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Abstract: In this paper a generalized Synchronized Hybridi R&tts (SHPN) model for the control of repetititasksis
presented. It is assumed that the process hasdisattete and continuous components but integrataepetitive task
series. Generalized SHPN model describe this hybritesysvith N degree of repetitive tasks. The prop@salistomize

to an assembly/disassembly process of a mechadrtméc(A/DML), served by a wheeled mobile robotN\R) equippe:
with robotic manipulato(RM). For the A/IDML model, the assembly is a coni@mal process with a specific typology
discrete system events (DES) while the disasseptolgess (served by WMR), is assimilated with a ld/priocess. Tt
hybrid aspect, identified only on the disambly levels is determined by the mobile robotestawith discrete ai
continuous variation characteristics. The hybridtoal system takes into account the distributiothef necessary tasks to
perform the disassembly of components by usingrdbet synchronization with the A/IDML. Taking all thesspact
into consideration, an optimization approach ofticycle for repetitive processes is proposed.
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1. Introduction Combining the SED model of the analyzed
' system with the cyclic and continuous time of

This . . g1e WMR with RM results a SHPN model.

paper proposes a generalized Synchronize

Hybrid Petri Nets (SHPN) dedicated for the This paper is organized as follows: the
control of a hybrid repetitive process. The tool description of A/DML served by WMR with
SHPN is dedicated to control modeling of RM and SHPN model, in generalized and
hybrid systems composed of repetitive taskscustomized forms, are presented in Section 2;
series. These repetitive components we defind® generalized and customized SHPN
as the elementary operations. The model ofomalism is presented in Section 3. Section 4 is
entire process requires using specific toolsreserved to the optimization of the time cycle

dedicated to discrete or continuous DES modelcorrespondlng to the control of repetitive

" .~ processes; some conclusion remarks can be
but adapte_d _for repetitive and synchromzedfound in Section 5.
tasks description.

The proposal will be tested for a reversible 2. General Structure of the A/DML

assembly/disassembly  manufacturing  line ;

(A/DML) served by wheeled mobile robot Served byWMRWIth RM.

(WMR) equipped with robotic manipulator The system of reversible assembly/disassembly
(RM). line served by robotic manipulators mounted on

In this paper, the concepts of mobile platforms has a dynamics determined

assembly/disassembly tasks are illustrated irboth, by events (events supplied by the control

SHPN model complies with discrete approachsequences of the automation system) and by the
for the elementary assembly/disassemblyinteraction with the WMR, which represent the

operations and the continuous approach foontinuous time component of the system.
displacement of WMR. The considered system

is a hybrid one and requires specialized tools forl "€ assembly/disassembly line is served by a
modeling, as in (David and Alla, 2010).The WMR equipped with RM during of disassembly
hybrid model is elaborated using the dedicatedPhase. The objective is to make the assembly
modeling tool, HPN, described in (Filipesati, line reversible, i.e. to allow disassembly.
al., 2012) and (Radaschinet al., 2011). Moreover, the mobile robot is used to carry the
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disassembled component to proper storagéervice —assistance, during disassembling
warehouse. process, performed by the mobile robot

The assembly/disassembly operation can bye quipped with manipulator (THPN typology)

decomposed into a sequence of elementar)Eé a(i) and Ejd(j+2) are external events from
assembly tasks coupled in parallel with : . o .
positioning tasks of work-piece along conveyor, the sensors used for line synchronisation with
as in (Baldwingt al., 1991; Choigt al.,, 1998; the WMR equipped with RMEg;) is an

Ganget,et al., 2005) and (lacob and Popescu, external synchronization signal, corresponding

2013). T_he hyb_rid disassembly strategy IS _baseqlo STOPPING line and STARTING
on the hierarchical model proposed in (Selmger'disassembly EZ( ) is an external
. dd(j+2

et al., 1999; Radaschin, 2011; Radascdtial .,

2012; Kopacek, and Kopacek, 1999) whichsSynchronization signals, corresponding to
uses the general representation from Fig. 2.  PICKING UP of disassembled component and

STARTING line.

In Fig.2 is represented an elementary TPN
model corresponding to an assembly operation.
During disassembly process one can identify a
repetitive sequence associated to a single
disassembly operation and service assistance of
WMR equipped with RM. All of these can be
modelled with a SHPN, called elementary
SHPN, as is represented in Fig. 3

SHPN

Figure 1. The SHPN representation by blocks with elementary
modules:e-TPN for assembly, e-THPN for WMR with Ré,
SPN+TPN for disassembly and e-SHPN for disassesgriyed
by WMR with RM

4 N
e-TPN
=1, ...,
S [ s () oM Orasars ]
Figure 3. e-SHPN model of j-th elementary
Pda(4+4%(i-1)) disassembly operation.

\ J/

Figure 2. e-TPN model for an elementary assembly operation.

SHPN structure from Fig. 1 is obtained by h
modeling of assembly/disassembly and | =
continuous service assistance, for disassembly
operations, performed by mobile platform
equipped with manipulator.

Tat+) W8

The entire model is SHPN type because it is
interfaced  with  external events for
synchronization in  an  approach  of
modeling/simulation, useful in realtime  rigyre 4. SHPN model of the last disassembly
contro. SHPN morphology results by operation, j = N
integration three PN models. These models
describe the following automatic operations: *Since the last last disassembly operation is no
assembling/storage in  warehouses (TPNionger necessary line starting to a next
typology); * disassembling of damaged productdisassembly, the SHPN model is different from
(SPN and TPN typologies); others and is shown in Fig. 4.1t consider the
following notations (Fig.5) :
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* N,.i=LN- assembly locations on the 3. Generalized Mode based
positive sense dDX axis. Control of A/DML Served by
WMR

* Ng.i =1 N - disassembly locations on

the inverse sense @ axis. Obviously, TheFormalism of SHPN Model

i=N-j+1.

e W;i=1N - warehouse locations, which triplet

The SHPN model associated to A/DML is a

are identically with the assembly SHPN=(THPN,E,Sync) (1)
locations. Obviously, h that THEN | h
L such that: is a seven
Wysg—j =W, j =1N y
_ THPN = (P, T, Pre, Post,my , h, tempo) 2
. D(Ndj Wysa-j | distance between
. ) E is a set of external events
disassembly location Ndi and the
- = 1 2
corresponding storage warehouse E = {Eddl , Edd] } ) D{e} (3)
WN +l_ J j:?’[(]k_l) ‘k:m

. DMN+1—jiNdj+1) - distance between last Ync is a function from the set of the discrete

storage warehous#y,,_; and the next
disassembly IocatiolNdj+1 :

. Drj = DkNdj Wi+1- )+ DMN+1—] , Ndj+1) .

disassembly transitions to the set of external
events

gne:T - {El,EZ}D{e} 4)

wheree is the always occurring event (it is the

distance travelled by the mobile robot in ,outral element of the monof") and
the j stage of disassembly.

nc:{Tdd, } ;.0 — — |ELE? 5

 r=1+(j -1 3- indexes a continuous place Syme: {7 -y Deein { } ®)
of the robot statesPcr ; a continuous  gync:{Tdd} .4 1 — {Edd?}_af 1
transition of the robotTcr and a discrete =3 Dhezn { }'_3[(k Dhezn
transition of disassembly procesdd . Sync. T\{qu}rzm OfTd}, ey i)

« k=1+(j-1)®- indexes a discrete place of Ofter, -z — ©
disassembly procesgdd . -

. P={R,P...R}=PPOP (6)

of the robot stategdr .

Y. Wi ; Legend
Assembling
location

Disassembling
location

1 HN
H H Storage
» warchouse

5 : : : :
Ndy NaM Nd_]+1 4

N”z Ndj N ¥

Figure5. Assembly/Disassembly and storage
warehouse locations.

| =1+(j-1)@ - indexes a discrete place

is a finite, not empty, set of places wilt the

set of discrete places

p° ={Pda}i=113p4[gN-1) D{Pddr}rzlasf(ﬂ—lj
D{F>d|f5'}s=:l,4+ N-!

and P the set of continuous places

C_
P —{Pcrk}k=o,3+3(N—1)' (7)
where:

{Pda }is the set of discrete places for assembly
process;

{Pddj} is the set of discrete places for
disassembly process;
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{Pdr, }is the set of discrete places for the stateprocess;

of mobile robot while serving disassembly

{Pcr,}is the set of continuous places associatedtempo: T - Q, 0{0} (12)
to the distances performing by the mobile robot b o
for each disassembly operation in order tolf T;OT® . then d; =tempdT;) is timing

transport the disassembled component from thessociated witfl; . For each discrete assembly
disassembled location to the storage location; transition of the set

_ _+D 1C
T —{Tl,sz...,Tm} =T-0T (8) TaD :{Tdai}i=2[E - D{TdaZE(]N+1)}
. - " . k=LN (14)
is a finite, not empty, set of transitions with
T° the set of discrete transitions tempa(Tda; ) = g (15)

TP ={Tda}, -i72am O {Tdd, }r=13-3(n-1) where dg,, represents the duration (in seconds)

9) _ .
D{Tdr}:ﬁ—)_ associated to the corresponding assembly
1=144SIN-L operation. For each discrete disassembly

and T€ the set of continuous transitions transition of the set

D _
TC ={Tcrr}r=m Ty _{Tddr}r=1+3[0<—l)k:17\, ’ (16)

where: dy, is the duration of the corresponding

frda} is the set of discrete transitions for disassembly operation. For each discrete WMR
' transition of the set

D _
{Tddj} is the set of discrete transitions for '+ -{Tdr,} (17)
disassembly operations model; ddrl is the duration of RM positioning in

{Tdr, }is the set of discrete transitions for statesPiCking up and dropping down for a

: . , . disassembled component.
of mobile robot while serving disassembly P
operations; If T, OT then

assembly operations model

1=4+50k-2) -5

{Ter,} is the set of continuous transitions 1

associated to distances performing by theUr "~ tempo(T, )

mobile robot for each disassembly operation.is fow rate associated .
To these transitions is associated the maximum

linear speed of the WMR. For 7€ :{TCfr}r—3+3[(;<_

(18)

Din

Pre:PxT - Q, or N is the input incidence Ut =UriUymax =V, whereU, is the variable

lication; . :
application, flow of mobile robot displacement between
Post:PxT - Q, or N is the output incidence disassembly stations. Consider the average
application; speed of motion of WMRy, = 94mm /s.
mp:P - R, or N is the initial marking; Definition 1: The ED-enabling degree of a C-
h-POT - {D,C} (10) transition Tj for a markingm , denoted by

ED (Tj , m), is the enabling degree @f after

all the arcs, from a C-place to a C-transition,
have been removed:

called "hybrid function", indicates for every
node whether it is a discrete node (&tand
TP) or a continuous one (seB° andT°),

m)= i mi 19
PP 07O (0] ay PO ) @
h:PCOT¢ - {c} Definition 2: The maximal firing speed of

tempo is a function from the seff of transitionT is the product of its flow rate),

transitions to the set of positive or zero rationalby its ED - enabling degree. Suitable
numbers,
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definitions 1 and 2, for the general case, it canController),

write:

(20)

;

o

Figure6. a) and b) assembly line, Hera, served by

WMR, Pioneer 3-DX, equipped with RM, Pioneer
5-DOF Arm; c) parts; d) assembled product

My (1) =V [wdTer; x Per(j 1)) (21)

W(Tcrr X Pcrr+l) =

22
=D N+l—j’Ndj+1 ( )

) D(Ndj W)
where my(j.q) is the mark associated to a
continuous place anaf{Tcr() x Per(4q)) is the

weight of the arc from a continuous transition to
a continuous place of the WMR [9]. The

with 5 distributed modules
connected by Profibus.

The WMR, Pioneer 3-DX, is with two driving
wheels and one rear wheel, has its own
odometric system and an on-board embedded
microcontroller is able to read the position
information and to send it, over a WI-FI link, to
a remote PC where runs the according to a
specific protocol and send the data to PLC of
the assembly line.

In Fig. 7 is presented the schematic
representation of the HERA&Hortsmann
didactic platform destinated to a particular
assembly/disassembly product comprised of 5
parts, served by WMR with RM. WMR carries
the component from the place where
disassembly occurs to the appropriate storage.

analysis of SHPN model is relevant at the basic

level accordingly with an elementary THPN
module, denoted e-THPN. SHPN model is

obtained by recurrent assembling of these;rp _
elementary e-THPN modules (corresponding to
each basic disassembly served by WMR with

RM).

SHPN Model Customised For Hera &
Hortsmann Mechatronic Line

General approach will customize(Fig.9) to an
A/DML didactic mechatronics line,

HERA&Horstmann, shown in Fig.6a and 6b,
which makes assembling a piece of five
components, shown in Fig.6c and Fig.
6d. Flexible line includes five individual

workstations with different tasks, carrying and

For N=5 (A/DML Hera&Horstmann), the
SHPN model become:
PP ={Pda; };_iz5 D{Pddj}j:l—zs O{Pdr} 121
pC :{Pcrk}kzas,
{rdai} gz Ofred; gz D frandh s
TC = {Tcrk}sz5
TaD = {Tdai}iz{ 246810 O {Tdalz} (23)
tempo(Tda )i:{ passiosd ={ 959385,05,475272}

where dy, represents the duration of the

current assembly operation together with the
transport time to the next assembly location, for
i ={ 246810 and the duration of the quality

| =
test together with the transport time to the

transporting, pneumatic workstations, conveyorelevator of end products warehouse, ifef12}
belt, sorting unit, test station and warehouse;

The  assembly/disassembly
flexible line is equipped with SIEMENS
Simatic S7-300 PLC (Programmable Logic

s2 sa

Body st

s3

Cover storage

S1

Base storage | orage

Cylinder
storage

Pr.

manufacturing

s6

Product
Storage

oduct Good

Product

[

EE)Ea

T [--]

Damaged
Product

B i
Rd,  Rdg -
420mm  330mm

DT

7 Rds
340mm

450mm

Rds

Ry
3 370mm

310mm

Rd,
30mm

Rd,
300mm

Figure 7. Assembly/disassembly line of a product consists obmponents, served by the WMR equipped
with RM
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TdD ={Tddr}r={  the duration of the disassembly operation

1471003 corresponding to Y’ stage of
temIOO(Tddr)r={ 1471008 = [daa ) -1 disassembly d, );

" “r={ 1471013
» the travel duration: workstation for
T :{Tdr|}|={ 491419 disassembling - storage warehouse
' D(Ng, W1~ J/ VI ; storage warehouse

tempo (Tdr, )¢ 401010 = (i, ),={4,gl419} — next disassembly  workstation
DWy41-j Ndjﬂ)/Vr :

* the picking-up and dropping-down
durations for a disassembled component,
Sync:{Tddj}j:{ 1346791213 ~ {Eddl,Eddz} followed by gripper closingdy; )

G =g aorese) ={ 522128978}

The time cycle duration and its values

Where: components can be identified within the
_ _ 1 _ temporal marking evolution (Fig.8)
a/'"C'{Tdd'}i={ 14713 ~ {Edd' }i={ 14713 corresponding to "j* stage of disassembly in
T} { ddz} _ SHPN model. In this case the ETC for the
e Tddifi~{ 36019 ~ |FAAi{ 36013 mobile robot for “j” stage, are:

e}, DT g Offendoqgo ~e T80 T Oy Wy [V v

; ; +ddr'+3 +D6NN+1_j’Nd'+1)/Vr
Consider the average speed of motion of WMR, ' ' I
V, =94mm /s . For N=5(Fig.9) the arch |dentifying these variables in SHPN model, this
(Pi xT, ) WherePiD"{Tcrk}k:l—10 n PP, have the relationship becomes:

weight equal to  one. Therefore, .. :(mcrrﬂ)/w :(mcrr )/Vr+d @
Ver, =Ucry = 2|k=ﬁl :

(24)

. . . +dgr +(mcr w2 )/Vr (25)
In Fig.8 is shown the simulated response of the ! ' r=1+301-1) |
continuous and discrete places of WMR with,\hare for, = 1+30(j-1) gy
RM of SHPN model from Fig.9. '
. .. . =DI(Ny. ,Wyaii

4. Time Cycle Optimization for M INg, Whves-s )
Disassembling Operations Mer :WL&EM [y 41

- . Mer,, = N+1—j'Ndj+1)
Within the e_SHPN network, the weight of the o .
arcs  w, = (Tor, xPer, ) and The optimization of time cycle (TCO) for

' ' v =143 1), mobile robot implies the minimization of

W, .1 = (Ter. .4 x Per ..~ __ . for disassembly operations duration (if possible)

= (e r+l)|r‘1+3[01 Yj=LN and the minimization of manipulation durations:
r=1+30{j-1), 7y are: N ( )

TCO =Y DNy \Wya-i IV,
{Wr :Dt\/\hﬂ—j’Ndjﬂ/ Ny, ,V\N+1—j) ) Z:l J e
=0lNg,, W ) MR N

The elementary time cycle (ETC) for the mobile r | r=13lk-Le=1n
robot (corresponding to the e_SHPN model, 1=4+5(k-2)=2,N
stage "|") is the travel duration with constant N
speed between storage warehouse- +Z D(\/VN+1—j,Ndj+l)/Vr
disassembling location added to durations of 1= _ _ '
disassembly and manipulation operationsAt the same time it must be provided the
performed by mobile robot: temporal synchronization between ETC and the

disassembly duration added to time travel
product between two successive workstations.
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Within the SHPN modelthis restriction is
equivalent to the avoidanamnditior for PN
model blockage:

N
TCO=)" D(Ndj W41 )/vr
i=
+ min[dedr + zddrl ]
r | r=1+3[ﬂkfl)k=]_*N
1=4450{k-2), =3y

(27)
+ % D(\NN+1‘J ' Ndj+1)/vr
=

min(dddr + ddr| )+ D N+1-j Ndm)/V,

r=1+30k-1) =1
1=4+5k-2)g =2 N

< dgg, +dad

R O

Conclusions

A SHPN model, in synchronized form, bas
realtime control of fully reversibl
assemly/disassembly mechatronics line

presented in this papefhe SHP! model has
been conditioned on certagtat¢ transitions by
external events representing signals supplie
sensors.The A/DML is served by a WMI
equipped with RM which is used only

disassmbling in order to transport tt
disassembled components to the sto
warehouses. Therefore, the assembly

becomes reversible, i.e. executes autorr
disassembly. A disassembly process is st
when the final product, obtained by assem
fails quality test.The hybrid control systel
takes into accountthe distribution of th
necessary tasks to perform the disassemb
components by using the robot synchroniza
with the A/DML. An optimization approach t
time cycle for repetitive processis proposed.

et )

ot {r41)

™~

Mdr_(s)

;;;;;;;;

har_s+1)

i (542

Figure 8. Variation of the continuous and discr:
places asociated to displacements of WMR and
corresponding to the gtage of disassembli.
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Figure 9. SHPN model cooresponding of reversible assemlisigédiembly manufacturing line (A/DML)
served by wheeled mobile robot (WMR) equipped wathotic manipulator (RM), composed by 5
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