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Abstract

Capacitors used in firing sets and other high discharge current applications are discharge tested
to verify performance of the capacitor against the application requirements. Parameters such as
capacitance, inductance, rise time, pulse width, peak current and current reversal must be
verified to ensure that the capacitor will meet the application needs. This report summarizes an
analysis performed on the discharge current data to extract these parameters by fitting a second-
order system model to the discharge data and using this fit to determine the resulting
performance metrics. Details of the theory and implementation are presented. Using the best-fit
second-order system model to extract these metrics results in less sensitivity to noise in the
measured data and allows for direct extraction of the total series resistance, inductance, and
capacitance.
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1. Introduction

Analyzing the current discharge profile versus time for a high voltage capacitor used in firing
sets is important in quantifying the capacitor performance and verifying that it meets the
application requirements. For example, the current discharge profile is used to measure
specifications such as rise time, peak current, pulse width, and current reversal. However, there
is an opportunity to use this data to extract even more information about the capacitor under test
by fitting a model of a series RLC circuit to the data in order to determine the total series
inductance, resistance, and capacitance of the test circuit [1,2]. Using this model fit can also
improve the extraction of other parameters by smoothing out the noise that is inherent in this data
to allow for a more accurate measure of the capacitor discharge performance.

This report will present the theory and operation of a software program used to fit a series RLC

circuit model to the discharge data from a variety of different discharge life testers to enable a
more complete characterization of the capacitor performance and lifetime.

2. Tester operation

The general electrical schematic for a discharge life tester is shown in Figure 2-1.
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Figure 2-1: Circuit schematic of discharge life tester.

To begin a discharge test, the capacitor C is first charged to the test voltage V¢ by closing the
switch to the left position, connecting the capacitor to a high voltage DC power supply. Once
the capacitor is fully charged the switch is toggled to the right position and the capacitor
discharges through two series resistors. The resistor R| is a load resistor that is sized to simulate
the firing set load for which the capacitor was designed and is typically in the range of 0.125
ohms to 2 ohms depending on the application. The resistor Rcyr is a current viewing resistor
(CVR), which is a low-value high-precision resistor used to measure the discharge current. The
CVR is typically either 0.5 milliohms or 1.0 milliohm depending on the tester. During this
discharge event, the voltage Vcyr 1s recorded using an oscilloscope and the discharge current is
determined using Eq. 1.

Vevr
L 1
lg Revn (1)




In the circuit shown in Figure 2-1, the inductor | is a combination of the self-inductance of the
wound capacitor and the parasitic inductance created by the tester wiring. It is not purposefully
added to the test circuit but is always present to some level based on the tester design and total
cable length. There is also some parasitic resistance of the test cables which is lumped together
with the load resistor R|.. Any parasitic capacitance in the tester would be lumped together with
C, the capacitor under test. However, parasitic capacitances are believed to be very small
compared to the test capacitor value.

An example of the measured current from a discharge event is shown in Figure 2-2. Note that
depending on the tester and oscilloscope used, there can be more noise in the signal, and the time
duration of data before and after the discharge event can vary substantially based on the trigger
settings in the tester. This sample discharge data will be used throughout this report as a case
study whenever data processing is discussed.

Sample Discharge Pulse

2500¢

2000 JJ\%
1500 ﬁ \
1000 ( \

|

Current (amps)

-500 e

-1000' -
0 500 1000 1500 2000

Time (nano-seconds)

Figure 2-2: Sample discharge current data as measured directly from oscilloscope.

3. Analysis Theory

Once the capacitor is fully charged by the source voltage and the switch is moved into the
discharge position the circuit can be modeled as a source-free series RLC circuit as shown in
Figure 3-1. The resistor, R, is the sum of the load resistor, R, and the CVR, Rcyr. For the sign
convention used in this analysis, when the capacitor voltage is positive and the current is
negative the capacitor is discharging.
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Figure 3-1: Source-free series RLC circuit used in modeling discharge current.

The resulting series RLC circuit is described by a second order differential equation. The
derivation of this solution is presented in detail in [3], and will be summarized in this section.

This system can be modeled by using Kirchhoff’s voltage law to sum the voltage drop across
each circuit element.

R'+Ldi+1ft idt = 0 3)
TN

This becomes a second order differential equation by taking the derivative of Eq. 3 and
rearranging terms.
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The term @y is the un-damped natural frequency, and the term « is the damping factor.
Assuming an exponential form for the solution, the general solution is given by:
i(t) = Ajesitt + A,es?t 7

where



sy =—a+ /az—wg (8)
S, = —a — ’az—a)g 9

The constants A; and A; can be solved for by applying the initial conditions. For a discharge test,
the initial current is zero and the initial voltage across the capacitor is V. The zero initial current
boundary condition is applied to Eq. 7, with the solution indicating that A; is equal to the
negative of A,. Equation 7 then simplifies to:

i(t) = A(eS?t — e51t) (10)
The second boundary condition is applied to Eq. 3, resulting in the following:

di

I — — 11
T TVo=0 (11)
di -V,
—_-_0Y 12
dt L (12)

By differentiating Eq. 10, and applying the boundary condition given by Eq. 12, the value for the
constant A can be found. This results in the general solution:

i(t) = ZL(M _esit) 13)

e —at

3.1. Over-damped condition

For the over-damped solution, where « is greater than @y, the general solution is applied directly.
By substituting in S; and S, this simplifies to the following:

() = e <e< i) _ e( “2“"5)t) (14)

2L\ a? — wé

3.2. Under-damped condition

When the system is under-damped, meaning that « is less than @y, the term under the square root
becomes negative, resulting in a complex solution. In the under-damped case, a new parameter
@y 1s defined as the damped natural frequency.

10



wq = ’a)g—az (15)

The roots S; and S, and the general solution given by Eq. 13, can then be re-written as:

S1=—a+jwy (16)
S2 = —a — jog (17)

i) = Voe * (e‘j“’dt _ ejwdt) (18)
ZL](,()d

By applying Euler’s identities, the complex exponents can be re-written as summations of sine
and cosine functions. The resulting equation is simplified to the following solution:

—-at

i(t) = _‘ZOTEdsin(wdt) (19)

3.3. Critically-damped condition

In the case where « is equal to @y, the system is critically damped. This will result in a division
by zero for both the over and under-damped solutions. In this case the original assumption of an
exponential solution is incorrect. Details of the critically damped solution derivation can be
found in [3]. The final general solution for this case is given as:

i(t) = (At + Ay)e % (20)

The constants A; and A, can be found by applying the initial conditions as described previously.
The resulting solution is:

—Vyte

T 21

i(t) =

4. Software Implementation

With an understanding of the equation describing the current flow in a capacitor discharge event,
it is possible to fit this equation to the measured data from an event to determine values for the
series inductance, capacitance, and resistance. This provides an additional metric for evaluation
of a capacitor and supplements other independent capacitance measurements, and it allows for
verification of the tester total resistance and inductance for comparison against the application
requirements. The fit current profile can also be used to extract other metrics of interest in a
discharge test, such as peak current, rise time, pulse width, and reversal. These parameters can
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be extracted from the raw measured data as well, but results can be significantly affected by
noise in the data whereas the best-fit solution will be noise-free.

4.1. User Interface and usage guidelines

Analysis code has been written using Matlab version 201 1a to find the best fit of the discharge
equation to measured data and extract other relevant parameters. A screen capture of the user
interface for this software is shown in Figure 4-1. At the time of this writing, the most recent
version of the software is 1.07 as shown on the graphical interface (GUI) window under the title.

n Analyze Files .,;[-:B "="'E

Process Discharge
Life Test Data

Version: 1.07

[V] save individual data files

,_.f Save individual fit curves

First and Last | Owverlay Plots
3500 | Charge Voltage

Number of periods to fit

Analyze Files |

Figure 4-1: Screen capture of software user interface.

There are only a few user inputs required for this analysis, as seen on the graphical user
interface.

1. “Save individual data files” — if this box is selected, a .CSV file will be saved for each
selected discharge pulse with information on that one discharge event. The file will
contain all extracted parameters as well as the time, measured current, and best fit current
values. The measured current column in this file has been corrected for zero offset, but
has not been trimmed to the number of fit periods (see Section 4.2.2). The file will be
saved in the same directory as the selected results file, with the same name as the input
data file. The text “ cycleData ##” is appended to the file name, where ## is the cycle
number for the test.

2. “Save individual fit curves” — if this box is selected, a .PNG image file will be saved for
each cycle showing the original data after zero correction, and the fit curve. Values of
the effective series inductance, capacitance, and resistance from the best fit are shown in
the figure legend. The file will be saved in the same directory as the results file, with the
same name as the input. The text “ cyclePlot ##” is appended to the file name, where ##
is the cycle number for the test.

3. “Overlay Plots — This drop down selection box allows the user to select an overlay plot
option. Selecting “All” will create a single plot with all cycles plotted together. This is
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useful in identifying trends in the discharge profile over cycles. Selecting “First and
Last” will create a plot with only the first cycle and last cycle from the selected data as an
easy means of visually determining if the capacitor has deteriorated during the sequence
of discharge tests. If “None” is selected, no overlay plot will be created. The image will
have the same name as the selected summary file, with the text “ overlay” appended to
the end.

4. “Charge Voltage” — This is the charged voltage of the capacitor at the beginning of the
discharge event. Assuming a sufficient charge time, it should be equal to the power
supply voltage when charging. This value is not stored in the data files and must be
provided by the user.

5. “Number of periods to fit” — This parameter is used to truncate the data used to find the
best mode fit. The period of oscillation is calculated based on the damped natural
frequency (Eq. 15) calculated after the first fitting pass. The data is then truncated to
include the desired number of periods in the second fitting pass. This is described in
more detail in Section 4.2.2.

When the “Analyze Files” button is pressed a file open dialog box will appear allowing the user
to select files to be processed. Details on selecting and reading input data files are given in
Section 4.2.1. While individual discharge pulses can be analyzed, it is intended that all of the
consecutive pulses or shots performed on a single capacitor be selected together so that summary
statistics can be calculated for the entire test series. After the files are selected there will be a
delay of as much as a minute while the data files are analyzed. A save file dialog box will then
appear prompting the user to select a .CSV file where results will be saved. This file will contain
a line for each data file analyzed listing the extracted parameters, as well as summary statistics
on all selected files. It will be created if it does not already exist, and if it does exist the user will
be prompted to overwrite. There will again be a pause of as much as a minute while the results
files are generated and saved. Finally, if the check box “Save individual fit curves” is selected
the user will see each discharge pulse plotted along with the curve fit as these images are saved.

4.2. Detailed description of software implementation

This software consists of four primary operations: reading in the measured data, finding the best
fit of the equation to the data, extracting discharge pulse parameters, and saving the results.
While the source code will not be provided in this report, an understanding of the code
functionality is important so that assumptions and limitations can be understood.

While the software could be executed from within the Matlab environment, it has also been
compiled using the Compiler toolbox into a stand-alone executable. This executable can be
distributed without a license to as many computers or individuals as desired. The Matlab
MCRInstaller must be installed as a pre-requisite to running the analysis code.

4.2.1. Reading in discharge pulse data

To realize the most benefit from this analysis software, all of the discharge tests performed
consecutively on a single capacitor should be selected and analyzed together. This allows for
summary statistics to be calculated for the entire test sequence. Depending on the data file
format, this typically requires that multiple data files be selected when prompted. This can be
done by holding down the CTRL or SHIFT buttons while selecting with the mouse. An entire

13



directory of files can be selected by double-clicking on the directory and pressing CTRL-A to
select all files in that directory.

This software has been designed to work with the output from multiple testers, including the
PT3726 product tester as well as several new research testers. Subsequent analysis routines
assume that current is in amps and time in nano-seconds, with a positive current indicating a
discharge of the capacitor. Any data read from a supported file format using a different set of
units or sign convention will be converted to positive discharge current, nano-seconds, and amps
when it is read by the software. Supported data file formats are described in the following
sections.

4.2.1.1 WF Files

This is a binary file format used by the PT3726 product tester. The file is saved without a file
extension, but with the text “_ WF” as the final 3 characters of the filename. The file is in the
Labview Datalog binary format which is not well documented. Because of the lack of complete
documentation of the file format, several assumptions are made while reading this file type so
that the resulting data is correctly imported from the PT3726 tester, which is currently the only
tester known to use this file format. Specifically, the raw time vector is not saved in the file but
is reconstructed based on an assumed time step of 0.2 nanoseconds and a data vector length of
10,000 data points. Any future testers that might use this format must maintain this same time
increment and data vector size. The current is stored as double precision floating point values
with units of negative amps.

The file name must end in “_ WF”, and somewhere in the file name the cycle number must be
included using the text “Cyc#” followed by the cycle number. For example,
“SN1234 Main Cyc#123 WEF” would be valid and would indicate cycle number 123 of the test.
The PT3726 automatically adds the “ Cyc#xxx WEF” to the file name.

4.2.1.2 Multi-shot Text File

A text file format is supported with all of the data for multiple sequential discharge tests saved in
a single file. This file is characterized by a first header line with the exact text “Discharge Pulse
Tester Data” followed by six additional header lines, and data in columns for each shot. The first
column is the time vector in seconds, and each additional column is the current discharge data
for a single shot in negative k-amps. Columns are separated by tabs, and each data column has a
header in the last header line that labels the shot number. For example, the seventh line in the
file would contain “Time<TAB>Shot 1<TAB>Shot 2<TAB>Shot 3”” where <TAB> indicates a
tab character. The single file can contain an unlimited number of shots. The current data can
have either a positive or negative sign, the software will automatically detect and correct the sign
so that the data uses the positive discharge convention.

4.2.1.3 Single-shot Text File

A final text file format is supported where only a single shot is saved in each data file. The data
is in two columns, separated by a tab character. The first column is the time in seconds and the
second column is the current in k-amps. A single optional header line is supported with the text
“Discharge Pulse Data (sec. amp)”. This header can have additional text on the same line, but
the first 31 characters must be an exact match to this text string. Note that while the header text
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describes the units as seconds and amps, the file must be saved in seconds and k-amps. The
current discharge can have either a positive or a negative sign, the software will automatically
detect the sign of the current and reverse it if necessary.

The filename should contain the cycle number, using the same format as the multi-shot text file.
Some part of the file name should contain the text ““ cyc” followed by the cycle number,
followed by another underscore. For example, “SN1234 Main cycl123 .txt” would be a valid
name indicating cycle number 123. This should be added to the file name by the tester software.

4.2.2. Finding the best fit to the data

The values for R, L, and C of the discharge circuit, as described in Section 3, can be found by
determining the best-fit of Eq. 19 to the measured data. Because the data recorded from the
tester does not begin precisely at the start of the discharge event, a fourth fitting parameter must
also be determined which is the time that the discharge begins, or T.

All curve-fitting is performed using the Matlab Isqnonlin() function in the Optimization toolbox.
This function uses a Newton method approach to solve a nonlinear least-squares data-fitting
problem by minimizing the sum of the square of the error between the model fit and the data at
each point. A starting guess must be provided, and the algorithm iterates on the values of R, L,
C, and Ty, until the error is minimized. The quality of the starting guess can significantly impact
the ability of the algorithm to converge on a solution, so it is important that the starting guess be
reasonable.

The first step in the fitting process is to ensure that the data is correctly centered at zero.
Depending on the tester and oscilloscope settings there have been data sets that include a non-
zero offset in the current data. This means that the measurement before the discharge begins is
not centered at zero current as it should be. This is an artifact of the data measurement process
and does not indicate a real current. To correct this, a window of data before the pulse begins is
selected, and the average value of all data points in that window is calculated. This average is
then subtracted from all of the data to re-center it on zero.

To determine the size of this averaging window the point of max current is identified, as well as
the point where the current is at 30% of the max value. These two points are selected without
regard to noise in the data, they are found as simply the maximum measured current and the first
point with a value greater than 30% of this maximum. From these two points, a line is drawn
back to zero and this point is identified as the maximum window size. Then to ensure that the
pulse is not improperly truncated due to noise in the data, the averaging window is set to 75% of
this maximum window size. Figure 4-2 illustrates this process on the data shown in Figure 2-2,
with the averaged data shown in Pink. The calculated offset for this data set is -6.31 amps.
Should the measured data not have enough lead-in to identify the averaging window this step
will be skipped.
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Zero Offset Calculation
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Figure 4-2: Plot showing the process used to identify the zero offset window.

At this point, a best-fit optimization could be performed to solve for the values of R, L, C, and Tp.
However, the ability of the non-linear least-squares fitting algorithm to converge on a solution is
dependent on the number of parameters in the fit and the accuracy of the initial starting guesses
for the fit parameters. With four parameters, and no guidance on their starting values, the
algorithm will often fail to converge. To improve the robustness of this process, some additional
information can be determined from the data.

After the data has been adjusted for zero offset, a first-pass estimate of the capacitance is
determined by integrating the current over time using the following equation.

t

1
C=—| idt (22)
Vo Jo

It is important to perform the zero offset correction before this integration or any error in offset
will be integrated into an error in the capacitance estimate. Also, error will be introduced into
this estimate if the data does not capture the complete discharge event, such that the current has
not returned to zero by the end of the measured data. For the sample data from Figure 2-2, the
integrated capacitance is 60.5 nF.

A first-pass fit of the model to the data is then performed, where the capacitance is not included
as a fitting term, but is held constant at the estimated value based on the integral of the current.
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The initial starting guess for Ty is set to the time at the point where the current is at 30% of the
max current, as shown in Figure 4-2. This estimate is slightly higher than the true value of T,
but serves as a good starting guess for the fitting algorithm. With no other information to guide
the decision, the starting guess for resistance defaults to 0.9 ohms, and the default inductance
starting guess is 50 nH. These starting guesses were set based on previously measured nominal
values. The fitting algorithm may not properly converge if a tested resistance and inductance
differ significantly from these values. Using the integrated capacitance to eliminate this term
from the fit has been found to improve the ability of the algorithm to converge over various test
cases by reducing the number of free parameters in the fit.

The initial fit provides a very good estimate for all of the fitting parameters. The values for R, L,
and C are used to estimate the damped natural frequency of the second order system using Eq.
15, and this is used to determine the period of oscillation as:

2T

1 R? (23)
LC 412

P =

The measured data is then trimmed to the range of To — P/8 to T + nP, where n is the number of
periods to fit as input by the user on the graphical interface. Using the default value of 2 for n,
the sample data in Figure 2-2 is shown with the first-pass curve fit in red and the trimmed data
indicated in pink. The original data has also been adjusted to remove any zero offset. The
calculated values for R, L, C, Tp, and P are shown in the figure legend. Note that the value for C
was not determined in the fit but was held fixed at the integrated value.

It is possible to have a discharge test that is over-damped so that the period of oscillation is
undefined. In this case, the analysis routine does not trim the data and the second curve fit is
performed across the entire data range. Otherwise, this analysis works equally well with over- or
under-damped systems.
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Initial Fit Results and Data Trimming
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Figure 4-3: Data with initial fit and data trimming shown.

The quality of fit for this first pass is relatively good. However, it can be improved by using the
fit parameters from the first fit as the starting values for a second-pass curve-fit. In this second
pass, the data used in the fit will be trimmed based on the number of periods selected in the GUI
as discussed in the previous paragraph. Also, the capacitance will be a free term in the fitting
process instead of being held fixed at the value found by integration. Trimming the data causes
the result to be less sensitive to noise in the beginning and end of the data after the current
discharge has completed.

The final fit is shown in the following figure, with only the trimmed data shown. Values for L,
C, and R are shown in the figure legend, and have only changed slightly from the first-pass fit
values. The quality of this fit can be measured by reporting the average of the absolute value of
the difference between each data point and curve-fit value. For this example, the average fit
error is 25.9 amps after the second pass fit. A second metric used to assess the quality of the
analysis routine is to compare the final capacitance determined from curve fitting with the
integrated capacitance. In this case the difference is only 3.1 nF. Very large values for either of
these two metrics would indicate a problem with the curve fit or with the data.
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Figure 4-4: Trimmed data shown with final fit.

4.2.3.

Extracting discharge pulse parameters

In addition to the series resistance, inductance and capacitance of the discharge circuit, several
other metrics are of interest in characterizing the discharge pulse. A list of these parameters, and
a description of how they are determined, is provided below.

Peak current - This is found by first identifying the maximum positive value of current.
A second order polynomial curve fit is then found for the maximum point and the point
before and after the max. The peak can then be found as the maximum of the second
order polynomial, or the point in the polynomial with a zero slope.

Time at peak current — Found from the polynomial fit solution as described above. This
time is given relative to the original full data set, not the final trimmed data.

Max current reversal — First, the maximum negative current is found using the same
technique that is used to find peak current. Then the current reversal is defined as the
absolute value of the ratio of the peak negative current divided by the peak positive
current.

Time at max reversal — Found from the polynomial fit solution for max current reversal.
Rise time — The rise time is defined as the time at 90% of the peak current minus the time
at 10% of the peak current on the rising edge of the discharge pulse. Linear interpolation
is used to precisely determine the 10% and 90% times based on the two nearest data
points that bracket the target current value.
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e Pulse width — This is defined as the width of the primary discharge pulse at 50% of the
peak current. The rising edge and falling edge times at 50% of the peak current value are
found using linear interpolation based on the nearest points that bracket the target current.

Each of these properties is found using the curve-fit solution instead of the raw data so that the
results are less sensitive to noise in the raw data. For example, peak current is particularly
sensitive to noise that is typically seen at the top of the discharge profile, but by using the fit data

this noise is eliminated. Interpolation is used so that the results are less sensitive to the
oscilloscope time resolution.

Extracted Parameters
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Figure 4-5: Plot of best-fit discharge curve illustrating extracted parameters.

4.2.4. Saving the results

After each selected data file is analyzed to determine the best-fit and pulse parameters, these
results are saved in a single .CSV file selected by the user from the GUI. This file contains a
header with summary statistics for each extracted parameter across all of the selected data files.
The average, standard deviation, minimum, maximum, and spread is saved for each parameter.
Then a row is added to the file for each analyzed data set listing the extracted parameters for that
discharge event. The error metrics of average fit error, integrated capacitance error, and zero
offset are also included in these files and can be used to evaluate the quality of fit.
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If selected in the GUI, a single .CSV file is also written for each selected discharge pulse that
contains the full data vectors of time, measured current, and best-fit current. The measured
current has been adjusted for zero offset but is otherwise un-modified.

Finally, a .PNG image file can be saved for each analyzed pulse showing the raw data and best-
fit curve across the trimmed data as used to extract the final capacitor parameters. Values for L,
C, and R are included on the graph in the legend. As a quick verification that the fits were
performed correctly, it can be useful to view these plots as problems with the fit are often very
obvious.

5. Conclusions

A software routine has been developed to analyze the discharge current profile from a discharge
life test performed on a capacitor. This analysis fits a second-order system model to the data in
order to determine the series resistance, inductance, and capacitance in the test circuit.
Additional discharge parameters are also determined based on the final curve fit for rise time,
pulse width, max current, and current reversal. The results are saved to both text and image files
for review. Fitting the data has been shown to improve the extraction of these critical parameters
by eliminating the noise often associated with the current discharge data, and also provides a
method for quantifying the capacitance value for the device under test.
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