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A Towards Reliable Power Electronics
A Design Tool for Reliability of Power Electronic Systems
A Future Research Opportunities in Reliability of Power Electronics

A Summary
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Renewable Electricity in Denmark
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76.2% 2015 RE Electricity Gener. in DK

Proportion of renewable electricity in Denmark (*target value)

Wind share of net generation in year 29.4% 51.0% 58%*

Wind share of consumption in year 28.3% 42.0% 60%*

RE share of net generation in year 41.1% 66.9% 82%* 100%*
RE share of net consumption in year 39.5% 55.2%

Energinet.dk, Electricity Generation, http://www.energinet.dk/EN/KLIMA-OG-MILJOE/Miljoerapportering/Elproduktion-i-
Danmark/Sider/Elproduktion-i-Danmark.aspx
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Energy and Power Challenge in Denmark
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= Electricity consumption

Very High Coverage of Distributed Generation

Energinet.dk, Electricity Generation, http://www.energinet.dk/EN/KLIMA-OG-MILJOE/Miljoerapportering/Elproduktion-i-
Danmark/Sider/Elproduktion-i-Danmark.aspx
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Towards Reliable Power Electronics

A Motivations, field experiences and challenges
A Ongoing paradigm shift in reliability research
A Design for reliability concept
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Motivation for More Reliable Product Design

Reduce costs by
iImproving reliability upfront

1000 x

Cost Of Unreliability
2x More

100 x

CONCEPT DESIGN VALIDATION PRODUCTION

I deas/Sketches B Lost Market Share B Warranty/Recall
. Engineering/Design - Verification/Testing . Prototype Parts
Y specs/Drawings " Lost Production

Source: DfR Solutions, Designing reliability in electronics, CORPE Workshop, 2012.
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Field Experience Examples 1/3
5 Years of Field Experience of a 3.5 MW PV Plant

PV Inverter

37% PV Inverter

59%

System
8%
Junction
Box
12%

PV Panel
15%

Unscheduled maintenance events by subsystem. Unscheduled maintenance costs by subsystem.
(ACD: AC Disconnects, DAS: Data Acquisition Systems)

Data source: Moore, L. M. and H. N. Post, "Five years of operating experience at a large, utility-scale
photovoltaic generating plant,” Progress in Photovoltaics: Research and Applications 16(3): 249-259, 2008
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Field Experience Examples 2/3
Failure frequency of different components in PV systems
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Inverter AC External Other Support DC Planned Modules Weather Meter P roj ect Year
Subsys Struct Subsys  Outage Stn
0 Source: Solar Accessto Public Capital
& sunidison Working Group
Failure frequency and energy impact Example of failure rate of PV inverter (string
inverter) in field operation
Datasource:PVSystem Ré&| AabboWwhey ds Synedisen@E2Zt i veo
Data source: GreentechMe di a Webi nar fAHow to Reduce 2RIi5sk i n Comr
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Field Experience Examples 3/3

350 onshore wind turbines in varying length of time (35,000 downtime events)

Power
Converter Converter
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Contribution of subsystems and assemblies
to the overall failure rate of wind turbines.

Contribution of subsystems and assemblies
to the overall downtime of wind turbines.

Data source: Reliawind, Report on Wind Turbine Reliability Profiles i Field Data Reliability Analysis, 2011.
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Availability Impact on Cost-of-Energy (COE)

COE = CAPEX+OPEX =

AE P Onshore Wind j

Offshore Wind :
Biomass
CAPEX 1 Capital cost P *
OPEX i Operation and maintenance cost

Solar | ]
AEP 17 Annual energy production Nuclear .
|
Natural Gas -I
Higher reliability and better maintenance Cosl h
l 0 50 100 150 200 250
. EUR/MWh
Lower downtime e e
1 (so'urce: ‘MAKE Consulting A/S)

Lower OPEX and higher AEP P
| €9

Lower COE ¥
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The Reliability Challenges in Industry

Present Future

O Replacement if O Low risk of "
Customer faiIFl)Jre failure O Peace of mind
expectations ~ O Request for O Predictive maintenance
O Years of warranty :
maintenance
Reliability target © ,(A(\)/f:)ordable returns O Lowreturnrates |O ppm return rates
O Robustness
O Reliability test tests O Design for reliability
R&Dapproach | 5 4 5ig catastrophes | O Improve weakest | O Balance with field load
components
O Understanding failure
&  Testing at the mechanisms, field load,
R&D key tools Product operating tests esting root cause, €
limits ~ : . .
O  Multi-domain simulation
O ¢é

Reliability at CONSTRAINED cost is a challenge
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Lifetime Targets in Power Electronics Intensive
Applications

Applications Typical design target of Lifetime

Aircraft 24 years (100,000 hours flight operation)
Automotive 15 years (10,000 operating hours, 300, 000 km)
Industry motor drives 5-20 years (60,000 hours in at full load)
Railway 20-30 years (73,000 hours to 110,000 hours)
Wwind turbines 20 years (120,000 hours)

Photovoltaic plants 30 years (90,000 hours to 130,000 hours)
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Stress-Strength Analysis
The essence of reliability engineering is to prevent the creation of failure

~ 1. Ideal case without
. degradation

Failure

Stress analysis; Strength analysis
Stress control; Strength derating
Design at end-of-life; Consider the variations
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Focus Points Matrix (FPM) of Stressors Influencing
Reliability

Load Focus points
Active power Passive
Climate + Design => Stressor P power Control circuitry, I C
components
components
Ambient Progluct Stressors Die LASJ Wire- Cap. | Ind. Sol_der MLCC IC PCB Connectors
design bond Joint
Temperature
swing X X X X
-thermal
Average
. system
Relative . Temperature | X X X X X X X X X
- -operation
humidity point T
-RH(t) -ON/OFF dT/dt X X X X
Temperature power
, ) Water X X x
T(t) P()
Relative « « « X « « « «
Humidity
Pollution Tightness Pollution X X
Mains Circuit Voltage X X X X X X X X X
Cosmic Circuit Voltage X
Mounting Mechanical ChOCk. X X X X X X
/vibration

LASJ - Large Area Solder Joint, MLCC - Multi-Layer Ceramic Capacitor, IC- Integrated Circuit, PCB i Printed Circuit Board, Cap. - Capacitor,
Ind. - Inductor, Level of importance (from high to low): X-x-X-x
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The Scope of Reliability of Power Electronics

A multi-disciplinary research area

Hectronics
Reliability

Phys cs-of- Gmponent
failure physics

Anal ytical
Physics

Paradigm Shift

3 From components to failure mechanisms

3 From constant failure rate to failure level with time

3 From reliability prediction to also robustness validation
3 From microelectronics to also power electronics
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From Components to Failure Mechanisms

Physics-of-Failure (PoF) Approach

Formally conceptualized in 1962

A formalized and structured approach to root cause failure analysis that
focuses on total learning and not only fixing a current problem.

PoF could be applied in power electronic systems based on

3 the impact of circuit topologies, control schemes, system configurations
and mission profile (therefore, life-cycle stresses of components)

3 the materials at potential failure sites in power electronic components
3 root-cause failure mechanisms of power electronic components

Deterministic Science
+ Probabilistic Variation Theory
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From Constant Failure Rate to Failure Level with Time
Concerns on MTTF and MTBF

MTTF 17 Mean Time To Failure (for non-repairable items)
MTBF 1 Mean Time Between Failure (for repairable items)

f(£) = Aexp(—A1)  (a-is the failure rate) 2 Eary falwe
! @ = \Near-out failure )
R(#)=1-— f f(r)dt = exp(—At) g b b>1 -
0 SN e
MTTF (or MTBF) = 1/& £ |
Assumptions (Limitations) Time in operation g

Constant failure rate (exponential distribution)
Wear out does not appear before the items fail.
The assumptions are INVALID for most modern components and systems.

Why they were used?

At the early stage of electronic components (e.g., 1960s, 1970s), they have relatively

much shorter service |ife due to the #fArand
MTBF somehow valid. This is no longer valid with the improvement of materials, design

and manufacture process control of most modern components and systems.

These terms might mislead you to wrong conclusions!
And the problem is that many universities and some companies still are using these terms
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From Constant Failure Rate to Failure Level with Time
Component-level to System-level Reliability

4 N\
( ) ( A System reliability
Reliability of Reliability of metrics
Mission profile component A component B
. 1 Reliability/
Weibull (b,d) Normal (u ,0) unreliability
9 Failure rate
Reliability of Reliability of 1 Warranty period
component C component D 1 By lifetime
Converter design ) 1 Lifecycle
Exponential (8)  Lognormal (i ,t) T Cost
1 e
\ J L J \ J
1.0
0.9~ — DC/DC converter
0.8 — BoP
— FC stack
2
= 0.6
o]
S
©
@ 04
0.2
0

0450 2,000 4,000 6,000 8,000 10,000
Operation time (hour)

Data source: S. Lee, D. Zhou, and H. Wang, "Reliability assessment of fuel cell system - A framework for
guantitative approach,” in Proc. of ECCE 2016, pp. 1-5, 2016.
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Reliability-Oriented Product Development Process

? Code
& Electronic
<Motor
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Concept Design Validation Production Release
1 Mission profile f System level 1 Process control 1 Customer usage
1 Topology and system functionality testing  Process FMEA  Condition monitoring
architecture | . L 1 CALT | T Screeningtesting |—p| 1 Field data
1 Risk assessment =~ 1 HALT (e.g. HASS) 1 Root cause analysis
(e.g. new technology, — 1 MEOST data
new components) & 1 Robustness 1 Corrective action
1 Existing database L S validation data
. J \_ Y, |\ - J \ J . - J
A H ' :
' ' : '
RN Ccccccccccccccccccecaas F e e ccccccccccccccccceen !

(HALT 7 Highly Accelerated Limit Testing, CALT i Calibrated Accelerated lifetime testing, MEOST i Multi Environment Overstress Testing,
FMEA'iT Failure Mode and Effect Analysis, HASS 1 Highly Accelerated Stress Screening)

How to design for power electronic systems?
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Mission Profile

The Mission Profile is a representation of all relevant conditions an considered

item will be exposed to in all of its intended applications throughout its entire
life cycle.
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New European Driving Cycle (NEDC)
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Mission Profiles in Grid-Connected Renewable
Energy Systems

Power Electronics

enable efficient conversion
and flexible control of electrical energy
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Design Tool for Reliability of
Power Electronic Systems

A Generic flow chart for reliability analysis of power electronic systems
A A developed design tool for mission profile based lifetime prediction
A Application examples i Wind/PV power converter
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Example - Mission Profile Based Analysis Approach

Mission profile based multi-disciplinary analysis
approach for single-phase PV transformerless inverters.
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