failure
rates on rotational speed and temperature are also established
for gearboxes and turbines used in the tidal turbines. However,
to determine the failure rate of the gearbox and turbine used in
the tidal units, the wind speed is replaced by tidal current speed
and the ambient temperature is replaced by seawater tempera-
ture. Biofouling is one of the factors that has a great impact on
the performance and failure of tidal turbines, especially horizon-
tal axis types. In [39], the roughness effect on the performance
of horizontal axis tidal turbines that is arisen from biofouling is
studied. For this purpose, a computational fluid dynamic-based
unsteady Reynolds Averaged Navier–Stokes simulation model is
used to predict the impact of biofouling on a full-scale horizon-
tal axis tidal turbine. It is concluded from [39] that increase in
biofouling result in decrease in power coefficient (CP) of tidal
turbines. The power coefficient of tidal turbine is defined as
the ratio of the actual power produced by the tidal turbine to
its theoretical power. According to the biofouling condition of
the understudied site that the tidal turbine is installed there, the
power coefficient of the tidal turbine is determined and used to
calculate the generated power and reliability parameters of the
understudied tidal turbine.

To evaluate the failure rate of the DFIG used in the tidal
generation units, at first, the produced energy of the genera-
tor considering the tidal current speed is obtained using of the
power curve of the tidal turbine, as can be seen in Figure 10.
As can be observed in the figure, because the speed of tidal cur-
rents is low, the speed does not reach the cut-out speed. The
speed of the tidal turbine and generator rotor considering the
tidal current speed is shown in Figure 11.

The rotor and the stator powers can be calculated as [36]:

Pr = −
s

1 − s
Pout , (36)

Ps =
1

1 − s
Pout , (37)

where s, Pr, Ps and Pout are slip, rotor power, stator power and
DFIG output power. The slip can be determined as [36]:

s =
ns − nr

ns
=

vs − vtid

vs
, (38)
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Speed of turbine and generator rotor

Tidal current
speedcut-in

speed
rated
speed

rated
rotational

speed

FIGURE 11 The speed of tidal turbine and generator rotor versus tidal
current speed

where ns, nr, vs and vtid are the rotational synchronous speed in
rpm, the rotational speed of the rotor, the tidal current speed
associated to the synchronous speed in m/s and the tidal cur-
rent speed, respectively. The induced voltage in the rotor can be
determined as [36]:

Vr = sVs

Nr

Ns
, (39)

where Vr, Vs, Ns and Nr are rotor voltage, stator voltage, the
number of stator winding turns per phase and the number of
rotor winding turns per phase. To determine the failure rate of
the DFIG, mechanical and electrical parts failure rates must be
determined and combined as (15). The currents of rotor and sta-
tor windings can be determined by dividing the rotor and stator
powers by the associated voltages. The power losses associated
to the stator and rotor windings can be calculated as [15]:

Ploss-stator = 3rsI
2
s , (40)

Ploss-rotor = 3rr I 2
r , (41)

where Ploss-stator, Ploss-rotor, rs, rr, Is and Ir are the power losses of the
stator windings, the power losses of the rotor windings, stator
resistance per phase, rotor resistance per phase, stator current
and rotor current, respectively. The temperature of the stator
and rotor can be determined using of the thermal modelling of
the generator as [36]:

Ts = Tseawater + RGHS Ploss-stator , (42)

Tr = Tseawater + RGHRPloss-rotor , (43)

where Ts, Tr, Tseawater, RGHS and RGHR are stator temperature,
rotor temperature, the temperature of the seawater, equivalent
thermal resistance of the stator windings to the body and equiv-
alent thermal resistance of the rotor windings to the body.
According to the Arrhenius law, the failure rate of the DFIG
considering the temperature rise of the stator and rotor wind-
ings can be determined. The dependency of the failure rate of
the DFIG arisen from the mechanical parts on the tidal cur-
rents speed can be determined in a manner similar to the wind
turbine.

To evaluate the failure rate of the electrical converters used
in the tidal turbines, a manner similar to the wind turbines is
utilized and Equations (16)–(29) are used. However, in the tidal
or wind turbines based on the DFIG technology, the current

of the rectifier is the rotor current and the peak current of the
inverter can be calculated as [36]:

IP-inverter =

√
2Pr√
3Vs

. (44)

For determination, the failure rates of the transformer and
the cable used in the tidal turbines, the same procedure dis-
cussed for the wind turbines is followed and Equations (31) and
(32) can be used.

3.3 The failure rate of the PV system

The structure of a typical PV system is presented in Figure 12.
As can be seen in the figure, a PV panel is composed of sev-
eral branches with series solar cells. A PV system composed of
several PV arrays can be connected to the microgrid through an
inverter, transformer and cable. In addition to the inverter, a DC
to DC converter can be used in the PV system structure to track
the maximum power point. However, in the modern PV sys-
tems, in addition to convert DC power to AC, the inverters can
perform the function of MPPT converter and so, the associated
DC to DC converter can be removed. In this study, it is assumed
that the inverter used in the PV system can perform both func-
tions including tracking the maximum power point and DC to
AC conversion. However, if there is an MPPT converter in addi-
tion to the inverter, its failure rate can be easily determined.
The DC to DC converters consist of one or more diodes,
capacitors and IGBTs. This paper develops the equations asso-
ciated to determine failure rates of these devices and their
dependency on the current passing through them. In this struc-
ture, a PV array is composed of several parallel strings with
series panels.

If the transformer or cable fails, the entire system is likely to
fail and the transmission power to the microgrid will be inter-
rupted. In addition, the failure of any array of the PV system
also leads to the failure of the part of the production source that
contains the defective array. Therefore, the production capacity
of the PV system can be determined by Equation (42) [24].

PPV =
n − 1

n
Pstring =

n − 1
n

mPpanel , (45)

where PPV, n, Pstring, m and Ppanel are the generated power of the
PV system, the number of strings installed in the PV system,
the generated power of each string, the number of series panels
installed in each string and the generated power of each panel,
respectively. The failure of each inverter results the generated
power of the associated array would be zero. If a PV system
is composed of na arrays, the failure of each array results the
generated power of the PV system reduces to [24]:

PPV =
na − 1

na
Parray, (46)

where PPV, na and Parray are the generated power of the PV
system, the number of arrays installed in the PV system and
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FIGURE 12 The structure of a typical PV system [38]

the generated power of each array, respectively. The generated
power of the PV panels considering the variation in the solar
radiation and the ambient temperature can be determined as
[40]:

Ppanel =
s

s0
P0[1 + 𝛾P (Ta − Ta0)], (47)

where s, s0, P0, γP, Ta and Ta0 are the solar radiation, the solar
radiation in the test condition, the generated power of the PV
panel in the test condition, temperature coefficient of the power
parameter, the ambient temperature and the ambient tempera-
ture in the test condition. In addition to the generated power,
the voltage of the PV panel is dependent on the temperature as
[40]:

Vpanel = V0[1 + 𝛾V (Ta − Ta0)], (48)

where V0 and γv are the maximum power point voltage of the
PV panel under standard test conditions and the temperature
coefficient of the voltage parameter, respectively. The PV panels
are composed of solar cells that are the p-n junctions. Thus,
the failure rate of these components is determined in a manner
similar to the other semiconductor devices as [11]:

𝜆sc = 𝜆0𝜋T 𝜋S𝜋A𝜋R𝜋E , (49)

where λsc, λ0, πT, πS, πA, πR and πE are the failure rate of the
solar cell, the base failure rate of the solar cell, the temperature
factor, the electric stress factor, the application factor, the power
factor and the environmental factor. To determine the failure
rate of the PV panel considering the variation in the temperature
and generated power, the temperature factor, the electric stress
factor and the power factor can be determined as [11]:

𝜋T = e
−Ea

k
(

1

T +273
−

1

298
)
, (50)

𝜋s = 𝛼e𝛽VSC , (51)

𝜋R = Pa
sc , (52)

where α, β and a are constants associated to the specific solar
cell, Vsc and Psc are the voltage and the generated power of
the solar cell. The application factor of the solar cell in the PV
system is considered to be 1.5 and the environmental factor
associated to the coastal area is considered to be 15 [11]. Dust
is one of the important factors that have a great impact on solar
panel failures. The higher the amount of dust on the PV pan-
els, the higher the failure rate of the panels. For this purpose,
according to the environmental conditions, the PV panels are
periodically cleaned. In this study, the dust factor is included in
the environmental conditions factor, and the greater the amount
of dust, the greater this factor is considered. According to Equa-
tions (44)–(49), considering the variation in the solar radiation
and ambient temperature the failure rate of the PV panel can be
determined. The failure rates of the inverter, transformer and
the cable can be calculated in a manner similar to the proce-
dure discussed in wind and tidal turbines. Thus, according to
the voltage and generated power of the PV array, the current
and voltage of the inverter, transformer and cable are calculated
and used to determine the failure rate of the PV system.

3.4 The failure rate of central control system

In the central control system of the renewable energy-
based microgrid, both hardware and software failures may be
occurred. The hardware includes a few sensors, signal proces-
sors and different controllers, whereas the software refers to
control programs. When either the software or hardware fails,
the central control system fails. Thus, the failure rate of the
central control system can be determined as [36]:

𝜆cc = 𝜆h + 𝜆s , (53)

where λcc, λh and λs are failure rates of control system, hard-
ware and software, respectively. Due to the maturity of central
control systems used in the renewable energy-based microgrids,
it is often ignored from the software failure rates. Failure of
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NARGESZAR ET AL. 517

central control system results in the maloperation of the under-
studied microgrid and consequently failure of the microgrid.
Thus, from reliability point of view, the renewable energy-based
units and central control system are connected in series in the
reliability model of the microgrid. Therefore, to calculate the
equivalent failure rate of the microgrid, the failure rate of renew-
able energy-based units and failure rate of the central controller
are added.

4 IMPLEMENTATION OF THE
PROPOSED METHOD IN PRACTICE

In the previous sections, the equations associated to the depen-
dency of failure rate of composed components of the wind unit
on the wind speed and air temperature, the failure rate of tidal
unit components on the tidal current speed and water tempera-
ture, and the failure rate of the PV system on the solar radiation
and air temperature are developed. To implement the proposed
method and determine the failure rate of the renewable energy-
based microgrid considering the wind speed, tidal current speed,
solar radiation and temperature the following procedures are
suggested:

- Input required data including hourly wind speed, tidal cur-
rent speed, air and water temperature, solar radiation and
associated parameters of all composed components of the
renewable resources of microgrid.

- Determine the hourly failure rate of composed components
of wind unit considering the hourly wind speed and air
temperature based on the equations developed Section 3.1.

- Determine the hourly equivalent failure rate of wind unit
using of Equation (2).

- Calculate the hourly failure rate of composed components of
tidal unit considering the hourly tidal current speed and water
temperature based on equations developed in Section 3.2.

- Calculate the hourly equivalent failure rate of tidal unit.
- Calculate the hourly failure rate of composed components

of PV system considering the hourly solar radiation and air
temperature based on equations developed in Section 3.3.

- Determine the equivalent hourly failure rate of PV system.
- Calculate the hourly equivalent failure rate of the microgrid

considering equivalent failure rate of wind unit, tidal turbine,
PV system and central controller using Equation (2).

The flowchart associated to determine the equivalent fail-
ure rate of the renewable energy-based microgrid during a
year is presented in Figure 13. In the previous sections, a
renewable energy-based microgrid containing of the wind tur-
bines, current type tidal turbines and PV systems is considered
and the resource-dependent failure rates of the main compo-
nents are developed. To clearly study the impact of the variation
in the wind speed and air temperature on the failure rate of
the wind energy system components comprising the wind tur-
bine, gearbox, PMSG, back-to-back converter, control system,
transformer and cable, numerical results are performed. For the
current type tidal turbine, the impact of the variation in the

start

Consider h=1

h>8760

Determine the equivalent failure rate of the micro grid 
considering the failure rate of central controller and failure 
rates of wind unit, tidal turbine and PV system in hour h

h=h+1

Plot the equivalent failure rate of micro 
grid considering the hour in year

Stop

Yes

Input all data including hourly wind speed, tidal current speed, 
solar radiation, air and water temperature and associated 
parameters of composed components of the micro grid 

No

Determine the failure rate of composed components of wind 
unit based on wind speed and air temperature in hour h

Calculate the equivalent failure rate of wind unit in hour h

Determine the failure rate of composed components of tidal unit 
based on tidal current speed and water temperature in hour h

Calculate the equivalent failure rate of tidal unit in hour h

Determine the failure rate of composed components of PV system 
based on solar radiation and air temperature in hour h

Calculate the equivalent failure rate of PV system in hour h

FIGURE 13 The flowchart associated to implement the proposed
method in practice

tidal current speed and water temperature on the failure rate
of the main components including the tidal turbine, gearbox,
DFIG, electrical converters, control system, transformer and
cable is obtained. For the PV system, the failure rate of the main
energy conversion components including the PV panels, elec-
trical converters, control system, transformer and cable taken
into account the variation in the solar radiation and air temper-
ature is developed. Then, a reliability performance assessment
approach according to the Monte Carlo simulation method is
presented in this part, to evaluate the reliability of the renew-
able energy-based microgrids considering the variable failure
rate of the main components ascended from the variation in the
renewable resources and environment temperature. In the cur-
rent paper, moreover, the influence of some types of renewable
energy sources on the failure rate of the whole system is taken
into account by considering the effect of temperature.

To study the reliability performance of this renewable energy-
based microgrid considering only the effect of the generation
units, the distribution and transmissions network are considered
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518 NARGESZAR ET AL.

to be 100% reliable and thus, it is neglected from the failure
of the transmission lines, the equipment of the substations and
distributions lines. The structure of the understudied renewable
energy-based microgrid composed of the wind turbines, current
type tidal units and PV panels for reliability performance studies
is presented in Figure 1. As can be seen from the figure, for
reliability evaluation of the renewable energy-based microgrid,
all generation units and moreover, all different types of loads
are connected to a single common bus and it is neglected from
the failure of other parts.

To evaluate the reliability of the renewable energy-based
microgrid including wind and tidal turbines, PV system and
load, the following procedure according to the Monte Carlo
simulation approach is presented here:

Step1. The input data including hourly wind speed, hourly
tidal current speed, hourly solar radiation, hourly tem-
perature, hourly load during one or more years, the
characteristics of the wind turbines, tidal turbines, PV
systems and central controller and the reliability data
associated to the components must be collected.

Step2. According to the equations associated to the com-
ponents failure rate developed in, in a given hour based
on the collected data, the failure rate is computed for all
system components.

Step3. The hourly probabilities of up or down states for
the main components will be calculated according to the
hourly failure and repair rates of them.

Step4. In each hour, for all components, a random number
located in the interval [0,1] is produced. If the produced
number is in the intervals [0,Pup] or [Pdown,1], the com-
ponent is considered to be up. However, if the generated
number is in [Pup,1] or [0,Pdown], the components would
be down.

Step5. According to the reliability models of generation
units obtained in Section 3, the impact of each compo-
nent on the failure of the generation units is determined.
Thus, the states of the generation units and associ-
ated generated powers in the understudied hour are
determined. The central controller is the key compo-
nent of the model. Failure of this component results
in the overall failure of the microgrid and consequently
zero production power. Thus, if the generated number
associated to this component results in its failure, the
generated power of the microgrid would be zero.

Step6. By comparing the hourly production capacity of the
microgrid with the hourly load, the amount of hourly
interrupted load is determined.

Step7. By repeating the simulation method over several
thousand years, the average value of reliability indices
is calculated as follows [25]:

LOLP =

∑n×8760
k=1 Bk

n × 8760
, (54)

LOLE =

∑n×8760
k=1 Bk

n
, (55)

start

Consider year i

Determine the states (up or down) of the 
generation units and so, the generated 

power of these units in hour j 

Does it lead to 
load curtailment?

Determine the total generating power of the 
renewable energy based micro grid associated 

to hour j

Investigate the hour j 

h=h+1
e=e+curtailed load

LOLE=h/n
EENS=e/n

Stop

Consider hour j

Generate a random number for each component 
of wind turbines, current type tidal units, 

photovoltaic systems and central controller 

Yes

j=j+1

No

Consider h=0 (the number of hours leads to the load curtailment)
Consider e=0 (the energy not supplied)

j=8760

No

Yes

i=i+1

i=n

No

Yes

FIGURE 14 The flowchart of reliability evaluation method

EENS =

∑n×8760
k=1 Lk

n
, (56)

where LOLP, LOLE, EENS, Bk, n and Lk are loss of load
probability, loss of load expectation in hours per year, expected
energy not supplied in MWh per year, a binary number, number
of simulated years and the hourly interrupted load in MW. The
binary number Bk can be determined as [25]:

Bk =

{
1 Pmicrogrid ,k < loadk,

0 Pmicrogrid ,k ≥ loadk,
(57)

where Pmicrogrid,k and loadk are the microgrid generated power
loads at hour k, respectively. The flowchart of the proposed
method to evaluate the reliability of the renewable energy-based
microgrid is presented in Figure 14.

5 SIMULATION RESULTS

5.1 The impact of resource variation on the
components failure rate

In this part, the impact of the variation in the renewable
resources including the wind speed, the tidal current speed
and solar radiation and also the variation in the environment
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NARGESZAR ET AL. 519

FIGURE 15 The power curve of the understudied wind turbines [41]

FIGURE 16 The power curve of the understudied current type tidal
turbines [42]

temperature including the air and water temperature on the
main components failure rate for the wind energy system, cur-
rent type tidal units and PV systems is studied. In this paper,
to focus on the impacts of variation in the renewable resources
and temperature on the failure rate of composed components
of renewable energy-based units, the central control system is
assumed to be 100% reliable.

In the reliability evaluation of this paper, a microgrid includ-
ing a wind turbine with 4.5 MW capacity, a tidal turbine with 2
MW capacity and a PV system composed of 4000 panels with
1 MW capacity is considered to be installed in a coastal area.
The power curve of the wind and tidal turbines are presented
in Figures 15 and 16, respectively [41–42]. In the PV system,
there are 10 arrays that each array includes 25 parallel strings.
Each string contains 16 series panel, that each panel includes 36
series solar cells. The generated power of each PV panel in solar

 

FIGURE 17 The hourly wind speed [43]

FIGURE 18 The hourly tidal current speed [43]

radiation of 900 w/m2 and air temperature of 25◦C would be
250 W. The hourly wind speed, tidal current speed, solar radi-
ation, air temperature, water temperature and load during the
year 2018 are presented in Figures 17–22, respectively [43–44].
As can be seen in the figures, the renewable resources includ-
ing the wind speed, tidal currents speed, solar radiation and
also the environment temperature change a lot in time and it is
expected that the system components failure rate of the micro-
grid including different types of renewable energy resources
is influenced suggestively. Therefore, it is expected that the
reliability performance in the considered power grid will be cal-
culated and evaluated more accurately. The variation in the load
is considered to be based on the IEEE load patterns [44].

According to the hourly wind speed, tidal current speed, solar
radiation data and air temperature data, and based on the power
curve of the wind and tidal turbines and the number of PV

 17521424, 2023, 3, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/rpg2.12611 by B

attelle M
em

orial Institute, W
iley O

nline L
ibrary on [20/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



520 NARGESZAR ET AL.

FIGURE 19 The hourly solar radiation [43]

FIGURE 20 The hourly air temperature [43]

FIGURE 21 The hourly water temperature [43]

FIGURE 22 The hourly peak load [44]

FIGURE 23 The hourly PV power

panels, the generated power of power generation sources includ-
ing PV system, wind and tidal turbines and also the voltage of
the PV system is determined and presented in Figures 23–26,
respectively. As observed in Figure 23, due to the fluctuation
in the solar radiation and ambient temperature, the generated
power of the PV system changes, correspondingly. Also, it is
deduced from Figures 24 and 25, due to the fact that wind speed
and tidal currents speed are not constant, their output power
will also change, accordingly.

According to the model presented in this paper, the output
voltage of the PV panels depends on the ambient temperature,
non-linearly. According to Figure 26, it is observed that the out-
put voltage of PV panels changes with temperature variation.
In this part of the paper, the failure rate for the main compo-
nents of the wind turbine and tidal energy systems is determined
according to changes in wind speed, ambient temperature, and
water temperature. It is noteworthy that the variation in the reli-
ability indices of the PV system are likewise dependent on wind
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NARGESZAR ET AL. 521

FIGURE 24 The hourly power of wind turbine

FIGURE 25 The hourly power of the current type tidal turbine

FIGURE 26 The hourly PV voltage

FIGURE 27 The variation of the wind turbine failure rate considering the
variation in the wind speed and air temperature

FIGURE 28 The variation of the gearbox failure rate considering the
variation in the wind speed and air temperature

energy and tidal systems, and according to developed equations
presented in this paper, the changes in solar radiation and ambi-
ent temperature, which affect the output power of PV arrays,
will also have a corresponding effect. Since the failure rate of
main components of the wind generation units including the
wind turbine, the gearbox, the PMSG, the electrical converters,
the transformer and the cable changes according to the variation
in the wind speed and air temperature, the outputs are presented
in Figures 27–32, respectively. The compulsory parameters to
study the failure rates of composed components are obtained
from the model presented in [26–44]. These required data are
presented in Table 1 [26–44]. As can be understood from the
figures, the failure rate of the mechanical parts of the wind
energy system including the wind turbine, gearbox and rotor
is considerably dependent on the rotation speed. Consequently,
the growth in the rotation speed of these components results
in the increase in the calculated failure rate. In addition, the
figures show that lowering the temperature does not have much
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522 NARGESZAR ET AL.

FIGURE 29 The variation of the PMSG failure rate considering the
variation in the wind speed and air temperature

FIGURE 30 The variation of the back-to-back converter failure rate
considering the variation in the wind speed and air temperature

FIGURE 31 The variation of the transformer failure rate considering the
variation in the wind speed and air temperature

TABLE 1 The component data [26–44]

Parameter Value

Modulus of the spar section 0.00073 m3

Spar material strength 350 MPa

Generator activation energy 0.2

Boltzmann constant 0.00008617 ev/K

Stator winding resistance of PMSG 0.04 ohm

Thermal resistance of generator 2 K/kW

Thermal resistance of interface to heat sink 0.55 K/kW

Thermal resistance of interface to junction 23 K/kW

Switching frequency 3 kHz

Voltage drop on diodes 0.7 V

Voltage drop on thyristors 1.3 V

Voltage drop on IGBTs 1.5 V

Reference voltage 0.9 V

DC link voltage 1.2 kV

Resistance of diodes and thyristors 0.09 ohm

Resistance of IGBTs 0.06 ohm

Modulation index 0.5

Base failure rate of conducting condition 0.0001306

Base failure rate of non-conducting condition 0.001589

Base failure rate of temperature effect 0.00053

Solder joint failure rate 0.00295

Operating activation energy 0.3

Non-operating activation energy 0.4

DCop 0.23

DCnonop 0.77

DT 80

Base failure rate of capacitor 0.00021

Oil power coefficient of transformer 0.8

Coil power coefficient of transformer 1.3

Hot spot factor 1.1

gr 14.5 K

rt 6

Activation energy of transformer 0.2

T1 for cable 0.90798 km/W

T2 0

T3 0.098588 km/W

T4 0.0817 km/W

Dielectric loss 12.73

Cable activation energy 0.2

Rotor resistance of DFIG 0.1 ohm

Stator resistance of DFIG 0.03 ohm

Thermal resistance of stator 6 K/kW

Thermal resistance of rotor 15 K/kW

Temperature coefficient of the power parameter of PV panel 0.35

Temperature coefficient of the voltage parameter of PV panel0.25

(Continues)
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NARGESZAR ET AL. 523

TABLE 1 (Continued)

Parameter Value

Application factor 1.5

Environmental factor 15

Rated solar radiation 900 W/m2

Rated power of solar panels 250 W

Number of PV panels 4000

effect on component failure, but if the temperature increases,
the component failure rate will also increase sharply.

As can be seen from the figures, the rate of failure for the
electrical components of the wind generation units including
the PMSG, back-to-back converter, transformer and cable is
dependent on the temperature rise of the components. The
temperature increment of these components can be resulted
from the growth in the ambient temperature and the thermal
loss caused by the increasing in the electrical current flowing
through them. Thus, the increase in the air temperature results
in the increase in the failure rate of the PMSG, electrical con-
verter, transformer and cable as can be seen from the figures.
On the other hand, the current passing through the compo-
nents resulted in the heat loss in the associated components is
proportional to the produced energy by the wind turbine. Thus,
as understood from the Figures 29–32, the shape of the failure
rate curve associated to the electrical components of the wind
turbine is very similar to the power curve of the wind turbine,
which indicates the amount of the power output at different
wind speeds.

Based on the equations developed in this paper, the failure
rate of components used in the current type tidal generation
system including the tidal turbine, gearbox, DFIG, electrical
converters, transformer and cable considering the variation in
the tidal current speed and the environment temperature are
mathematically computed and represented in Figures 33–38,
respectively. As can be seen in the figures, the failure rate of the

FIGURE 32 The variation of the cable failure rate considering the
variation in the wind speed and air temperature

FIGURE 33 The variation of the tidal turbine failure rate considering the
variation in the tidal current speed and water temperature

FIGURE 34 The variation of the gearbox failure rate considering the
variation in the tidal current speed and water temperature

FIGURE 35 The variation of the DFIG failure rate considering the
variation in the tidal current speed and water temperature
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524 NARGESZAR ET AL.

FIGURE 36 The variation of the back-to-back converter failure rate
considering the variation in the tidal current speed and water temperature

FIGURE 37 The variation of the transformer failure rate considering the
variation in the tidal current speed and water temperature

FIGURE 38 The variation of the cable failure rate considering the
variation in the tidal current speed and water temperature

FIGURE 39 The variation of the PV panel failure rate considering the
variation in the solar radiation and air temperature

mechanical components of the unit including the tidal turbine,
the gearbox and the DFIG rotor significantly depends on the
rotation speed and to a lesser extent depends on the tempera-
ture. Thus, the failure rate of the mechanical components of the
tidal turbine significantly increases with increasing the rotation
speed. On the other hand, with increasing water temperature,
the failure rate increases slightly.

Similar to the wind turbine components, the failure rate of
the electrical system components of the current type tidal unit
comprising the DFIG, back-to-back converter, transformer and
cable is dependent on the temperature rise of them. The temper-
ature rise of the electrical components of the tidal generation
unit is arisen from two reasons including the temperature rise
of the water and the temperature rise caused by heat loss.
The heat loss of the components is caused by current pass-
ing through them that is proportional to the generated power
of the tidal power plant. Thus, the shape of the failure rate
curve of electrical components including DFIG, electrical con-
verters, transformer and cable would be resemble to the power
curve diagram of the tidal turbine which shows the association
between the produced power and the tidal current speed. This
can be clearly seen in Figures 36–38.

The reliability performance evaluation for main system com-
ponents of the PV structure under consideration including the
PV panels, inverter, transformer and cable are achieved. The
failure rate results of these devices regarding the variation of the
solar radiation and air temperature are calculated and presented
in Figures 39–42.

It is realized from the diagrams shown in the figures that
the failure rate for the components of the PV system increases
with growth in the solar radiation and air temperature. It is due
to the temperature rise of the composed components of the
PV system including the PV panels, inverter, transformer and
cable. The temperature rise of these components is caused by
two reasons including the temperature rise of the environment
and the temperature rise arisen from the heat loss of the asso-
ciated components due to the current passing through them.
With increasing the solar radiation, the generated power of the
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NARGESZAR ET AL. 525

FIGURE 40 The variation of the inverter failure rate considering the
variation in the solar radiation and air temperature

FIGURE 41 The variation of the transformer failure rate considering the
variation in the solar radiation and air temperature

FIGURE 42 The variation of the cable failure rate considering the
variation in the solar radiation and air temperature

FIGURE 43 The loss of load expectation considering the peak load
variation

PV system and consequently the current passing through the
composed components increases, and so, the failure rate of the
composed components of the PV system increases, too.

5.2 Reliability assessment of the microgrid
including renewable energy resources

In this subsection, in order to evaluate the proposed method
and its applicability, reliability evaluation of a microgrid includ-
ing a wind turbine with 4.5 MW capacity, a tidal turbine with
2 MW capacity and a PV system composed of 4000 panels
with 1 MW capacity is performed. For reliability analysis of the
understudied microgrid, the proposed variable failure rate of
the components is applied. For this purpose, the Monte Carlo
simulation approach with 1000 repetitions is used. The hourly
failure rate of the components of the generation units is deter-
mined considering the variable hourly wind speed, tidal current
speed, solar radiation, and air and water temperature during
the understudied year as shown in Figures 17–21. Using of the
hourly failure rate of the components, produced power of the
PV system, wind and tidal turbines, and the hourly peak load,
the adequacy indices of the microgrid under consideration are
calculated based on the proposed technique. These indicators
include the LOLE and EENS which are drawn in Figures 43
and 44, respectively. As observed in the figures mentioned,
although the power generation capacity of the understudied
microgrid can be up to 7.5 MW and the maximum peak load
of the microgrid is 4.5 MW, due to the variation of the renew-
able energy resources, the reliability decreases significantly with
increasing the peak load. Due to variation in the renewable
resources including the wind speed, the tidal current speed
and the solar radiation, the generated power of the renewable
energy-based generation units is less than the rated capacity
in the more of times. Thus, to improve the reliability of the
renewable energy-based microgrid, an energy storage system is
required.
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FIGURE 44 The expected energy not supplied considering the peak load
variation

6 CONCLUSION

In this paper, the dependency of the failure rates of the renew-
able energy-based microgrid on the variation in the renewable
resources and temperature is determined that can be used for
reliability evaluation of a renewable energy-based microgrid
containing wind turbines, current type tidal generation units and
PV systems. To consider the impact of the variable renewable
resources on the failure rate of the microgrids, a comprehen-
sive study is performed and the effects of the variation in
the wind speed, tidal current speed, solar radiation, air and
water temperature on the main components of these generation
units including gearbox, turbine, generator, electrical converters,
transformer, cable and PV panels are investigated. To deter-
mine the failure rate of the renewable energy-based microgrid,
both effective electrical and mechanical components of the
renewable energy-based generation units are considered and a
comprehensive study is performed to determine an accurate
resource-based failure rate. The resource-based equations of the
components failure rates developed in this paper can be used for
reliability assessment of a renewable energy-based microgrid to
accurately study the impact of the variation in the wind speed,
tidal currents speed, solar radiation and temperature on the reli-
ability indices of the microgrids including wind turbines, current
type tidal units and PV panels.

In the proposed framework, the reliability performance eval-
uation for a renewable energy based microgrid containing wind
turbines, current type tidal generation units and PV systems is
performed. As can be understood from the figures presented
in this paper, the failure rate of the main components of the
wind units, tidal turbines and PV systems are dependent on
the renewable resources. Due to the significant variation of the
renewable resources including wind speed, tidal current speed,
solar radiation, air and water temperature, the failure rate of
the associated components must be accurately determined to

exactly evaluate the reliability of the microgrid containing these
renewable generation units. Numerous results that can be used
in the planning and operation of the renewable energy-based
microgrids are deduced from the numerical analysis of the
failure rates of the composed components. The failure rate
of all components increases with increase in the air or water
temperature. The failure of the mechanical components arisen
from the reduction in the fatigue strength at higher temper-
ature is determined by mechanical equations. The failure of
the electrical components is increased due to the increase in
the temperature according to the Arrhenius law. However,
due to the different mixture of the electrical and mechanical
parts of the studied components, the trends of the variation in
the components failure rate is different. Due to the different
structure of the PMSG and DFIG, different power curve
of wind and tidal turbines and also different wind and tidal
current speeds, the associated failure rate trends are different.
It is clearly concluded from the figures that the trends of the
failure rate for the modules of the wind energy system and tidal
turbines are dependent on the shape of the power curve of
these turbines. It is arisen from the dependency of the failure
rate of the electrical components on the associated temperature
rise and consequently the power losses of the components that
are proportional to the corresponding current square. Further-
more, according to the numerical results obtained, it can be
concluded that the temperature variation affects strongly the
failure rate of the PV panels for the higher solar radiation. To
examine the impact of the variable failure rates of the renewable
energy-based generation units on the reliability performance
of the microgrids, the numerical results calculated using of the
Monte Carlo simulation approach are given. The numerical
results represent that the failure rate of these generation units
are significantly dependent on the renewable resources and so
to exactly evaluate the reliability of the microgrids integrated to
these resources, the proposed approach must be utilized.

In addition to the wind, tidal and solar energies, wave energy
as one of the renewable resources that exists in different regions
of the world, can be added to the renewable energy-based
microgrids. In the future works, the dependency of failure rate
of composed components of the wave converters on the wave
height and wave period would be studied.
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