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Abstract—Film capacitors for ac filtering play a crucial role in
various industrial applications, such as wind power and traction
systems. However, current research lacks studies on the aging
and failure analyses of high-power ac film capacitors subjected
to realistic stresses. This article addresses this gap by present-
ing degradation testing and failure analysis of metallized film
capacitors employed in megawatt (MW) power converters for ac
filtering purposes. First, accelerated aging tests are performed on
ac filter capacitors based on realistic stresses for more than 3500
h. Testing results on electrothermal parameters are recorded, and
derivative models of parameter aging are obtained. The analysis
reveals that electrochemical corrosion is the primary aging factor,
with negligible capacitance reduction until catastrophic failure
occurs. Further investigation, including temperature rise results
and microstructure evaluation, indicates that the melting of the
dielectric film is a crucial precursor to catastrophic failure. Finally,
the possible degradation and failure mechanisms for this type of ac
filtering capacitors are summarized. The observations provide a
new perspective on the possible failure mechanisms and condition
monitoring of film capacitors in ac filtering applications.

Index Terms—AC filtering, accelerated aging, electrothermal
parameter, failure mechanisms, metallized film capacitors.

I. INTRODUCTION

ETALLIZED film capacitors are widely used in power
M electronic converters applications with high voltage and
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high current [1]. AC filtering film capacitors play a crucial
role in industrial applications, such as wind power and trac-
tion systems [2] and [3]. The degradation of metallized film
capacitors poses a significant concern, as it can compromise the
filtering capability and potentially lead to severe catastrophic
accidents in operational systems [4]. Therefore, it is significant
for industrial applications to understand the degradation and
failure mechanism of ac filtering film capacitors is of paramount
importance for ensuring safety and reliability.

Even though metallized film capacitors have the capabilities
with high reliability, low losses, and self-healing, they still
degrade and fail because of overstresses or long-term degra-
dation cumulation [5], [6]. The failure factors of the metal-
lized film capacitors mainly can be divided into the dielectric
breakdown and electrode corrosion [7]. The failure factors of
metallized film capacitors primarily fall into two categories:
1) dielectric breakdown and 2) electrode corrosion [7]. Elec-
trode corrosion can be further classified into atmospheric cor-
rosion, which does not necessitate voltage stress, and elec-
trochemical corrosion, which requires the involvement of ac
voltage [8].

Accelerated testing is a significant method to investigate the
degradation and mechanism of power electronics [9]. In [10]
and [11], the dc voltage and temperature are employed as accel-
erated aging stress factors for metallized film capacitors. Under
high dc voltage test conditions, defects within the dielectric
material can instigate localized breakdowns in the dielectric
film, resulting in a reduction in the capacitance value of the
capacitor. Meanwhile, for impulse discharge applications, the
primary cause of film capacitor failure lies in the capacitance
loss due to partial discharges [12]. The research in [13] reveals
that humidity corrosion can significantly impact the failure of
metallized film capacitors, with the corrosion occurring inde-
pendently of electrical stress. In electromagnetic interference
(EMI) suppression applications, it is found that interlayer air
causes a large number of electrochemical corrosion spots in
ac metallized film capacitors [14]. Corrosion emerges as the
primary failure mechanism for EMI ac capacitors, with severe
corrosion observed near the edge of the electrode [15]. Elec-
trodes undergoing oxidation due to electrochemical corrosion
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TABLE I
TEST PARAMETERS AND FAILURE ANALYSIS OF METALLIZED FILM CAPACITORS FOR AC FILTERING IN THE EXISTING LITERATURE

Aging Testing P: ters for Metallized Film AC C it
e ? . Qe Applicable field Main failure phenomenon or mechanism obtained Ref.
AC voltage | AC current | Capacitance Test frequency
305V <1A 0.33 uF not given EMI suppression Weight of the failed capacitor increases, anc! the plastic 8]
package cannot prevent water intrusion
300 V <1A not given 50 Hz EMI suppression Interlayer air causes a large amount of electrochemical [14]
COITOS10N Spots
. Corrosion is the main failure mechanism, and the
330363 V 023 A 2.2 uF 50 Hz EMI suppression corrosion is severe near the edge of the electrode (3]
. Under the effect of electrochemical corrosion, the
20V 0.039 A 0.47 uF 50 Hz EMI suppression capacitance decreases and ESR increases. [16]
. Positive correlation between electrode corrosion and
305 V 0.045 A 0.47 pF 50 Hz EMI suppression temperature / humidity at AC voltage [17]
100 V 02 A 8 uF 50Hz—1 kHz Low-power motor system For excessive current t.iensny caused by heating may be 18]
the main cause of failure
230 V 0016 A 0.22 uF 50 Hz Low-power sources and Film X2 capacitors are susceptlble to [19]
chargers electro-chemical corrosion
200V-310 V| <1A | 0.001-IyF not given EMC-filters Some of the failed samples showed the decrease [20]
in capacitance and some do not.
275V <1A 0.1 uF ot given EMI suppression Capacitance change of the samples caused 21]
s g PP by heat aging is low
200V—-600 V <1A not given 60 Hz Low-power converter system Electrochemical corrosion generally ocours at AC [22]
voltages in excess of 250 Vac
=500 V ~10 A >10 uF AC fundamental ) AC Filtering for Unknown Lack
frequency high- power converters

induced by ac voltage in high-temperature and high-humidity
environments are discussed in [16] and [17]. Brown [18] indi-
cated that excessive current density resulting from heating may
be the principal cause of failure for low-power ac film capacitors.
In low-power supply and charging applications, film X2 capaci-
tors are similarly susceptible to electrochemical corrosion [19].
In [20], the metallized film layer is almost completely degraded
in the failed capacitor in high-temperature and high-humidity
aging tests, while no significant changes are found in the di-
electric film layer. In aging testing involving ac voltage at high
temperature and medium humidity [21], the total electrode area
exhibits a negligible change, and the capacitance decreases only
slightly. Nevertheless, under the influence of galvanic corrosion,
the resistance of the metal layer of the capacitor electrode
increases. In addition, different voltage testing reveals that elec-
trochemical corrosion generally occurs at ac voltages over 250
Vac [22].

The test parameters, application fields, and failure mecha-
nisms of metallized film capacitors for ac filtering in the existing
literature are summarized in Table 1. The existing accelerated
aging tests and failure mechanism analyses of ac film capacitors
are mainly applied in EMI suppression [23] and low-power con-
verter filtering [24], with low current levels and low capacitance
values.

Existing studies are still lacking in aging and failure anal-
yses of high-power ac film capacitors under realistic stresses
(ac voltage > 500 V, ac current >10 A, and capacitance >
10 uF). However, existing studies cannot be easily extended to
other types and applications of capacitors because the failure
mechanism is affected by their specific design structure and
stress conditions. It is necessary to perform further degradation
testing and failure mechanism analysis of high-power metallized
film capacitors for ac filtering with realistic stresses.

This article aims to investigate the aging impact factors and
the respective failure mechanisms of a type of ac power filtering

film capacitors used for megawatt (MW) power converters.
Based on the analysis of failure modes, calculation of aging
indicators, and about 3500 h of accelerated aging test testing, a
type of degradation and failure mechanism is summarized. This
is demonstrated as follows.

1) The capacitance has negligible change under the specific
testing conditions of the applied testing samples until the
testing samples catastrophically fail.

2) The degradation process is accompanied by a significant
increase in the hot spot temperature. Finally, the capacitor
catastrophically failed due to the melting of the dielectric
films.

3) With the capacitor aging, the equivalent series resistance
(ESR) gradually increases, which causes the hot spot
temperature to rise. The parallel insulation resistance de-
creases in the high-temperature stage, thus causing the hot
spot temperature to rise significantly at this stage.

The rest of this article is organized as follows. Section II
presents the possibility of aging and failure factors. Section
IIT presents experiment configuration and testing results. Sec-
tion IV gives the degradation indicators extraction. Aging and
failure analyses based on test results are shown in Section V.
Microverification and failure mechanism summary are given in
Section VI. Finally, Section VII concludes this article.

II. METALLIZED FILM CAPACITOR STRUCTURE AND POSSIBLE
FAILURE MODES

A. Physical Structure and Equivalent Electrical Model

The equivalent electrical model of metallized film ac capaci-
tors is given in Fig. 1(a). A single Delta — connection ac capac-
itor is composed of three metallized film capacitor units and the
three terminals [25]. In a single capacitor unit, repg, 7m, 7p, and
C represent terminal parasitic resistance, ESR, equivalent paral-
lel insulation resistance, and capacitance, respectively [26], [27].
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Fig. 1. Equivalent electrical model and general structure of metallized film ac
capacitors. (a) Equivalent electrical model of AC metallized film capacitors. (b)
Physical structure of single capacitor unit in AC metallized film capacitors. (c)
Equivalent electrical model of single capacitor unit.

The parasitic inductance of the capacitor typically falls within
the range of tens of nanohenries, which is insignificant compared
with the equivalent resistance. [24]. In addition, each capacitor
unit is connected in parallel with a discharge resistor 7.

The structure of a metallized film capacitor unit is shown
in Fig. 1(b) [28]. In each unit, two dielectric film layers are
wound around an insulated cylindrical mandrel. The thickness
of the metallized layer (the metallization A and the metallization
B) evaporated onto the film is of the order of nanometers. The
thickness of the polypropylene dielectric layer (the dielectric
film A and dielectric film B) is of the order of micrometers [18],
[29].

The equivalent electrical model of the metallized film capac-
itor unit is shown in Fig. 1(c). The film layers can be divided
into ¢ parts area in parallel, where each part can be considered as
a capacitor submodule [30]. In this submodule, 7, ;, rp ;, and
Cq4_; represent ESR, equivalent parallel insulation resistance,
and capacitance in ith capacitor module, respectively.

B. Possible Failure Modes for Metallized Film Capacitors

According to the description in Section I, metallized film
capacitors have three possible failure modes, which are di-
electric breakdown, humidity corrosion, and electrochemical

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 5, MAY 2024

corrosion [7], [8]. This section analyzes the failure principle,
the change of the corresponding equivalent circuit, and the
characterization of the failure parameters for those three failure
modes, as given in Fig. 2.

1) Dielectric Breakdown: When metallized film capacitors
are operated near the rated voltage, the voltage spikes can
cause local breakdown of the dielectric films, which results
in long-term capacitive degradation of the capacitor [8]. From
the partial film structure of dielectric breakdown in Fig. 2, the
part of the dielectric film layer is broken through, accompanied
by the disconnection of the metallized film layer in the same
region [11].

In correspondence with the equivalent circuit, the dielectric
film and the metallized film are modeled as individual submod-
ules denoted by 7 connected in parallel. The dielectric breakdown
can be described as the failure of the circuit structure related
to the dielectric film, such as the failure of Cy 1 and r, 1 in
the dielectric breakdown part of Fig. 2. As the number of such
breakdown points increases, the capacitance gradually decreases
until reaching a critical point where the capacitor ultimately
fails [31].

2) Humidity Corrosion: Failure of metallized film capacitors
can be affected by humidity corrosion. Moisture penetrates the
capacitor through the gaps in the package, which triggers the
chemical reaction in the internal layers. The metal electrodes are
transformed into poorly conductive hydroxides, and no electrical
stress is required for the reaction to occur [13]. When the
electrode material is the zinc alloy (Zn) or aluminum alloy (Al),
the following reactions occur [8], [32]:

Zn + 2H,0 — ZH(OH)2 + Hy 1)
2A1 + 6H,0 — 2A1(OH)3 + 3H,

where Zn(OH)3 and Al(OH)3 are metal hydroxides formed by
humidity corrosion.

As shown in the partial film structure of the humidity corro-
sion in Fig. 2, the metallized layer is gradually corroded as a
result of the chemical reactions described above. The dielectric
film layer is mainly made of polypropylene, polyethylene, or
other polymer materials, and is not subject to corrosion by
humidity [17], [32].

The conductivity of the hydroxide is much worse than that
of the metal alloy, resulting in a significant increase in the
equivalent resistance of the metallization layer (e.g., 7, 1 in the
Fig. 2 of humidity corrosion part) [33]. Meanwhile, the reduction
in electrode area leads to an equivalent open circuit (e.g., Cyq 1
in the humidity corrosion part) in the same dielectric film region,
which is reflected in the reduction of the capacitance value.
Existing studies have found that the degree of humidity corro-
sion is temperature dependent and increases as the temperature
increases [13]. Meanwhile, the degree of humidity corrosion is
closely related to the sealing degree of the capacitor. In general,
high-power capacitors with great sealing are highly resistant to
humidity corrosion. [34].

3) Electrochemical Corrosion: Aluminum or zinc alloy used
in ac film capacitors have excellent capability to resist humidity
corrosion, but exhibit weak stability due to electrochemical
corrosion under high ac voltage stress [35]. Metallized film
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Fig. 2. Possibility of dielectric film capacitor aging and failure modes.

capacitors have a certain amount of interlayer air between the
film layers. When the capacitors are used in ac applications, the
metallized layer undergoes electrochemical corrosion with the
following reactions [8], [16]:

{QZn + Oy — 2Zn0

4Al + 302 — 2A1203 )

where ZnO and Al, O3 are metal oxides formed by electrochem-
ical corrosion.

As shown in the partial film structure of the electrochemical
corrosion part in Fig. 2, as the metal surface oxidation occurs, the
products of electrochemical corrosion form a protective oxide
film of ZnO, Al;Os, etc., can effectively prevent the metal from
encountering atmospheric oxygen, thereby inhibiting further
oxidation [16]. At this point for the dielectric film layer, there is
still a certain thickness of metallized layer in contact with it.

The conductivity of the oxide is much worse than that of the
metal alloy, resulting in a significant increase in the equivalent
resistance of the metallization layer (as shown in r,, ; in the
electrochemical corrosion part of Fig. 2). However, the oxide
film formed prevents further contact between the metal and oxy-
gen in the atmosphere. The dielectric film Cy_; corresponding
to the equivalent resistance 7, 1 of the metallization layer can
still be connected at this time, and thus, the capacitance value
does not change significantly [19], [21].

III. EXPERIMENTS CONFIGURATION AND TESTING RESULTS

A. Test Configuration in Experiments

Based on the above possible aging and failure modes for
metallized film capacitors, the configuration of the accelerated
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Fig. 3. Schematic diagram of the platform.

aging test is designed. The theoretical schematic diagram is
givenin Fig. 3. The experimental platform consists of three main
modules: the electrical stress generator, the capacitors under
testing (CUTSs) in the chamber, and the data acquisition (DAQ)
system.

The electrical stress generator is used to provide ac voltage
and ac current for CUTs, which adopts a recently reported
method that has the advantage of a minimum required power
supply and is robust to testing sample degradation [36], [37].
The ac current and ac voltage of the parallel connected CUTs are
supplied by the electrical stress generator through the electrical
terminal A, terminal B, and terminal C. When one of the CUTSs
is catastrophically failed it is replaced with a new one to keep
the test of the other CUTs continuously. In this experimental
platform, the three-phase line voltages wugp, Upe, and ue, of
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TABLE I

SYSTEM AND CUTS PARAMETERS

Stress emulation setup

DC power supply voltage Ups 750 V
AC-side inductor L 2.5mH
Switch frequency fs 4000 Hz

CUTs setup for ac capacitors

Capacitance of the CUT unit 75 pF

Rate ac voltage (rms) Uz 750 V
Testing ac voltage (rms) Umms 975V (1.3xUr)
Rate ac current (rms) Iz 30 A
Testing ac current (rms) Zrms 39 A (1.3x1g)
Testing frequency fiest 50 Hz

Casel: 87°C for CUTI and CUT2
(Keep initial hot spot temperature at 100°C)
Case2: 77°C for CUT3 and CUT4
(Keep initial hot spot temperature at 90°C)

Testing ambient temperature

the CUTs are acquired by the corresponding voltage sensors
in three terminals. The three-phase phase currents 7., ¢4, and ..
of the CUTs are also acquired by current sensors. The CUTs
are placed in the thermostat chambers to maintain a constant
ambient temperature. The hot spot temperature can be obtained
by burying the thermocouples at the core of the capacitor unit
[in the middle of the mandrel as shown in Fig. 1(b)]. Meanwhile,
thermocouples are installed in the cases of the CUTs to obtain
the case temperature. The electrothermal stresses are collected
in real time by DAQ systems [38] [39]. Based on this, the
experimental platform is developed, as shown in Fig. 4.

The main stress emulation and CUTs setup parameters are
given in Table II. In this testing, two cases are set up, setting
the ambient temperature of the chamber to 87°C and 77°C,
respectively. According to the safe operating voltage range in
the datasheet and test standard for power capacitors, the testing
ac current and ac voltage of each CUT is 1.3 times the rated
value [40]. Fig. 5 shows the waveforms of ac voltage and ac
current for each CUT. The fast Fourier transform (FFT) is done
on the waveforms of voltage and current so that the fundamental
and harmonic distributions of voltage and current at different
frequencies can be obtained. Based on the calculation of the total
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Fig. 5.  Waveforms of test voltage and current for each CUT. (a) Voltage
waveform for the each CUT. (b) Current waveform for the each CUT. (c) FFT
analysis of voltage and current waveform.

harmonic distortion (THD) [41], the THD value is less than 2%,
so the harmonic component can be neglected compared with the
fundamental component. The rms value of ac voltage for each
CUT is maintained at 975 V, where the rms value of ac current
(equivalent current from terminal A, terminal B, and terminal C
in Fig. 4) in the initial condition is 39 A.

B. Temperature Collection Results

The hot spot temperature of three capacitor units a, b, and ¢
[shown in Figs. 1(a) and 4] in four CUTs are given in Fig. 6, the
value of which is measured by the thermocouples and acquired
in real time by the DAQ system. In these two cases, the initial hot
spot temperature is 100°C for CUT1 and CUT2 and 90°C for
CUT3 and CUTA4. It can be seen that the hot spot temperature
of CUTs gradually increases with the aging test time. There
are certain differences in the failure times of CUT1 and CUT?2,
which may be due to sample tolerances for factory processes. It
can be seen that the hot spot temperature increase trend is the
same for CUT1 and CUT2 in Case 1. Similarly, the hot spot
temperature rise trend is the same for CUT3 and CUT4 in Case
2. Comparing the test samples of Cases 1 and 2, the trend of
temperature rise is different. This could be the effect of different
ambient temperature settings. When the hot spot temperature
of one capacitor unit of the CUTs reaches 140°C or more, the
possibility of CUTs catastrophic failure greatly increases. The
temperature rises from hot spot to case of four CUTs are given
in Fig. 7, respectively. From the results, the temperature rise
of each capacitor unit averaged 13°C at the initial testing and
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gradually increased with the test time. When the temperature
rise of one capacitor unit of the CUTs reaches 50 °C or more,
the possibility of CUTs catastrophic failure greatly increases.

IV. AGING INDICATORS EXTRACTION BASED ON
ELECTRICAL-THERMAL ANALYSIS

A. Capacitance Extraction

The ac voltage Uy s and ac current Iy (. of the CUTs at the
specific frequency satisfy the following relationship:

Uf,test = If,test X ZCUTS

1
= If,test X 1 + T'm + Tend (3)
271—ftest(j + —

rp

where Zcurs is the equivalent impedance of the CUTs, which is
obtained by the equivalent electrical model in Fig. 1(b). fiey is
the testing frequency of ac fundamental.

According to the equivalent parameters of the film capacitor,
the insulation resistance typically falls within the megaohm
level, while the ESR is typically in the milliohm range [28].
The relationship between r,,, 7eng, C, and rp at the specific
testing frequency (50 Hz) is

1
T_ L Ty + Tend K 27Tftestc-
P

“)

Therefore, ignoring the effects of the r,,, 7end, and 7, the
capacitance C of CUTs can be given as

1 f-test

Cr —————
27Tflest X Uf,lest

&)
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The operating voltage and current in the accelerated aging testing
are both 50 Hz sine waves, and the harmonic content is less
than 2% in Fig. 5. Therefore, the capacitance value C' can be
calculated from the fundamental wave components of voltage
and current at 50 Hz [42]

I test (50 )

C =
1007 x Uf,test (50 Hz)

(6)

where Uy (et (50117) a0d I ¢ (et (50117) are the fundamental com-
ponents of voltage and current extracted based on FFT at 50 Hz.
The voltages and currents are acquired in real time by the DAQ
system in Figs. 3 and 4.

It is worth noting that the change of C' is affected by both
temperature sensitivity and aging during the testing, in addition
to operating voltage and current. The normalized capacitance
with respect to its initial value along the testing time K¢ () can
be expressed as

(N

where Ko7 (1) and K¢ p () represent the normalized capacitance
change caused by temperature sensitivity and aging during the
testing, respectively.

Kcwy = Keor@y X Kep

B. Thermal Stress Parameters Extraction

The hot spot temperature T} [collected by thermocouples in
real time of Fig. 4(b)] can be expressed as [5], [43]

Thol = Tcase + Hoss X th (8)

where Ti,s. and Ry, represent the case temperature of the CUTs
and thermal resistance from hot spot to case, respectively. Poss
is the power loss of the CUTs.

According to the equivalent electrical model in Fig. 1(b), the
power loss of CUTs is mainly caused by the loss generated by
the electrical stresses on r, and r,,, [28], [44]

2

2 rms
‘PIOSS = rms X Tm +
rp

(€))

where I;ns and Uy represent the rms value of the testing ac
current and ac voltage, respectively.

The temperature rise of CUTs from the case to the hot spot
Tiise can be expressed as

_ _ 72
T‘rise - Thot - Tcase - Irms X rEqu X Rth
1

B (10)

"Equ 4n2f2 C2 xrp
where rgq, represents the equivalent resistance of CUTs, and its
value is affected by r,,,, rp, and C.

The change of rgq, and Ry, is affected by temperature sensi-
tivity and aging during the testing, respectively. The normalized
temperature rise with respect to its initial value K, ;) can be
expressed as

an

where K, 1) and K,.p() represent the normalized change of
temperature rise with temperature sensitivity and aging during
the testing, respectively.

Kty = Ky X Kepr)
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Fig. 8. Flowchart for aging and failure parameter analysis.

The change of K, p) is affected by both the ESR ry and
parallel insulation resistance 7p. Therefore, the normalized
temperature rise change of CUTs with aging K,.p(;) is given
as

K,pwy = Krs—pt) X Krp_D(1) (12)

where K., p(;) and K. p_ p(4) represent the normalized change
of ESR and parallel insulation resistance with aging during the
testing, respectively.

C. Processes of Aging Indicators Extraction

Based on the above electrothermal stress analysis and model-
ing, the flowchart of the aging indicators can be obtained, which
is divided into three steps: DAQ, parameters calculation, and
results analysis, as shown in Fig. 8. First, the electrical stress
signals of voltage and current, and the thermal stress signals
of hot spot temperature and case temperature are collected in
the data collection step. Next, the parameter calculation step is
performed to obtain the capacitance and the temperature rise of
the CUTs during the testing. Finally, the changes in capacitance,
TEqus and Ry, affected by temperature sensitivity and aging are
quantified in the results analysis.

V. FAILURE MECHANISM ANALYSIS
A. Capacitance Results Analysis

Based on the collected ac voltage and ac current in the
accelerated aging testing, the real-time capacitance results of
the four CUTs can be derived according to (6), as shown in
Fig. 9. This calculated capacitance represents the equivalent
capacitance of the three terminal ac capacitors, which should be
1.5 times the capacitance of the individual capacitor unit given
in Table II according to the structure of Fig. 1(a).
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The capacitance variation of the metallized film capacitor
needs to consider the effect of temperature in (7). Fig. 19(a)
in the Appendix shows the fitted curves of the corresponding
capacitance at different temperature. It can be seen that the hot
spot temperature of the CUTs rises from 90°C to 140°C from

the time the CUTs start testing until they fail, encompassing a
temperature-influenced capacitance change within 0.5%.
Therefore, it can be given that the capacitance of those four
CUTs exhibits negligible reduction during the aging time before
they fail. Zooming in on the results of the prefailure capacitance
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calculations, the capacitance of the CUT2 drops rapidly from
the normal capacitance to zero in about 600 s before failure.
Similarly, the capacitance of the CUT4 drops rapidly from the
normal capacitance to zero in a short period (about 10 s) before
failure.

B. Thermal Stress Results Analysis

Referring to (11), it is crucial to account for the impact of
temperature sensitivity in evaluating the temperature rise varia-
tion of metallized film capacitors. In Fig. 19(b), fitted curves for
r, at different temperature are presented. The 7, of metallized
film capacitors decreases as the temperature increases.

Furthermore, the thermal resistance (Ry,) of polymers, such
as polypropylene, decreases within the melting point range
with increasing temperature [28], [45]. This initially leads to
a decrease in the temperature rise of CUTs with the hot spot
temperature increasing, as depicted in Fig. 20. When the applied
ac current is constant, the change in temperature rise corresponds
to the change in rgq, X Ry according to (10). Subsequently,
as the hot spot temperature continues to rise, the decrease in

I 1 fluence ratio on temperature rise by equivalent series resistance r;, (%)
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Fig. 13. Influence ratio on temperature rise by ESR 7, and parallel insu-
lation resistance rp with different hot spot temperature and different CUTs
(Casel: testing ambient temperature =70 °C, Case2: testing ambient tempera-
ture =80 °C, and Case3: testing ambient temperature =90 °C).

rp causes an increase in the temperature rise of CUTs [28],
[44]. By substituting the fitting curve into the testing results
of temperature rise, the effect of temperature sensitivity on
temperature rise can be eliminated.
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Fig. 16.  Internal performance and microstructure evaluation of CUT1_a (one
capacitor unit under degradation process, but not failed, as shown in Fig. 6).

6265

Burnt holes in the
dielectric film

Metallization
breakdown

-
(5 Film

breakdown

Microscope observation of
this film in CUT1_b

Fig. 17.  Internal performance and microstructure evaluation of CUT1_b (one
failed capacitor unit, as shown in Fig. 6).

Furthermore, the normalized temperature rises Kr(;) with
respect to its initial value along the testing time affected by
temperature sensitivity can be obtained, respectively, as shown
inFig. 10. From the results, during the aging test time, the change
of K7 with four CUTs affected by temperature sensitivity is
less than 10%.

The metal electrode layer is of the order of nanometers
and the polypropylene dielectric film layer is of the order of
micrometers, so the thermal resistance internal to the film ca-
pacitor Ry, is mainly generated by the dielectric film layer [18].
Since the dielectric film does not change significantly during
the aging period (this conclusion is verified in the microscopic
observations in the next section), the temperature rise caused
by the aging of the capacitors can be considered to be mainly
influenced by the equivalent resistance rgq, in the metallization
layer. After eliminating the effect of temperature sensitivity, the
normalized temperature rises Kp(y) affected by aging can be
obtained, as shown in Fig. 11. When CUTs are failed, the K'p )
of CUT1_b, CUT2_a, CUT3_b, and CUT4_c are three times to
five times increase, respectively. Comparing Figs. 10 and 11,
the temperature rise for CUTs affected by aging is much greater
than that by temperature sensitivity.

C. Series Resistance and Insulation Resistance Analysis

An increase in the equivalent resistance 7gq, can be charac-
terized as a change in the ESR r,,, and the parallel insulation
resistance rp. In the low-temperature stage (less than 70°C),
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the insulation resistance value r,, is generally greater than
10° M , which can be ignored as an open circuit [45], [46].
According to the results in Fig. 20, it can be obtained that in
the low-temperature stage (less than 70 °C), the temperature rise
of the capacitor is mainly influenced by the Ry, and the 7,,. In
addition, the insulation resistance of polypropylene capacitors
decreases significantly with increasing temperature in the high-
temperature stage (more than 70 °C) [28], [46]. Therefore, in the
high-temperature stage, the effect of 7p on the temperature rise
of the capacitor cannot be ignored.

The temperature rise of CUT3 and CUT4 corresponding to
different hot spot temperatures are shown in Fig. 12. Depending
on the different aging degrees of the CUTs, the temperature
rise of CUT3 is higher than that of CUT4, and the temper-
ature rise of CUT4 is higher than that of CUTnew. As the
hot spot temperature increases, the temperature rise of the
CUTs decreases and then increases. It can be considered that at
low temperature, the increase in temperature rise (CUTnew —
CUT4—CUT3) is mainly contributed by the increase of r,,,. At
the high temperature, the increase in temperature rise (CUTnew
— CUT4—CUT3) is mainly contributed by the simultaneous
increase of r,,, and decrease of rp.

Therefore, r,, can be calculated from the temperature rise of
the low-temperature stage in Fig. 12 and the measured results of
rm in Fig. 19(b). Removing the temperature rise effect of r,,,, 7 p
is calculated from the temperature rise of the high-temperature
stage. The influence ratios on temperature rise by r,, and p for
different CUTs are given in Fig. 13. As the hot spot temperature
increases, the influence ratio of rp on the temperature rise
increases in each CUT unit. In addition, the greater the aging
level of these three CUTs, the higher the influence ratio of rp
on the temperature rise.

Fig. 14 summarizes the influence ratio of rp on the temper-
ature rise corresponding to different hot spot temperatures with
different CUTs. This influence ratio is linearly and positively
related to the hot spot temperature. Therefore, with the CUTs
aging, the r,, gradually increases, which causes the hot spot
temperature to rise. When the hot spot temperature increases, the
rp gradually decreases, thus causing the hot spot temperature
to rise significantly in the high-temperature stage.

VI. MICROSTRUCTURE ANALYSIS AND FAILURE MECHANISMS

According to the results analyzed in the previous section,
it is found that the capacitance is almost constant during the
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aging process, while the equivalent resistance is increasing. At
the point of failure, the hot spot temperature reaches the melt-
ing point temperature of the polymer film and the capacitance
decreases to zero (open circuit). Therefore, it is presumed that
electrochemical corrosion possibly dominates the aging process,
and the temperature rise caused by the increase of the equivalent
resistance eventually leads to the failure of the CUTs. To verify
this hypothesis, the section follows the physical and microscopic
observations of the CUTs.

A. Microstructure Analysis

Fig. 15 illustrates the surface behavior of one CUT after
failure. When the ac filter capacitors fail catastrophically, the
top of the capacitors expands and bulges. Furthermore, the
failed CUT1 is opened to observe the internal behavior of the
ac capacitor. CUT1_a and CUT1_b are two capacitor units in
the degradation process and catastrophic failure, respectively.
Surface damage is observed on the top of CUT1_b after removal
of the metal case.

The capacitor unit of CUT1 is cut, and the cross section of
CUT1_a can be observed in Fig. 16. The metallization layer is
of nanometer scale, and the dielectric film layer is of micron
scale [18]. Since there is no obvious change in the cross section
of CUT1_a, it can be assumed that the dielectric film of CUT1_a
has not failed. A part of the film of CUT1_a is cut out, and
the breakdown spots are found on the film of CUTI1_a. By
microscopic observation, the breakdown spots are caused by
metallization breakdown, while no significant change is found
in the dielectric film layer.

Similarly, the cross section of CUT1_b can be observed in the
Fig. 17. Different from the CUT1_a, some holes are observed in
the dielectric film of CUT1_b, which indicates that the dielectric
film layer reached the melting point temperature (145 °C) [47].
Meanwhile, a few dense breakdown spots are found on the film
of CUT1_b. The microscopic observation shows that there is
not only the metallization breakdown but also the dielectric film
breakdown in CUT1 _b.

These behaviors indicate that during the degradation of the
ac capacitor (such as CUT1_a in Fig. 16), the dielectric film
does not break down, and thus, the capacitance has negligible
reduction until the testing samples catastrophically fail. The
metallization layer is gradually broken down locally during the
degradation testing in Fig. 16, which increases its equivalent
resistance, and its main occurrence is electrochemical corrosion.
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The increase of the equivalent resistance further leads to the
increase of the hot spot temperature. The possibility of capacitor
catastrophic failure greatly increases when the hot spot tempera-
ture exceeds the melting point temperature of the dielectric film,
as shown in Figs. 6 and 17.

B. Summary of Failure Mechanisms

Based on the analysis of the above test results and microstruc-
ture observation, a type of degradation and failure mechanism
of ac filtering film capacitors can be summarized in Fig. 18.
Under the long-term action of thermal stress and realistic ac
voltage, the capacitors gradually undergo electrochemical corro-
sion. The metallization layer occurs oxidation, which increases
its ESR 7,,. The increase of r,, leads to a further increase
in the hot spot temperature. When the hot spot temperature
increases, the insulation ability of the capacitor reduces, and
the rp gradually decreases. It causes the hot spot temperature
to rise significantly in the high-temperature stage. When the hot
spot temperature exceeds the melting temperature of the polymer
film, the dielectric film layer of the capacitor is broken down.
The final result is a catastrophic failure of the ac filtering film
capacitors.

VII. CONCLUSION

This article investigates the aging and failure mechanisms
of a type of ac power filtering film capacitors used for MW
power converters. Based on the analysis of about 3500 h of
accelerated aging testing and the microstructure observations,
a type of degradation and failure mechanism is summarized in
Fig. 18. The analysis speculates that the electrochemical corro-
sion dominates the aging process and the following conclusions
are obtained.

1) The capacitance has negligible reduction until the testing
samples catastrophically fail under the specific testing
conditions, which means that the capacitance is not suit-
able for a common precursor able to characterize degra-
dation.

2) During the aging process, the metallization layer is gradu-
ally broken down, causing the hot spot temperature to rise.
When the hot spot temperature rises to more than 140°C,
the possibility of capacitor failure greatly increases by the
melting of the dielectric films.

3) With the capacitor aging, the ESR gradually increases,
which causes the hot spot temperature to rise. The parallel
insulation resistance decreases with the higher tempera-
ture, thus causing the hot spot temperature to rise signifi-
cantly in the high-temperature stage.

The observations can provide a new perspective on the pos-
sible condition monitoring methods of film capacitors in ac
filtering applications. For existing capacitance and ESR con-
dition monitoring methods, it may be necessary to select ESR
as a health indicator since the capacitance of this type of ca-
pacitor changes negligibly during aging. In addition, since the
temperature rise of this type of capacitor is significant during
aging and failure, the internally buried thermocouples or case
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temperature monitoring indicators have the potential for practi-
cal applications.

In the future, the authors will further develop their research
in terms of application-oriented testing and micromaterial veri-
fication. 1) Performing aging testing at different frequencies to
consider the effect of harmonics on aging and failure trends, and
2) considering microscopic material and chemical analyses of
films in failed capacitors.

APPENDIX A
OFFLINE MEASUREMENT OF CAPACITANCE AND ESR

Offline measurement data and fitting curve of corresponding
capacitance and r,,, at different temperatures are given in Fig. 19.
In Fig. 19(a), the capacitance is measured by two terminals
of a new ac capacitor, which is used to eliminate the effect
of temperature on capacitance in (7). In Fig. 19(b), the r,, is
measured by a new single capacitor unit to avoid interference
from terminal resistance and line resistance. The fitting curve of
Tm 18 used to eliminate the effect of temperature on r,, in (11).
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Fig. 19. Fitting curve of corresponding capacitance and r,, at different

temperatures. (The data measured by Keysight LCR meter E4980a at 50 Hz,
for eliminating the effect of temperature on capacitance and 7,,,). (a) Fitting
curve of corresponding capacitance at different temperatures. (b) Fitting curve
of corresponding capacitance 7, at different temperatures.

Fig. 20 shows the fitted curves of the testing results of corre-
sponding temperature rise at different temperature conditions.
The temperature rise of the CUTs decreases, and then, increases
as the hot spot temperature increases when the applied ac current
is constant in different temperature conditions.
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