Exercises Session on Fault Detection

Stefano Marchetti
stefano.marchetti@polimi.it



N| In this Exercise Session 2 .

Method: AAKR (Signal Reconstruction)+SPRT (Decision)
Component: Gas Turbine

Method: PCA
Component: Gas Turbine

Exercise 3 (take home)

Method: you choose
Component: Wind Turbine
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Component: Gas Turbine
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Measured Signals

Temperature location 1
(°C)

Temperature location 2

(°O)

Temperature location 3
(O

Temperature location 4
(°C)

Temperature location 5

(°C)

Temperature location 6
(°O)
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| Available Data B

« Train.dat = Normal condition data [6 signals, 4000 data
points, frequency: 5200 measuraments/year]
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Temperature location 6 (°C)

Available Data

 Validation.dat = Normal condition data [6 signals, 2500
data points, frequency: 5200 measuraments/year]
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Method: AAKR (Signal Reconstruction)+SPRT (Decision)
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Fault Detection using AAKR for signal reconstruction
xnc SIGNAL

|
X1
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—> MODEL OF COMPONENT i t

MEASURED
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obs CONDITIONS (AAKR)
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Xy
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CONDITION: COND'T'ON:
. maintenance

NO maintenance )
required
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The AAKR code in Matlab:
how to run the code?

Set as the current folder the folder
‘AAKR’

PUBLISH

I:II:Il:I ﬁ % [aFindFiles < 5 e E ﬁ‘ . ” ‘ b’—% @Run Section (lf)>

&_I(.ompare - E>[|GDTDV Comment % -_53

New Open Save Breakpnmti Run Run and l%n.duanoe Run and

>~ o~ > Sipt v _(Find ~ |'_¢,. - ~  Advance Time
-
FILE i BETE EDIT BREAKFOINTS RUN
el eS| E M ﬂ: » Uszers » feder ¥ OneDrive - Politecnico di Milano ¥ corsi_lezioni » Al exercitation » 2020_PCA_AAKR_SPRT » tot_codes » AAKR_tot
Current Folder ® |z Editar - Untitled @ Workspace
Name +v2 | SPRT.m | param_choice PCA.m | AAKR_reconstruction_sx.m | SPRT.m | Untitled | newforstat.m |+ | Name
fﬂ AAKR_reconstruction_ex.m 1 |

ﬂ AAKR_reconstruction_ex1.p
ﬂ newforstat.m

| | test_1.dat

| | test 2.dat

| ] test_3.dat

| | train.dat

|| walidation.dat

| | validation_sim.dat

Command Window

f-\; >> ARKR reconstruction ex('train.dat','wvalidation.dat',0.5)

Details ~ \

Run the code in the command window:
[test _data_rec, RMSE]=AAKR_reconstruction_ex('train. dat’,’ validation. dat’, h)

h: bandwidth parameter
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The AAKR code in Matlab: Output

4] Figure 1 — m} x —
M 5 APPS DITOR o ® @IEEerch Documentation P
E File Edit View Inset Tools Desktop Window Help o
i Find Files < insert =1 fx =
ERE R R e S EEC DI IR
| Compare ~ 1 g
New Open Save H P £ =
- - v i Print v L Find ¥ indent [%| 53]
570
1 NAVIGATE EDIT Im
fP EHGHE b C: ¥ Users ¢ feder ¥ OneDrive - Politecni 560 w 1
Current Folder ®  [A Editor - Untitled @ x | | Workspace
Name #2 | SPRTm x| 550 - m 2|+ | Name Value
"ﬂAAKRJchnstructiuniex‘m 1 = EHRMSE 1,6084
‘HAAKR_reconstructlon_eﬂ.p 2 Eﬂt t_data_rec 2448x6 double
ﬂ newforstat.m - -
530
L] test T.dat 0 1000 1500 2500 v
| | test_2.dat \
| | test_3.dat
|| train.dat 6 \
|| validation.dat \
- . 4r
|| validation_sim.dat
5 2F 'WW . .
g0 'W . € reconstruction obtaine
[
=20

2| . using the AAKR algorithm

0 500 1000 1500 2000
™

i X  The Root Mean Square

\ Error:
6084 \

One figure for each signal representing: o 1ZN”““d Zre (e, ) — 7|

Nval
- The original data and the reconstruction || fM5E = —
obtained using the AAKR algorithm

* The residual for each data point

RMSE =
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The AAKR code in Matlab: Example

PUBLISH B4 b E9e 3 ® ISr:al'chD cccccc

oy f @rere x| B A - > B s 0P 5 minutes

[izl compare = | GoTo ~ Comment % g %

Mew Open Save Breakpoints Run Run and @Mvanoe Run and
- - L= | Find Indent =B - >  Advance Time
FILE NAVIGATE EDT  |BREAKPOINTS
<E 9 E E E ¥ C: » Users ¢ feder » OneDrive - Politecnico di Milano » corsi_lezioni » Al exercitation » 2020_PCA_AAKR_SPRT » tot_codes ¢ AAKR_tot
Current Folder @ (A Editor - Untitled @ x | | Workspace
Name 2 | SPRTm | param_choice_PCA.m | AAKR_reconstruction_ex.m | SPRT.m | Untitled | newforstat.m |T| Name
fﬂ AAKR_reconstruction_ex.m 1 o

‘j AMKR_reconstruction_ex1.p
ﬂ newforstat.m

| | test_l.dat

| | test 2.dat

| | test_3.dat

| | train.dat

| | validation.dat

|| validation_sim.dat

Details ~

Run the algorithm considering the bandwidth
parameter h=0.1

Execute the code in the command window:
[test_data rec, RMSE]=AAKR_reconstruction_ex('train.dat’,’ validation. dat’, h)
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N _

. 1 k) = 2h*
Method: AAKR | ‘:{“W( ) ﬂhe
Setting the model parameter:

i

e :’.‘
2
2200 S 22000
(i

>
>

X1

« h =bandwidth parameter

* Objective: ACCURATE and ROBUST reconstruction
model
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Accuracy
||
Signal
INPUT: NORMAL _
CONDITION DATA reconstructions
obs
xl M )’(‘:lnc
N O N
—>t
obs D Anc—t
X, - %
/\/\/\4 L /\M
st L )

» Accurate reconstruction model if;

R
xnc bs

112

J_C)O

» Metric to measure accuracy: Root Mean Square Error (RMSE):

Npalid| 2 . S N
" Zt;nlmd xnC(t’]) _ xObS(t,])|
Zj:l

n
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Accuracy — Results wit h=0.05 and h=0.4

||
T i ‘ ‘ ‘ ‘
L ST W% — "l e
T %x PP L f w” J‘“Mw W (’W ity
T ot | i el [ m WW\" b
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h=0.05 results in a more accurate model
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Robustness

INPUT: ABNORMAL
CONDITION DATA

(Simulated)

Robust reconstruction if:

2
X

rmoo=

nc obs—nc

IR

X
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Robustness

INPUT: ABNORMAL
CONDITION DATA _

(Simulated) Signal
reconstructions

N

| ot

* Robust reconstruction if: Zne ~ gobs—nc
« Metric to measure Robustness: Reconstruction Normal condition data (before
' of the anomaly anomaly simulation)
Nyalid| snc > obs—ﬂ
%, 2ald| 21 (6) %, )|
Robustness=
Nyalid

Stefano Marchetti - I POLITECNICO DI MILANO




How to Verify Robustness in Practice?

|

”W‘Mm WW ; MWWWY vk Signal normal condition
- MWM . -

i \M\» CI T Ww \; “ﬂ r\ww *\ MM ’WM' vpe .

w WW i WM " ” *’ S Artificial simulated abnormal

uyww Wal Wm ’ AR condition on signal 6

ST MMWWN = s p . .

I ] 6 The other signals remain in

normal condition

:W.WMM ™ gggwwm wm S Signal abnormal condition
w0 kWM MM‘«(MM - "mem PR

: W”!MNWMW M WWM 52 ’ oo

:ﬂmm ‘W W«\‘“ M : I

h 1
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-- Signal normal condition
‘ AAKR ‘ -- Signal abnormal condition

-- AAKR signal reconstruction

570 ‘ — ‘

ol The method is robust
ANV TG T i w , ,
gof A e if AAKR reconstruction

VT aparerti - is equal to the signal
540 f W
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Robustness — Results wit h=0.05 and h=0.4
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570 I "MM
550;_ i i{ (iﬁﬁ r\
550 fi ) *'"” \‘J Ll *’t,
- bl *"“*"‘“” M‘“{

Optimal value of h is a trade off between accuracy and robustness
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Code to measure the method robustness

val = load('validation.dat’);
[npat,nsigl=size(val);

bnomaly=load('validation_sim.dat’);

idation sim.dat',0.05);

robustness=sum( ( (test reconstruction(:,1)-

|
|
|
|
|
|
|
|
|
|
[test reconstruction, rmse]=AAKR reconstruction('train.dat','val:
|
|
|
|
|
|
|
val(:,1)).”2)/npat) 0.5 !

|

—— e o e o
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Exercise 1.1: Assignment

» Set the bandwidth parameter (h) of the AAKR-based reconstruction model

You can use the following files:
 Validation.dat = data in normal condition

« Validation_sim.m-> data containing a simulated abnormal condition on signal 1

30-40 minutes

When you don’t need the plots of the signals, you can add one more parameter to the
function and set it to O:

[test_data_rec,rmse]=AAKR_reconstruction_ex(train_data_name,test_data_name,h,0)

L]

Parameter to
avoid plotting
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| Exercise 1.2 - Assignment §

« Perform the reconstruction of the signal measurements in the 4 files
test 1.dat, test 2.dat, test 3.dat and test_4.dat.

* In which files can you detect abnormal conditions? Do you have any
hypothesis on the type of abnormal condition?

 Draw your conclusions on the possibility of using the developed
model for fault detection.

30 minutes
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Sequential Probability Ratio Test

||
xne SIGNAL
NRECONSTRUCTIONS
MEASURED —>| MODEL OF COMPONENT
SIGNALS { BEHAVIOR IN NORMAL t
obs CONDITIONS (AAKR)
X1 gne
N 2
— T:
NG t J
obs
X5
> COMPARISON
R > ()
o obs

t
ﬁ{lc _ x{)bs X?C — x§
e RESIDUALS o
t L> t

DECISION->SPRT

—

NORMAL

ABNORMA

CONDITION: CONDITION:
maintenance

NO maintenance .
required
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SPRT

2

LO =1- ln(Lo) =0
In(L) = In(Lo) + 5 (r® = £1) /\ ot enough

In(L,) = In(Ly) + ‘”_; r@ _ ﬂ) / information
g 2 0 R
1 2 3 t
Not enough
information

L Hyiste
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MATLAB FUNCTION

[SPRTIndex] = SPRT(teStname: test réChame &, ﬁ: ﬂHo» O'HOJ ﬂH1» aHl)
m

OUTPUT:

e  SPRT1,4ex = N-by-1 vector containing the SPRT index
INPUTS:
* testygame = N-by-1 data matrix containing N sequential measurements of one signal

* testrecyame = N-by-1data matrix containing the N reconstructions of the data in
teStpgme-

* «a = False alarm rate
[ = Missed alarm rate.

* Uy,=the mean of the Gaussian distribution of H, hypothesis (the component is working
in normal conditions).

* 0y, = variance of Gaussian distribution H,

* Uy, = the mean of the Gaussian distribution of H; hypothesis (the component is working
in abnormal conditions).

* 0y, = variance of Gaussian distribution H,

Example:
[SPRT1pgex] = SPRT('test 4A meas S5.dat', 'test 4A rec S5.dat’,0.01,0.01,0,0.15,1,0.15)
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Exercise 1.3: Assignment

» Apply the SPRT to detect abnormal conditions to the measurements of signal 5 in
files  “test 4A.dat” and “test 4B.dat’. The following setting of the SPRT

parameters is suggested:
> a=0.01
> B =0.01

» and Gaussian distributions for the two hypothesis H, and H; with parameters:

» Uy, =0, oy, = 0.15
> l,lHl = 1, O'H1 = 0.15

» Do you detect the occurrence of abnormal conditions? When?

» Compare the results with those of a threshold-based method with threshold = 1.

« Draw your conclusions on the possibility of using the SPRT in decision-making for
fault detection.
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N _
______ Exercise2

Fault detection with PCA considering turbine data
1. Optimize the PCA to achieve:

a. Accuracy

b. Robustness
2. Apply the PCA model on test datasets

3. Compare AAKR and PCA results
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Component: Gas Turbine

. Inlet Section

ﬂ
Compressor

N

Turbine

>
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Exhaust System
Exhaust Diffuser

Courtesy of Siemens Westinghouse
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Plant Component Monitoring

Component
& Combusion sysier Signal

L ""“'.l 5. Ekhéuét Syslem .
@ : : : : B le{::j:sy of Siemens Westinghouse Re CO n St r u Ct I o n S

Real Expected signal values in
measurements normal conditions
81 > > 81
S2 > > S2
83 > PCA > 83
S4 " Reconstruction Model .+ S4
85 > > 85
S6 > - S6
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SIGNAL

/&\RECONSTRUCTIONS

MODEL OF COMPONENT
%t

MEASURED —>
SIGNALS BEHAVIOR IN NORMAL
obs CONDITIONS (PCA)
Xy Snc
X3
P .
I t — t v N
obs
Xy
> COMPARISON
/\/ﬂ >
. ()
t f{m _ xi)bs fgc _ xgbs
e RESIDUALS L
L% t —— ot
v
DECISION

Method: PCA
Component: Gas Turbine el

CONDITION:

maintenance
required

CONDITION:
0 maintenance
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The PCA code in Matlab:

how to run the code?

S B & B D05t Document: S
w0 d Grres o v G - i D EH s Set as the current folder the folder:

=| Compare « GoTo ~ Comment 9 ‘4= i ’
New Open Save i e EH] ‘/9 R L:l Breakpoints. Run Run and @Aﬂvanoe Run and ”
~ v v (Pt ~ \_ Find ~ ndent |3 | L) [Fak - ~  Advance Time_g o ‘PCA,
FILE NAVIGATE EDIT BREAKPOINTS RUN ’
&= = E ﬁ v C: v Users » feder » OneDrive - Politecnico di Milano ¥ corsi_lezioni » pip2021 » 1 g » PCAtot
Current Folder ® Workspace
MName +7 | Bc_1_robustness.m | Ex_1_rghug®®ss_loop.m | param_choice PCA.m | param_pca.m | Untitled2 |+ | Name
2019_Fault_detection_Exercise_Session_P... |1 | ’ [
@ 2019_Fault_detection_Exercise_Session_P...
ﬂ accuracy.m ’ v
ﬂ param_cheoice_ PCA.m ’ ’
| | param_pca.asv - -

~| param_pca.m
fj PCA_reconstruction.m
] PCA_to_be filled.m
| | test_t.dat
| | test 2.dat
| | test_3.dat
| | train.dat
| | val_anomaly.dat
| | validation.dat
| | validation_sim.dat

Command Window ®
>

=
=
=
=
=
=
Details A s PCA_reconstruction('train.dat','validation.dat',v (i)} v

+| Click and drag to move Untitled2 or its tab... ‘ script

\\\
~

Execute the code in the command window:
[test_data_rec, RMSE]=PCA_reconstruction('train. dat’,’ validation. dat’, v)

v=minimum percentage of variance to be represented in the PCA space [e.g., 0.95]
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The PCA code in Matlab: Output

ED] 9 ﬁ (] Find Files & o nsert 51, fx

[/ compare v ) GoTo » Comment % ‘o

New Open Save
- - v =Pt v | Find indent (<] 47|
EDIT

="

570

FILE NAVIGATE
<o 5 Gl E | b G » Users » feder » OneDrive - Politecni
Current Folder @ |[A Editor - Untitled2
Narme # | EBx_l_robustn

20197Fau|t7datectioni&erc\saﬁSassiorLPm 1
@ 2019_Fault_detection_Exercise_Session_P...

1) accurag, y.m

ﬂ param_choice PCA.m

|| test_1.dat

| | test_2.dat

| | test_3.dat

|| train.dat

| | val_anomaly.dat
| | validation.dat

[T validation_sim.dat

560

550

530

dual
-

File Edit View Insert Tools Desktop Window Help

@20

& ©1(3) @] seerch Documentation
B

B kE

T T T T
true value
w reconstruction | |
® X | Workspace
r 1 m | + | Name
L
| M tH n_pc

rmse
33 test_reconstruction

1
1.6240

2448x6 double

V\\
N

m
_I 41 i h “ v i .
500 1000 1500 2000
T

Comman: d Window
1

1.8240

PCA

One figure for each signal representing:

* The original data and the reconstruction
obtained using the PCA algorithm

* The residual for each data point

The reconstruction obtained
using the PCA algorithm

The number of principal
components corresponding
to the selected variance

The RMSE
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Exercise 2: Assignment

Consider the same data used in Exercise 1
1. Optimize the PCA reconstruction model to achieve:

a. Accuracy
b. Robustness Validation_sim.m->data containing a simulated abnormal condition on signal 6

2. Apply the PCA model on test datasets: test_1.dat, test_2.dat, test_3.dat
and test_4.dat.

3. Compare AAKR and PCA results on test_3.dat

Hints:

« Consider different numbers of Principal Components by trying different values for
the parameter v=minimal percentage of variance considered in the PCA space

« Consider the root mean square error as a performance measure and compute it
on test data under normal condition and simulated abnormal condition

[test_reconstruction,n_PC, RMSE]=PCA _reconstruction(‘train.dat’,’validation.dat’,0.95)
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Method: you choose
Component: Wind Turbine
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The Monitoring System

High-Speed  Generatot

Shaft
B n.kc /
AL - "
W

Mam Man
Hub  paging Shan

Wind turbine farm

= Main Bearing+ Planetary Gear box + Gearbox + Generator

= Monitoring system: 6 accelerometers and 1 sensor measuring
the rotating speed.
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Some possible failures modes

a) Crashing of the highspeed shaft of the gear box

b) Breaking of a teeth in the planetary stage

c) Misalignment between the generator and the gearbox shafts
d) Wearing of the rear bearing housing of the generator

High-Speed  Generanx

Mam Mamn
Hub [learmng  Shan

.
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Corrective Maintenance

Gearbox-Generator Failure

* Long turbine downtime [up to some months]

* Intervention of expensive tools
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High frequency sensor:

10 k 10k 10k

g* il m!MWMMMM‘N RNAAARA




V

H!Mmmuummuuummw I

RN MH WA




Feature Extraction
|

ALAARLAALLAKLA M
vA"l'l’l'l‘l l'l'A'l'l'l'l'A'l'ﬂiH' Ll

-
(<))
| -
= o o
5 ° Time t
L >
N
S * N
whd
S * Time t
LL >

\/

Fault
Detection

Normal /Abnormal
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FEATURE EXTRACTION

« Each 5 sec signal data are divided in 40 segments(windows) in order to
extract features

» The following statistical features are considered:

Mean, standard deviation, Kurtosis, Skewnesss, min, max, 2"9 moment, 3
moment

- A window contains N values W = {x;}I,, the corresponding Statistical
Features are:

Sample Mean: Sample Variance: k-th Moments:

1 § O.ZNSZ_LZI_V (x; —%)? 1 al
=y )% N we~y 0,
im1 Standard Deviation: o i1

Skewness=>» “asymmetry” Kurtosis = “peak”

(the third standﬁrdized moment) (the fourth standardized moment)
73 Uy
a3
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FEATURE EXTRACTION

On

& - 3 " alal bl i
® = \ ™ riﬂh'fh’.ﬁu\ r‘,)lq*ﬁ.f\,“iﬁM
E 21 . "W
v #J s L
0 200 400 600 800 1000 0 200 400 600 800 1000
0.5 w 04
@2 @
g 0 §0.2
S 05 2 0
= - =
1 © .02
200 400 600 800 1000 0 200 400 600 800 1000
-5 ' »j nw 10
e >
£ | fw g
-10 5
0 200 400 600 800 1000 0 200 400 600 800 1000
E -
210 g °
E o
5 o
£ 5 E .
T T
= [ap]
o0 -10
0 200 400 600 800 1000 0 200 400 600 800 1000
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Exercise 3: Assignment

Given:
1)  The file ‘train.dat’ which contains the features already extracted in
normal condition
2) The file ‘validation.dat’ which contains the features already
extracted in normal condition
3) The file ‘validation sim.dat’ which contains the features in a
simulated abnormal condition

111111

2222222

mean std kurtosiss skewness min  max 2nd 3rd
Moment Moment

(2
996
0
111111111111 -0 . .S 148!
14 00416 .1149 363 -0.138 04691 10.0679 9.6509 -4.1581
7!
342
60,
.44
S0

11111111

73 -0.043! 7 -1.0966

You are required to:
1) Develop a fault detection tool for the turbine generator [you can use
AAKR or PCA, as you prefer];

2) Apply the developed tool to the data in the file “test.mat” and
|ldentify possible abnormal conditions period.
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Exercise 3.1
Fault detection with AAKR on new data
1. Optimize the AAKR to achieve Accuracy and Robustness

2. Apply the AAKR model on test data
Use data in folder ‘second case study’

Exercise 3.2
Fault detection with PCA
1. Optimize the PCA to achieve Accuracy and Robustness

2. Apply the PCA model on test data

Use data in folder ‘second case study’
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