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Overview

Prognostic capabilities are being incorporated into a growing
number of systems

Commercial reliability tools can be used to quantify the
benefits of PHM

— Raptor

Sandia has developed algorithms to model the impact of
prognostic capabilities on enterprise performance

— Support Enterprise Model (SEM)

The techniques used in these tools will be discussed along
with some results of a notional PHM study
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} What Is Raptor?

« Raptor is adiscrete-event Monte Carlo simulator

« Raptor simulates operation of a system using failure,
repair, preventive maintenance, sparing, logistics, and cost
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« Notional failure and
repair data

System Settings

General

Simulation | System Streamz | Weak Link Analyziz ‘

Tirne units reprezent  |hours -

System status image |Equalizer ﬂ
1 Walume generated per hours
0.000000 Cozt of lost flow per hours

160.000 Coogt of red time per hours

I lgnore negative value waming

Moo

X]

Sell price of electricity iz about $100/per MWW, a topical turbine
will produce 1.6 MW, Yalue entered for cost azsumed production
oozt iz unchanged.

Help Cancel

el Inputs

Block Input Tables

Failure & Repair Distributions

Sparing‘ Frewventive Maintenancel Maintenance Delays‘ Costs ‘ Dependencyl Advanced‘

Block Name | Failure Diztro | Parami | Param2 | Param3 | Repair Distro | Parami | Param2 | Param3 |
Accurmulator Weibull 30 528E0.0 0o Fixed 14.0 —
Blade/Structural E xponential ave00.0 0o Fixed 336.0
Bladet onStruct Exponential  132000.0 0o Fixed 14.0
BrakeCaliper Wwheibull 20  8ve00.0 0.0 Fixed 20.0
BrakePads E xponential ave00.0 0o Fixed 14.0
Contactor/Gen ‘wheibull 2.0 175200.0 0o Fixed 16.0
CortrolB oardMain Wwheibull 20 131400.0 0o Fired 14.0
ContralBrdTop Wwieibull 20 1314000 0o Fixed 14.0
CorntroM odule ‘wheibull 2.0 131400.0 0o Fixed 14.0
FullCorrverter Wwheibull 20 131400.0 0o Fired 18.0
Gearbox/Brgs Wwieibull 210 1504000 0o Fixed 168.0 £

far

Pt

X

Help Cancel

« “Costofredtime” represents

lost revenue due to the
system not operating

« Assumptions for cost are

noted in comment field
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Model In

Block Input Tables

X

outs (2)

 Pre-repair and post-repair logistic
delays times are included as input

« For some parts the pre-LDT is
significant

Block Input Tables fg

Failure & Fepair Distibutions | Sparing | Preventive Maintenance  Mantenance Delays | Costs | Dependency | Advanced
Block Mame | Pre-Logistics | Post-Logistics | Resource | 1t for b= ‘ H#for P |
Accumulator Fixd [8.000000]) Fixd [2.000000) Mone MR NA&
Blade/Structural Fi=d [168.000000) Fixd [2.000000) Mone A8 WA
BladeMonStruct Fi=d [168.000000) Fixd [2.000000) MNone A2 N/
ErakeCaliper Find [8.000000] Fixd [2.000000) Maone M2 NAA
BrakePads Find [8.000000] Fixd [2.000000] Mone M2 NAA
Contactor/Gen Fixd [8.000000]) Fixd [2.000000] Mone MZA NZ&
ControlB oardhain Fixd [8.000000] Fixd [2.000000] Mone M2 NA&
ControlBrdTop Fixd [8.000000] Fixd [2.000000] Mone M2 NA&
Cantroltd odule Fixd [8.000000]) Fixd [2.000000) Mone M2 NAA
FulCorwerter Fixd (8.000000) Fixd [2.000000) Mone A8 WA
Gearbowx/Brgs Fixd [162.000000] Fixd [2.000000) Mane MAA, M/
Gearbox/gears+Brgs Fi=d [168.000000) Fixd [2.000000) Maone M ({F7y
GearboxCooling Find [8.000000] Fixd [2.000000] Mone M2 NAA
Gerabox/High Fixd [168.000000] Fixd [2.000000] Mone MZA NZ&
HighSpeedCoupling Fixd [8.000000]) Fixd [2.000000] Mone MZA NA
’—_l Print
Help Cancel oK

. » A second model was created

we that assumed knowledge of

Y impending failure for certain
parts

e The Pre-LDT times were reduced
to the standard times
experienced by other parts

Failure & Repair Distibutions | Sparing | Preventive Maintenance  Maintenance Delaps | Costs | Dependency | Advanced
Block Mame | Pre-Logistics Post-Logistics | Fesource | 1 for M= | # for P |
Accumulator Fixd (8.000000) Fixd [2.000000) Mone M M
Elade/Structural Fixd (8.000000) Fixd [2.000000) Mone M M
EladeMonStuct Fixd (8.000000) Fixd [2.000000) Mone M M
ErakeCaliper Fixd (8.000000) Fixd [2.000000) Mone M M
EBrakePads Fixd (8.000000) Fixd [2.000000) Mone M M
Contactor/Gen Fixd (8.000000) Fixd [2.000000) Mone M M
ControlBoardtd ain Fixd (8.000000) Fixd [2.000000) Mone M M
ControlBrdTop Fixd (8.000000) Fixd [2.000000) Mone M M
Controlt odule Fixd (8.000000) Fixd [2.000000) Mone M M
FullConverter Fixd (8.000000) Fixd [2.000000) Mone M M
Gearbox/Brgs Fixd (8.000000) Fixd [2.000000) Mone M M
Gearbox/gears+Brgs Fixd [8.000000] Fixd [2.000000] Maone M4, M4,
GearboxCooling Fixd (8.000000) Fixd [2.000000) Mone M M
Gerabox/High Fixd (8.000000) Fixd [2.000000) Mone M M
HighS peedCoupling Fixd (8.000000) Fixd [2.000000) Mone M M
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Results

Output Tables Qutput Tables rg|
Surmany | Logistics | Sparing | Block Costs Summary | Logistics | Sparing | Block Costs I
Results from 10 rung of sim time 87600.000000: Fiesults from 10 mins of sim time 87600.000000:
Pararneter | Minirnum | Mean I awirnurn Standard Dev SEM Parameter | Minirum | Mean I awirnLim Standard Dew SEM
Tatal Cost $168,640.00 $317.139.96 $514.850.00 $109,971.582 $34.776.14 Total Cost $539.540.00 $214.912.00 $416,360.00 $111,634.64 $35.320.95
Avvailability 0963264840 0977373005 0.987968037 0.007846163 0.002481175 Awailability 0970251142 0.984EEEEET 0.995730534 0.007963081 0.002520045
MTBDE 72773930 5703.305575 9616.222222 1734.061530 548 358423 MTEDE 47925926 5604.169259 9691777778 1923312538 B08.204827
MDT 71.709225 125.037535 175.600000 35.741562 11.302474 MDT 36111111 77.084703 104.300000 26.123937 8261114
Reliability 0.000000000 0.000000000 0.000000000 0.000000000 0.000000000 Reliability 0000000000 0.000000000 0.000000000 0.000000000 0.000000000
Conditional Reliability 0.000000000 0.000000000 0.000000000 0.000000000 0.000000000 Conditional Reliaility 0.000000000 0.000000000 0.000000000 0.000000000 0.000000000
System Failures k| 16.100000 23 4175324 1.320353 System Failures g 16.300000 27 5.195083 1.642830

Print Print
Help Help K

AN

b o

\ . Total Cost values represent the lost revenue over a 10 year period for a
single turbine

"B,

« PHM Improvement results in additional revenue of $10,222.8/yr

 Wind farms with a large number of turbines should see a linear
Increase in additional revenue

« Costto implement PHM on a larger scale is likely not linear , sona
) &=
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%'Other Effects of Successful PHM

« Extended life for preventive maintenance items

— Often components with significant negative consequences
associated with failure are replaced on an age basis

— Condition monitoring could prolong replacement
— Most commercial block diagram simulators model PM

» Reduced Repair times

— Orderly shut down and repair may eliminate some tasks
associated with an unscheduled failure
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&'Support Enterprise Model (SEM)

« Whatis SEM?
— A flexible approach to modeling logistics support systems
— An Enterprise-level, multi-echelon, end-to-end logistics model

— Integrated modeling of supply and repair chain activities for a worldwide
support system

— A discrete event logistics simulation

« Time-based and event-based results from SEM provide analysts with the
ability to:
— Determine site performance based upon maintenance and supply down times

— Calculate equipment and support system performance and cost metrics
accounting for uncertainty (multiple trials)

— ldentify most significant cost drivers at each site (inventory, consumables,
etc.)

— Characterize the impact of changes in:
 Support system architecture
 Processes & business rules
 Equipment R&M characteristics
 Equipment usage

— Support critical business decisions for a large scale problem

gndia
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&' PHM Modeling in SEM

SEM models part failures

— Random failures (Exponential)
— Wear-out failures (Normal)

— Time Change failures (constant)

Wear-out failures in SEM are failures based upon
a Normal distribution

— Represent wear-out or fatigue failures on parts

— PHM is modeled only for parts with a wear-out
distribution

PHM Wear-out

— Used to model prediction and diagnostics of actual
failure

— Used to model the logistics response

— Expected to impact the NMCS (Non Mission Capable due
to Supply)
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e Part not stored on site, No PHM

e Perfect PHM

.’,‘}Z‘pf/"

ldeal PHM

Normal (Lifetime Mean,
Lifetime St Dev)

Part Order
Lead Time

Prediction Lead Time

Actual Failure Part Arrives

Part Order
Prediction Lead Time
Oceurs Actual Failure
Part Arrives
Order Part
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}' PHM Model in SEM

« Uses the standard deviation of prediction time variability
(Predict Time SD) and creates a Normal curve that is offset
from the Actual failure time

— Offset is positioned to account for the late prediction
probability

* Arandom draw from this normal curve determines the time
of the PHM indication and the predicted failure time

b g Y \
fk‘?ﬁ
¥
.
o

Predict Lead Time

N\ Ord_ﬁ:nl‘eead Late Prediction
@ Actual Failure Probability
PHM Indication Predicted Failure

» Predicted Failure Time = Actual Failure Time + Normal(Alpha*Predict Time SD,
Predict Time SD), where Alpha = -erf -1(2* Late Prediction Probability — 1)
12 (1) s
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}‘ Late PHM Indication

« Occasionally, the PHM Predicted Failure Time is later than
the Actual Failure

— In this case system down time is incurred waiting for a spare

s = Y
(T8N
e "
.
o

N\ Prediction Actual Failure
& Occurs Order Spare
~

Predicted Failure
Spare Arrives
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3 PHM Model in SEM: Inputs

Order Lead | Prediction Lead|  Predict Time | Late Prediction | Fun To | Predict Time St
| Time Time [Flight Hrz)| SO [Flight Hrz) Probahility Failure Dexl-:ﬁlr_owth

00 00 00 =il
2410 E.00 75 500% [

Part | Prognostics

e e e e e e el e
1 R&RRepar 11 [ 1.00 00 ool oo
2| R&R Repai 22 100l 800 5.00 00%
3 RIP with 11 100l 00 00 00%
4 RIF with 22 1000 175.00 £.00 00%
5 RIF with 11 1ol 00 .00 00%
B RIP with 22 100 13300 7.00 003 v
< >

Prognostics Flag: Indicates prognostics are available
Lifetime Mean: The mean of the Actual Failure normal distribution
Lifetime St Dev: The standard deviation of the Actual Failure distribution

Predict Lead Time: The mean time (flight hours) ahead of the Predicted Failure the support
network will know of the failure

Predict Lead Time SD: The standard deviation of the time the Predicted Failure is known
ahead of the failure. This can change over time.

Late Prediction Probability: The proportion (0-100%) of the predictions that will be late (past
the Actual Failure time)

Run to Failure: If yes, then the failed part is replaced the first opportunity after the failure
occurs. If no, the failed part is replaced the first opportunity after the ordered part arrives.

Order Lead Time: earliest time (simulation hours) prior to failure at which a part can be
preordered
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SEM PHM Modeling Notional Results

« SEM model typically runs multiple years of operations
— Expected impact of PHM increases over longer periods of time

— In a model with 52 sites, 4 parts, 240 aircraft over a 2 year
period, the results for the Mission Capable Rate and Non-
Mission Capable Supply rate are as follows:

 Baseline (no PHM on 2 wear-out parts) — 77% MCR, 17% NMCS
« Enhanced (PHM on 2 wear-out parts) — 82% MCR, 12% NMCS

i -
e X
. X
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} Conclusions

Capabilities exist to model the benefits of PHM
— Indirectly by focusing on PHM effects
— Directly with built in PHM variables

Additional considerations
— Which parts can be monitored (technology exists)?

— Which parts will have the most impact on system
performance?

— What other costs are involved in a PHM program?
— Off system monitoring equipment
— Personnel

Is PHM cost effective?

.’,‘}Z‘pf/"
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