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THANASAK WANGLOMKLANG : LINEAR BEARING FAULT
DETECTION USING AN ARTIFICIAL NEURAL NETWORK BASED ON
PI SERVO SYSTEM WITH THE OBSERVER FOR HIGH-SPEED
AUTOMATION MACHINE. THESIS ADVISOR : ASST. PROF.

JIRAPHON SRISERTPHOL, Ph.D., 125 PP.

LINEAR BEARING/ PARAMETER ESTIMATION/ARTIFICIAL NEURAL

NETWORK/ OBSERVER DESIGN/ SYSTEM IDENTIFICATION

The high-speed automation machine was used for Head Gimbal Assembly
(HGA) process in the Hard Disk Drive (HDD) industry. The adhesive dispensing and
slider attaching of read and write head is important to produce the HGA. The
clamping unit was installed onto feed drive XY in order to move a workpiece in the
desired position. However, the machine is operating in continuous time that effect of
supporting device as a linear bearing prone to wear. This situation can induce the
system vibration which causes to miss reference position by vision. In addition the
actuator is used mote energy consumption. This research established the linear
bearing fault detection architecture -by using an intelligent-method as an Artificial
Neural Network (ANN) based on observer information from the PI servo controller
design. The controller and observer design was applied a pole placement technique to
find the state feedback and controller gain. The linear bearing fault was simulated
with remove amount of lubricant from the rolling element as follows 0%, 25%, 50%,

75% compares with normal condition. The expected result, the system has a tracking



response performance, robustness and increase the reliability for machine

maintenance.
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X= AR+ Bu+L[y—CX] (2.12)
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X—X=[A-LC](x-X) (2.14)
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Error = E(ytarge[ ~ Voupu)” (2.25)
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1 1 A o A 4 4
ﬁﬁuﬂﬁgﬂ@UﬂNﬂﬁﬂl'ﬂ\ﬂgﬂﬂ’ﬂaﬁﬂg!ta%ﬁﬁu‘ﬂﬁ%ﬂﬁ]‘U“I/]"I\‘ll‘ﬂ'ﬁf)\i%ﬂiﬂaVlWﬁWﬂlecﬁﬂ'ﬁI?N@m@ﬁ
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Gluﬂ']ﬁﬁi'l\‘l!L‘U‘U‘ﬂ'laf)\'iVﬂ\‘l‘ﬂﬂ!ﬁﬁWﬁﬁiiu@WU')ﬂﬂuulﬂal%ﬂ@]ﬂl@ﬂﬁﬂﬂﬂlﬂﬂuﬁﬁu (Newton’s

Second law) GluﬂWiﬂWﬁllﬂﬁﬂJf]\ﬁz‘U‘iﬁﬁﬁ

V €,

= ° s o A £ s ¢
?JTJ‘V] 33 me1am‘mwamammms:ummﬂaauuaaﬁﬂgmmwﬂmemm
= o a o a ] A
mmmmammmﬂammmmwmamhawmmn 2 AIUAD
o o
- LL‘]J‘]Jﬁ]”Ia?J\‘l"IJ@QLG]ﬂ’JSI?Nﬂl@@ﬂﬂﬁ?ﬂi&!ﬁ@iﬂ (DC servo motor)

- l,!,‘U‘Ui]oTﬁf]\i"ll@\iigﬂﬂ‘ﬂNﬂﬁﬂJEN'ig‘U‘Uﬂﬂﬁ’c’fﬂz (Ball screw system)
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V, Armature voltage (V) |, Armature current (A) L, Armature inductance (H)

W, Rotation speed (rad/s) R, Armature resistance () J, Moment of inertia
(kg.m2)

T, Motor torque (N.m) K, Torque coefficient (N.m/A) € Back electromotive force
voltage (V)

Kb Back electromotive force coefficient (V.s/rad) Bm Coefficient of viscous friction

(N.m.s/rad)

1nMsdszgnalgngussduveunes sl (kirchhoffs voltage law) Tumsiarsanaeas Tlih

1 o J Y] y Y] 4
2z I Naumsma Iihve e Tusmosuaad lasaaunisn (3.1)-(3.4) fail

di, (1

Va(t): Raia(t)+LaT+eo(t) @3.1)

& (t) = Kyw,,(t) (3.2)

a J < o 1 o 4 /A 1 Q
LL'J'\TUﬂﬂl@\iﬂ@k@]@i%&ﬂﬂﬁﬂﬁ')uﬂﬂﬂi&LﬁfﬂﬁLulﬂﬂiﬁtlﬁal}ﬂusllﬂa?ﬂﬁdﬁﬂ ﬁmﬁm%uﬁumi

9

Tasatl

T (1) = Kii,(t) (3.3)



di,(t) 1

= Ly, -Ri - o 90

at L, L, L

a a

L0 = Va O~ 2,024, 0

dt

7 I
AW— M /;—|
(D By Q \—wrr
.
N
p/2p p
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d*,(t) L dg,(t)
Jn—7 +Bn— 1 =Thlt 35
o dt? 5 dt m(0) (3.5
dzqm(t) B dqm(t)
7 = —Li ()
a I, dt Jm
N30
q‘m<t)=—JB:dm(t)+::ia<t) (3.6)
finsanmuadeufivesa M, 18
d®x (t dx, (t
M 5O ¢ HO i 0 -Ra, =0 6)
y 43X L ax
d’x (1) C dx(® K,
— = T Ds et G
R
X (t) = (3.9)

313 wuudiaesvesszuululigiaan
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Gluﬂ']i’JLﬂiW%‘HLla8ﬁ%jN‘i$‘U‘Uﬂ'J‘UﬂllﬁiJ?JG];‘H'?JIﬂﬂ‘l/l’)ul’l]%$°lfl1ﬂ']ﬁ@ﬂﬂllﬂﬂ

=) &£ A [ 2 A
52UUVU TAUNA1HT0 State space form “]NNﬂﬁW‘lﬂﬁllﬂﬁsUfNﬁﬂJfg']ﬂ!ﬂﬂzﬂﬂ 3.6



%(t) = Ax(t) + Bu(t)

y(t) = Cx(t) + Du(t)

X =a X =0y Xg =0y Xy = X, X = %,



o R, K
)(1 LaX1 La
X, = X%
_ Ky _Bu
Xs—mel mes
X=X
_RK « _,AEE,)( _C
X5 M 2 M e X5

A
o
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o
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o o
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y(t)=[0 0 0 1 0]

o © 3@[300 = Q;—LT?:

LXK XX

oooom,—||_\

,C=[00010]
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(3.12)

(3.13)



e e e i e e o i ——
I Servo Motor Systen& f Torque Constant

Va+ 1 iy T 1
] K, w,

|
|
|
I Lqs + R, - mS + Bm |
I €p I
| <] |
[ |

(a)

| Mechanical System

Transform Ratio from Motor Stiffness Coefficient of the
| Rotation Angle to Table Position Lead-screw
| T 1 @[ 1|6 T 1 Xy
I ers + Bm Mts + C{ 5
|
| Equivalent Inertia and Table Mass and Damping
| Viscous Damping Coefficient of the Lead-screw
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X(s) _ a
V(s) S +bs'+cs’+ds®+es

(3.14)

KRKt
a=———
ML,

_MRJ,+M,L,B,+CL,J

t—a—"m t—a“m

MtLaJm

b

m

. M,RB,+ MK K, +CRJ, +CL,B, +KLJ
M.L J

t—a“m

_CRB,+CKK,+KRJ, +KL,B,
MtLa‘]m

d

_ KRB, + KKK,
MtLa‘]m
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MATLAB ludauve4 Simulink #9319 3.9 yaniuauilsznenlideginssivdnie undedie

J o w o J . . J
TWdhnszuaassvnia 24 Trad gadideueieduuemos (Motor Drive amplifier) 1az 1030
A2UAN RAPCON (RAPCON Controller) #99g 113¥ouaonuT1sunsy MATLAB Simulink lu

= <3 Ay v = Y J
mMs@euvaen laezunsy vesszuuarugui ldvinmseenuunlungeg lumsldauvesa

RAPCON aznanluaiudall

Motor Drive

amplifier

Power supply
24 volt

Controller
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RAPCON (Real time rapid control platform)

< J
1dpenuunuazmanudoyaniinaass vz 1¥uesa RAPCON

A 1T o . . ey 9 a u’/‘ A A Y a
N 3.10 ¥oUADNY Simulink LIBTFU 2017a IﬂEJG]ﬂﬂﬁﬂﬁ\‘llla‘]J'l'i!.Wf]Gl‘lf\‘ﬂuWﬂfJﬂ@uw‘@]!Lﬁg

o S W 1 s {
PIANAYDIVDTA A9317 3.11 1Az T 19AZID8AVDIVDIAAILAN RAPCON tiaadlua1sian 3.1

l

MATLAB RS232
SIMULINK Serial port
—

']Jﬁ 3.10 ﬂ"IiLG])"E)iJ@’Eli 21 Simulink 11a2 RAPCON ‘]J’E]iﬂ

’ﬁ Library: rapcon - Simulink o O *
File Edit View Display Diagram Analysis Help
- ';J - E EG |==a| w -
rapcon
@® ||%a|rapcon
«Q
3 A P Y m o b ) W
k=
; Do G0 KO HO
- b > P )
[ > )
co FO Mo NO
P >
i EO r ¥ so o b ¥ wo
»
Ready 100%

'ﬂﬁ 3.11 "laumwaimmwaamuwmm L’EJW]W@]GUEN‘U@iﬂ




Meaning

Magnitude

Unit

Power Supply (Minimum Current)

6 — 15 (0.15)

VDC (A)

Analog Input A0 — A7 Analog 12 Bit

Capture Input C0 — C1 Digital 16 Bit

Digital Input DO_d0 — D0 _dO Digital

Encoder Input EO — El Digital 16 Bit

Frequency Output FO — F1 Digital 16 Bit

Analog Output BO — Bl Analog 12 Bit

Digital Output GO g0 — GO _d7 Digital

Pulse Output HO — H1 Digital 16 Bit

Filtered Pulse Output T.0 — T.1 Analog

H — Bridge Output PO — P1 Digital

0 — Supply Voltage, 5 A

WVoltage Regulator Output 5 (0.25) V(A)
Ground GND 4] v
Sampling Rage Up to 15.2 kHz
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2 t:' v o 1 d! = 2 ltﬁl
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drulsznovazil 3 dauraneo gALKAIRUHALAIYAS UL LAZUDVAIND FI92017NTS
9 . A A ~ 1 o a 1 ~
AzNouULa (Reflection Type) ioszvUMABUNUHAIR UALIzdowd I AL DaNauas
9 [ v v o @ t:' d! Lﬂ' 1 =R o w a
dzRounauudeddiunds aegUn 3.14 Fuieuasds lUdsdrTuuaszuaasaoinuo

o

dyananilu 1 vazalifivas lasznueg I dyananilu 0 Tuan3do 1814 linear encoder

Tumsfleunuszezmamasunluszuuaivge vazwah lavzgnih luSeuiiensy Rotary

encoder YB3 NBIABSH015ZITUAUgNAD WwBIA I uNATOD NI

{ a ¢ 7
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4\ Meural Metwork Training (nntraintool) = x

r Neural Network

- Algorithms
Data Division: Random (dividerand)
Training: Levenberg-Marquardt (trainlm)

Performance: Mean Squared Error  (mse)
Calculations: MEX

Progress ==

Epoch: 0 || 13 iterations 1000
Tirne: t 0:00:00

Performance: 0.0109 0.00633 0.00
Gradient: 00204 [ 0.0M27 1.00e-07
Mu: 0.00100 | 0.000700 | 1.00e+10
Validation Checks: o[ | & 1l 6

Plots - = ==

| Performance | (plotperform)

i Training State I (plottrainstate)

| Error Histogram [ (ploterrhist)

| Confusion (plotconfusion)
i Receiver Operating Characteristic —| (plotroc)

Plot Interval:

v Opening Confusion Ploi
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Number of
Algorithm Training iteration Epochs Accuracy (%)
Neural
215 10 8 97.5
857 20 8 97.3
174 30 7 97.2
Levenberg 148 40 15 97.5
Marquardt 455 50 7 97.5
470 60 13 97.5
369 70 8 97.2
3904 10 7 96.3
4279 20 9 96.3
4824 30 7 96.2
Scale Conjugate 3851 40 11 96.2
method 6456 50 8 96.3
5748 60 7 96.3
6713 70 7 96.3
7582 10 12 96.2
6707 20 24 96.2
3572 30 12 96.2
Resilient Back- 5640 40 24 96.3
propagation 5313 50 27 96.2
4813 60 15 96.3
5573 70 16 96.3

1nmItszgnaldmadiouTdsunsunsuunnanlumsadaluaalassielssamidion

A [ ! ~ ' 9 T ad ~ Y
NﬂGI,HG]"ISNVI 5.3 nJuﬂmﬂssJ‘umfmmﬂ:mJgﬂmawmTumaimmaznmsmugm’oﬂmﬂa



&3

% o A o a qaj 1 <3 1A
F92M NSNS UIUTITouveIFUsou TunTaou TuiAa AL UIITATANAD UL
. a A <3 1
Levenberg Marquardt Algorithm Hiszansamuazldanusiasilumsinaeulaslian
Y ' A Y a 9 o R =R W A oA =
ANNYNABIZIFA 1A 131N 15T 99zARIANIDId ) sDY Ae szeziarlumsHnaou
' Aq ¥ P A A Yo o
NAranyN Twaan1mA1NgnABIgINgane 97.5% uazlyiIUIUIOUVBINMIADUNINA
- A 2 14 v 2 o 2
148 50U Tagswazideatazon luuguinerteslumsaugamsaouasil
1 . <3| a s 2 Ag Y a =2 g =
- A1 Gradient {Wumnimesvtan g lunmsnnsandansaugavesmsdnaeon lunis
(%] 1 1 2‘ (%] 1 1] d‘ dg‘ L% 1
Usumoraimiinuaza luteauaazsey Gradient vzlasumlasliivegiuaniu
a = 1 qg/l d! Qy d‘i . S 9
Hanaalunsindounaaznie (Epoch) ¥#94n13eaoudz FUgAaUND Gradient UA1ioy

N0

[
=1
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Accuracy (%) = $1waudoyanwun lagndes / S1uaudoyanldmadou x 100
& o a Jd a [ A o = ~ [ v Jd a
apulFummIndilunsisziiiunadnws lunsmauvesluman/ssunsununadntasa
i S J 4 a 1
Tagazutiaeonduo1ana1n 1uaa (Output Class) HAZIDIANAIT (Target Class) Tuudag
v A ISy aa o t:' d' a 9 1 a d! 1
HOIATHANABNI AVRIAHYTUUTINAATOUANI DAZAMNNA FanIvNgaALAzaINga
1 1 I o ' J a o 1
TundazrozilumssunumimanugndesazmanuianainveInssundeunnie
1 { a o a J
Tuuaaznsal TaeNinnugndeslasswzamnso lannuumznesussnouidumns nd
a d‘ A a q'z a 4 o 9 1 a A 4 z:'
W13 533 AeABUWIFWINNTNFVRINITIILUNTOUANIBAVOIAINYT DT
a o a o o o a o a J o [ a
Uszneudiy aouthisumminddmsumsinaeu aeuihsummingdmiumssziliuma

A @ a J o o A @ Aa 4 ° 9 <3 1
AUV ITUINNT NFFIHTUMITNATOV LA ADUNITUNNT N INVDINITIULUN Gﬁﬁfﬂsmum



84

UszansamIagsdvues lassinglszamfenaunsosuundnyasdounnioulioasnas

AUMA00Y 50% UazANINEITHABAY 0% IAFAIUAIIAINYNABIVOINITTILUN 100%
A ° Y 1o ' '

(Accuracy 100%) tagzlunsdiong awsasuunld ludinii 93% Tassiulasavielszan

1 P4

= o 9 1 aa K YR
NIUTIWTDNUNUDUNNIDININAY ulﬂf]\i 97.5%

Training Confusion Matrix Validation Confusion Matrix
teatny | 89 § 0 ¢ R 94.1% Healthy - s . " . e
190% | 1.2% | 00% | 00% | 00% | 9. 222% | 0.0% | 0.0% | 0.0% | 0.0% | 00"
Lubricant 4 76 0 [] 0 95.0% Lubricant 0 21 0 0 [} 1002,
| 1o% |181% | 0% | 00% | 00% | so% % | 00% |23.3% | 00% | 0o% | 0.0% | 0.o%
E e [ 0 | 0 | s0 | 0 0 | 00%]| B vobricam | @ o | 2| o o | 100%
% | 0.0% | 0.0% [ 19.0% ] 0.0% | 00% | v.o% E % | 00% | 00% | 23.3% | 00% | 00% | 0o
& Lubricant 0 0 0 88 0 100% é Lubricant 0 0 0 9 0 100%,
¥ | 00% | 00% | 0.0% | 21.00%] 00% | 000, % | 00% | 00% | 00% | 100% | 00% | 0o
Lubricant (1] 0 0 1 (] Q5 9% Lubricant 0 1] . L] I’ 1002,
" | 00% | 00% | 00% | 02% |205% ] 110, " | 00% | 00% | 00% | 00% 2015 | 00
9522 | 93.8% | 100% | 98.9% | 100% 9‘!.* 100% | 100% | 100% | 100% | 100% | 100%
48% | 6.2% | 00% | 11% | 0% lm 00% | 00% | 00% | 00% | 0.0% | 0%
Healthy Lubricant Lubricant Lubricant Lubricant Healthy Labrivant Lubricast Lubvicant Lubricust
% % 25% 0% 5% 0% % %
Target Class Target Class
Test Confusion Matrix All Confusion Matrix
14 3 [ [] o N S 2% 114 ] 0 0 0 93.4%
Healthy ) Healthy
156% | 3.3% | 00% | 0.0% | 0.0% | 17¢% 19.0% | 1.3% | 0.0% | 0.0% | 0.0% | 6.0%
Lubricant 2 15 0 0 0 BR2% Lubricant 6 112 o 0 0 94.9%
% | 22% | 16.7% | 0.0% | 0.0% | 0.0% | 115% ] 0% | 18.7% | 0.0% | 0.0% | 0.0% | 5.1%
2 vabrcame | O 0 19 0 0 | 100% | B Luwwicwe [N 0 [120 ] 0 e |100%
% e 0.0% | 0.0% | 21.1% | €.0% | 0.0% | 0.0% i W% 0.0% 0.0%.-20.0% 00% | 0.0% | 00
2 vubricom | 0 "o o |'2. | 0 |1006| F rebican | O | 0 L 0 | | e [0
=% | 00% @&m 244% | 0.0% | oo% =% | 0.0% ng\ *0.0% | 19.8% | 00% | 00
vt 0o | o Onll’ o | as | oo Lt s a 2 0 1| 120 oone
00% | 00% | 0 &ﬂ T8 72| 0 J o 00% | 00% | 02% |200% | 0.5
87.5% | 83.3% | 100% | 100% | 100% 'f-l-f",é 95.0% | 93.3% | 100% | 99.2% | 100% |97.5%
12.5% 1 16.7% | 0.0% | 0.0% | 0.0% | 56% 0% | 67% | 0.0% | 0.8% | 0.0% | 25%
Healthy Lubricant Lubricant Lubricant Lubricant Healihy Lubricant Lubricant Lubricant Lubricant
75% 0% 25% 0% 8% s 25% [
Target Class Target Class

A A w a 4 ~ Y A
51U 5.33 ﬂE]‘L!‘N’)%‘L!LlI‘Iﬂiﬂ%ﬂl@iiulﬂﬂﬂﬂ’ﬂﬂgﬂﬁﬂﬁ’q\iﬂ’dﬂ

Rl Q



VNN 6

Y
agUnazvaauauus

6.1 agl

4 a

b4

Ineninusi lddnyuazeenuuuszUIAT DT UNNTBIURAIT BT LT R TE U
o & 4 o a o 1 = S a 7] D]
JundeuuuannulumiesinsseanuazAniieuliouvesarsaaan lasil Taold
uuudraeaInseielszamiion (Arificial Neural Network, ANN) LAz 903aHan Uauon1q
WaIAveeszuUINMIUTEZUAIA8AIFUNA (Observer) HIUNITODNUUUTZUUAIUANUUL

o B 3 ao a o Y o dy
193 17 FavuaouveInITIvenazHa e sl ladail
v o & v s s

1. 90NUUVLAZTINYATUIAADUUUINUAIIUDAANFUALIFDST 1INDINDT 1AYNIT
4 a a2 o a 4 1
Mamieulunszuiumsnanaielaslszunannusiaeaneadlamans vodszUUIAz A
% a Q‘{d VoA A 9 o @ L4 1 9 a
duilseansmeumninervedlununiiaedlagn1sszenanyalveIsUUNIUT0Ya D UNA

4 1 o § a . %
uazLamwﬁﬁluﬂmmimamﬁéfmmi @205 Nonlinear least Square FINAMTADUAUDIVDN
HUUHIR09E0ANREINUTZUVITI IAeNATDUAINTOONIULAITUNATZUUITA (Open loop
observer) agas@ouANUAIITA lumsduna ldnuaiuauldvesszun neunvzesnuuy
sTUUAILANAD 11/

2. 9ONUUVUAZNATOUIZULAILANAIBINALANITININA (Pole placement method)
MeMIA9ATveIBURINITToUNaUA L TADIUE (K), 0A519e18U098A0AN  (K) 1Az
80511803 T UnA (L) dsudiniunuuazdidunave 14 lsunsy MATLAB lunism
ABATIV1Y 1Az NAFOUNMSTIAUNUTZUVIFI AT 1Y Simulink 397D RAPCON Board
o @ Y ' A 9 o3| A
daneussinliszvuedrumuizauie ldwanovaueuiluliawiosnuuy msnadoums
AVANIZNTEN 2 NIBIND HAADUAUBIMIUNIANIIZADIUZAIAD AUNITAAAINAIDUNA

a . 4 ' < '
81994 (Tracking response) FIWUNIzVUANNIDIRNanoudusudullaweonuuy uaz

a a Yy ayy Fo q v 9 v o o A A
A50AAMINduNA01993 14 uennniideliaridoyadnlsanuznndrduna ey
o a 4 o 9 1 aa o t:' % ] =
lAnsziuazswundeunnsesvesdiiiosuuselag 14 Insaelsz aniion

9y Y 9y ' A a dgl v aAa J A

3. ldeenuuumisnaasslagnisadnanizdeunnsesiinadunuaiiosuus

sznoudlroan



86

d‘ 1 d‘ A d’ 1 d’ A d‘ 1 d‘ A
1ENAITNADAUNAD 75%, TN1ILNAITHADAUINED 50%, TN1ITNAITHADAUINAD 25%,
~ A A =l =} o a <3 FY v W
annzimsnasauman 0%, Wisuieunuanzing minaaswzinudeyanndrduna
[ H 1 3 H 1 a [ [
Usznpudlreminszuaniszuald annusndszuiald tazmanuranaInsE @
I o a 1 <3 o us/'
dunanuszuues Taslundazannzazinudoyasiuiu 120 53
9 9 o Y= [ =1 Y] [
4. afnyadoyadmsudnaou Insenelszamiion Tasazaanenauanyuzoq
(% =
A

Yoyadreantlsnana Ao AndeutuuIAsgIN (Standard deviation) AN TAT (Kurtosis)
AUNAERIA9e04 (Root Mean Square) LAZBATIAIUAIGIAADAURAY (Crest factor) TuMT
=] 1 =\ T W 1 Y ) = ) [ a
Anaeulassnislseamimenaziiiadadivvestoyadmsudnaey 75% dmsvilsziiiuma
0w o 7q ¥ o v &
15% agdMsunaaon 15% 1ntiuilsegnaldniswen Tlsuniuaie MATLAB / M-file &4
14 Tumauuuuns nay (back-propagation) HagfuiumnNuAanaInves luaa lugluuvves
Mean Square Error (MSE)
o [ 3 = =l =1 ad dl Y (v U U 09; %
5. dwmsutuaeulumsinaeu lumavzSoumen 3 33msnlsdsuaiarnimiin
waz'ludane Scale Conjugate method (trainscg), Levenberg Marquardt algorithm (trainlm) {8
o . . A A Aq Yo 9 ~ A
Resilient Back-propagation (trainrp) mamzwﬂumamlwmmmgﬂmmqmqﬂ MsUseiuna
a s =T & o a IR
Tuaavzl¥msinsziin)osidudan11ugnaes (Accuracy) 1aens ldnouilisummsnad

1 Hq 9 9 A A ~q Yo = ¥
wuNluaanlvininugndesgangane 97.5 % Tuvagilddmuseulumsinaouiioy

NgamMIny 148 501

6.2 UolaUdIUY

1. lumsdhauvesszuumuguiginailymmsadnvesdyanailoundy iesan

o 9

E2
Qv A

o (%% [y s 1 v W % { 1 o
Tuauadeii ldiimsnsesdygrasuniulasldilandu oreTeuduauniladiainedna

(Y] a OBJ} ° o 1 {
M 0.25 39 duezi liszuuiiau ludu lasnesnuuurinesnuuulinar ludhg

£}

o 1 3 J 1 J @ @ :/‘
AMUzAIAINANTINGT 4 1110IAIAIAIIAT ATuMINAeInITeenuD Uz UL RTINS
A g d?’ 9 Y < J o Aa o A A o
ABUAUDINITIVY azdealmduyeslunisTaninisnsesdygiusuniunie i dy s
Yy A
sunulvitiosnga
9 1 ~ A Y a ~ 9 o
2. myaialuealasaelssmmimeuie liinamsFeuuaz amsnsndgluny
v Y g o 9 < = 4 Aaw A 9 v 1A
voidoya ladazdesndugadoyainaeuiunnweaunis Falunuieligadeyadiodiuiioy
9 £ 9 a [ (=1 a Y a o A )
120 gadoya alumsldaueieervazda himivanenzdould luaamanisead et
Twaa ld 14 vgadoyadud lineriunisaeuninouszirldlszdniaimnissun

HFoUNNIDIAAAY



87

o o v au A d o ¥ Yqu £ g ]
3. msﬂmwﬂamgmgeuaw’e‘)an,aGlmma%amﬂumimmEnzﬂﬁmmgm GINGIENGI;“D'

Y v KR

v 9
nannulumstanmsdeyauazuuanyuz daueneonu laee linseuny auiugideds
o 9Jq ' = ) .
puzih i g Tuealnssislszanmesuuuuaeu 1999 (Convolution Neural Network, CNN)
<3| @ [ Y @ A an £ 0 Y Jq 9 5
Wumsfauenanyuzvadrpyade Ui lagisnsneglnm sz Ingleavaadulunms
9 A o 9 1 9 A @ ~ ] 1 9 9 [P 1 o
adnTueariied wundounnsodd nazmadondmlsiutsnguuestoya’ld lidezdawaih

Trianugndesveslumaniad



318N1591999

Dong, X., Jian-qu, Z., & Feng, W. (2012). Fuzzy PID control to feed servo system of CNC
machine tool. Procedia Engineering, 29, 2853-2858.

Singh, K., Vasant, P., Elamvazuthi, I., & Kannan, R. (2015). PID tuning of servo motor
using bat algorithm. Procedia computer science, 60, 1798-1808.

Qureshi, M. S., Swarnkar, P., & Gupta, S. (2016, January). Assessment of DC servo motor
with sliding mode control approach. In 2016 IEEE First International Conference on
Control, Measurement and Instrumentation (CMI) (pp. 351-355). IEEE.

Sazawa, M., Ohishi, K., & Katsura, S. (2008, November). High speed positioning servo
system using integrator correction of PI controller based on disturbance observer. In 2008

34th Annual Conference of IEEE Industrial Electronics (pp. 2539-2544). IEEE.

Zheng, J., Zhang, M., & Meng, Q. (2006, June). Modeling and design of servo system of
CNC machine tools. In 2006 International Conference on Mechatronics and Automation
(pp- 1964-1969). IEEE.

Qian, R., Luo, M., Zhao, J., & Li, T. (2016). Novel Sliding Mode Control for Ball Screw
Servo System. In MATEC Web of Conferences (Vol. 54, p. 03007). EDP Sciences.

Lin, C. Y., & Lee, C. H. (2017). Remote Servo Tuning System for Multi-Axis CNC

Machine Tools Using a Virtual Machine Tool Approach. Applied Sciences, 7(8), 776.

Patton, R. J., & Klinkhieo, S. (2009, December). Actuator fault estimation and
compensation based on an augmented state observer approach. In Proceedings of the 48h
IEEE Conference on Decision and Control (CDC) held jointly with 2009 28th Chinese
Control Conference (pp. 8482-8487). IEEE.

Mid, E. C., & Yang, S. S. (2011, November). Modified feedback configuration via observer
based sensor compensation. In 2011 2nd International Conference on Instrumentation

Control and Automation (pp. 364-369). IEEE.



[10]

[11]

[12]

[13]

[14]

[15]

[16]

&9

Bianchini, C., Immovilli, F., Cocconcelli, M., Rubini, R., & Bellini, A. (2010). Fault
detection of linear bearings in brushless AC linear motors by vibration analysis. /EEE
Transactions on Industrial Electronics, 58(5), 1684-1694.

Patil, A. B., Gaikwad, J. A., & Kulkarni, J. V. (2016, July). Bearing fault diagnosis using
discrete wavelet transform and artificial neural network. In 2016 2nd International
Conference on Applied and Theoretical Computing and Communication Technology
(iCATccT) (pp. 399-405). IEEE.

Wadhwani, S., Wadhwani, A. K., Gupta, S. P., & Kumar, V. (2006, December). Detection
of bearing failure in rotating machine using adaptive neuro-fuzzy inference system. In 2006
International Conference on Power Electronic, Drives and Energy Systems (pp. 1-5).
IEEE.

Martinez-Garcia, C., Osorio-Gordillo, G. L., Astorga-Zaragoza, C. M., & Puig, V. (2016,
September). Fault detection on bearings coupled to permanent magnet DC motors by using
a generalized Takagi-Sugeno PI observer. In 2016 3rd Conference on Control and Fault-
Tolerant Systems (SysTol), (pp. 579-584). IEEE.

Tastimur, C., Karakose, M., Aydmn, I., & Akin, E. (2018, September). Defect Diagnosis of
Rolling Element Bearing using Deep Learning. In 2018 International Conference on
Artificial Intelligence and Data Processing (IDAP) (pp. 1-5). IEEE.

Han, G., & Kim, J. K. (2018, July). Classifier Comparison for Failure Detection of
Induction Motors Using Current Signal. In 2018 Tenth International Conference on
Ubiquitous and Future Networks (ICUFN) (pp. 28-31). IEEE.

Chommaungpuck, P., Lawbootsa, S., and Srisertpol, J. 2019. Fault Detection of Linear
Bearing in Auto Core Adhesion Mounting Machine using Artificial Neural Network.

WSEAS Transactions on Systems and Control, 14, (pp. 31-42).



MANHIN N

Tdsunsumaz Simulink lumsnaaouszuL



n.1 1unsulumsesnuuuszuunluguuazfIduna

clc

clear dl

%% System parameter %%
Bm = 0.37845;
Ct =38669;
Jm =0.27084;
Ks=1.7891e+08;
Kb=10.028151;
Kt =0.81329;
La=0.00010546;
Mt =7;
R =0.79985;
Ra=0.051057,

%% trnsfer function model %%

a= (K*R*Kt)/(Mt*La*Jm);

b= (Mt*Ra*Jm + Mt*La*Bm + Ct* La* Jm)/(Mt* La* Jm);

¢ = (Mt*Ra*Bm + Mt*Kt*Kb + Ct*Ra*Jm + Ct*La*Bm + K*La* Jm)/(Mt*La* Jm);
d = (Ct*Ra*Bm + Ct*Kt*Kb + K*Ra*Jm + K* La* Bm)/(Mt* La* Jm);

e = (K*Ra*Bm + K*Kt*Kb)/(Mt* La* Jm);

num=[al;

den=[1bcdeo];

GS = tf(hum,den)

%% State space model %%

A=[-Ra/lLa0-Kb/La00;00100; K/Im0-Bm/JIm00;0000 1; 0 R* KMt 0 -Kg/Mt -
Ct/Mt];

B=[1/La; 0; 0; 0;0];

C=[0 0 01 0];

D=[0];

sys=ss(A,B,C,D);
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%% Controllable check %%

OrderSys = order(sys);
RankSysCl = rank(ctrb(A,B));
Pc=[B A*B (A"2)*B (A"3)*B (A™4)*B];
if OrderSys == RankSysCl
fprintf('System controllable\n’)
else

fprintf("System is not controllable\n’)
end

%% Observabilitty check %%
RankSysOB=rank(obsv(A,C));
Po = [C; C*A; C*(A"2); C*(A"3); C*(AM)];
if OrderSys == RankSysOB
fprintf('System observerbility\n')

else

fprintf('System is not observerbility\n’)
end

%% State feedback design with Type 1 servo system %%
Ahat = [A zerog(5,1); -C 0];

Bhat = [B;0];

CLpole =[-4-5-500 -500 -500 -500]; % settling time 2 second
Khat = acker(Ahat,Bhat,CLpole);

K =[Khat(1) Khat(2) Khat(3) Khat(4) Khat(5)];

K1 =-Khat(6);

%% Observer design %%

obs P =[-400 -500 -1000 -1000 -1000];

L = acker(A',C',obs P);

L=L%

fori=1:5

fprintf('state feedback gain K(%d) = %f\n',i,K(i))
end

fprintf(‘controller gain K1 = %f\n',KI)

AA =[A - B*K B*KI;-C0];
BB =[0;0;0;0;0;11];
cC=[Co];

DD =[0];
sys N =ss(AA,BB,CC,DD);
step(sys_N,10)
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%% Load data Healthy %%
dir1 =
'D:\SUT\Mdegree\Master_Thresis\project_|leadscrev\mathmodel _|eadcrenm\Data\FDI\DATA\Healthy

\;
fori=1:120

Hcon(i) = load([dir1 'test’ numastr(i) ".mat]);
end

Hsignals = struct2table(Hcon);

Hsignals = tablexcel | (Hsignals);

fori=1:120

HObsvErrorsignals{i,1} = Hsignals{i, 1} (1:6000,1)";

HCurrentsignals{i,1} = Hsignal{i,1} (1:6000,2)';

HThetasignals{i,1} = Hsignal{i,1} (1:6000,3)";

HOmegasignals{i,1} = Hsignals{i,1}(1:6000,4)";

HPositionsignals{i,1} = Hsignals{i, 1} (1:6000.5)';

HSpeedsignals{i,1} = Hsignals{i, 1} (1:6000,6)';

end

%Hsignals =

[HObsvErrorsignals,HCurrentsignal s,H T hetasignal s,HOmegasi gnal s,HPositionsignal s,H Speedsignals
}-’isi gnals = [HObsvErrorsignals,HCurrentsignal s,HSpeedsignal | ;

%% Load data Lub75 %%

dir2 =

'D:\SUT\Mdegree\Master_Thresis\project_|leadscrew\mathmodel _|eadcrew\Data\FDI\DATA\Starved
75%\";

fori=1:120
Ficon(i) = load([dir2 'test' numzstr(i) ".mat");
end

Fisignals = structatable(Ficon);

Fisignals = tablexcell(Fisignals);

fori=1:120

F10ObsvErrorsignal<{i,1} = Fisignal<{i,1}(1:6000,1)";
FiCurrentsignals{i,1} = Fisignals{i,1}(1:6000,2)";
FiThetasignals{i,1} = Fisignals{i, 1} (1:6000,3)";
F1Omegasignals{i,1} = Fisignals{i,1} (1:6000,4)";
F1Positionsignals{i,1} = Fisignals{i,1}(1:6000,5)';
F1Speedsignals{i,1} = Fisignals{i,1}(1:6000.6)';
end
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%wFlsignals =

[F10ObsvErrorsignals,F1Currentsignal s,F1 T hetasignal s,F1Omegasi gnals,F1Positionsignal s,F1 Speedsig
nals|;

Fisignals = [F10bsvErrorsignals,F1Currentsignal s,F1Speedsignal ]

%% Load data L ubs0 %%

dir3 =
'D:\SUT\Mdegree\Master_Thresis\project_|leadscrev\mathmodel_|eadcrem\Data\FDI\DATA\Starved
50%\";

fori=1:120
Facon(i) = load([dir3 'test' numzstr(i) ".mat");
end

F2signals = structatable(F2con);

F2signals = tablexcell(F2signal s);

fori=1:120

F2ObsvErrorsignal<{i,1} = Fsignal<{i, 1} (1:6000,1)";
F2Currentsignals{i,1} = Fasignals{i, 1} (1:6000,2)";

F2Thetasignal {i,1} = Fasignals{i, 1} (1:6000,3)';

F2Omegasignals{i,1} = Fasignals{i, 1} (1:6000,4)';

F2Positionsignals{i, 1} = Fasignals{i, 1} (1:6000,5)’;

F2Speedsignals{i, 1} = Fasignals{i, 1} (1:6000.6)';

end

%F2signals =

[F20bsvErrorsignals,F2Currentsignal s,F2 T hetasignal s, F20megasi gnal s,F2Positionsignal s,F2 Speedsig
nals|;

F2signals = [F20bsvErrorsignal s,F2Currentsignal s,F2Speedsignal ] ;

%% Load data L ub25 %%

dir4 =

'D:\ASUT\Mdegree\Master_Thresis\project_|eadscrew\mathmodel _leadcrev\Data\FDI\DATA\Starved
25%\';

fori=1:120
F3con(i) = load([dir4 'test' numzstr(i) ".mat");
end

F3signals = structatable(F3con);

F3signals = tablexcell(F3signal's);

fori=1:120

F30bsvErrorsignal€{i,1} = F3signals{i,1}(1:6000,1)";
F3Currentsignals{i,1} = F3signal{i,1} (1:6000,2)";
F3Thetasignal {i,1} = F3signals{i, 1} (1:6000,3)';
F30Omegasignals{i,1} = F3signals{i,1} (1:6000,4)";
F3Positionsignals{i,1} = F3signals{i, 1} (1:6000,5)';
F3Speedsignals{i,1} = F3signals{i, 1} (1:6000.6)';
end




103

%F3signals =

[F3ObsvErrorsignals,F3Currentsignal s,F3 T hetasi gnal s,F30megasi gnal s,F3 Positionsignal s,F3 Speedsig
nals|;

F3signals = [F30bsvErrorsignals,F3Currentsignal s,F3Speedsignal ] ;

%% Load data Lubo %%

dirs =
'D:\SUT\Mdegree\Master_Thresis\project_|leadscrev\mathmodel_|eadcrem\Data\FDI\DATA\Starved
0%\';

fori=1:120
Facon(i) = load([dir5 'test' numzstr(i) ".mat");
end

Fasignals = structztable(F4con);

Fasignals = tablexcell (F4signal s);

fori=1:120

FaObsvErrorsignal&{i,1} = Fasignal<{i,1}(1:6000,1)";
FaCurrentsignals{i,1} = Fasignals{i,1}(1:6000,2)";
FaThetasignal s{i,1} = Fasignals{i, 1} (1:6000,3)";
FaOmegasignals{i,1} = Fasignals{i,1} (1:6000,4)";
FaPositionsignals{i, 1} = Fasignals{i, 1} (1:6000,5)’;
FaSpeedsignals{i,1} = Fasignals{i, 1} (1:6000.6)';
end

%F4signals =

[F4ObsvErrorsignals,F4Currentsignal s,F4T hetasignal s,F4Omegasi gnal s,F4Positionsignal s,F4Speedsig

nals|;
Fasignals = [F4ObsvErrorsignal s,F4Currentsignal s,F4Speedsignal ] ;

%% Combine data %%
Signals = [Hsignals;Fisignal s;F2signal s;F3signal s;F4signal §] ;

%% feature extraction %%

for i = 1:600

ObsvErrorSixma{i,1} = std(Signals{i,1});
ObsvErrorRootMean{i,1} = rms(Signals{i,1});
ObsvErrorCrest{i,1} = peak2rms(Signals{i,1});
ObsvErrorSkew{i,1} = skewness(Signal{i,i});
ObsvErrorKur{i,1} = kurtosis(Signal&{i,1});

CurrentSixma{i,1} = std(Signal<{i,2});
CurrentRootMear{i,1} = rms(Signals{i,2});
CurrentCrest{i,1} = peakerms(Signal€{i,2});
CurrentSkew{i,1} = skewness(Signas{i,2});
CurrentKur{i,1} = kurtosis(Signal{i,2});




104

% ThetaSixma{i,1} = std(Signa€{i,3});

% ThetaRootMean{i,1} = rms(Signals{i,3});
% ThetaSkew{i,1} = skewness(Signals{i,3});
% ThetaKur{i,1} = kurtosis(Signal{i,3});

% OmegaSixma&{i,1} = std(Signals{i,4});

% OmegaRootMear{i,1} = rms(Signals{i,4});
% OmegaSkew{i,1} = skewness(Signal{i,4});
% OmegaKur{i,1} = kurtosis(Signals{i,4});

% PositionSixma{i,1} = std(Signal<{i,s});

% PositionRootMear{i,1} = rms(Signals{i,s});
% PositionSkew{i,1} = skewness(Signal{i,s});
% PositionKur{i,1} = kurtosis(Signas{i,s});

SpeedSixma{i,1} = std(Signal<{i,3});
SpeedRootMean{i,1} = rms(Signal{i,3});
SpeedCrest{i,1} = peak2rms(Signal{i,3});
SpeedSkew{i,1} = skewness(Signal{i,3});
SpeedKur{i,1} = kurtosis(Signals{i,3});
end

% Sixma = [ObsvErrorSixma,CurrentSixma, T hetaSixma,OmegaSi xma,Posi tionSixma, SpeedSixma] ;
% Skew = [ObsvErrorSkew, CurrentSkew, T hetaSkew,OmegaSkew, PositionSkew, SpeedSkew] ;
% Kur = [ObsvErrorKur,CurrentK ur, Thetak ur,OmegaK ur,PositionK ur,SpeedK ur];

% RootMean =

[ObsvErrorRootM ean,CurrentRootM ean, T hetaRootM ean,OmegaRootM ean, PositionRootM ean, Spee
dRootMean];

Sixma = [ObsvErrorSixma,CurrentSixma,SpeedSixma];

Crest = [ObsvErrorCrest,CurrentCrest, SpeedCrest]

Kur = [ObsvErrorKur,CurrentKur,SpeedK ur];

RootMean = [ObsvErrorRootM ean,CurrentRootM ean, SpeedRootM ean];
Skew = [ObsvErrorSkew,CurrentSkew,SpeedSkew] ;

% Sixma = [CurrentSixma,OmegaSixma|;

% Skew = [CurrentSkew,OmegaSkew];

% Kur = [CurrentKur,OmegaKur];

% RootMean = [CurrentRootM ean,OmegaRootM ean];

% Sixma = [OmegaSixma,SpeedSixmal;

% Skew = [OmegaSkew,SpeedSkew];

% Kur = [OmegaK ur,SpeedKur];

% RootM ean = [OmegaRootM ean, SpeedRootM ean];
%% training data %%

Input = [Sixma,Kur,Crest,RootMean];
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Input = cellzmat(Input);
%% Creat target %%
fori=1:120

A(i,n=1;

Ai,2)=0;

A(i,3)=0;

A(i,4=0;

A(i,5) =0;

B(i,»=0;
B(i,2)=1;
B(i,3)=0;
B(i,4) =0;
B(i,5=0;

C(i,n=o0;
C(i,2)=0;
C(@i,3=1;
C(is=o0;
C(i,5)=0;

D(i,n=0;
D(i,2)=0;
D(i,3)=0;
D(@i,4=1;
D(i,5) =0;

E(i,n=0;
E(i,2=0;
E(i,3)=0;
E(i,4=0;
E(i,5=1;

end
Target = [A;B;C;D;E];
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a.2 Tsunsumselnaeulassvelszaniiea

x = Input';

t = Target',

% Choose a Training Function

% For a list of all training functions type: help nntrain

% 'trainlm’ is usually fastest.

% 'trainbr' takes longer but may be better for challenging problems.
% 'trainscg' uses less memory. Suitable in low memory situations.

% Scaled conjugate gradient backpropagation.

% Create a Pattern Recognition Network
hiddenLayerSize = 100;
net = patternnet(hiddenLayerSize);

% Setup Division of Data for Training, Validation, Testing
net.divideParam.trainRatio = 70/100;
net.divideParam.valRatio = 15/100;
net.divideParam.testRatio = 15/100;

%view(net)

Error = 30;

count = 0;

while Error>=3
count = count +1;
if Error>=3

% Train the Network
net.trainFcn = 'trainscg';

[net,tr] = train(net,x,t);

% Test the Network
y = net(x);

¢ = gsubtract(t,y);
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performance = perform(net,t,y);

tind = vec2ind(t);

yind = vec2ind(y);

percentErrors = sum(tind ~= yind)/numel(tind);

Error = percentErrors* 100
else
% View the Network

view(net)

figure, plotperform(tr)
figure, plottrainstate(tr)
figure, ploterrhist(e)
figure, plotconfusion(t,y)
figure, plotroc(t,y)

end
end

disp(count)
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General specifications

Power supply 5V=5%  120mA (typical), 200 mA RGH22Y, S and H.

MNOTE: Current ecnsumption figures refer to untarminated readheads.
For digital cutputs a furthar 25 mA per chanrel peir [2.g. A+, A-) will be crawn
wien terminated with 120 0
For analngie oufputs & further 20 mA will 5e drawn when ferminated with 120 0
Powver from a 5V de supply complying with the: requirements for SELY of
stendard IEC BS EN 60950-1.

Ripple 200 m\ipp @frequancy up to 500 kHz maxmum

Temperature Storage 20°C o +/0C
Opcrating 0°C o +56°C

Hurnidity 5% relative hurmidity (non-condansing) to EM BO0ES-2-78
Sealing |P5D
Acceleraticn Operating BO0 my/st 3 axes
Shock Mcn-operating 1000 m/s*, B ms, ¥ sine. 3 axes
Vibration Operating 100 mis* mex & 55 Hz to 2000 Hz, 3 axas
Mass Feadhsaz  45¢g
Cable 38 g/m
Cable 12 core, double shieided, maximum diamsater 4.7 mm.
Flex life >20 % 10" cycles at 50 mm berd radius.
Connector options Code  Connector type Application
o 15 way D type plug ROGHZZ0, X, Z,Y,H, PO, Rand 3
R 12 way circular piug RGH2E0, ¥, Z,Y,H, P, 0, Rand 3
L 15 way D type plug RGH22A and B
' 12 way circular pug RGH22B
W 12 way circular cougling  RGH22B
F untarmingted cable all readheacs
x 18 way inline connacior  all eedheacs
Scale specifications
Scale type RG520-8  Reflective gold plated stes! taps with protective lacquer coating.
Adnesive backing tzpe allows direct mounting to the machine substrate.
RAGS20-P  Reflective gold plated stesl taps with tough pof, coating for i
usirg harsh solvents.
Adnesive backing tape allows direat ing to tha
Scale parind 20 pm
Linearity AGHA0E -5 pm/m
AGSAP =5 pm/m
Scale length Up ta 50 m (250 m by special order)
Form (H « W) RAS?0-5 0.2 mm x i mm (nchides adhesive)
RGSZ0-P 0.3 rmm x .8 mm (ine udes adhesive)
Substrate materials Metals, cermmics and composites wilh expansion coelfivients between ¢ and
22 umimi*C (steel, aluminium, Invar, granits, ceramic gte.)
Coefficient of thermal Matches that of substrate matanial wnen scale ands are fixed by epoxy
expansion maourtec end clamps
End fixing Epaxy mountad and clamps (A-9523-4015) using 2 part opoxy adhasive
(A-9531-0342)
SBeale end movemant typically <1 pm uc o +40 "C
Temperature Operating =10 T +120°C

Minmum nstellaicn  10°C

Humidity

Storage  -20°Cw +70°C
95% relztive humidity (ron-condensing) to EN 60068-2-78
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— Two reasons for the generation of dust are metal-to-met-
al contact and mutual friction between rolling elements.
— THK also offers a range of clean room-compatible

THK offers a range of products with a cage for minimiz-
grease products. ing metal-to-metal contact and mutual friction between
Clean room ® AFE-CA Grease (THK) the rolling elements. Furthermore, the cage is also
& AFF Grease (THK) structured in a way that maintains the lubricity, making it

e L100 Grease (THK)

suitable for use in clean rooms.

— Anti-rust oil is applied as standard, so please
specify if it is not required.

A 7 a = aa J A
A15197 9.2 MUY T2 ANTUT BFEANIUVOIAUETLUT

Table5 Frictional Resistances (u) of LM Systems
Types of LM systems Representative types Frictional resistance (u)
SSR, SHS, SRS, RSR, HSR, NR/NRS 0.002 to 0.003
LM Guide
SRG, SRN 0.001 to 0.002
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Screw Ball Basic load

shaft encer rating . Screw shaft
N Laad [ 3 Ripidity ¢ Auial inl Nut
outer to-center . nterOver = inestial
B Ph | Medel No, diamet amic Static K Width £_ " le clearance nass
diamets | armreter 2 5 2 . Height le 1 W, T M [Ny Nj y mamentrmm
e Rowsx Ca W 2 | 2 c ) A
i d SeaIEEY
turns - = -
Mmoo mm kN kN U N/jp@limm men | omm mmemme mime mum mam | mem mmmimy mm | kg<m®/mm | kg

14 4 BNT1404-36 144 115 1x365 55 (115 150_{34 1335 2622 M4x7T 17 6 30 6 2 MBxl 0.1 | 296x10° 015
14 5 BNT1405-26 145 112 1x265 5 114 110134 13 35 2622 M4x<7 17 6 31 6 2 M6<1 01 296=10% 015

5 BNT1605-26 16.75 135 1x265 54 133 130 143 16 36 (32 22 M5<8 21215325 6 2 Mé<xl 0.1  505x1¢* c.3|
18 | 8 BNT1208-36 193 144 1365 131 31 210 | 48 17 56 (35 35 M6x10 24 10 44 8 3 M6xl 0.1 |809x10* 047

5 BNT2005-26 205 172 1x265 6 16.5 ET«: 17 35 (3522 M6x10 24 9 38 5 3 MéxL 0. | 123x1C7 028
MEx1 00 | L23%10° 0.5
Mé=<1l 0,1 |3.01x10° 041
MExl 0.1 |301»107° 118
M6xl 0.1 4.74x 107 0.81
Mé=<L 0.1 474>10° 078
MExl 014 808%10° 1.3
M6x1 0.4 808x10° 2.0
M6x1 0.17 1.39x107 1.8
M6=<1 017 129=107 24
Mexl 0.2 316%107 4.1

20 10 BNT2010-26 2125 164 1265 106 251 160 |48 18 58 3535 M6x10 24 9 46 10
25 5 BNT2505-26 255 222 1x265 6.7 2080180 | 600 20 35 40 22 M8x12 30 8.5 45 7
45 10 ENT2510-53 268 202 2¢265 31.2 837 400 60 | 23 94 40 50 M8x12 30 10 55 10
28 6 BENT2806-26 285 252 1x%265 7 1234 200 60 " 22 | 42 40 18 M8=12 30 10 50 8
28 6 BNT2806-53 285 252 2265 128 46.8 390 60 22 40 40/M8x12 30 10 50 8
32 10 BNT3210-26 3375 272 1x265 198 538 25 70 26 50 45 M§x12 35 12 62 10
32 10 BNT3210-53 33.75 27.2 2x265 36 1075 490 70 26 50 M8x12 35 12 62 10
36 10 BNT3510-26 37 305 1x265 208 159.3 270 86 26 60 45M10%16 4 17 67 11
36 10 BNT3610-53 37 305 2265 378 1187 530 186 28 6050 M10%16 43 17 67 11
BNT4512-53 465 392 2x2.65 495 169 650 100 36 115 |75 75 M1Ox16 50 205 8C 13
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Sample Calculations

1. Machinery Selection

* Load Mass M = 5 [kg]

* Ball Screw Fitch P = 10 [mm]
= Ball Screw Diametsr D = 20 [mm]

[N
+ Zall Screw Mass Me = 3 kg N\
A Ma Direct
» Ball Screw Friction Coelficient p = 0.1 Connection
= Since thers ie no decelerator, G=1,11=1 [}%
2. Determining Operating Pattern

[mim.s]
s One Speed Change Speed
» Velccity for a Load Travel V = 300 [mm/s] 300

= Slrokes L = 380 [mm)]

» Stroka Travel Time tS = 1.4 [g]

= Acceleration/Deceleralion Time ta = 0.2(s]

» Positioning Accuracy Ap = 0.01 [mim]

Time [s]

3. Calculation of Motor Shaft Conversion Load Inertia

Ball 2
ln:nme -ln=%xm"‘ Jo= 3”;2°£xm-°=1.5x|u-‘[kq-m=]
Load P\ & L T . "
Jw=M 107" +J) Jvi =5 1079+ 1.5 10 = 1.63x 107 [kg-m
Inertia Jw w [2,.,' B v K(2x314,|x = = [k rve®]

Molor Shaft Conversion
Load Inertia Ju

J=GPx (i da)+ i

Ju=dw=1,83x 104 kg-m]

4. Load Torque Calculation

Torgue against Friction & & ik 1 - 210 . qpd. r
T Tw ngzn *107 TN_D.IXSKQ.SKExa.1dx1O =T.8x 1073 [N-m]
Molor Shatt Conversion T _;5__, = ey

Load Torque Tu L o Te=Tw=7.6x107[N-m}

5. Calculation of Rotation Speed

Rotations N

oV

NG

60300
N=ox1

= 180 [rfmin]

6. Mator Temporary Selection [In case OMNUC U Series Servomotor is temporarily selected

The Rotorfinertia of the
selected Servomotor is
maore than 1/30° of a lcad

B0 aof the Ratad Torgue

of the salected
Servomolor is more than
the load torquea of tha
Servomotor shaft
canversion value

o
JM 30

Tux0.B=T_

e
%=%=5.431

Tw=0.837 [N-m] 2 0.8 =T

10-* [kgme]

7.8 % 107 [Nom]

Temporarily selgcled Model RESM-UZ0030 (v = 1.23 < 10°%),

Rated Torque for RAAM = L20030 Madel frem TM = 0.637 [N-m]
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a 2 ¢
1.5 JeazIPeNveITe3 1 INIADS

SMO0601EE4(200 Watts) -5.2Amps
DC Bus--48VDC

1.8 4 emmy

| |
1.6 [}

1.4 (=Y

an0+50

Torque (Nm)
[
N

0.8 I

0.4 ‘l
A |

0 2,000 4,000 6,000
Speed (rpm)

~ 2 s s
TIJ‘VI 1.3 "]J‘L!'lﬂ"l]@\1L%ﬂii')ﬂ@m@ﬁllagﬂi'lwﬂ@iﬂ

G

A ] a s % 7
AT NN 1.4 “llf]iJ"ﬁW"li'mm@ﬁ‘UlecﬁﬂiT?llf’)!ﬁ'ﬂ'i

SMOB601

Base Model Number

:j\:mc;iggglrtzf?n::zr::)mal encoder non-sealed plas- GEiPIQ(OC?IE- 1 NV EE?T(?INV
DC Bus(VDC) 48 80
Rated Qutput Power waltts 200 200
Rated Speed pm 3000 3000
Max. Mechanical Speed rpm 6000 6000
Rated Torque Nm 0.64 0.64
Continuous Stall Torque Nm D.68 0.68
Peak Torque Nm 1.9 1.9
Inertia (with encoder) kg m*2 0.165 X 10* 0.165 X 10™
Inertia - With Brake Option kg m*2 022 X 10™ 022X 10"
Thermal Resistance{mounted) *‘CIwW 19 18
Thermal Time Constant Minutes 15 15

Heat Sink Size mm 180 %180 x § Aluminum}l 180 x 180 x 5 Aluminum
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Abstract

Recently, in many industries increase in the efficiency of the production process has made it possible for the
reduction of unit costs, using energy-=aving techniques. The Hard Dizk Drive (HDD) industry iz rapidly growing up to
the customers requirement The mowement of Auto Core Adhesive Mourter Machine [ACAM) is used in the linear
motors to drive the work pieces to the desired position for dispensing an adhesive and attaching the readhwrite head
onie the suspension. The finear motor operates at high apeed and continuous fime. Therefore, failure in the linear
bearing can occur and thus effecting the load increases. In order to maintain speed a= needs, the linesr motor
reguires more power, resulting in higher production costes for electricity consumption as well. This ressarch presented
the analysiz of energy losses cavsed by the faulty linear bearing by measuring the linear motor current and vibration
aignal. The condition of linear bearing was simulated 3 cases compare with the healthy condition and test speed.
referring to the actual production process is 0.23, 0.50 and 1.00 m's. The result indicates that when the linear motor
operated in the faulty bearing situation the current will be incressed. Analysia of the production rate at 0.30 m/s,
which refers fo the actual speed in the production line cuwrrently, the machine has the eleciricity consurnplion
384,323.20 kWhiyear. When the linear bearing is faulty the machine will conaume more enengy fo 881.880.23
kWhiyear or increase 14.74% more than when the machine iz in a healthy condition. In addition, the vibration result,
llusirated clearly the separation of each linear beanngs condition. Accordingly, by applying an in- fault detection and
i=olation technigue to the linear bearings. it will be able to detect and locate the causes of the faults that occur. This
will result in controlling the damage to the linear bearings and other paris of the machine, and alzo hawve the ability

to reduce the energy consumpiion of the machine.
Keywords: Linear bearing fault; Energy savinga; Linear mofor, Fault detection and isolation.
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