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Abstract  This paper investigates a new operation
strategy for photovoltaic (PV) systems, which improves
the overall reliability of the system as a result of the
improvement in the reliability of the critical components.
First, a mathematical model is proposed using the fault tree
analysis (FTA) to estimate the reliability of the PV systems
in order to find the suitable maintenance strategies. The
implementations demonstrate that it is essential to employ
smart maintenance plans and monitor the identified most
critical components of PV systems. Then, an innovative
analytical method based on the Markov process is
presented to model smart operation plans in PV systems.
The impact of smart operation strategy on the PV systems
is then evaluated. The objective of this paper is to develop
plans for improving the reliability of PV systems. A series
of case studies have been conducted to demonstrate the
importance of smart operation strategies for PV systems as
well as the applicability and feasibility of the proposed
method.

Keywords smart operation strategy, renewable energy,
fault tree analysis (FTA), Markov model

1 Introduction

Due to the fluctuation in fuel prices as well as the major
part fossil fuels played in environmental pollutions,
renewable energy sources are becoming more popular
[1]. These types of alternative sources have the potential to
replace the existing fossil fuel. Therefore, renewable
energy sources with green electricity generation are highly
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sought after. So far, solar energy has proved more practical
compared to other types of renewable energy sources such
as wind, hydro, wave and tidal energies.

Cost-reduction in production of PV modules, economic
incentives that government offers and recent improve-
ments in PV systems and their reliability will not only add
to the speed of capacity increment of installed PV systems
in the close future, but also make them more preferable in
competitive energy market [2]. However, for several
reasons, the reliability of the PV systems has been an
issue for over a decade. Due to the complex nature of PV
systems, the quantification of the reliability of an entirely
PV generated station is yet to be solved [3,4]. The
reliability of PV systems has attracted a lot of attention in
recent years due to the meteoric growth of PV power
installation in residential and commercial buildings as well
as military bases [5]. Because of the various components
with high malfunctioning probability (e.g. inverter), PV
systems tend to fail much often [6]. Moreover, owning to
the limited and intermittent nature of the energy source for
PV systems, the reliability of the energy output from these
systems is degraded [7]. The reliability preference of
customers has also a great impact on the utilization of PV
power [8]. Most of the components of a PV power system
are vulnerable to working condition and their life-cycle is
highly dependent on loads and ambient conditions [9].
However, new development makes it possible to design
improved, innovative, smarter and more efficient systems.
Smart operation strategies (e.g. smart monitoring) are one
of these new developments aimed at overcoming issue of
enormous and complex gird and satisfy consumers who
require uninterrupted reliable service and do not tolerate
any inconvenience. Smart monitoring is technically a
system that makes use of two-way communications,
sensing, and control technologies to better control the
power system. One of the challenges is to improve the
reliability of PV systems by use of smart monitoring, so
that it continues its uninterrupted service for longer period
of time [10]. Smart monitoring is a method that qualifies
for this requirement. Smart monitoring with its enhanced
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control and monitoring infrastructure provides a new kind
of power management and is the best solution to problems
of renewable energy and specially PV power generation
plants. Some of the major advantages of smart monitoring
are better compatibility with distributed energy production,
ability to make use of renewable energy in large capacity,
real time monitoring, demand response, self-healing and
better communication to match the generation with
demand [11]. Using secure and real time data flow, smart
monitoring is able to improve the reliability of PV systems
with proper decisions. Considering that the new smart
plans such as smart monitoring is the real control system
for future of PV systems, current techniques for assessment
of the reliability of PV systems should be made compatible
with them.

A lot of researches have been conducted and many
papers have been presented in the field of reliability
analysis of power system including renewable energy
sources. For instance, issues of optimizing the use of
isolated small PV generators have been discussed in Ref.
[12]. The system level models for the reliability of PV
systems using the Markov modeling concept was pre-
sented in Ref. [13]. In Ref. [14], a hierarchical reliability
block diagram was developed to model the behavior of the
PV system. In Ref. [15], Monte Carlo simulation was used
to quantify the impact of inverter failure on total lifetime of
a PV system. A technique called Latin hypercube sampling
(LHS) was proposed in Ref. [16] to improve computation
speed for obtaining the reliability indices. In this method,
the failure rates of electronic elements in a PV system are
treated as constants. However, these parameters actually
vary with system states including solar insolation, ambient
temperature, and load level [17]. There are many reliability
modeling concepts for PV systems such as fault tree
analysis (FTA), Monte Carlo, and Markov methods. FTA
and reliability block diagram (RBD) schemes in assess-
ment of a standalone PV system were investigated in Ref.
[18]. In Ref. [19], the Monte Carlo method was proposed
to calculate the optimum PV and battery size for a desired
reliability taking account of the uncertainty of solar
resource. This method was also used in Ref. [20] to
conduct a more complex simulation such as a PV/wind
hybrid system. The simulation of the stochastic behavior of
a system in Markovian models was conducted by
simulating the state change process as a Markov random
process [21]. Markov reward models are used in a
proposed method, which integrates the performance and
reliability of an on-grid PV system in Ref. [8], with the
assumption of only two different failure modes including
string block and inverter failures. The Markov method is
used to predict the radiation pattern of the sun by making
use of the solar data from Corsica for over a 20-year period
in Ref. [22]. The overall reliability of large-scale, grid-
connected PV systems was studied in Ref. [23].

In the technical literature, several methods have been

proposed based on the monitoring of the components of
electrical distribution systems (eg. Ref. [24].). Although a
wide variety of studies have been conducted on this topic,
the real electrical architecture of modern large-scale, grid-
connected PV systems employing smart monitoring
requires further consideration.

This paper extends the analysis given in Refs. [11,23],
and proposes a novel technique to evaluate the impact of
smart monitoring on large-scale, grid-connected PV
systems using the Markov method.

2 Overview of PV wireless remote
monitoring and control system

Since the monitoring of photovoltaic systems is an
essential part of the evaluation of the overall reliability
of systems, a proper communication medium with high
reliability is required to transfer critical information to and
from components in order to control and monitor system
status. Both wired and wireless communication technology
is used in smart monitoring [25]. However, newer versions
of wireless communication system have advantages of
inexpensive product and installation, rapid deployment,
widespread access, and mobile communication over wired
and even older wireless technologies. Wireless commu-
nications used to have slower data rate, interference issues,
and security concerns compared to wired communication,
but several actions are initiated to address these issues [26].
Using smart monitoring, real-time component status is
transmitted to data management and control center. Smart
monitoring offers real-time monitoring, fault alarm, data
analysis, and useful information which provide us with
more control over photovoltaic system. Component failure
(e.g. malfunctioning caused by aging and severe weather)
might lead the system to blackout which, in turn, can
damage industrial section and cause massive economical
losses. Present control scheme [27] which is depicted in
Fig. 1 requires a technician to be physically present in the
electrical site and detect the failed component with his eyes
and analyze the system state based on his experience and
assumptions which can be time consuming and with error.
However, as shown in Fig. 2, smart monitoring provides
useful tools for advanced communication between man-
agement and components status through wired commu-
nications, satellite communication, wireless sensor
networks (WSNs), or wireless automatic meter reading
(WAMR) to prevent, predict or alarm components failure.
Each communication system has its own pros and cons and
the discussion of this problem is outside the scope of this
paper. The PV systems components are exposed to climate
change, unpredicted events, and degradation caused by
aging effects, which will eventually lead to component
failure and interruption in the system [23]. Thus, the PV
system components should be permanently monitored.
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Fig. 2 Smart monitoring application for large-scale grid connected PV systems

3 Reliability analysis of PV systems

3.1 A general solution for reliability of PV systems

Fault tree analysis (FTA), which is a graphical design
method based on minimal cut set is used to evaluate
reliability of large-scale grid-connected PV systems. This
method consists of drawing of a flowchart and association
of every effective component on the reliability of the
overall system to the top event. Minimal cut set is a method
to translate the information in the FTA flowchart into
equations and to obtain an overall percentage of the
reliability of the system. FTA serves as a useful tool for

calculating the probability of system failures by estimating
the reliability and availability of the components within the
system. The basic principle of the FTA method is the
identification of undesired events and weather effects
associated with undesired states (e.g. component failure).
The undesired states of the system are shown by a
rectangle which indicates a top event. A system may have
more than one top event. The top event appears in a box
that represents the failure event under investigation. For
instance, the fact that “Energy reduces if solar radiation is
reduced” is determined as a top event in this paper. By
definition, a cut set represents a direct relation between
basic events and the top event. A minimal cut set, in
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general, is the shortest path from a basic event to the top
event. However, in this paper, it is defined as the
component failure (i.e., basic event) with the highest effect
on the overall system failure (i.e., top event). In other word,
if one or all of the components are unavailable, a minimal
cut set will cause the top event to occur. If all basic
components are available, the top event will not occur. The
minimal cut set is unique and finite for any fault tree.

Based on the theory of probability and the minimal cut
set, the reliability of the total system can be calculated
using Eq. (1) [23],

Ry = exp( miAiti> ) (1
=1

where m; is the total number of components, 4; is the
failure rate of component i, n is the total number of
different components, and ¢ is the study time of reliability
analysis.

3.2 Reliability models of components with smart operation
strategy

To analyze the advantages of implementing smart
monitoring on the reliability of PV systems, with and
without monitoring failure, a mathematical method based
on the Markov chain is used. Correction and prevention
measures of monitoring can help maintain the reliability of
the grid, prevention measure of smart monitoring also
decreases failure rate and repair time by creating new up
state (Up) and down state (Dn) respectively, which, in turn,
prevents dreadful failures and long-time blackouts. By
creating the new Dn as well as higher repair rate, which
means improved repair time, the correction quality of
smart monitoring can help the operator to detect failure
quickly and accurately [11]. New constant state states are
created by smart monitoring according to the type of
maintenance used. The Markov method is used to analyze
the reliability of PV systems in terms of using smart
monitoring.

The state-space diagram of the smart monitoring states is
illustrated in Fig. 3. The approach in Ref. [11] is used to
investigate the impact of monitoring on an electric
distribution system.

The total availability by employing smart monitoring
with # new states from the Markov chain can be obtained
using

Psm = Pia (2)

where n refers to a part of the components which are not
considered to be monitored, Py, is the reliability of the
component with smart monitoring, and P; is the reliability
of the component being in state i.

The failure rate with smart monitoring (Asy,) can be

Fig. 3 Markov model for component of PV systems with smart
operation strategy

presented by
Asm = Ans (3)

where A, is the failure rate for the state n.
Furthermore, smart monitoring failures could be con-
sidered with a specific reliability model as

def . :
Py, ={Pgm|Smart monitoring success }

+ {Py|Smart monitoring unsuccess}. 4

The reliability model indicates P;m = Pg,, if smart
monitoring is completely available. In other words, smart
monitoring unavailability is equal to 0 (P, = 0), and
P;m = Py, if this system encounters with one various
failures and becomes fully unavailable or in other words
(P, = 1). This behavior can also be mathematically
presented as

Psm:POXPu+Psz(17Pu)' %)
The failure rate with monitoring failure can be calculated

using

!
;tsm =

+ A ©6)

n—1
P, x Z Ai
i=1

where /‘t;m is the failure rate with monitoring failure.
Moreover, the failure rate decrement can be expressed as

A
R, =5
A A()

™)

All the smart monitoring techniques with reliability aspects
are depicted in Fig. 4.

4 System under study

To calculate the reliability of the overall system, seven
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large-scale PV systems [23] with a nominal output power
from 100 kW to 2500 kW, whose electrical structure is
demonstrated in Fig. 5, are used. All of the systems are
identical in PV module and inverter characteristics as listed
in Ref. [23]. Increasing the nominal output power of the
system requires more components. In Table 1, a number of
PV systems with different nominal power output and the
number of required components for each one are listed.
The reliability of all seven PV systems was analyzed over
one year and twenty years of operation with 8.5 h of
operation per day. The failure rates for all of the
components are in unit of failure/hour and listed in Table
2. The failure rates of SPDs are not taken into account for
their negligible magnitudes.

5 Case studies and discussion

The FTA and the Markov method are used in the case
studies to show the practicality of the proposed method.
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5.1 Case study 1: Reliability estimation of large-scale PV
systems using FTA

This case study aims to evaluate the reliability of large-
scale PV systems and help identify the most critical PV
system components. A mathematical model for cut sets is
presented using the FTA. Such methods significantly help
convert fault trees into Boolean models and mathematical
equations. Table 3 represents the reliability of the overall
system for one year as well as for 20 years of operations. It
can be clearly seen that the reliabilities of the component
decrease as the PV power output increases. Furthermore,
the probability of 0% means that there is one top event
which causes the overall system to go to the failure state.
From Table 3 and the method described in the previous
section, the most critical components can be extracted. The
list of critical components and their solutions are reported
in Table 4 in the order of the influence they have on the
overall reliability of the system. The component with more
failure rate should be quickly repaired or replaced after the
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Fig. 4 Flowchart for PV system reliability assessment with smart operation strategy
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Table 1 Number of components for each PV system

Power/kW

Component 100 200 500 1000 1500 2000 2500
PV modules 437 874 2166 4351 6517 8702 10868
String protection 23 46 114 229 343 458 572
DC switch 3 6 15 27 42 57 72
Inverter 1 2 5 9 14 19 24
AC circuit breaker 1 2 5 9 14 19 24
Grid protection 1 1 1 1 1 1
AC switch 1 1 1 1 1 1
Differential circuit breaker 1 1 1 1 1 1
Connector (couple) 874 1748 4332 8702 13034 17404 21736
Battery system 16 30 76 150 224 298 372
Charge controller 1 1 1 1 1 1
Table 2 Component failure rates 5.2 Case s.tudy 2: Markov model for solar inverter with
Component Failure rate/10 °h ' Reference smart operation strategy
PV modules 00152 [28] The solar inverter is one of the most important, expensive,
String protection 0313 [29] Sect.6-2 and complex components in a PV system which may fail
DC switch 0.2 [29] Sect.22-1 due to component failures and aging as follows:
Inverter 40.29 23] 1) Capacitor failures: Voltage stress, continuous opera-
AC circuit breaker 5712 [20] Sect.14-5 tion under maxirqum voltage conditigns, frequent short-
Grid protection 5712 [29] Sect.14-5 Ferm voltage transwnts,.current s.tress, internal temperature

increment due to continuous high current flow, thermal
AC switch 0.034 [29] Sect.14-1 stress on component terminals, improper charge and
Differential circuit breaker 5712 [29] Sect.14-5 discharge rates, operating in improper temperature,
Connector (couple) 0.00024 [29] Sect.17-1 mechanical stress, and vibrations.
Battery system 10.9589 [30] 2) I'nvert?r pridge failures: Operation beyond its rated
Charge controller s 4704 301 operating limit, over-current and overvoltage, thermal

failure occurs. Although the monitoring of all components
of the PV system can improve the reliability of the system,
it is neither economical nor practical. So a component with
the most critical failure status and expense has to be
chosen. The solar inverter qualifies for this category which
also may be totally unavailable under long-term operations
as reported in Table 4. Several mentioned reasons for the
advantages of implementing smart monitoring of the solar
inverter are the case studies of this paper.

shock, thermal overload, extremely cold operating tem-
perature, and other malfunctioning components.

3) Mechanical failures: Component stress, contamina-
tion at contacts, and extreme temperature condition.

In this case study, the failure statuses of the capacitor and
inverter bridge are monitored. Table 5 lists the failure
distribution to different parts of a solar inverter. As shown
in Table 5, the ratio of failure for the capacitor is greater
than that of other parts. The Markov model of the inverter
with 4 monitoring states is displayed in Fig. 6. The failure
rates of the inverter could be calculated from Table 5. The
failure rate of the inverter without smart monitoring is

Table 3 Reliability of overall system for a period of 1 year and 20 years of operations

Power/kW
Reliability
100 200 500 1000 1500 2000 2500
1 year/% 78.3716 64.9282 36.9896 16.6818 6.5229 2.5457 0.9954
20 years/% 0.7641 0.0177 0 0 0 0 0




Amir AHADI et al.

Table 4 Critical component priorities
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Priority Component Reliability status Coordinated maintenance
1 Inverter Critical Continuously maintenance
2 String protection Intense Continuously & Periodical maintenance
3 PV modules Critical Continuously maintenance
4 AC circuit breaker Critical Continuously maintenance
5 DC switch Normal Periodical maintenance
6 Charge controller Normal Periodical maintenance
7 Grid protection Normal Periodical maintenance
8 Differential circuit breaker Normal Periodical maintenance
9 Connector (couple) Normal Periodical maintenance
10 AC switch Normal Periodical maintenance
11 Battery system Normal Periodical maintenance

Table 5 Ratio of failure for solar inverters

Type of failure Failure rate/%

Capacitor failure 60
Inverter bridge failure 35
Mechanical failure 5

Fig. 6 Markov chain for solar inverter

40.29 x 10 failures/hour. From the Markov chain, A;, A5,
A3, A4, and the repair rate of the inverter can be obtained
considering 24 h of maintenance because of the forced
outage and 12 h for preventive actions, as reported in
Table 6. In this section, the availability and the failure rate

Table 6 Failure and repair rates for solar inverter

State Failure rate/10 °h ! Repair rate/failure-h '
State 0 Ao =40.29 1o = 0.04166
State 1 A =24.174 m =0.0833
State 2 A =14.1015 1 = 0.0833
State 3 A3 =2.0145 15 =0.04166

of the inverter with smart monitoring are evaluated using
the previous equations. Following this, the reliability of the
overall PV system and the availability of the inverter in
presence with monitoring are estimated. The steady-state
probability with the inverter monitoring for 3 new states
using the Markov method can be obtained as

dP,/dt

dp, /dt
dp,/dt
dpPs/de
M+ h+A) m m Po(t)
B A -0 0 Py (1)
a bR 0 —m O Py(1)
As 0 0 — U3 Ps(1)

®)

Further simplifications based on the frequency balance
approach in Ref. [31] can be expressed as

1 11 1 1 Py(t)
0 AL - 0 0 Py(t
_ 1 14 o 1() 9
0 Az 0 *ILLZ O P2(t)
0 A3 0 0 — U3 P3([)

From the transition rates listed above, state probabilities
are deduced to be

Py =0.0020, P, =0.5703, P, =0.3327, P; = 0.0950,

where P; refers to a part of the inverter that is not
monitored. The availability, failure rate, and failure rate
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decrement of the inverter with smart monitoring are
calculated below, respectively.

Py, = 0.0020 + 0.5703 + 0.3327 = 0.9050,
dom = 2.0145,

40.29

p— p— 2 .
27 2.0145 0

For instance, R; = 20 indicates that failure rate of the
inverter is significantly decreased to 5%. The reliability of
the overall system and the availability of the inverter for
this case study are tabulated in Tables 7 and 8, respectively.

As is mentioned in Case study 1, the reliability of the
system decreases under long-term operations. The relia-
bility of the systems is also decreased in larger PV systems
due to the increment in the number of components.
However, it is intuitively observed clearly from Tables 7
and 8 that the smart monitoring has significantly improved
the reliability of the system and corrected the availability of
the inverter regarding long-term operations. For instance,
the inverter in a 100 kW PV system without smart
monitoring has a probability of availability of 88.2497%
in one year operation, while the probability of the inverter
of a 2.5 MW system has been decreased into approxi-
mately 4.9787%. In addition, for 20 years of operation, the
reliability of the inverter declines quickly. For a 100 kW
and 2.5 MW system, the reliability of the inverter is
8.2085% and 0%, respectively. However, when the smart
monitoring is employed, the reliability of the inverter is
improved to approximately 99.3770% and 86.0708% for a
100 kW and 2.5 MW system after one year operation,
respectively. Additionally, for a 2.5 MW system, the
inverter was reliable by about 4.9787% in 20 years of
operation. Employing monitoring for the inverters can also
improve the reliability of the overall system. For a 2 MW
system, after one year of operation, the reliability of the

overall system is improved by approximately 92.96%. It is
worth noting that, deduced from the increasing pattern of
reliability improvement in Tables 7 and 8, the impact of
smart monitoring on the reliability of the overall system is
greater in bigger and more complex systems.

5.3 Case study 3: Monitoring failure

The evaluation of the advantages of implementing smart
monitoring on the reliability of the system in Case study 2
reveals that there is a great improvement in the availability
of the inverter and reliability of the overall PV system.
Smart monitoring, identical to other components, has
failure rate due to aging or operational failure. The impact
of smart monitoring failure is evaluated in this section.
This impact is estimated by increasing the availability (P,)
of smart monitoring, gradually from P, = 0 (smart
monitoring is completely available) to P, = 1 (PV system
has no smart monitoring) in Eq. (10) and then to evaluate
the reliability of the associated system. The results indicate
that the unavailability of smart monitoring worsens the
reliability of the system as well as the availability of the
inverter, which is a strong evidence for effectiveness of
smart monitoring. The trial and monitoring failure are
considered for the inverter, as shown in Figs. 7 and 8. It can
be commonly seen from the inductive results that the
reliability of the PV system and the availability of the
inverter have been deteriorated by increasing the unavail-
ability of monitoring, compared to those of the Case
studies 1 and 2.

6 Conclusions

In the first part of the paper, a mathematical model using
FTA has been used to evaluate the reliability of the

Table 7 Reliability of inverter with and without smart operation strategy

Power/kW

Inverter reliability
100 200 500 1000 1500 2000 2500

Without monitoring (1 year)/% 88.2497 77.8801 53.5262 32.4653 17.3775 9.3015 4.9787
With monitoring (1 year)/% 99.3770 98.7578 96.9233 94.5303 91.6219 88.8030 86.0708
Without monitoring (20 years)/% 8.2085 0.6738 0.0004 0.0000 0.0000 0.0000 0.0000
With monitoring (20 years)/% 88.2497 77.8801 53.5262 32.4653 17.3775 9.3015 49787
Table 8 Reliability of overall PV system with and without smart operation strategy

Power/kW
Inverter reliability

100 200 500 1000 1500 2000 2500

Without monitoring (1 year)/% 78.3716 64.9282 36.9896 16.6818 6.5229 2.5457 0.9954
With monitoring (1 year)/% 88.2533 82.3337 66.9794 48.5728 34.3914 24.3043 17.2084
Without monitoring (20 years)/% 0.7641 0.0177 0 0 0 0 0
With monitoring (20 years)/% 8.2152 2.0491 0.0330 0.0001 0 0 0
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components as well as the overall large-scale PV systems.
The method serves as a useful tool to identify the most
critical components which leads to the determination of
various maintenance strategies. The implementation of
smart grid technologies offers opportunities to improve the
reliability of electric power distribution system. Moreover,
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a novel method using the Markov model has been
proposed and illustrated for analyzing the smart monitor-
ing effects on the reliability of large-scale, grid connected
PV systems. Due to the smart monitoring investment costs
which may themselves increase the operation costs and
also the fact that monitoring all the critical components of a
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Fig. 7 Impacts of operational failure for solar inverter considering P,
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Variation of reliability of overall PV system regarding inverter monitoring and considering P,
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PV system is not economical and practical, only solar
inverters is chosen to be monitored. It is revealed from the
various case studies with and without considering the
monitoring deficiency that the proposed method signifi-
cantly improves the reliability of the system by providing
more awareness of components condition. The proposed
model reduces the complexity of using analytical methods,
provides a comprehensive model for reliability evaluation,
and assists operators and planners to evaluate the reliability
benefits brought by smart monitoring of PV systems.
However, it is worth noting that the PV modules might be
arranged in a particular series-parallel combination,
thereby affecting the reliability of overall systems. In
addition, the output power of PV systems is affected by the
variability of solar radiation and ambient temperature,
where the uncertainty of solar radiation may affect the
overall reliability of the system.
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