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m 2 PCT Patents: Registered in Korea, USA, Japan, China, EU
> Precision diagnostics and predictive maintenance (PM)
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» Technical challenges, neither simple pictures nor simple statistical models.
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Sdd B 20| ZF: Dynamic Time Wrapping
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Synchronized Batch
\ (same length of reference)

» DTW Scheme: Huge computation load, proper for GPU but not DSP.

Sample Batch
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XM2d oix} Y (Adaptive Parametric Model, APM)
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» APM Capability is tracking the mean trend (a-n+b) and the standard deviation ¢
of each separable distribution of state variables
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» What about graphical trend analys

KRISS

MATLAB EXPO 2019



&\ MathWorks

ZHE 529 oI T (APM) ol HI0IE

Pump Step 1 Step 2 Pump Step 1 Step 2
d E.xhaust pressure Dper.ajci::rn Lcj:g;d Idle Oper.a?ion Lg‘:c?;d Idle
difference values Conditions State 1 | Statel Conditions State 1 | Statel
: 7.1 mbar (Initial) Mean Value 203 | 0.75 Mean Value | 1014.9 | 1007.3
- 7.6 moar (Last) a, | 0.084 | -0.003 a, | -0.024 | 0.009
Mean value of supply nlet | Upper 193 | o077 | Sxhaust | Ueper T ey [ 1009.8
current (BP) Pressure | Bound Pressure | Bound
Load : B.2 A ilnit]al) [mbar] Peak 21.4 1.06 [mbar] Peak | 1018.5 | 1010.8
8.9 A (Last) " | Lower ay 0.086 | -0.002 Lower | a, | —0.001 | 0.021
Idle : 4.3 A (Initial) Bound by, 19.1 0.73 Bound | b, 1012.0 | 1003.7
3.9 A (Last) Mean Value 8.93 3.86 Mean Value 15.8 16.5
-l Mean value of supply a, | 0.015 | -0.003 a, | -0.002 | 0.002
current (DP) BP Upper oP Upper
Load : 15.8 A (Initial) Supply Bound by 8.79 3.98 Supply Bound by 16.0 16.6
15.8 A (Last) Current Peak | 8.19 4.10 | Current Peak | 16.0 | 16.7
Idle : 16.2 A (Initial) (Al ower | ay | 0015 | 0003 | A1 [ Lower | a | 0.0000 | 0.0004
16.5 A (Last) Bound by, 8.67 3.91 Bound | b, 15.7 16.4
Vibration Lenve] Mean Value 13.9 13.8 Mean Value 1.07 1.02
Mean : 24 % Increment Vibration ay, —-0.033 | 0,0056 | Acoustic ay -0.011 | -0.003
Peak : 5.8% Increment Upper ) Upper
JAcoustic Noise Level Levelon | going |2 163 195 Noise | goung 2 1.99 1.79
Mean : 26 % Increment DF Peak | 16.7 16.3 Level Peak | 2.29 2.63
Peak : 99% Increment (m/s?] | Lower a, | -0.002 | 122 [Pa] Lower | a, | —0.001 | 0.0004
Bound by -0.002 12.3 Bound by, 0.75 0.73

» What about quantitative trend analysis?
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xM2d oIX} Tl (APM)O] EXA!
1O O L.
Iri@t P ressurs
pump operation (time) | process 1 | process 2 | process 3 | process 4
[arisple | region | .ﬂmhnl (3150s) | (3150s) | (5850s) | (3300s) | 2RA=)| » {h
-0.08003 | -0.03128 | -0.03571 | -0.0161
::UP;J bu 18.217 | 17773 | 18.22¢ | 16.766
o [ 0.035051 | 0.034187 | 0.048675 | 0.02256
nlet g | 0.001968 | 0.024048 | 0.015727 | 0.001189
Pressure b'gt‘m bt 95477 | 92433 | 94297 9.29
[mbar] o | 0019503 | 0.033984 | 01374 | 0.03503
tn | =7.20E=02 | =4.04E=02 | =2.53E-02 | =1.09E-02
Mean | bm 16.987 | 15805 | 16.156 | 15.081
om | 030622 | 0.32314 | 0.5228% | Q4862
..: I
! — — ] eSS B Y. VA YT ——
_--:;i — — 1 ———— " s = 00— s ]
T =22 10Hz RMS DATA APM AlHIH DATA
R =] T T . : —
R = o 5.9 GB 90.35 GB CIOIE $=E ~ 75
Eoelllt
TP CD o%t CD 1%
0 ZIIJ 40 BIIJ BIIJ 1I‘II 120 140 > $—j| 8A|a|- LD _CT‘S OlllA-l 1 000 HH Olj\l-

daa numer (ons data per 1.8X10% seconds:

oIy &= = 48
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> Batch Data structure: “Standard database’” model
= Gas Loaded States & Idle States: Old Model of Data Structure

0l0

Batch Number -~ -

a, b, o, a b o a b o
a, b, o, a, b, o, w a, b, o
XipoL =| Qs by o, a; by o PID
. . : _aJ bj GJ_
a, b, o, a b ol

= Ml AEHEH 20l CHSt Batch Data of j Processes (2D Data Structure)

.
XGL:[XIP,GL XEP,GL XBC,GL XDC,GL XBA,GL XDA,GL......:|

;
XID:[XIP,ID Xeeo Xeeo Xoco Xean XDA,ID.."'.]

Each column corresponding to one process batch data &
a number of columns corresponding to the number of process batches.

MATLAB EXPO 2019
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» Separated “ldle” & “Gas-Loaded” APM Databases
MATLAB EXPO 2019
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S3dHY Jl= WAl I0IEe: 1+ S8 F&

m B A28 AE] (Normal Operating Conditions, NOC) Batch Data

o
» NOC Batch Data: Collected in the Gas-Loaded & Idle States (GLS & IDS) of the
First 7 ~ 35 Process Days (Normally, Nyoc = 100 ~ 500 Process Batches)

XNOC GL & XNOC,ID

NC'OL
/—/\' ’
» Singular Value Decomposition (SVD) of NOC Bl\elatches: e (uu Bu \ ZIE e \ i
NOC Gop Poy Gop Usp Pop Gop--- 0 P ©
T T T [
= = = = '
Xuoc =UAV' =UAV{+E=E= > Ay, i |
= U.: Column-orthogonal matrix selected from N, significant SVs
= A,: Diagonal matrix (N, significant SVs) NX<
= V.: Column-orthogonal matrix selected from N, SVs N

= E: Residual (noise space) components of NOC batch data

MATLAB EXPO 2019
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m Comparison between k-th Process Batch & NOC Batches:
> Projecting the k-th process batch data x, to the NOC batch:

&\ MathWorks

—x' —
tk _XkUS / Oy Pig 641 04 Big Og--- @
* I\' L [321 Oor o B2E Gryp--- o
» Calculating the Hotelling’s T? (Similarity): “1st Statistic” i ;
2 1T 1 . ” '
T, =tSt s= N diag [Alz A o o o AEJ
NOC Nx<
> Calculating the k-th batch residual: | |
— [T
=X, —Ust, k-th Process Batch

» Calculating Sum of Squared Residuals Q (Difference): “2"d Statistic”
T
Q =e.e,

MATLAB EXPO 2019
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129} Q J18H] AP |AIE SEX: LT0 33

Data load
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[ 3

Data classify Data classify
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¥ ‘ :
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!

ucL //i\ No
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> MATLABS %9ig)|4to] o= AlUX O
SA 9§ 8N gdlg AN

<MATLAEB >
version of 25 May 1982
Ported to Win32 on 26 Oct 2000

HELP is available
<>A = [1 -10; -1 2 -1; 0 -1 1]

=dl g 0.
2 =il g
-1. 1.

<>[u s V] = svd(A)

> AIXILIO12F it XAl X &t =
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MATLABZ X| 0il&] 20I2] &t HAI0IH M
=890] H= Bt==E(libraries)& HI&.

Lo L RAS LI L Ll S ¥
= a Lo oo au DU
Air Mass and Solar Radiation (]

As light from The sun passes thecugh the eanh's atmosahere, some of the sclar radiation wil b
absarbed The sy o function of solar elevation (o ). A5 shown in the dingram below, s &
i through the aimasghere ¥) relative i the shartest possidls

I}

The lacger the air mass, the less radiation reaches the ground. The air mass can be calculated from
the aguation

AM

Then the sclar radiabion (in Kwim®2) feathig the ground can be cakulasled fom the empinical
equation

shod = 1,353 « 0o

2+ (8.07055-a1pna)". 1 6354)

A w17 eesaion.alpna) «
a = 1.353°0, 7 (400, 8

16
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= Why Matlab Codes for Self-Diagnosis of Vacuum Pumps?
> Best choice for linear algebra, such as matrix works (shown so far)
> Personal attitude of coding ideas: Long history of using matlab in my life

= 7 Stepped Computation Sequences:
> Step 1: Reading log files and check ‘abnormal and/or crashed’ data

—> > Step 2: Classifying the idle and gas-loading states using pump motor current signals
> Step 3: Testing multi-distribution gas-loaded states and separating them

— > Step 4: Estimating APM parameters of NOC batches and stacking them (NOC batch database)
> Step 5: Extracting distinctive feature vectors from NOC batch matrices using SVD

—> > Step 6: Estimating idle and gas-loaded APM parameters for each process

—»> Step 7: Projecting the current APM batch vectors to the NOC feature vectors, evaluating and
plotting T2 and Q charts.

= Matlab Code Structure :
> Legacy script file: “VP_Diagnosis.m”
> Live script file: “VP_Diagnosis_live.mIx” - lllustrating its pdf-format file
> Matlab functions called: svd, mldivide (\), chi2pdf, fpdf, and graphics etc.

MATLAB EXPO 2019
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m All diagnostic Model detect the trouble occurrence

m PSI predicts that the pump system will shut down
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(C) : PSI

from Idle state batch
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(A) : T? from Gas loaded state batch
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??th

Batch

NO.

s T2 detect the trouble occurrence

m PSI can’t catch the trouble occurrence
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4DSL0801-PM3: Moving Averaged T2 Chart
[ T | T [
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60% day
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Process Day

m Features of 5-Process Moving Averaged T2 Chart:
» First 3 peaks: Going back to the normal process states
> 4" jumped level > 99% C.L. : Stayed in 9 days after 60'" day
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4DSL0801-PM3: Moving Averaged Q Chart
T T | T T T N

’p-h\ _
\ / \\1

60" day

10'F

Normalised Q

10°

LS

10.1 1 1 l | 1 |
-30 -20 -10 0 10 20

Process Day

m Features of 5-Process Moving Averaged Q Chart:
» First 4 peaks: Going back to the process states of Q <=10
> 41 jumped level > 10xQ-C.L.: Stayed in 9 days after 60'" day
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4DSL0801-PM3: Contribution Chart

| T | I I T

r

1.5 T |

I-NOC Process
[l60th Day Process

x 15

x14 x5.6

x4
x12 x9_.1

Normalised T2

x4.1
0.5 B

[alil e dd g,

1 2 5 6 7 8 9 10 11 12 13 14
State Variable Index

m T2 Contribution Chart:

> #1: BP Current, #5: BP Power, #8: DP Current, #9: DP Power

> #4. BP Inverter Heater Temp, #11: Invert Heater Temp, #10: DP Stator
Temp. : Significant state variables MUST be considered for diagnosis
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> LTOZ2A 60UNIEE] 92 SO 0|AF HH =t “«1XM™M PM SEM”
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