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ABSTRACT

Traditional battery energy storage systems (BESS) are based on the series/parallel connections of big
amounts of cells. However, as the cell to cell imbalances tend to rise over time, the cycle life of the
battery-pack is shorter than the life of individual cells. New design proposals focused on modular
systems could help to overcome this problem, increasing the access to each cell measurements and
management. During the design of a modular battery system many factors influence the lifespan
calculation. This work is centred on carrying out a factor importance analysis to identify the most
relevant variables and their interactions. The analysis models used to calculate the reliability of the
batteries are the state of health (SoH) and the Multi-State System (MSS) analysis with the Universal
Generating Function (UGF), while electronic devices reliability is approximated using constant failure

rate achieved with FIDES guide. Thus, it is determined numerically that module redundancy, cell

capacity, module voltage and their interactions are the most determinant design characteristics.

1. Introduction

The penetration of renewable energy sources into the
main electrical grid has dramatically increased in the last
two decades. Fluctuations in electricity generation due to
the stochastic nature of solar and wind power, together with
the need for higher efficiency in the electrical system, make
the use of energy storage systems increasingly necessary.
To address this challenge, battery energy storage systems
(BESS) are considered to be one of the main technologies
[1].

Every traditional BESS is based on three main compo-
nents: the power converter, the battery management system
(BMS) and the assembly of cells required to create the
battery-pack [2]. When designing the BESS for a specific
application, there are certain degrees of freedom regarding
the way the cells are connected, which rely upon the de-
signer’s criterion. Taking the energy of the battery-pack as
a design specification and assuming that a DC/DC converter
will adapt the voltage level required by the application, the
number of cells connected in series and in parallel is a
decision that will need to be addressed.

Most of the BESSs that have been developed until now
were designed specifically for one application and in most
cases scalability and reusability criteria were not taken into
account. These kind of designs are becoming progressively
outdated. In some cases, due to the lack of robust design
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criteria, many accelerated degradation issues were prevented
by oversizing [3].

Nowadays, one of the most sought-after features in new
designs is modularity. Taking this as a reference, it can be
observed that the design of a traditional BESS with a high
number of cells in series goes against this concept. This is
because the reusability of the design and even the repair
or replacement of cells becomes much more challenging
in a battery-pack with a large number of cells. Modularity
allows to easily customize the design for different voltage,
power and energy levels. According to [2], using these new
solutions it is possible to avoid problems like power and
voltage stress in the power electronic components. While
at the same time, it may provide improvements like the
possibility to perform active thermal distribution control
strategies and active cell/module balancing strategies [4, 5].

In addition to the technical benefits that a modular sys-
tem can offer, it can also provide greater reliability levels
if properly designed. Among other things, greater reliability
will provide a longer service life for the entire system. But
not only that, if the factors that affect the reliability are
known, the BESS can be designed in such a way that the
most critical parts can have some redundancy that will allow
it to remain operational. All this could be translated into
considerable financial savings for the operator of the system.

As mentioned above, the number of cells in series and,
consequently, the voltage of the battery-pack, are key factors
to take into account. Nevertheless, they are not the only ones
to be considered. In order to make the most appropriate
battery-pack design, all the parameters that affect the reli-
ability of the system should be determined. Once this set
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of parameters has been defined, it is necessary to quantify
in some way the influence of each one so that the most
relevant parameters can be identified. In the same way, this
study will also show which of these are negligible and can
be discarded from the battery-pack design guidelines. All
in all, this research article aims to deepen and demonstrate
by quantitative results the relevance of these factors for
obtaining reliable designs.

To achieve this reliability results two different calcula-
tion methods are available nowadays, the empirical-based
approach and the physics of failure method [6]. Although
the latter option is the most accurate method it is time
consuming because of the complexity of the calculations
involved. Therefore, empirical method based reliability es-
timation system is the chosen option.

Building on the FIDES guide [7, 8] itis possible to set the
electronic hardware (power converter + BMS) failure rate
(A). This FIDES guide, according to literature, is assumed
to be a suitable method to estimate the electronic compo-
nents reliability. In the case of individual cells and battery-
packs, some recent articles suggest improving this life ex-
pectancy estimation combining cells SoH approach [9-13]
and MSS reliability analysis with UGF [14, 15]. Using UGF
will allow to make each cell’s reliability dependant of the
corresponding degradation characteristics instead of using
fixed failure rate values from the literature. As the whole
modular structure reliability analysis is the objective, the ‘k
out of n’ reliability evaluation method is included in the last
calculation step [16]. Finally, a factorial analysis is used so
as to identify the relevance of each of the parameters of the
ultimate reliability designs [17].

To perform this study the paper is organized in three
main sections. The research begins by studying the reliability
model of each of the components, which is presented in
Section 2.1. This is followed by a factorial analysis strategy
that is explained using a step by step scheme in Section
2.2. Introduced all the theoretical framework, the obtained
results are shown in Section 3. Finally, to sum up the work
done, conclusions and future research ideas are presented in
Section 4.

2. Methods
2.1. Reliability model of a BESS

In order to evaluate the BESSs’ reliability, it is necessary
to deeply analyse the failure rate of each of the compo-
nents. All these items are considered to be independent and
not reparable. Once the individual result of both, the cells
and the electronic hardware is obtained, the next step is
to establish a reliability calculation method for the whole
BESS. Figure 1 presents an overall point of view of the steps
followed during the reliability analysis.

2.1.1. Cell reliability calculation

With the aim of estimating the individual cells’ reliabil-
ity, it is necessary to monitor the operating conditions and
specially the stress factors. To this end, this research works
under the assumption that different kinds of measurements

Table 1
SoH estimation parameters in equation 1 according to [9].

Temp. k, k, ks
[eC] [cycle™?] [cycle™!] [A71]

2.68-1072 (<300)
7.26-1072 (<800)
5.2-1072 (<300)
6.82:1072 (<500)

25 8.5-1078 251074

50 1.6-107° 2.9-107*

(temperature, current and voltage) as well as control strate-
gies (charge equalization) are included in the system. Thus,
it is feasible to estimate the SoH of the observed cells.

So as to quantify the SoH in the context of reliabil-
ity, different examples can be found in the literature. In
[10, 11] they develop complex systems that consider the
multiphysics of the battery-pack (thermal model and fluid
dynamics model) as well as degradation models of the cell,
including the stochastic capacity degradation and the dy-
namic response impedance model. Ah throughput approach
analysis is proposed in [13] were SoH is directly calculated
by means of semi-empirical capacity fade models, with-
out developing complex and time consuming multiphysics
models. In the same way, in [12] they use real Li-ion cell
data obtained from the [9] to carry out a SoH calculation.
Between the aforementioned articles, due to the simplicity
and low computational cost, the research paper [12] has been
chosen as the most adequate analysis method. Summarizing,
in all these articles, once they obtain the SoH value and
considering normal or weibull distributions they use MSS
reliability analysis method. Thus, by using UGF [15] it is
possible to get the reliability of the cell and the battery-pack.

In accordance with the steps followed in article [12], it
is possible to estimate the SoH of the lithium-ion battery,
within the range of zero to one, by using the Equation 1

ks (1

max,ini

SoH =1-— (%klNz +kyN) —

where i is the working current, N is the number of
cycles and O, ;i 18 the initial nominal capacity of the cells.
k1, k2 and k3 are constant values for specified operating
conditions, but they are function of the temperature and
of the C rate, specified in the Table 1. It may be taken
into account that the cell characteristics corresponding to
the cylindrical model Sony US18650S with LCO chemistry
could not be the optimal solution, however it is assumed to
be enough for the methodology and results analysis of this
research. Once the procedure to estimate the life expectancy
is obtained, it is feasible to continue with the reliability
analysis of the MSS.

A MSS operation can be summarized on a finite amount
of performance rates [15]. Since every operating cell’s SoH
is variable in a BESS (due to inhomogeneities between each
other), it is possible to distinguish different operation levels;
by discretising the degradation process. To that end, the
normal distribution theory of Equation 2 is applied in order
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Figure 2: Cell lifespan evaluation example a) SoH probability density function under different operating conditions b) cell reliability

estimation during the operating time period.

to calculate the probability of the SoH being within different
performance ranges. This analysis enables reliability calcu-
lation for different cell degradation levels. For this research
the mean value (u) is the SoH value estimated using the
Equation 1, while the range of distribution (x) for which
the probability density function has to be applied is limited
to a fixed range, from the lowest SoH limit of 60% to the
maximum of 100%.

—u 2
fo = —Lem3(F) @

o\ 2rx

As stated in [ 10], the first step is to estimate the deviation
o following the Equation 3. After calculating o, Equation 2
is used to get the probability distribution. Attending to the
resulting data, Figure 2a shows the probability distribution

for the calculation of a current of 0.5C, under different tem-
peratures and cycles influence, by using the aforementioned
SoH estimation method.

1 -
O':—M :l |:<lk1N2+k2N>+

ks ]
6 6|\2 0 ’]()

max,ini

After obtaining the probability values using the normal
distribution function, it is possible to continue with the
reliability calculation resorting to UGF. This method aims
to discretise the performance of the cells and demands to
express the u-function (u(z)) of each cell in line with Equa-
tion 4. By means of the u-function it is feasible to distribute
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the probability of the cells SoH for being into a certain range
(z*, being K the number of ranges from 0 to 100).

K
u(z) = Z p(k)z* “)
k=1

Analysed the u-function of each cell, the next step prior
to the estimation of the final reliability is to build the operator

that represents the battery-pack. The @ presented in Equa-
s SoH
tion 5, and detailed in Equation 6, determines how to carry

out the mathematical operation required, depending on the
cell’s parallel (/: amount of cells in parallel) and series (J:
amount of cells in series) configuration.

M~

U(z) =

J

® (uG,(2) §))

J
=1 i=1 fSoH

,gJ}, series

® _ min{gl,...
- { ,g,} , parallel ©)

SsoH max {gl,...

Once the probability values p(k) corresponding to the
U(z) of the battery-pack are calculated, it is possible to
finish with the MSS reliability analysis. To that end, the
system is divided in two states: working state (SoH over
60%) and failure state. Following the Equation 7 and con-
sidering the previously mentioned characteristics reliability
is determined. For instance, the Figure 2b shows different
reliability curves for a single cell under different cycling
conditions.

Rpp =P {k> SoH,;,} = Y, pk) @)

k>SoH,,;,
2.1.2. Electronic hardware reliability calculation

For a better alignment between the reliability of the
modules and the behaviour of a real design, the inclusion
of power electronic converter, as well as BMS influences,
is suggested. Within this reliability-centred framework, the
most recent empirical based methods are the FIDES guide
and the RIAC-217PLUS [6]. The comparison that has been
performed in [8] shows that, although there are some ad-
missible deviations to field data, using both methods remain
acceptable. For this article FIDES guide has been selected
due to the documentation availability. The reason why the
most extended reliability calculation tool MIL-Hdbk-217 is
not used, is simply because it is beginning to be outdated
(last update: 1995) for new technologies [6].

This recent FIDES guide enables the calculation of new
generation electronic technology’s failure probability A more
accurately. This new development presents some different
methods for estimating the lifespan of electronic compo-
nents. Thus, usefulness of each reliability estimation pro-
cedure relies on the available information. In this article,
only the converter’s working characteristics are considered,

specifically, the voltage amplification range and the power
efficiencies presented at [18].

Since a detailed electronic hardware design process is
omitted, the calculation approach that fits best the research
requirements is the ‘family count’ method. As described in
[19], this method allows doing a reliability estimation during
the earliest design phases with the minimum information.
The definition of the operating profile that would represent
the application conditions is enough to achieve the failure
rate value. In view hereof, the Table 2 presents the official
template along with the data required by the FIDES to
estimate the reliability.

The failure rate (4) obtained with this guide is 8767.1
FIT (number of failures that can be expected in one billion
device-hours of operation). Then, based on the classical reli-
ability approach of Equation 8 with exponential distribution,
it is feasible to estimate the electronic components reliability
(R,onp)- Once the real electronic hardware is developed,
the value will not remain equal to this initial estimation.
However, as cells are the most relevant items, this initial
approximation should be enough to analyse the advantages
and disadvantages of BESS [20, 21].

R (1) = e (8)

2.1.3. Single battery module reliability calculation

Having approximated the reliability of the batteries and
the electronic hardware, the last step is to delve into the
methodology employed to analyze the complete system.
Since the MSS performance rate definition of electronic
hardware would need a deeper analysis, a new method is
required in order to meet this objective.

To face up this new scenario, different reliability strate-
gies (static or dynamic) are available nowadays, for instance
the Petri Nets (PN) [22] or the Monte Carlo Simulation
(MCS) method [23]. Between the available options the clas-
sical reliability block diagram (RBD) technique has been
chosen [24] due to the fact that allows operating with series,
parallel and any other complex system structure, including
the redundancy factor and being a relatively simple model.
In this regard, as each battery-pack is connected in series
with the electronic hardware, following the RBD theory, the
final reliability of single modules (R,,,;,;.) can be achieved
by using the Equation 9.

Rmodule = RBPRconu (9)

The last step to obtain the reliability of modular BESS is
to consider the characteristic ‘variable configuration’: single
string series-parallel (S-P) or parallel-series (P-S) systems
can be substituted by complex modular matrix structures
that demand a more specific analysis method. This kind
of structures depending on the design characteristics may
enable the option to operate by means of redundant config-
urations. For this research, the failure state is assumed to
be when the converter is not able operate within the full
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Table 2

FIDES guide reliability calculation required information.

Standard life profile Temperature Temperature cycling
Phase On / Off Cal_endar Ambient AL(°C) Cyc!e Numbre Maximum cycling
name time temperature duration cycles temperature
PH1 ON 182 h 25,00 °C 40,00 °C 1h 182 65,00 °C
PH2 OFF 4.198 h 25,00 °C 0,00 °C 23 h 183 25,00 °C
PH3 ON 182 h 25,00 °C 40,00 °C 1h 182 65,00 °C
PH4 OFF 4.198 h 25,00 °C 0,00 °C 23 h 183 25,00 °C
Standard life profile Humidity Mechanical Chemical
Phase Relative Random Saline Environmental Application Protection
name humidity vibrations pollution pollution pollution level
PH1 50% 0,10 Grms Low Moderate Low Non hermetic
PH2 50% 0,10 Grms Low Moderate Low Non hermetic
PH3 50% 0,10 Grms Low Moderate Low Non hermetic
PH4 50% 0,10 Grms Low Moderate Low Non hermetic

demanded output voltage range or it suffers any kind of
limitation regarding the operating power. Thus, ‘k out of
n: G System’ has been chosen as an alternative to continue
with this research. As stated by the theory presented in [16],
although there are more accurate but much more complex
options, it is capable of approaching in a relatively simple
way static reliability values for these battery system. This
method is grounded on identical and independent items that
share the same reliability. Such technique is employed to
analyse systems where at least k out of n items are operating.
The Equation 10, in which p represents the reliability R,
and g stands for the unreliability, enables to estimate the full
system’s reliability (R).

n
Rk, n) = " > i 10
(k.n) ; ( )P (10)

n is the total amount of total series/parallel modules and
k is the amount of series/parallel redundant modules. This &
value is dependant on the variable design factors presented
in Table 3, and is obtained as follows:

e No series and no parallel redundancy for any module
configuration: k is equal to zero in all cases.

e Only series redundancy for any module configuration:
on the one hand there is a system to module maximum
voltage limitation and, on the other hand, there is a the
system to module maximum power limitation. The k
value is defined by the most restrictive option.

e Only parallel redundancy for any module configu-
ration: the k value is defined by the relation of the
operating C rate and the maximum C rate of the
modules.

e Parallel and series redundancy for two different mod-
ule configurations

— P-S configuration: initially parallel modules k
redundancy value is defined with the operating C
rate and the maximum C rate of all the modules.
Then, the rest of the redundant modules are
used to include series redundancy considering
the voltage ratios and power limitations as men-
tioned in the second point.

— S-P configuration: initially series redundancy is
established. On the one hand there is a system
vs module maximum voltage limitation and on
the other hand there is the system and modules
maximum power limitation. The k value is de-
fined by the most restrictive principle. The rest
of the redundant modules are used for parallel
redundancy using the C rate limitation as men-
tioned in the third point.

However, doing an analysis with many variables results
in a large number of reliability curves (similar to the Figure
2b but with different shapes). In these cases, it is challenging
to distinguish the advantages and disadvantages of each
result. To fix this problem, it is key to calculate the Mean
Time To Failure (MTTF) with Equation 11 [14]. Therefore
cell reliability value is estimated taking into account the SoH
limit of 60% and electronic reliability is value is approached
using data from table 2. Finally, after applying the RBD and
"k out of n’ techniques, the MTTF value enables estimating
an average reliability during the predefined life expectancy
period (7is the time corresponding to the maximum amount
of cycles).

T
MTTF = / R(1)dt (11)
0

2.2. Factor importance analysis methodology
With the main components of the reliability estimation
method defined, the next step is to focus on the whole BESS
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Table 3 Table 4
Fixed values and variable factors for the reliability analysis. Top MTTEF results at 0.5 C for modular BESSs.
Fixed values Analyzed values Conf Rs Rp Ah \% Amp MTTF
Factor Value Factor Value 1-2 1-2 2 2 1 2 0,5528
1-2 1-2 2 1 1 2 0,5510
Syst Modul P-S '
YSEM O e00 v oauies A 1-2 2 1 1 1 0,5256
voltage configuration (Conf) S-P 1 2 2 2 1 1 0,5180
System Series No 1 1 2 2 1 1 0,4897
48 KWh e 1-2 1-2 2 2 2 2 0,4891
energy redundancy (Rs) Yes
Cell Parallel No
32V _— Table 5
Voltage redundancy (Rp) Yes Top MTTF results at 1.5 C for modular BESSs.
Cell 5 Cell Low(5Ah)  Conf Rs Rp Ah V. Amp  MTTF
C rate,, capacity (Ah)  High (40 Ah) 12 12 5 5 1 5 0.3763
Cell 0 Modules Low (48 V) 1-2 1-2 2 1 1 2 0,3739
60% e e 1 1-2 2 1 1 1 0,3467
SoH, . It \% High (500 V '
O min voltage (V) ‘gh (500 V) 1 2 2 2 1 1 0,3385
Temp. 25 °C Voltage Low ([2 1.5]) 1-2 1-2 2 1 2 2 0,3278
A converter 8767.1 FIT Amplification High([30 3]) 2 2 2 1 1 1 0,3255
Single cell string (Amp)

analysis. To that end, different variable factors have to be
defined. Nevertheless, it should be noticed that there is no
previous knowledge of which of these factors are going to
improve the final design. Having that said, this article aims
to describe how each variable influences the reliability result
in order to establish a criterion for the design process of
battery-packs.

Based on the numerical reliability analysis method of
the Section 2.1, an iterative process able to estimate the
MTTF for each design characteristic combination is devel-
oped. Among the different importance analysis methods (for
instance, Birnbaum and Failure Criteria) factorial regres-
sion analysis has been chosen [17]. This method allows to
quantify the relevance of each design factor of the battery-
pack. The Figure 3 shows the different DC architectures
available for BESS configurations: traditional battery-pack,
P-S modular-pack and S-P modular-pack. Nevertheless, in
the design process there are more factors that can vary, all of
them presented in Table 3.

In order to fulfill this combinatorial analysis the fol-
lowing algorithm has been developed, divided in four main
steps:

e Stepl: initialization of the fixed values and variable
factors. Along with the creation of the factorial anal-
ysis matrix.

e Step2: define the number of iterations that are needed
to analyse each of the design factor of a BESS.

e Step3: estimation of SoH, cell reliability, module
RBD, redundancy levels, and finally, the MTTF of the
whole system.

e Step4: once the results are obtained, it is necessary
to proceed performing a factorial regression, so as to
determine each design factor’s relevance.

This scheme also enables to approximate the reliability
value for a traditional BESS built with a single cell group
and a single power converter. However, some initial con-
siderations vary in this conventional structure: cells’ matrix
configuration, no modular configurations and no modular
redundancy characteristic.

3. Results

After analysing the design characteristics and the re-
liability estimation methodology in Sections 2.1 and 2.2,
this Section presents the results obtained. To that end, this
research takes into account different C rates: 0.5 C as an
energy application and 1.5 C as a power application.

First, the quantitative MTTF results are displayed. Yet,
in order to avoid presenting excessive data related to each
factors’ combination, only the most significant designs are
shown. Tables 4 and 5 contain the modular BESSs MTTF
values, while Tables 6 and 7 show the reliability results that
correspond to traditional BESSs. According to this results,
the reliability of modular battery-packs is up to 20.24%
over the conventional BESSs for energy applications. With
regards to power applications, the modular configurations’
reliability is up to 16.21% higher than the MTTF correspond-
ing to the conventional BESS.

Secondly, after reviewing the improvement that the mod-
ular BESS involves, it is necessary to focus on the considered
initial design’s details. In this regard, the relevance of each
factor and their interactions are to be determined by resorting
to a factorial analysis. The Figure 4 shows the Pareto charts
at 0.5 C and 1.5 C. Every standardized effect having a value
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Figure 3: BESS configurations for DC a system a) conventional BP structure b) P-S modular structure c) S-P modular structure.

Table 6

Top MTTF results at 0.5 C for conventional BESSs.

Ah \% Amp MTTF
2 2 1-2 0,4477
2 1 1-2 0,4445
1 2 1-2 0,4192
1 1 1-2 0,4189
Table 7
Top MTTF results at 1.5 C for conventional BESSs.

Ah \% Amp MTTF
2 2 1-2 0,3213
2 1 1-2 0,3178
1 2 1-2 0,2905
1 1 1-2 0,2902

above the limit of 2.07 is considered to have an influence
in the design reliability. However, between all the factors
and interactions it is evident that some of them have a major
weight. For both C rates, these are the top five aspects to take
into consideration:

e Parallel redundancy.

e Interaction between parallel redundancy and module
voltage.

e Interaction between parallel redundancy and cell ca-
pacity.
e Cell capacity.

e Module voltage.

In addition to the Pareto charts, the interaction behaviour
of the different factors presented in Figure 5 is required.
The graphs show that focusing on low voltage modules
and low capacity cells is relevant, but focusing on parallel

redundancy is mandatory. Although both applications are
operating at different C rates, the design factors’ criterion
remains the same.

In summary, three main factors have the greatest impact
in the reliability upgrade: parallel redundancy, low voltage
and cell capacity. For each modular BESS based application,
the impact has been quantified as follows:

e Energy application: The inclusion of modular parallel
redundancy increases the reliability up to 21.78%. In
the case of low voltage modules, the MTTF is 11.52%
higher than with high voltage modules. Regarding the
cell capacity, high levels of Ah reducing the amount
of cells becomes a crucial factor when no modular
redundancy is found. Otherwise, the cell capacity is
not such a decisive factor.

e Power application: The inclusion of modular parallel
redundancy increases the reliability up to 14.03%.
In the case of low voltage modules, the MTTF is
12.89% higher than with high voltage modules. With
regards to the cell capacity, high levels of Ah reducing
the amount of cells becomes a crucial factor when
no modular redundancy is found. Otherwise, the cell
capacity is not such a decisive factor.

4. Conclusions

In view of the difficulty for defining the design factors of
aBESS, areliability analysis method including a factorial re-
gression has been developed. By using this strategy, a factor
relevance research has been carried out for conventional and
modular battery-packs, obtaining the following conclusions:

e Creating big size battery-packs has been the tradi-
tional solution for BESSs. With the results obtained in
this research, it is numerically demonstrated that new
technological solutions towards more reliable modular
BESSs are mandatory. In parallel, this improvement
may enable the incorporation of new control strategies
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Figure 4: Pareto charts to determine factors and interactions
relevance a) at 0.5 C b) at 1.5 C.

and new replacement systems of damaged battery-
packs. This will contribute to maintain a consistency
of the whole system, which should help extending the
lifespan.

e The main factors and interactions that have an influ-

ence over the BESS reliability are the parallel redun-
dancy, the cell capacity and the module voltage as
well as their interactions. The best combination of this
factors is to increase the redundancy, while reducing
not only the capacity of the cells, but also the modules
voltage. This data evidences the determining nature of
these three characteristics in the optimization of the
final result.

e Asexpected, by comparing the energy application and

power application, becomes clear that lower C rates
imply a larger lifespan due to the higher reliability
results obtained. In relation to power applications,

higher C rates result in the BESS faster degradation
process. Nevertheless, there is not a direct correlation
between the operating current and the MTTF of the
BESS. Therefore, the reduction by half of the power
system’s current, does not imply that the reliability
will increase twice.

In sum, although this research presents interesting quan-

titative results, further analysis is required in order to obtain
more accurate reliability estimations. In this regard, the
inclusion of more detailed performance data, related not only
to the cell multiphysics but also to the electronic hardware,
is recommended. Finally, it is worth mentioning that the
methodology employed in this research can be replicated in
AC BESS applications with the aim of identifying the most
relevant factors for battery reliability analysis.
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