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ABSTRACT

Electronics subsystems play an increasingly important role in
safety critical systems for monitoring, control, and enhanced
functionality. Electrolytic capacitors are an important com-
ponent in ,amy subsystems that range from power supplies
on safety critical avionics equipment to power drivers for
electro-mechanical actuators. These capacitors are ideal for
passing or bypassing low-frequency signals in power supplies
but are known to have lower reliability compared to ceramic
and tantalum capacitors, and given their criticality in elec-
tronics subsystems they are a good candidate for component
level monitoring and prognostics. Prognostics provides a way
to assess remaining useful life of components and systems
based on their current state of health and their anticipated
future use and operating conditions. Past experiences have
shown that capacitor degradation and failures are quite preva-
lent under high electrical and thermal stress conditions that
they experience during operations. Our focus in this work
is on deriving a physics-based degradation model for elec-
trolytic capacitors under thermal stress conditions. As part of
our methodology, we study the effects of accelerated aging
due to thermal stress on a batch of capacitors stored at high
ambient temperature conditions. This provides a framework
for supplementing theoretical modeling with data collected
from simultaneous experiments, which is then used to val-
idate the derived models. This work represents a first step
toward combining data driven and physics-based approaches
for modeling capacitor degradation. The case study shows
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how the proposed technique is applied to a batch of identi-
cally manufactured capacitors.

1. INTRODUCTION

Many devices and systems today consist of embedded elec-
tronic modules for monitoring, control, and enhanced func-
tionality. However, it has been found that these modules are
often the first elements in the system to fail thus reducing
overall system reliability (Vichare & Pecht, 2006; FIDES-
Group, 2004). These failures can often be attributed to ad-
verse storage and operating conditions, such as high tempera-
tures, voltage surges and current spikes that the modules and
their components may be subjected to during operation. This
motivates the need for developing Integrated Vehicle Health
Management (IVHM) technologies for systems with embed-
ded electronics. Studying and analyzing the performance
degradation of embedded electronics enhances system reli-
ability, assures system performance, avoids catastrophic fail-
ures, and reduces maintenance costs over the life of the sys-
tem (Celaya, Wysocki, et al., 2010; Ferrell, 1999). In addi-
tion, an understanding of the deterioration mechanisms helps
to systematically track the changes in system behavior and
performance, develop the capability to anticipate failures, and
predict the remaining useful life (RUL) of the electronic sys-
tems long before the components actually fail.

IVHM technologies typically include diagnostics and prog-
nostics functions. The term “diagnostics” relates to the ability
to detect and isolate faults or failures in a system. “Prognos-
tics”, on the other hand, is the process of predicting the health
condition and remaining useful life of components based on
current state, and current and future operating conditions.
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Prognostics and health management (PHM) methods com-
bine sensing, data collection, interpretation of environmen-
tal, operational, and performance related parameters to com-
pute current system state, infer component health and antici-
pate damage propagation due to degradation of components.
This make them one of the key enablers for predicting system
level performance and making decisions on when to perform
condition based maintenance, thus providing means for low-
ering life cycle costs in critical systems. PHM methodolo-
gies can be implemented using a variety of techniques that
combine trend analysis and parameter estimation methods to
model performance degradation as a function of duration of
use and history of operating conditions. Systematically devel-
oped PHM methods advance the goal of intelligent decision
making that in turn allows making better strategic and busi-
ness based decisions.

In this paper, we develop an effective PHM methodology
to enable early detection of failure precursors in a specific
type of electrolytic capacitor associated with DC-DC power
supplies. Our approach combines physics-based degradation
modeling supported by empirical experimental analysis for
parameterizing the physics models, and then using these mod-
els to predict remaining useful life of electrolytic capacitors
as well as their effects on overall system performance. Our
hypothesis is that early detection will lead to better track-
ing of the degradation process, thus enabling better predic-
tions and end of life estimates. As a result, this will result in
better overall performance and system reliability. The over-
all contribution of this paper is the development of a mixed
physics-based and data-driven methodology, and demonstra-
tion of how it applies to modeling the degradation process and
RUL in one type of capacitor. We believe that the methodol-
ogy is general, and may be extended to structurally similar
type of capacitors. We hope to demonstrate that in future
work.

1.1. Motivation

We examine an example from the aerospace domain, where
flight and ground staff need to acquire relevant information
that enables accurate estimation of the current health state for
all subsystems. This has motivated research projects that fo-
cus on accurate detection and isolation of degradation and
faults in the system, develop precursors to failure, and predict
remaining useful life of the critical components and subsys-
tems of the aircraft after degradation or onset of faults have
been detected (Celaya, Saxena, et al., 2010; Balaban et al.,
2010). Avionics systems in modern aircraft contain a large
number of electronics components in the control, communi-
cations and navigation systems. Furthermore, with the intro-
duction of fly-by-wire mechanisms, the number of electronic
components in aircraft systems are growing. This prolifer-
ation gives rise to the possibility of unknown fault modes,
which will affect the ability to detect and diagnose faults in

a robust and computationally efficient ways. This increases
the importance of understanding how these components de-
grade, and to use this understanding to anticipate, track, iso-
late, identify, and predict the remaining useful life of the elec-
tronic components (Celaya, Saxena, et al., 2010; Balaban et
al., 2010).

A typical avionics system module consists of hardware
(power supply, GPS (Global Positioning System) receiver,
IMU (Inertial Measurement Unit)) and software (GPS soft-
ware, INAV - integrated navigation solution) components.
Switched-mode DC-DC converter power supplies are widely
used in avionics systems because of their high efficiency and
compact size. The buck-boost DC-DC converter is used to
step up/down voltage depending on the application require-
ments. Our particular application shown in Figure 1, con-
verts a 28V DC voltage from a battery source, to produce
the required output voltage of 5V. The electrolytic capacitors
and MOSFET (metal oxide semiconductor field-effect tran-
sistor) switches are known to have the highest degradation
and failure rates among all of the components in the con-
verter (Goodman, Hofmeister, & Judkins, 2007). Degraded
capacitors have a big impact on the performance and effi-
ciency of the DC-DC converters and also pose the risk of
initiating cascading failures in the system.
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Figure 1. Buck Boost Converter Circuit

Some of the early efforts in diagnostic health monitoring of
electronic systems involved the use of a built-in test (BIT),
which are on-board hardware-software diagnostic tests to
identify and locate faults. Studies conducted by (Pecht et
al., 2001) on the use of BITs for fault identification and di-
agnostics showed a tendency for false alarms, which could
result in re-qualification, unnecessary replacements, and loss
of system availability, all of which result in increased opera-
tion costs.

Degradation in electronic components is harder to detect and
analyze as compared to mechanical and structural material,
because accurate physics-based models are not readily avail-
able for most electronic components (Vichare & Pecht, 2006).
Prognostics failure predictions have to be accurate to support
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decision making for reliability, repair, and replacement. One
way to achieve this, is by validating the physics-based degra-
dation models with real data that may be used to refine, ver-
ify and validate the accurate time-varying functions that de-
fine how parameters change during system operation. Fur-
thermore, component parameters can vary from one manu-
facturer to another, and between batches manufactured by the
same manufacturer (Leonard & Pecht, 1991). This motivates
the need for developing general, first principles approaches
for modeling degradation processes and predicting remaining
useful life. Data driven methods can supplement the general
methodology to derive capacitor degradation models for spe-
cific types of capacitors.

1.2. Research Challenges

Physics-based degradation modeling considers the primary
mechanical, chemical, electrical, and thermal processes that
govern the behavior of a component when modeling and the
effect of stressors (e.g., higher than rated temperatures, volt-
age spikes) on component performance. The methodology es-
tablishes the cumulative damage due to various failure mech-
anisms as a function of the state of the component, the rele-
vant physical processes that govern component behavior, and
its operating conditions. A failure mode is defined by the
causes for the failure (Nasser & Curtin, 2006). It can also be
defined as the way in which a component, subsystem, or sys-
tem fails to meet or deliver the intended functionality and be-
haviors. A component can have multiple failure modes, each
of which can be derived from the underlying physics-based
degradation model associated with the component (Vichare &
Pecht, 2006). In some cases, a theoretical physics of failure
model is hard to derive. Researchers have developed empir-
ical methods using selective accelerated life testing to derive
the failure mode effects (Nasser & Curtin, 2006).

Developing failure models from physics-based degradation
models is the key to generating accurate prediction mod-
els and the remaining useful life of components. However,
a number of important challenges remain before these ap-
proaches can be applied in real world monitoring, behavior
analysis, performance-driven predictions and decision mak-
ing. The key issues that are currently being addressed in
the PHM community include system parameter monitoring,
selection of precursors to failures, combining this with pa-
rameter monitoring to determine the type of sensors and their
placement to ensure tracking of relevant system behavior and
operating conditions, in-situ data acquisition, feature extrac-
tion for refining the degradation models, and behavior predic-
tion from the collected data (Celaya, Saxena, et al., 2010; Bal-
aban et al., 2010). In addition, it is a challenging task to de-
velop procedures for using the derived physics-based degra-
dation models to predict the overall system performance, and
also to understand cascading failures, i.e., how degradation/
failures in components and subsystems affect overall system

behavior. In particular, other issues that we have to consider
in implementing PHM methodologies for electronic systems
include methods for tracking degradation in components, and
projecting this degradation to the change in behavior of the
subsystems and systems.

1.3. Organization of Paper

This paper is organized as follows. Section II discusses cur-
rent work being done in the area of capacitor fault diagno-
sis and prognostics. Section III provides a brief overview
of physics-based modeling specifically in the electronics and
electrical domain and the approach taken in this work. Sec-
tion IV introduces electrolytic capacitors, their basic struc-
ture, operations and degradation mechanisms. Section V dis-
cusses our approach and the resulting first principles models
for electrolytic capacitor degradation. Section VI presents the
thermal overstress experimental setup for accelerated degra-
dation along with validation methods for the derived models.
Section VII ends the paper with a discussion, conclusions and
directions for future work.

2. RELATED WORK IN CAPACITOR DIAGNOSIS AND
PROGNOSIS

The high frequency of failure of the output filter capacitor in
switched mode power supplies has a critical impact on over-
all system performance and reliability (Judkins et al., 2007;
Vohnout et al., 2008; Goodman et al., 2007; Orsagh & et’al,
2006). A PHM approach applied to power supplies used
in avionics systems is presented in (Orsagh & et’al, 2006),
where aging of the system is attributed to output capacitor
and power MOSFET degradation and failures. However, the
paper does not discuss the degradation processes or a method-
ology to derive RUL predictions for the power supply. The
work on switched mode power supplies by (Judkins et al.,
2007; Goodman et al., 2007) discuss details of the power sup-
ply output ripple voltage and leakage current as a function of
capacitor degradation, but they do not discuss modeling of
the degradation mechanisms and RUL computations in any
detail.

A health management approach for multilayer ceramic capac-
itors is presented in Nie et al. (2007). This approach focuses
on a temperature-humidity bias accelerated test to replicate
failures, and implements data trending algorithms in conjunc-
tion with multivariate data analysis. The Mahalanobis dis-
tance method is used to detect abnormalities in the data by
using classification methods that label behaviors into “nor-
mal” and “abnormal” groups. The abnormal data are then
further classified into levels of abnormality by severity based
on which predictions are made. In discussions by (Gu et al.,
2008), multi-layer ceramic capacitors (MLCC) were selected
for in-situ monitoring and life testing under elevated temper-
ature, humidity, and voltage conditions. This method used
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data from accelerated aging tests to detect potential failures
and make an estimation of time of failure. A data driven fault
detection and prediction algorithm for multilayer ceramic ca-
pacitors is presented in (Gu & Pecht, 2008). The prediction
approach used in their study combines regression analysis,
residual, detection, and prediction analysis. A method based
on Mahalanobis distance is used to detect abnormalities in the
test data; prediction of RUL is not discussed in this paper.

Wereszczak et al. (1998) discuss the failure probability in
Barium Titanate used as a dielectric in MLCC’s. Dielectric
ceramics in multilayer capacitors are subjected to thermo-
mechanical stresses, which, may cause mechanical failure
and lead to loss of electrical function. Probabilistic life de-
sign or failure probability analysis of ceramic components
combines the strength distribution of the monolithic ceramic
material comprising the component, finite element analysis
of the component under the mechanical loading conditions of
interest, and a multiaxial fracture criterion.

The work by Buiatti et al. (2010) looked at degradation in
metalized polypropylene film capacitors, where a noninvasive
technique for capacitor diagnostics in boost converters has
been discussed. This technique is based on estimations of the
ESR (equivalent series resistance) and the capacitance, im-
proving the diagnostic reliability and allowing for predictive
maintenance using a low-cost digital signal processor. Imam
(2007) discuss a condition based monitoring with implemen-
tation of fast fourier transform based prediction approach.

Most of the current work done for capacitor prognostics is
based on data driven methodologies. As discussed earlier Nie
et al. (2007) implement a trending algorithm based on exper-
imental data, similarly (Gu & Pecht, 2008) implemented a
data driven fault detection and prediction algorithm. In this
work we discuss implementation of an hybrid approach, com-
bining data driven and physics based degradation modeling
approaches for prognostics.

3. PHYSICS-BASED MODELING FOR PROGNOSTICS

In this section we discuss approaches for physics-based
degradation modeling in electronics and electrical systems.
After discussing the modeling approaches, we present our
prognostics approach.

3.1. Physics-based degradation Modeling

The physics-based degradation modeling (PBDM) approach
to prognosis, models failure mechanisms using a first prin-
ciples physics-based model of operation, as opposed to tra-
ditional approaches that employ data-driven empirical mod-
els. These are dynamic models which evolve over time as the
device/ system degrades due to usage conditions. Physics-
based degradation modeling techniques are effective for esti-
mating the impact on lifetime due to specific failure mecha-

nisms (Hansen & McCluskey, 2007). Failure predictions, i.e.,
the time to complete failure from the present time (RUL) and
also the evolution of degradation through this time interval,
depend upon the current health state of the device/system and
the conditions under which it is operated. Therefore, to apply
PBDM techniques accurately, one must take into account en-
vironmental variables and operating conditions along with a
device’s physical properties.

In safety-critical complex systems, fault initiation and propa-
gation needs to be determined for accurate and effective fault
prognosis. The approach is to derive temporal models of fault
propagation and failure using first principles physics-based
methods. Recent studies in materials research have focused
on microstructural characterization of materials and model-
ing frameworks that robustly and reliably describe anomaly
initiation and propagation as a function of time (Hansen &
McCluskey, 2007). These models, which address the consti-
tutive material properties down to the molecular level, gen-
erally are not suitable for real-time treatment due to their
computational complexity. Typically, more abstract models,
also called lumped models, are usually derived from the mi-
crostructural characterizations (Kulkarni et al., 2010). They
can be used to estimate and predict degradations in a compo-
nent/system almost in real time under a given operating en-
vironment, such as temperature cycling, vibration, humidity,
and electrical stress.

Typically, under normal operating conditions, where param-
eters are limited to manufacturer-specified threshold limits, a
device/ subsystem does not degrade rapidly. In such cases,
an experiment may have to be conducted over long periods of
time (e.g., months and even years) to detect and study the un-
derlying failure modes. Accelerated stress tests (AST) have
been recognized to be a valuable in getting much quicker esti-
mates of the reliability and quality of electronics components
(Hansen & McCluskey, 2007). Accelerated stress tests are of-
ten carried out under enhanced adverse environmental condi-
tions to accelerate the damage accumulation rate due to phys-
ical or environmental phenomena (Upadhyayula & Dasgupta,
1998). In traditional accelerated testing techniques, root-
cause identification and analysis is not adequately empha-
sized. In the physics-based degradation modeling (PBDM)
approach it is very important to identify, understand, and
model the underlying failure mechanisms to derive general
(as opposed to situation-specific) models of the aging phe-
nomena.

The main activities in implementing a PHM methodology in-
clude:

• using system structure and physical laws to derive a first
principles operational model of the device/system;

• identifying failure modes based on stressors (electrical,
thermal, mechanical and chemical), which then helps to
establish the underlying root cause and derive temporal
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models of component degradation (Watson, 1992);
• deriving relevant degradation/ failure mechanism models
• modifying and enhancing the physics-based models us-

ing experimental data and stochastic modeling meth-
ods (Hansen & McCluskey, 2007), and

• using the derived physics based models and prognostic
algorithms for predicting the remaining useful life of the
system, and

3.2. Research Approach

As mentioned earlier, prognostics approaches are essential for
improving system safety, reliability, and availability. Prog-
nostics deals with determining the health state of compo-
nents, and projecting this state into the future to make end
of life (EOL) and RUL estimations. Model-based prognos-
tics approaches perform these tasks employing first princi-
ples physics models that capture knowledge about the system,
its components, and their degradation mechanisms (Daigle &
Goebel, 2011; Saha & Goebel, 2011). Faults and degrada-
tions appear as parameter value changes in the model, and
this provides the mechanism for tracking system behavior un-
der degraded conditions (Celaya et al., 2011; Kulkarni et al.,
2012).

Electrolytic Capacitor

Accelerated Aging 
Experiments

Data Collection: Degradation 
Parameters

Physics based 
Degradation Models

Prediction

Thermal / Electrical Stress

Empirical Model
Parameter Estimation 

(LOOCV)

RUL EOL Prognostics

Figure 2. Research Methodology

We implement the prognostics modeling process illustrated
in Figure 2. The core of this work focuses on develop-
ing physics-based degradation models of components that in-
clude descriptions of how fault parameters evolve in time,
governed by their operating conditions. As described in Fig-
ure 2, we combine experimental studies on the device and

the electrical and mechanical configuration information with
physics based modeling of behavior phenomena. Identify-
ing the failure precursors and developing accurate models of
degradation/ failure from an understanding of the physics-
based model is an important challenge that we address in this
research work. Early detection and analysis may lead to more
accurate estimation of parameter changes, and therefore, bet-
ter prediction and end of life estimates of the capacitor. Un-
known and time varying parameters in the degradation model
are estimated online. Static parameters for the model are es-
timated using the leave one out cross validation (LOOCV)
algorithm. The derived state space models are then imple-
mented in a Bayesian framework for prognostics.

Before discussing the modeling methodology implemented
we first discuss in the next section about the structure and type
of electrolytic capacitor devices used in this work and degra-
dation mechanisms observed under stress conditions. The
study of degradation mechanisms helps in developing and re-
fining the physics based models.

4. DEGRADATION IN ELECTROLYTIC CAPACITORS

The health of electrolytic capacitors is strongly affected by
their operating conditions that include parameters, such as
voltage, current, frequency, and ambient temperatures among
others. Degradation of capacitors used in DC-DC power con-
verters and signal filters increases the resistive component
and decreases the capacitive component of the impedance in
the AC path, which results in an increase in the ripple voltage
magnitude that are super imposed on the desired DC volt-
age. Continued degradation of the capacitor leads the con-
verter output voltage to drop below its specified output value,
and this can also affect the health and performance of down-
stream components. In some cases, this may cause damage to
the converter and other downstream components resulting in
cascading failures in the systems. We first discuss the inter-
nal structure of an electrolytic capacitor and link the different
components which lead to degradation in the device.

Figure 3 shows a schematic of the internal components of
an capacitor: cathode aluminum foil, electrolytic paper, elec-
trolyte, and an aluminum oxide layer on the anode foil sur-
face, which acts as the dielectric. The electrolyte paper strip
is impregnated with liquid electrolyte. When in contact with
the electrolyte, the oxide layer provides an excellent forward
direction insulation property (Gasperi, 1996). A magnified
effective surface area is attained by etching the foil, which at-
tains a high capacitance value in a small volume (Fife, 2006).
Since the oxide layer has rectifying properties, a capacitor has
polarity. If both the anode and cathode foils are coated with
an oxide layer, the capacitors are bipolar (Chen, 2004).

Figure 4 illustrates the unfolded separator paper into which
the electrolyte is embedded. The paper height, hc is the height
of the capacitor capsule and lc indicates the length of the com-
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Figure 3. Physical Model of Electrolytic Capacitor

bined roll of paper separator, anode, and cathode. The paper
separator is sandwiched between the anode and the cathode.
Each has a thickness dS , dA and dC , respectively, and can
be approximated as dS ≈ dA ≈ dC for this specific type of
capacitor since we are working with low voltage devices.

s

A SC

Length (lc)
Height (hc)

Figure 4. Capacitor open structure

Figure 5 presents a detailed view of the cross section of the
electrolytic capacitor structure. The etched anode and cath-
ode plates are anodized by coating them with a thin aluminum
oxide layer on the surface of the foil. This layer of aluminum
oxide acts as the dielectric (insulator) and serves to block the
flow of direct current between anode and cathode foil sur-
face (Fife, 2006). When a DC voltage is applied to a dis-
charged capacitor there is an initial surge of current observed
during charging. As the voltage across the terminals of the ca-
pacitor increases due to capacitor charging, the current flow
drops exponentially, and trends to zero as the capacitor termi-
nal voltage equals the applied voltage (Alwitt & Parler, 1995).

4.1. Degradation Mechanisms

Failures can be one of two types: (1) catastrophic failures,
where there is complete loss of functionality primarily short
and open circuits, and (2) degradation failures, where there is
gradual deterioration of capacitor parameters due to accumu-
lated internal damage. These degradation phenomena cause
a drift in the two main electrical parameters of the capaci-
tor: (1) the Equivalent series resistance (ESR) , and (2) the
capacitance (C). The health of a capacitor is typically mea-
sured by the values of these two parameters. Our approach
tracks the behavior of the device till complete failure, which
manifests as short or open circuits, or opening of the vents.

Highly Etched 
Aluminum Foil

Anode

Dielectric Layer

Al2O3 –
Electrochemical 

Oxide 
Layer(forming)

Electrolyte Paper 
(spacer)

Al2O3 – oxide 
layer(natural)

Etched Aluminum 
Foil

Electrolyte

Cathode

Figure 5. Cross sectional details of internal capacitor struc-
ture

The rest of the section describes the degradation mechanisms
in terms of the internal structure of the capacitors, and their
impact on the electrical parameters of the capacitors.

A study of the literature determines that the primary reasons
for degradation in electrolytic capacitors is due to deterio-
ration of electrolyte quality, decreases in electrolyte volume
due to evaporation, and weakening of the oxide layer, due to
increased temperatures in the capacitor core (Brettle & Jack-
son, 1977; Luo, Namburu, Pattipati, & et’al, 2003). The fish-
bone diagram in Figure 6 summarizes the comprehensive set
of failure modes that occur in electrolytic capacitors (Alwitt
& Parler, 1995; Albella et al., 1984; Wit & Crevecoeur, 1974;
Ikonopisov, 1977; Gomez-Aleixandre et al., 1984; Roeder-
stein, 2007). This diagram identifies the relationship between
root causes and failure modes observed in electrolytic capac-
itors. The major degradation phenomena, represented by the
fish bones are:

• Electrolyte Evaporation,
• Degradation of Anode Foil,
• Degradation of Cathode Foil, and
• Degradation/ aging of oxide film.

Elaboration of the main causes, represented as minor bones
linking to the degradation/failure causes are:

• Prolonged use,
• Increase in internal temperature,
• Over voltage stress, and
• Charging/discharging cycles.

These are then linked to the finer bones, which explain the
root causes for the different failure mechanisms in the capac-
itor. These root causes can occur individually or in groups
depending upon the conditions of operation.

6



INTERNATIONAL JOURNAL OF PROGNOSTICS AND HEALTH MANAGEMENT

Decreaseuinucapacitance
IncreaseuinuESR

ElectrolyteuEvaporation

DegradationuofuOxideuFilm

DegradationuLossuofucapacitance
Anodeufoil

DegradationuLossuofucapacitanceu
OfuCathodeufoil

IncreaseuinuinternaluTemperature

OveruVoltageuStress

ExcessuRippleuCurrent

Charging\DischarginguCycles
OveruVoltageuStress

ExcessuRippleuCurrent

Charging\DischarginguCycles

IncreaseuinuinternaluTemperature

OveruVoltageuStress
ExcessuRippleuCurrent

Charging\DischarginguCycles

Causes\uFailureuMechanisms FailureuMode

OveruVoltageuStress

ExcessuRippleuCurrent

Charging\DischarginguCycles

HighuAmbientuTemperature

HighuAmbientuTemperature

HighuAmbientuTemperature

ProlongeduUseu-NominaluDegradation

ProlongeduUseu-NominaluDegradation

Figure 6. Fishbone diagram of failure mechanisms in aluminum electrolytic capacitor

Our primary focus in this work is to study and model degra-
dation under thermal overstress conditions. Exposure of the
capacitors to temperatures that are greater than the rated op-
erating temperatures (Trated) results in accelerated aging of
the devices (Celaya et al., 2011; IEC-60068-1, 1988). Higher
ambient storage temperature accelerates the rate of electrolyte
evaporation leading to degradation of the capacitance pa-
rameter (Bengt, 1995) prominently than the ESR. Hence we
specifically study degradation in capacitance parameter. Re-
ferring to the fishbone diagram in Figure 6 thermal stress con-
ditions have a prominent effect on degradation in capacitors
due to increase in internal temperature. Models are derived
based on the root causes leading to degradation which are
studied by conducting experiments and underlying physics.

5. CAPACITOR DEGRADATION MODELS

In the last section we discussed degradation mechanisms and
their link to the physical structure of electrolytic capacitors.
Before we take the next step to deriving the physics-based
models of the degradation phenomena, we represent the de-
graded capacitor model as an equivalent lumped parameter
electrical circuit. In this section, we first discuss the derived
equivalent electrical circuit model of an electrolytic capaci-
tor. We then discuss the link between the equivalent circuit
parameters to the physical variables of the capacitor, espe-
cially those that are impacted by the degradation process.

5.1. Equivalent Internal Circuit model for Degraded Ca-
pacitor

A detailed lumped parameter equivalent circuit model of elec-
trolytic capacitors derived from (Morley & Campbell, 1973)
is shown in Figure 7. Inductive parameters are not considered

in the model since the capacitors under study are operated in
DC mode, therefore, inductive effects can be ignored. The
mapping between the electrical circuit components and inter-
nal capacitor components are listed below:

1. The resistances Ral and Rcl are attributed to the lugs
connecting the terminals to the anode and cathode foils,
respectively.

2. The elements associated with the anode foil are the resis-
tance of the foil,Raf , the capacitance of anode foil, Caf ,
and resistance of oxide in parallel to Caf , Rafp repre-
senting the resistive losses caused by the oxide layer.

3. The circuit elements introduced by the electrolyte in-
clude the resistance due to the electrolyte in the etched
tunnels in the anode and cathode foils, Raot and Rcot,
respectively.An additional resistance is due to the elec-
trolyte in the paper separator,RE . A parallel capacitance
CE represents the dispersion of the paper, which is im-
pregnated with the electrolyte.

4. Similar to the components present in the anode foil, cir-
cuit elements associated with the cathode include capac-
itance of the cathode foil, Ccf , and resistance of oxide
in parallel to Ccf , Rcfp, representing the losses due to
the dielectric on the cathode, and finally resistance of the
cathode foil, Rco.

The cathode capacitance, Ccf , is typically at least ten times
larger in value than the anode capacitance, Caf for low volt-
age capacitors. This is because the dielectric of the capacitor
is present on the anode foil, which is a thin layer of aluminum
oxide,Al2O3 chemically grown on the anode foil using a pro-
cess know as “formation”. During the process of formation
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the effective anode foil surface area is reduced since the mi-
croscopic tunnels are partially obstructed by the Al2O3 de-
posits, thus reducing the number of tunnels and hence an-
ode capacitance, Caf , whereas the formation has no effect on
the cathode foil and hence Ccf is comparatively very much
higher than Caf .
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ESR

C

1mΩ

Rafp ≥ 10K Rcfp ≥ 10K

RcfRE Ccf

R1

R2

RE

1mΩ

C1
R1

2 mΩ

RE

Coxide_layer

C1

CE

Ral

C

RclRaot Rcot

Figure 7. Equivalent electrical model (M1) of electrolytic
capacitor

This anodization also determines the anode and cathode par-
allel resistances,Rafp andRcfp, respectively. The electrolyte
impregnation affects the resistance due to the electrolyte on
the separator paper, RE and the parallel capacitance, CE due
to dispersion. The set of parameters and their aprroximate
expected nominal values (Campbell, 1971) for a typical 2200
µF capacitor are listed in Table 1.

Parameter Approximate Value (Ω)
Anode oxide resistance (Rafp) ≥ 1*104

Cathode oxide resistance (Rcfp) ≥ 1*104

Series anode foil capacitance (Caf ) 2400µF
Parallel electrolyte Capacitance (CE) � Caf

Series cathode foil capacitance (Ccf ) � Caf

Resistance of electrolyte in paper (RE) 5*10−2

Resistance of electrolyte in etched 6*10−3

tunnels of anode foil (Raot)
Resistance of electrolyte in etched 13*10−3

tunnels of cathode foil (Rcot)
Resistance of anode foil (Raf ) 1*10−3

Resistance of cathode foil (Rcf ) 1*10−3

Lug resistance on anode (Ral) 1*10−4

Lug resistance on cathode (Rcl) 1*10−4

Table 1. Model (M1) parameter values associated with ca-
pacitor

In this work, our goal is to derive an analytic degradation
model of the capacitor, based on the internal capacitor struc-
ture and physics-based processes. The parameter values of
the model will be derived from experimental data. In order to
achieve this, we have to come up with a simpler, abstract form
of the model in Figure 8. Our current experimental setup is
better suited to directly derive the parameters corresponding
to the internal circuit shown in Figure 5. As an approxima-
tion, series resistance components Ral, Rcl, Raf , Rcf , Raot

and Rcot are combined to a single resistance Rc. Whereas
the parallel resistance, Rafp and Rcfp, each ≥ 1 ∗ 104Ω in
magnitude can be ignored compared to the series resistances
that are of the order of 1 ∗ 10−3Ω. The cathode foil capac-

itance Ccf is usually very much greater than the anode foil
capacitance, Caf , hence Ccf can be ignored. The parallel ca-
pacitance CE and anode foil capacitance can be combined to
form a series capacitance, Cc.
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Rs
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1mΩ
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CE

Ral

C

RclRaot Rcot

Rc RE Cc

Figure 8. Simplified lumped parameter electrical model
(M2)

As explained from lumped parameter model (M2) ESR is
approximated as the sum of two component resistances :

ESR = Rc +RE (1)

Rc, as discussed is the combined series resistance of the lugs,
cathode and anode foils respectively, which remains almost
constant since its a combination of the resistances attributed
to mechanical aspects of the capacitor that do not change
much over the life of the capacitor. However, as discussed
earlier (also, see Table 1) electrolyte resistance, RE is orders
of magnitude higher than Rc, therefore, changes in ESR are
primarily influenced by changes in RE . (Rusdi et al., 2005)
discuss that Rc remain relatively constant and RE increases
as the capacitor degrades, which can be attributed to the evap-
oration (i.e.,decrease) of the electrolyte. Rc and RE are com-
bined to define the overall degradation resistance, ESR as
summarized in Figure 9.
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R2RE C2
Anode foil 

electrode 

resistance
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electrode 

resistance

Electrolyte 
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R1
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R2   

RE

1mΩ

C1
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RE

Coxide_layer

C1

Figure 9. Lumped parameter electrical Model (M3)

5.2. Physics Based Models for C and ESR

The fishbone diagram in Figure 6 discussed a fairly complete
set of underlying phenomena that cause capacitor degrada-
tion and eventual breakdown. Given our approximate inter-
nal lumped parameter electrical circuit model of the capaci-
tor, we have determined that the capacitance value, C and the
resistance value, ESR are the primary determinants of capac-
itor health. We implement a physics modeling approach that
links degradation of C and ESR parameters of the capaci-
tor to physical phenomena associated with electrolyte evap-
oration and oxide layer deterioration. In this paper, with the
focus on the effect of thermal stressors on a capacitor under
storage conditions i.e., no charge applied.
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5.2.1.Capacitance Model

The input impedance of the capacitor network is defined in
terms of the total lumped series and parallel impedance of
the simplified circuit model (Tasca, 1981) shown in Figure 9.
Capacitance represents the ability of a body to store electrical
charge. It can be calculated from knowledge of the configura-
tion and the geometry of the conductors and dielectric prop-
erties of the insulator between the conductors. Based on the
cylindrical geometry the total lumped capacitance for a foil
type electrolytic capacitor (Tasca, 1981) is given by:

C =
2εRε0As

dC
(2)

where:
εR : relative dielectric constant,
εO : permitivity of free space,
dC : oxide layer thickness,
As : effective oxide surface area.

We hypothesize that the capacitor degrades as the effective
oxide area,As decreases due to evaporation of the electrolyte.
The rest of the parameters in Eq. (2) remain relatively un-
changed and assumed to be constant over the capacitor life-
time since constant thermal stress is applied and no other
stress conditions are considered.

5.2.2.ESR Model

The ESR dissipates some of the stored energy in the capac-
itor. An ideal capacitor would offer no resistance to the flow
of current at its leads. Based on the first principles RE is
computed as a function of the effective oxide surface area,
As (Tasca, 1981) as:

RE =
1

2

(
ρEdCPE

As

)
(3)

where:
ρE : electrolyte resistivity
PE : correlation factor related to electrolyte spacer porosity
and average electrolyte pathway.

SinceRE ≈ ESR, increase inRE due to evaporation of elec-
trolyte, which decreases As, will lead to increase in ESR,
given by :

ESR =
1

2

(
ρEdCPE

As

)
(4)

Decrease in the electrolyte volume due to thermal overstress,
also reduces the average electrolyte path length, which in-
creases PE . Under normal circumstances when the capacitors
are stored at room temperature or below rated temperatures,
no damage or decrease in the life expectancy is observed. But
in cases where the capacitors are stored under high tempera-
ture conditions the capacitors show irreversible degradation

over time. In the next section, we compute the initial elec-
trolyte volume, Ve0 using capacitor geometry, and link the
oxide surface area, As parameter to change in electrolyte vol-
ume under thermal stress conditions.

5.3. Computing Electrolyte Volume from Capacitor Ge-
ometry

In section (4.1.) we discussed that under high thermal stress
the capacitor electrolyte evaporates at faster rates due to the
higher internal temperature. The exact amount of electrolyte
in the capacitor is unknown, but we can compute the ini-
tial volume of the electrolyte from the dimensions and type
of the capacitor. The equation for computing the approxi-
mate electrolyte volume is derived from total capacitor cap-
sule volume,Vc given by :

Vc = πr2chc (5)

where:
rc : radius of capacitor
hc : height of capacitor

From the structural geometry and data in Figure 4, the ap-
proximate total internal volume (Vi), neglecting the air gaps
created if any in the rolled lumped structure, can be computed
as:

Vi = As(dA + dS + dC) (6)

where:
dA : anode oxide layer thickness,
dC : cathode oxide layer thickness
dS : spacer paper thickness

The total volume :

Vc = Vi + Vcan (7)

where:
Vc : total capacitor volume
Vcan : volume of can material
Vi : internal volume of can

Referring to the open structure diagram of capacitor shown
in Figure 4 we can assume negligible can thickness, Vcan ≈
0, and dA, dS and dC are known from capacitor geometry.
Therefore,

πr2chc = As(dA + dS + dC) (8)

Correspondingly, the paper spacer volume is given by:

Vs = AsdS ,

The electrolyte is completely soaked in the paper spacer.
Hence the total spacer volume can be approximated to be
equal to :

Vs ≈ Ve0 (9)

9
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from Eq. (7) and Eq. (8), Eq. ( 6) can be expressed as:

Vi = As(dA + dC) +AsdS

AsdS = Vs

Vi = As(dA + dC) + Vs

Referring to Eq. (9) we get :

Vi = As(dA + dC) + Ve0

Based on the geometric structure the approximate volume of
electrolyte, (Ve0) in a capacitor can be expressed as follows :

Ve0 = Vi −As(dA + dC) (10)

Referring to Eq. (7) and assumption Vcan ≈ 0 we have,

Vi = Vc

hence :

Ve0 = Vc −As(dA + dC)

From Eq. (8), Eq. (10) the approximate pristine condition vol-
ume of electrolyte, Ve0 based on geometry of the capacitor is
expressed in terms of following equation:

Ve0 = πr2chc −As(dA + dC) (11)

Note that Eq.(11) gives us the initial electrolyte volume, Ve0,
for a specific type of capacitor based on its geometry. The
equations need to be updated for a different geometry of ca-
pacitors depending upon the number of oxide layers, thick-
ness of oxide layer, type of separator paper used etc.

5.4. Electrolyte evaporation model

In last section we used the geometry of the capacitor config-
uration to estimate the initial electrolyte volume as a function
of the capacitor dimensions, and parameter, As, the effective
oxide surface area. In this section, we derive the change in
electrolyte volume over time caused by evaporation due to
thermal stress effects. Therefore, this analysis covers only a
small segment of the fishbone diagram, but, nevertheless, is
one of the primary contributors to the degradation of elec-
trolytic capacitors.

The evaporation rate, jeo is directly linked with change in
the core temperature. The relationship between electrolyte
evaporation rate and temperature for a particular electrolyte
can be found in (Rusdi et al., 2005). The specific capaci-
tor electrolyte under study in this work consists prominently
of ethyl glycol as solvent along with trialkylamines and car-
boxylic acid. The calculations for evaporation rate are done
based on the evaporation of ethyl glycol since it forms the

major percentage of the total electrolyte volume. These cal-
culations are to be updated if a different type of electrolyte is
used in the capacitor.

When the surrounding temperature of the capacitor capsule
is high, heat transfer from the capsule to the capacitor core
causes the internal temperature of the capacitor to increase,
and as a result the electrolyte evaporates at a faster rate. Un-
der prolonged high temperate exposure the electrolyte evap-
oration accelerates, which in turn decreases, As leading to
decreases in C (Rodner, Wedin, & Bergstram, 2002; Rusdi et
al., 2005; Bengt, 1995), which is given by :

Ve(t) = Ve0 − (Asjeowe)× t (12)

where:
Ve: dispersion volume at time t
Ve0: initial electrolyte volume
we: volume of ethyl glycol molecules
jeo : evaporation rate (hr−1 cm−2)
t : aging time in hours.

From Eq.(12) we derive:

As =
Ve0 − Ve(t)
jeo we t

(13)

5.5. Time dependent degradation Models

Using the physics-based model of electrolyte evaporation, we
derive the time dependent degradation models for capacitance
(C) and ESR. Using Eq. (2) and Eq. (13) we derive the ca-
pacitance degradation model as :

D1 : C(t) =

(
2εRε0
dC

)(
Ve0 − Ve(t)
jeo t we

)
, (14)

where Ve0 is computed from Eq. (11) and the other param-
eters have been defined specifically for each capacitor de-
pending upon its structure and manufacturing specifications.
Evaporation rate, jeo is a temperature dependent parameter,
while electrolyte volume changes with time and evaporation
rate. Similarly increase in ESR is given by the increase in
electrolyte resistance (RE), is computed from Eq. (3) and
Eq. (12) as :

D2 : ESR(t) =
1

2
(ρE dC PE)

(
jeo t we

Ve0 − Ve(t)

)
(15)

In model, D2 the parameters which are temperature depen-
dent are the rate of evaporation jeo and the correlation factor,
PE related to electrolyte spacer porosity and average elec-
trolyte pathway. As the electrolyte evaporates due to high
temperature the correlation factor PE will increase as the av-
erage pathway of the liquid decreases. Electrolyte evapora-
tion under thermal stress storage conditions can be attributed

10
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to increase in the temperature of the capacitor capsule. Heat
travels from the surface of the body to the core and this phe-
nomenon is described by a thermal model in (Kulkarni et al.,
2009, 2011).

6. THERMAL OVERSTRESS EXPERIMENTS

We setup an experimental chamber where we emulated condi-
tions of high temperature storage conditions. Capacitors were
placed in a controlled chamber whose temperature was main-
tained above their rated specification (IEC-60068-1, 1988).
Pristine capacitors rated at 2200 µF, 10V and maximum rated
storage temperature of 85◦C, from the same manufacturing
lot were used for the experiment. The chamber tempera-
ture was gradually increased in steps of 25◦C till the pre-
determined temperature limit was reached. The capacitors
were allowed to settle at a set temperature for 15 min and then
the next step increase was applied and was continued till the
required temperature was attained. The above procedure was
followed to decrease any possibility of shocks due to sudden
change in the temperature variations.

Since the capacitors are rated at 85◦C for storage conditions,
for this experiment all the capacitors were subjected to a con-
stant temperature of 105◦C and humidity factor of 3.4%, to
observe degradation in the devices. At the end of specific
time interval the temperature was lowered in steps of 25◦C
till the required room temperature was reached. Before mea-
surements were made on the capacitors were kept at room
temperature for 30 min to stabilize the temperature of the ca-
pacitor capsule. The ESR value is the real impedance mea-
sured through the terminal software of the instrument. Simi-
larly the capacitance value is computed from the imaginary
impedance using Electrochemical Impedance Spectroscopy
(EIS). An SP-150 Biologic impedance measurement instru-
ment was used making the measurements (Biologic, 2010).

6.1. Degradation Hypothesis and Results

Figure 10 shows the Nyquist plots for a capacitor character-
ized under different stages of degradation during accelerated
thermal aging. As the capacitors degrade, we observe a con-
siderable tilt away from the axis which indicates decrease in
the capacitance. In contrast the point of origin has a smaller
deflection away from the axis indicating that there is a consid-
erably smaller change in the measured ESR value. Similarly
the plots in Figure 11 shows the Bode plots for same capaci-
tors when characterized at different time intervals in the aging
cycle. From the magnitude plot we can observe the change in
total impedance (Z) of the capacitor with the frequency sweep
as the device degrades. As the capacitors degrade the magni-
tude plot shifts upwards indicating an increase in the total
impedance of the capacitance, which in this case, is the in-
crease in C and ESR values. From the phase plot, it is seen
that as the device degrades there is shift in phase indicating

change in capacitance, which can also be observed clearly
from the Nyquist plot in Figure 10.

In the thermal overstress experiments, the capacitors were
characterized periodically upto 3400 hours of operation. It
was observed that the average capacitance value decreased
by more than 8-9% while decrease in the ESR value was ob-
served around 20 - 22%. Therefore, the capacitance value
came closer to its unhealthy value (≥ 10% degradation)
whereas theESR value was well within specifications. Since
the capacitance degradation is clearly observed and is more
significant, the C parameter was selected as a precursor to
failure parameter to estimate the current health condition of
the device.
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Figure 10. Nyquist Plot of a typical capacitor under Thermal
Stress

Decrease in C is plotted as a function of aging time. The
gradual decrease in the capacitance can be related to the
physics of failure model derived earlier. As the temperature
increases, the electrolyte soaked in the capacitors evaporates.
From the thermal model discussed, decrease in the capaci-
tance is directly linked to the decrease in the effective oxide
area (As) of the capacitor. This decrease in the oxide area is
in turn directly related to the rate of evaporation (Rodner et
al., 2002) of the electrolyte given by Eq.( 13)

Figure 12 shows the plot for decrease in capacitance values
for all the 15 capacitors (labeled capacitors #1 through #15)
in the thermal overstress experiment. Till about 2400 hours
of storage we observe a linear decrease in capacitance. This
could be related to the electrolyte evaporation at a constant
rate because the capacitor was stored at a fixed high temper-
ature. As we continued the thermal aging cycle beyond this
time period, from around 2450 hours onwards we observed
a higher order effect that resulted in non-linear degradation.
This non-linear phenomenon is hypothesized to be related to
degradation in the oxide layer of the capacitor. In the early
stages of aging, the linear degradation phenomena linked to
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Figure 11. Bode Plot of a typical capacitor under Thermal
Stress

electrolyte evaporation dominates, where as the non-linear
degradation phenomenon due to oxide layer becomes domi-
nant in the later part of the aging cycle. Currently in this work
we have studied only the linear degradation due to electrolyte
evaporation.

The relationship between capacitance and electrolyte volume
is given by model D1 in Eq. (14), can be rewritten to express
the change in electrolyte volume, Ve over time given by :

D3 : Ve(t) = Ve0 − C(t)

(
jeo t we dC

2εRε0

)
(16)

IN this model since the capacitors were subjected to a con-
stant temperature the ethyl glycol evaporation rate jeo was
considered to be constant (Rusdi et al., 2005).

7. MODEL VALIDATION AND DISCUSSION

The time dependent model, D3 derived for estimating the
electrolyte volume, Ve implemented as a second order poly-
nomial model for estimating the decrease in electrolyte vol-
ume over time. In this section we will discuss the parameter
estimation for this model and study how well the developed
degradation model, D1 behaves based on the estimated pa-
rameters.

7.1. Parameter Estimation Approach

Decrease in parameter, C is used as a precursor of failure,
from the experimental data and literature studies (IEC-60068-
1, 1988; Rusdi et al., 2005). Based on the experiments, ca-
pacitance parameter values are computed by characterizing
the capacitors at regular time intervals as shown in Figure 12.
From the degradation model, D1 given a certain type of ca-
pacitor all the values in Eq. (14) can be computed except

the dispersion in electrolyte volume, Ve, which is computed
based on the available data and used degradation model, D1.
Initial electrolyte volume Ve0 at pristine conditions is approx-
imately computed from the structural details of the capacitor
as discussed in section (5.). From the experimental data at
105◦C the estimated volume computed decreases almost lin-
early through the initial phase of degradation. Hence in this
work we propose a linear model, which relates aging time to
the decrease in loss of electrolyte volume. The loss in elec-
trolyte is linked to decrease in capacitance through Eq. (14)
and has the following form,

(Ve)tk = θ̂1 − θ̂2 tk + θ̂3 tk
2 (17)

where θ̂1, θ̂2 and θ̂3 are model constants for decrease in elec-
trolyte volume Ve, estimated from the experimental data of
accelerated thermal aging experiments. In order to estimate
the model parameters, 14 capacitors out of the 15 used for the
experiment, are used for estimation, and the remaining capac-
itor is used to validate the model against experimental data.
This Leave-one-out cross-validation, methodology is imple-
mented for validating the model against the computed capac-
itance degradation data. A nonlinear least-squares regression
algorithm is used to estimate the model parameters.

7.2. Parameter Estimation Results

The goal of leave-one-out cross-validation is to estimate the
expected level of fit of the derived physics-based model as
discussed in Eq. (14). The errors from the results of the pre-
dicted model and actual data are the summarized in Tables
(2) and (3), and compared using the mean (X̄), median ab-
solute deviation (X̃), root mean squared error (RMSE), root
mean squared percentage error (RMSPE), standard deviation
(SD), and confidence interval (CI) to study the overall pre-
dicted model behavior.

To demonstrate the approach we selected capacitors #4 and
#5 from the set of 15 capacitors to show the detailed plots
for volume and capacitance estimation. In Figure 13 based
on the measurement data from capacitors #1 - #3 and #5
through #15, volume parameters, θ̂1, θ̂2 and θ̂3 were esti-
mated. Degradation model, D3 was validated against the
computed change in volume of capacitor #4, and model, D1

was validated for decrease in capacitance. Similarly for ca-
pacitor #5 parameters were estimated based on data from ca-
pacitors #1 - #4 and #6 through #15. The estimated and com-
puted values degradation in volume and capacitance respec-
tively for capacitor #5 are shown in plots of Figure 14.

It can be observed from the residuals of Figure 16 that the
estimation error increases with time. This is to be expected
since capacitance decrease is mostly linear till 2500 hrs, and
then becomes non-linear, causing the residuals to increase.
This indicates that there is a secondary phenomenon occur-
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Figure 14. Volume and Capacitance Estimation ( Cap # 5)

ring in addition to the linear decrease due to loss in electrolyte
volume, Ve. This is the oxide layer breakdown phenomenon
which simultaneously degrades the capacitor and is exponen-
tial in nature. The phenomenon kicks-in prominently in the
later stages of aging as seen from the data.
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Figure 15. Estimation results for the degradation model

Table (2) summarizes the estimated parameters results for
degradation in electrolyte volume in all the 15 capacitors un-
der test are discussed in table (2). Root mean squared error
(RMSE) is calculated for the difference between the com-
puted electrolyte volume, Ve and predicted electrolyte vol-
ume, V̂e by degradation model, D3 while root mean square
percentage error, RMSPE is computed from the average per-
centage error at different aging times for each capacitor.

The overall model parameters for the set of capacitors is sum-
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Figure 16. Electrolyte volume (Ve) estimation residuals

marized in Table (3). X̄ and X̃ give the mean and median
values for θ̂1, θ̂2 and θ̂3 respectively along with RMSE and
RMSPE error parameters for each capacitor. Standard devi-
ation and confidence interval for the overall model are also
summarized in the table.

The parameters in Table (3) were used in degradation model,
D1 to estimate the (C) values. Figure 17 summarizes the plot
showing residuals for difference between measured capaci-
tance, (C) and estimated capacitance, (Ĉ) from the model,
D1 for all the 15 capacitors. From the residuals it is ob-
served that initially the residuals are high, as the capacitance
calculated from the initial average estimated electrolyte vol-
ume value is higher. In the later stages of the aging cycle we
the residual error increases due to the phenomenon of oxide
breakdown discussed earlier in the section.
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Figure 17. Capacitance (C) measured and estimation residu-
als

8. DISCUSSION AND CONCLUSION

This paper presents a first principles based degradation elec-
trolytic capacitor model and a parameter estimation algorithm
to validate the derived model, based on the experimental data.
The majors contributions of the work presented in this paper
are:

1. Identifying the key degradation mechanisms and failure
modes based on operating conditions (fishbone diagram
Figure 6).

2. Identification of the lumped-parameter model, M2 and
M3, based on the equivalent electrical circuit of a
real capacitor as a viable reduced-order model for
prognostics-algorithm development;

3. Developing the thermal capacitance experiments based
on the failure modes observed and collecting and analyz-
ing data at regular intervals.

4. Identification of C as a failure precursor in the lumped
parameter model,M2 as shown in Figure 8;

5. Estimating the electrolyte volume from structural model
of the capacitor to be implemented in the first principles
degradation model, D3;

6. Development of the first principles degradation model
based on accelerated life test aging data which includes
decrease in capacitance as a function of time and evapo-
ration rate linked to temperature conditions;

7. Implementation of parameter estimation algorithm to
cross validate the derived first principles degradation
model, D1.

The physics-based capacitance degradation model, D1 gives
an indication of how a specific device degrades based on its
geometric structure and operating conditions. The derived
model can be updated and developed at a more finer granu-
larity to be implemented for detailed prognostic implemen-
tation. The results presented here are based on accelerated
aging experimental data and on the accelerated life timescale.
This extends our previous work where we derived empirical
degradation models from accelerated aging data.

The performance of the derived physics-based capacitance
degradation model, D1 was successful based on the quality
of the model fit to the experimental data and cross validation
performance based on the parameter estimations done. A de-
rived second order parameterized volume degradation model
provided good results.

Our future work will focus on exploring a more detailed im-
plementation of the physics-based degradation model using a
Bayesian approach which can then be used for making more
accurate degradation and failure predictions. The other focus
point will be on using the physics-based degradation models
to validate the capacitor data under different thermal condi-
tions and also different capacitor structures. This will greatly
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Case θ̂1(mm3) θ̂2(mm2/t) θ̂3(mm/t2) RMSE RMSPE
1 523.6123 0.01613 3.7100*10−7 26.1851 0.8577
2 523.6122 0.01613 3.7099*10−7 26.1741 0.8573
3 523.6159 0.01614 3.9403*10−7 26.1602 0.8568
4 523.6109 0.01609 3.8072*10−7 26.2178 0.8587
5 523.6128 0.01614 3.8428*10−7 26.2370 0.8594
6 523.6100 0.01613 3.7867*10−7 26.2795 0.8608
7 523.6081 0.01614 3.7269*10−7 26.2317 0.8592
8 523.6089 0.01613 3.7988*10−7 26.3005 0.8614
9 523.6111 0.01616 3.7447*10−7 26.1931 0.8579
10 523.6122 0.01613 3.8470*10−7 26.2277 0.8591
11 523.6076 0.01611 3.7350*10−7 26.2786 0.8607
12 523.6065 0.01614 3.7313*10−7 26.1356 0.8560
13 523.6147 0.01609 3.8906*10−7 26.2006 0.8592
14 523.6120 0.01612 3.8276*10−7 26.2608 0.8601
15 523.6113 0.01616 3.8317*10−7 26.2658 0.8603

Table 2. Parameter Estimation for Degradation Model, D3

Parameter X̄ X̃ S.D C.I

θ̂1(mm3) 523.6112 523.6113 0.0026 [523.6098, 523.6127]
θ̂2(mm2/t) 0.0161 0.0161 1.8748*10−5 [0.01614, 0.01611]
θ̂3(mm/t2) 3.8077*10−7 3.8072*10−7 6.9373*10−9 [0.3769*10−6, 0.3846*10−6]
RMSE 26.2232 26.2277 0.0483 [26.1965, 26.2500]
RMSPE 0.8589 0.8591 0.0016 [0.8580, 0.8598]

Table 3. Error Summary for Degradation Model, D3

enhance the quality and effectiveness of the degradation mod-
els in prognostics, where the operating and environmental
conditions along with the structural conditions are also ac-
counted for towards degradation dynamics.

NOMENCLATURE

εR relative dielectric constant
εO permitivity of free space
to oxide thickness
V dispersion volume at time t
VO initial electrolyte volume
jeo evaporation rate ( hr−1 cm−2)
t time in minutes
ρE electrolyte resistivity
PE correlation factor related to electrolyte

spacer porosity and average liquid pathway.
rc radius of capacitor capsule
hc height of capacitor capsule
Vpaper volume of paper.
As effective oxide surface area (L x H)
we volume of ethyl glycol molecule
Vc total capacitor capsule volume
dA thickness of anode strip,
dC thickness of cathode strip
ds thickness of spacer strip
M1 electrical lumped parameter model
M2 simplified lumped parameter model
M3 basic lumped parameter model
D1 Capacitance degradation model
D2 ESR degradation model
D3 Volume degradation model
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Kai Goebel received the degree of Diplom-Ingenieur from
the Technische Universität München, Germany in 1990. He
received the M.S. and Ph.D. from the University of Califor-
nia at Berkeley in 1993 and 1996, respectively. Dr. Goebel
is the Deputy Area Lead for Discovery and System Health
at NASA Ames Research Center where he also leads the Di-
agnostics and Prognostics groups in the Intelligent Systems
division. In addition, he directs the Prognostics Center of
Excellence and he is the technical lead for Prognostics and
Decision Making of NASA’s System-wide Safety and Assur-
ance Technologies Program. He worked at General Electric’s
Corporate Research Center in Niskayuna, NY from 1997 to
2006 as a senior research scientist. He has carried out applied
research in the areas of artificial intelligence, soft computing,
and information fusion. His research interest lies in advanc-
ing these techniques for real time monitoring, diagnostics,
and prognostics. He holds 17 patents and has published more
than 250 papers in the area of systems health management.

17


