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Abstract—A generalized Synchronized Hybrid Petri Nets (SHPN)
model based control of a hybrid repetitive processes is presented
in this paper. The whole process has two components: one
discrete and one continuous. Its evolution can be described by a
set of repetitive tasks. The generalized SHPN model is associated
to this hybrid system with N repetitive tasks. The generalized
SHPN model is customized to an assembly/disassembly
mechatronics line (A/DML), served by a wheeled mobile robot
(WMR) equipped with robotic manipulator (RM). The behavior
as a hybrid system appears during disassembly, when WMR with
RM is used to transport the work parts from the disassembly
locations to the storage location in order to be reused in
assembly. The assembly can be modeled as discrete system events
(DES). This hybrid system takes into consideration the
distribution of the necessary tasks to perform the hybrid
disassembly of the work parts, by synchronization between
WMR equipped with RM and A/DML. An optimization
approach of the cycle time, associated to the control of repetitive
processes is also presented.

Keywords—assembly/disassembly; manufacturing line; wheeled
mobile robot; robotic manipulator; Petri nets.

L. INTRODUCTION

This paper proposes a generalized Synchronized Hybrid
Petri Nets (SHPN) dedicated to model the hybrid repetitive
processes. The SHPN tool is involved to model the hybrid
systems the evolution of which consists in a set of repetitive
tasks corresponding to the elementary operations. To model the
whole process, specific tools for both components, discrete and
continuous, are necessary. These tools have to be adapted to
the repetitive and synchronized tasks. The proposal will be
tested for a reversible assembly/disassembly manufacturing
line (A/DML) served by a wheeled mobile robot (WMR)
equipped with a robotic manipulator (RM).

In this paper, the concepts of assembly/disassembly tasks
are illustrated in the SHPN model which respects both aspects:
the discrete approach of the elementary assembly/disassembly
operations and the continuous approach of the displacement of
WMR. The considered system is a hybrid one and requires
specialized tools for modeling, as in [3]. The hybrid model is
elaborated using the dedicated modeling tool, HPN, described
in [9]and [10]. Combining the SED model of the analyzed
system with the cyclic and continuous time of the WMR with
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RM results in a SHPN model. This paper is organized as
follows: the description of A/DML served by WMR with RM
and SHPN model in generalized and customized forms is
presented in Section 2; the generalized and customized SHPN
formalism is presented in Section 3. In Section 4, the SHPN
model customised for HERA&Hortsmann mechatronic line is
discussed. Section 5 is reserved to the optimization of the time
cycle corresponding to the control of repetitive processes.
Some conclusion remarks can be found in Section 6.

II.  STRUCTURE OF THE A/DML SERVED BY WMR WITH
RM

The assembly/disassembly line is served by a WMR
equipped with RM during the disassembly phase. The objective
is to make the assembly line reversible, i.e. to allow
disassembly. Moreover, the mobile robot is used to carry the
disassembled component to the proper storage warehouse. The
general approach will customize an A/DML didactic
HERA&Horstmann mechatronics line (shown in Fig.la and
1b) that is designed for the assembly of a five components
piece (shown in Fig.1c and Fig. 1d). The flexible line includes
five individual workstations with different tasks: carrying and
transporting, pneumatic workstations, conveyor belt, sorting
unit, test station and warehouse. The assembly/disassembly
manufacturing flexible line is equipped with SIEMENS
Simatic S7-300 PLC (Programmable Logic Controller), with 5
distributed modules connected by Profibus. The WMR, Pioneer
3-DX, comprises of two driving wheels and one rear wheel has
its own odometric system and an on-board embedded
microcontroller that is able to read the position information and
to send it through a WI-FI link to a remote PC that runs
according to a specific protocol and sends the data to the PLC
of the assembly line. The assembly/disassembly operation can
be decomposed into a sequence of elementary assembly tasks
coupled in parallel with the positioning tasks of the work-piece
along the conveyor, as in [1], [2], and [4]. The hybrid
disassembly strategy is based on the hierarchical model
proposed in [5], [6], [7] and [8] which uses the general
representation from Fig. 2. In Fig. 3, the schematic
representation of the HERA&Hortsmann didactic platform
destined to a particular assembly/disassembly product
comprised of 5 parts and served by WMR with RM is
presented. WMR carries the component from the place where
disassembly occurs to the appropriate storage.
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Figure 3. Assembly/disassembly line of a product consists of 5 components, served by the WMR equipped with RM

The SHPN structure from Fig. 4 is obtained through the
modeling of the assembly/disassembly process and continuous
service assistance for disassembly operations performed by the
mobile platform equipped with manipulator. The entire model
is SHPN type because it is interfaced with external
synchronization events deriving from its modeling/simulation
properties. The model is particularly useful in real-time
control. The SHPN morphology results from theintegration of
three PN models. Each of these models has a specific
typology: TPN (Timed PN), SPN (Synchronized PN) and
THPN (Timed Hybrid PN). These models describe the
following automatic operations: * Assembling/storage in
warehouses (TPN typology); * Disassembling of the damaged
product (SPN and TPN typologies); ¢ Service assistance
during the disassembling process, performed by the mobile

robot equipped with manipulator (THPN typology). Etli a(j)

and Eﬁd( j+2) are external events received from the sensors
used for line synchronisation with the WMR equipped with
RM. Ecll a(j) is an external synchronization signal
corresponding to STOPPING the line and STARTING the

. 2 . N .
disassembly. E d(j+2) 18 an external synchronization signal,

corresponding to the PICKING UP of the disassembled

component and the STARTING of the line. Fig.6 shows an
elementary TPN model corresponding to an assembly
operation. Fig.5 shows the generalised TPN model
corresponding to the assembly process, which includes a
sequence associated with the quality test for the end product.
All of these can be modelled with a SHPN called elementary
SHPN, represented in Fig. 7.
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Figure 4. The SHPN representation by blocks with elementary modules:e-
TPN for assembly, e-THPN for WMR with RM, e-SPN+TPN for disassembly
and e-SHPN for disassembly served by WMR with RM.
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Since after the last disassembly operation the starting line to
a next disassembly is no longer necessary, the SHPN model is
different from others as shown in Fig. 8. Let us consider the
following notations:

o N 4 )1 =1,_N - the assembly locations on the positive

sense of Ox axis.
e N d; J =1, N - the disassembly locations on the inverse

sense of Ox axis. Obviously, i=N—j+1.

e W;;i=1, N - the warehouse locations, that are identical
to the assembly locations. Obviously,

WN+1—j EVViszlaN-
. D(N d/-,WN 4l j) - the distance between disassembly
location V; and the corresponding storage warechouse
7

Wyi1-j

j- th stage of disassembling

Duration of
disassembling
operation

Tar(1+2)

1
Eaag)

Pdr(s+4)
Duration of gripper
closing Pdr(s+5)

Pdr(s+3)

Pda(5+4*(-1)=Pw(i)

Y
@ 0 »ch(ﬁ}) Opdd(k,i)

(i+1)- th stage of disassembling
Pds(s+8)
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N- last disassembling stage

Pdd()

Duration of
disassembling
operation

Pdd(k+1)

Tar(+2)

Ur
P> ] Ter0
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. D(WNH— j,Nde) the distance between the last

storage warehouse /Wy, _; and the next disassembly

location N; .
J+l
. Drj =D(Ndj 5WN+1—j )+D(WN+l—j’Ndj+1 ) - the
distance travelled by the mobile robot during stage j
of disassembly.

o r=1+(j—1)-3 - the indexes of a continuous place

associated the robot states ( Pcr ); a continuous
transition of the robot ( Tcr) and a discrete transition
of disassembly process ( 7dd ).

. k:l+( J —1)-5— the indexes of a discrete place within
the disassembly process ( Pdd ).

e [=1+(j—1)-4 - the indexes of a discrete place of the
robot states, Tdr .

II. THE FORMALISM OF SHPN MODEL
The SHPN model associated to A/DML is a triplet,

SHPN =(THPN, E, Sync) , (1)



such that: THPN is a septuplet
THPN = <P, T, Pre, Post,mg, h, temp0> , 2)
E is a set of external events

E= {Edd} JEdd? }u lehi=1+3(k-1)j=3(k-1k=1,N, (3)
Sync is a function from the set of the discrete disassembly
transitions to the set of external events

Sync:T%{El,Ez}u{e}, 4
where e is the constantly occurring event (the neutral element

of the monoid E”) and
_ 1 2
Syne :{Tdd , }r=l+3~ (k-1)k=LN = {E E }

Sync {Tdd} =3. k l k lN—){Edd } -(k—l),k=1,N’

Sync. T\{Ta’ol,}r_1 3V U{TC’”} r=1,343(N-1) —€>

U{Td’f}’l =1,4+5(N
p={p.,p,..P,}=PP UPC, )

is a finite, not empty, set of places with P " the set of discrete
places

PP = {Pda,} =113+4(N-1) u{pdd, } =1,5+5(N-1)

; (6)
U (P, }s=1,4+8(N—1)
and P the set of continuous places
C
P® ={Per, }k:0,3+3(N—1)’ (7

where:

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

{Pdd,}is the set of discrete places for the disassembly process;

{Pdrk }is the set of discrete places for the mobile robot's states,
while serving the disassembly process;

{Pcr, }is the set of continuous places associated withthe
distances travelled by the mobile robot for each disassembly
operation in order to transport the disassembled component
from the disassembled location to the storage location;
T={1.T,..T, }=TP uTC, (8)

is a finite, not empty, set of transitions with T D as the set of
discrete transitions

D -
=T dai}i=1,7+2-N u{r: ddr}r=1,3+3~(N—1) u{Tay }l=l,4+5»(N—1) ©)
and T€ the set of continuous transitions

c .
% ={Ier, }r:1,3+3~(N—1) ’

where:

{rda;} is the set of discrete transitions for the assembly
operations model
{Tddj}is the set of discrete transitions for the disassembly
operations model;
{rar, }is the set of discrete transitions for the states of mobile

robot while serving disassembly operations;

{rer, } is the set of continuous transitions associated to the

distances travelled by the mobile robot for each disassembly
operation. For these transitions the maximum linear speed of
the WMR is attributed.

Pre: PxT — Q. or N is the input incidence application;

Post: PxT —Q, or N is the output incidence
application;
my:P— R, or N is the initial marking;
h:PUT —{D,C}, (10

called "hybrid function", indicates for every node whether it is
a discrete node (sets PP and TP ) or a continuous one (sets

PCand 7€),

h:PPur? > {DLK:PCUTC 5}, (12)
tempo is a function from the set 7 of transitions to the set of
positive or zero rational numbers,

tempo : T — Q, u{0}. (13)

= tempo (T j) then
associated with T] For each discrete assembly transition of

the set

If TjeTD . d; this timing is

TaD :{Tdai}izz.k,kzljv U{Tdaz-(NH)}’ (14)
tempo(Tdai)zddai , (15)

where d da, TEpresents the duration (in seconds) associated to

the corresponding assembly operation. For each discrete
disassembly transition of the set

1 ={rdd, }r=1+3~(k—1),k=17v ’ (16)

d 44 18 the duration of the corresponding disassembly

operation. For each discrete WMR transition of the set

D _
1> ={rdn, }l:4+5-(k—2),k=2,N’ (7
d dr is the duration of RM positioning in picking up and

dropping for a disassembled component.

If T, € T then



1
U, =—F—, 18
' tempO(Tcr) 4o

is the flow rate associated to 7, .

C _ —

For T¢ ={Tcr, }r:3+3‘(k—1),k:1,N ’
Uer, =U3Upmax =V, where U, is the variable flow of the
mobile robot displacement between disassembly stations.
Consider the average speed of motion of WMR,
V, =% mm/s.

Definition I: The ED-enabling degree of a C-transition T
for a marking m, denoted by ED(Tj,m), is the enabling
degree of T after all the arcs, from a C-place to a C-

transition, have been removed:

ED(T;,m)=  min LI (19)
/ PeT; mPD[Pr;‘B,Tj )
Definition 2: The maximal firing speed of transition 7, is

the product of its flow rate U, by its ED - enabling degree.

Suitable definitions 1 and 2, for the general case, can be
written as:

ED(Tcrj sMep(j+1) )= {091} ) (20)
Mep(j+1) =Vj ~W(Tcrj XPcr(j+1)), (21)
w(Ter, x Per,yy )= DWWy Ny, )/ D(Ndj Wyi;) @2)

where m.,(;41)1s the mark associated to a continuous place
and W(TCV(,,)XPCV(,,H)) is the weight of the arc from a

continuous transition to a continuous place of the WMR [9].
The analysis of SHPN model is relevant at a basic level in
accordance with an elementary THPN module, denoted e-
THPN. The SHPN model is obtained through the recurrent
assembly of these elementary e-THPN modules (corresponding
to each basic disassembly served by WMR with RM).

IV. SHPN MODEL CUSTOMISED FOR HERA & HORTSMANN
MECHATRONIC LINE

For N'=S5 the SHPN model becomes:
PP ={Pda;} 55 ipad ) olpan g
PC ={Per by 75
7P ={rda}, i O rad } s oAty iz

7€ = {Tcrk }k:m TaD = {Tdai}i:{2,4,6,8,10} U{Tdalz},
tempo(Tda; ) ={9.5,9.3,8.5,0.5,4.75,27.2},

i={2,4,6,8,10,12}
where d ,, represents the duration of the current assembly

operation together with the transport time to the next assembly

location, for je {2,4,6,8,10}, and the duration of the quality

test together with the transport time to the elevator of the end
storage warehouse, for ie {12};

1P ={1dd, }, 471013}

=1,

tempo(Tdd . ),y 47.10,13) = s, ) rfiaions)

1” ={Tdn},

={4,9,14,19}°
tempo (Tdrl )1={4,9,14,19} = (ddrl )l={4,9,14,19}’

(@4, )12{4’9’14’19} =1{5.1,21.2,8.9,7.8},

Syne :{rdd ;| > {Edd", Eda? }

j={1,3,4,6,7,9,12,13}
where:

Sync :{Tdd, }i:{1,4,7,13} - {Eddil }i={1,4,7,13}’

_ 2
Sy}’lC . {Tddl }i:{3,6,9,1 2} - {Eddl k:{3,6,9,1 2} B
Sync : JLToz’afj }j=m v {Tdrk }kzﬁ ) {Tcrk }k=m —e.

Consider the average
V,=94mm/s . In Fig.9,

continuous place markings corresponding to j =1 is shown as

speed of motion of WMR,
the simulated response of the

following: Mcr(r) — the temporal variation of the travelled

distance by the robot between stage 1 of disassembly and
warehouse 5 (1031mm according to Fig.3);
Mecr(r+1), Mcr(r+2) — the variation of the distance to be

travelled by the robot in the following stage (730mm according
to Fig.3) correlated to the synchronization of the events Ea’alll

and Edd 32 .

V. OPTIMIZATION OF THE TIME CYCLE CORRESPONDING
To THE CONTROL OF REPETITIVE PROCESSES
Within the e SHPN network, the weight of the arcs

w,. = (Ter, xPer, ) . (-1),% and

Wy = (Ter,y ><Pcr,+1] _, for r=1+3-(-1) iy

r=143(j-1) iy
are:
W = D(WN+1—jaNde )/D(Ndj aNN+1—j)
Wyt = D(Nd,-+1 W) D(WN+1—J"N¢,»+1 |

(23)

The elementary time cycle (ETC) for the mobile robot
(corresponding to the e SHPN model, stage "j") is the travel
duration with constant speed between storage warehouse-
disassembling location added to the durations of disassembly
and the manipulation operations performed by mobile robot: *

the duration of the disassembly operation corresponding to “j
stage of disassembly (dyy ); ¢ the travel duration: workstation

for disassembling - storage warehouse D(N d; W ngi-j )/ Vr



; storage warchouse — next disassembly workstation
D(WNH_ j,Nde )/ Vr ; < the picking-up and dropping

durations of a disassembled component, followed by the
gripper closure (d dny ) . The duration of the elementar cycle (

Tgcr ) for the mobile robot are:

Tgre :D(Na’jaWNH—j)/Vr +dgq,

24
+ aldrj+3 + D(WNH_j , Ndj+1 )/ V.

J=1,N

Once these variables within the SHPN model are identified,
this relationship becomes:

Tgre = (mcr”1 )/ Vr= (mcrr )/ Vr+ dddj

25
+dgy,, "'(mcmz )/ V. (25)

r=143-(j-1),j=1,N

where, for r = 1+3-(j—1),-:17v :

Mmep, = D(Ndj > WN+l—j )

mc;;.+2 = mcr, Wy Wy = D(WN+1—j > Ndjﬂ )
The optimization of the time cycle (TCO) for the mobile
robot implies the minimization of the disassembly operations
duration (if possible) and the minimization of manipulation
durations. At the same time the temporal synchronization
between ETC and the disassembly duration added to the travel
time of the product between two successive workstations must
be provided. Within the SHPN model this restriction is
equivalent to the avoidance condition of PN model blockage:

N
TCO= ZD(Ndj W) )/ v,
Jj=1

+mi :2::‘16ﬁir + :2::‘1tﬁ7
r l

r=1+3.(k=1),k=1,N
1=4+5-(k=2)k=2,N
ul (26)
+ ZD(WNH— joNa, )/ V,
=1

min(ddd, +dgy, J+ D(WN+1— N, )/ v

r=143-(k=1),k=1,N
I=4+5-(k=2) k=2,

< Cititir + Cicﬁi

r+l

r=143-(k-1).k=1,N

VI. CONCLUSIONS

In this paper, a THPN model in synchronized form, based
on real-time control of fully reversible assembly/disassembly
mechatronics line and in synchronized form is presented. The
SHPN model is conditioned on certain state transitions by
external events representing signals supplied by sensors. The
A/DML is served by a WMR equipped with RM which is used
only in the disassembling process in order to transport the

disassembled components to the storage warchouses.
Therefore, the assembly line becomes reversible, i.e. executes
automated disassembly. A disassembly process is initiated
when the final product, obtained through assembly, fails the
quality test. The SHPN model has been tested via simulation
and used in real-time control. The results obtained
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Figure 9. Variation of the continuous places asociated to displacements of
WMR and RM corresponding to the j- stage of disassembling
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