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Power electronics today, unlike at its inception, is a cyber-physical system comprising
sensing, control, and communication (all of which constitute the cyber layer) aside from
complex solid-state power stage (which constitute the physical layer). With the advent of
emerging applications like photovoltaic and wind energy, electric vehicle charger,
HVDC/MVDC, solid-state transformers, the complexities of modular multilevel power-
electronics systems have enhanced multifold both in terms of physical and cyber
complexities along with increased interdependencies among the physical and cyber
layers. As such, manifestations of reliability issues at the physical layer may not have their
origins necessary at the physical layer but could transcend the cyber layer as well.
Consequently, the reliability of power electronics for the emerging systems needs to have
this broader perspective (i.e., physical as well as cyber-physical reliabilities), which is the
focus of this tutorial.
This tutorial first discusses the challenges in assessing the physical reliability of power
electronics systems and then explores recent advancements in reliability evaluation.
Power semiconductor devices, along with capacitors, MOVs, PCBs etc., are critical to
system reliability, with failures often caused by thermal cycling, electrical overstress, and
material fatigue. As wide-bandgap (WBG) devices replace conventional silicon, they offer
efficiency and thermal performance gains but introduce new failure mechanisms requiring
specialized assessment. To evaluate power device reliability, accelerated tests are
conducted, and failure mechanisms are studied. As a case illustration, power cycling tests
(PCT) assess thermal cycling effects, while advanced inverter-like accelerated tests (IAT)
simulate real-world inverter conditions for a more comprehensive evaluation.
Complementing bottom-up approaches, this tutorial includes top-down approaches to
inverter reliability evaluation, emphasizing system-level reliability in the context of
qualification test standards. This perspective integrates component-level insights with
holistic inverter performance metrics, aligning with industry benchmarks to ensure robust
design and operational reliability. This tutorial briefly compares these tests and discusses
lifetime prediction using physics-of-failure understanding, statistical methods, and AI/ML-
based approaches for reliability assessment in power electronics applications.
Additionally, to enhance the reliability of power devices, advanced packaging, or real-time
active control techniques, can be used to mitigate stress during operation and extend the
operational lifetime of power devices. This tutorial presents these advancements, offering
insights into improving the physical reliability of modern power electronics systems.
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Additionally, addressing the increasingly critical cyber dimension, the tutorial explores cybersecurity vulnerabilities and resilience strategies against
electromagnetic side-channel noise intrusion (EM-SNI) and other cyber-physical threats. These threats compromise the control and feedback loops
of power converters, causing performance degradation or sudden operational failures at the power stage. Specifically, the tutorial examines the
propagation of such cyber-attacks in networked power electronics systems at the grid edge. Participants will learn about cyber-informed
methodologies, including proactive safeguards (such as preventive strategies aligned with industry standards) and reactive countermeasures
(intrusion section systems and adaptive strategies and real-time system recovery methods). This section also covers the emerging standards
landscape for cybersecurity of PV systems to mitigate vulnerabilities in distributed energy resources and securing communication and control in
grid-integrated systems. Additionally, degradation-informed control methodologies are discussed to dynamically enhance reliability in response to
detected threats. The tutorial concludes by integrating physical and cyber reliability concepts into a unified reliability assessment framework,
highlighting gaps, standardization needs, and future research opportunities, providing practical insights for industry professionals and researchers
alike.
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Dr. Patrick McCluskey is a Professor and Associate Chair of Mechanical
Engineering at the University of Maryland, College Park. He has over 25 years
of research experience in the areas of thermal management, reliability, and
packaging of electronic systems. Dr. McCluskey has co-authored three books,
5 US Patents, and approximately 200 peer-reviewed technical articles with over
5000 citations. He is a member of the board of governors of the IEEE
Electronic Packaging Society, a fellow of IMAPS, and a member of ASME, TMS,
MRS, and ASEE.

Sudip K. Mazumder received the Ph.D. degree in electrical and computer engineering
from Virginia Tech, in 2001. He is a UIC Distinguished Professor, Robert Uyetani
Professor of Engineering, and the Director of Laboratory for Energy and Switching-
Electronic Systems (LESES) in the Department of Electrical and Computer Engineering at
the University of Illinois Chicago (UIC), which he joined in 2001. He is Joint Appointee
with the U.S. Argonne National Laboratory. He also serves as the President of NextWatt
LLC since 2008. He has over 30 years of professional experience and has held R&D and
design positions in leading industrial organizations and has served as technical
consultant for several industries. He is the Deputy Editor-in-Chief for IEEE Journal of
Emerging and Selected Topics in Power Electronics, Chair for the IEEE Power Electronics
Society's Technical Committee on Modeling and Control, and a Member at Large for IEEE
Power Electronics Society. He is a Fellow of multiple prestigious societies including IEEE
and AAAS and was the recipient of the 2023 IEEE Power & Energy Society's Ramakumar
Family Renewable Energy Excellence Award. Earlier, he served as an IEEE Distinguished
Lecturer and the Editor at Large for IEEE Transactions on Power Electronics. He has
made original contributions to the areas of multi-scale control of power-electronic
systems; wide-bandgap high-frequency-link power electronics; cyber

Peter Hacke is a senior scientist at the National Renewable Energy
Laboratory. As a member of IEC Technical Committee 82, he performs
research and leads standards writing including in systems and balance of
system working groups, focusing on reliability. He leads the international PV
Quality Assurance Taskforce TG 11, dealing with power electronics in balance
of system reliability.
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Jack Flicker is currently a Distinguished Member of the Technical Staff and joined Sandia as a postdoctoral appointee in 2006. His
research focuses on all aspects of power electronics and power conversion systems ranging from incorporation of new materials
and devices in power conversion systems to utilizing new topologies and controls to enable improvements in electrical power
systems. Jack’s research touches on all areas of the power electronics value chain ranging from usage of new devices (wide- and
ultra-wide bandgap semiconductors) to new topologies and controls to evaluation of power system operation. The nature of his
work spans multiple TRL levels and incorporates everything from basic analysis to optimization and simulation to experiment and
field-deployment.
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and physical reliabilities in power-electronic systems; and optically controlled power
semiconductor devices. He has published over 310 peer-reviewed international journal
and conference papers, 1 edited book, and 13 book chapters, has 14 issued utility
patents (with others pending), and has delivered over 135 keynote, distinguished, plenary,
and invited presentations. His research interests include design and control of power electronics converters and systems with applications to
reduced-inertia networks, grid interfaces, variable speed drives, and electric automotive systems.


