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Abstract Today electronic devices require a power supply
without any variation or disturbance. Nevertheless, electri-
cal variations presented in power lines are more frequent
and powerful. The consequences of poor power quality
are reflected in the lifetime and performance of electronic
devices. Thus, in this study, an FMEA is presented to know
which electrical variation has more effect on the reliability
of electronic devices. The analysis was performed following
the classification of electrical disturbances which consider
the waveform of the disturbance. The results of the FMEA
showed that electrical harmonics havemore influence to harm
an electronic device. In addition, a reliability analysis is per-
formed in this study to measure the effects of the electrical
variation via mean time to failure. The electronic product
selected was a laptop computer. The results of the reliability
analysis showed that laptop computer reduced its lifetime in
around 4800 h under the electrical variation selected.

Keywords Power quality · FMEA · Electrical harmonics ·
Reliability · Accelerated life testing

1 Introduction

Power quality (PQ) has become an important topic for the
industry and consumers. Nowadays, electronic devices (non-

B Luis Carlos Méndez-González
luis.mendez@uacj.mx

1 Department of Industrial Engineering and Manufacturing,
Institute of Engineering and Technology, Universidad
Autónoma de Ciudad Juárez, 32310 Chihuahua, Ciudad
Juarez, México

2 Faculty of Electronic Science of Benemerita Autonoma,
Universidad de Puebla, 72000 Puebla, Puebla, México

linear loads) are more sensitive to electrical variations (EVs)
existing in the power line (PL). PQ issues are primarily due to
continually increasing sources of disturbances that occur in
interconnected power grids, which contain a large number of
power sources, transmission lines, transformers, and loads.
Such systems are exposed to environmental disturbances
such as lightning strikes. Furthermore, non-linear power elec-
tronic loads, for example, a converter driver equipment, have
become increasingly common in the power system [1]. The
lack of PQ is directly reflected in the reliability of the elec-
tronic device, which uses the voltage lines for its operation.
In consequence, it is necessary to know which disturbance
presented in the PL produces the higher damage in the piece
to get a better reliability assessment when electronic devices
are in real operational environments. PQ issues and PQ clas-
sification have been investigated by many authors. Saini
[1] made a review of PQ classification via signal process-
ing techniques, such as fuzzy logic, neural network, and
genetic algorithm. Dash et al. [2] used a fast Modified recur-
sive Gauss–Newton method for the estimation of PQ indices
in distributed generating systems during both islanding and
non-islanding conditions. Naik and Kundu [3] established
PQ indexes based on discrete wavelet transform (DTW) to
determine the amount of deviation from the desired pure
signal, and the recommended PQ index is defined as the
weighted sumof the percentage energy deviation of theDWT
details. Geun-Joon et al. [4] focus on voltage sag phenom-
ena and their impact on customer satisfaction, to derive a
unique power quality of service index, information from both
the supply network (according to standards in use) and the
customer (defined in terms of load sensitivity and interrup-
tion cost) are merged. Biswal and Dash [5] proposed a fast
adaptive discrete generalized S-transform algorithm based
on a new frequency scaling named selective frequency scal-
ing, window cropping, and an adaptive window function.
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Table 1 Magnitude of duration
for power quality issues

Type of PQ issue Magnitude of event Duration of event

Under short undervoltage <90 % of voltage peak to peak 1–3 cycles

Very short overvoltage >110 % of voltage peak to peak 1–3 cycles

Under short undervoltage <90 % of voltage peak to peak 1–3 min

Short overvoltage >110 % of voltage peak to peak 1–3 min

Long undervoltage <90 % of voltage peak to peak 3–60 min

Long overvoltage >110 % of voltage peak to peak 3–60 min

Very long undervoltage <90 % of voltage peak to peak >60 min

Very long overvoltage >110 % of voltage peak to peak >60 min

Ozgonenela et al. [6] investigated ensemble empirical mode
decomposition performance and compared it with classical
empirical mode decomposition for feature vector extraction
and selection of power quality disturbances. Another index is
proposed by Duarte and Kagan [7] using the voltage and the
harmonic distortion. Finally, Dehghania et al. [8] proposed a
new classification using the hidden Markov model (HMM)
and wavelet transform (WT). In this work, 15 different types
of power quality disturbances were considered for training
and evaluating the proposed method. The Dempster–Shafer
algorithm was employed for improving the accuracy of clas-
sification.

The reviewed papers mentioned above only classify the
EV. However, those works cannot identify which variation
has more probability to damage the device when it is plugged
in the PL, in that case, Mendez et al. [9] established the
importance to know which EV affects directly the lifetime
of electronic devices and the significance to analyze the PQ
issues using reliability techniques. Themain objective of this
study is to obtain the risk priority number (RPN) indexes of
PQ variations presented in the PL via failure mode and effect
analysis (FMEA); in this case, we consider the classification
established by Seymour [10]. With the highest RPN index,
we proposed a reliability analysis to measure the effect of the
EV into the electronic device. The results presented in this
paper offer a better way to understand which EV has more
probability to harming the electronic device. Moreover, we
proposed a technique to analyze the effect of the EV into
electronic products via a reliability analysis.

This study is arranged as follows: the classifications of
EV presented in the PL is described in Sect. 2. The FMEA
analysis performed to the classification presented by Sey-
mour [10] is presented in Sect. 3. Reliability approach and
their procedure are described in Sect. 4. A case of study
performed includes a reliability analysis between constant
voltage (actual procedure), and the EV with the highest RPN
is described in Sect. 5. Section 6 establishes the results and
the effects of the EV into the device. Finally, the last section
provides the concluding remarks and a future work which
can derivate from this paper.

2 Types of electrical variations

There are different classifications for PQ issues; each clas-
sification uses a specific property to categorize the problem.
Some of them classify the events as “steady state” and ‘non-
steady state” phenomena. In some regulations (e.g., ANSI
C84.1), the most important factor is the duration of the event,
see Table 1. Other guidelines (e.g., IEEE-519) use the wave
shape (duration and magnitude) of each event to classify
power quality problems. Other standards (e.g., IEC) use the
frequency range of the event for the classification.

Seymour [10] has established seven categories of EL
based on wave shape form produced by the EL, and these
disturbances are described in Table 2.

3 FMEA of electrical variations

TheAmerican Society of Quality (ASQ) defines an FMEAas
a step-by-step approach for identifying all possible failures in
a design, a manufacturing or assembly process, or a product
or service. The main objective of FMEA is to assign an RPN;
this numerical value is associated with the causing failure,
severity, occurrence, and detection.

The RPN value is obtained as follow:

RPN = severi t y · ocurrence · detection. (1)

Severity refers to the magnitude of the end effect of a
system failure. The more severe of the consequence, the
higher value of severity will be assigned to the effect. Occur-
rence refers to the frequency that a root cause is likely
to occur, described in a qualitative way. That is not in
the form of a period of time but rather in terms such as
remote or occasional. Detection refers to the likelihood
of detecting that a root cause before a failure can occur
Arabian-Hoseynabadia et al. [11]. For this case, we estab-
lished a relationship between electrical variations presented
in Table 1 and reliability techniques to get the factors
described in Eq. (1).
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Table 2 Description of electrical variations presented by Seymour [10]

Disturbance type Subcategories Waveform Description

Transient Impulsive Is as sudden high peak events that raise the
voltage or current levels in positive or neg-
ative direction

Oscillatory Is a sudden change in the steady-state con-
dition of signal’s voltage, current or both.
Usually decay to zero within cycle

Interruption Interruption Is a complete loss of supply voltage or load
current, this variation can be instantaneous
(0–30 cycles), momentary (30 cycles to 2
s), temporary (2 s, to 2 min) sustained (≥2
min)

Sag/undervoltage Sag Is a reduction of Ac voltage at a given fre-
quency for a duration of 0.5 cycles to 1 min

Undervoltage Is the result of long-term problems that cre-
ate sags

Swell/overvoltage Swell Is the inverse of sags, swell increase de AC
voltage for a duration of 0.5 cycles to 1min

Undervoltage Is the result of a long-term problems that
create swells?

Waveform distortion DC offset Is the presence of DC current or voltage
component in AC systems

Harmonics Represent a corruption of the fundamental
sine waveform at frequencies that are mul-
tiples of the fundamental

Inter-harmonics Are a type of waveform distortion that are
usually the result of a signal imposed in the
supply voltage

Notching Is a periodic voltage disturbance caused by
electronic devices, their spectrum is lower
than 200 kHz

Noise Is unwanted voltage or current superim-
posed on the power system voltage or
current waveform

Voltage fluctuations Voltage fluctuations Is a symmetric variation of the voltage
waveform or a series of a random voltages
changes of small dimension, namely 95–
105 % of nominal at low frequencies

Frequency variations Frequency variations This disturbance is extremely rare. In this
case the sine waveform changes the range
of its fundamental frequency that affects
the period of the sine waveform

3.1 Preliminary for FMEA

The severity, occurrence, and detection factors are individu-
ally rated using a numerical scale, typically ranging are from
1 to 10. These scales, however, can vary in range depend-
ing on the FMEA standard being applied. However, for all
standards, a high value represents a poor score (for example,
catastrophically severe, very regular occurrence or impossi-
ble to detect). Once a standard is selected, it must be used
throughout the FMEA [11].

In this study, we use the procedure proposed by Arabian-
Hoseynabadia et al. [11] and modify the scale of severity,
occurrence, and detection to do more appropriated for the
application EV shown in Table 2.

The severity modified scale and criteria are shown in
Table 3. This table was developed via reliability tools such
as mean time to failure (MTTF), which measure the average
lifetime, inverse power law (IPL) that is the common model
to analyze electronic devices.
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Table 3 Severity rating scale
for EV

Scale # Description Criteria

1 Category IV (minor) Electronic device works without inconveniences. Electrical
variation has no effect and the lifetime and performance of
the device is not reduced. No maintenance is required

2 Category III (marginal) Electronic device works with some issues such as suddenly
shutdown or restart, some data can be lost, increase of tem-
perature but is under specifications. Can be repaired with
minimal maintenance

3 Category II (critical) The device has issues due to electrical variations, loss of all
data, and increase of temperature. Erratic performance. Can
be repaired with extensive maintenance

4 Category I (catastrophic) Damage into the device can cause loss of data, the device
is not starting up, system halts, temperature out of range,
malfunction. The lifetime of the device is over. System or
device cannot be repaired and needs to be replaced

Table 4 Occurrence rating
scale for EV

Scale # Description Criteria

2 Level D (remote) The electrical variations presented in the PL have a typical
duration between 50 nS and 1 mS. Failure mode proba-
bility of occurrence is less than 0.001

3 Level C (occasional) The electrical variations presented in the PL has a typ-
ical duration between 0.5 cycles and 3 s. Failure mode
probability of occurrence is more than 0.001 but less than
0.01

4 Level B (reasonable probable) The electrical variation presented in the PL has a typical
duration between 3 s and 1 min. Failure mode probability
of occurrence is more than 0.01 but less than 0.10

5 Level A (frequent) The electrical variation presented in the PL is a steady
state and represents a failure mode probability greater
than 0.10

The occurrence modified scale and criteria are shown in
Table 4. This tablewas developed via themagnitude of theEL
presented by Funch and Mohammad [12] and classification
provided by MIL-STD-1629A [13].

The number of detection levels was reduced by removing
1, 6–10, as the presence of the remaining four levels was
adequate for this analysis. The modified Detection scale and
criteria are shown in Table 5. Table 5 was based on the PQ
existing technology and their capacity to detect and suppress
the electrical variationwhen the electronic devices is plugged
in PL.

Defining the criteria tables is the first step in performing
an FMEA. Arabian-Hoseynabadia et al. [11] mentioned the
basic principles of an FMEA using different standards that
are similar and simple:

• The system to be studied must be broken down into its
assemblies.

• For each assembly, all possible failure mode must be
determined.

• The root causes of each failure mode must be determined
for each assembly.

Table 5 Detection rating scale for electrical variations

Scale # Description Criteria

2 Very high Very High chance the Design Control will
detect a potential cause/mechanism and
subsequent failure mode

3 High Control may detect the electrical variation
and offer some resistance to EL effects

4 Moderate high Moderately High chance the Design Control
will detect a potential cause/mechanism and
subsequent failure mode

5 Moderate Moderate chance the Design Control will
detect a potential cause/mechanism and
subsequent failure mode

• The end effects of each failure mode must be assigned a
level of severity, and every root cause must be assigned a
level of occurrence and detection via Tables 3, 4, and 5.

• The RPN is calculated via Eq. (1).

In the following section, the procedure of the FMEA is
established and how the RPN and which electrical variation
has more effect into electronic devices.
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3.2 FMEA procedure

The first step to develop the FMEA is to define the criteria
in the analysis. These criteria were performed in Tables 2,
3, and 4. The second step is making a subdivision of the
system; in this case, we perform an FMEA for EV. The EV
was classified and described in Table 2.

For each EV, we determinate the possible failure mode
produced when an electronic device is plugged on to the
PL; for this case, we consider information provided by Sey-
mour [10], Funch and Mohammad [12], Kennedy [14] and
Dah and Luc [15].

In addition, in this case, we consider the effects of EV in
the product’s reliability. A summary of failure modes gener-
ated by EV into electronic devices is shown in Table 6.

The root cause of each failure mode is established in
Table 7; the root cause was related to the sources of the EV
presented in the PL.

Based on Tables 2, 6, and 7, we set on the severity,
occurrence, and detection ranking following the criteria
established in Tables 3, 4, and 5. In this step, is included a
liability approach to determinate the ranking of each FMEA
criteria for all EV. The reliability approach proposed was
established in the failure rate of the electronic device when
the EV is submitted into the piece, and this concept is added,
as shown in Table 3. In addition, we consider if the EV pre-
sented in the power line can be implemented in the reliability
models, such as inverse power law (is the common life-stress
relationship to describe the performance of electronic devices
when the voltage is submitted into the piece), and this con-
cept is applied in the detection rank (presented in Table 4).
The severity, occurrence and detection ranking and RPN for
EV is shown in Table 8.

The results presented in the Table 8 offer a good perspec-
tive to knowwhich EV has the highest probability to damage
the electronic device when is plugged on the PL. Based on
Table 7, the EVwith the highest RPNwas electrical harmon-
ics (EH). EH are steady-state phenomena, so they are present
all the time in the sinusoidal waveform in the PL. Moreover,
in the Table 7, impulsive and oscillatory disturbance has a
big change to reduce the reliability of the electronic product.
Impulsive and oscillatory disturbances are caused byweather
conditions such as thunderstorms.

In the following section, a reliability methodology is
applied to measure the performance and the lifetime of elec-
tronic products under the EV with the highest RPN. The
device selected for the analysis was a commonly residential
product (laptop computer).

4 Reliability approach

A reliability prospective is proposed in this section; this
approach is to know the effect of the EV into electronic

Table 6 Failure mode for each electrical variation presented in power
lines [10]

Subcategories Failure mode in electronic devices

Impulsive Loss of data, possible damage, system
halts, harm in TV’s, computers and reg-
ulators, malfunction in some electronic
devices

Oscillatory Loss of data, possible damage, system
halts, harm in TV’s, computers and reg-
ulators, malfunction in some electronic
devices

Interruption Possible loss of data, shutting down of
equipment, malfunction in bootloader soft-
ware

Sag System halts, possible loss of data, shut-
ting down of equipment, Motors stalling
and overheating, computer malfunction,
adjustable-speed drive shutting down

Undervoltage System halts, possible loss of data, shutting
down of equipment, reduced lifetime of
some electrical or electronic devices such
as motors, lightning filaments, etc

Swell Nuisance tripping, equipment dam-
age/reduce life. Motors stalling and
overheating, computer malfunction,
adjustable-speed drive shutting down

Overvoltage Equipment damage/reduce life. Shorten
lives of motors and lightning filaments

Dc offset Transformers heated, ground faults current,
nuisance tripping

Harmonics Overheating transformers and motors.
Fuses blow. Relays trip. Meters operate.
Lifetime and performance of electronic
devices is reduced

Inter-harmonics Light flicker, heating, communication
Interference

Notching System halts, loss of data

Noise System halts, loss of data

Voltage fluctuations System halts, loss of data

Frequency variations Systems halts, light flicker

devices and to have a numerical result of the impact. The
analysis was performed via EH, which has the highest RPN
value in the FMEA made in Sect. 3.

4.1 Preliminary for reliability approach

To know the performance and lifetime of any product in reli-
ability, a life-stress relationship is employed. The life-stress
relationship is constituted by these concepts:

1. a physical model that describes the behavior of the prod-
uct under the stress factor;

2. a probability distribution that describes the behavior of
products under applied stress.
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Table 7 Causes for each electrical variation presented in power lines
[10]

Subcategories Cause of electrical variation

Impulsive Lightning, ESD, switching impulses, utility
fault cleaning, Lightning electrostatic
discharge, load switching, capacitor
switching

Oscillatory Switching of inductive/ capacitive loads

Interruption Switching, utility faults, circuit breakers
tripping, component failures

Sag Startup loads, faults

Undervoltage Utility faults, load changes

Swell Load change, utility faults

Overvoltage Load change, utility faults

Dc offset Faulty rectifiers, power supplies

Harmonics Electronic loads (non-linear loads)

Inter-harmonics Control signals, faulty equipment,
cycloconverters, frequency converters,
induction motors

Notching Variable speed drivers, arc welders, light
dimmers

Noise Transmitters (radio), faulty equipment,
ineffective grounding

Voltage fluctuations Switching, utility faults, circuit breakers
tripping, component failures

Frequency variations Intermittent operation of load equipment

Table 8 FMEA performed to the EV shown in Table 1

Electrical variation Severity Occurrence Detection RPN

Impulsive 4 2 5 40

Oscillatory 4 2 5 40

Interruption 3 4 2 24

Sag 3 3 2 18

Undervoltage 3 3 2 18

Swell 3 2 2 12

Overvoltage 4 2 3 24

Dc offset 1 2 2 4

Harmonics 3 5 3 45

Inter-harmonics 2 5 3 30

Notching 2 2 2 8

Noise 2 3 2 12

Voltage fluctuations 3 3 2 18

Frequency variations 1 2 3 6

Based on the concepts established above, voltage is com-
monly used as a stress factor to know the performance and
lifetime of electronic devices. The physical model, which
describes the performance of the electronic product under
voltage stress, is inverse power law (IPL), and it is defined
as:

L (v) = 1

KVn
. (2)

The Weibull distribution is commonly used to describe
the behavior of failure times of electronic devices [16], so
recalling the Weibull distribution and expressed as in Eq.
(2), the following is obtained:

f (t) = βKVn (
KVnt

)β−1
e−(KVnt)β , (3)

where β represents the shape parameter (that involves the
Weibull distribution), K is a characteristic parameter for each
device under analysis, n expresses the acceleration factor and
represents how the applied stress harms the device, and V
represents the voltage level submitted into the piece. Other
important equations in reliability analysis are reliability func-
tion (R (t)) which establishes the probability to survive of
the product under the stress applied and Hazard Function
(H (t)). Based on Eq. (3), the R (t) and H (t) equations are
defined as:

R (t) = e−(KVnt)β (4)

H (t) = βKVn (
KVnt

)β−1
. (5)

The principal assumption in Eq. (3) is that the level of
stress V needs to be constant during the experimentation pro-
cedure, and that the level of stress V represents an issue in
the life-stress relationship presented in Eq. (3), because IPL
does not the ability to analyze the EV presented in the PL,
that is EV is a time-varying stress. To solve this problem,
it is necessary to modify Eq. (2) via the cumulative damage
model (CDM). CDM takes into account the cumulative effect
of the applied stresses in the piece. Therefore, based on CDM
theory and applying it into the IPL model shown in Eq. (2),
considering α = 1

k in IPL model and given a time-varying
stress x (t), the IPL model for CDM is written as:

L(v) =
(
x (t)

α

)n

. (6)

Rewriting Eq. (6) in terms ofWeibull distribution,we have
the following:

f (t, x) = E(t, x) · [E(t, x)]β−1 · e−E(t,x), (7)

where

E(x, t) =
(
x(t)

a

)n

.

Nevertheless, the model obtained in Eq. (7) does not take
in consideration the cumulative damage presented in the
piece when it is under the time-varying voltage. Nelson [17]
establishes that when the stress V (t) is a function of time;
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the distribution scale parameterβ (V, x) is a function of time,
namely, β (t) = β (V (t) , x). The corresponding cumulative
exposure ε(t) becomes the integral:

ε (t) =
∫ t

0

dt

β (V (t) , x)
(8)

Substituting Eq. (8) into Eq. (7), and changing the variable
t for v, we obtain:

f (t, x) =
{
E (t, x) · [I (t, x)]β−1

}
· e−I (t,x)β , (9)

where

I (t, x) =
∫ t

0

(
x (u)

a

)n

du

Equations (3) and (8) represent the probability density
function (PDF) for constant voltage and time-varying voltage
scenario, respectively, and the PDF describes the behavior of
the product undervoltage scenario. Examples of reliability
testing using Eqs. (2), (3), and (9) can be found in [9,16–19].

R(t) and h(t) for Eq. (8) is defined as:

R (t) = e−(I (t,x))β , (10)

H (t) = (t, x) · [I (t, x)]β−1 . (11)

4.2 Selection of time-varying equation

For the time-varying scenario, it is necessary to find an equa-
tion, which describes this scenario. EH are expressed by the
Fourier series and is defined by:

x (t) = a0
2

+
∞∑

n=1

ak cos (nω0t) +
∞∑

n=1

bk sin (nω0t) . (12)

By setting

ω0 = 2π f0 = 2π

T
ωn = nω0. (13)

Substituting Eq. (13) in Eq. (12), we obtain:

x (t) = C0 +
∞∑

n=1

Cncos(ωnt − θn). (14)

In Eq. (13), C0 represents the amplitude of the fundamen-
tal signal. Cn is the amplitude of the harmonic. ωn is the
frequency of the harmonic. θn is the phase of the harmonic.
Eq. (13) represents the compact form of Fourier series; this
representation is widely used to know the magnitude and the
phase of the harmonics into a power line.

Since Eq. (14) represents an infinite term, it is neces-
sary to know which EH appears frequently, and Schneider
Electrics [17] established that harmonics 3, 5, 7, 11, and
13 have a negative impact into any electrical and electronic
device. Therefore, if the Eq. (13) is established in terms of
the harmonics 3, 5, 7, 11, and 13, and their frequencies (ωn)
(Consider a fundamental frequency as 60 Hz, so the harmon-
ics will be in multiples of 60 Hz). In addition, as established,
only single-phase loads were considered that means the term
θn = 0 Eq. (14) is now written as:

x (t) = C0 + C3 cos (240 · t) + C5 cos (360 · t)
+C7 cos (480 · t) + C11 cos (720 · t)
+C13 cos (840 · t .) (15)

Equation (14) represents the equation that defines the EV
in the time, and that can be used in the reliability analysis
performed by Eq. (9).

5 Illustrative example

To obtain the lifetime of the laptop computer under constant
stress and time-varying stress scenario, an accelerated life
testing (ALT) was performed. The procedure of ALT exper-
iment was as follows:

1. Devices under analysis are single-phase loads.
2. The technical specifications of the laptop computer were

15.6′′ of screen, 120 VAC, 60 Hz, 2.5 GB of Processor.
750 GB of HD.

3. Two different reliability analyses were performed in this
example with different voltage scenarios. In the first
experiment, the voltage levels remain constant in the
ALT. The second scenario was performed with time-
varying voltage induced by EH, the EH were submitted
in the ALT via the Eq. (15)

4. For both voltage scenarios, 20 pieceswere under analysis.
In addition, three levels of voltage stress for constant
voltage scenario were selected. The stress levels were
established via Optimum Test Plans for ALT proposed
by Nelson [17]. The levels selected for both experiments
were 150, 185, and 210 VAC, and the distribution of the
pieces under each stress was 12 pieces under 150 VAC,
5 pieces under 180 VAC, and 3 pieces under 210 VAC.
In the scenario of time-varying voltage, the value of the
term in Eq. (15) C0 took the value of the level stress
established on constant scenario (150, 185, and 210). The
value of Cn was selected randomly via a Monte Carlo
algorithm and following the IEEE-519 (1992). The IEEE
norm establishes that harmonics cannot exceed 20 % of
C0.
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5. To obtain the lifetime of each laptop computer, we use
a National Instruments DAQ NI 6343 and LabviewTM

to control each experiment and to record the lifetime of
each device under experiment.

6. All parameter estimation for both scenarios were per-
formed via maximum likelihood estimator (MLE).

7. Nocensoreddatawereobtained inbothvoltage scenarios.

5.1 Case of study for constant voltage scenario

The results of the failure time obtained from the ALT per-
formed to the laptop computer under constant voltage stress
can be seen in Table 9. In addition, Fig. 1 shows a diagram
of the experiment made in this case of study to obtain the
lifetime of Table 9. Failures considered in the device were
the following: AC/DC conversion fault, malfunction in the
motherboard, failure of cooling system, hard drive failure
(loss of data), and processor breakdown.

Based onTable 9, the parameters (β, K and n) established
on Eq. (3) can be estimated via MLE. To do that, it is neces-
sary to obtain the log-likelihood function. Therefore, based
on Eq. (4), the log-likelihood function is obtained as follows:

ln (L) = � =
Fe∑

i=1

Niln
[
βKVn

i

(
KVn

i Ti
)β−1

e−(KVn
i Ti)

β
]
,

(16)

where Fe is the number of the groups of exact time to failure
data points. Ni is the number of the times to failure in the
i th time to failure group data. Vi is the stress level of the
i th group. β, K, and n are the IPL-Weibull parameters to be
estimated. Ti is the exact failure time of the i th group.

Therefore, based onEq. (16) and Table 9, the estimation of
parameters β, K and n via Newton-Raphson approximation
were:

BLL = 1.539 B = 2.183 BUL = 3.105

KLL = 4.216E−15 K = 5.1821E−12 KUL = 6.369E−9

nLL = 1.861 n = 3.2523 nUL = 4.643 (17)

Table 9 Lifetime (in hours) of laptop computer under constant voltage

5210 17,287 3258 –

6342 19,926 3818 4412

150 VAC 6781 20,507 180 VAC 5489 210 VAC 4498

12,143 21,587 5850 9314

13,967 23,360 8936 –

5210 25,599 – –

With values obtained in (17), it is possible to describe
performance and calculate the mean time between failures
(MTBF). To calculate the performance, it is necessary to
drawn by setting the time “t” from 0 to infinity in R (t) and
H (t)obtained fromEq. (3) andby setting the results obtained
in (17). The results can be appreciated in Fig. 2.

The MTTF, which determine the mean life of the device.
Based on Reliasoft [18], MTTF = 1

KVn · 	
(
1
β

+ 1
)
. Thus,

using the result obtained in (17), the MTTF of the laptop
computer under constant voltage for this experiment and the
95 % confidence bounds are:

MTTFLL = 17,808 h

MTTF = 29,555 h.

MTTFUL = 49,053 h (18)

5.2 Case of study with EH submitted

In this experiment, a time-varying voltagewas submitted into
the laptop computer to know the effects of harmonics in the
device. As established in Sect. 4.2, the amplitude of each
harmonic was determined via Monte Carlo algorithm. The
experiment followed the IEEE-519 (1992) standard and only
the harmonics in order of 3, 5, 7, 11, and 13 (see Eq. 15) were
considered, that harmonics were added to the fundamental
signal, and the values of fundamental signal were 150 VAC,
180 VAC, and 210 VAC. To produce the EV, we used the
CE-Test system. The values generated of each harmonic via
Monte Carlo algorithm and the CE-Test system can be seen
in Table 10. In addition, Fig. 3 shows show a diagram of
the experimental procedure when are submitted in the laptop
computer.

In Table 11, the failure time of the device under the EH
submitted is presented, and in parenthesis, is the calculated
percentage of total harmonic distortion (THD) for each piece
under analysis is presented. Failures considered in the device
were the following: AC/DC conversion fault, malfunction
in the motherboard, software boot loader, failure of cooler
system, hard drive failure (loss of data), and processor break-
down.

To calculate the behavior of the laptop computer under
EH, we use Eq. (9), and as the same procedure that constant
voltage scenario, to calculate the parameters β, a, and k it
is necessary to obtain the log-likelihood function. Therefore,
based on Eq. (9), the log-likelihood function is obtained as
follows:

ln (L)=�=
Fe∑

i=1

ln

[

β

(
x (t)

a

)n [∫ Ti

o

(
x (u)

a

)n

du

]β−1]

,

(19)
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Fig. 1 Experimental arrangement for laptop computer under constant voltage experiment

Fig. 2 Performance of laptop computer under constant voltage. a Represents the reliability graph, each point is the device under analysis and
represents its probability to survive in time. b Failure rate of the laptop computer

where Fe is the number of the groups of exact time to failure
data points. x (t) is the stress profile function. β, a and k
are the IPL-Weibull in time-varying voltage parameters to
be estimated. Ti is the exact failure time of the i th group.

Therefore, based on Eq. (19) and Table 11, the estimation
of parameters β, K, and n via Newton-Raphson approxima-
tion was:

BLL = 3.2511 B = 4.5705 BUL = 6.425

aLL = 899.519 a = 1303.808 aUL = 1948.226

nLL = 3.463 n = 4.255 nUL = 5.047 (20)

Using the same procedure established in Sect. 5.1, the per-
formance of the device under analysis can be found via R (t)
and H (t). To draw the performance of reliability and failure
rate, it is necessary to determine the values of EH of Eq. (15)
when the device is under normal operation environment. To
obtain the EH under normal environment, we perform that
a serial of 1000 measurements with FLUKE� 43B and the
average magnitude of harmonics 3, 5, 7, 11 and 13 were
recorded, and the results are shown in Table 12.

By subtitling the values obtained in Table 12 in Eq. (15),
and by setting the values obtained in 20 in the Eqs. (10)
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Table 10 Amplitude of each harmonic submitted in the device under
analysis

VAC Harmonics

3 5 7 11 13

150 2 10 3 7 9

5 19 9 20 5

11 17 10 4 19

2 14 4 21 10

1 20 3 21 5

3 14 6 13 17

2 8 4 9 1

2 6 4 6 19

1 14 10 12 2

12 7 5 10 10

19 10 2 3 5

4 2 8 22 3

180 2 15 7 8 11

5 3 2 9 10

15 7 10 4 19

2 1 4 8 10

6 11 3 4 8

210 2 10 10 3 4

5 13 9 20 3

1 5 11 4 19

and (11), the performance of the piece can be drawn, and the
results can be appreciated in Fig. 4.

To determine the MTTF of the laptop computer under
EH can be calculated as MTTF (x (t)) = ∫t0 t · [{E (t, x) ·
[I (t, x)]β−1} e−I (t,x)

]
dt . Thus, using Eq. (15) for x (t) and

the values obtained in Table 12, and the results obtained in
(20), the MTTF of laptop computer under electrical harmon-
ics with 95 % confidence bounds is:

MTTFLL = 18,801 h

MTTF = 24,970 h

MTTFUL = 33,162 h (21)

6 Discussion

The results acquired in Sects. 5.1 and 5.2 can be explained
in two parts. The first part is related to values obtained for
the parameters of models presented in Eq. (3) and Eq. (9).
The physical interpretation of each parameter is the follow-
ing: Beta (β) describes the behavior of failure times; in both
cases, the failure rate increases with time and is exhibiting a
wear-out type failure. In Figs. 2b and 4b, thewear-out process
for each process can be appreciated. In the case of constant
voltage (Fig. 2b) reached a maximum failure rate when the
piece has around 48,000 h, when electrical harmonics are
submitted in the piece, the maximum failure rate is reached
when the piece has worked 19,800 h, which means that the
wear-out process under electrical harmonics is more accel-
erated than constant voltage.

Parameters “K” and “α” are related to IPL model, and
both parameters are allied to internal components of the elec-
tronic device. In this case, the elements, such as hard drive
(HD), AC power converter, and motherboard, are related
to the parameters “K” and “α”. When “K” or “α” have a
high value in the model means a high probability to harm
the internal component of the device. Hence, the compo-

Fig. 3 Experimental arrangement for laptop computer under EH
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Table 11 Lifetime (in hours) of laptop computer under EH

4369 (10.39) 8690 (8.59) 3670 (11.95) – –

6988 (19.91) 9900 (14.19) 3970 (8.22) 2080 (7.21)

150 VAC 7090 (19.85) 10,119 (14.06) 180 VAC 4529 (15.22) 210 VAC 2853 (12.45)

7420 (18.34) 11,863 (13.63) 4947 (7.56) 3350 (10.90)

8220 (19.73) 12,790 (14.89) 5750 (8.71) – –

8469 (17.63) 12,990 (13.03) – – –

Data presented in parenthesis is the percentage THD

Table 12 Average of EH produced by laptop computer under normal
operational environment

Harmonics
VAC 3 5 7 11 13

120 4 13 9 11 6

nents of laptop have more damage when are submitted
in time-varying scenario produced by electrical harmonics
(α = 1303.808) in comparison of constant voltage where
parameter (K = 5.182 E−12).

Parameter “n” measures the effect of the voltage into the
piece, for the electrical harmonics case n = 4.2553 and for
constant voltage isn = 3.252,whichmeans that the electrical
harmonics havemore effect in the laptopwhen harmonics are
presented in PL.

Differences among parameters (β, a, k, and n) affect
directly the life estimation and guarantee time. In the case
of the laptop computer and based on MTFF (values obtained
in (18) and (21)), the lifetime of the laptop computer under
electrical harmonics is reduced in over 4800 h in com-
parison to constant voltage. Figure 5 shows the location
of the failures presented in the laptop computer on con-
stant voltage and time-varying voltage produced by electrical
harmonics

Based on Fig. 5, both voltage scenarios AC/DC trans-
former have the major effect of the voltage, and that issue is
transferred to the performance of laptop computer. Another
important topic is the temperature generated by the laptop,
when the laptop is operated under ALT with EH, the temper-
ature in its motherboard increased because the failures in the
cooling system increased in comparison of constant voltage
that also, reduced the performance, and affected directly the
HD and the software system.

Fig. 4 Performance of laptop computer under electrical harmonics. a Represents the reliability graph, each point is the device under analysis and
represents its probability to survive in time. b Failure rate of the laptop computer
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Fig. 5 Location of failures
presented in the laptop
computer. a Failures presented
in laptop computer under the
constant voltage scenario. b
Failures presented in laptop
computer under electrical
harmonics
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7 Concluding remarks and future scope

In this study, an FMEA was performed to know which EV
presented in the PL affects directly the lifetime and per-
formance of electronic devices. The classification of EV
employed in this study was the waveform produced by the
EV in the lines. The FMEA scale of severity, occurrence, and
detection was modified to make it suitable for EV presented
in Table 2. The results of the FMEA showed that electrical
harmonics have more probability to damage the electronic
devices, reduce their lifetime, and affects directly the perfor-
mance. In addition, the FMEA offers a new perspective to
know which electrical variation has the biggest probability
to damage the electronic device.

A reliability approach was performed to measure the
effects of the EV with the highest RPN; the device selected
for this analysis was a laptop computer. The study compares
the MTTF when the voltage is constant, and time-varying
voltage produced by the electrical harmonics. The models
employed in reliability analysis were the IPL for constant
voltage scenario and CDM for electrical harmonics scenario.
The results of the study showed that laptop computers reduce
their lifetime in around 4800 h based on MTTF when elec-
trical harmonics is presented in the PL.

The proposed method offers a better way to understand
the electronic device’s behavior exposed under real voltage
environments and to know which EV has a more probabil-
ity to damage the device. Time-varying scenarios (such as
electrical harmonics) into the reliability analysis can offer
better information than traditional models, and this informa-
tion could be useful to improve the quality of the electronic
device.

A future work in this field is analyzing the classification
presented in Table 2 using techniques, such as root cause
analysis (RCA) and hazard and operability study (HAZOP),
even a comparative study between techniques can be do to
get more accuracy in the calculation of which EV can be
more probable to damage an electronic device.
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