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1 Introduction 

1.1 Background 
The leading cause of climate change in the world is the significant greenhouse gas 
emissions from human activities. In recent years, state and regional governments have 
proposed many incentives to curb climate change. With climate change becoming 
increasingly evident worldwide, electrification is considered a viable solution for the 
energy transition. Furthermore, the electrification of commonplace systems in industrial 
and residential sectors is expected to increase rapidly. One of the renewable energy 
sources is photovoltaic (PV) energy, which is considered environmentally friendly. Its use 
has increased significantly due to modern technologies that lead to lower prices. 
However, there are challenges associated with operating residential PV systems under 
partial shade conditions due to the accumulation of snow or leaves, shading from trees 
or rooftop structures, and partial shade from neighboring trees. Partial or opaque 
shading conditions could result in the wide variation of a photovoltaic module's global 
maximum power point voltage during the day and intermittent variations in daily solar 
irradiance. In addition, the PV module's input voltage decreases with shadow due to 
varying surrounding conditions.  

With critical applications such as medical devices, aircrafts, and data centers,  
the conception of the reliability of the power converters has a high priority level when 
selecting the power converter from among the available ones on the global market [1]. 
In these cases, the power converter should provide continuity to feed the different 
services with existing faults despite the low performance, such as a high voltage/current 
ripple and low efficiency. Therefore, using fault-tolerant (FT) DC-DC converters in 
mission-critical applications is increasingly popular in order to defer after-fault 
maintenance [2]. Thus, the architecture of the interface DC-DC converter must have the 
following characteristics: the ability to control the input voltage in a wide range, galvanic 
isolation, high power density, and reliability so that high efficiency is ensured [3].  

The isolated flyback and forward converters are usually employed for low-power 
applications. Despite these topologies being simple and cost-effective, they do not allow 
post-fault operation and can not regulate the wide range of input voltage variations. One 
possible way to overcome this is by adding (N+1) conventional redundancy, increasing 
the implementation and maintenance costs [PAPER-I]. The series resonant converter 
(SRC) is a promising isolated DC-DC converter topology that could regulate the wide input 
voltage variation with voltage buck or boost capability. In addition, it has the feature of 
direct power transfer into the load during most of the switching period. The basic 
concept of FT zero-redundancy SRC (ZR-SRC) is based on topology reconfiguration, 
allowing the converter to continue operating after a fault without adding more 
components. 
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1.2 The Motivation of the Thesis 
Power electronics converters are considered the most vulnerable to failure in the power 
conversion systems for renewable energy sources (RESs) compared to the other 
components. According to industrial statistics, power semiconductors represent 
approximately 31% of power electronic converter failures [4], as shown in Figure 1.1. 
Fault-tolerant implementation approaches can help to improve the reliability of power 
electronics converters. These approaches ensure the system remains operational even if 
a few components fail. A power electronics converter for PV module-level applications is 
usually rated to operate for at least 25 years. This duration corresponds to the expected 
lifetime of a PV module. A converter could employ fault tolerance to increase its lifetime 
towards this goal. The primary attention should be on the semiconductors fault, 
particularly the open- and short-circuit faults.  

The research work in this thesis was conducted according to one of the research 
directions of the Power Electronics Group of Tallinn University of Technology. This thesis 
gathers knowledge and develops fault-tolerant zero-redundancy implementation 
techniques and corresponding fault diagnosis and detection methods for an SRC-based 
microconverter aimed at residential PV applications connected to the DC microgrid  
(MG). As a result, it should achieve minimum redundancy and, consequently, low 
implementation cost acceptable in residential applications. The Estonian Research 
Council supported the current work under the grant of PSG206 “DC-DC Converters with 
Ultra-Wide Regulation Range and Post-Fault Operation Capability” and PRG1086 
“Future-Proof Power Electronic Systems for Residential Microgrids.” 

 

 
 

Figure 1.1 Distribution of faults in power electronics converter’s components. 

1.3 Aims, Hypotheses, and Research Tasks 
The main aim of the Ph.D. research project is to develop and experimentally confirm the 
concept of fault-tolerant zero-redundancy galvanically isolated DC-DC converters with a 
wide input voltage range and post-fault operation capability for interfacing PV modules 
into the residential DC microgrid. The proposed solution enables post-fault operation 
using low-cost techniques. As a result, a new generation of residential DC-coupled PV 
systems could be designed to provide satisfactory performance over the lifetime 
expectancy of the PV module. Furthermore, residential photovoltaic applications will be 
more affordable due to the lower lifecycle costs of the technology used. 
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Hypotheses: 
1. The fault tolerance could be achieved in a galvanically isolated buck-boost DC-DC 

converter with zero redundant components.  
2. Post-fault operation of DC-DC converters with reconfigurable switching cells could 

be achieved by utilizing the short-circuited switch as a current conducting path. 
3. Taking into account the influence of the application-specific mission profile on the 

random failure rate of the converter’s components would allow the possibility for 
application-tailored design and estimation of pre- and post-fault converter lifetime.  

4. Applying an FT converter with input power curtailment in the PV applications would 
allow maintaining the same converter failure rate after the faulty state while 
reducing the annual energy yield by no more than 20%. 

 
Research tasks: 

1. To review the FT isolated converters based on the SRC, showing the pros and cons 
of each. 

2. To investigate the feasibility of using the faulty switch as a current conduction path 
in the case of a short-circuit fault. 

3. To compare the fault detection and diagnosis methods in terms of the complexity 
and cost of the implementation. 

4. To synthesize the random failure rate estimation method for DC-DC converters, 
considering application-specific mission profiles. 

5. To develop accurate and fast fault detection methods capable of localizing a faulty 
semiconductor component.  

6. To develop a low-cost interface converter for residential PV modules that can 
maintain the failure rate as normal after the semiconductor’s fault. 

 

1.4 Research Methods 
The research methods used in the thesis are based on mathematical analysis of electronic 
circuits in the time domain using volt-second and ampere-second balance, numerical 
simulation models in PLECS and PSIM software, and experimental prototype verification. 
The converter loss model is built in the PLECS software using the datasheet parameters 
of the component used in the prototype. This allows us to synthesize thermal models 
that could be further used to investigate the reliability of the studied isolated buck-boost 
converter (IBBC) under the yearly mission profile of solar irradiation and ambient 
temperature. Computer simulations are generally performed in Python, MATLAB, PLECS, 
and PSIM software packages, most of which are available at the Tallinn University of 
Technology (TalTech). Altium Designer was used for the design of electric circuits and 
PCB development. Cloud software evaluating the reliability of the IBBC was developed in 
Python to achieve high execution speed resulting from using scientific and numerical 
libraries based primarily on optimized C-code. Finally, the experimental assessment was 
performed using laboratory prototypes of the studied converters to corroborate the 
theoretical predictions. The Power Electronics Research Laboratory of TalTech provides 
cutting-edge facilities for numerical simulations, hardware prototyping, and firmware 
development: laboratory DC power supplies, programmable DC electronic loads, solar 
array simulators, digital oscilloscopes, and corresponding probes with a wide bandwidth 
(>100 MHz), precision power analyzer, microprocessor development tools, PCB 
prototyping, soldering tools, and all other essential equipment. 
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1.5 Contributions and Disseminations 
The research results are presented through scientific publications, conferences, 
symposiums, doctoral schools, and presentations. During his Ph.D. studies, the author 
contributed to seven publications. Among them, four articles have been published in 
peer-reviewed journals of the IEEE. The conference papers were reported at international 
events after undergoing a peer-review process. This thesis is written based on seven 
scientific publications, including four journal and three conference papers. 

 
Scientific novelties: 

• Development, justification, and demonstration of the zero-redundancy fault 
tolerance concept in galvanically isolated DC-DC converters.  

• The methodology for predicting the lifetime of the DC-DC converters, which is 
taking into account the influence of the application-specific mission profile on the 
random failure rate of components.  

• The fault detection method for PV microconverters reusing the existing current and 
voltage sensors, which can provide fast, low-cost, and accurate localization of a 
faulty semiconductor device. 

• Applications of the PV power curtailments technique to the fault-tolerant  
zero-redundancy DC-DC converters to maintain the same failure rate in post-fault 
conditions and methodology of its design. 

 
Practical novelties: 

• Experimental analysis of post-fault resistance of low-voltage Si and high-voltage SiC 
MOSFETs. 

• Design of the PV microconverter with zero redundancy for residential applications 
with fault-tolerant capability. 

• Demonstration of the lifetime underestimation for the PV microconverters resulting 
from using the MIL-HDBK-217F handbook. 

• Recommendations for designing PV power curtailment algorithm for the case of 
post-fault operation of the FT zero-redundancy PV microconverter with 60-cell Si 
PV module. 

• Measuring and providing an open-source yearly mission profile of solar irradiance 
and ambient temperature for Tallinn, Estonia. 

 

1.6 Experimental Setup and Equipment 
The experimental setup was assembled in the power electronics laboratory of Tallinn 
University of Technology. The tested prototype is shown in Figure 1.2. The waveforms of 
voltages and currents have been captured with the Tektronix MDO4034B-3 oscilloscope. 
Voltage and current waveforms were measured using differential voltage probes 
Tektronix P5205A and current probes TCP0030A, respectively. The firmware for STM32 
microcontrollers was developed in the Keil µVision integrated development environment. 
Precision power analyzer Yokogawa WT1800 was employed to measure converter 
efficiency using the software application WTViewer for remote equipment access.  
The Agilent E4360 series modular solar array simulator was used as an input power  
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source for the experimental prototype while testing under the daily mission profiles. 
The Chroma 63205A-600-350 DC electronic load was employed to emulate the DC 
microgrid at the output of the IBBC.  

Figure 1.2 Prototype of the fault-tolerant PV microconverter. 

1.7 Recording of the Solar Mission Profile in Tallinn 
The mission profile of solar irradiance and ambient temperature was recorded in Tallinn, 
Estonia, to share openly with the research community. The complete setup is installed 
on the rooftop of the NRG building, Tallinn University of Technology. A low-cost solution 
based on the Arduino platform is used as the main component for the data logger. 
The total installed system is shown in Figure 1.3. The DS1307 serial real-time lock is 
utilized to record real-time measurements. The solar irradiance is measured using  
three small PV cells connected in parallel to increase the total current. Following this, 
the short-circuit current is measured by the ACS70331 current sensor, which has a range 
of 2.5 A. A low-cost digital temperature sensor DS18B20 was used to measure the 
ambient temperatures with up to 12-bit resolution in centigrade. It can transfer readings 
to a microprocessor using a 1-Wire bus that only needs one data line for communication 
and two more for power supply and ground (GND) signals. It has an accuracy of ±0.5 oC 
when the temperature is between -10 oC and +85 oC. It has been installed in the shade 
outside the main box. The data are stored in an SD card using the SD card shield for 
Arduino [5]. 

Q1...Q4

Control

Driving

TX
Cb
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Arduino ATMEGA328 SD Card Shield Solar Cell T emperature Sensor Current Sensor

Complete Measurement Setup  
Figure 1.3 Weather station recording solar irradiance and ambient temperature – installed on the 
roof of NRG building, Tallinn University of Technology, Tallinn, Estonia.  

1.8 Thesis Outline 
The remaining part of the thesis starts with Chapter 2, which discusses the state-of-the-art 
isolated FT topologies based on the SRC. Following this, Chapter 3 explains the proposed 
isolated FT ZR-SRC and the fault detection issues. Chapter 4 introduces the proposed 
methodology for evaluating the IBBC reliability under a yearly PV mission profile based 
on the FIDES Guide. The modulation technique and the design guidelines are given in 
Chapter 5 based on the proposed methodology to diagnose and identify the IBBC fault 
on the input/output sides. Finally, Chapter 6 concludes the thesis and provides future 
work directions. 
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2 Literature Review 

2.1 Introduction 
It is typical for high step-up DC-DC applications to require galvanic isolation to step up 
the voltage efficiently. Therefore, several DC-DC converters have been proposed to 
address voltage variation [1],[6]. Various topologies provide different complexity, 
efficiency, implementation cost, and other aspects. Isolated buck-boost converters are 
suitable for wide-range applications requiring high voltage step-up. Usually, they have 
active switches on both sides of the converter to implement voltage buck and boost 
functionalities. Among these topologies, series resonant converters (SRCs) have 
demonstrated high performance in the target PV applications. The SRC topology provides 
soft-switching of semiconductor components, good isolation transformer utilization, and 
similarity to the LLC converter topology investigated in many industrial applications [7]. 
However, the ratio between the magnetizing and the resonant inductances is several 
times higher in the SRC than in the LLC converter.  

The resonant frequency (Fr) of the resonant converters can be given as in (2.1), where 
Lr is the resonant inductance, and Cr is the resonant capacitance. Resonant converters 
primarily depend on the quality factor (Q) that is affected by the parameters of the 
resonant tank and the load value (R) as in (2.2). The quality factor refers to the peak 
stored energy in the circuit to dissipate energy into the load.  

Figure 2.1 describes the relationship between the quality factor and the circuit 
parameters, where FSW is the switching frequency. Notably, the DC voltage conversion 
gain of the converter can be controlled by changing the switching frequency, i.e., 
frequency modulation. However, this design results in low voltage regulation performance 
at light loads, making the design of magnetic components more challenging. Therefore, 
operating SRC at fixed switched efficiency is more efficient. 

 
𝐹𝐹𝑃𝑃 = 1

2𝜋𝜋�𝐿𝐿𝑟𝑟𝐶𝐶𝑟𝑟
         (2.1) 

 

 𝑄𝑄 = 1
𝑅𝑅 �

𝐿𝐿𝑟𝑟
𝐶𝐶𝑟𝑟

                                                    (2.2) 

 
 

 
Figure 2.1 Conversion gain of SRC with frequency modulation at different quality factor  (Q) values. 
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2.2 Classifications of SRC Fault-Тolerant Topologies 
This subchapter discusses three possible implementations of fault-tolerant galvanically 
isolated full-bridge DC-DC converters and their pros and cons based on [PAPER-I].  
The main concern of SRC failure is semiconductor failure. For these converters,  
the reported statistics show that primary semiconductors are the most vulnerable 
components [8].  

Converter semiconductors generally have two possible fault states depending on the 
failure mechanism: open-circuit fault (OCF) and short-circuit fault (SCF). There are three 
main approaches to achieving fault tolerance in full-bridge galvanically isolated DC-DC 
converters for semiconductor faults, as summarised in Table 2.1. Using redundant 
components to overcome converter failure conditions is considered the most common 
and straightforward way to prevent power outages in mission-critical applications such 
as data centers and smart transformers [14], [15]. This allows the converter to extend its 
useful lifetime and increase its availability. The mentioned redundancy refers to the 
component level within a single converter. This requires additional hardware in the 
converter design, such as semiconductor or electromechanical switches, capacitors, 
bypass switches, and fuses, to isolate the defective component.  

 
Table 2.1 Comparison between implementation approaches of the DC-DC FT-SRC. 

Item Redundant active  
leg [9] 

Redundant capacitors  
leg [10],[11]  

Zero redundancy 
[12], [13] 

Example Figure 2.2 Figure 2.3 Figure 2.4 

IB/OB 
switch type IGBT MOSFET/IGBT MOSFET/IGBT 

Reported 
power range > 350 W > 350 W < 350 W 

Post-fault 
overloading 
of 
components 

No Yes Yes 

Power 
curtailment Not Needed Needed Needed 

Additional 
components 

• 4 Aux. switches 
• 4 Semiconductors 
• 8 Fuses 

• 4 Aux. switches 
• 0 Semiconductors 
• 0 Fuses 

• 0 Aux. switches 
• 0 Semiconductors 
• 0 Fuses 

Power 
density XXX XX X 

Cost $$$ $$ $ 

Reported 
applications 

• Uninterruptable 
power supply 

• Data centers 

• Uninterruptable 
power supply 

• Data centers 

• Residential PV 
• Battery charger 
• Light-emitting 

diodes 
 

• X is the smallest, XXX is the largest  
• $ is the cheapest, $$$ is the most expensive 
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2.2.1 Topologies with Redundant Semiconductors 
This FT implementation approach uses redundant switching legs (i.e., active legs) on the 
input and output sides. It requires a fuse in each semiconductor in the converter to 
convert the SCF to OCF after a thermal breakdown [9], as shown in Figure 2.2, in which 
Vin is the input voltage, Vo is the output voltage, im is the magnetizing current, iLr is the 
resonant inductor current, and vCr is the resonant capacitor voltage. By doing this, 
the short-circuited faulty switch is isolated. To completely isolate the faulty leg, 
the healthy switch of the faulty leg should be turned off continuously. However, one of 
the drawbacks of using the fuses is that they consume power as they are connected in 
series during normal operation and thus affect the converter efficiency [8]. In addition, 
the presence of the fuse will increase parasitic inductance in the circuit [9]. 

Moreover, the auxiliary leg in such an FT converter implies additional costs for the 
auxiliary switches, gate drives, and auxiliary power supply. On the other hand, with this 
FT implementation approach, the converter component can handle the same power 
before and after the fault occurrence without overloading, as they are generally designed 
in the same way as the main inverter legs. This FT implementation approach typically 
utilizes IGBTs that can handle the short-circuit current long enough to burn the fuse.  
This ruggedness is unavailable with generic MOSFETs essential in low-power 
applications. An IGBT can easily withstand a short-circuit current for 10 µs, while some 
detection methods require less than one switching period to detect the fault [16]. 

Figure 2.2 A fault-tolerant isolated DC-DC converter using redundant semiconductor components 
on the input and output sides. 

2.2.2 Topologies with Redundant Capacitors 
This FT implementation approach has two split capacitors with midpoints on the input 
and output sides, as shown in Figure 2.3 [10]-[11]. It requires four bypass switches to 
connect the faulty leg to these midpoints. Unlike the previous FT approach based on the 
active redundant leg, the IB/OB can be realized using IGBTs or MOSFETs, and the fuses 
are not required. The key to this FT approach is to keep the converter running after a 
failure but as a half-bridge SRC instead of a full-bridge SRC on the input side. In contrast, 
the output side will be reconfigured into a voltage doubler rectifier (VDR). The IB or OB 
should be reconfigured using the additional bypass switches to obtain an entire FT-SRC 
operation. In the case of an SCF, the damaged switch is used as a current conduction 
path, while another switch on the same leg is disconnected to prevent a short circuit 
across the power supply terminals. Since the power going to the load is the same 
before and after the fault, the converter on the opposite side will be over-stressed.  
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Figure 2.3 A fault-tolerant isolated DC-DC converter using redundant capacitors on the input and 
output sides. 

2.2.3 Topologies with Zero Redundancy 
The fault-tolerant zero-redundancy SRC (FT ZR-SRC) is shown in Figure 2.4 [12], where V1 
is the output voltage of the input inverter, V2 is the input voltage of the output rectifier, 
Vp is the primary winding voltage, Vs is the secondary winding voltage, and VCb is the 
voltage across the blocking capacitor Cb. This converter features buck and boost 
operation modes using special modulation techniques for its IB and OB, respectively. 
This concept is an alternative realization of the bidirectional SRC to ensure the post-fault 
operation in the case of SCF or OCF in any of its semiconductors. This topology has unique 
FT capabilities. The proposed FT implementation approach can be referred to as topology 
reconfiguration, which provides self-sufficiency without adding additional components 
to the circuit. This concept has been applied industrially in the photovoltaic (PV) 
microconverter named Optiverter [13]. The FT ZR converter can withstand a single fault 
(OCF or SCF) of its IB/OB semiconductors with up to two semiconductor faults without 
adding additional components. This is achieved by reconfiguring the faulty bridge as a 
half-bridge if the other bridge has an SCF. 

Similarly to the FT implementation with redundant capacitors, the output voltage of 
the FT-SRC remains constant after a fault, and the RMS current of the transformer and 
the semiconductor becomes twice the RMS current in the normal state in the case of 
constant loading conditions. As a result, the thermal load on the converter components 
increases. In addition, this FT implementation approach does not require an additional 
fuse in series with each semiconductor to isolate the SC semiconductor, where the SC 
semiconductor is used as the current path. For any fault type in the IB (OCF/SCF), 
the OB must be reconfigured from the full-bridge rectifier to the Greinacher voltage 
doubler rectifier using different possible sequences [12]. The FT ZR implementation 
features thermal loading of components similar to the FT implementation with 
redundant capacitors but does not use any auxiliary switches. 

Currently, this concept was implemented for an SRC-based DC transformer converter. 
At the same time, its application in IBBC based on quasi-Z-source topologies shows 
overall efficiency deterioration and possible thermal cycling issues, as described in [14]. 



22 

 
Figure 2.4 A fault-tolerant isolated DC-DC converter with zero-redundant components on the input 
and output sides. 

2.3 Summary 
The fault-tolerant implementation approaches have been discussed in the chapter to 
overcome semiconductor faults in galvanically isolated DC-DC converters based on SRC 
as the reference topology. Among them, the FT ZR SRC shows low implementation costs 
but requires power curtailment control if a fault occurs. It must be noted that there is a 
trade-off between adding additional components to the converter design and the 
associated increase in the converter size and initial cost needed to maintain the same 
converter performance before and after a fault. On the other hand, an FT ZR converter 
could suffer from overloading healthy remaining components after a fault occurs if no 
power curtailment algorithm is implemented. The FT implementation approach based 
on topology reconfiguration with zero redundancy is beneficial in cost-sensitive 
applications. The performance of the proposed FT ZR implementation provides the same 
post-fault stress of the components as the FT implementation with redundant capacitors. 
However, the reconfigurable FT ZR-SRC does not need auxiliary switches. Therefore,  
it can achieve a better cost-performance trade-off in FT converters. 

This chapter shows the research gap in FT IBBCs with zero redundancy, which was 
solved in this work. In addition, it establishes the need for power curtailment control 
techniques and appropriate methodology for lifetime analysis of the galvanically isolated 
DC-DC converters. 
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3 Proposed Fault-Tolerant Zero-Redundancy Series Resonant 
Converter 

3.1 Topology Description 
The basic structure of the proposed isolated buck-boost converter is provided in 
Figure 3.1(a). It contains only two hybrid switching bridges at the input and output and 
can be reconfigured from full- to half-bridge after a fault is detected. The blocking 
capacitor Cb contributes to avoiding the DC bias in the transformer current, which helps 
to avoid saturation of the transformer core after reconfiguration. In addition, Cb has a 
high capacitance value not to affect the IBBC resonant frequency. The idealized  
steady-state waveforms of the IBBC during the normal state are depicted in Figure 3.1(b), 
in which the IBBC is operating as a typically full-bridge SRC in the IB with a synchronous 
rectifier in the OB. 

During the post-fault operation, for example, SCF at S4, as shown in Figure 3.2(a), the 
average voltage across Cb and Cr equals half of the input and output voltages, respectively 
(see Figure 3.2(b)). Therefore, the total gain of the converter before and after the failure 
and consequent topology reconfiguration remains unchanged. It features direct power 
transfer into the load during most of the switching period. The primary side of the isolation 
transformer is coupled with an active full/half-bridge inverter. The semiconductors of the 
primary side bridge in the same leg are complementary and turned on with a short dead 
time in order to avoid a supply short-circuit. With this pulse width modulation (PWM) for 
the IB, the circulating current and conduction losses are minimized, and the primary side 
semiconductors are turned on with zero voltage switching (ZVS). With proper magnetic 
integration, the SRC utilizes the leakage inductance of the transformer, TX, as a part of 
the resonance tank to reduce the cost and size of the target converter. 

One of the main drawbacks of SRC-based converters is the high voltage stress of the 
resonant capacitor in case of overloads, short-circuited output terminals, SCFs on the 
output side, or fast load transients. Depending on applications, this topology could be 
implemented with a slightly modified rectifier circuit that clamps the voltage of the 
resonant capacitor at the expense of somewhat higher losses, as was demonstrated in 
[PAPER-IV].  
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(a) 

 
(b) 

Figure 3.1 The FT ZR-SRC: primary circuit (a) and idealized steady-state waveforms during normal 
operation (b). 
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(a) 

 
(b) 

Figure 3.2 Post-fault operation of the FT ZR-SRC: an example of a possible reconfiguration after  
the fault in the MOSFET switch S4 (a) and idealized steady-state waveforms during post-fault 
operation (b). 

3.2 Modulation Techniques 
As mentioned earlier, the studied FT ZR-SRC belongs to the IBBC family and can regulate 
the input voltage in a wide range. It operates at a fixed switching frequency and maintains 
its buck-boost voltage regulation functionality after a fault. This thesis considers it in  
low-power PV applications, where its compact design with a small (integrated) resonant 
inductor is beneficial. Although such an implementation results in low values of the 
quality factor of the resonant tank, the dc voltage gain can be controlled using pulse 
width modulation at a fixed switching frequency, simplifying the converter design. 

In the literature, there are different PWM techniques for the SRC operating with a  
low-quality factor at a fixed switching frequency, such as phase-shift modulation (PSM) 
[17], asymmetric PWM (APWM) [18], interleaved PWM [19], and forced half resonance 
(FHR) [20]. The steady-state waveforms of the FT ZR-SRC using these PWM techniques 
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are depicted in Figure 3.3. The two former PWM techniques are used for buck operation 
when the PV voltage exceeds the nominal value by adjusting the phase shift between the 
two legs of the IB inverter. The PSM in Figure 3.3(a) is applied in the case of the full-bridge 
operation of the IB inverter. The APWM in Figure 3.3(b) is employed in the case of the 
half-bridge operation of the IB inverter. 

On the other hand, the OB transistors need to short-circuit the secondary winding to 
step up the voltage when the PV voltage is below the nominal value. Two PWM 
techniques are employed: interleaved modulation from Figure 3.3(c) to implement a  
full-bridge boost rectifier and forced half-resonance modulation from Figure 3.3(d) to 
implement a boost voltage doubler rectifier. After the resonant inductor is charged with 
additional energy from the input side, it releases this stored energy to the load.  
The corresponding state-plane trajectories of these four PWM techniques are shown in 
Figure 3.4, in which Vo is the converter output voltage, and Zr is the resonant impedance. 

 
 

  
(a) (b) 

  
(c) (d) 

Figure 3.3 Steady-state waveforms of ZR-SRC in normal operation for one switching period at 
different PWM methods: FB-FB with buck operation (PSM) (a), HB-HB with buck operation (APWM) 
(b), FB-FB with boost operation (Interleaved modulation) (c), and HB-HB with boost operation 
(Forced half-resonance) (d). 
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(a) (b) 

 
 

(c) (d) 

Figure 3.4 State-plane trajectory of the resonant tank variables at different PWM techniques: PSM 
(a), APWM (b), Interleaved PWM (c), and forced half-resonance PWM (d). 

3.3 Characteristics at Post-Fault Operation 
As discussed in previous chapters, the FT ZR-SRC employs a faulty short-circuit switch as 
a current conducting path to reconfigure the faulty bridge from full-bridge to half-bridge 
operation. Consequently, laboratory tests were3 conducted to investigate the 
performance of the short-circuited faulty switches and the resulting converter efficiency. 
The test results are given in [PAPER-II]. 

This part investigates the distribution of the fault types in MOSFETs in the FT ZR-SRC. 
To this end, several defective MOSFETs are eventually soldered into actual prototypes 
operating at the fixed switching frequency close to 100 kHz. The selected batch considers 
Si MOSFETs for the IB and SiC MOSFETs for the OB. One phenomenon that has been 
observed is that surface-mounted Si devices maintain mechanical integrity after a fault. 
Contrary to this, SiC devices working at the high-voltage side could explode, destroying 
the case integrity and evaporating the semiconductor crystal inside, as demonstrated in 
Figure 3.5. An explosion of SiC devices results in OCF in all observed cases. On the other 
hand, the SiC MOSFETs maintain mechanical integrity without any visible damage in the 
case of an SCF. 
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Figure 3.5 Example of case damage to a SiC MOSFET featuring OCF. 

The obtained results demonstrated that the SCF stands for 100% of the collected 
samples of low-voltage Si MOSFETs, and the main reason behind this could be the high 
current stress on the low-voltage side. Additionally, an 18/82% distribution between OCF 
and SCF was found for the high-voltage SiC MOSFETs in the OB of the ZR-SRC topology. 
This necessitates detecting and identifying both fault types in the OB but only SCFs in the 
IB of the proposed FT ZR-SRC converter. 

Short-circuited MOSFETs must be analyzed regarding impedance behavior to prove 
the feasibility of using a short-circuited MOSFET as a current conduction path after  
a fault. Different faulty MOSFETs were subjected to maximum current stress and  
fixed-switching operation for 40 hours, and their resistance remained unchanged.  
The post-SCF resistance of Si MOSFETs is usually below 100 mΩ. One of the tested 
samples with a post-fault resistance of 7 mΩ is shown in Figure 3.6(a) as a typical case.  
A few samples showed post-SCF resistance in the range of 30-90 mΩ. For example,  
the measurement results for one such device are shown in Figure 3.6(b). Hence,  
Si MOSFETs, the most fragile component in the converter according to the survey in [8], 
could be used as a conduction path with negligible resistance after an SCF. 

A somewhat different situation was observed in the case of SiC MOSFETs featuring an 
SCF. Most cases show nearly ideal short-circuit with post-SCF resistance values of much 
below normal Rds,on as shown in Figure 3.6(c). On the other hand, as exemplified in 
Figure 3.6(c), several cases show post-SCF resistances that are one order of magnitude 
higher than normal Rds,on. This faulty switch with high post-SCF resistance was tested 
under load conditions for 30 hours at 2 A. Its resistance changed from 36.8 Ω to 41.20 Ω. 
The literature indicates that such a MOSFET would eventually converge to SCF or OCF. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3.6 Post-SCF drain-source resistance measurement results of four failed MOSFETs:  
low-resistance Si (a), high-resistance Si (b), low-resistance SiC (c), and high-resistance SiC (d). 

3.4 Fault Detection Issues 
To address power converter failures, the fault must first be detected using an 
appropriate signature signal that adequately describes the converter's operation in every 
state. In addition, the fault location may need to be defined in order to decide whether 
to reconfigure the converter after the signature signal triggers the failure mode.  
The diagnosis signal, i.e., the signature signal, should provide enough information about 
the converter operation during both the normal and faulty state. When dealing with the 
fault in the converter, it comprises the fault diagnosis and the fault remedial, i.e.,  
fault-tolerance, to ensure that the converter continues operation even in the faulty state. 
The fault diagnosis stage includes detecting that the converter enters an abnormal 
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condition, and sometimes it provides localization of the defective component in the 
converter. The primary purpose of the fault remedial is to make the converter operation 
continue despite the possibility of reduced performance. 

Generally, diagnosis methods can be broken into signal and model-based methods 
[21]-[22]. With the model-based methods, the actual values of the converter diagnosis 
signals are measured and then compared with the observed values based on 
approximators. The most well-known approaches for estimation are the Kalman filter 
[23], extended Kalman filter [24], slide mode observer [25], and Luenberger observer 
[26]. The converter state, i.e., normal or faulty, can be identified based on the deviation 
between the measured and estimated values. On the other hand, the signal-based 
methods can be classified into time-domain and frequency-domain analysis of the 
diagnosis signal. The time-domain methods use a simple and low-cost analog 
implementation to compare the diagnosis signals with a threshold level [27]-[28].  
The latter analysis depends on using Fourier Fast Transform (FFT) to extract the primary 
information from the diagnosis signal to define the converter status [29]-[30]. On the 
other hand, the frequency-domain analysis has the drawback of high computational 
effort and complexity.  

The voltage of the resonant inductor could be used as a signature signal for  
short-circuit detection, as proposed in [PAPER-III]. The method does not require 
expensive components as it can utilize a small tertiary winding for sensing this voltage. 
The high speed of detection achieved results from the operation of the resonant tank, 
which experiences much higher stress of components after a fault. 

 

3.5 Summary 
This chapter addressed two hypotheses set forth in this thesis. First, the ZR FT IBBC was 
proposed based on the SRC topology. The proposed converter is capable of input voltage 
regulation in a wide range, both before and after a semiconductor fault. This concept 
creates new opportunities in cost-sensitive applications, where fault tolerance is typically 
avoided as it penalizes the implementation cost. Second, it was demonstrated that using 
a defective switch as a current conducting path in a reconfigurable FT DC-DC converter 
has proven feasible. This makes the ZR fault tolerance concept feasible and practical.  
As a result, it is possible to tolerate the failure of one of the DC-DC converter switches 
without affecting the overall operation of the converter. However, a converter of this 
type must be thermally engineered to withstand possible high ohmic losses in  
short-circuited MOSFETs. High ohmic losses can cause the converter to heat up and fail 
again if the thermal design does not consider this issue. As an alternative, its control 
system could include a power curtailment algorithm that limits the stresses on the 
remaining healthy components after a fault. This approach also diminishes the risk of 
overheating a short-circuited switch that serves as a current conductor in a reconfigured 
DC-DC converter.  
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4 Reliability-Oriented Design of the SRC-Based Fault-tolerant 
DC-DC converter with Zero Redundancy  

4.1 Converter Lifecycle and Reliability 
The most well-known definition of reliability from an engineering point of view is  
“the probability that an item will perform a required function without failure under the 
stated conditions for a stated period of time” [31]. To quantify the reliability,  
the component’s hazard rate (i.e., failure rate) λ denotes the conditional likelihood that 
the component fails in a time interval. There are three main regions in the lifetime of 
electronic devices: early infant mortality failure, constant random failure, and wear-out 
failure, as shown in the classical life cycle bathtub curve in Figure 4.1 [32]. To prevent 
early life failures, burn-in or screening tests may be used. 

Random failures of components play a vital role in determining the probability of a 
system failure. The wearing out of components dominates over the probability of 
random failures as the service life increases, particularly at the late stages of useful life. 
Generally, power semiconductors fail in two ways: catastrophically with constant failure 
rates and wear out with variable failure rates over time. Both have different failure 
mechanisms, as shown in Figure 4.2. Since power electronic converters are typically  
long-lived in practice, they are assumed to operate in the useful lifetime range in many 
engineering applications [33]-[35]. Due to the lack of 100/120 Hz power ripple in the 
considered DC-coupled applications, the wear-out failures are ignored in this case study, 
and only random failures are considered [PAPER-VI], [33]. 

 

 
Figure 4.1 The typical lifecycle bathtub curve of an item. 

 

 
Figure 4.2 The modes and mechanism of power device failures [34]-[35]. 
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4.2 Synthesis of High-Resolution Application-Specific Mission Profile 
The reliability of installed photovoltaic systems has become a significant problem as the 
use of renewable energy in utility services has increased, causing concerns about possible 
power outages. The mission profile of incident solar irradiance and ambient temperature 
significantly affect solar PV output power. In addition, the mission profile of the 
operating conditions is required to analyze the PV system behavior for reliability 
prediction and system-level availability or to forecast the energy yield for a specific  
long-term horizon. The time step or resolution of the mission profile dataset depends on 
several elements, including the installation environment, the capacity of the dataset, and 
the implementation costs [PAPER-V]. Data loggers are required to capture the 
environmental data with appropriate precision to collect the mission profile at a high 
resolution, which could be costly [36]. In [37], it was examined how the resolution of the 
mission profile affected the reliability forecast and the lifetime consumption of PV 
inverter semiconductors. The findings of this study indicated that the low resolution of a 
mission profile could lead to an overestimation of the PV inverter lifetime. The mission 
profile resolution significantly impacts the prediction of the accumulated damage, 
particularly in cloudy environments. Figure 4.3 shows the yearly mission profile used in 
this study. It is captured for Northern Denmark (Aalborg) with a resolution of one second 
and a total of 31’863’123 records. The mean solar irradiance between November and 
February is low, impacting the temperature profiles of the IBBC components. 

 

 
(a) 

 
(b) 

Figure 4.3 The yearly mission profile for Aalborg, Denmark, solar irradiation (a) and ambient 
temperature (b). 



33 

Figure 4.4 shows the solar irradiance for a clear and cloudy day at various resolutions 
of the mission profile. It is evident that the resolution of the solar irradiance profile has 
little impact on the clear-day mission profile when the solar irradiance has a minimal 
dynamic change. On the other hand, the dynamic change in solar irradiance deviates 
slightly from the mission profile resolution, particularly for a cloudy environment. 
 

  
(a) (b) 

Figure 4.4 The daily solar irradiation at different mission profile resolutions, clear day (a) and cloudy 
day (b). 

Table 4.1 provides the annual energy yield estimation results for a 60-cell Si PV module 
at different resolutions. The PV module's overall energy (kWh) is roughly the same for 
any resolution considered. Less than 0.5% separates the predicted energy yield values. 
The effectiveness of Python and MATLAB, the two popular software frameworks used to 
solve this kind of computational problem, were compared. For various mission profile 
resolutions, the computing time for both the Python and MATLAB scripts is displayed in 
Figure 4.5. The algorithm was executed on a personal computer with an Intel® Core™ 
i5-8265U CPU running and 16 GB of random access memory. The Python environment 
with C-based libraries offers an advantage in computation speed over MATLAB of 
between two and over four times. Therefore, the Python environment was used to 
implement the reliability estimation methods in this thesis to achieve an acceptable 
execution speed. The advantage of code development in Python becomes even more 
apparent for the analysis of more complicated converters, like the IBBCs, where a higher 
number of components should be modeled. 
 
Table 4.1 Prediction of the annual energy yield at different mission profile resolutions. 

Resolution 1 s 10 s 30 s 1 min 5 min 15 min 

E, kWh 314.0 314.5 314.5 314.6 314.8 315.1 
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Figure 4.5 Comparison between Python and MATLAB environments regarding execution speed of 
computational tasks employing high-resolution mission profile. 

4.3 Reliability Analysis Frameworks 

4.3.1 MIL-HDBK Reliability Handbook 
Since the 1990s, the United States Navy has established the MIL-HDBK-217F Handbook, 
which is regarded as a standard for the reliability prediction of electronic systems [38].  
It has been empirically verified that the models of the items inside it are accurate. With 
the MIL-HDBK-217F handbook, the random failure rate 𝜆𝜆 of the item can be expressed 
as a multiplicative form as 

𝜆𝜆 = 𝜆𝜆𝑏𝑏(∏ 𝜋𝜋𝑖𝑖𝑛𝑛
𝑖𝑖=1 ) ,        (4.1) 

where 𝜆𝜆𝑏𝑏 is the basic failure rate, and n denotes the number of π-factors of the item, 
which depends on the item’s category. The unit of the resulted 𝜆𝜆 in this reliability 
approach is failures/(106 hours). The failure rates based on MIL-HDBK-217F associated 
with the MOSFETs (λMOSFET) can be defined as in (4.2). For the isolation transformer,  
its failure rate (λTransformer) can be given as in (4.3), while the failure rate of the capacitor 
(λCapacitor) is calculated using (4.4), in which 𝜋𝜋𝐶𝐶  denotes the capacitance stress factor and 
𝜋𝜋𝑉𝑉  denotes the voltage stress factor. 

𝜆𝜆𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝐸𝐸𝑇𝑇 = 𝜆𝜆𝑏𝑏𝜋𝜋𝑇𝑇𝜋𝜋𝐴𝐴𝜋𝜋𝑄𝑄𝜋𝜋𝐸𝐸  ,       (4.2) 

where 𝜋𝜋𝑇𝑇 is the temperature stress, 𝜋𝜋𝐴𝐴 is the application stress, 𝜋𝜋𝑄𝑄 denotes the quality 
factor, and 𝜋𝜋𝐸𝐸  is environmental stress. 

𝜆𝜆𝑇𝑇𝑃𝑃𝑇𝑇𝑛𝑛𝑃𝑃𝑇𝑇𝑃𝑃𝑃𝑃𝑇𝑇𝑃𝑃𝑃𝑃 = 𝜆𝜆𝑏𝑏𝜋𝜋𝑇𝑇𝜋𝜋𝑄𝑄𝜋𝜋𝐸𝐸        (4.3) 

𝜆𝜆𝐶𝐶𝑇𝑇𝐶𝐶𝑇𝑇𝑃𝑃𝑖𝑖𝐶𝐶𝑃𝑃𝑃𝑃 = 𝜆𝜆𝑏𝑏𝜋𝜋𝑇𝑇𝜋𝜋𝑉𝑉𝜋𝜋𝐶𝐶𝜋𝜋𝑄𝑄𝜋𝜋𝐸𝐸         (4.4) 
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4.3.2 FIDES Reliability Guide 
Eight French companies created the FIDES dependability manual guideline in its initial 
form in 2004 and revised it in 2009 [38][39]. The 2022 updated version is scheduled for 
publication in 2023. In the FIDES Guide, the component’s random failure rate represented 
by the unit of FIT (i.e., failure per 109 hours) is predicted by considering the physics of 
failures. Here, the failure rate is expected to remain constant throughout the product’s 
useful life, and the wear-out phase will not begin while the mission profile exists [39]. 
Since the component’s useful lifetime is being modeled, it is not possible to assess the 
component’s reliability during startup by using the FIDES Guide [40]. 

In contrast to the MIL-HDBK-217F reliability handbook, the FIDES reliability guide 
considers device technology, the impact of the extrinsic failure rate, and the sensitivity 
to quality parameters from design to usage. It employs the yearly mission profile for the 
item under consideration. Each mission profile can be subdivided into a series of phases, 
each with a time limit of hours [41]. With this reliability approach, the item failure rate 
can be expressed in the general form as 

𝜆𝜆 = ∏ ∏ 𝜆𝜆𝑃𝑃ℎ𝑦𝑦𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃  ,       (4.5) 

where Π𝑃𝑃𝑃𝑃  is the technical and quality while manufacturing the item, Π𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃  includes 
all the stages of the item processes starting from the setting of the specification to the 
operation in the field and maintenance, and 𝜆𝜆𝑃𝑃ℎ𝑦𝑦  is the physical failure rate related to 
the item that can be calculated using the mission profile. More details can be found in 
the paper [PAPER-VI]. 

4.4 Analytical Results of Reliability Prediction 
The prediction of n-th component reliability over the time t can be evaluated after 
determining its failure rate according to (4.6). The mean time to failure (MTTF), which 
indicates the time the component takes from the beginning to work until the first failure 
occurrence, can be computed using (4.7). The complete flowchart for the reliability 
evaluation of the studied IBBC FT ZR-SRC is shown in Figure 4.6. After reading the 
photovoltaic mission profile comprising the solar irradiance S and the ambient 
temperature Ta, the thermal stress of the IBBC components could be determined using 
the look-up table synthesized from the simulation of power losses in PLECS. The 
complete mathematical thermal analysis for each component of the SRC-based IBBC is 
detailed in Section III of [PAPER-VI]. The rainflow counting algorithm is used to manage 
the non-uniform thermal profile of the IBBC components and define the peak-to-peak 
thermal cycle, the mean temperature of the cycle, and the cycle duration [42]. In the 
current case study, the reliability block diagram is examined in a series connection, 
whereby if one component fails, the IBBC converter enters the faulty state. As a result, 
the IBBC failure rate can be expressed as in (4.8), where N = 11 denotes the number of 
IBBC key components considered. The reliability of the IBBC can therefore be determined 
by taking into account the product of the reliability of the system components as in (4.9). 

𝑅𝑅𝑛𝑛(𝑡𝑡) = 𝑒𝑒𝜆𝜆𝑛𝑛𝐶𝐶         (4.6) 

𝑀𝑀𝑀𝑀𝑀𝑀𝐹𝐹 = 1/𝜆𝜆𝑛𝑛         (4.7) 

𝜆𝜆𝐼𝐼𝐼𝐼𝐼𝐼𝐶𝐶 = ∑ 𝜆𝜆𝑛𝑛𝑁𝑁
𝑛𝑛=1             (4.8) 

𝑅𝑅𝐼𝐼𝐼𝐼𝐼𝐼𝐶𝐶(𝑡𝑡) = ∏ 𝑅𝑅𝑛𝑛(𝑡𝑡)𝑁𝑁
𝑛𝑛=1  = 𝑒𝑒𝜆𝜆𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐶𝐶         (4.9) 
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Figure 4.6 The procedure of IBBC reliability prediction from the component level to the system level. 

The failure rate from the two reliability analysis approaches for each IBBC component 
is shown in Figure 4.7(a). For MIL-HDBK-217F, it is clear that the S1-2 features the highest 
failure rate among the FT ZR-SRC components. On the other hand, the transformer has 
the highest failure rate for the FIDES Guide-based analysis due to the relatively high basic 
failure rate of 0.125 FIT defined in the FIDES Guide 2009. Therefore, the total failure rate 
of FT ZR-SRC expressed in failures per year equals 0.0071 and 0.0045 for MIL-HDBK-217F 
Handbook and FIDES Guide, respectively. Figure 4.7(b) illustrates the reliability prediction 
of the IBBC over time. The converter starts with 100% reliability, which degrades 
gradually over time with differing results for the 10% reliability reduction time (B10) of 
14.80 and 23.20 years for the MIL-HDBK-217F Handbook and FIDES Guide, respectively. 
According to the results, the IBBC-based PV system is 83% and 89% reliable after 25 years 
of operation under the Aalborg mission profile when using MIL-HDBK-217F Handbook 
and FIDES Guide for analysis, respectively. This asserts that the MIL-HDBK-217F Handbook 
yields an overdesigned converter with a higher cost due to considering constant  
worse-case random failure rates. 
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(a) 

 
(b) 

Figure 4.7 Reliability analysis results for IBBC, the annual failure rate of components (a), and 
reliability prediction of the IBBC over time (b) [PAPER-VI]. 

4.5 Summary 
The main finding in this chapter is the reliability analysis methodology based on the FIDES 
Guide that considers the actual mission profile discovered in the field. This is important 
because it ensures that the mission profile is optimally executed, while it is not 
considered in the method described in the MIL-HDBK-217F Handbook. As a result,  
it could be concluded that the FIDES Guide, based on established empirical models for 
the PV converter based on the IBBC, offers a more accurate lifetime forecast and enables 
the application-tailored design of the DC-DC converter. The results support the 
fundamental hypothesis that the system random failure rate is primarily caused by the 
primary-side semiconductors, with the output-side switches having little bearing.  
The transformer is the least reliable passive component in the IBBC for PV applications 
because of the high basic failure rate introduced by the FIDES Guide, which cannot be 
diminished by control or transformer design. In contrast to the reliability analysis, the PV 
energy forecast does not need a high-resolution mission profile. Finally, the Python 
environment is regarded as the ideal choice for high-speed execution to examine the 
reliability of DC-DC converters when using a high-resolution mission profile. 

The results obtained prove the third hypothesis of this thesis.  
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5 Self-Healing Fault-Tolerant PV Microconverter 
Self-healing FT ZR-SRC aimed at residential PV module-level applications was proposed 
in [PAPER-VII]. The complete configuration of the converter considering the fault 
diagnosis signals is shown in Figure 5.1. It employs a maximum power point tracking 
algorithm to ensure PV module performance at the maximum power point. The studied 
converter can achieve the global MPPT. Due to its simplicity, the perturb and observe 
(P&O) algorithm was utilized for MPPT near the global maximum. The FT ZR-SRC 
interfaces a residential PV module with a dc microgrid with high capacitance and  
stiff-voltage VMG. In the normal operation of the converter, the body diodes of the top 
switches (Q1 and Q3) are used as rectifiers. 

Moreover, these MOSFETs are used to restore converter operation in the case of an 
OCF or SCF in the bottom MOSFETs (Q2 or Q4). The synchronous rectification is not 
applied here to avoid degradation of the gate oxide layer in the top MOSFETs Q1 and Q3, 
which strongly depends on the gate voltage stress. In addition, when the converter is 
operating in the normal state with boost mode, non-overlapping PWM is used to drive 
the bottom switches of the OB because it provides the best voltage regulation 
performance at the cost of a slightly lower efficiency [46]. The IBBC design guidelines are 
provided in this chapter, and the new fault diagnosis and detection methods are discussed. 

 

 
Figure 5.1 Topology of the self-healing ZR-SRC for residential PV coupled with a stiff MG on the 
output side, considering the measurement signals for MPPT and fault diagnosis. 

5.1 Design Guidelines for PV Applications 
This subchapter explains how the design guildies for ZR-SRC described in [PAPER-VII] 
provide good buck-boost voltage regulation performance under all operating conditions. 
The main goal of the design guidelines is to produce self-healing converters possible with 
adequate efficiency while still meeting the cost and power requirements. 

First, the transformer turns ratio (n) is selected so that the FT ZR-SRC can generate the 
desired output voltage of 350 V, which is the most common dc-bus voltage for the 
residential DC MGs (i.e., VMG), at the nominal input voltage of 30 V (VIN,Nom) that is typical 
for 60-cell Si PV modules as in (5.1). This is the most probable operating point of the 
converter. The converter must provide the best performance at this point. To select the 
number of turns of the primary winding (that is to say, the low voltage side here),  
the maximum flux density of the core must be lower than 120 mT at the maximum input 
voltage according to (5.2), which ensures an acceptable level of losses in ferrite cores. 
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𝑛𝑛 = 𝑉𝑉𝑀𝑀𝑀𝑀
2𝑉𝑉𝐼𝐼𝐼𝐼,𝐼𝐼𝑁𝑁𝑁𝑁

 ,         (5.1) 

𝛥𝛥𝛥𝛥 = 𝑉𝑉𝐼𝐼𝐼𝐼
2𝑁𝑁𝑝𝑝𝐴𝐴𝑐𝑐

 ,         (5.2) 

where ΔB denotes the peak-to-peak flux density in the transformer core, Np is the 
number of primary winding turns, and Ac is the cross-sectional area of the magnetic core. 

The resonant inductance of the SRC should be sufficiently large to minimize the 
converter losses and thus improve efficiency [43]. The relationship between the resonant 
inductance Lr and the ZR-SRC power losses must be considered when designing the 
resonant tank, as shown in Figure 5.2. Increasing the resonant inductance can reduce the 
converter losses. On the other hand, the ZR-SRC should operate in the discontinuous 
resonant current mode with a resonant tank quality factor of below one. Hence, the 
design of Lr is considered a trade-off that should be satisfactory (5.3). To account for 
losses and non-modeled dynamics in the converter, it might be recommended that Lr is 
selected in the range of 60-70% of the critical value in (5.3). The value of the resonant 
inductance in the current thesis is selected at 100 μH.  

𝐿𝐿𝑃𝑃 < 2𝑛𝑛2𝑉𝑉𝐼𝐼𝐼𝐼,𝑁𝑁𝑚𝑚𝑛𝑛𝑀𝑀𝑠𝑠𝑠𝑠
𝐼𝐼𝐼𝐼𝐼𝐼,𝑁𝑁𝑚𝑚𝑚𝑚𝜔𝜔𝑟𝑟2

 ,       (5.3) 

where VIN,min is the minimum input voltage, IIN,max is the maximum input current, and ωr 
is the resonant angular frequency. 
 

 
Figure 5.2 The effect of the resonance inductance value on the total power loss of the FT ZR-SRC. 

The peak value of the magnetizing current is achieved during the dead-time. It is 
reflected to the primary winding and recharges the parasitic output capacitance of the 
semiconductors in the IB. The magnetizing inductance Lm should be designed to allow 
the magnetizing current to fully charge and discharge the parasitic output capacitances 
(Coss) of the primary semiconductor during the dead-time (TDT) in the gating signals of the 
primary switches [PAPER-IV], as  

𝐿𝐿𝑇𝑇 ≤ 𝑛𝑛2𝑇𝑇𝐷𝐷𝐷𝐷
8𝑀𝑀𝑠𝑠𝑠𝑠𝐶𝐶𝑁𝑁𝑠𝑠𝑠𝑠

 .        (5.4) 

The resonant inductance can be implemented as a discrete inductor or integrated into 
the isolation transformer. The use of the magnetic integration concept has the merit of 
reducing the converter size and the cost, but on the other hand, the design becomes a 
challenging task. An isolation transformer with integrated magnetic elements was 
implemented in this work Using the guidelines given in [44]. 
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The parameters of the resonant tank determine the resonance frequency. To obtain 
the best conversion efficiency of the converter, it is essential to design the FT ZR-SRC to 
operate close to the resonant frequency. The resonant capacitor Cr can be directly 
defined using the specified value of Lr and the resonant frequency Fr using (2.1). 
According to the circuit configuration, the average voltage of the resonant capacitor 
equals zero in the full-bridge rectifier for normal operation. It has a dc bias in the  
half-bridge rectifier configuration for the post-fault operation. The peak-to-peak ripple 
across Cr (ΔVCr) is only affected by the output power of the converter Pout and the input 
voltage equal to the voltage of the PV module VPV, as  

∆𝑉𝑉𝐶𝐶𝑃𝑃 = 𝑃𝑃𝑁𝑁𝑜𝑜𝑜𝑜𝑇𝑇𝑠𝑠𝑠𝑠
2𝑛𝑛𝑉𝑉𝑃𝑃𝑃𝑃𝐶𝐶𝑟𝑟

 ,       (5.5) 

where Tsw is the switching period. 
For the semiconductors of the FT ZR-SRC, the maximum voltage stress of the MOSFETs 

in the IB equals the maximum open-circuit voltage of the PV module. In contrast,  
the voltage stress of the OB MOSFETs equals the maximum DC microgrid voltage. 
Considering expectations of low implementation cost for residential PV converters, the 
current stress of the IB/OB MOSFETs is designed for normal operation, as provided in 
[45]. 

5.2 Fault Diagnosis and Detection Methods 
Irrespective of the failure mechanism that leads to a catastrophic failure, the failure 
mode of the semiconductors (Si MOSFETs in the IB and SiC MOSFETs in the OB) is 
considered as either OCF or SCF. Generally, resonant topologies are more promising 
DC-DC converters for the industry. They are widely adopted in many industrial 
applications, such as data centers and battery chargers, due to their soft switching and 
high-efficiency features [46]. A recent survey regarding the failure of these converters 
[8] was conducted among scientists working in the industrial sector and academic 
positions related to applied power electronics. This provides some variety in the replies 
collected worldwide and thus increases the accuracy of survey results. Around 72% of 
the participating companies have more than ten years of market experience. The summary 
of this detailed survey indicates that the primary semiconductors of the SRC/LLC 
converters are regarded as the primary source of converter failure. It contributes 
approximately half (i.e., 47.6%) of the damage source of the converter. Moreover,  
the survey shows that primary semiconductors fail in the form of SCFs, according to the 
participant's experience. 

Furthermore, several tens of random samples of low-voltage switches that failed while 
testing high step-up DC-DC converters were collected [PAPER-II]. The quantitative results 
prove that the SCF fits 100% of the collected dataset. Thus, the resulting statistical 
analysis of the collected dataset is consistent with the statistical results collected for the 
SRCs in industrial applications [8]. Hence, in line with the previous discussion, this study 
only considers the SCF of the primary semiconductors during fault diagnosis and 
detection. OCF and SCF are considered for the OB rectifier to provide a comprehensive 
fault study on the FT ZR-SRC topology. 
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5.2.1 SCF of the Primary-Side MOSFETs 
Since a PV module feeds the input of the FT ZR-SRC, both the PV module voltage and 
current are required data for the MPPT (i.e., VPV and IPV, respectively). The PV is a 
controlled current source that does not have an excessively high short-circuit current 
compared to the current at the MPP. Hence, in the case of fast detection of a random 
fault, the SCF in one of the IB MOSFETs cannot harm the IB MOSFETs. Using existing 
measurement signals to diagnose faults in input-side MOSFETs avoids the additional cost 
and size of including additional sensing components, which is the key distinguishing 
feature of the proposed fault diagnosis method. Specifically, the PV voltage is employed 
as the diagnosis signal to detect the SCF in the front-end inverter MOSFETs. When one 
of the IB switches experiences SCF, the PV voltage begins to fall from the VMPP to zero in 
a period influenced by the PV module capacitance and the drain-sources resistance of 
the defective and healthy switches in the same leg. The healthy switch is turned on  
under the specific modulation signal, short-circuiting the input. As a result of an SCF,  
the significant variation in the PV voltage indicates that the IB switches are 
malfunctioning. 

Once the SCF fault has triggered the diagnosis algorithm, its precise location in the left 
or right leg should be determined. As the defective leg becomes inactive and cannot 
receive any switching signal, it is not always possible to precisely identify which MOSFET 
in the IB is defective. It is worth noting that with the proposed algorithm, there is no need 
to define the switch itself accurately. Only the faulty leg should be identified (i.e., left or 
right leg). In further discussion, it is assumed that the left leg had suffered SCF, so both 
gate signals of switches S1 and S2 should have their gating signals disabled. After a brief 
period, in the order of milliseconds, the PV voltage should be measured to verify its value. 
In this manner, it is unnecessary to check the sign of the primary voltage or incorporate 
the logical switching signals of the switches into the detection routine. The design of a 
fault detection routine is subsequently made simpler and more feasible. The SCF 
diagnosis and detection process in IB MOSFETs is depicted in Figure 5.3. 
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Figure 5.3 Flowchart of diagnosing and detecting the SCF of IB MOSFETs. 

5.2.2 OCF of the Secondary-side MOSFETs 
The voltage of the bottom switches is sensed (i.e., VQ2 and VQ4 are the drain-source 
voltage of the switch Q2 and Q4, respectively), as shown in Figure 5.4, to determine the 
OCF in the OB MOSFETs. Since the output voltage of the sensing circuit and the isolated 
driver of the bottom switches share a common ground, the voltages of the bottom 
switches were chosen as diagnosis signals. The OCF in the output-side full-bridge 
MOSFETs causes the resonant current to oscillate around the zero axis because of the 
parasitic capacitances of the converter semiconductors, which prevent the converter 
from functioning correctly. In the case of an OCF, the body diode of a defective switch 
becomes inactive and is no longer functional in the circuit. The bottom switches of the 
output-side rectifier each have an OCF detection and localization circuit. As a result, it is 
possible to trigger and identify the OCF in the OB simultaneously. 
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Figure 5.4 The voltage sensing circuit used to diagnose and detect the OCF in each bottom OB 
switch. 

5.2.3 SCF of the Secondary-Side MOSFETs 
The resonant inductor current ILr, which rises when the SCF occurs in one of the OB 
bottom switches, is used as the signature signal for SCF detection in the OB rectifier.  
A low-cost current transformer is required to sense ILr due to the low secondary current 
of the step-up transformer. It is best to rectify the sensed inductor current using the  
low-power full-bridge rectifier because it is a bipolar signal. Figure 5.5 depicts the 
proposed SCF detection algorithm's flowchart. 
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Figure 5.5 Flowchart of diagnosing and identifying the SCF in the OB MOSFETs. 

5.3 PV Power Curtailment during Post-Fault Operation  
During the FT ZR-SRC post-fault operation, overloading can occur if a residential PV 
module provides the rated power. The main reason is that the critical components  
are overloaded when the converter operates close to its rated power. Suppose the  
FT ZR-SRC continues to handle the same rated power as the normal operation after the 
fault occurrence. In that case, a catastrophic failure could result from the high thermal 
stress across the converter component, especially the IB MOSFETs. Considering that the 
IBBC components are designed for current stress in normal operation, their lifetime could 
be shortened by delivering the rated power during post-fault operation. A simple 
technique for increasing the reliability of FT DC-DC converters with minimal redundancy 
and thus extending their lifetime is to limit the converter input power during PV energy 
peaks. The estimated random failure rate for the FT PV microconverter under 
consideration is shown in Figure 5.6(a). The power curtailment level should be set at  
200 W to maintain the random failure rate of a healthy microconverter. The failure rate 
is reduced further when the power curtailment level is reduced to 150 and 100 W.  
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A healthy FT PV microconverter can harvest 309 kWh/year at the PV terminals, which 
drops by roughly 12% for the power curtailment at 200 W, as shown in Figure 5.6(b). 
Given that more energy is produced at higher power levels in southern climates than in 
the reference scenario from Northern Europe, it is essential to note that the relationship 
between the curtailment power level and energy yield loss would be much more 
significant in those regions. Even in the considered northern climate, the designed  
self-healing PV microconverter would fail due to overheating the remaining healthy 
semiconductors in subsequent summer (i.e., sunny) months if its input power was not 
limited.  

 

 
(a) 

 
(b) 

Figure 5.6 Annual failure rate of the FT ZR-SRC PV microconverter before and after the occurrence 
of a fault with power curtailment (a) and annual PV yield prediction of the FT ZR-SRC PV 
microconverter for different PV power curtailment levels (b). 
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During the PV power curtailment operation, the converter input voltage of the  
self-healing PV microconverter differs from the MPP voltage. This operation could be 
achieved at two points on the P-V curve, below and above the MPP voltage. Reducing 
power above the MPP voltage is advantageous because high step-up converters typically 
offer higher efficiency at lower dc gain [47].  

5.4 Experimental Results 
The experimental setup was assembled in the power electronics research laboratory  
of Tallinn University of Technology using the parameters listed in Table 5.1.  
The microcontroller STM32F334 has been used to implement the modulation and control 
algorithms. 

The closed-loop control system was implemented to perform a global MPPT. The fault 
detection and identification routine are run in parallel routines handling interrupts of 
timers setting the sampling frequency. After a fault is detected, MPPT is disabled for a 
short time if fault identification is needed. The microconverter recovers its operating 
point on-the-fly and continues the MPPT. The proposed fault detection and identification 
methods ensure high-speed SCF detection, while OCF could be detected slower as it 
would not cause current overstress of the remaining components. This approach achieves 
a trade-off between performance and the implementation cost of the detection circuitry. 
 
Table 5.1 Parameters and Components of the Prototype in the Laboratory 

Parameter Designator(s) Value 

PV input voltage range VIN 10:60 V 

PV input max. current IIN,max 10 A 

Input side capacitor CIN 150 µF 

Leakage inductance  Llk 100 µH 

Magnetizing inductance Lm 1 mH 

Transformer turns ratio n 12 

Resonance capacitor rC 33 nF 

DC MG voltage VOUT 350 V 

Switching frequency FSW 95 kHz 

Components Designator(s) Part Number 

Primary side switches S1 … S4 FDMS86180 

Secondary side switches  Q1 … Q4 SCT2120AF 
 

First, the proposed fault diagnosis and detection of the ZR-SRC semiconductors are 
tested. As shown in Figure 5.7, when the PV voltage drops to zero due to the existence 
of the SCF in the IB MOSFETs, the converter enters the faulty state triggered by the 
proposed fault detection algorithm. The converter continues to run in the MPP even after 
a fault occurrence and subsequent topology reconfiguration. In addition, the OB is 
reconfigured into a half-bridge rectifier to recover the converter DC voltage gain range. 
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(a) 

 
(b) 
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(c) 

 
(d) 

Figure 5.7 Experimental results for the SCF of input-side MOSFETs in different operating modes, 
locations, and operating power of the PV module: a) SCF in S1 at the 65 W boost mode, b) SCF in S2 
in the 250 W buck mode, c) SCF in S3 in the 90 W buck mode and d) SCF in S4 in the 175 W boost mode. 

When the output switch Q2 experiences OCF, which is emulated using an external 
solid state relay, the PV current decreases, as shown in Figure 5.8, where subfigures (a) 
and (b) correspond to the buck and boost operation of the converter, respectively.  
This causes the OCF detection triggering. The OCF is detected within 80 µs, which is 
considered negligible for PV power loss. To remedy the OCF, the output switch Q1 is 
activated in the same leg, as shown for the gate-source voltage signal of switch Q1 (Vgs,Q1). 
This makes the resonant capacitor charge up to a DC bias of half the output voltage.  
The converter continues to extract the maximum power from the PV module after the 
OCF is remedied. 
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(a) 

 
(b) 

 
Figure 5.8 Experimental results for OCF output-side MOSFETs at a) buck mode 250 W and b) 65 W 
boost mode. 

The experimental results for the SCF in Q4 during buck and boost modes are shown 
in Figure 5.9, where subfigures (a) and (b) correspond to the buck and boost mode 
operation of the converter, respectively. The SCF was detected within 20 µs, i.e., less 
than two switching cycles. In this way, the converter was protected from further damage. 
Moreover, after the SCF, the switch Q2 performs voltage boosting using the FHR 
modulation scheme, as shown in Figure 5.9b, in which Vgs,Q2 is the gate-source voltage of 
switch Q2. After the fault remedy in both cases, the converter continues to harvest the 
maximum power from the PV module. 
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(a) 

 
(b) 

Figure 5.9 Experimental results for SCF output-side MOSFET S4 at a) buck mode 200 W and b) 75 W 
boost mode. 

The P-V and I-V characteristics of the PV module when operating at a derated power 
mode in buck and boost operation are validated experimentally, as shown in Figure 5.10. 
In both cases, the FT ZR-SRC is operating on the right from the MPP, which ensures 
greater efficiency. 
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Figure 5.10 Experimental P-V curves for the ZR-SRC operation at derated power in the buck and 
boost modes. 

5.5 Economic Assessment 
The ZR-SRC is tested under the daily profile of residential PV applications in the normal 
and faulty state. The total energy of the PV module under the environmental condition 
considered with 100% MPPT efficiency is 1355 Wh. In a normal state, the total energy of 
the PV module is 1350 Wh, representing about 99.6% MPPT efficiency during the day. 
However, in the faulty condition with input power curtailed at 200 W, the cumulative  
PV energy drops to 1197 Wh. Therefore, this converter design with input power 
curtailment at 200 W will exhibit approximately the same pre- and post-fault failure 
rates, as demonstrated in [PAPER-VII]. Consequently, the difference between PV energy 
delivered in normal and faulty states is estimated to be around 150 Wh, considered the 
worst-case scenario when no cloud cover exists. 

5.6 Summary 
This chapter presented and verified experimentally fault identification and remedy 
methods for the proposed self-healing PV microconverter based on the FT ZR-SRC 
topology. The proposed technology provides fast SCF and OCF identification with 
acceptable speed, allowing converter cost minimization. Furthermore, the suggested 
fault detection system is implemented using an analog component to reduce the cost 
and computational constraints on the digital platform. The experimental findings 
validated the usefulness of the converter in many operating scenarios. In addition, they 
prove the validity of the fourth hypothesis. 
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The obtained results justify the feasibility and good practical value of FT ZR converters. 
The low implementation cost resulting from avoiding auxiliary semiconductor components 
enables the use of FT converters in cost-sensitive applications.  
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6 Conclusions and Future Work 
The thesis proposed the concept of the fault-tolerant zero-redundancy DC-DC converter 
based on the SRC. The author proposed the fault-tolerant zero redundancy SRC-based 
isolated buck-boost DC-DC converter, contributing to the development and justification 
of the zero-redundancy fault tolerance converters. This converter is very practical as it 
has low implementation costs but requires some power curtailment when a fault occurs. 
A trade-off is demonstrated between increasing the size and cost of a converter in order 
to maintain performance before and after a failure versus having a zero-redundancy 
converter with an overloaded component after a fault. A converter of this type must be 
thermally engineered to withstand increased ohmic losses in short-circuited MOSFETs. 
Proper thermal design is important because high ohmic losses can cause the converter 
to heat up and fail catastrophically. This conclusion comes from the experimental 
verification of the post-fault characteristics of short-circuited MOSFETs performed by the 
author, which demonstrated increased resistance after a fault. This proves the feasibility 
of zero-redundancy fault-tolerant galvanically isolated DC-DC converters. 

Furthermore, the extensive laboratory experiments indicate that using a defective 
switch as a current conducting path in a reconfigurable fault-tolerant DC-DC converter 
makes the zero-redundancy fault tolerance concept practical. The employed converter 
has high reliability due to its fault-tolerant capability, making it suitable for residential PV 
applications. Moreover, it has the self-healing capability to continue its operation even 
in a faulty state. This enables the converter to operate in the field without unplanned 
maintenance in the case of a random fault.  

The author has established a methodology for the reliability assessment of galvanically 
isolated DC-DC converters before and after a fault. The reliability study based on the 
high-resolution PV mission profile indicates that the power semiconductors are 
considered the most fragile components in the converter, warranting careful 
consideration during the design phase of the converter. It is demonstrated by the author 
that the FIDES Guide provides established empirical models capable of accounting for 
the actual stress of the components in the PV microconverter, allowing the possibility of 
providing more accurate lifetime predictions. These findings are demonstrated using the 
proposed SRC-based zero-redundancy fault-tolerant isolated buck-boost DC-DC 
converter. The results support the fundamental hypothesis that the system’s random 
failure rate is primarily caused by the primary-side semiconductors, with the output-side 
switches having little impact. Moreover, the analytical results obtained by the author 
demonstrate that the mission profile significantly influences the failure rate of the 
components of PV DC-DC interface microconverters and can lead to an overestimation 
of the converter’s lifetime. It is worth mentioning that author found that the sampling 
time of the mission profile should be in the order of seconds in order to provide an 
accurate reliability estimation, which could be overestimated by up to two times if a  
low-resolution dataset is used. 

The author has also developed a fault detection method for the primary semiconductor 
components, where the existing measurements used for MPPT are reused for input-side 
SCF detection. This enabled the design of the converter with low cost and minimized size. 
The author has confirmed the proposed fault detection and diagnosis strategies 
experimentally. The author found that the PV power must be curtailed after a fault to 
improve the reliability of the FT DC-DC converter with zero redundancy and, thus, extend 
its lifetime. The author has demonstrated how the power curtailment method must be 
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designed using the reliability analysis methodology he developed. Moreover, the author 
has created a measurement station recording solar irradiance and ambient temperature 
with high resolution in Tallinn. This dataset is released as open source and continuously 
updated to provide researchers and the public sector with more tools for analyzing 
photovoltaic power systems. 

As the author identified, the transformer is the crucial component defining converter 
performance before and after a fault. However, its optimization for operation in a wide 
input voltage range is challenging. Hence, future work will concentrate on multi-
objective optimization of the transformer design to achieve the balanced pre-and post-
fault performance of the proposed converter. 

In addition, future research should be directed towards extending the proposed 
methodology based on the FIDES Guide with an analysis of manufacturing uncertainties 
using the Monte Carlo method. Moreover, the methodology developed by the author 
should be updated considering the newest edition of the FIDES Guide, which is already 
published in French and scheduled to be published In English in 2023. 
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Abstract 

Fault-tolerant Galvanically Isolated DC-DC Converters with 
Zero Redundancy 
This Ph.D. thesis introduces the fault-tolerant zero redundancy galvanically isolated 
DC-DC converter concept, which is demonstrated using the topology of the isolated 
series resonant DC-DC converter (FT ZR-SRC). The proposed buck-boost converter can 
regulate the input voltage in a wide range, making it suitable for residential photovoltaic 
(PV) systems. Furthermore, the proposed converter can handle faulty conditions  
on-the-fly using topology reconfiguration without auxiliary components. Despite the low 
number of components, the converter can withstand several semiconductor faults, 
which was not previously demonstrated for high step-up DC-DC converters.  

The thesis investigates the MOSFET post-fault characteristics for operation in  
fault-tolerant DC-DC converters. The results prove the feasibility of the zero redundancy 
fault tolerance as the short-circuited switch can be used as a current conducting path in 
a reconfigurable fault-tolerant DC-DC converter. However, the thermal design should 
account for ohmic losses in a short-circuited MOSFET with post-fault resistance several 
times higher than the on-state resistance. In addition, a control system should implement 
a power curtailment algorithm limiting the stresses of remaining healthy components. 

The reliability of the proposed FT ZR-SRC is evaluated using a high-resolution yearly 
mission profile of solar irradiance and ambient temperature and the methodology 
developed by the author. This thesis yields a 1-second resolution recorded by the author 
in Tallinn, Estonia. The proposed reliability analysis approach is based on the FIDES Guide, 
which considers the physics of the failure while calculating the random failure rate of the 
components. The FIDES Guide provides a more realistic lifetime prediction based on  
well-established empirical models linking the random failure rate and instantaneous 
component stress. The results indicate that the primary semiconductors and the 
transformer are the most vulnerable component in the FT ZR-SRC. 

The design guidelines for the FT ZR-SRC are provided for PV applications. Also, low-cost 
diagnosis and detection methods were developed for ZR-SRC considering residential PV 
applications. The results demonstrate that the proposed converter can detect a fault 
accurately in 20 μs to 20 ms, depending on the fault type. Aside from high-speed and 
accurate detection, it provides on-the-fly reconfiguration with no efficiency deterioration 
after a fault, distinguishing it from similar solutions in the literature. Furthermore, no 
false positive detections were observed during extensive laboratory testing.  

The thesis provides a design approach for power curtailment control that maintains 
the random failure rate of the ZR-SRC components constant before and after a fault while 
minimizing the loss of annual energy yield. Moreover, the developed power curtailment 
algorithm allows the converter to continue operation at nearly the same efficiency by 
avoiding high stress on the remaining healthy components. 

This thesis has substantial practical value as the proposed concept could increase the 
availability of cost-sensitive applications in DC microgrids, such as residential PV.  
The knowledge of zero redundancy fault tolerance contributes to the field of galvanically 
isolated DC-DC converters. Furthermore, the developed technology is scalable, providing 
opportunities for more reliable power electronics in low-cost consumer applications and 
reducing implementation costs in mission-critical applications.  
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Lühikokkuvõte 

Null-liiasusega veatolerantsed galvaanilise isolatsiooniga 
alalispingemuundurid 
Doktoritöö käsitleb null-liiasusega veatolerantsete galvaanilise isolatsiooniga 
alalispingemuundurite kontspeti, mida uuriti isoleeritud jada-resonants pinget 
tõstva/madaldava alalispingemuunduri (FT ZR-SRC) näitel.   

Väljapakutud FT ZR-SRC muundur suudab sisendpinget reguleerida laias vahemikus, 
muutes selle sobivaks eramute fotogalvaanilistele (PV) süsteemidele. Väljapakutud 
muundur tuleb vigadega toime tööd katkestamta, kasutades selleks topoloogia 
ümberkonfigureerimist ilma abikomponentideta. Vaatamata komponentide vähesele 
arvule suudab muundur taluda mitmeid pooljuhtide rikkeid, mida varem suure 
võimendusega alalispingemuundurites ei ole saavutatud. 

Lõputöös uuritakse MOSFET-i rikkejärgseid karakteristikuid rakendamaks neid 
veatolerantsetes alalispingemuundurites. Tulemused tõestavad, et null-liiasusega on 
võimalik saavutada teatud veatolerantsus. Näiteks lühises transistori saab kasutada 
voolu juhtiva rajana ümberkonfigureeritavas alalispingemuunduris. Soojuslik analüüs 
näitas, et sealjuurs tuleb arvestada suuremate juhtivuskadudega kuna lühises MOSFETi 
rikkejärgne takistus on mitu korda suurem kui takistus normaalrežiimis. Samuti peab 
juhtimissüsteem piirama võimsust selleks, et vältida tervete komponentide ülekoormust. 

Väljapakutud muunduri FT ZR-SRC töökindlust hinnati kõrge resolutsiooniga iga-
aastase päikesekiirguse ja ümbritseva õhu temperatuuri profiili ja autori poolt välja 
töötatud metoodika abil. See lõputöö annab 1-sekundilise eraldusvõime, mille autor on 
salvestanud Tallinnas, Eestis. Välja pakutud töökindluse analüüsimeetod põhineb FIDES-i 
juhendil, mis võtab komponentide juhusliku rikkemäära arvutamisel arvesse rikke 
füüsikat. FIDES-i juhend pakub realistlikut eluea prognoosi, mis põhineb väljakujunenud 
empiirilistel mudelitel. Tulemused näitasid, et primaarsedpooljuhid ja trafo on FT ZR-SRC 
kõige haavatavamad komponendid. 

FT ZR-SRC projekteerimisjuhised on ette nähtud fotoelektriliste rakenduste jaoks. 
Lisaks töötati ZR-SRC jaoks välja odavad diagnoosi- ja tuvastamismeetodid, võttes 
arvesse PV rakendusi. Kavandatav muundur suudab olenevalt vea tüübist tuvastada vea 
täpsusega 20 μs kuni 20 ms jooksul. Lisaks kiirele ja täpsele vea tuvastamisele pakub 
muundur veajärgset ümberseadistamist ilma, et töö katkeks või energiatõhusus 
väheneks. See on omadus, mis eristab seda kirjanduses leiduvatest teistest lahendustest. 
Ulatuslike laborikatsete käigus ei tuvastatud ühtegi valepositiivset tulemust. 

Lõputöö pakub välja konstruktsioonilahenduse veajärgseks võimsuse piiramiseks, mis 
hoiab ZR-SRC komponentide juhusliku rikkemäära konstantsena nii enne kui ka pärast 
riket. Samal ajal minimeeritakse aastast energiatootluse kadu. Samuti võimaldab 
väljatöötatud võimsuse piiramise algoritm muunduril jätkata tööd peaaegu sama 
efektiivsusega, vältides ülejäänud tervete komponentide ülekoormamist.  

Sellel doktoritööl on oluline praktiline väärtus, kuna väljapakutud kontseptsioon võib 
suurendada kulutundlike rakenduste kättesaadavust alalisvoolu mikrovõrkudes. 
Teadmised null-liiasusega saavutatud tõrketaluvuse kohta aitavad kaasa galvaaniliselt 
isoleeritud alalispingemuundurite arengule. Väljatöötatud tehnoloogia on skaleeritav, 
pakkudes võimalusi töökindlamaks jõuelektroonikaks odavates tarbijarakendustes ja 
vähendades juurutuskulusid missioonikriitilistes rakendustes. 
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N
owadays, energy generation is on the path from

centralized to distributed generation paradigm 

to improve the efficiency and resilience of 

power systems. One of the major developments 

in the energy sector was the introduction of dc 

microgrids that facilitate direct integration of energy 

sources, storage, and dc loads. Also, most consumer and 

industrial devices are naturally dc devices or contain a dc 

link, which makes them compatible with dc microgrids. 

Hence, dc distribution is an efficient tool for combining dc 

energy sources and battery energy storage with typical 

loads that are predominantly compatible with dc 

microgrids. In the foreseeable future, widespread adoption 
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of dc microgrids will rely on the ubiquitous use of dc–dc

converters. Apart from cost concerns, the long-term reli-

ability of power electronic systems is under scrutiny by the 

power industry, which prefers simple but highly reliable/

available solutions. 

Among isolated dc–dc converter topologies, flyback 

and forward converters are used the most in low-power 

applications. These topologies are 

simple and, thus, cost-efficient, but 

they do not allow for fault-tolerance 

implementation. They could be 

overdesigned for higher reliability, 

but their cost would render their 

adoption unfeasible. Conventional 

(N + 1) redundancy could be used 

in a limited number of mission-

critical systems where the cost 

of implementation is a secondary 

issue. However, the cost of imple-

mentation and maintenance still 

play an essential role in most appli-

cations. Therefore, fault-tolerant (FT) dc–dc converters 

are becoming increasingly popular as a tool enabling 

a deferred after-fault maintenance of mission-critical 

systems [1].

The literature on the isolated fault-tolerant dc–dc 

converters presents full-bridge topologies primarily due 

to their control versatility offering various switching 

patterns. They are capable of on-the-fly topology mor-

phing into equivalent topologies with a reduced number 

of switches, like half-bridge, flyback, or single-switch 

[2]–[5], providing ample opportunities for a semicon-

ductor fault remedy. Component-level fault tolerance 

is also possible, but could be costly due to the high 

number of extra components [6]. Scaling up the typical 

dc–dc converters to the medium and high power levels 

typically requires a parallel connection of several dc–dc 

converter cells, which suggests (N + 1) redundancy for

fault tolerance implementation. Operation with medium 

to high voltages requires the implementation of multi-

switch topologies to match block-

ing voltage requirements [7], which 

enables component-level fault tol-

erance by adding a few extra sub-

modules or series switches [8], [9]. 

Moreover, fault tolerance could be 

implemented at the level of each

submodule [10].

This article discusses the imple-

mentation possibilities of full-

bridge fault-tolerant galvanically

isolated dc–dc converters and their 

practical limitations. The known 

approaches are categorized into 

two groups: those with redundant components and 

with zero redundancy (Table  1). Both types can oper-

ate after a semiconductor fault until the next scheduled 

maintenance. The main implementation principles are 

demonstrated using series resonant dc–dc converter 

(SRC) topology as it was used the most in the literature. 

Moreover, some phase-shifted topologies, like the dual 

active bridge, are not feasible in implementation with 

zero redundancy and thus cannot be used as a case 

study [11]. Only semiconductor faults are considered as 

they were reported to be the most frequent in isolated 

dc–dc converters [12]. Fault detection techniques are 

 –  

X is the smallest design, XXX is the biggest design.
$ is the cheapest, $$$ is the most expensive.

Table 1. Comparison between different FT approaches for full-bridge galvanically isolated dc–dc converters.

Item
Redundant active  

leg [16]
Redundant capacitors  

leg [20], [21]
Zero redundancy [22]–[24]

Example Figure 1(a) Figure 1(b) Figures 2(a) and (c) and 3(a)

IB/OB switch type IGBT MOSFET/IGBT MOSFET/IGBT

Reported power range > 350 W > 350 W < 350 W

Post-fault overloading 
of components

No Yes Yes

Power curtailment Not Needed Needed Needed

Extra components
■■ 4 Aux. switches

■■ 4 Semiconductors

■■ 12 Fuses

■■ 4 Aux. switches

■■ 0 Semiconductors

■■ 0 Fuses

■■ 0 Aux. switches

■■ 0 Semiconductors

■■ 0 Fuses

Power density XXX XX X

Cost $$$ $$ $

Reported applications
■■ UPS 

■■ Data Center

■■ UPS 

■■ Data Center

■■ Residential PV

■■ Battery charger

■■ Light-emitting diodes

In the foreseeable 

future, widespread 

adoption of dc 

microgrids will rely on 

the ubiquitous use of  

dc–dc converters.
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not presented as they have been reviewed and catego-

rized in [9], [13], and [14].

The article overviews three main approaches to the 

realization of the fault tolerance to semiconductor faults 

in full-bridge galvanically isolated dc–dc converters. It 

demonstrates a trade-off between 

using extra components or reduc-

ing converter operating power after 

a fault to avoid overheating healthy 

components or penalizing the con-

verter efficiency after a fault.

Fault-Tolerant Converters With
Redundant Components
Using redundant components to

overcome converter failure condi-

tions is the most common way to 

prevent power outages in mission-

critical applications [1], extending 

converter useful life and availability. This refers to redun-

dancy at the component level within a single converter 

using additional hardware, like semiconductors, capaci-

tors, auxiliary switches, and fuses to isolate the faulty 

component, as shown in Figure 1. Isolated dc–dc 

converters suffer the most from semiconductor faults, as 

the statistics report that input-side semiconductors are 

the most vulnerable components [12]. In general, the 

converter semiconductors have two typical fault states 

depending on the failure mechanism: an open-circuit 

fault (OCF) and short-circuit fault 

(SCF) [15]. After fault detection and 

identification, an FT converter can 

be revived by the control system. 

The auxiliary switches (i.e., S5,6

and Q5,6) operate in an on/off mode

and can be implemented as an elec-

tromechanical relay, a static solid-

state relay (SSR), or using two 

MOSFETs connected in the back-to-

back configuration. This group of FT

approaches is tolerant to both the 

OCF and the SCF in the input/output 

bridge (IB/OB) semiconductors. The 

auxiliary switch connects unused redundant components 

depending on the fault location on either the input or 

output side.

The first FT approach (Figure 1a) uses redundant 

switching legs (i.e., active legs) on the input and output 

FIG 1 A fault-tolerant isolated dc–dc converter using redundant components on the input and output sides. (a) FT SRC with a 

redundant active leg [16]. (b) FT SRC with a redundant capacitors leg with midpoint connection [20], [21].
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sides. It requires a fuse (designated as “F” in Figure 1a) in

series with each semiconductor in the converter to iso-

late an SCF and transform it into an OCF after thermal 

fuse breakdown [16]. By following this way, to achieve 

complete isolation of the faulty leg from the converter 

operation, the healthy switch in the faulty leg should be 

turned off continuously. One of the drawbacks of using 

the fuses is that they dissipate power losses during nor-

mal operation and thus affect the converter efficiency 

[12]. In addition, the presence of the fuse will increase 

parasitic inductance in the power circuit [16]. Moreover, 

the redundant leg in the FT converter compromises the 

converter cost as redundant switches require extra gate 

drives and auxiliary power supply circuitry.

On the other hand, with this FT approach, the con-

verter components can handle the same power before 

and after the fault occurrence without overloading 

the components. The switches of the redundant leg are 

dimensioned or selected in the same way as for the main 

inverter legs. This FT approach is limited to implementa-

tions with IGBTs, as these transistors can survive rela-

tively long overcurrent intervals before the fuse burns. 

(b)
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FIG 2 The FT SRC with a zero redundancy and TMC-based post-fault control [22]. (a) Main circuit. (b) Idealized steady-state wave-

forms during normal operation. 
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MOSFETs do not show the same overloading ruggedness 

and are likely to burn before the fault is identified and 

a fuse disconnects the corresponding power device. For 

example, many IGBTs today can withstand the short-cir-

cuit current for up to 10 µs, thus allowing for sufficient 

time for fault detection and identification (which could 

require less than one switching period) and burning of a 

fuse caused by the short-circuit current [17].

The low-voltage Si MOSFETs are most likely to expe-

rience SCF with post-fault on-state resistance up to an 

order of magnitude higher than the datasheet value, 

which should be taken into account during the thermal 

design of a fault-tolerant converter [18]. SiC devices used 

in high voltage ports of dc–dc converter shown roughly 

80%/20% distribution between SCF and OCF [18]. It was 

also shown that some devices could fail to conditions 

between SCF and OCF, but those cases will eventually 

converge to either SCF or OCF due to excessive power 

dissipation in a faulty device [19].

The second FT approach has a redundant capacitors 

leg with a midpoint on the input and output sides, as 

shown in Figure 1b [20], [21]. It requires four bidirectional 
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FIG 2 (c) Example of a possible reconfiguration after the fault in the MOSFET switch S1. (d) Idealized steady-state waveforms during 

post-fault operation.
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auxiliary switches (up to eight discrete switches in solid-

state implementation) to connect a faulty leg to the cor-

responding midpoint. Unlike the previous FT approach, 

IB/OB could be realized using IGBT or MOSFET devices, 

and the fuses are no longer required. However, only 

OCF could be remedied in the bridge that does not have 

a capacitor in series with the transformer winding. The 

key to this FT approach is to keep the converter running 

after a failure, but as a half-bridge instead of a full-bridge 

on the faulty side. Similarly, the healthy side should be 

reconfigured into a half-bridge inverter or rectifier oper-

ating synchronously with the other side. After such a 

reconfiguration, the average voltage 

across the resonance capacitor Cr is 

increased to half of the output volt-

age. The auxiliary switches are used 

to reconfigure a healthy converter 

side, IB or OB, to ensure post-fault 

operation of the FT SRC with the 

same dc gain as before the fault. In 

the case of SCF, the damaged switch 

is used as a conduction path for the 

current, while another switch on the 

same leg is turned off, e.g., S3 should

stay open if S4 causes SCF. The recon-

figuration of the healthy bridge into a 

half-bridge is functionally similar to 

commutating auxiliary transformer winding to adjust the 

total converter gain [22], which could be disadvantageous 

in practice due to the oversized design of the transformer. 

Since the power supplied by the dc–dc converter is con-

stant before and after the fault, the remaining healthy 

components could be overstressed.

Fault-Tolerant Converters With Zero Redundancy
The zero redundancy FT SRC shown in Figure 2a was first 

proposed in [23]. Its basic idea originates from the 

assumption that the conventional SRC can utilize a short-

circuited transistor or continuously turned-on transistor 

as a current conducting path, eliminating auxiliary 

switches and associated circuitry. Moreover, having only 

active transistors, this converter can operate as an iso-

lated buck–boost converter (IBBC) by applying special 

modulations to IB and OB.

This FT approach is based on the topology morphing 

control (TMC) that enables self-sufficient post-fault con-

verter operation without additional components in the pri-

mary circuit. The FT SRC implementing the TMC contains 

only two hybrid switching bridges at the input and output, 

which can be reconfigured as a full- to a half-bridge after 

the fault is detected. The blocking capacitor Cb ensures the

dc bias in the transformer current is eliminated, avoiding 

saturation of the transformer core after reconfiguration. 

Additionally, Cb could have a high capacitance not to affect

the IBBC resonant frequency. The idealized steady-state 

waveforms of the IBBC during the normal (healthy) state 

are depicted in Figure 2b, where the IBBC is operating as a 

typical full-bridge SRC. The IB feeds the transformer with 

balanced rectangular voltage pulses, while the OB oper-

ates as a synchronous rectifier. Its post-fault operation in 

buck and boost modes is based on application of asymmet-

rical modulations as presented in [11].

The considered zero redundancy FT SRC can withstand 

a single fault (either OCF or SCF) in IB and OB semiconduc-

tors, i.e., up to two semiconductor faults when they happen 

on the different sides of the converter. Each faulty inverter 

bridge can be easily reconfigured into a half-bridge in the 

case of a semiconductor fault, as shown in Figure 2c for the 

IB. During the post-fault operation, 

the average voltage across Cr equals 

half of the output voltage (Figure 2d). 

Similarly, the blocking capacitor Cb

operates at increased voltage stress 

of half the input voltage, assuming

that Cb >> Cr·n
2.

Consequently, the total gain of 

the converter remains the same 

before and after a semiconductor 

fault. This FT approach is compat-

ible with both MOSFETs and IGBTs. 

The output voltage of the zero 

redundancy FT SRC remains con-

stant after a fault, but the RMS cur-

rent stresses of the transformer and the semiconductor 

devices are increased to twice the RMS current in the 

normal state at the same load, increasing the thermal 

loading of the converter components. This FT approach 

does not require an additional fuse in series with each 

semiconductor. A shorted semiconductor is used as a

current path in the circuit. For any fault type (OCF/SCF) 

in the IB of the example FT SRC, the healthy OB must be 

reconfigured from the full-bridge into an asymmetrical

(Greinacher) voltage doubler rectifier using one of the 

four possible implementations [22]. This FT approach 

has a thermal loading similar to that in the FT approach 

employing redundant capacitor legs with midpoint con-

nections but at a much lower cost of implementation.

The comparison between the three presented FT 

approaches based on SRC topology is summarized in 

Table 1. It can be noted that there is a trade-off between 

adding extra components during the converter design, 

increasing the converter size and cost to maintain the 

same performance after a fault, and having zero redun-

dant components, resulting in possible thermal overloads 

after a fault if power curtailment control is not utilized. 

The significantly increased thermal loading after a fault 

can also be observed for the FT approach with redundant 

capacitors legs with midpoint connections despite the use 

of extra components. Hence, out of these FT approaches, 

the one with zero redundancy can achieve better effi-

ciency at a lower cost. It is worth mentioning that fault 

tolerance with zero redundancy and the redundant 

The key to this FT 

approach is to keep 

the converter running 

after a failure, but as 

a half-bridge instead 

of a full-bridge on the 

faulty side.
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capacitors leg both feature reduced voltage swing applied 

to the isolation transformer. As a result, those techniques 

are not practical in the dual active bridge-based convert-

ers, where the power delivery capacity of the converter 

depends directly on the transformer voltage swing [11].

Application Example of Zero Redundancy
Fault-Tolerant DC–DC Converter
Owing to low realization cost, the zero-redundancy

fault-tolerant approach has already found its applica-

tion in PV microconverters [24]. PV microconverters 

are typically mounted on the same rail as the PV mod-

ule it is connected to. Therefore thermal cycling and 

exposure to humidity require these devices to be pro-

tected according to a high-grade ingress protection 

code, like IP67 defined in IEC 60529. This makes the 

converter capable of withstanding snow, rain, wind, 

etc. Thermally conductive and water-resistant epoxy 

resins with moderate viscosity and low hardness are 

typically used for potting the converter enclosures. 

Recent industry trends show that conformal coating is 

a preferred solution to reduce converter weight, cost, 

and shipping fees. On the other hand, this packaging 

technology renders any repair unfeasible due to compli-

cated and time-consuming disassembly, as shown from 

the example of the potted PV microconverter presented 

in Figure 3(a). Typically, faulty unit is replaced with a 

new one based on a valid warranty or under the terms 

of a service contract.

Nevertheless, getting a replacement could take a long 

time or incur extra-cost for unscheduled maintenance, 

which results in economic loss due to equipment down-

time. The zero redundancy FT approach based on the 

TMC can reduce the downtime time to zero, making the 

PV microconverter operational till the next scheduled 

maintenance—a great advantage for residential PV instal-

lations regardless of possible performance deterioration 

after a fault. Figure 3b shows the power circuit topology 

of a zero redundancy FT PV microconverter [24]. It is 

based on the quasi-Z-source series resonant IBBC where 
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FIG 3 (a) Photo of the disassembled industrial PV microconverter with mechanically removed aluminum case and part of the pot-

ting compound. (b) Power circuit diagram of the zero redundancy fault-tolerant PV microconverter.
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one of the rectifier diodes is replaced with the MOSFET 

to enable the TMC implementation. 

Throughout its prognosed lifetime, the microconver-

ter normally operates as a full-bridge quasi-Z-source 

SRC with the full-bridge rectifier. If the fault occurs in 

one of the input-side inverter switches, the microconver-

ter is reconfigured into a single-switch quasi-Z-source 

converter. The topology morphing scenario depends on 

the operating point and is realized by applying one of the 

post-fault modulation sequences [24]. Figure 4 shows the 

performance benchmarking of the microconverter cou-

pled with the 96-cell Silicon PV module before and after 

the short-circuit fault of a switch S1. In both cases, the

PV microconverter extracted total energy of 1190  Wh 

and showed the same average maximum power point 

(MPP) tracking efficiency of more than 99%. However, 

the power stage efficiency differs considerably for the 

pre- and post-fault operation. Before a fault, it achieves 

maximum efficiency of 95% at the maximum input 

power, as shown in Figure 4a, which results in the total 

FIG 4 Experimental benchmarking of the zero-redundancy fault-tolerant PV microconverter coupled with 96-cell PV module using 

a clear day mission profile in (a) normal operation and (b) post-fault operation.
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energy delivered to the output of 1116 Wh during

a day (94% from the extracted PV energy). After 

a fault, the performance of the microconverter 

depends more strictly on the input voltage and, 

consequently, on the operating mode. It features 

relatively high efficiency in the buck mode at the 

input voltages above 44 V, which corresponds to 

the operation during the morning and evening 

hours, as could be seen from Figure 4b. During 

the peak solar irradiance hours, the MPP volt-

age of the PV module drops below 44 V, and the 

microconverter starts operating in a boost mode. 

In that case, the topology is reconfigured into 

the quasi Z-source (qZS) single-switch converter 

that suffers from relatively high current stresses. 

This results in an efficiency drop of 5%–6% and, 

consequently, daily output energy yield dropped 

down to 1070 Wh after a fault, which is 90% of 

the harvested PV energy. This is an acceptable 

performance deterioration considering that the 

converter can continue operating after a semi-

conductor switch fault.

Post-Fault Operation Issues of Zero-
Redundancy Fault-Tolerant Converters
The efficiency of the zero redundancy FT dc–dc

converters typically deteriorates after a fault, and 

the efficiency drop could vary significantly 

between the converter operation modes. This 

observation imposes an issue related to overload-

ing of the critical components when attempting to 

operate close to the rated power after the fault-

induced topology reconfiguration. If the zero 

redundancy FT converter continues delivering the 

rated power after the fault, the lifespan of the 

healthy components could be shortened as they 

will face high thermal stress or even catastrophic 

failure, depending on design trade-offs. For example, the 

low-cost designs use smaller printed circuit boards and 

cheaper semiconductors to meet the cost constraints. 

Hence the low-cost implementations of zero redundancy 

FT dc–dc converters may require software constraint 

(curtailment) of the input power to be introduced in the 

control system to ensure safe post-fault operation. On the 

other hand, in many applications, including PV, operation 

at the maximum power happens rarely and contributes 

only a small fraction of the annual energy yield [29].

A simple solution to improve the reliability of FT dc–

dc converter with zero redundancy and, thus, extend its 

lifetime, is to curtail the converter input power at a cer-

tain level during infrequent PV energy production peaks. 

In the power curtailment mode, the failure rates of the 

critical components will be reduced significantly due to 

reduced thermal loading [25]. When the maximum power 

of the PV module becomes higher than the predetermined 

curtailment power level, the converter control system 

switches from the MPP tracking to the power derating 

mode. However, the microconverter input voltage will be 

different from the MPP voltage. 

A trade-off between extending the converter reliabil-

ity using power curtailment and associated reduction 

in the energy yield of the PV system should be consid-

ered. There are two possible solutions to the power cur-

tailment problem: operating above and below the MPP 

voltage. In practice, the power curtailment to the point 

above the MPP voltage is more beneficial as high step-

up converters tend to provide higher efficiency at lower 

dc gain [26], [27]. In addition, it is simpler to reach that 

point when starting MPP tracking from the open-circuit 

voltage of the PV module.

To define the random failure rate of the converter dur-

ing its prognosed lifetime, the reliability approach from 

the FIDES handbook can be adopted [28]. This method-

ology allows for defining how the random failure rate 

of components operating under dc stress depends on 

the variations in component stress resulting from the 

FIG 5 Reliability of the FT PV microconverter before and after the 

occurrence of a fault with power curtailment, considering the 60-cell Si 

residential PV module on the input side coupled with a dc microgrid of 

350 V on the output side. (a) Yearly failure rate. (b) Yearly PV energy 

yield predictions.
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real-life yearly mission profile. The reliability was evalu-

ated under a yearly mission profile of solar irradiance and 

ambient temperature adopted from Aalborg, Denmark 

[29]. Figure 5a shows the predicted random failure rate 

for the considered FT PV microconverter. In the pre-fault 

conditions, the PV microconverter experiences a moder-

ate failure rate. After a fault appears, the control system 

curtails the maximum input power. 

Preliminary calculations showed 

that this PV microconverter would 

experience new faults next time it 

attempts to process the rated power 

of 300 W. If the input power is cur-

tailed at the level of 250 W, the con-

verter can continue operation after 

the topology reconfiguration but 

with much increased yearly random 

failure rate. The curtailment level 

should be reduced to 200 W to retain 

the random failure rate of a healthy 

microconverter. A further reduction 

of the curtailment level to 150   and 

100 W shows a further reduction in 

the failure rate. 

On the other hand, the PV microconverter with a low 

curtailment level cannot efficiently utilize the avail-

able PV energy, as predicted in Figure 5b. A healthy FT 

PV microinverter is predicted to deliver total energy of 

309 kWh/year at the output terminals during the nor-

mal operation before the fault occurrence. The case 

of no power curtailment during the post-fault opera-

tion is avoided in Figure 5 as these conditions lead 

to a guaranteed catastrophic failure anytime the PV 

microconverter attempts to process powers close to 

the rated power. When the maximum operating power 

of 250 W is used, the PV microconverter loses only 9% 

of its energy yield estimated for the output side of the 

converter. Hence, it can continue its operation without 

catastrophic failures. For the power curtailment level 

of 100 W, the PV microconverter can still provide a lit-

tle over 60% of the initial energy yield. It is worth men-

tioning that the dependence between the curtailment 

power level and energy yield loss would be much more 

substantial in southern climates, where more energy is 

produced at higher power levels compared to the refer-

ence case from Northern Europe. 

Conclusions and Discussion
The article has discussed three FT approaches to over-

coming semiconductor faults in galvanically isolated 

dc–dc converters using SRC as the reference topology. 

Among them, the zero redundancy FT approach shows 

the lowest implementation cost but requires some degree 

of power curtailment after a fault. This approach is based 

on the topology morphing control principle that allows 

converter topology reconfiguration using healthy switches 

and the shorted faulty switch as a current path in the post-

fault topology.

As a result, post-fault maintenance can be delayed at 

no extra cost compared to the other two FT approaches. 

The most reasonable approach could be keeping the main-

tenance schedule after a fault occurred and was remedied 

to avoid costly urgent maintenance events. This helps 

avoid power outages and allows for 

a faster return on investment. The 

main obstacle in designing zero 

redundancy systems is in achiev-

ing a trade-off between the cost of 

the converter and the level of post-

fault power curtailment. The power 

curtailment reduces post-fault ther-

mal loading of the critical converter 

components and even avoids cata-

strophic failure. Depending on the 

application and climate conditions, 

power curtailment after a fault does 

not necessarily penalize the gener-

ated energy. It may be needed just 

to avoid catastrophic failure during 

rare moments of peak power genera-

tion or processing. Therefore, the zero-redundancy fault 

tolerance approach suits the best for numerous emerging 

applications where the cost of implementation is essen-

tial while the performance of the post-fault operation is 

allowed to deteriorate reasonably.
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ypvpq~ss�x{p~£wv�|}¥­}¥tnv�pqupqx~qpow�px{qp~�wv�w��pqpvu~{{swt~uwnvxxzt�~xqpvpo~¤sppvpq��x�xup�x|�~u~tpvupqx|psptuqwt�p�wtspx|�n�p~{{sw~vtpx|~v�~wqtq~�uÈ�É®��pwqqpsw~¤wswu�x�nzs�¤pp�{�~xwÌp�opsswv�w��pqpvun{pq­~uwv�tnv�wuwnvx~v�~{{swt~uwnvx®��pqpsw~¤wswu�n�u�pu�qpp­{�~xpwvupqsp~�p�¤nnxutnv�pqupqwx~v~s�Ìp�wvÈ¬É|~v�u�pqpxzsuxx�nou�~uxn�u­xowut�wv�w�{qn�pxu�ptnv�pqupqqp­sw~¤wswu�tn�{~qp�un�~q�­xowut�wv�®�v~��wuwnv|u�pxpqwpxqpxwxu~vtpn�u�p�~wvxowut�nqu�pnzu{zut~{~twunqwvu�ptnv�pvuwnv~s¤nnxutnv�pqupq�p�q~�pxu�pqpsw~¤wswu�{pq�nq­�~vtpn�u�ptnv�pqupqÈ�É®�vÈ�É|~qpsw~¤wswu�~xxpxx�pvu~{{qn~t�¤~xp�nv�~q£n�t�~wv�n�pswv�{qn�pxu�~uu�puon­xu~�p¤nnxutnv�pqupqowu��~s�­{nopqn{pq~uwnv�~x�w��������
���������������
�%
������%������!��
�	�����Í��Î���������
��
�����
������Ï���������ÐÐ�
���������������
 Ð��������Ð	
ÐÍ��ÐÑ�Î#�"�Ï���� Ò�Ò



���������	
����
��
�
���������
����
�������������������������
����������������������������� !��"�"�#�$%��&#��%�'($)�$��($���((#�'($)�����(*�����$%��+,��*(!��-.(��"��#(����/01&01'($)�����#!��"�#�$%��#!��'"2#,'"�#.� ��'34.(�!��/41,34567814�$/9����(*(�(% :(�;,���*�� #!��'" 2#,'" �#.,��&���/%�4<��+&���/%�4�$/7,#"&*,��:4�"������������� "�)����$�$)�#��%���/,#�$%�"�=8>&<0?@&ABC."�$/�((3�$DCE-?,�4�"�=8>&<0?@&ABC."�$/�((3"�#���$�$/�)��(*;�$�#�$'�BFGB4�$/�"�;(#���'�$�)��#�($!�#�����#�/�$BFFH4;�3�$%���$(,�/���/���������� %,�/�-8���#('��',����#'(;*($�$�+���,������#!��"(,�'($#�/���$%*�('�##+�'�(�##,'"�#;�$,+�'�,��$%(�#(+�!���-I"�,#�/=��3();(/��/�#��%��/#�"�'($)�����(*�����($;�##�($*�(J��4��#,���$%�$�$,$/���#��;���($(+�"�'($)�������+�#*�$-8��#!(��"$(��$%�"���"�7K# #��;�#�,�$�/(++��$�%"�4�$/�"�;�##�($*�(J��/,����($/�*�$/#($�"�7K;�##�($*�(J��-I"����������� (+�"�'($)�����/,��(L,'�,���($#�$*"(�()(����'�$��% "�#��#(���$/�#',##�/�$DME-I"��#(����/#����#��#($�$�'($)�����25N1:�;��%�#�#�;(#�*�(;�#�$%�#(����/01&01'($)������(��%,�����"�!�/���$%�)������($�$�$*,�)(���%�+(�7K�**��'���($#DFE�#�:��"�#/���'�*(!�����$#+���(�"��(�/4��:%((/���$#&+(�;��,����O���($4�$/���:#(+�&#!��'"�$%+���,��#-=(��()��4��'�$!(�3���JP�/&#!��'"�$%+��Q,�$' !"��������$�$%�"�#(+�&#!��'"�$%�"�(,%"�"�;�%$���O�$%',���$�(+�"��#(��&��($���$#+(�;��-R''(�/�$%�(�$/,#�����#����#��'#4�"�*��&;�� #�;�'($/,'�(�#4+(��(!�/� �"���#($�$�'�*�'��(�4����"�;(#�*�($�'(;*($�$�#�$�"�5N1S>>1'($)�����#DBTE-I"�#"(��&'��',��+�,��#���/(;�$�$��$�"�*��;�� #�;�'($&/,'�(�+�,��#4!"����"���#($�$�'�*�'��(�+�,��#('',��$�"�+(�;(+�$(*�$&'��',��#4!"�'"'�,#�#�"�#�'($/�� #�/�*(!���(��,$*�,%%�/+�(;�"��(�/-I"����������� �$�"��#(����/01&01'($)�����##,'"�#>>145N14/,���'��)����/%�4�$/*"�#�&#"�+�'($)�����!"�$,#�$%�"�5��$/U�V*(!��/�)�'�#($�"�"�%")(���%�#�/��#�$)�#��%���/+(��($�&/� ;�##�($*�(J���$DBBE-8$�"��#�,/ 4�"�/�#�%$�/5N1(*�����#���)�������#!��'"�$%+��Q,�$' 4�$/�"�+���&,������(+�"���#($�$�'�*�'��(��$/�#(����($���$#+(�;��"�#$(����$�//��##�/-.,��"��;(��4�"����#����/�&(++���!��$�"�#���'��($(+��#($�$���$3*���;����#�(�;*�()��"�����&������ (+�"�5N14!"����"���#($�$�'�*�'��(���$3#"(,�/"�)��"�%"'�*�'���$'�)��,��$/�#;����$/,'��$'�)��,����"�%�)�$��#($�$�+��Q,�$' 4�#��*(���/�$DBAE-W$�"�(�"��"�$/4#,'"�/�#�%$'�$#���(,#� *�$���O��"��+J'��$' (+�"�5N1&��#�/8??1DBXE-8$�"�#*�*��4�"����������� (+8??1��#�/($�"�5N1!������P*�(��/4��3�$%�$�(�''(,$�������$$,��7K;�##�($*�(J����'(�/�/�$R���(�%40�$;��3-I(�$�� O�'(;*($�$�&��)������������ 4�"�+���,������+(��"�*��;�� �$/#�'($/�� 8??1#�;�'($/,'�(�#�#�##�##�/�$�//���($�(�"��#(����($���$#+(�;���$/��#($�$�'�*�'��(�-I('($#�/���"� ���� ;�##�($*�(J��(+7K4�"��**�(�'"+�(;�"�.8065%,�/�!�����,#�/�$/'(;*���/�(�"��**�(�'"+�(;�"�=8>&<0?@&ABC."�$/�((3�"��/(�#$(�'($#�/���"�#-? �$&�� O�$%�"�+���,������(+��'"8??1'(;*($�$�4�"�;(#�*�($�'(;*($�$�'�$���/�$��J�/�$/��*��'�/S��/�#�%$�/
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