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Abstract: Low voltage devices connected to public electricity supply networks can be subjected to a
wide range of voltage quality, including sustained overvoltage. Assessing the impact of sustained
overvoltage on devices connected to the distribution network is important in determining the
appropriate variance of standard voltage levels without unduly impacting the utility and customers
from a technical and economic perspective. Therefore, a clear understanding of the impact that
sustained overvoltage has on the lifetime of the connected equipment is a necessary task. This
paper investigates the impact of sustained overvoltage through a series of accelerated-life testing
experiments on a custom designed test device representative of a common interface between the
power supply and distribution network, a switch mode power supply. The switch mode power
supply with combined rectifier and filtering capacitor represents one of the most common front
ends of LV equipment in modern appliances, and the work here concentrates on the impact of
overvoltage on capacitor ageing. The results of the testing indicate that there is an accelerated ageing
impact correlated with the applied voltage magnitude. Furthermore, analysis shows that mismatches
between appliance voltage rating and sustained network voltage, leading to accelerated ageing, may
result in premature device failure without the consumer being aware of the root cause.

Keywords: accelerated life testing; electrolytic capacitor; power quality; sustained overvoltage;
switch mode power supply

1. Introduction

Steady state voltage or voltage magnitude/variation is one of the most basic power
quality (PQ) parameters. It is simply the RMS phase-to-phase or phase-to-neutral mag-
nitude of the supply voltage. Maintenance of an appropriate voltage range is essential
for proper and efficient operation of equipment connected to the electricity distribution
network. Technical standards, such as those governing steady state voltage, are used
by equipment manufacturers to design equipment so that it will operate correctly when
connected to the low voltage (LV) network under normal supply conditions. However, in
some cases, there is misalignment between standard voltages and equipment ratings as
discussed in the study presented in [1].

In Australia, standard voltages are specified in AS 60038 [2] and AS 61000.3.100 [3].
In [2] the nominal voltage and the allowable range are specified, whilst [3] is a standard
related to power quality which aligns with the IEC 61000 series of EMC standards and
specifies how voltage magnitudes should be assessed. In [2] it states the nominal steady
state LV RMS magnitude is 230 V at the point of supply and voltage magnitudes are
required to remain within the specified range of +10%/—6%. This equates to an overall
range of 216 V < V < 253 V at the point of supply.

For the purposes of this paper, the term sustained overvoltage refers to the situation
where the voltage at the equipment point of supply is greater than the upper limit specified
by AS 60038, that is, greater than 253 V.
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There are many reasons that sustained overvoltage might occur including:

*  Poorly selected sub-station float voltages;
¢ Poor network planning;
¢ Improper tap settings on distribution transformers.

In addition, high penetration of dispersed renewable energy sources, including a rapid
increase in roof-top PV installations in Australia from 2010 onwards [4], has introduced
further difficulties. A majority of these PV installations occurred with unity power factor
output, overvoltage protection settings set well above 253 V, and without voltage regulation
controls enabled (e.g., Volt/VAr or Volt/Watt algorithms), leading to many instances of
voltage rise in LV networks [5,6]. Future roof-top PV systems in Australia will be required
to implement voltage regulation controls according to a recent review of AS 4777.2 [7].

It is also of interest to note that many items of LV equipment available in Australia
would appear to not be designed to operate within the designated voltage range. For
example, the labelled rating may only be 220-240 V; somewhat below the upper-limit value
of 253 V. Whilst continued operation at voltage levels marginally above rated values may
not result in instant failure for the majority of devices, sustained operation above rated
voltage will likely increase ageing (i.e., reduce expected operational lifespan) and reduce
the efficiency of the device.

The motivation for the current research stems from a lack of understanding of the
lifetime degradation rates or accelerated ageing of customer connected equipment when
exposed to sustained overvoltage levels. Studies such as [8] have indicated that steady state
voltage magnitudes in Australian low voltage electricity networks are close to, or exceed
the upper limit of the allowable voltage range at a significant percentage of sites. In most
cases, the levels are only several volts above the allowable value and as such are unlikely
to cause immediate failure of equipment. In many cases, the consumer is not even aware of
an overvoltage situation.

While some literature can be cited which examines the impacts of very short term
very high voltage levels on equipment, no literature could be identified that examines the
longer term impacts of voltage magnitudes at the upper end or just above the allowable
range. The studies published in [9,10] present the results of laboratory testing of common
household appliances under short-term overvoltage conditions of varying magnitudes.
While short-term overvoltages with high magnitudes can have immediate, catastrophic
effects such as instantaneous failure of components, there is a clear distinction to be made
between the relative effects of short-term, high-magnitude overvoltage (which may also be
considered as transient phenomena) and sustained overvoltage where the voltage level is
approaching or marginally above the specified upper voltage limit for a significant period
of time. The main impact on equipment associated with sustained overvoltage is generally
related to loss of equipment life caused by premature ageing arising from high voltage
levels [11].

The impact of overvoltage on equipment is highly dependent on the type of load.
Loads connected to the LV network, including network equipment, can be classified into
three broad categories, these are:

1.  Electronic loads;
2. Resistive loads (simple and thermostatically controlled);
3. Motor loads.

This paper provides a preliminary investigation of the impact of sustained overvoltage
on consumer equipment lifespan and focuses on the effect that sustained overvoltage has on
a very common electronic load found in a large number of modern appliances and network
equipment; the Switch Mode Power Supply (SMPS). Electronic equipment is designed for
optimum operation at or near the rated AC voltage. Movement above the rated voltage
level has an impact on the operation of connected equipment which may include additional
heating and loss of efficiency. For sustained overvoltage, loss of equipment life occurs
due to a combination of thermal degradation and voltage stress leading to premature
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insulation breakdown [12]. At the voltage levels most commonly seen on distribution
networks, which in most cases have been shown to be close to or just above the upper end
of the allowable voltage range [8], thermal degradation and voltage stress as opposed to
catastrophic failure would be considered to be the main contributors to equipment loss
of life.

The study presented in this paper was designed to ascertain the relationship between
sustained supply voltage magnitude and the lifespan degradation rate that is likely to
be observed for a typical SMPS. Investigation of this relationship has been completed
through design of a test device, laboratory testing and a comprehensive analysis of the
data collected.

The remainder of the paper is structured as follows: Section 2 gives a brief overview
of the components of a SMPS. The components most likely to fail as a consequence of
sustained overvoltage are also identified. Section 3 provides detail of the Electrolytic
Capacitor (EC) which is identified in Section 2 as the component of the typical SMPS
which is most likely to be susceptible to premature failure and ageing due to sustained
overvoltage. Section 4 details the test device that has been designed to allow analysis and
investigation of the impact of sustained overvoltage on ECs. Experimental design and
methodology is presented in Section 5. The results and analysis resulting from the work
are found in Section 6. Section 7 presents a summary of the outcomes and future directions
for the research.

2. Switch Mode Power Supplies

The SMPS, which is used to convert the AC supply voltage to a rated DC utilisation
voltage, is very common in a large range of consumer appliances. The SMPS is the interface
between the operational components of the device and the electricity supply network. Thus
any disturbance on the network is directly coupled to the input of the SMPS. Whilst there
are a vast number of designs of SMPS devices, many contain similar circuit topologies.
Inspection of various, publicly available SMPS designs [13-16] indicates that the typical
SMPS will likely include some iteration of the following:

i.  Input (from supply network)

ii. ~ Primary full bridge rectifier

iii. LC filter

iv. High-frequency switching

v.  Step-down transformer

vi. Secondary winding rectification and
vii. Secondary LC filter and output

The above provides a very basic outline of the typical SMPS and is presented graph-
ically in Figure 1. Further circuitry is frequently used to limit the effects of switching
transients, inrush current and short circuiting among other secondary functionalities [17].

=

Figure 1. Typical SMPS circuitry—shaded areas represent sections as defined by i.—vii. above.

The quantitative impact on the lifetime of a SMPS device due to sustained overvoltage
is yet to be determined, however, typical failure modes for an SMPS have been investigated
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in [18]. The research indicates that 60% of SMPS failures are due to electrolytic capacitor
(EC) failures, 31% due to MOSFET (high-frequency switching) failures and the remaining
9% being related to failure of inductive elements and diodes. Based on this information,
the EC has been identified as a critical point of failure within the SMPS and focus has been
placed on the impact of sustained overvoltage on EC lifespan and failure rates in order to
gain an understanding of the impact of sustained overvoltage on equipment lifespan.

3. Electrolytic Capacitors

ECs are used in a diverse range of products, including SMPS. SMPS designs will often
utilise ECs in combination with an inductor at the output of the rectifier circuit to provide
the DC bus for subsequent stages of the SMPS and this study has identified this to be
the capacitor of most interest. The input LC filter capacitor is directly exposed to voltage
variations due to the its location within the circuit.

While other power quality disturbances, such as high frequency ripple [19,20] and
ambient temperature, will have an influence on capacitor lifetime, the focus of this paper
is to investigate the relationship between the longevity of ECs and the magnitude of the
supply voltage.

3.1. Representative Test Circuit

Capacitors can be represented using an equivalent circuit that accounts for the non-
idealities of the component; Figure 2 [18] illustrates one such equivalent circuit.

G

Rp

R ESL
Y Yo

Figure 2. Equivalent circuit of a capacitor.

For an electrolytic capacitor, this circuit accounts for Rp, an equivalent parallel leakage
resistance, Ry, an equivalent series resistance (ESR), ESL an equivalent series inductance
(ESL), and Cj, an equivalent series capacitance of the component. These parameters are
present in all capacitors and the values of each parameter will vary between each. For the
purposes of this study, the circuit shown in Figure 2 can be further simplified to include
just the capacitance and ESR as the effects of Rp and ESL have little impact on the results of
the testing scenarios presented in this paper [21].

3.2. Failure Mode of Electrolytic Capacitors

Capacitors have different failure mechanisms dependent on the stress to which they
have been exposed. Immediate, catastrophic failure can be the result of extreme overvoltage
or electrolyte leakage. Another common capacitor failure mode is a gradual increase of
ESR and a decrease of capacitance beyond allowable design tolerance levels [20]. The ESR
of a capacitor can be calculated using (1) [22].

RP
1+4m2-R3-C5- f2

ESR = Ry + 1)

where:

C; is the ideal capacitance of the component, directly correlated with the surface area of
the capacitor plates, the dielectric constant and length of space between plates that is
filled with electrolyte;

f s the frequency of the current flowing through the capacitor;

All other variables are as referred to in Figure 2.
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As discussed in [22], the resistive components of Figure 2 represent losses due to
leakage current (R,) and resistance of the physical components of the capacitor (Ry). The
total ESR of a capacitor is capable of increasing for a number of reasons, the most important
cause for this study being due to the evaporation of electrolyte [23], which decreases the
value of C; thereby increasing ESR as per (1), noting that both R, and R; are not affected
by the evaporation of electrolyte. Electrolyte evaporation is capable of occurring when
the capacitor operates at an increased temperature for an extended period of time [20,23].
An increased operating temperature of a capacitor can be due to ambient conditions or
prolonged exposure to high voltage and is the result of increased ohmic losses within the
component [24]. The authors of [25] state that a capacitor is considered to have failed when
the ESR value of a capacitor has increased to 2.8 times the initial value (ESRp).

4. Test Device Design

For various reasons including cost, complexity and maintaining focus on the relation-
ship between voltage levels and EC lifetime, it is neither feasible nor desirable to undertake
assessment of actual SMPS devices. As such, in order to evaluate the impact of sustained
overvoltage on the EC of interest, a test device (TD) was designed and fabricated to mimic
the front-end (i.e., AC/DC conversion stage) of a typical SMPS.

The TD was designed to focus on the relationship between the lifespan of the DC-link
capacitor and input voltage magnitude whilst allowing for reduced cost and complexity.
However, it was important that the TD accurately reproduce the performance of a typ-
ical SMPS front-end. In order to simplify and optimise the TD, all components beyond
the bridge rectifier-LC filter combination were reduced to a representative load resistor.
Computer simulations were undertaken to determine if this simplification provides an
appropriate representation of a SMPS with regard to the front-end LC filter and overvolt-
age conditions. Another advantage of the use of a bespoke TD design is that it removes
variabilities in the design and manufacturing practices of proprietary SMPS devices.

4.1. Computer Simulation

A computer simulation tool, Simulink, was used to evaluate whether simplifying the
test circuit as described above was an acceptable approach to investigate the impacts of
sustained overvoltage. The model shown in Figure 1 and the simplified model shown in
Figure 3 were used to determine the impact of replacing components iv.—vii. with a simple
load resistor.

s

| L ] -
RL-I,
/N / RL-I,

= RL-V; R,

| -

S
=
S

|

Figure 3. Simulation circuit with load resistor simplification.

In order to ascertain the feasibility of this simplification, the input voltage and current
waveforms of the full model, as presented in Figure 1, were compared with the simplified
model as per Figure 3, and an FFT comparison was undertaken.

Figure 4 shows the output voltage waveform of both simulation circuits, where:

*  Vj,is the voltage applied to the SMPS system;
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*  V, is the voltage across the DC-link filter capacitor with a simple SMPS system as the
load, (as per Figure 1);

e RL — V. is the voltage across the DC-link filter capacitor with components iv.—vii.
replaced with a resistive load (as per Figure 3).

400

300

200

-300

_400 Il Il Il Il Il
0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

Time (s)

Figure 4. Voltage Waveform Comparison.

Figure 4 indicates that the use of a resistive load does not significantly impact the
voltage waveform across the DC-link capacitor, supplying the subsequent sections of the
simple SMPS.

Figures 5 and 6 provide comparison of the current through the DC-link capacitor and
load respectively for both circuits.

e [ is the current through the DC-link filter capacitor to the simple SMPS load;

*  RL — I, is the current through the DC-link filter capacitor when the load is represented
by a simple resistor;

®  [;is the current supplied to the simple SMPS load;

*  RL — ]j is the current supplied to the simple SMPS load when the load is represented
by a simple resistor.

Current (A)
N

i i A AR SA AR 1S

0 0.01 0.02 0.03 0.04 0.05
Time (s)

Figure 5. Current Waveform Comparison—Capacitor.
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Figure 6. Current Waveform Comparison—Load.

As can be seen, there is a significant difference between the current waveforms for the
complete and reduced circuit topologies. This difference in current is due to the switching
MOSFET that is present in the full SMPS circuit. The large current spikes seen in I; and I
in Figures 5 and 6 respectively occur when the MOSFET switches states causing an inrush
of current through the inductive component of the transformer. This switching occurs at
high frequency to reduce the required size of the step-down transformer and reduce losses
within the circuit [17]. In order to determine whether this high frequency switching renders
the resistive load reduction inappropriate for the study, an investigation of the FFT of the
resulting current of both models was undertaken, shown in Figure 7.

0.14 T

012

o
PN
T

o
o
=3
T
1

[
o
)
T
1

Current (A)

0 5 10 20 25

15
Harmonic Order (h)

Figure 7. FFT Comparison of the Full and Representative Models.

It can be seen that the resistive load circuit current has a very similar harmonic
spectrum to that of its counterpart in the simple SMPS circuit. The 0 Hz (DC) current for
both circuits is comparable, suggesting that the average current supplied and therefore
power consumption for the simplified circuit is representative of the complete design. It
should also be noted that high-frequency currents are detrimental to the lifetime of an
EC [20]. As such, omission of these current spikes, as provided by the resistive load model,
introduce further advantages to the study by focussing the rate of lifespan degradation due
solely to sustained overvoltage conditions as opposed to a combination of power frequency
and high frequency voltage components.

4.2. Design of Test Device

Based on the outcomes of the computer simulation, it can be confirmed that a reduc-
tion of the simple SMPS system to a rectifier-LC filter combination powering a resistive
load is appropriate for the study. The TD was designed as per the schematic shown in
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Figure 3, with six TDs mounted on each test board, enabling connection to data acquisition
equipment and the EC under test. The physical layout of the test board is shown in Figure 8.
The parameters and ratings were chosen to resemble a common power supply front-end
capable of powering a small to medium electronic device (e.g., LED driver, small monitor,
generic AC/DC power converters). Using this circuit topology, the component under test
is solely the EC. Selected ratings and component values for the TD are given in Table 1.

Figure 8. Test board showing mounting of test devices and external resistive loads (capacitors are
connected externally to enabled them to be located in laboratory oven).

Table 1. Test Device Component Values.

Characteristic Value
SMPS Rated Power 20W
EC Capacitance 47 uF
EC Rated Voltage 400V
EC Operating Temperature —25°Cto 105 °C
EC Technology Radial aluminium
Electrolyte Non-solid

5. Design of Experiment and Methodology

The purpose of this study was to evaluate the impact of sustained overvoltage on
electronics-based consumer equipment lifespan. The study focuses on SMPS as a very
common electronic load. Accordingly, the impact of overvoltage on the lifespan of the EC
within the SMPS, as a likely point of failure, has been established through the use of the
simplified TD. In order to complete this investigation, it was necessary to obtain a large
dataset of the time required for capacitors to fail when exposed to a range of input voltages.
Failure was defined to have occurred when the ESR value reached 2.8 times the original
value (which is equivalent to failure as discussed in Section 3.2).

The capacitor which was selected for the study has a minimum rated lifetime of
Ly > 2000 h. Given this expected lifespan, it is time prohibitive to undertake lifetime testing
of a large number of these capacitors under normal operating conditions. Consequently, a
method was developed that involved lifespan evaluation at an increased temperature in
order to accelerate the lifetime ageing of the capacitors to ensure that sufficient volume of
time to failure data could be collected for evaluation.

5.1. Operating Temperature

As outlined in Section 3, a typical failure mode for ECs is an increase in ESR and
commensurate decrease of capacitance to an unacceptable level. This increase in ESR is due
to the evaporation of electrolyte within the casing which is influenced by the temperature
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at which the component operates. This is supported by [26] which states that the expected
lifetime of a capacitor can be estimated using (2).

To-T

life(T) = Lo x 2" 10, @)

where:

Lo is the rated lifetime under maximum operating temperature;
To is the maximum rated operating temperature;
T  is the actual operating temperature.

However, it is identified in [26] that (2) is only valid for the allowable working temper-
ature range, typically —40 °C < T < 105 °C. Such considerations were taken into account
when selecting the operating temperature range for the completion of testing, that is, the
elevated operating temperature selected was determined through an iterative process to
ensure spurious results were not introduced into the cause of failure. This resulted in a
continuous operating temperature of 160 °C being selected for the duration of testing. This
operating temperature allowed reduced testing time being required whilst allowing signifi-
cant data to be collected without introducing additional failure modes. A high precision
laboratory oven was used to provide a stable testing environment at 160 °C. Figure 9 show
the ECs located in the laboratory oven with cables for connection back to TDs.

Figure 9. ECs under test located in laboratory oven with cables for connection back to TDs.

5.2. Measurement Process

Throughout the course of the experiment, the capacitance, ESR and capacitor ripple
voltage were measured at regular intervals. In order to measure capacitance and ESR
values, a high precision LCR meter was used (GW Instek LCR-819). Prior to testing, initial
values were obtained and measurements were taken at 24-hour intervals to monitor the
variation over the course of each test scenario. Each measurement was taken after the TD
had been switched off and the capacitor had returned to room temperature. This was an
important step as both ESR and capacitance are directly affected by the temperature of the
component [26].

Both [18,25] conclude that the magnitude of the peak-to-peak voltage, (Vp), measured
across the DC-link capacitor is a reliable indicator of the ESR. V,, was monitored throughout
the course of the experiment, however, no consistent relationship between Vpp and ESR
could be established. Off-line measurement of ESR was therefore used as it was determined
to be a simpler, more reliable indicator of the degradation rate for each capacitor.

5.3. Test Voltages

The voltages applied to the TD were 230, 240, 250, 260 and 270 V4¢c rms at 50 Hz. This
equates to a voltage range of 100-117% of nominal voltage (230 V). With the magnitude of
voltage being the only variable, it is reasonable to suggest that any discernible change in
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degradation will primarily be due to the magnitude of voltage applied. The experimental
methodology at each voltage level was as follows:

1. The capacitors were placed in the preheated oven and the power was switched on;

2. The test was then left to run for 24 h, at which point the power was switched off and
the capacitors were removed from the oven;

3. Once returned to room temperature, the capacitance and ESR was measured for each
capacitor and compared to their original values;

4. The capacitors were then placed back into the oven and the experiment resumed;

5. The above process was repeated until the ESR of the capacitors under test reached
2.8 times the original value.

The above process allowed for a clear degradation model to be determined for the
capacitor under test using product lifecycle management (PLM) software. At the completion
of the experiment, the PLM software was used to determine the relationship between input
voltage and capacitor lifespan.

5.4. Analysis Software

PLM software is commonly used for determining reliability prediction, expected
failure modes and refining the design of products. For this study, accelerated life testing
(ALT) and degradation software modules were used to evaluate the rate of degradation
and probability of failure of the ECs which was then used to determine the relationship
between voltage magnitude and life of the EC [27]. In the interest of using as much data as
practicable, the software package was used to estimate the time to failure (TTF) for ECs
that did not completely fail by the completion of the testing scenario.

In total, 92 capacitors were tested across all voltage levels considered, including the
additional tests at different temperatures during the iterative process discussed below.
From this, a subtotal of 77 capacitors were tested across the defined range of voltages at
160 °C, and are shown in Table 2. The average time of testing for these capacitors was
approximately 70 h and the total testing time was 612 h. As shown in Table 2, comparatively
more capacitors were tested at 230 V and 240 V. These were also the voltage magnitudes
used during the iterative process to determine appropriate temperature levels discussed
in Section 5.1 to develop an understanding of expected time frames required. A reduced
number of capacitors for the higher voltage levels was found to be sufficient to develop an
acceptable relationship of voltage with lifetime degradation acceleration as discussed in
the following section.

Table 2. Testing Time.

Voltage Level Number of Capacitors Tested Average Length of Test (Hours)
230V 35 72.5
240V 15 55
250V 9 92
260 V 9 70
270V 9 50

6. Results and Analysis

In the first instance, results of the laboratory evaluation are presented as probability
density functions (PDFs) of the time to failure of the ECs with respect to input voltage.
Using these PDFs, it is possible to derive an equation which relates the input voltage
magnitude to the loss of life of the EC [28].

6.1. Time to Failure PDFs

Figure 10 shows the PDF of time to failure for each of the voltage magnitudes evaluated.
These PDFs were obtained by entering the TTF values (estimated calculation values used
where required, as per Section 5.4) into the PLM software package and then calculating
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the PDF for each data set. As such, Figure 10 provides a graphical representation of the
probability of failure based on the time in operation and operating voltage magnitude.
The location on the x-axis of the peak of each curve defines the time (in hours) at which
50% of the capacitors have failed for the given voltage level. Figure 10 illustrates that
there is a clear decline in the average TTF as the voltage applied to the capacitor increases.
For example, it can be seen that the median lifespan for an EC when supplied at 230 V is
1.6 times larger than the average lifespan when supplied at 270 V. Figure 10 also shows that
the shortest expected life time of a capacitor (i.e., <5%) operating at 230 V is approximately
equal to the longest expected lifetime of the capacitor operating at 270 V.

0.04

0.035§]

0.03

Probability/hour
o 3
o N
N (8]

o

o

=

o
T

0.01+

0.005 |-

0 50 100 150 200 250
Time to failure (hours)

Figure 10. Probability Density Function (PDF) Plot.

6.2. Acceleration Factor for System Failure Prediction

The data shown in Figure 10 can be used to derive an equation which relates the
input voltage to the lifespan of the EC. Such an equation uses the data shown in Figure 11
which was obtained through degradation modelling using TTF values obtained through
experimentation. It shows the impact that an increased voltage has on the expected lifetime
of a SMPS system that is designed for a rated voltage of 230 Vryss. In this case the system
is the test device and the failure mode is the degradation of the front-end filter capacitor
beyond acceptable values. The nominal system/equipment voltage of 230 V is used here in
place of the specific capacitor rated voltage to align with the tests performed and for ease
of interpretation of results. The resultant graph determines the Acceleration Factor (Ar) of
the lifetime of the capacitor due to applied stress which in this study is the magnitude of
applied voltage. Ar can be calculated using (3).

Life
Ar — rated
F Lifeaee 3)

where:

Lifeyateq is the rated lifetime of the component in hours;
Lifeaec  is the accelerated lifetime measured throughout the study.
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Figure 11. Acceleration Factor (Ar) due to Voltage (this study) and Relative Voltage Stress from [29].

To accurately quantify the impact that voltage has on the lifetime of a rated device, the
inverse power law (IPL) stress model was applied. This is a common stress model used for
ALT when the acceleration stress is non-thermal [30]. Whilst the capacitors were exposed
to an elevated temperature, the stress factor of interest for this study was the operating
voltage. The IPL uses (4) to determine the expected life of a component.

1

L) = g

)

where:

V' is the stress level;
K and n are model parameters to be determined.

Using ALT modelling of the collected data, the parameters K and n were determined
to be:

K =23.95x10"19;
n=2.99.

The acceleration factor for an IPL stress model can be calculated with (5).

Af = Lrated _ 1/KVy/ _ <VA>n
Lace  1/KVY Vu) '

©)

where:

V4 is the voltage magnitude used in the ALT;
Vi is the rated voltage.

This shows that the life acceleration of a component is directly related to the ratio of the
instantaneous stress and the rated stress. Placing the result of (5) into (3), (4) becomes (6).

Liferated

L) = s ©)

Using (6), the lifetime of a known SMPS can be estimated based on the sustained
voltage magnitude it is exposed to. Equation (6) is a representative equation in which each
system is likely to have different values for n that must be determined experimentally and
is reliant on the components used, design topologies, voltage range and operating temper-
ature. This is an important result as it reduces the system to a very simple relationship
involving only rated parameters and applied stress. For example, a device has been tested
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and has a rated lifetime of 2000 h with an operating voltage of 230 V. If the device is instead
exposed to 250 V, the expected lifetime can then be calculated using (6).

2000 h
L(V)= ——— ___ —1557h.
V) (250 V/230 VP 0

For this device, the expected lifetime was reduced by 22% due to the increased op-
erating voltage, resulting in the device requiring repair or replacement, a direct cost to
the customer.

Further, investigation of Figure 11 and (3) suggest that the lifetime acceleration factor
can be reduced below 1 by limiting the operating voltage below design values. This is an
important outcome as it suggests that lower voltages, whilst maintaining reliable operation
of the SMPS, would be advantageous to the lifetime of the EC and therefore the device as
a whole.

The resulting acceleration factor Ar for the various test voltages can be compared to
the voltage stress component of the more traditional EC failure models from [29] where
(7) defines the EC base failure rate and the voltage stress component resides within the

square brackets.
S 3
Ap = 0.00254[() +1

p (5.09( = )5) 7)

7

0.5

where:

Ap is the base failure rate (failures/10° hours);
S s the ratio of operating to capacitor rated voltage;
T is the ambient temperature.

For an EC applied waveform as per V- of Figure 4 with d.c. ripple of approximately
4% at each voltage level the resulting EC voltage stress component from (7) was determined
and plotted (relative to 230 V value) within Figure 11. It is noted that the results show
reasonable agreement between this study and the method from [29] with a slightly higher
acceleration factor resulting from the work presented in this paper.

7. Summary and Future Work

In this study, laboratory evaluation of a specially designed test device has been un-
dertaken in order to develop a preliminary understanding of the relationship between the
lifespan of a key component of the ubiquitous SMPS and input voltage. Specifically, the
study has assessed the relationship between input voltage magnitude and the lifespan of
an EC that is used in the DC bus of many SMPS designs. The specially designed test circuit
was used in order to reduce both the cost and complexity of the experimental work and
to reduce the number of variables that were subject to assessment. Verification that the
test device accurately reproduced the performance characteristics of an actual SMPS was
undertaken using a computer simulation package.

An accelerated ageing test strategy was developed for the purposes of this study. This
accelerated ageing test strategy reduced the amount of time required to collect a volume of
data sufficient to determine the relationship between input voltage and lifespan of the EC.

The outcomes of this study clearly show a strong relationship between input voltage
and EC lifespan with lifespan decreasing as input voltage increases. For example, it can be
seen that the median lifespan for an EC when supplied at 230 V is 1.6 times the median
lifespan when supplied at 270 V. In fact, even the shortest estimated EC life when supplied
at 230 V is longer than the maximum estimated life when supplied at 270 V.

The outcomes of this study are both important and relevant as they show a direct
relationship between component loss of life and input voltage. Given the relatively high
voltage levels observed in Australia (and likely other parts of the world) and the increasing
penetration of dispersed rooftop solar PV generation which is leading to additional volt-
age rise and higher light load voltages [5,6], the relationship between input voltage and
component lifespan is highly topical.
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The outcomes of this experimental work clearly show an increased rate of capaci-
tor degradation due to sustained overvoltage. Inspection of the PDF of each scenario
(Figure 10) shows a clear decline in the expected average TTF across all scenarios where
the only operational variable was the applied Vrpss. This outcome makes it reasonable to
suggest that an increase in operating voltage is likely to decrease the average TTF of an
EC commonly used for standard SMPS devices. This was further investigated to obtain an
acceleration factor in which the TTF was found to be a function of the operating and rated
voltages. A derating curve can be determined for systems to better understand the effect
of voltage levels on the lifetime of SMPS and whilst the graphics presented in this paper
were derived for a single system design, it is expected that similar results are likely to be
obtained for the majority of similarly designed power supplies. This can be suggested due
to the uniformity of systems and the EC component itself.

Future Work

The work presented in this paper focuses on the effects of sustained overvoltage on
a generalized SMPS design that connects to the network supply via a rectifier-LC filter
combination. This is representative of many similarly designed hardwares; however, LC
filters are very common across a wide range of devices, not just SMPS. It would be beneficial
therefore to focus further study on the rate of degradation on ECs connected to a range of
devices and for a wide range of EC types.

The voltages waveforms supplied to the test devices in this study were undistorted,
sinusoidal waveforms of varying magnitudes. Given capacitors are susceptible to increased
ripple currents and the presence of harmonics, and likely to lead to further lifespan reduc-
tion, an area for future work would be including specified levels of harmonic distortion to
the applied voltage waveforms.

Continued testing and measurement could lead to developing a clearer understanding
of derating curves and lifetime acceleration factors related to ECs and other capacitor types
in a range of operating scenarios and device types. For example, PV inverter systems
commonly use capacitors as a front end connection in an attempt to filter high frequency
distortion [31]. Due to the continued rise in popularity of photovoltaic systems and their
noted impact on voltage levels, it is suggested that a thorough investigation into the
effect that sustained overvoltage has on common front-end filters for inverters should be
undertaken.

8. Conclusions

A detailed inspection of commonly connected equipment reveals the prevalence of
SMPS devices and determines that a common weak link for these devices is the DC-link
capacitor. A TD was designed that placed the focus directly on this capacitor and exposed
it to a range of voltage levels. The results clearly revealed the link between operating
voltage and the lifetime of ECs. This causal link has been presented mathematically and
the relationship suggests that the ratio between the applied voltage and designed nominal
voltage has a large impact on the lifetime of the capacitor. For the case study capacitor
the equipment lifetime was shown to display an inverse cubic relationship with voltage
stress, for example, when exposed to a sustained increase in operating voltage to 250 V
(20 V above nominal) the equipment lifetime reduced by 22%.
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Abbreviations

The following abbreviations are used in this manuscript:

AC Alternating Current
ALT Accelerated Life Testing
AS Australian Standard
DC Direct Current
EC Electrolytic Capacitor
ESL Equivalent Series Inductance
ESR Equivalent Series Resistance
FFT Fast Fourier Transform
IPL Inverse Power Law
LC Inductor-Capacitor
LCR Inductance-Capacitance-Resistance
LED Light-Emitting Diode
LV Low Voltage
MOSFET  Metal-Oxide-Semiconductor Field-Effect Transistor
PDF Probability Density Function
PLM Product Lifecycle Management
PQ Power Quality
PV Photovoltaic
RMS Root-Mean-Square
SMPS Multidisciplinary Digital Publishing Institute
D Test Device
TTF Time To Failure
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