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Failure Modeling and Process Monitoring for Flexible
Manufacturing Systems Using Colored Timed
Petri Nets

Chung-Hsien Kuo and Han-Pang Huang

Abstract—The performance of a flexible manufacturing system a PN. Zhouet al.[27] used the PN to generate the optimal con-
(FMS) depends on the equipment efficiency and process control. In trol| policy for flexible manufacturing cells. Hat al. [6] used
order to increase the equipment efficiency, the failure mode anal- a generalized stochastic PN to model and analyze an FMS for

ysis and fault diagnosis can be used to reduce the frequency of heduli d trol decisi t t licati
unexpected breakdowns of machines. In addition, the statistical scheduling and control decision support systém applications.

process control (SPC) can be used for adjusting the process pa-Hence, a PN is selected in this paper to model the FMS. Since
rameters to eliminate process variations. In this paper, a colored the behaviors of the FMS are very complex, the operation time

timed Petri net (CTPN) is used to model the process behavior of and resource color attributes are critical for analysis. The time
an FMS. In addition, the CTPN-based SPC, fault diagnosis, and 4ijyte characterizes the efficiency of the equipment. The re-

failure model and effect analysis are modeled and analyzed indi- . . -
vidually. Especially, all of the modular models are integrated and SOUrce attribute (color set) characterizes different types of prod-

linked based on the CTPN. Due to the unified CTPN modeling, Ucts and machines. Hence, a CTPN [14]-{17] was developed
the information of each modular model in the entire system can based on the traditional PN, adding the time property and color
be exchanged and integrated directly and efficiently. Finally, the attribute. In addition, the proposed CTPN is designed in a mod-
entire CTPN FMS models are implemented using G2 real-time ex- ular, object-oriented, and hierarchical configuration.

Eg;t tfgs;ﬁ{Qa (;gn: ?ggft?rtrlé ,t:h,\j Sp rrﬁg?“stg? ;chl\ént;?j”eg fﬁ%ﬂ;ﬂor The reliability of the aytomated equipmgnt influgnces the. per-
the G2 standard interface. formance of the FMS directly. However, highly reliable devices
cost much more. Correct and rapid fault diagnosis can reduce the
mean time to repair (MTTR) and improve the efficiency of the
equipment. On the other hand, the SPC can be used to identify
I. INTRODUCTION the cause defects for eliminating process variations. Especially,

HIS PAPER proposes the failure modeling and proce)%}e breakdown of machines and out-of-control process affect the

monitoring for a flexible manufacturing system (FMS ispatching system since some resources are not available for a

usina a colored timed Petri net (CTPN). Such an a ranﬁriod of time. The components in an FMS are intercorrelated
g ( ) PP a;FPI interdisturbed dynamically. They must be modeled and an-

Index Terms—CTPN, fault diagnosis, FMEA, FMS, SPC.

aims to integrate necessary components for an FMS toget . ’ :
zed using a consistent methodology to ease the coupling ef-

using a unified modeling methodology. The process status ) ;
data can be generated from the CTPN real-time simulator, gts- Il-lence,.the_mtegrayed modeling approach of SPC’ FMEA,’
lt-diagnosis, dispatching, and process models using CTPN's

they can be analyzed to improve system performance us ired
the statistical process control (SPC), failure model and effdgt cquired. o . . .
In this paper, the activities in an FMS are imbedded in multi-

analysis (FMEA), and fault diagnosis. . .
Petri nets (PN's) [4], [21] can model the concurrent and asyl‘?—vel structures [14]-[17], that is, production, process, cell, and
j méachine levels. The proposed hierarchical structure was devel-

chronous components in systems using graphical and mathe- ; o
matical methodologies. Initially, it is used to discuss the con?ped from the layered architecture for factory coordination (FC)
’ E‘we_d production activity control (PAC) proposed by [3]. Finally,

munication between the asynchronous components of a co ;
puter system. Several literatures used the traditional PN or m<5 e proposed CTPN models are applied to an FMS at the Man-

ified PN to model an FMS. Among these, Zhetal. [25] pre- ufacturing Automation Technology Research Center (MATRC)

sented a flexible manufacturing cell construction using a Pﬂ National Taiwan University. In addition, the proposed FMS

; ; lator is developed on a real-time and object-oriented expert
mathematical model. Jeng [12] proposed a PN synthesis thediyY . )
for modeling FMS’s. Abdallalet al. [1] proposed an efficient _s))étem G2 [5]. GSI (G2 standard interface) and GFI (G2 file

search algorithm for deadlock-free scheduling in an FMS usiHb[erface) are used concurrently.
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E Production processing time; 6) fewest operation remaining time; 7) largest

Level | Production Level Controller I operation remaining time; and (8) earliest due date. On the

D eereressessssnenreersresreseesereeeeferesreerrereereareneene e ssssneaneasenas) other hand, the rules based on machine characteristics are as
follows: 1) shortest operation time with alternative considered;

Pmcess ........................................................................ 2) earliest starting fime with alternative considered (ESTA)

E Level | Process Level Controller | 3) longest idle time with alternative considered (LITA); 4) ear-

.......................................... [ snseneennnd - li€SiNIShing time with alternative considered; 5) LITA+ESTA

........................... (combination of LITA and ESTA).
T h T B LR T
Co‘:t(n;'g;ler C‘:llst/r}}lir Coll?llt\gﬁler gioslll)f]g)tlll(:: : B. CTPN

................................................ L 77T] A cTPN s a type of PN. The color attrbutes [4], (9],

i Maclline Level [14]-{17] manage large systems that have many similar

| AGV || AS/RS  |[Robot| | CNC | | Inspection Machine | or redundant logical structures. The time attribute [4],
[14]-[17] allows various time-based performance mea-

sures to be conducted in the system model. A time-delay
Fig. 1. Hierarchical structure of the FMS. can be assigned to either places or transitions to model
the time elements in a system. A CTPN is tentuple,

control units, inspection stations, and gauging stations. The §alPN = (P4, 13, o, 1o, Pe, T, AX, BX, F,CX), where
terial flows among the flexible manufacturing cells, machineg is a set of timed placesl; is a set of timed transitions,
and equipment are often connected through an automafédis a set of immediate placed; is a set of immediate
material handling system. Production control messages, ifansitions,rP. is a set of communication places,, is a set of
cluding process information, product information, and contréacro transitionsAX is a set of directed arc&.X is a set of
commands are routed via a communication system. The coffhibitor arcs," is a set of interrupt arc€; X is the color set
munication system is composed of computers, control unig, transitions and places. The detailed definitions, properties,
and a local area network [14], [22]. The FMS can manufactug&d enabled conditions of the CTPN can be referred to [14].
mixed products in variable and small batch sizes. In additioBriefly, the components of the CTPN are described below.
the flexible route, process, machine, etc., meet fast transitionThe immediate places describe the conditions or properties
of customer requirements and deliver the products in a timgpyithout time factor) of resources. The timed places describe
fashion. Hence, an FMS has the ability to cope with rapitie time properties of resources. The communication places
market and demand changes. describe the communication packages in a CTPN. The com-

In this paper, the FMS is decomposed into the following foununication and interface between the macro transitions are
levels [14]-[17]: production level, process level, cell level, angonducted through four types of communication places. The
machine level, as shown in Fig. 1. This architecture is devgditch-down and catch-down places are applied to higher level
oped based on a layered architecture for FC and PAC proposaedules; the pitch-up and catch-up places are for lower level
in [3]. This control architecture is similar to the National Inimodules. The higher level modules use pitch-down places to
stitute of Standards and Technology (National Bureau of Stagend (or pitch) tokens to lower level modules. The catch-down
dards)—Automated Manufacturing Research Facility (CIM aplace is used to receive (or catch) tokens from lower level
chitecture). In addition, the International Standard Organizationodules. Similarly, the lower level modules use the pitch-up
(1ISO) provides a reference model (1ISO, 1984 [11]) for the tranglaces to send tokens to the higher level modules. The catch-up
formation between different architectures. The production levellace catches tokens from the higher level modules [14].
is the highest level in an FMS and manages the FMS opera-The immediate transitions describe the behaviors or events
tions. It includes the master production schedule, system (edthout time factor) of resources. The timed transitions
source management, databases, maintenance, and systemdpscribe the time properties of resources. The macro transitions
formance measurement. The process level coordinates and @e- often used to formalize a modular design [18], [24]. A
trols all cells in the FMS, for example, the real-time schedulingacro transition is the combination of a series of transitions,
(dispatching) system. The cell level is the manufacturing cgillaces, and arcs. The interconnection between different levels is
level below the process level. Finally, the machine level may laehieved by communication places. Based on macro transitions
composed of machining devices, inspection devices, and maad communication places, a hierarchical and modular model
rial handling equipment, such as conveyors, machining centesthe FMS can be constructed. The directed arc connects a
lathe machines, milling machines, inspection centers, robotdace to a transition, or vice versa. A place connected with an
and automatically guided vehicles (AGV'’s). inhibitor arc is called an inhibitor place. When an inhibitor

In addition, the dispatching of an FMS is critical. In thigplace contains the same color token as the output transition,
research, 13 rules [14] are used. The dispatching rules cantte output transition is inhibited to fire. Similarly, a place con-
based on either workpieces or machines. The rules basednested with an interrupt arc is called an interrupt place. When
workpiece characteristics are as follows: 1) first come firsin interrupt place contains the same color token as the output
served; 2) shortest processing time (SPT); 3) weighted SRiEnsition, the firing of the output transition is interrupted and
4) shortest remaining processing time; 5) longest remainifigrther inhibited. For an immediate transition, the interrupt and
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the inhibitor arcs behave the same. For a timed transition, if the
timed transition is firing and the interrupt place has the same
color, then it interrupts the firing of this transition and returns
the color token to the input place(s) [14]. The icon definition of
CTPN is shown in Fig. 2. These elements are further elaborated
as follows [14].

1) Place:P = {p1,p2,p3,---,pn} is a finite set of places,

2)

3)

4

5

)

~

n > 1, including immediate places, timed places, and
communication places. Notice that the immediate places
describe the conditions or properties (without time factor)

of resources. The timed places describe the time proper-
ties of resources. The communication places describe the
communication packages in a CTPN. 7)
TransitionZ’ = {t1,t2, 3, - -, . } is afinite set of tran-
sitions,m > 1, including immediate transitions, timed
transitions, and macro transitions. Notice that the imme-
diate transitions describe the behaviors or events (without
time factor) of resources. The timed transitions describe
the time properties of resources.

Color: CX(p) and CX(t) represent the color sets of
places inP and transitions if¥’

8)

CX(pi) ={air, ai2, +, a0}, wi =|CX(pi)l;
i=1,2,---n

CX(tJ) :{bjlaija o 'abj'h‘j}’ v; = |CX(tJ)|7
j: 1,2,"',7’71

wheren andm are nonnegative integera,and b are
colors of places and transitions, ahd denotes the car-
dinality.

Input, output, inhibitor, and interrupt functions:
I(p,t)(a,b) : CX(p)zCX(t) — N, is an input
function. It describes the mapping relation from the
transition £ with color b to the placep with color

a, where N is an nonnegative integer. Similarly,
O(p,t)(a,b) : CX(p)xzCX (t) — N, is an output

FS =t1(bir)ta(bar) - - - tn(bnk),

303

tokens of colors:;;, at this instanty; is the total number
of colors in placep;; p(p;)(a;,) denotes the number of
tokens of colorsy,, in placep;; o is the initial marking.
Conditions of enabling and firing: The transitionis en-
abled with respect to the coléy,, if

w(pi)ain) = I(pistj ain, bjr)  Vp; € Py
a;p, € CX(p;)
VInh(px,t;)(arg, bjr); Vor € P;
arg € CX(pr)
‘V’Inh(pl,tj)(alf,bjk); Vp € P;
air € CX(py).

p(pi)(aig) =0

n(po)(ay) =0

After the transitiort; is fired, two outcomes could appear.
For an immediate transition, the new markpadpecomes

N(pi)(aih)
+O(pi, t;)(@in; bjk)

Nl(pi)(aih)
— I(pi, tj)(ain, bjr).

For a timed transition, the temporary marking is

p (pi)(ain) = 1/ (pi)(ain) — I(pi, t;)(ain, bir).

After the delay in¢;, the marking.”” becomes

1" (pi)(ain) + O(pi)(ain, bjx)-

N”/ (pi)(aih)

Time function: Itis simply the time attribute in the places
and transitions. For the transitiofi(¢t(b;x)) : T — N

is the time required by the timed transitiorassociated
with the colorb;; to complete the firing. For the place,
f(p(ay,)) : P — N is the time delay required in the
timed placep associated with the colaet;, to release.
Reachability set: It consists of all reachable markings
from the initial marking. Reachability is a basic property
of the CTPN. A marking.,, is said to be reachable from
the initial marking, if there exists a sequence of firings
that transformgg to u,,. The firing sequence (FS) is de-
noted by

whereb,,(j = 1ton)
is the color set of the transitiof).

9) Liveness, deadlock [26]: For any reachable marking, if

there exists a firing sequence of transitions to reach a
marking and enable transition then the transitiort is

live. ACTPNi s live if all transitions in the net are live. For
any reachable marking, if there is no firing sequence of
transitions to make enable, then the transitianis dead-
locked. A CTPN is deadlocked if there exist no transitions
in the net to be enabled.

function. Inh (p,t) (a,b) : CX (p)2CX (t) — N, is An FMS CTPN production model [7], [14] can be constructed
an inhibitor functionInt(p, t)(a,b) : CX (p)xCX(t) — as follows: 1) analyze the FMS; 2) define the system require-
N, is an interrupt function. ments, resources, decision-makings, and events; 3) use macro
Marking: u(p):CX(p) — N,¥p € P, hasn el- transitions to model the cells and machines; 4) define the pro-
ements. u(p;) is an (n x 1) vector defined as cesses interms of material flow or machines in different levels;
p(pi) = 251, ninan, Wheren;, is the number of 5) draw flow charts of the processes; and 6) define the interface
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Characteristics Analysis
(Input) ) And | Cpk<1 \L Cpk>1orCpk=1
N utpu Trouble ..
Raw Material Products Shooting Setup Control limits
| SPC |
Fig. 3. Relationship between SPC and process. | \v Chart Analysis |
and communication between different levels and macro transi- | In Control | [ OutofControl |
tions; 7) use CTPN to model the flow charts in step 5); 8) val- : ]
idate the constructed CTPN model. In addition, the CTPN ele- | Problem analysis and Trouble |
ments must be related to the physical components in an FMS. | Process Proceading Control v |
These relationships can be referred to [14].
Process Changed |

I1l. CTPN-BASED SPC

A. Operation of Process Control in an FMS

Fig. 4. Application of SPC activities in the FMS.

Quality control, management, and integration have begRi,kensin SPC_P2 indicates the required initial number for an-
more emphasized in recent years [2], [10], [19], [20]. Howevely;ing the capability of the process. If a token exists in SPC_P2,

quality control and management systems cannot stand alofen SpC_T2 is inhibited. SPC_T6 represents the capability
They must be analyzed using collected data, and then lysis of the process. -

result is used to control the process and prevent defects. Whe he process capability is used to characterize the process ca-

process condltlc_)ns change, the process parameters mus f’i ility with respect to the standard specification of the process.
adjusted according to process variability. SPC can be use hi - :
is paper, the process capability can be evaluated in terms

'[Tg]a.sé'%ztseeggi gg:zg'c;h:nggce%sé asssér:jo]:/c\)/ ? ':O;%S :Z.o:t?ol he precision capabilityCp), accuracy capabilityCa), and
1! ISties IS Widely U proces: rocess capability inde§Cpk) [20]. SPC_P5 contains the data
to improve product quality, eliminate process variability, an§

isolate the causes of defects. nalyzed by the process capability. SPC_T3 and SPC_T4 are

In this paper, process control includes the process capabtimtrOIIed by the color set of the tokens in SPC_PS, and they

| . .
and the SPC. Initially, the process capability is validated. If thrg) resent the incapable and capable processes, respectively. If a

process capability is acceptable, then the control limits of tﬁéocess Is analyzed as incapable, then SPC_P6 restarts the ca-
SPC can be generated to investigate process variability. If pility analysis of the process after adjusting the process pa-

measurement is reasoned to be out of control, then the causes eters.
. o ' . the process is capable, then SPC_T11 is not inhibited,
defects are identified. Consequently, the corresponding procgssy :
. ) and the subsequent measurements are analyzed using the SPC
parameter is adjusted to correct the process. The flow of procgss

control isillustrated in Fig. 4. In this paper, a control chart ofthl%Odu'e’ e., SPC_T7. In this net, the SPC module is imple-
SPC tools [20] is used to validate the process. ented using a control chart. Control charts are widely used in

SPC. SPC_P11 stores the results of the control chart analysis.
These results are identified in terms of “in control” and “out
B. CTPN-Based SPC Model of control.” SPC_T8 represents “in control,” and SPC_T9
The SPC activities in this paper are constructed in terms i@presents “out of control.” The inhibitor arc connected to
CTPN. Two major functions of the process control, includin§PC_T2 is designed for controlling the number of initial data
process capability and SPC, are modeled as macro transitiansasurements for analyzing the process capability. There is a
Since the value of each measurement is not the same, the tragecified number of tokens (depends on the process capability
tional PN cannot handle attribute-based measurement. For amd initial measurement requirement) in SPC_P2 in the initial
ample, the SPC macro transition can generate results (suchmasking. If there still exist tokens in SPC_P2, then SPC_T2 is
one measurement is out of three times of standard deviatiamiibited when a measurement (colored token) is collected from
for incoming (different value) measurement. The SPC activiti&PC_PL1. If there is no token in SPC_P1, then SPC_T1 will be
in Fig. 4 can be converted into a CTPN, as shown in Fig. Bot enabled, and SPC_T2 will be enabled when a measurement
The CTPN elements in this CTPN-based SPC net are descrileeters SPC_P1. In addition, the inhibitor arc connected to
as follows. SPC_P1 represents the data collected from the si&®C_T6 implies when the initial measurements are complete,
floor. SPC_T1 indicates the initial data collection, and SPC_TRe process capability can be executed to generate the indices of
indicates the subsequent data collection. SPC_T1 and SPC pi@ess capability. Consequently, the inhibitor arc connected to
are controlled and mutually excluded by SPC_P2. The numi®PC_T11 indicates if the process capability is not acceptable,
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Fig. 6. Modeling machine fault and maintenance.

then SPC_T7 contains token(s), and hence inhibits the enablidegection or the “out-of-control” status of the process from the
of SPC_T11 and the operation of SPC module. SPC CTPN net. MC_P12 represents the PM of the MC. Either
PM, process out of control, or failure leads the stoppage, rep-

IV. CTPN-BASED FAILURE MODEL AND FAULT DiaGNosis  Fesented by MC_P13, and MC_P16 records this message. Es-
pecially, MC_P17 sends this message to the fault diagnosis and

A. CTPN-Based Failure and Preventive Maintenance Modelgy e CTPN's to find the cause problem and failure models.
The performance of a machine depends on its availabilitf¢hen the cause problem is found, the maintenance is started
In this paper, the CTPN model for machine layer includes tf#C_P18). The time to repair (MC_T9) depends on the color
machining process, maintenance, and failure behaviors. An eet of the fired token. Different types of PM, failure, and process
ample of CTPN failure and maintenance model for a machinipgrameter adjustment lead to different time elapsed in MC_T9.
center (MC) is shown in the right-hand side of Fig. 6. In this neljotice that the elapsed time is determined by the MTTR gener-
MC_T2 represents the machining of MC. When an MC is mailly.
chining, it may be interrupted (and sequentially inhibited) by a MC_P14 and MC_P15 indicate the status of failure and PM,
sudden failure or inhibited by the preventive maintenance (PMgspectively. If the machine has been repaired, then MC_P23
MC_P11 represents the sudden failure of machine from sensglt receive this token. The token in MC_P23 cooperates with
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) &

@

() (d)
Fig. 7. Transformations of CTPN and fault tree for FMEA. (a) AND gate. (b) OR gate. (c) Condition gate. (d) Order AND gate.

token(s) in MC_P14 or MC_P15 to enable MC_T8 (failure is gauge can be classified into the hihigh, high, normal, low,
repaired) or MC_T7 (PM is finished), respectively. Therefore, and lolow levels.

the uses of the interrupt and inhibitor arcs can be designed tdue to the hierarchical and modular configuration of the
control the enabling/firing of MC_T2. Since the time to repai€TPN, the fault tree can be modeled hierarchically. The CTPN
in MC_T9 requires the classification of failure modes, and tredements can be directly mapped to their corresponding fault
processing time of MC_T2 depends on the incoming produtcee elements. Some important fault tree symbols that relate to

attributes, the ordinary PN is not suitable here. the FMS are selected in this paper, such®s gatesORr gates,
condition gates, ordeAND gates, basic events, intermediate

B. CTPN-Based FMEA and Fault Diagnosis Models events, and transfer events. The transformation is described as
follows.

Fault diagnosis is important since it affects the machine uti- 1) Events are modeled by places.
lization, system performance, and costs. Usually, the FMEA and 2) Gates are modeled by transitions.
the fault diagnosis are analyzed in terms of individual system. 3) Complex systems, such as an FMS's, are modeled by hi-
In this paper, the fault diagnosis and FMEA are constructed in * o 5rchical and modular configuration.
terms of CTPN's so that information can be exchanged directly. g5ced on the transformation between the CTPN and the fault
A fault tree [23] can be used to analyze the failure modes aﬂ@e, the converted CTPN models can be used for FMEA and
effects. It can also be used to identify various possible failugg, ;¢ diagnosis. When the FMEA is used, the conversion be-
modes and effects. A fault tree constructs the structural foffjeen the elements of the fault tree and CTPN can be illustrated
of failures, and its simple logical relationships represents tlﬂ?Fig. 7. In this figure, A, B, and C are sensor measurements,
probabilistic relationships among various events that lead to thes ihe event of failure, S1, S2, S3, and S4 are used for sequen-
failure of a system. Based on the Iogical relationships, the CTRY| control. T1 to T9 are the transitions. In Fig. 7(a), thed
and the fault tree can be mapped into each other. gate is transformed. From the viewpoint of FMEA, the failure
The analysis of a fault tree requires related component stajf$x andB causes the failure of T. Hence, the converted CTPN
collected from the corresponding sensors. For example, #@del can be constructed in the right-hand side of Fig. 7(a).
analysis of a hydraulic system requires the tank status frqRIFig. 7(b), theor gate is transformed. From the viewpoint of
a level gauge and the pump status from a pressure gaugerffiea, the failure of Aor B causes the failure of T. Hence,
this paper, a sensor-based configuration is used to constiyl converted CTPN model can be constructed in the right-hand
the fault tree. In order to convert the fault tree into the CTPYge of Fig. 7(b). The condition gate in Fig. 7(c) can also be con-
model, the events are defined as follows: structed. In Fig. 7(d), the order gate is transformed. From the
1) on-off sensors—modeled by traditional PN; viewpoint of FMEA, the failure of T is caused from the ordered
2) analog sensors—measurement value of the analog serfaiures of AthenB and C. Hence, the converted CTPN model
is divided into appropriate levels, e.g., the value of levelses inhibitor arcs connected to T7 and T8 to denote that the
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Fig. 8. Transformations of CTPN and fault tree for fault diagnosis. (a) AND gate. (b) OR gate. (c) Condition gate. (d) Order AND gate.
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Fig. 9. Example of fault tree application. U=

failure of T is caused from the component failure sequence ofFA 10, CTPN-based EMEA model of fault tree in Fig. 9

— B — C. If the failure sequence is not A B — C, then T9 920 ase modet otfadttfree in F1g- =

is never fired. For example, if B occurs before A, then the token

in place B is delivered to place S2. When A occurs sequentialB, and C. In Fig. 8(a), thenD gate is transformed. From the

the token in A will not be sent to S3 because the token in plagewpoint of fault diagnosis, if T is failed, then both A and B

B is removed. must be failed, too. Hence, the converted CTPN model can be
In addition to the FMEA analysis, this paper also proposes thenstructed in the right-hand side of Fig. 8(a). In Fig. 8(b), the

CTPN-based fault diagnosis. When the fault diagnosis is usew gate is transformed. From the viewpoint of fault diagnosis,

the conversion between the elements of the fault tree and the is failed, then either A or B must be failed. Hence, the con-

CTPN can be illustrated in Fig. 8. In Fig. 8, A, B, and C argerted CTPN model can be constructed in the right-hand side of

sensor measurements, and T is the event; EA, EB, and EC kRig 8(b). Similarly, the “condition” and “order” gates are con-

the diagnosis results, and they correspond to the sensors otiicted in Fig. 8(c) and (d), respectively.
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Fig. 11. CTPN-Based fault diagnosis model of fault tree in Fig. 9.

CTPN SPC Module CTPN FMEA Module CTPN Fault Diagnosis
Model
-
Communication Communication Communication
Places Places Places
-

CTPN Process Model

Fig. 12. CTPN integrated manufacturing environment.

In order to illustrate those transformations practically, a fauf
tree example is used to illustrate the transformations from =
fault tree to the FMEA and the fault diagnosis CTPN models
as shown in Fig. 9. In this figure, T is a top event for describin
a system failure. B1 to B6 are the intermediate events th
are caused by a combination of other events via a fault trés
logic gate. GO to G6 are fault tree logic gates. Al to A8 ar =
basic failure components in the system. The transformatiol
of FMEA can be done from Fig. 7. Fig. 10 shows the trans
formation from a fault tree in Fig. 9 to a CTPN FMEA model.
In this figure, the symbols T, § and Ac are related to the
events in the fault free of Fig. 9. In additiong is a place that
has the same attributes withzANotice that the symbols of [
and y are nonnegative integers. Besides, the areas circled &
the round rectangle line are components of the fault tree log
gates. From the CTPN firing rules [14], if the components A
and A3 are failed, then tokens in places A7 and A3 form an
initial marking. After some firing sequences, a token will entefig. 13. An FMS layout of MATRC.
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Fig. 14. Integration of CTPN model, process control, and monitoring.

place T. It can be concluded that from the viewpoint of FMEA, PROCESS CAPABILITY |

the failures of A7 and A3 cause the failure of T.
The transformations of fault diagnosis can also be done fror m]z ]

Fig. 8. Fig. 11 shows such a transformation from a fault tree it Value | Grade

Fig. 9 to a CTPN fault diagnosis model. In this net, the symbol: cp| 1214 B Note Cp: capability of precision

T, Gz, and Az are related to the events of the fault free in Fig. 9. ca| 3008 A Ca: capability of accuracy

In addition, Acy and Bry are message duplicates from: And opk| 1178 B Cpk: process capability index

Bz, respectively. Notice that the symbols ofandy are non- 21| 3753 # 21: defect rate parameter 1

L . . . . z2: defect rate parameter 2

negative integers. EAindicates the failure of its corresponding 2| 3534 #

component. For example, the status from the sensors are t

components of A1, A7, and B1, which are working, A3 and A6, ( Update ) (_Return.. )

which are failed. Initially, the analysis starts from the FMEA X

analysis. From Fig. 10 of the FMEA analysis, the components

of B2 and B5 must be failed. Then, the CTPN-based fault dia9- 15- Process capability analysis.

nosis is used to find the major failure components that cause the o )

system failure. After several firing sequences, only EA6 (amofige communication places act as interfaces among modules.
EAL to EA8) has one token. This implies that component A6 j§'¢ FMS CTPN-based production models were proposed

the major failure component that leads to the system failure. " [14]- The FMS at MATRC is composed of two flexible
manufacturing cells (FMC’s), an automatically guided system

(AGV), an automated storage/ retrieval system (AS/RS), and

a coordinate measuring machine (CMM). The first FMC is
The proposed CTPN-based production, SPC, FMEA, aedmposed of a CNC milling machine, a CNC lathe machine, a

fault diagnosis are applied to an FMS at the Manufacturirrgbot, and two buffers. The second FMC is a machining center.

Automation Technology Research Center (MATRC) of Na-ig. 13 shows the layout of the FMS.

tional Taiwan University. These components can be integratedn this paper, the CTPN-based FMS SPC, FMEA, and fault

as shown in Fig. 12. In this integrated CTPN architecturdjagnosis models are constructed using G2 [5] real-time expert

V. APPLICATIONS
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Fig. 16. Control chart.

system. This real-time expert system supports GSI, GFI, and | System Failure |
G2 Oracle Bridge (database). Based on the G2 interfaces,
the FMS real-time simulator can communicate with the cell +

controller and database through the TCP/IP protocol. Hence,
this CTPN-based FMS simulator can be used to control and
monitor shop floor activities. The production information
and quality measurement are stored in the database. The
centralized CTPN-based FMS monitoring and control system
communicates with the windows-based cell controllers througj§- 17- Example of fault tree of system layer.
the TCP/IP protocol. The cell controller controls the equipment
through the serial communication (RS/232). Due to the mothe machine CTPN models, then the simulation environment
ular design, the real-time simulator can be acted as a real-tilmeestablished. If communication places communicate with
monitor and controller. machine controller through the GSI, then the process control
The CTPN simulator [8] can also be transformed to environment can be constructed. Especially, the modular design
real-time dispatcher. Basically, the G2 rules can be usednmkes flexible combinations of the CTPN models, monitoring
infer the firing of the CTPN models from the initial conditionssystem, and dispatching system possible.
(markings). The firing sequences and reachable markings ar@he process capability analysis is shown in Fig. 15. In this
recorded in the database (using G2 Oracle Bridge) or the tesise, the values @, C,, andC,, are acceptable. In addition,
file (using G2 GFI interface). In the simulation stage, théhe control chart is used to examine process variation. Fig. 16
dispatching rules are used to evaluate the system performarstmws an X-Rm chart at which x-ucl, x-cl, and x-Icl are the
such as the utilization of machines, due date for each batcipper control limit, central line, and lower control limit of the
and bottlenecks. If the simulation result of a dispatching rubé-chart, respectively. In addition, a fault tree of the system layer
fits the manufacturing requirements, then the firing sequendeghe FMS is shown in Fig. 17. The corresponding FMEA anal-
can be worked as a dispatching order. ysis and fault diagnosis CTPN models are shown in Fig. 18. In
On the other hand, the proposed CTPN models are cdhis figure, REL_FMS_P1 to REL_FMS_P5 are the status col-
structed using a hierarchical and modular configuration. Thected from control, production, inspection, storage, and AGV
model integration and information exchange of each modudgstems. On the other hand, DIAG_FMS_P1, DIAG_FMS_P3,
can be achieved in terms of communication places. Fig. DIAG_FMS_P5, DIAG_FMS_P7, and DIAG_FMS_P9 are the
shows the relationships among CTPN models, shop floor catatus collected from the cell layer. They indicate the status col-
trol, and process monitoring. In this figure, the key factor is tHected from control, production, inspection, storage, and AGV
communication places that switch operation between simulagystems. Consequently, the CTPN-based FMEA and fault diag-
and controller. If communication places communicate withosis models for each cell and machine can be constructed in

|Conlrol&Network | |Machining| ’Inspection| Transportation | |Storage|
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Fig. 18.
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Example of CTPN-based FMEA and diagnosis in Fig. 17.

(diag_asr) (diag_agv)

the same manner. The entire FMS FMEA and fault diagnosis[2] A. L. Arentsen, J. J. Tiemersma, and H. J. J. Kals, “The integration of
models can be integrated through the communication places.

VI. CONCLUSIONS

This paper uses a newly developed CTPN to model the ac
tivities of production, SPC, process failure, FMEA, and fault

diagnosis in an FMS. Especially, the conversion between thd®]
fault trees and the CTPN models is used to analyze the FMEAg,
and the fault diagnosis. The process control behaviors including
process capability and SPC are also modeled in terms of CTPN,
Based on these approaches, a complete FMS model can be c:oh71
structed using a unified modeling technology. Such research in-
creases the integrability of models with different behaviors. In [8]
addition, the interactions and information exchanges among the
activities of production, SPC, and process failure can be directly[9]
described and linked using CTPN. Due to the modular construc-
tion, the CTPN models can be used to simulate and control the,

FMS concurrently through communication places. Most man-

ufacturing systems with complex product mixes and flexible[11]
routes can be modeled, analyzed, and controlled in this manner
using the proposed integrated CTPN modeling environment. [12]
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