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Abstract

:

Nowadays, due to advancements in power electronic devices as well as the rise in consumer awareness of the need to protect the environment on a global scale, many people are turning to the use of solar photovoltaic (PV) technology in the distributed power generation side. In the field of power electronics, manufacturers need to develop products that have high lifespans. Power electronic device reliability is important for the maintenance of the device and may be scheduled under that information. Rather than preventing failures, reliability can be improved by predicting them. Even though some research has been conducted over the past few years to investigate the reliability of power electronic devices, the reliability is many common circuits has not been investigated and this leads to a big challenge for researchers. In this review paper, an overview of the grid-connected multilevel inverters for PV systems with motivational factors, features, assessment parameters, topologies, modulation schemes of the multilevel inverter, and the selection process for specific applications are presented. In this paper, the findings of a comprehensive reliability analysis of fundamental multilevel inverters are studied. To evaluate the reliability of three basic multilevel inverters, a calculation is made using each component’s mean time before its failure. Two techniques of computation approximate and exact were used to arrive at the final result. To calculate power losses in temperature-sensitive components such as diodes and switches, MATLAB Simulink is employed. In addition, the concept of oversizing photovoltaic (PV) arrays is presented in this study. This concept proposes that energy output may be increased by increasing the size of the PV array under conditions of poor solar irradiation. Finally, the mission-profile-based and Monte Carlo simulation-based methods process flows are discussed for the accurate lifetime prediction and reliability assessments of PV inverters in a real-time scenario, followed by a conclusion with future work.






Keywords:


reduced switch count multilevel inverters (RSC-MLI); photovoltaic (PV) systems; failure rate (FR); mean time to failure (MTTF); reliability; mission profile; Monte Carlo analysis












1. Introduction


Energy demand from the power grid has grown dramatically over the previous decade due to an increase in users and high-power sectors. As a result, traditional power production has resulted in a huge increase in world emissions. Hence, the incorporation of solar and wind power into the electricity system has greatly grown. Photovoltaic (PV) systems are now the most preferred resource due to their tremendous potential. Hence, the globally grid-connected solar PV power generation has climbed to more than 635 GW, meeting roughly 2% of global energy consumption. According to the International Energy Agency (IEA), solar photovoltaic (PV) energy may offer 11% of total green energy globally, which equates to a significant decrease in CO2 emissions of 2.3 giga tons per year. The sun is the source of solar energy, delivering 1367 W/m2 to the atmosphere. The entire worldwide absorption of solar energy is almost 1.8 × 1011 MW, which is sufficient to cover the world’s current electricity needs. Figure 1 shows that solar energy generating capacities have increased dramatically over the previous decade, and extrapolation shows that they might reach 1700 GW by 2030 [1].



Several external and internal issues, including environmental, constructional, installation, operation, and maintenance issues, are to blame for the decline in PV panel efficiencies in Figure 2. However, PV construction components and installation methods will be progressively updated.



Solar panels produce DC voltage, an inverter is needed to transform the solar power into usable AC power. The medium-voltage grids’ direct connection of AC voltage supplied by renewable sources is crucial in today’s business due to the demand for higher-power equipment. To deal with these larger input voltages and boost the output voltage, multiple inverters have been developed. Satellites also rely on solar cells as a reliable source of electrical power. An investigation was conducted to determine the most effective method of absorbing energy from photovoltaic (PV) modules mounted on an orbiting spacecraft. The reliability of the inverter and the PV module is crucial in a satellite feed system. It stands to reason that an inverter would last longer in service if it is more reliable. The initial efficiency of most PV modules is just around 25% [2], although their makers offer a 25-year lifespan, and multilevel inverters, widely regarded as the next generation of inverters, are thus receiving more attention as a means to solve the inverter reliability issues.



The MLI provides several inherent advantages over two-level inverters. This has led to the development of many new and exciting research advancements in the field of power electronics, such as multilevel inverters (MLIs) [3,4,5,6,7]. The MLIs’ ability to construct a stepwise output voltage waveform by combining numerous tiny voltage levels. The MLIs have less total harmonic distortion (THD), reduced stress on switches, a low di/dt effect, and less electromagnetic interference (EMI). References [3,4,5] are mentioned in Table 1.



Multilevel inverters come in a variety of topologies and control approaches. In general, multilevel inverters are classified into two types: traditional and reduced switch types. Figure 3a,b show three standard topologies for multilevel inverters and their developments [8,9,10,11,12].



Although basic inverters have found widespread use in several sectors, there are still many unknowns regarding these topologies because of the unsolved advancements of the supplementary categories of converters. In recent years, a variety of innovative topologies have been developed to enhance performance, boost reliability, and decrease the number of circuit parts. In this article, we employed a three-level system with these three specified inverters, and the circuit diagrams of these inverters are shown in Figure 4.



This paper provides a thorough analysis of the idea of reliability and an evaluation of the dependability of multilevel inverters. Multilevel inverter dependability is determined using both approximate and exact methods. Assembling the reference failure rates for each component and using that total as an approximation is how we receive our approximation. The exact method provides a stress technique for assessing component reliability for inverter evaluation. For the first time, this research determines the reliability of fundamental multilevel inverters with a rigorous method that takes into consideration all possible scenarios.



The significant contributions of this review paper include:



The following is the outline for this paper. Section 2 outlines an overview of the grid-connected multilevel inverters for PV systems with motivational factors, features, assessment parameters, topologies, modulation schemes of the multilevel inverter, and the selection process for specific applications, and the common failure mechanisms of power electronic devices are discussed in great length. A comprehensive evaluation of the reliability of CHB, FC, and NPC using two approaches is presented in Section 3, and this section also explains the fundamental principle of reliability and the approximate and exact methods proposed for assessing the lifespan. In addition, this section illustrates the effect of series redundancies. Finally, in Section 4, the mission-profile-based and Monte Carlo simulation-based methods’ process flows are discussed for the accurate lifetime prediction and reliability assessment of a PV inverter in a real-time scenario, followed by a conclusion with future work.




2. Grid-Connected Power Electronic Devices and Failure Mechanisms: Background


The sun’s energy is converted into electricity using PV cells in solar-based technology. Photovoltaic cells, converters, and an energy control unit are depicted in Figure 5 of the system for solar energy conversion [13,14]. Despite this, more research is being done on how to integrate renewable sources of energy into the power system for greater efficiency. Due to their critical function in converting power and regulating output power, power converters and their controls are given increased attention in this respect. In most cases, renewable energy sources are integrated into the DC grid using DC–DC converters as the first step. The output voltage variability of non-conventional energy sources such as wind and photovoltaics (PV) necessitates a high efficiency at this step. Therefore, the DC–DC front-end stages must be able to react to this fluctuation so that they may work at their maximum efficiency. DC–DC converters change the voltage level of a direct current (DC) source. Low-to-high and vice versa. They also use high frequency switching modes, transformers, inductors, and capacitors to reduce switching noise (EMI) to a minimum, which is necessary for particular applications such as industrial, medical, railway, and RES power production. The DC–DC converter works by varying the input current via an inductor. Energizing the switch activates the inductor, which stores magnetic energy. Energizing the switch closes it. To calculate the time constant of an RC circuit, the capacitor output voltage is considered to be high enough. A constant output voltage Vo (t) = Vo (constant) is ensured at the load terminal by the enormous time constant.



These inverters are often used in small-scale industrial or utility applications because of their high voltage stress, poor efficiency, as well as their high operating temperatures and pressures. This is why large-scale, high-power, grid-connected renewable energy systems employ mostly multilevel inverters [15].



2.1. DC–AC Converters (or) Reduced Switch Multilevel Inverters (RSC-MLIs)


The goal of RSC-MLIs is to surpass the size and complexity restrictions of traditional MLIs. However, alterations in their topological organization have an impact on their structural and operational characteristics.



2.1.1. Motivational Factors


When constructing a novel RSC-MLI topology, researchers typically look at the following properties, as illustrated in Figure 6, as a possible rationale. The following is a list of the most important characteristics.




2.1.2. Classification


Devices such as switches and DC-link voltages may be coupled in any topology in any physical architecture. Including ladders, staircases, columns, U-shaped structures, and cascade structures, and, in certain cases, there is no specified architecture at all. As a result, based on their topological and operational characteristics, created RSC-MLIs may be classed as follows, as seen in Figure 7.




2.1.3. Assessment Parameters for MLI


However, in this study, generic criteria for the assessment of suggested topologies are considered:



In Figure 8, several assessing parameters of MLI are demonstrated to be dependent on these factors. Here are some of the MLI’s most important causes behind this ability, as demonstrated in Figure 9.



An interconnected multilevel converter system may practice renewable energy sources including solar PV, wind energy, and fuel cells. Their operation, effectiveness, improved power quality, and applications are mostly determined by the control scheme used in MLI PWM. Multiple MLI topologies have been suggested in recent years [16,17,18,19]. Based on the magnitude of DC sources, the MLIs are classified in Figure 10.




2.1.4. Modulation Techniques


Modulation schemes control inverter efficiency metrics including harmonic reduction and switching losses. They create reference control signals to balance voltage sources. Modulation generates a staircase DC voltage signal that matches a sinusoidal reference signal. Modulation generally comprises various carrier signal waveform properties with a modulating waveform. Modulation is a way to regulate switching by modifying the properties of a carrier signal with the reference signal. To select a suitable modulation scheme, total harmonics, distortion, switching frequency, losses, and reaction time factors are to be considered.



	
Sine Property: This is a contemporary technique for determining the firing angle to be supplied to the switching devices. By using this approach, calculating the firing angle is simple. To do simulations with ease, the firing angle is often calculated in degrees with the option of converting to any other unit of time, such as “seconds”.



	
Space Vector/Nearest Vector Control (SVC/NVC): This operates at a low switching frequency and is an SHE alternative. It does not generate the average load voltage for every switching time such as SHE. SVC selects a vector closest to the reference vector to minimize the distance or space error. The NVC approach is straightforward and appropriate for greater output voltage levels, since the increasing density of vectors generates only modest mistakes concerning the reference vector.



	
Selective Harmonic Elimination (SHE): In 1973, researchers proposed SHE, a voltage control and harmonic elimination theory. This method eliminates the most dominating chosen lower-order harmonics. SHE can reduce output filter size and THD. As the switching angles are pre-determined as offline, it is presumed to be open-loop modulation. The firing angle for switching is calculated using multiple Fourier equations, according to the authors. By choosing the firing angle for the Fourier series equation correctly, odd harmonics may be restricted for any MLI level. These firing angles are sent to switches via a microcontroller. Hence, it may be implemented without a closed-loop controller.






High-Frequency Switching Pulse Width Modulation is used for high switching frequencies (kHz) and numerous commutations per cycle.



	
Multi-Carrier Pulse Width Modulation (MC-PWM) technique: This method uses numerous triangular carriers to generate a single modulating sinusoidal signal. The number of carriers is usually (n−1), where n is the inverter level. Carrier disposition PWM and phase-shifted PWM are two forms of MC-PWM.



	
Space Vector Pulse Width Modulation (SV-PWM) technique: The reference waveform is modulated by numerous vector states in the SV-PWM approach. This approach generates PWM voltages under a known voltage using digital modulation. This system fails with several levels because sector identification and switching sequence selection are critical. An “n”-level inverter needs “(n − 1)2” vector combinations per sector, six sectors, and “n3” switching sequences. This approach achieves a better fundamental voltage ratio and better harmonic removal than sinusoidal PWM. SV-PWM also has a 15% higher maximum peak output voltage than triangle carrier-based modulation.








2.2. Applications of Multilevel Inverters in Renewable Energy Systems


2.2.1. Solar Photovoltaic (PV) Systems


The use of multilevel inverters (MLIs) in solar PV systems increases power quality and efficiency. An important problem in photovoltaic (PV) system designs is determining the best converter for each application. The MLI is chosen for medium- and high-power applications due to its ability to produce high-quality voltage waveforms while operating at a low switching frequency [20,21,22]. Figure 11 exhibits examples of MLIs being employed in diverse applications, and Figure 12 illustrates the different possible types of energy sources integrated with MLI-based systems.




2.2.2. Wind Energy Conversion Systems (WECS)


An effort was made to connect split winding wind alternators (SWAs) to the power grid using CHBMLI topology. The results from the experiments with the SWA-CHBMLI system showed that it was effective for interfacing a large wind turbine to the grid, and it also improved power quality at the PCC. Recent years have seen an increased scholarly focus on designs for MLIs that used fewer gate drivers and switches to decrease both the amount of space needed for installation and the cost of MLIs. Wind turbine grid integration has been studied using a modular-cascaded MLI in a fault-tolerant distributed control system. After resolving a grid fault or upon first connection to the grid, the inverter was found to be able to synchronize with grid frequency without causing any harm to the incoming currents.




2.2.3. Fuel Cells (FC)


The variable-frequency-inverted sine wave carrier modulation approach is devised and constructed as a hybrid-cascaded MLI for use in fuel cells (VFISPWM). The output voltage is optimized with this modulation method for minimal THD and low switching losses. Fuel cell power conditioning systems may benefit from a hybrid-cascaded multilevel inverter CMLI. The designed system can generate high voltages at rapid speeds with high conversion efficiencies and minimal switching losses. The developed technology applies to high-output fuel-cell setups.





2.3. Failure Mechanisms of Modern Power Electronic Devices


Power electronic devices may be broken down into two categories: discrete devices and power electronic modules. Thermal, chemical, electrical, and mechanical stresses all contribute to the continuous degradation and eventual collapse of these power electronic equipment as shown in Figure 13. In the case of hybrid electric cars, heat damage is the leading cause of breakdown [23]. Additionally, stress or vibration might speed up the deterioration process. Earlier research divided power electronic device failure mechanisms into two classes: those that occurred on the chip itself (intrinsic failures), and those that occurred in the package (extrinsic failures) [24,25]. Extrinsic failures are often generated by thermal–mechanical overstress, but intrinsic failure mechanisms are typically associated with electrical overstress, namely, high current and high voltage.



The incompatibility of the materials’ coefficients of thermal expansion (CTE) is the root cause of failure in packaging. It should be noted that the failure mechanisms discussed here are not an exhaustive list. This section’s primary goal is to lay the groundwork for reading the rest of the article. For a more in-depth look at the underlying causes of failure in power electrical devices, see [24,26]. Many failure causes can be reduced or eliminated with the advent of new technologies such as die-to-attach and bond wire materials and improved Silicon carbide (SiC) power modules; however, these innovations are either in their infancy or may be prohibitively expensive [27,28]. Therefore, there are several flaws in SiC module wafers produced in factories. Since the electric field strength in a SiC MOSFET is nearly three-times greater than in similarly rated Si devices [29], the gate oxide layer is extremely fragile in these devices. Hence, it is expected that traditional power electronics will continue to rule the industry for the foreseeable future.



2.3.1. Chip-Related Failure Mechanisms


	
Dielectric Breakdown: The Failure Mechanisms of Contemporary Power Electronic Devices are listed in Figure 14. A time-dependent dielectric breakdown (TDDB) occurs when gate oxide degrades owing to accumulating faults [25,30]. Impact ionization, anode hole injection, and trap production are described in [31]. Catastrophic/acute dielectric breakdown happens when the device undergoes extreme electrical or thermal stress, such as overvoltage and electrostatic discharge [25,32].



	
Latch-Up: IGBTs and MOSFETs can latch up if the parasitic thyristor or bipolar junction transistor structure is activated, causing a loss of gate control. Any excessive current will kill the device if the latch-up is not eliminated [30,33]. High dv/dt causes MOSFET and IGBT latch-up. In [34], heating the IGBT caused a latch-up.



	
Electro-Migration: Metal migration from high current density in silicon interconnects [24,25,32]. Voids arise between metal connections, causing resistance or an open circuit. Large contact surfaces prevent power electronics from degrading [24].







2.3.2. Package-Related Failure Mechanisms


The failure mechanisms described here are in line with those found in high-power applications that use power modules. It’s worth noting that even low-power devices might be susceptible to these failure types. The layered power modules shown in Figure 13 can operate on several voltage levels. For electrical isolation, silicon chips are first attached via solder to a direct-bonded copper (DBC) substrate before being attached to a bottom plate. Connections between semiconductors and terminals are made by bond wires. Bond wire failure, solder fatigue, and aluminum rebuilding are all recognized as major failure mechanisms [26].



	
Bond Wire Failure: Bond wire failures are of two types: (1) Lift-off and (2) heel-cracking bond wire. Mismatching Si and Al CTEs causes bond wire lift-off. During thermal cycling (TC), a fracture forms at the wire-to-device contact, leading to bond wire lift-off. Bond wire heel cracking is caused by fracture fatigue. Thermal cycling alters a bond wire loop’s bending angle by shifting its top. Advanced IGBT modules seldom fatigue [26].



	
Solder Fatigue: A typical power module has two solder layers: one between the Si device and DBC and another between the substrate and baseplate in Figure 13. A higher substrate-to-baseplate CTE mismatch causes solder fatigue. Thermal and power cycling cause voids and fractures in solder-attached layers [35]. Void increases thermal resistance, raising die temperature and accelerating void propagation. Die temperatures and void growth generate a positive feedback loop. Heat might harm the gadget. Overheating can induce latch-up and failure to ON [36]. Package issues might cause chip issues.



	
Aluminum Reconstruction: Aluminum reconstruction is the aging of silicon chip metallization [37]. Aluminum can undergo reconstruction if compressive and tensile stresses exceed the elastic limit, brought about by the dissimilar CTEs of aluminum and silicon. This mode of failure is prevented by passivation layers [26]. A correlative table may be produced based on IGBT module failure modes and mechanisms to highlight likely failure sites, causes, and impacted parameters [38]. Table 2 summarizes, as follows.









3. Fundamentals of Reliability and Lifespan Evaluation


Manufacturers aim for maximum gadget efficiency. This optimal use comprises excellent output quality, longer longevity, less energy consumption, etc. Longer-lasting converters are more reliable. Reliability shows system failure probability [39]. To analyze a system’s dependability, it must be broken into smaller sections and evaluated individually. Reliability is judged by several factors. Figure 15 indicates a measure of system reliability [40].



3.1. Reliability


“The capacity of an object to execute the required function under the given conditions over a certain time period” [41] is the definition of reliability, which is often quantified by measuring the likelihood of a failure or the frequency with which it occurs. Figure 16 depicts the categories of reliability and how the typical distribution of system reliability can be done [42].



When studying the idea of dependability, researchers typically ignore the passage of time, which is especially important for industrial items that are covered by warranties [40]. There are three time points that may be used to illustrate a failure’s progression through time. In the beginning, you will be in a learning phase when your rate of job failure will gradually go down. The duration of this time frame might range from a few minutes to a few hours. Second, there is a random amount of time, known as the failure consolidation phase, which demonstrates that failure does not evolve following the learning phase. The third period is known as the fatigue stage, and it is characterized by a rise in failure rates with time. It is possible to construct a combined failure graph [42] by summing the three time intervals into a single one. The hazard function representation of this coupled graph is known as the bathtub curve graph (Figure 17). Similar to the merged graph, this one has three subsections [43]:



	
The burn-in or early failure period, during which the hazard function tends to diminish with time.



	
There is a constant danger function during the random failure.



	
The deterioration period, where the threat function rises.







3.2. Failure


Failure happens when, for any reason, the system stops doing the process that was asked of it. Thus, the amount of time that something works without breaking down is usually a random variable. There are two different kinds of failure: sudden and slow. Failure that happens all of a sudden is called “cataleptic failure”, and failure that happens over time is called “degradation failure” [44].




3.3. Failure Rate


When determining system reliability, the failure rate is a key factor. A definite time’s failure probability can be calculated using the “failure rate” function. It may be described as the likelihood of a failure occurring once every time unit throughout the interval [t, t + Δt], assuming no failures occurred before t. The following equation is used for calculating the failure rate [45]:


Failure rate = P (t ≤ T ≤ t + Δt|T > t)/(Δt) = P (t ≤ T ≤ t + Δt)/(Δt.P(T > t))



(1)







Here, P (t ≤ T ≤ t + ∆t) represents the chance that T will fail between time t and time t + Δt. The failure density functions CDF (f(t)) and PDF (f(t)) can be linked to probability:


P(t ≤ T ≤ t + Δt) = f(t)Δt = F(t + Δt) − F(t)



(2)







When all probabilities are added together (which would result in 1), the failure probability is subtracted, giving us the reliability probability distribution. Equation (3) gives us the dependability function of the constant hazard unit [46].


R (t) = 1 − F (t)



(3)







The failure density function offers the system dependability. Knowing component reliability allows for evaluating dependability. Exponential and Weibull functions are used to determine component reliability [45,46].



For Δt, it is common for t to be close to 0 or even smaller. Using [47], we receive the following Equation (4) representing the failure rate function:


   z   (  t  )  =    L i m     Δ t  → 0    (     F   (   t  +  Δ t   )  −  F   (  t  )     Δ t  ·  R   (  t  )     )  =  f   (  t  )  /  R    (  t  )    



(4)







The proportion of attempts that fail is also represented by λ. The probability distribution function is derived from a mixture of the following failure rates using the Exponential distribution.


F (t, λ) = λ e−λt



(5)







The dependability function is obtained from Equation (6), as follows [35]:


R (t, λ) = e−λt



(6)







The failure in time (FIT) [40] is a metric for estimating the “failure rate” that is defined as the average number of failures per time interval.


1 FIT = 10−9 failure/hour



(7)








3.4. “Mean Time to Failure” (MTTF)


MTTF is the average time until a component or device fails once it begins working. This failure renders the gadget inoperable. MTTF is commonly given among parts specified in hours or thousand hours.



The reliability function used to define MTTF looks similar to this:


  MTTF =   ∫  0  + ∞    R   (  t  )     d t   



(8)




where e−λt is required to derive the reliability function. Consequently, the MTTF is expressed as follows [40,45,46,47]:


  MTTF =  1  λ    



(9)








3.5. “Mean Time to Repair” (MTTR)


“MTTR” is the amount of time it takes to fix broken equipment on average, and its worth is contingent on upkeep [17]. MTTR may be calculated using Equation (10), as follows, from [48], if we suppose that System X’s repair time follows a parametric gamma distribution.


  MTTF =   ∫  0  + ∞    x     N   (  x  )     d t  =  β  / µ  



(10)







The N-Distribution of the “Gamma Function” (x) is    N   (  x  )   . If we set equal 1 to β, the gamma distribution changes to an exponential one. Hence, 1/µ shows MTTR. MTTR is hard to quantify and is generally obtained experimentally [49].




3.6. “Mean Time between Failures” (MTBF)


MTBF is a significant quantitative indicator for achieving preventative maintenance and dependability. The MTBF is the average time between two consecutive failures. In References [50,51], the writers regarded have defended MTBF by saying it is a valid metric, since it adequately combines MTTR and MTTF readings. The following Equation (11) can be used to compute MTBF:


MTBF = MTTF + MTTR



(11)








3.7. “Availability” and “Average Availability”


“Availability” is used to describe the likelihood that a system will be operational at a given time. Equation (12) may be used to calculate the Typical Availability:


   A avg  =  M T T F  /  (   M T T F  +  M T T R   )   



(12)








3.8. Methodology for Lifespan Evaluation


In 1956, the Rome Air Development Centre in the United States put out the first reliability estimation. It was called TR-1100. After this standard came out, this field’s most widely used handbook, MIL-HDBK-217, was released to the public. After that, companies and organizations began developing their own reliability manuals and applications, which were then refined over time. Here, some of the procedures are:




	
SAE’s PREL [52]



	
Siemens’ SN29500 standard [53]



	
CNET’s reliability prediction method [54]



	
RAC’s PRISM [55]



	
Telcordia SR-332 [56]



	
British Telecom’s HRD-4 [57]








In Reference [58], the writers compared the techniques for measuring dependability. Today, MIL-HDBK-217 is utilized to estimate dependability. As a military standard, MIL-HDBK-217 is more conservative than other standards. Moreover, this standard’s applicability compared to others has been shown due to its various and more features that cover all areas of dependability and influential things such as parts count and stress [59,60].



3.8.1. Approximate Technique


Two widely used methods quantify failure rates in reliability evaluations. First, count pieces to estimate a system’s dependability. This approach uses reference circumstances to forecast the failure rate. The actual operating circumstances will impact component count failure rates. This approach is approximate. In this strategy, only the number of components matters. This approach is quantitative.



The approximation method implemented here is analogous to the one utilized in Reference [61], which investigated the dependability of three-level “NPC” and “CHB” inverters based on “FIT”. In this paper, we focused on comparing the number of components and found that the “NPC” inverter was significantly more reliable than the “CHB” inverter by a factor of 4.5.



The voltage level of the analyzed inverters was clearly one of the parameters necessary for the analysis utilizing this approach. In truth, this way of comparison was identical to the components count approach, which estimates failure rates based on voltage values. Furthermore, the comparison was done when inverters were attached to the drive. As a result, a comparison without a drive is required.



First, we need to determine the inverter voltage, as was previously explained. The authors of [61,62] classified NPC, FC, and CHB inverters as high, high, and low voltage IGBT switches, respectively. The approach had consistently yielded a failure rate of 100 FIT for diodes, 400 FIT for high-voltage IGBTs, and 100 FIT for low-voltage IGBTs. It had also been shown that the failure rate of high voltage capacitors was 300 FIT, whereas that of low voltage capacitors was 400 FIT. The overall system failure rate may be calculated by multiplying the individual failure rates of the diodes, IGBTs, and capacitors by the total number of those components.



A device reference failure rate can be represented as:


   λ sys  =   ∑    i  = 1   N    λ r e f   (  i  )     x     k   



(13)







The total number of components (N) is multiplied by the reference failure rate λref (i) per element (k).




3.8.2. Exact Technique


The exact technique shows the components stress scheme. The parts stress technique involves knowledge of part stress levels and operating circumstances. To use this approach, the pressures on each item and exact environmental conditions must be known. Various pi factors in failure rate equations exhibit these situations. This method’s many factors make estimating failure rates hard, but they improve accuracy. Similar to the parts count approach, the parts stress method total failure rate is the sum of all failure rates. The next section reviews exact method relations. In MIL-HDBK-217, the circuit component failure rate is computed using the base failure rate. The base failure rate in Equation (14) is from [63]:


    λ b  = A .   exp   (    N T    273 +  T  +  (   (   Δ T   )   S   )    ) ·     exp   (     273 +  T  +  (   Δ T   )   S     T M    )    P    



(14)







Specifically, “A” is the scaling factor for the rate of failure. T is the temperature, and ΔT is the change in temperatures. “NT”, “TM”, and “P” are shape properties, and S is the stress ratio. The value of S is established by comparing the observed stress to the theoretical maximum.



MIL-HDBK-217 gives a combined technique to estimate dependability, determining each part’s reliability separately and as a whole. Form Equation (15) as per [64].


λp = λOπO + λeπe + λCπC + λSjπSj + λi



(15)







In this equation, λp is the expected failure rate, λO is the failure rate due to operational stresses, λe is the failure rate due to environmental stresses, λC is the failure rate due to temperature cycling stresses, λSj is the failure rate due to solder joints, and λi is the failure rate due to induced stresses.



As the thickness of the solder rises, as does its dependability. Figure 18 depicts the influence of a solder junction on an IGBT module lifespan rises proportionally [65].



Research done recently on the reliability of electronic parts (switches, diodes, capacitors, inductors) provides correlations and formulas for predicting failure rates. This paper expresses the failure rate for the following power electronic circuit components [50,66,67,68]:


λp (Cap) = λbπCVπQπE



(16)






λp (Inductor − Transformer) = λbπCπQπE



(17)






λp (Sw) = λbπTπAπQπE



(18)






λp (D) = λbπTπCπSπQπE



(19)







Switch and diode base failure rates λb are 0.012 and 0.064, respectively. For inductors, use Equation (20) [50,68]:


   λ b  = 0.00035 × exp   (    T H S  + 273   329    ) 15.6   



(20)







To calculate the inductor’s hot spot (heat sink) temperature THS, use the following formula [50,66,68], where TA is the device ambient temperature (in C0).


THS = TA + 1.1 × ΔT



(21)







To determine λb for capacitors based on [50], apply the following equation:


     λ b  = 0.00254 [ (   s   0.5   )  3     + 1 ]   exp     ( 5.09 × (    T A  + 273   378   ) )  5    



(22)







The πT temperature factor of switch and diode failure rates and can be calculated as follows in Equations (23) and (24) from [50,66]:


    π  T ( S )     = exp   ( − 1925   ×   (  1   T j  + 273     −  1    298   ) )   



(23)






   π  T ( D )     = exp   ( − 1925 × (  1   T j  + 273     −  1  293   ) )  



(24)







Tj is the junction temperature and must be obtained by the following equation:


Tj = TC + θjc × Ploss



(25)







The stress factor S is calculated using the following Equation (26) [50]: where TC is the heat sink temperature, θjc denotes the thermal resistance of the diode or switch (assuming 0.25 for switch and 1.6 for diode), and Ploss is the power loss of the diode or switch:


πS = VS2.43



(26)







This is represented by the symbol VS, which stands for the ratio of operating voltage to rated voltage. The capacitor factor πCV is obtained through [50]; it determines the failure rate of capacitors.


πCV = 0.34 × C0.12



(27)







In several papers, πQ (quality factor) and πE (environmental factor) were assumed to be equal to 1 and, as a result, were disregarded [66,67]. To improve precision, the quality factor values for a semiconductor, an inductor, and a capacitor can be taken as 5.5, 10, and 20, respectively. The application factor πA and contact construction factor πC may be determined from Table 3 and Table 4:



When evaluating the longevity of power electronic equipment, the temperature is a major consideration since it affects the efficiency with which semiconductors dissipate energy. Power loss calculations in diodes and IGBTs have a direct bearing on the failure rate. In this study, we employ a method based on calculating the conduction and switching losses of each semiconductor element individually. We perform this by using simulation tools to determine the true extent of power loss. Ref. [69] provides a comprehensive and detailed explanation of the method used to detect and quantify these power losses.





3.9. Results and Discussion


Due to variations in power electronic circuit architecture and voltage, the base failure rate must be determined independently for each element and topology. Key elements of a multilevel inverter include:




	
Diodes



	
DC-link capacitors



	
IGBT switches








FIT is often used as an analytical tool. Each FIT is calculated by dividing the total number of failures by one billion hours, and the MTTF is calculated by doing the opposite. A better formula for calculating the rate of failure might look like the following Equation (28):


MTBF = 1/λ



(28)







The MTTF parameters for three-level/phase inverters (3L-3P) with virtually identical operations may be calculated as shown in Table 5, using the approximation approach described and utilizing the FIT values provided for the circuit components, as shown in Figure 4, and comparisons are shown in Figure 19.



To determine the overall FITs for each inverter, we multiplied the number of components by their FITs and then added the results. If the dependability of a system is predicted by adding together the rates of all possible failures, then any single failure will bring down the entire system. An equation may be used to receive the MTTF for each inverter [9]. Based on these results, the 3L-3P CHB inverter is the most reliable configuration.



In the investigated inverters, any single component failure in the inverters under study would result in the complete loss of power. An additional factor that might impact a power electronic circuit’s dependability is the total number of components. Figure 20 depicts the correlation between the inverter voltage levels and the total number of circuit components.



Reliability estimation and the prior quantitative approach reveal that as the number of levels and components increases, then MTTF decreases. Figure 21 shows that it is clear that raising the voltage levels in any one of the three inverters drastically decreases the system’s dependability when a quantitative approach is used. A different approach to calculating the failure rate is thus required to provide a more accurate assessment.



The following Equation (29) from [50] can be used to estimate the overall failure rate of a system.


   λ SYS  =   ∑    i  = 1   N    λ p i   



(29)







The components stress technique is described. This approach relies heavily on the temperature factor T being accurately calculated. Calculations of power loss in diodes and switches have been made with great precision using the software MATLAB Simulink. The current has been measured with a resistor of 1 ohm. Using Equations (16)–(27), the Pi factors and failure rates for each circuit element are computed for basic three-level three-phase inverters of NPC, FC, and CHB, operating under identical conditions. All three inverters under consideration share the same fundamental specifications, including input voltage (200 V), output frequency (50 Hz), and switching frequency (20 kHz). NPC, FC, and CHB each have their unique maximum output powers, which are 2075, 3750, and 2150 W. Capacitor values employed by the inverters under consideration are also displayed in Table 6, Table 7 and Table 8.



As in Reference [50], we assume a control circuit failure rate of 0.88 over all three inverters. Equation (28) states that the overall failure rate of a system may be computed by multiplying the total number of each component by its failure rate and then adding the resulting products. The conclusive calculations for this analysis are displayed in Table 9.



According to the findings, CHB inverters are more trustworthy. There is a large discrepancy between the estimated method’s calculations and the accurate methods’. Due to the predicted MTTFs being larger than the results of the precise technique, it may be concluded that the approximate method is unsuitable for judging dependability. Both the approximate and accurate techniques are acceptable here since the inverters are equally reliable, regardless of which one is used. There are additional considerations that should be made while choosing an inverter, such as price and performance. Many strategies have been offered to increase the stability of power electronic circuits, but they will not be discussed here. However, the impact of one of the most helpful approaches in this respect should be emphasized.



Series Redundancy


Reliability can be increased by adding components in series in this setup. A single component failure will not bring down the rest of the system. The only restriction on the size of a series is its price. The dependability function [67] for an n-series system is as follows.


R(t) = 1 − (1 − e−λt)n



(30)







When there are more elements in the series, the dependability function approaches 1, as shown in Equation (30). The results of series redundancy on three multilevel inverters of NPC, FC, and CHB are depicted in Figure 22, Figure 23 and Figure 24.



Power electronics’ reliability has been the subject of several academic investigations. References [67,70] assess the effectiveness of various redundancy architectures and strategies for improving the reliability of power electronic circuits. Redundancy structures in various circuits have received a lot of research and development focus in recent years. Inverters [71,72], matrix converters [73], multilevel converters [74], direct current (DC) to direct current (DC) converters [75], and power factor correction rectifiers [76] all have their own suggested redundancy structures.



To emphasize the significance of the reliability concept in power electronic circuits, this study provides the first-ever assessment of the reliability of three standard multilevel inverters of NPC, FC, and CHB using both approximate and exact methodologies. However, several cutting-edge multilevel inverters, such as Hybrid Multilevel Cells, have not yet had their dependability assessed.



The precise numbers for NPC, FC, and CHB are 50,036, 42,245, and 65,451 h, respectively, as shown in Figure 25, and the findings of the exact technique are comparable to those of the approximation method. By taking into account all of the circumstances for each inverter, the precise technique has the advantage of increasing accuracy. The CHB inverter is the most reliable option, and it may be determined using the suggested methodology. The outcomes demonstrated that the expected failure rates are reliant on the technique employed. In addition, the basic multilevel inverters’ series redundancy idea was explained. The outcomes demonstrated that series redundancy boosts dependability. For NPC, FC, and CHB, the reliability function value improved by approximately 23.26%, 21.24%, and 24.88%, respectively, as shown in Figure 26, with the addition of one redundancy part over 50,000 h.






4. The Effects of PV Array Size on the Durability and Reliability of PV Inverters


PV power plants may compete with more traditional ones (e.g., fossil-fuel-based systems). According to [77], the price of PV energy (for residential applications in the US) has to drop from its present 0.18 USD/kWh to 0.05 USD/kWh by the year 2030. Reducing the price of PV electricity by more than thrice is an ambitious goal. The aforementioned goal may be reached in many ways, all of which serve to lower the price of PV energy (e.g., improving efficiency and enhancing the component’s lifetime). Oversizing the PV arrays is a typical (and feasible) option, where the rated power of the PV arrays is deliberately built to be higher than the rated power of the PV inverter [78,79,80]. This is seen in Figure 27. More PV energy can be harvested at off-peak times, and the inverter for the panels will be able to function closer to its rated power for a greater fraction of the time. Oversizing PV arrays becomes an appealing alternative with a modest increase in the system cost, and, therefore, a lower overall cost of PV energy [81,82,83], since the price of PV panels continues to fall, with the PV module price falling by roughly 13% per year [84,85,86,87].



Mission profiles are used to depict how the system is performing in the field [88], as shown in Figure 27. Since PV power generation is very sensitive to both solar irradiation and ambient temperature, these two factors are taken into account while designing a mission profile for PV systems.



Oversizing the PV array, however, will harm the inverter’s loading and dependability. Due to this, the longevity of the system’s components and dependability as a whole may suffer. The PV inverter lifetime is a major factor in the cost evaluation of the PV system [86,87]. Since the cost associated with the PV inverter failure is about 59% of the overall system cost. Costs associated with running and maintaining the PV inverter might become prohibitive, offsetting any savings from the additional energy generated. Both [82] and [85] draw attention to this problem, but they do not provide any extensive lifespan studies. In light of the aforementioned gap and problem, the purpose of this article is to explore the effects of PV array size on the longevity and dependability of PV inverters.



Figure 28 depicts a single-phase grid-connected PV system’s setup and control framework. Two power converters—a boost DC–DC converter and a PV inverter—are used to connect PV arrays with the grid [89]. A boost converter controls the PV power extraction [90]. A Maximum Power Point Tracking (MPPT) method is applied in the boost converter by adjusting the PV voltage Vpv at the PV array’s MPP to maximize solar energy generation. The PV inverter transmits the extracted power to the AC grid by managing the DC-link voltage Vdc using a current controller. PLL is essential for synchronization [91].



The sizing ratio Rs is commonly defined as the ratio of the Standard Test Condition (STC) rated power of the PV array Ppv rated to the rated power of the PV inverter Pinv rated. To maximize PV energy acquisition (even under low solar irradiation), as shown in Figure 29, systems are often built to be large (Rs > 1) in [92,93,94,95]. Installation locations affect the sizing ratio, with the normal value (today) being between 1 and 1.5.



Figure 30 depicts the PV power extraction with bigger PV arrays, where the energy production of the PV system is boosted as a result of the greater energy yield during the Maximum Power Point (MPP) of the sun. Oversized PV arrays in a grid-connected PV system can provide maximum power at all stages of the power conversion process. The situation is a lack of sunlight. However, the performance of the PV inverter, the connection between PV arrays and the grid, might be affected if the PV array is oversized. There is some research on the effects of oversizing the PV array on PV energy costs and methods of design that aim to optimize energy production and its process flow, as shown in Figure 31.



4.1. Mission-Profile-Based Lifetime Estimation


The operational state of the system, known as mission profiles (i.e., solar irradiance and ambient temperature), can have a significant impact on the lifetime of PV inverters [96]. This thermal stress of the PV inverter is directly related to the PV power output, which is, in turn, influenced by the solar irradiation and ambient temperature conditions of the system. Therefore, the mission profile is often included throughout the lifecycle evaluation process, which consists of three primary activities [96,97,98]. First, we need to convert mission profiles into thermal loading conditions; second, we need to understand thermal cycling; and, third, we need to model power devices’ lifetimes. Below, we will fill out the details of the process flow diagram, as shown in Figure 32 and Figure 33.




4.2. Monte Carlo Simulation-Based Lifetime Estimation


Monte Carlo simulations were used in earlier research to evaluate the reliability of power electronics in some different applications. The initial concept was used to forecast the reliability of PV inverters in [99,100], and the others [101,102,103,104] used a similar methodology.



The first step is to do a stress study on the power devices. The study produces a thermal stress profile of the power devices for a specified mission profile, which serves as an input to the whole modeling process. The resultant thermal stress profile is then applied to the lifespan model. Depending on the chosen lifespan model, certain parameters of the thermal cycles must be collected at this stage using a cycle counting technique. These characteristics are then utilized to compute the lifetime consumption of the power devices. In the last stage, Monte Carlo simulations are used to account for fluctuations in the stress and longevity model parameters. The LC for a single year of operation may be estimated using data collected throughout the lifetime assessment. Using a Monte Carlo simulation [101,102,103], we may add uncertainty into the lifespan evaluation process by varying various factors (such as the lifetime model and the stress parameters). Thus, the statistical value of the lifespan distribution and the unreliability function of the power device may be stated, and reliability metrics such as Bx lifetime can be produced [104]. In Figure 34, we see the big picture of the Monte Carlo reliability analysis procedure.



4.2.1. Mission Profile Translation to Thermal Loading


The power devices’ junction temperatures change throughout the operation as a result of stressful circumstances, which are connected to the mission profile of the power devices (e.g., voltages, currents, and environmental temperature). An electro-thermal model of the power converter system is commonly used to obtain this. The input power from the PV panels (PPV) and the environmental temperature together determine the mission profile for the PV inverter (Ta). The junction temperature will fluctuate as a result of the power losses in the power devices and the heatsink. The junction temperature profile (Tj) of the devices may be determined by utilizing the thermal model of the power devices, mentioned in Figure 34, with power losses and the surrounding temperature as input variables.




4.2.2. Thermal Cycle Counting


Power device wear-out failure is mostly caused by thermal cycling, which takes place at the junction temperature of the power device. As a result, the junction temperature profile, which incorporates changes brought on by the ambient temperature and loading circumstances, must be used to derive thermal cycling information. The heat cycles must be identified using a cycle counting technique, such as the Rainflow algorithm, and then grouped according to the cycle period, cycle amplitude, and cycle mean value. The algorithm is utilized to extract the parameters for the chosen lifespan model from the junction temperature profile, including the number of cycles ni, temperature swing Tj, minimum junction temperature Tjm, and heating time ton.




4.2.3. Estimation of the Lifetime Consumption


The empirical lifespan model is used to forecast the number of cycles until failure (Nlf), and it can be calculated from [99] under specific thermal stress conditions. The power cycling test results are often used to determine the lifetime model of the IGBT module and the most common lifetime model for power devices. The Lifetime Consumption (LC) can be calculated from Equation (31), and the power device may be determined after determining the number of cycles to failure using Miner’s rule [99,100].


  LC =   ∑  i n    n i   N l f    



(31)




where ni is the number of cycles, and Nlf is the number of cycles to failure for the same cycle and stress condition.



There are different approaches to implementing the Monte Carlo simulation for the reliability assessment, which will affect the results. The three following approaches will be considered: Monte Carlo with static parameters (MC-SP), Monte Carlo with semi-dynamic parameters (MC-SDP), and Monte Carlo with dynamic parameters [99,100].






5. Challenges and Future Work


The improvements in power electronic devices and associated technologies have increased the use of renewable energy systems in the power grid, but there are issues with electricity quality, grid dependability, and security. To assure grid power quality, numerous standards and guidelines have been created for grid-connected RESs. The following areas need additional research based on the examined literature:



	
Challenges:






	
Accelerated aging usually targets one failure mode such as gate oxide deterioration, latch-up, short circuit, bond wire fatigue, etc. In reality, numerous stresses cause device or module breakdowns. Certain mission-profile-based tests cannot replicate operating situations.



	
In many practical applications, all failure prediction factors may not be measurable, limiting aging information.



	
Due to accessibility and environmental considerations, live condition monitoring may not be possible in some applications.



	
Several electrical characteristics, such as RDSON, Vth, etc., differ amongst devices of the same batch due to differences in manufacturing procedures. To create future condition monitoring for each device/module, a baseline must be established before installation.



	
The equipment in real-life operation receives changing loads and different stresses; however, accelerated testing is often done for a constant loading situation.



	
None of the lifespan prediction models are scalable, meaning that simulating the aging of a lower-rated device would not shed light on the aging of a similar, higher-rated device. In particular, for broad bandgap devices, the magnitude of the parasitic parameters does not rise linearly with the higher rating of the device, and it varies considerably, even among the same rated devices.



	
To fulfill the high grid code requirements and handle the power quality concerns cost-effectively, researchers have, lately, started to design hybrid topologies. It is necessary to explore the performance of these innovative topologies in grid-integrated applications, since most of them have not been assessed in grid-connected RESs.



	
For the grid-connected RES applications, further research is required into the performance analysis of contemporary MLIs. Smart grid solutions need to take MLIs into account as well.






	
Opportunities:






	
Now, there is a window of opportunity to investigate the reliability concerns of emerging technologies that make use of wide bandgap semiconductors.



	
We will be able to access the modules in any practical application if we develop a universal strategy, such as integrating a reflectometry method at the gate drives and gathering all required data.



	
The rating of the prognostic hardware will be greatly reduced by moving to the gate terminal in addition to providing access to every power electronic device at the lower potential terminals.



	
To prevent measuring any electrical parameters and ensure there is no human mistake, Spread-spectrum time-domain reflectometry (SSTDR)-based live condition monitoring might be recommended.







6. Conclusions


This review paper has quickly summarized multilevel inverters to emphasize the necessity for grid-connected PV systems. This review paper presented an overview of the grid-connected multilevel inverters for PV systems with motivational factors, features, assessment parameters, topologies, modulation schemes of the multilevel inverter, performance parameters, and the selection process for specific applications. In this review paper, the findings of a comprehensive reliability analysis of fundamental multilevel inverters are studied and the reliability of three basic multilevel inverters was evaluated. Two distinct methodologies for reliability testing multilevel inverters were presented in this review paper (exact and approximate). The lifespans of NPC, FC, and CHB were 50,036, 42,245, and 65,451 h, respectively, as the findings of the exact technique were comparable to those of the approximation method. By taking into account all of the circumstances for each inverter, the exact technique had the advantage of increasing accuracy, and the CHB inverter was the most reliable option. In addition, the basic multilevel inverters’ series redundancy idea was explained. The outcomes demonstrated that series redundancy boosted reliability and for NPC, FC, and CHB, and the reliability function value improved by approximately 23.26%, 21.24%, and 24.88%, respectively, with the addition of one redundancy part over 50,000 h. In addition, the concept of oversizing photovoltaic (PV) arrays was studied. Finally, the mission-profile-based and Monte Carlo simulation-based methods process flows are discussed for the accurate lifetime prediction and reliability assessment of a PV inverter in a real-time scenario.
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Abbreviations




	MLIs
	Multilevel Inverters



	CHB-MLI
	Cascaded H-Bridge Multilevel Inverter



	TSV
	Total Standing Voltage



	PV
	Photovoltaic



	MPPT
	Maximum Power Point Tracking



	THD
	Total Harmonic Distortion



	EMI
	Electro-Magnetic Interference



	MMC
	Modular Multilevel Converter



	FC-MLI
	Flying Capacitor Multilevel Inverter



	SOC
	State of Charge



	NPC
	Neutral Point Clamped



	BESS
	Battery Energy Storage System



	PWM
	Pulse Width Modulation



	FR
	Failure rate



	MTTF
	Mean time to failure



	MTTR
	Mean time to repair



	MTBF
	Mean time between failures



	PI
	Proportional plus Integral controller



	SHE
	Selective harmonic elimination



	NVC
	Nearest vector control



	PWM
	Pulse width modulation



	SVPWM
	Space vector pulse width modulation



	RSC-MLI
	Reduced switch count multilevel inverter



	TDDB
	Time-dependent dielectric breakdown



	MOSFET
	Metal–oxide–semiconductor field-effect transistor



	IGBT
	Insulated Gate Bipolar Transistor







Nomenclature




	λp
	Expected failure rate



	λO
	Failure rate due to operational stresses



	λe
	Failure rate due to environmental stresses



	λC
	Failure rate due to temperature cycling stresses



	λSj
	Failure rate due to solder joints



	λi
	Failure rate due to induced stresses



	A
	Scaling factor for the rate of failure



	T
	Temperature,



	ΔT
	Change in temperatures



	S
	Stress ratio



	λb
	Switch and diode base failure rates



	THS
	Inductor’s hot spot (heat sink) temperature



	TA
	Ambient temperature



	πT
	Temperature factor of switch and diode



	TC
	Heat sink temperature



	θjc
	Thermal resistance of the diode or switch



	Ploss
	Power loss of the diode or switch:



	VS
	Ratio of operating voltage to rated voltage.



	πCV
	Failure rate of capacitors



	πQ
	Quality factor



	πE
	Environmental factor



	πA
	Application factor



	πC
	Contact construction factor
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Figure 1. Photovoltaic energy generation capacity over the years [1]. 
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Figure 2. PV panel efficiency degradation factors. 
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Figure 3. (a). An outlook on the classification of various MLI Topologies. (b). An outlook on the development of various MLI Topologies. 
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Figure 4. Circuit diagrams of multilevel inverters (a) NPC, (b) FC, and (c) CHB. 
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Figure 5. A general block diagram of a Grid-connected multilevel inverter for a solar photovoltaic (PV) system. 
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Figure 6. Motivational factors of RSC-MLI. 
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Figure 7. Classification of RSC-MLI topologies. 
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Figure 8. Assessment parameters of MLI. 
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Figure 9. Features of MLIs. 
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Figure 10. Simplified classification of multilevel inverters (MLIs). 
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Figure 11. Various applications of Multilevel Inverters. 
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Figure 12. Different possible types of energy sources integrate with MLI-based systems. 
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Figure 13. The standard multilayer arrangement of a power module [22]. 
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Figure 14. The Failure Mechanisms of Contemporary Power Electronic Devices. 
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Figure 15. Different factors affecting the reliability. 
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Figure 16. Categories of reliability. 
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Figure 17. Classical bathtub curve. 
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Figure 18. The impact of solder thickness on an IGBT module’s lifespan. 
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Figure 19. List of comparisons among three basic MLI topologies with respect to (a). Number of IGBTS, (b). Number of Capacitors, (c). Number of diodes, (d). Total FITs, (e). Failure rates, (f). Mean time to failure (MTTF) in hours. 
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Figure 20. The total number of components utilized in a multilevel inverter for different levels. 
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Figure 21. The approximate MTTF for different voltage levels. 
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Figure 22. The impact of series redundancy on NPC dependability. 
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Figure 23. The influence of series redundancy on FC dependability. 
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Figure 24. The influence of redundant series on CHB dependability. 
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Figure 25. The effect of MLI topologies on device lifespan. 
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Figure 26. The effect of MLI topologies on reliability function. 
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Figure 27. Oversized PV arrays in a grid-connected PV system. 
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Figure 28. System configuration and control structure of a two-stage single-phase grid-connected PV system. 
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Figure 29. Extraction of Power generation with oversized PV arrays. 






Figure 29. Extraction of Power generation with oversized PV arrays.



[image: Electronics 12 01944 g029]







[image: Electronics 12 01944 g030 550] 





Figure 30. PV system with oversized PV arrays using MPPT and PLC. 
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Figure 31. Design for reliability process flow diagram for power electronics in PV systems. 
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Figure 32. Lifetime evaluation procedure of the power devices in the PV inverter. 
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Figure 33. Mission profile-translation diagram of a single-phase PV system, where the PV array sizing ratio Rs is taken into account. 
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Figure 34. Flow diagram of the Monte Carlo-based reliability assessment of PV inverter. 
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Table 1. Difference Between Two-Level Additionally, Multilevel Inverter.
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	Properties
	Two-Level Inverter
	Multilevel Inverter





	Structure
	Complicated
	Modular



	Electromagnetic interference (EMI)
	High
	Low



	Input current distortions
	High
	Low



	Voltage Applications
	Low
	High



	Stress on power electronic switches
	More
	Less



	Rate of change in voltage
	High
	Low



	Production of common-mode voltage
	Higher
	Lower



	Power quality performance
	Low
	High



	Fault-tolerant operation
	Impossible
	Possible



	Harmonic content
	Low
	High



	Switching losses
	High
	Low



	Production of multiple voltage level
	Not possible
	Possible



	The ability of transformer-less operation
	No
	Yes



	Efficiency
	Low
	High



	Ability to operate at low/high/ fundamental frequency
	More
	Less



	Operation at the fundamental frequency
	Fails
	Can operate



	Operation at high voltage and current
	Can operate (for

parallelized structures)
	Can operate
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Table 2. Comparison Between Failure Mechanisms.
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	Failure Mechanism
	Location
	Causes
	Modes
	Parameter Affected





	Hot electrons
	Oxide/substrate interface
	1. Overvoltage

2. High current density
	High leakage currents
	Vth



	Delamination of die attach
	Die attach
	1. High temperature

2. High current density
	Open circuit
	Vc



	Time-dependent dielectric breakdown

(TDDB)
	Oxide layer
	1. High temperature

2. High electric field

3. Overvoltage
	1. Short circuit

2.Increased leakage current

3. Loss of gate control
	Vth



	Bond wire/solder fatigue
	Bond wire/solder
	1. High temperature

2. High current density
	Open circuit
	Vc



	Latch-up
	Silicon Die
	1. Irradiation

2. High electric field

3. Overvoltage
	1. Device burnout

2. Loss of gate control
	Vc
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Table 3. Factors of application for different power ratings [50,68].
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	Application (Pr Rated Output Power)
	πA





	Linear Amplification (Pr < 2 W)

Small signal switching
	1.5

0.7



	Non-Linear, (Pr ≥ 2 W)

2 ≤ Pr < 5 W

2 ≤ Pr < 5 W

50 ≤ Pr < 250 W

Pr ≥ 250 W
	

2.0

4.0

8.0

10
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Table 4. Two contact construction factor values for use in varying environments [50,68].
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	Contact Construction
	πc





	Metallurgically Bonded
	1.0



	Non-Metallurgically Bonded and Spring-Loaded contacts
	2.0
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Table 5. The Estimated Mean Time to failure for three conventional Inverters.
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	Name of the Components/Inverter Type
	NPC
	FC
	CHB





	IGBTs
	4800 for (12)
	4800 for (12)
	1200 for (12)



	Capacitors
	600 for (2)
	1500 for (5)
	1200 for (3)



	Diodes
	1800 for (18)
	1200 for (12)
	1200 for (12)



	Total FITs
	7200
	7500
	3600



	Failure Rate (failure/106 h)
	7.2
	7.5
	3.6



	MTTF (hours)
	138,888
	133,333
	277,777
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Table 6. The determined base failure rates of switches.






Table 6. The determined base failure rates of switches.





	Type
	Ploss
	Tc
	Tj
	πT
	πA
	πE
	πQ
	     λ  p    





	NPC
	95.27 W
	45
	68.817
	2.288
	10
	1
	5.5
	1.511



	FC
	130.5 W
	45
	77.625
	2.636
	10
	1
	5.5
	1.740



	CHB
	18.46 W
	45
	49.615
	1.637
	10
	1
	5.5
	1.080
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Table 7. The calculated base failure rates for diodes.






Table 7. The calculated base failure rates for diodes.





	Type
	Ploss
	Tc
	Tj
	πT
	πC
	πS
	πE
	πQ
	     λ  p    





	NPC
	11.144 W
	35
	52.830
	1.938
	1
	1.938
	1
	5.5
	0.0353



	FC
	0.088 W
	35
	35.140
	1.381
	1
	1.381
	1
	5.5
	0.0007



	CHB
	1.118
	35
	36.789
	1.427
	1
	1.427
	1
	5.5
	0.0064
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Table 8. The Estimated typical capacitor failure rate.






Table 8. The Estimated typical capacitor failure rate.





	Type
	Capacitor
	TA
	     λ  b    
	πcv
	πE
	πQ
	     λ  p    





	NPC
	220 mF
	22.7
	0.045
	1.471
	1
	10
	0.6619



	FC
	2200 µF
	22.7
	0.065
	0.856
	1
	10
	0.5565



	CHB
	660 µF
	22.7
	0.102
	0.733
	1
	10
	0.7472
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Table 9. The Mean time to failure calculated with respect to various multilevel inverters.






Table 9. The Mean time to failure calculated with respect to various multilevel inverters.





	Parameter
	NPC
	FC
	CHB





	Failure Rate (Failure/106 h)
	19.9853
	23.6709
	15.2784



	MTTF (hours)
	50,036
	42,245
	65,451
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