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PROJECT

OBJECTIVE &
DESCRIPTION

OBJECTIVE

Align with DOE’s Fossil
Energy Objective to create
iInnovative solutions that
integrate physics-based
models with data-driven
analytics and machine
learning techniques to
improve coal fired power
plant operations

(DE-FOA-0001989 Topic 3A)

DESCRIPTION

New technology is developed to
integrate an existing heat-balance
modeling product with an existing

advanced pattern recognition,
machine learning and artificial

intelligence product to create a

hybrid online monitoring solution

 Completed solution is
demonstrated at a utility-owned
coal fired plant

 New Technology Elements are
taken from TRL2to TRL 7



b IMPROVING
POWER
PLANT
OPERATIONS

Improve Equipment Reliability

Early detection of equipment issues
Higher equipment availability
Insights into issue causes

Estimate of remaining time to act

Improve Process Performance
Early detection of
performance issues
Enhance/maintain optimal
performance

Improve Plant Flexibility

« Expand operating envelope to
accommodate renewables

« Safe and compliant transients

Problem Time to Act
Detected Determined

Cause
Identified

Problem
Corrected

SERVICE
INTERRUPTION

ENABLING
EARLIER
INTERVENTION
TO PREVENT
PROBLEMS




TYPICAL UTILITY M&D CONFIGURATION

SEPARATE PERFORMANCE AND RELIABILITY TEAMS / PRODUCTS

Performance Reliabilit _ .
Y First Principles Advanced Pattern

Methods Recognition (APR)

®

Diagnostics Prognostics

Heat
Balance

Performance Reliability
Anomaly Anomaly

 Thermal « Generally o 1st principles * Generally,

analysis & heat focused on can provide NO prognostics

balance models reliability insight on cause available

» Generally e Good at e Simple « Single
focused on detecting small IF/THEN rules parameter
performance changes * Rarely used, trending

 Anomaly « Uses mostly even if available (vibration)

detection limited measured

by model fidelity values




NEW HYBRID ANALYTICS SOLUTION
INTEGRATION OF TWO PROVEN TECHNOLOGIES

Expert Microsystems

SureSense® Virtual SME® Software

@

MapEx Performance Monitoring

MapEx Software

SureSense® Software
» Advanced pattern recognition (APR) and
machine learning
* Online problem detection and alerting
e Automated Al diagnostics and
remaining time to act estimates
Broad power generation user base
* Over 50GW of power assets monitored

e Coal, nuclear, gas/CC, hydro & renewable
 Comprehensive IT integration

MapEx Software

» Detailed heat balance analysis

* Online data reconciliation

* Equipment performance analysis
Led by Dr. Rodney Gay

» Original developer of GE GateCycle

* (acquired by GE in 1999)

» Author: “Power Plant Performance Monitoring”

Installed at more than 25 sites globally



HYBRID HB/APR MODELS

COMBINE ADVANTAGES & REMOVE LIMITATIONS

HEAT BALANCE MODEL

Advantages

 Based on physics of process

o Calculates values not directly measured

« Can use model to explain cause

* Includes upstream & downstream impacts
« Can model infrequent operating conditions
Limitations

 Difficult to setup & configure

» Less accurate predictions

« Sensitive to model & sensor errors

« Limited anomaly detection

APR (DATA-DRIVEN) MODEL

Advantages

* \ery easy to setup & configure

 More accurate predictions

« Highly sensitive anomaly detection

» Detects all types of abnormal behavior

» Learns historical relationships

Limitations

 Normal state defined by training dataset
(operating envelope)

* No inherent basis to explain cause

* No consideration of upstream or downstream
Impacts



Hybrid Analytics Solution

Improving Performance  Heat Balance (HB) Methods
& Reliability « Calculates “virtual” sensor information
 APR models “calibrate” HB models

APR  Advanced Pattern Recognition (APR)
e Uses both measured and calc HB data

« Compares Current State to Normal State

* * * « Advanced Anomaly Detection
» Early and accurate anomaly detection

* Online Diagnostics

DlagnOSIS * Rules-based PLUS model-based
* Use symptoms from both HB and APR
[ Prognosis J » Considers upstream/downstream info
e Online Prognostics
1 « Calculates remaining time to act

[ Action ] « Automatically updates with new information

Copyright 2021 by Expert Microsystems, Inc.



Condenser Back Pressure
Residual (Predicted — Actual)

HYBRID MODELS DETECT PROBLEMS SOONER
MODEL RESIDUALS ARE MINIMIZED FOR NORMAL BEHAVIOR

X
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0.2

“Abnormal”

behavior behavior

0.0 |

Comparison of Residuals for:
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CALCULATED _PARARMETERE. TP Backpr e Residual: 200 to 500 MW
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* Heat balance model only
e APR (Data-driven) model only
e Hybrid model (HB+APR)

“Normal” :

- I

27
Vacuum

“Normal”
Variance

ANG _R: 200to 400 bW

Heat balance models have
modeling error/noise that
makes it difficult to clearly
detect an anomaly through
the “normal” noise or
variance.

Data-based APR models have
lower “normal” residuals &
therefore can detect
anomalies easier & earlier.

Hybrid models (APR+Heat
Balance) have the lowest
residuals and most accurate
anomaly detection



RESIDUAL DISTRIBUTION COMPARISON
HYBRID MODEL HAS BEST RESIDUAL DISTRIBUTION

Distribution of Residuals

Normal Operation

TPM

APR

HYBRID

Mean -0.012

0.009

0.000

Standard Deviation 0.027

0.024

0.007

BTPM

H APR

m HYBRID
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HYBRID MODEL

* Less Bias (lower mean)
 Lower Standard Deviation

B

ENEFITS
Tighter Thresholds

 More Sensitivity
 Earlier Detection
e Fewer False Alarms



CURRENT STATUS OF PROJECT
FOUR TECHNICAL TASKS (MONTH 18 OF 24)

Develop & Integrate

Develop & Integrate Hvbrid-Analvtics Verify Hybrid- Demonstrate Hybrid
Physics-based Models y Y Analytics Solution Analytics Solution
Framework
<0 Q
J
o-HN =
* MapEx HB modeling « First generation  Agile development and « Coal-fired boiler and
engine rewritten as MapEx HB modeling test sprints ongoing steam system heat
SureSense plug-in engine integrated « Framework elements balance model in
* MapEX user interface « lterative analytics deployed at customer progress for utility site
plugin for SureSense in framework completed sites for user feedback demonstration testing

progress



UTILITY SITE DEMO ARCHITECTURE

Monitoring Server
* Deploy Projects
* 24/7 Monitor Projects

Database Server
* Data Stores (results)
* Project Stores

Studio Client
* Create Projects
* Monitor Projects

Monitoring
Server

Client

Database
Server

Client

Historian
Server

Web
Client

Web Server
* Company-wide Access
* 24/7 Monitor Projects

Historian Server
e Source for Plant
Operating Data

Web Clients
* View Results on All
Device Types




COAL-FIRED PLANT STEAM CYCLE MODEL
HEAT BALANCE MODEL DESIGN VIEW

File View Project Run Tools Report Help

FWH1:DCA
FWH1:DTw
FWH1:Hdrain
FWH1:Heat
FWH1:Hstmin
FWH1:Hw
FWHL1:Pw
FWHLTTD
FWH1:Tdrain
FWHLTstmin
FWH1:Wdrain
FWH1:Wstmin
FWHLWw
FWH2:DCA
FWH2:DTw
FWH2:Hdrain
FWHZ2:Hsat
FWH2:Hstmin
FWHZ:Hw
FWH2:Pw
FWHZ.TTD
FWHZ2:Tstmin
FWHZ:Tw
FWH2:Wdrain
FWH2:Wdrainin
FWH3:DCA
FWH3:DTw
FWH3:Hdrain
FWH3:Hsat
FWH3:Hstmin
FWH3:HwW
FWH3:Pw
FWH3.TTD
FWH3:Tdrain
FWH3:Tdrainin
FWH3:Tstmin
FWH3:Tw
FWH3:Wdrain
FWH3:Wdrainin

A

Design { Derived Tag Editor J

s

OCONDARRIOLDNMNMVIO@HEM

Air Cooled Condenser

Air Heater

Boiler

Combustor/Duct Burner

Compressor/Fan

Condenser

Cooling Tower

Deaerator

Drum

Duct [Gas Flow)

Economizer

Evaporator

Expander

Feedwater Heater

Gas Turbine

Generator

&
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COAL-FIRED PLANT STEAM CYCLE MODEL
INPUT — OUTPUT MAPPING EDITOR

HeatBalance Var Filter Tag Filter

Connect real-time

Variable | Deseription | Input Tag 4| BFV |
LBD1:SteamCycle:HPT:Pstm Steam Qutlet Pressure COLD RHT PRESS Believe \A
LBD1:SteamCycle:HPT:Tstm Steam Outlet Temperature COLD RHT TEMP A AT TURB Believe
eamCycle:DEAER:Wwin Feedwater Inlet Mass Flow Rate COND FLOW SEL Ignore
:SteamCycle:HOTWELL:Wout OutPort Mass Flow Rate COND FLOW SEL Fit

LBD1:5t
e X I\/Iap Ex model P lu g N
Variables and Measurements
Equipment Variable: Tstmin ®
Filter: H
odel adjusts to use the
Variable 4| Description | TagValue | value | Units |
Power Stage Group Power Name: ‘Tstmin 0 150.528 MW 0 N N
Pratio Pressure Ratio o 3.98 Fraction r
Pstm Steam Outlet Pressure Description: Main Steam Inlet Temperature e 565.6 580.3 psi aVaI a e I n u a S
Pstmin Main Steam Inlet Pressure 2,295 2,309.7 psi
Pstminl Admission 1 Pressure Var Type: Measured e 0 0 psi
Pstmin2 Admission 2 Pressure Y e 0 0 psi
Qstm Steam Outlet Quality HEL Believe [ 179.821 %
Textrl Extraction 1 Temperature I o 433.673 F
Textr2 Extraction 2 Temperature Umz=miEmi e 0.01 0 0F
Textra Extraction 3 Temperature . D o 0 F
Textra Extraction 4 Temperature Tl TROTES TP RS - 0 0F
Textrs Extraction 5 Temperature Tag Value: 1000.9 o 0F
Tstm Steam Qutlet Temperature e 6833.2 653.2 F
Tstmin Main Steam Inlet Temperature Tag Units: DEGF e 1,000.9 1,000.9 F ea a an ‘ e O l | l I S
LBD1:5t¢ Tstminl Admission steam 1 Temperature ] 0 F
Tstmin2 Admission steam 2 Temperature Measured: 1000.9 ] 0OF
Heat bala ‘Wextrl Extraction 1 Mass Flow Rate e o 0 Ibfsec -
Wextr2 Extraction 2 Mass Flow Rate value: 1000.9 e 0 0 Ib/sec
‘Wextr3 Extraction 3 Mass Flow Rate e 1] 0 Ibfsec ar e av al a e aS
Wextrd Extraction 4 Mass Flow Rate Units: F e ] 0 Ibfsec
‘Wextrs Extraction 5 Mass Flow Rate e [e] 0 Ibfsec
Wstm Steam Outlet Mass Flow Rate Heat Balance: | 1000.9 3,563 1,014.483 Ib/fsec -
‘Wstmin Main Steam Inlet Mass Flow Rate 3,563 1,014.489 Ib/sec
Wstminl Admission steam 1 Mass Flow Rate Results Units:  F e o 0 Ibfsec % r n r I V
‘Wstmin2 Admission steam 2 Mass Flow Rate e 0 0 Ibfsec \V
Out Tag Name:
Minimum: 0.0 s
[¢] Cancel - -
ne— Avalilable for use in data-
Reference: 0.0
o driven models, diagnostics
] g
S -
S=,_ & prognostics



COAL-FIRED PLANT STEAM CYCLE MODEL
_INE MONITORING VIEW

' SureSense Diagnostic Monitaring Studio - STM CYCLE HE r1 - m] X
File View Project Run Tools Report Help
¥ Observed Tags R { Design J .
» COLD RHT PRESS —
» COLD RHT TEMP A AT TURE
> CONDFLOW SEL UTILITY TEST SITE - UNIT 1 MAIN STM XOVER STM LP TURBINE & CONDENSER HP & IP BOILER FEED PUMPS
» COND TEMP FROM COND CLR STEAM CYCLE HEAT BALANCE -
» COND TEMP FROM FWH 5A I/ 705.744 IP EXH TEMP LH 2105.342 | HPBFP A SUCT FLOW SEL
» COND TEMP FROM FWH 5B HPT PT
190.539 TURB XOVER PRESS A1 2102467 | HPBFP A SUCT FLOW AL
» COND TEMP FROM FWH 64
» COND TEMP FROM FWH 6B RHTR HPEFPT 189.188 TURB XOVER PRESS B1 2104.963 HPBFP A SUCT FLOW A2
» CONDTEMP FROM GS COND ﬂ 189.375 | TURB XOVER PRESS A2 1985.119 | HPBFP B SUCT FLOWB1
» COND TEMP FROM H2 CLRS
IPBFP 702.299 TURB XOVER TEMP A 1983.731  HPBFP B SUCT FLOW B2
» COND TEMP FROM HOTWELL 543,847 UNIT 1 GENERATION (MW)
» COND TEMP FROM LO CLR 704.711 TURB XOVER TEMP B 532.458 HPBFP A SUCT PRESS SEL
CONDENSER VAC PRESS 647.274 MEDIAN MEGAWATTS
" FWH1 FWH2  FWH3 DEAR  FWHS FWHE LP 1 EXH STEAM TEMP B 2924.865 | HPBFP DISCH PRESS
» CWTEMP TO LP COND A 1940.872 = TOTALPLANT GENERATION
+ CWTEMP TO LP COND B 108.440 LP 2 EXH STEAM TEMP B 672.900 HP STM TO BFPT PRESS
MAIN STEAM TO TURBINE FEEDWATER HEATERS 1 & 2 FEEDWATER HEATERS 5 & 6
EXTR P 4344.698 = FEEDWATER FLOW 666.773 EXTRTEMP TO FWH 1 -7.733 EXTR PRESS TO FWH 5A
" RESSTOFWH1 51.077 LP COND B OUT TEMP AVG 0.000 IPEFP A DISCH FLOW SEL
i
» EXTR PRESSTO FWH 48 4270714 | STEAM FLOW 649.903  EXTRPRESSTOFWH1 113521 | EXTRPRESSTOFWHSB
» EXTR PRESS TO FWH 54 37.280 CW TEMP TO LP COND A 2087.38% | IPBFP B DISCH FLOW 1
2405.837  THROTTLE PRESS 1 645312  FWH 1SHELL PRESS 1.3436-02 | FWH 5A SHELL PRESS
» EXTR PRESS TO FWH 58 36.532 CWTEMP TO LP COND B 2087.505 IPEFP B DISCH FLOW 2
» EXTR PRESS TO FWH 6A 1002.772 | THROTTLE STM TEMP 456.893 FWH 1 DRAIN TEMP -0.843 FWH 5B SHELL PRESS
3393.777 = COND FLOW SEL 2291131 | IPBFP C DISCH FLOW SEL
> EXTR PRESSTO FWH 68 44.481 TOT SH SPRAY FLOW SEL 245167 | FWTEMPTOFWH1 166.318 | FWH 5A DRAIN TEMP
» EXTR TEMP TO FWH 1 100.290 COND TEMP FROM HOTWELL 4378.519 | TOTALIPBFP DISCH FLOW
139.989  TOTRHT SPRAY FLOW 496.688 | FWTEMP FROM FWH 1 166.429 FWH 5B DRAIN TEMP
» FEEDWATER FLOW 79.934 COND TEMP FROM COND CLR 197.414 | IPBFP B MTR CURRENT
» FWECON INLET PRESS REHEATER 2841.033 FW ECON INLET PRESS 148.382 COMND TEMP FROM FWH 6A 57,992 COND TEMP FROM H2 CLRS |PBFP C MTR CURRENT
» FW TEMP FROM FWH 1 : 221.341
667.797 COLD RHT PRESS 861.345 FWH 2 EXTRACT TEMP 148.381 | CONDTEMP FROM FWH 6B
» FWTEMP TO FWH 1 90.094 COND TEMP FROM LO CLR
663.246 COLD RHT TEMP & AT TURB 368.529 FWH 2 EXTRACT PRESS -9.525 EXTR PRESS TO FWH 64
» FWTEMP TO FWH 2 94.640 COND TEMP FROM G5 COND
» FWTEMP TO FWH 3 997.652 HOT RHT STEAM TEMP 349.125 FWH 2 SHELL PRESS -9.621 EXTR PRESS TO FWH 6B
» FWH 1 DRAIN TEMP
1002.044 | HOT RHT TEMP A AT TURB 197.644 | FWH 2 DRAIN TEMP -10.070 FWH 6A SHELL PRESS
» FWH 1 SHELL PRESS
» FWH 2 DRAIN TEMP 995.058 HOT RHT TEMP B AT TURB 385102 | FWTEMPTOFWH 2 -10.469 FWH 6B SHELL PRESS
» FWH 2 EXTRACT PRESS
592.587 1P IN PRESS LH TOP EEEDWATER HEATER 3 & DEAREATOR 110.471 | FWH 6A DRAIN TEMP
» FWH 2 EXTRACT TEMP
» FWH 2 SHELL PRESS 3 189.535 FWH 3 SHELL PRESS 111.799 FWH 6B DRAIN TEMP "
Al
LS Y- =il Tr




HYBRID MODEL IMPROVES PREDICTIONS

Observed (INHGA); Predicted {INHGA)

1.5461

1.3737

1.2013

1.0289

0.8565 !

+ Predictive Modéls
= LP TURB

= Prefen

= Input

Blue: Measured Condenser Vacuum Pressure
Red: APR Predicted Condenser Vacuum Pressure
Black: Hybrid Model Predicted Condenser Vacuum Pressure

= LP TURB HB

.
= Qutput Streams
.

= Cluster Param= 0.800
red Reference Matrix Size= 100
= Data Reducer= CLUSTER

Signals

TURB XOVER PRESS A1
TURE XOVER PRESS A2
TURB XOVER TEMP A
TURB XOVER TEMP B

LP 1L EXH STEAM TEMP B
LP 2 EXH STEAM TEMP B
IP EXH TEMP LH
CONDEMNSER VAC PRESS
COMD TEMP FROM HOTWELL
COND FLOW SEL

TURB XOVER PRESS Al
TURE XOQVER PRESS A2
TURB XOVER TEMP A

TURE XOVER TEMP B

LP 1 EXH STEAM TEMP B

LP 2 EXH STEAM TEMP B

IP EXH TEMP LH
COMNDENSER VAC PRESS
COND TEMP FROM HOTWELL
COND FLOW SEL

= Cluster Param= 0.800

= Prefer

red Reference Matrix Size= 130

= Data Reducer= CLUSTER

= Input

A

= Outpu

2021-01-01 00:00 2021-01-01 04:00
MODE.CONDENSER WVAC PRESS: ACTIVE

2021-01-01 08:00 2021-01-0112:00 2021-01-01 16:00 2021-01-01 20:00 2021-01-020
P MODE.LP TURB.CONDENSER VAC PRESS_P: ACTIVE o MODE.LP TURBE HB.CONDENSER VAC PRESS_P: ACTIVE

P LR

Signals

TURE XOVER PRESS A1
TURB XOVER PRESS A2
TURE XOVER TEMP A

TURB XOVER TEMP B

LP 1 EXH STEAM TEMP B

LP 2 EXH STEAM TEMP B

IP EXH TEMP LH
CONDEMNSER VAC PRESS
COMND TEMP FROM HOTWELL
COND FLOW SEL
COND:Hsat
BFPT:Pratio
HOTWELL:Hout
it Streams
TURB XOVER PRESS A1
TURE XOVER PRESS A2
TURB XOVER TEMP A

TURB XOVER TEMP B

LP 1L EXH STEAM TEMP B

LP 2 EXH STEAM TEMP B

IP EXH TEMP LH
COMNDENSER VAC PRESS
COND TEMP FROM HOTWELL
COND FLOW SEL
COND:Hsat

BFPT:Pratio

HOTWELL:Hout

]' From HB



HYBRID MODEL PROVIDES NEW INFORMATION
TURBINE POWER CONTRIBUTIONS
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COAL-FIRED PLANT BOILER MODEL

File Edit DataFiles Analysis View Help

Calculated Fuel Moisture Content

BB B e fR T T e, B B B P e Be B BR B B TR T — Ta]
= Ais Coobed Condenses
E] Air Heater 0,2027
|Em

D CombustornDuct Burmer

: |
.= , D Compressor Fan

Contanser 0.1998 |

Cooling Tower 9

@ Deaerator

- O Drum
| I Duct (Gas How)

@ Econoimizer
A @ Evaporator ‘

\ |

- — Q Expander
y 0,1941 |
| i AR
[ETT Eare Feedwater Heater
e =
= E Gas Tuibine
-, STACK
mikgas O Generalor

O Gas Turbine Shafl (spool) 0.1912 T i ¥
D —_— 2019-01-10 2019-01-31 2019-02-21
i__' o = % CM.BOILERFUEL:mfH2Ofuel Operating

0.1969 |

Observed (Mass-Fraction)

BOILEAFUEL




FUTURE
GOALS AND
OPPORTUNITIES

The Hybrid Analytics Platform offers an unprecedented opportunity

to automate diagnostics and remaining life prognostics for all types of
power generation equipment

Model-Based Al Methods can learn complex diagnostic relationships
and capture subject matter expertise

* Probability-based decision graphs (belief networks)

» Ideal for complex & multi-symptom failure modes

» Use performance AND reliability symptoms for holistic diagnosis
» Use upstream and downstream symptoms for diagnosis






DEPARTMENT OF ENERGY
ACKNOWLEDGEMENT & DISCLAIMER

* This material is based upon work supported by the Department of Energy under Award
Number DE-FE0031753.

* This presentation was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, nor any of
their employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or any agency
thereof. The views and opinions of authors expressed herein do not necessarily state or reflect
those of the United States Government or any agency thereof.
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