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THE CALCE PHM TEAM

reliability and part selection standards. CALCE is staffed by over 120 faculty, staff, and
students, and in 1999 became the first academic research facility in the world to be ISO
9001 certified. Collectively, CALCE researchers have authored over 35 internationally
acclaimed textbooks and well over 1000 research publications relevant to electronics
design, test, quality, reliability and supply chain management. Over the last 15 years,
CALCE has invested over $75 million in developing methodologies, models, and tools to
address the design, manufacture, analysis, and management of electronic systems. Today,
CALCE is funded by over 150 of the world’s leading companies at over $6M/year.

The Prognostics and Health Management (PHM) team at CALCE has a multi-faceted
approach to PHM focused on demonstrating that health monitoring can be implemented
using a variety of methodologies, tools, and analytical techniques for effective prognostics.
Our approaches to PHM implementation include the use of expendable devices, such as
canaries and fuses, that fail earlier than the host product to provide advance warning of
failure; identifying and monitoring parameters that are precursors to failure; and modeling
stress and damage in electronic parts and structures utilizing exposure conditions (e.g.,
usage, temperature, vibration, radiation) to compute accumulated damage.

The Center for Advanced Life Cycle
Engineering (CALCE) is recognized as a
founder and driving force behind the
development and implementation of physics-
of-failure (PoF) approaches to reliability, as
well as a world leader in accelerated testing,
electronic parts selection and management,
and supply-chain management. CALCE is at
the forefront of international standards
development for electronic systems, having
chaired the development of several

The CALCE PHM team conducts research and development of PHM for electronic products, systems, and systems-
of-systems. Our research focuses on computational algorithms, advanced sensors and data collection techniques,
condition-based maintenance, and PHM for the application of in-situ diagnostics and prognostics. The team uses
physics-based models along with empirical models for prognostics. We are pioneering the use of a fusion approach,
which combines physics-of-failure and data-driven methods for accurate prognostics and diagnostics. Research in the
areas of reliability modeling and prediction, pattern recognition, time series forecasting, machine learning, and fusion
technologies is ongoing. The prognostics team is evaluating the use of intelligent reasoning technologies to model and
manage the life cycle of electronic products. In addition, optimal maintenance planning and business case
development to assess the return on investment associated with the application of PHM to systems is being researched
by the team. For more details, contact Prof. Michael Pecht (pecht@calce.umd.edu).
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A semester-long course on prognostics and health management (PHM) will be offered during the Fall 2014 semester
at the University of Maryland. This is an interdisciplinary course, and students in many areas, including mechanical,
electrical, civil, and aerospace engineering, public policy, and engineering management are welcome. Students will
get the opportunity to learn the basic scientific foundations that enable prognostics and health management and work
on its implementation for real-life applications through projects. Guest lectures in this course will be taught by
experts from industry, government, and academia. Some of the topics covered in this course include:

• Health monitoring (structures, electronics, mechanical components)
• Methods for in-situ monitoring
• Sensors for prognostics
• Data collection, pre-processing, reduction, and feature extraction
• Methods for identifying and analyzing precursors based on failure mechanisms
• Prognostic approaches (physics-of-failure, data-driven techniques, statistical methods, fusion prognostics)
• Damage assessment
• Anomaly detection
• Machine learning and intelligent systems
• Diagnostics
• Risk and uncertainty analysis
• Software tools for diagnostics and prognostics
• Life cycle cost and ROI for prognostics
• Condition-based maintenance and prognostics-based mission planning
• Case studies

For more information, contact Prof. Michael Pecht (pecht@calce.umd.edu).

FALL 2014 COURSE ON PHM @ UMD

The Prognostics and Health Management Consortium (PHMC) is an industry
and government supported research and education consortium within the Center
for Advanced Life Cycle Engineering (CALCE). The mission of the PHM
Consortium is to provide basic research and technology on prognostics and health
management to members. CALCE has been performing cooperative, industrially
focused research on prognostics for approximately 10 years with a demonstrated
track record of disseminating research results for industrial competitive
advantage. CALCE's interdisciplinary PHM Consortium team consists of faculty
in mathematics, computer science, electronics, reliability, materials, and civil and
mechanical engineering. The resources available to the PHM Consortium include
the CALCE Test Services and Failure Analysis (TSFA) Laboratory, one of the
largest and most extensively equipped electronics failure analysis facilities in the
world, and proprietary CALCE-developed virtual qualification software for
electronic products.

SPRING 2014 CALCE PHM CONSORTIUM MEETING 

The CALCE PHM Consortium holds its 2014 Spring Technical Review Meeting on March 20, 2014, in conjunction
with the CALCE EPSC Spring Meeting. We will be presenting the research that we have been conducting for
consortium members. Non-members who have not previously attended the meeting can attend the consortium
meeting for a fee. For more information, contact Dr. Michael Osterman (osterman@calce.umd.edu).
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The IEEE Reliability Society has organized a special working group to develop IEEE PHM Standard P1856:
“Standard Framework for Prognostics and Health Management of Electronic Systems.” The purpose of this standard is
to provide a framework to assist practitioners in the development of business cases and the selection of approaches,
methodologies, algorithms, condition monitoring equipment, and strategies for implementing prognostics for electronic
systems. This standard being developed by IEEE has broad applicability, and PHM efforts in mechanical structures,
civil structures, nuclear technology, and aeronautics are also being considered.

Prof. Michael Pecht is the Chair for the Standard, and Mr. Sony Mathew is the Vice-Chair. Currently, the working
group has over 120 individuals in the field of PHM and reliability from around the world (18 countries) participating in
it. The members discuss and contribute to the standard’s development via monthly teleconferences. These
teleconferences are conducted on the first Wednesday of every month at 10 a.m. Eastern Time (US). We invite all who
are interested in developing the standard to join the working group. Interested individuals can contact Sony Mathew
(sonym@umd.edu) for more information.

IEEE PHM STANDARD: P1856 

CANARY-BASED PROGNOSTICS
CALCE is currently developing methodologies for conducting
prognostics by using canary devices. A canary device is a product that
provides early warning of a negative condition. A canary device behaves
similar to a real canary bird in a coal mine. Since canary birds are more
sensitive to hazardous gases than humans, they can feel the effect of
these hazardous gases even when the quantity is low. The death or
sickening of canary birds provided early warning to miners to take
corrective action and exit the mine. In engineering applications, a canary
device fails by the same failure mechanism as the system that is being
monitored, only earlier, thus providing a prognostic indication of failure.

Canary devices are created based on an understanding of the physics-of-failure of systems. A canary device is
designed to fail within a definable time prior to the failure of the actual system. Canary devices are classified as 1)
expendable canaries, 2) sensory canaries, and 3) conjugate-stress canaries. Expendable canary devices are designed
such that once the device fails, it is no longer operational. Sensory canary devices are designed to be more sensitive to
loading conditions and degrade at a higher rate at lower load levels than the host system. Conjugate-stress canaries are
based on simultaneous identification of conjugate-stress pairs. In a recent paper, CALCE presented a novel method of
using a solder interconnection as a canary for prognostics of Ball Grid Array (BGA) packages. For more information,
please contact Dr. Michael Osterman (osterman@calce.umd.edu) or Mr. Sony Mathew (sonym@umd.edu).

CANARIES FOR PREDICTION OF ELECTROCHEMICAL MIGRATION
Electrochemically-driven failure mechanisms lead to elevated leakage current or short circuits on printed circuit
boards due to electrochemical migration (ECM). The prediction of circuit failure by ECM using existing models
requires knowledge of the electrochemical parameters, which are difficult to measure in an actual application. CALCE
is currently developing a canary-based approach to provide advance warning and predict the time-to-failure by ECM.

The development of these sensors is being carried out for offshore applications where humidity, salt contamination, and
temperature variations can lead to component failures. Maintenance costs for offshore wind turbines are higher than
land-based turbines due to their limited accessibility; hence, early detection of frequently occurring failures can help
wind farm operators to plan maintenance actions to reduce the costs associated with deploying maintenance resources.
Canaries to predict ECM in these applications have to be sensitive to the influence of external contaminants on the
board as well as moisture condensation. Different canary designs are being explored, and the effect of salt
contamination and moisture condensation on the time-to-failure of the canary relative to the actual product is being
carried out. For more information can contact Dr. Michael Azarian (mazarian@calce.umd.edu) or Mr. Ranjith Kumar
(ranjith@umd.edu).



CALCE has been developing methods for early detection of fan bearing faults and analysis of acoustic emission and
vibration and electrical current signals. CALCE has developed statistical methods to extract faulty features from data
and identify which characteristics can be used to predict failure. As part of its bearing degradation research, CALCE
has been studying the grease used as a lubricant in fan ball bearings. CALCE has used analytical chemistry methods
such as Fourier transform infrared spectroscopy (FTIR) to determine which functional organic groups of lubricants are
related to the degradation process.

CALCE has also used system-level dynamic modeling to simulate faults in complex systems and evaluate fault
diagnosis using system-level signals. This approach has been employed for wind turbines, where faults in the gearbox
of a turbine were detected using the output electrical current signals of the generator. CALCE is also using an Agilent
G200 Nano-indenter to measure mechanical properties such as hardness and Young’s modulus. It is also equipped with
the lateral force measurement (LFM) option, which can be used to perform scratch and wear tests on electromechanical
devices that typically experience high wear rates, such as switches, interconnects, and actuators. For more details on
the nano-indenter, contact Dr. Carlos Morillo (cmorillo@calce.umd.edu).

BEARING DIAGNOSTICS AND PROGNOSTICS

HEALTH INDICATOR EXTRACTION OF ROLLING ELEMENT BEARINGS

Rolling element bearings are critical elements in electromechanical systems. Bearing failure is identified as the main
reason for computer cooling fan failures and wind turbine gearbox failures. In induction motors, bearing failures
account for more than 40% of system failures. Repairing or replacing failed bearings can require costly maintenance,
not to mention the cost of the consequent system downtime. CALCE is developing a method for health indicator
extraction for bearings working in a noisy background. The technique developed in this research implements cross-
correlation to preprocess the signal to reduce the influence of the impulse noise, and then applies spectral kurtosis to
extract features for different types of faults of the bearing. After correlation of the features being reduced by principal
component analysis, a k-nearest neighbor distance is calculated as the health indicator.

The method was validated by results of experiments performed on a machinery fault simulator. It was found that the
method was able to detect the bearing fault even when masking noise was generated by a nearby faulty gearbox, and
the method also diagnosed the type of fault. For another set of run-to-failure experiments on cooling fans, the health
indicator extracted by the method provided accurate estimation of the bearing health conditions, and at the same time
diagnosed the fault type at each stage during the degradation of the bearing. For more details, contact Dr. Carlos
Morillo (cmorillo@calce.umd.edu) or Mr. Jing Tian (jingtian@calce.umd.edu).
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CIRCUIT-CENTRIC HEALTH ESTIMATION OF ELECTRONICS
Degradation monitoring in electronics is still approached from a component-centric viewpoint. The existing literature
on electronic prognostics has been focused on monitoring the degradation and estimating the remaining life of
individual components (such as electrolytic capacitors, MOSFETs, IGBTs) using component-level parameters.
However, it is not practically and economically viable to perform prognostics for each discrete component in an
electronic system. It is desirable to estimate system health and track degradation without having to monitor the
individual components of the system.

CALCE has developed an approach that decomposes a system into critical circuits and exploits features specific to the
system circuitries along with a kernel-based learning algorithm to develop a circuit health indicator (CHI). The unique
feature of this CHI is its ability to capture the health of each circuit component using circuit-level parameters (instead
of component-level parameters). A degradation model that makes use of existing component degradation models to
track the progression of a fault in the circuit has also been developed. The proposed approach has been demonstrated
on benchmark circuits and DC-DC buck converter systems. For more details, contact Dr. Michael Pecht
(pecht@calce.umd.edu) or Mr. Arvind Vasan (arvind88@umd.edu).
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As lithium-ion batteries are used in more demanding applications, such as in the automotive, military, and aerospace
industries, accurate estimation of the internal state of batteries has become necessary to ensure long life and safe
operation. This requires physics-of-failure (PoF) models that take into account the relationship between applied
stresses in the environment on battery health. Physics-based modeling requires many inputs based on chemical and
material properties of the various battery components. Researchers at CALCE are developing PoF-based thermo-
mechanical and electrochemical models that capture the mechanical effects of lithium intercalation on the battery
structure. Techniques to improve the state-of-health estimation in lithium-ion batteries are being developed that take
into account the failure mechanisms that result in a decrease in deliverable capacity and an increase in internal
resistance. A methodology is also being developed for collecting properties on the particle, electrode, and battery cell
level to facilitate modeling the battery state-of-health for improved diagnostics and prognostics. For more details,
contact Dr. Michael Pecht (pecht@calce.umd.edu) or Mr. Christopher Hendricks (chendri1@calce.umd.edu).

PHYSICS-BASED MODELS FOR BATTERY LONGEVITY AND SAFETY

COUPLED BATTERY MONITORING TECHNIQUE
Traditionally, battery reliability has been considered in terms of the operating temperature and the discharge rate. As
batteries become integrated into structural composites and wearable technologies, the influence of bending and
compressive loads on a battery’s output must be considered. In lithium-ion batteries, charge is transferred through the
diffusion of lithium ions into the electrodes. Compressive loads on the battery change the stress distribution in the
electrodes affecting the paths of lithium diffusion. An understanding of this phenomenon is necessary for designing
battery form factors for reliable operation in a wide range of applications under mechanical loading. CALCE is
developing electrochemical-mechanical coupled models that describe the effects of electrochemical and mechanical
behavior to enable battery management systems to recognize mechanical loading on a battery through the output
voltage without the use of extra sensors such as strain gauges. This can improve battery monitoring strategies and
assist in fault detection for identifying potentially dangerous situations. Contact Dr. Michael Pecht
(pecht@calce.umd.edu) or Mr. Nicholas Williard (nwilliar@calce.umd.edu) for more information.

Solenoid operated valves (SOVs) are used pervasively throughout many sectors of industry, including chemical,
nuclear, automotive, aerospace, and oil and gas. Many applications of SOVs are as a final element in safety-
instrumented systems. The final elements contribute approximately 81.5% to the probability of failure on demand for
safety-instrumented systems, compared with 11.9% for logic solvers and 6.6% for sensors. As a result, SOVs are
safety-critical systems that are in urgent need of monitoring, fault diagnostics, and fault prognostics. CALCE is
conducting a fundamental analysis of the failures of SOVs. A critical objective is to perform all diagnostics and
prognostics without disturbing the process in which the valve is installed. This would provide direction for health
monitoring systems for SOVs in general, and would be especially useful for SOVs used in safety-instrumented
systems. For more details, contact Dr. Michael Azarian (mazarian@calce.umd.edu) or Mr. Jordan Jameson
(jjameson@calce.umd.edu).

DIAGNOSTICS AND PROGNOSTICS OF SOLENOID OPERATED VALVES

PHM OF EDLC SUPERCAPACITORS
Due to higher power densities and longer lifetimes, Electrical Double Layer Capacitors (EDLCs) are being used to
supplement lithium-ion batteries in hybrid and electric vehicles as well as in applications such as kinetic energy
recovery systems in automobiles. CALCE has been testing and investigating these super capacitors to evaluate their
reliability and robustness to environmental and electrical stresses. Step stress tests are used to identify the failure
modes and mechanisms of these super capacitors, as well as the margins outside the rated conditions within which
these components can be operated safely. Results from these tests have been used to develop life tests by identifying
suitable stress parameters. CALCE is developing life models and acceleration factors for this energy storage
technology. Prognostics and health management algorithms are being developed to detect degraded or sub-standard
super capacitors in fielded applications. For more details, contact Dr. Michael Azarian (mazarian@calce.umd.edu) or
Mr. Anto Peter (anto@umd.edu).
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RECENT CALCE PAPERS ON PHM 

The following are some selected  CALCE publications on PHM in 2013. 

• Ye, Z.S., Y. Wang, K.L. Tsui, and M. Pecht, “Degradation Data Analysis using Wiener Processes with Measurement 
Errors,” IEEE Trans. on Reliability, Vol. 62, No. 4, pp. 772-780, Dec. 2013.

Abstract: Degradation signals that reflect a system's health state are important for diagnostics and health management of
complex systems. However, degradation signals are often compounded and contaminated by measurement errors, making
data analysis a difficult task. Motivated by the wear problem of magnetic heads used in hard disk drives (HDDs), this
paper investigates Wiener processes with measurement errors. Here, the traditional Wiener process’s estimation
efficiency is improved compared to the existing inference procedure. A mixed effects model with measurement errors is
developed and the statistical inferences of this model are discussed. The developed methodologies are then applied to the
wear problem of magnetic heads of HDDs and a light intensity degradation problem of light-emitting diodes.

• Patil, N., D. Das, E. Scanff, and M. Pecht, “Long-Term Storage Reliability of Antifuse Field Programmable Gate
Arrays,” Microelectronics Reliability, Vol. 53, No. 12, pp. 2052-2056, Dec. 2013.
Abstract: Field Programmable Gate Arrays (FPGA) with antifuse elements are preferred in aerospace applications due
to their non-volatility and demonstrated radiation hardness. Because aerospace applications typically involve a long
operating life, there is a requirement to store un-programmed antifuse FPGA parts for long periods and program them
when necessary to support the system. In this paper, antifuse structures, programming processes, and failure mechanisms
of antifuse FPGAs are discussed. High temperature storage tests of a select number of antifuse FPGAs were performed to
accelerate the identified failure mechanisms.

• Dai, J., D. Das, M. Ohadi, and M. Pecht, “Reliability Risk Mitigation of Free Air Cooling through Prognostics and
Health Management,” Applied Energy, Vol. 111, pp. 104-112, Nov. 2013.
Abstract: Rapid growth in energy consumption is one of the major challenges for the development of the data center
industry. Cooling equipment accounts for roughly 40% of energy consumption in a typical data center. Free air cooling
(FAC) is a method for substantial energy savings in cooling, and it is increasingly being implemented in data centers.
However, this cooling approach may cause reliability risks for telecom equipment in data centers due to the increased
temperature range and often the removal of the humidity control in FAC implementation. This paper overviews the
potential reliability risks from FAC, and then presents a prognostics and health management (PHM) to evaluate and
mitigate these risks.

• Vasan, A., B. Long, and M. Pecht, “Diagnostics and Prognostics Method for Analog Electronic Circuits,” IEEE Trans.
on Industrial Electronics, Vol. 60, No. 11, pp. 5277-5291, Nov. 2013.
Abstract: Analog circuits play a vital role in ensuring the availability of industrial systems. Unexpected circuit failures in
such systems during field operation can have severe implications. Here, a method for detecting faulty circuit conditions,
isolating fault locations, and predicting the remaining useful performance of analog circuits has been developed. The
fault diagnostics problem is posed and solved as a pattern recognition problem using kernel methods. From the extracted
features, a fault indicator (FI) is developed for failure prognosis. Furthermore, an empirical model is developed based on
the degradation trend exhibited by the FI. A particle filtering approach is used for model adaptation and RUP estimation.

• Wang, D., Q. Miao, and M. Pecht, “Prognostics of Lithium-Ion Batteries based on Relevance Vectors and a
Conditional Three-Parameter Capacity Degradation Model,” J. of Power Sources, Vol. 239, pp. 253-264, Oct. 2013.
Abstract: In this paper, a battery capacity prognostic method is developed to estimate the remaining useful life of
lithium-ion batteries. This capacity prognostic method consists of a relevance vector machine and a conditional three-
parameter capacity degradation model. The relevance vector machine is used to derive the relevance vectors that can be
used to find the representative training vectors containing the cycles of the relevance vectors and the predictive values at
the cycles of the relevance vectors. The conditional three-parameter capacity degradation model is developed to fit the
predictive values at the cycles of the relevance vectors. Extrapolation of the conditional three-parameter capacity
degradation model to a failure threshold is used to estimate the remaining useful life of lithium-ion batteries.
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IEEE PHM CONFERENCE IN CHINA
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IMPORTANT DATES:

• Abstract Submission: May 15, 2014
• Abstract Acceptance: May 25, 2014
• Full Paper Submission: June 10, 2014
• Notification of Acceptance/Rejection: June 30, 2014
• Final Revised Manuscript Submission and Registration Deadline: July 15, 2014
• Conference Days: August 24-27,2014

Note: A paper will not be submitted to IEEE Xplore without a presentation.

For more information, visit the conference website: www. http://phm2014.nudt.edu.cn

The IEEE PHM-2014 Conference will be held on 24-27 August 2014 in Zhangjiajie City, Hunan, China. This
conference will promote the realization and application of PHM as a key enabler for growth for a broad range of
industries. Prof. Michael Pecht will serve as the General Co-Chair for this conference.

The IEEE PHM-2014 Conference will bring together the global community of PHM experts from industry,
academia, and government in diverse application areas such as avionics and aerospace, marine systems, ground
vehicles, power and electronic systems, process industries, computers and telecommunications, material systems,
industrial automation, and many more. Researchers are invited to submit papers in the conference’s areas of
interest.

AREAS OF INTEREST:

•Advanced sensor and detection 
technologies

•Physics-of-failure and reliability 
prediction

•Fault detection, diagnostics, and 
prognostics

•Diagnosis and fault isolation 
methods

•Fault-adaptive control methods
•Model-based and data-driven 
prognostics methods

•Big-data analysis in PHM
•Data and signal processing
•Integrated PHM computing

•Automated reconfiguration
•Probabilistic risk assessment 
(PRA)

•System modeling and failure 
simulation

•Reliability modeling, design, 
analysis & assessment

•Maintainability modeling, design, 
analysis & assessment

•PHM-based maintenance 
management

•PHM-informed logistics
•Maintenance and human and 
organizational factors

•Maintenance decision support 
systems

•Verification, validation, and 
benchmarking 

•Affordability aspects and the 
business case for PHM

•Return-on-investment analysis
•Standards for PHM
•PHM  in aerospace and defense, 
appliance, medical, electric 
vehicles, deep drilling, and energy 
applications

•Deployed applications and 
success stories
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This year the IEEE Reliability Society, FCLAB Research Federation, FEMTO-ST Institute, and the Laboratory of
Excellence ACTION have collaborated to put together the IEEE PHM 2014 Data Challenge. The challenge is
focused on the estimation of the state of health (SoH) and the prediction of the remaining useful life (RUL) of a
Proton Exchange Membrane Fuel Cell (PEMFC).

Important Data Challenge dates

January 8, 2014: competition starts
March 23, 2014: deadline for submission of results
March 24, 2014: results announced
April 20, 2014: deadline for submission of full papers by winners
June 22-25, 2014: 2014 IEEE Int. Conf. on PHM – Presentations

2014 ANNUAL CONFERENCE OF THE PHM SOCIETY
The 2014 Annual Conference of the Prognostics and Health Management Society will be held from Monday,
September 29, 2014, through Thursday, October 2, 2014, at the Hilton Fort Worth in Fort Worth, Texas. The Annual
Conference of the PHM Society 2014 will bring together the global community of PHM experts from industry,
academia, and government in diverse application areas such as energy, aerospace, transportation, automotive, and
industrial automation. The conference will feature workshops, townhall meetings, hands-on demonstrations, a
luminary session, a dedicated session on fielded systems, a doctoral symposium, and a full day of tutorials free to all
registrants. A PHM data analysis competition will be carried out in parallel, and the results will be discussed during
the conference. The details of the can be accessed through the website: www.phmsociety.org.

MFPT 2014 CONFERENCE

The MFPT 2014 Conference will be held May 20-22, 2014 at the Sheraton Oceanfront Hotel, Virginia Beach, VA,
USA. The conference theme is “Technology Solutions for Affordable Sustainment.” The conference will focus on
the development and application of prognostics and health management technologies, and will show how practical
technologies can be integrated into a platform or system. MFPT is now accepting titles for proposed papers or
tutorials with accompanying abstracts. Submissions are encouraged from academia, government entities, and
industry. For more information, visit www.mfpt.org

JOIN THE CALCE PHM CONSORTIUM

If you are not a member and would like to join the CALCE Prognostics and Health Management Consortium, please
email Prof. Michael Pecht (pecht@calce.umd.edu), and we will provide you with the membership agreement. Upon
becoming a member, users can register for a password to gain access to the research website.
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The IEEE Reliability Society is proud to sponsor its fifth
annual International Conference on Prognostics and Health
Management (IEEE PHM2014). The conference will be
held on June 22-25, 2014, at the Eastern Washington
University in Spokane, WA. The 2014 IEEE PHM
Conference will bring together the expertise of relevant
technical and management communities to facilitate cross-
fertilization in this broad interdisciplinary technical area. For
more details visit http://www.phmconf.org.

2014 IEEE INTERNATIONAL CONFERENCE ON PHM
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