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Research purpose 

-­‐  Aiming	
  to	
  improve	
  turbine	
  reliability	
  and	
  availability	
  
-­‐  Discover	
  failure	
  mode	
  relaConships	
  
-­‐  Evaluate	
  and	
  predict	
  the	
  state	
  of	
  a	
  wind	
  turbine	
  during	
  

its	
  service	
  life	
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Steps 

-­‐  Obtain	
  reliability	
  data	
  
-­‐  Data	
  should	
  include	
  failures	
  and	
  non-­‐failures	
  
-­‐  Build	
  a	
  model	
  to	
  link	
  environment	
  with	
  failure	
  events	
  
-­‐  Validate	
  model	
  
-­‐  Make	
  predicCons	
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Benefits of research 

-­‐  MiCgate	
  the	
  risks	
  and	
  consequences	
  of	
  failure	
  
-­‐  Learn	
  about	
  failure	
  modes	
  
-­‐  Obtain	
  accurate	
  predicCons	
  of	
  future	
  failures	
  

Swedish	
  Offshore	
  Wind	
  Farm	
  Maintenance:	
  Picture	
  from	
  Siemens	
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example to fulfill research purpose… 

-­‐  Allow	
  for	
  use	
  of	
  advanced	
  reliability	
  analysis	
  
-­‐  Ageing	
  evidence	
  
-­‐  Data	
  expected	
  to	
  contain:	
  

•  Module	
  ID	
  
•  Date	
  of	
  turbine	
  installaCon	
  
•  LocaCon	
  
•  Failure	
  date	
  or	
  end-­‐of-­‐observaCon	
  
•  Failure	
  mode	
  informaCon	
  
•  Covariate	
  history	
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Failures of Pitch-Controlled Variable speed turbines  
Normalized failure rates :Image from “RELIAWIND Project” (2011)  
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Common Failure Modes Of Power Converters  
(Not Necessarily in wind Turbines) 

Chip%Related,Failure,Modes, Package%Related,Failures,
Electrical)Overstress) Bond1wire)lift1off)
Latch1up)and)triggering)of)parasitic)structures) Solder)fatigue)
Charge)effects,)ionic)contamination)or)hot)carrier)
injection) Degradation)of)thermal)grease)

Electro1migration,)contact1)and)stress1induced)migration)
Fretting)corrosion)at)pressure)
contacts)

Thermal)Activation) Tin)whiskers)
Failure(modes(of(Power(Converters((
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Survey	
  results	
  of	
  weak	
  points	
  in	
  power	
  electronic	
  systems	
  and	
  environmental	
  variables	
  that	
  cause	
  stress	
  inside	
  power	
  
electronic	
  converters	
  taken	
  from	
  Yang	
  (2011)	
  



Power Converter Issues in wind turbines 
Fischer (2014) 
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Condensation 
(Dynamic Covariate example) 

	
  Evidence	
  of	
  condensaCon	
  during	
  failure	
  event	
  from	
  Fischer	
  (2014)	
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Model and Approach: 
Dynamic Covariate Definition  
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-­‐  Example	
  within	
  the	
  realm	
  of	
  power	
  converters	
  	
  ΔT	
  ,	
  N	
  
-­‐  	
  ΔT:	
  temperature	
  change	
  with	
  respect	
  to	
  Cme	
  in	
  the	
  Insulated	
  Bipolar	
  Gate	
  Transistor	
  

(IGBT)	
  module	
  at	
  each	
  cycle.	
  	
  
-­‐  N:	
  	
  number	
  of	
  cycles	
  over	
  Cme	
  
-­‐  Manufacturers	
  will	
  o^en	
  provide	
  informaCon	
  on	
  the	
  power-­‐cycling	
  capability	
  of	
  the	
  

IGBT	
  modules.	
  
-­‐  Plot	
  from	
  Wintrich	
  (2011)	
  



Model and Approach: 
Using Dynamic Covariates 
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-­‐  T:	
  Time	
  to	
  failure	
  
-­‐  δ:	
  censoring	
  indicator	
  

-­‐  δ	
  =1	
  if	
  a	
  power	
  converter	
  fails	
  	
  	
  
-­‐  δ	
  =0	
  if	
  the	
  power	
  converter	
  survives	
  to	
  the	
  Cme	
  of	
  data	
  analysis.	
  
	
  

!"!!"(!)":recorded	
  value	
  of	
  covariate	
  i	
  for	
  unit	
  j	
  at	
  Cme	
  t	
  	
  

-­‐  Our	
  proposed	
  model	
  allows	
  for	
  a	
  vector	
  covariate	
  process	
  	
  
-­‐  Data	
  being	
  collected	
  on	
  individual	
  power	
  converter	
  j	
  will	
  include	
  {tj,δj,x(tj)}.	
  	
  

•  ΔTemp:	
  the	
  difference	
  between	
  the	
  minimum	
  and	
  maximum	
  temperatures	
  during	
  
thermal	
  cycling	
  over	
  a	
  specified	
  Cme	
  period	
  	
  

•  Nj	
  :	
  the	
  number	
  of	
  cycles	
  over	
  the	
  same	
  specified	
  Cme	
  period	
  for	
  each	
  power	
  
converter.	
  	
  



Model and Approach: 
Cumulative Damage Model 
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-­‐  Describe	
  the	
  effect	
  that	
  one	
  or	
  more	
  dynamic	
  covariates	
  has	
  on	
  the	
  failure	
  Cme	
  

distribuCon.	
  
-­‐  The	
  latent	
  (unobservable)	
  cumulaCve	
  damage	
  uj	
  (t)	
  for	
  an	
  individual	
  power	
  converter	
  

is	
  modeled	
  by:	
  	
  

-­‐  RelaConship	
  between	
  cumulaCve	
  damage	
  and	
  random	
  failure	
  Cme	
  T	
  	
  
	
  
	
  

      !! ! = !! !;!! , !!" !! = exp !" ! !"!
! .                  !

 ! = !(!) = exp !" ! !"!.!
!      !

-­‐  The	
  cumulaCve	
  distribuCon	
  funcCon	
  (cdf)	
  of	
  failure	
  Cme	
  T	
  given	
  the	
  enCre	
  covariate	
  
history	
  is:	
  

	
  
! !;!,!! = Pr ! ≤ ! = Pr ! ≤ ! !;!, ! ! . 



Model and Approach: 
Cumulative Damage Model Cont’d 
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                                                                      !!{! !;!, ! ! ;!!}!

-­‐	
  is	
  the	
  cdf	
  of	
  U	
  

! !;!,!! = exp !" ! !!{! !;!, ! ! ;!!}                                           !

-­‐  Power	
  converter	
  failure	
  Cme	
  t	
  will	
  be	
  dependent	
  on	
  the	
  number	
  and	
  range	
  of	
  the	
  
thermal	
  cycles	
  within	
  the	
  IGBT	
  module.	
  	
  

-­‐  is	
  the	
  pdf	
  of	
  failure	
  Cme	
  T	
  
	
  	
  



Model and Approach: 
Proportional Hazards  Model 
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Propor@onal	
  Hazards	
  Model	
  
	
  
-­‐  Biomedical	
  ApplicaCons	
  
	
  
-­‐  Uses	
  no	
  informaCon	
  from	
  covariate	
  history	
  
	
  
-­‐  Would	
  be	
  appropriate	
  if	
  failures	
  are	
  caused	
  by	
  shocks,	
  independent	
  of	
  unit	
  age	
  



Model and Approach: 
Covariate Model 
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  Covariate	
  Model	
  

	
  
-­‐  Needed	
  to	
  predict	
  future	
  damage	
  accrual	
  

-­‐  Build	
  model	
  and	
  predict	
  covariate	
  process	
  

-­‐  MulCvariate	
  Cmes	
  series	
  model	
  	
  
	
  
-­‐  Possibly	
  use	
  a	
  vector	
  autoregressive	
  moving	
  average	
  Cme	
  series	
  model	
  



Model and Approach: 
Parameter Estimation 
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-­‐  Establish	
  covariate	
  model	
  (previous	
  slide)	
  
	
  
-­‐  Parameter	
  esCmaCon	
  becomes	
  two-­‐step	
  process	
  

•  Obtain	
  esCmates	
  of	
  failure-­‐Cme	
  distribuCon	
  parameters	
  condiConal	
  on	
  the	
  set	
  of	
  
observed	
  covariate	
  processes.	
  	
  

	
  
•  Obtain	
  esCmates	
  for	
  parameters	
  in	
  the	
  covariate	
  process.	
  	
  

 !! = (!!! ,!)′ ! Failure-time distribution parameters!

!!!!!Covariate!model!parameters!



Model and Approach: 
Failure-Time Distribution Parameter estimation 
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    ! !! !"!!"#",!"#$%&$'(!!"#$%&' !

         {exp !!! !! !! ! !!;!, !! !! ;!! }!!!
!!! ∗ {1− !! ! !!;!, !! !! ;!! }!!!!                

-­‐  Write	
  programs	
  in	
  R	
  or	
  Matlab	
  to	
  find	
  
•  Parameter	
  esCmates	
  
•  Standard	
  errors	
  

-­‐  To	
  obtain	
  ficed	
  cumulaCve	
  damage	
  values	
  
-­‐  	
  Plug	
  in	
  the	
  ML	
  esCmates	
  of	
  each	
  parameter	
  	
  



Model and Approach: 
Covariate Process Parameter estimation 
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-­‐  StaCsCcal	
  so^ware:	
  	
  R	
  
•  lme	
  package	
  
•  Compute	
  θ	
  for	
  a	
  given	
  correlaCon	
  structure	
  

! !! !"#$%&$'(!!"#$%&' ="
"

!!"#[!! !!" − ! − !! !!" !!;!!]
!!"!!!

!

!"
∗ !!"# !!; !

!
!!!

!

!!!
"



Model and Approach: 
Prediction procedure summary 
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  -­‐  Adapt	
  theory	
  and	
  methods	
  used	
  in	
  Hong	
  and	
  Meeker	
  (2013)	
  
	
  
-­‐  EsCmate	
  remaining	
  useful	
  life	
  distribuCons	
  
	
  
-­‐  Strong	
  covariate	
  informaCon	
  à	
  Reduce	
  width	
  of	
  predicCon	
  intervals	
  
	
  	
  
-­‐  PredicCons	
  for	
  an	
  enCre	
  wind	
  farm	
  

•  PredicCons	
  for	
  individual	
  units	
  
•  CumulaCve	
  number	
  of	
  failures	
  àMaintainers/Manufactures	
  	
  



Needs for research: 
Model assessment 
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  -­‐  Good	
  fit	
  to	
  the	
  data	
  does	
  not	
  indicate	
  predicCve	
  ability	
  
-­‐  Assess	
  predicCve	
  ability	
  of	
  cumulaCve	
  damage	
  models	
  

Cross	
  Valida@on	
  
-­‐  Measure	
  predicCve	
  performance	
  
-­‐  Easy	
  to	
  overfit	
  by	
  including	
  too	
  many	
  parameters	
  
-­‐  “Training	
  set”	
  



Needs for research: 
Leave-One-out cross validation (LOOCV) 
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   1. Assume there are n independent observations y1,…,yn 

2. Form a test set from observation i, i.e. leave this observation out and fit the model using the 
remaining data 

3. Compute the predicted residual (or error) as !!∗ = !! − !!  

4. Repeat steps 2 and 3 for all i 
5. Compute Mean Squared Error (MSE) from !!∗, !!∗, !!∗,… , !!∗  (in this context, called Cross-

Validation (CV) error) 



Conclusions 
Summer 2015 Project/Internship 
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  Internship	
  Summary	
  (Work	
  schedule:	
  May	
  16th,	
  2015-­‐August	
  27th,	
  2015)	
  



Questions 

Iowa State University     
Wind Energy Science Engineering & policy         24--25 



References 

[1]	
  Fischer,	
  Katharina,	
  T.	
  Stalin,	
  H.	
  Ramberg,	
  J.	
  Wenske,	
  G.	
  Wecer,	
  R.	
  Karlsson,	
  and	
  T.	
  Thiringer	
  (2014).	
  "Field-­‐Experience	
  Based	
  Root-­‐	
  	
  	
  	
  
	
  Cause	
  Analysis	
  of	
  Power-­‐Converter	
  Failure	
  in	
  Wind	
  Turbines."	
  IEEE	
  Transac4ons	
  on	
  Power	
  Electronics	
  PP.99	
  	
  

	
  
[2]	
  Wilkinson,	
  Michael	
  (2011).	
  Methodology	
  and	
  Results	
  of	
  the	
  Reliawind	
  Field	
  Study.	
  Tech.	
  Garrad	
  Hassan.	
  	
  
	
  
[3]	
  “Liquid	
  Cooled	
  Converter	
  Handles	
  3	
  to	
  8	
  MVA.”	
  Windpower	
  Engineering	
  Development.	
  
	
  
[4]	
  .”Lillgrund	
  Offshore	
  Windfarm.”	
  Siemens	
  
	
  
[5]	
  Hong,	
  Yili,	
  and	
  William	
  Q.	
  Meeker	
  (2013)..	
  "Field-­‐Failure	
  PredicCons	
  Based	
  on	
  Failure-­‐Time	
  Data	
  With	
  Dynamic	
  Covariate	
  InformaCon."	
  
Technometrics	
  55.2,	
  135-­‐49.	
  	
  
	
  
[6]	
  Escobar,	
  Luis	
  A.,	
  and	
  William	
  Q.	
  Meeker	
  (2006),	
  “A	
  Review	
  of	
  Accelerated	
  Test	
  Models.”	
  Sta4s4cal	
  Science	
  21.4:	
  552-­‐77.	
  
	
  
[7]	
  A.	
  Wintrich,	
  U.	
  Nicolai,	
  W.	
  Tursky,	
  T.	
  Reimann	
  (2011),	
  “ApplicaCon	
  Manual	
  Power	
  Semiconductors”,	
  Semikron	
  InternaConal	
  GmbH,	
  
Nuremberg,	
  Germany.	
  
	
  
[8]	
  James,	
  Gareth,	
  Daniela	
  Wicen,	
  Trevor	
  HasCe,	
  and	
  Robert	
  Tibshirani	
  (2013)..	
  An	
  Introduc4on	
  to	
  Sta4s4cal	
  Learning:	
  With	
  Applica4ons	
  in	
  R.	
  
New	
  York,	
  NY.	
  
	
  
[9]	
  S.	
  Yang,	
  A.	
  Bryant,	
  P.	
  Mawby,	
  D.	
  Xiang,	
  L.	
  Ran,	
  P.	
  Tavner	
  (2011),	
  "An	
  industry-­‐	
  based	
  survey	
  of	
  reliability	
  in	
  power	
  electronic	
  converters,"	
  IEEE	
  
TransacCons	
  on	
  Industry	
  ApplicaCons,	
  vol.	
  47,	
  no.	
  3,	
  pp.	
  1441-­‐1451.	
  
	
  
	
  
	
  
	
  

Iowa State University     
Wind Energy Science Engineering & policy         25--25 


