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Support the rocket engine test
mission with sustainable
facilities that produce
unquestionable
measurements, affordably
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Requirements Driving ISHM

Through comprehensive, Integrated, and continuous vigilance and Analysis

 Improve quality and safety.
— By more accurately understanding the state of a system.
*  Minimize
— Time to operational readiness.
— Uncertainty.
— Risk.
* Minimize costs.
— Of configuration.
— Of maintenance, repair, and calibration.
— Of operations.
— Of analysis.
* Minimize downtime.
— By predicting impending failures.
— By timely intervention.
— By faster diagnosis and recovery.
— By improving availability and reliability.



ISHM QObjectives

« Use available SYSTEM-WIDE data, information, and knowledge (DlaK) to
— Identify system state.
— Detect anomaly indicators.
— Determine and confirm anomalies.
— Diagnose causes and determine effects.
— Predict future anomalies.
— Recommend timely mitigation steps.
— Evolve to incorporate new knowledge.

— Enable integrated system awareness by the user (make available relevant
information when needed and allow to dig deeper for details).

— Manage health information (e.g. anomalies, redlines).

— Capture and manage usage information (e.g. thermal cycles).

— Enable automated configuration.

— Implement automated and comprehensive data analysis.

— Provide verification of consistency among system states and procedures.

ISHM implementation is a problem of “management” of data, information, and
knowledge (DlaK) focused on achieving the above objectives.



MOVE CAPABILITY TOWARD LEVELS 2 AND 1
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People-Based ISHM is Being Done Today

International Space Station Rocket Engine Test Stand

a2 System: ON BOARD AUTOMATED ﬂ:’r
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® Operator: FASTER, MORE
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Control -
» . . W.,
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Back
Control
Room

Signal

threshold
violation
detection

Added
DlaK from
on-board
users.

Added
DlaK from
broad
group of
experts.

Added
DlaK
resources
from larger
community
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Generic ISHM System
Configuration
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Failures Modes and Effects Analysis (FMEA)
MIL-STD-1629A(2) NOT 3

ID # Item- Function  Failure Mission Failure Effects Failure Compensa Severity Remarks
Functional Modes Phase- Detection  ting Class
Identificati and Operation Method Provisions
on Causes al Mode Local Next End

Effects Higher Effects
Level



Failures Modes and Effects Analysis (FMEA)
MIL-STD-1629A(2) NOT 3

ID # Item- Function Failure Mission Phase- Failure Effects Failure
Functional Modes Operational Detection
Identificati and Mode Method
on Causes Local Next

End
Effects Higher
Effects
Level
Process Fluid feed Leak Sealed subsystem Pressure leak  Decreasing Identify sealed
Equipment  subsystem maintaining pressure subsystem, and
pressure measurement check pressure
sensors for
decreasing
pressure.

T Pressure Subsystem L__|EE]

Leak Pressure Leak Decreasing Pressure

a-subcomponent-of @ encompassing F@

is2_pressure-subsystem pressure_sensor

is2_process-equipment

an-isclatio alve-of

is2_valve




Virtual Intelligent Sensor Environment

* Provides benefits of ISHM capabillities to existing
data acquisition systems by adding Virtual
Intelligent Sensor capabllity

Virtual Intelligent Sensor Environment
Electronic Data Buffering and
LSM/EEK Calibration B
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Advanced Anomaly Detection

Anomaly algorithms used by VISE

Low physical limit

exceedance detection i e
« High physical limit ™
exceedance detection T iah
« Flat line detection ol «  Spike

* Impulse noise

event/spike detection .l
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Health Assessment Database System
HADS

Health Electronic Data Sheets (HEDS)
Repository of anomalies and algorithms
Transducer Electronic Data Sheets (TEDS)
Historical test data and analysis results

Provides ease of data analysis and data trending

Virtual Intelligent

ISHM (G2) Sensor Environment
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( ISHM Network
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Health Assessment HADS Browser
Database System Application
(HADS)




HADS Browser Application

HADS Browser Capabilities
« Allows longitudinal analyses and comparisons with previous test results
* Viewing usage statistics on monitored elements
— cycle times on valves
— mean time to failure
* Viewing anomalous events/data trends
* Viewing TEDS

&/ HADS Database Browser.vi
Ele Edt Miew Project

Operate Tools

Window  Help

Status

Start Time  End Time

Firished running query.

Query took 37.100 seconds to execute.

Query Time (sec)
37,1

Anzlog Data | Digital Data TEDS‘

Channel

PE-14A4109-1PA
PE-14A4117-IPA
PE-14A4192-GN

PE-1484075-CW
PE-14A4090-1PA
PE-14A4201-1PA
PDE-14A2030-IPA
IGHI-CURR

TEDS Field
BASIC TEDS
Manufacturer Name

HADS Database Browser

TEDS Value

Stellar Technology
2000

0311, il Model Number
4511 _DI5A _Norm Run_One | -20.0521 | 114,141 eI Version Letter
4511_D15B_ADV250 18.9601 | 45.2323 FERIEDEY Version Number 121
4511_DI5C_Norm_Run_Two | -21.1961 | 84.7965 FEEESEY Serial hurmber 366545
4511_D15D_Morm Fun_Thiee | -29.4282 | 84.7646 FETESED BRIDGE TEDS
0911_D20A_9162_(5GT 30299 | 107405 FETEETTID Transducer Electrical Signal Type Bridge Sensor
0911_Ne0B_0162_CSaT 239,294 | 134,701 = TIRRTE T Physical Measuran b
0911_N20c_0162_CSaT BILO05 122,145 EELETIAD Mirirnm Phiysical Value i
0911_N20D_9162_C5GT 246,462 | 119533 TR EY Maximum Physical Value 2000
0911_D214_9167_(5GT 304,866 | 69,3285 FUl Scal Electrical Valls Predsion | iy
0911_D21B_0167_C5aT 22375 526444 ESEATERD Wirirrm Exectrical Output 0.007
0911_D2lC_0167_CSGT 226,074 | 96.9204 SO Maim Electrical Output 3022
0911_021D_9167_C5GT 278,066 | 46.1284 ESklIeHED Mapping Methad Linear
0911_D2IE 0167_CSGT 393,239 | 77.1566 PE-1444185-GH Eridge Tyne Ful
4011_021D_0167_MNommRUNZ | 43.5023 | 40,4002 ERAHITEY Eridge Element Impedence Bl
0011_0224_0170_CSGT 34507 | 134725 FERAHITRIEY Resporse Time 0.1
0011_0228_0170_CSGT 135700 | 151485 FEHRAGHITILS Excitation Level, Nominal 10
0011_022C_0170_CSGT 135.445 | 141,949 FEHRAGTIE S Excitation Level, Mnimum 10
4011_0224_0170_NomRUNL_0 | 36,6602 | 122,533 FEHRAGTI S Excitation Level, Maximum 15
4011_0228_0170_ADV2SD 38.0522 | 60,1404 EEHRAGHI S Calloration Date 2j4j2000
4011_022C_0170_NormRun2 | 37.4482 | 117.745 FELACTRS Calboration Initials ca

CETITIES Calbration Period 180

SRS MeasLrement Location 1D 403z

POE- 14440865

PE 1444252 L0

STOP PE-14A41191PA

HADS_BIN Browser Mproi/My Computer’\ <

Hata DS maultiplethanngls




Outline

* ISHM Implementations
— CSG Pilot Implementation



ISHM Pilot Implementation for
Chemical Steam Generator (CSG)

Complete an end-to-end ISHM Domain Model for the
CSG program focused on sensor verification & validation
for the facilities and test article

Demonstrate near real time streaming of test data

Operate on data streams in near real-time using
anomaly detection algorithms implemented with two

assets:

— VISE
— G2-based ISHM model

Validate the CSG ISHM Domain-Model before, during,
and after testing (3 test days).
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ISHM Domain
Model
Top Layer

CSG ISHM Domain Model:
Top Layer View

T CSG Domain Map

CS5G Unit 1

CSG
LOX System

CSG
Water System

CSG
IPA System

CSG
GN System
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G2/Optegrity Software Environment

* Object Oriented Graphical
Programming Platform

* Rules Based Reasoning
* Model Based Reasoning
« Graphical Modeling

Interactive

« Decision Trees Graphics

* Procedural Reasoning

« State Transition Diagrams Cﬁgzﬁﬂﬁgt

« Workflow Engine i Exec_unon

« Real Time Process Simulation TR Procedures
Modeling/Automation Methods

« Causal Event Propagation Modeling Structured

« Cause/Effect Modeling Language

* Fuzzy Logic
 Neural Networks

» Flexible, Structured Natural Language
Interface




HM Domain Modeling - Palettes

Ty HEALTHMAP  hm uav oct 21

¥4 HealthMAP

¥y HealthmMAP

~ File Messages Console Application DomainLibrary FaultModels — File Messages Console Application Domainlibrary — Fault Modi - File  Messages Console Application  Domain Library  Fault Models  Coding

- Menu ¥ User Mode Developer ~ @, G, 4 simulation  Menu @ User Mode Developer | @ 3 w8 Smulat Menu ¥ User Mode Developer ~ | @ G, ¥ Simulation el A BERC b
Domain Tree Domain Tree | Domain Tree 2 x|
- - HM-HYDRAULIC-EQUIPMENT |
H phostt }A.v{ 152_PROCESS-EQUIPMENT

34 15HM-FLUID-EQUIPMENT A = Domain Objects - &
= M-GENERIC-FLOW-EQUIPMENT - HM-SUBSYSTEM <] REDUCER
54 15HM-FLOW-SOURCE = HM-EQUIPMENT <] 152_SENSOR
] 1SHM-POTENTIAL-SOURCE =>4 15HM-PHYSICAL-SENSOR X 152_PIPE-SEGMENT
U] 1SHM-GEMNERIC-FLOW-SWITCH E"O M-PH L-ANALOG-SE X REGULATOR
¢ 1SHM-FLOW-CIRCUIT-ELEMENT % ISHM-ANGULAR-POSITION-SENSOR. FLOW_SOURCE
] 1SHM-GENERIC-GROLUND () 15HM-SHAFT-ENCODER-SENSOR |l FLOW_SINK
&4 HM-COMPUTING-EQUIPMENT ) ISHM-YIBRATION-SENSOR S FFHI 2 MEGHANICAL FOUIHERT
: 7 - TANK
HM-COMPUTING-HARDWARE ) 1SHM-FLOW-SENSOR D CATCH-TANK
HM-MECHANICAL-EQUIPMENT O ISHM-YOLTAGE-SENSOR —
] -] SEPARATOR
124 HM-PULLEY () 1SHM-TEMPERATURE-SENSOR B4 ksc-sursTDISC
NA N
I MECANICAL.LARLE () 1SHM-CURRENT-SENSOR -] a1-5c
g O BOTATING SHART () 1SHM-PRESSURE-SENSOR -] DOME-REGULATOR
-4 HM-BEARING ) 1SHM-COMDUCTIVITY-SENSOR -] DISCOMNECT
() ISHM-ABSOLUTE-POSITION-SENSOR gl 152 VALVE
) 1SHM-AIR-FLOW-SENSOR |dll ORIFICE
() ISHM-LEVEL-SENSOR 1

| HM-ELECTRICAL-MACHINERY
5] HM-ELECTRICAL-EQUIPMENT
P fHM-ELECT!
] HM-UPS
=-{¢| HM-ELECTRICAL-SOURCE
I HM-CURRENT-SOURCE

| HM-ELECTRICAL-MACHIMERY

(o) o

HM-SERVO... HM-ROTOR ~ HM-STATOR

TRYCOCK

v
(") ISHM-PHYSICAL-DISCRETE-SENSOR | 12| ORIFICEKSC | LIJ
-] 1SHM-FLUID-EQUIPMENT
=13 15HM-GENERIC-FLOW-EQUIPMENT 7 x
-1 15HM-FLOW-SOURCE ~|
-

| ISHM-PHYSICAL-ANALOG-SENSOR 7 x| B AP l

2W-MANIF... DELTA-P-Y... Al-FLOWM... MANUAL-Y...

|152_vaLvE

ISHM-ANGL... ISHM-SHAF... ISHM-VIER... ISHM-FLO... P‘]{ bld b|4

MOTOR-YALYE RELIEF-VALVE SERVO-YALVE VPY-YALVE

0.0 0 O e N & =R

ISHM-YOLT..., ISHM-TEMP... ISHM-CURR... ISHM-PRES...
PRESSURE-... CHECK-VALVE PRESS-REG... DOME-LOA...

© & & O 2 = ok

ISHM-COM... ISHM-ABSO... ISHM-AIR-F... ISHM-LEVE... REMOTE-O... SSC-PRESS... SOLENOID-... SSC-TEMPE...




CSG ISHM Domain Model:

User Interfaces

Telewindows Clien

Fle Edt View Layout Go Project Workspace Tooks Window Help
nter Test Parameters 1716 T0 Time: 2009:167:12:33:54:883:5 Clrent Relative Test Time: 2044 | Start Test Sequence  Menu @ User Mode Developer v | @ 3 | Simulation | el A BIRC b 1 b bl | | Ready |3 KT B

i EDS Explorer LS

: :
Blueline Active

= @ PE-14A4052-LO

Monitors = (B

Bridge Sensor

CS8G Unit 1

a
CSG e
LO)((:%?stem Water System

i EDS Attributes L]

Transducer Electronic Gt

Bridge Element Impedance (<) 351

Bridge Type Ful
D ata S h e et Calbration Date 2009-04-21

. . . Calibration Period 35
CSG VI eWI n g WI n d OWS Calbrator's Initials CA
IPA System Electronic Datasheet Name Bridge Sensor
Ful Scale Blectrical Yalue Percision  my/\
IEEE 1451.4 Template IT 33
. . Mapping Method Linear
Red I ine Actlve Maximum Electrical QUtoUE (V) 3.034
Maximum Excitation Level (V) 15
Mandimum Phiviscal Walue 1000
Measurement Location 10 4052
HARGE-PIFE Minimurm Blectrical Cutput (vA) - 0015
Minimum Excitation Level () 10
Minimurn Physical Yaue sl
Mominal Excitation Level () 10
Phiysical Measurand psi
Read/Write Access Read/Write
Response Time (3) o1

Transducer Electrical Signal Type  Bridge Sensor

Blueline Alarm Redline Alarm
Queues Queues

L UEL INE-ALARM-QUEUE REDLINE-ALARM-QUEUE R x
Target Message Priority epetitions | Detail Lt Target Message Priority Repetitians Detail

Pe-14a2435-Hd ACHIEVED - 2009/06/16 12:31:37.406 p.m. 1 1 HYDRAULIC PRESSURE Pe-14a4117-Ipa EXCEEDED - 2009,06/16 12:33:56.967 p.m. 1 1 Loss of IPA Main Stage Interface Pressure

Tt-14ale-lo ACHIEVED - 2009/06/16 12:31:37.406 p.m. 1 1 LOX RUN TAMK TEMPERATURE

Pt-14323-Gn ACHIEVED - 2009/06/16 12:31:37.406 p.m. 1 1 UHP GN BOTTLE TANK PRESSURE (LOX PRESS)

Fe-14a4183-Gn ACHIEVED - 2009/06/16 12:31:37.406 p.m. 1 1 15t STAGE GOX PURGE PRESSURE

Pe-1424184-Gn ACHIEVED - 2009/06/16 12:31:37.406 p.m. 1 1 2nd STAGE LOX 5/D PURGE PRESSURE

Pe-14a4183-Gn ACHIEVED - 2009/06/16 12:31;37.406 p.m. 1 1 MAIN STAGE LOX S/D PURGE PRESSURE

Pe-1424023-Go ACHIEVED - 2009/06/16 12:31:37.406 p.m. 1 1 GOX SUPPLY PRESSURE v




CSG ISHM Domain Model:

Blueline/Redline User Interfaces

Telewindows Clien:

Ele Edit View Layout Go Project Workspace Toolks Window Help

v | @ 3 | simulation | bl A BIRC b M b bl L | Reacy |3 K1 M H

Blueline Configuration

Eniter Test Parameters [R1G [0 [me: 20090167112 335488315 CLprert Relatve Tt [ime: 2044 | Start Test Sequence  Menu ® User Mode Developer
: Bluelines

Bluelines Blueline Details g‘
B . PE-14A4183-GN
PE-14A4192-GN B I I D t I Last Reading Gathered: 586.691
L u e I n e e al S 1st STAGE GOX PURGE PRESSURE
ast Reading Gathered: 591 431
MAIN STAGE IPA 5/D PURGE PRESSURE

11:29:22
16 Tue Jun 2009

Event Name
ACHIEVED

Redline Details Dialog

Maximum Settings
Arm Time
L
Disarm Time
L]

Condition

Minimum Settings
Arm Time

T 20
Disarm Time

T 140

Condition
Lass of IPA Main Stage
Interface Pressure

Event Name
HEXCEEDED

and Configuration
User Interfaces

[IPE-14A4119-IPA
[IPE-14A41315
[IPE-1484123-5

Low: 525.0 UPE-14341,

444
WPE-14A41
[1PE-1484189-
PE-1444190-

Event Time

2009/06/16 11:29:24.814978 [JPE-1444201-IPA
[IPE-14A4203-GN
[IPE-1484204-5
[PE-1484362-10

PE-14A4117-IPA
Current Reading: 16510

Redline
and Configuration
User Intefaces

[1PE-1444052-L0

[CIPE-1444064-CW

[IPE-1444068-CW
-Cu

-CW

- -S
[1PE-1444089-§
[IPE-1444090-IPA
[IPE-14A4093-TPA
[CIPE-1484095-IPA
[CIPE-1444105-IPA
[IPE-1444105-

[1PE-1444109-IPA
[CIPE-14A4111-1PA
[UPE-1444117-IPA
[CIPE-1444119-TPA

Event Time
2009/06/16 12:33:56.967 p.m.

1 13114 :31: 13116
16 Tue Jun 2009

High Blueline Parameters Description

Enabled Settings 15t STAGE GOX PURGE PRESSURE

O

LowBlueline Parametars
Enabled  Settings
525.000

PE-14A4084-CW
Last Reading Gathered: 1.036

Maximum Redline Parameters

Enabled  Settings Disarm Time Condition

O

Minimum Redline Parameters
Enabled  Settings Condition

40.000 4| psi 4| T,[24.000

Disarm Time
Loss of Igniter Stage CW.

Low: 525.0

| B BLUELINE-ALARM-QUEUE | | B REDLINE-ALARM-QUELEE |

[sanamy sa3| [sem0ida 503 &)




CSG ISHM Domain Model:

Transducer Data Plots

Telewindows Clien:
Ele Edit View Layout Go Project Workspace Toolks Window Help
nter Test Parameters 111G 10 Tie; 2009:167:12133:54:883:€ CLirent Relative Test Time: 2,044 | Start Test Sequence : Menu @ User Mode Developer v | @ 3 | simulation | bl A BIRC b M b bl L | Reacy |3 K1 M H

" IPA Primary Distribution Module

Streaming data plots
rnrea [ oz from selected sensors

LFAATEIPA A5 RN A5 QR 2323 2N D35 QIS 2185
n 2009 Time

"« CSG 1 IPA Interface Module

P ERIMAR-0IG TRIBUT 0N EE:ﬂ i:rr—r—:—i-?’l—f"'.

Ak

RIS NN NN RN QBB A DS RS 2S5
16 Tue Jun 2009 Time

TE e a

et

A —— —

‘Real-Time Plot of TC-14A4108-IPA

TEAMIEA G taAd 11 -BA

2 3 82 2 2

AN AR RS WA A5 DGR 5 1ZS0 129255 A5 20 RS N 2520 RAMA) 2545 AR 120085
15 Tue Jun 2009 Time 16 Tun Jun

BLUELINE-ALARM-QUEUE EDLINE-ALARM-QUELE

[sanamy sa3| [sem0ida 503 &)




Redline Event Handling

Telewindows Cliel

Ele Edit Wiew Layout Go Project Workspace Tools Window Help

33541883 Corrant Relative Test Time: 2,044 | Start Test Sequence | Menu @ User Mode Developer

Enter Test Parameters [RIG [0 Time: 2009116

 Bluelines G2 Redlines Anomaly Report Ty CSG Unit #1
Bluelines

PE-14A4088-Cl

G2 REDLINES ANOMALY REPORT

CW.1ST-2ND-STAGE-INTERFACE [0 |

TC- 1441 08- P PE-14A4105-1P A

Sensor Name PE-14A4117-TPA

Event Type EXCEEDED |PA-2HD-STAGE INTERFACE [ 2nd Stage

o Threshold Limit

2100 psi

it Time 2009/06/16 12:33:56.967 p.m.

AUtO-generated t Time to TO 2.084
Redline Report B

LOX-2ND-STAGE- INTERF ACE [

14.0

Loss of IPA Main Stage Interface Pressure

Test Name 0911_0214_8167_CSGT

Test TO Titne 2008/06/16 12:33:54.883 p.am.

@ Ack [ s b —

Auto-sequence Start Time | -37.0

PE- 1444082 10

14.0

Auto-sequence End Time

PE-14A4117-IPA
Redine EXCEFDED at: 2009/06/16 12:33:56.947 p.m.

Te-nmssiof )
-

TC-1444

LOX-MAIN-STAGE-INTERFACE [G]

Aute-Seq Start=-37.0!

TG-14A427:

Main Stage

,,,,,,,,,,, Low: 2100

e ——

+2001/6001/7 001-CSGT(09292009)

pisam Time= 140

123415

I
123330 123345
16 Tue Jun 2019 Time

~ | ® B, | simulation | bl A BHRC b 1v bl bl L | Ready | €1 EH

CSG ISHM Domain Model:

TE-14Ad07ECW

PE- 14A4p77-C

0] COOLANT-WATER-DISPOSAL

roe e

PE- 1444087 &

1G] Cwi-MAINST ASE-INTERF ACE

& rocanmme

PE-14A4083-5

i BLUELINE-ALARM-QUEUE # X REDLINE-ALARM-QUEUE N avl g ati 0 n to Tran S d u Ce r

x 9 Where Redline Event Occurred
Target Message Priority Repetitions  Detail L Target Message

Pe-14a2435-Hd ACHIEVED - 2009/06/16 12:31:37.406 p.m. 1 1 HYDRAULIC PRESSURE

Tt-1l4ale-Lo ACHIEVED - 2009/06/16 12:31:37.408 p.m. 1 1 LOX RUN TANK TEMPERATURE

Pt-14323-Gn ACHIEVED - 2003/06/16 12:31:37.406 p.m. 1 1 UHP GN BOTTLE TANK PRESSURE (LOX PRESS)

Fe-14a4183-Gn ACHIEVED - 2009/06/16 12:31:37.408 p.m. 1 1 1st STAGE GOX PURGE PRESSURE

Pe-1424184-Gn ACHIEVED - 2003/06/16 12:31:37.406 p.m. 1 1 2nd STAGE LOX 5/0 PURGE PRESSURE

Pe-14a4183-Gn ACHIEVED - 2009/06/16 12:31:37.408 p.m. 1 1 IMaIN STAGE LOX 5/D PURGE PRESSURE v

< b <

[ssnamy 503 | [1eu0idxa 503 S|




PLC2 Redline Low Limit Enable Bits @O X
Word0 1514131211109 & 7 6 5 4 3 2 1[H wcrc] @ @ PE 1444117 A
Word 1 3130292827 262524232221 20191817 16 eCEEDED
Word 2 47 46 45 44 43 42 41 4039 38 37 3635 3433 32 o
Word 3 6362 61 6059 58 57 56 55 54 53 52 51 50 49 48 T
Word 4 7978 77 7675 7473 7271 70 69 68 67 66 65 64 SIS 12 e
Word 5 959493 92 91 90 89 88 87 86 85 8483 82 81 80 St (GG SEERRER 2108
Word 6 111 110 109 108 107 106 105 104 103 102 101 100 99 98 97 06 0.000 20
Daga e 14.0
PLC2 Redline High Limit Enable Bits ¥ V S e = s
Word10 1514131211109 8 7 6 5 4 3 2 1 0 e . Test TO Tane
Word 11 31 30292827 262524232221 20191817 16 Austo-sequence Stat Time | -37.0
Word 12 47 46 45 44 43 42 41 4039 38 37 3635 34 3332 S Clock @ hdvance Avto-sequence End Tame | 14.0
Word 13 63 62 61 6059 58 57 56 55 54 53 52 51 50 49 48 : T —
Word 14 7978777675 7473 7271 70 69 68 67 66 65 64 S SR Reline EXCEEDED at: 2009/0¢/16 12.3356.991 p.m
Word 16 111 110 109 108 107 106 105 104 103 102 101 100 99 98 97 96 el - T =
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Test 20B: TC-14A4194-S Anomaly Report
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Test 20D: TC-14A4194-S Anomaly Report
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Key Implementation
Objectives/Results

« Support for test readiness
— Bluelines (time savings and improved reliability)
« Fast and accurate setting of bluelines.
» Fast and accurate identification of violations and relevant hardware.
— TEDS (time savings and improved reliability)
+ Immediate identification of sensors.
* Immediate availability of specifications and calibration information.
* Immediate identification of sensor locations in the diagram.

« Support during test
— Redlines
» Fast and accurate setting of redlines (time savings and improved reliability).

» Fast and accurate identification of violations and relevant hardware (time savings,
improved reliability, quicker response to safety critical issues, and faster analysis).

— Immediate viewing of trends for any sensor or signal (improved reliability).

« Support for rapid return to test
— On-line analysis.
* Re-stream data to simulate tests at any time (faster and better analysis).
— Advanced post-test analysis and data review

* View data windows for multiple sensors, involving multiple tests (improved
understanding of system).




Improvements for the Next CSG
Test Program

The following improvements, requested by the test director and test conductors, will
be in place for testing in September, 2010.

« Continuous checking of all sensor values for violations of thresholds defined by
any desired criteria (e.g. sensor specifications, operational requirements from the
Test Request Document).

 Valve state verification.

« System state verification at test stages as specified by the Test Request
Document.

« System interlocks verification as specified by the Test Request Document.
 Usage capture.
— Valve cycling.
— Tank thermal cycling.
« Post test quick-look analysis (immediate and accurate understanding of test
results and any issues):

— Select sensor sets and time windows for viewing trends from the current test or from
across multiple tests.

— Select redline occurrences and view details, including identification of relevant elements
in the diagram.

— View all anomalies an descriptions, and identify relevant elements in the diagram.
— Proximal Cause Analysis




Outline

 |SHM Benefits
— A3 Test Stand
— Other facilities



Benefits to A3

(and to other facilities)

Improve assessment of test readiness—availabllity, reliability,
configuration.

Assist in verifying conformity of system states throughout the test, as per
the Test Request Document.

Improve information flow to operator during test.

Improve post-test data review and analysis: accurate, fast, and
comprehensive understanding of test results and test stand issues
(including analysis across multiple tests).

Improve safety: awareness of system condition, faster and accurate
identification of safety issues.

Automatic generation of reports.

Capture safety critical events.

Capture usage information.

Capture anomaly information.

Improve efficiency and effectiveness of PSM and RCM activities.

Create and maintain a comprehensive database incorporating health
information.



Extending ISHM to A-3

DNtk (and other facilities)

Steps needed to extend CSG model to full-up A-3
configuration
— Implement three-unit skid to prepare for 9-skid A-3 design

— Incorporate leak detection, advanced valve anomaly management
and other improvements in anomaly detection

— Integrate with SSC configuration management
— Develop ConOps
— Use ISHM system for long-term benefits

* Increase understanding of CSG reliability

« Condition-Based Maintenance (CBM)

» Reliability-Centered Maintenance (RCM)

» Process safety management (PSM)



Outline

« Conclusions



A-3: ISHM Will Reduce Risks and Enable
Sustainable/Affordable Operations

A-3 has a high degree of complexity and its operation will present a
substantially more difficult challenge than any system before. The
number of data and signal streams to be monitored and reasoned about
will be overwhelming. Testing might be seriously limited without the
support from an ISHM capability.

48+ VESSELS AS OPPOSED TO 3-4 IN EXISTING STANDS.
321+ MORE SENSORS THAN IN EXISTING STANDS.



A-3: ISHM Will Reduce Risks and Enable
Sustainable/Affordable Operations

« A3 Will involve safe, accurate, and reliable synchronized-operation of
multiple systems (27 CSG’s, Steam Water System, IPA System, LOX
System, LH2 System, Purge Systems, Industrial Water, Hydraulic
System, Diffuser System, Test Chamber System).

— Wil require automated monitoring and analysis capability to achieve the

appropriate degree of confidence for test readiness in a timely and affordable
manner.

— Wil require improved approach to manage bluelines and redlines.

— During tests, it will require awareness about a system one order of magnitude
larger than typical test stands.

— Will require improved analysis tools for accurate and fast assessment of test
results, anomalies, and safety issues.



Summary

* ISHM Capability can be implemented without disturbing normal operations of a system. The
only things needed are: (1) the data stream, and (2) information describing all elements in the
system (P&ID’s, specifications records, calibration records).

* A sound methodology for ISHM implementation has been validated in an operational setting.
* The implementation provides for systematic augmentation of the capability to meet user needs.

« Feedback from test conductors and test director has been very positive, and all became
engaged in defining needed updates.

- Expertise and tools reside at the center, but capable industry partners are also available to
support fast deployments and long term operations.

« The ISHM capability will make possible a more effective use of predictive models from the
Analysis and Simulation Group. Quick access to relevant data and anomalies will make
analysis with predictive models more effective and accurate. Also, predicted measurements will
be used to detect anomalies, diagnose causes, determine effects, and predict future anomalies.

The difference between having ISHM capability and not having it is analogous to
using a Windows computer connected to a network (WWW) as opposed to a DOS
computer without network capability ... SIGNIFICANT DIFFERENCE IN DATA,
INFORMATION, AND KNOWLEDGE AVAILABILITY; AND IN AWARENESS THROUGH
USER INTERFACES
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Snapshot of SSC ISHM Capabilities

ISHM Models (Embedded Data, Health Assessment Database:
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Elements of an ISHM System:
ISHM Model - Proximate Cause Analysis
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Al and J2-X ISHM MODEL

Al-TestStand-Propellants

GN GN2-PURGE GH2
CIRCUIT - SURGECONY CIRCUIT CIRCUIT
LH2-FLARE
‘ |7 He-FLARE CIRCUIT
He -
LHe
CIRCUIT et
V102 V101
LOX-3 LOX-1 " LH2-DUMP
CIRCUIT ‘ CIRCUIT He Mr L ClrcUIT
|s e CIRCUIT C—el |
OX-TANK-BOTTOM MAIN-LOX1-0UT. LHz-DUMP
LOX-RUN
LOX-2 LH2-RUN
CIRCUIT CIRCUIT
‘ e ! —=
21 MAIN-LOXGN-OUT

MAIN-LOX2-OUT

LHe-RUN @] ppaz

00 69 17} ?o ‘




Launch Center 20 at KSC
ISHM Pilot Implementation
Validation During a LOX Pump Test
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Top level view of the ISHM model of the
Launch Complex 20 Facility at NASA Kennedy
Space Center
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Sensor anomaly indicators detected by an intelligent
sensor during a pump test using the LC-20 facility at
NASA Kennedy Space Center
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Screenshot of the ISHM model of the LC-20 facility at
KSC showing detection of a valve leak created by
opening the valve manually
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Expanded causal-directed graph generated by the

B detection of a leak in the subsystem where a valve was
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List of Anomaly Detection

Capabillities

Anomaly/Behavior

Demonstrated Cause

Detection Approach

Leaks (pipes, valves, etc.)

Various

Checking for pressure leaks using the concept
of Pressure Subsystems.

Valve state undetermined

Defective feedback sensor
Controller failure

Determines valve state by checking
consistency of command, feedback,
open/close switches, and pressure conditions
upstream and downstream.

Valve oscillation

Fluid contamination in hydraulic
supply

Compare running standard deviation of
command versus feedback.

Valve stuck

Fluid contamination in hydraulic
supply
Seat seizure

Feedback remains horizontal while command
changes.

Excessive noise, spikes, etc. | Interference Running standard deviation exceeds set limits.
Thresholds violations during short time spans
(compared to sensor time-constant).

Degradation Wear, aging Trend detection using curve fitting and
determination of time-constants.

Prediction-Measurement Various Use predictive model (e.g. from Modeling &

mismatch

Analysis Group) to predict sensor values and
compare with measurements.




Short-Time Fourier Transform
Segmentation

Figure 1. Sirnulated input signal
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Determining Valve-State

Valve Open | Closed :
Command | Feedback | ..~ . . Associated Sensors
State limit | Limit
Open Open True False Agree with model
Open
Healthy
Closed Closed False True Agree with Model
Closed
Healthy




Checking for Pressure Leaks

Wait for Valve
State Change
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Electronic Datasheets

* Electronic Data Sheets (EDS)

— Transducer Electronic Data Sheets (TEDS)
 Calibration

— Health Electronic Data Sheet (HEDS)

* Quality of data
« Codified fault conditions and system phases
« Key detection algorithms w/ parameters

— Component EDS (CEDS)
« Manufacturing details
« Engineering data
« Traceability

— Other EDS



Intelligent Sensors

Smart sensor

NCAP (Go Active, Announce)
Publish data
Set/Get TEDS

Intelligent sensor

Set/Get HEDS
Publish health

Detect classes of anomalies using:

Using statistical measures
* Mean
« Standard deviation
- RMS
Polynomial fits
Derivatives (1st, 2nd)
Filtering—e.qg., Butterworth HP
FFT—e.q., 64-point
Wavelet Transforms (segmentation)

Algorithms for
— Flat
— Impulsive (“spike”) noise
— White noise

Other (ANN, etc.)

\

_/

Intelligent Sensors have
embedded ISHM
functionality and support
Smart Sensor standards



Concepts - Paradigm

System of connected (hetworked)
Intelligent elements.

— Standards for Plug&Play and Interoperabillity.
Compartmentalized DlakK.

SHM Subsystem definitions are dynamic,
pased on current process analysis needs?

SHM Subsystems use resources from
their intelligent elements, and improve the
elements’ own health assessment.




Data, Information, and Knowledge Management
Architecture for ISHM (Information Architecture)

Intelligent

Intelligent System Processes
Subsystem —
Processess
Intelligent _
Element Intelligent
Processes Control
Processes
: Actuator
Intelligent
Sensor Intelligent

Processes Components



Classic architecture describing
how systems are built
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Detection and Confirmation of Anomalies
Consistency Checking Cycle
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