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Letters

A Health Indicator of Aluminum Electrolytic Capacitors

based on Strain Sensing

Bo Yao, Student Member, IEEE, Shuai Zhao, Member, IEEE, Yichi Zhang, Student Member, IEEE,
and Huai Wang, Senior Member, IEEE

Abstract—This letter proposes a novel health indicator for
aluminum electrolytic capacitors (AECs) based on strain sensing
in a non-intrusive manner. The indicator leverages the mechanism
that the internal pressure of AECs gradually increases with the
electrochemical reaction caused by degradation, thereby, with a
change in strain. The results reveal the proposed health indicator
is highly sensitive to capacitor degradation and meanwhile highly
resistant to interferences. Furthermore, an End-of-Life criterion
for the AECs is proposed in this indicator, which is corresponding
to the moment of open vent. The applicability of this indicator
is verified for constant conditions, dynamic operating conditions,
and overvoltage conditions. In addition, the effect of temperature
is analyzed. The proposed health indicator can be used to
determine the time-to-failure of testing samples in accelerated
life testing and condition monitoring of AECs.

Index Terms—Aluminum electrolytic capacitors, health indi-
cator, non-intrusive, strain sensing.

I. INTRODUCTION

ONITORING the degradation state of aluminum elec-

trolytic capacitors (AECs) has great significance for
ensuring the reliable operation and preventing possible catas-
trophic failures [1]. There are two emerging demands for
AECs health indicators in power electronics applications. The
first is to monitor the degradation state of AECs in a low-
risk and non-invasive mode. The second is to monitor the
signal with wide dynamic performance and high interference
immunity [2]. Most of the existing indicators have at least one
of the two issues:

1) Health indicators based on capacitance and equivalent
series resistance (ESR) generally require calculations on spe-
cific voltage and current signals. In those methods, additional
signals and algorithms are usually required to intrude into the
original circuit structure [3]. Meanwhile, measuring voltage
and current in the original circuit structure introduces noise
due to electromagnetic interference (EMI), which can lead to
inaccurate estimates of the measurement results [4]. Therefore,
the monitoring indicator based on capacitance and ESR has
the potential risk of intruding into the original circuit and is
interfered by noise [2].

2) The existing indicators of non-electrical parameters for
AEC:s still lack effective field implementation considerations.
Ref. [5] reports that the weight of the AEC decreases with the
degradation of the capacitor, but this method requires repeated
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Fig. 1. Construction of aluminum electrolytic capacitors.

offline measurement after disassembling the AECs. The indi-
cator based on the linear dependence between capacitance and
temperature can be used in similar loading conditions, but it
still has limitations due to the effects of operating conditions
and ambient temperature dynamics [6].

This letter proposes a novel health indicator for AECs based
on strain sensing. It is inspired by the pressure inside the AEC
that increases with the electrochemical reaction caused by
aging and extreme conditions [7]. The aluminum case expands
and ultimately opens the pressure relief vent that is attached
on top of the AEC [8]. The proposed monitoring principles
and experimental results reveal that the indicator based on
strain sensing has the following advantages: 1) Low risk, as no
intrusion into the operating circuit is required; 2) The resistive
sampling signal has high sensitivity and a wide measuring
range, and is highly resistant to interference; 3) The moment
when the pressure relief vent opens can be used as an end-of-
lifetime (EoL) criterion for AECs.

II. FORCE SENSING MONITORING INDICATOR
A. Mechanism of Internal Pressure Increase for AEC

A typical AEC structure is shown in Fig. 1, consisting of
the element, the aluminum case, the fixed structures, and the
pressure relief vent on the top, etc. An element is constructed
by using two strips of aluminum foil (anode and cathode) with
paper interleaved. [8].

Due to long-term degradation or extreme conditions, such
as high temperature, over-voltage, and excess ripple current,
causing a sudden increase in hydrogen ion H* generated [8]:

2A1 + 3H20 — Al,O5 + 6H™ + 6~ @

where HT indicates Hydrogen ion, which combines with
electrons e~ to produce hydrogen gas Hj.

When a halide substance seeps into the AECs, the following
electrochemical reaction also occurs [8]:
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AlX3 + 3H,0 — AI(OH)3 + 3HT +3X~ )

where X~ indicates halogen ions (Cl~, F—, Br™).

In Fig. 2, the aluminum case at the top is initially flat and the
pressure relief vent is closed in the initial condition. When the
chemical reaction is repeated to produce gas with long-term
degradation or extreme conditions, the internal pressure rises,
causing the aluminum case at the top to expand outward and
the pressure relief vent to start operating. Finally, when the
internal pressure reaches a critical point, the pressure relief
vent is opened and the resulting gas is discharged at the top.

B. Principle of the Strain Sensor

In Fig. 3, a typical strain sensor consists of the conductive
polymer resistance, the adhesive spacer, the metal connection,
and the plastic substrate [9]. Following the application of force
to the surface of the strain sensor, the conductive polymer
resistance is deformed, resulting in a decrease in resistance
[10].

The corresponding relationship between resistance and force
for one type of the strain sensor is given in Fig. 4 [9], which
follows:

R=104 x F? 3)

where F' and R are the force and resistance for the strain
sensors, respectively. A and B denote two coefficients of the
strain sensors. For the specific strain sensor, A = 4.219 and B
=-1.114.
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Fig. 4. Relationship between resistance and force for selected strain sensors.

MANUSCRIPT SUBMITTED TO IEEE TRANSACTIONS ON POWER ELECTRONICS

_ Fig. 2(a) Fig. 2(b) Fig. 2(c)

> < > <
> < L =

Defined
EoL criterion

s

Open

vent

time
g

Fig. 5. Illustration of the typical patterns of the proposed health indicator.

Resistance of strain sensors

Stage 1 Stage IT

Testing time

. e preeeraenes »Pressure
Data A relief vent
acquisition 4

Force sensing
resistor
4

— | \ \\
A |1 ~
Fig. 6. Photo of the experiment platform and samples. (Two series AECs:

Type 1 has a longer life expectancy - LLS2W471MELC [11] and Type 2 has
a smaller size - LLG2W471MELC35 [12].)

Electrical
stress
generator

C. Proposed Monitoring Indicator

According to the failure mode for the AECs [13], the
failures caused by the application of AECs (long-term aging,
excessive electrical and thermal stresses, etc.) result in a rise
in internal pressure, ultimately leading to the opening of the
pressure relief vent. Therefore, the resistance of the strain
sensor can be used as the health indicator for AECs, as shown
in Fig. 5, which is divided into three stages. Stage I: The AEC
is in a state where the top aluminum case is flat (Fig. 2(a)).
At this stage, the strain sensor is in a low-force area of Fig. 4,
and its sensitivity to external shape variation is high. Stage II:
The internal pressure of the capacitor increases, causing the
top aluminum case to expand (Fig. 2(b)). During this stage, the
AEC undergoes aging, causing the strain sensor to bend and
the resistance to gradually decrease. Stage III: After the safety
valve of the capacitor is opened (Fig. 2(c)), the resistance of
the strain sensor changes instantly, and then the AEC reaches
actual time-to-failure.

The boundary between Stage II and Stage III is the presence
of open vents. Similar to the health indicators based on
capacitance and ESR, an End-of-Life (EoL) criterion can
be defined based on the strain sensor output resistance. The
proposed EoL criterion as follows considers both the resistance
value and its changing rate:

{ R S R‘Threshold

dR dR
T 2 a@

(C))

Threshold

dR

where Rl oo @0d G5 |1y oog AT€ Tesistance threshold and

resistance change rate threshold, respectively.

III. EXPERIMENTAL SETUP

The experimental platform is shown in Fig. 6, and its main
parameters are shown in Table I, in which three testing cases
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Fig. 7. Case 1: accelerated degradation results under constant ripple current
strain sensor, the bottom left indicates thermal stress, the top right indicates
bottom right indicates failure behavior.

TABLE 1
PARAMETERS OF THE CAPACITOR UNDER TEST
Rate capacitance 470 uF
Rate DC voltage 450V
Rate ambient temperature 85°C
Rate RMS current (120Hz) 2.68 A
Case 1 Case 2 Case 3
Test DC voltage 450V 450V 495V
Test ambient temperature 95°C 75~95 °C 85°C
Test RMS current (120Hz) 2.68 A 1.34~2.68 A 2.68 A
Signal acquisition frequency 0.1 Hz

are set. The electrical stress generator is used to simulate the
electrical stress generated by the converter (both DC voltage
and ripple current/voltage) to the AECs [14]. Strain sensors
are attached to the top of each sample on the surface [15]. In
the degradation testing Case 1, the DC test voltage and ripple
test current are kept at rated values and the test temperature is
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and ambient temperature. In the results of each sample, the top left indicates

s capacitance and ESR in off-line measurement at 25 °C and 120 Hz, and the

set ten degrees higher than the rated ambient temperature. In
the dynamic condition testing Case 2, the DC test voltage is
kept at the rated value, and the ripple test current (1.34 ~ 2.68
A) and test temperature (75 ~ 95 °C) are set as the dynamic
value. In the over-voltage extreme testing Case 3, the DC test
voltage is set at 1.1 times the rated value, and the ripple test
current and test temperature are kept at rated values.

IV. TESTING RESULTS

A. Case 1: Degradation Testing Results

The accelerated degradation testing continues until each
sample undergoes an open circuit or short circuit catastrophic
failure. During the initial stage, since the internal pressure of
the AECs has not risen, the top of the aluminum case is flat,
as shown in the state of Fig. 2(a). At this time, the strain
sensor is in a low-force area of Fig. 4, and its sensitivity to
external shape variation is high (Stage I in Fig. 5). For effective
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illustration purposes, the vertical coordinate is limited to 100
kQ. From the six samples in Fig. 7, the resistance of strain
sensors drops from the initial 10 k€2 ~ 100 k2 to less than 1

k(2 at the time of opened vent. This result also indicates that
the aging of the capacitor is a nonlinear process, with a slow
aging rate at the beginning (such as Sample 1 at 0-420 h and
Sample 2 at 0-250 h). When approaching the EoL, this aging
speed is accelerated. Compared to the results of temperature
rise from case to ambient by the thermocouples, the results
of the strain sensor decrease exponentially in value with test
time. It shows that the strain sensor has high sensitivity, a wide
measuring range, and better immunity to interference.

B. Case 2: Dynamic Condition Testing Results

Fig. 8 shows the test results with the dynamic condition
of ambient temperature and ripple current. In the early stage
of the testing process, the strain-sensing resistance is greatly
affected by the operation condition of temperature dynamics,
which corresponds to the low-force area in Fig. 4 and Stage I
in Fig. 5. With the AECs aging, the force-strain resistance is
negligibly affected by temperature dynamics at low resistance
stages (below 10 k€2). The strain sensor results have a wider
dynamic range and immunity to interference than the results
from temperature rise. Therefore, the proposed monitoring
indicator is still valid under dynamic operation conditions with
different ambient temperature and different ripple current.
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C. Case 3: Extreme Voltage Condition Testing

Fig. 9 shows the test results for the over-voltage condition,
where the AEC fails rapidly. It can be seen that the resistance
of the strain sensor drops rapidly from 4573 Q at 12.45 h
to 585 ) at 12.56 h. Its resistance change corresponds to
the change in AEC temperature rise. Therefore, the proposed
monitoring indicator is still valid under extreme conditions
such as over-voltage.

V. DISCUSSION
A. Proposed EoL criterion

In Fig. 7, Fig. 8, and Fig. 9, an event is observed where
there is an abrupt change in the resistance of the strain
sensor for each sample. This sudden change corresponds to
the state of the pressure relief vent from normal operation
to opening, as depicted in Fig. 2 and Fig. 5. The change
in resistance of the strain sensor when the pressure relief
vent opens is analyzed with eleven samples from three cases,
thereby providing a quantitative definition of the physical-
failure-based EoL criterion, as shown in Fig. 10. It can be
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Fig. 12. The measured temperature dependence of the output resistance of
the selected strain sensor.

defined that the resistance of the strain gauge is lower than 1
k2, with a resistance change rate exceeding 100 (2/hour.

The proposed EoL criterion and existing capacitence/ESR-
based EoL criterion are compared in Fig. 11. Firstly, the
time of catastrophic open circuit or short circuit failure is
defined as the actual time-to-failure. The time based on EoL
criterion is defined as the obtained time-to-failure. Based
on the existing criterion, the obtained time-to-failure of the
samples is between 60% and 100% of the actual time-to-
failure. The obtained time-to-failure with the proposed EoL
criterion is between 75% and 100% of the actual time-to-
failure. Compared to the existing EoL criterion, the proposed
EoL criterion achieves smaller variances with respect to the
actual time-to-failure at the time at the presence of opened
vent. Furthermore, the failure performance of Sample 5 in
Case 1 highlights the risk of explosion if the capacitor is fur-
ther tested after the vent has opened. Therefore, the proposed
EoL criterion is reasonable based on the results of the analysis
of testing samples.

B. Temperature Effects of Force Sensing Resistors

After normalizing the resistance of sensing resistors, the
corresponding relationship between temperature and resistance
for the strain sensor with the four samples is given in Fig. 12,
which can be numerically fitted as:

R =Ry [1 —9.21x107° x (Tease — To)2‘25] )



where R and T, are the strain-sensing resistance (£2) and
case temperature (°C), respectively. Ry and 7 indicate the
reference of strain-sensing resistance and case temperature (-
20 °C), respectively.

The maximum effect of temperature sensitivity on resistance
values is 42 % (from -20°C to 90°C). The temperature effect
of the resistance change is negligible, compared to the change
in resistance of at least ten-fold drop during aging in Fig. 7
and Fig. 8.

C. Possible application of the proposed health indicator

1) Offline applications: the proposed health indicator can be
used to determine the EoL of capacitor testing samples during
accelerated life testing.

2) Online applications: for the condition monitoring of both
single capacitor or banks with multiple capacitors. A strain
sensor can be attached on the surface of each individual AEC.
The thickness of strain sensors is typically in the range of
sub-millimeter, e.g., it is 0.425mm for the testing samples
discussed in the case study [15], which has negligible size.
Moreover, strain sensors typically operate in the temperature
range of -20°C to 85 °C [15], which can meet a wide range
of capacitor applications.

VI. CONCLUSION

This letter proposes a health indicator for Aluminum Elec-
trolytic Capacitors (AECs) based on the output resistance of
strain sensors. The resistance drops with the increase of the
internal pressure of AECs due to electro-chemical related
degradation. Nevertheless, at the time when the AEC vent
is opened, the resistance starts to increase fast due to the
AEC internal pressure reducing abruptly. Therefore, there
are distinctive patterns of the resistance changes (refer to
Fig. 5). Accordingly, an End-of-Life (EoL) criterion is also
proposed based on both the resistance value and its change
rate. Eleven capacitor samples have been tested under three
cases of constant ambient temperature and ripple current,
dynamic ambient temperature and ripple current, and over-
voltage conditions. The results reveal that the proposed health
indicator and EoL criterion can effectively obtain the time-
to-failure of the testing samples. Compared to the existing
EoL criterion based on capacitance C' and Equivalent-Series-
Resistance (ESR), the proposed EoL criterion achieves smaller
variances with respect to the actual time-to-failure at the time
of opened vent (refer to Fig. 11). Moreover, the proposed
health indicator can be obtained based on a non-invasive way
since it does not require capacitor electrical signals, making
it promising for both offline and online applications, such
as capacitor accelerated life test and condition monitoring. It
should be noted that the proposed health indicator is limited
to capacitors (or also other type of electronic components if
applicable) which have internal pressure increase due to certain
degradation mechanism(s).
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