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We propose a method to monitor the ageing and damage of capacitors based on their irreversible entropy generation rate.
We overstressed several electrolytic capacitors in the range of 33 uF—100 pF and monitored their entropy generation rate
$(#). We found a strong relationship between capacitor degradation and §(7). Therefore, we proposed a threshold for
$(#) as an indicator of capacitor time-to-failure. This magnitude is related to both capacitor parameters and to a damage
indicator such as entropy. Our method goes beyond the typical statistical laws for lifetime prediction provided by man-
ufacturers. We validated the model as a function of capacitance, geometry, and rated voltage. Moreover, we identified
different failure modes, such as heating, electrolyte dry-up and gasification from the dependence of ¢ (7) with tempera-
ture, 7. Our method was implemented in cheap electrolytic capacitors but can be easily applied to any type of capacitor,

© 2016 Published by Elsevier Ltd.

1. Introduction

Capacitors are energy storage components ubiquitous in electronic
and electrical engineering applications. Several types of capacitors are
available: ceramic, film, aluminium electrolytic, laminated ceramic,
tantalum electrolytic, supercapacitors or flow supercapacitors. Elec-
trolytic and supercapacitors have the largest capacities. They are man-
ufactured in many foundries worldwide, and some of the largest pro-
ducers are Panasonic, Vishay, Kemet, and Murata.

In this contribution, we are interested in capacitor ageing and
failure characterisation. Capacitors are exposed to wear or damage
while in use, which jeopardizes circuit performance. Degradation can
be caused by different mechanisms. Typical failure modes and their
causes are shown in Table 1.

In the scientific literature, there are many models regarding capac-
itor ageing and reliability, from different approaches: physicochem-
ical, which characterises dielectric material properties [2,3]; statisti-
cal, which evaluates failure distributions [4-6]; electrical [7], with a
special focus on equivalent series resistance (ESR) evolution [8,9] or
impedance spectroscopy [10,11] and thermal [12—15]. From the ther-
mal viewpoint, reversible entropy in supercapacitors has been consid-
ered in similar terms as in batteries [16,17]. In this case, reversible
heat is related to ion movement in the electrolyte [12,14]. Moreover,
the industry has also produced a large literature of information about
ageing. International standards specify how ageing tests must be con-
ducted [18-20], i.e., capacitors are biased at their nominal DC voltage
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with or without a superimposed AC signal. From these tests, empirical
data to predict the capacitor lifetime is obtained. Panasonic provides
the expected life L ratio for its parts as a function of temperature [1]
by the following equation:

Ty-T
L= LO2T (1)

where 7 and T}, are the capacitor temperature and the maximum guar-
anteed capacitor temperature respectively, and L is the guaranteed life
of the capacitor. Moreover, the typical random failure rate, A can be
determined. It relates the expected capacitor life (L in hour) to its op-
erating performance [21] by the following equation:
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N is the number of the studied capacitors, V, is the applied voltage,
C the capacitance of a single capacitor, 7, and 7, are the actual and
the maximum permitted core temperatures respectively, L, is the base
life in hours at 7, and V; is the rated voltage. The expressions given
by (1) and (2) are typically empirical and provided by the manufactur-
ers.

We suggest that the available models and relationships are either
not directly dependent on intrinsic capacitor parameters (such as ca-
pacitance, ESR, EPR, dielectric permittivity or loss tangent) or they
are statistical fits. However, in both cases they suggest the critical ef-
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Table 1
Failure modes and mechanisms of Aluminum electrolytic capacitors (simplified from
Ref. [1]).

Causes Failure mechanisms Effects

* Overvoltage im-  * Increase in internal tempera-  * Air tightness failure
pressed ture of sealing

* Excessive ripple * Increase in internal pressure  * Capacitance reduces

Reverse voltage ap- * Reduction in anode foil ca- Losses increases

plied pacitance

Severe charging/dis- * Reduction in cathode foil ca- Leakage current in-

charging pacitance crease

AC voltage applied * Deterioration of oxide film Short circuit

Electrolyte dry-up Open circuit

Used at high temper- ~ * Insulation breakdown
atures

Used for a long pe- * Corrosion
riod

fect of temperature on operating performance. An ageing description
that considers the physical parameters of the capacitor beyond a statis-
tical approach and that is able to predict the lifetime and internal ca-
pacitor degradation, could be very useful. This type of description is
true not only for capacitors but also for other energy storage systems,
e.g. batteries or fuel cells.

Thus, looking at Table 1 we observe that the capacitors either
evolve to open or short circuit conditions depending on the degra-
dation mechanism. However, in both cases the capacitor ages, so an
ageing model must simultaneously consider both the increase and de-
crease of internal parameters, such as current, voltage, capacitance or
ESR for a positive ageing. We can infer that ageing and the internal
parameters must be related, at least, through a quadratic relation. Dis-
sipated power is the first quadratic option, but it is not a function of
state. Conversion from power dissipation to ageing degradation can be
achieved through entropy generation. Because ESR depends on tem-
perature and ageing and dissipates power when biased, we consider
that entropy can become a bridge between these parameters. We previ-
ously characterised the irreversible entropy generation rate o for resis-
tors [22], which here we extend to capacitors. Moreover, entropy has
already been applied to damage characterisation [23-26] and was sug-
gested as a valuable parameter for instrumentation and measurement
[27]. Thus, we aim at finding a simple method to predict their ageing
evolution to foresee their lifetimes. We investigate entropy evolution
to characterise commercial capacitor damage and to find the relation-
ship between failure mechanisms and time-to-failure (L in (1)). The
final aim is to explain capacitor degradation in terms of positive irre-
versible entropy generation. Thus, a threshold for maximum allowable
damage will be established.

2. Theoretical approach

We took a thermodynamic approach to capacitor failure, using the
first and second laws of thermodynamics [28]

dU=dW +dQ +dE;, 3)
S = Se + Si (4)
with

S, >0 )

in a non-equilibrium system considering the approximation of local
equilibrium. The dot over the variable represents a time derivative,
ie., S =dS/dt. In(3), U, W, O, and E, are the internal, stored, heat
and irreversible damage energies, respectively. In (4), subindices e
and i refer to external (entropy exchange) and internal entropy (en-
tropy generation), respectively [29]; thus, entropy remains a valuable
state function. We are interested in S, includes thermal dissipation
and ageing, and must be positive. The stored energy (dW) for a capac-
itor is well-known and described by the following:

Loy
W =-CV
2

(6)
Heat is dissipated at the series resistance due to the Joule effect:

Q=R I’ ™

No literature about £, was found; thus, its form is unknown at pre-
sent. In terms of the entropy generation rate § = dS/dt, for electrical
systems, it is commonly written as [28]:

®)

where P is the total input electrical power, and / and V" are the current
and voltage drop between the external terminals, respectively. The
power dissipated in the capacitor was invested by the Joule effect and
capacitor degradation. In terms of irreversible entropy, (stored energy
is reversible and thus, we do not consider it in ageing), the heat en-
tropy generation (Joule effect) is written as follows:

S_&ﬂ
T )

where R, is the ESR, / the electrical current, and T is the capacitor tem-
perature.

3. Materials and methods

Commercial electrolytic capacitors were investigated (listed in
Table 2). These capacitors are made of aluminium foils with boric
acid acting as electrolyte creating an Al,O; dielectric, as illustrated in
Fig. 1. Their tolerance is +20% at 120 Hz and 20 °C, operating tem-
perature ranges from —40 °C to 85 °C and an endurance of 1000 h at
85 °C, according to the manufacturer's data. From an electric view-
point [1,21], a real capacitor is typically modelled using an ideal ca-

Table 2

List of investigated capacitors in this contribution. All parts are Panasonic, with a
tolerance of +20% and an expected lifetime of 1000 h tested at 85 °C except for
ECAO0JHG101, which has been tested at 105 °C.

Model Capacity Vinax
ECEA0GKS330 33 uF 4V
ECEA0JKS330 33 puF 63V
ECEAO0GKA101 100 uF 4V
ECAO0JHG101 100 pF 63V
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Fig. 1. Schematic of an electrolytic capacitor.

pacitance, an ESR, R, and an equivalent parallel resistance (EPR), R,,.
The ESR accounts for the terminal and contact resistances, electrolyte
resistance and dielectric losses in the dielectric oxide layer. The EPR
accounts for the leakage current through the capacitor. ESR decreases
both with temperature and frequency and depends on ageing [1,21].
Capacitors were biased at room temperature in order to measure
their power dissipation as shown in the setup illustrated in Fig. 2. They
were connected in series with a control resistor of 10 Q and 25 W
to measure the input current. Applied bias to the R-C system ranged
from 20 V to 40 V, using a Promax FAC662B voltage source, which
is well above the maximum rated voltage. Both continuous and pulsed
biases were considered. In continuous bias, the capacitor was con-
nected to the source through a control resistor. The voltage drop at
the control resistor allowed us to determine the current. A pulsed bias
was achieved by commuting the switch with the relay K1 at a duty
cycle of 14.5% (0.5 s/3 s ON/OFF). When K1 was ON, the capaci-
tor was charging. When K1 was OFF, the capacitor first discharged
through K2. Subsequently, K2 switched off and K3 switched on to
connect the capacitor to the 5 Hz AC source (Vin in Fig. 2). Capaci-

tance was determined from the amplitude change in the low pass filter
C-Rypp according to the following:

Yo _ 1
|4 2

mn 1 + (CO.RFPBC) (10)
@ = arctg (—(oRFPBC) (11)

All the experiments were conducted at room temperature. The tem-
perature was monitored using a PT1000 sensor that was mechani-
cally attached to the top of the aluminium capsule capacitor and ther-
mally connected with a heat sink compound (Dow Corning 340). Cur-
rent, voltage and temperature were acquired using a microcontroller
data acquisition system. The data was transferred to a computer and
processed to infer the entropy generation rate and entropy accumu-
lation. Switches and relays were controlled from the microcontroller.
From the data, the knowledge of the capacitor deterioration can be ob-
tained instantaneously.

4. Results

We summarise the results obtained from the electrically stressed
capacitors under various experimental conditions, in order to deter-
mine the relationship between resistor damage and entropy genera-
tion. Time evolution of current, voltage and temperature was moni-
tored among many capacitors and situations. The delivered power to
the capacitor was estimated as the product of its voltage drop and cur-
rent through the relation: P = V-/. Entropy rate, g, was then obtained
from (8). The effects of voltage overstress on the capacitors are il-
lustrated in Fig. 3. We have classified the capacitors in three cate-
gories: N as new or biased at low power, they do not show external
changes; B when external changes are visible and E when the capac-
itor has exploded due to gasification. In Table 3, the evolution of the
33 uF series is presented. Similar behaviours are found in the other
capacitors. At lower voltages, the damage is less significant than at
larger voltages. However, depending on rated voltages, capacitors can

20V-4QV
L 2
Re .
=100
Control 1 Control 2 < Ve
K1
Vin K3 [
. L3
. . SO —— . »
Control 3
R
FPB . |
Mo =
Ig "_;;\I 5 Hz + . A2 r Al
N/ 18ve * c| K2 * * * .
T Vo
— — - — —

Fig. 2. Experimental setup to measure and over-stress electrolytic capacitors, C. Bias is applied from the top source from 20 V-40 V, through a control resistor used to monitor
capacitor current. Control labels switch on and off the relays K1, K2 and K3. Labels A and V are inputs measuring data. The AC source is used to measure the capacitance of the
capacitor in real time during the pulsed measurements. The serial resistor R_FPB is 330 Q and 1 k Q for the 100 pF and 33 pF [30].
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Fig. 3. Capacitors after being overcharged. We have classified them as follows: not affected (N), burned-out (B) and exploded (E) [30].

N 1\ B
Table 3
Capacitor state at the end of the experiment. (N: no change, B: burned-out, E: exploded).
20V 25V
33 uF 6.3 V pulsed N N
33uF 6.3V CC N B
33 uF 4 V pulsed N B
33uF4vCC B B

explode even at low powers. Next, we will connect the behaviour in
Table 3 with the § evolution.

The time evolution of current, voltage, power, temperature, en-
tropy rate and capacitance for a selected capacitor are illustrated in
Fig. 4. The key experimental parameters are instantaneous dissipated
power P and temperature 7. From these to magnitudes we can infer
the entropy generation rate § using (8). Clearly, there is a dependence
between degradation and ,§. When the input power is small (20 V), the
entropy generation rate is small. When the input power increases, §
increases first, which indicates that the capacitor is dissipating power.
Then, at a certain time, ,§ evolves to zero, which means that the capac-
itor gets an open because the applied voltage is kept at the input volt-
age until the end of the experiment. This threshold time can be used
to indicate time-to-failure of the capacitor. As long as the input volt-
age increases, the threshold time decreases and maximum § increases.
This is not true for 40 V, which fails later than the lower biased volt-
ages. This is in agreement with Table 3. A 40 V biased capacitor did
not explode, as was the case with those biased at 30 V and 35 V. This
is a valuable result, because ¢ has an implicit fingerprint of the failure
mechanism. For the sake of comparison, online capacitance evolution
is also depicted in Fig. 4. We observe a monotonous decrease in ca-
pacitance that increases with injected power. The initial magnitude of
the capacitance is larger than nominal, because it is measured at a low
frequency. The nominal capacitance 33 pF is measured at 120 Hz. Be-
low this frequency, the capacitance increases up to 44 uF at 0.01 Hz.

A dependence on the entropy rate was also found as a function of
capacitance (Fig. 5a) and maximum allowed voltage (Fig. 5b). Both
behaviours are expected. On the one hand, for the same rated voltage,
a larger capacitance yields a larger failure time. Conversely, for the
same capacitance, a larger rated voltage increases the time-to-failure.
Thus, the entropy generation rate is sensitive to both capacitance and
rated voltage.

5. Discussion

The experimental results demonstrated that § is a promising indi-
cator for monitoring capacitor ageing. Some issues remain to be dis-
cussed from the previous results. The first issue is to compare this
method with other conventional methods for capacitor ageing; we con-
sider impedance spectroscopy (IS). The second issue is to consider
the effect of measuring surface temperature instead of core tempera-
ture, which would be more appropriate. Finally, we evaluate the en-
ergy and entropy balance inside the capacitor according to thermody-
namic laws.

5.1. Impedance spectroscopy of capacitors

New and aged capacitors were studied by impedance spectroscopy
using a Biologic VSP with a frequency response analyser, from
10 mHz to 200 kHz. New capacitors fit well with a R-C model, as
shown in Fig. 6. The R, (ESR) was around 2.6 Q. No contribution be-
low 1 MQ was found for EPR. This result is in agreement with ageing
tests, where no power leakage was found (when power evolves to zero
it indicates a degradation towards open circuit).

Aged capacitors were studied after they were removed from the
ageing setup and cooled. When the capacitors were overstressed, first
R, increased, as expected, and later the capacitance value was also
modified. The increase in R, was associated with electrolyte dry-up,
according to Table 1. IS results are consistent with § but have the dis-
advantage of being monitored offline and with special (and usually ex-
pensive) equipment.

5.2. Temperature measurement and the entropy profile

The temperature measured at the surface was delayed with respect
to the power dissipated at the capacitor core. This was due to heat
propagation from the heat generation inside to the outside of the ca-
pacitor [31]. To evaluate this lag, we modelled the capacitor as a sim-
ple cylinder and estimated the core temperature using the heat trans-
fer equations using the MATLAB finite element routine. We observed
that the core temperature increases faster than the measured temper-
ature, reaches a maximum (around 10 K-20 K above the measured
temperature) and then converges to the surface temperature, in the sta-
tionary state. This effect slightly modifies the shape of the §(t) curves
by decreasing the maximum observed §. However, the time scale,
and thus, the threshold was not modified. Therefore, the stated as-
sumptions remain valid. Moreover, considering that entropy was mea-
sured in K means that the introduced error at the temperature peak
was on the order of 20 K/370 K 100 = 5%. Core temperature mea-
surements are necessary for a more accurate § quantification, but in
this case the model would need to take into account the distribution
of heat production inside the capacitor making the calculations more
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Fig. 4. Time evolution of current, capacitor voltage drop, power, temperature, entropy
generation rate § and capacitance for the capacitor 33 uF capacitor biased with a 4 V
pulsed excitation. Dissipated power increases with the bias. A small entropy generation
at 20 V is observed, in general as long as the voltage increases so does S. The threshold
can be used as a time to failure indicator Capacitance decreases with degrading, depend-
ing on the applied voltage.

complex. In its present form, the method remains very simple and is
able to monitor capacitors time-to-failure when sudden changes in ¢
are detected.

5.3. The energy balance

We now look for a reliable expression for entropy damage, related
to E;, in (3). In a plot of P(T) (see Fig. 7), we observed, first, more
effects than previously found in single resistors [22]. The effects were
divided into four different regions. We found a linear behaviour in
the range of 300 K-320 K, which is the regular operating temperature
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Fig. 5. Continuous excitation at 30 V a) Comparison between two capacitors of the
same rated voltage and different capacitance. b) Comparison between same capacitance
and different rated voltage.
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Fig. 6. Impedance spectroscopy of 33 uF 4 V for pulsed and continuous (DC), in new
and aged capacitors.

range for these capacitors. Then a strong increase up to 350 K (85 °C).
From 350 K to 380 K, the power increases with temperature up to
380 K (105 °C), which is the maximum operating temperature be-
fore gasification begins [1]. This plot agrees with the typical data
provided by manufacturers: 85 °C is the maximum temperature of
these capacitors, and 105 °C is the gasification temperature at which
the capacitor may explode. This phase transition is more evident in
the energy E(T) plot (Fig. 7b), where the delivered energy is plotted
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Fig. 7. (a) Power and (b) energy delivered to the capacitor as a function of temperature
for 33 uF_4 V at a 20 V pulse. We observed a maximum temperature around 380 K,
which is the maximum operating temperature for capacitors after which gasification oc-
curs.

as a function of temperature. At 378 K (105 °C), we found an increase
of energy at constant temperature, which is a fingerprint of a phase
transition, in particular, vaporisation of the electrolyte. Phase transi-
tions necessarily imply a discontinuity in the entropy.

In the linear range, input power was dissipated as heat at the R, and
stored in the capacitor. Eventually, this power can partially damage
the capacitor structure, considering a capacitor modelled in an R-C cir-
cuit, where the capacitance stores energy and the resistance dissipates
heat and ages [22].

We can refine our approach in the linear regime. Ageing should be
studied mainly in the range from 290 K to 320 K, where the linear be-
haviour occurs. Therefore, after recovering Eq. (1), we can rewrite it

as
S=58.+3
VI _ 0, ¢
o=
VI=0Q, + ST (12)

where Q . is the heat exchanged with the surroundings. The results are
depicted in Fig. 8. A general trend can be found, as E;, increases with
input voltage. However, to quantify this degradation between the stud-
ied samples, a better knowledge of core temperature was necessary, as
stated in the previous section, because in this case the temperature er-
ror was large enough to overpass the ageing entropy resolution.

6. Conclusions

We proposed a method to estimate ageing in electrolyte capacitors
based on a measurement of entropy generation rate, §. We found that
s depended on the applied voltage, and thus on the ageing mecha-
nism. Moreover, § was sensitive to capacitance and geometrical ca-
pacitor design. A projection of time-to-failure and a simple model for
damage ¢ was proposed. Further measurements to quantitatively val-
idate the model, specifically, those leading to an accurate determina-
tion of capacitor core temperature would be required. We believe that
this approach could be easily extended to all types of capacitors, bat-
teries and fuel cells.
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