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The Life Distribution of Commercial Concentrator 111-V Triple-Junction Solar Cells in View of Inverse
Power law and Arrhenius Life-Stress Relationships in Terrestrial and Space

Abstract

Renewable energy is one of the essential clean power sources, especially solar energy. The world is shifting
toward increasing production from clean energy with a vast transformation level of integrating solar energy
with grid production. This comprehensive transformation leads the researchers to focus more on solar
reliability, which is considered one of the most challenging elements of solar power to increase production
with the highest quality. Different factors affect the PV panel's estimated lifetime before the failure accrues,

such as temperature stress, voltage, irradiation, and many other factors.

PV panel output power will be a certain percentage of its original Standard Test Condition (STC), rated DC
power, depending on its working hours, or we can say PV panel age. The consumer must trust and be confident
in such PV manufacturers' companies to ensure the system will remain stable and reliable for a long time
before the decision is taken, which is what they call a warranty. PV panels are still being replaced and repaired
before the expiration of their warranty period.

Studying the PV model's reliability will limit the PV panel's failure and ensure a long lifetime for the system
to operate and produce efficient and reliable power. The accelerated lifetime ALT for the PV will simulate the

failure under different stressor conditions with the minimum period.

This research will use the Inverse power Law module based on statistical analysis with different distributions
such as Weibull and Lognormal. Previous studies were done in the same field using the Arrhenius model.
Authors usually used Arrhenius as the best life-stress relationship; others favored the inverse power law in
many accelerated life-testing experiments even when the stress is thermal. The same procedures and analysis
were done in this research by testing the result of ALT space solar cells to support this theory; more details

are described in the below report sections.

Keywords: Accelerated life test; Concentration photovoltaic systems; Solar cells; Weibull distribution;
Lognormal; Inverse power law life-stress relationship; Arrhenius life-stress relationship; space solar cells;

Renewable energy.
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Chapter 1

1. Introduction

Renewable energy is the future worldwide source goal to get electricity. Conventional energy sources are non-
environmentally friendly sources that will cause CO2 emissions, leading to increased atmospheric temperature.
Many types of renewable sources can produce clean energy, but we will focus on solar energy in this research.
We've all heard about the potential of solar power. It's cleaner, more sustainable, and better for the environment
than fossil fuels like coal and oil. In addition, fortunately for us, solar energy is becoming more accessible to
us as prices continue to fall. It is not just cleanliness that makes solar power so great - it also seems to be an

excellent option for those who live in lower-income communities or regions with less access to grid electricity.

Solar energy is a vast field to study. We have different mechanisms to get electricity from solar, either from
converting photons into electricity or concentrated heating. For example, standard Photovoltaic (PV) takes
energy from the sunlight that is absorbed by the PV cells in the panel. This energy creates electrical charges

that respond to an internal electric field in the cell, causing electricity to flow.

In this research, we will focus on the new technology of solar energy (concentrated photovoltaic) CPV, that
comping Photovoltaic technology uses sunlight to generate electricity. Unlike traditional photovoltaic systems,
it focuses sunlight into small, highly efficient multi-junction solar cells (MJSC) using lenses or curved

mirrors[1]. Refer to figure 1.

Concentrator

Solar Cell

Fig.1 Concentrated Photovoltaics general diagram[2].

10



PV technologies can convert 15% to 18% percent of incident solar radiation into electricity, transforming the
rest to heat. Many limitations and high costs to convert energy based on silicon material lead to looking into
concentrated PV with multijunction material are premised on the idea of increasing the rate of incident solar
radiation on a small area via employing optical components such as lenses and mirrors to maximize the energy
[3]. Multi-Junction Solar cells have several p—n junctions composed of semiconductor materials. In response
to different wavelengths of light, the p-n Junction of each material will produce an electric current. According
to National Renewable Energy Laboratory ( NREL), the highest efficiency is 46% for 3 and 4 MJSC at 25

°C, as shown in figure 2 [4].
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Fig.2 NREL highest confirmed conversion efficiencies for research cells for a range of photovoltaic

technologies, plotted from 1976 to the present [4]

Like any other system in power generation applications, reliability is critical. Terrestrial and Space Solar
panels are crucial elements exposed to the harsh environment surrounding them to supply the cells by photons
to convert them into electric power. Increasing the reliability of the CPV is one of the most challenging and
promising topics for the researcher. CPV needs a long time, around 25 years, to be studied to know the
estimated lifetime for the system, which will require a long time to wait for the data to perform a reliability

assessment.
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Accelerated life test ALT is needed for this study to enable engineers to quantify the product's life features
and make comprehensive predictions about the CPV to get the data in an acceptable time shorter than normal
conditions[5]. This work analyzes real data produced by ALT using two statistical distributions (Weibull and
Lognormal) based on inverse power law. In addition, we compare the result with the Arrhenius model, which
has been studied before. As the Arrhenius model is sensitive to the activation energy, we will utilize the inverse
power law as a simpler life-stress relationship and compare the predictions of the CPV lifetime obtained using

both models when the CPV are used for terrestrial and in space applications.

1.1 Research Questions

This research aims to study methods to estimate the terrestrial and space triple junction concentrated solar-
based accelerated lifetime test (ALT) under multiple thermal stresses by using statistical probability
distributions, Weibull, and lognormal distributions in view of the Inverse power law and compare it with
Arrhenius model that another previous work has addressed. In the end, we will try to answer the following
two questions:

» Can we estimate the lifetime for Concentrated Photovoltaic based on inverse power law?

» Do the lifetimes of CPVs in space, and terrestrial follow the same model?

1.2 Research Methodology

e Check the goodness of fit test of some experimental data sets to fit Weibull and Lognormal distributions
and maybe other distributions

e Estimate the parameters of each distribution using the proper method, possibly using maximum
likelihood estimates (MLE)

e Extrapolate the lifetime under nominal conditions using the inverse power law

e Compare the lifetime distribution obtained from inverse power law with that of Arrhenius

e The data sets that will be considered are terrestrial and space CPVs

e The calculation will be implemented using MATLAB, a powerful computational program, and

Mathematica, a high-performing symbolic package.

12



1.3 Research Objective

The main objective of this research is to compare the predictions for the lifetime of commercial concentrated
photovoltaic three junction solar cells at use conditions, which are estimated using two common life-stress
relationships, Arrhenius and Inverse power law. The results are built based on real data of accelerated lifetimes
obtained from standard accelerated lifetime tests (ALT). The terrestrial and space environmental conditions
are emulated, where the data is proved to follow flexible probabilistic models, the Weibull and Lognormal

distributions.

Chapter 2
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2. Literature Review

2.1 Solar Energy

The Sun is an endless energy supply that can meet humanity's energy requirements. The Sun's energy may be
transformed into electricity or immediately utilized. Sun energy may create electricity either directly through

photovoltaic (PV) cells or indirectly through concentrated solar power (CSP).

Photovoltaic, a term used to describe a device that converts solar radiation into electrical energy, is integral to
the power grid. It falls under the category of renewable energy, meaning it doesn't pollute or contribute to
greenhouse gas emissions. Photovoltaics are even displacing fossil fuels as the source of electricity generation.
The European Union and China both have goals to increase the amount of photovoltaic electricity generation
in their power grids. Still, to make this a reality, the industry needs more support and will need to continue
growing in the years ahead. The market for photovoltaics is predicted to grow 31% from 2014 to 2017, which
Is greater than that of solar thermal and wind power. The Compound Annual Growth Rate (CAGR) of
cumulative PV installations, including off-grid, was 34% between the year 2010 to 2020[6]

Photovoltaics is not a new technology; it's one of the oldest technologies known. It was first brought into
existence by Thomas Edison and Nikola Tesla during the 1800s[7]. Solar energy has a bright future because
of the technological advancement in this field and its environment-friendly nature. The most significant issue
for solar energy's future is its year-round unavailability, which is compounded by its high initial cost and
shortage of PV cell components. These problems can be solved by creating an efficient energy storage system

and inexpensive, efficient, and plentiful PV solar cells[8].

The Sun provides 1.7 x 10%2 J of energy in 1.5 days. This energy is equal to all the power that can be supplied
by 3 trillion barrels of total oil resources found on Earth. As a result, the Sun's energy is much more than
capable of meeting all of humanity's demands on its own. The Sun's impressive amount of energy is matched

by its adaptability. The Sun's energy may be used in various ways, as shown in figure 3[9].

14



Sunlight Sunlight Sunlight

Electron Flow
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Solar Fuel Gradieat Solar Heat

Solar Electric

Fig.3 Three ways of converting solar energy into other forms of energy: (a) producing chemical fuel
via artificial photosynthesis, (b) generating electricity by exciting electrons in a solar cell, and

(c) concentrating sunlight to produce heat[8]
2.2 Multi-junction Solar Cells MJSC

Solar material plays an essential role in its efficiency. Only a limited light spectrum is absorbed depending on
its bandgap. Some photons are reflected when light strikes the surface of a solar cell, whereas others pass right
through. The energy of some of the absorbed photons is converted into heat. The rest have enough energy to

remove electrons from their atomic bonds, resulting in charge carriers and electric current [10].

The energy required for electrons and holes to transition from the valence band to the conduction band is
called a bandgap. A high-bandgap top cell is used in multi-junction devices to absorb high-energy photons
while allowing lower-energy photons to pass through. After that, a material with a lower bandgap is placed
beneath the high-bandgap Junction to absorb photons with lower energy (longer wavelengths), as shown in
Fig. 4. Multi-junction cells typically have two or more absorbing junctions, with the theoretical maximum
efficiency increasing as the number of junctions increases[11]. In multi-junction solar cells, current matching
is essential. Individual component cells in multi-junction solar cells are connected in series through tunnel
junctions. In general, the Voc (open circuit voltage) of a multi-junction solar cell is close to the sum of the

Vocs of all the component cells in the multi-junction structure under the same illumination conditions.

Multiple bandgaps or junctions adjusted to absorb a specific portion of the solar spectrum are used in high-
efficiency multi-junction devices to build solar cells with record efficiencies of over 45%, refer to fig. 5. The
researcher invests in multi-junction ( Triple Junction- refer to Fig.4 ) 111-V solar cell research to reduce the
costs of materials, manufacturing, tracking techniques, and concentration methods[12]. Multi-junction solar
cellsbased on IlI-V  materials (gallium arsenide (GaAs), aluminum indium phosphide (AlInP),
aluminum gallium indium phosphide (AlGalnP), gallium indium phosphide (GalnP), and indium phosphide

(InP), etc.) show high efficiency, exceeding 35%[11]. For satellites and space vehicles, 111-VV multijunction
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solar cells have become the state-of-the-art photovoltaic power generator[13]

1l- MJSC Lattice Match
Multijunction Solar Cell

.
4

Lower -bandgap

Lowest -bandgap

Fig.4 MJSC Lattice Match Multi-junction Solar Cell.

As a result of this method, the device only has one positive and one negative contact. Because the sub-cells of

the multi-junction solar cell are connected in series, the total current is limited by the lowest current generated
by one of the sub-cells[14].

Incident light 16004 " AN = ot
1 l l l 12004 | '\ #22 GalnP
200 \1 8 GalnAs
1 - If, s
GalnP top cell u}’| 771 Ge
1000+ !

Tunnel diode
GalnAs middle cell

Tunnel diode

Ge bottom cell

Spectral irradiance [W/mzum]

—
~

1500 2000 2500
Wavelength [nm]

500 1000

Fig.5 Schematic structure of a monolithic GalnP/GalnAs/Ge triple-junction solar cell, which represents the state-of-the-art approach for I11-

V multi-junction solar cells [14].
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2.3 Concentrated Photovoltaic (CPV)

Typical conventional solar cells are facing many limitations on efficiency and reliability; due to certain
bandgap of pn-junctions, they can only respond to particular to a specific portion of the solar spectrum
and convert it into electricity, and the remaining part of the solar spectrum is just converted into
heat[15].

Multi-junction solar cells, which are made up of multiple pn-junctions with different band gaps, have
been used in third-generation solar cells. Each of the pn-junctions responds to a design of the solar
spectrum. When multiple pn-junctions are combined, a more significant portion of the solar spectrum
is absorbed and converted into electricity, while a small portion is lost as heat. However, these third-
generation multi-junction solar cells are costly to manufacture due to high material costs. As a result,
the concentrated photovoltaic (CPV) idea is used. Solar radiations are concentrated into a small area of
solar cells using low-cost concentrators to be used cost-effectively. National Sandia Laboratories
produced the first CPV system in 1976, with a capacity of 1 kW. The prototype demonstrated good
performance, leading to the creation of many prototypes with capacities ranging from 0.5 to 1 kW in
several nations[16]. Another pre-industrial CPV system with a capacity of 350 kW was installed in
Saudi Arabia in 1981. Despite its satisfactory performance, this plant faced significant performance
degradation issues due to the cell's high operating temperature. Spectrum splitting was also used to
improve the CPV plant's reliability.

These efforts, however, could not help in the commercialization of CPV technology. The major cause
for this was the use of silicon-based conventional single-junction solar cells, which were not designed
to work in large concentrations and, as a result, were unpredictable. Even though concentrated
photovoltaic (CPV) systems have the highest energy efficiency of multi-junction solar cells, the current
photovoltaic market is totally based on classical single-junction PV panels. Since its beginnings, CPV
technology has experienced many reliability and performance issues. Despite progress in design and
reliability, CPV technology has yet to capture the attention of customers and energy planners due to its
high-performance potential. In order to increase its market potential, this study discusses a compact
CPV design that is high in accuracy and is intended to be installed on the rooftops of commercial and
residential buildings in many areas. Furthermore, in hot weather conditions with limited beam radiation
availability, the performance of a CPV system is evaluated and compared to that of different

conventional PV systems.
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2.3.1 Five Junction photovoltaic

With the triple-junction technology attaining a high degree of maturity and significant market demand
for cells with higher output power and cost reduction at the system level, the need for a CPV solar cell with
higher efficiency and a reasonable cost impact has arisen[20]. Hence Azur is working on 5J ( five junctions)
upright metamorphic (UMM) development, which only requires one epitaxial growth run and avoids the
requirement for specific, costly processing processes (substrate removal, carrier transfer, semiconductor
bonding). On the other hand, metamorphic growth risks reduced sub-cell material quality, especially for
quaternary Al-containing materials such as AllnGaAs and AlInGaP, which could affect cell performance.
However, AZUR, the company which manufactures these cells, proved that acceptable material quality might
be achieved using UMM growth in a 4J-UMM (four junctions upright metamorphic ) device for space
applications that have two Al-containing sub-cells. Although UMM expansion has been identified as the most
cost-effective alternative, the question of how many sub-cells will be implemented remains. Adding a fifth
junction to a 4J device gives much-increased efficiency possibilities while posing only minor engineering
challenges. It also has a greater VVoc and lowers Jsc (short circuit current density), which is especially beneficial
for CPV applications because electrical outputs are often limited by resistance losses that are quadratically
proportional to current density. Considering these factors, the most promising successor to the triple junction
was determined as a five-junction (5J) upright metamorphic cell design. This cell's target efficiency is 46% at
high concentrations (500-1000x), with a Voc of 5.52 V and a Jsc of 9.4 A/cm2 at 1000x, all under
concentrating standard testing conditions (CSTC: 25°C, AM1.5d). A requirement was added to the design for
optimum performance during operation circumstances, and these verified criteria at CSTC[21].

The Ge/InGaAs/AlInGaAs/AlInGaP 4J-UMM cell designed for space applications was used as a basis
for the development of the 5-junction UMM cell for CPV applications. In the first step, a fifth InGaP subcell
was added between the AlInGaAs and AlInGaP subcells to make a five-junction device. Due to atmospheric
influences, the best bandgap combinations for CPV applications differ from those for space. A bandgap
optimization for the AM1.5d spectrum was performed as a second phase. The sub-cell bandgaps of J3 and J4
should not shift into the important water absorption bands in the AM1.5d spectrum at operating temperatures
up to 90°C was added as a unique criterion for this bandgap optimization. As a result, for the first batch of 5J
devices, temperature coefficients for the various sub-cell materials were determined by measuring quantum
efficiency at 25°C and 65°C. In order to verify the optimal bandgap combination, the same measurements
were performed for the second batch of 5J devices. The tunnel diodes and sub-cells were optimized once the
band gaps were fixed. This involved testing tunnel diodes for concentration factors greater than 1000 suns

(both before and after heat load produced by the growth of successive solar cell layers) and designing a more
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transparent tunnel diode for usage between AlINGaP and InGaP subcells. The sub-cell thicknesses will be

tuned in a final iteration (to be produced) to construct a current matched 5J device with a projected efficiency
of > 44% under concentration standard testing conditions (CSTC: 25°C, AM1.5d)[21].

Because CPV cells normally operate at significantly higher temperatures (up to 90°C), the J3 bandgap
will shift into an absorption band, and the J4 bandgap will shift out of the absorption band under real-world
conditions. As a result, current matching between the sub-cells will be highly reliant on the operation
temperature, which will vary throughout the day. The second set of quantum efficiency measurements was
taken at 65°C to avoid similar variations in current matching. The figure below shows the efficiency of this 5J
cell as a function of concentration factor, with a maximum of 41% at 589x and efficiencies > 40.5 percent
across a concentration range of 300-1150x. The relevance of current matching, which is expected for the next
batch of 5J cells, is demonstrated by the slightly reduced maximum efficiency. A potential Jsc of 9.32 mA/cm2
is obtained by averaging the sub-cell currents of J1 to J4, which is an increase of 8% above the current 5J
device's 8.61 mA/cm2. Assuming that the expected 8% rise in Jsc likewise translates into an 8% increase in

efficiency, a correctly current matched cell with the current material quality might achieve an efficiency of >
44 percent [21].
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AZUR SPACE is now working on a 5-junction upright metamorphic (5J-UMM) cell for CPV
applications. The cell design will be tuned for maximum in-system performance and a goal efficiency of 46%
at 500-1000x under concentrating standard test conditions (CSTC). A bandgap optimization for the terrestrial
spectrum and an optimization of the tunnel diodes and sub-cell materials were performed starting from a 4J-
UMM cell created for 1 sun space applications and following the implementation of a fifth sub-cell [21]. In

the future these cells will be interesting to study the reliability studies.

2.4 Space Photovoltaic

In space applications, reliability is crucial. Solar panels are critical elements exposed to the harsh environment
surrounding the spaceship to supply electric power[17]. Since the beginning of the space program, scientists
have known that energetic particles from the Sun and cosmic rays from other regions of space cause physical
damage to silicon-based solar cells, which are the most popular and least expensive technology for satellite
power generation. Because the power output of solar cells is measured virtually minute by minute during the
lifetime of a satellite and other applications, thorough studies have been carried out to show how this
deterioration occurs over time [18]. Protons and electrons emit radiation, which is the most common cause of
solar cell breakdown; extreme temperatures, thermal cycling, atomic oxygen, debris, and other factors
contribute to the deterioration[17]. Furthermore, existing qualification requirements were created or the
environment surrounding the Earth. Still, the conditions for planets close to the Sun, deep-space missions, and
other unknowns limit the applicability of such qualification criteria for catching the influence of extreme
temperatures. The environment in space is unfriendly; PV panels suffer around eight times the degradation
they would on Earth if used (except in orbits protected by the magnetosphere)[19].

2.5 Terrestrial Accelerated Life Test (ALT)

The main objective of accelerated life testing is to reduce the time taken for testing under realistic operating
conditions. ALT is accomplished by putting test units under more severe stresses than those used to shorten
their lifespan and save time and money during testing. Suppose the results can be extrapolated to use
parameters on the assumption that the failure modes at the accelerated stress level are the same as those at the
use stress level. In that case, estimations of the life under use conditions can be obtained[22].

Temperature and injected current to simulate continuous illumination are the aging factors. In this paper
accelerated life test was performed at three different temperature stresses (T1, T2, and T3 =119 C°, 126 C°,

and 164 C°) with injecting current in darkness. The data for this test has been taken from[36].
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A sample of 45 concentrated photovoltaic commercial types was tested for this research. Time was recorded
for this test to reflect the lifetime of the cells. Checking the PV and I-V curves was the most direct method to
identify the failure. As a result of Testing at T2 and Ts, which had higher temperature stresses, all the sample
was fielded at a different time before ending the test. On the other hand, cells tested at T, lower temperature
took a long time for failure to acquire; therefore, the test terminated with the failure of 9 cells only, and time
was recorded for all tests after collecting all the data. A statistic equation was used to estimate the CPV lifetime
based on Weibull and Lognormal data distributions using inverse power law and compare the result with

Arrhenius.

2.6 Space Accelerated Life Test (ALT)

Accelerated Life Tests (ALTSs) that can anticipate space solar cell reliability in a short amount of time are a
must-have, the same as terrestrial solar. The Arrhenius model and the temperature ALT are commonly used
to assess the reliability of 111-V optoelectronic devices[23]. This work will compare the Arrhenius model result
with Inverse Power low model for the space I11-V solar cells. Due to the aforementioned, proper EA evaluation
for each new type of 111-V multi-junction solar cell utilizing precise temperature ALTs would surely improve
the calculation of solar cell life expectancies. However, temperature ALT is no longer a popular operation
because it requires at least three climatic rooms with adequate lighting and vacuum, as well as a specific
wiring, measuring, and control system [17]. Belowares the new procedures to simulate the space condition in
order to perform most accurate ALT for space solar: The data for this test has been taken from [24].

» Oxygen-free environment. To emulate the oxygen absence in the space environment, our climatic
chamber is endowed with a gas system that injects N2 in order to get the O> level below 1%.

» Electric conditions. The electric working conditions have been emulated by forward biasing the solar
cells at the same nominal current injection level they would handle at 1xAMO. Each solar cell is biased
by means of an adjustable current source 510 = 2 mA.

» Stress Temperatures. They assumed a nominal temperature of 80 °C, accordingly, the temperatures
applied to solar cells (150 <C, 165 °C, and 180 °C).
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2.7 Reliability and Statistic

The possibility that a product, system, or service will perform its intended function satisfactorily for a certain
amount of time or in a specific environment without failure is defined as reliability. Reliability has sometimes
been classified as to how CPV quality changes over time. For a multi-junction CPV, reliability is a critical
issue because it is less mature than silicon PV. Building dependable products is a solution to decrease risk and
ensure that the CPVs users install perform as expected for the rest of the time. The fact that survival data are
generally censored or partially differentiates survival analysis from other fields of statistics. This is due to the
extended period it is expected for an asset to fail. As a result, the censoring approach reduces the amount of
time and money spent analyzing long-term survival data. Censoring occurs when just a portion of the
information is accessible or when there is insufficient knowledge regarding the survival time of specific assets,
such as CPVs.

In this research, Probability Functions Representing Reliability are the following:

» Probability density function PDF

A continuous random variable's density is a function whose value at each given sample (or point) in the
sample space (the set of potential values taken by the random variable) may be understood as indicating
the probability that the random variable's value will be near to that sample.

» Cumulative distribution function CDF
The likelihood that an item will fail before a particular time t is known as unreliability. Unreliability or
chance of failure at a certain time: the chance that a CPV will fail at a specific time under normal operating

conditions. A probability density function (PDF) is the derivative of a cumulative density function (CDF).

» Mode

The most often occurring value in a group of samples. The mode for CPV lifetime is the failure time at
which most CPV fail.

» Mean

The mean, or what we commonly call the average, is the total of all the data values divided by the number
of data points. The mean for CPV lifetime is the average failure time, which is usually called the meantime
to failure, denoted by MTTF.
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» Maximum likelihood estimation (MLE)

We seek to uncover general laws and principles that control the behavior under study in engineering science.
These laws and principles are presented as hypotheses because they are not immediately observable. Such
hypotheses regarding the structure and internal dynamics of the behavioral process of interest are
mathematically represented as models, which are parametric families of probability distributions. The purpose
of modeling is to determine the shape of the underlying process by evaluating the models' validity. Once a
model is specified with its parameters and data have been collected, one is in a position to evaluate its goodness
of fit, that is, how well it fits the observed data. Goodness of fit is assessed by finding parameter values of a

model that best fits the data—a procedure called parameter estimation.

There are two general methods of parameter estimation. They are least-squares Estimation (LSE) and
maximum likelihood estimation (MLE). MLE requires no or minimal distributional assumptions and is useful
for obtaining a descriptive measure to summarize observed data. Still, it has no basis for testing hypotheses or
constructing confidence intervals. We are using MLE because we are dealing with Censored and complete;

however, others don't have the capability to handle censored samples.

The concept of maximum likelihood estimation (MLE), first introduced by R.A. Fisher in the 1920s, says that
the desired probability distribution is the one that makes the observed data "most likely," implying that the
parameter vector value maximizes the likelihood function must be obtained. From a statistical standpoint, the
data vector X1, X2, X3, .... Xn is a random sample from an unknown population. The goal of data analysis is
to identify the population that is most likely to have generated the sample. In statistics, each population is
identified by a corresponding probability distribution. Associated with each probability distribution is a unique
value of the model's parameter. As the parameter changes in value, different probability distributions are
generated. Formally, a model is defined as the family of probability distributions indexed by the model's
parameters; for example, this research focused on Weibull and lognormal distribution with their two
parameters. Once data have been collected, and the likelihood function of a model given the data is determined,
one is in a position to make statistical inferences about the population, that is, the probability distribution that
underlies the data, given that different parameter values index different probability distributions[25]. The MLE
takes form according to the parameter estimated with each statistical method used like the following.
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2.7.1 Weibull Distribution

The "Weibull Distribution™ in reliability engineering is one of the most commonly used distributions. It's a
flexible distribution that generalizes other distributions by special choices of its parameters such as including
normal and exponential distributions. Life data, model failure times, and access product reliability can be
analyzed using this probability distribution. It is also applicable in a range of fields, such as economics,
hydrology, biology, in addition to engineering. W. Weibull first proposed it in 1939 while studying structural

strength and life data analysis, and it was formally named after him in 1951.[30].
The probability density function of a Weibull random variable has shape and scale parameters. In this research,

we denote this by Weibull(ea, #), where B € (0, ) is the scale parameter, and a € (0, ) is the shape
parameter, and the probability density function (PDF) is

f@) =5 @ texp [-()*].x 2 0. 1)

The estimating equations of the maximum likelihood estimates (MLES) of its parameters from a complete

sample of size n are

n a
Tiz1x; “OMlogx; 1 1gn

?=1x?-’com B ®com B Al lOgXi, (2)
A 1 @ 1/@com
Bcom = (Z ?:1 x;xcom) . (3)
Whereas those from a censored sample of size r< n are given as
) Qcen A
r =n- r)(t/ﬂcen) log(t/ﬁcen)
A acen A acen (4)
T Lj=1 [1 - (xi/,Bcen) ]log(xi/ﬁcen) ’
r=m=7)(t/Been) " + Ty (%i/Been) " 5)
Moreover, the cumulative distribution function (CDF) of the Weibull distribution is given by:
F(x)=1—exp [ —(%)“],2 0 (6)
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Mean represented by:

6=pr(1+:) 7

Mode represented by:

9= ®)

2.7.2 Lognormal Distribution

A continuous probability distribution of a random variable whose logarithm is normally distributed is known
as a lognormal (or lognormal) distribution in probability theory. A log-normally distributed random variable
can only take positive real values. It's a useful and practical method for measurements in mathematical and
engineering sciences, as well as medicine, economics, and other fields in which the lognormal is an appropriate
model in life span and reliability analysis. After Francis Galton, the distribution is also referred to as the Galton

distribution or Galton's distribution.

The parameter u is called the log mean and may have any value; it is the mean of the log of life-not of life.
Similarly, the parameter o is called the log standard deviation and must be positive; it is the standard deviation
of the log of life-not of life [27].

The link between the lognormal and normal distributions makes it easier to comprehend the lognormal
distribution in terms of a more simple normal distribution. The (base 10) log of a variable with a lognormal
distribution with parameters u and o has a normal distribution with mean u and standard deviation . This
relationship implies that a lognormal cumulative distribution function plotted against a logarithmic scale for
life is identical to the distribution function for the corresponding normal distribution.

The probability density function (PDF) of the lognormal distribution is given by:

1 (logx—u)?
fl) = xo\2m exp[ 202 ]'X 0. ©)
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And cumulative distribution function (CDF) of the lognormal distribution is given by:

1.1 l -

Mean represented by:

0 =exp(u+2) (11)
Mode represented by:

9 = exp(u—0?) (12)
MLE:

The estimating equations of the maximum likelihood estimates (MLESs) of its parameters from a

complete sample of size n are

N 1
Heom = n ?:1 logxi (13)

~ 1 A
Ocom = J;Z?:l (logx; — :ucom)z (14)

The estimating equations of the maximum likelihood estimates (MLES) of its parameters from a

censored sample of size n are

n—r _ ¢(Zcen) 6 (15)

~ 1on
= —2._ logx:
Ucen rLai=1 8Xi+ 1= @ (zooy) CcEN

A 1 N N 1 1 ~
Ocen = \/: (lOgt — fAcen) Z?=1 (.ucen - lngi) + - Z{=1 :( logxi - .ucen)2 (16)

logt—flcen

Ocen

Where z;o,, =
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Chapter 3
3. Result/ Findings

3.1 Terrestrial PV Results

As two of the best models to fit life data, Weibull and lognormal distributions have been frequently used and
compared as fitting models to several energy and electrical systems and components and materials. See for
example, the performance of both in the calculations of the acceleration factors between stresses on solar cells
[28], the lifetime of Organic Light-Emitting Diode, in which the entropy-based efficiency of the censored
sample [30] [31] is utilized to make the comparison, the life distribution of solid-state lightning [32] [33], and
the best fitting model for Lithium-lon Batteries degraded data [34] [35]. This work adopts the Weibull
distribution as the fitting model for experimental data, which was justified as clear from [36].

3.1.1 Predicting the Life at Use Conditions Using IPL and Arrhenius Models

The estimates of the Weibull parameters 8 and a are obtained from equations (2) and (3) when the data is complete, as
in the cases of stresses T;and T,, whereas equations (4) and (5) are the correct formulas to be used when the data is

censored as in the stress T5. The estimates of the parameters from each stressed data are reported in Table A.

Stress level MLEs: Weibull
T, =164 °C/437 K B, =27.0, a, = 2.7087
T, =126°C/399 K B, = 1351.8, a, = 2.7643
T, =119°C/392 K B; = 37458, a; = 2.6023

Table A: MLEs vs. Stress Levels

The inverse power law (IPL) [37] is one of many life-stress relationships commonly used for accelerated stresses like
voltage and current [36], and even when the stress is thermal, as clear from earlier works of Coffin and Manson
summarized in [37]. The IPL relationship is given by:

I(T) = e4T? (17)
where [: is any life measure, which is usually selected as the characteristic life for the Weibull model [ = 8 at which
63.2% of the units fail. a, b: are the model acceleration parameters to be calculated from data. Replacing [ with £ in

(17), and taking log for both sides produce

log = a + b logT. (18)

The basic assumptions of IPL assume that the relationship between logg and logT is linear. This can be checked by just
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checking that the linear correlation coefficient between the two guantities is around r=-0.99901 as clear from Table B.

T, = 437 T, = 399 T, = 392
logT; 6.079933195 | 5.988961417 | 5.97126184
logp; 3.2958 7.2092 8.2284

Table B: The relationship between logB; and logT;

In addition to that, the failure mechanism is free of stress [38], which means that the distribution shape parameter & must
be fixed. This is also clear from Table A, which demonstrates that the shape parameters «;'s under the three stresses are
almost the same; hence the shape parameter a under the normal use conditions can be assumed to be around those values.

Therefore, the mean value of the three scores would give a good estimate to it, which is as follows

3 . .
@ =2zt _ 5 7055, (19)

i=1M
The parameters a and b in (18) are the y-intercept and slope of the linear regression equation, which can be easily
calculated from the usual least square method, and equation (18) will be

IPL: logfs =274.5308—44.6149 logT. (20)

The scale parameter S is calculated by replacing T in equations (20) with the normal operating temperature of 353 K,

which gives log=12.7991 and, when exponentiated, provides
B = 361894.1606. (21)

Therefore, in view of (19) and (21), the IPL-Weibull suggests that the life distribution would have the form

_ _ 27055 x 1.7055 [_ x 2.7055] >
fipL-w(x) 361894.1606(361894.1606) exp (361894.1606) X2 0. (22)

In (11) fipr—w, denotes the Weibull PDF derived using the IPL.
On the other hand, Arrhenius life-stress relationship [39] has the form

:8 — ea+b/T ’ (23)
which when linearized gives

logf=a+bz. (24)

The assumptions of Arrhenius are exactly the same as those of IPL, except that the relationship between logg; and 1/T;

must be sufficiently linear. Like the IPL case, it can be verified that the linear correlation coefficient between them is
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r=0.9993, as can be easily checked in Table C.

T, =437 T, =399 T, = 392
1/T; 0.0022883 | 0.002506 0.0025510
logp; 3.2958 7.2092 8.2284

Table C: The relationship between logB; and 1/T;

Again, the accelerating parameters a and b in equations (24) are computed using the linear regression line, and hence
equation (24) will be
Arrhenius: logB8 = —39.0919 + 18515.6774 % (25)

Similarly, the scale parameter of Weibull is calculated by substituting T = 353 K in equations (25)
B = 634420.7185 (26)

Therefore, in view of (19) and (26), the Arrhenius-Weibull suggests that the life distribution would have the form

_ 27055 x 1.7055 [_ x 2.7055] >
farr-w(x) = 634420.7185 (634420.7185) exp (634420.7185) x20. (27)

In (27) farr_w denotes the Weibull PDF derived using the Arrhenius model.

To demonstrate our point, we sketch the plots of f;p;_y and farr—w- See Figure 7.
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Figure 7. Sketch plots of f;p;_w and f arr-w
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From Figure 7. We can see that the two models are very different. For instance, it can be checked that the overlapping

area between them is less than 50%, and all the descriptive measures are significantly different, as listed in Table D.

Figure IPL Arrhenius
Shape () 2.7055
Scale (B) 361894.1606 634420.7185

Mean 321849 564219

Mode 305149 534943
Standard

. 128319 224950

Deviation

Tables D: The estimated values of some descriptive measures in hours of the solar cells' life distributions using
IPL and Arrhenius models

It can be seen from Table D that if the solar cells are assumed to work 5 hours a day, the estimated mean time to failure
from IPL and Arrhenius models are around 176 and 309 years, respectively. The other measures can also be checked to
give completely different results between the two models.

3.2 Space PV Results

In this section, four of the most popular goodness of fit tests are applied in evaluating the appropriateness of
Weibull and Lognormal distributions to the three datasets obtained from ALT. The hypothesis tests considered
are Kolmogorov-Smirnov (KS), Anderson-Darling (AD), Cramer-von Mises (CvM), and Jarque-Bera (JB).

Suppose that X;, X, , ..., X,, are independent identically distributed samples drawn from a continuous
distribution. The task is to check whether the experimental ALT sample follows a particular distribution with
CDF F,. This is equivalent to test the null hypothesis H, : X~ F,(w), where w is the parameter space of the
distribution. Throughout this section, let z; = Fy(X(;)) fori = 1,2, ...,n where X(;) < X(z) < - < Xy is the

corresponding ordered sample.
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1. Kolmogorov-Smirnov:

Kolmogorov-Smirnov test [39] is nonparametric goodness of fit test that finds the maximum vertical distance
between the empirical and theoretical distributions with test statistics (TS) defined by:
TS = Max(D*,D™),
where D* = Max (5 - z;),D~ = Max (z; - =) ,i = 12, ... (28)

However, the test is not accurate when the parameters estimated from data, which is the case in this study.

Thus, its modified version [40] referred to as the Lilliefors test is used instead.

2. Anderson-Darling:

Anderson and Darling [41] [42]developed a goodness of fit test for completely specified distributions with

known parameters provided by:

_ Xiz,Qi-1D)(Log(z)+Log(1-Zn41-1))
- :

The test is used to test a family of distributions, including Weibull and lognormal distribution, where the

TS = —n

(29)

distribution parameters should be estimated and considering the amendment of the test statistic or its critical

values.

3. Cramer-von Mises:

The Cramer-von Mises test is one of the most effective goodness of fit tests [43]. The original test

established by [44], given as:

TS =—+3n, (22— zi)2 . (30)

12n 2n

4. Jarque-Bera:

Jarque-Bera is deemed as a strong evidence for lognormality [45] [46] [47]when the logarithm of the sample

is proved to be normally distributed. Its test statistic is governed by:

TS = n(% + (k;:)z) , (31)
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where s and k are skewness and kurtosis of the log-transformed data. The Jarque-Bera is usually used as an
auxiliary test after taking the approval of the above three tests. This test is not applicable to Weibull
distribution.

The results of the tests are shown in Tables E-G for the three data sets T;, T, and T, respectively. The
distribution that scores a higher p-value is favorable as it reflects a closer fit to the data. A significance level
of 0.05 is assumed. The following abbreviations are used in the tables, TS: Test statistic, CV: Critical Value,

PV: p-value, W: Weibull, and L: Lognormal.

Weibull Lognormal
Tests TS Ccv PV TS Ccv PV Better Fit
KS 0.28 0.38 0.45 0.28 0.39 0.48 L
AD 0.46 0.66 0.24 0.43 0.65 0.29 L
CvM 0.08 0.11 0.23 0.07 0.11 0.23 Both
JB NA 0.57 0.86 0.29

Tables E: Goodness of fit tests summary for the data set T;

Weibull Lognormal
Tests TS Ccv PV TS Ccv PV Better Fit
KS 0.28 0.35 0.28 0.28 0.36 0.28 Both
AD 0.44 0.69 0.28 0.51 0.68 0.18 w
CvM 0.07 0.11 0.30 0.09 0.12 0.25 w
JB NA 0.69 1.23 0.24

Tables F: Goodness of fit tests summary for the data set T,

Weibull Lognormal
Tests TS Ccv PV TS cv PV Better Fit
KS 0.37 0.35 0.03 0.34 0.36 0.09 L
AD 0.70 0.69 0.04 0.60 0.69 0.09 L
CvM 0.13 0.03 0.03 0.10 0.12 0.24 L
JB NA 1.24 1.22 0.04

Tables G: Goodness of fit tests summary for the data set T

From Tables E-G, one can see that both distributions fit ALT data sets well. From Table E, it can be seen that
KS and CvM tests recommend Weibull, whereas AD and JB recommend lognormal. However, both Tables G
and F strongly recommend lognormal as the preferred model. In summary, it is clear that the lognormal

distribution is the best among both.
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3.2.1 Predicting the Life at Use Conditions Using Arrhenius Model and IPL
From the previous section, we see that the lognormal is a better fit to the experimental data. Therefore, in this
section, we use it instead of Weibull to predict the life at use conditions. Here we apply both Arrhenius and

inverse power law life-stress relationships to perform this task.

Stress level MLEs
T, =180 °C/453 K U =9.63,0, = 0.614
T, =165°C/438 K 1, = 10.25,0, = 0.921
T, =150°C/423 K 1z = 11.36,05 = 0.536

Table H: MLEs vs. Stress Levels

A. Arrhenius:
As a general trend, the empirical model vastly used to describe thermal acceleration in the life-stress
relationship is the Arrhenius model [48].The Arrhenius physical model is governed by
I(I) = e®*P/T (32)
where:
l: is any life measure, I: represents the stress, which is the temperature, and a, b: are the model acceleration
parameters to be determined.

The linear form of the Arrhenius model is derived by taking log to equation (32) and given by
logl =a+b- (33)
The common life measure for Weibull is assumed to be (I = 8) , which is the 63rd percentile of the

distribution, whereas, it is the median (I = e*) for Lognormal distribution [38]. Hence, the Arrhenius—

Lognormal models can respectively be written as

p=a+b- (34)

The key assumptions that validate using Arrhenius stress relationship models (34) are that (A1) The three
datasets must acceptably fit the lifetime model Weibull or lognormal, which has been confirmed in Section
V.

(A2) The failure mechanism is free of the stresses T;, T,, T; and the use stress, where the applied stress only
changes the scale of the lifetime. This means that the life distributions of the three stresses and the use stress
must have the same shape parameters

0=0,= 0, = 03 (35)

This is a strong assumption that in practical applications is impossible to precisely hold, and hence, the

weighted average of the shape parameters at all stresses would be a reasonable estimate to that at use conditions
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3 i
o =Z=1M% 6958, (36)

i=1™
where n; = 4,n, = n; = 5 as clarified in Section II.
(A3) The relationship between u; and 1/T; must be sufficiently linear. This can be verified using the linear
correlation coefficient (r) between y; and 1/T;, which is in this case, r=0.99, as can be easily checked from
Table I.

T, T, T3
1T, 0.0022075 0.0022831 0.0023641
u 9.63 10.25 11.36

Table I: The relationship between % and y;
13

The accelerating parameters a and b in equation (34) are obtained using the least square method as a =
—14.9065, b = 11081.4, and thus the (34) takes the following forms.

u=—14.9065 + 11081.4 - (37)
Accordingly, the activation energy would be E= 8.6173303 x 1075 x b = 0.96 eV. The scale parameter u

under possible use conditions (80 C, 100 C, 120 C and 130 C) are then calculated by respectively substituting
T =353 K,373 K,393 K and 403 K in equation (37), and thus, the respective meantime to failure, can be

calculated by substituting the resulting u's in the mean formula eh+9%/2 of the lognormal distribution under

shape parameter o = 0.6958. The results are reported in Table J.

Use Stress Levels The scale parameter u Mean time to failure
80 °C/353 K 16.485568 18395871 h (2100 y)
100 °C/373 K 14.8023472 3417487 h (390 y)
120 °C/393 K 13.2904466 753523 h (86 y)
130 °C/403 K 12.5907705 374310 h (43y)

Table J: The estimates of the scale parameter using IPL-lognormal model for several use conditions

B. Inverse power law:

The inverse power law (IPL) [49] is given by:

I(I) = eT? (38)
The inverse power law can be expressed as a straight line after taking log to (38)
logl = a + b logT. (39)

Hence, the IPL—Lognormal models can be written as
u=a+ blogT. (40)

Similar to the The basic assumptions [31] that validate using any of the life-stress relationship model (40) are:
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(Al) The data for the three stress levels must acceptably fit the lognormal, which is proved in the previous
section.

(A2) The failure mechanism of is free of stress and only rescaled with the change in the stressesT;, T, and Ts;.
This means that the life distributions of the three stresses (and the use stress) must have the same shape
parameters which is calculated in (40).

(A3) The relationships between u; and logT; must be sufficiently linear. This can be verified by calculating

the linear correlation coefficient (r). In this case, r=-0.99, see Table K.

T, T, T,
log (T}) 2.6561 2.6415 2.6263
" 9.63 10.25 11.36

Table K: The relationship between log (T;) and y;

The acceleration parameters a and b in (40) are obtained using the usual least square method, and hence (40)
can be written as follows.

u =164.201—-25.2865 logT. (42)
The scale parameter p under possible use conditions (80 C, 100 C, 120 C and 130 C) are then calculated by
respectively substituting T = 353 K,373 K,393 K and 403 K in equation (41), and thus, the respective
meantime to failure, can be calculated by substituting the resulting u's in the mean formula eh+9%/2 of the

lognormal distribution under shape parameter ¢ = 0.6958. The results are reported in Table L.

Use Stress Levels The scale parameter u Mean time to failure
80 °C/353 K 15.858555 9826804 h (1122 y)
100 °C/373 K 14.465007 2438945 h (278 y)
120 °C/393 K 13.144263 651044 h (74 y)
130 °C/403 K 12.508891 344883 h (39y)

Table L: The estimates of the scale parameter using the Arrhenius-lognormal model for several use condition
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Chapter 4

4. Discussion

This part discusses the results of the CPV lifetime model based on inverse power law using Lognormal and
Weibull distributions based on the sample derived from the ALT tests.

Temperature and injected current that simulates continuous illumination are the aging factors. In this work for
terrestrial solar cells accelerated life test was performed at three different temperature stresses (T1, T2, and T3
=119 C", 126 C°, and 164 C°) with injecting current in darkness. The data for this work has been adapted from
as mentioned in previous sections. A sample of 45 concentrated photovoltaic commercial types was tested for
this research. Time was recorded for this test to reflect the life-time of the cells. Checking the PV, and I-V
curves was the most direct method to identify the failure. As a result of testing at T2 and T3, which had higher
temperature stresses, all the samples failed but at different times and before ending the test. On the other hand,
cells tested at T1 lower temperature took a long time for failure to acquire; therefore, the test terminated with

the failure of 9 cells only, and time was recorded for all tests after collecting all the data.

On the other hand, 20 sample of space solar was equally segregated and exposed to three temperature levels;
T1: 180°C (453 K), T2: 165°C (438 K), and T3: 150°C (423 K). Dark 1-V curves were used to characterize
the evolution of the solar cell's performance by analyzing the voltage variation at a current injection level
similar to their photocurrent under 1XAMO, which corresponds to 510 mA for these solar cells in particular.
Before concluding the test, samples failed at different times. In both cases, the CPV lifetime is estimated based
on Weibull and Lognormal distributions using inverse power law and compare the result with the so-called

Arrhenius model.

From the above results for terrestrial and space solar results based on Inverse power law and comparing it the
Arrhenius model we can conduct that, first Inverse Power Law can be used to predict and estimate the CPV
lifetime but there is no clear conclusion of which way is the best. Secondly, the lifetime of space CPV and

Terrestial are following approximately the same models.
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Chapter 5

5.1 Conclusion

The efficiency of CPV has attracted a lot of attention. However, the issue of CPV reliability and
robustness remains unresolved. Under the umbrella of reliability, lifetime models play a critical role in gaining
insights into CPV lifespan features.

In conclusion, for this work, depending on the CPV failure mechanism comparing between Arrhenius
and inverse power law, both models can provide an excellent result to predict the lifetime of CPV. ALT tests
for commercial concentrator lattice match triple-junction GalnP/GalnAs/Ge cells were performed on the data
used as the CPVs sample. Our study believes that the CPV lifetime could be in between the two results of
Arrhenius and inverse power law.

As a result, we found that the lifetime estimates of CPV obtained from Inverse Power Law and
Arrhenius model are significantly different, therefore, an appropriate estimate for the lifetime of CPV might
be taken as a value in the middle of the two estimates. More analysis and evidence are needed to understand
the failure mechanism of CPV, and discussion needs to be added to this work to conclude the correct method
of predicting the lifetime as it is a new technology. Current qualification criteria have been designed for the
environment surrounding the Earth. Still, the conditions for planets close to the Sun, deep-space missions, and
other unknowns limit the applicability of such qualification requirements for capturing the effects of extreme

temperatures.
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