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With the increasing integration level of electronic circuits management of the generated
heat became one of the most important design aspects. Beside the semiconductor
components capacitors are also affected by the elevated temperature. In this paper a new
thermal characterization method is proposed adopting the thermal transient measurement
technique for capacitors utilizing the capacitance itself as temperature dependent
parameter. The proposed switched capacitor based circuit generates a signal proportional
to the capacitance of the component and hence the temperature. The measurement method
is demonstrated on self and transfer resistance measurement setups and also verified using
CFD simulations. It is shown that the captured thermal transient curve can even be used to

fine tune the inaccurate simulation model parameters achieving a more accurate calibrated

3D simulation model.

1. Introduction

The thermal design of electronic systems received high focus
in the last decades as the increasing level of integration increases
also the power densities that the designers need to face with. The
primary sources of heat are often the semiconductor components,
and hence there is extensive research and development on how to
construct new components with lower thermal resistance, how to
arrange the components appropriately in the system and how to
find new cooling solutions in order to avoid overheating.

However, not only the semiconductor components suffer from
the increased power densities but also the discrete components like
capacitors. The elevated temperature can have an immediate effect
on their electric parameters. Changing capacitance and dissipation
factor values and increased leakage current usually affect
negatively the performance of the overall system. In addition there
are also long term consequences of the elevated operation
temperature, namely the reliability of the component usually
decreases as a consequence.

The operating temperature of the capacitors, just like that of
other components depends on the environment, i.e. on one hand on
the heating of the surrounding components, on the other hand on
the internal heat generation of the device itself. If there is a
significant power loss on the capacitor then its internal core
temperature can even be significantly higher than the circuit board
that is hosting it. For this reason there is an increasingly growing
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demand towards developing a methodology to measure the thermal
behavior and the thermal properties of capacitors.

In order to be able to take these effects into account the thermal
resistance between the surrounding components and the capacitor
(the transfer resistances) and the thermal resistance between the
region of the capacitor where the heat is generated and the
environment (the self-resistance) should all be characterized

For thermal engineering of discrete capacitors simulation is the
primary method of investigation and characterization [1] although
analytical calculations based on simplified models are sometimes
also provided in application notes [2-4]. Experimental results are
only rarely mentioned in relevant papers or datasheets, although
the numerical results should always be verified using experiments.

Key problem is that the core temperature of the capacitors is
hard to accurately measure in-situ. Most of the published
measurement solutions utilize embedded thermocouples [5] or use
infrared temperature sensors focused on a hole drilled in the casing
of the component. But all these methods do modifications in the
device structure. The published nondestructive methods simply
measure the surface temperature only and use approximate
calculations to guess the internal temperature of the capacitor. The
common issue of all these measurement solutions is the high
uncertainty and low reproducibility because of the badly defined
sensor placement.

This paper is an extension of the work originally presented in
EPTC 2016 [6].
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2. Electrical test method

In case of semiconductor components the characterization of
the thermal impedance may occur either by using some steady state
solutions or more commonly by using the thermal transient
measurement [7] method. Although in some cases the junction
temperature can be measured using infrared imaging as well, the
most commonly used solution is the electrical test method for its
simplicity and accuracy.

In case of the electrical test method the inner temperature of
the component is measured by utilizing a temperature dependent
electrical parameter of the chip itself, like the forward voltage of a
constant current biased p-n junction or the threshold voltage of a
MOSFET device. This makes the thermal characterization of these
components quick and nondestructive and also enables the
measurement of the transient response in order to characterize the
time domain behavior of the device besides the thermal resistance.

A thermal transient measurement gives information not only
about the thermal resistance of the components, but as the time
constants of the cooling depends on the building materials and the
geometry of the device, it can also reveal structural information.

The output of the thermal transient measurement is usually a
cooling curve, showing the inside temperature of the device,
continuously from a hot steady state temperature to a cool steady
state temperature. Some basic thermal parameters can be
calculated from this curve directly. As the heating power is known
(P) the junction to ambient thermal resistance can easily be
calculated from the peak temperature read at the beginning of the
cooling curve (T;) and the environment temperature that is
practically equal to the junction temperature after it has cooled
down (Tgny):

Ren = -L2Em (1)
P

Utilizing the whole captured thermal transient data more
sophisticated measurements can be implemented using the
transient dual interface method as it is described by the JEDEC
JESDS51-14 measurement standard.

Finally with appropriate mathematical transformations [8] the
time constants of the cooling curve can be identified and a one
dimensional equivalent RC network can be constructed, where the
thermal resistances and thermal capacitances can be associated to
the different physical features in the structure.

In order to do thermal transient measurement three mandatory
criteria has to be fulfilled:

e An appropriate temperature sensitive electric parameter
(TSP) must be found.

e A known heating power must be applied on the component
to elevate its temperature.

e The heating power must be switched off abruptly and the
transient response of the TSP has to be captured.

If a measurement setup can be constructed that fulfills the
above three criteria, the same methodology could be applied for
the thermal characterization of discrete capacitor components. In
the following sections a possible implementation of the thermal
transient measurement for capacitor components will be discussed.
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2.1. Temperature measurement

The capacitor temperature can also be measured with an
electrical measurement but it needs to be considered that selecting
the appropriate temperature dependent electric parameter is a key
for the good measurement results. Most of the electric parameters
of the capacitors are typically temperature dependent e.g.
capacitance, dissipation factor (tand) and leakage current.

Any of the electric parameters of a capacitor could be selected
for temperature sensing, but it always needs to be considered that
unlike in the case of semiconductor chips, where both the
dissipation and the temperature dependent electric parameter are
well localized, in case of capacitors some parameters might depend
on the temperature of several different sections of the structure that
not necessarily have the same temperature. In such cases a
weighted average temperature is perceived that may or may not be
representative to the real device temperature.

The construction of the various capacitor types (electrolytic,
tantalum, ceramic and foil capacitors) are different and
accordingly not only the electrical, but their thermal behavior is
also different.

Due to the significant temperature dependence of the
electrochemical properties of the electrolytes, the electrolytic
capacitors are the most affected by the temperature [9]. The
increasing component temperature decreases the viscosity of the
fluid leading to higher charge transfer capability. As a result the
equivalent serial resistance (ESR) the impedance and the
dissipation factor all decrease. The leakage current however shows
significant increase with the temperature. Manufacturer datasheets
reported even an order of magnitude change in the leakage current
for 100°C temperature change. The capacitance also shows high
temperature dependence, but the breakdown voltage and the serial
inductance are not significantly affected by the temperature.

The tantalum electrolytic capacitors show similar thermal
behavior, but the temperature dependence of the capacitance is
lower. The ESR also decreases with the temperature; this
dependence is reverse proportional to the ion concentration in the
electrolyte. As a result tantalum capacitors with higher ESR show
also higher temperature dependence. The leakage current is
significantly dependent on the temperature.

The temperature dependence of ceramic and foil capacitors are
both primarily defined by the type of dielectric material, i. e. the
polymer and ceramics type. The higher permittivity materials show
higher temperature dependence. The Calss-1 (¢<200), capacitors
show limited or no temperature dependence, while Class-2 (g =
200 to 10000) devices show high temperature dependence, often
not linear or not even monotonous.

Finally the capacitance of the foil capacitors show either
positive (Polyester) or negative (Polystyrene and Polypropylene)
temperature dependence.

2.2. Capacitance as a temperature dependent parameter

It is visible that there are numerous options for the selection of
the temperature dependent parameter, but we wanted to select one
that can be used for various capacitor types. We selected the most
obvious parameter that almost always shows significant
temperature dependence, this is the capacitance.

The temperature dependence of the capacitance is mainly
based on the temperature dependence of the dielectric material
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used in the structure, hence its location is well defined in the
component. It has to be noted however that due to the relatively
low thermal conductivity of the materials in the capacitor relatively
high temperature gradients can arise inside the device, thus the
measured temperature is an average value.

As a demonstration of the concept a couple of different
capacitors have been selected with different capacitance values
and voltage ratings and were calibrated. For the calibration the
capacitors were put in a climate chamber, the temperature was
increased from 10 to 90°C in 10°C steps. At each temperature level
the capacitance value was measured with a simple multimeter
repeatedly until we did not see further change in its value. When
the capacitance value stabilized we could assume that the
component stabilized at the environmental temperature and the
capacitance value was registered. This low accuracy measurement
method was already sufficient to give a rough picture on the
temperature dependence of the selected components. In Figure 1 and
Figure 2 the relative change of the capacitance is plotted as the
function of temperature.
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Figure 1 Temperature dependence of various capacitors measured with a simple
multimeter, low dependence
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Figure 2 Temperature dependence of various capacitors measured with a simple
multimeter, high dependence
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The different electrolytic capacitors, both the Aluminum and
the Tantalum types had similar magnitude of temperature
dependence, the capacitance increased linearly by 5-8% in the 10-
90°C range.

The ceramic capacitors showed very different temperature
dependence depending on their classification, while the polyester
film capacitor showed strong nonlinearity.

2.3. Applying heating power

After the temperature dependent electrical parameter has been
selected one must find a way to heat up the component. The
heating power is either generated in the component itself (self-
heating) by the ripple current, or by an external component (cross-
heating). Both cases can be examined with appropriately selected
electrical and mechanical setups.

3. Experimental setup

Although the accuracy of a simple multimeter was sufficient
for the demonstration of the temperature dependence; in precise
measurements a more sophisticated instrumentation is needed.
Moreover, in order to be able to measure the thermal transient of
the component, the temperature needs to be measured with a
relatively high frequency.

On the other hand measuring the absolute value of the
capacitance is not required. For our application it is enough to
produce a voltage signal that is proportional to the change of the
capacitance, hence the change of the device temperature. It has to
be noted however that for accurate self-resistance measurement the
heating and sensing points must be at the same geometrical
location otherwise the results will be distorted. For optimal
interfacing to our existing thermal transient measurement system
the optimal transient signal has to be in the 0...5 V voltage range.

After considering the available options we found that a
switched capacitor system can be used to generate the required
signal with high flexibility to adjust to various capacitance values.

The high level block diagram of the measurement circuit is
shown in Figure 3.

Gate
driver Low pass V,
filter ouT
[
Oscillator

Figure 3 Block diagram of the experimental measurement setup

By driving the MOSFETs with non-overlapping clock signals
the tested capacitor (Cpur) is being periodically charged and
discharged. The average current transferred towards the
measurement ground is proportional to the DUT (Device Under
Test) capacitance (Cpur), the switching frequency (f) and the
applied voltage drop (Vpur). The switched capacitor can be
represented by an equivalent resistance:

= @)

fCpur
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In the arrangement presented in Figure 3the capacitor C is
charged with a constant current lsive, and discharged by the
switched capacitor circuit. In equilibrium state the average
charging current is equal to the discharging current:

Lyrive = VﬁUT . (3)
C
Hence the voltage drop is inverse proportional to Cpur
capacitance:
Vpur
Lyrive = m . 4)
It has to be noted that the pulsating discharge current causes
periodic voltage variation on capacitance C. For optimal operation
capacitance C must be significantly higher than Cpyr, in order to
minimize the voltage drop when the charge sharing happens
between the two capacitors. Nevertheless it also limits the settling
speed of the circuit, so it’s appropriate sizing is critical. In the
current experiments the value of capacitor C was selected to be 10x
Cpur, and an appropriately sized filter has been utilized to provide
an acceptable noise level at the output. Finally the output signal
Vout 1s proportional to the Cpyr capacitance and to measure its
temperature dependent value it is connected to one of the
measurement channels of a thermal transient tester (T3Ster)
equipment.

The circuit parameters can be adjusted to be used with various
capacitor values. The actual measurement setup was optimized for
capacitances in the 0.1 nF... 1 pF range. The oscillator frequency
is freely adjustable in the 10 kHz..1 MHz range and the cut off
frequency of the filter was selected to be 5 kHz hence the useful
thermal transient should start after 1 ms.

The measurement circuit can be easily adjusted to smaller
capacitances, but for higher capacitance values the switching
frequency would be too low and the useful bandwidth of the
transient signal would be insufficient. For higher capacitances a
different measurement approach should be selected.

In this paper the measurement method is presented with three
slightly different measurement arrangements, providing examples
for transfer and self-resistance measurements, and demonstrating
that the measurement of both the heating or cooling transient is
possible.

The first measurement setup demonstrates the transfer R
measurement. A 33 nF foil capacitor was selected as DUT that was
fixed to a 5 W ceramic power resistor as a heat source. The
measurement arrangement is shown in Figure 4. In this setup the
transfer effect is expected to last long. In order to cancel the effect
of the air movement the test structure was put in a still air chamber
(a one square feet size standard measurement environment). 10mA
current was applied on the capacitor and the switching frequency
was adjusted to achieve about 1V voltage drop at room
temperature. At t=0s 1.5 A heating current was applied on the
resistor generating approximately 3 W of heat. In order to be able
to calculate the thermal resistance of the structure the thermal
transient curve needs to be captured from one steady state to
another. In the current measurement setup 1800 seconds were
required to achieve complete steady state after the heating
switched on.
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Figure 4 Transfer resistance measurement setup

For the second experiment a 100 nF ceramic capacitor was
selected with X7R dielectric material. The leaded capacitor was
soldered to a test PCB panel with different pin lengths and the
effect of the pin length on the cooling transient was investigated.
A photo of the measurement setups is shown in Figure 5. For the
measurement similar sensing parameters were selected as for the
foil capacitor: 10 mA sensing current was applied and the
switching frequency was adjusted to obtain a voltage drop of about
1 V. In this case the device was heated up by applying a higher
current across the switched capacitor. The higher average current
caused a power loss on the ESR of the capacitor and hence heated
it up. By applying 60 mA heating current the voltage increased
significantly and the dissipation on the capacitor was about 0.5 W.
The heating current was applied on the component for 100
seconds, then the heating was switched off and the transient
measurement was immediately started and a 120s cooling
transient captured.

-
-
-
-
-
-
-

Figure 5 Thermal impedance measurement setups with different pin lengths

In the final experiment the same mechanical arrangement was
used as shown in Figure 5, but only with the shortest and longest pin
configuration. In this case the heating transient was captured
instead of the cooling one. 70 mA heating current was selected and
the switching frequency was adjusted to set the voltage drop to
about 4 V. After switching on the heating a 200 s heating transient
was captured. This time was sufficient for the structure to achieve
steady state.

Before presenting the results of the experiments we show how
the measured voltage values will be converted into temperature
values.

3.1. Temperature sensitivity calibration

In order to transform the captured voltage transient into
temperature transient the temperature sensitivity of the measured
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signal needs to be calibrated. The temperature sensitivity
calibration was straightforward in case of the first two
experimental setups. The transient change of the capacitances were
captured in a low power state, when the applied dissipation was
practically negligible; only about 10 mW. In this state the
temperature difference between the core of the capacitor and its
environment is negligible, hence in steady state we can assume that
the core temperature equals to the environment temperature.

For the calibration the capacitors were placed in a climate
chamber and the electrical parameters of the driving circuit were
set exactly the same as during the measurement. The chamber
temperature was adjusted between 15°C and 85°C in 10°C (5°C
for the ceramic capacitor) steps, and the output signal was
registered at each steps after both the temperature and the output
signal have stabilized.

The resulting calibration curves are shown in Figure 6. The data
points corresponding to the foil capacitor (red dots) fit well on a
linear curve (red dashed line) with a slope of 2.16 mV/°C. The
temperature dependence of the ceramic capacitor however shows
significant nonlinearity. In the measured temperature range this
temperature dependence could be fairly approximated with a
fourth order polynomial, but this does not guarantee that outside of
the characterized range it is still a valid approximation. It also has
to be noted that the temperature dependence is monotonous in the
measured range in both of the cases. The monotony of the
calibration curve is a primary requirement to be able to use the
curve for voltage-temperature transformation.

Temperature dependence calibration
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Foil33nF
Linear (Foil33nF)

Figure 6 Temperature sensitivity calibration curves of the two capacitors at low
power level

The TSP calibration for the third experiment is more
challenging. In this case the heating transient of the component
was captured, when the applied dissipation was high (0.28 W).
Due to the significant junction to environment thermal resistance
of the component there is a considerable temperature difference
between the core temperature of the component and the regulated
environmental temperature. In order to overcome this issue the
device was also put in the environmental chamber, but now in
unpowered state.
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Figure 7 Measured short switch on transients of the ceramic capacitor at several
environment temperatures

At each temperature level after the temperature has stabilized
the powering of the capacitor was switched on and a short heating
transient was captured. Just after switching on, the capacitor
temperature is still equal to the chamber temperature, but
immediately starts to increase. The captured transient responses
are shown in Figure 7 at a few environment temperature levels. In
the initial section an electric transient can be observed, which is
not related to the component temperature, only caused by the
change of the electrical operating conditions. After about 1 ms the
signal value is proportional to the temperature. In order to
approximate the voltage drop just after turning on the heating, a
square root function was fitted on each transient responses between
1.5 ms and 5 ms. and the voltage extrapolated to t=0 s time. The
square root fitting is a widely used initial electric transient
compensation method in case of semiconductor devices, where the
heat generation is localized to the surface of the semiconductor
chip. In case of the capacitor component where the heat is mostly
generated in the core volume the validity of this approximation is
questionable, but it has only a minor effect on the final results.

Temperature dependence calibration
4.6
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Figure 8 Temperature sensitivity calibration curve of the ceramic capacitor at
high dissipation

The calibration was done between 20°C and 95°C in 5°C steps.
The resulting calibration points are shown in Figure 8. The
experienced nonlinearity was small, a second order curve fit well
on the measured data points.
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The overall time required for the thermal transient
measurement of a single capacitor is mainly defined by the
calibration time. The measurement time depends on the time
constants of the test structure, but in case of good cooling it can be
as low as a few tens of seconds. Meanwhile the calibration is a
rather time consuming task as the environment temperature needs
to be changed, waiting until the device temperature also stabilizes
and then the corresponding voltage registered. This process often
takes more than an hour for a single calibration. However, the
calibration task can be done in parallel on high number of devices
achieving a good overall throughput.

4. Measurement results

Another experiment is also presented in this paper in order to
demonstrate the transfer resistance measurement, where the
heating is coming from external heat source, and the capacitor core
temperature is captured using the switched capacitor circuit. After
the temperature sensitivity calibration the captured raw data could
be transformed into temperature response as it is shown in Figure 9.
Despite the switching mode operation of the circuit the noise level
of the measured signal is reasonably good. The noise RMS (Root
Mean Square) was about 0.2°C in all measurements.

As it is expected the initial section of the curve is completely
flat, there is no temperature change measurable until 3 seconds.
The heat generated by the resistor needs this time to propagate to
the capacitor. As the thermal coupling in the experimental setup
was much stronger than in normal applications, normally an even
longer propagation time can be expected. Consequently if the goal
is to measure only the transfer resistances the switching frequency
can be significantly reduced to allow the measurement of much
larger capacitance values, or the filter frequency can be reduced to
achieve lower noise and more accurate temperature reading.

T3Ster Master: Recorded functions
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Figure 9 Temperature transient curve for transfer heating of the foil capacitor
sample

The goal of the second experiment was to prove that the
measured signal is in fact temperature transient and hence it is
dependent on the thermal resistance of the structure. The different
pin lengths were representing different thermal resistances
between the capacitor and the hosting PCB. Figure 10 shows the
measured temperature transient responses. It is clearly visible that
the longer the pin was the higher temperature change was
measured. This also proves that one of the main heat flow paths in
such arrangements is the conduction through the pins to the PCB.
It has to be noted that in case of the red curve the calculated
temperature was above 90°C, which is beyond the calibration

WWwWw.astesj.com

range. As a consequence the calculated temperature in this range
is expected to be inaccurate.

T3Ster Master: Recorded functions
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Figure 10 Cooling transient curves measured on the ceramic capacitor with
different pin lengths

As opposed to the transfer heating measurement the
temperature change starts much earlier in case of self-heating. The
end of the electric transient is about 1 ms, and the valuable thermal
signal starts soon after it. This shows that if the heated and
measured points overlap, then the response speed of the
measurement circuit becomes more important. How much
information we lose that depends only on the internal thermal
resistance and capacitance of the capacitor structure.

In order to obtain a more accurate thermal transient curve, good
enough for further post-processing the parameters of the
measurement setup were further optimized in the third experiment.
We found that instead of the cooling curve that is most commonly
used in case of testing semiconductor components, the heating
curve provides a better signal. The temperature sensitivity is higher
with lower nonlinearities, ensuring better signal to noise ratio.

The captured heating curves for the short and long pin
scenarios are shown in Figure 11. It can be observed that the initial
section of the two curves overlap perfectly, and split up only after
about 2 seconds. In the initial section the heat experiences the same
physical structure. The difference appears when the heat arrives to
the PCB in case of the short pin arrangement but it needs to pass
through longer pins representing higher thermal resistance when
the pin is long.

T3Ster Master: Recorded functions
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H— PCB_SHORT

35 1

40
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25 1

Measured temperature [°C)

20 -
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Figure 11 Measured heating transient curves of the ceramic capacitor with long
and short legs
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With the evaluation of the thermal transient measurements a
one dimensional Cauer RC model can be constructed that in case
of semiconductor components not only provide a good behavioral
model, but structural information can also be extracted from it [8].
The structure function [10] is a graphical representation of the
identified equivalent Cauer RC network. It plots the sum of the
thermal capacitances in the function of the sum of the thermal
resistances from the source of the heat towards the ambient, in
cases of one dimensional heat flow that is a very good
approximation in most of the practical cases. The resulting curve
helps in interpreting the larger data sets. The steep sections in the
structure function represent a physical layer with high added
thermal capacitance but low thermal resistance that corresponds to
a good thermal conductor material. On the other hand the flat
sections of the curve represent high resistance with low added
capacitance, hence a thermal insulator. In case of real one
dimensional heat flow path the subsequent layers can be identified
based on the corresponding slope on the curve and hence the
structure can be analyzed.

4.1. Verification with simulation

The thermal transient measurement of the capacitor provided
realistic transient curves, and the effect of the change of pin length
could also be clearly identified. However the validity of the curve
still needs to be proven. We decided to build up the detailed 3D
model of the capacitor and compare the simulated and the
measured thermal transient responses.

As we did not have detailed structural information from the
manufacturer we cross sectioned the capacitor to identify the
important features and measure their sizes. A cross section picture
of the capacitor and the built simulation model can be seen in Figure
12.

Coating

Dielectric layer

Figure 12 Simulation model of the measured ceramic capacitor

The most important structural elements are the capacitor core,
where the electrodes and the X7R dielectric material are providing
the layered structure, a dielectric cover layer, where no electrodes
are visible, the solder, the copper legs and the coating ceramics.

According to the information found in the literature [4] the
BaTiO3 is a commonly used ceramics to create X7R grade ceramic
capacitors. As a base approximation we supposed that this material
was used as dielectric layer and used the material properties
suggested by the referenced paper. In order to simplify the
simulation model the layered core has not been modeled in detail,
but the weighted average thermal parameters of the BaTiO3 and
the chromium electrodes have been used. As the layer thicknesses
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were unknown we used an arbitrary 8:2 volume ratio as the first
approximation. The coating material was also unknown; hence as
a first approximation we used the same thermal parameters as for
the dielectric material. The solder was assumed to be SAC (Tin-
silver-copper) solder. The initial guess material parameters can be
read in Table 1.

Table 1. Material parameters, initial guess

. A C
Component | Material [W/mK] B /kgp K| le /cpm3]

core custom 20.5 412 6.16
Dielectric BaTiO; 2.7 400 59
Coating custom 2.7 400 59
Solder SAC 78.4 306 7.4
Leg Al 230 1037 2.69
PCB FR4 0.3 880 1.2

The transient response of the structure was simulated with time
steps identical to the sampling rate of the measurement. The time
domain curve of the transient response provides much less
information than its transformed version the structure function.
The simulated and measured curves can be better compared using
the structure function as it is shown in Figure 13.

T3Ster Master: structure function(s)

1e6 ITI T T T T T
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s Ir y
= S I |
£ 0.01f 8
o \\\}
Te-d | 1
le-6 .
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Figure 13 Structure function generated from the simulated transient of the initial
“best guess” model compared with the measured curves

The black and blue color curves were generated from the
measured transients with short and long pin lengths and the red
curve was generated from the simulated transient. At the large
scale plot the initial section of all the curves seem very similar, but
after the initial section a large excess resistance can be observed in
the simulation model. If we take a closer look at the initial part of
the curves it becomes apparent that while the two measured curves
are identical despite the differences in the pin length the simulated
structure functions already show slight differences. In order to
understand the differences between the simulation model and the
modeled component the structure function has to be analyzed.

4.2. Using the structure function to fine-tune the simulation
model

For semiconductor packages a detailed thermal model can be
step by step calibrated based on the measured transient curve
starting from the chip and moving towards the more remote
features [11]. This can be done because there is typically a
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dominant heat flow path that can be well described with the one
dimensional spreading model and the time constants
corresponding to the different elements of the heat flow path are
increasing gradually as we are receding from the junction.
However in case of the capacitor component the one dimensional
spreading from the core is not a good assumption. As an example
from the core of the capacitor the heat also spreads towards the
pins through the solder contact, and the coating. In such situations
what we see in the structure function is the parallel sum of the two
thermal resistances (and capacitances).

As a result the same section of the structure function can be
affected by more than one model parameters. As it is shown in
Figure 14 the conductivity of the core material (green and blue
curve) and the surrounding dielectric layer (red and orange) are
also affecting the length of the first flat section of the curve. Other
sections are more dependent on one single material parameter and
can be more clearly identified on the structure function.

T35ter Master: structure function(s)

1000 Best fit model ]

—— caore increased conductivity
100 H—— core decreased conductivity =
—— dielectric increased conductivity

Cth [Ws 7 K]

01

0.001

19"4 1 1 1 1 1
0 10 20 30 40 50

Rth [K /W]

Figure 14 Effect on the structure function of the increased and decreased
conductivity of the core (green and blue) and the dielectric layer (red and orange)

The large resistance at the end of the structure function
corresponding to the initial model (Figure 13) was caused by the low
conductivity of the PCB by neglecting the effect of the copper
traces. Figure 15 shows a simplified summary about which sections
of the structure function are affected by the various model
parameters.
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Figure 15 Different areas of the structure function and the various simulation
model parameters affecting their shape

WWwWw.astesj.com

Having this information we know which parameters to adjust
in order to have the simulated transient fit the measured one. After
iterative adjustment of the appropriate thermal parameters of the
PCB, capacitor core material, dielectric material, and coating
material a very good match between the simulated and the
measured transients could be achieved in the important domain up
to about 35 K/W. Above this thermal resistance the thermal
response is no more dependent of the thermal parameters of the
capacitor model, hence it was out of our scope. With further work
the whole simulation model could be matched to the experimental
results.

Figure 16 shows the structure function of the measured transients
and the one simulated after the model calibration, demonstrating
very good agreement. The final model parameters are listed in
Table 2. Almost perfect match can be achieved until 35 K/W.

T3Ster Master: structure function(s)
10000 F T T T

— PCB_SHORT
— PCB_LONG
—— Best fit model

100

Cth [We /K]

=
[=1

1e-4

0 10 20 30 40 50
Rth [K/W]

Figure 16 Structure function corresponding to the simulated (red) and measured
structure (blue and black) after the calibration

Table 2. Material parameters after calibration

Component | Material (W, /;anK] B /l?gp K] I /cpm"]
core custom 25 300 5
Dielectric BaTiO; 2.6 1000 59
Coating custom 3 500 6
Solder Custom 78 2500%* 7.4
Leg Cu 380 416 8.96
PCB Custom 30 880 4

*The specific heat of the solder was increased to unrealistic levels to avoid
geometrical changes (the volume in the model was lower than in the actual
capacitor)

Nevertheless a small difference still remains after the
calibration in the very early section of the structure function, below
2.5 K/W, where the simulation result and the measured transient
do not match. In this section the structure function could not be
affected by the adjustment of the model parameters. The simulated
structure function shows stepwise capacitance change at
practically 0 K/W, as the heat generation was assumed to be evenly
distributed in the core of the capacitor. But the lower slope section
of the structure function corresponding to the measured transient
denotes that the heat generation is more localized to a smaller
volume and the heat has to spread in the core to fill its volume.
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5. Conclusions

In this paper a new measurement setup for the thermal
characterization of capacitors was proposed. This method adopts
the thermal transient measurement technology that is widely used
for the characterization of semiconductor packages and structures.

The measurement method uses no external temperature
sensors, but utilizes a temperature dependent electric parameter of
the measured component itself to measure its temperature. The
various temperature dependent parameters were reviewed and the
capacitance was selected as it shows significant temperature
dependence in case of most capacitor constructions.

In order to measure the change of the capacitance with
sufficiently high temporal resolution a switched capacitor based
measurement solution is proposed. The presented measurement
circuit can be adjusted to measure capacitances in a wide range
with approximately 1 kHz bandwidth.

The measurement method was demonstrated with three
measurement setups. The first setup demonstrated the transfer Ri
measurement, capturing the heating curve of the capacitor after a
closely attached heat source turned on. It is shown that due to the
long time required for the heat to reach the capacitor even a strong
thermal coupling enables us to significantly reduce the switching
speed of the switched capacitor and hence measure significantly
higher capacitances.

The second setup demonstrated the self-resistance
measurement, heating up the capacitor by its own losses at high
ripple current and then measuring the cooling transient. The
measurement was repeated with different pin lengths and the effect
of the pin length on the thermal resistance of the component could
be identified.

In this third setup also the self-resistance was measured, but
capturing the heating curve of the capacitor. This setup provided
better signal to noise ratio than the cooling measurement.

The detailed 3D simulation model of the capacitor and the PCB
to which it was soldered to were built and the heating transient was
measured and simulated. The first simulation and measurement
results showed acceptable match in the initial section of the
transient and the generated structure functions, but further from the
heat source the difference was large.

By comparing the structure functions generated from the
measured transient and the simulated one, the inaccurate model
parameters could be iteratively fine-tuned to achieve an almost
perfect match between the measured and simulated structure
functions. This demonstrates that the thermal transient
measurement can not only be used to measure the thermal
resistance of the component, but also helps in calibrating the
simulation model.
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