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Predictive Maintenance: addresses these questions
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Something‘s not right

A specific thing‘s not right

A specific thing will not be
right in X [days / hours /
minutes / seconds] ....

Increasing
value
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Predictive Maintenance: why are we interested ?

= Cost reduction
— “Unexpected / unplanned downtime costs me a lot of money”

= Performance improvement
— “Unexpected / unplanned downtime is not acceptable to my end-user”

= New offerings

— “l want to provide a condition monitoring / predictive maintenance service to users of
my product”

MATLAB EXPO 2018
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e Predictive Maintenance
“'lond' for polymer-based production machines

1 & 3

~ H TIMESTAMP PARAMETER STATE
Sensor Data ( 1 m I n ute) '2015-07-14 00:49:12.0° | 160/ 160 160 160 1000 7 1000 9 33 32 1]
H '2015-07-14 00:50:12.0° | 160/ 160 160 160 1000 8 1000 10 33 32 1
105_ 1005 Se n SO rs/m a Ch I n e '2015-07-14 00:51:13.0° 10| 160 1e0 160 1000 & 1000 10 33 32 1
H ~ H ) '2015-07-14 00:52:12.0° 160/ 160 160 160 1000 8 1000 10 33 32 1
Qua I Ity State ( 40 m I n Utes '2015-07-14 00:53:12.0° 160 160 160 160 1000 & 1000 11 33 32 2
'2015-07-14 00:54:12.0° 160 160 160 160/ 1000 & 1000 12 33 32 2
'2015-07-14 00:55:12.0° 160/ 160 160 160 1000 8 1000 10 33 32 2

Classification using Statistics, Machine
Learning, and Neural Networks

[ Naaract Nainhhar Claceifinatinn 1 [ Subbort Vector Machines (SVMs) |

Results

* More than 50,000 euros saved per year. “Our financial control department determined that we are saving
more than 50,000 euros per year by using MATLAB for predictive maintenance,” says Dr. Kohlert. “That total
is based on just eight machines. We expect that to increase at least fourfold as we analyze the data from
more of our machines.”

*  Prototype completed in six months. “With many consultants, there's a great deal of discussion but no
action,” notes Dr. Kohlert. “Math\Works consultants started directly. We had the first tests within two months
and a working prototype in six. The MATLAB code is easy to understand, so we can make changes rapidly

when needed.”

*  Production software run 24/7. “There's a misconception that MATLAB is only for research or development,”
says Dr. Kohlert. "We operate our machines nonstop, even on Christmas, and we rely on our MATLAE based
MATLAB EXPO 2019 monitoring and predictive maintenance software to run continuously and reliably in production.”
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How are MathWorks Tools Used for Predictive Maintenance?

he ol

Use of MATLAB in post-processing of _
offshore measurements Statoil

N
<?
e

Link to user story Link to user story

“..Subject Matter Expert Familiarity...” “...[MATLAB is] Popular across the company...”

Mercedes-Benz @ BOSCH

A L d
S SAFRAN Emondi

AEROSPACE - DEFENCE- SECURITY

MATLAB EXPO 2019
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Predictive Maintenance Toolbox: for developing algorithms

4\ MathWorks®  Frodics Solstons  Academis Supoort Commariy Events

@ Trialsefware. & Contactsales

Predicfive Maintenance Toolbox mussusoi= e Ll o

\
Anomaly
Detection Predictive Maintenance Toolbox

Is my machine
operating
normally?

Design and test condition monitoring and predi

™~ maintenance algorithms

Why is my

® Walch video § Download a free Irial

Condition
Monitoring

machine behaving

abnormally? )

Predictive Maintenance Toolbox ™ lets you label data, design condiion indicators,

H OW m u c h Io n g e r Remai n i n g and estimate the remaining useful life (RUL) of a machine.
H The toolbox provides functions and an interactive app for exploring, extracting, and
ca n I o pe rate my U Sefu I L I fe ranking Teatures using data-based and model-based technigues. including statistical,

spectral, and fime-series analysis. You can monitor the health of rotating machines

= - -
m ac h I n e ? Estl m at I o n such as bearings and gearboxes by extracting features from vibrafion data using

frequency and time-frequency mathods. To estimate a maching's time to failure, you
can use survival, similanty. and frend-based models to predict the RUL

You can analyze and label zensor data imported from local files. cloud storage, and
distributed file systems. You can also label simulated Tailure data generated from
Simulink” medelis. The toolbox includes reference examples Tor motors, gearboxes,
batteries, and other machines that can be reused for developing custom predictive
maintenance and condition monitoring algorithms.

MATLAB EXPO 2019
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Workflow for Developing a Predictive Maintenance Algorithm

Acquire
Data

Preprocess
Data

Machine Learning

dentify |
Features

Deploy &
Integrate

MATLAB EXPO 2019
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Why MATLAB & Simulink for Predictive Maintenance

Action Decisions & Design
* Reporting & Apps
» Scalable Deployment
= Support for all aspects of the end-to-end workflow + Design Optimization
— Acquire data / observations Knowledge f
— Reduce the amount of data you need to store and transmit | l{ng;:';(t:ndmg
. Lo . * Frequency & Time-domain
— Explore approaches to feature extraction and predictive modeling « Predictive Analytics
» Extrapolation
— Machine learning / predictive analytics
Information t
— Deliver the results of your analytics based on your audience ) o
Organization
. . . . « Filteri
- Get started quickly...especially if you are an engineer . Signal Analysis
» Data Reduction
— Useful Apps such as * Plotting
Diagnostic Feature Designer Data f
Classification Learner 1 Observation
Regression Learner » Sensing
» Collecting
* Health Status
MATLAB EXPO 2019 Physical + Data Acquisition

Sensors 8
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Why MATLAB & Simulink for Predictive Maintenance

Acquire
Data

Preprocess
Data

Reduce the amount of data you need to store and transmit

dentify |
Features

Deploy &
Integrate

MATLAB EXPO 2019



From Data to Decisions & Design

Action

Knowledge

A

Information

A

Data

Physical
MQTLQB EXPO 2019 Sensors

T &

t File 1/O
Text

Spreadsheet
XML
CDF/HDF
Image

Audio

Video

Geospatial
Web content

-

.

4\ MathWorks

Database Access
Financial Data

ODBC

JDBC

HDFS (Hadoop)

0. o
= @

e
g
Hardware Access

Data acquisition
Image capture
GPU

Lab instruments

Observation Communication Protocols
+ Sensing » CAN (Controller Area Network)
» Collecting » DDS (Data Distribution Service)
* Health Status * OPC (OLE for Process Control)
+ Data Acquisition » XCP (eXplicit Control Protocol)

10
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From Data to Decisions & Design

Action
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Diagnostic Feature Designer App

Predictive Maintenance Toolbox R2019a

4k Diagnostic Feature Designer - Power Spectrum: pressure_ps/Data

= Extract, visualize, and rank L R —

o [ Resigue Genaratan =

i Feature Feature
S s e ey Toce S s TRl L
features from sensor data — = M
Data Browser @ | | Power Spectrum: pressure_ps/Data 1+ |
w Signals 8 Spectra. [=
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Why MATLAB & Simulink for Predictive Maintenance

Acquire
Data

Preprocess
Data

dentify |
Features

Explore approaches to feature extraction and predictive modeling

Deploy &
Integrate

MATLAB EXPO 2019

4\ MathWorks:
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From Data to Decisions & Design

Action

Knowledge

A

Information
A

Data

Physical
Sensors

MATLAB EXPO 2018

*

Understanding

Analytics

Frequency & Time-domain
Predictive Analytics
Extrapolation

*

t*

Machine Learning

Unsupervised / supervised

4\ MathWorks

k-Means,
Fuzzy C-Means

Hierarchical

Clustering

Classification

Regression

Neural
Networks

Decision Tree

Gaussian
Mixture

Ensemble Method

Hidden Markov
Model

Neural Network

Support Vector
Machine

Linear

Non-linear

Non-parametric

14
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Classification Learner App
Statistics and Machine Learning toolbox

4\ Classification Learner for Predictive Maintenance - Confusion Matrix - X

[ CLASSIFICATION LEARNER
o2

|
~ Feature PCA Bagged Subspace Subspace

Qwﬂﬂh—

Advanced  Use  Train

- Selection ! Trees  Discriminant  KNN )
FILE FEATURES | MODEL TYPE | TRAINING
Data Browser @ : | ScatterPlot | Confusion Matrix \
~ History
Plot
1 Ensemble Accuracy: 79.2% Model 1
Last change: RUSBoosted Trees 75I75 features () Number of observations
0 2% ‘ 2% 5%
+ True Positive Rates
1 4%, 11% 11% 26% False Negative Rates
~ Current Model —. 10 79 2%, 29, . Positive Predictive Values
. ‘0 o 0 ‘o
Model 1: Trained &~ False Discovery Rates
Resi 2 11 20% | 6% | 47% 18% ar%
Accuracy 79.2% @© ° e What is the confusion matrix?
Prediction speed ~720 obs/sec ;‘;
- 3
Training time 6.8343 sec = 100 10% 10%
* i
Model Type o, o, o o 38%
Preset: RUSBoosted Trees L it e & £
Ensemble method: RUSBoost ST -
Learner type: Decision tree . o o !
Maximum number of splits: 20 110 3% 3% 19% 25%
Number of learners: 30
Learning rate: 0.1
111 24% 6% 6%
Feature Selection
All features used in the model, before PCA o 7 5 7z 0 ) 7z, 7z
(7] 7 (2] 7
PCA v Predicted class
| Data set: FeatureTable1  Observations: 240  Size: 163 kB Predictors: 75  Response: faultCode  Response Classes: 8 ” Validation: 5-fold Cross-Validation

MATLAB EXPO 2019
15



Remaining Useful Life (RUL) Estimation Methods

K Nearest Neighbor Plot

Predict RUL and time-to-failure using historical \
data and sensor data g,
dE: / » e ¥ -*-: %
" . . . AN
= Use Similarity-based methods if run-to-failure data NN
is available that captures data over a machine’s %
Complete Ilfetlme U Llf;TJmeVanal;Ie
= Use Degradation methods if there is information Reriing Lo (1) Pritn

about critical threshold values

= Use Survival methods if the only data available
corresponds to when a machine failed

of RUL
Estimated RUL
0.1r “True RUL
Confidence Intarvai

5 10 15 20 25 30 35 40 45

MATLAB EXPO 2018 T 5 )

4\ MathWorks
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Remaining Useful Life (RUL) Estimation Methods

Requirement: Need to know what constitutes failure data

[ System Data ]

Run-to-failure Known failure L_ife time_data
history threshold with or without
covariates

Similarity Degradation Survival
Models Models Models
I |

I
| l | | Life time data

Match signal d Knc:wa Log-scale s:g?al = Cumulative Life time data and covariate
egracation non-cumuiative damage only (environment

ShEnes dynamics damage

| | | | | e

Hash Pairwise Residual Linear Exponential Reliability Covariate
Similarity Similarity Similarity Degradation Degradation Survival Survival

Large data

Model Model Model Model Model Model Model




Example — Remaining Useful Life

"4 Figure 8 RUL Prediction - data
File Edit \iew |nsert Tools Desktop Window Help

NEde ) CROUBEL- A 0B =D

2388.2

2388

LPCOutletTemp

300
I
300
I
300
= i
300
PhysFanSpeed
—, ‘,—f' - - ]
o o £ /._—‘--" ] L
— x{éﬁ-’-'ﬂ'-"jv e
o et e
e i et i | i
200 250 300

MATLAB EXPO 2019

4\ MathWorks
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Remaining Useful Life

= Set up model and train

Train a Residual Similarity model

% Create model
rmdl = residualSimilarityModel('Method’, ‘'expl');

% Which variable indicates the lifetime measurement ?
lifeTimeVar = 'Time';

% Which wvariable(s) indicate the condition ?

% Train model
fit(rmdl, rulTrain, lifeTimeVar, dataVariablesﬂ

o o T o o o o P i

dataVariables = rulData{l}.Properties.VariableNames{3:end);

MATLAB EXPO 2019

2 [

4\ MathWorks:
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4 Figure 1

File Edit View Inset Tools

Desktop Window Help

NEEdL M AWODRL- |G| 0E D

Health Indicator

Estimated Remaining Useful Life ~ 31 hrs

55

5 —
0 — \
5
10—~
15
=20
-25 7] Degradation Model
Confidence Interval
Health Indicator
— Threshold
30 | | | | | | | |
0 5 10 15 20 25 30 35 45

Time (hours)
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If Real Failure Data is Unavailable ? Simulate it

= Model failure modes

— Work with domain experts and the data
model Run
T simulations
Simulink Model

available

— Vary model parameters or components

Generated

Sensor Data —> Failure Data

= Customize a generic model to a
specific machine
model
— Fine tune models based on real data 1
— Validate performance of tuned model

Inject Failures

Incorporate
failure modes

21
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Simulating the behavior of a faulted system

= Three-phase pump commonly used
for drilling and servicing oil wells
— Three plungers try to ensure a uniform

= Condition monitoring to detect:
— Seal leak
— Inlet blockage
— Bearing degradation Crankshaft

=, Component

MATLAB EXPO 2018
22
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Simulink and Simscape to model the system

P4 pdmRecipPump - Simulink — O X ‘
File | #3 bdmRecipPump/Pump - Simulink — m| Y ‘
(P21 Eite | P& pdmRecipPump/Pump/Plunger 1 - Simulink = | X ‘
par) B2k | Ele | #2 o irRecippump/../Plunger 1/Seal Leak <Variant Subsystern - Simulink = O X
©| pun 2L File Edit View Display Diagram Simulation Analysis Code Tools Help
afplun@vﬁv@ ¢t a-E-2d®p W~ 2 | [Nomal 1@~ -
E Q E Seal Leak
s @ @ |[PapdmRecipPump b [Pa|Pump b [Pa|Plunger 1 b [Pa]Seal Leak b -
= = B @
= = = 0 <DO )
O m = =
0| = A
O = Off
)
o
On
7]
B2
»| B3| ——=h
rRead » | BE| @ 'L“|_ J
Read » | B
T read 5 Tune
MATLAB EXPO 2019 [ready 201% VariableStepAuto
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Simulink and Simscape to model the system

’i sm_pump_triplex * - Simulink
File Edit View Display Diagram Simulation Analysis Code Tools Help
E-o-8 <« He-B-@d® = -5 ] em @ QE[- "0~

sm_pump_triplex

@
&«
]
=]
=
[
= Driver: Motor | / Pump Input Manifold q&b//g;‘
= { 7
Pump Model | [ > g il
Properties .
Fl — | Time 0010707 |
Output Pressure Sensor Data f——sGieas > plowens @ S

Diagnostics: On

Predictive Maintenance Algorithm| A . /\
\

\ } )
Fault Indicators |/' kdj - K»L/ N/

No Fault Blocked Inlet Seal Leak Worn Bearing

v E

3% Ready

MATLAB EXPO 2019

211% auto(ode23t)
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How do you know if a predictive maintenance solution is
likely to be worthwhile ? Simulate it

= Simulate delivery of service(s)

— Allow for failures triggering need for support services to be
delivered

— Model consumption of support resources, and their flow through the
supply chain

= Spare parts (consumables, reusables)

Human resources 1 Lo
— Measure performance (uptime, downtime, asset availability, etc) = =
— Measure cost of delivering that level of performance T
= Monetise the consumption of resources

= Simulate delivery of service(s) with a predictive capability
— Preposition required resources based on “prognostic reach”

Y -
* Increasing |
prognostic
reach

=+

— Measure cost of delivering same level of performance

MATLAB EXPO 2018
25
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Simulating delivery of services

SimEvents for Operations Research =
Teresa Hubscher-Younger, MathWaorks

SimEvents” can help you model, analyze, and optimize various operational processes, including mining

operations, semiconductor manufacturing, or batch production processes. m D?Scretfl: Eve_nt
#3, seExampleKanbanSystem - Simulink - O > 4
PI'O dl.l ot FOEUS Lﬁle Edit View Display Diagram %\muialion Analysis Code 1@; _I;!e\p o
B-o-8 HE-E-e4OP » |4-m ] W | @ E-
- seExampleKanbanSystem i
« SimEventis ® [Pl sebxamplekanbansystem b bl
iz g B Modeling a Kanban Production System ? ~
+ Global Optimization Toolbox & i ystem 7]
E3 [Material Suppliers | [Production System Distributor
+ Optimization Toolbox R
? :E: e i S Y= ivira gt teden | S
' i
Parallel Computing Toolbox = ......._,.A L = | Do o oo
«  Simulink O |  —
Material A Orders Withdrawal Kanban A
Material OUT in Part Out -
oy Part A Suppher Transport Part &
T.  woRKanbans_us -
< BWirse]
Mater._erB WDR. banB
— =]
Material B Orders. Withdrawal Kanban B
Material OUT J in Part O l f:\\
] e & Dhoter Part B Supplier Transport Part B
-F| ‘
»
MATLAB EXPO 2019 comie o v :
Running 100% auto{VariableStepDiscrete)
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Why MATLAB & Simulink for Predictive Maintenance

Acquire
Data

Preprocess
Data

Deliver the results of your analytics based on your audience

dentity |7
Features

Deploy &
Integrate

MATLAB EXPO 2019

4\ MathWorks:
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Challenges: Delivering results to your end
users

= Maintenance needs simple, quick
information
— Hand held devices, Alarms

= QOperations needs a birds-eye view Dashboards
— Integration with IT & OT systems

Datalab-Flotte

= Customers expect easy to digest
information
— Automated reports

MATLAB EXPO 2019 _
Fleet & Inventory Analysis 28



4\ MathWorks
From Data to Decisions & Design

Action

Decisions & Design

* Reporting & Apps

» Scalable Deployment CUStom Repor’ts

* Design Optimization

Toding Equition Raprt .docl ':
Knowledge = [ |

EQUATION | == B S .ht I| N\
REPORT | &= .n-\lil’_"j

Information f
A

Data f
' s

Physical
MATLAB EXPO 2019

Sensors

29
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From Data to Decisions & Design

Acti i :
ction Decisions & Design

* Reporting & Apps MATLAB AppS

» Scalable Deployment
* Design Optimization

Knowledge f

t Understanding

* Analytics

* Frequency & Time-
domain

* Predictive Analytics

« Extrapol
Information
A

Organization J

 Filtering
» Signal Analysis
« Data Reduction
* Plotting

Data S b

Observation
» Sensing
» Collecting
* Health Status

Physical .
MATLAB EXPO 2018 sencors Data Acquisition
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From Data to Decisions & Design

Action

|

Knowledge

A

h

Information

4

A

Data

Physical
MQTLQB EXPO 2019 Sensors

Decisions & Design
* Reporting & Apps
» Scalable Deployment
+ Design Optimization

*

*

*

Integration

into Existing Systems

&

MATLAB Excel

NET
.exe

Product Deployment

C/C++

4\ MathWorks

Excel

31



4\ MathWorks:

Predictive Maintenance Architecture on Azure

Edge

Generate
telemetry

/i\

/\ Azure

]

Connector

Apache
Kafka

Production System

r

Worker processes

4

~\

MATLAB Production Server

Request
Broker

State Persistence

System
Architect

Analytics Development

MATLAB MATLAB
Compiler SDK
=
'r@ 4\ =
\ e

a .
% ¢ elastic

Storage Layer

K. kibana

\ Presentation Layer )

— " |
‘ Algorithm
‘ o ® Developers
Package 0 ® 0
& Deploy 0{:_".
L Model )
Business Decisions
e ~

a'i'a

MATLAB EXPO 2019
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¢ Cassandra
Microsoft*
Databases ?SQLServer
oDB
Azure Azure ﬁ
Cloud Blob L SQL ::-@
Storage S
“amazon|S3
cloudera
Big Data / HORTONWORKS'

OT Platforms @ OSl:=oit.
Pl System

MATLAB

aws il
Kinesis ~a

Azure % -1 Streaming
§g kafka loT Hub g

ATLAB Production Server @ OSisoft. OT Platforms
Pl System

+++i+ +ableau Dashboards

C;IikQ © Spotfire
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Bosch and SNCF Have Implemented Production Systems Running
Today

CBM — PROGNOSTIC

Web-based Approach
Netherlands INDICATOR ANALYSIS (TIME AND DISTRIBUTION) i -
- CBM Server
- /
Time >
ime analysis : |
ow evolve an indicator o g i

& I / j vitnam o
== http://BCP : gf
b $y | m
. § ——/ # é E 15
Distributios § % "E‘::
P # how indicatol = | g
o distribute damo ng rol Il ng 3 S
REveA ' ‘Ab nnnnn |
é \ ; — H _tlaeh aaaaa ]
v oo -~ BoscH tkos Er=z
Link to user story Link to user story
“Updating software is required only at 1 “...[Our solution] optimizes the whole
location...Maximum of 1 hour downtime for maintenance process without breaking the
major updates...” existing process...”

MATLAB EXPO 2019
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Why MATLAB & Simulink for Predictive Maintenance

- Get started quickly...especially if you are an engineer

MATLAB EXPO 2018

4\ MathWorks
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MathWorks can help you get started TODAY

= Examples

= Documentation

= Tutorials & Workshops

= Consulting

= Tech Talk Series

MATLAB EXPO 2019

ocumentatiol Al More - Se

= CONTENTS

Predictive Maintenance Toolbox

Design and test condition monitoring and predictive maintenance algorithms

Predictive Maintenance Toolbox™ lets you label dat
and estimate the remaining useful life (RUL) of a mac

The toolbox provides functions and an interactive ap
ranking features using data-based and model-basec
spectral, and time-series analysis. You can monitor il
such as bearings and gearboxes by exiraciing featu
frequency and time-frequency methods. To estimate
can use survival, similarity, and trend-based models

You can analyze and label sensor data imported fror
distributed file systems. You can also label simulated
Simulink® models. The toolbox includes reference e
batteries, and other machines that can be reused for
maintenance and condition monitoring algorithms

Getting Started
Learn the basics of Predictive Maintenance Toolbox

Manage System Data
Import measured data, generate simulated data, org

Preprocess Data
Clean and fransform data to prepare it for exiracting

Identify Condition Indicators
Explore data at the command line or in the app to ide

Detect and Predict Faults
Train decision models for condition monitoring and fe

Deploy Predictive Maintenance Algorithms
Implement and deploy condition-monitoring and prec

cumentatio Al

= CONTENTS
Detect and Diagnose Faults

et hoo
sl
dowmrosgep

et

Fault Diagnosis of
Centrifugal Pumps Using
Steady State Experiments

Use a model-based approach for
detection and diagnosis of different
types of faulls in a pumping system.

Open Live Script

Analyze and Select
Features for Pump
Diagnostics

Use the Diagnostic Feature Designer
app to analyze and select features to
diagnose faults in a triplex
reciprocating pump.

Open Live Script

More ~

or pump L
hanics

Fault Diagnosis of
Centrifugal Pumps Using
Residual Analysis

Use a model parity-equations-based
approach for detection and diagnosis
of faults in a pumping system.

Open Live Script

Fault Detection Using an
Extended Kalman Filter

Use an extended Kalman fitter for
online estimation of the friction of a
simple DC motor. Significant
changes in the estimated friction are

Open Script

>

Muliti-Class Fault Detection
Using Simulated Data

Use a Simulink model to generate
faulty and healthy data, and use the
data to develop a multi-class
classifier 1o detect different

Open Live Script

L

2 [

Fault Detection Using Data
Based Models

Use a data-based modeling
approach for fault detection

Open Script

4\ MathWorks:
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Off-the-shelf demos and webinars

MuttiClassFaultDetectionUsingSimDataExample.mix

Multi-Class Fault Detection Using Simulated Data

This example shows how to use a Simulink mode! to generate fault and healthy data. The data is used to develop a multi- e <
class classifier to detect different combinations of faults. The example uses a triplex reciprocating pump mode! and | A\ MathWorks Inside - Home ‘ 4\ SimEvents for Operations R... ‘ * Gecko: Developer Dashboard I;_l

includes leak, blﬂcking, and bearing faults.
Videos and Webin

4\ https://uk.mathworks.com/videos/simevents-

r-operations-research- 112566 htmi%s_tid=srchtitle - @ ¢ search..

Setup the Model
This example uses many supporting files that are stored in a zip file. Unzip the file to get access to the supporting files, Videos Home = Search t, Contactsales § Trial software

load the model parameters, and create the reciprocating pump library. Tutor@r Par

1 if ~exist('+mech_hydro_forcesPs', 'dir')| . .
: e T SimEvents for Operations Research
3 end Teresa Hubscher-Younger, MathWorks
4
H % Load i el SimEwvents® can help you model, analyze, and optimize various operational processes, including mining i
3 pdmRecipPump_Parameters %Pump : : % Discrete Event
5 i operations, semiconductor manufacturing, or batch production processes.
7 CAT_Pump_1851_DataFile_imported %CAD Simulation with
B
] % Create Simscape library if needed Product Focus SmEverits
18 if exist('mech_hydro_forcesPS_Lib', 'file')~=4
11 ssc_build mech_hydro_forcesPs + SimEvents
12 end

Global Optimization Toolbox

Modeling Network
Effects on Distributed
Control Systems. ..

Optimization Toolbox

Reciprocating Pump Model

The reciprocating pump consists of an electric motor, the pump housing, pump crank and pump plungers.

Parallel Computing Toolbox

13 mdl = 'pdmRecipPump’; Simulink

14 open_system(mdl)

Logistics Simulation
Software for Mission

med ) - Load = e Planning
— e () - G

=@}

Motor I i
= Input Manifold 4 1 .
Triplex Pump with Faults Eﬂ I &~
w) e 1 )
T TTm T e S Ovnnastias
5cr.épt ..Ln 1 Col 40
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Workflow for Developing a Predictive Maintenance Algorithm

Acquire
Data

Preprocess
Data

Machine Learning

dentify |
Features

Deploy &
Integrate

MATLAB EXPO 2019

4\ MathWorks:
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Predictive Maintenance Toolbox

= Remaining Useful Life estimation

= Condition indicator design using time, frequency,
and time-frequency methods

= Interactively design and select condition indicators

= Generate and manage predictive maintenance
data

=  Examples for motors, gearboxes, batteries, and
other machines

MATLAB EXPO 2018

Condition Indicator Value

Condition Indicator Value
N

IS
3
5

Failure Threshold /

.. Real Data

Ball Bearing Condition Dashboard

Healthy Ball Bearing

. T |
Faulty Ball Bearing : £

Remaining Useful Life (RUL) Estimation

RUL ~ 9.5 days

Prediction

4\ MathWorks
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Why MATLAB & Simulink for Predictive Maintenance

= Support for all aspects of the end-to-end workflow
— Acquire data / observations
— Reduce the amount of data you need to store and transmit
— Explore approaches to feature extraction and predictive modeling
— Machine learning / predictive analytics

— Deliver the results of your analytics based on your audience

= Get started quickly...especially if you are an engineer

— Useful Apps such as

Diagnostic Feature Designer
Classification Learner

Regression Learner

MATLAB EXPO 2018

Action

A

Knowledge

Information

A

Data

Physical
Sensors

Decisions & Design
* Reporting & Apps

» Scalable Deployment

» Design Optimization

*

Understanding
* Analytics
* Frequency & Time-domain
» Predictive Analytics
» Extrapolation

*

Organization
 Filtering
» Signal Analysis
+ Data Reduction
» Plotting

*

Observation

» Sensing

» Collecting

» Health Status
» Data Acquisition

4\ MathWorks
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4\ MathWorks

Thankyou — any questions ?

4\ Diagnostic Feature Designer - Feature Ranking: FeatureTablel

Data Browser

- Signals & Spectra

B4 flow/Data —
4 pressure/Data —
& flow ps/Data —
I= pressure ps/Data —
= Feature Tables

St Cesa_w

fiow_ps_spec_1/Data_Wni ~

How_ps_spec_1/Data_Wné
fiow_pa_spe_1/Deta_WnS
fiow_pa_spac_L/Data_Tewal
Haw_ps_spec_t/Daw_zer2
fiow_ps_tpec_L/Data_Tetad
Tiow_ps_spec_1/Dams_temas
Hom_ps_spec_L/Data Zeras
fiow_ps_spec_{/Deta_BancPouwer

pressue_ps_specData_PeakAmol

Power Spectrum: flow_ps/Data | Pawer Spectrurn: pressure_ps/Data

Power (dB)

-10

-30

Power Spectrum

faultCode=11
faultCode=101
faultCode=11
faultCode=1
faultCode=10
— faultCode=100
faultCade=0

Feature Ranking: FeatureTable1 1

F Sorted by
Feature One-way
fio. ts/Data_RMS 1A
pre_ts/Data_RMS 1

prets/Data_Mean

fio. tsData_Mean

pre. ecDala_PeakAmp!
ariNata

lassification Learner for Predictive Maintenance - Confusion Matrix

CLASSIFICATION LEARNER

Subspace
Discriminant
Data Browser | Scatter Plot ¢| Confusion Matrix

MATLAB EXPO 2019

| History | i
Plot
1 Ensemble Accuracy: 79.2% Model 1
Last change: RUSBoosted Trees 7575 features. (O Number of observations
0 2% 2% 5%
peessire_ps_spec/Oata_Wnd
pressure_ps_speciDats Wik e True Positive Rates
st i i 1 4% | 1% 11% False Negative Rates
| = Datasets
& E blet 0 50 100 150 200 250 300 350 400 450 ot
nsemble Positive Predictive Values
Frequency (Hz) ’ = 10( 7% 2% 2% 12%
Model 1: Trained False Discovery Rates
1 Exported feature table ‘i ble1” to the Classification Learner |
Results 2 1 6% 18%
Accuracy 79.2% 8 * What s the confusion matrix?
Prediction speed ~720 obs/sec %
=
Training time 68343 sec 2 100 10% o)
Model Type o o
Preset: RUSBoosted Trees iCt Lz & 4% [
Ensemble method: RUSBoost
Leamner type: Decision tree
Maximum number of splits: 20 110 3% | 3% | 19%
Number of learners: 30
Leamning rate: 0.1
11 24% 6% | 6%
Feature Selection
All features used in the model, before PCA ) 7 ) 7, 2, %, 1 7,
PCA v Predicted class
Data set: FeatureTablel Observations: 240 Size: 163 kB Predictors: 75 Response: faultCode  Response Classes: 8 | Validation: 5-fold Cross-Validation
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