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The article gives the performance and reliability analysis of renewable PV systems fed with a double boost converter. For analyzing
the PV system performance and reliability, a 660 W PV system is considered and a double boost converter with the PSO MPPT
method is implemented by adding a secondary path to the conventional boost converter, which shares the input current and
reduces the current ripples in the system. For a detailed analysis of the system, different solar irradiations of 1000 W/m?, variable
irradiations, and real-time solar irradiation in the area of 13°39'29.3''N 79°29'09.3''E on May 2022 are considered and reliability
indices are presented at PV system and power electronic converter components. A MATLAB/Simulink environment is chosen for

analysis of the proposed system in different conditions.

1. Introduction

The total world energy demand is met by both nonrenewable
and renewable energy sources (RES) in fast few decades, but
due to the awareness and need for environmental protection,
the power generation from nonrenewable energy sources
(N-RES) are gradually shifted to renewable energy sources
[1-4].

The common and well-known drawbacks of RES are
unpredictable and continuously changing concerning vari-
ations in climatic conditions. Among all the RES, photo-
voltaic (PV) sources attain a major role in meeting the load
demand [5-7]. The total grid-tied system installed capacity
reaches 502.7 MW as of 31° August 2022, which includes off-
grid applications of 830373kW of street lighting,
1723479 kW of home lighting, 7948219 kW of solar lanterns,
86830 kW of solar pumps, and 216407.67 kW of standalone
power plants. The overall contribution of PV sources is 51%
of the total available resources [8].

Renewable energy source researchers mainly focus on
extracting the maximum amount of power when it is

available and stepping up/down to meet the load demands.
To achieve these two targets, power electronic converters
(PEC) play a key role in the operation and control of the
renewable system.

The low voltage of the PV panel is stepped up for load
application with the help of a DC-DC converter. A high gain
converter is thus required for a PV system. A nonisolated
converter can be used, but they must be efficient when
carrying high currents from low voltage sources [9-11].

For applications like low-voltage renewable power
sources, typical DC-DC converter duty cycles need to be
extended. When getting a high voltage gain of nine or more,
the duty cycle plays a key role, and it becomes difficult to
maintain high efficiency. It causes voltage strains and re-
quires high-blocking-voltage switches, causing extra losses
[12-15].

Low input voltage increases switch current. The full-duty
cycle causes diode reverse recovery troubles due to high-
amplitude current spikes in output capacitors and diodes.
Switching and conduction losses increase [16-18]. The re-
newable energy system is required a high gain DC-DC
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converter with less switch/converter component count, an
intelligent MPPT controller, an advanced battery manage-
ment system, reliability and selection of power components,
and system design. A detailed review of the above topics is
presented as follows.

Serially discharging parallel-charging capacitors boost
converter gain, multiple recharges boost voltage, adds sys-
tem components, without magnetic components, and this
technology allows a hybrid integrated circuit (HIC) con-
verter. A switched capacitors converter and boost converter
[19-21] give high voltage gain, adequate duty cycle, high
efficiency, and adjustable output voltage. References [22, 23]
suggest a switchable-capacitor converter. This article dis-
cusses how resonance influences voltage gain.

The authors of reference [24, 25] discuss coupled-
inductor converters. An inductor converter can gain volt-
age without a 100% duty cycle. A leaky inductor can produce
voltage overshoots across the switches, which increases
switching losses and reduces converter efficiency. A voltage
clamp can be used to reduce switching power losses when
using lower-rated transistors. References [26, 27] show boost
converters with up to 20-volt gain and 97% efficiency. A
linked inductor and series-switched capacitor maximize
converter voltage gain. The clamp circuit restores power lost
to leakage inductance, ensuring efficiency. There are now
numerous different converter topologies that have been
discovered, making it difficult to determine which one
provides the best performance. The complexity of the
converter should be considered throughout the selection
process. You need to calculate the size, weight, power, and
projected efficiency.

In this article, a 660 W PV system with a double boost
converter with particle swarm optimization approach is built
and implemented by adding the secondary path to the
standard boost converter, which shares the input current
and decreases current ripples in the system. Different sun
irradiations of 1000 W/m®, variable irradiations and real-
time solar irradiation in the area of 13°39'29.3''N
79°29'09.3"'E on May 2022 are evaluated and analyzed for
system performance evaluation.

Another important issue in the renewable PV system is
its reliability and sensitivity as it is highly fluctuating and
unpredictable in nature. Hence, the reliability and sensitivity
analysis of a double-boost (DB) converter fed PV system is
presented in this paper. Reliability and sensitivity prediction
in power electronic converters become the most important
challenge to the converter manufacturers during the burn-in
and wear-out period and to the converter user/researcher
during the life period. If the converter failure occurs in the
useful life period, the entire system power flow will get
affected. Manufacturers will take care of the burn-in period,
if a failure occurs also, it will not affect more to the system,
more since it is in the infant stage.

The reliability and sensitivity of PEC are tested in the
burn-in period by the manufacturers, but after it came to the
useful lifetime period, where actual converter operation
starts, specific care to be taken to avoid converter failure, if
the failure occurs, it stops the entire power flow operation,
and with this the system is nonreliable to meet the load
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demand. Detailed reliability indices are presented for the
design of renewable PV systems in the following chapter.

The following is the outline of the study: we will go over
the simulations of the proposed PV installation. The
modeling of the DB Converter and the parameters employed
in the planned design is discussed in detail in the third
section. The Multiphase Power Flow Controller is explained
here. Succeeding Section displays the outcomes of in-
corporating MATLAB/Simulink into the proposed system.
Developed system PV system and Power Electronic con-
verter dependability indices are summarized in succeeding
Section, and then the conclusion is presented in succeeding
Section.

2. Proposed PV System Model

Inputs §; and §, are outputs for creating a double boost
output voltage. The DB converter is built with two switches,
two inductors, and two diodes, as illustrated in Figure 1.

Table 1 provides the module type, number of series and
parallel linked modules per string, Voc, Isc, Vip, Inp, and
series and parallel resistance of the Canadian Solar
CS5P-220M solar PV module.

Figure 2 illustrates the I-V and P-V characteristics of
218 W PV panels at 0.25kW/m?, 0.5kW/m?, 0.75kW/m?,
and 1kW/m? Figure 3 illustrates the I-V and P-V char-
acteristics of a 660 W PV module at 0.25 kW/m?, 0.5 kW/m?,
0.75kW/m? and 1kW/m’. This 660 W system includes
three parallel strings and one series-connected module per
string.

The input for the proposed DB converter system is
48.32V obtained from the PV module and the required load
voltage is of 380 V. To increase the voltage from 48.32V to
380V, a DB converter is operating at the duty cycle of 0.873.
As the input voltage is less, there is a high amount of current
ripples at the input side. The developed PV system with DB
converter will reduce reduced current ripple by providing
parallel paths current flow.

3. DB Converter Analysis

The DB converter splits the input current by cascading
a control switch, inductance, and diode. The cascaded boost
converter features a 180-degree phase delay; the total input
current is the sum of L; and L, inductor currents, which
minimizes input current amplitude and ripples.

Depending on D, each phase’s switching sequences may
overlap. The ON duration of each switch determines the DB
converter’s functioning. The DB converter has two purposes
when both switches are ON. Duty cycle between 0 and 0.5 in
area —1 and 0.5 and 1 in area —2 region 1 has no simultaneity.
It is a no-go zone. When only the switch turns off, the
inductor cannot be demagnetized. Region 2 has two on-
at-once switches and converter design parameters are pre-
sented in Table 2.

The output voltage,

Voz1 5 * Vpy. (1)
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FIGURE 1: Block diagram of the system.

TaBLE 1: PV system specifications.

PV Model I-V and P-V Characteristics at 25 deg.C

Parameters Specifications @ STC 1kW/ mz
Module type Canadian solar CS5P-220M = 0.75 kW/m?
Current, I, 4.51758 A g
Series resistance, Ry 0.24807 ohm 5
Voltage, Vinp 483159V ©
Parallel resistance, R, 235.76 ohm
Parallel strings 3
Short circuit current, I 5.09261 A Voltage (V)
Series connected modules per string 1 ! i !
. 1 kW/m
Open circuit voltage, V. 59.2618V ~ 600 | T W e
Phase current, If 5.098 A E 400 N _7_5_ ym R
Saturation current, I, 5.3103¢7 A %) i — - '0’,5—_1%_\/\_/ /.nf.g -'; \'\\ b
& 200 F AL SR RUPE Lot e N
D OB oL NN
0 2==q-="" L L L s 0 &
PV one Module I-V and P-V Characteristics at 25 deg.C 0 10 20 30 40 50 60
oF Lkw/m? T T K ] Voltage (V)
< 4L .075KkW/m? . FIGURE 3: I-V and P-V characteristics of 660 W PV modules.
g | oskw/m T
3 2r 035 KW/ T TaBLE 2: Converter design parameters.
0 : : ; e Parameter Rating
0 10 20 30 Power 660 W
Voltage (V) Voltage (input and output) 48.32V and 380V
: : : : T Inductor (L; and L,) 43mH and 4.75mH
1kW/m’ Capacitor (C; and C,) 17.23 yuF and 5.75 uF
s 200 - .75 KW/m? 1 Load resistor, R 2200
T 150 e T TR . Switching frequency 20kHz
o _--p 2 \
Z100F TOS kWi N\
= ST 005 KWy N
50 - D I S A Moo Y \1
o L ; ; HRESERN .
5 10 20 30 40 50 : 0 Inductor current ripples,
Voltage (V
ge () Vpy ¥ D
FIGURE 2: I--V and P-V characteristics of 218 W PV panel. Al = foxL,’
s 1
(3)
Input current, Al = Vpy * D
2=
P PV f s* LZ
Ipy =5—. (2) .
Vv Converter components calculations
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By considering the 2% peak-peak capacitor ripples
_Vpy*D
T RxAV,

(4)

(5)
Vpy * D

:R*TS*CO'

3.1. Operating Modes of DBC

3.1.1. Mode-1: (0 <t < t;). Switches S; and S, activate Mode-1
and reverse bias diodes D, and D,. Inductors L; and L, have
linearly growing currents. Capacitor, C powers the load, as
shown in Figure 4.

3.1.2. Mode-2: (t;<t<t,). This stage begins when S, is
turned off and D, is reverse-biased. Demagnetizing L, re-
duces i, linearly. Diode D, transfers energy between the
source and load. Figure 5 shows this topological phase.

3.1.3. Mode-3: (t;<t<t;). The third topological stage is the
same as the first stage, as shown in Figure 6.

3.1.4. Mode-4: (t;<t<t,). Demagnetized L; inductor cur-
rent drops linearly. Diode D, transfers power between the
source and load. Figure 7 shows this period. After stage 4, the
changeover time ends and stage 1 begins.

The theoretical switching waveform for the DB converter
is shown in Figure 8. The summary of the proposed DB
converter modes of operation with switching states and
inductor chagrining and discharging conditions is listed in
Table 3.

4. MPPT Algorithm

The DC-DC converter’s ideal duty ratio determines the
optimal voltage and current combination for maximum
power. Many MPPT control strategies [28-30] have
strengths and downsides. This paper considers particle
swarm optimization (PSO) based MPPT to extract
maximum.

PSO mimics bird flocks. Global convergence makes PSO
acceptable for nonlinear, nondifferential curves [29]. The
intermittent supply makes the MPPT method curve non-
linear. PSO uses n-dimensional cooperative points to find
a global optimization solution.

PSO was inspired by flocks of birds. Each particle (x;) in
a swarm represents a possible solution, whose position is
changed based on the neighbourhood best particle (Ppest)
and the global best particle (Gp.s) during each iteration (¢).
Equation (7) updates particle position x;.
f+1
1

=x+ @M i=1,2,---- (6)

X P
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where the velocity gradient ¢ reflects the stochastic step and
is calculated as follows:

1

t+1 t t t
O =ws q)i + 7’lcl(Pbesti - xi) + rZCZ(Gbest - xi)' (7)

In equation (8), the second and third terms represent the
cognitive and interpersonal contributions, with their cor-
responding constants ¢; and c,, correspondingly. The first
term w represents the inertial weight. r; and r, are examples
of random numbers inside the range of (0-1).

The fundamental operating principle of this approach:
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Step 1. (Initialization):

Particles are frequently initialized randomly over the
search space using a uniform distribution or on-grid nodes
that fill the search space with equidistant points. Initial
velocities are chosen at random.

Step 2. (Fitness evaluation):

Determine the fitness of each particle. The fitness of the
candidate is assessed by supplying a solution to the objective
function.

Step 3. (Updating individual and global best data):

By comparing newly calculated optimal solution to old
ones and updating the Ppey; and Gpese as necessary, we
maintain accurate rankings of the individuals with the
highest and best fitness levels.

Step 4. (Updating velocity and position of each particle):
Steps 1 and 2 are used to perform updates on the velocity
and position of each particle in the swarm (2).

Step 5. (Determining convergence):

If the convergence criterion is met, the procedure can be
finished; otherwise, the number of iterations increases by
one and the process returns to Step 2.

Figure 9 shows that the gate pulse for Converter-1 and
Converter-2 and the converter operates in two power stages
with 180 degrees out of phase and it provides a two-to-one
reduction in peak-to-peak ripple current. To generate the
gate pulses, PSO-based MPPT techniques are used for the
extraction of the maximum possible power in the PV system.

5. Simulation Results and Discussion

The MATLAB/Simulink model of the proposed 660 W PV
system is shown in Figure 10. The system uses a DB
converter and an MPPT method based on particle swarm
optimization. Pulses for the DB converter are generated by
the PSO MPPT algorithm based on the measured Vpy and
Ipy, allowing for maximum power extraction from the
available solar irradiance and input meteorological
conditions.

The overall PV system performance is investigated in
three situations based on solar input irradiations and
temperature. In Case 1, continuous solar irradiation of
1000 W/m?, variable irradiance ranging from 600 W/m” to
1000 W/m? over different periods, and real-time solar ir-
radiation data on May 2022 over one day are examined in
MATLAB/Simulink, and PSO MPPT is used to analyze the
proposed system’s performance.

Case 1. Constant solar irradiation.

Figure 11 shows the constant solar irradiation data of
1000 W/m? and a constant temperature of 25°C as input to
the 660 W PV system. The proposed system consists of two
inductors L; and L, for providing parallel paths for current
sharing.

Figure 12 shows the input current at inductor L, of 7A
and L, of 7 A of Converter-1 and Converter-2, respectively.
The double boost converter will operate with a phase delay of
180° as clearly presented with currents (L; and L,) in
zoom mode.

Figures 13 and 14 show the input voltage (48 V), current
(7 A), and power (330 W) at Converter-1 and Converter-2,
respectively. Similarly, Figure 15 displays the output voltage
(380V), current (1.5 A), and power (600 W), respectively, at
the load side.

From the analysis of the proposed system with constant
solar irradiation data in Case 1, the proposed double boost
converter will share the input currents through inductors L,
and L, with the help of diodes, and which reduces the
current level and current stress on the proposed converter
switches.

Case 2. Variable solar irradiation.

Figure 16 shows the considered solar irradiation data in
Case 2 as follows, for a period of 0 to 0.4-sec available solar
irradiation is 600 W/m?, similarly, for a period of 0.4 to 0.8,
0.8to01.2,1.2to 1.6, 1.6 to 2, and 2 to 2.4-sec available solar
irradiation is 750 W/m?, 900 W/m?, 1000 W/m?, 800 W/m?,
and 700 W/m®, respectively.

Based on the considered solar irradiation data in Case 2,
Figure 17 shows the input inductor currents (L; and L,) of
Converter-1 and Converter-2, respectively. The double boost
converter will operate with a phase delay of 180° as clearly
presented with currents (L; and L,) in zoom mode.

Figures 18 and 19 present the input voltage at Converter-
1 and Converter-2, respectively, as per the considered solar
irradiation in Case 2. Similarly, Figure 20 shows the output
voltage, current, and power at load, respectively, at the
load side.



TaBLE 3: DB converter modes of operation.
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Mode Converter-1 switch, S; Converter-2 switch, S, Inductor, L; Inductor, L,
Mode-1 ON ON Charging Charging
Mode-2 ON OFF Charging Discharging
Mode-3 OFF ON Discharging Charging
Mode-4 OFF OFF Discharging Discharging
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From the analysis of the proposed system with con-
stant solar irradiation data in Case 2, the proposed double
boost converter will share the input currents through
inductors L; and L, with the help of diodes, which reduces
the current level and current stress on the proposed
converter switches.

Case 3. Real-time data of solar
May 2022.

The performance of the proposed system with real-time
solar irradiation data was considered in the region of
13°39'29.3'"'N 79°29'09.3''E in May 2022. Figure 21 shows
the considered real-time solar irradiation data in Case 3.

irradiation data on
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Based on the considered solar irradiation data in Case 3,
Figure 22 shows the input inductor currents (L; and L) of
Converter-1 and Converter-2, respectively. The double boost
converter will operate with a phase delay of 180° as clearly
presented with currents (L, and L,) in zoom mode.

Figures 23 and 24 illustrate the input voltage at
Converter-1 and Converter-2 for Case 2. Figure 25 shows the
load side voltage, current, and power. Based on the exam-
ination of the proposed system with constant solar irradi-
ation data in Case 3, the proposed double boost converter
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FIGURE 16: Input solar irradiation in Case 2.

will share the input currents through inductors L; and L,
with the help of diodes, reducing the current level and the
current stress on the proposed converter switches.

6. Reliability Exploration of the
Proposed System

Reliability analysis of power electronic components is im-
portant for the PE component manufacturers to provide the
complete information in the datasheet of PE components to
create the awareness of reliability and costs of the PEC
throughout the life span [30-32].

It provides complete information about system design
and reliability of the system from component level to overall

system, which helps in selecting optimal choices for system
upgradations and modifications.

Reliability deals with finding the ability of the system to
work without failure over a time period under given con-
ditions. In general, the system’s dependability, as well as

economic and environmental indices are taken into account
[33-35].

6.1. Reliability and Sensitivity Analysis of the PV System.
Solar PV system sensitivity and reliability are affected by
variable solar irradiation and operating temperature. The
literature provides PE converter sensitivity and reliability
indexes. This case study uses Markov model reliability
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indicators. Markov method can be utilized for repairable,
nonrepairable, series, parallel, and combination systems.
Consider an n-component series system.

Figure 26 depicts n system components. Proper system
operation depends on all system components. Using the
Markov model, steady state availability (A) and un-
availability expression U are given in equations (8) and

9).

oy
A_/1+;4’ (8)

A
V=i ©)

Since for any practical system, the unavailability ex-
pression is written as in equation (10)

U=Axr, (10)

where r = 9760/uhrs, y occurs/year

Table 4 gives the failure rate and repair times of the PV
system for the reliability analysis of the renewable PV
system.

6.2. Power Converter Component’s Reliability Indexes.
Common criteria for evaluating power electronic systems
include dependability, failure rate, MTTF, MTTR, and
availability.

6.2.1. Reliability. The possibility that an object (component,
subsystem, or system) will perform required functions for

FIGURE 26: Series connected system.

the planned time is defined as reliability. The reliability
function R (t) measures the probability of system failure
throughout the range [0, t].

Figure 27 displays the reliability “bathtub curve,” which
predicts the cradle-to-grave instantaneous failure rate vs.
time for specific devices. Exponentially modeled curve
system reliability is time-dependent. Time decreases re-
liability. Time should cover commercial product
warranties.

6.2.2. Failure Rate. The failure rate of the product after
tyears can be used to evaluate a product’s “propensity to fail”
Figure 27 depicts a bathtub curve, which is a failure rate
curve shown as a function of time. According to the bathtub
curve seen in Figure 27, an object’s lifespan can be divided
into three separate stages: burn-in, useable life, and wear-
out. Despite the extensive testing, there was a substantial
failure rate during the burn-in period due to design or
manufacturing flaws that were not discovered. If a product
survives the early “burn-in” stage, its failure rate will grow
more constantly over a period of time before it fails. Systems
fulfilled their tasks while they were worn out. As a result, the
rate of failure over the useful lifetime of a product is an
important aspect of dependability analysis. As shown in
equation (11), the failure rate A (¢) is related to the reliability
function R ().
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TaBLE 4: Failure rate and repair times.

S. No Modules Failure rate/yrs Repair time (hrs) Repair time (yrs)
1 PV array 0.045 35 250
2 DC-DC converter 0.04 40 219
3 Inverter 0.095 40 219
4 Switch 0.075 30 292
At A +eo
! ! MTTE = J R(t)dt, (14)
0
I I
i i where R () is the reliability function. When the failure rate
! ! A(t) is constant A, and is simplified in equation (15)
: : 1
: . ! MTTF = —. (15)
Burn-in ! Useful Life ! Wear-out A
0 Tt
FIGURE 27: Failure rate curve. 6.2.4. Mean Time to Repair (MTTR). Mean time to repair is
the amount of time, on average, needed to fix a system once
it has failed. The amount of time needed to repair anything is
O - 1 R(t) = R(t + Ab) Flr(opfortli:)ge.il to itts mecllintailnability,twhiih includes things
= Lim ————= )
Lim ROM ike fault diagnosis and replacement parts
(11)
1 drR(®) 6.2.5. Availability and Average Availability. The degree to
R(t) dt which a system is likely to be functional is referred to as its

where At is a time interval with At > 0. The reliability R (¢) is
determined from the failure rate A () with the consideration
of R (0) =1, as presented in equation (13).

- | A(n)d
R(E) = e JO (r)dr (12)

It is common practice in the reliability modeling field to
assume that the failure rates of components and subsystems
are unaffected by the passage of time. However, this as-
sumption is not without its drawbacks. With the as-
sumption that A(f) = A, the equation (13) can be reduced as
follows: (13)

R(t) = e, (13)

The success rate is then calculated by taking the mean of
the number of failures that occurred in a certain amount of
time, which is denoted by the unit failures in time (FIT).

1 FIT =10"° failure/hour.

6.2.3. Mean Time to Failure (MTTF). The “expected failure
time” is denoted by the “MTTE.” MTTF is time-
independent, unlike dependability. It determines how
long something can be used before it succumbs to wear and
tear. The MTTF metric is utilized in the process of archi-
tecture comparison. This exemplifies how long a product will
remain in use. Even though the MTTF is significantly longer
than the mission time, this does not necessarily guarantee
that the system is particularly dependable when it is being
used on the mission.

Equation (14) provides an explanation of MTTF and
dependability.

availability. The uptime that a system enjoys on average over
a certain time frame is referred to as its average availability. If
a repairable system is fixed every time it fails to “as good as
new” standards, the equation will read as follows: gives its
average availability in equation (16).

MTTF

— ., (16)
MTTF + MTTR

average

Increasing availability necessitates better MTTF and
MTTR. Average availability cannot reflect the frequency of
breakdowns or maintenance. It is only used to evaluate
repairable systems where availability takes precedence over
dependability.

Total time/number of failures (T/R)=MTBF. MTF
stands for Mean Time to Failure.

To discriminate, you must first comprehend suspen-
sions. When a destructive test or observation fails to detect
a failure, reliability calculations are temporarily halted.
Suspensions are not included in MTBF, although they are in
MTTE. The MTTF is determined by dividing the total
number of service hours by the number of devices. When all
components fail through the same cause, MTBF
approaches MTTF.

T/N, where T is total time and N is the number of test
units, equals MTTF.

7. Load Side Reliability Indexes

Many reliability indicators in the current study that comply
with the global utility standard emphasized annual load
demand and its impact on generator dependability. The
following indices are considered to be a loss: LOLP, LOLE,
LOEE, LOEP, and EENS. The values of Ap and Up are then
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utilized to do an analysis of the system reliability indices for
each of the six scenarios.

The average failure rate, p, is calculated as follows:
(number of loads multiplied by failure rates) + (number of
substations multiplied by failure rates) + (number of feeders
multiplied by failure rates) + (number of distributed gen-
erators multiplied by failure rates).

The length of time that the power is out or unavailable,
Up = (number of loads failure rates * Reliability func-
tion) + (number of substations failure rates restoration
time * Reliability function)+ (number of feeders failure
rates * Reliability function) + (number of distributed gen-
erators failure rates * Reliability function).

7.1. Economic Indexes. Economic indices that account for
launch costs, maintenance costs, operating costs, and other
system expenses have become critical in determining the
profitability of HRESs. Given below are some of the most
commonly used economic indexes.

7.1.1. Annual Global Cost (AGC). AGC is the sum of the
system’s capital, maintenance, and annual costs, as shown in
equation (17).

AGC = Ca,, + Capip, (17)

where Ca,, means the annual fundamental cost of the
system and Cap,i, is the annual system maintenance cost.

7.1.2. Annualized Cost of the HRESs (ACHRES). The an-
nualized cost of the HRESs (ACHRES) is the total of the
annual replacement cost, annual capital cost, and annual
maintenance cost of the HRESs given in equation (18).

ACHRES = Ca,, + Cayyyip + Cayp, (18)
where Ca,., means the annual replacement cost of the
HRESs.

7.1.3. Cost of Energy (COE). The COE is calculated by di-
viding the annualized cost of the hybrid renewable energy
system (ACHRES) by the total annual energy production
(AQEP). It specifies the cost per unit of energy generated by
HRESs given in equation (19).

Y ACHRES

COE = .
Y AOEP,

(19)

7.1.4. Life Cycle Cost (LCC). The net present value is cal-
culated by adding the discounted capital, maintenance, and
operating costs and subtracting the current revenues
throughout the lifetime of the HRESs given in equation (20).

NPV = ENPV 4 - C;, — ZENPV,, — ENPV, (20)
where NPV,.,4 is the discounted income from the sub-

systems’ residual value at the end of the HRESs life; G,
vestment 15 the initial investment cost; NPV, is the present

Journal of Engineering

value of future exploitation and maintenance costs, and
NPV, is the present value of future replacement costs to
replace components during the system’s life.

7.1.5. Levelized Cost of Energy (LCOE). LCOE is the sum of
updated energy production costs divided by updated energy
output (equation) (21).

Y (L+r)
i (1+n”

where n is the HRESs life, C, is all costs, E, is yearly clean
energy output, and r is the annual discount rate.

LCOE = (21)

7.1.6. Life Cycle Cost (LCC). Total HRES expenses (in-
vestment, operation, maintenance, replacement, etc.) — Snpv
(net present value of revenue) given in equation (22)

LCC = C + OMypy + Rypy — Sxpv- (22)

C=total HRES cost; OMypy = maintenance and oper-
ation net present value; Rypy=replacement net
present value.

The detailed reliability indices of PV systems are pre-
sented for the selection and design of PV systems with
system-level indexes, converter component indexes, load
side indexes, and economic indexes.

8. Conclusion

In this paper, a 660 W PV system with a double boost
converter is developed in MATLAB/Simulink and studied in
three cases: constant solar irradiation, variable solar irra-
diation, and real-time irradiation data on May 2022. A PSO-
based MPPT algorithm is implemented for extraction of
maximum possible power from the PV source, and a detailed
reliability index of a PV system is presented for analysis of
the PV system at system-level indexes, converter component
indexes, load side indexes, and economic indexes. The
implemented converter will share the input current and
reduce the current ripple and from analysis of the PV system
in different input conditions, the system performance much
relies on the solar irradiation availability, temperature,
humidity, and geographical location of the plant.
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The data used to support the findings of this study are
available from the corresponding author upon request.
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