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Abstract—This article proposes an extended approach to
assembly/disassembly mechatronics lines (A/DML) modelling,
in terms of service system typologies: autonomous mobile
robots, collaborative mobile robots versus mobile robots with
parallel action. The A/DML systems served by mobile robots
have a specific typology and are modelled by specialized hybrid
instruments belonging to Petri Nets class: Timed Petri Nets
(TPN), Synchronised Hybrid Petri Nets (SHPN). For the reasons
imposed by the production manufacturing management, for
transporting components, are used mobile robotic platforms
equipped with manipulators, which are dedicated or shared
status between production manufacturing lines. The
collaborative transport systems meet the specific concepts of
shared resources with avoiding collisions while the parallel
transport systems are subordinated of synchronized actions
concepts. This paper focuses on SHPN models and off-line
simulation results for the state, boundedness, viability and
possible deadlock of process analysis. Task planning is used to
identify synchronous events of SHPN model, the last one being
useful for implementing of real-time control.

Keywords—autonomous mobile robots, collaborative systems,
assembly/disassembly mechatronics lines

1. INTRODUCTION

This article proposes an extended approach for modelling
of assembly/disassembly mechatronics lines (A/DMLs) from
the perspective of robotic systems service typologies:
autonomous mobile robots (MR), mobile robots with
collaborative or parallel actions. Modelling of reversible
A/DMLs serviced by wheeled mobile robots (WMRs)
equipped with manipulators and the generalized modelling of
these systems have been proposed in a series of papers
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previously published. In this case the research has been
focused on the hybrid modelling aspect of the process, based
on hypothesis of an autonomous maintenance dedicated
system. In the last ten years, industry has been subordinated
to the new concepts of technological progress of the entities:
new typologies of robotic systems, different typologies of
processing systems and the efficient transportation and
handling systems ([3]; [6]; [9]; [18]). Many studies are
focused to indentification methods for increasing
productivity, based on the use of the same equipment, and
their impact on the quality of the final product.

Otherwise, the product quality and manufacturing process
are closely interdependent as well the flexibility of processing
and its impact on the performance ([4]; [13]; [16]; [17]).

II. HERA&HORSTMANN ASSEMBLY / DISASSEMBLY
MECHATRONICS LINE SERVED BY AN AUTONOMOUS
ROBOTIC PLATFORM

Flexibility and process optimization have drawn the
attention of the researches in this field. Such the service
robotic systems are designed to serve efficient and
simultaneously several processes (collaborative systems), or
to adapt their possibilities of handling/transport to the
gauge/weight characteristics of the handled parts, Robotic.
The typologies for Robotic Systems with Collaborative
Actions work through the combined action of two similare
systems: a robotic platform equipped with a powerful system
for handling. The hybrid system A/DML and the two WMR
will be a distinct one, according to the strategy of real-time
control of the entire process. In this paper the main objective
is the modelling and simulation of an A/DML served by
collaborative mobile robots, with application in the
mechatronics manufacturing system HERA&HORSTMANN
([15]). The mechatronics line (Fig. 2.a, b) is composed of 5
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stations of assembly, the warehouse of assembly components,
5 conveyors for transport, storage systems and lift type
handling systems.The stations S1, S2, S3 and S4 have
warechouse componente associated (P1, P2, P3, P4) that are
assembled to the final product (Fig.1.a,b; Fig.2.a).

a) b)

Fig. 1. a) Assembly/Disassembly stations and related components; b) Final
Product

Each components are pushed on the conveyor by pistons
driven by a pneumatic system and are monitoring by sensors
system wich equippe the stations. The automation system
respect a distributed structure composed by SIEMENS
Simatic S7-300 with a series CP 314C-2 DP processor and a
communication module SIEMENS CP 343-2.

The communication ist performed by the PROFIBUS DP
which interfaces with MA-I/O modules type SIEMENS
ET200S IM 151-1 stations. This 6 SIEMENS ET200S-IM
151-1 modules work with digital and analogue I/O signals
from sensors or to actuators commands. The SIEMENS
Simatic HMI TP 177 operator panel serves for the
programming/monitoring/ execution of assembly or
disassembly process.

A. SHPN model of HERA&HORSTMANN mechatronics
line
The assembly/disassembly operation can be decomposed
into elementary assembly sequences corresponding of each
work-piece process stage ([5]; [10]; [16]).

The hybrid disassembly strategy is based on the
hierarchical model proposed in ([14]; [16]; [11];[12]; [7],
2013; [1], [17]). In Fig. 2.a is represented the A/DML
mechatronic line served by WMR (wheels mobile robot)
equipped with robotic manipulator and the distances between
disassembly locations and storage warehouses.

The dynamics of the A/DML served by WMR equipped
with manipulators can be assimilated with the DES (discrete
events system) typology. The transport and handling system
represented by autonomus mobile robots (WMR) equipped
with manipulators are modelling by SHPN approach. The
SHPN model is interfaced with external synchronisation
signals associated with certain transitions in the SHPN model.

The external synchronisation signals: Egyjyand Egg ;o)

are acquired signals from the sensors and are used for line
synchronization with WMR ([2 ; [20]):

- E éd( jis the external synchronization signal for: STOP
line and START disassembly

Egd(j +2)1s the external synchronization signal for:
PICKING UP disassembled component and START
line.

B. Offline simulation results for the SHPN model

The offline simulation of SHPN model ignores the
synchronization signals. The off line simulation is proposed
for each individual amd succesive disassembly process stages
(Fig. 3; Table 1).

It was proposed the Sirphyco program specialized in
hybrid process modelling/simulation. For the assembly
process the TPN tool is satisfactory to describe the sequence
of the assembly stages. Furthermore, in the case of assembly
modeling, there are no problems regarding viability,
boundedness, reversibility and eventually bottlenecks and
model stability.

“ ”

For disassembly modeling is proposed the stage
approach model: SHPN corresponding to an elementary "j"
disassembling stage served by an MR. The hybrid aspect
consists of the discrete and continuous variation of the WMR

states correlated with the states of the disassembled parts.

For each elementary ";" disassembling operation the
discrete state variations are described by the discrete marking
associated to the places: Pdd (k), ..,Pdd _(k+5).
Continuously variable states: Pcr (7),...,Pcr (r+3) are
associated with the continuous states variation of WMR,
respectively the variable “remaining distance” of MR in
relation to the final moment of complete disassembly.

The discrete state variation of WMR is associate to
Pdr (s),...,Pdr _(s+8) places in discrete TPN model and
describe the the handling/standby operations for
assembly/disassembly process.

The continuous variation states of WMR, is describe by
the values of variable ,remaining distance” (Table 1)
corresponding to the successive stage of disassembly.

nmn

Thus, the elementary "j" models associated to each
assembly/disassembly stage were simulated for the complete
5 stages. Each model was simulated from a initial marking.
The initial mark contains the variable “travel distance”
M(pcr_(r)), as specified in Table 1. Of the six simulated cases,
the stage 2 (Fig. 3) and the stage 5 (Fig. 4) were selected. After
simulation, the marking value of M(pcr (r+3)) is consistent
with the values of Tab.1, as is shown in: Fig. 5, and Fig. 6.

To synchronizations signals of SHPN model, are
correlated with the timed transitions associated with
timeframes in which MR are executing the handling (pick-up
and dropping)/standby and the time sequences of travel
between neighboring stations. These timings determine the
durations of MR sequences: handling/waiting/travel, so that
the disassembly would evolve into an automated process,
without interruption and without external intervention.
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Fig. 2. A/DML, HERA&HORSTMANN served by WMRI1, WMR2 parallel robots. b) A/DML, HERA&HORSTMANN served by WMR1, WMR2
collaborative robots.

Operation 1. START WMR’s cycle of disassembling The elementary SHPN presented models, corresponding to an
Operation 2. WMR’s elementary cycle of cylinder 1 elementary "j" disassembling stage, served by MR (Figure 3,
Operation 3. WMR'’s elementary cycle of cylinder 2 Fig. 4) allow the selective simulation of stages j=2 and j=5, in
Operation 4. WMR'’s elementary cycle of body order to evaluate the temporal sequence of each operation.
Operation 5. WMR’s elementary cycle of cover 2-nd stage of disassembling

Operation 6. WMR’s elementary cycle of palette
Operation 7. WMR’ elementary cycle of repositioning
Operation 8. STOP WMR'’s cycle of disassembling

|D(n_dj, w_N+14)

Pdd_(k)
(&)

W(Ter_() x Pe_(r+1) = w(r)= 0.70873786

TABLE 1. THE INITIAL MARK FOR “TRAVEL DISTANCE” VARIABLE

peGnents picking

M()(Pcl' (l‘)) Par(s) d8=0
- My(Per_(r 0 Tar_(+2) &
'I:ravelled +3)) _/T:rm e d6=49.7872340426| Par (s+2)/£ %Mk\‘%/ b
Step disassembly/storage distance of Remainin
P v ¥ MR until the distance 0%" 3)
. end of MR pm,(wfb(@l_*__, im0
disassembly 7
Step I — cylinder 1 disassembly 4980 3950 Tar_(+5) d12=76.9999986667
Step Il — repositioning MR 3950 4680 3-th stage|of disassembling
Step 11l — cylinder 2 disassembly 4680 3950 R -
Pdr_(s+8) -1~ 7 ) Pdd_(k+5) e
Step IV — cover disassembly 3950 3270 ) e
Step V — body disassembly 3270 2490 Dl btveon isasambing Looton 041
Step V I - repositioning MR to START 2490 0 e arsnosse (Rt

b)

The states evolution in the global model of SHPN results
from the evolution sequence in six basic models. All
simulations highlight bounded models, viable and accessible,
in terms of marking and without any bottlenecks. The global Thus, the temporal sequence of each disassembly action
model SHPN has the same properties plus that of reversibility. (the marking of Pdd (k),...,Pdd_(k+5) is monitored along

Fig. 3. SHPN corresponding of MR’s displacement for ‘cylinder 2’
disassembly operation; a) initial marking, b) final marking
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with the manner in which this is being synchronized with the
RM displacement (Fig.6).

The Fig. 5 illustrate the RM dynamics, its continuous
displacement (the markings of Pcr (r),...Pcr (r+3)), the
absence of delays or bottlenecks. For each moment in time,
these variables represent the distance to be travelled by the
RM, in relation to the STOP point of complete disassembly
cycle.

5-th stage of disassembling

ITdr_(1+2)

Tdr,(\\*% d6=26.4893617021 Pdusqr%\
.d1=34. 7B77g404J25 )
a)

Pdr_(s+7) AA
<! par v11=94

Tdr_(1+5)

Tdr ()

d12=76.9999986667

6-th stage of disassembling

Pdd_(k+5)

Pdr_(s+8)

)

—

Distance between Disassembling Location (N+1)
and Warehouse (W-+1) =d(N+1,W+1)

b)

Fig. 4. Initial marking (a) and final (b) of SHPN model corresponding to
‘body’ disassembling operation served by MR

PcR1_(r)

14 21 28 35 42 49 56 63 7 77 84 91
PcR1_(r+1

2000

1000

14 21 28 35 42 49 56 63 70 77 84 91
PcR1_(r+2)

2000
1000

PcR1_(r+3)

14 21 2 5 42 49 5 63 7 77 84 91

Fig. 5. Continuous states evolution of SHPN model corresponding to
‘body” disassembling operation served by MR

The simulations highlight the continuous component of
the hybrid SHPN model and respectively, of the RM
dynamics. The distances left to be travelled are in a direct
relationship to the pre-calculated distances indicated in Table
1 in relation with RM actions indicated in Fig.2a, b.The
simulations highlight the continuous component of the hybrid
SHPN model and respectively, of the RM dynamics. The
distances left to be travelled are in a direct relationship to the
pre-calculated distances indicated in Fig. 2.a); b) and Table 1.

III. SHPN MODEL FOR A SEQUENCE OF DISASSEMBLY
SERVED BY COLLABORATIVE ROBOTS

Earlier research results [8], were obtained for ML
modelling served by MR with parallel action. This approach
addresses manufacturing processes with high dimension
pieces. This paper deals the A/DML model serviced by two
MRs equipped with manipulators that serve in collaborative
mode mechatronics line (ML). This control structure is
appropriate for disassembly lines where the components of
the disassembly/recovery processes are rapid.

PdR1_(s)

PdR1_(s+2)

14 21 28 35 42 4 56 63 7 77 84 91

Fig. 6. Discret states evolution of SHPN model corresponding to body
disassembling operation served by MR

In realizing the model, the following assumptions were
made (Fig.2b):
- W; is j warehouse and D; is j workstation for

disassembly

- the two resources serve successively disassembly
stations

- MRI and MR2 move in parallel directions with the
ML

- MRI1 serves the odd stations with Dj, Dj+2, Dj+4, j =1
- MR2 always works behind MR1 (synchronisation
signals coordinate their action and avoid collisions)
- MR2 serves the even stations with Dj+1, Dj+3, j =1
- MR2 is positioned for each moment by
START disassembly in Dj+1', Dj+3'
- MR2 executes for each disassembly operation the
following travel cycle: Dj+1' — Dj+1, Dj+1 = Wi+,
Wij+1— Dj+3, Dj+3 — Dj+3'
For the two types of robotic systems, the duration of the
actions and their interconditioning were done by the Ezq i
E,‘;d( j) synchronization signals (Fig.7a, b)
The SHPN model corresponding to elementary cycles J, J
+1,J+2,J+ 3 is shown in Fig. 9. Coherence of collaborative
actions is ensured by synchronization signals as follows:
- E;d(j) —End of Disassembling Dj, START ROBOT 1
- Eéd(j) —>ROBOTI Closure of gripper, START
Conveyor belt (START Line)

- Egd(j)—>ROBOT1 in Dj+2, START ROBOT?

- Egd( j) —ROBOT2_Closure of gripper, START
Conveyor belt (START Line)

The control system of the two RMs ensures avoiding
collisions and the action coordinating of each RM with the
disassembly operations. In Fig. 8.b, ¢ are the discrete states
of the work piece (P20, P21, P22), MR1 (P1, P2, P3, P4) and
MR?2 (P9, P10) and the synchronization signals shown in the
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discrete model from Fig. .10. These results must be correlated
with the planning and sequencing of the actions of the three
entities MR1, MR2 and Workpiece in order to obtain the
maximum timings for each activity.

The SHPN model is used to determine the timing limits of
handling parts actions, so that the serving system would
synchronize with the time stages of the disassembly process.
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Fig. 7.a) Sequence scheduling of elementary disassembly J stage served by R1 and R2 with a) parallel actions, b) collaborative actions

In the SHPN model, both, the discrete and continous time
variation states are evaluted for each entity and for the
remaining distance to the end of the cycle of each MR . The
proposed model, being a generalized one, can be tested for
A/DML with N workstations, with the travel distances
updating for MR1 and MR2. By simulation, it is possible to
validate the control structure for whole system, A/DML
served by two collaborative resources.

CONCLUSIONS
The main contribution of this paper is the modelling of
assembly/disassembly = mechatronics lines from the
perspective of serving systems typologies: autonomous

mobile robots, collaborative mobile robots and mobile robots
with parallel action. The proposed SHPN models allow
specific evaluation of dynamic systems with SED typology:
boundedness, viability, bottlenecks. Beyond these issues that
are prior to implementation stage of management in real-time,
the modelling SHPN allow the synchronized and ordering
tasks. The research creates conditions for real-time
implementation of management systems A/DML served by
collaborative mobile robots, according to the proposed
algorithm
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Fig. 8. Discrete states of disassembled Piece, MR1 and MR2 in relation
with Synchronisation signals
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Fig. 9. SHPN model for disassembly sequence served by two robots with collaborative operations
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Fig. 10. PN model for disassembly sequences served by two robots with collaborative operations
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