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Abstract

Recent advances in SiC power devices and high temperature magnetic and insulation materials has led to an
increase in activity to develop compact, high switch rate power system components that can operate at temperatures
in excess of 200°C. These efforts have highlighted the need to develop capacitor technology for high power, high
frequency power filter applications, which can experience cycling over a wide range of temperature (-55 °C to 250
°C). A modeling and simulation capability was used to investigate device architecture and electrical performance
relationships for a select group of wound and stacked devices, which were then evaluated for use in a power
conditioning application. A finite element analysis of the device architectures was used to develop a better
understanding of how magnetic fields and thermal profiles affect the performance of the capacitors in maintaining a
low ripple voltage at high switch rates (>20 kHz). Both predicted electrical properties and empirical data were
utilized as SPICE simulation input parameters to evaluate the performance of the different capacitors in an
interleaved DC-DC boost converter model. Of interest is developing a better understanding of how the device
architecture and its electrical properties affect its performance as a filtering device in a high power, high frequency
application.
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electrical power conditioning systems [3]. In

Introduction

For many applications, electrical systems
continue to evolve into higher power, more compact
architectures as a means to increase performance and
enhance capability. In particular, there is a concerted
effort in the aviation community to develop “more
electric” architectures as a means to improve the
capability, reliability, and maintainability of the
aircraft [1,2].  Continued progression of these
developments is constrained by the size of the
electrical subsystems and the requirement for thermal
conditioning. An approach to ease this constraint is
to develop compact, thermally robust electrical
systems to reduce the thermal load to the heat pump
and to enable placement of electrical technology in
close proximity to heat sources (e.g., generators,
motors, leading edges).

Capacitors commonly account for a large
percentage of the volume and cost in the design of

addition, the desire to raise the upper temperature
limit of capacitors has grown due to recent progress
in silicon carbide technology [4], high-temperature
magnetic material development [5], and the
demonstration of these components in power
electronics at temperatures above 200°C [6]. High-
temperature polymer film capacitors tend to have
desirable features such as high current carrying
capability, graceful failure, and low cost. Of recent
interest is manufacturing of high temperature FPE
film capacitors at industrial scale [7] and the
improvement in breakdown strength of acrylate-
based polymer multilayer (PML) devices [8].

The availability of FPE film is expected to
improve the capability to fabricate polymer film
capacitors that can withstand exposure to high
temperature environments and/or tolerate internal
heating due to power dissipation. Alternatively,



stacked devices such as PML capacitors may be
preferable for certain applications based on the
equivalent series resistance (ESR) and equivalent
series inductance (ESL). Such examples include high
switch rate and high ripple current requirements. A
thorough evaluation of these devices would require
an in-depth analysis of the capacitor architecture to
include packaging, material components, and their
respective dimensions. These features are expected
to have a notable impact on the device performance
and therefore limit its potential application [9,10].

A comparison study is conducted herein
between FPE, PML, and Polyphenylene Sulfide
(PPS) capacitors as candidate devices for an output
filter in a high switch rate interleaved boost
converter. The devices used for testing include
packaged and unpackaged PPS (replacement for
polycarbonate  capacitors [3]); packaged and
unpackaged FPE capacitors; and unpackaged
DPGDA (dipropylene glycol diacrylate) PML
capacitors. A simplified equivalent circuit model is
initially utilized to define the properties of the
capacitors. Simulations are then performed using
finite elemental analysis (FEA) to predict the
magnetic fields and thermal profile within the devices
as a means to study the parasitic inductance and heat
dissipation. The modeling and simulation results are
then correlated with empirical data obtained from the
testing of prototype capacitors under ambient
conditions. In particular, comparisons are made with
respect to the impact packaging has on device
characteristics such as the ESR, ESL, and resonant
frequency  (wres)- Finally, these learned
characteristics are utilized with a converter
simulation to evaluate the performance of the PPS,
FPE, and DPGDA capacitors under high power, high
frequency AC excitations.

Capacitor Modeling for ESR and DF

Several equivalent circuit models for a
capacitor have been proposed to properly fit
impedance spectroscopy data for dielectrics and
capacitors [11]. For this paper, the equivalent circuit
model shown in Figure 1 was assumed.

C

Figure 1. Equivalent circuit model of a capacitor.

In this model [12], R, represents the
dielectric and absorption loss, R, is the ohmic
(series) loss, L is the internal inductance, and C is the
capacitance.

For this study, R, represents the dielectric
resistance and can be influenced by fluctuations in
dipole moments, charge injection, charge carriers,
electron or hole mobility, and/or thermal diffusion
[11]. Rg, the ohmic losses, are contributed by
electrode resistance, solder terminations (contact)
resistance, and lead resistance. L is the inductance
due to the induced magnetic fields within the
capacitor, such as wire connections from the package
terminations to the capacitor device, epoxy filled
section, and the real dielectric section. It should be
noted that the return current was directed around the
capacitor to cancel the magnetic fields outside the
device.

From this circuit model, the total circuit
impedance (Zc4p) is expressed in equation (1).

_ R, (-, wCR)’
Zea _(R”+1+w252}ep2) 7] (a)L 1+w262R,,2) @

The real part of Z,, is ESR, and the imaginary part is
reactance, X. Therefore, a dissipation factor (DF) can
be expressed as,

P
Ro+——tH—
DF = |ESR| _ O rw2C2Ry? @
1] L wCRp?
1+w2C2Rp?

The desire is to develop an ideal model to
represent the real value (ESR) and imaginary value
(X) obtained from the impedance measurements
wherein it is possible to derive all four values in the
capacitor equivalent circuit in Figure 1. Currently,
efforts to obtain all four component values inside a
capacitor are underway and will be addressed in
future studies.

Table 1. Summary of Capacitor Properties

Characteristic gy FPE PPS DPGDA
Dielectric Constant 3.0 3.0@ 25°C 4.8
Thermal Cond. (W/mK) 0.1672 0.129704 ?
Thickness (um) 5 6 0.5
Width (mm) 50 50 26.43
Al Electrode Thickness (A) 50 66.25 - 141 ~100
AlWidth (mm) 46 47.69 21.59
Al Resistivity (Q/sq) 15 2-4 ~2.5-3
Arc Spray Mat'l Zinc Zinc & Babbitt solder
Thickness (mm) 2.54 .9144 - 1.143 Unknown
D=1.651 D=1.651
Core Rod (mm) | = 51689 L= 51689 N/A
Voltage Rating (Vdc) 250 250 Vhbd > 200
Unpackaged Dimensions D=178 D =20.828 lh:fi'gg
(mm) L=522 L=50.8 W= 2643
Packaged Dimensions D=254 D=254 N/A
(mm) L=765 L=765




Capacitor Specifications

In this paper, the electrical performances of
wound PPS and FPE capacitors manufactured by
Dearborn Electronics were evaluated in the packaged
and unpackaged forms. In addition, unpackaged
DPGDA  multilayer  capacitors by  Sigma
Technologies were also evaluated. Table 1
summarizes the basic properties of the capacitors. A
pictorial view of a packaged and unpackaged FPE
capacitor is shown in Figure 2A along with a
schematic in Figure 2B. The PPS capacitors had
similar device architectures, but with slightly
different dimensions (not shown). A corresponding
representation of the DPGDA multilayer capacitor is
shown in Figure 3.

Fzs.a mm *‘ B

Figure 2. Images (A) and schematics (B) of 10 pF
metallized FPE pkg’d (top) and unpkg’d (bottom)
capacitors.
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Figure 3. Image (A) and schematic (B) of 30 uF
metallized DPGDA unpackaged capacitors
studied for electrical performance evaluation.

Modeling Simulation

Initial finite element analysis (FEA)
simulation, using QuickField Professional software,
was utilized to predict temperature distributions and
parasitic inductance for the 5 capacitor types. Since
this software is 2-D FEA, both temperature and
magnetic profiles were solved for the radial cross
sections at the midpoint along the capacitor length.
The results of these simulations are shown in Table 2.
It was assumed that 1 W of power was dissipated in
the capacitors and the boundary condition for
temperature of the outer surface was fixed at 300 K
for all capacitor types. For these results, only thermal
conduction radially through the capacitors was
considered as a means of heat removal. The
equivalent thermal conductivity of the FPE dielectric
film was assumed to be 0.1672W/mK and
0.548 W/mK [13] was used for the thermal
conductivity of the filler epoxy in the packaged
capacitors. Due to a lack of data on the thermal
conductivity of DPGDA, 0.2 W/mK [14] was
assumed for calculations. The data in Table 2
predicts that the peak temperature rise is 11.7 K for
the unpackaged PPS capacitor, whereas the packaged
PPS capacitor shows a maximum temperature rise of
12.7 K. The temperature rise for FPE and DPGDA
capacitors are also found in the table. In terms of the
equivalent series inductance (ESL), the unpackaged
capacitors provide a lower predicted ESL than the
packaged capacitors. For example, the inductance of
the unpackaged PPS capacitor was 2.74 nH, whereas
the predicted ESL of the packaged PPS geometry
resulted in 10.19 nH.

Table 2. Summary of FEA results for the capacitor
thermal and electrical performance

Capacitor Type PPS FPE DPGDA
Unpkg’d/Pkg’d | Unpkg’d/Pkg’d | Unpkg’d

Dissipated Power

W) 1 1 1

Surface temp (K) 300 300 300

ESR (mQ) 5.04/12.2 36.3/28.8 30.8

L giel (nH) ---/4.52 ---/6.16

I—ends (nH) -“/5.67 ---/5.36

Lot (NH) 2.74/10.19 3.15/11.52 1.59

Max temp (K) 311.7/312.7 308.8/310.7 301.6

Figures 4(A) and 4(B) show a comparison of
the simulated temperature profiles for the
unpackaged and packaged PPS capacitors. As
expected, it is shown that the packaged capacitor
architecture has a higher internal temperature rise
than the unpackaged device. This higher maximum
internal temperature rise for the packaged capacitor is
simply due to the additional thermal resistance of the
epoxy. Conversely, since the unpackaged capacitor
carries no external thermal resistance due to the



epoxy part, the internal heat can be extracted more

efficiently.
315.0
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Figure 4. Temperature rise distribution for PPS
capacitor architectures dissipating 1 W of power.
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Figure 5. Magnetic field distribution for pkg’d and
unpkg’d PPS capacitors with 1 A of current.
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The cross-sectional profile of the magnetic
field for the capacitors is shown in Figure 5. This
simulation was performed using a simulated current
of 1 A. These devices have an outer layer, which
represents a copper shroud that is wrapped around
each device. The copper shroud is electrically
connected to the device such that the current that
goes into the device follows a path out through the
shroud. As a result, the magnetic field outside the
capacitor is canceled. It should be noted that the
magnetic fields of the wound film sections are
identical between the unpackaged and packaged
capacitors. Therefore, the difference in inductance
for both configurations is due to the extra sections of
the packaged configuration. Since the magnetic
fields and the inductance of the capacitor are related
by Equation 4, the lead sections and the epoxy

section are responsible for the difference in
inductance of the packaged capacitor as compared to
the unpackaged configuration. Similar features were
indicated in the cross-sectional profiles of the FPE
devices, while those for the DPGDA devices did not
have notable contrast in neither the temperature rise
nor the magnetic field profiles.

1,2 18
ZLI—Zf#dv (3)

Empirical Capacitor Measurements

Electrical characterization was performed on
three capacitors for each type indentified in the
discussion above (pkg’d PPS & FPE and unpkg’d
PPS, FPE, and unpkg’d DPDGA). Data was obtained
from 3 devices for each type, of which the capacitor
with median values was selected for representation
and discussion herein. All capacitors were encased in
a copper shroud during testing to minimize device
inductance due to its external magnetic field.

The devices were tested under ambient
conditions using an Agilent 4284A LCR meter with a
16047C test fixture. Leads connecting the capacitor
to the LCR meter were 5 cm in length. Data was
collected utilizing custom designed software,
recording ESR (R) and Reactance (X) as a function of
frequency, swept from 20 Hz to 1 MHz. The
instrument was set with DC bias at 0 V¢ and signal
voltage at 2.7 Vac. DF and Capacitance was
calculated from the measured values of R and X.

Figure 6 shows the representative ESR as a
function of frequency for each type of device
evaluated. The metallic shroud did not appear to
affect the ESR (not shown). Both the unpackaged
and packaged PPS capacitors had the lowest ESR
across the entire range of frequencies, which was
attributed to thicker aluminum electrodes (Table 1).

3000

—— Sigma-6Upkg'd
—— FPE-1 Upkg'd

—— PPS-01 Upkg'd
—— FPE-24 Pkg'd
—— PPS-05 Pkg'd

2500

2000

1500

ESR (mQ)

1000

"~ isxios

500 - Frequency (Hz)

0

10! 102 104 1.5x10°

Frequeﬁ(c);(Hz)
Figure 6. ESR as a function of frequency.

The DPGDA capacitor appeared to have the
highest ESR value at low frequency, which decreased
to a much lower value at higher frequency. The high
ESR at low frequency may be attributed to a lower R,



of the DPGDA dielectric, per the real part (ESR) of
Equation 1. A similar effect was observed with the
temperature cycling of FPE capacitors in a previous
study [15]. The resistive loss mechanism may be due
to displacement current (e.g., residual reactants or
dipole oscillation) or conduction current at low
frequency. As noted in Table 3, the DPGDA device
had the lowest static (DC) insulation resistance
among the capacitors when measured at 100 Vpc.
The relatively low insulation resistance of the
DPDGA device may indicate a notable impact of
conduction current on R,  As the frequency
approached 150 kHz, the ESR of the DPGDA
capacitor decreased to a similar value, if not lower,
than that observed for the FPE devices. A lower ESR
is expected at higher frequency due to a stronger
dependence on Rq. Since the electrode thickness was
high (100 A) and width was low (21.59 mm) for the
DPGDA device in comparison to the others listed in
Table 1, an even lower ESR could be expected. The
higher than anticipated ESR values may be due to
high contact resistance or possibly a stronger
dependence upon R;,

Table 3. Summary of DC Insulation Resistance

Insulation Resistance (GQ
Capacitor Type UnPkg’d Pkg’d
FPE 14.1 12.8
PPS 42.2 46.1
DPGDA 1.4

At low frequency, the ESR of the
unpackaged FPE device was lower than the value for
the unpackaged version and the DPGDA capacitor.
As the frequency was increased to 150 kHz, the ESR
of the unpackaged FPE capacitor decreased to
36.3 mQ, which was then higher than that for the
packaged version (28.8 mQ) and the DPGDA device
(30.8 mQ). The ESR effects of the FPE capacitors
may be due to slight differences in electrode contacts
or dimensions, but needs to be investigated further.

Figure 7 shows the dissipation factor (DF)
for each device as a function of frequency. The DF
is defined in Equation 4 as a ratio of the resistive loss
(ESR) in the device versus the energy stored by the
reactive components. As observed in Figure 7, the
DF of the PPS devices remained less than 0.1% at
low frequency (20 Hz to 2 kHz), which correlates
with its low ESR. Similarly, the higher DF for the
FPE devices corresponded to its ESR values at low
frequency. The DF for DPGDA was the highest
across the range of frequencies as it increased from
1% at 20 Hz up to 100% at 150 kHz. At higher
frequencies, the DF increases to very high values
since the magnitude of the reactive component
approaches zero, which eventually approaches the

resonant frequency (wL = 1/wC). Therefore, the DF
for the packaged devices (i.e., FPE and PPS) is
observed to increase at a more rapid rate due to a
larger inductance.

100.00

—— Sigma-6 Upkg'd
FPE-1 Upkg'd _
—— PPS-01 Upkg'd =/
—— FPE-24 Pkg'd /
PPS-05 Pkg'd

,_.
e
o
S

1.00

0.10

Dissipation Factor (%)

0.01
10t

2 103 104 1.5x10°
Frequency (Hz)

Figure 7. DF as a function of frequency.

Figure 8 shows the effective capacitance
values (C=1/wX) as a function of frequency. As
shown, PPS and FPE remained constant up to 50
kHz. For DPGDA, there was a 4.3% decrease in the
effective capacitance going from 20 Hz to 50 kHz.
For all capacitors in Figure 8, the rapid increase in
effective capacitance at frequencies greater than 50
kHz is an artifact as the capacitor approaches its
resonant frequency. Similarly, low values of R,
cannot be neglected, since it may cause an increase in
the series capacitance. As seen in Equation 5, as R,
approaches zero, C, increases. The R, effect can be
demonstrated by measuring a capacitor in parallel
with a low ohm resistor, thus resulting in a higher
capacitance reading.

1+w2C2Ry?
s — 2 2
w“CRyp

(4)

35

30 - \w/
i‘:'; 25 —— Sigma-6 Upkg'd
8 FPE-1 Upkg'd
S 20 —— PPS-01 Upkg'd
-‘é FPE-24 Pkg'd
5. 15 | —— PPS-05 Pkg'd /
_
10 - —
5
10t 102 103 104 1.5x10°
Frequency (Hz)

Figure 8. Effective Capacitance as a function of
frequency.

As stated above, the point where reactance
changes from a negative to a positive value is
considered the resonant frequency of the device.
Thus, by taking the imaginary (reactance-X) term in



Equation 1 above and equating this term to 0 will
yield the resonant frequency as shown in Equation 6.

1 1
w — e — 5
res (Ls*C)  C2¥Rp* ®)

Table 4 shows the measured resonant
frequencies for the unpackaged and packaged
capacitors, with and without a copper shroud. The
added shroud effectively decreases the inductance by
cancelling external magnetic fields, thus increasing
the resonant frequency and capacitor operating range.
The shroud had minimal impact on the values of ESR
and capacitance.

Table 4. Summary of the Resonant Frequency

K] i1 Ej
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Figure 9. Circuit schematic of an inverse-coupled
two-phase interleaved DC-DC converter.

For evaluating FPE, PPS, and DPGDA
capacitor performance, several combinations of
capacitors resulting in total capacitance of 40 pF are
considered and compared. In this simulation, the
capacitor was assumed to have R, Ls, and C, as
shown in Figure 9. L in this section is identical to L
in Equation 1, Ry is the real part of Equation 1 and C

fres (KHZ) w/o shroud w/Cu shroud
2 FPE-1 140.714 >1 MHz
=z PPS-01 154.321 933.964
S| SIGMA®6 459 814 401.131
S| FPE-24 183.144 274.731
[ PPS-05 197.073 315.168

is related to C by Equation 5.

Neglecting ESR
- - - - Sigma cap (unpackaged)

— — FPE cap (unpackaged)
— - - PPS cap (packaged)

Table 5 lists the calculated inductance
values for the capacitors based on the measured
resonant frequency. For this calculation, the second
term of Equation 6 was assumed to be negligible due
to a large R,. The capacitance value at 20 Hz was
chosen and is assumed to be a constant for these
calculations. For comparison purposes, the resonant
frequency, as determined from the simulation, is also
listed.

Table 5. Calculated vs Simulated Inductance Values

Measured Calculated Data

Ls-C, Table | 20 Hz Resonant Freq. Simulated Data

Co(uF) | fue (kH2) [ L. (nH) | Ls (H) [ f,.e (kHZ)
B |Sigma-6 | 30.2 401.13 5.21 1.59 726.30
 |FPE-1 10.1 1100.00 2.07 3.15 892.29
5|pps-01 10.0 933.96 2.90 2.74 961.49
T |FPE-24 114 274.73 29.44 11.52 439.18
a |PPS-05 10.2 315.17 = 25.00 | 10.19 = 493.67

DC/DC Converter Simulation

The ESR and L effect of a filtering capacitor
on the output ripple voltage of a DC-DC converter is
considered next. Power dissipation in capacitors due
to the AC current through it and the associated
temperature rise are also discussed.

Figure 9 shows an inverse-coupled two-
phase interleaved DC-DC boost converter suitable for
high performance, high power applications [16]. A
100 V/270 V, 10 kW boost converter with a duty
ratio of 0.67 and a switch frequency of approximately
75 kHz is considered for evaluating the effects of an
output filter capacitor’s (Coy) ESR and ESL on the
converter output ripple voltage, capacitor power loss,
and temperature rise.

1000

100 \\

10

Capacitance (puF)

1

10 1000

Capacitor frelc?gency (kHz)
Figure 10. Required total output capacitance as a
function of frequency when V,, = 2.7 V.

Since the interleaved converter described
above works as a dual phase converter, the actual
capacitor frequency is twice the operating frequency
(150 kHz). Using SPICE simulation, the required
total output filter capacitance to maintain a ripple
voltage of 2.7 V as a function of frequency is shown
in Figure 10 above. For this comparison, it was
assumed that only one FPE or PPS capacitor are
required to hold the output voltage of 270V, but
three DPGDA capacitors in series are required for the
same output voltage. In Figure 10, it is shown that
larger capacitances are required to reduce the
increase in the ripple voltage caused by the larger
ESR. Although it is not shown in the figure,
including inductance for these capacitors did not
change the required capacitance values.
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Figure 11. Power dissipation in an individual
capacitor as a function of its ESR for various
numbers of capacitor in parallel.

Figure 11 shows the power dissipated in
each capacitor as a function of ESR when a group of
capacitors in parallel are used as the output capacitor
for the DC-DC converter. Using ESR values in
Table 2, the internal temperature rise of the capacitor
can be predicted. For the PPS packaged capacitor
with ESR of 12.2 mQ the dissipated power and
maximum internal temperature rise are 0.69 W and
8.74 K, if 4 capacitors are used in parallel. Further,
the dissipated power and temperature rise for each
capacitor in a group of six, eight and ten capacitors
are 0.31W (3.9K), 0.17W (2.2K) and 0.11W
(1.4 K), respectively.  For the packaged FPE
capacitor with 22.8 mQ ESR, the corresponding
values for each capacitor for 4, 6, 8 and 10 capacitors
in parallel are 1.62W (17.4K), 0.72W (7.7 K),
041W (4.3K), and 0.26 W (2.8 K), respectively.
Due to the voltage rating of the DPGDA capacitor,
three DPGDA capacitors connected in series were
considered. For 12 DPGDA capacitors (4 parallel
sets of DPGDA capacitors connected 3 in series) the
power dissipation and corresponding temperature for
each capacitor is 1.74W (2.78K). If 18, 24 and 30
DPGDA capacitors are used, the corresponding
values are 0.77W (1.23K), 0.43W (0.69K), and
0.27W (0.44K), respectively. It should be mentioned
that the power dissipation in each capacitor is
proportional to the square value of the current;
therefore by multiplying the number of capacitors by
a factor of two, the dissipation power on each
capacitor will be reduced by a factor of four.
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>§ 270 ~— ~——
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285
—Sigma capacitor (unpackaged)
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Figure 12. Output Voltages of FPE, and PPS
packaged capacitors and Sigma capacitor for a
100 V/270 V, 10 kW, 75 kHz interleaved DC-DC
converter. 4 -10 uF capacitors were connected in
parallel for FPE and PPS Figures. For Sigma
capacitors, a total of 12 capacitors are used. (3 in
series and 4 in parallel).

Figure 12 shows the output voltages for
FPE, PPS packaged capacitors and the DPGDA
capacitor. These Figures show the effects of
inductance and ESR. The difference in both the
voltage spikes and ripples for FPE and PPS packaged
capacitors is not significant. The harsh spikes take
place when the direction of current into the capacitor
changes. At that time, L*di/dt becomes very large.
The magnitude for the FPE and PPS packaged
capacitors are nearly identical due to similar
inductance values. Although the ESR values for FPE
and PPS are different, I*ESR is not large enough to
make a clear difference. However, the DPGDA
capacitor clearly shows greater bulk ripples and less
spikes compared to the FPE and PPS packaged
capacitors. These are due to greater ESR and smaller
ESL of the DPGDA capacitor. It should be



mentioned here that reducing the internal inductance
of the capacitor is very important for not only
increasing the operating frequency of the capacitor
but reducing the unnecessary noise.

Conclusions

FPE, PPS, DPGDA capacitors were
simulated, tested, and evaluated for satisfying design
constraints of a high-frequency, high-power, compact
DC-DC converter. Using modeling and simulation,
an accurate estimate of a capacitor’s equivalent series
inductance and temperature rise were achieved. Both
packaged and unpackaged PPS and FPE capacitors
along with unpackaged DPGDA capacitors were
experimentally studied with simulation results
indicating that reducing ESR and ESL is necessary in
terms of minimizing output noise and temperature
rise. Use of a return current shroud demonstrated
that the resonant frequency of a capacitor can be
increased substantially by lowering the total
inductance, thus increasing the useful operating
frequency for the capacitor with a corresponding
reduction in the dissipation factor, or power loss and
temperature rise at higher frequencies. This
demonstrates the importance that must be placed on
capacitor packaging and termination for higher
frequency operation. A methodology to evaluate the
electrical and thermal performance of a capacitor in a
DC-DC converter application using both finite
element analysis and SPICE simulation packages is
established. The importance of a low ESR and ESL
capacitor design is highlighted for high temperature,
high power, high performance DC-DC power
converter applications. Using the tools presented in
this paper, it is possible to predict how a capacitor
will perform thermally and electrically within a
power converter system.
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