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Outline

Background
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Industrial Robots - The need for service

Industrial robots’ applications may be

e harsh

o dull

e safety / quality / cost critical
Reliability/availability are keys for success!

e Robots are reliable by design
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Industrial Robots - The need for service

Industrial robots’ applications may be

e harsh

o dull

e safety / quality / cost critical
Reliability/availability are keys for success!

o Robots are reliable by design
e But they can't fight time...
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Industrial Robots - The need for service

Industrial robots’ applications may be

e harsh

o dull

e safety / quality / cost critical
Reliability/availability are keys for success!

o Robots are reliable by design
o But they can't fight time...

e and unpredicted stops are highly
undesirable
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Industrial Robots - The need for service

Industrial robots’ applications may be

e harsh

o dull

e safety / quality / cost critical
Reliability/availability are keys for success!

o Robots are reliable by design
o But they can't fight time...

e and unpredicted stops are highly
undesirable

Service actions may avoid faults,
increasing the availability
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Service of IRB’s - Two sides of the coin 3(24)

The robot user seeks for The service provider
e 1} availability e | service/maintenance costs
e 1} productivity e 1{ accuracy
e || downtimes e 1 automated/remote

Achieving all compromises is difficult!
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Service of IRB’s - Two sides of the coin 3(24)

The robot user seeks for The service provider
e 1} availability e | service/maintenance costs
e 1} productivity e 1} accuracy
e || downtimes e 1} automated/remote

Who could help us?
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The robot user seeks for The service provider

1 availability | service/maintenance costs
1 productivity 1 accuracy
| downtimes I automated/remote

Q: What is super service man’s secret?
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Service of IRB’s - Two sides of the coin 3(24)

The robot user seeks for The service provider
e 1} availability e | service/maintenance costs
e 1} productivity e 1{ accuracy
e || downtimes e 1 automated/remote

Ans: Condition monitoring/diagnosis methods!
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Wear Diagnosis - Why, Where and How

Why?

e Certain

e Gradual

e Allows for early diagnosis
Where does it happens?
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Wear Diagnosis - Why, Where and How

Why?
e Certain How we can diagnose wear?

e Gradual

o Allows for early diagnosis

Where does it happens?

Inspection allows for CBM (not suitable)
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e Gradual
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Wear and Friction in IRB’s

Wear affects friction!

o01F-4

= 0.06| wear.

50 100 200 250

150
@ (rad/s)

Friction changes affect measured signals!
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Wear and Friction in IRB’s

Wear affects friction!

01k

= 0.06| wear.

100 200 250

¢ (ead )
Friction changes affect measured signals!
Main idea:

Monitor friction to

infer about wear

Possible to automate!
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Wear and Friction in IRB’s

. |
Wear affects friction! .. however! ,
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Friction changes affect measured signals!
Main idea:

Monitor friction to

infer about wear

Possible to automate!
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Wear and Friction in IRB’s

Wear affects friction! .. however! ,
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Friction changes affect measured signals!
Main idea:
Monitor friction to (with careful!)

infer about wear

Possible to automate!
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Objective and Approach

Objective: design wear diagnosis methods to allow for CBM of IRB’s

Approach:

1. Understand friction - Paper A (and B)
2. Design of diagnosis methods

o Wear identification - Paper B
e Diagnosis of repetitive systems - Paper C
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Outline

Understanding Friction
Estimating Friction
Friction Modeling
Summary
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Estimating Friction

Here is our robot. We want Tf.

M(p)¢ +Clg, ) + (@) + () =u
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Estimating Friction

Here is our robot. We want .
Move at a cte speed ¢

Clp, ) +15(9) +17(9) = u
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Estimating Friction

Here is our robot. We want .
Move at a cte speed ¢ one axis at a time

(@) + () = u
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Estimating Friction

Here is our robot. We want .
Move at a cte speed ¢ one axis at a time

(@) +7(¢) =u

Move back and forth around @

%(§) + Tg(¢) = u™
T (—¢) + (@) =u"

it 7 (—¢) = —7(9)

7(¢) =1/2(u" —u”)
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Estimating Friction

Here is our robot. We want .
Move at a cte speed ¢ one axis at a time

(@) +7(¢) =u

Move back and forth around @

) g ~\‘\\4.;7‘ 3": @ 5
7(P) +75(¢) =u” LBl AT
(=) +75(¢) =u I . [ ~
it 7(—¢) = —7(§) ¥ T N N S N O 1
t(s)

7(¢) =1/2(u" —u”)
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Friction Modeling

Repeat for several speeds to get a static friction curve

[E=T=33C, 7m=—010]

x XXX

0 50 100 200 250 300

¢ (rad/s)
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Friction Modeling

Can we model these effects?

0.25]
[E=T=33C, 7m=- 0.10]
0.
-%
. 0.15 =
© \ ¥
\ %
0.1 X s 2
% e
0.05 e
0 50 100 200 250 300

¢ (rad/s)
Here is a model to describe it

_|e|®
T (¢) = Fc+ Fse 1| 4+ Fy¢p

Works well!
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Friction Modeling

Can we model these effects?

025 =T =33°C, tm= 070
x ——T=80°C. m=—0T0
0. ——T=33°C, 73 =—001
M ST =80°C, 7 =—001
x -_%
., 0.15 % =
= Y X _x==""" X *
01 \ Txy . -
g \ _eTX x x
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X Nex X X *
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Here is a model to describe it

_|e|®
T (¢) = Fc+ Fse 1| 4+ Fy¢p

Works well?
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Friction Modeling

Load, can we model these effects?

O R T |
0.148° o s o o o5 g
0.1 .\‘
N
ha 0.1"“
0.
0,06\
0.04] S i
50 100 150 200 250
¢ (rad/s)

Here is a model to describe it

o

9

95,7

Tf(Tl) = {Feo+ Ferlul} +Fs,rz|Tl|‘3_
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Friction Modeling

Temperature, can we model these effects?

o N |
. 40 45 50 55 60 65 70 75 0 85
012
NS o
RN w—
SN o
08 Aié/
N %/éﬁ
osl
50 100 200 250

Here is a model to describe it

B R T
Tf(T) == {FS,O + FS,T} e ¢5'0+¢S’TT + {FU,O + Fv,T} e Vo
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Friction Modeling

Validation
0.25)
—=T=33°C, 7, =—0.70]
X ==T=80°C, 7, = —0.70
0. —=T=33°C, 7 =—001
M ——T=80°C. 7 =-001
x -%
., 0.15 x =
& F N ,x—"—’—: b
01 \ Txy . -
\‘( X x x
—_ x
X SNexxx T % X X x *
005 AR
0 50 100 200 250 300

§ AUTOMATIC CONTROL
A. C. Bittencourt REGLERTEKNIK
LINKOPINGS UNIVERSITET

Licentiate Seminar, Linkdping 20-01-2012



Friction Modeling

Validation

(9,7, T) (M)
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Friction Modeling

Validation

CIM|
EM*|

L
-0.06 -0.04 -0.02 0 0.02 0.04 0.06

§ AUTOMATIC CONTROL
A. C. Bittencourt REGLERTEKNIK
Licentiate Seminar, Link6ping 20-01-2012 LINKOPINGS UNIVERSITET



Friction Modeling

Wear, can we model these effects?

L i i i i
0 50 100 150 200 250

¢ (rad/s)

Consider effects of wear only! (wear profile)
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Friction Modeling

Wear, can we model these effects?
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Consider effects of wear only! (wear profile)
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Friction Modeling

Wear, can we model these effects?

. .
— W= 2240, k =78 8
— = = 3040, k = 79
weew = 35.00, k = 80
—ew = 46.70, k = 81 |

e
0 50 100 150 200 250
¢ (rad/s)
Here is a model to describe it
I o
ff(W) = Fowe %" + Fyywe

§ AUTOMATIC CONTROL
A. C. Bittencourt REGLERTEKNIK
Licentiate Seminar, Link6ping 20-01-2012 LINKOPINGS UNIVERSITET



Friction Modeling

Models for speed, load, temperature and wear!

—— T =33°C, 70 = —0.10]
——T =80°C, 0.70)
0.

—W=2240. k=18
——W = 3040, k=79

—w=46.70, k =81

=5

(9,7, T,w) = 7(¢, 7, T) + T (W)

A. C. Bittencourt
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Some Remarks

Relevant Aspects

Useful for design and evaluation

Effects of load and temperature should be considered

Load torques might be estimated

Temperature is not measured

e Several parameters needed (hard to identify)
Future Work

e Verify models in other devices

e Include dynamic friction models

e Define a sound identification procedure
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Outline

Wear ldentification
Problem Formulation
Simulation Studies
Case Study
Summary
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Wear Identification

Can wear be robustly identified?
e Temperature is not measured
e Complex and uncertain robot dynamics
e On-line identification might be difficult
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Wear Identification

Can wear be robustly identified?
e Temperature is not measured
e Complex and uncertain robot dynamics
e On-line identification might be difficult
A setup used for analysis (a proof of concept)
e Friction levels estimated with a test-cycle at 1 speed
e Known friction model (wear and temperature)
e Temperature treated as random with known bounds
Identification of a static nonlinearity with uncertainties

Wi(¢) = argmin V ((¢) — % (¢, 0, Ti,w)), T ~U(TT)
w(¢) =EWi(¢)], i=1...,N

Choice of ¢ is a design criteria. What region is best?
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Simulation Studies

Estimated distribution for a critical wear level (w=235)

50 100 1é0 200 250
¢ (rad/s)

e Large bias at high ¢

e Large variance at low/high ¢

e Selective ¢ region where W estimates are useful
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Simulation Studies

Estimated distribution for a critical wear level (w=235)

T T

10 ?—propose‘d estimator]
—-CRB

e ——

i i i i
0 50 100 150 200 250

¢ (rad/s)

e Large bias at high ¢
e Large variance at low/high ¢
e Selective ¢ region where W estimates are useful
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Case Study

Real failure data combined with fault free data (temperature)

o [—w=2240, F = 18

5 — W = 3040, k = 79|

e . —w = 35.00, k = 80|

o %\ |—w =46.70, k = 81
0,

TR

100 750 200 250
& (rad}s)
a0 a5 50 5 60 . 65 70 75 0 sy
0.2
= m!\ 5—//
= K w—__—
N 35
e, e
A - J\k’ =
) 50 w0 1% 200 250
b (rad/s)
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Case Study

Results

0.08f-

ha

0.06

0.04f

0.0:

i i
0 50 100 150 200 250

¢ (vad/s)

J_(p = 35.08 (rad/s)
..... & = 84.23 (rad/s)|

40
<230

20

0 10 20 30 40 50 60 70 80
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Some Remarks

Relevant Aspects
e Based on a test-cycle (reduced availability)

Requires knowledge of a model with several parameters

Narrow optimal speed range (not easy)
e Allows for robust wear diagnosis
Future Work
e Include analysis of variations of lubricant and load
e Robust wear identification with no test-cycle (no interruptions)

§ AUTOMATIC CONTROL
A. C. Bittencourt REGLERTEKNIK
Licentiate Seminar, Link6ping 20-01-2012 LINKOPINGS UNIVERSITET



Outline

Diagnosis of Repetitive Systems
Problem Formulation
Basic Framework
Extending the Framework
Summary
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Diagnosis of Repetitive Systems

Systems that perform a task in a fixed pattern repetitively

Typical in automation
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Diagnosis of Repetitive Systems

Systems that perform a task in a fixed pattern repetitively

Can be forced with a test-cycle
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Diagnosis of Repetitive Systems

Systems that perform a task in a fixed pattern repetitively

Basic idea for diagnosis

Compare how the task is executed now
to how it is executed when healthy
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Problem Formulation

system

Consider a general
7 —
System
V —

_>y

v are random unknown

u, known
z: < d, unknown
f, unknown

of interest

A task O is executed M times

M — [yo,'--,yj,-“

y =l .9,

A. C. Bittencourt
Licentiate Seminar, Linkdping 20-01-2012
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y=7f=w,d=9¢,¢,¢71T
N —
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Problem Formulation

system
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System
V —

_>y

v are random unknown

u, known
z: < d, unknown
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A task O is executed M times

M — [yo,'--,yj,-“

y =l .9,

A. C. Bittencourt
Licentiate Seminar, Linkdping 20-01-2012

P
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Problem Formulation

Consider a general system

7 —
System —Y

V ——

v are random unknown

u, known :
Z: d, unknown y=1f=w,d=9¢,¢,¢ 71T
N——

f, unknown of interest

A task O is executed M times

YM — [yol. .. ,yj,. .. ,nyl]

44444 T

yj:[y{ll'..’yi"..’yN]T _ ¢ ¢ t(ssec) ’ ' '
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Problem Formulation

Consider a general system

7 —
System |—Y

V ——

v are random unknown

u, known :
Z: d, unknown y=1f=w,d=9¢,¢,¢ 71T
f, unknown of interest —
A task U is executed M times ‘tiﬁ‘ ‘iﬁﬁ §
7t ¥ ¥ et
YM:[yol...,yj,...,nyl] TZ:
i j j [

I T e L S
1 1 N t (sec)
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Problem Formulation

Consider a general system

7 —
System |—Y

V ——

v are random unknown

u, known :
z: ¢ d, unknown y=1f=w,d=9¢,¢,¢ 71T
f, unknown of interest 5
, _ A N ﬂ
Atask U is executed M times V y
2 gt
. 3
YM: [yO,-,y],,yMi]'] (SR N WU W 4§ - =

I T e L —
1 1 N t (sec)
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Problem Formulation

Consider a general system

7 —>

System |—Y

V —

v are random unknown

u, known
z: ¢ d, unknown
f, unknown of interest

A task U is executed M times

YM — [yol. .. ,yj’. . ’nyl]

y =Wy

A. C. Bittencourt
Licentiate Seminar, Linkdping 20-01-2012

Conditions & Assumptions:

1. Faults are observable

2. Reg. of y/ over U if f=0
3. Reg. of & over U

4. Nominal data y0 available

Basic idea:

Compare y° with y/ I

1. How to characterize y7 7
2. How to compare y° with y/?
3. How to relax the Assumps.?
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Basic Framework

Characterizing the data yf
smooth density estimate

Ply) £ Nzkh(]/ y’)

An experimental wear fault (acc. wear tests)

A A {\
) ' N rmd
&
s
o
oy (sec) !
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Basic Framework

Characterizing the data yf
smooth density estimate

1N ‘
P25 L - )

An experimental wear fault (acc. wear tests)
H=re |

Al ==pl(r)
r[\l 02 i(r)|
' ’ rrml ] \A

& | b
-7l ALY

0 E o 0 2 %
t (sec) 7 (N.m)
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Basic Framework

Comparing y° with y/
Characterizing the data y] Kullback-Leibler distance

smooth density estimate KL (IA?OHf?j) 2 Dy (IA?OHf?j) 4 Dt (IA?/|’IA70>

Pw) = Zkh(y %) Da G —/_O;P (y)logzj((?) dy

An expenmental wear fault (acc. wear tests)

A - °(r)
l 0a TR 2 I

Elua o B m

z 2o B

- Z il
|7 J U,
4 6 7 8 -20 -10 o 10 20 30

t (sec) 7 (N.m)
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Basic Framework

Comparing y° with y/
Characterizing the data y/ Kullback-Leibler distance

smooth density estimate KL (IA?OHf?j) 2 Dy (IA?OHf?j) 4 Dt (IA?/|’IA70>

Pw) = Zkh(y %) Da GEEE (y)logz((];)) dy

An expenmental wear fault (acc. wear tests)

—°(7)

— A= | 0_ i
=520 —

2 oo | | 2, : 2 f
: o, mools
4 ik 3

|7 J U,
4 6 7 8 -20 -10 o 10 20 30 10 1! 2 25 30
t (sec) 7 (N.m) J
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Basic Framework

Comparing y° with y/
Characterizing the data y/ Kullback-Leibler distance

smooth density estimate KL (IA?OHf?j) 2 Dy (IA?OHf?j) 4 Dt (IA?/|’IA70>

Py £ Zkh(y ) Dy (,a0||,af) 2 _/°° #°(y) log £ P(y) dy

—oo Py)
-+ no synchronization — requires yO
+ no ordering — data should be from same U
+ little tuning — “nice” disturbances
+ simple (no model) — no physical meaning
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Extending the Framework

No assignment of y°
the KL (-||-) is @ metric

KL (p°11p1) < éKL (P11

An experimental wear fault (acc. wear tests)

o =
| |
——5(r

02 |

20 30

T (Nmm)
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Extending the Framework

No assignment of y°
the KL (-||-) is @ metric

KL (p°11p1) < éKL (P11

An experimental wear fault (acc. wear tests)

=) 7
—-jl(r) ﬁ 0.
o) ~ ,'
= p=N
0 01 A, l
“ =t |
- 2 "4
. \ 'y
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20 10 10 20 30 0 5 10 1520 25 30 35
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Extending the Framework

No assignment of y°
the KL (-||-) is @ metric

KL (p°11p1) < éKL (P11

An experimental wear fault (acc. wear tests)

—0(r) ry
o= | o < f
)| —o & |
& 2, [ = |
& T o N '
go 2o, =, >,
. = [} =" P
' = AL LT soueet
' -3 00000099%°
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Extending the Framework

No assignment of y°
the KL (-||-) is @ metric CUSUM filter

wew) <) {5050

with v = xo +

An experimental wear fault (acc. wear tests)

—i°) |

02_

(T,
5|

°

0.
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o.
0.

aUEE}
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Extending the Framework

No assignment of y°
the KL (-||-) is @ metric CUSUM filter

wew) <) {5050

with v = xo +

An experimental wear fault (acc. wear tests)

—i°(7) - f
=i | | > 1 I
) ~ ,l . |
3 & =
o T oo Iz J
Zo ; A, [E[=
‘i = [.[© ..J/
T < 134
LM - WA |
1
20 10 10 20 30 0 5 10 15 20 25 30 3 0 5 10 15 2 25 30 35
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Extending the Framework

No assignment of y°
the KL (-||-) is @ metric CUSUM filter

wew) <) {5050

How to handle several J? with v = ko + p

Behavior of the data differs with O (simulation)

5 3,
i 4« g 40|
35|
30} 3| - 30|
/'Y \ . =
\ 2 of 20|
1
10}

E - 20 15 10 5 0 15 20
T T T
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Extending the Framework

No assignment of y" .
the KL () is a metric CUSUM filter

o i =g () -
KL(ﬁollﬁ)S;ZlKL(ﬁ"‘lllﬁ") {; :iifgj_<0< )

How to handle several ? with v/ = ko (V) + u(V)

Idea: mix the increments in the CUSUM

x 10 x10°
2

x10°

3

KL [p7)
KL lp)
KL (lp)

5
E
3

NN U

0 10 20 3 40 50 60 70 80 0 20 3 40 50 60 70 80 0 20 30 40 50 60 70 80
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Extending the Framework

No assignment of y°

the KL (-||-) is a metric CUSUM filter
j g =g HKL(p) v
50|15 k=1 [k . .
KL(P°NT) < Xk (1) {g] —0ifgi <0
How to handle several J? with 1/ = ko (U) + p(V)

when U1 =%, samel!

Simulations with several U’s

A

S

CUSUM
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Reducing Sensitivity to Disturbances

Handling disturbances d
apply weights to the data y=woy

Idea: choose w to max sens. to f and min sens. to d
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Reducing Sensitivity to Disturbances

Handling disturbances d
apply weights to the data yE2woy

Idea: choose w to max sens. to f and min sens. to d
Let the data decide!

YM 20yt Mt M |

-~

Co G
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Reducing Sensitivity to Disturbances

Handling disturbances d
apply weights to the data yE2woy

Idea: choose w to max sens. to f and min sens. to d
Let the data decide!

™ 2 [}—,0’.“’}—,Mol)—,Mo-i-l’.“’}—,Ml-i-Mo]

"~ "~

Co C1
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Reducing Sensitivity to Disturbances

Handling disturbances d

apply weights to the data yE2woy
Idea: choose w to max sens. to f and min sens. to d
Let the data decide!
1L [g gt gr, g

-~

CO Cl

Optimal criteria would be

w* _argmaxKL<( )Py )>

which is not so easy to solve
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Reducing Sensitivity to Disturbances

Handling disturbances d

apply weights to the data yE2woy
Idea: choose w to max sens. to f and min sens. to d
Let the data decide!
V1[5, g e, ]

-~

CO Cl
Alt., max average distance while min variability within class
(ml _ mO)z . WT(ml _ mO)(ml _ mO)Tw
51+ 59 WT(S1 + SO)W
w* o (8! + 8% 1(m! — m?)
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Reducing Sensitivity to Disturbances

Optimal weights
w* o (8! + 8% 1 (m! — mP)

for an industrial robot under temperature disturbances (simulation)
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Reducing Sensitivity to Disturbances

Optimal weights
w* o (8! + 8% 1 (m! — mP)

for an industrial robot under temperature disturbances (simulation)

4 0.1
ES & f éwﬁﬁ‘fwﬁ

N

*
-0. #x

-300 -200 -100 0 100 200 300 -300 -200 -100 0 100 200 300

¢ ¢
Optimal weights correlate with speed!
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Reducing Sensitivity to Disturbances

Optimal weights
w* o (8! + 8% 1 (m! — mP)

for an industrial robot under temperature disturbances (simulation)

1 = = 11— dat: ==
. =\ N _B=09 ——m?h?cgdata‘ ! ="
i \ —~ 1/
=08 =08
o \ \ o L/
[=} \ 5
I °8 \ < os A
\ — raw data 1 P
- < ——weighied data)] 1
R 04 \ Q04 Pl
‘_; N — // : w, = 35
Ao ESIEN s o Z I
k - =’ I
0 0 = :
0 10 20 A 30 40 50 10 20 30 40 50
T

We

The use of weights considerable improves the detection performance
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Some Remarks

Relevant Aspects

Overlooked problem, commonly found in automation

No interruption of the system (batch)
Can handle the use of several tasks and disturbances

e Simple (no model) and easy to implement, with little tuning
Future Work
e Multivariate case

Study the choice of kernel and distances

Fault isolation and alarm generation
Conditions on the data and disturbances
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Outline

Conclusions
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Concluding Remarks

Design methods for wear diagnosis in industrial robots
Main contributions

Studies of friction and wear

Friction and wear models

Wear identification

Monitoring of repetitive systems

Practical perspective (robustness)

Intersection of 3 fields
Different solutions/limitations 3(1) conference papers
You can find more on the thesis! 1 journal paper

i AUTOMATIC CONTROL
A. C. Bittencourt REGLERTEKNIK
Licentiate Seminar, Link6ping 20-01-2012 LINKOPINGS UNIVERSITET



Future Work

Friction and wear

e Other gear types

o Different wear failures

e Relations to lifetime (prognosis)
Design of diagnosis methods

e Limitations by disturbances
e When do they work or not (scope)

Evaluation

e Simulations (benchmark)
e Accelerated tests
e Field tests
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Diagnosis |

Overview of diagnosis

Knowledge
. Diagnoses . .
Observations Diagnostic 3| Behavior |Diagnosis
Procedure Isolation [Statement

A diagnostic test

Reference Behaviors _I

v
Diti InZ?cl;I’:or Fault Behavior [Test Decision | | Diagnoses
_ [indicator [| comparison [Quantities Rules
Generation

Behavior Testing

§ AUTOMATIC CONTROL
A. C. Bittencourt REGLERTEKNIK
LINKOPINGS UNIVERSITET

Licentiate Seminar, Linkdping 20-01-2012




Diagnosis Il

Reference Behaviors _l
2
Data| Fault e, Behavior |Test Decision | [Diagnoses
—>{ Indicator = R =
X Indicator Comparison [Quantities Rules
Generation
Behavior Testing

Fault indicator a quantity that can be affected to a fault (e, 8, densities, spectra)

Fault Indicator Generation given data, generates a fault indicator (observer, kernel
density estimator, FFT)

Behavior Comparison compares the behavior of the FI with reference behaviors,
generates test quantities (whiteness, chi-square, distances,
Kullback-Leibler)

Decision Rule decides the behavioral mode present (thresholding, CUSUM,
delay-timer)
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Evaluation of test quantities

(Binary) Hypothesis testing

Given s(k) decide behavioral mode presence, H or H4

Ha
s(k) 2 h
Ho
Pr = / p(s|Ho) ds, assigns H1 when H, is present.
h
P; = /h p(s|H1) ds, assigns H1 when H; is present.
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Evaluation of test quantities

D(s[Ho) [ P(S\Huj p(s|HpI
Wp(s[H) ‘ I (s[H1) || 300f \ W (s[H:1)
;00 l 250
\ 200 \
400
300 150)
500 200 100
100 50|
op 0| —
0 5 10 15 0 5 10 15 0 5 10 15
s x10° S x10° s x10°
1
=
7
0.8 5
o /
S /
4
& 0.4
/
02,7 [—Ar=6°C
—=A7 =10°C
-e--Ap = 20°C
0 005 01 015 02 025 03 035 04 045 05
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Why isolation is simple?

Which joint?
Not which bearing!
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The three Maintenance Strategies

Example: Changing your truck’s lubricant

Cost
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~
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-
-
-
-
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— Breakd Cost
\\
0 20 opt! 50 60 8‘0

Maintenance Efforts

A. C. Bittencourt
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The three Maintenance Strategies

Example: Changing your truck’s lubricant
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The three Maintenance Strategies

———

Example: Changing your truck’s lubricant

- ]

N ]
Reactive-Rased Preventive-based
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The three Maintenance Strategies
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Example: Changing your truck’s lubricant
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The three Maintenance Strategies

———

Example: Changing your truck’s lubricant
N\ |
Reactive-Qased Preventive-based
N
\\s‘ Condition-based
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The three Maintenance Strategies

Example: Changing your truck’s lubricant

Reactive-Rased
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The three Maintenance Strategies

Example: Changing your truck’s lubricant
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The three Maintenance Strategies

Example: Changing your truck’s lubricant

|
Rgact've—b?sed Preventive-
N
\s‘ Condition-based
..
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Cost

P
-
~ ———
~~ e
e P o e
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\\
i
0 20 opt! . 50 60 80 100
Maintenance Efforts
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Ans: Condition monitoring/diagnosis methods!
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Which faults to begin with?

Failure of equipments. The bathtub curve

[V]
s A
o . A
o For increased availability
3 . .
8 e do service before failure
e — diagnose before failure
Failures due to wear are
- e certain
operational time ° gradual
infant mortality useful life wear-out
design random failures natural
installation deterioration

Wear diagnosis is a good candidate to allow for cBM!
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Wear Diagnosis - Where and How

Where does it happens?
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Wear Diagnosis - Where and How

Where does it happens?
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Wear Diagnosis - Where and How

Where does it happens? How we can diagnose wear?

Inspection allows for CBM (not suitable)
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Wear Diagnosis - Where and How

Where does it happens? How we can diagnose wear?

Inspection allows for CBM (not suitable)
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Wear Diagnosis - Where and How

Wear debris particles accumulate in the

Where does it happens? i
lubricant

Ferrography allows for CBM (not suitable)
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Wear and Friction in IRB’s

Wear effects

o1y

200 250
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Wear and Friction in IRB’s

Wear effects

o1y

0 50 100 200 250

150
@ (rad/s)

Main idea:

Monitor friction to
infer about wear

Possible to automate!
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Wear and Friction in IRB’s

|
Wear effects .. however! ,
g oooaasessslEY! oooaases
oal-A 0. 0.2; 04 6 08 1 140 50 60 70; 8
0125
0.08 o. 5 0"5\ &
Q2 o 9/
= 0.6 vear =0 po 2 \\\ /g/?
3 e
0.04 ° B\ ﬁ
A 0. 5 =
0068} \ W’
0.04}
0 0 100 (alf?s) 200 250 5 100 150 200 250 ¢ 50 100 150 200 250
¢ $ (rad/s) ¢ (rad/s)
Main idea:

Monitor friction to

infer about wear

Possible to automate!
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Wear and Friction in IRB’s

Wear effects .. however! ,
] o« ]
oal-A 0. 0.2; 04 6 08 1 0 140 50 60 70; 8
012}
0.08| 0 o 018 €
& 0.06 vear. oo l:“O E\ \ //5&3?
0. : 0838 —
0.04] —— 0088k 1 0. ? W‘V /ﬁl
o 0 ‘°°¢ (ralf?s) 200 250 S 100 ( 1.30/ ) 200 250 ¢ 50 100 ) ;;510/ ) 200 250
@ (rad/s © (1 S,
Main idea:
) A= R ]
. © . 3.
Monitor friction to \\ .
infer about wear ' % P o &
T = |
Possible to automate! 5 100 150 200 2\500;; 0 50 100 150 200 250 300
¢ (rad/s) ¢ (rad/s)
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Wear and Friction in IRB’s

Wear effects .. however!
g oooaasessslEY! oooaases
oal-A 0. 0.2; 04 6 08 1 , 140 50 60 70; 8
0.08| 0 & o‘g T
0.04 {: 3 R p Z T
—_ 0.06B4 <t o e
] & A\ b
M .° .d5° ‘°°¢ (ralf?s) 200 250 S 102.9 (r;&o/s) 200 250 ¢ 50 m; (r;fjo/s) 200 250
ain iaea:
) A= R ]
. © . 3.
Monitor friction to \ . .
, e | PN e
infer about wear = % S -
sl .
] ‘_ :8:|; 1
Possible to automate! 0 50 100 150 200 2\500;; 0 50 100 150 200 250 300
(with carefull) P lea 7l
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