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Abstract 

 

The life data analysis is an important piece of the pie, but performing just the analysis is not enough to achieve reliable 

products. Rather, there are a variety of activities involved in an effective reliability program and in arriving at reliable 

products. In this paper two sets of photovoltaic modules were tested for the estimation of reliability. Whether either 

design meets the desired reliability goal. A comparison of sample averages using a student's t test reveals no statistical 

difference between the average cycles for Designs. But as a simple measure of central tendency, the sample average 

gives no information about the spread or shape of the distribution of failure times. Could the two designs' averages be 

the same, but their reliability be quite different? Reliability must be designed into products and processes using the best 

available science-based methods. Reliability practices must begin early in the design process and must be well integrated 

into the overall product development cycle. Design For Reliability (DFR) approach is suitable that describes the entire 

set of tools that support product and process design (typically from early in the concept stage all the way through to 

product obsolescence) to ensure that customer expectations for reliability are fully met throughout the life of the product. 

So a Scientific approach is adopted for comparing the reliability of the two designs. For this the Weibull analysis is 

performed. By performing a simple linear regression, parameter estimates can be obtained that will enable to make 

inferences about the two designs reliability.  

 

Keywords: Weibull Statistics, Scale parameter, Shape parameter,Failure rate, Reliability function, Weibull cumulative 

distribution function.  

 

 

1. Introduction 

 
1
A PV module is comprised of dozens of materials and 

components, such as: back contact sheet, semiconductor, 

transparent conductors, encapsulates/sealants, cell-

interconnects/solder joints, glass, and bypass diodes. Each 

module component, sub-component and/or underlying 

material has various and sometimes independent failure 

mechanisms that could lead to poor module reliability. 

Environmental stresses that can cause problems or 

exacerbate manufacturing defects include the following: 

Rapid thermal cycling due to sun and passing clouds; 

Extreme temperatures in winter and summer; Mechanical 

loading caused by wind and snow; and Moisture 

infiltration due to high humidity. These conditions can 

result in thermal expansion cracks, material warping and 

discoloration, conductor corrosion and contamination. 

Lifetime reliability prediction leverages expertise from  

multiple fields and requires complex experimental setups. 

Accelerated life testing, PV module qualification testing, 

and historical field data all play an important role in 

developing accurate predictions(A.K. Govil et 

al,1983).Since it is too costly and impractical to collect 

field data for 25 years, accelerated test methods (Allis, et 

al,1990)are often used to predict module performance.  
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Weibull analysis is a method for modeling data sets 

containing values greater than zero, such as failure data. 

Weibull analysis can make predictions about a product's 

life, compare the reliability of competing product designs, 

statistically establish warranty policies or proactively 

manage spare parts inventories, to name just a few 

common industrial applications. In fact, Weibull analysis 

techniques have become almost synonymous with 

reliability and achieving high reliability. The reality, 

though, is that although life data analysis is an important 

piece of the pie, performing just this type of analysis is not 

enough to achieve reliable products. Rather, there are a 

variety of activities involved in an effective reliability 

program and in arriving at reliable products. Achieving the 

organization‟s reliability goals requires strategic vision, 

proper planning, sufficient organizational resource 

allocation and the integration and institutionalization of 

reliability practices into development projects.   

    Three important statements summarize the best practice 

reliability philosophy of successful companies: 

1) Reliability must be designed into products and 

processes using the best available science-based methods.  

2) Knowing how to calculate reliability is important, but 

knowing how to achieve reliability is equally, if not more, 

important.  

http://www.electroiq.com/index/photovoltaics.html
http://www.electroiq.com/index/display/photovoltaics-article-display/1844544069/articles/Photovoltaics-World/volume-20100/issue-5/features/the-challenges-facing-back-sheet-manufacturers.html
http://www.electroiq.com/index/display/article-display/288681/articles/solid-state-technology/volume-50/issue-4/departments/photovoltaics/semiconductor-processing-technologies-find-a-second-life-in-photovoltaics.html
http://www.electroiq.com/index/display/article-display/8248693944/articles/solid-state-technology/semiconductors/industry-news/technology-news/2011/2/transparent-conductors-ito-and-alternatives.html
http://www.electroiq.com/index/display/photovoltaics-article-display/7754819648/articles/Photovoltaics-World/equipment-and_materials/substrates/2010/september/encapsulation_-flexible.html
http://www.electroiq.com/index/display/article-display.articles.Photovoltaics-World.bos-components.module-assembly.2010.12.micro-cracks-in-solar-cell-interconnection-during-manual-solderi.QP129867.dcmp=rss.page=1.html
http://www.electroiq.com/index/display/article-display.articles.Photovoltaics-World.bos-components.module-assembly.2010.12.micro-cracks-in-solar-cell-interconnection-during-manual-solderi.QP129867.dcmp=rss.page=1.html
http://www.electroiq.com/index/display/semiconductors-article-display/6541437845/articles/Photovoltaics-World/equipment-and_materials/antireflective-coatings/2010/august/solar-glazing_glass.html
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3) Reliability practices must begin early in the design 

process and must be well integrated into the overall 

product development cycle. With such increasing 

complexity in all aspects of product development, it 

becomes a necessity to have a well-defined process for 

incorporating reliability activities into the design cycle 

(http://www.reliasoft.com). 

    Design for Reliability is a process specifically geared 

toward achieving high long-term reliability. This process 

attempts to identify and prevent design issues early in the 

development phase, instead of having these issues found in 

the hands of the customer.  

 

2. WEIBULL distribution 

 

Solar modules follow the „bath tub‟ curve when they are 

being discussed under the context of failure and reliability 

analysis. In a more generalized principle, the modules 

experience 3 stages of behavior during their passage in 

time(Thibaut et al,2011). Stage 1 refers the „infant 

mortality‟ cases where the initial failures are usually being 

high and decreases over time. Stage 2 refers the „normal 

life period‟, the stage where the defects rate usually stays 

constant while the final stage refers the „wear out period‟ 

which usually happens after 25 years at the end of life of 

solar modules provided they are operated in a way that 

they should be. Having understood the facts that the 

behavior is similar to other products, it is also not difficult 

to realize that the similar kind of statistics could be applied 

to predict the failure rate over time as in the case of 

products in any other industry. Utilizing this concept, the 

Weibull Statistics could be used to predict the failure rate 

over time using real failure returns data from the field. The 

Weibull distribution is one of the most widely used 

lifetime distributions in reliability engineering. It is a 

versatile distribution that can take on the characteristics of 

other distributions commonly known, based on the value 

of shape parameter (ß) which is also known as slope 

parameter (as ß is the slope in the line regression chart of 

Ln(Age) Vs Ln [ Ln(R(t))] ). In more generalized cases, a 

two parametric Weibull Statistic based on the Scale 

parameter (η) and Shape parameter (β) is appropriate 

enough, omitting the location parameter (γ). The 

probability density function then takes the form 

 

                    -    Equation (1) 

  

The Weibull Reliability function could be derived from 

the above and is defined as  

 

                                          - Equation (2) 

 

The Weibull Failure rate function λ(T) is the ratio of 

Probability Density Function f(T) to Reliability Function 

R(T) and is given as(http://www.weibull.com) 

                               - Equation (3) 

Thus, the above equation requires the parameters ß and η 

to be determined for the estimation of failure rate over 

time (http://www.weibull.com). 

    With some effort, the Weibull cumulative distribution 

function can be transformed so that it appears in the 

familiar form of a straight line: Y=mX+b:   

 

 

Comparing this equation with the simple equation for a 

line, it is clear that the left side of the equation 

corresponds to Y, lnx corresponds to X, β corresponds to 

m, and -β lnα corresponds to b. Thus, when performing the 

linear regression, the estimate for the Weibull β parameter 

comes directly from the slope of the line. The estimate for 

the α parameter must be calculated as follows 

                                          - Equation (4) 

 

3. Linear model based time to failure estimation   

 

For simplicity the product was tested under a single stress 

and at a single constant stress level(Alexander et al,2011).  

Further assumed that times-to-failure data have been 

obtained at this stress level. The result of a single constant 

stress accelerated life test is considered for the reliability 

comparison of the two designed products. The times-to-

failure at this stress level can then be easily analyzed using 

an underlying life distribution.  A pdf of the times-to-

failure of the product can be obtained at that single stress 

level using traditional approaches. This overstress pdf, can 

be used to make predictions and estimates  of life 

measures of interest at that particular stress level.  The 

objective in an accelerated life test, however, is not to 

obtain predictions and estimates at the particular elevated 

stress level at which the units were tested, but to obtain 

these measures at another stress level, the use stress level.  

To accomplish this objective, a linear model is assumed to 

traverse the path from  the overstress pdf  to extrapolate a 

use level pdf. The model or function can be described 

mathematically and can be as simple as the equation for a 

line. 
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Even when a model is assumed (i.e., linear, exponential, 

etc.), the mapping possibilities are still infinite since they 

depend on the parameters of the chosen model or 

relationship. For example, a simple linear model would 

generate different mappings for each slope value because 

we can draw an infinite number of lines through a point.  

If we tested specimens of our product at two different 

stress levels, we could begin to fit the model to the data.  

Obviously, the more points we have, the better off we are 

in correctly mapping this particular point, or fitting the 

model to our data.   

 
Figure 1 : Linear model for high stress and use stress for 

life  

 

4. Student t test with survival data 

 

In this paper two sets of photovoltaic panels were tested 

for the survival cycles. Whether either design meets the 

desired reliability goal. Unpaired t test results of the two 

sets of data ( Table 1) are given below(]   

http://www.statsoft.com). P value and statistical 

significance are as follows.  The two-tailed P value equals 

0.6265. By conventional criteria, this difference is 

considered to be not statistically significant. The mean of 

Group One minus Group Two equals 4874.30 , 95% 

confidence interval of this difference: From -15810.85 to 

25559.45 and intermediate values used are t =0.4951df = 

18,  standard error of difference = 9845.742.  

    A comparison of sample averages using a Student's t 

test reveals no statistical difference between the average 

cycles for designs (http://www.weibull.com). Could the 

two designs' averages be the same, but their reliability be 

quite different? Reliability must be designed into products 

and processes using the best available science-based 

methods. Reliability practices must begin early in the 

design process and must be well integrated into the overall 

product development cycle. 

    The desired reliability at 219000 hours ( 25 years of 

operation) is fixed as 0.90. This reliability goal is 

expressed mathematically as R(219000) 0.90. Two sets of 

PV modules, each having ten modules  labelled as “Test 

Module Set A” and “Test Module Test B” were considered 

These 20 units were tested until they fails due to stress. 

Table 1 

 

Table 1: Failure data from test sample sets. 

 

 
 

shows the number of cycles before failure for each item 

tested. The data in table 1 don't clearly indicate whether 

either module set meets the desired reliability goal. Both 

sets had at least one failure before 219000 hours, yet 

clearly the average number of cycles before failure 

exceeds 219000 hours for both designs.  

 

Table 2: Failure data arranged in ascending order. 

 

 
 

A comparison of sample averages using a student's t test 

reveals no statistical difference between the average hours  

for “Test Module Set A” and “Test Module Test B” (p-

value = 0.965). But as a simple measure of central 

tendency, the sample average gives no information about 

the spread or shape of the distribution of failure times. 

Could the two  averages be the same, but their reliability 

be quite different? So a more scientific comparison of the 

reliability can be proposed for the test module sets. The 
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student's t distribution is symmetric about zero, and its 

general shape is similar to that of the standard normal 

distribution. It is most commonly used in testing 

hypothesis about the mean of a particular population. The 

student's t distribution probability density function is 

defined as (for n = 1, 2, . . .): 

 

where  is the number of degrees of freedom and is the 

Gamma function. This may also be written as 

 
where B is the Beta function.  

 

5.WEIBUL analysis with microsoft excel   

 

The Weibull shape parameter, called β, indicates whether 

the failure rate is increasing, constant or decreasing. A β 

<1.0 indicates that the product has a decreasing failure 

rate.  

 

Table 3 : Preparation of test module set 1 for analysis  

 

 
 

This scenario is typical of "infant mortality" and indicates 

that the product is failing during its "burn-in" period. A β 

=1.0 indicates a constant failure rate. Frequently, 

components that have survived burn-in will subsequently 

exhibit a constant failure rate. A β >1.0 indicates an 

increasing failure rate. This is typical of products that are 

wearing out. Such is the case with both designs 1and 2 

have  β values much higher than 1.0. The Weibull 

characteristic life, called α, is a measure of the scale, or 

spread, in the distribution of data. It so happens that  α 

equals the number of hours or cycles at which 63.2 percent 

of the product has failed. 

 

Table 4 :  Weibull analysis result for modules test set 1 

 

 
 

 

In other words, for a Weibull distribution R( α =0.368, 

regardless of the value of β. The distribution is 

 
where t is the time (or number of cycles) until failure. 

 

 
 

Figure 2 : ln (ln( 1/( 1- Median Rank))) x ln ( Survival 

Hours ) for test module set 1. 

 

Weibull and regression analysis can be done using the 

Microsoft Excel and the result are shown in table 4 and 6. 

The regression status is as follows. For PV module test set 

http://www.statsoft.com/textbook/distribution-fitting/#normal
http://www.statsoft.com/textbook/distribution-fitting/#normal
http://en.wikipedia.org/wiki/Degrees_of_freedom_(statistics)
http://en.wikipedia.org/wiki/Gamma_function
http://en.wikipedia.org/wiki/Beta_function
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1, the β = 14.410 and the α  ( marked as η in table ) = 

245155.565. For PV module test set 2, the β = 9.982 and 

the α  ( marked as η in table ) = 243309.680.    

Table 5: Preparation of test module set 2 for Weibull 

analysis. 

 

 
 

Table 6 : Weibull analysis result for modules test set 2 

 

 
 

6. Result and interpretation 

 

The Weibull shape parameter, called β, indicates whether 

the failure rate is increasing, constant or decreasing. A β 

<1.0 indicates that the product has a decreasing failure 

rate. This scenario is typical of "infant mortality" and 

indicates that the product is failing during its "burn-in" 

period. A β =1.0 indicates a constant failure rate. 

Frequently, components that have survived burn-in will 

subsequently exhibit a constant failure rate. A β >1.0 

indicates an increasing failure rate. This is typical of 

products that are wearing out. Such is the case with the 

two sets of PV modules. Both PV module set 1 and 2 have 

values 14.410 and 9.982 respectively, which are much 

higher than 1.0. The PV modules fail .i.e. they wear 

out(.http://rac.alionscience.com). 

 

 
 

Figure 3 : ln (ln( 1/( 1- Median Rank))) x ln ( Survival 

Hours ) for test module set 2. 

 

The Weibull characteristic life, called α ( η in the 

regression analysis ) , is a measure of the scale, or spread, 

in the distribution of data. It so happens that α equals the 

number of hours or cycles at which 63.2 percent of the 

product has failed. In other words, for a Weibull 

distribution R(α=0.368), regardless of the value of β. 

From the PV module set 1 about 37 percent modules, i.e. 

maximum 4 modules should survive at least 245155 hours 

( 28 Years). From the PV module set 2 about 37 percent 

modules should survive at least 243310 hours ( 27.7 

Years). 

    It is not revealing whether either PV module set 1 or 

two meets the reliability goal of R(219000) 0.90. For this, 

a Weibull distribution is assumed and hence using the 

formula: 

 
 

The calculation shows that both modules set have less than 

90% reliability at 25 years, 82.14% and 70.49% 

respectively. But practically it will be less due to many 

environmental factors which are not accounted in the 

analysis. Figures 2 and 3 are is the result of the analysis 

based on the real life table data that is fitted on the straight 
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line using the line regression method. The predicted 

straight line is the best fit to the observed values and 

represents the maximum likelihood for parameters 

Table 7 : Calculated Reliability with Weibull parameters. 

 

 

Time in Years 

Reliability in % 

Test Set 1 Test Set 2 

15.0 99.98 99.78 

20.0 99.21 96.30 

22.0 96.92 90.70 

23.0 94.25 85.89 

23.5 92.25 82.81 

24.0 89.65 79.24 

25.0 82.14 70.49 

 

 

 
 

Figure 4 : Year versus Reliability curve for the test 

modules. 

 

estimation. In this analysis, for the PV module set 1, the β 

resulted is 14.410  which is much larger than 1 and 

represents „wear out ‟ case. The other parameter that 

required is the Scale parameter (η), is the measure of 

spread or scale in the distribution of data. The estimation 

of parameters ß and η opens many possibilities not only in 

predicting the failure rate over time but also to estimate 

the likely cumulative defective rate at modules warranty 

expiry line.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7. Conclusion 

 

According to the IEC standard tests, all the failure modes 

that happen with the solar modules in the field in were  

classified in 8 failure modes related to interconnects, 

solder bonds, encapsulate lamination, metallization 

corrosion, cell crack or break, glass break and hot spots. 

The quality tools such as FMEA and Pareto are useful in 

identifying the vital modes, capturing the maximum 

occurrence of the defects but do not provide information 

on the failure modes behavior with time. The failure 

modes that are explained by only their maximum 

occurrences may not be adequate in this case for suitable 

containment actions. Extending the above discussed 

analysis for studying, each failure modes individually, 

their behavior with time would strengthen the analysis 

further and lead us to take the right actions. The 

cumulative failure rate of solar modules at their end-of-

lives could be predicted using Weibull statistics and a 

Kaplan-Meier life table could be used to estimate the 

maximum likelihood of required parameters ß and η. The 

cumulative failure rate after 25 years is expected below the 

industry acceptable levels. It is also concluded that similar 

kind of analysis could be extended to cover each defects in 

depth for a suitable course of containment actions.  
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