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This paper comes up with a new opened-up reliability assessment framework and demonstrates the feasibility of using interval arithmetic by considering degradation and uncertainties effects. Instead of obtaining an unrealistic lifetime estimation, an interval useful lifetime estimation (i-ULE) expressing the possibility of a bound value for the lifespan of a power electronic system is defined. To gain an understanding of the opened question a DC-DC boost converter of 3000W and 200/400 V is considered as a case study for electric vehicle applications. The study presents the significant self and mutual degradation effects on the reliability assessment by proposing and implementing an online junction temperatures monitoring of IGBT and diode in the considered power converter. These effects are discussed through the proposed interval reliability assessment via performing power cycling accelerated aging tests on 32 IGBTs and 32 diodes. It reveals that there exists 27% difference in the global system useful lifetime estimation which can be evaluated with the proposed interval reliability assessment.

I. INTRODUCTION

Necessity of uninterrupted well-working of the power converters plays a leading role as a technical perspective. In many cases, a keen interest has been extended in the power converters' useful lifetime estimation (ULE) [START_REF] Zhou | Mission Profile Based System-Level Reliability Analysis of DC/DC Converters for a Backup Power Application[END_REF]- [START_REF] Song | Survey on Reliability of Power Electronic Systems[END_REF]. Based on the literature and practical experiences, the most vulnerable parts in power converters are limited to capacitors and power devices (IGBTs, MOSFETs and power diodes) [START_REF] Yang | An Industry-Based Survey of Reliability in Power Electronic Converters[END_REF][START_REF] Alam | Reliability Analysis and Performance Degradation of a Boost Converter[END_REF].

Multilayer structure of power devices with the different coefficients of thermal expansion results in thermo mechanical fatigue failure mechanism activation [START_REF] Lutz | Semiconductor Power Devices Physics[END_REF]. This leads to the devices degradations and subsequently internal parameters of devices e.g. junction to case thermal resistance and internal voltage may be deviated. As a capacitor point of view, the most critical failure mechanism in the capacitors is dielectric loss leading to the capacitors' parameters drifting (capacitance and dissipation factor) [START_REF] Wang | Reliability of Capacitors for DC-Link Applications in Power Electronic Converters-An Overview[END_REF]. These components have both thermally and electrically knock-on effects on each other performances. As a perfect example, a common DC-DC power converter is demonstrated in Fig. 1. As observed from Fig. 1, changes in capacitance and its equivalent series resistance (ESR) can influence the performances of power devices. For example, the greater the capacitor voltage ripple (the lower capacitance or the higher ESR), the more induced switching power losses in the power devices. Consequently, junction temperature of IGBT and diode will be increased. These changes in the IGBT and the diode junction temperatures can directly affect their self-parameters. Along with the self-parameters variations, since diode and IGBT are thermally coupled (almost always mounted on the same heat sink), increase of either diode or IGBT junction temperature may have effects on the thermal operating point (TOP) in which finally affect the electrical operating point (EOP) of power converters.

Several studies deal with reliability assessment of power electronic systems [START_REF] Khazraj | Investigation of DC-DC Boost Converter for Reliability of Operational Planning[END_REF]- [START_REF] Rahimi | Reliability evaluation of a fault-tolerant three-phase interleaved DC-DC boost converter[END_REF]. Reliability assessment of a multistate interleaved DC-DC converters and cost minimizing have been considered in [START_REF] Sadeghfam | Reliability comparison of different power electronic converters for grid-connected PMSG wind turbines[END_REF] employing MIL-HDBK-217F. It reveals that 3-phase interleaved DC-DC power converters with 43.4 kHz switching frequency demonstrate a much higher reliability in comparison with two other proposed scenarios, namely 81 kHz one-phase and 100 kHz two-phase interleaved DC-DC power converters. Although, reliability estimation has been performed fast, self and mutual degradation effects and the mission profile, at which the components are exposed to, has not been considered leading to some errors in reliability assessment of DC-DC power converters. Studies in [START_REF] Dhople | A Unified Approach to Reliability Assessment of Energy Conversion Systems[END_REF], [START_REF] Sakly | Reconfigurable DC/DC Converter for Efficiency and Reliability Optimization[END_REF] also concentrated on the reliability assessment of multiphase interleaved DC-DC power converters using mathematical approach. Effect of power switches and capacitors parameters on the failure rate has been investigated. There are also various studies concentrating on DC-DC converters reliability assessment based on mathematical methods [START_REF] Alam | Reliability analysis and performance degradation of a boost converter[END_REF]- [START_REF] Rahimi | Reliability evaluation of a fault-tolerant three-phase interleaved DC-DC boost converter[END_REF]. Design for reliability, failure root cause identification, mission profile consideration and mutual and self-degradation effects consideration as well are all being missed in these studies leading to optimistic results.

Capacitor, IGBT and diode parameters drifting have electrical and thermal effects in the performance of a power converter. Accordingly, coupling effects of components' aging on the performance of converters and their elements have to be considered. For having a more reasonable ULE of power converters, these coupling effects have to be undertaken in the reliability assessment. This paper aims to state the opinion of employing interval reliability assessment to cover the effects of these parameters' drifting owing to the aging. In the standard approach, Monte Carlo simulation has been employed for considering parameters drifting originated from degradation or lack of data on the lifetime models. However, effects of EOP and TOP changes during converter degradation is lacking. EOP and TOP changes have significant influences on the mission profile and subsequently influence ULE. Accordingly, a new approach in which EOP and TOP changes have been taken into account is proposed. Therefore, interval theory is applied to the common approach in which its bounds are allocated to the healthiest and the fully degraded power converter's conditions. It has to be mentioned that the main focus of this paper is on the power semiconductor devices.

The remainder of this paper is as follows. Section II puts forward the newly proposed interval reliability assessment of power converters. Section III deals with interval analysis theory and its features. While dependencies and coupling effects of components on each other are discussed in section IV, section V allocates to the accelerated power cycling test of IGBT and diode. A numerical case study, namely DC-DC boost converters in electric vehicles application, under a specific mission profile is completely studied. Finally, a conclusion is drawn.

II. INTERVAL RELIABILITY ASSESSMENT OF POWER ELECTRONIC CONVERTERS

Variability of the power components either owing to the degradation or their manufactured processes can be highly effective in TOP and EOP of power converters. Since reliability assessment of power converters is thoroughly TOP-and EOPdependent (regarding their failure mechanisms and the mission profile they have been exposed to), these variations have to be taken into account. Fig. 2 demonstrates a new ULE algorithm. Based on this new algorithm, one can find interval reliability estimation.

In this algorithm, ambient temperature profile as well as mission profile have been considered as the interval values regarding their uncertainties. Electrical and thermal parameters' deviations (due to their degradations) have also been considered as the interval values with the specified range from their new to fully-degraded values ([Xnew Xfully-degraded]). Although there are different definitions for the failure [START_REF] Gao | Thermal lifetime estimation method of IGBT module considering solder fatigue damage feedback loop[END_REF], here catastrophic failure and degradation failure have been distinguished from each other. Catastrophic failure has been defined as a state in which the power converter no longer cannot work such as permanent short circuit or open circuit of power components in the power converter. Definition of degradation failure has been allocated to the gradually degradation of the power components and henceforth it has been called as a failure. Regarding the proposed algorithm (Fig. 2), the ambient temperature and the mission profile (interval values with the preset ranges e.g. ±5% deviation from their actual values) and electrical and thermal constant parameters (interval values with the ranges from the new to the fully degraded values) have been inserted to the interval analysis. This analysis has mapped the conventional mathematical domain to the interval domain in which every quantity has had a range. Based on these inputs, the actual and available mission profile (e.g. wind speed, sun irradiation and vehicle speed) has been translated to the electrical parameters e.g. current, voltage or electrical power. Again it has to be noted that this translated mission profile is also an interval value. Regarding to the converter's specifications, its controlling system and its desired reference points, state variables and state matrix of power system can be extracted from a mathematical model. Every matrix, vector or other quantities in the electrical modeling have been changed to the interval matrices, vectors and quantities respectively. Accordingly, the output of this stage become a range for electrical operating point for each point of translated mission profile.

In the next step, interval EOP (i-EOP) has been inserted to the device loss model. Since device loss model completely depends on the junction temperature of devices (Tj), a feedback is required from semiconductor's thermal modeling. Regarding i-EOP and interval junction temperature (i-Tj), one can find a range for the power losses of the devices. These power losses' ranges have been inserted to the thermal modeling of power converters. The outputs of thermal modeling are i-Tj and i-ΔTj (interval junction temperature swing). As previously mentioned, the main and critical failure mechanism in the power semiconductors is electro-thermo-mechanical fatigue. This failure occurs owing to the junction temperature swings and junction mean temperature based on the Coffin-Manson-Arrhenius model [START_REF] Kovacevic | New physical model for lifetime estimation of power modules[END_REF][START_REF] Bayerer | Model for power cycling lifetime of IGBT modules-various factors influencing lifetime[END_REF].

In the next step, i-Tj and i-ΔTj (i-TOP) i.e. failure root causes of the interested failure mechanism have to be sorted based on the one of the cycle counting algorithms [START_REF] Gopireddy | Rainflow Algorithm-Based Lifetime Estimation of Power Semiconductors in Utility Applications[END_REF]. This cycle counting step can be based on different algorithms. Despite of the philosophy of cycle counting algorithm, one can note that the outputs of this step are also interval values. Now, the sorted i-TOP have been inserted to the device lifetime model. As mentioned previously, based on the critical failure mechanism, Coffin-Manson-Arrhenius lifetime model as well as some constant parameters extracted from datasheet or accelerated power/thermal cycle test have been used for i-ULE. Then, a Monte Carlo simulation has been employed to consider parameter variation in lifetime model. Based on the proposed ULE algorithm (i-ULE), the reliability assessment of power electronic systems has become a range instead of an exact value. This feature demonstrates the feasibility of employing i-ULE instead of conventional ULE. In this case, the degradations of the power components have also been taken into account leading to the much more reasonable useful lifetime estimation of power converters.

III. INTERVAL ANALYSIS FUNDAMENTAL

Interval arithmetic has been extensively employed in the digital numerical computation, quantitative-sensitivity analysis and solver of nonlinear problems [START_REF] Moore | Introduction To Interval Analysis[END_REF][START_REF] Hickey | Interval arithmetic: From principles to implementation[END_REF]. Interval analysis has numerous advantages including correctness, totality, optimality and efficiency [START_REF] Moore | Introduction To Interval Analysis[END_REF]. Interval analysis (IA) is based on this concept that each parameter (X) in a function is characterized by a range of real values, i.e. interval, which is often referred to by [X] and defined as

{ } X X,X x : X x X   = = ∈ ≤ ≤   (1)
where X is the minimum and X is the maximum values of parameter X which can be taken. All the values in [X] are assumed to be equally probable.

For IA parameters, the main operations (addition, subtraction, multiplication and division) are discussed in [START_REF] Moore | Interval Analysis[END_REF]. IA has become a featured candidate for uncertain analysis in variety of applications [START_REF] Leng | An Affine Arithmetic-Based Model of Interval Power Flow With the Correlated Uncertainties in Distribution System[END_REF]. In conventional IA operations, however, the issue of overestimation still exists due to a dependence assumption [START_REF] De Figueiredo | Affine arithmetic: Concepts and applications[END_REF]. It means that although IA can mark the uncertainty variation range, it is not capable of demonstrating the direct correlation between the variables of intervals. As an example, a subtraction of an interval variable of itself, i.e. [X]-[X] becomes [2 X , 2 X ] based on the conventional IA which far overestimates from its exact result [0, 0]. This detriment in arithmetic operations is originated from not considering input variable correlations. Accordingly, parallelogram interval model (PIM) will be used here to overcome overestimation detriment [START_REF] Jiang | Interval arithmetic operations for uncertainty analysis with correlated interval variables[END_REF]. In PIM, setting a parallelogram will enclose the specified samples of variable space. The parallelogram with the minimum area is the best resulted interval variable range. The similarities between the interval variables and the spectrum of variations are expressed by the particular parallelogram location and scale. Fig. 3 demonstrates a typical definition of the PIM for two interval variables with x m 1, x m 2 and x r 1, x r 2 as the midpoints and radiuses of interval variables of x1 and x2, respectively. Not considering input correlations a wide range of output is achieved as shown by ABCD leading to overestimating calculations. However, it is not the case in PIM model which tries to minimize output range by taking into account input correlations (see PIM region as AECF). Correlation coefficients can be defined as follows:
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where a and b are half-diagonal of the minimized parallelogram One can explicitly define the standard expression of two interval variables as follows:

m = + x RTρδ x (4) 
where ρ, T, R, δ, x m are defined as
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Based on the abovementioned expressions, one can observe that correlated inputs transfer to independent interval variables with the minimum output range which avoids overestimation. Above two-dimension expression may be easily generalized to N*N by defining an N*N correlation matrix.

As an interval variable, x can be expressed as a mean value x0 with a defined deviation εixi as follows:

n 0 i i i 1 x x x = = + ε  (6)
where εi (i=1, 2, …, n) is deviation symbol and may take either a positive or a negative real number between -1 and 1. xi is the associated coefficient of deviation. εi and xi are the generated deviations which may be originated from different sources such as degradation, manufacturing tolerance, etc. In case of eq. ( 2), x m =x0 and x r =sum(|xi|). For two interval variables, namely x and y,
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Following key operations are extensively used (α, β and γ are real numbers):
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where εk is the new deviation with zk as its new coefficient that can be calculated as follows:
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The procedures are also the same for subaction and division operations.

In numerous engineering environments, especially electrical engineering, mathematic models of physical phenomena are including either matrix or vector forms (state space matrix and complete thermal model). Therefore, discussing the interval matrices has paramount of importance. Interval matrix is a matrix whose elements are interval numbers given as follows: 
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All the basic operators can be easily applied in vector or matrix forms. In this study modified INTLAB software tool has been used [24]. This package is one of the MATLAB tools and can be easily implemented in MATLAB.

As an example, PIM approach has been applied to time invariant multi frequency (TIMF) model [START_REF] Samavatian | A Systematic Approach to Reliability Assessment of DC-DC Power Electronic Converters[END_REF] as the main employed electrical modeling in this study for a conventional boost power converter as shown in Fig. 1. For a fixed input voltage and a constant output loading, a deviation of ±5% for all electrical and thermal parameters of power devices including VCE0, rC, VF0, rD and Rth-JC as the inputs of TIMF model was depicted in Fig. 4a. These deviations were considered as interval variables in TIMF model. Input interval variables led to output variable laying in a range. The deviations of the parameters which may be originated from diffident sources including degradation, manufacturing tolerance lead to an interval output voltage. Thus, the uncertainties were considered during modeling. To understand the effects of interval variables on the output, in addition to the above parameters C, ESR, L and rL also experienced a deviation of ±5%. The result is shown in Fig. 4b. As it can be seen, upper bound and lower bound have also a different dynamic response due to deviations of capacitor and inductor. Thus, PIM based reliability assessment is capable of considering any deviations originated from different sources.

IV. A PARADIGM SHIFT FROM ULE TO I-ULE

As mentioned, in a power converter the degradations of power components lead to the TOP and EOP changes. It means that not only does the degradation of one device accelerate its aging, but also it accelerates other devices' aging. In the previous studies, there cannot be found any structural solution for considering these effects. The importance of mutual (coupling) effects on the TOP and EOP of DC-DC boost converter (Fig. 1) has been explained in detail in [START_REF] Vahid Samavatian | Mutual and Self-Aging Effects of Power Semiconductors on the Thermal Behaviour of DC-DC Boost Power Converter[END_REF] presented by authors.

For expressing the mutual effects of the degradations of critical devices i.e. capacitors and power semiconductors on each other, five different cases have been designed as follows (degraded capacitor is defined as 20% decrease in its capacitance and 100% increase in its ESR and degraded power semiconductor is defined as simultaneously 20% increase in its junction to case thermal resistance and its on state voltage [START_REF] Ma | Thermal Loading and Lifetime Estimation for Power Device Considering Mission Profiles in Wind Power Converter[END_REF][START_REF] Lai | Low Delta T Stress Cycle Effect in IGBT Power Module Die-Attach Lifetime Modeling[END_REF]): Case I, all the components are new; Case II, all the critical components are degraded; Case III, all the components are new except IGBT; Case IV, all the components are new except power diode; Case V, all the components are new except capacitor.

Junction temperatures of power semiconductors play a major role in converters ULE. Therefore, for having a quantitative comparison, junction temperatures of IGBT and diode have been listed in Table 1 for different cases. One can find detailed information about this experiment in [START_REF] Vahid Samavatian | Mutual and Self-Aging Effects of Power Semiconductors on the Thermal Behaviour of DC-DC Boost Power Converter[END_REF]. In addition, a thermal imaging camera was utilized in order to enable easy processing and precise thermal analysis of capacitors batch in different cases. Regarding Table . 1, one can find that degradations of IGBT and/or power diode can significantly affect their junction temperatures. For example, in case II in which all the critical components have been degraded, junction temperatures of IGBT and diode increased by 30.2 o C and 25.6 o C respectively leading to much more accelerated aging. In case III, junction temperature of diode increased by 7.2 o C. It means that IGBT aging can directly affect the junction temperature of the power diode leading to more accelerated power diode degradation. On the other hand, in case IV, junction temperature of IGBT also increased by 4.8 o C. It means that power diode aging can directly affect the junction temperature of IGBT which leads to more accelerated IGBT degradation. However, capacitor aging cannot significantly affect junction temperatures of IGBT and diode. These facts reveal that degradation of either IGBT or diode have significant mutual-and self-aging effects on them. Therefore, these effects have to be considered in the reliability assessment of power converters as proposed here. Given the power semiconductor devices are often mounted on the same heat sink, their thermal coupling is thus extensively proven, the thermal coupling effects between the capacitor and the power semiconductor entirely depend on the physical structure of the circuit and power semiconductor cooling efficiencies. The results revealed that the average temperature of batch of capacitors was increased only by 1.7 o C in the worst case (case II) paling into insignificance in comparison with IGBT and diode junction temperature increases by 30.2 o C and 25.6 o C, respectively. This limited thermal coupling was due the physical structure of the circuit and powerful cooling fan for IGBT and diode. Therefore, the thermal effects of power semiconductors aging will not be included in our study owing to its inconsiderable influences.

V. EXPERIMENTAL PROCEDURE

In order to apply the proposed method to the conventional DC-DC boost power converter as an interface converter in electrical vehicle, it is required to obtain the lifetime model of power semiconductors. Accordingly, this section allocated to the power cycling test and its peripheral issues.

A. Power cycling test

For obtaining the lifetime model of IGBT and power diode, a conventional accelerated aging test has been performed. In this case, IGBT and diode have been exposed to cyclic thermal variations due to repetitive current injections. There are two main accelerated aging tests including active and passive ones [START_REF] Durand | Power Cycling Reliability of Power Module: A Survey[END_REF][START_REF] Choi | Advanced Accelerated Power Cycling Test for Reliability Investigation of Power Device Modules[END_REF][START_REF] Held | Fast power cycling test for IGBT modules in traction application[END_REF]. In the active test, internal heating source has been applied. It means that power losses in the chip of device increase the junction temperature of the device [START_REF] Smet | Evaluation of Vce Monitoring as a Real-Time Method to Estimate Aging of Bond Wire-IGBT Modules Stressed by Power Cycling[END_REF]. However in the passive accelerated aging test, environmental heating source has been applied to the device [START_REF] Gopireddy | Power Cycle Testing of Power Switches: A Literature Survey[END_REF]. In this study, active power cycling accelerated aging test has been employed by injecting a constant current into the IGBT and power diode. Under studied devices are 600V-15A IGBT and their internal power diode of Infineon, namely IKP15N60T. In this test, there were 8 different conditions for IGBT and power diodes. For each of them, there were 4 diodes and IGBTs for making the results much more accurate and reliable (see Fig. 5a). It has to be mentioned that all devices were screwed with a dynamometer screw driver with the pressure of 200 psi between the baseplate and the cold plate. 6-channel data acquisition (HBM-Gen 3i ) was used.

For avoiding catastrophic failure, the maximum current injected to the devices was 15A. This current led to power losses and consequently an increase in die temperature. This current injection led to a conduction power loss in the device which was finally leading to a temperature rise in the devices' dies. It made a maximum temperature (Tjmax). The devices were mounted on a cold plate with fixed temperature (see Fig. 5b). Therefore, after stopping current injection, the temperature of devices decreases to the temperature of cold plate (Tjmin). The relaxing time for the devices was much more to make sure that the devices' junction temperatures have reached to Tjmin. This power cycling aging had continued until device reached to its failure criteria described in the previous section.

Fig. 6 demonstrates the test bench for this power cycling test. The test bench includes high current generator, a PC for controlling high current generator, device under test (DUTs) mounted on the cold plate and data acquisition systems.

B. Aging monitoring

Solder layer degradation and aluminum delamination are the most probable failure sites in power semiconductors [START_REF] Ali | Lifetime Estimation of Discrete IGBT Devices Based on Gaussian Process[END_REF][START_REF] Li | State detection of bond wires in IGBT modules using eddy current pulsed thermography[END_REF][START_REF] Ali | Investigation of collector emitter voltage characteristics in thermally stressed discrete IGBT devices[END_REF]. With regard to the working frequency (20 kHz), the skin effect in bonding wires are not too significant and accordingly the produced heat at the connection site is not considerable in comparison with solder layer. Solder layer degradation as well as aluminum delamination can influence on-state voltage and junction-case thermal resistance values. Accordingly, on-state voltage and junction-case thermal resistance had been measured during this power cycling accelerated aging test ever cycle. These two variables were considered as the failure indicators. Therefore, power cycling test had continued till one of these failure indicators exceeded their failure criteria (see section IV).

For calculating junction-case thermal resistance, one can use the following equation ( )
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where Rth is the junction-case thermal resistance of devices, Tj is the junction temperature of devices and equals Tjmax and Tref is the reference temperature (case temperature) and equals to Tjmin and PDUT is the power loss in the considered DUT and equals to VDUT×(IP+Imeas). IP and Imeas are the power current (15A) and measuring current (22.5mA), respectively. In this study, on-state voltage of power semiconductors was considered as thermo sensitive electrical parameter (TSEP). Therefore, by injecting a low bias current (22.5mA) into the chip, one can measure on-state voltage and then estimate the junction temperature using a simple look-up table. Interested readers are referred to [START_REF] Vahid Samavatian | Mutual and Self-Aging Effects of Power Semiconductors on the Thermal Behaviour of DC-DC Boost Power Converter[END_REF] for more details.

The process of the failure indicators' extraction has been shown in Fig. 7. For measuring on-state voltage of power IGBT/diode, the ① area was picked up. On-state voltage increases by an increase in junction temperature. By device aging (increases of Rth and VDUT), the power loss in device increases leading to an increase in junction temperature. Therefore, this measurement had to be as close as possible to the switching transition to avoid self-heating aging effect on the voltage. Maximum junction temperatures of devices were also estimated through TSEP by on-state voltage measuring at low bias current as shown in ② area. The reference temperature (case temperature) was estimated through TSEP by on-state voltage measuring at low bias current as shown in ③ area. Some conditions had to be met to augment the accuracy of measurement and interested readers are referred to [START_REF] Vahid Samavatian | Mutual and Self-Aging Effects of Power Semiconductors on the Thermal Behaviour of DC-DC Boost Power Converter[END_REF][START_REF] Thollin | Numerical and Experimental Evaluation of the Microsecond Pulsed Heating Curve Technique Dedicated to Die Interconnection Characterization[END_REF].

C. Results

Based on the above-mentioned procedure, 64 power cycling tests performed; 32 tests for IGBT and 32 tests for diode. The strategy of power cycling accelerated tests was based on the constant injecting current [START_REF] Choi | Advanced Accelerated Power Cycling Test for Reliability Investigation of Power Device Modules[END_REF]. Table 2 and Table 3 list the results of power cycling accelerated test. Time of the current injecting (t2) adjusted based on some practical trials and errors for each test (see Fig. 7). It was also true for the cooling down time (t1), but much higher to be sure about the thermal stabilization. For example, it was about 22 sec and 8 sec for t1 and t2 respectively (for A1). Of course, these times had been manually adjusted periodically for compensating the Fig. 7. Aging monitoring process. Three voltage measurements were performed in each power cycle for on-state collector emitter voltage measuring and junction to case thermal resistance estimation. degradation effects and kept test conditions almost constant. In this power cycling tests, both junction to case thermal resistance and on-state voltage (both as failure indicators) had been evaluated through TSEP and direct measurements at the rated current, respectively. It has to be mentioned that during these tests, junction to case thermal resistance exceeded the failure criterion (20% increase). However, on-state voltage did not exceed its failure criterion (20% increase). It stands to reason that by solder degradation (making voids and cracks), the effective volume of solder decreased significantly leading to an increase in the junction to case thermal resistance and electrical resistance of solder interface. Since, the electrical resistance of bonding wire connection is higher than the solder electrical resistance, this increase could not significantly affect the onstate voltage.

Regarding Table 2 and 3, the higher mean temperature and temperature swing, the lower number of cycles to failure. For instance, A1 can tolerate 6853 cycles with the mean 

VI. CASE STUDY AND APPLICATION OF PROPOSED RELIABILITY ASSESSMENT ALGORITHM

In the previous sections, a newly proposed algorithm, namely interval reliability assessment, has been introduced. In this section, based on the experimental devices' lifetime models, a new proposed algorithm has been applied to a DC-DC 200/400 V power converter as an interface between a battery and the drive systems in hybrid electric vehicle (HEV). In this case, battery is in charge of supplying a small part of power (3000W) to the HEV and supplying power for auxiliary parts. Its specifications are listed in Table 4.

A. Mission Profile and cycle counting

Two well-known mission profiles namely, WLTP-class3 and FTP75 are considered as shown in Fig. 8. The failure root causes in the power semiconductors are including junction temperature swing and mean junction temperature. Therefore, the mission profiles have to be translated to these temperatures through the electrical, power loss and thermal modeling as shown in Fig. 2. Junction temperatures of diode and IGBT are demonstrated in Fig. 8 (two rightmost columns) as the interval values. The patched area between junction temperatures is showing TOP changes for either diode or IGBT. Due to the extremely low ratio of device mass to global thermal system mass, the reducing thermal capacitance in the degraded solder joint was negligible. Thus, junction temperature dynamics did not significantly vary from new to fully degraded situations. It has to be mentioned that in this modeling, ambient temperature was assumed to be 40 o C with ±5%. Therefore, ambient temperature became as a bounded value i.e. Ta= [38 42] o C. It is also the case for the vehicle speed. Every point in the vehicle speed was allocated as an interval value i.e. v=[95%vrated 105%vrated].

For data sorting and easily usage of lifetime model of devices, cycle counting algorithm (CCA) has to be employed [START_REF] Schluter | Programmer's Guide for LIFE2's Rainflow Counting Algorithm Sandia Report[END_REF]. Among all CCAs, rainflow algorithm has gained lots of attractions in power semiconductor issues owing to its simplicity of implementation and its little errors [START_REF] Nieslony | Rainflow Counting Algorithm[END_REF][START_REF] Mcinnes | Equivalence of four-point and three-point rainflow cycle counting algorithms[END_REF]. In this study, a method introduced by the authors in [START_REF] Vahid Samavatian | An efficient online time-temperature-dependent creep-fatigue rainflow counting algorithm[END_REF] has been employed. Discussing about Rainflow algorithm is beyond this study and the interested readers are referred to [START_REF] Vahid Samavatian | An efficient online time-temperature-dependent creep-fatigue rainflow counting algorithm[END_REF].

B. Results and discussion

In this section, interval useful lifetime estimation of power semiconductors, i.e. IGBT and diode, has been discussed. Based on the power cycling accelerated aging test (section V), regarding power semiconductors' critical failure mechanisms and the conditions that the devices have been exposed to (mission profile), one can estimate the useful life time of IGBT and diode. In this study, the well accepted law, namely Arrhenius-Coffin-Manson, has been employed [START_REF] Hickey | Interval arithmetic: From principles to implementation[END_REF][START_REF] Moore | Interval Analysis[END_REF]. This law demonstrates the number of cycles to the failure occurrence in the specified mean temperature and temperature swing. However, it is not the case in the real application in which the considered devices have been exposed to the various temperature cycles. Therefore, a damage model has to be used for considering different temperature cycles. This damage model can be assessed assuming linear damage accumulation (Miner's rule) [START_REF] Bryant | Exploration of power device reliability using compact device models and fast electro-thermal simulation[END_REF][START_REF] Mussallam | An efficient implementation of the rainflow counting algorithm for life consumption estimation[END_REF][START_REF] Gopireddy | Lifetime prediction of IGBT in a STATCOM using modified-graphical rainflow counting algorithm[END_REF].

Arrhenius-Coffin-Manson's lifetime model expresses the number of cycles before the failure in terms of the mean temperature and the amplitude of junction temperature as

f m j j m N (T , T ) A T exp(Q RT ) α ∆ = × ∆ × (12) 
where A, α are both constant and device-dependent, R and Q are the gas constant (8.314 JMol -1 .K -1 ), internal energy and Tm is the mean junction temperature of devices in Kelvin. ΔTj expresses the junction temperature swing of devices in o C. Based on the experiments' results listed in Table 2 and Table 3 and using the least square curve fitting to that of [START_REF] Sadeghfam | Reliability comparison of different power electronic converters for grid-connected PMSG wind turbines[END_REF], one can find that α=-1.117, A=4.352×10 3 and Q=1.8523×10 4 for IGBT and α=-1.128, A=4.093×10 3 and Q=1.8604×10 4 for diode. For considering parameter variation in lifetime model, it is assumed that all the above mentioned parameters are normally distributed by 5% variations. Linear damage accumulation, Miner's rule has been used for evaluating the useful time of IGBT and diode [START_REF] Bryant | Exploration of power device reliability using compact device models and fast electro-thermal simulation[END_REF]: Regarding the mission profile (Fig. 8), its sorted data and employing ( 12) and ( 13), useful life times of IGBT and diode can be calculated. Monte Carlo simulations were performed for 50,000 samples to consider lifetime model parameters uncertainties (it is assumed that all lifetime model parameters are normally distributed by 5% variations i.e. α~N(μα,σα 2 ), A~N(μA,σA 2 ) and Q~N(μQ,σQ 2 )), for both the healthiest and the fully degraded cases. The suggested algorithm is pictured in Fig. 9. Since there existed 50,000 input data samples, there also existed 50,000 damage values. Fig. 10 demonstrates the frequency of IGBT and diode damages for these cases for both mission profiles. Regarding this figure, it seems that normal distribution curve fitting is suitable for evaluating the damage distribution. Thus, one can consider a normal distribution for one driving cycle damage of IGBT and power diode as D~N(μ,σ 2 ). Mean (μ) and variance (σ) values of the extracted damage distributions are shown in Fig. 10.

m j f m j D N(T , T ) N (T , T ) = ∆ ∆  (13) 
Power capacitor is considered to have a time to failure distribution following Weibull damage model (Dcap(t)~W(η , β) where η and β are the scale factor and shape factor, respectively) [START_REF] Zhou | Mission Profile Based System-Level Reliability Analysis of DC/DC Converters for a Backup Power Application[END_REF]. Weibull distribution parameters are η=1471680 and β=1.93 for the healthiest case and η=825680 and β=1.71 for the fully degraded case. Since three critical components have been assumed, a multicomponent reliability assessment of converter has to be utilized. After the reliability (or surviving function) of individual power electronics components under the given mission profiles, overall reliability of the global converter system can be estimated depending on the logic connection of the components. In this case study, all the three components are logically connected in series, i.e. if one of them is failing, the global system will be failed. Therefore where RGlobal-Series is the system overall reliability and Rx is the x th component's reliability function. Therefore, the global reliability of the considered multicomponent DC-DC boost power converter is the product of reliability functions of IGBT, power diode and power capacitor as shown in Fig. 11. Useful lifetime of power capacitor is much higher than the other components, namely IGBT and diode. B10 reliability is the estimated time when the probability of failure will reach 10%.

In the healthiest case, B10 reliability of the global system is 66680 and 100200 hours for WLTP-Class3 and FTP75, respectively. While in the fully degraded case, B10 reliability of the global system is 48690 and 72580 hours for WLTP-Class3 and FTP75, respectively. Reliability assessment of the conventional DC-DC boost converter has been considered in the previous sections. The result demonstrates the B10 reliability for the global systems containing three critical components, namely IGBT, diode and power capacitor laid between [5.55 7.61] and [8. 28 11.43] years for WLTP-Class3 and FTP75, respectively. Based on this method, instead of obtaining an inaccurate reliability value, one can attain an interval for reliability of global system whose useful lifetime undoubtedly lays between the boundaries. In addition to employing Monte Carlo simulation for the consideration of the parameter variations (due to the uncertainties in the active power cycling aging tests), the dependencies of various components have been taken into account because EOPs and TOPs have been considered as i-EOPs and i-TOPs. It means that operating points of power converter in fully degraded case have been also extracted.

VII. CONCLUSION

In this paper, useful lifetime estimation of the conventional DC-DC boost converter. It was declared that an exact reliability assessment is unacceptable because of the self-and mutual-degradation effects of devices on each other and uncertainties of mission profile and environmental conditions. An interval reliability assessment has been proposed to consider this actual gap between the ideal reliability assessments and fully degraded reliability assessment. In this method, one can obtain an interval ULE (i-ULE) instead of an inaccurate exact ULE. These claims have been illustrated by performing some experiments. The results demonstrate significant effects of considering degradation in the reliability assessment. For the considered boost DC-DC power converter, there is 26.9% and 27.5% difference in useful lifetime estimation in the healthiest and fully degraded cases for WLTP-Class3 and FTP75, respectively.
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Fig. 1 .

 1 Fig. 1. A conventional DC-DC boost power converter.

Fig. 2 .

 2 Fig. 2. New algorithm of reliability assessment for power electronic converters.

Fig. 3 .

 3 Fig. 3. The parallelogram interval model. Samples (o) are located in the smallest possible parallelogram (AECF) instead of conventional rectangle (ABCD) considering input correlations.

Fig. 4 .

 4 Fig. 4. Output voltage response under input step variation using PIM based

Fig. 5 .

 5 Devices under test. a) Schematic circuit of IGBT and diodes under test, b) Mounted DUTs on cold plate. In each test four power devices were connected in series to insure that current equal passed through the devices.

Fig. 8 .Fig. 9 .

 89 Fig. 8. Two considered mission profiles based on the test procedures of a) WLTP-class3 and b) FTP75. In each case, IGBT and diode junction temperatures are translated via PIM based electrical, power loss and thermal modeling. Patched areas demonstrate the TOP difference between the healthiest and fully degraded cases.

Fig. 10 .

 10 Fig. 10. Frequency of damages for IGBT healthiest and fully degraded cases and diode healthiest and fully degraded cases in a) WLTP-Class3 and b) FTP75 driving cycles.

Fig. 11 .

 11 Fig. 11. Reliability function of global multi component system, power capacitor, IGBT and power diode of a) the healthiest condition for WLTP-class3, b) the fully degraded condition for WLTP-class3, c) the healthiest condition for FTP and d) the fully degraded condition for FTP.

Table 1 .

 1 Junction temperature of IGBT and diode Fig.6. Implemented test bench for power cycling accelerated aging test.

	State	IGBT j T ( C) o	Diode j T ( C) o	Caps Ave T ( C) o
	Case I	140.3	122.6	34
	Case II	170.5	148.2	35.7
	Case III	165.6	129.8	34.5
	Case IV	145.1	141.9	34.3
	Case V	140.8	123.3	35.1

Table 2 .

 2 IGBT Failure for power cycling accelerated test

	Test code	Temperature swing ( o C)	Tmen ( o C)	ΔT ( o C)	Mean number of Cycles to Failure
	A1	40-170		130	6853
	A2 A3	50-160 60-150	105	110 90	8303 10212
	A4	70-140		70	13820
	B1	40-150		110	9825
	B2 B3	50-140 60-130	95	90 70	12233 16102
	B4	70-120		50	NA

Table 3 .

 3 Diode Failure for power cycling accelerated test C and the temperature swing of 130 o C, while B3 can tolerate about 16102 cycles with the mean temperature of 95 o C and the temperature swing of 70 o C. It is worthy to mention that for each condition, four different IGBTs/diodes had been under the test. B4 and D4 were not accessible (NA) and achieved owing to the low temperature swing during the test.

	Test code	Temperature swing ( o C)	Tmen ( o C)	ΔT ( o C)	Mean number of Cycles to Failure
	C1	40-170		130	6266
	C2 C3	50-160 60-150	105	110 90	7603 9625
	C4	70-140		70	12006
	D1	40-150		110	9051
	D2 D3	50-140 60-130	95	90 70	11208 14864
	D4	70-120		50	NA

o 

Table 4

 4 

		. Working Conditions and Parameters Values
	Parameter	Value	Parameter	VALUE
	Vi	200V	Vout	400V
	Po	3000W	R	53.34 Ohm
	L	2.50mH	rL	0.3 Ohm
	C	47 µF	rC	0.05 Ohm
	rD	0.04 Ohm @Tj=175 o C	VD0	1V @Tj=175 o C
	rQ	0.0726 Ohm @Tj=175 o C	VCE0	0.81V @Tj=175 o C