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About Ridgetop Group, Inc.

» Innovative Research and Technology Firm
» Incorporated in 2000, and headquartered in Tucson, AZ
» Design services, prognostics and condition-based maintenance (CBM) solutions
» AS9100-C and ISO 9001:2008 Certified
» DO-178 and DO-254 compliant quality system

» Strong market position with commercial and government customers in USA, Canada, Europe, and
Asia

» Servicing Aerospace, Automotive, Industrial, Medical segments

» U.S. Government: U.S. Department of Defense, Department of Energy, and NASA customers
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= What is prognostics?

= Condition-based maintenance (CBM)
= A prognostic framework

= Prognostic methods

= Examples

= Challenges and future direction

= Q&A
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Evolution of Maintenance Practices

Going from REACTIVE to PROACTIVE/PREEMPTIVE

Maintenance as Enhanced Condition-based
Suggested by Diagnostics of Maintenance
Manufacturer Components (CBM)

Repair/Replace

when Broken

Proactive
[ Reactive ] (Prognostics)

In medicine, the most cost-effective way to cure disease is'to PREVENT it

AP e P
: - ‘ TN
&A )

S -

-—

3580 West Ina Road | Tucson AZ | 85741 | 520-742-3300 | ridgetopgroup.com



Definitions

Mean Time Between Failures (statistical)
Vs.
Condition-Based Maintenance (real-time)

Remaining
TR

Prognostics

Remaining Useful Life (RUL): The amount of time a component can be expected to continue operating
within its given specifications (not necessarily a failure). Dependent on future operating conditions (input
commands, environment, and loads).
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= Predictions are based on:
Analysis of faillure modes

Detection of early signs of wear, aging, and fault
conditions and current state of health

Correlation of aging symptoms with a
description of how the damage Is expected to
iIncrease (“damage propagation model”)

Effects of operating conditions and loads on the
system




Health Management

Decisions _ Sensor Data

e ¥ System
Decision y

Preprocessin
Management g -

Preprocessed « Signal statistics
Data * Estimated
parameters
* Future *etc.
capabilities
* Component
RUL
*etc.
. Feature
Prognostics
Extraction
Diagnosis
* Fault status
(Enhanced) * System
Diagnostics capebiitine
= *etc.
Source: Scott Clements, “Introduction to Prognostics”, PHM Society Conference, Montreal 2011
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Simplified PHM Process

STEP 1

Characterize Device
or System Failures

vV X
X

vV [

Key Failure

Failure 1 I
Failure 2

Failure 3 G

Failure 4

Failure 5 1l

Pareto Ranking of Key Failures

STEP 2

Extract Precursor
Signatures to Failure

Example Precursor Signatures

Target Position vs. Rotor Position

Position (deg)
o

Failure Rate

Time (sec)

Following Error
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Degradation Curve

RUL

=

L L L L I L a . L 4
T T T 3l T T T T T T
100 90 80 70 60 50 40 30 20 10 0
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STEP 3

Calculate Remaining
Useful Life (RUL)

Useful Life

Time (sec)

Device or System
Lifetime
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Goals of Prognostics

Increase Safety and Mission Reliability

* Improved mission planning
* Ability to reassess mission feasibility

Decrease Collateral Damage

» Avoid cascading effects onto healthy subsystems
« Maintain consumer confidence, product reputation

Decrease Logistics Costs

i .|+ More efficient maintenance planning
* Reduced spares

Decrease Unnecessary Maintenance

» Service only specific systems which need service
 Service only when it is needed
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Stakeholder Perspectives

Y ETCITRES
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footprint
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Requirements
satisfaction
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Safety
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Avoid
catastrophic
failures
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Minimum
impact to other

systems
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Planners
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Mission
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PHM System Example
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Condition-based Maintenance (CBM)

Set of maintenance processes and capabilities derived from real-time
assessment of system condition

Goal of CBM is to perform maintenance ONLY upon evidence of need

Ultimate intent of CBM is to increase system operational availability
throughout the system life cycle at a reduced cost

CBM and Electronic Prognostics
Electronics are the keystone to successful deployment of complex systems
Large mean time between failures (MTBF) numbers alone are not sufficient

Technology exists to pinpoint systems that are degrading before they fail;
supporting operational readiness objectives and cost-saving CBM
initiatives




Usage Environment

Degradation Rates Dependent on

Environmental Conditions

MTBF statistical expected life

Usage monitoring would 4 Ponil sk |

. _ W/0 prognostics : urren .- . .
provide a safety benefit if e srvice. Additonal s gined wih
actual usage is more esian e of -
severe than predicted (see £ A
the red reglon, Tl)' g Severe usage ;
Service life can be : T, = T,
extended beyond normal . | |
replacement time if the e e e
actual usage severity is Mild waef
known (see the green Time in operation >
reg | on : TZ) . Figure 1: Economic and Safety Benefits of Diagnostics & Prognostics

(Romero et al.1996).

Prognostics and Health Management (PHM) enables replacement only upon evidence of need
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Faults in Complex Electronic Systems

Existing innovative
technologies address all of
these critical fault areas
with real-time sensors for:

Intermittencies

/ CRITICAL ¥
= Aerospace FAULT. I

: AREAS //
=  Automotive /

= |ndustrial

= Medical Software

Faults
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PHM Five-Level Model

Ridgetop Five-level Model

*. HoalthVIEW EPS Sensor "

Sensor solutions for

acquisition of />

h eda I th da ta System Level
Module Level - Embedded Sentinel

NP Network™ with
prognostics
_— HealthVIEW™ software
- - Digital boards

- System-level state-of-health
Power/analog

Board Level boards (SOH) analysis & prognostics
«IC, capacitors . Connectors + Remaining useful life (RUL)
/' \ - FPGA/CPU - On-board monitors
« Solder joint « Communicate with ground-
intermittencies based systems
Component
Level
- Aging
degradation
- Radiation
damage

Die Level « Intermittencies
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Prognostic Algorithm Categories

= Reliability data-based
Statistical models

Consider historical time-to-failure data, used to
model the failure distribution

= Stress-based

Fault adaptive model — learned from accumulated
knowledge

Consider environmental stresses

= Condition-based

Estimate the life of a specific component under
specific usage and degradation conditions




Prognostic Framework: Trends, RUL, Uncertainty

Failure Threshold Decision Risk
* How soon is t_oo soon
l ”Safet’y‘ Ma rginu / : ;r:g?how late is too
------------------------------------------'i--‘--“----
/.
T
Extrapolated Trend (based on a /7 s
. /7 P Model Uncertainty
fault propagation model) \\7 ; Which model to trust?

No model is perfect

Trending Parameter (a)

tnow tEOL

to = -
Time (t) = >

>

Source: Scott Clements, “Introduction to Prognostics”, PHM Society Conference, Montreal 2011
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Prognostics Framework: Types of Uncertainties

Real and accurate data is difficult to acquire

We have measurements, which we correlate to
damage through complex algorithms or reasoners

Noise may influence the model’s outcome
Decision risk

How soon is too soon and how late is too late?
Uncertainties:

Model uncertainty

Input data uncertainty

Measurement uncertainty
Operating environment uncertainty

Measurement noise leads to more uncertainty




Risk vs. Probability of Failure (POF)

End of Life pdf
PEOL®

Probability of Failure (1)

t

1 = [ PEOL O
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Failure Threshold (a_,) o
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Source: Scott Clements, “Introduction to Prognostics”, PHM Society Conferen
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Methods For Gathering Knowledge

= Fallure Modes and Effect Analysis (FMEA)

= Failure Modes, Effects, and Criticality
Analysis(FMECA)

= Fault tree analysis
= Designers / reliability engineers

= Seeded failure testing / accelerated life
testing

* Flelded systems
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Data-Driven Methods

= Models are based on historical operational data
that characterize the system health

= Data are collected from sensors

= Data are analyzed and extrapolated to determine
damage thresholds

= These models determine the remaining useful life
solely from the data collected

= This approach is useful when the understanding
of first principles of the system operation is not
well known or when the cost of developing an
accurate model is expensive

Y




Data-Driven Methods — Common Process

Gather
Data TYPES OF RUL MODELS
Regression/trending
*  Mapping (neural networks)
Statistics

Determine
Sensors

PrOCESS Determine
D ata Thresholds

Prognostics




Data-Driven Example

Observations Learned Trends

Sensor Data Reasoner Fault Mode RUL Estimate




Data-Driven Methods: Pros & Cons

PROS

- Easy and fast to implement/deploy

- Usually cheaper compared to other
approaches

- May identify relationships that were not
previously considered

CONS

- Requires lots of data

- It might be difficult to obtain run-to-failure
data (lengthy and costly)

- May require a lot of training
- Results may be counter intuitive
- Data collected might be noisy

- Can be computationally intensive, both for
analysis and implementation




Physics-Based Methods

= What is a “Physics-Based” Model?

Model derived from “First Principles”

Empirical model chosen based on an
understanding of the dynamics of a system

Equations define relationships between time, load,
damage, environment, and operational conditions

Damage propagation (crack growth model, fatigue of
bearings)

Mappings of stressors onto damage accumulation

= We are looking for a correlation to the failure
mode(s) of interest




Physics-Based Method Example

Lithium lon Battery

Cathode
(positive)

Reductionreaction yields:
Electron “holes” (positive)
Negative ions

Oxidation reaction yields:
Free electrons (negative)
ositive ions

Separator
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Ridgetop Battery Monitoring Systems

Intelligent Battery Control Module to Measure
Rate of Voltage and Temperature Change

Innovate temperature sensors mounted on each cell in the battery pack .
\ Monitor ASIC
+ pB—1 N
‘ £ ] i Cell Meniter Chip ;33371& Microcontroller
3 Cell B
BATTERY PACK - _= | ook Seiet
with Parallel/Series T]——p Monitor (V) A | : L : p’°§;‘;’"°
) i | Cell 1 ~—' el IVHM g [Health |
Safety Circuits Cells =7l & I = » d |montor |
T Control \f con2——M 0 | g | |
e T @ , con > ———r1 < 13 }—-«— e H |
- ® : Temperature ||__: SSCBs — \_/ —_— T o I ]\.\ i | [ ADC \
Fuse . 5 II Controd I~ |
L | L_ - I Cetl 48 T} ——Clock e | ‘
- Decoder  Control |
| ,1 ~«——— Selact | [_- .
*— Thermistor { ~<—— Clock

SoH and safety-related data

Solid State Circuit Breaker on/off state dependent on both voltage and temp

Ridgetop has designed an ASIC to monitor cell voltages.
ASIC being modified for lithium-ion cells and batteries .
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Battery Data

Battery Discharge Comparison (Initial vs. Aged)
14
1.2 \“‘--—-----"-“h“,‘.
—
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o 08
|
t 06
S
0.4
0.2
0 12 T T T T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time(s)
= == «B11 - Initial w— e B10 - Initial  ceeeees Batt 11 - Aged Batt 10 - Aged

Source: Bush, J., Vohnout, S., Hofmeister, J., “PROGNOSTIC HEALTH MANAGEMENT (PHM) SOLUTIONS FOR BATTERY PACKS USED IN CRITICAL APPLICATIONS”, MFPT 2011
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Sentinel SJ BIST HealthView™ & SJ HALT™

SJ BIST™ Operation Mechanics of Failure
) ) * Plastic work (thermo-mechanical stress)
* Venlog irmware core (patent pending) « Solder balls crack and then fracture
» Each core tests two /O pins
* Pins are extemnally wired together / \
» Small capacitor connected to the two pins
FPGA
7
E‘EL HER BALL FAULT Solder Balls
SJBIST —10 ‘ Typical Failure
p /"\J_ Points
_fF -‘_l""
e
L CAPACITOR VOLTAGE K Lall 2005 IEEE )/
» Real-time in-situ monitoring of BGA Eliminates Could Not Duplicate and
interface health No Trouble Found intermittent

problems associated with FPGAs

» Canary sensor trigger or declining
heath indicator




Physics-Based Models: Pros & Cons

PROS
- Usually results tend to be intuitive
- Models can be reused

- If incorporated early enough in the design
process, can drive sensor requirements

- Computationally efficient to implement

CONS

- Model development requires a complete
understanding of the system and physics

- High-fidelity models can be
computationally intensive

- Models need to account for uncertainty
management



Hybrid Models

= |n practice, many implementations use both Data-
Driven and Physics-Based Model methods:

Use data to learn model parameters

Use knowledge of physica
the type of analysis to app

Data-Driven System Mode

process to determine
y

In combination with a

Physics-Based Fault Model (or vice versa)
dentify potential correlations between physics

model and correlate using a data-based approach

Data fusion




Hybrid Models: Pros & Cons

PROS

- Combines the strengths of each approach
- Robustness in design

- Results are both intuitive and match
observations

- Can “mix and match” approaches to
customize for the current situation

CONS

- There is still a need for data
- It can still be computationally intensive
- Need for in-depth system knowledge



PHM Challenges

Requirements Specifications

Validation and Verification

Integration

Uncertainty Management
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Power Supply Prognostics

Graphical interface to specify
fault-injection step interval

B Capacitor Fault Injecticn ]

Power supply has failed (91% degraded)

>iep imenEl{ssa) |12 ”) - Output is still being regulated
Aeset | Sl Sacuercs - But noise is too large

=5 ARLILE; AASDOR TTE Pawar Supply Test

Power Sufply Culput

Fault injection stops after E
90.9% loss of capacitance =
] ] ] L] L] ] L]
Capacitor Faull Injection Eﬂ [ns]
Stap Interval (sec) |12 =
Sensor Data Remaining Useful Life (RUL)
FRass Sl Seguance ::f-':
[ ]
IEEEEREEZEEINEEN —
o —>|/

fotts
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[
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FMEA-determined thresholds
- Exceeds predefined spec

- .
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- Defined as good as new s00) [sac)
p= Saninor Oote (O ondiioned) == Ssnzar Dot Flozr Thresheid Cwing 'I'\F|+lhbld| o FRALIL L)

RUL declines as degradation damage progresses:
becomes zero once degradation reaches FMEA
predefined failure threshold




Cable Prognostics

Reflected R/T (E) = Candidate FFP Signature for Cable 1 Reflected R/T (E) = Candidate FFP Signature for Cable

=
1

o
(=
T

o
=)
T

[~ -1
@ @

o
~
T
L
=

o
o
T
=4
o

E = Reflected/Transmitted Ratio [ratio]
o
o
Reflected/Transmitted Ratio [ratio]
(=)
(= <

04t 04}
03t u.a-’f‘
02t 0 02 "'
01 01
NI I I A R
Time [Events] Time [Events]

RUL Estimates vs Events RUL Variances

RUL Estimates [Events)
Percentage

1 I |
02 4 6 8 10 12 14 16 18 20
Time [Events]

Time [Events]

Real time-at-failure point



Condition-Based Maintenance (CBM) for F-35

@ Electrohydrostatic actuator (EHA) prognostics
@ Degradation signature extraction for state of health (SoH)
@ Algorithmic processing of SoH for remaining useful life (RUL)

@ Supports the Autonomic Logistics Information System (ALIS)

£ Ridgetop Eroup -
Signature Sentinel Network

extraction
*’ Dual Tandem EHA Actuator

A‘ Simplex EHA Actuator

1 Power & control Etectronics

(Sl SRSt Swel-tme tentter

L T HealthVIEW EPS Sensor o=k

Signals from EHA syst

Algorithm
processing

=== Hydraulic

F-35on-board EHA system Off-board health management system
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EP Mechanical
Description Parameter
Requirements

EP Electrical
ments

EP-14
EP-15
EP-16

MEMS Sensor Technology

Accelerometer peak
impact

Components and IC
temperature rating

Sensor housing cap
shall be RF
transparent, i.e. teflon

Sensor housing
Description

Sensor data memory

Accelerometer
sensitivity
Wireless full duplex
data transfer

Wireless data rate

Passive relay antenna
used for passing data
out of the transmission

Battery powered

Battery life

Data format shall be
raw data, unprocessed

Sensor and signal
conditioning bandwidth

ADC number of bits

ADC conversion rate

Crystal oscillator
frequency variance

>200 g

> 180 °F

Press fit into 1.5"
diameter shaft

Parameter
2Mbytes

< 20 mV/g at 100Hz

250 kbits/s

3.6V high temp battery,
4.5 Ah, 200 C

4 months

20 kHz
16 bits
> 250kHz

< 40 ppm
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| Tucson AZ | 85741 | 520-742-3300 |



PHM Software Architecture Diagram

RUL Estimates vs. Time

MAPR

o et o
(NN

N E/ | - Gateway

Reasoner Asset Discovery
Discovery Reasoner

Central
Database




Prognostic Health Management

W
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. Design Platform
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Real-time and
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ﬁ CBM Actions

Scheduler
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Cost Benefit Analysis: Summary

Loss of

system/life

Other Contextual Factors

Cost of Downtime .
Situational Cost Factors Contingencies Non-recurring cost factors
‘ yr;?)geeo?rsc;(ﬂgm T + Algorithm development
. Type of mission Contingencies . Harc.iwarg/Software design
« Operational environment Cost of Extra . Englneerlng.
» Maintenance structure Inventory « V&Y and testing
.. « Qualification/certification
Cost/ Development LR
Savings (non-recurring) Recurring cost factors
Cost of PHM « Support and maintenance
. . [ . Implementation + Equipment and personnel
Computation Basis Cost with o . q p p

Cost per unit PHM (recurring)

Algorithm coverage

. Spare components Misdiagnosis rate
« Manpower (direct/indirect) .- ...

PHM

) E_cf)stcforlﬂecet t Cost incurred PHM Attributes

+ Lite Lycle Los Cons of PHM .

- Cost per contract period dueto PHM Prognostic Performance
+ Annual cost « Unused component life + Prediction horizon

- Cost per operational hour . False positives . Eregl_ct!on accuracy
T Savings due to Savings due to reduced - Frediction precision

Size and Time Scalability —

+ Fleet size Traini
; itori + Iraining costs Risk and Uncertaint
: Egmijtglejfisnc]gﬂgtomgs « Rate of major accidents . Failure rates y
. P + Footprints « Future loading conditions
+ System downtime « Logistics efficiency

Source: Saxena, A., Celaya, J., Saha, B., Saha, H., Roychoudhury, I., Goebel, K., “Requirements Specification for Prognostics Performance — An Overview”, AIAA Infotech @ Aerospace, Atlanta GA, April 2010.
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Future: A PHM Sensor

= A PHM sensor is a system that:

Is a collection of one or more different sensors
Acquires data

Processes and analyzes the data
Stores information

Built-in capability to respond with:

e W o Prognostics
uL) | NS
‘ v\.u " ;' ;/%
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Questions?




Upcoming Webinars

/7 Ridgetop Group

ENGINEERING INNOVATION

Overview of Prognostics and Health Management (PHM) in the IT Wed. Mar 21, 2012 1:00 - 2:00 PM PDT
Industry

ARULE (Adaptive Remaining Useful Life Estimator) - ATTF

(Advanced Time-to-Failure) to Diagnose and Predict System Wed. Apr 25, 2012 1:00 - 2:00 PM PDT
Health

IC Characterization with ProChek, a Compact Benchtop System Wed. May 30, 2012 1:00 - 2:00 PM PDT
Implementation of Prognostics in Solar Applications Wed. Jun 27, 2012 1:00 - 2:00 PM PDT
Trou_bles_hootlng Analysis and Decision Support in Complex Wed. Jul 25, 2012 1:00 - 2:00 PM PDT
Applications

For more information about Ridgetop Group Webinars, email us at info@ridgetopgroup.com
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