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The dynamic fault trees (DFT) are capable of handling some kinds of dependencies that may 

exist in non-repairable systems. 

 

4.4 System Description of the Selected Transformerless  
PV Inverter Topologies 

It is agreed to evaluate transformerless inverter topologies that are widely used or understudied 

with great potential for PV applications. The inverter topologies selected here for evaluation 

with respect to reliability are based on good performance exhibited and documented in 

literature. 

Multilevel inverter topologies have unique characteristics that are relevant for medium and high 

voltage applications. They have high efficiency with low harmonics and suitable for PV 

applications because of capacity to synthesize sinusoidal AC voltage from different DC voltage 

levels with minimal harmonics. For reliability and availability evaluation, a standard flying 

capacitor multilevel inverter is analyzed and compared with modular multilevel converter 

(MMC). 

A basic functional block diagram for a multilevel inverter design is shown by Figure 17. There 

are several design strategies and architectures possible for implementing a multi-level inverter 

hence there are many possible functional block diagrams for a multi-level inverter and this 

would be one of them.   

 

Figure 17: Functional Block of Transformerless Multi-level Inverter 
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4.4.1 Topology 1 – Flying Capacitor (FC) Multilevel Inverter 

The flying capacitor multilevel inverter is similar to the NPC topology in terms of structure and 

as well as performance. In the NPC topology, diodes are used as clamping components but now 

in the flying capacitor, floating capacitors are used instead. 

In addition to having the NPC topology structure-like, a special circuit is normally included for 

precharging the capacitors against causing overvoltage situations at the switches. Unique 

feature of the FC multilevel inverter is the capacity to continue operation at higher number of 

voltage levels in situations that a switch or capacitor is faulty. It should be noted that this can 

only exist for higher levels FC inverter and other higher levels multilevel inverters such as the 

modular multilevel converter inverter. The dc-link capacitors are also numbered and important 

in the inverter operation. 

Figure 18 shows the selected Topology-1 multilevel inverter for comparative reliability 

analysis. The dc-link capacitors on the PV input are excluded from the analysis but note that 

they would be contributors to unreliability in the inverter and greater in number than an 

equivalent modular multilevel converter. 

 

Figure 18: Flying Capacitor Multilevel Inverter with 5 Voltage Levels [31] 
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4.4.2 Topology 2 - Modular Multilevel Converter 

The second inverter (topology 2) selected for comparative reliability analysis with inverter in 

topology 1 is a modular multi-level converter (MMC) with. This inverter operates 5 voltage 

levels with 4 converter sub-modules and 2 extra sub-modules on each upper and lower arms for 

active redundancy. This brings the total number of sub-modules to 6 per arms (12 sub-modules 

for a phase leg). For a 5-level MMC without redundancy, 2(n-1) sub-modules would give a 

total of 8 sub-modules; 4 sub-modules each in the upper and lower arms respectively for the 

modulation strategy adopted. 

For the selected 5-level MMC with 50% redundancy, 4 additional sub-modules are included for 

active redundancy and increased inverter reliability. The extra sub-modules added to each arm 

do not participate in providing the voltage levels during normal operation bring other added 

advantages such as increased stored energy in the converter sub-modules, improved thermal 

management and loss distribution in sub-modules, and deceased switching frequency [32] [33] 

[34] [23] [35] [36]. However, for improved operational quality and reliability, cost due to 

additional sub-modules is added with increased control complexity as well. This topology is 

given by Figure 19.  

The modulation strategy and internal control is such that 4 sub-modules out of 6 provide 

required 5-level voltage output at any one time for the converter leg. Two extra sub-modules 

are available in case of potential sub-module failure in the converter arm. It is important to note 

that the extra sub-modules operates normally as any other sub-module in the converter arm and 

may be selected to provide output voltage by the control and voltage-balancing algorithm. It 

means that the control and voltage-balancing algorithm has a pool of 6 identical sub-modules 

with bypass ability but only 4 sub-modules are operated at any time. Each sub-module is 

designed with a high-speed bypass switch making it possible for the control and voltage-

balancing algorithm to completely bypass any faulty sub-module. The converter sub-module 

with bypass capability is shown in Figure 20.  

The control and modulation strategy are only explained and not detailed mathematically since 

they will not be included in the comparative reliability analysis for the selected inverter 

topologies. Further details may refer to [37] [32] [33] [34] [23] [35] [36]. 
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Figure 19: 5-Level Modular Multi-level Converter with 50% Redundancy 

 

The ability of the MMC to continue operation when one or more submodules on the lower or 

upper arms are failed is dependent on the capability of the fault detection and protection 

subsystem in the control system to identify and isolate faulty sub-modules without jeopardizing 

the converter operation. Therefore a robust and fault-tolerant design are required for the control 

system, fault detection and protection system, and driver circuit. Common cause failure for the 

identical sub-modules must be mitigated even though it is assumed not present for this 

comparative reliability analysis. 

 

Figure 20: MMC Sub-Module with High-Speed Bypass Switch (modified from [32]) 
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4.5 Failure Analysis - PV Inverter 

The procedure for performing reliability assessment can be found in several reliability standards 

and references. One important step usually performed before reliability modelling is the failure 

analysis. It is most beneficial to have a type of FMECA carried out or at least a failure analysis 

at a simple level that will give input to the system reliability modelling. The outcome of such 

will be knowledge of likely components to fail, the failure progression in terms of the potential 

failure modes, failure effects, detection method and safeguards. At the most simple level, it may 

just be the component failure mode, effects and say safeguards.  

A sample of how a failure analysis table may be constructed is given by Table 1   

Table 1: Sample of Failure Analysis Table for a power system 

Component 

Name 
Function 

Failure 

Mode 

Failure 

Mechanism 

Failure 

Detection 
Safeguard 

Resistor 
Limit current 

flow 

Short 

circuit 
overcurrent  

Connect two or 

more resistors 

in series 

   
Over 

voltage 
 

xxxxxx 

 

 

4.6 Scope and Assumptions for Transformerless PV 
Inverter Comparative Reliability Analysis 

Boundary and scope of reliability analysis are important benchmark in performing reliability 

analysis. The scope and boundary for the analysis are defined, main assumptions made for 

modelling and analysis and limitations to the analysis are all documented here.  

The scope, boundary, main assumptions and limitations for reliability analysis to compare the 

two multi-level topologies are defined below. 

 

1. The scope of the reliability analysis is the switching architecture of the transformerless 

multi-level PV inverter and being that analysis is comparative, some common functions 

may be neglected as necessary. 

2. The boundary of the analysis is the physical boundary of the multilevel inverter 

described in topologies 1 and 2. It is assumed that functions such as communication 

interface, connections and input DC from PV array are working properly. 

3. Only random failures shall be modelled with the assumption that systematic failures 

have been accounted for in qualification/test and design. Therefore the constant failure 

rate portion of the bathtub curve shall be modelled. 



Reliability Analysis of PV System Inverter  

38 

 

4. Reliability analysis shall not include details of the control systems and driver circuits 

for both inverters since it would be difficult to ascertain such design detail at this stage. 

Moreover reliability data would be a challenge also. 

5. Common cause failures are neglected therefore will not be included in the reliability 

models.   

6. Reliability data from previous studies and expert judgement shall be used. Since details 

of design components are not available for modelling and analysis because topology 

design rather than the manufacturing design is assessed. As such other reliability inputs 

as relevant would be assumed across the compared topologies. 

7. Reliability modeling and analysis shall compute the survival probability over 10 years 

of operation, mean life and failure rate for the comparative analysis. These computation 

shall be performed assuming an exponential distribution 

 

 

 

 

4.7 Reliability Model of Selected PV Inverter Topologies 

The reliability models of multi-level PV inverters are presented for comparative reliability 

analysis. The modelling is performed using ReliaSoft’s BlockSim reliability tool.  

 

4.7.1 Reliability Modelling Legend 

The legend for the reliability models in BlockSim are given by Table 2. 

 

 

 

 

 

 

 

 

 

 

 



Reliability Analysis of PV System Inverter  

39 

 

 

 

 

Table 2: Legend for Reliability Models 

Symbol Name Description 

 
OR gate 

Gate whose output event occurs if any input event occurs. 

 
AND gate 

Gate whose output event occurs only if all input events 

occur. 

 

Voting OR gate/ 

K-out-of-N 

Gate whose output occur if certain numbers of the input 

events occur. 

 
Priority AND (PAND) 

Gate whose output occurs if the inputs occur in a specific 

sequence specified by a conditioning event 

 

Sequence Enforcing 

gate (SEQ) 

Gate whose output occurs if all input events occur only in 

a specific sequence. 

 
Basic event 

Failure or error in a system component or element. 

 
Mirrored block 

One physical component with one failure instance whose 

failure may affect more than one sub system operation or 

scenario for same TOP event. Repeated model event with 

same failure instance. 

 
Sub diagram 

A fault tree diagram or RBD that may be referenced in a 

model. 
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4.7.2 Topology-1 Reliability Model: 5-Level PV Flying Capacitor 
Multilevel Inverter 

The reliability model for the 5-level PV flying capacitor inverter (Topology-1) is shown in 

Figure 21.  

 

Figure 21: Reliability Model for Topology-1 (PV 5-Level FC Multilevel Inverter) 

Submodels “FCMLI_Clamping Capcitors” and “FC Inverter_Switch Modules” are sub trees in 

the reliability model for Topology-1 multilevel inverter. Their corresponding submodel details 

are respectively given in Figure 22 and Figure 23. 

 

Figure 22: Model Details for Subtree “FCMLI_Clamping Capacitors” 
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Figure 23: Model Details for Subtree “FC Inverter_Switch Modules” 
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4.7.3 Topology-2 Reliability Model: 5-Level PV Modular Multilevel 
Converter (MMC) Inverter 

The reliability model for Topology-2 is given in Figure 24. Topology-2 is a PV modular 

multilevel inverter with 5 voltage levels. The inverter is capable of redundant switching 

operation at both arms of the converter through its specialized sub-module with integrated high 

speed bypass switch. 

 

 

Figure 24: Reliability Model for Topology-2 (PV 5-Level MMC Inverter) 

 

Subtree “Arm Submodules” is a sub model in Topology-2 reliability model. Details of the sub 

model are depicted in Figure 25. 
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Figure 25: Model Details for Subtree “Arm Submodules 

 

 

 

 

 

4.8 Reliability Analysis Inputs 

Reliability inputs for the comparative reliability analysis are component reliability data, and 

environmental and operational data as relevant. 

The component reliability data are failure rates of equipments/devices collected from field 

operation, tests, and experience for computing quantitative RAMS characteristics. Reliability 

data from previous research on PV inverters, reliability database, reliability handbooks, 

standards, engineering and expert judgements are inputs applied in this analysis. The inputs 

applied in this comparative reliability analysis are presented in Table 4. Previous research in 

related topic are also considered to support expert judgement [12] [38]. Reliability data details 

for the submodule are presented in Table 3. 

 

Table 3: Half-Bridge Submodule (SM) with High Speed Bypass Switch 

Submodule Components FIT Quantity Total FIT 

IGBT Module – 2 pack 70 1 70 

Resistor 0.2 2 0.4 

Metallized Capacitor 2 1 2 

High speed bypass switch 50 1 50 

Total  5 122.4 
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Table 4: Reliability data for model events/basic components 

Model Label Device Name 
Failure rate 

(FIT) 
Data source Comment 

Control System Control board 250 
Expert 

Judgement 

Same failure rate 

for both models 

CLAMP_CAPACITOR Capacitor 10 SN29500  

UpperArm_Reactance Line inductor 5 SN29500  

LowerArm_Reactance Line inductor 5 SN29500  

LowerArm_Driver Drive board 50 
Expert 

Judgement 

Same failure rate 

for both models 

UpperArm_Driver Drive board 50 
Expert 

Judgement 

Same failure rate 

for both models 

Electrical Connections 
Electrical 

connectors/wires 
10 SN29500  

FiberOptic_Connections 
Fiber optic 

connectors/wires 
10 SN29500  

SM-R_BP 
Half-bridge Submodule 

with bypass 
122.4 SN29500  

SwitchModule IGBT switch module 70 SN29500  
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4.9 Analysis Results 

Results from reliability analysis of the multilevel inverter topologies are given under the 

respective topology subsection.  

 

4.9.1 Topology-1 Multilevel Inverter 

The results from analysis of Topology-1 reliability model are presented in this chapter. 

Computed reliability metrics for Topology-1 inverter model are presented in Table 5. 

Table 5: Computed Reliability Results for Topology-1 Multilevel Inverter (FC MLI) 

Metric Years of operation Value 

Survival probability 10 92 % 

Failure rate 10 0.008672/Year 

Mean Life (Constant failure rate)  115 Years 

 

Graph showing the reliability of Topology-1 multilevel inverter over 10 years is given by Figure 

26. The failure rate and probability distribution curves are shown respectively in Figure 27 and 

Figure 28.  

 
Figure 26: Reliability Curve of Topology-1 Multilevel Inverter 
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Figure 27: Failure Rate Curve of Topology-1 Multilevel Inverter 

 

 
Figure 28: Probability Density Function of Topology-1 Multilevel Inverter 
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4.9.2 Topology-2 Multilevel Inverter 

Results from analysis of Topology-2 reliability model are presented here. Reliability metrics 

for Topology-2 inverter model are presented in Table 6. 

 

Table 6: Computed Reliability Results for Topology-2 Multilevel Inverter (MMC) 

Metric Years of operation Value 

Survival probability 10 97 % 

Failure rate 10 0.003329/Year 

Mean Life (Constant failure rate)  248 Years 

 

Graph showing the reliability of Topology-1 multilevel inverter over 10 years is given by Figure 

29. The failure rate and probability distribution curves are shown respectively in Figure 30 and 

Figure 31.  

 

 
Figure 29: Reliability Curve of Topology-2 Multilevel Inverter 
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Figure 30: Failure Rate Curve of Topology-2 Multilevel Inverter 

 

 
Figure 31: Probability Density Function of Topology-2 Multilevel Inverter 
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5 Topology Assessment 

Topology assessment is done by comparing reliability characteristics of both inverter topologies 

on the basis of the metrics that has been defined. The comparison is presented in the following 

section. 

 

5.1 Topology Comparison 

Using the results from the analyzed models of the inverters, table xx is constructed to align the 

similarities, variations and margins between topology 1 and 2. 

 

Table 7: Comparative Analysis Table for Analyzed Inverter Topologies 

Metrics 
Topology-1  

(FC Inverter) 

Topology-2  

(MMC Inverter) 

Comment on topology-2 

(topology-1 as base) 

Survival probability 92% 97% 5.4% margin increase 

Failure rate 0.008672/year 0.003329/year 62% margin reduction 

Mean life (CFR) 115 years 248 years 116% margin increase 

Redundancy capability restricted Little restriction 
Redundancy achieved 

reliability 

Complexity low high 
Complexity in control, fault 

detection and isolation 

Availability low high 

Reconfiguration is not 

needed for additional 

submodules 

 

5.2 Ranking of the Topologies 

Ranking the analyzed inverter topologies is difficult to do even though the comparative analysis 

table favours topology-2. One must assess the assumptions made during the modelling and 

analysis stage for both inverters. Also high uncertainties exist in reliability data and the models.  

Having highlighted some of the obvious to take into consideration in judging by the 

comparative analysis table, it is easy to rank topology-2 higher for connecting PV to the grid.   
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6 Conclusion and Recommendations for 
Further Work 

 

6.1 Conclusion 

In this thesis, a review of PV system inverters is presented with main focus on grid-connected, 

transformerless multilevel inverters. It is evident that many research and analysis have been 

performed leading to the several topologies now available but most of the studies have focused 

on performance requirements such as efficiency of the inverter, power density, amount of 

leakage current and safety related issues when considering optimizing design. Most of the 

topologies have not considered designing in reliability along with performance or safety, rather 

if done was carried out in isolation. 

Two transformerless multilevel inverter topologies have been modelled and analyzed in a 

comparative reliability analysis and interesting results obtained. Bearing in mind the 

assumptions and uncertainties in reliability modelling and data, the modular multilevel 

converter (MMC) performed better than its corresponding flying capacitor (FC) multilevel 

inverter counterpart. The MMC inverter showed a higher reliability than FC inverter by a 

percentage of 5.4%. In terms of failure rate, MMC exhibited a reduced rate in the margin of 

62% which is significant. On the basis of the mean life metric assuming an exponential 

distribution in analysis, MMC showed a mean life twice the FC inverter. 

Complexity is also another factor that comes up when implementation of redundancy is 

performed. Although common cause failure was neglected, it is advised to be critically analyzed 

to assess the assumption. Complexity is seen in implementing the control, modulation of the 

switching fabric of the MMC although some level is also experienced with the FC inverter. It 

is also important to ensure a faulty submodule in the MMC switching arms are detected and 

isolated properly. This is implemented along the control and modulation system. It is noted 

from the analysis that the reliability performance margin would be greater for the MMC with 

higher voltage levels but keep in mind that there is also a limit to increasing redundancy 

submodules in order to achieve reliability. Once the limit is reached, any increase in redundancy 

submodules would impact reliability negatively. 

In summary, designing redundancy into a classical MMC using fault tolerant submodules for 

high voltage levels multilevel inverter does achieved increased reliability. In comparative 

reliability analysis, this has been compared to an equivalent flying capacitor multilevel inverter 

and has shown remarkable reliability performance.      
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6.2 Recommendations for Further Work 

In performing this comparative reliability analysis, it was noted that many assumptions were 

made that requires critical analysis to verify their validity. Thus in this respect, it is 

recommended in future to assess some of the assumptions that have been made in performing 

this analysis. 

Uncertainty in modelling and data are inevitably present in most and every reliability analysis. 

In the future, it is recommended to perform a suitable uncertainty and sensitivity analysis for 

the analyzed systems.  
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