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ABSTRACT 

There is a void of public specifications for pulse 
discharge capacitor applications. Sandia National 
Laboratories has developed, over the past 25 years, 
specifications and test procedures for evaluating' 
capacitor designs for this specialized use. There are 
three primary destructive tests that are used to assess 
the reliability potential of a given design at a required 
rated voltage. These are ultimate short time 
breakdown strength, life at voltage, and pulse 
discharge life. The strategy of the method is to 
accelerate the test conditions so that failures are 
observable and then extrapolate to the desired use 
conditions where the failure rates are low. This paper 
will present the statistical methodologies employed to 
analyze experimental data and to provide a point 
estimate of reliability with a lower confidence bound 
as a function of rated voltage. In addition, methods 
for establishing lot-acceptancecriteria specifications 
will be discussed. The techniques will be illustrated 
with actual data on a commercially available, low- 
inductance, pulsedischarge capacitor. The capacitor 
is an impregnated dual dielectric (mica-papedpolymer 
film), extended-foil type. 

INTRODUCTION 

The functional reliability of energy-storage, 
pulsedischarge capacitors is addressed by answering 
the following three questions via testing. 
0 What is the probability that the capacitor will 

survive charging to the rated voltage? 
0 What is the probability the capacitor will survive 

at rated voltage for a period of time, t? 
0 -What is the proljability the capacitor will survive 

N pulse discharge cycles at rated voltage and the 
probability that the capacitor will survive one 
more discharge after N successl l  cycles? 

Testing is generally conducted at the worst case 
temperature extremes and at least one test is 

conducted after temperature cycling. The reliability 
questions are addressed by the short time breakdown 
test, dc life test, and repetitive pulse discharge test. 
Test results reported here were acquired in Sandia's 
capacitor test laboratory. 

Primary focus of this paper is on the 
methodologies employed to analyze accelerated 
capacitor test data and obtain reliability estimates and 
bounds at a desired use voltage. The methods 
described are relatively simple and employ readily 
available software. EXCEL' spreadsheets are used for 
the calculations and GRAPIER2 is used for the 
graphical presentations. (GRAPHER features a 
normal probability axis which is very usefd in data 
presentation.) 

A lot of 250 units, which was specifically 
designed for pulse discharge applications, was 
procured from a commercial vendor. The design is a 
low inductance type (- 6 nH), with a capacitance of 
0.1 pF, and a manufacturers rated voltage of 3.5 kV. 

SHORT TIME BREAKDOWN 

The short time breakdown (STB) test is a 
measure of the ultimate voltage hold off strength of a 
capacitor. Two or three temperature groups of 
samples are randomly selected from the lot under 
consideration. For the examples shown here, three 
temperature groups (-5523, and SOOC) are presented. 
Sample sizes, n, were 24 or 25 units per group and 
were subjected to 50 temperature cycles prior to 
breakdown. 

Past experience has shown that the dielectric 
breakdown voltages are reasonably represented by a 
normal distribution of sample average, X , and sample 
standard deviation, s. Each temperature group is 
analyzed individually. The normal probability plot is 
constructed by ordering the observed data set, {STBi), 
where i=l, ...,n, in descending (hi to lo) order. 
Corresponding probability points to the ordered set are 
calculated via Pi = (i - %)/n or Pi = i/(n+l) and the 
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pairs {STBi, Pi> form the basis of the plotting set on a 
normal probability plot. The resultant plots of the test 
data are shown in ,Figure 1 for each of the three 
temperature groups, where the 50% probability points 
correspond to the sample averages and the reciprocal 
of the slope is the sample standard deviations. (Note: 
If the probability axis is the abscissa and the STB axis 
is the ordinate, then the slope is the standard 
deviation.) These are represented by the fitted lines. 
Construction of the fitted straight lines can be effected 
by simply calculating two desired end points via 

or bound. This bound accounts for the uncertainty 
associated with lot sampling and is dependent on test 
sample size. The limit is calculated via one sided 
tolerance tables as excerpted in Table 1 for a lower y = 
90% limit3 Table values for the k-factors are for 
sample sizes of 10, 20, 25, and 30. Corresponding 
STB values to the lower 90% tolerance limit 
probabilities, P L ~ ,  in the table are calculated via 
Equation 2. These pairs form the plotting set for the 
tolerance limit. 

STB = NORMINV(l-P, X, S) , 

where NORMINV is the EXCEL normal inverse 
function. Here the end points, P, were 2% and 
99.999%. (In Equation 1, the probability must be 
expressed as a decimal fiaction.) 

Figure 1. Normal probability plot of the STB data. 
I .  

Extrapolations of the fits to lower voltage is a 
measure (point estimate) of the reliability (probability 
of surviving to a desired rated voltage) of the samples 
tested. The primary purpose in lot sample testing is to 
obtain an inferential reliability of the lot, which is 
accomplished by constructing a lower tolerance limit 

STB= x - k(n)-s 

Table 1. k-factors for a lowery = 90% tolerance 
bound. 

PLlL(%) k( 10) k(20) k(25) k(30) 
75 1.257 1.046 1.000 0.967 
90 2.066 1.765 1.702 1.657 
95 2.568 2.208 2.132 2.080 
97.5 3.011 2.596 2.510 2.450 
99 3.532 3.052 2.952 2.884 
99.9 4.629 4.009 3.882 3.794 
99.99 5.538 4.802 4.652 4.548 
99.999 6.332 5.493 5.322 5.204 
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Figure 2. Normal probability plot for the 80°C group 
with lower tolerance limit. 



An example of the lower tolerance limit is shown 
above in Figure 2 for the 8OoC group from Figure 1. 
At the manufacturer's rated voltage of 3.5 kV, the 
estimated lot reliability for accepting charge at 8OoC is 
> 0.9999 and was also true for the other two 
temperature groups. 

DC LIFE AND DISCHARGE LIFE 

Two groups of 20 each were dc life tested (life as 
a function of time, t) at 8OoC with one group at 3.0 kV 
and the second at 3.5 kV. Four groups of 12 each were 
pulse discharge life tested at 23OC and at voltages of 
3.0,3.5,3.8, and 4.0 kV. For the pulse discharge test, 
the peak current was 1 M V ,  rise time was < 70 ns, 
and current reversal was - 25%. Each set of failure 
data (either time to failure or cycles to failure) is 
ordered ascending (lo to hi) and corresponding 
probabilities of survival (or fraction of sample 
remaining) are calculated by Pi =1-  i/n, where n is the 
number of samples tested in each group. These 
ordered sets are plotted on semi-log axes as shown for 
the dc life in Figure 3 for the two voltage groups and 
the pulse discharge life in Figure 4 for the four voltage 
groups. 
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Figure 3. dc life data and initial fits. 
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Figure 4. Pulse discharge life data and initial fits. 

The slopes in the semi-log plot are the measure 
of the failure rate, Q, in an exponential distribution 
model, where x is either time to failure or number of 
cycles to failure. The probability of surviving to x is 
given by Equation 3. 

-QX 
P(x) = e (3) 

For pulse discharge applications, the region of 
interest is the initial failure rates, i.e. the upper left 
regions in Figures 3 and 4. The data is graphically 
fitted from the origin (x = 0, P = 1) up to a point 
which best approximates the initial slopes with using 
as many of the data points as possible. Initial fitted 
lines are shown only through the data points that are 
used for making the point estimate of the failure rates, 
QpE. Values of QPE are indicated for each test group 
in the figures and the effect of voltage acceleration is 
clearly evident. The point estimated reliability (or 
probability of surviving) can be calculated in the 
initial region by using Equation 3. Another method 
that has been used to estimate QpE is to divide the total 
number of failures by the total accumulated time or 
pulses to failure plus the.accumulated time or pulses 
of the survivors to the end of the test. This technique 



has a tendency to significantly under estimate the 
initial Q p ~  except when the failure rate is extremely 
small. 

Again, in the case of lot sampling testing, the 
reliability of interest is the lot inferential reliability 
based on the test data. Life data is generally censored 
(i.e. not all samples.fail in a given test). Whether 
censored by test termination or arbitrarily censored 
over the region for best initial fit, the binomial 
distribution is usem for estimating lower confidence 
bound reliabilities. If the data that is used to estimate 
the initial failure rates is limited to some value, XA, (tA 
for dc life and NA for pulse discharge life) these values 

form the basis for estimating the lower binomial 
confidence limits. Basically the data points up to XA 
are counted as failures and the data points beyond XA 
are counted as successes. The lower y confidence 
limit probability of surviving to XA, PLCL(XA), is the 
solution of the binomial for f or fewer failures in n 
trials. The binomial is given by Equation 4. A 
conservative lower bound to PLCL(XA) is given by 
Equation 5, in terms of the inverse F distribution: 
Equation 5 is readily calculated using EXCEL'S 
internal FINV function. 

n - f  

(n - f )  + (f + 1) F W [ ( l  - y),2. (f + 1),2 - (n - f)] 
PLCL (x* 1 = 

An estimate of the upper confidence limit on 
failure rate, Q-, is obtained by solving Equation 3 
for Q in terms of Pm(xA) and XA as follows in 
Equation 6. 

groups are shown in Figure 6 for the dc life and in 
Figure 7 for the pulse discharge life. The effect of 
voltage acceleration is quite evident. 

By using this value, Qm, for the failure rate Q in 
Equation 3, a locus of points for the lower y reliability 
bound Pm(x) on the probability of surviving to x can 
be calculated. 

An expanded view of the initial failure regime 
can be constructed by plotting the probability of 
failing in x, Q(x), versus x on a log-log plot. Q(x) is 
the complement of P(x), i.e. Q(x) = 1- P(x). An 
example of this type of plot is shown in Figure 5 for 
the 4.0 kV pulse discharge group. The data points, 
the point estimate fit, and the upper 90% confidence 
of failure probability are included. (Note: the upper 
confidence limit on failing is complementary to the 
lower confidence limit on surviving, QUCL = 1- PEL.) 
An interesting feature of this plot is that the slope of 
the Q vs. x curves is 1 in the lower extrapolated 
failure probability regime. This arises naturally from 
the exponential model for small values of argument 
(Qx << 1). [Q(x) = 1- P(x) = 1 - (1 - Q.(x)) = Q-x or 
log Q(x) = log x + log Q] Complete sets of the 
estimated upper 90% confidence limits of the 
probability of failing for each of the voltage test 
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Figure 5. Expanded scale plot of the 4 kV pulse 
discharge group. 

For the pulse discharge life, the probability of 
surviving 1 more discharge after surviving N 
discharges is the conditional probability P (N+lIN) = 
P(N+~)/P(N) = ,-ee1. strictly speaking, the data in 
Figure 4 should have the desired N use cycles 
subtracted from each test point, replotted, and new 
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Figure 6. dc life lot inferred failure probabilities for 
the two voltage groups. 

ACCEPTANCE CRITERIA 

Due to the absence of public speciilcations, 
Sandia has developed functional reliability criteria for 
pulse discharge capacitor applications. The functional 
reliability acceptance criteria are based on statistical 
information from lot sampling. For the short time 
breakdown test, the criteria, X - k(n,y).s > RV is 
employed. Here, RV is the intended use voltage or 
rated voltage. For a desired lower y = 90% bound 
reliability of 0.999, the criteria for a lot sample size of 
20 is from Table 1, X - 44 > RV. This criteria has 
stood the test of time in the acceptance of high 
reliability product. 

A lot sampling plan for the life tests can be 
constructed by assuming an exponential distribution 

estimates made for the failure rates. If the desired 
number of cycles is low (< loo), then the conditional 
probability estimate made at 1 cycle should be 
reasonably accurate from the current data, which is 
comprised of thousands of cycles. In Figure 7, the 
complement of Q(l), at a given voltage, would be the 
conditional probability estimate of surviving one more 
cycle after, say, surviving 50 or 100 cycles. 
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Figure 7. Pulse discharge life lot inferred failure 
probabilities for the two voltage groups. 

model as used to analyze the present life data. If XA is 
defined as some predetermined test duration, then an 
equation for the upper y confidence limit failure rate, 
Qvn, for n test samples and a maximum number of 
allowed failures, f, can be obtained by substituting 
Equation 5 into Equation 6. An expression for the 
lower y confidence limit probability, PKL(X), of 
surviving to some required use duration, x, can be 
derived by substituting the previous expression of 
Qvn into Equation 3. The final expression is 
Equation 7, which can be easily evaluated with an 
EXCEL spreadsheet. A graphical representation is 
shown in Figure 8, where the calculations are made 
for the ratio X/XA = 1/25 and 1/100, y = 90%, and f = 
O,l, ..., 5. (Note: for dc life x is time and for discharge 
life x is cycles.) 



As expected, inferred lot reliabilities increase 
with sample size, increases with decreasing X/XA ratio, 
and decreases with number of failures. The choices of 
the test duration parameter XA and the number of 
samples tested are based on requirements. Life tests 
tend to be expensive in terms of both unit cost and test 
duration. These curves are useful in establishing 
qualification lot acceptance criteria and establishing 

component capability. For subsequent production lots, 
demonstrating lot reliability on a lot by lot basis is not 
always feasible in terms of added cost. A lesser test in 
terms of number of units tested and test duration can 
be required, but will show lower reliability levels. 
Again, the curves in Figure 8 will show quantitatively 
the reliability being inferred for production lots. 

n - f  

n - f + (f + 1) .FINV(l- y),2.(f + l),(n- 
(7) 

Figure 8. Inferred lot reliability for life acceptance 
testing. This plot demonstrates the tradeoffs between 
number of samples tested and length of test duration 
relative to desired use duration. 

SUMMARY 

The methods presented show a relatively simple 
way of estimating functional reliability of a pulse 
discharge capacitor with commercially-available, 
personal-computer software. These techniques are 
also useful in establishing lot acceptance criteria. For 
the example test data, the analysis shows that the 
capacitors have high reliability Q 0.999) for 
accepting charge and pulse discharging at the 
manufacturer's rated voltage of 3.5 kV. Time at rated 
voltage is the weak reliability element at 3.5 kV. A 
signiticant improvement in reliability for time at 
voltage (over an order of magnitude) could be 
achieved by reducing the use voltage 500 V to 3.0 kV. 
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