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- Motivation

* Increased demand of operational flexibility is putting
nydropower assets in unprecedented stress.

* Risks of forced outage and unscheduled maintenance is getting
nigher.

* Not all hydropower plants are exhaustively equipped with
sensors and/or measurement streams for their respective
components.

- How to detect, identify, and locate the cause of any event from

the unobservable?




ll Queries being Sought

* What does correlation among multiple datasets infer? How does it change along
the pre-event, during event and post-event? How does it vary from normal
operating conditions?

— Can we identify the “cause” time series by observing low/negative
correlation?

— Can we identify set of exogeneous time series by observing high correlation?
(These can be later used for inference and/or prediction)

« For a given hydropower component, how does the reaction/response time
change along the pre-event, during event, and post-event? How does it vary from
normal operating conditions?

— How does the reaction/response time change in the long run? (This will help
to make hydropower dynamic model age-informed).

« How do the reaction/response times of multiple phenomena correlate?

 What will the sensor measurement noise model look like?




I Leveraged HRI Database for Data Analytics

- Hydropower Research Institute (HRI): https://hridata.org/

« Anonymized multi-sensor data from 231 plants (955 generators totaling
53GW). »

« AN a|ysi s carried out e A ey e A e Ry R
— Cross-correlation .
— Time constant estimation

— Clustering
— Short-term prediction

1956-01-01

2016-01-01
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https://hridata.org/

I Focused on Bearings and Generator Windings
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Image Source: Melani et al., “Updating a Hydro Power Plant Monitoring

System Through Failure Modes and Symptoms Analysis”, 2019




[l Bearing System Failure Cause Codes

» According to the North American Electrical Reliability Corporation (NERC)
classification system (GADS), seven cause codes relate directly to hydroelectric
bearing system failures:

— Generator

« 4550 Generator bearings and lube oil system (including thrust bearings on
hydro units)

« 4551 Generator bearings
» 4552 Generator lube oil system
« 4555 Bearing cooling system
— Turbine

« 7007 Bearings
« 7008 Bearing cooling system
» 7009 Bearing oil system

* Sensor data from various plants for a U1l type failure event (immediate unplanned

outage) for each cause code of were analyzed to determine_the
between dlﬁerent SENsors. IDAHO NATIONAL LABORATORY




ll Annual Failure Rates by Cause Code

Generator Bearing Related Failures (Turbine) Guide Bearing Related Failures
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° 2010* 2011* 2012* 2013* 2014* 2015* 2016* 2017* 2018* 2019* 2020* 2021* 2022* 2010* 2011* 2012* 2013* 2014* 2015* 2016* 2017* 2018* 2019* 2020* 2021* 2022*
4550 4551 4552 /555 7007 7008 7009
4550  Generator bearings and lube oil system (including 7007 Bearings
thrust bearings on hydro units) 7008 Bearing cooling system
4551  Generator bearings 7009 Bearing oil system

4552  Generator lube oil system
4555 Bearing cooling system
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Jlll Correlation Analysis on Bearing Sensor Data
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Jlll Findings on Bearing Sensor Data Analysis

« Similar sensors (e.g., All six thrust « The thrust bearing and generator
bearing pad temp. sensors on KK-39) bearings measurements tend to have
have a high correlation. a strong correlation.

~ If one sensor had a different - Thrust bearing oil cooler has a strong
correlation from the others, it is negative correlation with thrust
likely that bearing pad is the cause bearing and generator bearing temp.
of the fa|lure.. | — Makes sense because often both

— Thermal cycling due to failure bearing systems are fed and
event. cooled by the same oil system.

* Magnitude of shaft vibration | - Turbine guide bearings run at a much
generally has a low correlation with lower temperature, which may explain
other variables. why there is a negative correlation to

the other bearings.

« During a shutdown event, the oil will
continue to absorb excess heat from

the bearings.
IDAHO NATIONAL LABORATORY



Jll Correlation Analysis on Rotor Winding Event Records

* |Investigate correlation of generator measurements before, during and after the
following rotor winding events:

—07/13/2012 08:49:10-10:44:40

* Pre-event: 07/13/2012 07:49:10-08:49:10

* Post-event: 07/13/2012 10:45:00-15:45:00
—07/29/2019 15:20:02-07/31/2019 21:19:49

* Pre-event: 07/29/2019 14:20:02-15:20:02

« Post-event: 07/29/2019 21:20:00- 07/30/2019 02:20:00
—08/16/2019 03:09:30-18:49:11

* Pre-event: 08/16/2019 02:09:30-03:09:30

* Post-event: 08/16/201918:50:00-23:50:00

* Investigate correlation during normal operation between 2012 and 2014

— 2012 Jan, Apr, Jul, Oct

— 2013 Feb, May, Aug, Nov
— 2014 Mar, Jun, Sept, Dec




Pre-event During-event

Winding Event
0 | * Records Analysis
” ' Normal operation scenario has
EZ - weaker correlations.

_ . 1-19: Cooling system air temperature
20-22: Guide Bearing/Drive End Guide/Oil Cooler
' ~ 23-28: Guide Bearing/Drive End Guide/shaft
: - 29-31: Guide Bearing/Non-Drive End Guide/Qil
Cooler
32-33: Rotor field current
s " 34-41: Stator airgap vibration
0 24 42-47: Stator core temperature
0. 06 48-56: Stator winding temperature measurements
10 20 30 40 50 )
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Pre-event
5 _ 5
10 10
15 15
20 20
0.6
25 25
05
30 30
35 0.4 35
40 2 40
45 _
50 .
55
10 20 30 40 50
Post-event 1
0.9
10
0.8
15
0.7
20
0.6
25
: 30
: 35
. 40
_ 45
50
55
10 20 30 40 50

INL/MIS-24-78337

During-event

10 20 30 40 50

Normal operation

""""""‘“““““““““““‘\ ‘

10 20 30 40 50

. T test for correlation coefficient

os = (Green means statistically
important

Red means not statistically
important

Most of correlation coefficients
are statistically significant
during pre-/ during-/ post-event
scenario

A lot of correlation coefficients
are not significant during
normal operation
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I Findings on Rotor Winding Data Analysis

- Stator measurements have similar correlation coefficient pattern in pre-/ during-/ post-event scenarios, but different in
normal operation.

 In pre-/ during-/ post-event scenarios,

— Cooling system air temperature is positively correlated with stator core temperatures and stator winding
temperature

— Cooling system air temperature is negatively correlated with stator airgap vibration

Positive correlation A, B, D, G, H are correlated with each other;: F is correlated with A, B, C, D, and E;
H is correlated with A, B, C, D, and E;

Negative correlation Ais correlated with B, D, G, and H; F is correlated with A, B, and D;
D is correlated with G and H;
E is correlated with F;
G is correlated with H;

A: Cooling system air temperature measurement 1-19;

B: Guide Bearing/Drive End Guide/Oil Cooler measurement 20-22;

C: Guide Bearing/Drive End Guide/shaft measurement 23-28;

D: Guide Bearing/Non-Drive End Guide/Oil Cooler measurement 29-31;
E: Rotor field current measurement 32-33;

F: Stator airgap vibration measurement 34-41,

G: Stator core temperature measurement 42-47; IDAHO NATIONAL LABORATORY
H: Stator winding temperature measurement 48-56.




Jlll Time Constant Analysis

« Another method of analysis measures the speed of the system response,
measured by calculating the time constant.

* We are interested to see if the time constant varies as components age.
Therefore, we analyze:

I.  Same sensor across different events.
ii. Different sensors of the same type for the same event.
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Jlll Time Constant Analysis on Bearing Sensor Data

Bearing Reaction Time

* Demonstrates range of time constants. 90
* May inform team of which bearing pad is 80
experiencing the most wear due to thermal g0
cycling. § 50
* Consistent location relative to other 54 /\/\/
bearings. g
* Higher variance between bearings may "
indicate that the component has been 0
Oct. Jul. Nov. May. Nov. Aug. May. Feb.
damaged. 2014 2015 2015 2017 2018 2020 2021 2023
» Raises questions regarding the effect of bemingl  ——tewing?  ——gearing 3
seasonal temperature shifts on the time —Bearing4 ~ ——Bearing5  ——Bearing 6
constant. Time constant measured from six temperature sensors within

the thrust bearing pad of unit KK-39.
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- RNN Models based on K-means Clustering Results

After clustering ¢ aa

= 9 Kaplan Turbines at Site # 36922 Before clustering |: =
= Turbines 72 and 59 have larger : — | ]
capacity and higher rated power. Py B

= 1-year time series data of flow rate, L |
net head, and vibration data. Ml |

= Train Recurrent Neural Network
(RNN) models for two clusters,
respectively.

= Compared with no cluster, vibration ,
prediction errors of cluster 1 decrease, ;

10
Flow ra rate (Kilo ¢ Cubif fee s

while those of cluster 2 increase. R K bttt o
I el
(mils) (mils)
Cluster 1 1.092 12.792 0.669 33.36 1.503
Cluster 2 2.000 20.964 1.752 47.169 2.324
No cluster 1.175 26.452 0.697 22.118 2.171

. . absolute error
1 mil = 1/1000 in. relative error =

IDAHO NATIONAL LABORATORY
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Bl Summary

 Analysis of multi-sensor anonymized data from HRI can support
* Root cause identification. (lubrication valve or bearing?)

* Inference (i.e., estimate the unobservable) problem formulation.
(given the temperature, how was the shaft vibration?)

- Complementing data lacks for “similar” hydropower units. (map the
0og writeups with .csv time series)

* Robust short-term prediction of a physical phenomena. (smart and
oredictive maintenance)
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Thank youl!
SMShafiul. Alam@inl.gov
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Battelle Energy Alliance manages INL for the U.S. Department of Energy’s Office of Nuclear Energy.
INL is the nation’s center for nuclear energy research and development, and also performs research
in each of DOE’s strategic goal areas: energy, national security, science and the environment.
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