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Reliability Analysis of Battery Energy Storage
System for Various Stationary Applications

Abualkasim Bakeer, Student Member, IEEE, Andrii Chub, Senior Member, |IEEE,
Yanfeng Shen, Member, IEEE, and Ariya Sangwongwanich, Member, |IEEE

Abstract—This paper provides a comparative study of the
battery energy storage system (BESS) reliability considering the
wear-out and random failure mechanisms in the power
electronic converter long with the calendar and cycling aging of
the batteries. Three typical stationary applications were
considered: frequency containment reserve (FCR), increased
self-consumption (ISC) in the case of residential photovoltaic
(PV) applications, and peak shaving (PS) in the industrial sector.
The mission profile of these applications (e.g., the BESS state-of-
charge (SOC) and power) is much different, resulting in the
different distribution in the accumulated damage of power
electronics components. The random failure analysis based on
the MIL-HDBK-217 and wear-out failure rates is carried out for
the component and converter levels in each operating regime
using the mathematical models. The analysis results revealed
that the most prone component in the BESS converter is the dc-
link capacitor, where the Buo lifetime of the BESS converter is
24, 13, and 15 years for the FCR, ISC, and PS applications,
respectively. Moreover, the results show that the capacity fading
in the PS applications is much higher than that of the FCR and
ISC. In contrast, the capacity fading due to the cycling effect in
both the FCR and ISC is dominant.

Index Terms—Battery energy storage system (BESS),
degradation, frequency containment reserve (FCR), lifetime,
Monte Carlo simulation (MCS), photovoltaic (PV), reliability
analysis, stationary applications.

I. INTRODUCTION

BATTERY energy storage systems (BESS) are expected to
play an important role in the future power grid, which
will be dominated by distributed energy resources (DER)
based on renewable energy [1]. Since 2020, the global
installed capacity of BESS has reached 5 GWh [2], and an
increasing number of installations is predicted in the near
future. For instance, more than 50 % of the newly installed
residential-scale PV systems in Germany are coupled with
BESS [3].

The integration of BESS in stationary applications can
alleviate stability and reliability issues in power systems
induced by variability in power generation from renewable
energy such as wind and photovoltaic (PV) systems. For
instance, in large-scale systems (MW range), BESSs have
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been employed for frequency regulation and grid stabilization
[4]-[5]. For a smaller scale such as residential applications,
BESSs have been used for increasing self-consumption and
peak-shaving in PV applications [6]-[8].

It is essential to ensure the cost-competitiveness of the
BESS over its life-cycle. In that respect, the reliability and
lifetime of power converters and batteries play an important
role in the economic profitability of the BESS when being
applied to real applications. It has been demonstrated in [9],
[10] that a frequent replacement of power converters and
battery packs can increase the system cost significantly, and
thus decrease the return of investment significantly in the PV-
BESS application. It is thus important to ensure the reliable
performance of both power converters and batteries in real
operation, e.g., considering mission profiles, where the
lifetime modeling approach of both components is needed.

To model the lifetime of the components, the failure
mechanisms expected in the real-field operation of the BESS,
which consists of both power converters and battery packs,
need to be understood. For power converters, power devices
and capacitors are known as reliability-critical components,
and they have gained much attention in terms of design for
reliability [11]-[13]. In general, the wear-out-related failures
of the power devices are associated with the interconnection,
e.g., bond wire lift-off and solder delamination, where the
temperature cycling is one of the main stress factors that
accelerate the degradation process [14]. On the other hand,
the degradation of the electrolytic capacitor is more related to
the chemical reaction, e.g., loss of electrolyte, which results
in the loss of capacitance and an increase in the equivalent
series resistance (ESR). In this case, the high stored
temperature inside the capacitor, referred to as core
temperature, is the main factor that increases the degradation
rate [15]. Therefore, the lifetime model of both components
usually includes these thermal stress factors, and the thermal
modeling method also plays an important part in the
reliability analysis process.

Lifetime modeling of batteries is typically done by
considering the two dominant degradation mechanisms,
which are cycling and calendar aging [16]-[18]. The former
is mainly induced by the cycling of the state-of-charge (SOC)
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during the battery operation, while the latter is related to the
standby operation of the battery where the average SOC level
is the key parameter (together with other influential factors
such as temperature). In this case, the dynamic SOC profile
during battery operation for a certain loading
condition/profile needs to be obtained from the battery
dynamic model, and then applied to the lifetime model of the
battery.

In the previous research, the reliability of power converters
and battery systems in BESS are usually considered
separately. However, there is a potential interaction between
the two components in terms of reliability. For instance, the
operation of the BESS, e.g., charging/discharging, can affect
the loading and thus the reliability of the power converters, as
demonstrated in [19]. On the other hand, the energy
management strategy, which is usually achieved through the
power converter control, dictates the dynamics of the SOC of
the battery and thus their degradation rate. Recently, a
framework to unify the reliability of power converters and
batteries has been developed in [20]. However, it is only
applicable for a specific application, e.g., PV self-
consumption, which cannot be generally applied to other
BESS applications such as frequency regulation, peak-
shaving, etc. Thus, a generalized approach to unify the
reliability of BESS is still missing.

In this paper, a reliability approach that can be applied to
investigate the reliability of BESS in various applications is
proposed. The study is performed by normalizing mission
profiles of the corresponding applications for their study in
the same BESS. An important feature of this study is that it is
based on not well-known but publically available high-
resolution yearly mission profiles measured in real BESSs.
This provides a rare possibility to reproduce the given study,
enhance the proposed methodology, or perform a cost-related
study including the lifecycle cost of BESS. Section Il
describes the case study power electronic converter as well as
application-specific mission profiles used in the further study.
Section Il introduces the proposed methodology for wear-
out and random failure analysis of the power electronic
converter along with the results of accumulated damage
calculations and consequent Monte-Carlo simulations at the
components level. Section IV summarizes the system-level
reliability of the power electronic converter (PEC) and
estimated degradation of the BESS. Based on these,
conclusions are drawn in Section V.

Il. DESCRIPTION OF THE STUDIED SYSTEM AND
APPLICATION SPECIFIC MISSION PROFILES

A. Power Electronics Converter

This study employs a conventional PEC that consists of
two conventional power stages: a bidirectional buck/boost
dc-dc converter coupled with a grid-tied three-phase two-
level voltage source inverter (VSI). Dc-link capacitor C;
smoothes out intermediate dc voltage between the two stages.
The input inductor Li, ensures the low-ripple current of the
BESS with the operating voltage of Vess. The PEC utilizes
eight discrete IGBTs of the same type from Infneon’s
TrenchStop® Series, which suits the rated power of 10 kW.
For simplicity, L-filters were used for the grid current
filtering at the switching frequency of 10 kHz. The key

parameters of the case study PEC are summarized in Table I.

The control system presented in Fig.1 is based on
conventional algorithms. In particular, a typical dual-loop
control is applied to the dc-dc stage, where the internal loop
regulated the current of the input inductor, while the outer
loop regulated the dc-link voltage Vg The input voltage of
the dc-dc stage will vary with the SOC of the BESS.
However, the battery stack should never provide voltage
higher than the dc-link voltage, even at the SOC level of
100%. This is easily ensured by the stack design, while the
battery voltage range depends on the battery type. This study
considers Lithium-lon batteries.

The control of the grid-side VSI is decoupled from the
control of the dc-dc stage. VSI control system utilizes a phase
lock loop providing the grid angle & based on the measured
grid voltages. It is used to implement the grid current control
in the rotating reference frame utilizing conventional
proportional-integral (PI1) controllers. The mission power
profile corresponding to a certain application defines the
active power delivered/drawn from the point of common
coupling (PCC). The reference reactive power is set to zero
in this study, while it can be used to provide ancillary services
depending on the application. This study is focused on the
active power only, as the available yearly mission profile
datasets (described in the next subsection) do not consider the
reactive power. Future studies can be extended to analyze the
effect of the reactive power on PEC reliability. However, it
could be predicted that the most significant influence will be
observed in the thermal cycling of the semiconductor
components.

The used control system is typical in both academic
research and industry. The given PEC was implemented in
the PLECS software with loss/thermal models of the main
components to extract values and construct look-up tables of
the current stresses, thermal cycles, etc.

B. Application-Specific Yearly Mission Profiles

BESSs are becoming a ubiquitous part of modern and
future power systems. Their use spans over a wide variety of
applications, from utility to residential applications [21]-[22].

This study takes advantage of the recently published open
data results of the study [23]. Based on the known yearly
profiles of the distribution grid frequency, energy generation
and consumption in a household with a PV system, and
clustering of industrial loads, that study provides six high-
resolution mission profiles in three main groups. Each profile
contains power and SOC information among others. One
profile from each of the three presented groups is employed
in this study.

TABLE . PARAMETERS OF THE TWO-STAGE CONVERTER
USED IN THE STUDY.

Parameter Value/Part Number
Switching frequency (Fsw) 10 kHz
Buck-boost inductor (Lin) 5mH
IGBT discrete switch with antiparallel diode IKW25T120
Dc-link capacitor (Cy) 470 pF
Dc-link voltage (Vec) 700 V
Grid current filter (Ly) 5mH
RMS grid voltage (RMS L-L) (V) 380V
Grid frequency (f) 50 Hz
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DC-DC
Buck-Boost Converter

Q.

3-phase 2L-VSI

Fig. 1.

Three mission profiles described below were normalized
to the same peak power of 10 kW to make them compatible
with the case study system and provide a holistic analysis
demonstrating key differences in how these profiles influence
the reliability of the BESS system with PEC.

1. Frequency Containment Reserve (FCR) for Utility-
Scale Applications

The most common application of BESSs in the utility grids
is related to frequency stabilization in view of the
proliferation of renewable energy sources providing
intermittent power with low inertia. Fig. 2a shows the yearly
power profile of the FCR applications after normalization to
the power rating of the given PEC. It also includes a two-day
zoomed plot from June to demonstrate that the FCR power
profile is highly variable bit mostly within the range of
+5 kW. This behavior is typical for the FCR applications,
where the peak power is used only during rare critical grid
frequency deviations. Another typical feature of the FCR
applications is SOC management to keep it at the average
level of 50%, as shown in Fig. 2b for one-year and two-day
scales. This allows for providing lower aging of batteries
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Yearly mission profile of BESS for FCR applications [23]:
(a) converter power, and (b) SOC.

Fig. 2.

Mission
profile

Configuration of a 10 kW two-stage PEC for BESS.

along with good availability of the FCR service. These
features distinguish FCR applications from others described
below.

2. Increased Self-Consumption (ISC) in Residental
PV+BESS Setting with Greedy Algorithm

In residential applications, different energy management
algorithms could be used. The yearly power profile
demonstrated in Fig. 3a corresponds to the greedy algorithm
that stores surplus energy from PV in the BESS (until SOC of
100%) and compensates for the difference when PV does not
supply enough power. This algorithm provides maximum
power cycling in residential applications and thus makes for
an excellent opportunity for the worst-case reliability
analysis. Consequently, the SOC of the battery is changing in
a wide range, as shown in Fig. 3b, providing the maximum
cycling aging in residential applications. Also, this power
management algorithm provides the most variety in
frequency and charge/discharge rates compared to algorithms
based on feed-in damping [23]. Also, it is much different
from the FCR application, facilitating the targets of this study.
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Fig. 3. Yearly mission profile of BESS for ISC applications [23]:

(a) converter power, and (b) SOC.
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3. Peak Shaving (PS) Storage System for Industrial
Applications

The third power profile selected for this application
corresponds to peak shaving applications in the industry. As
could be appreciated from Fig. 4a, the BESS provides energy
mostly during the summer months. This profile corresponds
to a cluster of industrial consumers with an average load of
70-80% of power line capacity during the day and 20-30%
during the night. Moreover, the considered cluster draws the
typical mightly basic load during weekends. BESS takes over
any load over a certain threshold, which happens rarely. This
results in the fewest number of charge/discharge cycles of the
battery. The distinguishing feature of this application is in
SOC management at 100% during idle periods, which aims
to improve the availability of the PS service. Based on the
SOC profile from Fig. 4b, it could be predicted that this
application should cause the highest calendar aging of the
battery. Considering the high requirements to the availability
of the PS services, in the study, PEC is considered always
connected online and operating at zero power reference. This,
however, will have a minor influence on the wear-out of the
semiconductors as temperature cycling at zero power is
negligible.

I1l. ELECTRO-THERMAL AND LIFETIME MODELING OF
POWER ELECTRONICS COMPONENT

A. Methodology

Based on the classical life cycle bathtub curve, there are
three regions for electronics devices over time, i.e., early
infant mortality failure, constant random failure, and wear-
out failure as shown in Fig. 5. The early life failures can be
addressed using techniques such as burn-in or various
screening tests. The random failure of components plays an
important role in system failure probability, particularly at the
early stage of the useful life. As the service time increases,
the wear-out of components dominates the failure probability.

Time [month]

SOC [%]

Time [month]|
(b)
Yearly mission profile of BESS for PS application [23]:
(a) converter power, and (b) SOC.

Fig. 4.

This article takes into account both the random failure and
the wear-out failure, comprehensively evaluating the system
failure probability of the energy storage system. Taking into
account both the wear-out and random failure rates, a
systematic failure evaluation method is proposed, as shown
in Fig. 6. It is reported in [11] that power cycling is the most
critical stress factor determining the failure of power
electronics converters; therefore, accurate electro-thermal
modeling is included in Fig. 6.

A real-field mission profile of the energy storage system
(power and SOC with respect to time, shown in Section 11-B)
is the input of the reliability analysis flowchart. With detailed
electrical models of components, the mission profile is
translated into time-domain power loss profiles, which are
further converted to the junction/hotspot temperature profiles
with the thermal models of components. It is noted that the
power losses of components are temperature-dependent.
Therefore, the derivation of junction/hotspot temperature is
iterative. The wear-out of capacitors is mainly caused by the
real-time hotspot temperature, whereas that of power
semiconductor devices is attributed to temperature
fluctuations. To quantify the degradation of power
semiconductor devices, their temperature profiles need to be
processed with the rainflow counting algorithm, extracting
the number of cycles for different combinations of
temperature swing, mean junction temperature, and heat-on
time. These temperature cycles can be translated into static
damages with lifetime models of power semiconductor
devices. For capacitors, their hotspot temperature can be
directly converted to static damages with their lifetime
models. In practice, however, the parameters of both
semiconductor devices and capacitors vary over certain
ranges. Considering the parameter variations, we can perform
a Monte Carlo simulation on the accumulated damage of
components, yielding the failure probability density functions
over time for different components.

Combining the wear-out and random failure rates, we can
obtain the equivalent failure rates for different components.
The series model is then used to transform the failure rates of
individual components into the failure rate of the converter,
assuming the converter fails when the first component fails
and all components fail or survive independently with each
other. Finally, the degradation of battery cell capacity caused
by storage conditions and power cycling is taken into
account, leading to the lifetimes of BESS for various
stationary applications.

Constant
Failure

Decreasing
Failure

Increasing
Failure

Failure Rate

Time
e Early Failure == Random Failure

Wear-out Failure s Total Failure

Fig. 5. Typical lifecycle bathtub curve.
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B. Electro-thermal Modeling

1. DC-link Capacitor

A practical capacitor can be modeled as an ideal capacitor
in series with an equivalent series resistor (ESR) when the
frequency is not extremely high. Aluminum electrolytic
capacitors can be a good choice for the implementation of dc-
link due to their higher energy density and lower cost
compared with film and ceramic capacitors. Generally, there
are two wear-out mechanisms in electrolytic capacitors: 1)
chemical reactions due to electrolyte evaporation and
contaminants, leading to the deterioration of the dielectric
material, and 2) localized heating, ion transport, and chemical
processes caused by the leakage current. The main stressor is
the internal hotspot temperature, which is determined by the
power loss and the thermal resistance [24]. The power loss
can be calculated with

PIoss,C1 = Z Ié,rms(fi) ESR(Tys, i)
i

@
where lcims(fi) represents the rms of the current ripple
harmonic at the frequency fi, Tns denotes the hotspot
temperature of the capacitor. It is noted that the ESR is both
temperature- and frequency-dependent.

As seen in Fig. 1, the dc-link capacitor is interfaced with
both a dc-dc converter and a three-phase inverter. Therefore,
the dc-link capacitor needs to absorb the current ripples from
both converters. The ripple current flowing through the dc-
link capacitor is determined by the operating conditions of
both the dc-dc converter and the inverter, e.g., power, duty
cycle, switching frequency, modulation index, power factor,

Methodology of the reliability analysis for the BESS converter in the case study.

and temperature [25]. The calculation of the real-time power
loss can be tedious and time-consuming. Therefore, this work
uses look-up tables to obtain the real-time power loss of the
dc-link capacitor. The ESR dependency on Tns and f; is
extracted from the datasheet of the
ESMMA451VSN471MAA45S capacitor [26] and is then
modeled in PLECS. The dc-link capacitor bank (C; in Fig.1)
consists of four capacitors: two of which are connected in
parallel to handle the ripple current, and two in series to match
the voltage stress. Then the power loss of the dc-link
capacitor bank is simulated in PLECS for different
combinations of operating conditions and different
applications, generating a look-up table. Fig. 7 shows typical
power losses of the dc-link capacitor at different BESS
stationary applications in the case study.

The hotspot-ambient thermal resistance of an aluminium
electrolytic capacitor can be calculated as [27]:

4

aprD(D+4H) @)

Rth,ha =

Time [month]
Estimated yearly hot-spot temperature of the dc-link capacitors for
different BESS applications.

Fig. 7.
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where o denotes the temperature rise ratio, S represents the
heat radiation constant, D is the capacitor diameter, and H
denotes the capacitor height. The hotspot temperature Tps can
be calculated as

Ths = Ta + I:zth,ha PIoss,C1 (3)

where T, represents the local ambient temperature of the dc-
link capacitor.
2. Power Semiconductor Devices (IGBTs and Diodes)

The power loss of IGBTSs consists of the conduction losses
and switching losses (turn-on and turn-off losses). Both the
conduction and switching losses change concerning the
battery voltage and the operating power, and they are
temperature-dependent. On the other hand, the junction
temperature is determined by the power loss with the
convolution of the junction-ambient thermal impedance. The
mutual dependency of power loss and junction temperature
complicates the derivation of accurate junction temperature
when real-field mission profiles are applied.

To simplify the calculation process of power losses of
semiconductor devices with a long-term mission profile, the
power loss model and thermal model of the used IGBTSs are
developed in PLECS software. Meanwhile, the heatsink of
the IGBTSs is also included in PLECS simulations. Thus, we
can obtain the power losses and junction temperatures of
IGBTSs under different operating conditions (i.e., different T,
and P). A detailed power and junction temperature look-up
table (LUT) can be created for the fast temperature prediction
when different mission profiles are applied. The simulated
power losses of IGBTSs in the Buck-Boost converter and the
2L-VSI for different BESS applications are shown in Fig. 8.

FCR
ISC
PS

]| \“ Il
| |\H‘|\J||l

Time [month]
Junction temperature of the 2L-VSI IGBT at different BESS
stationary applications.

C. Lifetime Modeling

1. DC-link Capacitor
A widely used capacitor lifetime model is employed for the
lifespan projection of capacitors [28]

TO_Ths V —N,
L=Ly2 ™ (V—‘j 4)

0
where Lo is the nominal lifetime in the datasheet, Ty is the
nominal capacitor temperature, V: is the applied voltage, and
Vo is the rated voltage given in the datasheet.
Based on the commonly-used Miner’s rule, the damage is
assumed to be accumulated linearly, as

Fig. 8.

AD == ®)

i=1

where k is the mission profile length, A¢ is the sampling

interval of the mission profile in seconds, and L; denotes the

lifetime of the ith interval with a hotspot temperature Ths, ,
and a voltage Vi;.

As the accumulative damage increases, the lifetime L; in
(4) becomes shorter. Accordingly, the wear-out of the
capacitor is accelerating over time as ESR increases with the
damage. Considering the feedback of degradation level (i.e.,
ESR damage-caused drift) on the lifetime model, the
accumulated damage curves for different applications are
shown in Fig. 9.

2. Power Semiconductor Devices (IGBTs and Diodes)

Various empirical lifetime models based on a statistical
analysis of available accelerated lifetime testing data can be
found in the literature. The temperature of studied system
components varies during its loading, which affects the
mechanical lifetime fatigue model. Also, the importance of
considering the dependency between the heating time and the
temperature cycle has become outstanding. This leads to
employing the Coffin-Manson-Arrhenius lifetime model
[29]-[30]. In this paper, the empirical lifetime model for
IGBT 4 [31] is used

5\t 7%
N¢ = AAT" exp ﬂ] ;  0.1s<t,, <60s (6)
Timn J\15

where AT; denotes the thermal cycle amplitude in °C, Tjmin iS
the minimum junction temperature during the thermal cycle
in °C, ton is the heating time in second, and «, f are the curve
fitting parameters.

It is also assumed that the damage of IGBT accumulates
linearly, as

N N
D v ()
i=1 fii
where N stands for the total number of power cycles
generated by the rainflow counting algorithm, ns; is the
number of cycles for i™" power cycle (i.e., either 1 or 0.5), N;
is the number of cycles to failure at the corresponding 47j and
Tjmin in the i power cycle.

The annual accumulated damages of components for
different applications are shown in Fig. 10. Compared with
power semiconductor devices, the dc-link capacitor always
has higher damage than other components.

AD =

0.20
—— FCR
— ISC
0.151 =—-PS
2 0.10
0.05
0.00 10 20 30
Time [year]
Fig. 9. Damage feedback of the dc-link capacitor considering the

degradation level and hot spot temperature effects on the capacitor ESR.
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TABLE Il. STATIC VALUES OF THE LIFETIME ANALYSIS OF THE CONVERTER POWER DEVICES
Q D1 Q2 D Qs D3
Term
FCR | ISC PS FCR | IsC | PS | FCR | ISC | PS | FCR | ISC | PS | FCR | IsC | PS FCR ISC PS
) 1679 | 1538 | 16.7 | 926 | 102 | 101 | 201 | 30.8 | 26 | 131 | 168 | 155 | 168 | 156 | 15.9 145 144 | 142
AT
! . - - - . - - - . . . - 139 | 156 | 16.3 5.29 802 | 717
o () 4734 | 4868 | 50.10 | 39.75 | 431 | 423 | 478 | 583 | 53 | 4127 | 476 | 454 | 60.8 | 626 | 637 53.9 57.0 | 56.9
" - ] - ] - - - - - ] ] - | 608 | 626 | 637 | 839 | 570 | 569
o 2% 246 | 310 | 083 | 246 | 31 | 212 | 246 | 31 | 216 | 246 | 309 | 208 | 246 | 3.10 231 24 | 309
nc X
] B . _ _ - - ; - - . - 157x10°
o 1103 1702 | 127.3 | 1795 | 1146 | 1380 | 497 | 7.18 | 17 | 3611 | 116 | 189 | 882 | 126 | 122 187 194 221
Nr X1
- = - = - - - - - 8 8 8 1373 | 787 | 694 | 109513 | 16883 | 28688
) 59.05 | 47.30 | 34.90 | 52.57 | 437 | 311 | 672 | 404 | 36 | 60.60 | 468 | 365 | 748 | 531 | 423 72.9 526 | 421
ton (SEC
" ] - ] - - ] ] ] ] i i i 0.01
Annual 019 | 014 | 024 | 0012 | 002 | 002 | 042 | 343 | 18 | 005 | 021 | 016 | 024 | 019 | 025 0.11 012 | 0.14
AD = . = . . = = = = . . . 115 | 200 | 227 0.14 093 | 055
-4
x10 019 | 014 | 024 | 0012 | 002 | 002 | 042 | 343 | 1.8 | 0056 | 021 | 016 | 11.7 | 202 | 229 0.25 1.0 0.69
528.7 | 689.7 | 4106 | 8302 | 4655 | 4455 | 233 | 291 | 56 | 1672 | 474 | 612 | 423 | 514 | 395 877 790 716
Lifetime
(year) - - B - - B - - - - - = 8.71 4.99 4.40 694 107 182
X10° | 5287 | 689.7 | 410.6 | 8302 | 4655 | 4455 | 233 | 201 | 56 | 1672 | 474 | 612 | 854 | 495 | 436 400 100 | 144.9
Color code: Long-cycle, Short-cycle, Total
D. M_onte-CarIo Simulation and Weibull Distribution TABLE lll. WEIBULL PARAMETERS OF EACH COMPONENT IN THE
Function DIFFERENT APPLICATIONS IN THE CASE STUDY.
With the static annual wear-out damage obtained, a Monte
Carlo simulation is conducted considering 20% variations in | component FCR IS PS
the parameters (ESR = 0.56 Q, Lo = 3000 hours, To = 85 °C, a B a B a B
Vo =450V, n; = 10, n; = 5) related to the capacitor and the (o]} 35888.58 | 4.28 | 4674504 | 453 | 2804039 | 4.35
—_ 14 —_ — 4 L
parameters of (A=9.34X10", a=4.416, ,3—12_85: AT, Timin, D1 536110.71 | 518 | 306026.08 | 5.01 | 291014.92 | 5.10
nc, _ton) related to th(_e IGBT_. Thg results obtained from the o RN, oo o: | 50 | 355071 | 2es
static damage analysis are given in Table II. = 10095287 | 462 | 3201518 | 431 | 2000222 | 240
The Monte Carlo simulation results for the dc-link - - - : : : :
capacitor and inverter IGBT under different application C 842 >86 1956 >83 2313 >89
mission profiles are shown in Fig. 11. It is seen that the Qs CESCNIRTl 5074 | 445 [ERS00C7N| s
probability density of the wear-out failure of each component D; 2630410 | 570 | 647491 | 541 | 9569.22 | 5.60

varies over the operation time. The corresponding wear-out
failure probability of each critical component can be obtained
by integrating the pdf with respect to time.

To facilitate the system failure analysis, the probability
density (pdf) curves in Fig. 11 are fitted with the Weibull
distribution. The scale parameter « and the shape parameter
pfor critical components are listed in Table I11.
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Fig. 11. Lifetime distribution for the key converter components in the
studied PEC for various applications: (a) dc-link capacitor and (b) inverter
IGBT.

IV. SYSTEM-LEVEL RELIABILITY

A. PE-Converter Reliability

Apart from mission-profile-related damage, the random
failure rate of components should be considered. It could be
calculated using either MIL-HDBK-217F [32]-[33] or FIDES
[34] handbook. The latter considers the influence of the
mission profile on the random failure rates and, thus, suits
applications where a converter operates outdoor the most, like
photovoltaic power systems [34]. The MIL-HDBK-217F
handbook provides the most conservative estimate and,
therefore, is still popular in the design of mission-critical
systems.

This study considers the constant ambient temperature of
25°C, since a BESS typically operates in an air-conditioned
environment to minimize hazards associated with the usage
of Lithium-based batteries. Consequently, the considered
BESS mission profile is independent of weather conditions.
Therefore, this study utilizes the approach based on the MIL-
HDBK-217F handbook for simplicity. The annual rates are
provided in Table IV. It has a steady failure rate throughout
time. While the wear-out failure rate of each component can
be extracted from the Weibull parameters as a function of the
time as

TABLE IV. ANNUAL RANDOM FAILURE RATE FOR EACH
COMPONENT OF THE CONVERTER IN DIFFERENT APPLICATIONS

Component FCR ISC PS
Q1 0.0001456 0.0001523 0.0001446
D, 0.0000394 0.0000413 0.0000389
Q2 0.0001470 0.0001532 0.0001476
D, 0.0000416 0.0000447 0.0004131
Cy 0.0011550 0.0011550 0.0011550
Qs 0.0001902 0.0002006 0.0018912
Ds 0.0000610 0.0000659 0.0000600

B
20=p( 2] ®

where o and S are the scale and shape parameters of Weibull
fitting, respectively; while t is the time in years.

The failure rate of the BESS PEC in each application is
plotted in Fig. 12. The total unreliability function of the PE
part in the studied system can be derived as

Feon (00 =1-] 7} @~ F; () ©

in which Fj(x) is the unreliability function of j" component in
the converter.

0.040
0.030 Converter
< 0.020
0.010
0.0007 5 10 15 20 25 % 30
Time [year]
(a)
2.000 Converter
<
1.000
0.0005 5 10 15 20 25 ~ 30
Time [year]
(b)
0.800
0.600 Converter
< 0.400
0.200
0.000 5 10 15 20 25~ 30
Time [year]
(©
Fig. 12. The failure rate of BESS converter for various applications: (a)
FCR, (b) ISC, and (C) PS.
1.00
—— FCR
— ISC
0.80 Bk
_0.60

~
=

=~ 0 40 Bi=12.78 year
Bjp=15.03 year

0.20{ B10=23.96 year
. 0 20 30 20 50 60

Time [year]
Fig. 13. BESS converter reliability for various applications.
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B. Degradation of BESS

When utilizing the BESS for a variety of purposes, one of
the most challenging issues is battery lifetime, since the
capacity of the battery should not decline rapidly within a
short period of operation. Also, the battery lifetime impacts
economic evaluation from another perspective. Generally, the
main source of degradation in the battery lifetime include the
idling and cycling operation [35]. When the battery doesn't
supply power and the SOC remains constant, during these
idle intervals the battery loses its capacity due to calendar
aging. The capacity fade of the Li-ion battery due to calendar
aging (Cscalendar) is experimentally investigated and can be
expressed as [36]:

0.00738850C 10,8

o ,calendar = 0.1723e (10)

where SOCayq is the average SOC of the battery during
storage, tis the storage time (i.e., battery is in the idling mode)
expressed in months.

It should be pointed out that the degradation modeling due
to the calendar aging in (10) has been derived with the
assumption of the Li-ion battery is operating at 25 °C by
employing air-conditioning systems. Moreover, the idling
times are extracted from the SOC profile, which corresponds
to the zero intervals in the BESS power profile. Then, the
average value is calculated for the obtained times over the
whole year.

The capacity fading due to the cycling aging of the battery
(Creycle) is dependent on the number of cycles, average SOC
during the cycle, and the cycle swing as in (11). These
parameters can be extracted from the SOC mission profile in
Section II-B for each BESS application by applying the
rainflow counting algorithm [37].

Ct_oyole = 0021 001943%0C ¢ 01102 c00, (11)

where SOC is the average SOC of the power cycle in (%), cd
is the cycle depth in (%), and nc is the number of cycles.
The analysis results of the SOC mission profile in Section
I1-B for the three applications using the rainflow counting
algorithm in MATLAB software [38] are given in Fig. 14.

x
0 o 15000 O} ‘
5 300
20 . 20 10000 20
X 40 5 = 40 ) 200
o o o
60 60 60
3 2 91 5000 S) 100
80 ; 80 80
100 100 100

0 20 40 0 20 40 0 20 40
cd [%) cd [%) cd [%)

@ (b) ©

Fig. 14. 2D plot of the rainflow counting for the BESS SOC at various

stationary applications: (a) FCR, (b) ISC, and (c) PS.

The linear damage accumulation rule can be utilized to find
the effect of power cycling obtained from the rainflow
counting on the battery capacity fading from the cycling
aging [39]. Based on Miner’s rule and (11), the capacity
fading due to cycling as a function of the time can be given
asin (12). From (3) and (4), the capacity fade as a function of
time can be derived as:

K
Ct oyete = \/ 3 (0_021 o-0.0194350C (4 0.7162 )cht (12)

where K is the number of different depths of discharge and t
is the time in the same unit of the SOC mission profile length
(i.e., in years during the case study).

The total capacity fade of the battery equals the sum of both
calendar and cycle aging as described in the left part of the
flowchart given in Fig. 6. The analysis results for the battery
degradation in the understudy stationary applications are
given in Fig. 15. It can be noted that the capacity fading has
a nonlinear profile with the operating time. When we assume
that 20% fade is the criteria at which the BESS reaches the
end of its useful life, the battery in the ISC application fades
the quickest when compared to the FCR and PS applications.
Fig. 15c indicates that the capacity fading due to storage is
dominant in the PS applications as the BESS exchanges
power in a short period over the year, while it stores energy
close to 100% SOC.

40.00f = Ct.latendar
I Cf.(‘)’(‘[ﬂ
Total
s 30.00
—\“ Time=15.20 year
3 20.00
<
10.00 //—_
0.00, 10 20 30 40 50
Time [year]
(a)
= Cfialendar
— Lréycle
40.00 Total
S
§ Time=10.27 year
S 20.00
0.00 10 20 30 40 50
Time [year]
(b)
= Cf.calendar
I Cf.z‘,\‘ch’
Total
— 40.00
s
E Time=12.39 year
©20.00
0'000 10 20 30 40 50
Time [year]

(©
Fig. 15. Capacity fade of BESS for various stationary applications in the
study: (a) FCR, (b) ISC, and (C) PS.

V. CONCLUSIONS

The paper provides a systematic study of BESS reliability
including the associated power electronic converter. Three
main groups of applications were considered: utility —
frequency containment reserve, residential PV — increased
self-consumption with a greedy algorithm, and industrial —
peak shaving of excessive load power. The estimations are
provided using the same case study system to ensure
comparability of the results

Residential applications are proven to be the most
challenging as they feature the shortest lifetime of both
converter and battery — 13 and 10 years, respectively. It is
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worth mentioning that the battery lifetime is defined at the
20% capacity fade, while a 10% failure rate is used for the
converter. If one of these criteria is changed, it is possible to
match the expected lifetimes, to a reasonable extent.

In the frequency containment reserve applications, the
expected lifetime of the power electronic converter of 24
years allows for one replacement of batteries that fade by 20%
of their capacity in 15 years. However, if the fade of 30% is
allowed, the lifetime of the converter and battery could be
matched.

In the peak shaving applications, BESS suffers from the
highest calendar aging due to average SOC close to 100%.
On the other hand, the low number of charge/discharge cycles
allows for a capacity fade of 20% in 12 years. This is close to
15 years of Bjo lifetime expected from the associated
converter.

Considering rapidly growing market prices for energy and
ancillary services, in some regions, like Northern Europe,
future research could extend the presented results with an
economic analysis of lifecycle cost and return of investments.
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