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Translate Turn off instant translation
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Translate Turn off instant translation o

English Spanish French Pump - detected ~ ".. English Russian Greek ~
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Prevent system downtime
to a predictive maintenance algorithm

by sending sensor data
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4\ MathWorks:

Triplex Pump

Failure
Diagnosis
Pressure

= Crankshaft drives three plungers Sensor
— Each 120 degrees out of phase
— One chamber always discharging

— Smoother flow than single ' )
or duplex piston pumps " T LA Outlet
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4\ MathWorks:

Agenda

= Predictive Maintenance Workflow

= Build a Digital Twin
— Model physical system
— Tune using measured data

= Create Predictive Model
— Model component failure
— Generate training data
— Select and train classification model

= Deploy Fault Diagnostics Algorithm

MATLAB EXPO 2018
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4\ MathWorks:

Predictive Maintenance Workflow [ Build Digital
L Twin

Pump Inp

Sensor Data

( Obtain and
| Explore Data ’

Sweep Test of Faults (Individual and

= Sensor data isn‘t always available
— Failure conditions difficult to reproduce
— Time consuming or costly to generate
Solution: Build digital twin and generate [

bar)

Output
-

0 02 04 08 OB ] 12

Run Freq 1 Peak_1 Freq_ 2 Peak_2

1 00021 00062 03152 0,0008 Le
] 2 00021 0.0062 0.3361 0.0006 ... L&

Preprocess
Training Data

. . . 3 0.0021 0.0063 0.3319 0.0006 Les
sensor data using simulation ;

3 0.0021 00104 0.3319 0.0073 Bic
32 0.0021 00107 0.3319 0.0075 ... Bk
33 0.0021 00108 0.3319 0.0077 Bi¢

- Developing algorithm is complex e
— Requires complex concepts and analysis Develop .l.

Solution: Use MATLAB to simplify process of Predictive Model |- .

developing and deploying algorithm =
Deploy o b |
Algorithm > ™| IControl
Simulation Unit
MATLAB EXPO 2018
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4\ MathWorks:

Baker Hughes Develops Predictive Maintenance
Software for Gas and Oil Extraction Equipment Using
Data Analytics and Machine Learning

Challenge

Develop a predictive maintenance system to reduce
pump equipment costs and downtime

Solution

Use MATLAB to analyze nearly one terabyte of data
and create a neural network that can predict machine
failures before they occur

Truck with positive displacement pump.

Results ‘MATLAB gave us the ability to convert previously unreadable

. Savings of more than $10 million projected data into a usable format; automate filtering, spectral analysis,
. Development time reduced tenfold and transform steps for multiple trucks and regions; and

: . ultimately, apply machine learning techniques in real time to
= Multiple types of data easily accessed AEY, APV J e
predict the ideal time to perform maintenance.”

- Gulshan Singh, Baker Hughes

Link 1o (EHEERB EXPO 2018 13


https://www.mathworks.com/company/user_stories/baker-hughes-develops-predictive-maintenance-software-for-gas-and-oil-extraction-equipment-using-data-analytics-and-machine-learning.html

4\ MathWorks:

Agenda

= Build a Digital Twin
— Model physical system
— Simulate component failure

= Create Predictive Model
— Obtain and explore data
— Preprocess training data
— Select and train classification model

= Deploy Fault Diagnostics Algorithm

MATLAB EXPO 2018
14



4\ MathWorks:

Build Digital Twm of Hydraullc Pumyp | vemseses: tedctoown .o

1299(330}

— 520032)

CALEIT TS

System:

COMMON

SPECIFICATIONS U.S. Metric
Bore 0.945"| 24 mm
Stroke 118" | 30mm
Crankcase Capacity | 42o0z.| 1.261
Shaft Diameter 1181"| 30 mm

Challenge: Data needed for predictive

maintenance workflow is not available

Solution: Use Simscape to build virtual

model of pump, including mechanical,

hydraulic and electronic components

MATLAB EXPO 2018

File Explorer Simulation View Tools Window Help

= O X

N|a X

\ Mechanics Explorer-sm_pump_triplex |

BRE Q@S H WA DA || EE|view convention:[v || *[0_v]
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Simscape Model
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> i
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[
’m

S
|45 )

Crank Bearing

| & \echarics Explorers - Mechamcs Expiorer-CAT. — O
| File Explorer Simufation View Tools Wincow Help

B Q& X w®™ TS View comention «
Mechanics Explorer-CAT_Pump_1051_mpoeted

4\ MathWorks

Part.STEP

Crank

w R P
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A’O‘B
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Plunger Cyl
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o
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4\ MathWorks:

Pump Outlet Pressure

. 13
Estimate Parameters
. 7.25 |
Using Measured Data
T2
5
~7.15
Model: g
wn
) 8 7.1
Al Tl —— =
- a - Initial
n g SE— — 70 Measured |
- [—F—I —EF out2 |—) D Tuned
m & out3|}—{] 6.95 : ‘ ) '
[ ! 1 T R ey 0 0.02 0.04 0.06 0.08 0.1
.___l Coade 5 et = = | s
.| = _ ia—a_/ g sl Check Valve
.l' Driver: Dyno Pump Input Mamfolfi BB QOS8O G 6 O viewcowention v "[]_~| Characteristic

Mechanics Explorer-sm_pumg_triplex

. sm_pump triple)
™
b v

Challenge: Simulation results do 4 B
not match behavior of real system

Solution: Use Simulink Design Optimization [~ _
to automatically tune model parameters AP. AP
1 2

MATLAB EXPO 2018 QOO o | wows  ~ Open

AP —$ ‘Area

AP

>
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0& ; » 4 Estimation Progress Report == O X |
s
File Edit Vie Display Diagram Simulation Anal Cor Jools H
2 x N 2 ) Set D Iteration | F-count Exp
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- 0 1 A
@ 0 1
. Out1 | 1 3
C 3 [ 2 5
|
= out2|— -
= + 5 11
& O
e T In1 ‘
I : v
I “ < >
® —B-{*] In2 { —
I |n3 Optimization st?nea?e.zar.‘»zms 18:11:59 - | ) | i
— The ‘fminsearch’ optimization methed can not be used to optimize parameters with lower and upper bounds. The specified bounds will
be ignored
D rl Ve r. Dy n O Pu m p I n‘ Phase two: Minimizing objective... v
& | -
L Teinl Model Behavior s Evolution of Parameter
&4 t S «

File Tools View

4 ‘ ey P 0t
Matches Real System - Values During Estimation

© - ) @ > & Data Browser : Estimav
Output Pressure: Compare with Measured g ¥ Parameters ‘ 14 X 104 A EstimatedParams
‘ ‘ | | chkv_all_crkP_WKSP i ~
chkv_all_maxOpenP_WKSP A —+— chkv_all_crkP_WKSP
12 —l —=&— chkv_all_maxOpenP_WKSP
¥ Experiments e A
‘Exp ‘ o 10 -
- =
¥ Results g 8 pay
‘EstimatedParams
¥ Preview 6 I
Parameter values: ———P/"\Q//.‘\l—
chkv_all_crkP_WKSP = 50000 i | | | |
chkv_all maxOpenP WKSP = 1.4e+05 4
0 2 4 6 8 10

Iteration

Ready Sample based T=0.100



4\ MathWorks:

Agenda

= Create Predictive Model
— Model component failure
— Generate training data
— Select and train classification model

= Deploy Fault Diagnostics Algorithm

MATLAB EXPO 2018
19



4\ MathWorks:

Model Component Failure

‘:’\/\/\/\/-—“ R C. i ) d+  -b
. . g B o — DF& Xp
=  Generic faults in many components YN oS T
— Short circuit, open circuit, friction, fade, etc.
— Trigger based on time or conditions + RevolueJoint: CrankBearing = 0 X }
! ‘ Damping Coefficient  bearing_visc_frict ‘ B -
= Adjust parameter values &
— Worn bearing adds friction Crank Bearing
— Blocked inlet has reduced passage area Block Parameters: Check Valve Inlet A~ B
) AdIUSt network Maximum passage area: |chkv_in_maxA Check Valve
— Seal leakage adds flow path
. . . T_ref [ d—
= Custom effects in Simulink v Off (Off) sl
— Broken winding applies no torque r On (On) [y Al ¥indings
for 1/3 of every revolution Saall ek —] 47
Off Z%&‘}@ | Motor

MATLAB EXPO 2018 ]
: 20



Model Component Failure

= Enable from Ul or MATLAB

[*al Block Parameters: Pump X

Parameters

Cyl. Plung. Rod Valve Crank Housing Fault

= Visual indication of fault

4\ MathWorks:

4\ Mechanics Explorers - Mechanics Explorer-sm_pump_triplex

File Explorer Simulation View Tools Window Help

=5 O X

A x

RE QO2 X wWPITIEH I || F B|View convention: v | @[ & >0 |

| Mechanics Explorer-sm_pump_triplex |

Plunger 1 Plunger 2 Plunger 3
Seal Leak  Off - Off ~ |Off -
Blocked Inlet |Off - off ~| fod |
Bearing Wear Off 'f

Command Window

Jx>> sm pump triplex config model...

("sm pump triplex',6 'Seal Leak',6 '0ff',1);

MATLAB EXPO 2018

2. sm_pump_triplex A
i;B--OOO Driver
=% Pump

B

&% Config
B Crank
&%’ Housing
.00
-7 Plunger_1
- 00
#"g" Plunger_2
@_ooo Plunger_3

1 b» World_Frame
- ¢ Crank_Bearing

e

@18

B-Connection Frames y

H-Connection Frames

1

3

{

&

@
08

AV

.-: \;:QQ

-n

@) 132x | |Timeo
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Code Tools Help

‘-._ ey
\Na an S =YD €

Aechanics explorer-sm pump t

File Explorer Simulation Vi E] Block Parameters: Pump 3
» - v 15 v -R& 00& Hw Eﬂ Triplex Pump with Faults (mask)
.| Mechanics E"p'o'e"sm—p“j Models a triple; . nnected to a
A @ sm_pump_triplé,‘ crankshaft. Hy Configure Faults bled on the
E-%5" Driver Faults tab. . =
6% pump in Dialog Box
‘ _ Parameters
#-Connection Fran
. Plung. Rod Valve Crank Housing Fault
Plunger 1 Plunger 2 Plunger 3
Seal Leak  |On - Off - Off -
Plunger 1 Leak Area (m~2) P_Par.Check_Valve.In.Max_Area*0.03| i
Blocked Inlet Off ~ Off - Off ]
Bearing Wear laff |
» Seal Leak Visualization
e 5 > e -
Pump 3 Bloclfed Line Vlfuall'zatu')n
v » Bearing Fault Visualization
>
210% auto(ode23t)
magh ) el A —
ape/Demos/ssczAll/Pumps/Triplex_Pump/Scr v | L.
“ || [#] Pressure with Noise
| File Tools View Simulation Help
_ Iz _ @-lAmMpD M@ %-l@-Mm-&@-

22




- ] : 4\ Mechanics Explorers - Mechanics Explorer-sm_pump_triplex - O X

File Explorer Simulation View Tools Window Help ¥ 2 X

5 e YRR Q@S K WD O T |3 B | viewonention || d[kS o+ AL [ @O

' Mechanics Explorer-sm_pump_triplex |

',,- sm_pump_triplé:
&g’ Driver

&5’ Pump

f+-Connection Fran|

Visual Indication
of Fault in Animation

~o

Imp 5

auto(ode23t)
- ’ -

mp/Scr Vv ~ y

Fila Tnanle \View Simiila
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4\ MathWorks:

Sweep Test of Faults (Individual and Combination)
. . 7.4 ~ , , ,
Quickly Create Sensor Data Using g _ | R
Parallel Computing and Initial State 3 | |
S Run Once Tests
- Classification model requires data S e
at various levels of failure for
all fault combinations of interest =
— Many tests required gzo-
O
= Speed up tests 0 . A
0 0.2 0.4 0.6 0.8 1
— Start from steady state 4 Time (s)
Load from workspace |

© ™" Reach Steady State | 13 Tests |

v | Initial state: 'sm_pump_triplex xFinal

MATLAB EXPO 2018

iRunning

Sample based Offset=1 T=0.000
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Quickly Create Sensor Data Using e
Parallel Computing and Initial State

= Classification model requires data
at various levels of failure for
all fault combinations of interest
— Many tests required

= Speed up tests
— Start from steady state
— Run tests in parallel

Distribute to multiple desktop workers
or across a computing cluster

MATLAB EXPO 2018

ogram  Samdstion  Analyss Codn Tooh  Me

v
iﬁa's'w%y‘v . Wy s - o 3

4\ MathWorks

J

Out1} -
Qut2
Out3

j\#’ In2

In1

In3

g Computer Cluster ~N

Workers

s i N i N
_J
s N N

Inp

Pump Model

l

( -
Simulation 1

e

J

Simulation 2
\

- Desktop System I\

Workers

fﬂ\ H\
- J

4 \

J
L} L}
n n

\_

Running simulations in parallel
Speeds up your testing process.

25



4\ MathWorks:

Obtain and Preprocess Datais1 Tests 10 (-
PumpDataltsv |
PumpDataE.E.w
PumpDataE.r:sv
= Challenges in processing data &:pumppatad.csv

— Stored in many Separate files PumpDataS.tw
PumpDataE.tw

— Noise or missed samples £/ PumpData7.csv

— Time vectors misaligned @:PumpDatag.csv
PumpDataQ.tsv

PumpDatam.csv

- Use MATLAB to simplify task & PumeDaatics

_ I3'L,|n"||;JIZ,‘Ja’[a12.c:=.1ur
— Easy access to files £ PumpData13.csv

— Simple commands to fix data 0. PumpDatat4.csv

. . PumpData15.c5v
— Efficient method to streamline @' PumpDatalbcsy

computing process 6./ PumpDatal7.csv

libﬁn. P I T I I

©

00}

Output Pressure (bar)

» o= ; ;
o N U ® ;v © O

.
w

=
N

%,
Y

Output Pressure (bar)

~J

o
©

Time (s)

MATLAB EXPO 2018
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Extract Training Data from
Sensor Measurements

« Perform FFT on results
— Save frequencies, magnitudes, fault type

Classification Model Training Data
Run Freq_ 1 Peak 1 Freq 2 Peak 2 Fault

1 0.0021 0.0062 0.3152 0.0006 Leak_P1
2 0.0021 0.0062 0.3361 0.0006 ... Leak P1
3 0.0021 0.0063 0.3319 0.0006 Leak_P1
31 0.0021 0.0104 0.3319 0.0073 Block_P1
32 0.0021 0.0107 0.3319 0.0075 ... Block _P1

33 0.0021 0.0109 0.3319 0.0077 Block P1

Leak P1, Block P1
Leak P1, Block P1
Leak P1, Block P1

91 0.0021 0.0092 0.3319 0.0042
92 0.0021 0.0095 0.3319 0.0044 ...
93 0.0021 0.0097 0.3319 0.0045
Nominal

MAT 181  0.0021 0.0055

0.02

0.01

Magnitude

0

0.02
0.01

Magnitude

0

0.02

0.01

Magnitude

0

Leak P1

LA

0 2000 4000 6000

Block P1

Ll

0 2000 4000 6000

Worn Bearing

A

0 2000 4000 6000

Frequency (Cycles/min)

0.01
0

0.01
0

Leak P1, Block P1

Ahla,

0 2000 4000 6000
Leak P1, Worn Bearing
0.02

| R

0 2000 4000 6000
Block P1, Worn Bearing
0.02

Lida,

0 2000 4000 6000

Frequency (Cycles/min)

4\ MathWorks:

Sweep Test of Faults (Individual and Combination)

27



Evaluate all
Classification Models

4\ MathWorks:

= Train all models using &3

== T I =1

MR BT U™ B
fr
i

training data and compare ‘=

GO|E E2t2F

accuracy of each one
— Trainings can run in parallel

= Multiple methods to
assess accuracy

Run Freq_1 Peak_1 Freq_2 Peak_2
0.0021 0.0062 0.3152 0.0006 Le:
0.0021 0.0062 0.3361 0.0006 ... Le:

0.0021 0.0063 0.3319 0.0006 Le:

W N -

GOJE S Fu|5Hs WY

2Z0j Cjs) 2op7|

M AR

»

e 42 EE R R E e 23 (HEOUH M MM E MOSEE ROCEY WA LUls
o @ - o X .=
HIojE HE S 2
TIO1 D) W
7—- S ad By ® axnz=
algo_training,_data bl GIOJE HEE KA SEOR SREI A 20| LS
YLD TUS ALY Z YRRY
se #s
Faul categorical 772 AR A AN BS SE 458
as s L g
o= ¥ el
[ Freq_t double 000208768 ., 0.039566
[ Peak_t double 0.00462977 .. 0.0156565 Ozenz s
& Freq2 doubie 0273486 .. 0665971 C4F2 GO|Ef HIEOj| 2% 8 LICtH
Z Peak_2 double 0.00056271 ..0.0141934
E] Freq. 3 doubie 0336117 .. 0.665971
] Peak_3 double 0000599952 ., 00123758 J = _]
] Freq_s doubie 0607516 .. 0670146
] Peak_4 double 0.000814059 ., 0.0161335
[ Freq_s double 0665071 .. 0 686848
] Pesk s double 0.000874 ..0.011955 Ozzoas
& Pave double 7.21035 ., 7 25062 FomE WA s RaLcH
M iavg double 23,9504 .. 38.2537
D Fault tac 1 =
BEER | EFXgR7

31 0.0021 0.0104 0.3319 0.0073 Blc

v e

32 0.0021 0.0107 0.3319 0.0075 ... Blc |

33 0.0021 0.0109 0.3319 0.0077 Blc

29



Evaluate all
Classification Models

= Train all models using
training data and compare
accuracy of each one
— Trainings can run in parallel

= Multiple methods to
aSSess accuracy
— Matrix comparing prediction
with actual conditions

— Scatter plot, ROC Curvel,
Parallel Coordinates, etc.

= Process can be automated

Generate Code L\b

Generate MATLAE code for training t

MATLAB EXPO 2018
lReceiver Operating Characteristic

4\ MathWorks:

Sgi — F oo Tt 3l = - K &)
2w B i¥la|l&a 2 @ @ (| [ B | &
Mg 3 des pop B ES] MiE =R RE3N FEIY A3 |HEQA sH AMEE HoEER ROCHM BEME LU YR
v hig- | KNN — z 28 v
H 53 YR za 2= Ly L37] -
GO|Ef 21T ® MEHEER x| HoRRE
w9
STe su = = R B2
=1-'E B
1.1 SVM FUE 47.0% 2118 O 3= A5
OpA|8) 8 M71 7122 sV E¥121n2
g sz M2 7t svm ] ok B3
112 KNN FUE: 82.3% ~ BUE
OpA| 2 2L KNN 31212 J AngaE
Block P1, Wom Bearing
113 KNN UL 80.7%
Op3|9) 812 ZIHKNN Edn2 ® AMY=C
L)
144 KNN BUS 04% R euna
OpA| e e S 21 KNN £312n2
115 KNN HUS: §23% Leak P1, Block P1 228 H(Confusion Matrix) £ ?
ape w2 BARS KNI E312n2 %’
1146 KNN BUS 796% T | eak P1, Worn Bearing
OpA[2} 812 3% KNN EY1212 %
1.17 KNN U= 823% Nominal
OFA|9) 2 7bE KNN £312n2
OF A TIC:
1.18 248 HIE: 98.3% W Basing
0P| M BEAE ER EX1212
119 2us TUE 956% :
039 §Z: HiZ Ec| EX1212 : R : : : : H :
T [ sen | deom [leon [ | eos [
1.20 Y8 BIUE 171% Gl : ' - - : - . :
O M HEIY LY s3y2m2 QUHE | % | 4% | i : ; :
1.21 248 HUE G41% 8, > > 5 4 4
R399 ST KNN gy2n2 004_&] 0@4_01 %4 6*»} Qﬁa} %"’s/ %Gj,
122 | 248 U 702% | | ‘4, O, %, L2
0pA|8} 82 RUSBoosted £2| &312n2 | »,,Gs 4‘0) 0% (4
) D
v 372y By P
|,,,gg 118 208 C,i 0= S22
HIO|Ef M| E: algo_training_data = h 181 37): 22kB )= = = 12 =5 Fault SU BT A AT 1 ALY 20T AR HS
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Test Algorithm in Simulation

= Connect trained algorithm to digital twin

— Verify behavior on new scenarios
before deploying in embedded code

Export Model
Export the currently selected model in the History
list to the workspace to make predictions with new data

e
— >
R

pArray faultState b—
enablePred ‘
cmdSpeed faultClassifier hmiVec b—

FFT and Classification

MATLAB EXPO 2018

4\ MathWorks:

Diagnostics Test

€
240
L Nominal
§ 20+ LeakSeal
= BlockedIn
E WomBearing
0 ' LeakSeal_Blockedin
0 0.5 LeakSeal_WornBearing
BlockedIn_WornBearing
< 40
5
£ 20
=
O
0 1 1
0 0.5 1 15
Time (s)
®3 sm_pump_triplex * - Simudink - ) b

Fée Edit View Display Diagram Simulaton Analysis Code Tools Help

R B | R e-EB-9goip

SM_pump_triplex

-

Q

4+ Diagnostics: On

=

-

- N V .

- No Fault Blocked Inlet Seal Leak Worn Bearing

A» < ? i
| Ready 219% auto{ode23t} |
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4\ MathWorks:

Automate Entire Algorithm (" Build Digital
Development Process L Twin
Sensor Data ST(. ndiv d.
- Test and update algorithm when (" Obtain and EY:PW
any aspect of system changes | Explore Data ] §

— Environment: temperature, fluid, power source
— Supplier: Seals, valves, tolerances, material [

Run Freq_1 Peak_1 Freq_2 Peak_2
1 0.0021 0.0062 0.3152 0.0006
2 0.0021 0.0062 0.3361 0.0006 ... Le:
P r e p r O C eS S 3 0.0021 0.0063 0.3319 0.0006 Lei
Training Data

— Design: Larger, smaller, new markets

31 0.0021 0.0104 0.3319 0.0073 Blc
32 0.0021 0.0107 0.3319 0.0075 ... Blc
33 0.0021 0.0109 0.3319 0.0077 Blc

= Improve algorithm with new data -
— Tune digital twin with field data, [_)e\_/elop | o l.
automatically update algorithm Predictive Model | .

=%E2%9C%93&term=triplex

—femd nmt

faultClassifier
Algorithm

Control
Simulation Unit
MATLAB EXPO 2018

https://kr.mathworks.com/matlabcentral/fileexchange/?utf8 B il
[ Deploy ]»a 4

32


https://kr.mathworks.com/matlabcentral/fileexchange/?utf8=%E2%9C%93&term=triplex

