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Why Predictive Maintenance?

= Improved operating efficiency

8 Bil Ru cete
GE Digital @GE_Digital - Fel

What does the future of the #lloT look like? Our CEO @BillRuh_GE
explains in this new interview: stratbz to/gASk308yoP0

The Thought LiERERESIUIL S 2 Follow
Bill Ruh S

strategy+busi - .

IR T hanks to predictive maintenance the #Velaro
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= New revenue streams
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A game changer that opens the door to
predictive maintenance ow.ly/4nc2TT #llot
#HM16
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John Deere uses machine alerts using
#telematics for predictive maintenance and to
lower downtime of assets v3.co.uk/v3-
uk/news/234 ... #loT

John Deere: Technology vendors need to feed agriculture's big data needs
Farmers are hungry for IT solutions
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= Competitive differentiator

Intel loT - Follow

#DYK predictive maintenance can cut yield
losses by 25%7? Major benefits of #lloT:

intel.ly/2dg70tm

i

Software Innovations
How to develop a
youtube_com/wat

ylics tool for #PredictiveMaintenance in 1 week?
BoscH ]

#11oT #Industry40

How to develop a data analytics tool in 1 week (Part 1)

A team of data scientists, manufacturing & software experts at Bosch
Software Innovations developed a data analytics tool for predictive maint...
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What does a Predictive Maintenance algorithm
do?

Helps make maintenance decisions based on large volumes of
complex data
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When will my Predictive
machine fail? Maintenance
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Condition Monitoring

Process of monitoring sensor data from machines (vibration, temperature etc.) in order to identify significant
changes which can indicate developing faults

Predictive Maintenance

Technique that determines time-to-failure/remaining useful life (RUL) from sensor data & historical
data in order to predict when maintenance should be performed
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Predictive Maintenance Toolbox

Develop and validate condition monitoring and
predictive maintenance algorithms

Apply signal processing and dynamic
modeling techniques to extract features from
your data to monitor machine health

Train machine learning and time-series
models to detect, classify, and predict
machine failure

2018

Condition Indicator Value
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Ball Bearing Condition Dashboard

Healthy Ball Bearing

Faulty Ball Bearing

Remaining Useful Life (RUL) Estimation

RUL ~ 9.5 days
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Reciprocating Pump Example

= Monitor pump condition and predict

future condition

Measure

— Flow rate

— Pressure

— Engine current

Faults

— Leaks

— Worn bearings
— Blockages

COMMON

SPECIFICATIONS U.S. Metric
Bore 0.945"| 24 mm
Stroke 118" | 30 mm
Crankcase Capacity | 42o0z.| 126l
Shaft Diameter 1.181"| 30 mm
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Frequency Domain Indicators

« Use spectral peaks and
harmonics to understand
condition of pump

% Remove the mean from the flow and compute the flow spectrum

fa = flow;

fA.Data = fA.Data - mean(fA.Data);

[ flowSpectrum,flowFrequencies] = pspectrum{fA, 'FreguencylLimits®,[2 258]);

Flow rate spectrum
Pump flow rate 20 —— : ——————
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Classify Faults Based on Condition Indicators

« Train and test a support vector machine

None 0 0
% Create and train the classifier Leak " "
template = templateSVM(...
"KernelFunction’, 'polynomial’, - Blocking 1 0
"PolynomialOrder’, 2, E
'Kernelscale®, ‘auto’, §  Leak&Blocking L L
L
BoxConstraint , 1, E Bearing 2 0
‘Standardize’, true); E

combinedClassifier = fitcecoc(... Bearing & Leak | 0 1 0 2 0 10 0 1
predictors{cvp.training(l1),:),

. Bearing & Blocki 0 0 2 1 3 0 15 0
response{cvp.training(l1),:), Fafing & =ocking
‘Learners’, template, ... Al o 0 0 0 0 4 1 13
"Coding’, 'onevsone',
[ 1 =] . . . M . )
ClassNames', [@; 1; 2; 3; 4; 5; 6; 7]); wad® “ﬁﬁéﬁﬂﬁigﬂﬁﬂgQﬁﬂi;fﬁEZgwﬁﬁg a
\r@'ﬂ“— @@3{ a{\{'@
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Other Condition Indicators

Extract features using signal-based and model-based methods to determine machine health

Signal-based
Methods

Condition
Indicator

Model-based
Methods
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Advanced Condition Indicators

B ddewg SrcobetiFecteab pooaent
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[ nner race condition
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= Capture time-varying dynamics (e.g. vibration <
data) by computing time-frequency moments | e
@_
= 50 o
N
= 40| N | u
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= Detect sudden changes in nonlinear systems .
using phase-space reconstruction methods |
(correlation dimension, approximate entropy, < 10f ﬁ h
Lyapunov exponent) % Ml
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Tools for Managing and Analyzing Data

- Generate data using Simulink

- Analyze data using datastores =

Triplex Pump with Faults El: dj/
Fluid | | ;]|

Copyright 2017-2018 The MathWorks, Inc. Flow Properties
ens = simulationEnsembleDatastore(’ .\Data'); 50 T T T T T T
ens.Selectedvariables = ["qOut _meas”,
"pMid", "qgvar", "qSkewness", “"gKurtosis",... 4a0r 1
“"LeakFault”, "BlockingFault"™, “BearingFault™]; &
dataTable = tall(ens)
20 1
dataTable =
10 A 1t L L A A L
f8 tall table 0 0.2 0.4 0.6 0.8 1 1.2
qOut_meas pMid qVar q5kewness gkurtosis LeakFault BlockingFault BearingFault oy
[2881=x1 timetable] 183.56 9.5389 -8.55515 2.4113 le-@9 3.8 a or
[2881=x1 timetable] 87.839 9. 2684 -8.57675 2.4318 le-@9 3.8 a
[2881=x1 timetable] 117.22 9. 3584 -8.54379 2.3226 le-@9 3.8 a 20
[2881=x1 timetable] 97.658 9.5487 -8.5538 2.4124 4e-87 2.74 a.8e02
[2881=x1 timetable] 186.85 9,232 -8.56334 2.41@3 le-@9 3.8 @ 40 ¢
[2881=x1 timetable] 189.96 9.732 -8.53987 2.3798 le-@9 3.8 a
[2881=x1 timetable] 185.86 9.4982 -8.56641 2.3481 le-@9 3.8 a 60t
[2881=x1 timetable] 185.1 9.2956 -8.56135 2.3623 le-@9 3.8 a
: : : : : 100
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Modeling Faults In Simulink

Config
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Triplex Pump with Faults

Copyright 2017-2018 The MathWorks, Inc.

‘ MathWorks:

Fluid
Properties o

Block Parameters: Purnp X
Triplex Pump with Faults (mask)
Models a triplex pump. Three hydraulic plungers are connected to a crankshaft. Hydraulic and
mechanical faults can be enabled on the Faults tab.
Farameters
Cyl. Plung. Rod Valve Crank Housing  Fault
Plunger 1 Flunger 2 Flunger 3
Seal Leak On,RunTime  + |Off v | off -
Flunger 1: Set == leak_cyl_area_WKSP
Blocked Inlet On,RunTime  + |Off v |off -
Plunger 1: Set == block_in_factor_WKSP, chkv_out_maxA_WHKSP
|_Besring Wear |On, Run Time T~ -
<>@ng_visc_ﬁict_wxsp, bearing_fault W

11
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Datastore to Manage Data

M=5 tall table

Date gimt meas pMid gVar gsSkewness gEurtosis LeakFaunlt BlockingFanlt BearingFault
le-Jan-2015 [2001=]1 timetakle] 103.56 9.530%8 -0.55515 2.4113 le-0%9 0.8 0
17-Jan-2015 [2001=]1 timetakle] 87.03%9 9.2684 -0.57675 2.4018 le-0%9 0.8 0
13-Jan-2015 [2001=]1 timetakle] 117.22 9.3804 -0.5437%9 2.322¢6 le-0%9 0.8 0
l18-Jan-2015 [2001=]1 timetakle] 97,658 9.5407 -0.5538 2.4124 4e-07 0.74 0.0002
20-Jan-2015 [2001=]1 timetakle] 106.05 9.232 -0.56334 2.4103 le-0%9 0.8 0
21-Jan-2015 [2001=]1 timetakle] 109 .%9g 89.732 -0.53987 2.3788 le-0% 0.8 0
22-Jan-2015 [2001=]1 timetakle] 105.0& 9.4902 -0.566841 2.346l le-0%9 0.8 0
23-Jan-2015 [2001=]1 timetakle] 105.1 9.2956 -0.56135 2.3623 le-0%9 0.8 0

Ensemble (WhOIe table) ens = simulationEnsembleDatastore(’ .\Data');

Member (one row) Ens.SelectedUarialbIEE =[...
: "qOut_meas”™, |"gqVar”,"qSkewness”,"gKurtosis”, ...
Independent variables “LeakFault", ];
Data variables data = read(ens)
— Source variables data -
- Derived Variables gqlut_meas gW¥ar gSkewness glurtosis LeakFault
Condition variables ' 2001=1 tim. .. 9.5309 -0.5551 24113 1.0000e-09
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Sensor And Data Access in MATLAB

xls |\
- Data sources accessible through NEIE

MATLAB

— Files (.xls, .cvs, .txt, .mat, etc,)

— Distributed file systems Azure Blob Storage
— Amazon S3

— Industrial Internet of Things

Ixt

BR Microsoft Azure

§g kafka

- __

il
amazon
webservices™

j
E

S3

[JThingSpeak™
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Predict Pump Failures

= Use condition indicators to predict future behavior —
remaining useful life (RUL)

Remaining Useful Life (RUL) Estimation
RUL ~ 9.5 days

Failure Threshold
% 20 7

.. Real Data

Prediction
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Using Fleet Data to Predict Remaining Useful

Life

# Build an train the model

mdl = residualSimilarityModel(...
‘Method', "poly2°,...
'Distance’, ‘'absolute’,...
"NumNearestNeighbors®, 5@,...
‘Standardize’, 1);

fit(mdl, trainData);

% Use the model to predict RUL
[estRUL,ciRUL, pdfRUL] = predictRUL(mdl, newData),;
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RUL Methods and when to use them

Requirement: Need to know what constitutes failure data

[ System Data ]

Run-to-failure

|

history
Similarity
Models
. Known
Large data Match signal degradation
shapes :
l dynamics
Hash Pairwise Residual
Similarity Similarity Similarity
Model Model Model

Known failure
threshold

[

Weibull
Distribution

:
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Life time data
with or without
covariates
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MATLAB Coder and Compiler

= Run predictive model on embedded devices

—

47‘44444444W

|

N[

fFor k=1:max
x = fft(dat
v = 20*logl

MATLAB MATLAB
Compiler Compiler SDK

MATLAB
$unﬂme

r

MATLAB

|

P

for k=1:max
x = fft(dat
v = 20*logl

kil

* Option 1
* Option 2
NEXT

™
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MATLAB Production Server and Enterprise
Integration

= Integrate predictive model with your enterprise system and
cloud platform

Edge (" Production System N ( Analytics Development“

L
i eramazon
De:mes " we bserﬁlces" MATLAE
D - HAT
S _ C-umpllar -

Algorithm
Developers

. *

- J

Business Decisions A

lm. Power B >
Qlik@

@Sﬂﬂlﬁl’&‘ End Users
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Systems +
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Predictive Maintenance Development - Common pains

How do | get started with developing algorithms?
— Reference examples

— Documentation based on the workflow

How do | manage data and what if | don’t have any data?
— Command line functions to manage and label data

— Examples showing Simulink models generating failure
data

How do | chose condition indicators and estimate the
RUL?

— Functions provided for estimating RUL
— Functions for computing condition indicators

Documentafion Q

No

This example shows how to estimats the sistes of 3 nonlinear sysem
B P

5y

-t'..alrr-
then

The £

nlinear State Estimation of a Degrading Battery System R2017b

i i, =l e

% Run the simulations and create an ensemble to manage the simulation results
mkdir('.\Data') % Create directory to store results

runAll = true;

if runAll

4\ MathWorks

ens = createSimulationEnsemble([gridSimulationInput, randomSimulationInput], ...

[pwd '\Data'],'UseParallel’', true);
else

ens = createSimulationEnsemble(gridSimulationInput(1:18), [pwd '\Data']);
end

[21-Nov-2017 @9:86:31] Checking for availability of parallel pool..
Starting parallel pool (parpool) using the 'local' profile ...
connected to 6 workers.

[21-Nov-2017 @9:06:56] Loading Simulink on parallel workers...
[21-Nov-2017 @9:07:12] Configuring simulation cache folder on parallel workers...
[21-Nov-2017 @9:07:12] Loading model on parallel workers...
[21-Nov-2017 @9:07:18] Running simulations...

Analyzing and transferring files to the workers ...done.
[21-Nov-2017 ©9:07:37] Completed 1 of 208 simulation runs
[21-Nov-2017 @9:07:38] Completed 2 of 288 simulation runs
[21-Nov-2017 @9:07:38] Completed 3 of 208 simulation runs
[21-Nov-2017 @9:07:39] Completed 4 of 288 simulation runs
[21-Nov-2017 ©9:87:39] Completed 5 of 208 simulation runs
[21-Nov-2017 @9:07:39] Completed 6 of 288 simulation runs
[21-Nov-2017 @9:87:46] Completed 7 of 208 simulation runs
[21-Nov-2017 ©9:07:46] Completed 8 of 208 simulation runs
[21-Nov-2017 @9:07:47] Completed 9 of 28 simulation runs

[

21-Nov-2017 ©9:07:47] Completed 16 of 208 simulation runs
D L L | - L

20 40 60 80 100 120 140
Cycle
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Deploy Predictive Maintenance Algorithms
Implement and deploy condition-monitoring and predictive-maintenance algorithms

Applications
Examples of predictive-maintenance algorithm development

19



Predictive Maintenance Toolbox

Develop and validate condition monitoring and
predictive maintenance algorithms

Apply signal processing and dynamic
modeling techniques to extract features from
your data to monitor machine health

Train machine learning and time-series
models to detect, classify, and predict
machine failure

Use functionality from Signal Processing,
Statistics and Machine Learning and System
identification

2018

Condition Indicator Value

Ball Bearing Condition Dashboard

Healthy Ball Bearing

Faulty Ball Bearing

Remaining Useful Life (RUL) Estimation

RUL ~ 9.5 days
Failure Threshold /
.. Real Data Prediction

30
Time (days)
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Thank you!



Predictive Maintenance Toolbox

Develop and validate condition monitoring and
predictive maintenance algorithms

Apply signal processing and dynamic
modeling techniques to extract features from
your data to monitor machine health

Train machine learning and time-series
models to detect, classify, and predict
machine failure

Use functionality from Signal Processing,
Statistics and Machine Learning and System
identification
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Condition Indicator Value

Ball Bearing Condition Dashboard

Healthy Ball Bearing

Faulty Ball Bearing

Remaining Useful Life (RUL) Estimation

RUL ~ 9.5 days
Failure Threshold /
.. Real Data Prediction
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Time (days)
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