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ABSTRACT In the realm of electric mobility, fast chargers for electric vehicles (EVs) play a critical
role in mitigating range anxiety while driving. The converter in these chargers usually has a load profile
consisting of a high-current pulse to swiftly recharge the EV battery, followed by a cooling-off phase when
the charging process is over. This pattern results in thermal cycles on the devices resulting in mechanical
fatigue that leads to gradual deterioration of the power electronic components. Consequently, evaluating
the power electronic converters reliability is critical to facilitating fast EV charging. This paper focuses
on the reliability analysis of the phase-shifted full-bridge DC/DC converter within EV fast chargers, with
a specific emphasis on the battery charging profile. The primary objective is to demonstrate how the
charger load characteristics and number of charging sessions influence device reliability and, consequently,
overall system reliability. Additionally, the investigation explores the effects of altering devices heatsinks
and current ratings on system reliability. It was observed that in worst-case scenarios, increasing devices
current rates extended the system lifetime from 0.7 to about 23 years, with 3 p.u. ratings achieving 10.8
years, meeting industry targets, while reducing heatsink thermal resistance improves that to around 2
years.

INDEX TERMS EV charger, full-bridge DC/DC converter, lifetime, power components, reliability, thermal
cycles.

I. INTRODUCTION
Reliability stands as a critical element impacting both the
overall life-cycle expenses and the accessibility of power
electronic systems. In recent years, the demand for higher
reliability in power electronic applications has led to stricter
lifetime constraints. This has resulted in increased efforts,
such as testing, design, and analysis, during the early stages of
development to meet these reliability requirements [1]. So the
mission/load profile-based lifetime prediction technique for
reliability is a methodology that has gained prominence in the
last few years. For example, recent research on the wear-out
failures of an impedance-source PV microinverter demon-
strated the effectiveness of mission profile-based system-
level electro-thermal modeling in identifying critical com-
ponents, that significantly impact long-term reliability. The

study proposed design improvements and advanced controls,
emphasizing the role of thermal analysis and mission-specific
profiling in enhancing reliability in harsh environments [2].

Power converters are relatively more vulnerable to failures
during operation, thus significantly affecting the reliability
of such systems [3]. According to studies, power switches
and capacitors are the most failure-prone components of
power electronic interfaces, PEIs, [4], [5], [6]. The reliability
of power converters is substantially impacted by thermo-
mechanical fatigues, which are the primary root of failures in
power devices. Thermal stresses lead to these fatigues, which
play a major role in wear-out failures. Research indicated
that half of all stressors are thermal [7]. Power converters
create power losses during their operation, making thermal
cycles due to repeated heating and cooling triggered by load
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variations, switching, and environmental situations. Given
that power devices consist of multiple layers that vary in
coefficients of thermal expansion, fluctuations in tempera-
ture may result in thermo-mechanical fatigue, which includes
solder and bond-wire fatigue, as well as chip metallization
degradation. All of these fatigues consume the life of the
power semiconductors and power converters [8]. These ther-
mal cycles that impact the converter reliability are separated
into short-term, fundamental, from seconds to minutes, and
long-term, from minutes to months, thermal cycles based
on their duration [7]. The converter switching frequency is
associated with short-term temperature fluctuations, whereas
fundamental thermal cycles are caused by load variations.
The long-term thermal cycle is impacted by environmental
factors, including variations in the ambient temperature [7],
[8]. The thermal capacitance of layers over the route of
the power module operates like a kind of low-pass filter,
mitigating the influence of thermal cycles near the heatsink
that have a shorter duration or greater frequencies. Never-
theless, high-frequency fluctuations in temperatures have a
more pronounced impact at the junction, leading to bondwire
fatigue. On the other hand, longer-term temperature fluctu-
ations have a consequence on the baseplate solder junction
of the module [9]. The outcomes of power cycling experi-
ments show that bond wires and die-attach solder wear out
under short-term power cycles, while DBC-attach solder and
the thermal interface also get fatigued over long-term power
cycles [7], [10], [11]. In relation to aluminum electrolytic
capacitors, inside hot-spot temperature and voltage stress are
the primary stresses that cause wear-out failures and long-term
degradation in these capacitors [12]. So these components
significantly impact the reliability of the converter.

Off-board fast chargers are used for electric vehicles (EVs)
while traveling over extended distances because of the lim-
ited capacity of on-board chargers. These chargers efficiently
provide the necessary DC power to EV batteries using power
converters and successfully prevail over the size and weight
restrictions associated with on-board chargers. An EV can be
fully charged in roughly 30 minutes using off-board charg-
ers, with power levels ranging from 50 kW to 350 kW.
Given the extra power conversion stages, AC-connected fast
chargers become less efficient and more complicated than
DC-connected fast chargers, albeit with some benefits such
as protective devices, standardized protocols, and converter
technology accessibility. Consequently, DC-fast chargers are
more economically feasible, which also minimizes synchro-
nization issues [13]. So, they are now at the forefront of
charging technology, thanks to their advantages. To match the
voltage needed for EV batteries while establishing galvanic
isolation between the grid and the battery, isolated DC/DC
converters are utilized in the second power transfer stage of
DC fast chargers [13], [14]. In EV fast charging systems,
the converter usually experiences a few minutes of high-
current pulses to speed up the charging of EV batteries. After
the charging process, the converter cools down. This cyclic

activity exposes power electronic components to tempera-
ture cycles, potentially leading to their breakdown owing to
mechanisms including thermo-mechanical fatigue [15], [16],
[17]. Therefore, it’s critical to evaluate power converters’ re-
liability in EV fast charging applications according to their
load profile. [18] highlights the critical importance of ther-
mal dynamics in power semiconductors and capacitors for
reliability assessments in power electronic converters. The
study introduces a novel approach to evaluating converter-
level reliability by simplifying models under a low sample
rate mission profile for wind turbines, offering valuable in-
sights that can be adapted to other applications. [7] explores
how different thermal cycling scenarios impact the lifetime of
power devices in wind turbine converters. By analyzing both
fundamental-frequency and load-varying thermal cycles, the
study provides crucial insights into the thermal stress factors
that influence the reliability of power converters in renewable
energy systems.

While extensive studies have done mission profile-based re-
liability assessments across a range of applications, including
PV, wind, drive train, aerospace, and onboard chargers [18],
[19], [20], there remains a gap in investigating reliability
analysis based on the battery load in the context of DC fast
chargers.

This study investigates the load-dependent reliability of an
isolated phase-shifted full-bridge (PSFB) DC-DC converter,
which is frequently used in EV fast chargers. Our research
begins by leveraging validated models, which are based on
experimental data related to device current ratings and block-
ing voltages, to precisely calculate power losses within the
converter. Furthermore, the study explores the impact of the
number of charging sessions on system reliability, a factor
highly pertinent to the performance and reliability of EV fast
chargers. By analyzing how the numbers of charging ses-
sions influence the overall system reliability, the study offers
valuable insights into this rapidly expanding field. Moreover,
a comprehensive examination is conducted to see how the
overall system reliability is affected by changes in heatsink
thermal resistance and also device current rating. Even with a
thorough investigation of reliability across a wide range of do-
mains and applications, new technologies like EV fast charger
applications present substantial obstacles that demand careful
reliability analysis. This reliability study within the specific
context of EV fast chargers—considering a unique load profile
and operational scenarios— yields actionable insights that are
crucial for enhancing reliability in real-world applications.

This paper is organized into the following sections: The
process for assessing power converter reliability is described
in Section II, with an emphasis on the load profile. We go
into detail about the PSFB converter reliability in Section III,
covering converter modeling, component power loss, temper-
ature profiles, and system lifetime analysis. Section IV also
explores the effects of modifying the heatsink and altering
the devices current ratings. Finally, Section V presents the
conclusions derived from the data.
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FIGURE 1. The methodology for mission/load-based reliability assessment of power converters.

II. LOAD-BASED RELIABILITY OF POWER CONVERTERS
A load/mission profile encompasses the key environmental
and operational conditions that a system encounters during
its lifetime [21]. Temperature is a common factor affecting
most power electronics applications, while other environmen-
tal and operating states vary by application and may have
a notable impact on the system reliability. As a result, the
power converter lifetime varies depending on the applica-
tion and load/mission profile, emphasizing the significance
of reliability evaluations based on application or load/mission
profile data. Mission/load profiles can be derived from actual
field observations or estimated using generalized or pes-
simistic scenarios. Depending on the particular application,
the timescale of this profile can vary from seconds to years.

The methodology for the mission/load-based reliability as-
sessment of power converters is presented in this section and is
shown in Fig. 1. In this figure, the primary step is to establish
the load profile under the specific application. Subsequently,
the converter is modeled to reflect the nuances of the appli-
cation, the defined mission/load profile, the chosen converter
topology, as well as the implemented control and modulation
strategies. This phase, referred to as converter-level mod-
eling, is critical as it facilitates the extraction of electrical
stress parameters for each relevant component. These param-
eters are essential for the subsequent phase, to compute the
losses associated with each component. The component cur-
rent flow is denoted by ix, while the v represents the voltage
stress experienced by that component. Furthermore, Tamb rep-
resents the localized ambient temperature surrounding each
component. Where x signifies the specific component. The
secondary step of the reliability evaluation of power convert-
ers is component-level modeling, which is linked to different
kinds of components. As previously outlined, power semicon-
ductors and capacitors play vital roles in power converters.

They are significantly prone to thermal stress due to the
variations in load and environmental conditions in different
applications [22], causing thermo-mechanical wear-outs. As a
result, the reliability of power electronic converters is closely
intertwined with the reliability of these constituent parts. At
this point, the power losses for each component are calculated
using the electrical stresses found in the preceding phase.
These losses in power devices include conduction losses as
well as losses incurred during switching in power devices
(switching losses). Where vCE/F specifies the forward voltage
of the power device. Also, Esw represents the switching or
reverse recovery energy of the power device, and fsw is the
switching frequency. Power losses of capacitors are caused by
the ripple current passing through the capacitor and its equiv-
alent series resistance (ESR), which depends on the operation
frequency and hotspot temperature. Subsequently, the thermal
profile of every component (Tj,x and Th,Cap), characterized by
the power devices junction temperature and capacitors hotspot
temperature profiles, are derived through the use of electro-
thermal networks, such as Foster or Cauer models. These
networks are tailored based on the components thermal prop-
erties. An enhanced thermal network is established by using
the components thermal parameters, as well as the thermal re-
sistance contributed by the thermal interface material, and the
thermal resistance associated with the specifically designed
heat sink. In this figure, the Zth is the thermal impedance
curve which refers to the thermal network of the component.
These thermal networks use the power losses of the compo-
nents as their input. In the load-based reliability evaluation
procedure, the third phase is called component-level reliabil-
ity. Similar to the preceding phase, this one concentrates on
specific components. The components thermal load consisting
of the junction temperature of power devices (Tj,x) and the
hot-spot temperature of capacitors (Th,Cap) that was retrieved
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from the preceding step is now used as an input to calculate
the components accumulated damage (D(%)) and expected
lifetime. To predict the expected lifetime of components the
empirical lifetime models are used. Since gathering field data
for reliability assessments takes many years, these models
are among the strategies that have been suggested and val-
idated to ascertain the components lifetime under thermal
cycles [23], [24], [25]. These models account for elements
that might impact the lifetime of the components and have
been taken along during aging experiments. These elements
consist of the thermal cycle amplitude and its minimum value
(�Tj, Tjmin), and length of on-time (ton) for power devices,
and hot-spot temperature (Th,cap), and operational voltage (Vx)
for capacitors. In some cases, power devices experience com-
plex junction temperature profiles caused by fluctuations in
load/mission characteristics in power electronic applications,
creating challenges to correctly distinguish the various val-
ues during operation because of this intricacy. So, counting
strategies such as the Rainflow method [26] are applied to de-
termine the number of cycles in the particular Tj and Tjmin. The
Miner rule is employed to calculate accumulated damage (D)
according to the associated component damage. This allows
for the initial end-of-life estimation of the components to be
obtained [27]. In the last stage of component level reliability,
some uncertainties are taken into account using a statistical
Monte-Carlo method [28], and the component reliability func-
tion (Rx) is estimated by the Weibull cumulative distribution
function [29]. In the concluding stage of the reliability as-
sessment approach, System-level reliability is addressed. To
evaluate the overall reliability of the power electronics con-
verters or system (RSystem), this phase attempts to combine the
individual reliability metrics of each component. To achieve
this, the method typically utilized is the reliability block di-
agram (RBD) technique [30]. The details of this process are
presented in the rest of the paper.

III. RELIABILITY ASSESSMENT OF PSFB DC/DC
CONVERTER IN EV FAST CHARGERS
As mentioned before, the phase-shifted full-bridge (PSFB)
DC/DC converter is a commonly used isolated DC/DC con-
verter that performs as an interface in DC fast charging
stations for batteries in EVs. Consequently, a thorough inves-
tigation of the PSFB DC/DC converter reliability based on the
considered load profile is conducted in this section.

A. PSFB CONVERTER MODEL BASED ON THE LOAD
PROFILE
Modeling the power converters is the initial stage in evaluat-
ing the reliability of power converters, as was highlighted in
the preceding section. First, the load profile of the converter,
which is the profile used to charge a battery with a voltage
of 400 V and a capacity of 50.36 kWh is taken into account
for the PSFB DC/DC converter under study. The structure of
the PSFB converter with the studied load profile is depicted
in Fig. 2. The parameters for this converter are provided in
Table 1.

FIGURE 2. Structure of the isolated 55 kW PSFB DC/DC converter with the
studied load profile used for EV charger.

TABLE 1. Specifications of the PSFB DC/DC

After analyzing and implementing the converter model in
PLECS based on this load profile, the electrical stresses of the
components are derived for use in the power loss calculations.

B. COMPONENTS POWER LOSS
The selection of components based on the predefined safety
margins initiates the component-level modeling phase. The
computation of each component power losses comes next.
Thus, in the studied converter, the current ratings for IGBTs
and diodes have been chosen as 100 A and 150 A for full-load
operations, while the voltage ratings of 900 V and 600 V have
been selected, respectively.

In this work, we apply the well-established models refer-
enced in [31] to compute power device losses. This method
estimates virtual power module losses while accounting for
fluctuations in blocking voltage and rated current. Unlike
other reliability studies that usually rely on device datasheets
for power loss calculations, which may not always yield pre-
cise results, this method is both simpler and more accurate.
The accuracy of this approach, validated through practical
experiments as described by [31], enables a more precise
estimation of losses, which is critical for a robust reliability
assessment.

The presented models fit empirical data with physics-
inspired models to evaluate the effect of blocking voltage
and rated current on the losses encountered by IGBTs and
diodes. Specifically, the method uses the proven linear re-
lationship between the forward voltage drop and forward
current for diodes and the collector-emitter voltage drop and
collector current for IGBTs. Thanks to this methodology,
loss calculations are ensured to reflect realistic performance
parameters [31]. The collector-emitter voltage of the device
against the collector current (ic), denoted as (vCE(ic)), can be
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expressed as vCE,0 + r.ic, based on the linear model presented
in [31]. In this model, vCE,0 represents the threshold or offset
voltage, marking the point where the linear behavior begins
in the output characteristic curve of the IGBT (VCE vs. Ic

curve). The parameter r is the slope of the linear portion
of the curve, indicating the relationship between the voltage
and the current in this region. Thus, the total forward voltage
drop at the rated current (IN) comprises two parts: vCE,0 and
vCE,r, where vCE,r is equal to r.IN. According to semiconductor
physics [32], these parameters, as functions of the blocking
voltage (VB), namely vCE,0(VB) and vCE,r(VB), are described
by (1), and (2). Consequently, the conduction loss of the de-
vice, Pcond,x(VB, IN), for the examined IGBTs and diodes are
computed depending on their VB and IN, as follows in (3) [31].

vCE,0(VB) = Av0 · log(Bv0 · VB + Cv0) (1)

vCE,r(VB) = r.IN = Ar · log(Br · VB). (2)

Pcond,x(VB, IN) = vCE,0(VB) · ix,avg + r(VB, IN) · i2x,rms. (3)

Where Av0, Bv0, Cv0, Ar, and Br are constant parameters for
the IGBT and diode models, as mentioned in [31]. These
parameters were derived by fitting analytical expressions to
empirical data from IGBTs, ensuring that the models accu-
rately represent the relationship between the voltage drop and
the blocking voltage. ix,avg and ix,rms are the average and RMS
values of the device current.

To facilitate the depiction of switching losses in relation
to the blocking voltage, the switching energies of individual
devices have been calculated in proportion linearly with the
switched current and the applied DC voltage (Vdc), this is rep-
resented as the blocking voltage utilization, u, shown in (4).
So the switching and reverse recovery energy of the IGBTs
and diodes, Esw,rr(VB), and the switching loss of each device,
Psw,x(VB), based on the blocking voltage are calculated by (5),
(6) [31].

u = Vdc

VB
(4)

Esw,rr(VB) = Ksw(VB) · ix,avg · u

0.5
(5)

Psw,x(VB) = Esw,rr(VB) · fsw

1000
(6)

Where Ksw represents the normalized switching energy of the
device which is estimated as follows in (7)–(10) [31]:{

Ksw(VB)IGBT = KOFF(VB) + KON(VB)
Ksw(VB)diode = Krec(VB)

(7)

KOFF(VB) = AOFFV 2
B + BOFFVB + COFF (8)

KON(VB) = AONV 2
B + BONVB + CON (9)

Krec(VB) = ArecV
2

B + BrecVB + Crec (10)

Where KOFF(VB), KON(VB), and Krec(VB) defined as ap-
proximated normalized turn-off, turn-on, and diode recovery
energies as functions of the blocking voltage. AOFF, BOFF,

COFF, AON, BON, CON, Arec, Brec, and Crec are the constant pa-
rameters of IGBT and diode approximated models mentioned
in [31] which were extracted by fitting models to empirical
data.

Lastly, the conduction and switching losses will be added
up to find the IGBTs and diodes overall power losses, PLoss,x,
which is shown in (11).

PLoss,x,IGBT/diode = Pcond,x(VB, IN) + Psw,x(VB) (11)

To estimate capacitor losses, the equivalent series resistor
(ESR) which is the the primary cause of loss is used [33].
In this case study, the capacitor with Catalog-Part-Number
381LR331M450K052 is selected and its ESR is defined in its
datasheet. So, (12) is used to calculate the capacitor total loss.

PCap =
n∑

i=1

ESR( fi, T ) · i2rms,Cap( fi ) (12)

Where ESR( fi, T ) refers to the capacitor ESR at the frequency
fi and temperature T and irms,Cap( fi ) represents the RMS
value of the ripple current across the capacitor at the same
frequency, and n is the harmonic order.

C. THEMAL MODELLING OF THE COMPONENTS
At the end of the component-level modeling procedure, the
thermal network of the elements is implemented to estimate
the temperature profile, Tj,x for the power devices and Th,Cap
for capacitors. At this point, the thermal interface as well
as heatsink thermal resistance (Rha) for IGBTs and diodes
should be used in conjunction with the devices thermal net-
work. Thus, initially, the fair heatsinks should be designed
for them. Since IGBTs and diodes face different electrical
stresses in this study, these two types of devices are installed
in two different heat sinks, with all IGBTs sharing one heat
sink at the primary side and all diodes sharing another at the
secondary side to determine the fair heat sinks. To establish
the thermal networks of the components under study, firstly
the junction-to-case thermal resistance of IGBTs and diodes
(RJC) concerning the specified VB and IN are calculated by the
models provided in [31], as outlined in (13).

RJC(VB, IN) = ARth · (VB · IN)−BRth (13)

Where ARth and BRth are the constant parameters of IGBT and
Diode models mentioned in [31]. The resulting RJC obtained
from this model for studied IGBTs and diodes according to
the ratings we selected, is 0.37 ◦C/W and 0.52 ◦C/W, respec-
tively. Thus, by accounting for the thermal network where
power losses act as the inputs which were extracted by (11),
and (12), the temperature profile of each IGBT/diode (Tj,x)
and capacitor (Th,Cap) are estimated using (14), and (15), re-
spectively.

Tj,x = Ploss,x · RJC,x + 4 · Ploss,x · (Rcs + Rha) + Tamb (14)

Th,Cap = PCap · (Rhc + Rca) + Tamb. (15)

Here, RJC,x is extracted using (13), while RCS represents the
thermal grease resistance, set at 0.005 ◦C/W. The heatsink
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thermal resistance, Rha, is designed to be 0.025 ◦C/W for
IGBTs and 0.1 ◦C/W for diodes. Additionally, the ambient
temperature (Tamb) is assumed to be 25 ◦C. This design en-
sures that the junction temperatures of both components are
equivalent, resulting in a �Tj of 126 ◦C for both IGBTs and
diodes. Additionally, Rhc and Rca represent the thermal resis-
tances of the chosen capacitor from the core to the bottom and
from the case to the air, respectively. These values are speci-
fied as 8.82 ◦C/W and 4.48 ◦C/W, according to the selected
capacitor’s application guide.

D. LIFETIME ESTIMATION OF POWER COMPONENTS
In the process of power converters reliability evaluation, the
subsequent stage following the determination of the tempera-
ture profile of components involves estimating their expected
lifetime. This phase utilizes the components temperature data
as a key input to compute power semiconductors number
of cycles to failure (Nf) and capacitors lifetime (LCap) us-
ing established empirical lifetime models. Multiple lifetime
prediction models for power devices, including LESIT, CIPS
2008 (Bayerer), corrected CIPS 2008, and the Skim mod-
els, which are all constructed around fundamental failure
mechanisms, have been introduced in studies [23], [24], [25],
[34], [35]. Features and details of these models are presented
in [15], [21], [24], [34], [36]. The LESIT model overestimates
cycles to failure in long-term heating due to its inability to
consider cycle duration, which becomes critical for DBC sol-
der joint fatigue. In contrast, the CIPS model and its corrected
form, considering temperature swing length, provide a more
precise estimation when DBC solder attach failure is the major
cause of failure [15], [16]. Consequently, the chosen lifetime
model should align with the temperature fluctuations period
or be applicable to the specific application, corresponding to
the most relevant failure mechanism [15], [16].

In EV fast chargers, the DBC-attached solder of power
semiconductors gets influenced by thermal cycles because of
the larger periods of temperature (ton) [16]. The CIPS model,
compared to its corrected model overestimates the Nf for el-
evated ton values. This discrepancy arises because the DBC
solder connection fails a few minutes after the heat hits the
baseplate, indicating the device end of life [15]. To address
this, the corrected CIPS lifetime model to estimate the number
of cycles to failure is used, which is the more suitable model
for EV charging applications. The CIPS and its corrected
version are as follows [24], [34], [35] and shown in (16) and
(17), respectively:

Nf = A�Tj
β1ton

β3 Iβ4V β5 Dβ6 e

(
β2

Tjmin+273

)
(16)

Nf (ton)

Nf (1.5)
=

⎧⎨
⎩

2.25, if ton ≤ 0.1 s.( ton
1.5

)−0.3
, if 0.1 < ton < 60 s.

0.33, if ton ≥ 60 s.
(17)

Where, Nf represents the number of cycles to failure in
power devices, �Tj denotes the temperature cycles, Tjmin is the

minimum junction temperature which is the ambient temper-
ature in this study. Also, ton refers to the heating time which is
4199.8 s in this study according to the load profile. The vari-
ables values, A, β1 − β6, are specified in [24]. Furthermore,
I corresponds to the current per bond stitch, V indicates the
device’s voltage class (VB/100), and D is the diameter of the
bond wire in micrometers. The parameters of I , and D are
assumed to be 20 A, and 250 μ, respectively. Thus, the Nf(ton)
for the IGBTs and diodes under study in the PSFB DC/DC
converter according to the CIPS corrected model is predicted.

The 10-kelvin rule-which is derived from the Arrhenius law
and is illustrated in (18) is the most commonly used lifetime
model in the industry to predict the lifetime of the electrolytic
capacitor [33].

LCap = L0

(
Vx

V0

)−n

2
T0−Th,Cap

10 (18)

Where LCap is the estimated lifetime of the capacitor, L0 is
the lifetime under test condition, n is defined in paper [33], Vx

and V0 are the voltage at the operational condition and rated
voltage, respectively. T0 and Th,cap are the hot-spot temper-
ature of the capacitor at the operational and test conditions,
respectively.

After estimating the Nf(ton) in power devices and LCap of
the capacitor by lifetime models, the accumulated damage is
estimated Based on Miner’s rule [27]. According to this rule, a
power device becomes damaged due to the total of all thermal
cycles, whereas damage to the capacitors is determined as
the sum of the lifetime used up across sampling intervals.
Consequently, the total accumulated damage of power devices
and capacitor (DDevice and DCap) is written as in (19) [33]:

{
DDevice = ∑nD

j=1
nj
Nfj

, IGBT and diode

DCap = ∑nC
i=1

�t
L(Th,Cap) , capacitor

(19)

Where nD represents the number of thermal cycles experi-
enced by the power device over the year, nj is the number
of cycles occurring with the same thermal stress, Nfj refers to
the number of cycles to failure at the jth power cycle which
is estimated by (17), in other words for each thermal cycle,
there is a calculated number of cycles that a device can endure
before it fails. nc is the sampling points over the year, �t is
the load profile sampling interval, and L(Th,Cap) comes from
(18). This represents the lifetime of the capacitor at a given
hot-spot temperature (Th). The damage calculation in power
devices and capacitors is based on the accumulation of stress
over time, particularly through thermal cycles and operational
conditions. For power devices, the damage is determined by
summing the ratios of the number of thermal cycles expe-
rienced to the number of cycles to failure, considering the
thermal stress each cycle imposes. For capacitors, damage is
calculated by summing the fractions of the operational time
over the expected lifetime, based on temperature and voltage
conditions.
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Finally, by summing the accumulated damage till it nears
one, the components end-of-life, L f , is determined by (20),

L fDevice/Cap = 1

DDevice/Cap
(20)

E. RELIABILITY FUNCTION OF THE POWER COMPONENTS
The end-of-life estimation of components in the previous part
is based on the idealistic assumption that every component
deteriorates at the same rate. However, real-world situations
often generate uncertainty due to variations in the lifetime
model parameters and discrepancies inherent in the compo-
nent fabrication process. Therefore, this section is dedicated
to exploring the components reliability while assuming these
uncertainties. For this aim, the Monte Carlo method, which is
a well-known statistical approach, is applied [28], providing
a more thorough and realistic investigation of the components
reliability under variable situations. Thus, the reliability as-
sessment of the power component comes to an end at this
stage, resulting in the determination of the component reliabil-
ity function and the B10 lifetime. The B10 lifetime represents
the time at which 10% of the components are expected to fail
by taking uncertainty into account.

So, to accurately predict the lifetime of components, this re-
search takes into account 5% variations associated with fixed
variables such as β1, L0 and n, and a 10% variation for β2

in the lifetime models. Additional uncertainties arise from the
components fabrication procedure, particularly affecting the
Tjmin and �Tj. Consequently, �Tj and Tjmin vary by 5% and
10%, respectively [24], [33].

Consequently, to drive the lifetime probability distribution
function of each component, we employed the Monte Carlo
method, simulating the component’s lifetime based on the
model as described in (20) of the previous section [28]. A total
of 10,000 simulations were conducted to create a comprehen-
sive probability distribution function in this simulation. The
lifetime data for these components is assumed to follow the
Weibull distribution [29], as expressed in (21). The reliability
function of each component is subsequently derived from
(22).

f (t ) = β

η

(
t

η

)β−1

e
−

(
t
η

)β

(21)

Rx(t ) = 1 −
∫ t

0
f (t )dt = e

−
(

t
η

)β

(22)

Where η, and β are the scale parameter and shape factor of the
Weibull distribution, respectively. η represents the characteris-
tic life which provides a measure of the typical life expectancy
of the component. β shapes the distribution, influencing the
concentration and variability of failures.

As depicted in Fig. 3, the sets’ estimated lifetimes of the
analyzed components exhibit distinct Weibull distributions. It
should be mentioned that the maximum number of charging
sessions which is the worst case —15 per day—has been taken
into consideration to extract the results in this section.

FIGURE 3. Monte Carlo simulations and Weibull distributions of
components.

A higher η indicates that the failures occur later, shifting the
entire distribution to the right. Conversely, a higher β results
in a more concentrated distribution with less variability in
time to failure meaning most components will fail around the
same time. Fig. 3 illustrates that power devices (IGBTs and
diodes) exhibit a more concentrated distribution with a lower
scale parameter compared to capacitors. This is attributed
to the higher thermal stress experienced by power devices,
leading to shorter lifetimes. In contrast, capacitors show a
more dispersed distribution with a higher scale parameter,
indicating a longer expected lifetime with greater variability.

F. SYSTEM-LEVEL RELIABILITY OF PSFB CONVERTER
In the concluding phase of the reliability evaluation of the
whole converter, which is called system-level reliability, the
reliability block diagram, RBD, methodology is utilized [30].
This approach is essential for reliability analysis, particularly
when dealing with multi-component systems. This method
considers the impact of specific components on one another.
The RBD for the studied converter is designed to include
all IGBTs, all diodes, and the DC link capacitor based on
the assumption that all components are arranged in a series
configuration together. This specific arrangement is crucial,
as it directly influences the reliability of the whole converter
as the malfunction of a single component can precipitate a
complete system failure. Equation (23) is used to quantify the
system reliability.

RSystem = R1 · R2 · R3 . . . Rn (23)

Where RSystem is the system Reliability, n represents the com-
ponent, which is 9 in our case study, and Rn is the reliability
of nth component which were extracted in the previous part by
(22).

Finally, the reliability function and B10 life of each compo-
nent (IGBT, diode, and capacitor), as well as the entire system
in our case study, were calculated using the (22), and (23) and
are presented in Fig. 4. This reliability assessment method has
been validated in the literature [3], [21], [29], [30].

According to Fig. 4, the IGBT and diode have a 1.3 and
1.8 years B10 life, respectively, while it’s 59.3 years for the
capacitor. As a result, the IGBTs and diodes are the main
components affecting the system lifetime in this case study,
which limits the system to having a B10 life of 0.7 a when
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FIGURE 4. Reliability function of components and system.

FIGURE 5. B10 lifetime of the power devices, capacitor, and system in PSFB
DC/DC converter based on the daily number of charging sessions.

the maximum number of charging sessions (15 per day) is
considered.

G. LIFETIME OF PSFB CONVERTER BASED ON THE
NUMBER OF CHARGING SESSIONS
In this section, to guarantee that the Tj for both IGBTs and
diodes are equal, the value of Rha for IGBTs and diodes
is taken to be the same as it was in the previous, that is,
0.025 ◦C/W and 0.1 ◦C/W, respectively. This assumption is
applied to attain a �Tj of 126 ◦C for both devices. In this
study, the components and system reliability are analyzed by
considering the daily frequency of charging sessions, which
varies between 1 and 15 times. This approach provides a
comprehensive overview of the system reliability under dif-
ferent usage scenarios. As a result, the B10 life of components
and system is predicted concerning the number of charging
sessions, which are presented in Fig. 5. According to this
figure, for a given number of charging sessions, the B10 life
for a single diode is longer than that of a single IGBT. The
reason for this discrepancy is attributed to the diode lower
voltage class than the IGBT used in this specific converter.
It is essential to acknowledge that the constant �Tj in both
devices is the main stress that influences these outcomes. Also
based on this curve, by considering a group of four IGBTs and
diodes, the combined B10 lifetimes show a similar trend, albeit
with a lower life. This highlights the influence that the number
of devices has on the system overall reliability. In terms of
the entire system B10 life, which integrates the reliability of
all components, it follows a trend that is situated beneath
those of the individual IGBTs and diodes. This indicates
that the system overall reliability is impacted more by the

weakest component. In other words, the capacitor does not in-
fluence the system reliability more. Additionally, the decrease
in lifetime with an increased number of charging sessions
emphasizes the significance of power cycling—represented by
the charging frequencies of an EV on both the components
and the system reliability. This underlines the necessity for
a reliability assessment of EV fast chargers that takes into
account the load profile.

IV. RELIABILITY ENHANCEMENT METHODS
A. IMPACT OF HEATSINKS MODIFICATION
In the next part of this study, we systematically reduced the
heatsink thermal resistance, Rha, for every IGBT and diode,
intending to lower the �Tj, thereby enhancing the reliability
of the devices. This reduction in thermal resistance of the
heatsink can be achieved by modifying both the volume and
surface area, as discussed in reference [31]. The thermal re-
sistance of a heatsink is inversely proportional to its surface
area—meaning that increasing the surface area improves the
heatsink’s efficiency in dissipating heat, which in turn low-
ers the thermal resistance. While the volume of the heatsink
also influences thermal resistance, the relationship is more
complex. A larger volume generally allows for better heat
distribution, which can contribute to reducing thermal resis-
tance. This approach allowed us to investigate the relationship
between the Rha and the �Tj, as well as the subsequent effects
on devices and overall system reliability. So the IGBTs and
the diodes respective Rha is varied from 0.025 to 0.005 ◦C/W
and 0.1 to 0.005 ◦C/W. Results are shown in Figs. 6 and 7.

Fig. 6 depicts the relationship between Rha, �Tj, and com-
ponent B10 life. Part (a) in this figure demonstrates how
altering the Rha affects the �Tj for both devices. It’s shown
that as the Rha decreases, so does the �Tj for both devices.
Parts (b), (c), and (d) demonstrate the effect of �Tj which
corresponds to the Rha on the B10 life of the devices for
a fixed number of charging sessions, nsessions = 5, 10, and
15. The B10 life for single and groups of four IGBTs and
diodes are plotted against the �Tj. These figures illustrate a
direct correlation between decreased �Tj and reduced Rha,
which adversely impacts the devices lifetime. However, the
reliability improvement in IGBTs is not as substantial as it is
for diodes, attributable to the greater losses experienced by
IGBTs in the PSFB converter. As a result, the reduction in
�Tj achieved by lowering the Rha was more pronounced for
diodes—with a decrease from 126 ◦C to 75 ◦C—compared to
IGBTs, where the �Tj was lowered to 106 ◦C. Consequently,
decreasing the Rha caused a significant rise in the diodes B10
life, up to approximately 18 years, while the IGBTs B10 life
rose to around 3 years under the worst scenario. Fig. 7 shows
a detailed study of how the Rha for both devices correlates
with the B10 life of the system, carried out across a variety
of nsessions— 5, 10, and 15 cycles per day. A comparative
evaluation of these plots shows that the high number of charg-
ing sessions shortens system B10 life. There is a noticeable
gradient difference from the bottom left corner to the top
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FIGURE 6. �Tj and B10 life of IGBTs and diodes by changing their heatsink thermal resistance, (Rha), (a) devices �Tj , (b) devices lifetime when daily
nsessions is 5, (c) devices lifetime when daily nsessions is 10, (d) devices lifetime when daily nsessions is 15.

FIGURE 7. System B10 life based on the thermal resistance of heatsinks, (Rha), (a) daily nsessions is 5, (b) daily nsessions is 10, (c) daily nsessions is 15.

FIGURE 8. RSystem(t ) based on the heatsink thermal resistance (Rha) when daily nsessions is 5, (a) when diode (Rha) is changing and Rha,IGBT = 0.02 ◦C/W,
(b) when IGBT Rha is changing and Rha,Diode = 0.02 ◦C/W, (c) when IGBT Rha is changing and Rha,Diode = 0.094 ◦C/W.

right corner, which shows that a reduction in the Rha of both
devices is associated with a higher system B10 life. According
to Fig. 7(a), the system B10 life increased from 0.7 to 5 years
by reducing the IGBT Rha to 0.005 ◦C/W and the diode Rha
to 0.04 ◦C/W. The contour line distribution points to that at
higher IGBT Rha values, the system-level B10 life experiences
minimal improvement, despite reductions in diode Rha. This
pattern underscores that the IGBT is the most fragile part of
this case study, potentially limiting the system lifetime under
certain conditions. Accordingly, a reduction in the IGBTs Rha
greatly extends the system life, which demonstrates the IG-
BTs substantial influence on overall system reliability. These
insights emphasize the importance of the thermal design

approach, with a special focus on designing IGBT heatsink
thermal resistance. Additionally, when diode Rha values are
extremely high, a reduction in IGBT Rha results in only a
marginal increase in system reliability. However, the diode
does not limit the system lifetime to the same extent as the
IGBT. This emphasizes the need for heatsink design for both
devices to achieve optimal system reliability. It’s worth not-
ing that since the capacitor has a longer lifetime than power
devices under all conditions in this case, its lifetime does
not influence the overall system lifetime. Detailed results that
confirm the contour plots shown in Fig. 7 are presented in
Fig. 8. According to Fig. 8(a), initially, the system lifetime
improves as the diode Rha is reduced from its maximum
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FIGURE 9. Power devices �Tj and B10 life based on the current rating for the different numbers of charging sessions. (a) Devices �Tj , (b) devices lifetime
when the daily nsessions is 5, (c) devices lifetime when the daily nsessions is 10, (d) devices lifetime when the daily nsessions is 15.

FIGURE 10. System B10 life based on the devices current rates at several numbers of charging sessions per day, 5, 10, and 15.

value. However, further reduction in diode Rha does not yield
additional enhancements in system lifetime. As previously
mentioned, this effect arises since the IGBT Rha is not as
low, thereby limiting the total system lifetime. Fig. 8(b) shows
that the reduction in the IGBT Rha more effectively improves
the system life when diode Rha is not at its maximum value.
Furthermore, Fig. 8(c) indicates that the decrease in IGBT Rha
only marginally extends the system life when the diode Rha is
too high.

B. IMPACT OF DEVICES CURRENT RATING
Similar to the previous section objectives, this section aims
to investigate the impact of increased current ratings of de-
vices on their and system reliability. It is noteworthy that
the heatsink structures remain unchanged and mirror those
employed in the first phase of the earlier section, Rha, IGBT
= 0.025 ◦C/W and Rha, Diode = 0.1 ◦C/W. This allows for a
more straightforward reliability analysis when adjusting both
the Rha and the device current ratings. As a result, �Tj for both
devices is 126◦C in the initial phase of this section. So this
stage of the study involves increasing the current ratings for
each power device to reduce the �Tj and, as a result, improve
devices reliability. This approach gives insight into how the
devices current rates influence �Tj , which then affects the
reliability of individual parts as well as the system as a whole.

To implement this approach during the reliability assess-
ment process outlined in Fig. 1, IGBT and diode current
ratings were varied between 100–500 A and 150–750 A, re-
spectively. This variation was applied at the component level
stage to calculate the corresponding losses, which naturally
change with different current ratings. Subsequently, the �Tj

range for each device, based on these ratings, was estimated
using the thermal network model shown in Fig. 9. It is im-
portant to note that this temperature range arises from the
variations in RJC and power losses associated with the dif-
ferent current ratings. Finally, using the lifetime model and
Monte Carlo simulations, as described in previous sections,
we extracted the contour lines of the system-level B10 life for
each device’s current rating, as illustrated in Fig. 10.

The results of these changes are shown in Fig. 9 emphasiz-
ing the relationship between the devices �Tj and their current
ratings, expressed in per units.

By raising the current ratings of both devices, we saw a
decrease in the �Tj in Fig. 9(a). Subsequently, parts (b), (c),
and (d) in this figure, explore the effects of these changes in
�Tj, linked to the devices increased current ratings, on their
B10 life across a fixed number of charging sessions, nsessions
= 5, 10, and 15. Based on this figure, it is evident that the
lifetime for both single devices and device groups increases
with an increase in current ratings, highlighting a relatively
higher reliability improvement for IGBTs compared to diodes.
Since diodes only experienced a drop to 63.8 ◦C, IGBTs had
a more significant decrease in �Tj through increased current
ratings, going from 126 ◦C to 48.8 ◦C. This increase in current
ratings substantially extended the B10 life of all IGBTs and
diodes to approximately 60 and 24 years, respectively, which
is shown in Fig. 9(d). Moreover, a comparative analysis with
an earlier approach indicates that the devices current rating
enhancement has a greater influence on improving device re-
liability than lowering the heatsink thermal resistance. Fig. 10
indicates a detailed analysis of the relationship between the
devices current ratings and the system resulting B10 life,

1372 VOLUME 5, 2024



FIGURE 11. System reliability function, RSystem(t ), based on the devices current rating when the daily nsessions is 5, (a) RSystem(t ) when IGBT current rating is
changing and diode current rate = 2 p.u., (b) RSystem(t ) when IGBT current rating is changing and diode current rate = 4.5 p.u., (c) RSystem(t ) when diode
current rating is changing and IGBT current rate = 4.5 p.u., (d) RSystem(t ) when diode current rating is changing and IGBT current rate = 1.1 p.u..

across different charging sessions specifically, 5, 10, and 15.
Similar to Fig. 7, these plots show that a higher number of
charging sessions leads to a lower B10 life of the system. Ad-
ditionally, an adverse correlation between the higher current
ratings and the decrease in �Tj causes a significant influence
on the system lifetime. In this figure, a gradient transition from
the bottom left to the top right corner is observable, indicating
that an increase in current ratings extends the B10 life of the
system due to the reduction in �Tj for both devices. Specifi-
cally, based on Fig. 10(a), by increasing the current ratings of
both devices to 5 p.u., the system B10 life experiences a signif-
icant increase from 2 to 70 years. As well in the worst case the
B10 life of system increased from 0.7 to about 23 years which
is shown in Fig. 10(c). Additionally, as shown in Fig. 10(c),
when the current rate of both devices is increased to 3 p.u.,
the system’s B10 life extends to approximately 10.8 years,
aligning with the industry target lifetime for EV fast-charging
applications. According to the contour line distribution in this
figure, the system reliability increase is more noticeable by
IGBTs overrating than in diodes due to the greater changes
in the junction temperature of IGBTs compared to the diodes.
In other words, when the diode current rating is low, increas-
ing the IGBT current rating does not significantly lengthen
the system lifetime because the diode junction temperature
fluctuates less than that of IGBT which limits the system life
by diodes. These results emphasize the significance of current
ratings in managing thermal performance and ensuring sys-
tem reliability. Refined results verifying the contour analysis
shown in Fig. 10 are demonstrated in Fig. 11, which presents
system-level reliability functions. In Fig. 11(a), we see an ini-
tial improvement in the system reliability with increases in the
IGBT current rating from its smallest values. However, further
enhancements in system reliability are not presently possible
with the next rise in the IGBT current rating. As previously
mentioned, this is caused by the diode comparatively lower
current rating, which operates as a limitation for the system
total lifetime. As Fig. 11(b) shows, raising the IGBT current

rating together with the diode higher current rate significantly
boosts system reliability. This pattern occurs as well when
the diode current rate rises along with higher IGBT current
ratings, as illustrated in Fig. 11(c), highlighting the point that
enhancing the current ratings of both devices greatly improves
system reliability. Moreover, Fig. 11(d) shows that raising
the diode current rating only marginally increases the system
reliability when the IGBT current rating stays low as well,
pointing out that the IGBT poses a greater limitation on the
system reliability due to its higher power losses in this current
rating. When these two approaches are compared, it is obvious
that applying the current rating modification strategy elimi-
nates the IGBT as a limiting factor for system reliability. This
is because variations in power losses and thermal resistances
arise from changing the current rate. Conversely, in the first
approach—the modification of heatsink thermal resistance—
device power losses were constant, and in the case of IGBTs,
they were higher than the diodes, which limited the system
lifetime.

V. CONCLUSION
This paper delves into the load-based reliability analysis of
a 55 kW isolated phase-shifted full-bridge, PSFB, DC-DC
converter in EV fast chargers, paying special attention to
the issues of thermal cycling posed during charging. In this
research, we investigated how different heatsink thermal re-
sistance and device current ratings influenced the overall
converter reliability. We calculated the power losses for each
IGBT and diode using the presented experimental models,
which offer a more accurate estimation of losses compared
to traditional methods that rely solely on the device datasheet
information. The components’ lifetime has been estimated by
proposed experimental-based lifetime models and the Monte
Carlo simulation has been used to ensure accurate lifetime
predictions to consider uncertainties. Our findings illustrate
the necessity of load profile-based reliability assessment in
DC fast charging and highlight the substantial impact of
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temperature cycles characteristic of EV charging on device re-
liability. According to the observations, capacitors last longer
than other parts. Additionally, results illustrated that the num-
ber of charging periods significantly affects the lifetime of the
components and then the system. Moreover, results suggest
that changing heatsink thermal resistance and current rating
of power devices can lengthen the B10 life of the system, from
0.7 years to about 2 years due to decreased heatsink thermal
resistance, and up to approximately 23 years because of raised
device current ratings in a worst-case scenario with 15 daily
charging sessions. Additionally, the lifetime can be increased
to around 3 years due to decreased heatsink thermal resistance
and up to approximately 35 years with higher device current
ratings assuming 10 daily charging sessions. In conclusion,
the current rating modification strategy effectively eliminates
the IGBT as a limiting factor for system reliability by address-
ing variations in power losses and device thermal resistance.
In contrast, in the heatsink modification approach, power
losses remain constant and are higher for IGBTs compared
to diodes, thereby limiting the system lifetime. However, it is
important to consider these trade-offs between cost, efficiency,
size, and increased system reliability.
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