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Detection and Treatment of Faults
in Manufacturing Systems Based on
Petri Nets

This paper introduces a methodology for modelingl @amalyzing fault-tolerant
manufacturing systems that not only optimizes nbpr@ductive processes, but also
performs detection and treatment of faults. Thisprapch is based on the
hierarchical and modular integration of Petri Net§he modularity provides the
integration of three types of processes: those asgmting the productive process,
fault detection, and fault treatment. The hieraoetiiaspect of the approach permits
us to consider processes on different levels dildgie. factory, manufacturing cell,
or machine). Case studies considering detection am@tment of faults are
presented, and a simulation tool is applied forifyang the models.
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Introduction

Despite advances in automation technology, faulés events
that cannot be ignored in a real manufacturingesgstHowever,
most reports in technical publications considerydhke description
and optimization of processes under normal conutiZhou and
DiCesare, 1993). Thus, the development of a metbgglothat
considers not only normal processes but also thectien and
treatment of faults is essential for improving thexibility and
autonomy in manufacturing systems.

According to technical norms such as NBR 5462 of th
Brazilian Association of Technical Norms (ABNT, ¥99 a fault
(Jalote, 1994) is in general defined as an intd¢igapn the ability of
an item to perform a specific function. In this papwe adopt a
more generic definition; i.e. the term fault is eggmous of
failures, errors, mistakes, or disturbances thed t® undesirable or
intolerable behavior of equipment.

Manufacturing systems are composed of differentmelds
(such as machines, feeders, controllers, etc.)infeeaction among
these elements can be characterized as discrgteghaisnous, and
sequential. Therefore, the process synchronizatideadlock
avoidance, choice solution, etc. should be consdlexs the main
issues in both normal and abnormal cases (Ho, 1292approach
using Discrete Event Dynamic Systems (DEDS) allowgs to
consider these characteristics on the analysiscanttol of those
systems. From this point of view, Petri Nets (P amployed as
uniform techniques for modeling DEDS (Zurawski aZtfiou,
1994).

This paper initially presents an overview of theirmeoncepts
related to detection and treatment of faults in ufecturing
systems. In Section 3, a methodology that consitlersdetection
and treatment of faults in manufacturing systemsetieon PN is
introduced. In Section 4, case studies are predentevhich the
detection and treatment of faults in different arehical levels are
modeled and analyzed. Finally, in Section 5, a &tou for PN,
used to verify the models, is presented.

Nomenclature

AGV = Automated Guided Vehicle
ANN = Artificial Neural Network
BPN= Behavior Petri Net
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CAD = Computer Aided Design

CAM = Computer Aided Manufacturing
CNC = Computer Numerical Control
CPN= Colored Petri Nets

DEDS= Discrete Event Dynamic System
DPN = Distributed Petri Net

FMS = Flexible Manufacturing System
PN= Petri Net

P/T PN= Place/Transition Petri Net

Petri Net Simbols

| = vector of input arcs

Mo = vector of initial marking

O = vector of output arcs

P = vector of places

S = subneti

T = vector of transitions

Tn = vector of normal transitions
Tor = vector of “OR” type transitions

Faultsin Manufacturing Systems

The improvement of productivity in the field of meacturing
requires the automation of tasks and integratioteofiniques such
as CAD and CAM. However, events such as start-ugintenance,
and faults cannot be treated completely autométickd general,
supervision by human operators is necessary, becahse
knowledge, experience, and skills for working withexpected
situations are very difficult to structure or reguae. In addition,
several reports confirm that totally automated nveeh are very
expensive, and that appropriate combination ofraated machines
and human supervision is more effective for the rajpen of
manufacturing systems when considering feature$ sisc fault-
tolerance (Riascos and Miyagi, 2001; Miyagi andsRdes, 2002).
Thus, in the automated manufacturing systems carttesbalanced
automationapproach considering an appropriate level of aat@m
is more effective than either totally automated hiaes or
anthropocentric systems (Camarinha-Matos, 1996).

Manufacturing systems can be considered as digtdbsystems
formed by several sub-systems, and can be orgaazsstding to a
hierarchical structure (Figure 1):

= The factory level composed by production

manufacturing cells.

= The manufacturing cell levedomposed by machines.

= The equipment levetomposed by specific devices forming

machines on the shop floor.

lines or

ABCM



Detection and Treatment of Faults in ...

[ factory }

’ cell 1 ‘ ’ cell 2 ‘

D @D - D

Figure 1. Hierarchical structure of a distributed manufacturing system.

’ celln

Both top-down and bottom-up approaches can assodie
treatment of specific types of faults on differeletvels in a
manufacturing system (Zhou and DiCesare, 1993).

Detection and Treatment of Faults

We are interested in the early detection of incipiéults,
because it provides the means to schedule repaioseban actual
fault takes place, (in contrast to corrective mexance). The
proposed methodology considers fault detection oaty the
equipment level while their treatment is executed the most
appropriated level.

Based on the automation degree of a manufactuyisigs, two
types of fault detection on the equipment level banconsidered
(Frank, 1992):

= Faults detected by monitoring a specific deviceapeter. For

example, a leak of lubricant oil can be detectednisjalling a
sensor, which monitors this parameter. In this case
diagnosis is not necessary.

= Faults that cannot be detected directly on the toong stage.

For example, faults that need some type of diagnhosi

This work focuses on faults of the second type.

In general, fault detection methods can be groupés three
categories (Frank, 1992):

= Model-based: the actual and the expected behafriom (a

mathematical model) are compared to identify atfaul

= Knowledge-based: qualitative models are associatett

heuristic symptoms for reasoning about fault causes

= Signal-based: such as spectral analysis that doms

incorporate any model.

From a theoretical point of view, the model-baspdraach has
reached a higher degree of maturity, particulady ¢ontrolling
linear systems with small uncertainties. The cinajefor designing

a robust, model-based fault detection system get®rate measures

insensitive to sources of uncertainties, but saestb actual faults.
In the case of modeling with large uncertaintiespare suitable
strategy is the knowledge-based approach. In kactwledge-based
approaches have been applied successfully in dadtction (Frank,
1992).

In a knowledge-based approach, the detection @adntent of
faults should consider several steps (Umeda €1399).

1. Detection

1.1 Data acquisition of operational parameters by ssnso

without interfering with it). In general, the dagquisition is a
continuous process and by itself cannot recognizealanormal
situation.

The identification stage concerns the analysishef éxtracted
data, to recognize binary states of a parameter ormal or
abnormal). It includes discrepancy generation (betwactual and
expected data), and the evaluation of this discrepa The
elimination of false alarms should also be perfatratthis stage.

The diagnosis stage is the reasoning process lphvtthé causes
of a fault are established. Diagnostic methodsbeagrouped into:

= Symptom-based -- where knowledge about processrist

statistical knowledge is organized in a framewofkegrpert
systems which associate the inputs with heurigtitptoms.

= Qualitative reasoning -- physical systems can Iserilged by

a structure in order to determine its behavior figiven initial
conditions. The behavioral description can be aplyra
consisting of the possible states of the systeman(g@es of
this type of graphs are fault trees, causal netsyaakd Petri
Nets for diagnosis).

The construction of a graph to describe those hetaean be
executed on two ways:

= Based on human knowledge about the process, which

establishes the relationship among variables arfidedethe
criteria for choosing the next state.

= Based on databases of records, where a probabdistiroach

can be applied for searching the most probablebeétwork
structure (Cooper and Herskovits, 1992).

Fault Treatment

The fault treatment should be appropriate for dagbl of the
manufacturing system (Hasegawa, 1996). On the awgrip level,
faults should be detected and, if possible, thekdmomachine
should be recovered automatically.

The proposition of a repair plan concerns the selef one
procedure for recovering the machine from a falrt.general,
several procedures can solve a specific problenus,Tthe best
procedure should be selected based on two critenaiding
parameters off safe limits (i.e. applying mechanmad physical
gonstraints), and avoiding side effects.

The fault recovery process can be executed in taysw

= Adjusting operational parameters without changing o

reorganizing the logical structure of the machifkhis
approach is effective when actuators can be cdedroio
recover (totally or partially) the requested fuons

= Utilization of redundant resources. However, thypet of

redundancy can result in undesirably low-perfornearigh-
cost, weight, and complexity.

Figure 2 depicts the structure of a fault-toleraraichine based
on the adjustment of operational parameters. No& faults are
assumed to occur only on the object of controlgémeral, human
interaction is considered on the command and mongalevices to
make decisions during normal processes, startufault recovery
processes. Human interaction can also be performedthe

1.2 Identification of the operational state (i.e. notmar Programming (on the controller) and maintenancetfenobject of
abnormal). control).
1.3 Diagnosis of fault causes. A controller and a supervisor coexist in this stuue. The
2. Treatment supervisor checks the performance of the controded the
2.1 Proposition of a repair plan. controller defines procedures and their sequenanefally, the
2.2 Fault recovery or execution of a repair plan. information from the controller to the supervisamtains filtered
signals or extracted characteristics; thus, theatiment of
. information is distributed, allowing local interpaéions and sending
Fault Detection selected information (Durfee, 2001).
The data extraction stage involves the machine's

instrumentation, to measure a physical phenomeifopoésible,
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Figure 2. Structure of a fault-tolerant machine.

When a problem occurs on the manufacturing ceéllghe first
step in the fault treatment is to identify otheuiggnent in the same
cell which executes entirely, or partially the ftions of the
inoperative equipment. Then, the cell's load/unldadice should
modify the flow of parts until the inoperative epment returns to
the normal state (Hasegawa, 1996).

On the factory level, the fault treatment is exedutby
rescheduling the routes of material flow amongscéfi Barros et al.
(1997), an approach based on Place/Transition Rets (P/T PN)
and Colored Petri Nets (CPN) is presented consigddult-tolerant
procedures for developing a supervisor in a FlexMbanufacturing
System (FMS) based on the rescheduling of vehiclées.

A methodology, which provides the means to modsystem
considering detection and treatment of faults, &mdinalyze the
properties of different solutions, is essential the design and
implementation of more flexible and autonomous nfecturing
systems. In this context, PN is viewed as a powedol for
modeling and analyzing a manufacturing system &E®S point
of view.

Integration of Modules for
Manufacturing Systems

Fault Treatment in
Petri Nets (PN) have been extensively used to mauohel
analyze manufacturing systems (Zurawski and Zhe@4)1 One of
the major advantages of using PN models is thasdhee model can
be used for the analysis of behavioral properties performance
evolution, as well as for the systematic constamctof discrete
event simulators and controllers.
Based on Hasegawa (1996), PN have the followingriges:
= The ability to naturally represent the synchronaatof
processes, the concurrence of activities, the poeseof
conflicts, causality, resource sharing, mutual esicn, etc
inherent characteristics of manufacturing systems.
= Locality of states and actions, providing systemmitwing in
real-time requirements.
= Interpretability (the possibility of associating jetts of
different meaning according to the purpose of treeh[
e.g. validation, performance, and scheduling).
= Adequate representation of a system's essentidlrésa
selecting an appropriate detail level.
construction of models applying top-down and botigm
approaches.
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= As

a graphical tool, PN permit effective visual
communication, improving the communication between
designers and costumers, thus avoiding complex

specifications, ambiguous textual description, qecdic
mathematical notation which are generally difficutd
understand.

As a mathematical tool, PN can be described bybatie
equations opening the possibility for formal analysf the
model. Thus, formal properties can be analyzeddemtify
specific characteristics like overflows and deakiéoc

These advantages justify the use of PN in a metbggofor
modeling and analyzing manufacturing systems cenisig
detection and treatment of faults.

A methodology is a collection of methods, and ahwoétis a
process for the construction of models. Thereftve,methodology
proposed is a collection of methods for organizing problem of
modeling normal procedures, detection, and treatro€faults on
both a vertical and a horizontal structure. Onuéstical structure, a
manufacturing system is organized in hierarchicavels (i.e.
factory, cell, and equipment). On the horizontaucture, three
modules are considered: normal processes, faugndsiic, and
fault treatment. A specific and adequate type ofrEBptesents each
module. In this context, the Distributed Petri NE@PN) is
introduced as a framework to integrate differepietyof Petri Nets,
and to consider the three modules applying the stmmealism
(Riascos, 2002). The modules are as follows:

= Module of normal processe&] represents the normal

evolution of the productive process in a manufaatur
system. In this research, this model is calledre&®N, which
is based on P/T PN.

= Module of fault diagnosi&l the diagnostic execution of faults

is based on the inverse interpretation of a caffeetefault
tree where the roots define the fault treatment thedleaves
are the sensor states. This research applied thavige Petri
Net (BPN) approach for modeling the diagnostic pchoe
(Portinale, 1997).
= Module of fault treatmenf] this module is based on the

method introduced by Zhou and DiCesare (1993), frichv
subnets of P/T PN are added to the central-PN fayntine
Extended-central-PN (E-central-PN). Each subnetesgmts
the treatment for each specific fault. The resulttioe fault
diagnostic model (i.e. BPN) defines which sub-sedxecuted
for an appropriate fault treatment.

Formally, a DPN can be defined as
DPN=P,T,l,0,Mg), where:

= P = {p1,p2,... ,pm} is @ finite set oplaces,wheremON is the

number oplaces
= T = To0Tor = {ta,t2,... ,ts} is a finite set ofransitions where
sON is the number afransitionsandT, nTor = O,

= I(p;t) = ki where kjON is a constanthat specifies the
relationship (i.e. the weight of the orienteat) from p; to t;,

= O(t;,px) = ki specifies the relationship (orientatt) fromt; to
Px,

= My is the initialmarking.

Tn is a “normal”transition defined in P/T PN (Murata, 1989),
and Tor is a macreransition defined in the context of BPN to
model the logical connective OR (Portinale, 19%igure 3 shows
the equivalencbetween transitionor andtransitionsT,.

Zero testing ability increases the modeling powePetri Nets.
This is achieved by introducinghibitor arcs (Zurawski and Zhou,
1994).

a quintuple
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_inhibitor arc
----place -

Figure 3. Equivalence between transition TOR and normal transitions
(adapted from Portinale, 1997).

The modeling of fault treatment is based on therergation of Figure 5. Structure of integration based on DPN.
fault treatment procedures in a PN model whereiaihit those
processes were not considered (Zhou and DiCes888).1This
approach provides the maintenance of several piepasf the PN
model, such asboundedness safeness liveness (absence of
deadlock), andeversibility (re-starting). Figure 4 shows a subnet
added to central-PN based on the approach defimethou and
DiCesare (1993). The analysis of these properiesssential for
verifying and improving the manufacturing systeredfications.

The maintenance of such properties is guaranteedthby

The construction of a model considering detectioth tieatment
of faults can be structured in a sequence. Theeswgy to apply the
é)roposed methodology based on DPN, is as follows:
1. To identify “normal” activities of the process.
2. To model the sequence of “normal” activities in BN to
associate the resources to these activities, (ihete the
central-PN).

. - . 3. To define faults and their treatment.
theorems introduced in Zhou and D_|(_:esa|fe_ (1993). 4. To model the fault treatment in subnets of PN andefine
In a DPN, two types oftransition firing rules should be
considered, thetransition firing on the E-central-PN and the the E-central-PN.
' 9 5. To model the fault diagnostic process.

transition firingon BPN blocks.

Thefiring rule of an enablettansitiont in the E-central-PN is
the same rule of P/T PN. #ing of an enabledransition (t0Tn)
removes from each inpyiace p; (where (p;,t;)>0) the number of
tokensequal to the weight of the orientatt 1(p;,tij) connectingp; to
t;. Basically aransitiont;0T, is enabled tdire iff: M(p;) = 1(p;.ti). .

On the other hand, a model in BPN should be cocsifrom Case Studies
fault causes to effects (causeffect). But, with diagnostic To illustrate the proposed methodology, case studié
reasoning (instead of predictive reasoning), causesuld be getection and treatment of faults in manufactursystems are

diagnosed based on the monitored effects (effeatise). Thus, on considered. These case studies analyze a manirfactsystem
BPN models, an inverséiring procedure should be consideredcomposed of one manufacturing cell. Two machinese o

6. To associate the statmdrking in the E-central-PN and the
state (narking in the fault diagnostic model.
The next section presents case studies, to illestthe
application of the proposed methodology.

(Portinale, 1997). manipulator robot, and one Automated Guides Vehi@&V)
In a DPN structure, two types of formalisms sholdd compose the system (see Figure 6).
considered: P/T PN and BPN. It implies in two sefamnalyses. In Case 1, faults on the machining process areideresl. In

Figure 5 depicts the integration of modules usirND Note that Case 2, faults on the load/unload processes aideord. In Case
the connection between blocks for diagnostic exeoufi.e. BPN) 3 faults on the AGV are considered. And, in Casfadit treatment

and E-central-PN is based only on procedures. considering the integration among equipment is icemsd.
The P/T PN part is a mathematical tool with a gmaph

representation that facilities its use in the pssceonitoring by a
human supervisor. The BPN part is a representatibrfault
diagnosis in machining processes which permitsearcland easy In the proposed methodology, the first step isdentify the
identification of abnormal situations; this undarEding is essential “normal” activities: |Oading maching machining and un|0ading
to decision-making about the fault recovery process machine

The second step is to model these processes thi@Nghihe

central-PN model of the processes is presented in Figure 7.
The third step is to identify the faults. Initiallyaults in the

(normal productive processes)
\ machining process are considered.
P @-—»[ Q ]—» Pm

Faultsin the M achines

— robot

M1 _/\C M2
S
(fault recovery processes) AGV
input output
X X . & buffer +buffer
Figure 4. Modeling of fault treatment based on the addition of subnets

(adapted from Zhou and DiCesare, 1993).

Figure 6. Example of manufacturing system.
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loading machine machining unloading machine
/ / /

Figure 7. Manufacturing process modeled with PN (central-PN).

Case 1: Detection and Treatment of Faultsin Machining
Operations.

Different researchers prove that fault detectionmachining
processes can be structured in an automatic wayh®&u2000;
Dornfeld, 1990; Santos, 1998). In this case stdaylts by tool-
wear, tool-break, and erroneous programming of inaup
parameters are considered. In general, the tretdrfanthese faults
are tool-change or parameter-change.

The fourth step is to model the fault treatmensbignets of PN
and to define the E-central-PN. Figure 8 shows rémilting E-
central-PN. The subnets represent the fault treztsnéy tool-
change(S,), parameter changets;), andhuman interventiofSs).

The fifth step is to define the BPN, to model thalf diagnostic
process. The model of the diagnostic process iepted in Figure
9. Five layers compose the structure for fault désis: sensors,
pattern recognition, fault causes, parameter adjist, and
suggested treatment. The characteristics of eagbr lare the
following:

= Layer of Sensors: In this case, 1 sensor of electrical current, 3

accelerometers, 4 strain gages, and 1 sensor afst@co
emission constitute the data extraction system. Sigpeals of

these sensors are collected by an acquisition Isgysiem,

which recognizes tool states (normal or abnormal).

* The accelerometers detect mechanical vibrationthén
machine structure, which are produced by osciltatiof
cutting force (Santos, 1998).

= The sensor of current detects variations in theectir
consumed by the electrical motor and relates ih \lie
tool and workpiece condition (Santos, 1998).

= The strain gages detect tool flexion or tool tangiGunha,
2000).

loading
machine

/
b new tool
%joes notexist  broken tool
|
|
|
|
I ______
T ©” R N I AN ¢ S e — S
| \
I : :
I I : N :
| |
I I : : : human 0pera1or
\\ installing new tool /J : - : : verifying a fal’llt
N P [ |
S—— | | | 3 |
: [ |
[ AN S
! I
! I
! I
! I
I I
! I

Figure 8. E-central-PN of a manufacturing system.

284 / Vol. XXVI, No. 3, July-September 2004

L. A. M. Riascos et al

5
imervention O Ps suggested
operator treatment

parameter

|

|

|

|

t !

|

|

|

change |
|

Py
Oool change

[~ " Tadjusting ~ ~ ~ noadjusting & _ |
parameter

t2

parameter |
|
N ________é_________ _pgr_ajweter
adjustment
fault
causes
e i AV ntwiuesivl, Anibity At R

tool-break

Inon-appropriat
| parameter @
|

programmin

mistake

pattern

|

|

O random |
peaks |

|

oscillations’

|
acoustic, |
emission |
|

electrical current sensor sensor

strain gages

Figure 9. BPN model for fault detection in machining operations.

= The acoustic emission sensor detects acousticteffefc
stress waves for tool break detection (Byrne etl8P5).
Dornfeld (1990) and Santos (1998) prove the apipility of
Artificial Neural Networks (ANN) for identifying tol conditions in
a machining process. ANN were used to make datarfuef sensor
signals with machining parameters such as speed, fand slop.
Figure 10 shows the signal-processing structureessmting the
data acquisition and identification stages.

accelerometers

PN-place O

parameters %
Sequential Forward Coding

Treq. (H2)

strain gages electrical current acoustic emission

PN-place O sensor PN-pIaceO sensor PN-pIaceO
paramelers ?

% parameters parameters %

IEHEEHEHHHII
? {—ETJ(’)\A

@bﬁo—@—» JiE

Figure 10. Data extraction and
machining processes.
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feed axle

axlex axlez

axley

identification for fault detection in
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= Pattern Recognition: the signal peaks generated by the tool
can be approximately uniform or totally random.

» Signals with random peaks indicate tool-break oryve
high tool-wear. In these instances, the tool shdudd
changed.

= Signals with “uniform” peaks indicate slight tookar or
CNC programming mistakes. In these instances, the
process can be corrected through either tool chamge
parameter adjustments such as adjusting speed, deed
slop.

= Fault Causes: the causes of a fault are attributed to tool-wear
tool-break, or programming mistakes like applyingnan-
appropriate tool or erroneous machining CNC paramet
Faults from non-appropriated tools or erroneouspaters
generate “uniform” peaks. Faults due to tool-weae a
identified by motor oscillations and “uniform” peakFaults
resulting from tool-break generate random peaks.

= Parameter Adjustment: faults caused by slight tool-wear or
non-appropriate tools can be corrected by adjusting
machining parameters. This procedure is specifeft lbows:

1. The discrepancy between the actual and expected

behavior is calculated based on characteristi@etitm
from signal sensors.

2. Parameter adjustments are defined to correct th
difference. In general, several parameter adjustmep
combinations can solve the problem; in this case, t
best combination based on steps 3 and 4 should B
selected.

3. Unsafe parameters are avoided. The safe paranae¢ers
based on mechanical and physical constrains of
equipment, machining process, tool, workpiece, etc.
The combinations with unsafe parameters should be
eliminated.

4. Side effects are avoided. In this case, the systemld
select a parameter adjustment with the least side
effects. If necessary, a second parameter adjustmen
should be generated to eliminate the side effects

= Suggested Treatment: this layer indicates the treatment to.

recover the machine of a fault. The treatments@rkchange
(placeps), parameter changz), orhuman interventiorps).
There are cases where the automatic treatmentaobygli@ange
or parameter change cannot be successful, so tisersestill
indicate a type of abnormal situation. The systemnt
considers intervention of a human operator if, radtesecond
tool-change ork-th parameter-changes, the fault cannot be
corrected. Those conditions are verified applyinteky.

The net in Figure 9 issafe noncyclic, and nonconflict
according to BPN characteristics (Portinale, 1997)this model,
the transition firing is based on two criterigransitions T, fire
immediately after being enabled, amdnsitionsTor fire according
to input or output conditionsta(to,ts,ts,ts fire with at least one
output condition, ant,t7,ts,t11,t15 fire based on specific criteria).

Table 1 describes the criteria foansitionfiring on the BPN of
Figure 9.

The final step in the methodology is to associgntarkingon
placesin the BPN part and thmarking in the E-central-PN. This
association permits us to connect the conclusiothefliagnosis
(p1, P2, andps) and the choice of a fault treatment to recover th
system f{ool change (p1), parameter changegp,), or human
intervention(ps)). Themarkingon placesin the suggested treatment
layer on the BPN (Figure 9) defines the flow tokensin the
central-PN and the execution of a subnet (Figure 8)

J. of the Braz. Soc. of Mech. Sci. & Eng.

Table 1. Criteria for transition firing of the BPN (Figure 9).

Transition Condition
1 delay + at least 1 output condition
to at least 1 output condition
t3 at least 1 output condition
4 at least 1 output condition
ts at least 1 output condition
ts knowledge about the process (parameters)
t7 knowledge about the process (parameters)
ts non-appropriated tool or parameter
to immediate
tio immediate
t11 tool-wear or programming mistake
t1o immediate
t13 immediate
t14 immediate
t1s oscillation (uniform/random)

Copyright O 2004 by ABCM

Case 2: Faultsin Load and Unload Processes

The load or unload operations can be analyzedaldsembly or

disassembly operations based on a sequence ofedisevents
{g/lcCarragher, 1994).

Applying the proposed methodology, the first steoi identify
‘normal” activities. For a better explanation, tlead or unload
focesses are separated onto three activiffasping transporting
andrelease

= Grasping is the initial approximation for catching the
workpiece. In theload process, it is caught from the input
buffer to the machine. In thenload process, it is caught from
the machine to the output buffer.

= Transportingis to firmly support and to move the workpiece
close to the final position.

= Releaseis to leave the workpiece. In thead process, the
workpiece is left on the machine; and, in thdoad process
the workpiece is left on the output buffer.

The second step is to model the sequence of “ndrawctlities

in PN and to define the central-PN. The centraliPdresented in
Figure 11.

grasping

begin transport;

begin release

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
transporting :
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
release :
|
|
|
|

|
|
ﬁ central-PN

oy SR AL

Figure 11. Model of load (or unload) process.
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The third step is to identify the faults. In theansporting
activity, faults such as crashing with an obstacid the fall of the
workpiece are considered. In tlygasping and release activities,
faults associated with inappropriate positioninggasbly procedure
are considered.

The fourth step is to model the fault treatmensbly-nets of PN
and to define the E-central-PN.

The fault treatments in thgrasping and releaseactivities are
modeled applying the approach described in McChea{1994). In
these activities, a@oken on the place po represents the initial
approximation to the workpiece before any type aftact. Atoken

L. A. M. Riascos et al
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on theplace p; represents a state where the activity is executetlgure 13. Functional diagram of an electric propulsion system (adapted

unsuccessfully or a “faulty” state. tAkenon theplacep; represents
a state where the activity is executed successfaliya “normal”
state.

In the transporting activity, atokenon theplace px represents
the execution of a new trajectory avoiding an atistaA tokenon
the place py, represents the total fall of the workpiecetokenon
the place p;, represents the continuation wénsporting activity.
Figure 11 shows the resulting E-central-PN.

The fifth step is to model the operational statergmal or faulty)
of the equipment. Sensors in the robot’s grip orsw(robot =
load/unload equipment) can monitor tliad (or unload process.
Crashing effects can be recognized from discrepanbietween
sensor signals and kinematics/dynamics effectsd@sed Slotine,
1986). Figure 12 shows a simplified representatioh the
operational state of the equipment.

The final step is to associate tmarkingon placesin the model
of equipment (Figure 12) and thearking in the E-central-PN
(Figure 11). In this case, the association wasop@d byinhibitor-
arcs(Zurawski and Zhou, 1994).

Case 3: Detection and Treatment of Faultsin AGVs

An AGV is a transporter using a navigation systear f
controlling its movements. Generally, electrical tore propel it.
Faults in the navigation system of AGVs are analymeKral et al.
(2000) and Preucil et al. (2000). A synthesis alibet functional
structure of AGVs as an electrical vehicle is idtroed in Chan and
Chau (1997). Figure 13 depicts the structure of #iectric
propulsion system where thick arrows represent pdisevs, and
thin lines represent signal flows.

Applying the proposed methodology, the first steoi identify
the “normal” activities. The activities al@aded unloaded stopped
andparking

= Loadedis an AGV transporting cargo: generally a pallé&hw

workpieces.

= Unloadedis an AGV in movement, but without cargo.

= Stoppedis an AGV waiting (stopped) for a transportation

requirement.
= Parkingis an AGV in the parking area. In this area, thtdyy
charging process can be executed.

P, (normal process)

Ps (faulty process)

Figure 12. Simplified model of load/unload state.
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from Chan and Chau, 1997).

The second step is to model these activities indefihing the
central-PN. The sequence of these activities iresgmted in Figure
14. In this model, the firing ofransitionst; andt, represents the
respectivdoad andunloadprocesses of cargo on the AGV.

The third step is to determine the faults and thetftreatment.
The faults considered are battery discharge, shantits in the
electrical motor, and mechanical friction. In thisase, the
recommended treatments to recover the equipmenimarediate
battery charging and corrective maintenance.

The fourth step is to model the fault treatmensubnets of PN
and to define the E-central-PN. Figure 14 deplusfault treatment.
This model is composed of a central-PN and two reis-
representing fault treatment bgnaintenance(S;) and battery
charging(sy).

= Maintenanceis an AGV in the maintenance area. In a fault

case, an AGV is generally undercharged enough totaia
operation for a while, to finish its work, and t@we by itself
to the maintenance area.

= Battery chargingis an AGV in the parking area making a

battery charge.

The fifth step is to construct the BPN for modelitnge fault
diagnostic process. Figure 15 shows the BPN folt fiagnosis in
an AGV propelled by electrical motor. In this caseur layers
compose the model: sensors, definition of pattdendt causes, and
suggested treatment.

For industrial applications, generally three-phagsors propel
AGV and a type of fault can take place when onlg @urrent
becomes zero. The following gives a short desoniptif each layer:

loaded N\

,central-PN

Figure 14. E-central-PN of processes in an AGV.
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%suggested battery
'treatment charging( 2)

t

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

i discharged
! battery

sensors

T
'

Figure 15. Model in BPN for fault detection in an AGV.

= Sensors — the placesbattery voltage, stator currents (13, 1, and
13), torque (T), andvelocity (w) compose the layer of sensors. A
tokenin one of thes@lacesindicates a variable off expected
limits. Therefore, four types of sensors (voltmgtnmeters,
torque sensor, and encoder) compose the data #otrac
system. The signals of these sensors are colldejedn
acquisition signal system, which recognizes eveygmal or
abnormal operational state (Altug et al., 1999).

Definition of Patterns — problems in battery charging are
determined in this layer. Aokenon theplace Kmt means
agreement between route length and one batterygioigarA
token on theplace Kmi means a poor route length for a
battery charging. In this layer, problems in theethstator
currents are also identified such as short-cirouibtne phase
(transition typ) or overload in all currents;(kND I, AND I3),
where the conditioanD is representelly transitionts.

Fault Causes - battery discharging, “permanent” problems in
the battery (or alternator), short-circuits in @adt one phase,
and mechanical friction. Mechanical friction is geally
associated with transmission, or with worn or brokearings.
Fault causes by mechanical friction can be confusét
“normal” overloads (effects such as reduction ofyudar
velocity or increasing of electrical current candimilar). For
example, an AGV ascending a slope (a normal ovaylaa
not associated with fault causes, and thereforeltdee slope

is off fault cause layer.

Suggested Treatment — in a case of battery discharge,
immediately charging the battery is recommendpg). (In
other cases such as “permanent” battery probl@Rsshort-
circuit OR mechanical friction (the conditionOR is
represented byransition t;), the AGV should be removed
from operation and sent to maintenance gogp (

The final step of the methodology is to associhéntarking of
placesin the BPN (Figure 15) and thearkingin the E-central-PN
(Figure 14). This association establishes a linkhgéveen the
model of fault diagnosis and the E-central-PN.

Case 4: Faultsin the Manufacturing Cell L evel

On this level, the operational state and the ictexa among
equipment composing the manufacturing cell areidensd.

J. of the Braz. Soc. of Mech. Sci. & Eng.
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Applying the proposed methodology, the first steoi identify
“normal” activities. The machines can process 3 esgypof
workpieces (W, w,, and w). The workpieces ware processed in
M1. The workpieces ware initially processed in M1 and then in
M2. The workpieces yare processed only in M2.

The second step is to model the activities in Piguie 16
represents the sequence of activities and the dfpeorkpieces to
be processed.

The third step is to determine the most importaott§ and their
treatment. In this step, only faults in the machkiage considered. In
the event of a machine breaking, the processingvarkpieces
should be interrupted to execute the fault recavieuy, if possible, a
predictive maintenance is considered when M1 orié2e finished
the process on the workpiece.

The fourth step is to model the fault treatmerdgub-nets and to
define the E-central-PN. Figure 16 depicts two stbrfor fault
treatment in M1 (Sand $) and two subnets for M2 {£&nd Q). S,
(S;) represents the fault treatment when M1 (M2) bseadn
immediate recovery action should be executed'S§ represents a
fault treatment by predictive maintenance procesiuhich permit
it to finish the process by M1 (M2) on the workpgec

The fifth step is to model the fault detection msg. Figure 17
is a simplified representation of operational estaif M1 (left side)
and M2 (right side). Thenarking evolution of these blocks can be
based on the result of a fault diagnosis model&®FN.

The final step is to associate timearking on placesin the
operational state part (Figure 17) and tharking in the E-central-
PN (Figure 16).

Top-down and bottom-up approaches can associatctubet
and treatment of faults considering hierarchicalele in a
manufacturing system. For example, in Figure 18ntioelel on the
manufacturing cell level (upper plane) and modelshe equipment
level (bottom plane) are associated. Note thatvitie§ can be
unfolded on the lower level (for examplead/unloadmachine) or

simplified on the upper level; therefore, specifipes of faults can

be considered according to the level analyzed.

|——-té———--|
icentral-PN

______

M1

Ioaél»

Figure 16. Model in PN of processes in a cell.
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P3 (M1-maintenance) Ps (M2-maintenance) % - C:\Users\albertodtese[doc)\casolSM.png
K‘\ File Edit Simulation ldentify Previous File  About
P2 (M1-fault) Ps (M2-fault)
y A
[ I L
-0 &)
P1 (M1-normal)

P4 (M2-normal)

Figure 17. Model of operational states of machines.

The dynamic behavior in models on different hienaral levels
is associated through ttmearking evolution. Themarking evolution
on one level affects the enable/disable conditiother levels. For
example, in Figure 18 thiiring of transitionts (cell level) begins

. . . 7. | PFlace Options [ I ain Met [ 123114 [ [ Select PLACE
when transition tyo (equipment level) hafired, and thefiring of _ _
transitiont, ends whenransitiont,s fires. Figure 19. Hard copy of simulator for case 1.
DPN Simulator Figure 19 shows a hard copy of the simulator wileeemodel

for case 1 (faults in machining processes) wasyaedl The models
for cases 2, 3, 4, and others were also analyzeHeirsimulation
tool (Riascos, 2002).

A simulation tool to edit and to analyze DPN wasealeped to
verify the models (Takada, 1998). The program danulsaneously

simulate several Petri Nets with linked procedurebhe The E-central-PN is based on P/T PN, and the BRdased on

programming language uses graphic resources. Elenfeuch as the inversefiring procedure. To avoid the problem of two nets with
places transitions andarcs) are edited by a “click” of mouse, and gitferent formalisms in the same simulator, the ptement net

dialog boxes permit it to define properties andcfmations of  (\iyagi, 1996) of the BPN is drawn in the simulatblote that in

simulation. The software was developed for MS-Winsldo use a the BPN part (upper net on Figure 19) the orientatf arcs has
friendly and well-known environment. been inverted.

Case studies of fault-tolerant systems (such asschs2, 3, and
4) were verified showing compatibility between tdgnamical .
behavior of every model and the expected behatioe expected CoOnclusions

behavior is based on analytical methods indiviguaiplied to each A methodology for modeling manufacturing systemseiaon

graph. The structure of models was verified valfdptreadability petri Nets (PN), and considering a hierarchical anddular
and accompanying the system evolution basemharkingevolution  approach for detection and treatment of faults iwasduced.

on separated graphs. The modules represent normal productive processjt fa
detection, and fault treatment. The central-PN dasen
Place/Transition Petri Net (P/T PN) representsithrenal processes,
Behavior Petri Net (BPN) represents the fault diesis, and subnets
of P/T PN represent the fault treatment.

Case studies considering detection and treatmefaulfs, on
the equipment and cell levels, illustrate the aggion of the
methodology. They show the possibility of integratdf distributed
procedures on different nets, which can be assmtiat hierarchical
levels (i.e. a manufacturing system composed bgtaftmachines
distributed on several manufacturing cells).

One of the major problems of PN is to model langd @omplex
systems due to the exponential explosion of thebamuirof elements

tac (such aplaces transitiong. The proposed methodology permits the
\ analysis of models for detection and treatmentafté with a more
\ . rational and systematic method. In fact, formalpemies of a PN
\\ @\g% model (such asachability, livenesssafenesschoice fregeetc.) can
N\ = 1 each be analyzed separately.
Y b < In Riascos (2002), an analytical analysis of thelet® in DPN
paaRment ° was compared with traditional approaches in PN g#&ski and
N Zhou, 1994) proving the advantages of the propossitiodology.
A\
\
\
\
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