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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.”

17 %‘\ /f18 %

Capacitors
Power devices
12 % Resistors

Gate drivers

Inductors

5 %

Connectors
Others

31 %

15 %

Lo

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. Toreview the FT isolated converters based on the SRC, showing the pros and cons
of each.

2. Toinvestigate 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 TCPO030A, respectively. The firmware for STM32
microcontrollers was developed in the Keil uVision 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 °C
when the temperature is between -10 °C and +85 °C. 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].
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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 (F;) of the resonant converters can be given as in (2.1), where
Lris the resonant inductance, and C: 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.

1
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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-Tolerant 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.

ltem Redundant active Redundant capacitors Zero redundancy
leg [9] leg [10],[11] [12], [13]
Example Figure 2.2 Figure 2.3 Figure 2.4
IB/.OB IGBT MOSFET/IGBT MOSFET/IGBT
switch type
Reported | .4y >350 W <350 W
power range
Post-fault
overloading No Ves Ves
of
components
Powe.r Not Needed Needed Needed
curtailment
; e 4 Aux. switches e 4 Aux. switches e 0 Aux. switches
Additional . . .
e 4 Semiconductors e 0 Semiconductors e 0 Semiconductors
components
e 8 Fuses e (O Fuses e (O Fuses
Powe.r XXX XX X
density
Cost $SS $S S
Residential PV
e Uninterruptable e Uninterruptable * ! I
Reported ower subpl ower subpl e Battery charger
applications P . p . e Light-emitting

e Data centers

e Data centers

e Xis the smallest, XXX is the largest
e Sisthe cheapest, S$S 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, Vs is the output voltage, im is the magnetizing current, ii- is the
resonant inductor current, and vc 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 ps, while some
detection methods require less than one switching period to detect the fault [16].
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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.
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2.2.3 Topologies with Zero Redundancy

The fault-tolerant zero-redundancy SRC (FT ZR-SRC) is shown in Figure 2.4 [12], where V:
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 Ve is the
voltage across the blocking capacitor Cp. 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].
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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 Cp contributes to avoiding the DC bias in the transformer current, which helps
to avoid saturation of the transformer core after reconfiguration. In addition, C» 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 Cp 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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Figure 3.1 The FT ZR-SRC: primary circuit (a) and idealized steady-state waveforms during normal
operation (b).
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Figure 3.2 Post-fault operation of the FT ZR-SRC: an example of a possible reconfiguration after
the fault in the MOSFET switch S, (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 V, is the converter output voltage, and Z; is the resonant impedance.
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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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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 mQ. One of the tested
samples with a post-fault resistance of 7 mQ is shown in Figure 3.6(a) as a typical case.
A few samples showed post-SCF resistance in the range of 30-90 mQ. For example,
the measurement results for one such device are shown in Figure 3.6(b). Hence,
Si MOSFETSs, 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 Rason 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 Rason. 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 Q to 41.20 Q.
The literature indicates that such a MOSFET would eventually converge to SCF or OCF.
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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-Il]]. 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) A 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].
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Figure 4.1 The typical lifecycle bathtub curve of an item.
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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.
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Figure 4.3 The yearly mission profile for Aalborg, Denmark, solar irradiation (a) and ambient
temperature (b).
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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.
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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 1s 10s 30s 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 A of the item can be expressed
as a multiplicative form as

A=Al ), (4.1)

where 1, is the basic failure rate, and n denotes the number of n-factors of the item,
which depends on the item’s category. The unit of the resulted A in this reliability
approach is failures/(10° hours). The failure rates based on MIL-HDBK-217F associated
with the MOSFETs (Amosrer) can be defined as in (4.2). For the isolation transformer,
its failure rate (Atransformer) can be given as in (4.3), while the failure rate of the capacitor
(Acapacitor) is calculated using (4.4), in which 1, denotes the capacitance stress factor and
ny denotes the voltage stress factor.

Amosrer = ApTrTATo g , (4.2)

where 1y is the temperature stress, 7, is the application stress, 7, denotes the quality
factor, and mg is environmental stress.

ATransformer = Ab”T”Q”E (4.3)

ACapacitor = le[TT[VT[CT[Q g (4-4)

34



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 10° 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

A = Tlpm [process APhy ’ (4.5)

where IIp,, is the technical and quality while manufacturing the item, Ilp,.ocess includes
all the stages of the item processes starting from the setting of the specification to the
operation in the field and maintenance, and Apy,, 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 Tq, 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 IIl 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).

R, (t) = e’nt (4.6)
MTTF = 1/2,, (4.7)
Aiggc = Zn=1/n (4.8)
Ripsc(t) = [In=1 Ry (t) = e’imact (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 Si.> 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 (B1o) 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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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 Vime. In the normal operation of the converter, the body diodes of the top
switches (Q1 and Qs) are used as rectifiers.

Moreover, these MOSFETSs are used to restore converter operation in the case of an
OCF or SCF in the bottom MOSFETs (Q2 or Qa4). The synchronous rectification is not
applied here to avoid degradation of the gate oxide layer in the top MOSFETs Qi and Qs,
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.

Input Bridge Output Bridge

Ipy Si Ss Q1 Q3
a J::‘ G x4 Cﬂ ’
i e

=Cn ‘ N Ci) Vie
V2
‘ TN
Sh Sy : Q2 Qi Vo
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- Fault Diagnosis and Fault Tolerant/MPPT /Derated Power Mode -
Ipy Vo,

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., Vug), 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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n=—/M6_ (5.1)

- )
2VIN,Nom

AB =N (5.2)
2NpAc

where AB denotes the peak-to-peak flux density in the transformer core, N, 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 L, 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 L 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 pH.

212V N minFe
L, < ——m2=, (5.3)
IINmaxwy

where Vin,min is the minimum input voltage, /iv,maxis the maximum input current, and wr
is the resonant angular frequency.

20
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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 (Tpr) in the gating signals of the
primary switches [PAPER-IV], as

n?Tpr

Ly <

- 8FSWCOSS

(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 C- 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 (AVc) is only affected by the output power of the converter Pout and the input
voltage equal to the voltage of the PV module Vry, as

PoutT.
AV, = ﬁ (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 MOSFETSs 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., Vev and Ipy, 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 MOSFETSs 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 Vivrer 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 Sz 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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5.2.2 OCF of the Secondary-side MOSFETs

The voltage of the bottom switches is sensed (i.e., Vo2 and Vo4 are the drain-source
voltage of the switch Q2 and Qq, respectively), as shown in Figure 5.4, to determine the
OCF in the OB MOSFETSs. 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 /i, 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 /ir 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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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.
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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 10:60V
PV input max. current 1IN, max 10 A
Input side capacitor Cin 150 pF
Leakage inductance Lik 100 pH
Magnetizing inductance Lm 1mH
Transformer turns ratio n 12
Resonance capacitor Cr 33 nF

DC MG voltage Vour 350V
Switching frequency Fsw 95 kHz
Components Designator(s) Part Number
Primary side switches S1...54 FDMS86180
Secondary side switches Q.. Q 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 MOSFETSs, 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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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 S; at the 65 W boost mode, b) SCF in S,
in the 250 W buck mode, c) SCF in S3 in the 90 W buck mode and d) SCF in S4in 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 us, which is
considered negligible for PV power loss. To remedy the OCF, the output switch Qu is
activated in the same leg, as shown for the gate-source voltage signal of switch Qi (Vys,a1).
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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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 ys, 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 Vg a2 is the gate-source voltage of
switch Qa. After the fault remedy in both cases, the converter continues to harvest the
maximum power from the PV module.
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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 |-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 MOSFETSs.
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 pus 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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Lihikokkuvote

Null-lilasusega veatolerantsed galvaanilise isolatsiooniga
alalispingemuundurid

Doktorito6 kasitleb  null-liasusega veatolerantsete galvaanilise isolatsiooniga
alalispingemuundurite kontspeti, mida uuriti isoleeritud jada-resonants pinget
téstva/madaldava alalispingemuunduri (FT ZR-SRC) niitel.

Viljapakutud FT ZR-SRC muundur suudab sisendpinget reguleerida laias vahemikus,
muutes selle sobivaks eramute fotogalvaanilistele (PV) sisteemidele. Viljapakutud
muundur tuleb vigadega toime t66d katkestamta, kasutades selleks topoloogia
imberkonfigureerimist ilma abikomponentideta. Vaatamata komponentide vihesele
arvule suudab muundur taluda mitmeid pooljuhtide rikkeid, mida varem suure
vBimendusega alalispingemuundurites ei ole saavutatud.

LOoputods uuritakse MOSFET-i rikkejargseid karakteristikuid rakendamaks neid
veatolerantsetes alalispingemuundurites. Tulemused tdestavad, et null-lilasusega on
vBimalik saavutada teatud veatolerantsus. Naiteks lUhises transistori saab kasutada
voolu juhtiva rajana GUmberkonfigureeritavas alalispingemuunduris. Soojuslik analtis
naitas, et sealjuurs tuleb arvestada suuremate juhtivuskadudega kuna liihises MOSFETi
rikkejargne takistus on mitu korda suurem kui takistus normaalreziimis. Samuti peab
juhtimissiisteem piirama vGimsust selleks, et valtida tervete komponentide ilekoormust.

Viljapakutud muunduri FT ZR-SRC tookindlust hinnati kdrge resolutsiooniga iga-
aastase paikesekiirguse ja Umbritseva 6hu temperatuuri profiili ja autori poolt vilja
too6tatud metoodika abil. See I6putdo annab 1-sekundilise eraldusvéime, mille autor on
salvestanud Tallinnas, Eestis. Valja pakutud todkindluse analiiiisimeetod pdhineb FIDES-i
juhendil, mis votab komponentide juhusliku rikkemaara arvutamisel arvesse rikke
fllsikat. FIDES-i juhend pakub realistlikut eluea prognoosi, mis pdhineb véljakujunenud
empiirilistel mudelitel. Tulemused naitasid, et primaarsedpooljuhid ja trafo on FT ZR-SRC
kéige haavatavamad komponendid.

FT ZR-SRC projekteerimisjuhised on ette nahtud fotoelektriliste rakenduste jaoks.
Lisaks tootati ZR-SRC jaoks vilja odavad diagnoosi- ja tuvastamismeetodid, vottes
arvesse PV rakendusi. Kavandatav muundur suudab olenevalt vea tulbist tuvastada vea
tapsusega 20 ps kuni 20 ms jooksul. Lisaks kiirele ja tdpsele vea tuvastamisele pakub
muundur veajargset (mberseadistamist ilma, et t60 katkeks vG&i energiatdhusus
vaheneks. See on omadus, mis eristab seda kirjanduses leiduvatest teistest lahendustest.
Ulatuslike laborikatsete kaigus ei tuvastatud Uhtegi valepositiivset tulemust.

L6putoo pakub vilja konstruktsioonilahenduse veajargseks véimsuse piiramiseks, mis
hoiab ZR-SRC komponentide juhusliku rikkemaara konstantsena nii enne kui ka parast
riket. Samal ajal minimeeritakse aastast energiatootluse kadu. Samuti vdimaldab
védljatootatud vOimsuse piiramise algoritm muunduril jatkata t66d peaaegu sama
efektiivsusega, valtides (ilejaanud tervete komponentide llekoormamist.

Sellel doktoritddl on oluline praktiline vaartus, kuna véaljapakutud kontseptsioon vdib
suurendada kulutundlike rakenduste kdttesaadavust alalisvoolu mikrovérkudes.
Teadmised null-liilasusega saavutatud torketaluvuse kohta aitavad kaasa galvaaniliselt
isoleeritud alalispingemuundurite arengule. Véljatéotatud tehnoloogia on skaleeritav,
pakkudes voimalusi todkindlamaks jouelektroonikaks odavates tarbijarakendustes ja
vahendades juurutuskulusid missioonikriitilistes rakendustes.
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10.1109/MPEL.2022.3196565.

© 2022 IEEE. Reprinted with permission from the authors.

65






J "‘i\e
=g
k«/é/‘\« A\

Full-Bridge Fault-
Tolerant Isolated DC—DC
Converters: Overview of
Technologies and
Application Challenges

by Abualkasim Bakeer, Andrii Chub, and Dmitri Vinnikov

owadays, energy generation is on the path from microgrids that facilitate direct integration of energy

centralized to distributed generation paradigm sources, storage, and dc loads. Also, most consumer and

to improve the efficiency and resilience of industrial devices are naturally dc devices or contain a dc

power systems. One of the major developments link, which makes them compatible with dc microgrids.

in the energy sector was the introduction of dc Hence, dc distribution is an efficient tool for combining dc

energy sources and battery energy storage with typical

Digital Object Identifier 10.1109/MPEL.2022.3196565 loads that are predominantly compatible Wlth dC
Date of publication: 28 September 2022 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

In the foreseeable
future, widespread
adoption of dc

microgrids will rely on
the ubiquitous use of
dc—dc converters.

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

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

Redundant active
Item

leg [16]
Example Figure 1(a)
1B/OB switch type 1GBT
Reported power range >350 W
Post-fault overloading
No
of components
Power curtailment Not Needed

B 4 Aux. switches

Extra components ® 4 Semiconductors
® 12 Fuses
Power density XXX
Cost 533
m UPS

Reported applications i e

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

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

Figure 1(b) Figures 2(a) and (c) and 3(a)
MOSFET/IGBT MOSFET/IGBT
>350 W <350 W
Yes Yes
Needed Needed

B 4 Aux. switches m 0 Aux. switches
m 0 Semiconductors ®m 0 Semiconductors
m 0 Fuses m 0 Fuses
XX X
$$ $
= UPS B Residential PV

Battery charger

= Data Center m Light-emitting diodes
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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].

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

The known approaches
are categorized into
two groups: those with

redundant compo-
nents and with zero
redundancy.

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
and @;¢) 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
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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,

Input Bridge (IB)

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 F'T approach is limited to implementa-
tions with IGBTSs, as these transistors can survive rela-
tively long overcurrent intervals before the fuse burns.

Output Bridge (OB)
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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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MOSFETSs 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 us, 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 MOSFETSs are most likely to expe-
rience SCF with post-fault on-state resistance up to an
order of magnitude higher than the datasheet value,

Input Bridge (IB)

L |
n;J',: Si

OFF

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 F'T 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 C, 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., S5 should
stay openif S, 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 C, ensures the
dc bias in the transformer current is eliminated, avoiding
saturation of the transformer core after reconfiguration.
Additionally, C, 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
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The key to this FT
approach is to keep
the converter running

dfter a failure, but as
a half-bridge instead
of a full-bridge on the
faulty side.

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
asingle 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 C, equals
half of the output voltage (Figure 2d).
Similarly, the blocking capacitor C,
operates at increased voltage stress
of half the input voltage, assuming
that C, > C,-n%

Consequently, the total gain of
the converter remains the same
before and after a semiconductor
fault. This FT approach is compat-
ible with both MOSFETSs and IGBTSs.
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
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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
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performance benchmarking of the microconverter cou-
pled with the 96-cell Silicon PV module before and after
the short-circuit fault of a switch S;. 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
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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.

Failure Rate [10° Failure/Year]

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

PV Energy Yield Prediction [%]
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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.

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
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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

54 |EEE POWER ELECTRONICS MAGAZINE 7 September 2022

The main obstacle in
designing zero redun-
dancy systems is in
achieving a trade-off

between the cost of
the converter and the
level of post-fault
power curtailment.

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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Abstract—This paper investigates the performance of faulty
discrete metal-oxide-semiconductor field-effect transistors (MOS-
FETs) in fault-tolerant high step-up dc-dc converters. This study
targets low-power applications where both silicon (Si) and silicon
carbide (SiC) technologies could be used at the low- and high-
voltage sides, respectively. First, random samples of defective
MOSFET: (i.e. for both technologies) were collected from testing
real prototypes in the field. The statistics show that Si MOSFETs
have 100% short-circuit fault (SCF) as the failure mode, while
SiC MOSFETs have 82% SCF probability and 18% open-circuit
fault probability. The ohmic resistance of a shorted MOSFET is
measured using the impedance analyzer of Keysight E4990A to
characterize the behavior of the switches after a fault. Various
combinations of short-circunited MOSFETs with different drain-
source resistances were used in a real prototype, and the efficiency
of the converter was evaluated in each case. The results prove
the feasibility of using the short-circuited faulty MOSFET as a
conduction path to overcome a SCF.

Index Terms—Fault-tolerant (FT) converters, Discrete power
device, MOSFET, Device characterization, Reliability, Physics of
failure (PoF).

I. INTRODUCTION

The fault-tolerant (FT) feature becomes essential in power
electronic converters with the high penetration of renewable
energy sources. In this way, the reliability of power electronic
systems can be increased. Fault-tolerant systems can avoid
power interruption for critical applications such as data centers
and distribution systems (e.g., a smart transformer) [1]. This
could be achieved by different approaches such as the overde-
sign of component, adding redundancy at the component or
converter level, or using the topology-morphing control (TMC)
with zero redundancy [2]. Additionally, system failures can
start with faults of an individual component and lead to total
system failure. The literature show that power semiconductor
devices are considered the most vulnerable components in
power converters, whereas the resistors and inductors have the
lowest failure probability [3].

In general, there are two types of failures in power semi-
conductors: catastrophic failures with constant failure rates
and wear-out failures with variable failure rates throughout
the lifetime of a component [4]. The former is a random
failure rate during the useful lifetime, which can lead to
an open-circuit fault (OCF) or short-circuit fault(SCF) in
semiconductors. Although the wear-out failure causes a drift in
the semiconductor parameters, dc-dc converters do not suffer
from this type of failure, as most wear-out damage is caused
by thermal cycling that typically appears at the line frequency
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Fig. 1: Failure modes and mechanism of power devices [6]-[9].

in AC systems [5]. The wear-out and catastrophic failures have
different failure mechanisms, as depicted in Fig. 1.

Regardless of the failure mechanism leading to catastrophic
failure, the fault mode in the power semiconductors is con-
sidered to be either OCF or SCF [10]. It is worth mentioning
that discrete Si MOSFETs were reported to fail to SCF in
100% cases for all typical failure mechanisms. However, their
post-fault resistance values are not consistent and can vary,
resulting from ohmic losses influencing temperature in the
conducting material and possibly material conversion in the
conduction channel [10]. An open-circuit switch can no longer
be used in the circuit and is naturally isolated. On the other
hand, a switch that fails due to a SCF cannot be controlled
by turning the gate on/off, and it can be used in the circuit
as a current conducting path after the fault. The ideal short-
circuited switch is the one featuring a low ohmic resistance in
the range below of its normal Ry, on Or even less, so that its
losses at the nominal current after a fault do not exceed those
in the normal operation [11]. In the case of a non-ideal SCF
of the switch, the resistance after the fault exceeds Rgs on,
which could result in considerable power losses dissipated in
the switch, which could eventually lead to an OCF.

One of the promising FT dc-dc converters that has the
ability to regulate the input voltage in a wide range is the
series resonant isolated buck-boost converter (SRC). It features
soft-switching both in the low- and high-voltage bridges and
buck/boost functionality at a fixed-switching frequency [12]-
[13], which can simplify the magnetic design. In case of
the SCF, the FT SRC employs the faulty switch as a cur-
rent conducting path to reconfigure the faulty inverter bridge
from full-bridge to half-bridge SRC, and additional bypass

Authorized licensed use limited to: Tallinn University of Technology. Downloaded on March 14,2023 at 08:08:37 UTC from IEEE Xplore. Restrictions apply.



2022 7th IEEE International Energy Conference (ENERGYCON 2022)

Low-voltage Si MOSFETs

b

High-voltage SiC MOSFETs

|

Ty, 11y
L veb

Vin, e Cin Vi Ve

N

EJE}S; EJE}&

T ik
i -f +11- V\
vor +
Vi A Va c.=V
1:n

Step-up Isolation Transformer

EJE}QQ

Fig. 2: A bidirectional zero redundancy FT dc-dc converter based on the SRC topology.

switches to reconfigure the healthy bridge [14]. In [15], a new
FT SRC implementation using zero redundant components
is introduced. Both these FT approaches employ a faulty
switch as a current conducting path after the fault occurrence,
but only the second approach takes the full advantage of
this opportunity to avoid additional redundant components.
However, performance of the faulty switches, and resulting
converter efficiency, needs to be investigated.

This paper aims to investigate the distribution of the fault
types in MOSFETSs in the zero redundancy FT SRC. To this
end, several defective MOSFETS are eventually soldered into
real prototypes. These switches are then classified by fault
type to obtain a distribution of fault types for that MOSFET
technology. Next, the zero-redundancy FT-SRC performance is
experimentally measured on several MOSFETs with different
resistances to show the effect on the converter performance
after a fault.

The remaining part of the paper starts with Section II
describing the case study system used to collect the defective
MOSFET samples analyzed in the current study. After that,
the fault statistics and experimental results are presented and
discussed in Section III. Finally, the conclusions of the paper
are drawn in Section IV.

II. METHODOLOGY

Figure 2 shows a case study bidirectional FT SRC topology
that was implemented in the laboratory and used for experi-
mental tests. Its parameters are listed in Table L.

A batch of faulty devices was accumulated during testing
different high step-up dc-dc converters, all of which used
100+5 kHz as the switching frequency and the same power
devices at the low- and high-voltage side: surface mounted
100 V/3.5 mQ Si MOSFET in PG-TDSON-8 case (also
known as Power56), and 900 V/280 m$? SiC MOSFET in
TO-247 case. The main parameters of the MOSFETs are
summarized in Table II. Control loop instability, mistakes in
firmware during initial testing, overheating in critical operating
points, load disconnection, not sufficiently tuned protection
could be named among typical reasons of converter failures

TABLE I: Parameters of the prototype

Parameter Symbol Value
Blocking capacitance Cp 100 uF
Transformer turns ratio »n 6
Magnetizing inductance Ly 1 mH
Resonant inductance L, 98.5 uH
Resonant capacitance C 27 nF
Resonant frequency F, 97.5 kHz
Switching frequency Fyy 95 kHz
Output voltage Vo 350V

TABLE II: Parameters of the low- and high-voltage MOSFETSs

Parameter BSCO035N10NS5  C3M0280090D
Technology Si SiC
Rated voltage [V] 100 900
Ras,on 3.5 mQ2 280 m$2
Rated current [A] 50 22
Gate-source voltage [V]  -5/15 -5/18

during the testing of the pre-industrial prototypes. Since the
faulty MOSFETs were collected over a longer period of time,
different tests, and different prototypes, it was assumed that
the failure mechanism of a defective MOSFET is random.

One phenomenon that has been observed is that surface-
mounted Si devices keep mechanical integrity after a fault.
Contrary to that, SiC devices working at the high-voltage side
could explode, destroying the case integrity and evaporating
the semiconductor crystal inside, as demonstrated in Fig. 3.
An explosion of a SiC devices results in OCF in all observed
cases. On the other hand, the SiC MOSFETs keep mechanical
integrity without any visible damage to the case when the SCF
occurs.
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Fig. 3: Example of case damage to a SiC MOSFET featuring OCE.

Fig. 4: Distribution of the fault type in high-voltage SiC MOSFETs.
III. RESULTS AND DISCUSSION

First, the drain-source and gate-source low-resistance con-
nections were identified in all faulty MOSFETs using a mul-
timeter Fluke 179 to determine the failure modes of the faulty
MOSFET. The total number of low-voltage Si MOSFETS is
32 switches, where SCF stands for 100% of the dataset. The
main reason could be the high current stress typical for the
low-voltage side of high step-up dc-dc converters. On the other
hand, the distribution of OCF and SCF of the high voltage SiC
MOSFET is shown in Fig. 4. It is clear that is the dominant
failure mode of high-voltage SiC MOSFETs in the given type
of dc-dc converters. The resulting statistical analysis of the
data set is consistent with the statistical results collected for
the series resonant converters in industrial applications in [1].
It is worth mentioning that the initial batch of faulty Si 100 V
MOSFETs also contained a significant number of switches
(roughly forty) featuring the short-circuited gate and source
leads. They were excluded from this study due to issues with
auxiliary supply protection in the prototype. In reality, the
gate driver of the MOSFET should be protected against the
short-circuit and avoid auxiliary power supply interruptions.
Nevertheless, all those switches had shorted the drain-source.

It is important to analyze the impedance behavior of a short-
circuited MOSFET when it is considered as a post-fault current
conduction path. Several short-circuited faulty MOSFETSs were
placed in the prototype instead of healthy ones and loaded for
40 hours. Their resistance remained unchanged, even though
they were loaded with maximum current stress at the switching
frequency. Keysight E4A990A impedance analyzer was used to
measure the resistance for both Si and SiC MOSFETs. In all
measurements, the post-SCF was virtually independent of the
measurement frequency.

Measurement results show that for both semiconductor
technologies, SCF switches could be broken down into two

groups: those with nearly ideal post-SCF resistance that is
close to the normal Rgys on, While the majority of the SCF
switches feature post-SCF resistance that is one order of
magnitude higher than the normal Ry, or. This observation is
different from that in [11].

Fig. 5 present four examples that demonstrate this observa-
tion. For Si MOSFETS, post-SCF resistance is rarely below
10 mQ (see example in Fig. 5a), while most of the cases
fall randomly between 30 mQ2 and 90 mQ) (see example in
Fig. 5b). A somewhat different situation was observed for SiC
MOSFETs featuring SCF. The majority of cases demonstrated
nearly ideal short-circuit when the post-SCF resistance is much
below the normal Ry, ., as shown in Fig. 5c. However,
several cases show post-SCF resistances that are one order
of magnitude higher than the normal Ry o, as exemplified
in Fig. 5d.

‘When measuring the post-SCF resistance of one SiC MOS-
FET, an unusual impedance value of 36.8 {2 was observed.
To better understand the nature of this SCF, it was tested
under a load condition of 2 A for thirty hours to verify the
stability of its high impedance. This ample was suffering from
very high ohmic losses, resulting in the resistance increase to
41.20 €. This behavior is in line with the prediction given
in [11], where the authors assume that excessive losses cause
further conversion of conducting material to high-impedance
state. This means that the switch failure status can change from
an SCF to OCF over time. On the other hand, such excessive
power dissipation is likely to destroy PCB before OCF can be
achieved.

It is important to emphasize, that in the case of post-SCF
resistance 10-30 times higher (according to our measurements)
than the normal Ry on, power losses in such a MOSFET
could be comparable to its maximum power losses in the
normal operation conditions, or even exceed them. There are
two possible solutions to this issue:

» predict and consider possible excessive power losses

during the converter thermal design;

» curtail power if internal thermal sensor of the converter

shows excessive heating inside a potted enclosure.

The second approach provides a lower converter cost while
improving the reliability of the remaining healthy components
by avoiding operation at peak powers.

The efficiency of the FT SRC prototype was measured
in both health and faulty status at different power levels in
an open-loop operation are given in Fig. 6. The light-load
efficiency is relatively low in the normal mode, as the full-
bridge design is more optimized for full-power operation. The
converter achieves a peak efficiency of 97.60% in the normal
operation at higher power, where the converter component
is overloaded in the post-fault operation. On the other hand,
after a reconfiguration much fewer components are processing
the converter power, which results in increased light-load
efficiency (below 150 W), but decreased full-power efficiency
[15]. Several combinations of post-fault scenarios were con-
sidering using the switches measured in Fig. S. It is clear
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Fig. 6: Experimental efficiency of the FT SRC in the normal and post-fault
operation mode with different combinations of faulty MOSFETSs at the input
and output sides.

that MOSFETSs with non-ideal post-SCF resistance degrade the
efficiency of the converter much more than those with nearly
ideal shorting. Scenarios considering the SiC MOSFET with

high post-SCF resistance show the lowest efficiency dues to
high conduction losses in that switch.
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IV. CONCLUSION

This paper investigates the characteristics of MOSFETs
after failure and their influence on performance of fault-
tolerant dc-dc converters. Two types of MOSFETs Si and SiC
are tested as they correspond the best to designs of high step-
up galvanically isolated dc-dc converters. The SCFs are the
dominant in SiC MOSFETs, while Si devices feature only
SCF due to high current stress at the low-voltage side.This
study shows that only a small fraction of Si MOSFETs show
post-SCF resistance comparable to the normal Rgs on. SiC
MOSFETs show low post-SCF much more often, but some of
them also show very high resistance after a fault.

Therefore, the zero-redundancy fault tolerance concept can
be considered feasible as the faulty switch can be used as a
current conducting path in a reconfigurable fault-tolerant dc-
dc converter. However, such a converter should be thermally
designed to withstand high ohmic losses in shorted MOSFETs.
Alternatively, its control system should implement a power
curtailment algorithm limiting stresses of remaining healthy
components after a fault as well as overheating of a SCF
switch used as a current conduction path in a reconfigured
dc-dc converter.

The future research will focus on experimental imple-
mentation of zero redundancy fault tolerant dc-dc converter
with closed-loop control systems including fault detection and
remedy.
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Abstract— This paper proposes a method to detect the
short-circuit fault (SCF) in the full-bridge diode rectifier at the
output side of the series resonant dc-dc converter (SRC). The
full-bridge inverter is employed at the input side. The utilized
diagnostic/signature signal to detect the SCF is the voltage of
the resonant inductor, which increases after fault occurrence.
Also, sensing the inductor voltage is an easy way through
inserting a few turns into the core of the resonant inductor
without affecting its operation. The sensed inductor voltage is
compared with a threshold voltage, which is calculated based
on the converter parameters. After the identification of the
SCF fault, the input-side bridge is reconfigured into a half-
bridge structure to recover the normal operation of the
converter because the output side is operating as a voltage
doubler in this case. Since in the proposed method, localization
of the exact faulty diode is not considered important in the
further operation, fast recovery of the fault condition can be
achieved. The simulation results provided show the feasibility
of the detection algorithm and the remedial action at different
operating conditions.

Keywords— Series resonant converter; fault tolerance; fault
detection; full-bridge rectifier; reliability.

1. INTRODUCTION

Power converters have spread into many applications in
our life, and their reliability has received close attention to
minimize the fault effect as much as possible. Reliability is
considered an important factor, especially for critical
applications, such as aircrafts, data centers, and medical
devices [1]. According to the industrial statistics on the
probability of fault occurrence in the components of power
converters, power semiconductors are considered the most
vulnerable components that contribute approximately 40%
of all fault cases [2]. Power switches are a major source of
the semiconductor faults since their electrical and thermal
stresses are usually highest [3]. However, faults of the
diodes could destroy the converter after a certain time from
the fault occurrence as they can result in consequent faults
of the power switches.

Technically, fault types in the semiconductors of the
power converter could be generally classified into two
types: open-circuit fault (OCF) or short-circuit fault (SCF)
[4]. OCFs could result from drive failure, solder fatigue, or
bond wire lift-off [5]. OCF can take a long time without
detection and remedial, and the converter does not face a

978-1-7281-9510-0/20/$31.00 ©2020 European Union

serious problem. On the other hand, if the SCF is not
detected and isolated fast enough, the converter could be
destroyed within a short time. SCFs often result from
improper gate-driver or intrinsic failure due to the
overvoltage stress or temperature stress [1].

In the detection of the fault (OCF or SCF), the
diagnostic signal (i.e., signature signal) should be well
selected to ensure provision of adequate information about
the operation of the converter. The diagnosis methods of
fault detection vary in such aspects as detection speed,
number of sensing signals, computational effort,
comprehensive fault detection, and cost of implementation.
Also, these methods could be classified into model-based
and signal-based. For the former model-based method,
estimation techniques were used to find the normal
trajectory of the diagnostic signal and compare it with the
measured one from the converter. The deviation between the
estimated and the measured values compared to a threshold
value with additional tolerance refers to a faulty case. The
most common estimators are based on Kalman filter [6],
sliding mode observer [7], or adaptive observer [8].

On the other hand, a fault could be identified based on
signal-based methods to extract the features that show the
faulty case from the measured signals [9]. The diode voltage
has been used as a signature signal in the isolated converters
beside the gating signal of the main switch [4]. In the phase-
shifted full-bridge (PSFB) converter, the transformer
voltage and the dc input current are chosen as the signature
signals to detect and locate the SCF in [3]. In [10], the
magnetic field of the diagnostic signal is analyzed using the
Fast Fourier Transform (FFT); however, this approach has
the drawback of high computational burden. In the current
studies, fault detection and remedial with the modular
multilevel are frequently addressed, and the capacitor
voltage of each submodule cell in the arms is utilized as the
diagnostic signal, which needs many sensors with an
increasing number of levels [11].

One of the promising power converters for the wide-
range voltage regulation is the series resonant dc-dc
converter (SRC). This topology features soft-switching and
high efficiency. The output-side rectifier of the SRC could
be implemented with different rectifier cells [12]-[17]. To
improve the efficiency of the converter, the resonant
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inductance can be optimized. Usually, an external inductor
is used to compensate for the low leakage inductance of the
isolation transformer. This study addresses the SRC
implementation with a resonant tank featuring quality
factors much less than one to reduce the size of the
inductive components. Therefore, the switching frequency
should be selected close to at least 5% from the resonant
frequency to ensure full zero voltage switching (ZVS) for
the primary semiconductors at the nominal input voltage.
Proper dimensioning of the magnetizing inductance enables
ZVS regardless of the value of the load power as the
magnetizing current is independent of the operating power.

This paper aims to improve the reliability of the de-dc
converter based on the SRC against the SCF in the output-
side rectifier. The considered topology utilizes the full-
bridge diode-based rectifier. Also, the converter is operating
as a dc transformer at the nominal input voltage and
generates the output voltage of 350 V, which is suitable for
dc microgrid applications. The inductor voltage, which
begins to increase after the fault occurs, is selected as the
diagnostic signal because sensing the inductor voltage is
considered an easy way through inserting a few turns into
the resonant inductor core with a negligible side effect on
the resonant tank operation. A simple analog circuit has
been designed to compare the inductor voltage with the
threshold value. After the fault detection is triggered,
removal of the fault is obtained by reconfiguring the
converter without the need to exactly find the location of the
faulty diode. By using the proposed fault tolerance strategy
based on reconfiguring the input-side bridge into a half-
bridge, the converter operation can be continued after the
SCF occurs in the output-side diodes. Section II describes
the proposed methodology; the simulation results are
discussed in Section III, and the conclusions are drawn in
Section IV.

II. PROPOSED FAULT DETECTION AND FAULT TOLERANCE
METHODOLOGY

A. Description of the Topology

The studied converter based on the SRC topology is
presented in Fig. 1. The input-side bridge consists of four
MOSFETs S-S operating complementary with a phase
shift of 180 degrees, which could reduce the circulating
current in the circuit [18]. A short dead-time is inserted
between the gating signals of the two MOSFETs in each leg
to avoid the short-circuit across the input supply.

Front-end full-bridge

The input-bridge provides a static conversion gain close
to one. The isolation transformer serves to boost the input
voltage by the factor of the turns ratio n and provides
galvanic isolation. The resonant tank parameters of L, and
C, feature sinusoidal current along the switching period as
long as the converter does not enter into the free-wheeling
state.

The average voltage of the resonant capacitor equals
zero, and the peak voltage of C. depends on the converter
power Poyr and the input voltage Vv as

POUTTSW

AV, = ,
"7 4nVuC,

M

where Ty is the switching period.

The following assumptions were set to simplify the
analysis of the proposed fault detection algorithm:

1. The output voltage Vour is constant and almost
ripple-free as the capacitance of the decoupling
capacitor Co is high.

2. The leakage inductance of the transformer is small
compared to the external resonant inductance.

3. The dead-time in the PWM scheme of the primary
side switches is small and could be ignored.

B. Selection of the Diagnostic Signal

It is essential to select a diagnostic signal that has much
information related to the converter status and easy to
implement. Using the inductor voltage as the diagnostic
signal is beneficial; this solution is of lower cost for it
requires only adding a small winding of a few turns into the
resonant inductor core. Besides, these inserted turns do not
affect the operation of the inductor as they are loaded with a
sensing circuit drawing very low power. Also, the voltage of
the inductor responses to the diode SCF in the
corresponding half-cycle when the current increases due to
the SCF occurrence. The study in [19] proposed a
methodology to use the inductor voltage to detect the fault,
but it requires the gating signal of the switching pattern in
the case of the forward converter. Unlike this algorithm,
here we use only the inductor voltage without the need for
additional signals. Neither is there any need to localize the
faulty diode in the output-side rectifier for the proposed
method as the same remedy action will be applied.
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Fig. 1. The studied topology of the SRC with the full-bridge rectifier based on diodes in the output side.
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The equivalent circuit of the converter during normal
operation is given in Fig. 2(a) for the positive half-cycle.
The peak value of the voltage across L, equals AV, in the
healthy condition. If the SCF occurs in D; or Dy during the
positive half-cycle, or in D, or D3 during the negative half-
cycle, the converter is still running in the normal operation
till the next half-cycle (negative/positive) where the effect of
the SCF will be evident. Further description of the proposed
fault detection algorithm considers the case study when an
SCF occurs in D during the positive half-cycle. With the
SCF in D;, the inductor voltage v;, features a high value
provided by the equivalent voltage of the transformer
secondary winding and the capacitor voltage, as shown in
Fig. 2(b). The response of the inductor voltage before and
after the SCF occurrence is shown in Fig. 3, where S; is the
gating signal of the MOSFET S;. After the SCF occurrence,
the output-side rectifier is operating similar to the well-
known Greinaher voltage doubler rectifier.

C. Detection Algorithm of the Short-Circuit Fault

The threshold value of the inductor voltage should be
defined with some tolerance, as this value will be constant
for the whole range of operating conditions. Ideally, the
peak of the resonant inductor voltage equals the peak value
of the resonance capacitor voltage AV, and the value of
AV¢, has the maximum value at the rated power and
minimum input voltage (1). At this condition, AV has the
maximum possible value within the whole converter range
of operation. The flowchart of the proposed detection
algorithm is shown in Fig. 4.

A simple low-cost analog circuit to implement the
proposed SCF detection is given in Fig. 5. The sensed
inductor voltage is a bipolar signal, so it is better to rectify it
using the low-power full-bridge rectifier. Then, the rectified
signal is filtered using the low pass filter, which is used to
remove the spike in the inductor voltage at reversing the
direction of the resonant current. It is comprised of R; and
C}, and the filtered signal is vz, The threshold voltage can
be adjusted using the potentiometer R3. The output of the
comparator circuit is a digital signal that feeds the
controller. Table I summarizes the comparator output as a
function of the filtered signal v,y and V.

TABLE I: OUTPUT OF THE ANALOG CIRCUIT

Condition S Converter Status
Vir < Vi Low Healthy state
Vi > Vi High Faulty state

i (1) L,

(a) (b)

Fig. 2. Equivalent circuits of the converter in the positive half-cycle at (a)
healthy condition and (b) SCF of the diode D..

978-1-7281-9510-0/20/$31.00 ©2020 European Union

A

: N

v (8) /\
~

v SCF Fault
Detection

> Time (s)

» Time (s)

Fig. 3. Sketch of the diagnostic signal (i.e., inductor voltage) before and
after the SCF occurrence.

D. Fault-Tolerance of the Converter

This stage aims to continue the operation of the
converter after the fault occurrence through rearranging the
converter structure. If the SCF does not remedy, the output
voltage of the converter becomes double because the
converter is operating as a voltage doubler in the output
side. Also, the average voltage of the resonance capacitor
equals half of the output voltage. To keep the same gain of
the converter, the primary voltage of the transformer should
be reduced by half after the fault detection. Therefore, the
transistor S3 is turned off, while the switch S, is always
turned on. Also, the primary MOSFETs S; and S; are
driving with the same methodology in the healthy state.
Accordingly, the schematic of the input-side is a half-bridge
after the reconfiguration, as shown in Fig. 6. With the
proposed reconfiguration, the total gain of the converter
before and after the fault occurrence is the same.
Furthermore, there is no further need of the proposed
detection method for the fault localization as the same
action of the topology reconfiguration is applied whatever
location of the faulty diode in the output-side rectifier.

Reconfiguration

Fig. 4. Flowchart of the detection algorithm.

Vir )

Fig. 5. Hardware implementation of the proposed fault detection method.
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Fig. 6. Reconfiguration of the converter after the SCF detection at D..

III. SIMULATION RESULTS AND DISCUSSION

The converter with the proposed fault detection and
tolerance strategies was simulated using the PSIM software;
the parameters of the converter are listed in Table II.
Commonly, the output voltage of the SRC is changed when
the quality factor changes, i.e., the load changes, so the
input voltage is adjusted to maintain the output voltage of
the converter fixed at 350 V. The parasitic effects are
included in the model to make sure the proposed method
will function in the real converter.

TABLE I1. SIMULATION PARAMETERS

A. Short-circuit Fault at Light-Load Condition

At a light load, the resonant current as well as the
inductor voltage are very low, and the voltage of the
capacitor C, is low according to (1). Therefore, this scenario
can test the sensitivity of the proposed algorithm in the
worst condition. The simulation results during this condition
are shown in Fig. 7. The input voltage is adjusted at 46 V,
and the value of the resistive load is 4083.5 Q, ie.,
Pour= 30 W. The capacitor voltage based on (1) equals
approximately 10 V. The inductor current shape is distorted
due to the influence of the parasitic capacitances of the
diodes and its peak value equals 2 A before the fault occurs

Parameter Symbol Value at the instant 0.04 s.
Input voltage range Vin 45:60 V . . .
mgm side cgalpacitir Cii 150 uF After the SCF occurs in the diode D; at the instant
Transformer turns ratio n’ 6 0.04 s, the inductor voltage takes less than one switching
Masnetizine inductance . | mH period to reach the threshold level. The detection algorithm
R e gd ) L"’ 96.5 ul identifies the faulty state within roughly 0.6 ps, and the
Desom_mce {nductance " 3’():1 converter is directly reconfigured by turning on the switch
ctection turms ratio fta : Sy and turning off the switch S. Tt is clear that the output
Resonance capacitor G 30nF voltage is constant at 350 V after the converter
Output side capacitor Co 150 pF reconfiguration, and the output side rectifier is operating as
Output voltage Vour 350V the voltage doubler.
Switching frequency Fow 95 kHz
1
S3
S il
0
al
iwr(t) ok
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0
virt) |
v
o
ol
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VE,(]L‘) -200 —
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Fig. 7. Simulation results at the light-load condition with SCF in D..
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B. Short-Circuit Fault at Full-Load Condition

The input voltage equals 57 V, and the converter is
loaded with full power at 200 W, i.e., the value of the
resistive load equals 612.5 Q. The simulation results are
shown in Fig. 8. The peak of the capacitor voltage is 51.50
V based on (1). The DCM period is smaller than in the
previous condition at the light-load, and the output-side
diodes are turned off at a zero current switching (ZCS). The
diode D; is shorted at the instant 0.04 s, and the fault
detection circuit identifies the fault within 0.54 ps after the
capacitor voltage is reaching the threshold voltage V;; within
less than one switching period. The voltage is approximately
constant after the fault occurs, as shown in Fig. 8. It can be
noted that both state-variables of iz(z) and ve.(2) have an
approximately sinusoidal profile.

IV. CONCLUSION

The paper has presented a methodology to detect the
short-circuit fault in the output-side rectifier diodes of the
SRC. The diagnostic signal is selected based on the resonant
inductor voltage that is easy to implement. The proposed
detection algorithm can identify the faulty status in less than
one switching period. Also, the diagnostic signal can detect
the SCF in the rectifier diodes without adding more sensing
signals. The simulation results prove the effectiveness of the
proposed fault detection methodology at different operating
conditions. Future work will consider experimental
validation of the proposed methodology in high step-up
applications.
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Abstract: This paper proposes a galvanically isolated dc-dc converter that can regulate the input
voltage in a wide range. It is based on the series resonance dc-dc converter (SRC) topology and
a novel boost rectifier. The proposed topology has a smaller number of semiconductors than its
SRC-based existing topologies employing an ac-switch in the boost rectifier. The proposed dec-dc
converter comprises only two diodes and one switch at the output side, while the existing solutions
use two switches and two diodes to step up the voltage. The proposed converter boosts the input
voltage within a single boosting interval in the positive half-cycle of the switching period. In addition,
the resonant current in the negative half-cycle is sinusoidal, which could enhance the converter
efficiency. The resonant capacitor voltage is clamped at the level of the output voltage. Therefore,
the voltage stress of the capacitor could significantly reduce at various input voltage and power
levels. This makes it perfect for distributed generation applications such as photovoltaics with wide
variations of input voltage and power. The converter operates at the fixed switching frequency close
to the resonance frequency to obtain the maximum efficiency at the nominal input voltage. The
zero-voltage switching (ZVS) feature is achieved in the primary semiconductors, while the diodes
in the output-side rectifier turn off at nearly zero current switching. The mathematical model and
design guidelines of the proposed converter are discussed in the paper. The experimental results
confirmed the theoretical analysis based on a 300 W prototype. The maximum efficiency of the
converter was 96.8% at the nominal input voltage, and the converter has achieved a wider input
voltage regulation range than that with the boosting cell comprising an ac-switch.

Keywords: series resonant converter (SRC); wide range voltage regulation; bidirectional switch;

conversion efficiency

1. Introduction

With the rapid growth in the installation of photovoltaic (PV) modules in residential
settings worldwide, the demand for new power converters with high efficiency and low
cost is increasing [1]. This trend is expected to be complemented with the wider use of dc
microgrids [2]. As a result, dc-dc converters are required to connect PV modules to a dc-bus
of a de-microgrid [3]. These converters have to maintain the following specifications: high
power density, high efficiency, regulation of the wide range of variation in the input voltage,
and compact size [3].

The converter with a wide input voltage regulation range could be capable of tracking
the maximum available power of the PV module in various environmental and shading
conditions. One of the promising candidates for this purpose is resonant converters
like LLC [4-6] and the series resonant converter (SRC) [7-9], which are used in many
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industrial applications. However, LLC employs frequency modulation to regulate the
voltage variation, and thus the design of the magnetic component becomes costly and
complicated. The SRC has received more attention thanks to its simple design and control.
Its implementation allows the resonant current to be discontinuous, i.e., the quality factor of
the resonant tank is less than one. This implementation could perform the buck and boost
functionality using different pulse width modulation (PWM) schemes with boost rectifier
cells. The buck regulation requires the use of a special modulation at the input side, while
the boost regulation requires a boosting rectifier cell, regulating the transformer leakage
inductance current at the output side [10]. In addition, it can regulate the voltage while
operating at a fixed switching frequency by adjusting the duty cycle of the semiconductors.
Additionally, the voltage regulation range of the SRC depends on the switching cells
utilized in the input and output sides [10-12]. This study is focused on the boost voltage
regulation in the SRC using a boosting rectifier cell.

The boosting capabilities of the SRC can be upgraded by developing new boosting
cells to be used at the output side. Since the resonant current on the high voltage side is rel-
atively low, integrating the boosting cell on the secondary side of the isolation transformer
minimizes losses. There are different investigated cells for the SRC aiming to improve the
converter efficiency and the regulation range [13-17]. The bridgeless rectifier cell with two
diodes and two metal oxide semiconductor field-effect transistors (MOSFETs) has been
used widely in power factor correction applications. It has been used in [13], to step up the
input voltage. Recently, it was demonstrated, in [11], that its regulation range is limited due
to the possibility of reverse current flows in the same half-cycle due to the parasitic current
path caused by the overlapped PWM scheme. The boosting cells in [14,15] have different
PWM schemes, where the latter employed synchronous rectification to improve efficiency
at the expense of cost and control complexity. In [16], the voltage boosting interval appears
only at one half-cycle, and consequently, the resonance current has a sinusoidal waveform
in the other half-cycle of the switching period, which avoids one hard turn-on of a transistor
in the boosting cell. The configuration of the circuit in [17] employs two switches and two
diodes. To implement the ac-switch, the two switches are connected as a back-to-back
structure. In addition, two diodes and two capacitors are implemented with the voltage
doubler rectifier. Contrary to the other boosting cells, the leakage inductance current rises
linearly during the boosting interval like in the conventional boost converter. Although
this boosting rectifier cell has a lower voltage stress on the MOSFETs and could reduce the
switching losses, the voltage regulation range is substantially limited, especially at higher
resonance inductance [12].

This paper modifies the boosting rectifier cells from [17], by removing one switch and
rearranging the other switch and two diodes. Consequently, the proposed cell comprises
only one MOSFET and two diodes in the configuration of the rectifier cell. The voltage
stress on the resonance capacitor is clamped at the output voltage level, whatever the input
voltage and power level. This resolves the main issue of the counterpart cells that could
suffer from excessive stress on the resonant capacitor in case of overloads and regulation
transients. In low-power conditions and lower dc voltage gains, the derived SRC employs
only one diode, where the other diode is in the idle state. The modulation scheme applied
to the proposed topology employs the forced half-resonance to enhance converter efficiency
as the current has a half-wave sine waveform in one half-cycle of the switching period. The
proposed circuit has various modes of operation that enable the converter to cope with
the wide range of input voltages and power variations that are common for distributed
generation applications. This paper will only handle regulating the low-input voltage, i.e.,
boosting condition.

The remaining content of the paper starts with Section 2 that comprehensively de-
scribes and analyzes the operation of the proposed topology in the boost mode, where the
proposed boosting cell is used at the output side. Section 3 introduces the design guidelines
and experimental results of the converter. Finally, Section 4 concludes the paper.
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2. The Proposed Converter
2.1. Description of the Topology

The proposed topology is shown in Figure 1. The input capacitor, Cyy, filters out
the converter input current ripple and decouples the input voltage source, Viy. The
front-end full-bridge comprises the semiconductors S;—S; operating as a high-frequency
inverter. The isolation transformer, TX, is employed to step up the input voltage by the
factor of the turns ratio, n. It also provides galvanic isolation between the input and
output sides to increase the safety level. The magnetizing current of the transformer, I,;;,
which corresponds to the magnetizing inductance, L, helps achieve the soft-switching
of the input-bridge semiconductors, as will be discussed later. The sum of the leakage
inductance of the transformer, Lj;, and the external resonant inductance, L.y, represents
the resonance tank inductance, L, = Ljx + Leyt. As a result of the magnetic integration of the
isolation transformer and the resonant inductance, the size and cost of the converter will
be decreased.

Front-end full-bridge Isolation transformer Boosting cell

Lexe

 rxpri Irxsec

Vin

(47—

Coi=—

Figure 1. Configuration of the proposed topology of series resonance dc-dc converter (SRC) with a single-switch boosting

rectifier cell.

The resonance frequency of the converter, F,, is defined in (1), where C, refers to the
resonant capacitance of the resonant tank. The boosting cell of the converter includes
one MOSFET Q and two diodes (D and D;). The gating signal for Q must be adjusted
regarding the biased state of the top diode D;. Next, the rectified voltage from the boosting
cell is smoothed by the decoupling output capacitor, Co. The converter operates at a fixed
switching frequency, Fsw, which has to be selected at 5-10% lower than the resonance
frequency to obtain the possible high conversion efficiency under the nominal input
voltage [13].

1
27t/ L, Cy

The peak-to-peak voltage ripple value of the resonant capacitor, AV, can be defined
as in (2). Although AV(, is mainly affected by the power level and input voltage of the
converter, the maximum voltage across Cr does not exceed the value of the output voltage,
Vour, because the capacitor voltage will be clamped by the conducting bottom diode D5.
In addition, the relation in (2) will not be valid in these conditions, and thus the maximum
ripple this value cannot exceed AV, () = 2nViy. Therefore, the voltage stress of C;
is reduced at high power compared to the existing boosting rectifier cells. It is worth
mentioning that D, does not conduct as long as the capacitor voltage is less than the output
voltage at any given time. The subsequent analysis of the proposed topology will be
set according to these observations. The converter operation conditions depend on the
operating point of the output power and the input voltage, as will be discussed later.

The following considerations are made to make the analysis simpler:

Fr = (1)

1. Each primary side semiconductor has a parasitic output capacitance of Cyss, while the
other converter components are ideal;

2. Negligible output voltage ripple;

The output capacitance Cp is much larger than C,;

4. The converter is lossless;

®
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5.  The state variables of the converter are the resonance inductor current, ij,(t), and the
resonance capacitor voltage, v, (t).

_ PourTsw o)

where Poyr is the load power, and Tgyy is the switching period of the converter.

2.2. Modes of Operation

The operation and design of the proposed converter are based on the discontinuous
resonant current conditions in the case when the quality factor of the resonant tank is less
than one under any load [10].

2.2.1. Operation at the Nominal Input Voltage (Pure-SRC)

As was mentioned in the Introduction, the SRC can operate both in the buck and
boost modes. The operating point between them corresponds to the nominal input voltage
when the given converter operates as a conventional non-controlled fixed-gain SRC with
a purely sinusoidal current of the resonant tank. This is the normal state of the converter
operation at which the output voltage is generated only by the boosting action from the
isolation transformer. It will be referred to as pure-SRC in the remaining part of the paper.
The equivalent circuit corresponds to a voltage doubler in the output-side cell with a single
resonant capacitor.

The steady-state waveforms of the proposed converter are given in Figure 2. The
diode D; remains reverse biased during this condition where vc,(f) < Voyr at all the levels
of the converter power. Thus, the current of the bottom diode equals zero, as shown in
Figure 2. The switch Q duty cycle equals 0.5, excluding the short dead time. The value of
AV, can be accurately defined by Equation (2). The trajectory curve is close to a circular
shape due to the sinusoidal contour of the resonance current and the capacitor voltage,
as shown in Figure 3. The vertical axis corresponds to the resonant current multiplied
by the characteristic impedance of the resonant tank, Z,. The resonant current reaches its
maximum value when the resonant capacitor voltage equals zero and vice versa.

The transistor Q gate signal follows that of the switches S, and S3 to ensure that the
top diode Dj is conducting during the positive half-cycle. When a positive voltage is
applied to the transformer primary windings, the magnetizing current of the transformer,
Iim, has a positive slope and vice versa. The peak value of Ij;(;4y) depends on the input
voltage and switching period as in (3). During the dead time between the switches in the
same leg, the magnetizing inductance acts as a current source reflected onto the primary
side to charge/discharge the parasitic output capacitance of the semiconductors, Cyss. If the
dead time is long enough, the primary switches are turned on at zero voltage switching in
the next switching half-cycle. The diode D is turned off at nearly zero current switching
at the end of the positive half-cycle as the resonance current drops down to zero and the
converter enters the freewheeling state. The duration of the resonant current pulse feeding
the load during the positive half-cycle depends on the operating power of the converter.
At the same time, it occupies all the negative half-cycle due to the switch Q being turned
on during this half-cycle.

T
Im(max) = ﬁ 3

2.2.2. Operation at the Input Voltages below the Nominal (Boost-SRC)

If the input source of the converter is a photovoltaic (PV) module, as an example, the
terminal voltage is decreased under partial or opaque shading conditions. The reduced
input voltage must be stepped up to the target dc-bus voltage by the converter. Therefore,
the transistor Q is controlled with a duty cycle larger than 0.5 and uses the resonance
inductor to boost the secondary winding voltage. During the conduction time part ex-
ceeding half of the switching period, the leakage inductance current is increasing, storing
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energy supplied from the input source. These operation conditions will be referred to as
boost-SRC in the text below. There are three possible scenarios of the converter operation
in the boost-SRC conditions: A, B, and C, depending on the critical time, t,;, at which the
instantaneous value of the capacitor voltage reaches the output voltage starting from the
beginning of the positive half-cycle. The steady-state waveforms and the trajectory curves
of the state variables of the converter are given in Figures 4 and 5, respectively, for three
operation scenarios. During the boost-SRC condition, the converter will operate in the
following modes:

Mode I [ty < t < t4] (first part of the boosting interval): This represents the starting
of the positive half-cycle as the transformer’s primary winding has a positive voltage
by turning on the switches S; and Sy at the instant t; = 0. This instant will be used as a
reference in all three operation scenarios for the boost-SRC conditions. The initial value
of the resonance current is zero from the end of the previous half-cycle. Meanwhile, the
capacitor voltage has an initial value of vc,(tp). The MOSFET Q continues conducting from
the previous (negative) half-cycle. The top diode D; is reverse biased when the switch Q is
conducting, while the anode—cathode voltage across the bottom diode D, is negative as
ver(t) is lower than Voyr. Therefore, D; is reverse biased from the instant ¢y as well. The
equivalent circuit of the converter in this mode is depicted in Figure 6a for clarity. L, and
C; are always resonating during this mode and start charging in a positive direction. The
current charging profile of L, follows the sinusoidal waveform. The time duration of this
interval is equal to or less than the boosting time. This mode ends in either of two cases,
whichever is sooner: the value of v¢,(t) equals the output voltage, or the boosting interval
ends. The equations of the state variables can be derived from the equivalent circuit as:

i (t) = %sin(nfw,(tfto)) )
ocr(t) = (nVin + Vour) + r1 cos(7t — wy (t — to)), 5
r1 = nVin + Vour — ver(to), (6)

where Z, = +/L,/C; is the characteristic impedance of the resonant tank, and w, =
1/+/L,C; is the resonant angular frequency.

Mode II [t; <t < #;] (remaining part of the boosting interval, if applicable): This
mode has a probability of occurrence based on the operation scenario of the converter, as
will be shown below. The equivalent circuit is shown in Figure 6b. The resonant capacitor
voltage vc,(t) remains constant at the Vo level until the end of the boosting interval at
instant t1. The main difference compared to Mode I is in the forward-biased state of D,
where the anode—cathode voltage equals the corresponding forward voltage drop close
to zero. The charging of the resonant inductor starts in the same positive direction but
with a linear profile due to the short circuit formed through Q and D,. The operation of
the converter in this mode is similar to the conventional boost converter. Additionally, no
power is exchanged between the load, and the input source provides L, with the charging
power. The equations of the state variables are as follows:

i (1) = i (1) + N (- ) @)
ver(t) = Vour 8)

Mode III [t; < t < t,] (first part of the discharge interval): It starts at turning off the
switch Q as the boosting interval is over, while the top diode D; starts conducting. The
stored energy in the resonant inductor during the boosting interval begins to transfer into
the resonance capacitor, as shown in Figure 6¢. The resonance capacitor continues charging
from the previous mode, i.e., Mode I. It will be terminated when v¢,(t) reaches the output
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voltage or the resonant current drops to zero. It has an occurrence probability based on the
operating conditions. The state variable equations are defined as:

ity (1) = 7 sin(B —wy(t — 1)), ©)
ver(t) = (nViN) +racos(B — wr(t —t1)), (10)
T = I’IVIN — UCr(tl)r (11)

where B is the initial angle of this interval.

S1
Sz Time
Q
_______ |Time
Vrxpri
_______________ _’I‘I;me
Viee K_\ Time
““““ =11"
el B _ffime
Ium() §
ver(t)
= Time
e e e—
I \/ Time
Ip1(t)
Inz(t)
Tipe
Dead-Time Dead-Time
Tsw

Figure 2. Steady-state waveform of the proposed converter under the nominal input voltage (pure-

SRC conditions).
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Figure 3. Trajectory curve of the converter state variables under the nominal input voltage (pure-
SRC conditions).
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Figure 4. Steady-state waveforms of the proposed converter for three operation scenarios in the boost-SRC condition.
(a) Scenario A: Forced half-resonance, (b) scenario B: Single-boosting mode, (c) scenario C: Double-boosting modes.

VeO)=Vour
4 +ve half-cycl A +ve half-cycle 4 Linear profile ¥
v (=Vour !
* Sine pr
i End of
N = boosting
< i [\3‘- +ve half-cycle
- T > &, a <
B U : | | e g
S~ I: T L}
v -ve half-cycle v -ve half-cycle v -ve half-cycle
ve(t) ve () v.(t)

(@ (b) ©

Figure 5. Trajectory curves of the converter state variables for the three possible scenarios in the boost-SRC conditions.
(a) Scenario A, (b) scenario B, (c) scenario C.
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Figure 6. Equivalent circuits of the proposed converter in the boost-SRC conditions. (a) Mode I, (b) Mode 1I, (c) Mode III,
(d) Mode 1V, (e) Mode VI.
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Mode IV [f, <t < t,] (remaining part of the discharge interval): The capacitor
voltage reaches the output voltage level at the boundary with Mode III. The equivalent
circuit is shown in Figure 6d. The diode D; is conducting, and v¢,(t) remains constant at
Vour until the next half-cycle. The discharging profile of the resonance current is linear. The
converter works in the same way as a traditional boost converter, releasing accumulated
energy into the load. The time domain expressions of the state variables can be given as:

. . nVin — V, .
ir(t) =i (£2) + M(f — 1), (12)
r

ocr(t) = Vour- (13)

Mode V [t; < t < t3] (first dead time interval): This represents the first dead time
interval between the gating signals of the primary switches in the same leg. Inserting the
dead time avoids the possibility of a short circuit. The switches S; and Sy are turned off.
Therefore, all the primary switches are not conducting at the instant t. The magnetizing
current reaches the peak value defined in (3). As stated earlier, I,;; acts as a constant current
source in the circuit, and it is reflected onto the primary side of the isolation transformer.
It begins to flow through the parasitic output capacitance, Cyss, of S1—S4, where Cygs of
S1,4 is charging, and Cyss of Sy 3 is discharging. If the dead time is sufficient to discharge
all parasitic capacitances fully, the switches S, 3 will achieve a full soft-switching at zero
voltage at the next turn-on, i.e., the beginning of Mode VI.

Mode VI [t3 < t < t4]: (half-resonance): The duration of this mode is nearly half of
the switching period, as follows from the equivalent circuit given in Figure 6e. The switches
Sy and S3 are synchronously turned on at the instant 3. The switch Q is switched on as a
synchronous rectifier to avoid conduction of its body diode to reduce the conduction losses.
Both diodes of the rectifier cell are in the reverse biased state. The current of C; is negative,
and thus C; begins to discharge in this mode. Additionally, between the input source and
the load, there is a direct power transfer. This mode is similar to the conventional SRC
operating close to the resonant frequency. The resonant current follows the sinusoidal
shape, and its peak value i1,_, can be calculated using (14). The time domain equations of
the state variables are given in (15) and (16).

. AVe
ILrnp = frr' (14)
. r3 .
i (t) = Z—sm(n—w,(t— ), (15)
T
'()C_,(t) =nViN+713 COS(T( — w,(t — tz)), (16)
r3 = —nVin + Vour — ver(t2). 17)

Mode VII [#; < t < t5] (second dead time interval): The end of the switching period
and similar to Mode IV, but Cyss of Sq4 is charging while that of Sy_3 is discharging.
Consequently, S1 4 will achieve zero-voltage switching (ZVS) at the beginning of the next
mode, i.e., Mode I.

2.3. DC Voltage Gain Dependance on the Boosting Duty Cycle (Dy,) for Each Operating Scenario

The part of the duty cycle of the switch Q that coincides with the positive half-cycle
is used to boost the input voltage. It is designated here as D;, where the time instant
t; represents the boosting time interval, i.e., Dy = t1/Ts. The converter operation may
include Modes I and II during one boosting interval. The maximum theoretical value of D,
is limited by half of the switching period as the switch Q operates with a duty cycle of over
0.5 for the synchronous rectification purpose. Table 1 summarizes the possible operation
scenarios and defines the modes in each case. All three scenarios feature four common
modes: I, V, VI, and VIL
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Table 1. Converter operating scenarios in the boost-SRC conditions.
- . Scenario
Description/Variable
A B C
Mode I
L, is Charging in Boost Half-Cycle v v v
Mode II X X Vv
Mode III Vv Vv X
L, is Discharging in Boost Half-Cycle
Mode IV X V4 4
First Dead Time Mode V 4 V4 4
Negative Half-Cycle Mode VI Vv Vv Vv
Second Dead Time Mode VII Vv v Vv
AVe, Equation (2) 2nVin 2nVin
Ver Equation (21) Equation (25) Equation (27)
Dy Equation (18) Equation (22) Equation (26)

2.3.1. Scenario A

If the value of AV, defined by (2) equals or lower than 2nV}y;, then the diode D,
always remains reverse biased, and there is no need to find the value critical time, f,;.
Furthermore, the capacitor voltage of C, does not reach the level of the output voltage, and
t.,i is always larger than the term of 0.5Tsy. The converter operation in this scenario is
similar to that of the circuit in [16]. The duty cycle of the switch Q can be formulated as

the following:
_1( R3—R}+V3
D cos < ZZRZSVOU(;UT 18
b — wy TSW 7 ( )

where R; and Rj are radii of arcs on the state-space trajectory curves (Figure 5) defined as:

AV,
Ry = 2nViy + 20 (19)
AV,
R = Vour — 2nViy + — (20)

2
2.3.2. Scenario B

In this scenario, the capacitor voltage does not reach the output voltage at the instant
ty, i.e., ver(t1) < Vour, while applying the boosting interval. It features only Mode I when
charging the resonance inductor and both Modes III and IV in the discharge operation.
Consequently, it could be called a single-boosting case. The voltage across the inductor
during the positive half-cycle is sketched in Figure 7a. Based on the volt-second balance of
the inductor voltage during half of the switching period and assuming the linear behavior
of the voltage during the time interval ;1 to simplify the analysis, the converter duty cycle

can be expressed as:
2
i1 2n Vour _ Vour
sin < 3 K(nZVZ nze
IN
Dy, =

wy Tsw

21)

2L,

where the variable K = % is used to simplify the equation.
swYour

When the boosting interval is over, the instantaneous value of the capacitor voltage,
vcr(t1) can be calculated using (5) by substituting t = t;, where t; = D, Tsyy. The additional
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time, t1, is required during the discharge process of the resonance inductor for the capacitor
to charge up to the output voltage:

—1 2nVin—ve,(t)
cos (1 -

= 22
ta " (22)
Therefore, the total time for v¢,(t) = Vot between the start of the positive half-cycle

and the end of the boosting interval, which refers to the critical time, equals:

teri =t +tn (23)
VL’(I) VLr(t)
y A
SIAZY \ G » 3nViyld---m---- il >
td? E [ H
1€ ) ST nViy -2 < %y '
VourA iy Mode 1 Mode I1 m
\ 4 Mode IV | time ’ - >
nViy- Vour Leri V\ﬁl nVin- Vour. t = Mode 1V time
fa B > Mode II1 G b =T
I I " o
o b V charging discharging
Vv charging discharging
(@) (b)

Figure 7. Timing diagram of the voltage across L, in the positive half-cycle in the boost-SRC conditions for (a) scenario B and
(b) scenario C.

2.3.3. Scenario C

The capacitor voltage charges up to the output voltage before the boosting interval
ends, i.e., t.; < t;. Then, the diode D, conducts in the remaining part of the boosting
interval. It could be called a double-boosting case as it includes both Modes I and II within
the boosting interval. Consequently, Mode II will be followed only by Mode III when
discharging the energy stored in L,. The voltage across the resonance inductor during
the positive half-cycle is plotted in Figure 7b. Applying the inductor volt-second balance
during this half-cycle of the switching period yields:

D — |K Vaur ~Vour) 1 (24)
b n2V12N nVin

The critical time can be given as:

1.23

»

1

(25)

teri

2.4. Transition between Operation Scenarios

Figure 8 shows the relationship between the critical time and the input voltage at
various power levels of the converter. The range of the input voltage is adjusted to include
only scenarios B and C, where the critical time is limited to half of the switching period
(Tsw/2). Tt is evident from the figure that the critical time remains below or equal to Tsy /2
(2.06 ps) for the entire range of the input voltage for the operation scenario C (as in (25)).
Meanwhile, in the region of scenario B, the capacitor voltage needs a longer time to charge
up into the output voltage when the voltage is low until it reaches the boundary with
scenario C. Additionally, the sketch clarifies the effect of the converter power on the voltage
range for each scenario. The complete flowchart that shows how the converter operation
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scenario could be defined is sketched in Figure 9. The operation scenario of the converter
in the boost-SRC conditions is mainly dependent on the input voltage, converter power,
and the resonant tank parameters.

=150 W —200W

2.2 I
Scenario C iScenario B
21 Scenario C fScenari& B
g 2
F 19
1.8
1.7 T T T Y |
10 12 14 16 18 20

Vi V

Figure 8. Dependence of t,; on the input voltage at various power levels for scenarios B and C.

‘ Define the load power, Poyr, and the input voltage, Viy

v

| Calculate AV = (PoyrTsw) / (2nVinC,)

No
Yes
3 Calculate t; (25)
Scenario A Define Dy = tei/ Tsw
Calculate D, (18) Calculate Voyr (24)

Scenario B

Recalculate Dj, (21) Vour2 Vour.rey

Scenario C
Recalculate Dy, (24)

Figure 9. Flowchart of the operation scenario selection for the converter in the boost-SRC conditions.

3. Experimental Validation
3.1. Design Guidelines
3.1.1. Transformer

The transformer should be designed at the nominal input voltage, Viy_nom, which
should correspond to the most probable operating point of the converter. Therefore, the
turns ratio can be selected as in (26) to ensure the converter generates the desired output
voltage at D, = 0. Additionally, to reduce the copper loss and the proximity losses in the
transformer windings, the Litz wire is preferably utilized where it has a large effective
number of layers [9]. The magnetic material of the transformer core is the 3C95 ferrite
with an ETD39 core type. This material has a low power loss per volume and is more
suitable for low to medium switching frequency applications [18]. The number of turns in



Energies 2021, 14, 2051

12 of 20

the primary winding has to be optimized to avoid saturation of the core at the maximum
input voltage (27). Additionally, the window area of the core should be taken into account
when calculating the number of turns. After selecting the turn number of the primary
winding, the secondary turns can be calculated based on the transformer turns ratio. The
primary and secondary layers are preferably separated using an isolation material like
Kapton tape to ensure high breakdown voltage of the isolation barrier [19]. This isolation
material features a high temperature range as well as high strength [20].

Vour
= _our 26
2VIN?Nom ( )
Vin
= 27
T @)

where B is the peak-to-peak flux density in the core, Nj is the primary turns, and A, is the
effective cross-section area of the core. The magnetizing inductance shall be dimensioned so
that the magnetizing current can fully charge and discharge the parasitic output capacitance
of the primary semiconductors during the dead time [15] as:

2
n=T
Ly < DT

) 28
- 8F5Wcoss ( )

where Tpr is dead time in the gating signals of the primary switches.

3.1.2. Resonance Tank Parameters

The resonance inductance affects the required duty cycle and the root mean square
(RMS) value of the currents in the circuit. It needs to be optimized to minimize the losses at
the nominal input voltage. The relation between the resonance inductance and the losses
in the converter is depicted in Figure 10. The losses model of the semiconductors has been
adopted from work in [21], while the core losses are estimated based on the improved
generalized Steinmetz equation [22]. It is clear that when increasing the inductance, the
losses in the circuit decrease. However, the leakage inductance should be low enough to
ensure resonant tank operation with a discontinuous resonant current, i.e., a Q factor less
than one. Next, C; could be selected regarding the target resonance frequency and utilizing
the value of L,. The material of C, should have a low series resistance and low temperature
coefficient as well [13].

8 T T T T #

0 25 50 75 100 125
Lrl l‘lH

Figure 10. Dependence of the total power loss of the converter (Pj,;) on the resonance induc-
tance value.

3.2. Description of the Experimental Testbench

The rated power and the nominal input voltage of the designed converter are 300 W
and 30 V, respectively. The turns ratio of the transformer equals six according to (26).
The experimental setup photo is given in Figure 11, while the list of the parameters and
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components utilized in the prototype is given in Table 2. An external inductor is wound
to compensate for the low value of Lj; of the transformer. The resonance frequency of the
converter is 92.3 kHz, which is close to the switching frequency to improve the converter
efficiency. All efficiency measurements were taken with the Yokogawa WT1800 precision
power analyzer, with the exception of the auxiliary power consumption. The control system
is implemented utilizing the low-cost STM32F334 microprocessor.

ST

-t

@ Isolation tranformer, TX @ Power devices
@ External inductor, L, @ Output capacitor, C,

Figure 11. Experimental setup in the laboratory.

Table 2. Setup parameters and components.

Parameter Symbol Value
Input voltage range Vin 10:30 V
Input-side capacitor Civ 150 uF
Leakage inductance Ly 4 uH
External inductance Lext 92.5 uH
Magnetizing inductance L 1 mH
Transformer core material Ferrite 3C95
Transformer core geometry X ETD39
Primary turns 9 (90 x 0.2)
Secondary turns 54 (90 x 0.1)
External inductor core material Ferrite 3C95
External inductor core geometry I E42
External inductor turns ext 33 (90 x 0.1)
External inductor core air gap 11 mm
Resonance capacitor Cy 30 nF
Output-side capacitors Co 150 uF
Output voltage Vour 350V
Switching frequency Fsw 95 kHz
Components Symbol Part Number
Primary side switches S1.4 FDMS86180
Bidirectional switch Q SCT2120AF
Output-side diodes Dy, D, C3D02060E

3.3. DC Voltage Gain

Figure 12 shows the theoretical and experimental gain versus the boosting duty cycle
Dy, at different loading powers. The output voltage to input voltage ratio is referred
to as the dc voltage gain, G = Vour/Viy. The duty cycle represents only the boosting
interval in the positive half-cycle of the switch Q. It can be noted that the two curves are
approximately matched with a small deviation as the mathematical analysis is done for the
lossless system. Furthermore, at the same dc voltage gain G, the power level influences the
duty cycle value. Larger deviations between the theoretical and experimental gain curves
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observed at lower powers can be explained by the effect of the parasitic capacitances of the
output-side semiconductors.

40
@ 50 W-Exp.
iy 200 W-Exp.
35 ’
= = = =« 50 W-Theor.

= = e » 200 W-Theor. y

30

25

Gain G

20
15

10
0.0 0.1 0.2 0.3

Duty cycle D,

Figure 12. Theoretical and experimental dc voltage gain curves versus the boosting duty cycle Dy,.
3.4. Measured Efficiency

The efficiency is measured in the pure-SRC conditions at 30 V and boost-SRC conditions
at 25V, as shown in Figure 13. The efficiency of pure-SRC is higher than at 25 V for most of
the power levels due to negligible switching power losses. The peak efficiency of pure-SRC
and 25 V equals 96.5% and 96%, respectively. The weighted California Energy Commission
(CECQ) efficiency equals 94.4% and 95.8% for the boost-SRC and pure-SRC conditions,
respectively. At lower powers, the controllability is decreased as a smaller duty cycle Dy, is
needed to regulate the input voltage.

97
95
X
g 93
& @ b 00st-SRC
&
= e pure-SRC
91
89
0 100 200 300

Py, W

Figure 13. Measured efficiency of the proposed converter at the nominal input voltage of 30 V and in
the boost-SRC at 25 V.

3.5. Comparison with the Existing Topology with an AC-Switch

The proposed topology is considered a modification of the baseline topology shown in
Figure 14 [17]. The latter comprises two switches and two diodes to boost the input voltage,
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o

Front-end full-bridge Isolation transformer Voltage-doubler rectifie

implementing the ac-switch-based technique, i.e., using a bidirectional switch. The range
of the input voltage that the two converters can regulate is measured in the laboratory, as
shown in Figure 15a. It can be noted that the proposed topology covers a wider range than
that of the topology in [17]. As can be observed from the figure, the proposed converter can
regulate the input voltage and power in a wider range compared to the circuit based on
the ac-switch. Next, the efficiency of both circuits was measured versus the power level, as
shown in Figure 15b. It is worth noting that in pure-SRC conditions, all topologies work the
same at the nominal voltage. The proposed topology provides slightly lower efficiency in
the boost-SRC conditions at 25 V, which, however, is a justifiable disadvantage considering
the improved converter regulation range.

Vi

Cy —

Q

- { _ILX_M Loz ac-switch cell ‘ D, ” ‘ R
~ T 0.5Cri+0.5V I
Lm Vixsec ; G Vour
\L D: A 0.5C, 0.5V, T
L O

Figure 14. SRC configuration based on the ac-switch boosting technique [17].
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= 220 S
§ —@— Proposed E" 93
S —0— 2
& 170 171 é =@ Proposed at 25 V
= «==fe== Proposed at pure-SRC
120 e =@ [17] at 25V
70 89
10 15 20 25 30 0 100 200 300
Vin V Py W
(a) (b)

Figure 15. Comparison between the proposed topology and the topology in [17]: (a) Measured
operating range and (b) measured efficiency.

3.6. Steady-State Waveforms
3.6.1. Pure-SRC Conditions

The experimental results for the trajectory curve and the steady-state waveforms
are shown in Figures 16 and 17, respectively. The operating power of the converter was
200 W. The radius of the bottom half-circle in the state trajectory is 210 V, which refers
to the peak-to-peak ripple of the resonant capacitor voltage, and the theoretical value of
AV, equals 198.5 V. In the negative half-cycle, the secondary winding (resonant) current
follows the half-wave sinusoidal shape with a peak value of 1.85 A. The resonant capacitor
discharges from the value of 285 V down to 75 V at the end of this half-cycle. At the end of
the positive half-cycle, the converter operates in the freewheeling condition for a short time.
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Figure 16. Measured state-space trajectory curve in the pure-SRC conditions.
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Figure 17. Steady-state waveforms of the converter in the pure-SRC conditions: (a) At the input and
(b) output sides.

3.6.2. Boost-SRC, Scenario A

The trajectory curve and the steady-state waveforms are shown in Figure 18. In this
case, the input voltage and the converter power equal 25 V and 200 W, respectively. The
measured value of AV, is 232 V, which matches the theoretical prediction of 234 V calcu-
lated from (2). The boosting duty cycle D, equals 0.055. The value of the secondary current,
ITx sec, at the end of the boosting interval is 2.8 A. The converter operation corresponds
to the theoretical analysis. As the resonant current decreases to zero, parasitic voltage
oscillations are generated by parasitic capacitances of the output-side semiconductors, but
this has little effect on the converter’s main operating principle.

200
Veee (200 V/div)
\
00 \, s {7’%/\ /A
5 0~
= 0 350 i
Ver (100 V/div)
-100
@
2 di
-200 25ty
Veel(t), V
(a) (b)

Figure 18. Experimental waveform of the proposed converter for scenario A: (a) Trajectory curve
and (b) steady-state waveforms.
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3.6.3. Boost-SRC, Scenario B

During this case, the input voltage and the power level are 20 V and 200 W, respectively.
The experimental results for the trajectory curve and the steady-state waveforms are shown
in Figure 19. The boosting duty cycle Dy, equals 0.15. It is clear that the converter has a
single-boosting mode as the capacitor continues charging while the resonance inductor
is discharging in the positive half-cycle. Further, the capacitor voltage in the negative
half-cycle starts discharging from the output voltage of 350 V down to 105 V at the end of
the half-cycle. This change in the voltage V¢, represents the peak-to-peak ripple, which
matches the theoretical value at 2nVpy, i.e., 240 V. During the boosting interval, the inductor
current charges according to the sinusoidal law up to approximately 5 A, then it begins
to discharge until the resonant current drops to zero. It is worth mentioning that the
resonant capacitor voltage reaches the output voltage level soon after the boosting interval
is finished and remains unchanged till the end of the half-cycle.

/ Vyec (200 V/div)
Ingsec (2 A/diV) \
18 \

300

200

100

(02, V

Ver (100 V/div)

O 2 ps/div
200 ¥ 2 ps/div
Ve (1), V

(@) (b)

Figure 19. Experimental waveform of the proposed converter for scenario B: (a) Trajectory curve and
(b) steady-state waveforms.

3.6.4. Boost-SRC, Scenario C

During this case, the input voltage is set to 17 V, the converter power equals 200 W,
while the boosting duty cycle Dj, equals 0.15. The experimental result of the trajectory curve
is shown in Figure 20a, and the obtained shape matches the theoretical one in Figure 5c. The
capacitor voltage reaches the output voltage before ending the boosting interval, as shown
in Figure 20b. The secondary winding current changes according to the sinusoidal law
before the instant when v¢,(t) = Vour, and linearly after that. The theoretical and measured
values of AV, are 204 V and 205 V, respectively. The two values are well matched, which
confirms the validity of the circuit analysis in this case.

S50 .
Veee (200 V/div)

250 Inysee (2 A/diV) I
> 150 M
3
o Y
= 50

Ver (100 V/div)
50100 200 300 400
g 2 ps/di
150 ¥ o

vel(©), V
() (b)

Figure 20. Experimental waveform of the proposed converter for scenario C: (a) Trajectory curve,
and (b) steady-state waveforms.
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Jour (100 V/div) |

A simple closed-loop control system is designed to generate the duty cycle that will
regulate the output voltage at its reference point, as shown in Figure 21. When a maximum
is hit, the anti-windup feedback limits the input of the integrator, preventing a significant
value of integrating action. The proportional and integral gains of the proportional-integral
(PI) regulator are 0.23 and 0.001, respectively. The system is tested in two conditions to
ensure the robustness of the designed regulator. First, the load resistance is changed in a
step from 1000 Q) to 500 (2, i.e., the power is changed from 122.5 W to 245 W. The output
voltage remains constant at 350 V, as shown in Figure 22a. The input voltage during this
test equals 25V, and the input current increases from 5.5 A to 11.3 A, corresponding to
the load step. Additionally, AV, changes with the power level, which agrees with the
theoretical prediction (2).

Vour.

Sa

/

?

2 | Anti-windup

350V

Figure 21. Block diagram of the closed-loop system using the PI regulator with an anti-windup strategy.

A
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; \
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CID< 05s :é)
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Figure 22. The converter response to (a) load step change and (b) the input voltage ramp.

The next test is done by ramping the input voltage from 25 V down to 15 V within
0.5 s, while the load resistance equals 1000 ). The response of the converter output voltage
is shown in Figure 22b. The converter operates in the boost-SRC condition and switches
between all three operation scenarios during this input voltage change.

The resonant capacitor voltage stress constraint on the output voltage is a significant
advantage of the proposed converter. It is known that resonant capacitors are prone to fail-
ure in galvanically isolated dc-dc converters [23]. In other existing topologies, including the
single form [17], the resonant capacitor could experience much higher voltage stress during
transients due to resonant current overshoots, which is avoided in the proposed converter.

4. Conclusions

The paper has introduced a new topology of the series resonant dc-dc converter with
galvanic isolation and discontinuous resonant current. This topology utilizes a novel
boosting rectifier cell with one MOSFET, two diodes, and two capacitors at the high voltage
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side. It employs the converter resonant inductor as a boost inductor for voltage boost.
Compared to its counterparts based on a voltage doubler rectifier, this boosting cell reduces
the number of semiconductor components and clamps the resonant capacitor voltage to
the maximum output voltage. The latter feature ensures safe converter operation under
any regulation transients when connected to a stable dc microgrid, but it provides slightly
lower efficiency compared to the closest existing SRC-based topology with an ac-switch.
Nevertheless, the proposed converter can achieve the soft switching feature, and the
maximum efficiency of the converter was 96.5%. The obtained features enable using the
proposed converter in distributed generation applications where it needs to operate in a
wide range of input voltage and power.
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Nomenclature

PV Photovoltaic

SRC Series resonant converter

ZNS Zero voltage switching

LLC Inductor-inductor-capacitor resonant converter
MOSFET  Metal oxide semiconductor field-effect transistor
C, Resonant capacitance (F)

F, Resonant frequency (Hz)

Fsw Switching frequency (Hz)

L, Resonant inductance (H)

Lk Leakage inductance (H)

Lext External inductance (H)

Ver The average voltage of the resonant capacitor (V)
Vour Output voltage (V)

L The magnetizing inductance of the transformer (H)
n Turns ratio of the transformer

Coss Parasitic output capacitance of the input-side bridge semiconductors
Dy Cumulative boosting duty cycle

Tsw Switching period (s)

Pour Output power (W)

AV, The peak-to-peak ripple of the resonant capacitor voltage
ViN Input voltage (V)

Co Output capacitance (F)

Zy Resonant impedance ()

ZCs Zero current switching

wy Angular resonant frequency (rad/s)

B Initial angle (rad)
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DCM Discontinuous conduction mode

G Normalized dc voltage gain

Pin Input power (W)

B Peak-to-peak flux density of the transformer (Weber/m?)

Np Number of the primary winding turns

Ac Effective core area (m?)

Tpr Dead-time between the two MOSFETs in the input-side bridge (s)

teri Critical time to charge the resonance capacitor into the output voltage (s)

Vour_rf Reference of the output voltage
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Abstract—This paper studies the effect of the resolution of the
mission profile, i.e., solar irradiance and ambient temperature,
on prediction accuracy of the photovoltaic (PV) module energy
yield. The case study considers integration of a PV module into
a DC microgrid (MG). The mission profile that corresponds to
North Denmark is utilized as it exemplifies a climate environment
with cloudy days with fluctuating solar irradiance. The paper
considers the long-term prediction of the PV output power for
one year. Mission profile resolutions of 1s, 10 s, 30 s, 1 min, 5 min,
and 15 min are considered. The interface converter between the
PV module and DC MG is based on the series resonant converter
(SRC) that has buck-boost functionality, which results in non-
smooth efficiency dependence on the input voltage and power.
The algorithm predicting the energy yield has been carried out
in the Python and MATLAB environments. The performance of
the two environments is compared.

Index Terms—Mission profile, Photovoltaic (PV), energy yield
prediction, DC microgrid

I. INTRODUCTION

Recently, global trends move towards increasing the deploy-
ment of renewable energy in most of life activities. There is an
evident trend of energy electrification end-use in all sectors,
including even heating. One of the main reasons behind these
trends is to avoid the problems of climate change that threaten
our planet. Photovoltaic (PV) modules are widely used as
renewable energy resources to harness the solar energy and
convert it into electricity. The development of PV technologies
provides cost-effective solutions in different markets. In 2030,
the global electricity generated by solar photovoltaics could
grow up to 13% according to the IRENA report [1], and the
expected electricity price for residential PV systems in the
USA is 0.05 USD/kWh [2].

It is well known that the power generated from PV mod-
ules is variable and is subjected to environmental conditions.
Predicting the energy production of the PV systems based on
the annual mission profile from the previous year, allows the
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decision-maker to take an overview of the generation capacity
versus the required one. Besides, the prediction of the solar
energy production improves grid flexibility [3]. Furthermore,
the predictive maintenance strategy could be set according to
the low power profile in such days [4].

With the growth of integration of renewable energy into
utility services, the reliability issue of the installed PV systems
has risen as a big concern. The PV output power is mainly
affected by the mission profile of the incident irradiance
and the ambient temperature. To study the actual behavior
of the PV system from the point of reliability prediction
and system-level availability, or to predict the energy yield
for a certain long-time horizon, the mission profile of the
operating conditions is required. The time step, i.e., resolution,
of the mission profile dataset depends on some factors such
as implementation cost, dataset capacity, and the installation
environment in some cases. To gather the mission profile
at a high resolution, a powerful data logger is necessary to
rapidly record the environmental data at an acceptable preci-
sion, which is deemed an expensive option [5]. The utilized
resolution in the literature work includes a variety of values in
the range from 1 second into 1 hour for long-term studies, i.e.,
one-year [6]- [7]. The impact of the mission profile resolution
on the reliability prediction and lifetime consumption for PV
inverter semiconductors has been investigated in [8]. The
results of this work reported that the mission profile resolution
affects strongly the reliability prediction, especially in the
cloudy environment, and an overestimation of the PV inverter
lifetime could result from low resolution of the mission profile.
The work in [9] proposes a variable dc-link operation for the
buck-boost converter with the PV system, and it takes into
account the change of the PV module series resistance with
the temperature. In the latter work, the energy yield prediction
algorithm is investigated only at a 1 min resolution to predict
the annual energy yield.
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Fig. 1: A residential PV system including an SRC-based converter coupling the PV module to the DC MG.

This paper aims to answer the question of how the mission
profile resolution can affect the accuracy of the energy yield
prediction for a PV module connected to the DC MG. Different
mission profile resolutions are considered for the same PV
module and the interface converter parameters. In this paper,
the energy yield prediction algorithm is implemented using
Python and MATLAB software to compare the execution
speed.

II. DESCRIPTION OF THE STUDIED SYSTEM

The studied system considers feeding the power generated
by the PV system to the DC microgrid. One PV module is used
during this study to match the designed converter prototype.
The considered PV module is 60-cell Jink Solar JKM300M-
60B with monocrystalline silicon technology. The complete
structure of the studied system is provided in Fig. 1, while the
system parameters are listed in Table I.

A. Mission profile

The PV energy production is mainly affected by the mission
profile of solar irradiance and ambient temperature. As a result,
the day with more clouds leads to fluctuations in the PV
power along with the daylight time. To investigate the effect of
mission profile resolution on the energy yield prediction, the
mission profile recorded in Northern Denmark shown in Fig. 2

TABLE I: SRC parameters in the studied residential PV system.

Parameter Symbol Value
Input voltage range Vin 10:50 V
Input capacitance Civ 150 puF
Transformer turns ratio n 55

Resonant inductance Ly 106 pH
Magnetizing inductance Ly 1.46 mH

Resonant capacitance C, 30 nF
Switching frequency Fgy 95 kHz
Output capacitance Co 150 pF
Output voltage Vour 350 vV
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Fig. 2: Annual mission profile for Aalborg, Denmark: a)
irradiance and b) ambient temperature.

solar

is used. Notably, this location is considered a soft environment
with highly variable solar irradiance mission profile compared
to the location like Arizona in the USA, which represents
a harsh environment as the ambient temperature is high.
The average level of solar irradiance is relatively low from
November to February. The same distribution profile can be
noted for the ambient temperature.

B. DC-DC converter based on series resonant converter

SRC is considered a promising solution to overcome the
wide-range variations of the input voltage [10]- [14]. As
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shown in Fig. 1, SRC has a high switching frequency full-
bridge inverter on the input side. The two switches of the
front-end bridge must not be switched ON simultaneously
to avoid the supply short-circuit, so a small dead-time is
inserted in the modulation sequence. This converter features
soft-switching characteristics utilizing the magnetizing current
during the dead-time interval to charge/discharge the parasitic
output capacitance of the bridge MOSFETs. To achieve that,
the switching frequency must be 5-10% lower than the res-
onant frequency to attain soft-switching, i.e., high efficiency
[15]. Also, it has the buck-boost functionality with the same
power stage when using different modulation techniques. This
converter provides galvanic isolation utilizing the high step-
up transformer, 7X. The ac-switch on the output side is a
bidirectional switch that could be driven to boost the input
voltage [16]. When the studied converter operates in the
discontinuous conduction mode, the voltage doubler diodes
could be turned off at zero current and achieve high efficiency.
More details about the studied converter can be found in [16].

III. ENERGY YIELD PREDICTION

The energy yield prediction algorithm starts with reading the
PV mission profile with a certain resolution as shown in Fig.
3. Then the ambient temperature, 7,, is employed to determine
the cell temperature of the module, 7, based on a first-order
low-pass filter as below:

()

T 1

Tanvocr)y ) 1+s7

where, Tyocr is the nominal operating cell temperature,
Tunocr) is T, at the nominal operating cell temperature, 7
is the time constant of the low-pass filter, and s represents the
Laplace operator.

It is worth to mention that the thermal response of the PV
cell effect on the time response of the cell temperature with
the ambient temperature change, and therefore the prediction
of the energy yield. To model of the PV module, the single-
diode model is utilized with the series resistance, R and the
shunt resistance, Ry, as the parasitic element of the PV module.
Here, during the modeling of PV module, R, is not considered
fixed, but it changes with the cell temperature as below [17]:

Ry = Rysroy- (1 + kps (T — Tsrc)) @

where, Rysrc) is R at the standard test condition, and &, is
the experimental thermal coefficient.

Using the methodology from [9], it is possible to define
the annual voltage and current profiles of the PV interface
converter. Next, an interpolation of the converter efficiency
versus converter input voltage and current can be derived from
the experimental measurements of the SRC converter. This
contour plot of SRC efficiency is given in Fig. 4. Based on
the maximum power fed from the PV module, the converter
output power, Poyr, can be calculated using the experimental
efficiency interpolation.Then, the energy yield prediction, E,
during an arbitrary interval ¢, could be calculated as:

Start

L

/ Read PV parameters and mission profile data (.5, T%) /

-

Calculate the cell temperature (1) |

l

Calculate PV voltage, current, and
power at MPP (Vypp, Inpp, and Puypp)

1

Calculate the converter output power (Pour) |

5

Save the results

Fig. 3: Flowchart of the PV energy yield prediction.

to
E = / Pour(t)dt 3)
0

More details about the prediction algorithm of the PV
energy yield based on PV module datasheet parameters could
be found in [9].

IV. RESULTS AND DISCUSSION

The solar irradiance for one day out of the yearly mission
profile is given in Fig. 5 for two cases, clear and cloudy,
at different resolutions. It is clear that the resolution of the
solar irradiance profile has negligible influence on the clear-
day mission profile, where the solar irradiance has a low
dynamic change. On the other hand, the dynamic change in
solar irradiance, especially for the fast cloudy environment,
differs a little from the mission profile resolution.

The cumulative energy of the PV module during one year
is summarized in Table II for different resolutions. The total
energy (in kWh) of the PV module is approximately the same
for all considered resolutions. The difference between the
estimated energy yields is less than 0.5 %. This effect could be
explained by analyzing the annual output power profile using
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Fig. 4: Contour plot of the SRC efficiency versus the converter input
voltage and current based on experimental data and thin plate spline
interpolation.

rainflow counting algorithm. Fig. 6 shows that there are almost
no power cycles above 30 W and they appear mostly in the
output power range between 50 W and 250 W. Moreover, the
duration of these cycles is mostly shorter than 30 s as shown in
Fig. 7. This proves that the high variability in the annual solar
irradiance does not impose a high requirement on the mission
profile resolution when the energy yield needs to be predicted.
However, it is essential in other research topics, like estimation
of wear-out failure probability of semiconductor components

[8].

At the end, we have compared the performance of two
typical softwares used for solving this type of computational
problems: Python and MATLAB. The Python libraries used
during the implementation include numpy, scipy, and pan-
das. They provide very high execution speed due to their
implementation in C programming language. The bar diagram
in Fig. 8 shows the computational time for both the Python
and MATLAB scripts for different mission profile resolutions.
The algorithm is running on a personal computer employing
Intel(R) Core(TM) i5-8265U processor operating at 1.60 GHz
and 16 GB of RAM. Also, the calculated time does not include
the time of saving the results into the format of comma
separated values (CSV), which was used for storing large
datasets. It is clear that Python environment with C-based
libraries provides from two to over four times the calculation
speed improvement over that in MATLAB.

TABLE II: Energy yield prediction for different resolutions.

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

E, kWh 314.0 | 31452 | 314.54 | 314.57 | 31475 | 315.12
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Fig. 5: Mission profile of Aalborg at different resolutions in: a) clear
day and b) cloudy day.
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Fig. 6: Results of rainflow counting algorithm for the average output
power versus output power cycle swing.
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Fig. 8: Computational time of Python environment versus MATLAB
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V. CONCLUSION

The paper has discussed the effect of mission profile
resolution on the annual prediction of the energy produced
from the PV module connected to the DC microgrid via a
buck-boost galvanically isolated dc-dc converter. The original
annual mission profile comprised of the solar irradiance and
ambient temperature recorded in Aalborg, Denmark, with a
resolution of 1 s was downsampled to resolutions of 10 s, 30's,
1 min, 5 min, and 15 min. The results show that the energy
yield prediction does not require resolutions below 15 min. In
addition, the paper shows that using the Python environment
with popular C-based libraries could save computational time

by 55-80 % versus the MATLAB environment.
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ABSTRACT This paper investigates the reliability of an isolated buck-boost DC-DC converter (IBBC) based
on the configuration of a series resonant converter (SRC). Two approaches are employed to predict the
IBBC reliability, which are based on the MIL-HDBK-217F handbook and FIDES guide. The latter approach
can take into account how the failure rate of the converter components based on the physics of failure is
influenced by a varying yearly mission profile. To do this, the thermal loading of each IBBC component
is obtained, taking into account the photovoltaic (PV) mission profile of the solar irradiance and ambient
temperature. In such a case, the PV module is operating at the maximum power point (MPP) and the IBBC
transfers this power into the DC microgrid (MG). Second, the component-level failure rate is calculated with
both reliability assessment approaches, to evaluate the converter-level failure rate. Therefore, the converter
reliability can be defined while taking the serial reliability connection of the converter components into
account. The reliability analysis is carried out using a cloud Python engine installed and running in a
Google Colaboratory notebook. The results indicate that the primary semiconductors are the most vulnerable
component in the IBBC. The By lifetime of the case-study IBBC calculated using the MIL-HDBK-217F
and FIDES approaches is 14.80 and 23.20 years, respectively. This indicates that, when compared to the
methodology from the MIL-HDBK-217F handbook, the approach from the FIDES guide can provide a more
accurate prediction for the IBBC lifespan considering the real field mission profile.

INDEX TERMS Isolated DC-DC converter, series resonant converter (SRC), reliability, lifetime, MIL-
HDBK-217F handbook, FIDES approach.

I. INTRODUCTION

Nowadays, power electronics represent a major challenge in
solar energy systems since they are more prone to failure,
up to 66 % [1], and consequently have lower lifetime com-
pared to the PV module lifetime, which could reach up to 25
years. With the significant spread of renewable solar energy
worldwide to preserve the environment and mitigate climate
changes, the research community has carefully considered the
reliability of power electronic converters at the design phase
(i.e., design for reliability (DFR)). In addition, it is important
to continue assessment and monitoring of the reliability of the
power converter over time to ensure that the system works
successfully [2].

Generally speaking, DC-DC converters are widespread in
different applications such as renewable energy systems, data
centers, electric vehicles, home appliances, and aircraft [3].
Their reliability should be emphasized well in different oper-
ating conditions and applications. The reliability of the three-
phase interleaved boost converter is analyzed in [4], and the
results show that soft-switching improves the converter re-
liability compared to hard-switching. In addition, the series
resistance of the main switch or the output capacitor in the
conventional boost converter degrades the reliability perfor-
mance of the converter [5]. In [6], a reliability assessment
approach based on Markov chain modeling proves that the
two-stage boost converter with half-power operation has high
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VOLUME 3, 2022

131



BAKEER ET AL.: RELIABILITY EVALUATION OF ISOLATED BUCK-BOOST DC-DC SERIES RESONANT CONVERTER

reliability with the single-stage conventional boost converter
operating at full power.

For the isolated DC-DC converters with a single switch
(such as Flyback, Forward, Cuk, SEPIC, and Zeta topology)
or multiple switch (such as Full-bridge, Half-bridge,
and Push-pull), their reliability have been investigated
using the MIL-HDBK-217F handbook in [7]. But, the
MIL-HDBK-217F handbook has been in development since
1961, and the most recent version was released in 1995,
making it an outdated reliability guide. It also calculates
component failure rates without considering process factors
such as manufacturing or software. The used Markov model
disregards the converter operation mission profile, resulting in
an underestimation of the converter lifespan. It is worth noting
that the PV system is turned off at night, and the mission
profile duration depends on the PV mission profile. The
reliability of the converter due to fluctuations in photovoltaic
energy has also been discussed in [8].

The isolated series resonant converter (SRC) emerges as
a most promising isolated DC-DC converter to regulate the
wide range variation in input voltage for PV applications [9]
as i) it has direct power transfer to the load, ii) good trans-
former utilization, and iii) soft-switching features. Moreover,
it can work at a fixed-switching frequency while retaining the
soft-switching through the magnetizing current of the isola-
tion transformer. According to industrial statistics, the pri-
mary semiconductors, followed by the resonant capacitor, are
the most prone components in the SRC/LLC converters [10].
The short-circuit faults are dominant in the primary semicon-
ductor faults, while the resonant capacitor faults occur in the
form of an open-circuits, which causes the secondary side
power to be unplugged from the load. The reliability in the
isolated DC-DC converters such as LLC, SRC, dual active
bridge, and phase-shift converter when using the Si and GaN
power devices on the high voltage side is investigated for a
one-day mission profile in [11]. In that study, the designed
SRC operates at a variable switching frequency, and the fail-
ure rate of the resonant capacitor and isolation transformer has
not been addressed. Furthermore, there is a trade-off between
the selection of resonant tank parameters to improve the reli-
ability of the SRC, where the resonant capacitor tank should
have a high capacitance value and a small inductance value at
the given resonant frequency, as reported in [12]. On the other
hand, such a design can seriously penalize the efficiency of
the SRC-based IBBC [13].

In this paper, the reliability of IBBC based on the SRC will
be explored, taking into account a real annual PV mission
profile recorded in Aalborg, Denmark. To analyze component-
level reliability, the failure rate for the primary and secondary
IBBC semiconductors is assessed in addition to the isolation
transformer and resonant capacitor. To consider the yearly
mission profile of PV, the approach from the FIDES guide
will be used and compared to the approach from the MIL-
HDBK-217F handbook that does not consider this. By an-
alyzing the failure rate of each IBBC component, the most
prone component can be identified and replaced/redesigned
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during the design phase. It is the first time that the failure
rates of all power components of the SRC-based IBBC have
been examined for PV applications. The rest of the paper is
as follows: Section II covers details of the mission profile
utilized, in addition to the basic operation of SRC-based
IBBC. Section III addresses the thermal modeling for the
primary and secondary semiconductors, the isolation trans-
former, and capacitors, which is regarded as the most im-
portant step in the reliability prediction. Then, Section IV
discusses the reliability mathematical models for both MIL-
HDBK-217F and FIDES based approaches in each compo-
nent category, and the system-level reliability of the power
electronic converter is also evaluated. The findings of the reli-
ability analysis are given and discussed in Section V. Finally,
the conclusions and future work of the paper are drawn in
Section VI

1l. DESCRIPTION OF THE STUDIED SYSTEM

The case study for the SRC-based IBBC is aimed at a PV
module-level application in the DC microgrid (MG). The en-
tire configuration of the investigated system is shown in Fig. 1,
while the parameters of the PV module based on Jinko Solar
JKM300M-60B are adopted from the work [14]. The PV mod-
ule operates at the maximum power point (MPP) by adopting
the perturb and observe (P&O) technique due to its simplicity.
The MPP tracking is achieved by phase shift modulation at
the input side in the buck mode, or pulse-width modulation
at the output side in the boost mode [15]. The voltage of
DC MG is assumed to be fixed and ripple-free during the
analysis in this paper. Additionally, the leakage inductance of
the isolation transformer incorporates the resonant inductance
of the resonant tank.

A. UTILIZED YEARLY MISSION PROFILE

It is widely known that PV power is influenced by the weather
conditions of solar irradiance (S) and ambient temperature
(T,), which will reflect the mission profile for the reliability
assessment. The presence of more clouds on a given day
might cause variations in the PV power throughout the day.
Consequently, the thermal stress of the PV converter compo-
nents would be strongly affected [16]. The considered mission
profile is recorded for Northern Denmark (Aalborg) with a
resolution of one second and a total of 31,863,123 points
per year, as shown in Fig. 2. It is clear that the mean solar
irradiance in the period between November and February is
low compared to the remaining part over the year, and this will
reflect on the temperature profile of the IBBC components.
Furthermore, the average ambient temperature over the year
is around 9.88 °C.

B. ISOLATED DC-DC BUCK-BOOST CONVERTER

The SRC-based IBBC has a high switching frequency input
bridge (IB) in the front end, which is connected to a gal-
vanic isolation transformer (7 X). The resonant tank is cou-
pled to the secondary winding of the transformer 7'X, and
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the active output bridge (OB) is connected to the DC micro-
grid. The resonant tank compromises the resonant inductor
L, and the resonant capacitor C,, and therefore the resonant
frequency can be defined in (1). The blocking capacitor Cj,
before the transformer 7X is employed to avoid the DC
component in the transformer current, hence minimizing the
conduction losses and avoiding the core saturation. It has
a high capacitance value so that it has a negligible effect
on the IBBC resonant frequency. Despite the studied IBBC
based on the SRC has the same structure compared to the
well-known LLC converetr, the employed SRC has a high
ratio between the magnetizing inductance L,, and the resonant
inductance L,, and the resonant tank does not include L,,.
On the other hand, the magnetizing inductance can be used
as the resonant inductor in parallel with the resonant tank
output port with the LLC converter. The literature regards
this SRC design as series-resonant-converter operated in half-
cycle discontinuous-conduction-mode [17], [18]. Therefore
the given converter is regarded as SRC-based. The IBBC has
both buck and boost functionality, despite the operation being
at a fixed-switching frequency [15]. It employs varying the
phase-shift between the right and left leg in the converter input
bridge [13] in the buck mode for PV voltages above nominal
(29 V in the given case) as shown in Fig. 3(a). At lower
voltage, the secondary-side transistors needs to short-circuit
the secondary winding to step-up the voltage [15] as shown
in Fig. 3(b). Furthermore, the switching frequency should
be lower than the resonant frequency by 5-10% [19]. The
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TABLE 1 Parameters of the IBBC Converter

Par Symbol Value
Blocking capacitance Cp 100 pF
Transformer turns ratio  n 12
Magnetizing inductance L, 2 mH
Resonant inductance L, 98.5 uH
Resonant capacitance C, 27 nF
Resonant frequency F, 97.5 kHz
Switching frequency Fgy 95 kHz
DC MG voltage Vv 350 V

parameters of the studied IBBC are given in Table I, while
the steady-state waveforms during the DCX mode are given
in Fig. 4. The transformer turns ratio is selected to allow the
converter produce the output voltage of 350 V at the nominal
input voltage of 30 V typical for 60-cell Si PV modules. To
design the resonant tank precisely, the relation between the
resonance inductance L, and the converter losses is shown in
Fig. 5. It is clear that, with the large value of the resonant
inductance, the losses of the converter can be reduced. How-
ever, the leakage inductance should be low enough to ensure
resonant tank operation with discontinuous resonant current,
i.e., Q factor less than one. The optimal value of the resonant
inductance is approximately 100 pwH. Next, C, could be se-
lected by knowing the required resonance frequency and the
obtained value of L, using (1). The magnetizing inductance
must be calculated so that the magnetizing current can fully
charge and discharge the parasitic output capacitance (Cpss)
of the primary semiconductor during the dead time (7;) in
the primary switches’s gating signals as in (2). Additionally,
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Si FDMS86180 and SiC SCT2120AF MOSFETs are em-
ployed as the primary- and secondary-side semiconductors,
respectively.
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In the case-study IBBC, the IB is configured as a full-
bridge, and its semiconductors in the same leg are operating
in a complementary mode to avoid the short-circuit across
the photovoltaic terminals. Moreover, a small dead-time is in-
serted between the gating signals of the IB semiconductors to
allow the magnetizing current to discharge the parasitic output
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FIGURE 5. The dependence of the converter’s total power loss on the
resonant inductance value.

capacitance C,g of the switches and therefore accomplish the
zero voltage switching (ZVS) (thus, soft-switching feature)
during the turn-on instant. The OB works as a full-bridge
rectifier, and it could be turned off at zero current switching
(ZCS) as the converter is designed to operate in the discontin-
uous conduction mode.

IIl. THERMAL MODELING OF THE IBBC COMPONENTS
Thermal modeling is a key stage in investigating the reliability
of power electronic converters. The junction temperature of
the MOSFETs (S1-4, Q1-4), as well as the hot spot temper-
ature of the capacitors (Cp, C,) and the isolation transformer
(T X), can be obtained over the mission profile duration.

A. MOSFETs

Conduction losses in the IB and OB power devices depend
on the RMS value of the switch current Iy;osreT, rms and the
on-state resistance, Ry o, as in (3). We consider the variation
of Rys,0n as a function of the junction temperature 7; [20]
as well. The rise and fall times of the MOSFET lead to an
overlap between the drain current and drain-source voltage of
the switch so that some energy is lost during the switching
instant. The methodology to calculate the MOSFET switching
loss is adopted from the Infineon guidelines as in (4-5) [21].
However, the voltage rise and fall time is calculated using
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FIGURE 6. Thermal foster network of power semiconductors.

the accurate methodology by considering more points on the
correlation curve between the switch voltage and the parasitic
output capacitance as described in [22]. It is worth noting
that for MOSFET switches, at turn-on, the body-diode con-
tinues to conduct during the current rise time. Turning off
the body-diode of MOSFET requires removing any minority
carriers stored in it, which must absorb reverse recovery en-
ergy, resulting in additional power dissipation. This dissipated
power depends on the reverse-recovery charge (Q,,) used in
the power dissipation calculation, which can be taken from
the MOSFET datasheet [21].

3

PyoSFET,cond = Rds,an(T})lgﬁospET_rm
i +1t fu

7 4)
where V; is the drain-source voltage of the MOSFET during
the turn-off state, I, is the drain current at the beginning of
turn-on instant, ¢,; is the current rise-time, 7, is the voltage
fall-time, and Q,, is the reverse-recovery charge.

tri +1,
Psw,uff = <Vdsloff%) Fy

where I,y is the drain current at the beginning of the turn-
off instant, #z; is the current fall time, and ¢, is the voltage
rise-time.

Then, the MOSFET junction temperature can be estimated
using the thermal impedance specified in the manufacturer
datasheet using the foster model parameters as shown in
Fig. 6, in which Py, is the total losses of the semiconductors
(ie., Ploss:PMOSFET,z‘ond+Psw,on+va,off)~

Psw,an = (Vdslon

+ ervds Y

®)

B. TRANSFORMER

It suffers from two types of losses, the conduction loss in the
primary and secondary windings, and the second is the core
loss. The conduction loss can be computed as

©)

where R, and R, are the ac resistance of the primary and
secondary windings, respectively, while 1, yms and Lsec, ms
are the RMS current of the primary and secondary windings,
respectively.

As the flux in the transformer core of the IBBC is non-
sinusoidal, e.g., it has a triangular shape when the voltage is
applied to the primary winding, the improved general Stien-
metz equation (iGSE) can be efficiently employed [23]. The
magnitude of the flux density inside the core varies as a
function of the voltage across the primary winding, which has
a roughly square waveform in the considered case study. It
is noteworthy that the isolation transformer is built using the

2 2
Prrans,cond = RPVinri.rms + RS"CISeC.VmS
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PTrans.core =

where V, is the effective volume of the transformer core, k;,
o, B are the Steinmentz coefficients that are obtained from
the curve fitting in the core datasheet, B,, is the flux density
in the core at the instant #,,, AB is the peak-to-peak flux
density throughout the switching period. Then, the hot-spot
temperature can be estimated using the thermal impedance
(R;p,) specified in the manufacturer datasheet as in (8), where
Plass:PTrans,cand+PTrans,core~

Ths = T + RipnPross 3
C. CAPACITOR

The dielectric loss of the capacitor is ignored, and the power
loss from the equivalent series resistance (ESR) is considered
because of its significant effect by taking into account the
dependency on the frequency as

Pc = ESR(P)I,,.,(f)

where /. s is the RMS current of the capacitor.

Next, in a similar way to (8), the hotspot temperature of
the capacitor can be computed using the capacitor thermal
impedence and Py, =Pc.

()

IV. RELIABILITY ANALYSIS

The hazard rate (i.e., failure rate) A of the component denotes
the conditional likelihood of the component to fail in a time
interval, and it has the form of bathtub shape [24]. As shown
in Fig. 7, the device has three regions of operation during
its lifetime starting from the infant phase, where the hazard
rate decreases over time, proceeding to the useful lifetime that
has a constant hazard rate, and concluding by the wear-out
phase, where the hazard rate starts to increase again. For many
engineering applications, the power electronic converter is
assumed to operate in the useful lifetime region, since it has a
long life in practice [25].

A. APPROACH BASED ON MIL-HDBK-217F HANDBOOK

The MIL-HDBK-217F Handbook has been developed since
the 1990 s by the United States Navy and is considered as
an international standard for reliability prediction [26]. The
models of the items inside it have been empirically verified.

135



BAKEER ET AL.: RELIABILITY EVALUATION OF ISOLATED BUCK-BOOST DC-DC SERIES RESONANT CONVERTER

TABLE 2 P: ters of IBBC Comp ts With MIL-HDBK-217F Approach
Comp t Par t Value
S1-4,Q1—-4 b 0.012
T exp(—1925(1/(T; 4 273) — 1/293))
TA 8
TQ 5.5
TR 1
Cp,Cr Ab 0.0005
T exp(2.5((Ta + 273)/358)18)
Ty (Vs/0.4)°
T 1.6C0-13
TQ 30
TR 1
TX P 0.00159
T eXp(((Ths + 273)/477)8'4)
TQ 8
TR 1

The random failure rate of an item in the MIL-HDBK-217F
reliability handbook has a multiplicative form where it is
composed of multiplying the basic failure rate A, and 7 fac-
tors that indicate the stresses on the item such as (electrical,
thermal, etc.) as in (10). The calculated random failure rate is
expressed in the unit of failure/10° hours in the MIL-HDBK-

217F.
n
A=Ap (1_[ ﬂn)
i=1

where n is the number of 7 factors associated with the item
depending on its category.

With the MIL-HDBK-217F handbook, the failure mecha-
nism in MOSFET could be a defect in the substrate, solder
connections due to the mismatch in thermal characteristics of
MOSFET materials, and insulation films. It has four types
of stress: temperature stress (77) that directly depends on
the dissipated power in the device, application stress (74),
quality factor 7@, and environmental stress (7x) that depends
on the location of the item. Consequently, the failure rate of
the MOSFET can be formulated as

(10)

(1)

AMOSFET = ApTTT TATIQTUE
The isolation transformer failure rate can be given as

ATrans = ApTTTTQTE - (12)

Finally, the capacitor failure rate can be expressed as

ACap = AT Ty TCTQTE (13)

where 77¢ is the capacitance stress factor and my is the voltage
stress factor.

The entire values for the factors of the IBBC components
with MIL-HDBK-217F handbook are summarized in Table II.

B. APPROACH BASED ON FIDES GUIDE

The first version of the FIDES reliability handbook guideline
was initialized in 2004 by eight French companies, and then
it was upgraded in 2009 [27]. In this approach, the physics
of failures is taken into account for predicting the random
failure rate of the component, which is given by the unit of FIT
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(i.e., failure per 10° hours). The failure rate here is assumed
constant during the lifetime, and the item does not enter into
the wear-out phase during the mission profile period [28].
It is modeling the useful lifetime of the component, so it
is not possible to evaluate the reliability of the component
during the start-up stage [29]. Unlike the MIL-HDBK-217F
reliability guidelines, the FIDES approach incorporates device
technology, the influence of the extrinsic failure rate, and the
sensitivity to quality factors from design to usage. It uses the
annual mission profile for the item under study, and each
mission profile can be divided into a set of phases, whose
duration is defined in hours [30]. The FIDES guidelines are
only relevant to ambient temperatures ranging from —55 °C to
125 °C, which is aligned with our mission profile. The general
expression for an item failure rate can be given as

A = Tlpm l_[Process)\Phy (14)

where ITpy is the quality and technical control over manufac-
turing of the item, [Tpyocess comprises all the steps of item pro-
cesses from specification to field operation and maintenance,
and Apyy is the physical failure rate of the item, which can be
calculated in the mission profile phase as

Phases

2 1
Aphy = Z [%}iani)x(nmum» (15)

1

where #ynnua 1S the phase duration in hours during the year.
The factor (ITjpguceq)i 1S the induced stress factor, which in-
cludes electrical, mechanical, or thermal stresses as

0.511 In(Censitivi
(Hlnduced)i = (HPlacementHAppHRugg) n ' ‘Y) (16)

where ITpjacement denotes the effect of the item placement in
the system, T4, represents the influence of the usage envi-
ronment for application of the product contacting the item,
MRugg represents the influence of the policy for taking account
of overstresses in the product development, and Ceensitivity 18
the sensitivity of the item to over stress.

Consequently, the physical failure rate of the MOSFET
device in the input and output bridges is described as

Phase ¢
1
APhy—MOSFET = Z [7:;2; }
; i

i=

A0 TH T Thermal

+)\OTCyCase I TCyCase
+)\OTCyS()lder joints 1-ITCySolcler joints
+AroruTIrH

+A0Mech [TMech

an

X (nlnduced )i .
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TABLE 3 Parameters of the IBBC Components With FIDES Approach

Component Parameter Value
Common Factors IIpm 1.42
Iprocess 4
Tpiacement 2.50
app 3.20
TTRuge 1.64
Si-4 AotH 0.0202
AoTCycase 0.00057
A0TCySolder joints~ 0.00285
AoRH 0.0055
AoMech 0.000057
Ciensitvity 5.60
Cp,Cr Aocap 0.05
AThermal-electrical 0.70
Aorcy 0.28
AoMech 0.02
Ciensitvity 6.05
TX AoTrans 0.125
AThermal-electrical 0.01
AoTcy 0.73
AoMech 0.26
Censitvity 6.05
Q14 AotH 0.0202
AT CyCase 0.00303
AoTCySolder joints ~ 0.01515
AORH 0.0589
AoMech 0.0003
Censitvity 5.60

where

1 1
M Thermal = el 1604X0'7X[W’m]

12><Nanmlal.cy AT'Vcling 4
Hrcycase = < X 42’()

Lannual

1414x | p—r—L
X e 313 Tmax,(ry('ling+273

1
12xN, Ley min(Ocy,2) \ 3
l_ITC)'Solderjoims = ( — 0) X ( 2() (18)

Lannual

1414 | g ——
e 337 Thav.cycling 7273

4.4
— ( RHawbient
Mgy = ( )]

Grats 1.5
MMech = (%)

ATeyeling 1.9
20

1 1
e11604x0.9x[m——m+273]

and the details and parameters definition can be found in [27].
The physical failure rate of the transformer equals in (19),
while the capacitor physical failure rate is defined in (20). All
values of the factors for the IBBC components are summa-
rized in Table III for the FIDES approach.

Phase ¢
1
APhy-Trans = AOT) Z [ e }
y-Trans rans
£ | 8760 |,

M Thermo-electrical

X +HTCy X (Minduced); - (19)
+ l-[Mechanical i
Phase ¢ '
annua
)»Phy-Cap = Ao Cap Z] |: 8760 :| ;
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C. CONVERTER-LEVEL RELIABILITY PREDICTION

After specifying the random failure rate of each individual
component (A,) in the IBBC, which is considered constant in
the majority of the electronic components during their useful
life, the component reliability over time () can be expressed
as

Ry(t) = e, 21)

The mean time to failure (MTTF) refers to the time from
the beginning until the first failure in the component occurs,
and it is equal to the reciprocal of the failure rate, as in (22). In
this study, the IBBC converter is expected to operate normally
during the MTTF period and the converter is assumed to be
a nonrepairable system with a minimal failure rate during the
wear-out and infant mortality periods.

MTTF = 1/A,. (22)

Once the failure rate of each component in the converter
is determined, the overall failure of the IBBC converter can
be recognized since it comprises eleven components (i.e., N
= 11). In the current case study, the reliability block diagram
is analyzed in a series connection, where if one component
fails, the IBBC converter fails and malfunctions. Therefore,
the IBBC failure rate can be given as

N
AIBBC = Z An-
n=1

Then, the reliability of the IBBC can be calculated by
considering the product of the reliability of all system
components as

(23)

N
Rippc(t) = HR" (1) = e MmBet,

n=1

(24)

The overall flowchart for the reliability evaluation is given
in Fig. 8. It starts with reading the PV mission profile of §
and 7, and then the thermal stress of the IBBC component
could be defined using the look-up table synthesized based
on the simulation of the IBBC. With the MIL-HDBK-217F
reliability assessment approach, the thermal loading is directly
considered without the need to use the rainflow counting
algorithm that should be used in the FIDES approach. The
input of the rainflow counting algorithm will be the compo-
nent temperature (i.e., junction temperature of the MOSFETs,
hotspot temperature of the capacitors and transformer). The
results from the rainflow includes the peak-to-peak thermal
cycle amplitude (AT¢yciing), cycle mean temperature (Zpean)s
and the cycle duration (®.y). Then, this data helps to calculate
the stresses across the component and thus the physical failure
rate can be computed.

V. RESULTS AND DISCUSSION

The reliability assessment is implemented on GPU hardware
using the Google Colaboratory notebook. A cloud software
implementation of the FIDES approach for the IBBC was de-
veloped in Python to achieve high execution speed because its
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FIGURE 8. IBBC reliability prediction procedure from component-level to
system-level.

implementation of scientific and numerical libraries is based
primarily on optimized C code [31]. In this case study, the
wear-out failure rate is ignored due to lack of 100/120 Hz
ripples, and only the random failure rate over the useful life-
time is estimated [16]. The FIDES based approach considers
the yearly mission profile of ambient temperature and solar
irradiance, and thus the thermal stress over the year timespan
is taken into account. From this point, the FIDES based ap-
proach can provide more accuracy to estimate the converter
lifetime compared to the MIL-HDBK-217F based approach,
which makes it suitable for reliability evaluation of the resi-
dential PV converters. The PV voltage at the maximum power
is considered for evaluating the losses in the transformer
TX core. The look-up table for thermal evaluation is created
by modeling the system given in Fig. 1 using the PLECS
software toolbox for MATLAB/Simulink environment. Ad-
ditionally, the library of the rainflow counting algorithm is
used to handle the non-uniform thermal profile of the IBBC
component in order to evaluate its number of thermal cycles
for using within FIDES reliability evaluation approach.

A. EXPERIMENTAL STEADY-STATE WAVEFORMS OF IBBC

The experimental setup is built in the laboratory as shown
in Fig. 9. The built prototype is universal and allows for
implementing different SRC topology configurations. The ex-
perimental waveforms of the converter in the steady-state op-
eration are shown in Fig. 10. The operating power of the con-
verter is 200 W. The converter is operating close to the DCX
mode without any voltage bucking or boosting by controlling
the duty-cycle, where the boosting action is resulted from the

138

FIGURE 9. Experimental prototype of the studied converter.
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FIGURE 10. Experimental waveforms for the steady-state operation of the
IBBC at 200 W: (a) Primary side. (b) Secondary side.

isolation transformer. The output voltage is fixed at 350 V for
the DC microgrid applications. The secondary winding (reso-
nant) current has a sinusoidal shape in both switching cycles.
The primary current comprises of the secondary current and
the magnetizing current as well.

B. THERMAL STRESS OF THE IBBC COMPONENTS

The temperature rise is considered the main source of the
component failure, and it depends on the mission profile of
the converter. Fig. 11 presents the PV power profile using the
rainflow counting algorithm. The majority cycles of the PV
power in the range between 50 W and 250 W, corresponding
to the power cycle range less than 30 W. The power loss
distribution in the IBBC at 180 W power is shown in Fig. 12.
It is evident that the majority of the losses are dissipated in
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FIGURE 13. Annual thermal profile of the IBBC components.

the isolation transformer, while the resonant capacitor has the
lowest value of losses.

The two semiconductors of the IB in the same leg share the
thermal loading (due to the IBBC operation mostly in the buck
mode during MPPT), while the whole OB semiconductors
have the same thermal loading profile. Also, the switches,
whose temperature profiles are equivalent, will have the same
amplitude of thermal cycle, mean junction temperature, and
maximum junction temperature as well. So the analysis from
the rainflow counting algorithm will be identical for those
components. Thus, the annual thermal profile of the IBBC
components is shown in Fig. 13. The zoom view demonstrates
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TABLE 4 Mean Temperature of Each IBBC Component Over the Yearly
Mission Profile (l.e., Junction Temperature for Semiconductors and Hot

Spot Temperature for Other Comp ts)
Component Si—a  Sz—a  Cp TX Cr Qi-a
Temperature [°C] 17.70 13.64 1046 16.06 10.94 10.25
1072 ¢
~<
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FIGURE 14. Annual failure rate of the IBBC component with the two
reliability approaches.

that the primary semiconductors and the isolation transformer
have the highest temperature profile. Furthermore, the mean
temperature over the year is considered for the temperature
stress factor in MIL-HDBK-217F calculations, as summarized
in Table IV to overcome on independence on the mission
profile.

C. FAILURE RATE PREDICTION

The failure rate of each IBBC component with the two relia-
bility approaches is shown in Fig. 14. §1_; features the highest
failure rate among IBBC components with MIL-HDBK-217F
approach, therefore it demonstrates the lowest reliability level.
It is clear that the FIDES approach predicts a high transformer
failure rate compared to the MIL-HDBK-217F approach, as it
has a high basic failure rate of 0.125 FIT. By considering the
total number of switches in IB and OB, the total failure rate
(expressed in failure per year) of the IBBC with MIL-HDBK-
217F and FIDES are 0.0071 and 0.0045, respectively (recall-
ing (23)). The MTTF of the IBBC using the MIL-HDBK-
217F and FIDES approaches is 141 and 219 year, respectively.

D. IBBC RELIABILITY PREDICTION

The IBBC reliability prediction is evaluated considering the
random failure under the yearly mission profile for Aalborg,
where the reliability of the converter due to aging with time
is shown in Fig. 15. The converter begins with 100 percent
reliability and then begins to deteriorate in an exponential
fashion over time, where the By with MIL-HDBK-217F and
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TABLE 5 Remarks on MIL-HDBK-217F and FIDES Based approaches [29]

Internationally recognised and accepted handbook

Easy appropriation

* Only one element in the mathematical formula

No explicit consideration for non-operating phases

MIL-HDBK-217F

Solder not integrated into component failure rate

Physics of failure

Consideration of the non-operating phases

FIDES

External design and manufacturing defects are taken into account

* A precise definition of the environment is required

FIDES have different values of 14.80 and 23.20 year, re-
spectively. The key explanation for this disparity is that the
two approaches have a different random failure rate for the
IBBC (i.e., (24)). The results reported that the reliability of
the PV system based on the IBBC at 25 years operation under
Aalborg mission profile with MIL-HDBK-217F and FIDES
is 83% and 89%, respectively. Consequently, the FIDES ap-
proach provides a reasonable prediction for the IBBC con-
verter compared to the MIL-HDBK-217 approach. It is worth
mentioning that the that analysis predicts mean values of ran-
dom failure rates, while in practice, this process is stochastic.

E. COMPARISON OF MIL-HDBK-217F AND FIDES BASED
APPROACHES

The MIL-HDBK-217F handbook can be used with different
applications like military aeronautics, military automobile,
and military ground installation. However, it is unsuitable for
civil use and provides pessimistic reliability predictions in
civil applications. While FIDES guide based approach can
be integrated in civil aeronautics, aircrafts, and naval military
equipment. In addition, it provides a realistic reliability pre-
dictions when developing electronic products, and provides
engineering processes and tools to evaluate the reliability of
systems. It includes the component technology, type of appli-
cation, life cycle, overstresses, and actual conditions during
the usage, to evaluate the component reliability. Furthermore,
FIDES guide takes into account the extrinsic failure rate.
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The main remarks of both reliability guidelines are given in
Table V.

V1. CONCLUSIONS AND FUTURE WORK

The paper has discussed the reliability of IBBC based on the
SRC for PV applications under a yearly mission profile using
two reliability assessment approaches. To obtain the thermal
stress, the losses of the IBBC component have been carefully
modeled. The results show that FIDES guide approach takes
into account the real mission profile obtained in the field. The
approach based on the MIL-HDBK-217F handbook ignores
the mission profile, which becomes out of date. Therefore,
FIDES guide is considered to provide a more realistic lifetime
prediction based on well-established empiric models for the
PV converter based on the IBBC. On the other hand, MTTF
is an average value that describes a stochastic process that
should follow some probability distribution, when some con-
verter will fail before reaching that time and some after it. The
obtained results prove the main assumption that the primary
side semiconductors significantly contribute to the system
random failure rate, while the influence of the output-side
switches can be neglected. In addition, the FIDES approach
introduces high basic failure rate for the transformers, which
makes the transformer the least reliable passive component in
the IBBC for PV applications.

The future work of the paper will focus on demonstrating
the reliability of the IBBC at different operating modes. Also,
the effect of the double line frequency would be considered
in case of being connected to a single-phase AC grid via a
back-end inverter.
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Self-Healing Photovoltaic Microconverter
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Low-Cost Fault Detection
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Abstract—This paper studies a zero-redundancy fault-
tolerant dc-dc series resonant converter (ZR-SRC) for
residential photovoltaic (PV) applications. This converter
can handle faulty conditions on-the-fly using topology
morphing control without increasing the number of
components. Furthermore, it can withstand a single fault in
both input and output bridge semiconductors, i. e., up to
two semiconductor faults. The proposed dc-dc converter
could increase the availability of residential photovoltaic-
powered dc microgrids. Comprehensive fault diagnosis
and localization algorithms are proposed for MOSFETs on
both sides of the ZR-SRC. The paper proposes a short-
circuit fault (SCF) detection in the input-side MOSFETs
using the existing PV voltage measurements, decreasing
the converter cost and size. The open-circuit fault (OCF) in
the output-side MOSFETs is detected by sensing the
voltage of the bottom two switches sharing the same
ground with the dc bus. In addition, the post-fault operation
of the converter is thoroughly analyzed. Recommendations
for the PV power clipping are given to ensure the safe
operation of the converter after a fault. A 300W
experimental setup is built to demonstrate the feasibility
and performance of the proposed fault-tolerant converter.

Index Terms—Fault tolerance, dc-dc converters,
Photovoltaics, Reliability, Fault diagnosis, Fault detection.

NOMENCLATURE
ZR Zero redundancy
SRC Series resonant converter

PV Photovoltaic

MOSFET Metal-oxide-semiconductor field-effect transistor
SCF Short-circuit fault
OCF Open-circuit fault

FT Fault-tolerant

IGBT Insulated-gate bipolar transistor
DAB Dual active bridge

qZS Quasi Z-source

IB Input bridge

OB Output bridge

T™MC Topology morphing control
PSM Phase shifted modulation
APWM Asymmetrical PWM

FHR Forced half-resonance

FB Full-bridge
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HB Half-bridge
MG Microgrid
LLC Inductor-inductor-capacitor

MPPT Maximum power point tracking
Bk Buck mode
Bt Boost mode

|. INTRODUCTION

DIRECT current (dc) microgrids provide high efficiency and
allow for direct connection of energy sources, energy
storage, and dc loads. This creates an emerging market for dc-
dc converters that satisfy requirements of high power density,
high efficiency, wide input voltage regulation, and high
reliability. During the power converter selection among the
products available on the global market, its reliability has a high
priority level for mission-critical applications such as medical
devices, aircraft, data centers, etc. [1]. By increasing reliability,
the converter improves its availability during long-term
operation. According to industrial statistics, power
semiconductors represent around 40% of power electronic
converter failures [2]. One of the possible ways to increase the
reliability of power electronics converters is to apply fault-
tolerant (FT) techniques. An FT converter can provide
continuity for various services in the case of a component fault.
The semiconductors faults could be broken into open-circuit
faults (OCFs) or short-circuit faults (SCFs). The drift of the
parameters could lead to high power losses in the device and,
therefore, a high junction temperature, which could result in a
switch failure in OCF or SCF [3]. The SCF could cause
excessive stress on the components if not remedied. Quick
detection and precise localization of a fault require a proper
fault diagnosis technique. Fault identification is used to locate
the failed component in the system. There are signal-based and
model-based fault detection methods for dc-dc converters [4].
With the model-based methods, the actual values of the
converter diagnosis signals are measured and then compared
with estimated values. The well-known approaches for
estimation are the Kalman filter [5], extended Kalman filter [6],
slide mode observer [7], and Luenberger observer [8]. Based on
the deviation between the measured and estimated values, the
converter state (i.e., healthy or faulty state) can be identified.
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The signal-based methods perform time-domain or
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 [9]. The frequency-domain methods employ
Fourier Fast Transform to extract the information about the
converter status [10]-[11]. The frequency-domain analysis has
the drawback of high computational effort and complexity.

Several approaches can be utilized to improve power
converter reliability. The simplest way is to overdesign the
converter to achieve higher reliability at the expense of the
associated cost. The conventional solutions based on (N + 1)
redundancy suffer from a high realization cost rendering it
unpractical in many applications [12]. Component-level
redundancy could be implemented by adding an extra active leg
to a dc-de converter, like in the series resonant converter (SRC)
presented in [13]. Although its components will not be
overstressed after a fault, the cost of the extra bridge leg and its
gate-driving circuitry is high. In addition, a fuse is needed to
isolate the SCF. It can handle both OCF and SCF but is limited
to IGBT switches as they can withstand high currents long
enough for a fuse to burn. In [14]-[15], the capacitor leg is used
to reconfigure the SRC into a voltage doubler on the output side.

In some examples of FT isolated dc-dc converters, fault
tolerance is not fully implemented but requires additional
components. An FT dual active bridge (DAB) converter
proposed in [16] requires a high number of components but
withstands only OCFs in IGBTs by reconfiguring the central-
tapped transformer. The topology morphing control introduced
in [17] for a gZS PV microconverter shows how to simplify the
design of FT dc-dc converters. Fault detection could also be
simplified by reusing existing components, like detecting the
inductor voltage signature via an extra winding [18].

A few research articles have addressed the fault tolerance of
the SRC, despite its advantages. The fault diagnosis in the
isolated step-up SRCs was not well analyzed. Several attempts
have been made to diagnose a single fault type. This paper
studies zero-redundancy SRC (ZR-SRC) that can provide FT
operation without extra components. It can withstand up to two
faults before malfunctioning. Based on previously evaluated
failure rates, this study addresses both SCF and OCF. The first
version of the studied converter was introduced in [19]. The
contributions of this paper could be summarized as follows:

1. Development of a buck-boost FT converter based on SRC
with zero redundancy and post-fault power clipping control
allowing to avoid of efficiency drop and new faults.

2. A new low-cost and accurate diagnosis technique to detect
the SCF in the input-side MOSFETs exploiting the existing
voltage measurements at the input PV terminals.

3. A new low-cost and accurate OCF/SCF diagnosis and
detection methodology for the output-side MOSFETs.

4. Converter post-fault on-the-fly reconfiguration algorithm.

5. First demonstration of an isolated FT dc-dc converter
operational after two subsequent semiconductor faults.

6. PV power clipping algorithm that maintains the failure rate
of the ZR-SRC components unchanged during the post-fault
operation, with a minimum reduction of energy harvest.
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7. Experimental verification of the proposed fault diagnosis
and tolerance using a laboratory prototype rated at 300 W.
Below, Section II describes the ZR-SRC operation in normal
conditions and its design guidelines. Then, the proposed fault
diagnosis and localization in the input bridge (IB) and output
bridge (OB) are discussed in Section III. The post-fault
operation of the converter is analyzed in Section IV. The
experimental validation of various scenarios is presented in
Section V, and finally, the conclusions are drawn in Section V1.

Il. ZERO-REDUNDANCY FAULT-TOLERANT SRC

The complete structure of the ZR-SRC topology is given in
Fig. 1. The basic concept of ZR-SRC is based on the topology
morphing control (TMC) that allows the converter to continue
its operation after a fault without adding more components. It
has been demonstrated for the first time in [19]. Generally, it
has two hybrid switching cells, one on the input side (IB) and
the other on the output side (OB).

In this paper, the ZR-SRC is used for interfacing a residential
PV module into a dc microgrid with a stiff voltage /v and high
capacitance. Thus, after an OCF occurs in the OB bottom
MOSFETs (Q: or Qs), the converter operation will be restored
using the OB top MOSFETs (Q1 and Q3) — one of them should
be turned on or off in case of OCF or SCF, respectively. The
top MOSFETs are used instead of diodes to enable fault-
tolerant operation. Their body diodes are employed as rectifier
diodes during normal operation, keeping the number of discrete
semiconductors unchanged. The synchronous rectification is
not used to prolong the lifetime of MOSFETs by constraining
the degradation of their gate oxide layers [20]. These two
measures result in a slight reduction in efficiency.

A. Converter Operation

In Fig. 1, MOSFET devices include parasitic elements. The
resonant inductor L, could be integrated into the high-frequency
transformer to improve power density [5]. The switching
frequency fsw should be selected at less than 5-10% of the
resonant frequency f; as given in (1), in which C. is the resonant
capacitance [21]-[22]. The blocking capacitor C; removes any
dc bias current in the transformer while enabling switching cell
reconfiguration. It has a negligible effect on the resonant
frequency if C > C,n?, where n is the transformer turns ratio.

The ZR-SRC can buck or boost the input voltage at a fixed
switching frequency, which leads to the capability of regulating
wide input voltage variation. There are different PWM
techniques for the ZR-SRC operating at a fixed switching
frequency, such as phase shifted modulation (PSM) [23],
asymmetrical PWM (APWM) [24], interleaved PWM [25], and
forced half-resonance (FHR) PWM [26].

The steady-state waveforms of the ZR-SRC using these
PWM techniques are depicted in Fig. 2, considering the normal
and post-fault operation for the faults shown in Fig. 2c. The
PSM and APWM techniques are employed for buck operation
when the PV voltage exceeds the nominal value by adjusting
the phase shift between the two legs of the front-end inverter.
The PSM in Fig. 2a is applied in the case of the full-bridge (FB)
operation of the front-end inverter, while the APWM in Fig. 2d
is employed in the case of its half-bridge (HB) post-fault
operation. With the PSM, the conduction losses in the body
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Fig. 2. Steady-state waveforms of ZR-SRC for one switching period using different PWM methods: a) FB-FB with normal buck operation (PSM),
b) FB-FB with normal boost operation (interleaved PWM), c) considered examples of semiconductor faults, d) HB-HB with post-fault buck
operation (APWM), and e) HB-HB with post-fault boost operation (FHR).

diodes of the IB MOSFETsS are eliminated [27]. In contrast, the
APWM provides a long conduction interval, which makes the
resonant current half-wave sinusoidal. This leads to improving
the soft-switching of the converter and, thus, better efficiency.
At the same time, the secondary-side transistors need to short-
circuit the secondary winding to step up the voltage when the
PV voltage is below the nominal value using interleaved and
forced half-resonance PWM techniques, i.e., modulation from
Fig. 2b, is employed for full-bridge rectifier operation. The
modulation in Fig. 2e applies to the voltage doubler (half-
bridge) rectifier. In these two cases, the resonant inductor is first
charged with energy from the input side. It releases this stored
energy to the load. In Fig. 2e, the resonant inductor features
FHR with a half-cycle sinusoidal shape, which improves
converter efficiency by eliminating one hard turn-on of the OB
MOSFETs.
1

LT

B. Design Guidelines

Firstly, the transformer turns ratio (i.e., ) is chosen so that
the ZR-SRC can generate the output voltage of 350 V, i.e., the
most common de MG voltage, at the nominal input voltage of
30 V (Vinnom) typical for 60-cell Si PV modules as in (2).

M

X . ©2023 IEEE. Personal use is permitted, but
Authorized licensed use limited to: Tallinn

n=_ Y %))
2VIN,nam
The number of turns in the primary winding must be optimized
to avoid saturation. On the other hand, the leakage inductance
has to be high enough to improve the converter efficiency, as
shown in [27], but low enough to ensure ZR-SRC operation in
the discontinuous resonant current mode:

2
L < 2:n 'VIN,min zfsw , (3)
IIN,max @

which depends on the minimum input voltage Viymin, and
maximum input current /iy, max. It could be recommended to
select L, in the range of 60..70% of the critical value in (3) to
account for losses and non-modeled dynamics in the converter.
The magnetization inductance Ln should be able to fully
recharge the parasitic output capacitances (C,s) of the primary
semiconductor during the dead time (7p7), as
L, < Ty ) )
8- fsw 'Coss

Knowing the values of L, and f;, the resonant capacitor C, can
be directly defined using (1). It is worth mentioning that the
average voltage of the resonant capacitor equals zero in the
normal full-bridge rectifier operation and has a considerable dc
bias in its post-fault half-bridge operation. The peak-to-peak
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voltage ripple across C. (AV¢,) is affected by the converter
output power P,y and the PV module voltage, as
— Paut
S22V fo G ©)
The voltage stress of semiconductor components equals the
maximum operating voltage of the corresponding port. The
proposed concept avoids overrating the components. Hence,
they should be designed for the current stress in normal
operation. Explicit expressions for the switch current stress are
provided in [22]. This converter utilizes non-overlapping
modulation of the output switches in normal operation in the
full-bridge boost mode, which offers better stability at the cost
of lower efficiency [21]. Its reliability analysis for PV
applications was previously published in [28].

AV

Ill.  PROPOSED FAULT DIAGNOSIS AND DETECTION
ROUTINE FOR ZR-SRC BASED RESIDENTIAL PV

This study considers both OCF and SCF of semiconductors.
The best practice is to utilize St MOSFETs in the IB and SiC in
the OB. Generally, SRC and LLC topologies are widely
adopted in many industrial applications, such as data centers
and battery chargers, due to their soft switching and high-
efficiency features [21]. A recent survey covering a wide range
of practicing engineers and academic researchers from different
countries was conducted about the failure of these converters
[29]. About 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 main source of
converter failure. It contributes approximately half of the
damage source of the converter. Also, respondents reported that
primary semiconductors typically show SCFs. Furthermore, we
have collected random samples of failed low-voltage switches
that have been tested in the laboratory for high step-up dc-dc
converters for a long time [30]. The quantitative results prove
that the SCF fits 100% of the collected dataset. The resulting
statistical analysis of the collected dataset is consistent with the
results collected for the SRCs in industrial applications [29]. In
line with the previous discussion, the study of this paper will
consider only the SCF of the primary semiconductors during
fault diagnosis and detection. Additionally, a study [30] reports
18/82% distribution for OCF/SCF of high-voltage SiC
MOSFETs in the OB of the ZR-SRC topology, which
necessitates their detection and identification in this converter.

The fault must first be detected using an appropriate
signature signal that adequately describes the converter
operation in every state. To truly decide whether to reconfigure
the converter after the signature signal triggers the failure mode,
the fault location may need to be defined. The fault detection
routine monitors continuously the converter state and provides
rapid identification and on-the-fly reconfiguration, which is an
advantage compared to the closest competing solution [17].

A. Input-Side SCF Diagnosis and Localization

The studied ZR-SRC is aimed at residential PV applications.
It ensures PV module operation at the maximum power point
using a maximum power point tracking algorithm. This
converter is capable also of performing the global MPPT. The
PV module voltage and current are both necessary
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measurements for the MPPT (i.e., V'py and Ipy, respectively). By
its very nature, the PV module is a limited current source, with
a short-circuit current that is not excessively high compared to
that at the maximum power point (MPP), in which the converter
operates before a fault. Thus, an SCF in one of the IB
MOSFETs could not harm the converter components if detected
fast enough.

Most literature focuses on studying the faulty state of the
power electronic converter while treating the input source as a
rigid voltage power supply (even if the input source is PV),
which implies that the current will be high and increase rapidly
after the fault existence. This work proposes using the existing
input voltage measurement to diagnose SCFs in IB MOSFETs
to avoid the additional cost and size of including additional
sensing components, which distinguishes this method from the
existing solutions. When one of the IB switches experiences
SCF, the PV voltage begins to fall from the Vwpp to zero at a
rate influenced by the input capacitance of the PV module and
the drain-source resistances of the defective and healthy
switches in the same leg. The healthy switch is turned on under
the specific modulation signal in this particular instance.
Therefore, the significant variation in the PV voltage indicates
that the IB switches are malfunctioning.

Once the diagnosis condition has triggered the SCF fault, its
precise location in the left or right leg should be determined. As
the defective leg becomes inactive due to disabled gating
signals, it is not always possible to identify precisely which
MOSFET in the IB is defective. It is worth noting that the
proposed algorithm does not need to identify the fault location
accurately. Instead, only the faulty leg needs to be identified,
i.e., the left or right leg. If we assume that the left leg is faulty,
both gate signals of leg switches (51 and S>) should be disabled.
After a brief time, milliseconds, the PV voltage should be
measured to verify that it is restored.

In this manner, it is unnecessary to check the sign of the
primary winding voltage or incorporate test switching patterns
into the detection routine, like in [17]. The design of the
detection routine is subsequently made simpler and more
feasible. The process of diagnosis and detection of SCF in IB
MOSFETs is described in Algorithm 1.

Algorithm 1. SCF diagnosis and detection routine for IB MOSFETs
At first, the ZR-SRC is operating at MPPT.

1
2 Measure the PV voltage (Vey) and current (lpy)

3 If (Vpy ==0) then

4 Trigger SCF in IB MOSFETs

5 Apply the PWM pattern by assuming that the left leg is faulty

6 Wait for 3-time units of the ADC trigger timer until the input
capacitor recharge

7 If (Vpv > 0) then

8 SCF in the Left leg
9 else

10 SCF in the right leg
11 End if

12End if
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B. Output-Side OCF Diagnosis and Localization

To identify the OCF in the OB MOSFETs, the voltage of the
bottom switches is sensed, as shown in Fig. 3. The main reason
for choosing voltages of the bottom switches is that they share
a common ground, which minimizes the number of isolated
power supplies for the sensors. Due to the parasitic capacitances
of the converter semiconductors, the resonant current oscillates
around the zero axis when the OCF occurs in the output-side
full-bridge  MOSFETs, interrupting the operation of the
converter. The body diode of the malfunctioning switch
becomes inactive with the OCF and cannot clamp negative
voltage oscillations. Therefore, the voltage swing on the faulty
switch increases, resulting in an easily recognizable voltage
step at the output of the sensing circuit from Fig. 3. The OCF
state in the OB has no impact on the input-side waveforms of
the primary voltage or the magnetizing current. A decision must
be made after the OCF detection to reconfigure the converter
appropriately. Each bottom switch in the output-side rectifier
has its detection and localization circuit. As a result, the OCF
in the OB can be triggered and identified at the same instant.
The expression of the rectified voltage of the bottom diodes
(Vree) during the pre-and post-fault operation (i.e., OCF at the
OB MOSFETs) when the converter is operated at the rated
power, can be given as:

2V,
Viec = {4_[/1\];;

where Vug 1s the DC microgrid voltage that is assumed to be
constant in the current study.

Pre — fault operation
Post — fault operation

(6)

C. Output-Side SCF Diagnosis and Localization

The signature signal for triggering the SCF in the OB
rectifier is the resonant inductor current /., which begins to
increase when the SCF occurs in one of the OB bottom
switches. Due to the low secondary current in the step-up
transformer, a low-cost current transformer is needed to sense
I;,. The sensed inductor current is a bipolar signal, so it is best
to rectify it using the low-power full-bridge rectifier. The
rectified signal is filtered and measured by a comparator

embedded in the microcontroller. The flowchart of the proposed
SCF detection algorithm is shown in Fig. 4. The interrupt
routine of the comparator of the microcontroller will be run to
change the modulation scheme and protect the transformer
windings from the high current once the secondary current
reaches the predetermined threshold level. The threshold level
of the secondary winding current /;; can be adjusted according
to the operating power. However, the threshold value should be
defined with some tolerance to allow for regulation transients.

IV. POST-FAULT OPERATION OF THE ZR-SRC

Once the converter enters the faulty state, it should be
recovered using TMC to continue MPPT from the photovoltaic
module under current environmental conditions. The possible
PWM switching patterns for both IB and OB are summarized
in Table 1. The corresponding state transitions are visualized in
Fig. 5. These switching patterns result from the assumption that
IB and OB operate simultaneously as FB or HB, depending on
the state of the ZR-SRC, either healthy or faulty. The FB
operation is used in the normal state (no faults in IB/OB), while
the HB operation is considered in the faulty state. In both
configurations, the ZR-SRC can buck or boost the input
voltage. The IB MOSFETs perform voltage bucking, whereas
the OB MOSFETs perform voltage boosting.

The efficiency of the FT dc-dc converters typically degrades
after a fault, and the efficiency drop can vary significantly
depending on the mode of operation of the converter [17]. This
observation raises an issue related to the overloading of the
main components when attempting to operate near the rated
power after the topology reconfiguration due to the fault. If a
zero-redundancy FT converter continues to deliver rated power
after the fault, the lifetime of healthy components could be
shortened as they are subjected to high thermal stress or even
catastrophic failure. The likeliness of this case depends on
design tradeoffs. For example, low-cost designs use smaller
PCBs and cheaper semiconductors to meet cost targets and
cannot provide sufficient cooling to operate at a rated power
after a fault. As a result, low-cost implementations of zero-
redundancy FT dc-dc converters may require introducing a

POSSIBLE SWITCHING PATTERNS OF ZR-érRAgll_:IcE)Flz. IB AND OB AT DIFFERENT FAULT STATUS

Primary Side Secondary Side
P| S | S2 | S: | Sa |Mode| PWM E;(:Ye. Status [Type| S | Qs | Q; | Q3 | Q; |Mode| PWM B;é}: Status| Type
0 |PWM|PWM|PWM|PWM | Buck | PSM | MPPT |Normal | FB | 0 |OFF | OFF |OFF| OFF - - 0 Normal| FB
1 | OFF | ON [PWM|PWM | Buck |[APWM| MPPT | Normal | HB | 1 |OFF| ON |OFF | OFF 0 Normal| HB
2 | SCF | OFF |PWM|PWM | Buck |APWM| MPPT | Faulty | HB | 2 | ON | OCF |OFF | OFF 0 Faulty | HB
3 | OFF | SCF |PWM|PWM | Buck [APWM| MPPT | Faulty | HB | 3 |OFF| OFF | ON | OCF 0 Faulty | HB
4 |PWM|PWM| SCF | OFF | Buck |APWM| MPPT | Faulty | HB | 4 |OFF | SCF |OFF| OFF 0 Faulty | HB
5 |PWM|PWM| OFF | SCF | Buck |APWM| MPPT | Faulty | HB | 5 |OFF | OFF |OFF| SCF 0 Faulty | HB
6 |PWM|PWM|PWM|PWM| - - 0.5 |Normal| FB | 6 |OFF|PWM |OFF|PWM |Boost|Interleaved| MPPT |Normal| FB
7 | OFF | ON |PWM|PWM| - - 0.5 |Normal| HB | 7 |OFF| ON |OFF|PWM Boost FHR MPPT [Normal| HB
8 | SCF | OFF |PWM|PWM| - - 0.5 Faulty | HB | 8 | ON | OCF |OFF | PWM |Boost FHR MPPT | Faulty | HB
9 | OFF | SCF |PWM|PWM| - - 0.5 Faulty | HB | 9 |OFF|PWM| ON | OCF |Boost FHR MPPT | Faulty | HB
10 |PWM|PWM | SCF | OFF - - 0.5 Faulty | HB | 10 |OFF | SCF | OFF | PWM |Boost FHR MPPT | Faulty | HB
11 |PWM|PWM | OFF | SCF - - 0.5 Faulty | HB | 11 |OFF |PWM|OFF | SCF |Boost FHR MPPT | Faulty | HB
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Fig. 5. ZR-SRC state machine transition (red refers to P and blue
refers to S in Table |, Bk refers to the bucking mode and Bt refers to
the boosting mode) for a) IB MOSFETSs (x € {2,3,4,5} for SCF in {S;,
Ss, Ss, S4}, respectively) and b) OB MOSFETs (y € {2,3} for OCF in
{Q2, Q4} and y € {4,5} for SCF in {Q2, Qu}, respectively).

software constraint (clipping) of input power into the control
system to ensure the safe operation of the converter after a fault.
However, in many applications, including photovoltaics,

Authorized licensed use limited to: Tallinn University of

operation at maximum power occurs infrequently and accounts
for only a tiny portion of the yearly energy output.

The energy generation of the photovoltaic system should be
weighed against the reliability of the converter. Operation
below maximum output allows for avoiding overloading
healthy components of a faulty converter, ie., avoiding
catastrophic failure [28]. This way denotes the power clipping
mode for PV operation. Any power other than the maximum
power can be achieved at two values of PV voltage; in other
words, the PV voltage is to the left or the right of the MPP
voltage. In practice, reducing power above the MPP voltage is
more advantageous because high step-up converters typically
offer higher efficiency at lower dc gain [32]. Algorithm 2
describes the photovoltaic power clipping strategy that prevents
the ZR-SRC from becoming overloaded after a fault. Before
starting the converter, the open-circuit voltage of the PV
terminal is recorded at /py = 0. Then, at each cycle of the MPPT
algorithm execution, the recorded power value is compared to
the actual PV power, defining AP. The converter should operate
on the left-hand side of the P-V curve to limit input voltage
variations and, thus, achieve higher efficiency. Therefore, the
PV voltage should not be lower than 75% of the recorded open-
circuit voltage that does not change too much with the
irradiation. Then, the input power is kept under the predefined
level by adjusting the converter duty cycle when the clipping
power mode is activated. In case of the maximum PV power is
lower than the power curtailment level, the conventional P&O
algorithm defines the duty cycle to track the PV module MPP
at the current weather conditions. In that case, the converter
could not be overheated during the post-fault operation.

Algorithm 2. Photovoltaic power clipping method

1 Read the open-circuit voltage (Voc) at lpy = 0 at starting the ZR-SRC
2 Set AP =P_max_level - Vpy X by

3 If (Vpy < 0.75 X Voc) then

4 Setd=d+Ad

5 Else If (AP < 0) then

6 Set d=d + Ad

7 else

8 Calculate d based on MPPT
9 End If

10End If

V. EXPERIMENTAL RESULTS AND DISCUSSION

A 300 W prototype was built in the laboratory, as shown in
Fig. 6. Its parameters and components are listed in Table II. The
resonant inductor was embedded into the transformer with a
hybrid split bobbin design. The digital platform here is the
STM32F334 microcontroller, which offers high performance at
a low cost. The experimental setup for data logging is shown in
Fig. 7. It employs a solar array simulator Agilent E4360A to
emulate the 60-cell Si PV module and record the instantaneous
PV voltage and current, as well as PV current and voltage at the
MPP. The programmable dc-load Chroma 63204-600 is used in
constant voltage mode at 350 V, representing a stiff dc
microgrid. The power analyzer Yokogawa WT1800 was used
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to record the input current, input voltage, output current, output
voltage, and conversion efficiency. All the logged data are
obtained in comma-separated values format, and MATLAB
software is employed to analyze and visualize the data. Several
scenarios are considered to evaluate the feasibility of the
proposed fault diagnosis and detection system for FT ZR-SRC.

A. Fault Diagnosis and Fault Detection

1. SCF at Primary-Side MOSFETs
Different fault locations are applied to test the proposed fault
diagnosis of the IB MOSFETs on the primary side. The
converter is initially running in the full-bridge boost mode at
65 W. Then, an SCF of switch S is introduced using an external
circuitry. Fig. 8a shows that the PV voltage drops to zero, which
triggers the converter malfunction of the proposed fault
detection algorithm. After that, a special modulation from
Table I is applied, and the voltage of the photovoltaic terminal
recovers again very fast, in less than 10 ms, which means that
the left leg is the faulty leg. The remedy action is applied by
turning off the gating signal of both switches of the left leg
while the second leg switches are modulated with the duty cycle
equal to 0.5 using the APWM scheme. Also, the OB is
reconfigured into a half-bridge rectifier. In the other case, when
the ZR-SRC operates in the buck mode, the SCF is created at
S>, as shown in Fig. 8b. In both cases, the converter keeps
running in the MPP after a fault occurrence and reconfiguration.

2. OCF at Secondary-Side MOSFETs

The OCF is created by using a series solid-state relay at the
bottom switch O, of the OB. As shown in Fig. 9a, once the OCF

Fig. 6. Photo of the experimental setup in the laboratory.

TABLE Il. PROTOTYPE PARAMETERS AND COMPONENTS

Parameter Symbol Value
PV input voltage range Vin 10:60 V
PV input max. current Iin,max 10A
Input side capacitor Cw 150 puF
Leakage inductance L 100 pH
Magnetizing inductance Ly 1mH
Transformer turns ratio n 12
Resonance capacitor C, 33 nF
Output-side capacitor Co 150 uF
Dc MG voltage Vour 350 V
Switching frequency Fsw 95 kHz
Components Symbol Part Number
Primary side switches Si... S84 FDMS86180
Secondary side switches Q... Q SCT2120AF
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Solar array simulator (Agilent E4360A)

Programmable dc load
Chroma 63204-600

Yokogawa WT1800

Experimental setup for the data

logging of the PV MPPT.
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Fig. 8. SCF of input-side MOSFETs in different operating modes,
locations, and operating power of the PV module: a) SCF in S; at
the 65 W boost mode and b) SCF in S, at the 250 W buck mode.

is created, the PV current starts to reduce, and then the OCF is
detected based on the bottom switch voltage measurement
overriding the trigger level in the microcontroller. The OCF is
detected within 80 ps, which is considered negligible for PV
power loss and has no harmful effect on the converter. To
remedy the OCF, the top switch Q;. Also, the resonant capacitor
has a dc bias due to the half-bridge operation of the healthy OB
MOSFETs with the FHR modulation after OCF. The primary
winding voltage changes from bi- to uni-polar. The converter
continues tracking the MPP of the PV post the fault remedy. In
addition, the experimental results for OCF in Q> during the buck
mode demonstrate the feasibility of the proposed fault diagnosis
and detection, as shown in Fig. 9b.
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3. Double fault cases

In the first case, an IB MOSFET was considered damaged
before the test. As a result, switch Qs was performing voltage
boosting using the FHR modulation, while switch Q. was
turned on continuously to reconfigure the OB in the half-bridge
mode. The experimental results for the SCF in Q4 are shown in
Fig. 10. Once the SCF occurs, it is detected within 20 ps, which
is less than two switching periods. In this way, the converter
was protected from damage. Moreover, after the fault, the O,
switch is responsible for voltage boosting using the FHR
modulation scheme instead of Q4. The converter continues to
perform the MPPT after the fault is remedied.

In the second case, two faults within a few seconds were
considered. The experimental results validate the feasibility of
remedying two faults occurring within a few seconds in Fig. 11.
After both IB and OB faults, the ZR-SRC continues operating.
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B. Efficiency Evaluation Pre- and Post-Fault

First, the converter efficiency was measured and visualized

with contour plots in Fig. 12. The proposed converter maintains
the post-fault efficiency close to the pre-fault levels in the main
target range for unshaded PV modules, i.e., 25 Vto 35 V.
Fig. 13 demonstrates energy harvested by the proposed FT
converter during a day with and without a fault, with the PV
module parameters given in Table III at the standard test
conditions. Previous research showed that the given converter
could provide the same total yearly damage to the components
and avoid catastrophic failures due to overheating if its input
power is clipped at the level of 200 W [33]. Hence, this value
was used in the PV power clipping algorithm.

The total energy that a 60-cell Si PV module would provide
at the considered environmental condition with 100% MPPT
efficiency is 1355 Wh. The considered conditions correspond
to a sunny day with a peak solar irradiance of 800 W/m?.
Without a fault, the proposed FT converter harvests the total
energy of 1350 Wh from the PV module, corresponding to the
MPPT efficiency of 99.7% MPPT efficiency during the day.
However, with an SCF in the IB MOSFETs, the converter clips
its input power at 200 W. Therefore, the MPPT efficiency
gradually reduces to 77% as the MPP power reaches 260 W at
4.5 hr. This reduces the total harvested PV energy to 1197 Wh.
This converter design exhibits similar pre- and post-fault failure
rates with clipping at 200 W, as demonstrated in [33]. It is
estimated that the difference between PV energy delivered in
normal and faulty states is about 150 Wh, which is considered
the worst-case scenario when there is no cloud cover.
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TABLE lll. PV MODULE PARAMETERS IN THE AGILENT SOLAR SIMULATOR

Parameter Symbol Value
Cell series resistance R 1mQ
Cell shunt resistance Rsn 800 Q
Temperature coefficient C: 0.00557 A/°C
Ideality factor IF 1.4A
Module efficiency n 18.6 %
Open-circuit voltage Voc 409V
Voltage at maximum power point Virp 339V
Short-circuit current Isk 10.77 A
Current at maximum power point Ivep 10.33A
Maximum power Purp 350 W
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Fig. 12. Experimental efficiency maps of the ZR-SRC a) before and b)
after a fault in an 1B switch.

It is worth mentioning that the converter efficiency is nearly
the same after a fault as before, avoiding overheating the
remaining healthy components, which was considered an issue
in a similar solution [17], where a significant efficiency
reduction was observed after a fault. The power curtailment
with converter operation above the MPP voltage was achieved.

It could be shown that the yearly energy yield would reduce
by roughly 10% [33]. On the other side, FT converters
significantly reduce maintenance costs, delaying the
maintenance until the yearly contractual maintenance.

C. Comparison with the Existing Fault Diagnosis and
Detection Techniques for Isolated FT Converters
Table IV compares the proposed comprehensive fault
diagnosis and detection methods and the closest solutions. The
proposed comprehensive fault diagnosis method is more
effective than the closest methods for identifying faults.
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Fig. 13. Daily PV profile measurements of the ZR-SRC before and
after the occurrence of a fault.

VI.  CONCLUSIONS

In this paper, comprehensive diagnosis and detection
methods were developed for ZR-SRC considering residential
PV applications. The existing MPPT measurement signals of
PV input are used to diagnose SCF in the input side of the ZR-
SRC. A simple fault detection method was proposed for the
output-side semiconductors. It employs a current transformer
for the secondary winding current and voltage sensors of the
bottom switches. Despite the low number of components, the
given converter can withstand several semiconductor faults,
which was not previously demonstrated for high step-up de-dc
converters. Also, it maintains voltage regulation capabilities.

The proposed converter can detect a fault accurately in 20 ps
to 10 ms, depending on the fault type. No false positive
detections were observed during extensive lab testing. Apart
from high-speed and accurate detection, it provides on-the-fly
reconfiguration with no efficiency deterioration after a fault,
which distinguishes it from other similar solutions, like [17].

The random failure rate of the ZR-SRC components is kept
constant before and after a fault by clipping the PV power,
which does not significantly reduce the yearly energy harvest.
The developed power clipping algorithm allows for the
converter operation at an optimal efficiency point.
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TABLE IV. COMPARISON WITH THE FAULT-DETECTION METHODS FOR

ISOLATED DC-DC CONVERTERS IN THE LITERATURE WORK.

Item [16] [17] Proposed

Topology DAB gZSN-SRC FT ZR-SRC

Voltage of PV voltage for IB
Vglct’?t%i?f bottom 1B SCF, secondary
Signature switches in MOSFETs current for OB
signals the IB and beside PWM SCF, and voltage
OB signals of the of OB MOSFETs
IB MOSFETs for OB OCF
Only SCF
Fault type OCF in the IB SCF/OCF
Number of
cascaded faults 2 1 2
Total fault types 8 4 8
Number of
sensors 4 2 8
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