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Yapay Zeka ile Kestirimci Bakim
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Kestirimci Bakim
Problem

 Fabrikalarda bakim planlarinin %70'i halen reaktif

[0 Parcanin bozulana kadar calistiriimasi ve bozuldugunda
degistirilmesi/onariimasi

0 Parca bozulmasa bile sirekli ve gereginden fazla bakim yapilarak,
parcanin bozulmasinin dnune gecilmesi hedeflenmektedir.

Her iki cozumde de bakim maliyetleri cok yuksek olmakta ve ozellikle
plansiz duruslar yliziinden ek masraflar ¢cikmaktadir.



Kestirimci Bakim

Coziim

Sensorlerden gelen veriler, operasyonel sistemlerdeki durus ve ariza
bilgileriyle birlikte yapay zeka algoritmalariyla analiz edilerek
ekipman/par¢a bozulma zamani tahminlemesi, anomali tespiti ve
bozulma ihtimali hesaplama.

Kestirimci bakim sayesinde plansiz duruslarda %70’e varan azalma, %10 -
%20 arasinda ekipman bulunabilirliginde artis ve toplam maliyetlerde
ortalama %10-%30 arasinda azalma saglanabilir.



Asenkron Motorlar

Ariza Tiirleri

ICUITDIGEST

¥ Rulman
W Stator

“ Rotor

W Digerleri



Bakim Teknikleri

Ariza Seviyeleri
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IEU Motor Erken Uyari Sistemleri
Grup Uzmanlik Tarihgesi

«A generic intelligent bearing fault
«Adjustable-speed drive . ; diagnosis system using compact
. . . «Real-time motor fault detection by ENOSLS Sy & comp
il it i vlel 1. comolutonal cdative 10 Y lsifers (167
II)EEE Tmnsalétions ” s networks» (1163 anf, IEEE gtlﬁ ournal of Signal Processing
Transactions on Industrial ystents)

Instrumentation and Electronics) NASA ve CWRU datasetleri
Measurement) .

«Bearing Damage Detection via
Wavelet Packet Decomposition of
Stator Currenty» Dalgacik paketleri
kullanarak motor akimindan
rulman hasar tespiti iizerine
doktara tezi.

. MCSA & Makine VA & Makine
MCSA Tez ASD Makelesi B iranmeasi Brenmot
l 2004 l 2015 l 2017 l

2002 T
_Makine VA & Makine
Ogrenmesi Ogrenmesi

«Bearing Fault Detection by

Makale ve Patent

«Bearing damage detection via

wavelet packet decomposition of 4 — ; ‘ ‘ ‘

the stator current» (356 anf, IE.EE Zﬁiﬁ%ggﬁagyezt_ gp ﬁg;ﬁiigﬁml ](\)fne-Dll?\lfe?\i lo’;cal C;)ggoltutzonal
Transactions on Instrumentation neural networksy (1607 atif IEEE ]‘leutll; a et i OI’” 1;9» lg ; a_lﬁ
and Measurement) Transactions on Biomedical E : ; :Z::fi;aj robtems tm
«Motor bearing damage detection Engineering) 8 8 '

via wavelet analysis of the starting *En ipi makale 6diilii NASA dataseti.

current transienty US Patent
6,727,725



IEU Motor Erken Uyar Sistemleri
Grup Uzmanlik Tarihgesi

«Enhanced bearing fault detection
using multichannel, multilevel 1D

Elektrik Motorlarinda Makine CNN classifier» Electrical

Ogrenmesine Dayali Onleyici TUBITAK teknogirisim sermaye Engineering.

Bakim ve Erken Ariza Tespiti destegiyle Izmir Bilimpark merkezli Iki kanally input kullanarak iki

Amach Yazilim Ve Donanim Machine Monitoring and seviyeli hata tespiti iizerine doktora Ses ve titresim tabanli kestirimci
Gelistirilmesi Diagnostics sirketi kuruldu. tezi. bakim sistemi

Doktora &

TUBITAK 1507

TUBITAK BIGG

Makale

l 2019 l 2020-21 l 2021 l
2019 ] 2020 I 2021 ] 2022
«Method and apparatus for «Operational Neural Networks» «Early Bearing Fault Diagnosis of

performing motor-fault detection Neural Computing and Rotating Machinery by 1D
via convolutional neural networks» Applications Self-Organized Operational Neural
US Patent 10,586,153 «Self-organized Operational Neural Networks» 18 atif, IEEE Access.

Networks with Generative ID-ONN ile ii¢ seviyeli hata tespiti
Neuronsy» 65 atif, Neural Networks yapild.



Kestirimci Bakim Calisma Grubu

Ekip Uyeleri
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(Isaret isleme & Makine
Ogrenmesi)

Prof. Dr. Levent Eren

(Elektrik Makinalarn &
[saret Isleme)
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(GOomiilii Sistemler &
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(Elektronik Devreler, VLSI
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Telekomiinikasyon)

Prof. Dr. Tiirker ince

(Isaret isleme, Makine
Ogrenmesi & Uzaktan
Algilama)



Hedefler
Gelistirilecek Uriinde

e lleri-seviye makine 6grenmesi modelleri gelistirilerek,

* Farkli tip arizalar1 ve ariza seviyelerini tespit edebilecek,

* Farkh giicteki motorlarda ariza tespiti yapabilecek,

* Gomulu sistem gerceklemelere uygun, kompak yapida ve hizh,

* Farkli tip sensor verilerin kullanimi ve fiizyonunu destekleyen,

* Telefon uygulamasi tizerinden kolaylikla kullanilabilecek bir
sistem gelistirilmes: hedeflenmistir.



Makine Ogrenmesi Modellerinin Evrimi

Modellerin Evrimi

McCulloch-Pitts P Operational
Neuron model efcepirons Perceptrons
«9
/ /‘ \ l MLPs I GOPs I

L---- -----

Time Evolution of the
Artificial Neural Networks

&

$ ST
Convolutlonal Operattonal Generative Super
Neurons Neurons Neurons | Neurons
e $ Jl
i New-Generation
CNNs ONNs Q l Self-ONNs I:) ML Paradigms




Evrisimsel / Operasyonel Sinir Aglari
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* 1-B ESA’larin, kaydedilmis ham sensor verilerini isleyerek motor ariza siniflandirma problemleri
i¢in 1y1 bir ¢cozlim olabilecegi gosterilmesine karsin daha zor bir problem olarak farkl: tip
arizalarin farkli seviyelerde yiiksek dogrulukta tespiti i¢in yetersiz kalmaktadir.

e Onerilen 1-B OSA’lar, CNN’lerin dogrusal néron modellerini dogrusal olmayan genellestirilmis
model ile degistirerek daha karmasik problemlerde 6grenme kapasitesini arttirmaktadr.



Arizanin Evreleri

ligili Frekanslar
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1-B OSA’lar ile Arizanin Farkli Seviyelerde Tespiti
IMS Veri Kiimesi e
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* Bu veri kiimesi, 2014 yilinda Cincinnati Intelligent
Maintenance Systems Universitesi (IMS) tarafindan
saglanmustir.

w
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Sampeg 40 100

* Resimde gosterilen test techizati, Rexnord ZA-2115 tipi 4
cift sirali rulmandan olugsmaktadir. Veri toplamak igin

yliksek hassasiyetli Quart ICP® tipi ivmeolgerler s Severe-level faul s Severe-evel faut
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Farkli i¢ bilezik (solda) ve yuvarlanan eleman hatalar (sagda) i¢in
tipik titresim sinyalleri 6rnekleri



Verilerin Etiketlenmesi
IMS Veri Kiimesi
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1-B ESA ve OSA’lar ile Arizanin Farkli Seviyelerde Tespit Sonuglari

Healthy Early-level fault Moderate-level fault Severe-level fault

Q Configuration  Sen Sen Ppr Sen Ppr F1 Sen Ppr

I¢ bilezik arizasi seviyesi [ (16-12-8)7(169) 1.0000
siniflandirma performansi £ [(EEEEITERE) 1.0000

(16-12-8)+(16-4) 0.9975

(16-12-8)+(16-4) 1.0000

(16-12-8)+(16-4) 1.0000 0.9823 0.9116 0.9025

Healthy Early-level fault Moderate-level fault Severe-level fault
Configuration
Sen Ppr F1 Sen Ppr F1 Sen Ppr F1 Sen Ppr F1

TP (16-12-8)+(16-4) 09925 09975 09950 09607 09775 09690  0.8966  0.8450  0.8700 0.8865 09175  0.9017 Yuvarlanan eleman arizasi

2 (16-12-8)+(16-4)  1.0000 1.0000  1.0000 09778 09900 09839 09435 08775 09093  0.9054 0.9575  0.9307 seviyesi siniflandirma
performansi

(16-12-8)+(16-4)  1.0000  0.9975 0.9987 0.9706 0.9900 0.9802 0.9005 0.8825 0.8914 09102 0.9125 0.9114

gh (16-12-8)+(16-4)  1.0000  1.0000 1.0000 0.9752 0.9850 0.9801 0.9306 0.9050 09176  0.9312 0.9475 0.9393

(16-12-8)+(16-4)  1.0000  1.0000 1.0000 0.9800 0.9800 0.9800 0.9071 0.9275 09172 0.9463 0.9250 0.9355




CWRU Rulman Veri Seti

2 HP asenkron motor

Titresim verisi 12kHz ve 48 kHz 6rneklem
Degisik yiik seviyeleri

On ve arka rulmandan veri toplama

Quter-ract

® Driveend  Jorque’T ransducer

Fan-end Accelerometers Bearing and Encoder

Bearing i " P

N\

/
/

V4L EL4 EL LT Vi
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Rulman
Rotor Tarafi
Rotor Tarafi
Rotor Tarafi
Rotor Tarafi
Rotor Tarafi
Rotor Tarafi
Rotor Tarafi
Rotor Tarafi
Rotor Tarafi
Rotor Tarafi
Rotor Tarafi

Rotor Tarafi

Fault Location Cap (cm) Derinlik (cm)

I¢ bilezik
Ic bilezik
I¢ bilezik
Ic bilezik
Dis bilezik
Dis bilezik
Dis bilezik
Dis bilezik
Top
Top
Top

Top

0.0178
0.0356
0.0533
0.0711
0.0178
0.0356
0.0533
0.1016
0.0178
0.0356
0.0533
0.0711

0.0279
0.0279
0.0279
0.1270
0.0279
0.0279
0.0279
0.1270
0.0279
0.0279
0.0279
0.3810

Marka
SKF
SKF
SKF
NTN
SKF
SKF
SKF
NTN
SKF
SKF
SKF
NTN



CWRU Veri Seti Sonuclan

1D SelfONN {fs = 12kHz)

Train/Test Split 30-70 %
Q g=1 q=3 q=5
Scores Precisionl Recall | F1 Scorel Support Precisionl Recalll F1 Scorel Support Precisionl Recalll F1 Scorel Support| Precision I Recall I F1 Score | Support Precisionl Recall | F1 Score | Support
BF_DE 0.958 0.849 0.900 4433 0.938 0911 0.925 4433 0.712 0906 0.797 4433 0.935 0.970 0.952 4433 0.827 0.988 0.901 4433
BF _FE 0.860 0.824 0.841 2023 0.95% 0917 0.936 2023 0.851 0918 0.883 2023 0.968 0.947 0.958 2023 0.918 0.957 0.937 2023
IR_DE 0.964 0983 0.973 4246 0,992 0986 0.989 4246 0,997 0721 0.837 4246 0.980 0.997 0.989 4246 0.991 0.979 0.985 4246
IR_FE 0.767 0907 0.831 2013 0934 0911 0922 2013 0.800 0.984 0.882 2013 0.901 0.971 0.935 2013 0.897 0.954 0.925 2013
OR_DE 0.923 0.985 0.956 8503 0.950 0,993 0.971 8503 0.973 0.893 0.932 8503 0.988 0.962 0.975 8503 0.997 0.906 0.949 8503
OR_FE 0983 0.872 0.924 3556 0.962 0936 0.949 3556 0.938 0950 0.944 3556 0.981 0.945 0.963 3556 0.990 0.919 0.953 3556
MNormal 0.952 1.000 0.975 594 1.000 0.998 0.999 594 1,000 1.000 1.000 594 1.000 1.000 1.000 594 1.000 1.000 1.000 594
Accuracy 0.926 25368 0.957 25368 0.886 25368 0.967 25368 0.945 25368
Train/Test Split 50-50 %
Q g=1 q=3 q=5
Scores Precisionl Recall | F1 ScorelSupport PrecisionIRecalllFl Score| Support PrecisioanecallI F1 Score|Support Precisionl Recall | F1 Scorel Support Precisionl Recall | F1 Score' Support
BF_DE 0.947 0.802 0.869 3149 0.944 0,984 0.963 3149 0.949 0989 0.968 3149 0.963 0.975 0.969 3149 0.916 0.976 0.945 3149
BF_FE 0938 0.907 0.922 1438 0,985 0,932 0.958 1438 0,987 0933 0.959 1438 0.981 0.964 0.972 1438 0.980 0.967 0.973 1438
IR_DE 0.763 0988 0.861 3052 0,995 0,994 0.995 3052 0,998 0987 0.992 3052 0.990 0.995 0.992 3052 0.994 0.964 0.979 3052
IR_FE 0.935 0951 0.943 1446 0.967 0964 0.966 1446 0.982 0954 0.968 1446 0.979 0.950 0.964 1446 0.956 0.973 0.964 1446
OR_DE 0,980 0.908 0.942 6073 0.994 0973 0.984 6073 0.993 0975 0.984 6073 0.986 0.986 0.986 6073 0.987 0.968 0.978 6073
OR_FE 0.950 0969 0.959 2548 0.955 0985 0.970 2548 0.946 0996 0.970 2548 0.975 0.982 0.978 2548 0.976 0.975 0.975 2548
Narmal 0.990 0.988 0.989 414 1.000 1.000 1.000 414 0,998 1.000 0.999 414 1.000 1.000 1.000 414 1.000 1.000 1.000 414
Accuracy 0.917 18120 0.977 18120 0.978 18120 0.981 18120 0.971 18120
Train/Test Split 70-30 %
Q g=1 q=3 q=5
Scores Precision| Recall | F1 ScorelSupport PrecisionIRecalllFl Score| Support Precision'RecalllFl Score| Support Precisionl Recall | F1 Score| Support Precisionl Recall | F1 Scorel Support
BF_DE 0.965 0.970 0.968 1891 0.949 0986 0.967 1891 0.991 0923 0.956 1891 0.987 0.950 0.968 1891 0.986 0.946 0.965 1891
BF_FE 0.950 0.990 0.969 879 0,985 0947 0.967 879 0.990 0949 0.969 879 0.975 0.965 0.970 879 0.968 0.961 0.965 879
IR_DE 0996 0.993 0.994 1808 0,999 0947 0.973 1808 0.991 0995 0.993 1808 0.968 0.998 0.983 1808 0.992 0.996 0.994 1808
IR_FE 0,983 0.969 0.976 880 0.950 0992 0.971 880 0.973 0992 0.983 880 0.980 0.982 0.981 880 0.923 0.989 0.954 880
OR_DE 0.991 0981 0.986 3604 0.972 0978 0.975 3604 0.962 0997 0.979 3604 0.982 0.990 0.986 3604 0.981 0.996 0.988 3604
OR_FE 0.980 0.987 0.983 1562 0.977 0974 0.976 1562 0.980 0987 0.984 1562 0.985 0.979 0.982 1562 0.989 0.961 0.975 1562
Narmal 1.000 0996 0.998 248 1.000 1.000 1.000 248 1.000 1.000 1.000 248 0.996 1.000 0.998 248 0.992 1.000 0.996 248
Accuracy 0.982 10872 0.973 10872 0.978 10872 0.980 10872 0.979 10872




Titresim Sensor Karti

O Karsilasilan Zorluklar:

0 Ivme / Titresim Sensorii:
* Dar Bant Aralig1
(ODR: 1.6kHz, BW: 800 Hz)
e Dar Dinamik Aralik
(Max: 16 g)
 Ornek Kestirimci Bakim Sensérii: ADXL1001
 (BW: 21kHz, 100g, 1-eksen, 70,13 €)

0 Kutu Tasarimi ve Motor Baglanti1 Aparati



WIO Terminal Gelistirme Karti

SPI Flash

FPC

RTL8720DN
(Wi-Fi & BT)

DC-DC

2.4G & 5G Antenna

5-Way Switch
(Behind) /
Multifunctional Grove x2

LIS3DHTR

Light Sensor

IR Emitter

microSD Card Slot

ATSAMD51P19

Microphone & Buzzer
(Behind)

USB TYPE C

0 Microchip ATSAMDS51 Cortex-M4F tabanli
MCU
* Dual band 2.4GHz/5GHz WiFi1
« BLE/BLE 5.0

0 B4013AM422-042 mikrofon (analog ¢ikis)
* ADC cikisi ses ornekleme frekansi: 16 kHz
* Direct memory access controller (DMAC)
ile 5 saniyelik ses verisi (16-bit PCM .wav
formati) Flash hafizasina kaydedildi.
* Rest API sunucu-istemci ses verisi transferi

0 LIS3DH 3-eksen ivme sensori

* 12C & SPI

* +2g/4g/8g/16g dinamik aralik
e 16-bit veri ¢ikisi

 ODR: 1.6 kHz



1500 RPM Monofaze Motor

PSP saglich ve s b ek - e

rulman arizasi olan monofaze

G Saghkh Dis Bilezik
motorlar
E Hatasi
" Yiiksiiz, yarim ylk ve tam yiik S Saghkh 6078 91
durumlarindan olusan 16kHz 16-bit B
PCM ses verisi K
D1s Bilezik 166 6401

Hatasi

= 1B ESA test verisi ¢ikarim sonucu
(% 98 dogruluk ile siniflandirma)



3000 RPM Monofaze Motor

= 3000 rpm saglikli, dis blezik ve i¢
bilezik rulman arizasi olan monofaze
motorlar

. TAHMIN

Saghkh  Dis ic
Bilezik Bilezik
Hatasi Hatasi

= Yiiksiiz durumda calistirilan
motorlardan 16kHz 16-bit PCM ses

G
E
R
¢
E
K

0! Saghkh 9965 1 33
verisi
. 1]3/E989Adte§t \ierkml glkargn sccl)nucu Dis Bilezik 0 9999 0
(% ogruluk ile simiflandirma) Hatasi
I¢ Bilezik 14 0 9886

Hatasi



Asenkron Motor — Manyetik Toz Fren Test Diizenegi

= Saglikli ve dis bilezik hata durumlari

= Yiksiiz, ceyrek, yarim ve tam yiik durumlari

= Her bir1 yaklasik 6 dakika olmak {izere
toplam 24 dakika saglikli ve 24 dakika dis
bilezik hatas1 ses verisi

= %70’1 egitim, %151 validasyon ve %15°1 test

- TAHMIN

GER Saghkh Dis Bilezik
CEK Hatasi
Saghkh 20588 103
Dis 1279 19115
Bilezik

Hatasi




Mobil Uygulama Gelistirme Calismalan
o N s NPT

A Warning
» Please enter label name.

» Otherwise, automatic naming will be done.

When audio recording is stopped, it is automatically
recorded.

In the internet presence, automatic uploading is also
done to be stored in Firebase Storage.

Select page

. Label Name ’
Recording Page Healthy
2 OR
Model Page
Add New Category ’ m

Desired Duration (seconds) ’

\!; Waiting to record

. 0 =




Mobil Uygulama - Firebase Bulut Depolama

@ Firebase

# Project Overview

Build
Release & Monitor
Analytics

Engage

All products

Customize your nav!

You can now focus your console
experience by customizing your
navigation

Upgrade

MMD - LLC ~

Storage

Files Rules Usage ¥ Extensions €D

q’ Protect your Storage resources from abuse, such as billing fraud or phishing

motorl

Configure App Check

X

£ Upload file

Last modifed

[ +




Tesekkurler




Demo




