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Research background & significance ¢
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Risk Monitor(RM)

« PRA uses static failure rates (generic — component class)
« PRA does not rely on current component condition
 Population-based event and probabilities of failure (POF) are used

* Passive component failures are largely excluded from risk monitors (except as
Initiating events)

« Economic metric is not integral to PRA

Enhanced Risk Monitor (ERM)

v' real-time assessments of equipment condition

v predicted probabilities of failure
v" risk monitoring & prediction

v multi-objective optimization (Safety metric & Economic metric )
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Enhanced Risk Monitor (ERM)

v" -Characterize real-time risk of operating with degraded components — optimize operation

planning and maintenance scheduling
v — Offset limited advanced reactor component reliability data by providing tools for assessing
risk (safety, economics, regulatory compliance) when operating with new component designs

ERM methodology leverages time-dependent PRA

PHM (Prognostics and Health Management ) detects and monitors component health & predicts
component failure rates (prognostics)
PRA uses these predictive failure rates to estimate

» Safety metric (using cutsets leading to core damage)

* Economic metric (using cutsets leading to unplanned outage)

ERM coupled with predictive maintenance is cost-effective for NPPs

while maintaining safety goal
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t, = 0; Time when component was put in service after test or maintenance i
t,= Time of actual failure

t..= Epoch of time when maintenance / recovery should complete

t,= Prediction of Failure by Prognostic algorithm

te,= Early prediction of deviation

t,, - ty= Time required for reconfiguration / recovery action = A

t - t= Time available for repair / recovery /mitigation (referred as plant coping time) = B

ty - t,,g= Time available for repair / recovery /mitigation (referred as plant coping time)=C

Deyiclion of Prognostic Distance A=Time for
i e advance recovery

B=Safety Margin
without Prognostic

C=Enhanced Safety
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Timeline design for risk monitoring/ prediction
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Timeline design for risk monitoring/ prediction ¢
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The data interface between PHM and RM ¢
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15 types of data that PHM transmits to PB-RMP in real-time:
BoxId

Sampling Time

Sampling Rate

Channel Num

Channel Name

Channel Status

Speed RPM

Speed RPM Status

Target Equipment

Target Overall Health

Failure Mode

Health Indicator Value

Health Indicator Alarm Level

Remaining Useful Life

Probability Distrib Func

3 types of human-machine interaction data:
» Time period for prediction

» Time step for prediction

» Integration accuracy
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Accumulated full lifecycle data of the circulating water pump

Fault experiments for over a year and
lifescycle experiments for six months
have been conducted on the circulating
water pump, accumulating a large
amount of data.
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Accumulated multiple sets of fault data and full life data




The health indicators for the full lifecycle of the circulating ¢
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Time/s the full lifecycle of a circulating water pump from a healthy

state to a shutdown for maintenance. In this study, the data
has been scaled down. The data is arranged in chronological
order, with the amplitudes gradually increasing. The green,
yellow, and red lines represent thresholds for different levels
of health conditions.

According to the study, the amplitude was selected as the
health indicator for the pump. The original amplitude data was
collected under different health conditions and fault modes.
After processing and calculation, a dataset of 308 days was
obtained.

The change trend of the health indicators for the full lifecycle of the
circulating water pump



Fit Exponential Degradation Models for Remaining Useful Life ®
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Fit Exponential Degradation Models for Remaining Useful Life (RUL) Estimation
Exponential degradation model is defined as

2
h(t) = ¢+9exp(ﬁr+e —%)

where

* h(?) is the health indicator as a function of time.
* ¢is the intercept term considered as a constant.

* Oand f are random parameters determining the slope of the model,
» 0Ois lognormal-distributed
» pis Gaussian-distributed.

» At each time step t, the distribution of # and £ is updated to the posterior based on the latest
observation of h(z).

* ¢ is a Gaussian white noise yielding to N(0,6?).
* The —6?%/2 term in the exponential is to make the expectation of h(7) satisfy

E[h(1)0.,5] = ¢ + 0 exp(f1)



Fit Exponential Degradation Models for Remaining Useful Life
(RUL) Estimation

The data of 308 days have been saved as 308 folders, with each folder containing the data information of one day:
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LI EET3R json W FET7 AT json Wl EET753K json Gl ETEeIR json W FET7T7IE json Wl EET78IE json W EETIE json W EE803K json
Sl EE813 json Gl EEB23K json Wl EEE83K . json ;B84 json =853 json wilz==EseIr json Wl EE8TI json Wl E88I . json
wilzsB9zX.json Ll EE90K . json ) ZE91K json il S92 json Wl EE933X json Wl FE94ZK json il FBOSIE . json Wl FE96IXK . json

97X json

Wl =105 json
7l =113 json
121K json
W EE1293K json
GIEI3TR json
S EE14A55 json
& =153 json
W FHE161K . json
JdEE1693K json
177 json
1 E5185% . json
W 1933 json
il FE201K . json
W 209K json

=983 json

Gl =106 json
JlEs114%json
W FHE1223 json
& 551303 json
Sl EE138% json
G Es1463 json
W 521543 json
G EE162% json
G EFE1703< json
W Es1 783K json
W EE1863< json
W EE1943< json
W FE2023% json
I EE210%K json

Wl HE99K json

G EFE107XK json
Sl Es115Kjson
LlEE1235 json
&l EE131% . json
wlzEzE139XK json
G EE147K json
Wl EE155K json
Wl EE163K json

TIE171E json

G EE179K json
Gl 187K json
Wl EE1953 . json
Wl ;203K json
W HE211K json

G =100  json
W EE1083% json
¥ 116 json
=124 json
551323 json
Sl EE1403K json
] 51485 json
W FE51563 . json
G EE164ax json
G EE1 T2 json
FE1807K.json
H1883 . json
Sl EE1963 json
wWilEs2043} json
H212% json

G EE101X  json
=109 json
=11 7R json
W FHE125% json
W 551333% json
GlE141% json
G EE1493K json
W HE157K json
Wl HE1653% json
W HE1735 json
W E181K json
) ZE1893% json
Wl EFE1973K json
W F;E2053% json
W HE2133< json

W EE102K json
Gl E110K json
Gl E118FK json
WE1263 . json
dE5E1343K json
Jl 142K json
Wl EE1507K json
W EE158K json
Wl E1e6 X json
15E1743 json
JlEE1823K json

Wl HEE1903K json

Tl 551983 json

wisE2067% . json
wWlsE2143< json

Wl =103 json
W Z1113E json
SlEE1193K json
i FE127K . json
W 551353 json
Gl EE1433%. json
GIEE1513K json
& =159 json
W EE16eTIR json
Wl 175K . json
il 183K json
JIEE191% json
Wl EE1993 . json
W EE207K json
WlEE2155K json

W FHE104Z< json
1123 json
Wl =1 203K json
=128  json
W =136 json
LJlE1443% json
J FE1527< json
Wl E160K json
L EE1683% json
Gl FEE1763 json

w E1845K% json

1 551923% json

1 Z52003% json

W E;E2083% json
I H52165 json

GEE21 73R json WG EE2183< json Gl EFE2193 json LI EE2203 . json G E2213 json Wl EE2223 json Gl EE2233 . json Gl EE2243< json
W EE2253 . json wWEs2267<.json W FEE227K .json Wl EE22ezk.json W FEE2295K . json W EE2303K.json WEE2313k . json W EE2323% json
W E=2335% json W HE2343K json Wl EE2353K json A EE2363% json Wl HE237K json wlEE2383K json Wl =HE2395% json L EE2403% json
Wl FE2aA1 json Gl EE2423< json Wl FE243F json Wl EE2a45 json W EE2453 json Wl EEZ2aA63K json Wl EE2aAT7 json Wl HE2483 json
Wil 249K . json Wl FE250%.json Wil 251K json il FE2523%.json W FE2537K.json Wil EE254% json i SE2553%.json Wil FE2567 . json
G EE257F json W E2583% json L =259 json Wl EE2603% json G E2613% json Gl EE2623K json Wl =263k json G EE2643< json
Wl EE2653 . json Wl EZ2663< . json Wl EE26eT7XE json wilEszes83< . json G =269 json W EE270XK json 271K json W FE272K json
Sl EE273x.json Wl 274X json Wil FE275K.json Wl EE2763K.json il FE27 7R json Wl EE27eX.json i FE279K.json L EE2803K . json
vl FE281% json G 282K json WlEE2833 json =284 json Wl FE2853% json LlEE2867k . json W HE287X% json W EE2883 json
Wl EE2893K json W HE2903% json Wl EE2913K json W EE2923 json Wl 293K json Wl EE2947 json W 52953 json w7 FE296% json
Tl Es2973< . json ) H52985% . json Sl Es299K json )l 553003K json STl E301% json #3027k json 1553033 json ) E304% json
) FE3I053 . json G E3063% json LI EE307X json W EE3083K% . json
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Data information of a specific day:

|3m1943% json - iDEEAs = = *
AF(F) $R3R(E) E=0(0) EE (V) #FaH)
[("Status":"true”,"ErrorMessage”:"NULL","Boxld":"AB30AAD4", "SamplingTime":"03-Jul-2023 13:06:44","SamplingRate":10240,"ChannelNum”:1,"ChannelName":"Z&5%
Fr=T i "Channelstatus""IE%' "SpeedRPM":1920,"SpeedRPMStatus":"IEA", 'TargetEquupment' "fEIFRIKER" "TargetOverallHealth“ “fgEEE","FailureMode": "5
", "HealthindicatorValue":1.2810348032669805,"HealthindicatorAlarmLevel":0,"RemainingUsefulLife":91.669576475797868, "ProbabilityDistribFuncX":
[0.21229004363706849,1.2173151692652091,2.2223402948933497,3.2273654205214908,4.2323905461496309,5.2374156717777725,6.2424407974059131,7.247465
9230340537,8.2524910486621934,9.257516174290334,10.262541299918476,11.267566425546617,12.272591551174758,13.277616676802898,14.282641802431039,
15.287666928059179,16.292692053687318,17.297717179315459,18.3027423049436,19.30776743057174,20.312792556199884,21.317817681828025,22.3228428074
56166,23.327867933084306,24.332893058712447,.25.337918184340587,26.342943309968728,27.347968435596869,28.352993561225009,29.35801868685315,30.36
304381248129,31.368068938109431,32.373094063737568,33.378119189365712,34.383144314993849,35.388169440621994,36.393194566250131,37.398219691878
275,38.403244817506412,39.408269943134556,40.4132950687627,41.418320194390837,42.423345320018981,43.428370445647118,44.433395571275263,45.43842
D6969034,46.443445822531544,47.448470948159681,48.453496073787825,49.458521199415962,50.463546325044106,51.468571450672243,52.473596576300388,5
3.478621701928525,54.483646827556669,55.488671953184806,56.49369707881295,57.498722204441087,58.503747330069231,59.508772455697368,60.513797581
325512,61.51882270695365,62.523847832581794,63.528872958209931,64.533898083838068,65.538923209466219,66.543948335094356,67.5489734607225,68.553
99858635063,69.559023711978782,70.564048837606919,71.569073963235056,72.574099088863193,73.579124214491344,74.584149340119481,75.5891744657476
18,76.594199591375755,77.5992247170039,78.604249842632044,79.609274968260181,80.614300093888332,81.619325219516469,82.6243503451446,83.62937547
D772743,84.6344005964009,85.639425722029031,86.644450847657168,87.6494759732853,88.654501098913457,89.6595262245416,90.664551350169731,91.66957
6475797868,92.674601601426019,93.679626727054156,94.6846518526823,95.68967697831043,96.694702103938582,97.699727229566719,98.704752355194856,99
TFO09777480822993,100.71480260645114,7101.71982773207928,102.72485285770742,103.72987798333556,104.73490310896371,105.73992823459184,106.74495336
D21998,107.74997848584812,108.75500361147627,109.76002873710441,110.76505386273254,111.77007898836068,112.775170411398883,113.78012923961697,114
.78515436524511,115.79017949087324,116.79520461650139,117.80022974212953,118.80525486775767,119.81027999338581,120.81530511901396,121.820330244
64209,122.82535537027023,123.83038049589838,124.83540562152652,125.84043074715466,126.84545587278279,127.85048099841094,128.85550612403907,129.
B6053124966722,130.86555637529537,131.87058150092349,122.87560662655164,133.8806317521798,134.88565687780792,135.89068200343607,136.8957071290
6419,137.90073225469234,138.90575738032049,129.91078250594862,140.91580763157677,141.92083275720492,142.92585788283304,143.93088300846119,144.9
3590813408932,145.94093325971747.146.94595838534562,147.95098351097374,148.95600863660189,149.96103376223004,150.96605888785817.151.9710840134
B632,152.97610913911444,153.98113426474259,154.98615939037074,155.99118451599887,156.99620964162702,158.00123476725517,159.00625989288329,160.0
11285018511744,161.01637101441396,162.02133526976772,163.02636039539587,164.031385521024,165.03641064665214,166.04143577228029,167.0464608979084
2,168.05148602353657,169.05651114916472,170.06153627479284,171.066561400421,172.07158652604912,173.07661165167727,174.08163677730542,175.086661
90293354,176.09168702856169,177.09671215418985,178.10173727981797,179.10676240544612,180.11178753107424,181.11681265670239,182.12183778233054,1
B83.12686290795867,184.13188803358682,185.13691315921497,186.14193828484309,187.14696341047124,188.15198853609937,189.15701366172752,190.1620387
B735567,.191.16706321298379,192.17208903861194,193.17711416424009,194.18213928986822,195.18716441549637,196.19218954112449,197.19721466675264,19
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Calculate the POF based on the PDF for RUL

0 08 - ]

Restricted Mode is intended for safe code browsing. Trust this window to enable al... Manage Learn More

{l #E7Xjson @

The X-axis of the PDF of RUL

BH

200x2 table

M

5671889,

1 2 3 4 5 6
RUL ProbabilityDensity
o 2.3020e-08
0.6688 1.5585e-07|
1.3377 1.2784e-0§
2.0065 7.1950e-08
26753 2.9725e-03
3.3442 9.5308e-05
4.0130 2.4826e-04)
4.6818 5.4537e-04
5.3507 0.0010
6.0195 0.0015
6.6883 0.0028
7.3572 0.0039
B8.0260 0.0053
B8.6948 0.0068
9.3637 0.0083
10.0325 0.0097]
10.7014 0.0117]
11.3702 o024
12.0390 0.0135
12.7079 00144
13.3767 0.0152]
14,0455 0.0157]
s siass|

wuio

0.016

0.014

0.012

0.01

0.008

0.006 -

0.002

= e 357K json - Visual Studio

HEEZESEZ2ESHRER

INSTITUTE FOR ADVANCED STUDY IN
NUCLEAR ENERGY & SAFETY

Code [I] Q [ ]

Restricted Maode is intended for safe code browsing. Trust this window to enable all...

{} 87X json @

.8179012493510835E-15,
.1398140805856439E-13,
.807924154214605E-12,
.3460491326949855E-10,
.267815208471353E-9,
.581275597791651E-8,
.0946156098141747E-7,
.269795590060598E -

BO

100

120

bl

-

L

L




Calculate the POF based on the PDF for RUL
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Calculate the POF based on the PDF for RUL
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Calculate the failure probability
within a specific time period by
setting the time period and
integration accuracy
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Calculate the POF based on the PDF for RUL
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Case study on Core Damage Frequency (CDF) ®

The sequence for case analysis:
GR1A-1 - GRAHE1L - V06 - RHRS-FALL

i a (R CDF1
0 0
1 7.17E-16
2 17.17E-16
3 7.17E-16
4 7.27E-16
5 8.59F-16
6 1.55E-15
7 4.03E-15
8 1.03E-14
9 2.23E-14
10 4.30E-14
11 7.19E-14
12 1.09E-13
13 1.53E-13
14 2.02E-13
15 2.54E-13
16 3.08E-13
17| 3.62E-13
18 4.15E-13
19 4.61E-13
20 5.10E-13
21 5.10E-13
22 5.10E-13
23 5.10E-13
24 5.10E-13
5

[ n%e]
(4]

. 10E-13

CDF2

o o

AR A o et M st e i e e B B Y B e e M e

0

. 17E-16

17E-16
17E-16
17E-16
17E-16
17E-16
17E-16
17E-16
17E-16
17E-16
17E-16
17E-16
17E-16
17E-16
17E-16
17E-16
17E-16
17E-16
17E-16
10E-13
10E-13
10E-13
10E-13
10E-13

. 10E-13

CDF
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—0— CDF2
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e (D

CDF with considering the degradation effect (the blue line)

CDF without considering the degradation effect (the orange line)

Vs.




Preventive, corrective maintenance and overhaul effects on ¢
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New CCF model for components under the degradation

Given that the degradation state estimate is known
at each time instant, the occurrence of CCF would be
indicated by the concurrent exceedance of the

) g~ 4N s
endurance to degradation. E § o il il > : el
Therefore, the CCF impacts would be characterized }% 2 b pa i T -
by the fraction of multiple exceedances of the Efg D i
endurance to degradation, which follows the £ . t ) z 1'
conventional parametric CCF model. L (lm)- TimeUssget & E'\_\
The scope of the parametric CCF model would be o R > Present <——Future :
extended to be dynamic over the service lifetime W - failure probability [/ N

[ -- survival probability

¢
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Degradation State

rather than being static.

> At each time step, all samples from each component
will be collected to describe the degradation state of
each component.

CCF Over the Entire Test

250 Endurance to Degradation =

Erump 1

» Taking a two-component common cause failure
group (CCFG) as an example, the f(¢)-factor CCF
model is adopted for demonstration, where the f(¢)
is defined as the proportion of common cause

failures at the time 7 involving multiple components.

Beta-Factor
(=] o o
& wn o

Frequency

03 End of Phase1 End of Phase2

» Specifically, the f(r)-factor at each time instance ¢, is
estimated as the ratio of common cause failures
involving multiple components.

A
0 P
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
Time{hr)

Degradation State at t=1500hrs



Plant-level multi-objective optimization ¢
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The multi-objective multi-dimensional

optimization problem:

* The mean of CDF(t)
* the total T&M costs

* the exposure time due to
performing the T&M activities

x 10

3.5 - b
34
""\-u‘
=, 334
m L ]
8 .
L Y
Q 32. .
‘e Best compromise P 1.065
34 "% : solution o4
2 el = i 1.06
2.5 3-.:1-.""“'-.&___;“ L] » /./_',.» 1.055 .
35 > “oy 105 x10
4 P ¢
4 4.5 T 7 1.045
e 5 < T& M costs [5]
CDF o pan [/vr] 1.04

Pareto set of optimal solutions



Performance-based Risk Monitoring and Prediction (PB-

RMP) Software for NPPs

The data architecture of the PB-RMP

The operating process of the PB-RMP
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The user interfaces of the PB-RMP
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Thanks for your attention!
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