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1 Introduction

1 Introduction

A case study “investigates a contemporary phenomenon within its real-life context, especially
when the boundaries between the phenomenon and context are not clearly evident” [1]. Case
study research in the field of plant and machine engineering often results in cost and/or time-
intensive demonstrators to evaluate an approach whose design fits well but solely to the respec-
tive approach. Generalization of research results and its applicability in industry is often diffi-
cult.

An open case study, i.e. a case study whose sophisticated documentation is available to the
research community is beneficial in various ways: Firstly, the comparability of different re-
search approaches is facilitated. Secondly, it eases to focus research because no application
example for demonstration has to develop additionally and, therefore, cost and time can be used
for research. Additionally, investigating aspects less frequently dealt with are enabled. Fourthly,
exchanging research ideas and coordination between different research efforts is facilitated by
a common case study. Fifthly, collaboration between research projects (also ones addressing
complementary research aspects) is enabled.

Industrial plants are typically operated for some decades [2]. Thus, industrial enterprises are
forced to evolve their facilities to address this challenge. But various reasons for evolution of
industrial production systems exists [3], [4], e.g. changing requirements, fixing of failures, un-
anticipated situations on site, etc. An open case study for studying evolution of automation
systems is provided by the Institute of Automation and Information Systems! by a bench-scale
manufacturing system called Pick and Place Unit [3]-[5] (also referred to as PPU for short). As
discussed in [4], the PPU is limited in size and complexity but provides a valuable trade-off
between problem complexity and evaluation effort. In a first step, various Scenarios to study
evolution have been defined and documented [3]. In the remainder of this technical report, a
detailed description of the PPU’s Scenarios is presented: at first, various different manifesta-
tions of the PPU called Scenarios are presented in section 2. Subsequently, one possible ar-
rangement of Scenarios inspired by a real industrial application [3] is presented.

! http://www.ais.mw.tum.de, retrieved: 05/03/2015.
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2  Scenarios of the Pick and Place Unit (PPU)

In this section, different manifestations of the Pick and Place Unit (PPU) within Scenarios are
described separately. Each Scenario is described as a standalone section, i.e. independently
from respective preceding or succeeding Scenarios. The components the PPU is composed of
within a Scenario are described in detail. The respective documentation of the Scenarios is
freely available from [6].

2.1 Scenario Sc0

Within Scenario Sc0, the PPU consists of a stack (cf. no. 1 in Fig. 1) working as a work piece
input storage, a ramp (no. 2) working as a work piece output storage and a crane (no. 3) for
transporting work pieces by picking and placing them between these two working positions.
For human interaction, an operation panel provides a start button as well as an emergency stop.
The PPU processes black plastic work pieces in this Scenario. The models for this Scenario are
freely available from [7]-[9].

ablock»
PPU
properties

operations

+ stack Id- crane \""P
1 ®
O «blocks ~/ <blocks @

ehlocks
Stack Crane Ramp
properties properties properties

operations
operations ACT_Init()

ACT Init() ACT PickUpWp(Q jons

ACT ProvideWP() ACT_PutDownWPQ cperation:

ACT TurnToRamp()

ACT TurnToStack()

Fig. 1. Overview on the PPU in Scenario ScO (left: graphically [7], right: logically [8])

Whereas the ramp is a solely mechanical component, stack and crane are mechatronic compo-
nents (cf. Table 1), i.e. they consist of sensors and actuators and require control for operation.
These latter components are described in detail in the following. Subsequently, the initialization
procedure and overall behavior of the PPU in Scenario Sc0 are presented.

Table 1.  Component list of the PPU in Scenario Sc0 [9]

Egﬂ' Resource | Clamp | Description Component | Type
1 100 X1 Stack
2 200 X2 Crane
3 300 Ramp

2.1.1  PPU’s structure in Scenario ScO
In the following subsections, the PPU’s structure, i.e. the composition of the PPU from its com-
ponents, is described.
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2.1.1.1 Stack’s structure in Scenario Sc0

The stack serves as an input storage for the work pieces. It consists of a solely mechanical
magazine (cf. no. 1 in Fig. 2) where the work pieces are stacked. For separating the lowermost
work piece, the stack consists of a pneumatic cylinder (no. 2), which is equipped with two
binary sensors indicating the positions of the cylinder, i.e. whether it is extended or retracted.
The cylinder is a monostable cylinder and, hence, consists of a single valve for actuating. A
digital micro switch (no. 3) intended to detect work pieces is installed at the so-called pickup
position. The micro switch is activated if a work piece is pressed against it. However, due to
the internal resistance of the micro switch, work pieces may be pressed back by the micro switch
if not clamped properly by the cylinder. Therefore, it is essential to maintain the pressure against
the micro switch in order to properly detect a work piece.

wblocks
Stack
properties wblocks
Initialized: Boolean + DLWPAvailable ke
WPSeparated: Boolean [ = feroswiten
Empty: Bo
or ["z;ﬂatmn: <blocks
ACT ProvideWpQ N@ DL Retracted ReedSwitch
'+ panel 2
$ «blocks + DI Extended

«blocks ManostableCylinder
OperationPanel properties

aperations +D0_Brtend
P ACT Retract() \
P «blocks

DI_Start: Button ACT Extend() plock

DI_Manual: Button
DI_NotEmergencyStop...

operations

Fig. 2. Overview on the stack’s architecture in Scenario ScO (left: graphically [7], right: logically

[81)

A detailed overview on the stack’s components as well as their respective terminal connections
is shown in Table 2.

Table 2.  Component list of the stack component in Scenario Sc0 [9]

Posi-

tion Resource | Clamp | Description Component | Type
1 100 X1 Stack
100 100A1 X1.1 Extend separator (Valve) Stack DO

Separator is extended (Reed

100 100B9 X1.2 . Stack DI
Switch)

100 100B8 X1.3 Separator is retracted (Reed Stack DI
Switch)

100 100S11 X1.4 WP is available (Micro Switch) | Stack DI

2.1.1.2 Crane’s structure in Scenario Sc0

The crane serves as the transportation unit for transporting the work pieces from the stack to
the ramp. In Fig. 3, an overview on the crane’s components is given. The crane consists of a
pneumatic cylinder (no. 1) for lifting and lowering the work pieces. The cylinder consists of
two binary position sensors (one at each end) to detect whether the cylinder is extended or
retracted as well as one valve as actuator. On top of this cylinder, an arm with a vacuum gripper
(no. 2) is installed. The vacuum gripper is controlled by two valves and contains a micro switch
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which indicates whether a work piece is gripped. These components are mounted onto a turning
table (no. 3) for rotational movement. At the bottom of the turning table, two tactile, digital
sensors (no. 4) are installed. These micro switches are installed at the positions of the stack and
at the ramp to indicate the crane’s stopping positions. The rotational movement of the turning
table is realized by a motor (no. 5).

uuuuuu fties properties +DO_Left

“blacks + table “blacks 3 “blocks ( 5 ) “blocks
ane S T » motor Wotor Motorl eft
erties
n
asition

operations .
ACT TumLeft) DO Right
oparations ACT TumRight()
ACT Stop()

ACT Ity
ACT_PickUpWPQ
ACT_PutDownWP()

+ DI_AtStack

ACT_TumToRamp()
ACT_TumTosStack()

+ iftingCylinder

@ uuuuuu e

shlocks
WManostableCylinder
e

operations
properties ACT Intake() + DI Takenln
D1 Retracted: ReedSwitch ACT_Release()

DI_Extended: ReedSwitch - Vacuumswitch
DO_Extend Valve

operal
ACT Retractl)
ACT Extend()

«enumeration
+ DO Intake + DO_Release Pasition
al

Fig. 3. Overview on the crane component’s structure in Scenario Sc0 (left: graphically [7], right:
logically [8])

A detailed overview on the crane’s components as well as their respective terminal connections
is shown in Table 3.

Table 3.  Component list of the crane component in Scenario Sc0 [9]

ng:_ Resource | Clamp | Description Component | Type

2 200 X2 Crane

200 200A1 X2.1 Extend lifting cylinder (Valve) Crane DO

200 200B7 %22 Lift_ing cylinder extended (Reed Crane DI
Switch)

200 200B6 %23 Lift_ing cylinder retracted (Reed Crane DI
Switch)

200 200A2 X2.4 Intake work piece (Valve) Crane DO

200 200A3 X2.5 Release work piece (Valve) Crane DO

200 200B5 X2.6 WP taken in (Vacuum Switch) Crane DI

200 200S8 X2.7 Crane at stack (Micro Switch) Crane DI

200 200S9 X2.8 Crane at ramp (Micro Switch) Crane DI

200 200A5 X2.9 Turn left (Motor) Crane DO

200 200A6 X2.10 | Turn right (Motor) Crane DO

2.1.1.3 Ramp’s structure in Scenario ScO

The ramp is a pure mechanical component for storing three work pieces. The movement of the
work pieces is realized by a sloping angle of approximately 30 degrees.
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2.1.2  PPU’s behavior in Scenario Sc0
In the following subsections, the PPU’s behavior, i.e. the initialization behavior, the automatic
operation mode behavior and the emergency stop behavior of the PPU, is described.

2.1.2.1 |Initialization behavior in Scenario ScO

Within Scenario Sc0, the PPU is started by pressing the start button of the operation panel.
After the button has been pressed, the two mechatronic components, i.e. stack and crane, are
initialized. The respective initialization procedure of the PPU is visualized in Fig. 4. Therein,
the initialization procedures of the stack and the crane are called simultaneously after the start
button of the operation panel has been pressed. The successful initialization is visualized using
a green lamp. The stack’s and crane’s initialization procedures are described in the following.

-

Initialization
T

[stack.pan

[stack.pan\EI.DI_Sta\t]

|.D1_Start]

Cranelnitializing
/do OpagueBehavior crane ACT Init()

)

[crane];

i}\alized]

O

[sta(k.I(ngaized]

Initialization procedure in Scenario Sc0 [8]

|

|

|

|

|

|

|

StackInitializing :
|

Jdo OpaqueBehavior stack ACT Init() [
|

|

|

|

|

1

1

1

|

.

Fig. 4.

Within the stack’s initialization procedure, at first, all local variables are initialized. Subse-
quently, the control software is waiting for an operator’s interaction, i.e. to push the start button
at the operator panel in order to start the automatic operation mode. After the button has been
pressed, the stack’s cylinder is extended shortly and subsequently retracted.

( Stack_ACT Init

. tru e;l;

‘WaitingForStart

fdo OpaqueBehavior Initialized=false

[true]

Extending
/do OpagqueBehavior
separator ACT_Extend()

[separator.DI_Extended]

[

‘WaitingForRetracted
/do OpagqueBehavior
Initialized=true

[aftel'(ﬁzé’g] C

[separator.Df_Retracted]

r

Retracting
/do OpagqueBehavior
separator ACT_Retract()

Fig. 5.

Stack’s initialization procedure in Scenario Sc0 [8]

Within the crane’s initialization procedure, at first, all local variables are initialized. Subse-
quently, the control software is waiting for an operator’s interaction, i.e. to push the start button
at the operator panel in order to start the automatic operation mode. After the button has been
pressed, the vacuum gripper is released shortly and the cylinder is extended.
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Crane ACT Init

[after(t#15)]

WaitingForReleased
Bel .

/do 0 O
Init‘iah;ed:true O

[true] —
WaitingForStart
. /do QpaqueBehavior
Initialized=false

[true] [not gripper|DI_Takenn]
Extending [liftingCylinder.DI_Extended] Releasing
/do OpagueBehavior fdo OpaqueBehavior
lifting Cylinder ACT_Extend() gripperACT_Release()

Fig. 6. Crane s initialization procedure in Scenario ScO [8]

2.1.2.2 Automatic operation mode behavior in Scenario Sc0

After successful initialization and after pushing the start button at the operation panel, the au-
tomatic operation mode of the PPU starts, cf. Fig. 7. Subsequently, the pneumatic cylinder of
the stack acting as a separator pushes, by extruding, the bottom work piece from the stack to
the pickup position. As soon as a work piece is detected by the micro switch, the crane picks
up the piece with a vacuum, turns 90° anti-clockwise to the ramp and deposits the work piece
over the ramp. Subsequently, the crane moves back to the pickup position at the stack and the
work piece slides down the ramp, which can contain three work pieces at most. The crane’s
position (at the stack pickup position or the ramp) is detected by two (tactile) digital positioning
sensors, which are attached to the bottom plate of the crane. However, there is no separate
sensor to detect the absence of a work piece. Instead, the stack’s micro switch is used to con-
clude the absence of a further object. If the sensor detects another work piece the process will
restart at the stack.

AutomaticOperationMode

CraneTurningToStack StackProvidingWp [stack.panel.DI_Start]
. L /do OpaqueBehavior /do OpaqueBehavior
crane ACT_TurnToStackd  jciane. CurrentPosition=Position Stack] stackACT_ProvideWP( [stack Empty] WaitingFors

[stack.WPbeparated]

CranePickingUpWP
/do OpaqueBehavior
crane ACT_PickUpWP() and
stack. WP Separated=rfalse

[not crane ¥PPickedUp] [crane. WPPitkedUp]

StackRetracting
/do DpagueBehavior
stack.separatorACT_Retract()

[stack.separator.DI_Retracted]

ﬁ[mane‘Cul\entPu:\tiun:Po:itiun‘Ramp] ( CraneTurningToRamp
C/‘:";p““'"ﬁé)iw" we /do OpagqueBehavior

o Upaquebehavior L craneACT_TurnTeRamp()
crane ACT_PutDownWP(

Fig. 7. Automatic operation mode behavior in Scenario ScO [8]

2.1.2.3 Emergency stop behavior in Scenario Sc0

In case of an emergency, via the operation panel, the operator may press an emergency button.
Therefore, during the PPU’s automatic operation behavior, the system can change into an emer-
gency state (cf. Fig. 8). In case of an emergency, the crane’s vacuum gripper must be turned
off, the separator must retract and the crane’s cylinder must be extended.
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EmergencyStop

[té{i]

[

StackRetracting
/do OpaqueBehavior

stack separator ACT_Retract() J

[stack.separatgr.DI_Retracted]

[t&f]

b

{ U

/do OpaqueBehavior

CraneReleasing'WP CraneStopping
/do OpaqueBehavior
crane.table.motorACT_Stop(

CraneExtending
avior
crane.liftingCylinderACT_Extend() crane.gripperACT_Release()

( /do OpaqueBeh:

[crane.|iftingCylinder.DI_Extendagnd not crane.gripper.DI_TakenIn]

Fig

2.2 Scenario Scl

. 8.

Emergency stop behavior in Scenario Sc0 [8]

Within the Scenario Scl, the PPU consists of a stack (cf. no. 1 in Fig. 9) serving as a work
piece input storage, an Y-shaped ramp (no. 2) working as a work piece output storage and a
crane (no. 3) for transporting work pieces by picking and placing them between these two
working positions. For human interaction, an operation panel provides a start button as well as
an emergency stop. The PPU processes black plastic work pieces in this Scenario. The models
for this Scenario are freely available from [10]-[12].

Fig. 9.
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=block»
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operations

+ stack + crane +ramp

3
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properties
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operations

operations
ACT Init()
ACT_ProvideWP()

ACT Init)

properties

ACT_PickUpWP(

ACT_PutDownWP(
ACT_TurnToRamp()
ACT TurnToStack()

operations

Overview on the PPU in Scenario Sc1(left: graphically [10], right: logically [11])

Whereas the Y-shaped ramp is a solely mechanical component, stack and crane are mechatronic
components (Table 4), i.e. they consist of sensors and actuators and require control for opera-
tion. These latter components are described in detail in the following. Subsequently, the initial-
ization procedure and overall behavior of the PPU in Scenario Scl are presented.

Table 4.  Component list of the PPU in Scenario Scl [12]
Posi- .
tion Resource | Clamp | Description Component | Type
1 100 X1 Stack
2 200 X2 Crane
3 300 Y-shaped ramp
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2.2.1  PPU’s structure in Scenario Scl
In the following subsections, the PPU’s structure, i.e. the composition of the PPU from its com-
ponents, is described.

2.2.1.1 Stack’s structure in Scenario Scl

The mechatronic component stack of the PPU in Scenario Scl is the same as in Scenario Sc0.
Therefore, for a description of the stack’s structure, see section 2.1.1.1.

2.2.1.2 Crane’s structure in Scenario Scl

The mechatronic component crane of the PPU in Scenario Scl is the same as in Scenario ScO.
Therefore, for a description of the crane’s structure, see section 2.1.1.2.

2.2.1.3 Ramp’s structure in Scenario Scl

The Y-shaped ramp is a pure mechanical component for storing up to six work pieces. The
movement of the work pieces is realized by a sloping angle of approximately 30 degrees.

2.2.2  PPU’s behavior in Scenario Scl
The PPU’s behavior in Scenario Scl is the same as in Scenario Sc0. Therefore, for a description
of the PPU’s behavior, see section 2.1.1.3.

2.3 Scenario Sc2

Within the Scenario Sc2, the PPU consists of a stack (cf. no. 1 in Fig. 1) working as a work
piece input storage, a ramp (no. 2) working as a work piece output storage and a crane (no. 3)
for transporting work pieces by picking and placing them between these two working positions.
For human interaction, an operation panel provides a start button as well as an emergency stop.
The PPU processes black plastic work pieces as well as metallic work pieces in this Scenario.

Whereas the ramp is a solely mechanical component, stack and crane are mechatronic compo-
nents (cf. Table 1), i.e. they consist of sensors and actuators and require control for operation.
These latter components are described in detail in the following. Subsequently, the initialization
procedure and overall behavior of the PPU in Scenario Sc2 are presented. The models for this
Scenario are freely available from [13]-[15].

2.3.1  PPU’s structure in Scenario Sc2
In the following subsections, the PPU’s structure, i.e. the composition of the PPU from its com-
ponents, is described.

2.3.1.1 Stack’s structure in Scenario Sc2

The stack serves as an input storage for the work pieces. It consists of a solely mechanical
magazine (cf. no. 1 in Fig. 10) where the work pieces are stacked. For separating the lowermost
work piece, the stack consists of a pneumatic cylinder (no. 2), which is equipped with two
binary sensors indicating the positions of the cylinder, i.e. whether it is extended or retracted.
The cylinder is a monostable cylinder and, hence, furthermore consists of a single valve for
actuating. A digital micro switch (no. 3) intended to detect work pieces is installed at the so-
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called pickup position. The micro switch is activated if a work piece is pressed against it. How-
ever, due to the internal resistance of the micro switch, work pieces may be pressed back by the
micro switch if not clamped properly by the cylinder. Therefore, it is essential to maintain the
pressure against the micro switch in order to properly detect a work piece. Moreover, at the
pickup position, an inductive sensor (no. 4) is installed for detecting whether a work piece is a
metallic one or not.

+ DL WPMetallic

+DLWPAvailable

«block»
ReedSwitch

op!
ACT Init0)
ACT ProvideWP( + DI_Retracted

+ separator
+ panel 2
locks + DL Extended
<block=
roperties

MonostableCylinder
properties

operations + DO_Extend
ACT Retract() \

ACT Extend() «blocks
Valve

operations

Fig. 10.  Overview on the stack’s architecture in Scenario Sc2 (left: graphically [13], right: logi-
cally [14])

A detailed overview on the stack’s components as well as their respective terminal connections
is shown in Table 5.

Table 5.  Component list of the stack component in Scenario Sc2 [15]

Egﬂ' Resource | Clamp | Description Component | Type
1 100 X1 Stack
100 100A1 X1.1 Extend separator (Valve) Stack DO

Separator is extended (Reed

100 100B9 X1.2 . Stack DI
Switch)

100 100B8 X1.3 Sep_arator is retracted (Reed Stack DI
Switch)

100 100S11 X1.4 WP is available (Micro Switch) | Stack Dl

100 100B10 X15 ;/(\)/rF; is metallic (Inductive Sen- Stack DI

2.3.1.2 Crane’s structure in Scenario Sc2

The mechatronic component crane of the PPU in Scenario Sc2 is the same as in Scenario Sc0.
Therefore, for a description of the crane’s structure, see section 2.1.1.2.

2.3.1.3 Ramp’s structure in Scenario Sc2

The mechanical component ramp of the PPU in Scenario Sc2 is the same as in Scenario ScO.
Therefore, for a description of the ramp’s structure, see section 2.1.1.3.
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2.3.2  PPU’s behavior in Scenario Sc2
The PPU’s behavior in Scenario Sc2 is the same as in Scenario Sc0. Therefore, for a description
of the PPU’s behavior, see section 2.1.1.3.

2.4 Scenario Sc3

Within the Scenario Sc3, the PPU consists of a stack (cf. no. 1 in Fig. 11) working as a work
piece input storage, a ramp (no. 2) working as a work piece output storage, a stamp (no. 3) for
stamping work pieces and a crane (no. 4) for transporting work pieces by picking and placing
them between these three working positions. For human interaction, an operation panel provides
a start button as well as an emergency stop. The PPU processes black plastic work pieces as
well as metallic work pieces in this Scenario. Black work pieces are separated at the stack and
subsequently transported directly to the ramp. In contrast, metallic work pieces are transported
from the stack to the stamp, processed there and then transported to the ramp.

elocks | | «enumena tions
PPU WPType
properties literals
WPType: WPType Black

/k } :::::: \, + star
@ <blocks @ “blocks ! “blocks @ eblocks @

Stack Crane Ramp Stamp
properties properties properties properties

et :x(;:eranuns ACT Init) et Dt%eratmnz
i ACT_PickUpWP : i

ACT ProvideWPQ ACT:MDU%,,?PO operations: ACT_Stamp()
ACT TurmToRamp(
ACT_TurnToStack()
ACT_TurnToStamp()

Fig. 11.  Overview on the PPU in Scenario Sc3 (left: graphically [16], right: logically [17])

Whereas the ramp is a solely mechanical component, stack, stamp and crane are mechatronic
components (cf. Table 6), i.e. they consist of sensors and actuators and require control for op-
eration. These latter components are described in detail in the following. Subsequently, the
initialization procedure and overall behavior of the PPU in Scenario Sc3 are presented. The
models for this Scenario are freely available from [16]-[18].

Table 6. Component list of the PPU in Scenario Sc3 [18]

Egi}" Resource | Clamp | Description Component | Type
1 100 X1 Stack
2 200 X2 Crane
3 300 Ramp
4 400 X3 Stamp

241  PPU’s structure in Scenario Sc3
In the following subsections, the PPU’s structure, i.e. the composition of the PPU from its com-
ponents, is described.

10
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2.4.1.1 Stack’s structure in Scenario Sc3

The mechatronic component stack of the PPU in Scenario Sc3 is the same as in Scenario Sc2.
Therefore, for a description of the stack’s structure, see section 2.3.1.1.

2.4.1.2 Crane’s structure in Scenario Sc3

The crane serves as the transportation unit for transporting the work pieces from the stack to
the ramp as well as to the stamp. In Fig. 12, an overview on the crane’s components is given.
The crane consists of a pneumatic cylinder (no. 1) for lifting and lowering the work pieces. The
cylinder consists of two binary position sensors (one at each end) to detect whether the cylinder
is extended or retracted as well as one valve as actuator. On top of this cylinder, an arm with a
vacuum gripper (no. 2) is installed. The vacuum gripper is controlled by two valves and con-
tains a micro switch which indicates whether a work piece is gripped. These components are
mounted onto a turning table (no. 3) for rotational movement. At the bottom of the turning
table, three tactile, digital sensors (no. 4) are installed. These micro switches are installed at
the positions of the stack, the stamp and at the ramp to indicate the crane’s stopping positions.
The rotational movement of the turning table is realized by a motor (no. 5).

operation:
ACT_Turnl eft))
operations ACT_TurnRight()
ACT Stapl)

ACT Init)
T_Put P(
i ampl)
M;ptl
ACT_TurnToStamp()

~—
AtRamp
ke “bla
liftingCylindgy \ Vacuum Gripper MicroSwitch
1 properties
block + DL Takenln

ManostableCylinder
operations —~
ACT Intake() i

ties
DI_Retracted |: Reed Switcl h ACT Release()
DL Extended: ReedSwitch

4 D

DO_Extend: Valve

opera
ACT Retract()
ACT_Extend()

blocks
Valve

Fig. 12.  Overview on the crane component’s structure in Scenario Sc3 (left: graphically [16], right:
logically [17])

A detailed overview on the crane’s components as well as their respective terminal connections
is shown in Table 7.

Table 7. Component list of the crane component in Scenario Sc3 [18]

Egi‘" Resource | Clamp | Description Component | Type

2 200 X2 Crane

200 200A1 X2.1 Extend lifting cylinder (Valve) Crane DO

200 200B7 %22 Llft_lng cylinder extended (Reed Crane DI
Switch)

200 200B6 %23 Llft_lng cylinder retracted (Reed Crane DI
Switch)

200 200A2 X2.4 Intake work piece (Valve) Crane DO

200 200A3 X2.5 Release work piece (Valve) Crane DO

200 200B5 X2.6 WP taken in (Vacuum Switch) Crane ]|

200 200S8 X2.7 Crane at stack (Micro Switch) Crane DI

11
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200 200S9 X2.8 Crane at ramp (Micro Switch) Crane DI
200 200A5 X2.9 Turn left (Motor) Crane DO
200 200A6 X2.10 | Turn right (Motor) Crane DO
200 200S10 X2.11 | Crane at stamp (Micro Switch) Crane Dl

2.4.1.3 Ramp’s structure in Scenario Sc3

The mechanical component ramp of the PPU in Scenario Sc3 is the same as in Scenario Sc0.
Therefore, for a description of the ramp’s structure, see section 2.1.1.3.

2.4.1.4 Stamp’s structure in Scenario Sc3

The stamp serves as the stamping component used to stamp work pieces. In Fig. 13, an over-
view on the stamp component is given. The stamp contains a pneumatic sliding cylinder (no. 1)
used to extend or retract work pieces into or from the stamp module. The sliding cylinder con-
sists of a valve intended to extend or retract the cylinder as well as two binary end position
sensors for detecting whether the cylinder is extended or retracted. Moreover, a stamping cyl-
inder (no. 2) is used to stamp the respective work piece. Therein, a valve is used to set a pressure
needed for the stamping process. Respective end position sensors indicate whether the stamp-
ing cylinder is lowered or raised. A micro switch (no. 3) mounted to the stamp components
detects whether a work piece has been placed by the crane or not.

2 «blocks
MonostableCylinder
properties
+ stampingCylinder,
operations 1
ACT_Retract() «blocks
«blocks ACT_Extend() BistableCylinder
Stamp properties
properties

Initialized: Boolean

‘WPStamped: Boolean operations
+ slidingCylinder ACT_Extend()
operations ACT_Retract()
ACT Init()
ACT_Stamp()
. <block

+ panel

OperationPanel
properties
DO_LampGreen: Lamp
DO _Lamp'White: Lamp
DI_Start; Button
DI_Manual: Button
DI_MotEmergencyStop: Emergenc...

+ DL WP&vailable

«blocks
MicroSwitch

operations

Fig. 13.  Overview on the stamp component’s structure in Scenario Sc3 (left: graphically [16],
right: logically [17])

A detailed overview on the stamp’s components as well as their respective terminal connections
is shown in Table 8.

Table 8.  Component list of the stamp component in Scenario Sc3 [18]

Egﬂ' Resource | Clamp | Description Component | Type
3 X3 Stamp

300 30088 X3.1 g&a;m)ng cylinder raised (Reed | o0 DI
300 300B9 X3.2 Stamping cylinder lowered Stamp DI

(Reed Switch)

12
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300 300B7 X3.3 Sllc_jlng cylinder extended (Reed Stamp DI
Switch)

300 300B6 X3.4 SI|@|ng cylinder retracted (Reed Stamp DI
Switch)

300 300S10 X3.5 WP is available (Micro Switch) | Stamp DI

300 300A1 X3.6 Extend sliding cylinder (\Valve) | Stamp DO

300 300A2 X3.7 Retract sliding cylinder (Valve) | Stamp DO

300  |300A3 | x3g | Lowerstamping cylinder Stamp DO
(Valve)

2.4.2  PPU’s behavior in Scenario Sc3
In the following subsections, the PPU’s behavior, i.e. the initialization behavior, the automatic
operation mode behavior and the emergency stop behavior of the PPU, is described.

2.4.2.1 |Initialization behavior in Scenario Sc3

The PPU is started by pressing the start buttons at both operation panels. In Fig. 14, the main
initialization state chart is given. For initializing the stamp, the start button of the operation
panel located at this component has to be pressed. For initialization, the sliding as well as stamp-
ing cylinders are retracted and extended once (cp. Fig. 15). The initialization of the other com-
ponents, i.e. crane and stack, is executed as described in section 2.1.2.1. A green lamp at each
operation panel indicates a successful initialization.

13
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Initialization

[stack.pangl DI_Start]
[stamp. payel.DI_Start]

T
i
|
|
|
I
1
PR i
Stacklnitializing } Cranelnitializing Stamplnitializing
J/do OpagueBehavior stack ACT _Init() ! /do OpagueBehavior crane ACT Init() /do OpagqueBehavior stamp ACT_Init
|
I
|
|
i
i
i
|
i

[stack. pan\El.DI_Start]

[stackInjtialized] [crane.Inifialized]
[stamp Ipjtialized]

Fig. 14. Initialization procedure in Scenario Sc3 [17]

Stamp_ACT Init

WaitingForStart .
o /do OpaqueBehavior ftrue]
Initialized=false J \
L 1
SlidingCylinderRetracting StampingCylinderExtending
fdo OpaqueBehavior /do OpagueBehavior
slidingClinder,ACT_Retract) stampingClinderACT_Extend(
Mdingcyhndé,DI_Rmmed] [stampingCylinder.DL_Extended]
Sliding CylindzrExtending StampingCylinderRetracting
/do OpaqueBehavior /do OpagueBehavior
slidingClinder,ACT_Extend) stampingClinder ACT Retract()
[slidingCylindgr.DL_Extended] [stampingCylinger.DL_Retracted]

[ 1
[slidingCylinder.Dl_Extended an%ftam\:mgCyI\nder.DLRetracted]

WaitingForCylinders
/do OpaqueBehavior Initialized=true | [after(e#Ls)]

Fig. 15.  Stamp's initialization procedure in Scenario Sc3 [17]

2.4.2.2 Automatic operation behavior in Scenario Sc3

Two kinds of work pieces are used in this Scenario and handled differently by the PPU: Black
work pieces are directly transported to the ramp whereas metallic work pieces are firstly
stamped and afterwards transported to the ramp.

After startup, one of the work pieces stored in the stack is separated and pushed to the pickup
position for the crane (cf. Fig. 12). In order to ensure the correct position of the work piece, the
separating cylinder of the stack remains extended. For a detailed description of the stack’s func-
tionality see section 2.1.2.2. As soon as a work piece is detected by the digital micro switch at
the stack’s pickup position, the crane starts turning clockwise and stops at the stack’s position.
The crane has to turn 90°-counterclockwise to transport black work pieces from the stack di-
rectly to the ramp. For metallic work pieces, the crane has to turn 180°-counterclockwise to
place work pieces at the stamp. An inductive sensor, whose value is true for metallic work
pieces, is used to check the specific kind of the extended work piece at the extension position
of the stack. The crane then picks up the work piece by using the vacuum gripper, lifts, turns to
the desired position, lowers, and deposits the work piece at the respective place. A detailed
description about the pick and place functionality of the crane is described in section 2.1.2.2.

14
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AutomaticOperationMode

[after(t#1s)] CraneTurningToStack StackProvidingWPp [stack.panel.DI_Start]

. /do OpaqueBehavior /do OpaqueBehavior
crane ACT_TurnToStackd  jciane. CurrentPosition=Position Stack] stackACT_ProvideWP( [stack Empty] WaitingFors
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WPType=stgtk. WPType

CranePickingUpWP
fdo OpagueBehavior
crane ACT_PickUpWP() and
stack WP Separated=false

[crana.WPP\\bkedUp]

StackRetracting
fdo OpagueBehavior
stack.separatorACT_Retract()

CraneTurningToStamp
fdo OpaqueBehavior
crane ACT_TurnToStamp()

[not erane VfPPickedUp] [:ta{k.;epb‘atolDIRetla{tEd]

& [WPTypezmetallic] [crane.CurrentRlpsition=Stamp]

CranePuttingDown'WP
fdo OpaqueBehavior

[WPType=black] crane ACT_PutDown'WP()

[not crane \PPickedUp]

StampStamping
fdo OpagueBehavior
stamp ACT_Stamp()

PEtamped]

[crane.CurrentPosition=Position.Ramp] CranePickingUpWpP

CranePuttingDown'WP CraneTurningToRamp ] ] Jdo O\)EqUEEEt\RViU\
fdo OpagueBehavior Jdo OpagueBehavior forame S et UstoT=Rampt c\»ane.A.C\;il'EzwckUpJ:EE Ia{nd
crane. ACT PutDownWP() crane ACT TurnToRamp() J stamp.WPStamped=false

Fig. 16.  Automatic operation mode behavior in Scenario Sc3 [17]

Whereas black work pieces are directly transported to the ramp, metallic work pieces run
through an additional process at the stamp (cf. Fig. 16). Metallic work pieces are delivered by
the crane at the sliding cylinder of the stamp. The sliding cylinder retracts and extends the work
pieces to and from beneath the stamp. As soon as the retraction is detected the stamp is lowered
for a certain time and with a fixed pressure, raised by setting the ‘lower command’ to false, and
followed by the extension of the slider. As the extension is detected, the crane, waiting at the
stamp, picks up the metallic work piece. Subsequently, the crane moves back 90°-clockwise to
the ramp and deposits the work piece there.

If no further work piece is detected at the pickup position and the sliding cylinder at the stamp
is empty, the plant stops operating. However, there is no separate sensor at the stack to detect
the absence of a work piece. Instead, the not sending of the ‘work piece detected’-signal while
the cylinder is extended, is used to conclude the absence of a further object at the pickup posi-
tion and also that no further work pieces are left in the stack. If the sensor detects another work
piece the process will restart at the stack.

2.4.2.3 Emergency stop behavior in Scenario Sc3

There are two emergency buttons (negative logic), one at the stack and one at the stamp. In a
case of emergency — if at least one emergency button is pushed — the PPU is set to a safe state.
In this safe state, the pneumatic cylinder of the stack is retracted, the crane stops rotating and
shuts off the vacuum (a gripped work piece falls down), the stamp raises and the magazine
slider is extended (cf. Fig. 17).
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o

Stamp S\d ngCylinderBxtending StampStampingCylin d {Retracting
/do Opaque fdo OpagueBeh,
0

CraneExtending CraneReleasingWp CraneStopping
/do OpaqueBehavior /do OpaqueBehavior /do OpaqueBehavior
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[(mne.hftmyﬁy\inde\‘DLExtEndegnd not crane.gripper.DL Takenln]

Fig. 17.  Emergency stop behavior in Scenario Sc3 [17]

&

StackRetracting
/do OpaqueBehavior
stack.separatorACT Retract(

[stack.separatqr DI Retracted]

[stamp.stampingCylinder.Dl_ Retra tgdtm\ slidingCylinder.DI_Extended]

2.5 Scenario Scda

Within the Scenario Sc4a, the PPU consists of a stack (cf. no. 1 in Fig. 11) working as a work
piece input storage, a ramp (no. 2) working as a work piece output storage, a stamp (no. 3) for
stamping work pieces and a crane (no. 4) for transporting work pieces by picking and placing
them between these three working positions. For human interaction, an operation panel provides
a start button as well as an emergency stop. The PPU processes black plastic work pieces as
well as metallic work pieces in this Scenario. Black work pieces are separated at the stack and
subsequently transported directly to the ramp. In contrast, metallic work pieces are transported
from the stack to the stamp, processed there and then transported to the ramp.

Whereas the ramp is a solely mechanical component, stack, stamp and crane are mechatronic
components (cf. Table 6), i.e. they consist of sensors and actuators and require control for op-
eration. These latter components are described in detail in the following. Subsequently, the
initialization procedure and overall behavior of the PPU in Scenario Sc4a are presented. The
models for this Scenario are freely available from [19]-[21].

2.5.1 PPU’s structure in Scenario Sc4a
In the following subsections, the PPU’s structure, i.e. the composition of the PPU from its com-
ponents, is described.

25.1.1 Stack’s structure in Scenario Sc4da

The mechatronic component stack of the PPU in Scenario Sc4a is the same as in Scenario Sc2.
Therefore, for a description of the stack’s structure, see section 2.3.1.1.

2.5.1.2 Crane’s structure in Scenario Scda

The crane serves as the transportation unit for transporting the work pieces from the stack to
the ramp as well as to the stamp. In Fig. 18, an overview on the crane’s components is given.
The crane consists of a pneumatic cylinder (no. 1) for lifting and lowering the work pieces. The
cylinder consists of two binary position sensors (one at each end) to detect whether the cylinder
is extended or retracted as well as one valve as actuator. On top of this cylinder, an arm with a
vacuum gripper (no. 2) is installed. The vacuum gripper is controlled by two valves and con-
tains a micro switch which indicates whether a work piece is gripped. These components are
mounted onto a turning table (no. 3) for rotational movement. At the bottom of the turning
table, three inductive sensors (no. 4) are installed. These inductive sensors are installed at the
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positions of the stack, the stamp and at the ramp to indicate the crane’s stopping positions. The

rotational movement of the turning table is realized by a motor (no. 5).

Fig. 18.

Overview on the crane component’s structure in Scenario Sc4a (left: graphically [19],

ACT Init)

ACT PickUpwh(
ACT_PutDownWe()
ACT TumToRamp()

ACT TumToStamp()

right: logically [20])

o
ACT Tu 0
ALT TurnRight(y
ACT_ Stop()

A detailed overview on the crane’s components as well as their respective terminal connections
is shown in Table 9.

Table 9.  Component list of the crane component in Scenario Sc4a [21]

Posi- .

tion Resource | Clamp | Description Component | Type

2 200 X2 Crane

200 200A1 X2.1 Extend lifting cylinder (Valve) Crane DO

200 200B7 %22 Llﬁlng cylinder extended (Reed Crane DI
Switch)

200 200B6 %23 L|ft_|ng cylinder retracted (Reed Crane DI
Switch)

200 200A2 X2.4 Intake work piece (Valve) Crane DO

200 200A3 X2.5 Release work piece (Valve) Crane DO

200 200B5 X2.6 WP taken in (Vacuum Switch) Crane DI

200 20058 X2.7 gggne at stack (Inductive Sen- Crane DI

200 |200s9 | X28 gg”e atramp (Inductive Sen- | DI

200 200A5 X2.9 Turn left (Motor) Crane DO

200 200A6 X2.10 | Turn right (Motor) Crane DO

200  |200S10 | x2.11 gg”e at stamp (Inductive Sen- | DI

2.5.1.3 Ramp’s structure in Scenario Sc4a

The mechanical component ramp of the PPU in Scenario Sc4a is the same as in Scenario Sc0.
Therefore, for a description of the ramp’s structure, see section 2.1.1.3.
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2.5.1.4 Stamp’s structure in Scenario Sc4a

The mechatronic component stamp of the PPU in Scenario Sc4a is the same as in Scenario Sc3.
Therefore, for a description of the stamp’s structure, see section 2.4.1.4.

2.5.2  PPU’s behavior in Scenario Sc4a
The PPU’s behavior in Scenario Sc4a is the same as in Scenario Sc3. Therefore, for a descrip-
tion of the PPU’s behavior, see section 2.4.2.

2.6 Scenario Sc4db

Within the Scenario Sc4b, the PPU consists of a stack (cf. no. 1 in Fig. 11) working as a work
piece input storage, a ramp (no. 2) working as a work piece output storage, a stamp (no. 3) for
stamping work pieces and a crane (no. 4) for transporting work pieces by picking and placing
them between these three working positions. For human interaction, an operation panel provides
a start button as well as an emergency stop. The PPU processes black plastic work pieces as
well as metallic work pieces in this Scenario. Black work pieces are separated at the stack and
subsequently transported directly to the ramp. In contrast, metallic work pieces are transported
from the stack to the stamp, processed there and then transported to the ramp.

Whereas the ramp is a solely mechanical component, stack, stamp and crane are mechatronic
components (cf. Table 6), i.e. they consist of sensors and actuators and require control for op-
eration. These latter components are described in detail in the following. Subsequently, the
initialization procedure and overall behavior of the PPU in Scenario Sc4b are presented. The
models for this Scenario are freely available from [22]-[24].

2.6.1  PPU’s structure in Scenario Sc4b
In the following subsections, the PPU’s structure, i.e. the composition of the PPU from its com-
ponents, is de-scribed.

2.6.1.1 Stack’s structure in Scenario Sc4b

The mechatronic component stack of the PPU in Scenario Sc4b is the same as in Scenario Sc2.
Therefore, for a description of the stack’s structure, see section 2.3.1.1.

2.6.1.2 Crane’s structure in Scenario Sc4b

The crane serves as the transportation unit for transporting the work pieces from the stack to
the ramp as well as to the stamp. In Fig. 19, an overview on the crane’s components is given.
The crane consists of a pneumatic cylinder (no. 1) for lifting and lowering the work pieces. The
cylinder consists of two binary position sensors (one at each end) to detect whether the cylinder
is extended or retracted as well as one valve as actuator. On top of this cylinder, an arm with a
vacuum gripper (no. 2) is installed. The vacuum gripper is controlled by two valves and con-
tains a micro switch which indicates whether a work piece is gripped. These components are
mounted onto a turning table (no. 3) for rotational movement. At the bottom of the turning
table, three inductive sensors (no. 4a) and three tactile, digital sensors (no. 4b) are installed.
The micro switches are installed at the positions of the stack, the stamp and at the ramp to
indicate the crane’s stopping positions as depicted in section 2.4.1.2. The inductive sensors are
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spatially shifted and hence provide redundant sensors for the respective micro switches. The

rotational movement of the turning table is realized by a motor (no. 5).

Fig. 19.
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Overview on the crane component’s structure in Scenario Sc4b (left: graphically [22],

right: logically [23])

A detailed overview on the crane’s components as well as their respective terminal connections
is shown in Table 10.

Table 10. Component list of the crane component in Scenario Sc4b [24]

Posi-

sor)

tion Resource | Clamp | Description Component | Type
2 200 X2 Crane
200 200A1 X2.1 Extend lifting cylinder (Valve) Crane DO
200 200B7 %22 Llft_lng cylinder extended (Reed Crane DI
Switch)
200 200B6 %23 L|ft_|ng cylinder retracted (Reed Crane DI
Switch)
200 200A2 X2.4 Intake work piece (Valve) Crane DO
200 200A3 X2.5 Release work piece (Valve) Crane DO
200 200B5 X2.6 WP taken in (Vacuum Switch) Crane DI
200 200S8 X2.7 Crane at stack (Micro Switch) Crane DI
200 200S9 X2.8 Crane at ramp (Micro Switch) Crane DI
200 200A5 X2.9 Turn left (Motor) Crane DO
200 200A6 X2.10 | Turn right (Motor) Crane DO
200 200S10 X2.11 | Crane at stamp (Micro Switch) Crane DI
200 |200S11 | Xx2.12 gg”e at stack (Inductive Sen- | &6 DI
200 |200512 | x2.13 gg”e atramp (Inductive Sen- | DI
200 200513 X214 Crane at stamp (Inductive Sen- Crane DI
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2.6.1.3 Ramp’s structure in Scenario Sc4b

The mechanical component ramp of the PPU in Scenario Sc4b is the same as in Scenario ScO.
Therefore, for a description of the ramp’s structure, see section 2.1.1.3.

2.6.1.4 Stamp’s structure in Scenario Sc4b

The mechatronic component stamp of the PPU in Scenario Sc4b is the same as in Scenario Sc3.
Therefore, for a description of the stamp’s structure, see section 2.4.1.4.

2.6.2  PPU’s behavior in Scenario Sc4b
The PPU’s behavior in Scenario Sc4b is the same as in Scenario Sc3. Therefore, for a descrip-
tion of the PPU’s behavior, see section 2.4.2.

2.7 Scenario Sc5

Within the Scenario Sc5, the PPU consists of a stack (cf. no. 1 in Fig. 11) working as a work
piece input storage, a ramp (no. 2) working as a work piece output storage, a stamp (no. 3) for
stamping work pieces and a crane (no. 4) for transporting work pieces by picking and placing
them between these three working positions. Moreover, the crane may use the stamp component
for buffering purposes. For human interaction, an operation panel provides a start button as well
as an emergency stop. The PPU processes black plastic work pieces as well as metallic work
pieces in this Scenario. Black work pieces are separated at the stack and subsequently trans-
ported directly to the ramp. In contrast, metallic work pieces are transported from the stack to
the stamp, processed there and then transported to the ramp. The models for this Scenario are
freely available from [25]-[27].

2.7.1  PPU’s structure in Scenario Sc5
The PPU’s structure in Scenario Sc5 is the same as in Scenario Sc3. Therefore, for a description
of the PPU’s structure, see section 2.4.1.

2.7.2  PPU’s behavior in Scenario Sc5
In the following subsections, the PPU’s behavior, i.e. the initialization behavior, the automatic
operation mode behavior and the emergency stop behavior of the PPU, is described.

2.7.2.1 Initialization behavior in Scenario Sc5

The PPU’s initialization behavior in Scenario Sc5 is the same as in Scenario Sc3. Therefore,
for a description of the PPU’s initialization behavior, see section 2.4.2.1.

2.7.2.2 Automatic operation mode behavior in Scenario Sc5

Two kinds of work pieces are used in this Scenario and handled differently by the PPU: Black
work pieces are directly transported to the ramp whereas metallic work pieces are firstly
stamped and afterwards transported to the ramp.

After startup, one of the work pieces stored in the stack is separated and pushed to the pickup
position for the crane (cf. Fig. 12). In order to ensure the correct position of the work piece, the
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separating cylinder of the stack remains extended. For a detailed description of the stack’s func-
tionality see section 2.1.2.2. As soon as a work piece is detected by the digital micro switch at
the stack’s pickup position, the crane starts turning clockwise and stops at the stack’s position.
The crane has to turn 90°-counterclockwise to transport black work pieces from the stack di-
rectly to the ramp. For metallic work pieces, the crane has to turn 180°-counterclockwise to
place work pieces at the stamp. An inductive sensor, whose value is true for metallic work
pieces, is used to check the specific kind of the extended work piece at the extension position
of the stack. The crane then picks up the work piece by using the vacuum gripper, lifts, turns to
the desired position, lowers, and deposits the work piece at the respective place. A detailed
description about the pick and place functionality of the crane is described in section 2.1.2.2.

Whereas black work pieces are directly transported to the ramp, metallic work pieces run
through an additional process at the stamp (cf. Fig. 16). Metallic work pieces are delivered by
the crane at the sliding cylinder of the stamp. The sliding cylinder retracts and extends the work
pieces to and from beneath the stamp. As soon as the retraction is detected the stamp is lowered
for a certain time and with a fixed pressure, raised by setting the ‘lower command’ to false, and
followed by the extension of the slider. Simultaneously, after the metallic work piece is placed
in the sliding cylinder and the crane is raised again, it is checked if there is a black plastic work
piece available at the stack (refer to Fig. 20). If a black work piece is available at the stack, the
crane uses the stamping time and starts turning clockwise to pick up the black piece and place
it at the ramp. After depositing the work piece at the ramp, it is checked if the stamping process
is finished and if another black work piece is on hand at the stack. As long as the stamping
process is in progress, all available black work pieces are transported to the slide. However, as
soon as the stamping process is completed, the crane handles the stamped metallic work piece
from the stamp and deposits it at the ramp prior to picking up another work piece at the stack’s
pickup position. If the next available work piece at the stack is a metallic piece, while the stamp-
ing is still in progress, the crane waits at the stamp until the stamping process is finished. De-
pending on the time needed for the stamping progress, a certain number of black work pieces
can be handled until the stamping is finished and the stamped work piece is transported. In the
model seen in Fig. 20 only a single black work piece can be handled before the stamping process
is complete. After the crane either placed a black or a metallic work piece at the ramp, the crane
moves back to the pickup position at the stack or to the stamp and the work piece slides down
the ramp of the output storage. See also Fig. 21 for the work piece supply.
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If no further work piece is detected at the pickup position and the sliding cylinder at the stamp
IS empty, the plant stops operating. However, there is no separate sensor at the stack to detect
the absence of a work piece. Instead, the not sending of the ‘work piece detected’-signal while
the cylinder is extended, is used to conclude the absence of a further object at the pickup posi-
tion and also that no further work pieces are left in the stack. If the sensor detects another work
piece the process will restart at the stack.

2.7.2.3 Emergency stop behavior in Scenario Sc5

The PPU’s emergency stop behavior in Scenario Sc5 is the same as in Scenario Sc3. Therefore,
for a description of the PPU’s emergency stop behavior, see section 2.4.2.3.

2.8 Scenario Scé6

Within the Scenario Sc6, the PPU consists of a stack (cf. no. 1 in Fig. 22) working as a work
piece input storage, a ramp (no. 2) working as a work piece output storage, a stamp (no. 3) for
stamping work pieces, a mechanical buffer (no. 4) intended to buffer currently processed work
pieces and a crane (no. 5) for transporting work pieces by picking and placing them between
these three working positions. For human interaction, an operation panel provides a start button
as well as an emergency stop. The PPU processes black plastic work pieces as well as metallic
work pieces in this Scenario. Black work pieces are separated at the stack and subsequently
transported directly to the ramp. In contrast, metallic work pieces are transported from the stack
to the stamp, processed there and then transported to the ramp.
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WPType: WPType Black

1 5
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ACT_TumToStack()
ACT_TumToStamp()
ACT TumToBuffer)

Fig. 22.  Overview on the PPU in Scenario Sc6 (left: graphically [28], right: logically [29])

Whereas the ramp is a solely mechanical component, stack, stamp and crane are mechatronic
components (cf. Table 11), i.e. they consist of sensors and actuators and require control for
operation. These latter components are described in detail in the following. Subsequently, the
initialization procedure and overall behavior of the PPU in Scenario Sc6 are presented. The
models for this Scenario are freely available from [28]-[30].

Table 11. Component list of the PPU in Scenario Sc6 [30]

zgﬂ' Resource | Clamp | Description Component | Type
1 100 X1 Stack

2 200 X2 Crane

3 300 Ramp

4 400 X4 Stamp

5 500 Mechanical Buffer
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2.8.1  PPU’s structure in Scenario Sc6
In the following subsections, the PPU’s structure, i.e. the composition of the PPU from its com-
ponents, is described.

2.8.1.1 Stack’s structure in Scenario Sc6

The mechatronic component stack of the PPU in Scenario Sc6 is the same as in Scenario Sc2.
Therefore, for a description of the stack’s structure, see section 2.3.1.1.

2.8.1.2 Crane’s structure in Scenario Sc6

The crane serves as the transportation unit for transporting the work pieces from the stack to
the ramp as well as to the stamp. In Fig. 12, an overview on the crane’s components is given.
The crane consists of a pneumatic cylinder (no. 1) for lifting and lowering the work pieces. The
cylinder consists of two binary position sensors (one at each end) to detect whether the cylinder
is extended or retracted as well as one valve as actuator. On top of this cylinder, an arm with a
vacuum gripper (no. 2) is installed. The vacuum gripper is controlled by two valves and con-
tains a micro switch which indicates whether a work piece is gripped. These components are
mounted onto a turning table (no. 3) for rotational movement. At the bottom of the turning
table, four tactile, digital sensors (no. 4) are installed. These micro switches are installed at the
positions of the stack, the stamp, the ramp and at the buffer to indicate the crane’s stopping
positions. The rotational movement of the turning table is realized by a motor (no. 5).
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Fig. 23.  Overview on the crane component’s structure in Scenario Sc3 (left: graphically [28], right:
logically [29])

A detailed overview on the crane’s components as well as their respective terminal connections
is shown in Table 12.
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Table 12. Component list of the crane component in Scenario Scé [30]

Egﬂ' Resource | Clamp | Description Component | Type
2 200 X2 Crane
200 200A1 X2.1 Extend lifting cylinder (Valve) Crane DO
200 200B7 X2 Liﬁing cylinder extended (Reed Crane DI
Switch)
200 200B6 %23 Liﬁing cylinder retracted (Reed Crane DI
Switch)
200 200A2 X2.4 Intake work piece (Valve) Crane DO
200 200A3 X2.5 Release work piece (Valve) Crane DO
200 200B5 X2.6 WP taken in (Vacuum Switch) Crane Dl
200 200S8 X2.7 Crane at stack (Micro Switch) Crane ]|
200 200S9 X2.8 Crane at ramp (Micro Switch) Crane DI
200 200A5 X2.9 Turn left (Motor) Crane DO
200 200A6 X2.10 | Turn right (Motor) Crane DO
200 200S10 X2.11 | Crane at stamp (Micro Switch) Crane Dl
200 200S11 X2.12 | Crane at buffer (Micro Switch) | Crane DI

2.8.1.3 Ramp’s structure in Scenario Scé

The mechanical component ramp of the PPU in Scenario Sc6 is the same as in Scenario ScO.
Therefore, for a description of the ramp’s structure, see section 2.1.1.3.

2.8.1.4 Stamp’s structure in Scenario Sc6

The mechatronic component stamp of the PPU in Scenario Sc6 is the same as in Scenario Sc3.
Therefore, for a description of the stamp’s structure, see section 2.4.1.4.

2.8.2  PPU’s behavior in Scenario Sc6
In the following subsections, the PPU’s behavior, i.e. the initialization behavior, the automatic
operation mode behavior and the emergency stop behavior of the PPU, is described.

2.8.2.1 Initialization behavior in Scenario Sc6

The PPU’s initialization behavior in Scenario Sc6 is the same as in Scenario Sc3. Therefore,
for a description of the PPU’s initialization behavior, see section 2.4.2.1.

2.8.2.2 Automatic operation mode behavior in Scenario Sc6

Two kinds of work pieces are used in this Scenario and handled differently by the PPU: Black
work pieces are directly transported to the ramp whereas metallic work pieces are firstly
stamped and afterwards transported to the ramp.

After startup, one of the work pieces stored in the stack is separated and pushed to the pickup
position for the crane (cf. Fig. 12). In order to ensure the correct position of the work piece, the
separating cylinder of the stack remains extended. For a detailed description of the stack’s func-
tionality see section 2.1.2.2. As soon as a work piece is detected by the digital micro switch at
the stack’s pickup position, the crane starts turning clockwise and stops at the stack’s position.
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The crane has to turn 90°-counterclockwise to transport black work pieces from the stack di-
rectly to the ramp. For metallic work pieces, the crane has to turn 180°-counterclockwise to
place work pieces at the stamp. An inductive sensor, whose value is true for metallic work
pieces, is used to check the specific kind of the extended work piece at the extension position
of the stack. The crane then picks up the work piece by using the vacuum gripper, lifts, turns to
the desired position, lowers, and deposits the work piece at the respective place. A detailed
description about the pick and place functionality of the crane is described in section 2.1.2.2.

Whereas black work pieces are directly transported to the ramp, metallic work pieces run
through an additional process at the stamp (cf. Fig. 16). Metallic work pieces are delivered by
the crane at the sliding cylinder of the stamp. The sliding cylinder retracts and extends the work
pieces to and from beneath the stamp. As soon as the retraction is detected the stamp is lowered
for a certain time and with a fixed pressure, raised by setting the ‘lower command’ to false, and
followed by the extension of the slider. Simultaneously, after the metallic work piece is placed
in the sliding cylinder and the crane is raised again, it is checked if there is a black plastic work
piece available at the stack (refer to Fig. 20). If a black work piece is available at the stack, the
crane uses the stamping time and starts turning clockwise to pick up the black piece and place
it at the ramp. After depositing the work piece at the ramp, it is checked if the stamping process
is finished and if another black work piece is on hand at the stack. As long as the stamping
process is in progress, all available black work pieces are transported to the slide. In case the
next work piece is a metallic one, the crane starts turning clockwise to pick it up and place it at
the mechanical buffer. Therefore, the crane turns 225°-counterclockwise and releases the me-
tallic work piece at the buffer — without lowering itself because the buffer is high enough for
direct placing — by deactivating the vacuum gripper (refer to Fig. 24). By occupying the me-
chanical buffer, the crane is able to handle another available black work piece while the stamp-
ing process is still in progress. However, only if the work piece following the second metallic
work piece is a black one, the throughput of work pieces can be increased by using the addi-
tional storage. After depositing the metallic work piece at the buffer, the crane checks again
whether the stamping process is finished — in that case, the crane moves back to the stamp, to
transport the stamped work piece to the slide, followed by the clearing of the mechanical buffer
by turning back counterclockwise to pick up the not yet stamped metallic work piece from the
buffer and place it at the stamp. Then the checking starts again, as described above. In case the
stamping is still not finished, the crane checks the specific kind of the available work piece at
the stack again. Now only black plastic work pieces can be processed till the stamping process
is finished because the mechanical buffer is blocked for a possible third metallic work piece —
in that case the third metallic work piece has to wait till the buffer is cleared again.
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Fig. 24.  Overview on crane behavior in Scenario Sc6 [29]

If no further work piece is detected at the pickup position or the mechanical buffer and the
sliding cylinder at the stamp is empty, the plant stops operating. However, there is no separate
sensor at the stack or the mechanical buffer to detect the absence of a work piece. Instead, the
not sending of the ‘work piece detected’-signal while the cylinder is extended, is used to con-
clude the absence of a further object at the pickup position and also that no further work pieces
are left in the stack. To ensure that no work piece is left at the mechanical buffer, an internal
status variable is used in the PLC code. If the sensor detects another work piece the process will
restart at the stack.

2.8.2.3 Emergency stop behavior in Scenario Sc6

The PPU’s emergency stop behavior in Scenario Scb6 is the same as in Scenario Sc3. Therefore,
for a description of the PPU’s emergency stop behavior, see section 2.4.2.3.

2.9 Scenario Sc7

Within the Scenario Sc7, the PPU consists of a stack (cf. no. 1 in Fig. 11) working as a work
piece input storage, a ramp (no. 2) working as a work piece output storage, a stamp (no. 3) for
stamping work pieces and a crane (no. 4) for transporting work pieces by picking and placing
them between these three working positions. Moreover, the crane may use the stamp component
for buffering purposes. For human interaction, an operation panel provides a start button as well
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as an emergency stop. The PPU processes black plastic work pieces, white plastic work pieces
as well as metallic work pieces in this Scenario. Black work pieces are separated at the stack
and subsequently transported directly to the ramp. In contrast, white plastic work pieces and
metallic work pieces are transported from the stack to the stamp, processed there and then trans-
ported to the ramp. The models for this Scenario are freely available from [31]-[33].

29.1  PPU’s structure in Scenario Sc7
In the following subsections, the PPU’s structure, i.e. the composition of the PPU from its com-
ponents, is described.

2.9.1.1 Stack’s structure in Scenario Sc7

The stack serves as an input storage for the work pieces. It consists of a solely mechanical
magazine (cf. no. 1 in Fig. 25) where the work pieces are stacked. For separating the lowermost
work piece, the stack consists of a pneumatic cylinder (no. 2), which is equipped with two
binary sensors indicating the positions of the cylinder, i.e. whether it is extended or retracted.
The cylinder is a monostable cylinder and, hence, furthermore consists of a single valve for
actuating. A digital micro switch (no. 3) intended to detect work pieces is installed at the so-
called pickup position. The micro switch is activated if a work piece is pressed against it. How-
ever, due to the internal resistance of the micro switch, work pieces may be pressed back by the
micro switch if not clamped properly by the cylinder. Therefore, it is essential to maintain the
pressure against the micro switch in order to properly detect a work piece. Moreover, at the
pickup position, an inductive sensor (no. 4) is installed for detecting whether a work piece is a
metallic one or not. An optical sensor (no. 5) is intended to detect, whether a work piece has a
light or a dark surface and is, hence, used for distinguishing between black and white plastic

work pieces.
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+ DI_WPLight OpticalSens

blacks + DI_WPMetallic blocks
Stack ‘ InductiveSen
properties
Initialized: Boolean
WPSeparated: Boolean «blocks
Empty: Boolean s 3 Micro Switc
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wblocks
operations + DI_Retracted ReedSwitch
ACT Init()
ACT ProvideWP() + sepanator
«blocks 2 + DI_Extended
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wblock praperties
OperationPanel operations + DO_Extend
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DO_LampGreen: Lamp ACT Extend() sblocks
DO_LampWhite: Lamp - Valve
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DI_Manual: Buttan
DI_NotEmergencyStop...

operations

Fig. 25.  Overview on the stack’s architecture in Scenario Sc7 (left: graphically [31], right: logi-
cally [32])

A detailed overview on the stack’s components as well as their respective terminal connections
is shown in Table 13.
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Table 13. Component list of the stack component in Scenario Sc7 [33]

Egﬂ' Resource | Clamp | Description Component | Type

1 100 X1 Stack

100 100A1 X1.1 Extend separator (Valve) Stack DO

100 100B9 X1.2 Separator is extended (Reed Stack DI
Switch)

100 100B8 %13 Separator is retracted (Reed Stack DI
Switch)

100 100S11 X1.4 WP is available (Micro Switch) | Stack Dl

100 100B10 X15 ;/:)/rP) is metallic (Inductive Sen- Stack DI

100 100B11 X1.6 WP is light (Optical Sensor) Stack DI

2.9.1.2 Crane’s structure in Scenario Sc7

The mechatronic component crane of the PPU in Scenario Sc7 is the same as in Scenario Sc3.
Therefore, for a description of the crane’s structure, see section 2.4.1.2.

2.9.1.3 Ramp’s structure in Scenario Sc7

The mechanical component ramp of the PPU in Scenario Sc7 is the same as in Scenario ScO.
Therefore, for a description of the ramp’s structure, see section 2.1.1.3.

2.9.1.4 Stamp’s structure in Scenario Sc7

The mechatronic component stamp of the PPU in Scenario Sc7 is the same as in Scenario Sc3.
Therefore, for a description of the stamp’s structure, see section 2.4.1.4.

2.9.2  PPU’s behavior in Scenario Sc7
In the following subsections, the PPU’s behavior, i.e. the initialization behavior, the automatic
operation mode behavior and the emergency stop behavior of the PPU, is described.

2.9.2.1 Initialization behavior in Scenario Sc7

The PPU’s initialization behavior in Scenario Sc7 is the same as in Scenario Sc3. Therefore,
for a description of the PPU’s initialization behavior, see section 2.4.2.1.

2.9.2.2 Automatic operation mode behavior in Scenario Sc7

Three kinds of work pieces are used in this Scenario and handled differently by the PPU: Black
work pieces are directly transported to the ramp whereas metallic and white plastic work pieces
are firstly stamped and afterwards transported to the ramp.

After startup, one of the work pieces stored in the stack is separated and pushed to the pickup
position for the crane (cf. Fig. 12). In order to ensure the correct position of the work piece, the
separating cylinder of the stack remains extended. For a detailed description of the stack’s func-
tionality see section 2.1.2.2. As soon as a work piece is detected by the digital micro switch at
the stack’s pickup position, the crane starts turning clockwise and stops at the stack’s position.
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The crane has to turn 90°-counterclockwise to transport black work pieces from the stack di-
rectly to the ramp. For metallic and white plastic work pieces, the crane has to turn 180°-coun-
terclockwise to place work pieces at the stamp. An inductive sensor, whose value is true for
metallic work pieces, is used to check the specific kind of the extended work piece at the ex-
tension position of the stack. An optical sensor, whose value is true for white work pieces, is
used to check the specific color of the extended work piece at the pickup position. An overview
on the detection of the work piece type is shown in Fig. 26. The crane then picks up the work
piece by using the vacuum gripper, lifts, turns to the desired position, lowers, and deposits the
work piece at the respective place. A detailed description about the pick and place functionality
of the crane is described in section 2.1.2.2.
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MormalRun

c k [not DLWPMetallic and DILWPLight]
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WPType=WPType metallic
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L Detecting'White

[trpe]
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[separator.DI_Extended and not DL_WPAvailable] \’/
Error W
Retracting | [separator.DL Retracted|/
fdo OpagueBehavior Empty=true
separator ACT_Retract()

Fig. 26.  Work piece detection in Scenario Sc7 [32]

Whereas black work pieces are directly transported to the ramp, metallic and white plastic work
pieces run through an additional process at the stamp (cf. Fig. 27). Metallic and white plastic
work pieces are delivered by the crane at the sliding cylinder of the stamp. The sliding cylinder
retracts and extends the work pieces to and from beneath the stamp. As soon as the retraction
is detected the stamp is lowered for a certain time and with a fixed pressure, raised by setting
the ‘lower command’ to false, and followed by the extension of the slider. Simultaneously, after
the metallic or white plastic work piece is placed in the sliding cylinder and the crane is raised
again, it is checked if there is a black plastic work piece available at the stack (refer to Fig. 20).
If a black work piece is available at the stack, the crane uses the stamping time and starts turning
clockwise to pick up the black piece and place it at the ramp. After depositing the work piece
at the ramp, it is checked if the stamping process is finished and if another black work piece is
on hand at the stack. As long as the stamping process is in progress, all available black work
pieces are transported to the slide. However, as soon as the stamping process is completed, the
crane handles the stamped metallic or white plastic work piece from the stamp and deposits it
at the ramp prior to picking up another work piece at the stack’s pickup position. If the next
available work piece at the stack is a metallic or white plastic piece, while the stamping is still
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in progress, the crane waits at the stamp until the stamping process is finished. Depending on
the time needed for the stamping progress, a certain number of black work pieces can be han-
dled until the stamping is finished and the stamped work piece is transported. In the model seen
in Fig. 20 only a single black work piece can be handled before the stamping process is com-
plete. After the crane either placed a black, white or a metallic work piece at the ramp, the crane
moves back to the pickup position at the stack or to the stamp and the work piece slides down
the ramp of the output storage. See also Fig. 21 for the work piece supply.

N
. WaitingForStackPl'ovidingWPJ
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Fig. 27.  Overview on crane behavior in Scenario Sc7 [32]

If no further work piece is detected at the pickup position and the sliding cylinder at the stamp
is empty, the plant stops operating. However, there is no separate sensor at the stack to detect
the absence of a work piece. Instead, the not sending of the ‘work piece detected’-signal while
the cylinder is extended, is used to conclude the absence of a further object at the pickup posi-
tion and also that no further work pieces are left in the stack. If the sensor detects another work
piece the process will restart at the stack.

2.9.2.3 Emergency stop behavior in Scenario Sc7

The PPU’s emergency stop behavior in Scenario Sc7 is the same as in Scenario Sc3. Therefore,
for a description of the PPU’s emergency stop behavior, see section 2.4.2.3.

2.10 Scenario Sc8

Within the Scenario Sc8, the PPU consists of a stack (cf. no. 1 in Fig. 11) working as a work
piece input storage, a ramp (no. 2) working as a work piece output storage, a stamp (no. 3) for
stamping work pieces and a crane (no. 4) for transporting work pieces by picking and placing
them between these three working positions. Moreover, the crane may use the stamp component
for buffering purposes. For human interaction, an operation panel provides a start button as well
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as an emergency stop. The PPU processes black plastic work pieces, white plastic work pieces
as well as metallic work pieces in this Scenario. Black work pieces are separated at the stack
and subsequently transported directly to the ramp. In contrast, white plastic work pieces and
metallic work pieces are transported from the stack to the stamp, processed there and then trans-
ported to the ramp. However, it is not sufficient to stamp the two materials — metallic and plastic
work pieces — with the same pressure; hence, being able to carry out two different processes,
one for each material, is necessary. Hence, white plastic and metallic work pieces are stamped
using different pressure profiles. The models for this Scenario are freely available from [34]-
[36].

2.10.1 PPU’s structure in Scenario Sc8
In the following subsections, the PPU’s structure, i.e. the composition of the PPU from its com-
ponents, is described.

2.10.1.1 Stack’s structure in Scenario Sc8

The mechatronic component stack of the PPU in Scenario Sc8 is the same as in Scenario Sc7.
Therefore, for a description of the stack’s structure, see section 2.9.1.1.

2.10.1.2 Crane’s structure in Scenario Sc8

The mechatronic component crane of the PPU in Scenario Sc8 is the same as in Scenario Sc3.
Therefore, for a description of the crane’s structure, see section 2.4.1.2.

2.10.1.3 Ramp’s structure in Scenario Sc8

The mechanical component ramp of the PPU in Scenario Sc8 is the same as in Scenario ScO0.
Therefore, for a description of the ramp’s structure, see section 2.1.1.3.

2.10.1.4 Stamp’s structure in Scenario Sc8

The stamp serves as the stamping component used to stamp work pieces. In Fig. 28, an over-
view on the stamp component is given. The stamp contains a pneumatic sliding cylinder used
to extend or retract work pieces into or from the stamp module. The sliding cylinder (no. 1)
consists of a valve intended to extend or retract the cylinder as well as two binary end position
sensors for detecting whether the cylinder is extended or retracted. Moreover, a stamping cyl-
inder (no. 2) is used to stamp the respective work piece. Respective end position sensors indi-
cate whether the stamping cylinder is lowered or raised. A micro switch (no. 3) mounted to the
stamp components detects whether a work piece has been placed by the crane or not. An ana-
logue pressure sensor (no. 4) is installed for measuring the current pressure imposed on the
work piece. Moreover, a proportional valve (no. 5) is used to set a specific pressure needed for
the stamping process.
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Fig. 28.  Overview on the stamp component’s structure in Scenario Sc8 (left: graphically [34], right:
logically [35])

A detailed overview on the stamp’s components as well as their respective terminal connections
is shown in Table 14.

Table 14. Component list of the stamp component in Scenario Sc8 [36]

Egﬂ' Resource | Clamp | Description Component | Type

3 X3 Stamp

300 300B8 X3.1 Sta_mplng cylinder raised (Reed Stamp DI
Switch)
Stamping cylinder lowered

300 300B9 X3.2 (Reed Switch) Stamp DI

300 300B7 X3.3 SI|Q|ng cylinder extended (Reed Stamp DI
Switch)

300 30086 X3.4 SI|Q|ng cylinder retracted (Reed Stamp DI
Switch)

300 300S10 X3.5 WP is available (Micro Switch) | Stamp DI

300 300A1 X3.6 Extend sliding cylinder (\Valve) | Stamp DO

300 300A2 X3.7 Retract sliding cylinder (Valve) | Stamp DO

300 300A3 X3.8 Lower stamping c_yllnder with Stamp AO
pressure (Proportional Valve)

300 300A4 X3.9 Stamping pressure (Pressure Stamp Al
Sensor)

2.10.2 PPU’s behavior in Scenario Sc8
In the following subsections, the PPU’s behavior, i.e. the initialization behavior, the automatic
operation mode behavior and the emergency stop behavior of the PPU, is described.

2.10.2.1 Initialization behavior in Scenario Sc8

The PPU is started by pressing the start buttons at both operation panels. In Fig. 14, the main
initialization state chart is given. For initializing the stamp, the start button of the operation
panel located at this component has to be pressed. For initialization, the sliding as well as stamp-
ing cylinders are retracted and extended once (cp. Fig. 29). Therein, the pressure of the propor-
tional valve is set to a fixed value. The initialization of the other components, i.e. crane and
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stack, is executed as described in section 2.1.2.1. A green lamp at each operation panel indicates
a successful initialization.
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Fig. 29.  Stamp's initialization procedure in Scenario Sc8 [35]

2.10.2.2 Automatic operation mode behavior in Scenario Sc8

Three kinds of work pieces are used in this Scenario and handled differently by the PPU: Black
work pieces are directly transported to the ramp whereas metallic and white plastic work pieces
are firstly stamped and afterwards transported to the ramp.

After startup, one of the work pieces stored in the stack is separated and pushed to the pickup
position for the crane (cf. Fig. 12). In order to ensure the correct position of the work piece, the
separating cylinder of the stack remains extended. For a detailed description of the stack’s func-
tionality see section 2.1.2.2. As soon as a work piece is detected by the digital micro switch at
the stack’s pickup position, the crane starts turning clockwise and stops at the stack’s position.
The crane has to turn 90°-counterclockwise to transport black work pieces from the stack di-
rectly to the ramp. For metallic and white plastic work pieces, the crane has to turn 180°-coun-
terclockwise to place work pieces at the stamp. An inductive sensor, whose value is true for
metallic work pieces, is used to check the specific kind of the extended work piece at the ex-
tension position of the stack. An optical sensor, whose value is true for white work pieces, is
used to check the specific color of the extended work piece at the pickup position. An overview
on the detection of the work piece type is shown in Fig. 26. The crane then picks up the work
piece by using the vacuum gripper, lifts, turns to the desired position, lowers, and deposits the
work piece at the respective place. A detailed description about the pick and place functionality
of the crane is described in section 2.1.2.2.

Whereas black work pieces are directly transported to the ramp, metallic and white plastic work
pieces run through an additional process at the stamp (cf. Fig. 27). Metallic and white plastic
work pieces are delivered by the crane at the sliding cylinder of the stamp. The sliding cylinder
retracts and extends the work pieces to and from beneath the stamp. As soon as the retraction
is detected the stamp is lowered for a certain time and with a fixed pressure — depending on the
type of work piece detected — raised by setting the ‘lower command’ to false, and followed by
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the extension of the slider. As depicted in Fig. 30, as soon as the magazine slider is retracted, a
choice for selecting the pressure profile is made. If the current work piece, which has been
transported by the crane to the stamp, is metallic, the metallic pressure profile is executed. If
the work piece is a white plastic one, the pressure profile for white plastic profiles is applied.
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[DI_WPAvailable]/
WPStampeds=false and Ls Stamping=trire SlidingCylinderRetracting ApplyingProfileForWhite
. /do OpaqueBehavior <> = /do OpaqueBehavior
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[WPType=raetallic] /do OpaqueBehavior
[slidingCylinder.DL_Retracted] - " ApplyingProfileForMetallic stampingCylinder ACT Extend()
/do OpagqueBehavior
AQ_SetPressure=PressureMetallic

[stampingCylinder.Df_Extended]
[slidingCylinder.DI_Extended]/ - - [stampingCylinder.DI_Retracted] - - —
WP Stamped=true and IsStamping=false SlidingCylinderExtending w ( StampingCylinderRetracting Waiting
/do OpaqueBehavior /do OpaqueBehavior
slidingCylinder ACT_Extend() stampingCylinder ACT_Retract() [after(t#1s)]

Fig. 30.  Stamp's pressure profiled in Scenario Sc8 [35]

Simultaneously, after the metallic or white plastic work piece is placed in the sliding cylinder
and the crane is raised again, it is checked if there is a black plastic work piece available at the
stack (refer to Fig. 20). If a black work piece is available at the stack, the crane uses the stamping
time and starts turning clockwise to pick up the black piece and place it at the ramp. After
depositing the work piece at the ramp, it is checked if the stamping process is finished and if
another black work piece is on hand at the stack. As long as the stamping process is in progress,
all available black work pieces are transported to the slide. However, as soon as the stamping
process is completed, the crane handles the stamped metallic or white plastic work piece from
the stamp and deposits it at the ramp prior to picking up another work piece at the stack’s pickup
position. If the next available work piece at the stack is a metallic or white plastic piece, while
the stamping is still in progress, the crane waits at the stamp until the stamping process is fin-
ished. Depending on the time needed for the stamping progress, a certain number of black work
pieces can be handled until the stamping is finished and the stamped work piece is transported.
In the model seen in Fig. 20 only a single black work piece can be handled before the stamping
process is complete. After the crane either placed a black, white or a metallic work piece at the
ramp, the crane moves back to the pickup position at the stack or to the stamp and the work
piece slides down the ramp of the output storage. See also Fig. 21 for the work piece supply.

If no further work piece is detected at the pickup position and the sliding cylinder at the stamp
is empty, the plant stops operating. However, there is no separate sensor at the stack to detect
the absence of a work piece. Instead, the not sending of the ‘work piece detected’-signal while
the cylinder is extended, is used to conclude the absence of a further object at the pickup posi-
tion and also that no further work pieces are left in the stack. If the sensor detects another work
piece the process will restart at the stack.

2.10.2.3 Emergency stop behavior in Scenario Sc8

There are two emergency buttons (negative logic), one at the stack and one at the stamp. In a
case of emergency — if at least one emergency button is pushed — the PPU is set to a safe state.
In this safe state, the pneumatic cylinder of the stack is retracted, the crane stops rotating and
shuts off the vacuum (a gripped work piece falls down), the stamp raises and the magazine
slider is extended (cf. Fig. 17). Moreover, the pressure of the stamping cylinder is set to 0.
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Fig. 31.  Emergency stop behavior in Scenario Sc8 [35]

2.11 Scenario Sc9

Within the Scenario Sc9, the PPU consists of a stack (cf. no. 1 in Fig. 32) working as a work
piece input storage, a conveyor (no. 2) working as a work piece output storage, a stamp (no. 3)
for stamping work pieces and a crane (no. 4) for transporting work pieces by picking and plac-
ing them between these three working positions. Moreover, the crane may use the stamp com-
ponent for buffering purposes. For human interaction, an operation panel provides a start button
as well as an emergency stop. The PPU processes black plastic work pieces, white plastic work
pieces as well as metallic work pieces in this Scenario. Black work pieces are separated at the
stack and subsequently transported directly to the conveyor. In contrast, white plastic work
pieces and metallic work pieces are transported from the stack to the stamp, processed there
and then transported to the conveyor. However, it is not sufficient to stamp the two materials —
metallic and plastic work pieces — with the same pressure; hence, being able to carry out two
different processes, one for each material, is necessary. Hence, white plastic and metallic work
pieces are stamped using different pressure profiles.
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Fig. 32.  Overview on the PPU in Scenario Sc9 (left: graphically [37], right: logically [38])

The four mechatronic components, i.e. stack, crane, conveyor and stamp (cf. Table 15), consist
of sensors and actuators and require control for operation. These components are described in
detail in the following. Subsequently, the initialization procedure and overall behavior of the
PPU in Scenario Sc9 are presented. The models for this Scenario are freely available from [37]-
[39].
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Table 15. Component list of the PPU in Scenario Sc9 [39]

Egﬂ' Resource | Clamp | Description Component | Type
1 100 X1 Stack

2 200 X2 Crane

3 300 X3 Stamp

4 400 X4 Conveyor

2.11.1 PPU’s structure in Scenario Sc9
In the following subsections, the PPU’s structure, i.e. the composition of the PPU from its com-
ponents, is described.

2.11.1.1 Stack’s structure in Scenario Sc9

The mechatronic component stack of the PPU in Scenario Sc9 is the same as in Scenario Sc7.
Therefore, for a description of the stack’s structure, see section 2.9.1.1.

2.11.1.2 Crane’s structure in Scenario Sc9

The mechatronic component crane of the PPU in Scenario Sc9 is the same as in Scenario Sc3.
Therefore, for a description of the crane’s structure, see section 2.4.1.2.

2.11.1.3 Stamp’s structure in Scenario Sc9

The mechatronic component stamp of the PPU in Scenario Sc9 is the same as in Scenario Sc8.
Therefore, for a description of the stamp’s structure, see section 2.10.1.4.

2.11.1.4 Conveyor’s structure in Scenario Sc9

The conveyor serves as a transportation component in which work pieces are transported to a
ramp. In Fig. 33, an overview on the conveyor component is given. The conveyor consist of a
motor (no. 1) for realizing the translational movement of work pieces. A presence sensor (no. 2)
mounted to the beginning of the conveyor detects whether a work piece was placed on the
conveyor. Using a ramp mounted to the conveyor’s end, work pieces can be stored.
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Fig. 33.
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Overview on the conveyor component’s structure in Scenario Sc9 (left: graphically [37],
right: logically [38])

A detailed overview on the conveyor’s components as well as their respective terminal connec-
tions is shown in Table 16.

Table 16. Component list of the conveyor component in Scenario Sc9 [39]

Egii- Resource | Clamp | Description Component | Type
4 X4 Conveyor

400 40081 | xa1 | gl eoneyor SOOI conveyor | DI
400 | 400A10 | X4.2 l\c’)'r‘;"e conveyor backwards (Mo- | ~evor | DO
400 | 400A11 | X4.3 l\c’)'r‘;"e conveyor forwards (Mo- | ~evor | DO

2.11.2 PPU’s behavior in Scenario Sc9
In the following subsections, the PPU’s behavior, i.e. the initialization behavior, the automatic
operation mode behavior and the emergency stop behavior of the PPU, is described.

2.11.2.1 Initialization behavior in Scenario Sc9

The PPU is started by pressing the start buttons at all three operation panels. In Fig. 34, the
main initialization state chart is given. For initializing the conveyor, the conveyor runs for a
short period as shown in Fig. 35. The initialization of the other components, i.e. crane, stack
and stamp, is executed as described in sections 2.1.2.1 and 2.10.2.1. A green lamp at each op-

eration panel indicates a successful initialization.
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Fig. 34. Initialization procedure in Scenario Sc9 [38]
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Jdo OpaqueBehavior
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Jdo OpaqueBehavior
ACT_MoveForwards() [after(tLs)]

Jdo OpaqueBehavior
ACT Stop()

Fig. 35.  Conveyor’s initialization procedure in Scenario Sc9 [38]

2.11.2.2 Automatic operation mode behavior in Scenario Sc9

Three kinds of work pieces are used in this Scenario and handled differently by the PPU: Black
work pieces are directly transported to the conveyor whereas metallic and white plastic work
pieces are firstly stamped and afterwards transported to the conveyor.

After startup, one of the work pieces stored in the stack is separated and pushed to the pickup
position for the crane (cf. Fig. 12). In order to ensure the correct position of the work piece, the
separating cylinder of the stack remains extended. For a detailed description of the stack’s func-
tionality see section 2.1.2.2. As soon as a work piece is detected by the digital micro switch at
the stack’s pickup position, the crane starts turning clockwise and stops at the stack’s position.
The crane has to turn 90°-counterclockwise to transport black work pieces from the stack di-
rectly to the conveyor. For metallic and white plastic work pieces, the crane has to turn 180°-
counterclockwise to place work pieces at the stamp. An inductive sensor, whose value is true
for metallic work pieces, is used to check the specific kind of the extended work piece at the
extension position of the stack. An optical sensor, whose value is true for white work pieces, is
used to check the specific color of the extended work piece at the pickup position. An overview
on the detection of the work piece type is shown in Fig. 26. The crane then picks up the work
piece by using the vacuum gripper, lifts, turns to the desired position, lowers, and deposits the
work piece at the respective place. A detailed description about the pick and place functionality
of the crane is described in section 2.1.2.2.

Whereas black work pieces are directly transported to the conveyor, metallic and white plastic
work pieces run through an additional process at the stamp (cf. Fig. 27). Metallic and white
plastic work pieces are delivered by the crane at the sliding cylinder of the stamp. The sliding
cylinder retracts and extends the work pieces to and from beneath the stamp. As soon as the
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retraction is detected the stamp is lowered for a certain time and with a fixed pressure — de-
pending on the type of work piece detected — raised by setting the ‘lower command’ to false,
and followed by the extension of the slider. As depicted in Fig. 30, as soon as the magazine
slider is retracted, a choice for selecting the pressure profile is made. If the current work piece,
which has been transported by the crane to the stamp, is metallic, the metallic pressure profile
is executed. If the work piece is a white plastic one, the pressure profile for white plastic profiles
is applied.

Simultaneously, after the metallic or white plastic work piece is placed in the sliding cylinder
and the crane is raised again, it is checked if there is a black plastic work piece available at the
stack (refer to Fig. 20). If a black work piece is available at the stack, the crane uses the stamping
time and starts turning clockwise to pick up the black piece and place it at the conveyor. After
depositing the work piece at the conveyor, it is checked if the stamping process is finished and
if another black work piece is on hand at the stack. As long as the stamping process is in pro-
gress, all available black work pieces are transported to the slide. However, as soon as the
stamping process is completed, the crane handles the stamped metallic or white plastic work
piece from the stamp and deposits it at the conveyor prior to picking up another work piece at
the stack’s pickup position. If the next available work piece at the stack is a metallic or white
plastic piece, while the stamping is still in progress, the crane waits at the stamp until the stamp-
ing process is finished. Depending on the time needed for the stamping progress, a certain num-
ber of black work pieces can be handled until the stamping is finished and the stamped work
piece is transported. In the model seen in Fig. 20 only a single black work piece can be handled
before the stamping process is complete. After the crane either placed a black, white or a me-
tallic work piece at the conveyor, the crane moves back to the pickup position at the stack or to
the stamp. See also Fig. 21 for the work piece supply. Once the work piece is placed on the
conveyor, it is detected by a sensor and the conveyor starts running for a certain time and trans-
ports the work piece to the ramp, where it slides down (cf. Fig. 36). Depending on the length
and the speed of the conveyor, a timer is set to ensure the conveyor is running long enough for
the work piece to reach the ramp.

( Conveyor ACT_SortWP

[DLWPAtBeginning]/ [true]/

WPSorted=rfalse and IsSorting =true MotorTurningFerwards [after(t#3s)] MotorStopping iNPSmted:true and IsSerting=false
. /do OpagqueBehavior /do OpaqueBehavior @
motorACT_TurnForwards() motorACT_Stop() |

Fig. 36.  Conveyor behavior in Scenario Sc9 [38]

If no further work piece is detected at the pickup position, the sliding cylinder at the stamp is
empty and no work piece is present at the conveyor, the plant stops operating. However, there
IS no separate sensor at the stack to detect the absence of a work piece. Instead, the not sending
of the ‘work piece detected’-signal while the cylinder is extended, is used to conclude the ab-
sence of a further object at the pickup position and also that no further work pieces are left in
the stack. If the sensor detects another work piece the process will restart at the stack.
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2.11.2.3 Emergency stop behavior in Scenario Sc9

There are three emergency buttons (negative logic), one at the stack, one at the stamp and one
at the conveyor. In a case of emergency — if at least one emergency button is pushed — the PPU
IS set to a safe state. In this safe state, the pneumatic cylinder of the stack is retracted, the crane
stops rotating and shuts off the vacuum (a gripped work piece falls down), the stamp raises and
the magazine slider is extended (cf. Fig. 17). Moreover, the pressure of the stamping cylinder
is set to 0 and the conveyor is stopped (cf. Fig. 37).

. = .
hd‘f] ‘ i I ‘ [t\%
| | | | v

[ [ CraneStopping ! ConveyorStopping
/do OpaqueBehavior /do OpaqueBehavior /do OpaqueBehavior ! /do OpaqueBehavior conveyormotar ACT_Stop
liftingCylinder. ACT_Extend() CT_Release( ‘table. motorACT_Stop0 ) |

s b i B

/do OpaqueBehavior
stamp.slidingCylinder.ACT_Extend()) st

{crane lifting Cylinder DL

Fig. 37.  Emergency stop behavior in Scenario Sc9 [38]

2.12 Scenario Scl10

Within the Scenario Sc10, the PPU consists of a stack (cf. no. 1 in Fig. 38) working as a work
piece input storage, a conveyor (no. 2) working as a work piece output storage, a stamp (no. 3)
for stamping work pieces and a crane (no. 4) for transporting work pieces by picking and plac-
ing them between these three working positions. Moreover, the crane may use the stamp com-
ponent for buffering purposes. For human interaction, an operation panel provides a start button
as well as an emergency stop. The PPU processes black plastic work pieces, white plastic work
pieces as well as metallic work pieces in this Scenario. Black work pieces are separated at the
stack and subsequently transported directly to the conveyor. In contrast, white plastic work
pieces and metallic work pieces are transported from the stack to the stamp, processed there
and then transported to the conveyor. However, it is not sufficient to stamp the two materials —
metallic and plastic work pieces — with the same pressure; hence, being able to carry out two
different processes, one for each material, is necessary. Hence, white plastic and metallic work
pieces are stamped using different pressure profiles. Within the conveyor, three ramps are used
as output storages. Two of the ramps are filled using respective pushing cylinders. A third ramp
mounted to the end of the conveyor is filled by translationally moving the work piece using the
conveyor. The ramps shall be filled one by one — starting with the one at the end of the conveyor,
then the mid-ramp and finally the ramp at the beginning of the conveyor.
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Fig. 38.  Overview on the PPU in Scenario Sc10 (left: graphically [40], right: logically [41])

The four mechatronic components, i.e. stack, crane, conveyor and stamp (cf. Table 15), consist
of sensors and actuators and require control for operation. These components are described in
detail in the following. Subsequently, the initialization procedure and overall behavior of the
PPU in Scenario Sc10 are presented. The models for this Scenario are freely available from
[40]-[42].

2.12.1 PPU’s structure in Scenario Sc10
In the following subsections, the PPU’s structure, i.e. the composition of the PPU from its com-
ponents, is described.

2.12.1.1 Stack’s structure in Scenario Sc10

The mechatronic component stack of the PPU in Scenario Sc10 is the same as in Scenario Sc7.
Therefore, for a description of the stack’s structure, see section 2.9.1.1.

2.12.1.2 Crane’s structure in Scenario Sc10

The mechatronic component crane of the PPU in Scenario Sc10 is the same as in Scenario Sc3.
Therefore, for a description of the crane’s structure, see section 2.4.1.2.

2.12.1.3 Stamp’s structure in Scenario Sc10

The mechatronic component stamp of the PPU in Scenario Sc10 is the same as in Scenario Sc8.
Therefore, for a description of the stamp’s structure, see section 2.10.1.4.

2.12.1.4 Conveyor’s structure in Scenario Sc10

The conveyor serves as a transportation component in which work pieces are transported into
three ramps. In Fig. 39, an overview on the conveyor component is given. The conveyor consist
of a motor (no. 1) for realizing the translational movement of work pieces. A presence sensor
(no. 2) mounted to the beginning of the conveyor detects whether a work piece was placed on
the conveyor. Three ramps are mounted to the conveyor. For the ramps at the beginning as well
as at the center of the conveyor, respective pushing cylinders (no. 3) are installed for pushing
work pieces into the ramps. These pushing cylinders contain valves for extending or retracting
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the cylinders as well as end position sensors for detecting whether the cylinder is extended or
retracted. Optical sensors (no. 4) detect whether a work piece is at the ramp or not.

Fig. 39.
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Overview on the conveyor component’s structure in Scenario Sc10 (left: graphically [40],

right: logically [41])

A detailed overview on the conveyor’s components as well as their respective terminal connec-
tions is shown in Table 17.

Table 17. Component list of the conveyor component in Scenario Sc10 [42]

ng}" Resource | Clamp | Description Component | Type

4 X4 Conveyor
WP at conveyor’s beginning

400 400B1 X4.1 Conveyor Dl
(Presence Sensor)

400 400A10 | X4.2 i\gr‘;"e conveyor backwards (Mo- | ~vevor | DO

400 | 400A11 | X4.3 Z'S"e conveyor forwards (Mo- |~ evor | po

400 | 400B4 | x44 |LlontWPatrampl(Optical | oo | py
Sensor)

400 |400B6 |xa5 |LigntWeatramp2(Optical | o000 | py
Sensor)

400 400B7 X4.6 WP at conveyor’s end (Presence Conveyor DI
Sensor)
Separator at ramp 1 extended

400 400B8 X4.7 (Reed Switch) Conveyor Dl
Separator at ramp 1 retracted

400 400B9 X4.8 (Reed Switch) Conveyor DI
Separator at ramp 2 extended

400 400B10 X4.9 (Reed Switch) Conveyor Dl
Separator at ramp 2 retracted

400 400B11 X4.10 (Reed Switch) Conveyor Dl

400 | 400A12 | x411 |EXtend separatoratramp 1 Conveyor | DO
(Valve)

400 | 400A13 |xa412 | EXtend separator atramp 2 Conveyor | DO
(Valve)
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2.12.2 PPU’s behavior in Scenario Sc10
In the following subsections, the PPU’s behavior, i.e. the initialization behavior, the automatic
operation mode behavior and the emergency stop behavior of the PPU, is described.

2.12.2.1 Initialization behavior in Scenario Sc10

The PPU’s initialization behavior in Scenario Sc10 is the same as in Scenario Sc9. Therefore,
for a description of the PPU’s initialization behavior, see section 2.11.2.1.

2.12.2.2 Automatic operation mode behavior in Scenario Sc10

Three kinds of work pieces are used in this Scenario and handled differently by the PPU: Black
work pieces are directly transported to the conveyor whereas metallic and white plastic work
pieces are firstly stamped and afterwards transported to the conveyor.

After startup, one of the work pieces stored in the stack is separated and pushed to the pickup
position for the crane (cf. Fig. 12). In order to ensure the correct position of the work piece, the
separating cylinder of the stack remains extended. For a detailed description of the stack’s func-
tionality see section 2.1.2.2. As soon as a work piece is detected by the digital micro switch at
the stack’s pickup position, the crane starts turning clockwise and stops at the stack’s position.
The crane has to turn 90°-counterclockwise to transport black work pieces from the stack di-
rectly to the conveyor. For metallic and white plastic work pieces, the crane has to turn 180°-
counterclockwise to place work pieces at the stamp. An inductive sensor, whose value is true
for metallic work pieces, is used to check the specific kind of the extended work piece at the
extension position of the stack. An optical sensor, whose value is true for white work pieces, is
used to check the specific color of the extended work piece at the pickup position. An overview
on the detection of the work piece type is shown in Fig. 26. The crane then picks up the work
piece by using the vacuum gripper, lifts, turns to the desired position, lowers, and deposits the
work piece at the respective place. A detailed description about the pick and place functionality
of the crane is described in section 2.1.2.2.

Whereas black work pieces are directly transported to the conveyor, metallic and white plastic
work pieces run through an additional process at the stamp (cf. Fig. 27). Metallic and white
plastic work pieces are delivered by the crane at the sliding cylinder of the stamp. The sliding
cylinder retracts and extends the work pieces to and from beneath the stamp. As soon as the
retraction is detected the stamp is lowered for a certain time and with a fixed pressure — de-
pending on the type of work piece detected — raised by setting the ‘lower command’ to false,
and followed by the extension of the slider. As depicted in Fig. 30, as soon as the magazine
slider is retracted, a choice for selecting the pressure profile is made. If the current work piece,
which has been transported by the crane to the stamp, is metallic, the metallic pressure profile
is executed. If the work piece is a white plastic one, the pressure profile for white plastic profiles
is applied.

Simultaneously, after the metallic or white plastic work piece is placed in the sliding cylinder
and the crane is raised again, it is checked if there is a black plastic work piece available at the
stack (refer to Fig. 20). If a black work piece is available at the stack, the crane uses the stamping
time and starts turning clockwise to pick up the black piece and place it at the conveyor. After
depositing the work piece at the conveyor, it is checked if the stamping process is finished and
if another black work piece is on hand at the stack. As long as the stamping process is in pro-
gress, all available black work pieces are transported to the slide. However, as soon as the
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stamping process is completed, the crane handles the stamped metallic or white plastic work
piece from the stamp and deposits it at the conveyor prior to picking up another work piece at
the stack’s pickup position. If the next available work piece at the stack is a metallic or white
plastic piece, while the stamping is still in progress, the crane waits at the stamp until the stamp-
ing process is finished. Depending on the time needed for the stamping progress, a certain num-
ber of black work pieces can be handled until the stamping is finished and the stamped work
piece is transported. In the model seen in Fig. 20 only a single black work piece can be handled
before the stamping process is complete. After the crane either placed a black, white or a me-
tallic work piece at the conveyor, the crane moves back to the pickup position at the stack or to
the stamp. See also Fig. 21 for the work piece supply. Once the work piece is placed on the
conveyor, it is detected by a sensor. The ramp at the end of the conveyor is filled by simply
transporting the work pieces all the way to the ramp where they slide down as soon as they
reach the end. Filling up the two lateral ramps is done utilizing the two pneumatic cylinders set
up next to the conveyor. Once the ramp at the end is completely filled with work pieces, the
mid-ramp is used as an output storage. An optical sensor detects the work piece being trans-
ported by the running conveyor and controls the pneumatic cylinder, which pushes — by extend-
ing — the piece down the ramp. Like all the other pneumatic cylinders used in the plant, the two
cylinders acting as pushers consist each of two binary position sensors (one at the front and one
at the rear), which detect if the pneumatic cylinder is extended or retracted. Refer to Fig. 40 for
the conveyor’s behavior.
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Fig. 40.  Conveyor behavior in Scenario Sc10 [41]

If no further work piece is detected at the pickup position, the sliding cylinder at the stamp is
empty and no work piece is present at the conveyor, the plant stops operating. However, there
IS no separate sensor at the stack to detect the absence of a work piece. Instead, the not sending
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of the ‘work piece detected’-signal while the cylinder is extended, is used to conclude the ab-
sence of a further object at the pickup position and also that no further work pieces are left in
the stack. If the sensor detects another work piece the process will restart at the stack.

2.12.2.3 Emergency stop behavior in Scenario Sc10

There are three emergency buttons (negative logic), one at the stack, one at the stamp and one
at the conveyor. In a case of emergency — if at least one emergency button is pushed — the PPU
IS set to a safe state. In this safe state, the pneumatic cylinder of the stack is retracted, the crane
stops rotating and shuts off the vacuum (a gripped work piece falls down), the stamp raises and
the magazine slider is extended (cf. Fig. 17). Moreover, the pressure of the stamping cylinder
is set to O, the conveyor is stopped and the pushing cylinders at the conveyor are retracted (cf.
Fig. 41).

Fig. 41.  Emergency stop behavior in Scenario Sc10 [41]

2.13 Scenario Scll

Within the Scenario Scl1, the PPU consists of a stack (cf. no. 1 in Fig. 38) working as a work
piece input storage, a conveyor (no. 2) working as a work piece output storage, a stamp (no. 3)
for stamping work pieces and a crane (no. 4) for transporting work pieces by picking and plac-
ing them between these three working positions. Moreover, the crane may use the stamp com-
ponent for buffering purposes. For human interaction, an operation panel provides a start button
as well as an emergency stop. The PPU processes black plastic work pieces, white plastic work
pieces as well as metallic work pieces in this Scenario. Black work pieces are separated at the
stack and subsequently transported directly to the conveyor. In contrast, white plastic work
pieces and metallic work pieces are transported from the stack to the stamp, processed there
and then transported to the conveyor. However, it is not sufficient to stamp the two materials —
metallic and plastic work pieces — with the same pressure; hence, being able to carry out two
different processes, one for each material, is necessary. Hence, white plastic and metallic work
pieces are stamped using different pressure profiles. Within the conveyor, three ramps are used
as output storages. Two of the ramps are filled using respective pushing cylinders. A third ramp
mounted to the end of the conveyor is filled by translationally moving the work piece using the
conveyor. Within the first ramp, white work pieces are stored. Within the second ramp, metal
work pieces are stored and within the third ramp, black work pieces are stored. The models for
this Scenario are freely available from [43]-[45].

2.13.1 PPU’s structure in Scenario Scll
In the following subsections, the PPU’s structure, i.e. the composition of the PPU from its com-
ponents, is described.
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2.13.1.1 Stack’s structure in Scenario Sc11

The mechatronic component stack of the PPU in Scenario Sc11 is the same as in Scenario Sc7.
Therefore, for a description of the stack’s structure, see section 2.9.1.1.

2.13.1.2 Crane’s structure in Scenario Scl1l

The mechatronic component crane of the PPU in Scenario Sc11 is the same as in Scenario Sc3.
Therefore, for a description of the crane’s structure, see section 2.4.1.2.

2.13.1.3 Stamp’s structure in Scenario Sc11

The mechatronic component stamp of the PPU in Scenario Sc11 is the same as in Scenario Sc8.
Therefore, for a description of the stamp’s structure, see section 2.10.1.4.

2.13.1.4 Conveyor’s structure in Scenario Scll

The conveyor serves as a transportation component in which work pieces are transported into
three ramps. In Fig. 39, an overview on the conveyor component is given. The conveyor consist
of a motor (no. 1) for realizing the translational movement of work pieces. A presence sensor
(no. 2) mounted to the beginning and the end of the conveyor detects whether a work piece was
placed on the conveyor. Three ramps are mounted to the conveyor. For the ramps at the begin-
ning as well as at the center of the conveyor, respective pushing cylinders (no. 3) are installed
for pushing work pieces into the ramps. These pushing cylinders contain valves for extending
or retracting the cylinders as well as end position sensors for detecting whether the cylinder is
extended or retracted. Optical sensors (no. 4) detect whether a work piece is at the ramp or not.
Inductive sensors (no. 5) detect whether a work piece is a metallic one or not.
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Fig. 42.  Overview on the conveyor component’s structure in Scenario Scl1 (left: graphically [43],
right: logically [44])

A detailed overview on the conveyor’s components as well as their respective terminal connec-
tions is shown in Table 18.
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Table 18. Component list of the conveyor component in Scenario Sc11 [45]

Egﬂ' Resource | Clamp | Description Component | Type
4 X4 Conveyor

WP at conveyor’s beginning
(Presence Sensor)

Move conveyor backwards (Mo-
tor)

Move conveyor forwards (Mo-
tor)

Light WP at ramp 1 (Optical
Sensor)

Light WP at ramp 2 (Optical
Sensor)

WP at conveyor’s end (Presence
Sensor)

Separator at ramp 1 extended
(Reed Switch)

Separator at ramp 1 retracted
(Reed Switch)

Separator at ramp 2 extended
(Reed Switch)

Separator at ramp 2 retracted
(Reed Switch)

Extend separator at ramp 1
(Valve)

Extend separator at ramp 2
(Valve)

Metallic WP at ramp 1 (Induc-
tive Sensor)

Metallic WP at ramp 2 (Induc-
tive Sensor)

400 400B1 X4.1 Conveyor | DI

400 400A10 X4.2 Conveyor | DO

400 400A11 X4.3 Conveyor DO

400 400B4 X4.4 Conveyor Dl

400 400B6 X4.5 Conveyor Dl

400 400B7 X4.6 Conveyor Dl

400 400B8 X4.7 Conveyor Dl

400 400B9 X4.8 Conveyor Dl

400 400B10 X4.9 Conveyor Dl

400 400B11 X4.10 Conveyor Dl

400 400A12 X4.11 Conveyor DO

400 400A13 X4.12 Conveyor DO

400 400B3 X4.13 Conveyor Dl

400 400B5 X4.14 Conveyor Dl

2.13.2 PPU’s behavior in Scenario Sc1l
In the following subsections, the PPU’s behavior, i.e. the initialization behavior, the automatic
operation mode behavior and the emergency stop behavior of the PPU, is described.

2.13.2.1 Initialization behavior in Scenario Sc11

The PPU’s initialization behavior in Scenario Sc11 is the same as in Scenario Sc9. Therefore,
for a description of the PPU’s initialization behavior, see section 2.11.2.1.

2.13.2.2 Automatic operation mode behavior in Scenario Scl11

Three kinds of work pieces are used in this Scenario and handled differently by the PPU: Black
work pieces are directly transported to the conveyor whereas metallic and white plastic work
pieces are firstly stamped and afterwards transported to the conveyor.

After startup, one of the work pieces stored in the stack is separated and pushed to the pickup
position for the crane (cf. Fig. 12). In order to ensure the correct position of the work piece, the
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separating cylinder of the stack remains extended. For a detailed description of the stack’s func-
tionality see section 2.1.2.2. As soon as a work piece is detected by the digital micro switch at
the stack’s pickup position, the crane starts turning clockwise and stops at the stack’s position.
The crane has to turn 90°-counterclockwise to transport black work pieces from the stack di-
rectly to the conveyor. For metallic and white plastic work pieces, the crane has to turn 180°-
counterclockwise to place work pieces at the stamp. An inductive sensor, whose value is true
for metallic work pieces, is used to check the specific kind of the extended work piece at the
extension position of the stack. An optical sensor, whose value is true for white work pieces, is
used to check the specific color of the extended work piece at the pickup position. An overview
on the detection of the work piece type is shown in Fig. 26. The crane then picks up the work
piece by using the vacuum gripper, lifts, turns to the desired position, lowers, and deposits the
work piece at the respective place. A detailed description about the pick and place functionality
of the crane is described in section 2.1.2.2.

Whereas black work pieces are directly transported to the conveyor, metallic and white plastic
work pieces run through an additional process at the stamp (cf. Fig. 27). Metallic and white
plastic work pieces are delivered by the crane at the sliding cylinder of the stamp. The sliding
cylinder retracts and extends the work pieces to and from beneath the stamp. As soon as the
retraction is detected the stamp is lowered for a certain time and with a fixed pressure — de-
pending on the type of work piece detected — raised by setting the ‘lower command’ to false,
and followed by the extension of the slider. As depicted in Fig. 30, as soon as the magazine
slider is retracted, a choice for selecting the pressure profile is made. If the current work piece,
which has been transported by the crane to the stamp, is metallic, the metallic pressure profile
is executed. If the work piece is a white plastic one, the pressure profile for white plastic profiles
is applied.

Simultaneously, after the metallic or white plastic work piece is placed in the sliding cylinder
and the crane is raised again, it is checked if there is a black plastic work piece available at the
stack (refer to Fig. 20). If a black work piece is available at the stack, the crane uses the stamping
time and starts turning clockwise to pick up the black piece and place it at the conveyor. After
depositing the work piece at the conveyor, it is checked if the stamping process is finished and
if another black work piece is on hand at the stack. As long as the stamping process is in pro-
gress, all available black work pieces are transported to the slide. However, as soon as the
stamping process is completed, the crane handles the stamped metallic or white plastic work
piece from the stamp and deposits it at the conveyor prior to picking up another work piece at
the stack’s pickup position. If the next available work piece at the stack is a metallic or white
plastic piece, while the stamping is still in progress, the crane waits at the stamp until the stamp-
ing process is finished. Depending on the time needed for the stamping progress, a certain num-
ber of black work pieces can be handled until the stamping is finished and the stamped work
piece is transported. In the model seen in Fig. 20 only a single black work piece can be handled
before the stamping process is complete. After the crane either placed a black, white or a me-
tallic work piece at the conveyor, the crane moves back to the pickup position at the stack or to
the stamp. See also Fig. 21 for the work piece supply. Once the work piece is placed on the
conveyor, it is detected by a sensor. As soon as the work piece reaches the first pair of opposing
optical (diffuse sensor — true for light reflecting pieces) and inductive (true for metallic) sensors,
located shortly before the first ramp, the specific kind of the work piece is checked. If a white
work piece is detected (optical true, inductive false) the pneumatic cylinder opposing the first
ramp is extended a certain time after detecting the work piece (the time depends on the conveyor
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belt speed which is set manually) and directly retracted after full extension. By extending the
cylinder, the work piece on the conveyor is pushed down the first ramp, where the white pieces
are stored. If a metallic work piece is detected (optical true, inductive true) the pusher opposing
the first ramp remains in its retracted position and the work piece passes it. Next, the work piece
passes the second pair of opposing optical and inductive sensors, which are located shortly
before the second ramp and the type of the work piece is checked again. If a metallic work piece
is detected (optical true, inductive true) the pusher opposing the second ramp will be extended
a certain time after detection (as before depending on the conveyor belt speed) and directly
retracted after full extension. Black work pieces pass both of the lateral ramps without extension
of the pneumatic cylinders and are transported to the ramp at the very end of the conveyor.
Refer to Fig. 43 for the conveyor’s behavior.
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Fig. 43.  Conveyor behavior in Scenario Sc11 [44]

If no further work piece is detected at the pickup position, the sliding cylinder at the stamp is
empty and no work piece is present at the conveyor, the plant stops operating. However, there
IS no separate sensor at the stack to detect the absence of a work piece. Instead, the not sending
of the ‘work piece detected’-signal while the cylinder is extended, is used to conclude the ab-
sence of a further object at the pickup position and also that no further work pieces are left in
the stack. If the sensor detects another work piece the process will restart at the stack.

2.13.2.3 Emergency stop behavior in Scenario Sc11

The PPU’s emergency stop behavior in Scenario Sc11 is the same as in Scenario Sc10. There-
fore, for a description of the PPU’s emergency stop behavior, see section 2.12.2.3.
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2.14 Scenario Sc12

Within the Scenario Sc12, the PPU consists of a stack (cf. no. 1 in Fig. 38) working as a work
piece input storage, a conveyor (no. 2) working as a work piece output storage, a stamp (no. 3)
for stamping work pieces and a crane (no. 4) for transporting work pieces by picking and plac-
ing them between these three working positions. Moreover, the crane may use the stamp com-
ponent for buffering purposes. For human interaction, an operation panel provides a start button
as well as an emergency stop. The PPU processes black plastic work pieces, white plastic work
pieces as well as metallic work pieces in this Scenario. Black work pieces are separated at the
stack and subsequently transported directly to the conveyor. In contrast, white plastic work
pieces and metallic work pieces are transported from the stack to the stamp, processed there
and then transported to the conveyor. However, it is not sufficient to stamp the two materials —
metallic and plastic work pieces — with the same pressure; hence, being able to carry out two
different processes, one for each material, is necessary. Hence, white plastic and metallic work
pieces are stamped using different pressure profiles. Within the conveyor, three ramps are used
as output storages. Two of the ramps are filled using respective pushing cylinders. A third ramp
mounted to the end of the conveyor is filled by translationally moving the work piece using the
conveyor. Each of the ramps shall have the same sorting order of work pieces — mixed work
pieces shall henceforth be stored within the ramps. The models for this Scenario are freely
available from [46]-[48].

2.14.1 PPU’s structure in Scenario Sc12
The PPU’s structure in Scenario Sc12 is the same as in Scenario Sc11. Therefore, for a descrip-
tion of the PPU’s structure, see section 2.13.1.

2.14.2 PPU’s behavior in Scenario Sc12
In the following subsections, the PPU’s behavior, i.e. the initialization behavior, the automatic
operation mode behavior and the emergency stop behavior of the PPU, is described.

2.14.2.1 Initialization behavior in Scenario Sc12

The PPU’s initialization behavior in Scenario Sc12 is the same as in Scenario Sc9. Therefore,
for a description of the PPU’s initialization behavior, see section 2.11.2.1.

2.14.2.2 Automatic operation mode behavior in Scenario Sc12

Three kinds of work pieces are used in this Scenario and handled differently by the PPU: Black
work pieces are directly transported to the conveyor whereas metallic and white plastic work
pieces are firstly stamped and afterwards transported to the conveyor.

After startup, one of the work pieces stored in the stack is separated and pushed to the pickup
position for the crane (cf. Fig. 12). In order to ensure the correct position of the work piece, the
separating cylinder of the stack remains extended. For a detailed description of the stack’s func-
tionality see section 2.1.2.2. As soon as a work piece is detected by the digital micro switch at
the stack’s pickup position, the crane starts turning clockwise and stops at the stack’s position.
The crane has to turn 90°-counterclockwise to transport black work pieces from the stack di-
rectly to the conveyor. For metallic and white plastic work pieces, the crane has to turn 180°-
counterclockwise to place work pieces at the stamp. An inductive sensor, whose value is true
for metallic work pieces, is used to check the specific kind of the extended work piece at the
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extension position of the stack. An optical sensor, whose value is true for white work pieces, is
used to check the specific color of the extended work piece at the pickup position. An overview
on the detection of the work piece type is shown in Fig. 26. The crane then picks up the work
piece by using the vacuum gripper, lifts, turns to the desired position, lowers, and deposits the
work piece at the respective place. A detailed description about the pick and place functionality
of the crane is described in section 2.1.2.2.

Whereas black work pieces are directly transported to the conveyor, metallic and white plastic
work pieces run through an additional process at the stamp (cf. Fig. 27). Metallic and white
plastic work pieces are delivered by the crane at the sliding cylinder of the stamp. The sliding
cylinder retracts and extends the work pieces to and from beneath the stamp. As soon as the
retraction is detected the stamp is lowered for a certain time and with a fixed pressure — de-
pending on the type of work piece detected — raised by setting the ‘lower command’ to false,
and followed by the extension of the slider. As depicted in Fig. 30, as soon as the magazine
slider is retracted, a choice for selecting the pressure profile is made. If the current work piece,
which has been transported by the crane to the stamp, is metallic, the metallic pressure profile
is executed. If the work piece is a white plastic one, the pressure profile for white plastic profiles
is applied.

Simultaneously, after the metallic or white plastic work piece is placed in the sliding cylinder
and the crane is raised again, it is checked if there is a black plastic work piece available at the
stack (refer to Fig. 20). If a black work piece is available at the stack, the crane uses the stamping
time and starts turning clockwise to pick up the black piece and place it at the conveyor. After
depositing the work piece at the conveyor, it is checked if the stamping process is finished and
if another black work piece is on hand at the stack. As long as the stamping process is in pro-
gress, all available black work pieces are transported to the slide. However, as soon as the
stamping process is completed, the crane handles the stamped metallic or white plastic work
piece from the stamp and deposits it at the conveyor prior to picking up another work piece at
the stack’s pickup position. If the next available work piece at the stack is a metallic or white
plastic piece, while the stamping is still in progress, the crane waits at the stamp until the stamp-
ing process is finished. Depending on the time needed for the stamping progress, a certain num-
ber of black work pieces can be handled until the stamping is finished and the stamped work
piece is transported. In the model seen in Fig. 20 only a single black work piece can be handled
before the stamping process is complete. After the crane either placed a black, white or a me-
tallic work piece at the conveyor, the crane moves back to the pickup position at the stack or to
the stamp. See also Fig. 21 for the work piece supply. Once the work piece is placed on the
conveyor, it is detected by a sensor. As soon as the work piece reaches the first pair of opposing
optical (diffuse sensor — true for light-reflecting) and inductive (true for metallic) sensors, lo-
cated shortly before the first ramp, the specific kind of the work piece is checked. With the
installed sensors, it is possible to detect which type of work piece is momentarily being trans-
ported by the conveyor. Once detected, the white work pieces (optical true, inductive false) and
the metallic work pieces (optical true, inductive true) are handled like the black work pieces (as
described above): After determining the specific kind, the work piece is transported to one of
the ramps not yet containing that certain kind of work piece. Hereby, the lateral ramps are filled
by utilizing the pneumatic cylinders as pushers, the one at the end simply by transporting the
work piece to the end of the conveyor. Internal variables are used to record which type of work
piece has been stored in which one of the ramps. Once a work piece type has been identified by
the sensors and the piece is stored in a ramp, the count of the variable allocated to that specific
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ramp and that specific type is raised by one. By using those variables, the ramps not yet con-
taining the presently transported work piece type can be determined. Refer to Fig. 44 for the
conveyor’s behavior.
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Fig. 44.  Conveyor behavior in Scenario Sc12 (part 1) [47]
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Fig. 45.  Conveyor behavior in Scenario Sc12 (part 2) [47]

If no further work piece is detected at the pickup position, the sliding cylinder at the stamp is
empty and no work piece is present at the conveyor, the plant stops operating. However, there
IS no separate sensor at the stack to detect the absence of a work piece. Instead, the not sending
of the ‘work piece detected’-signal while the cylinder is extended, is used to conclude the ab-
sence of a further object at the pickup position and also that no further work pieces are left in
the stack. If the sensor detects another work piece the process will restart at the stack.
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2.14.2.3 Emergency stop behavior in Scenario Sc12

The PPU’s emergency stop behavior in Scenario Sc12 is the same as in Scenario Sc10. There-
fore, for a description of the PPU’s emergency stop behavior, see section 2.12.2.3.

2.15 Scenario Sc13

Within the Scenario Sc13, the PPU consists of a stack (cf. no. 1 in Fig. 38) working as a work
piece input storage, a conveyor (no. 2) working as a work piece output storage, a stamp (no. 3)
for stamping work pieces and a crane (no. 4) for transporting work pieces by picking and plac-
ing them between these three working positions. Moreover, the crane may use the stamp com-
ponent for buffering purposes. For human interaction, an operation panel provides a start button
as well as an emergency stop. The PPU processes black plastic work pieces, white plastic work
pieces as well as metallic work pieces in this Scenario. Black work pieces are separated at the
stack and subsequently transported directly to the conveyor. In contrast, white plastic work
pieces and metallic work pieces are transported from the stack to the stamp, processed there
and then transported to the conveyor. However, it is not sufficient to stamp the two materials —
metallic and plastic work pieces — with the same pressure; hence, being able to carry out two
different processes, one for each material, is necessary. Hence, white plastic and metallic work
pieces are stamped using different pressure profiles. Within the conveyor, three ramps are used
as output storages. Two of the ramps are filled using respective pushing cylinders. A third ramp
mounted to the end of the conveyor is filled by translationally moving the work piece using the
conveyor. Each of the ramps shall have the same sorting order of work pieces — mixed work
pieces shall henceforth be stored within the ramps. The models for this Scenario are freely
available from [49]-[51].

2.15.1 PPU’s structure in Scenario Sc13
In the following subsections, the PPU’s structure, i.e. the composition of the PPU from its com-
ponents, is described.

2.15.1.1 Stack’s structure in Scenario Sc13

The mechatronic component stack of the PPU in Scenario Sc13 is the same as in Scenario Sc7
Therefore, for a description of the stack’s structure, see section 2.9.1.1.

2.15.1.2 Crane’s structure in Scenario Sc13

The crane serves as the transportation unit for transporting the work pieces from the stack to
the ramp as well as to the stamp. In Fig. 12, an overview on the crane’s components is given.
The crane consists of a pneumatic cylinder (no. 1) for lifting and lowering the work pieces. The
cylinder consists of two binary position sensors (one at each end) to detect whether the cylinder
is extended or retracted as well as one valve as actuator. On top of this cylinder, an arm with a
vacuum gripper (no. 2) is installed. The vacuum gripper is controlled by two valves and con-
tains a micro switch which indicates whether a work piece is gripped. These components are
mounted onto a turning table (no. 3) for rotational movement. At the bottom of the turning
table, a potentiometer (no. 4) is installed. The potentiometer is used to detect the current posi-
tion of the crane. The rotational movement of the turning table is realized by a motor (no. 5).
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Fig. 46.  Overview on the crane component’s structure in Scenario Scl3 (left: graphically [49],
right: logically [50])

A detailed overview on the crane’s components as well as their respective terminal connections
is shown Table 19.

Table 19. Component list of the crane component in Scenario Sc13 [51]

Egﬂ' Resource | Clamp | Description Component | Type

2 200 X2 Crane

200 200A1 X2.1 Extend lifting cylinder (Valve) Crane DO

200 200B7 X2.2 Llft_lng cylinder extended (Reed Crane DI
Switch)

200 200B6 %23 Llft_lng cylinder retracted (Reed Crane DI
Switch)

200 200A2 X2.4 Intake work piece (Valve) Crane DO

200 200A3 X2.5 Release work piece (Valve) Crane DO

200 200B5 X2.6 WP taken in (Vacuum Switch) Crane DI

200 200B6 X2.7 Potentiometer Crane Al

2.15.1.3 Stamp’s structure in Scenario Sc13

The mechatronic component stamp of the PPU in Scenario Sc13 is the same as in Scenario Sc8.
Therefore, for a description of the stamp’s structure, see section 2.10.1.4.

2.15.1.4 Conveyor’s structure in Scenario Sc13

The mechatronic component conveyor of the PPU in Scenario Sc13 is the same as in Scenario
Sc11. Therefore, for a description of the conveyor’s structure, see section 2.13.1.4.

2.15.2 PPU’s behavior in Scenario Sc13
In the following subsections, the PPU’s behavior, i.e. the initialization behavior, the automatic
operation mode behavior and the emergency stop behavior of the PPU, is described.

2.15.2.1 Initialization behavior in Scenario Sc13

The PPU’s initialization behavior in Scenario Sc13 is the same as in Scenario Sc9. Therefore,
for a description of the PPU’s initialization behavior, see section 2.11.2.1.
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2.15.2.2 Automatic operation mode behavior in Scenario Sc13

Three kinds of work pieces are used in this Scenario and handled differently by the PPU: Black
work pieces are directly transported to the conveyor whereas metallic and white plastic work
pieces are firstly stamped and afterwards transported to the conveyor.

After startup, one of the work pieces stored in the stack is separated and pushed to the pickup
position for the crane (cf. Fig. 12). In order to ensure the correct position of the work piece, the
separating cylinder of the stack remains extended. For a detailed description of the stack’s func-
tionality see section 2.1.2.2. As soon as a work piece is detected by the digital micro switch at
the stack’s pickup position, the crane starts turning clockwise and stops at the stack’s position.
The crane has to turn 90°-counterclockwise to transport black work pieces from the stack di-
rectly to the conveyor. For metallic and white plastic work pieces, the crane has to turn 180°-
counterclockwise to place work pieces at the stamp. A detailed overview on the crane behavior
is given in Fig. 47. An inductive sensor, whose value is true for metallic work pieces, is used
to check the specific kind of the extended work piece at the extension position of the stack. An
optical sensor, whose value is true for white work pieces, is used to check the specific color of
the extended work piece at the pickup position. An overview on the detection of the work piece
type is shown in Fig. 26. The crane then picks up the work piece by using the vacuum gripper,
lifts, turns to the desired position, lowers, and deposits the work piece at the respective place.
A detailed description about the pick and place functionality of the crane is described in section
2.1.2.2.
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Fig. 47.  Crane behavior in Scenario Sc13 [50]

Whereas black work pieces are directly transported to the conveyor, metallic and white plastic
work pieces run through an additional process at the stamp (cf. Fig. 27). Metallic and white
plastic work pieces are delivered by the crane at the sliding cylinder of the stamp. The sliding
cylinder retracts and extends the work pieces to and from beneath the stamp. As soon as the
retraction is detected the stamp is lowered for a certain time and with a fixed pressure — de-
pending on the type of work piece detected — raised by setting the ‘lower command’ to false,
and followed by the extension of the slider. As depicted in Fig. 30, as soon as the magazine
slider is retracted, a choice for selecting the pressure profile is made. If the current work piece,
which has been transported by the crane to the stamp, is metallic, the metallic pressure profile
is executed. If the work piece is a white plastic one, the pressure profile for white plastic profiles
is applied.

Simultaneously, after the metallic or white plastic work piece is placed in the sliding cylinder
and the crane is raised again, it is checked if there is a black plastic work piece available at the
stack (refer to Fig. 20). If a black work piece is available at the stack, the crane uses the stamping
time and starts turning clockwise to pick up the black piece and place it at the conveyor. After
depositing the work piece at the conveyor, it is checked if the stamping process is finished and
if another black work piece is on hand at the stack. As long as the stamping process is in pro-
gress, all available black work pieces are transported to the slide. However, as soon as the
stamping process is completed, the crane handles the stamped metallic or white plastic work
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piece from the stamp and deposits it at the conveyor prior to picking up another work piece at
the stack’s pickup position. If the next available work piece at the stack is a metallic or white
plastic piece, while the stamping is still in progress, the crane waits at the stamp until the stamp-
ing process is finished. Depending on the time needed for the stamping progress, a certain num-
ber of black work pieces can be handled until the stamping is finished and the stamped work
piece is transported. In the model seen in Fig. 20 only a single black work piece can be handled
before the stamping process is complete. After the crane either placed a black, white or a me-
tallic work piece at the conveyor, the crane moves back to the pickup position at the stack or to
the stamp. See also Fig. 21 for the work piece supply. Once the work piece is placed on the
conveyor, it is detected by a sensor. As soon as the work piece reaches the first pair of opposing
optical (diffuse sensor — true for light-reflecting) and inductive (true for metallic) sensors, lo-
cated shortly before the first ramp, the specific kind of the work piece is checked. With the
installed sensors, it is possible to detect which type of work piece is momentarily being trans-
ported by the conveyor. Once detected, the white work pieces (optical true, inductive false) and
the metallic work pieces (optical true, inductive true) are handled like the black work pieces (as
described above): After determining the specific kind, the work piece is transported to one of
the ramps not yet containing that certain kind of work piece. Hereby, the lateral ramps are filled
by utilizing the pneumatic cylinders as pushers, the one at the end simply by transporting the
work piece to the end of the conveyor. Internal variables are used to record which type of work
piece has been stored in which one of the ramps. Once a work piece type has been identified by
the sensors and the piece is stored in a ramp, the count of the variable allocated to that specific
ramp and that specific type is raised by one. By using those variables, the ramps not yet con-
taining the presently transported work piece type can be determined. Refer to Fig. 44 for the
conveyor’s behavior.

If no further work piece is detected at the pickup position, the sliding cylinder at the stamp is
empty and no work piece is present at the conveyor, the plant stops operating. However, there
is no separate sensor at the stack to detect the absence of a work piece. Instead, the not sending
of the ‘work piece detected’-signal while the cylinder is extended, is used to conclude the ab-
sence of a further object at the pickup position and also that no further work pieces are left in
the stack. If the sensor detects another work piece the process will restart at the stack.

2.15.2.3 Emergency stop behavior in Scenario Sc13

The PPU’s emergency stop behavior in Scenario Sc13 is the same as in Scenario Sc10. There-
fore, for a description of the PPU’s emergency stop behavior, see section 2.12.2.3.
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3 Evolution steps of the Pick and Place Unit (PPU)

Within the following, the drivers and enablers for the evolution steps of the PPU are introduced.
In the following, we will refer to drivers as the initiation of a plant’s evolution due to e.g. new
technological developments, market dynamics etc. Moreover, the term enabler will be used to
describe the specific evolution itself, i.e. how the respective change from one Scenario to an-
other Scenario is implemented.

An overview on the evolution steps of the Pick and Place Unit is shown in Fig. 48. The graph
illustrated in the figure consists of Scenarios of the PPU represented as nodes. The edges be-
tween these nodes represent the migration from one Scenario to another, i.e. the evolution steps,
which are forced by drivers and implemented by their respective enablers.
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Fig. 48.  Overview on evolution steps

An overview on the respective changes made from one evolution step to another are illustrated
in Table 20. Therein, a cross denotes a change from one evolution step to another. Both changes
in structure and behavior of the PPU are illustrated in the table. Moreover, it is distinguished in
changes of the PPU’s components’ structures, i.e. Stack, Crane, Stamp, Ramp and Conveyor,
as well as their respective behavior, i.e. Initialization, Automatic mode and Emergency behav-
ior. As changes to automation systems can involve all disciplines of the engineering process,
i.e. mechanical engineering, electrical/ electronics engineering and software engineering, these
changes can also be classified as context changes (involving the mechanical parts of the sys-
tem), platform changes (involving the electrical/ electronics part of the system) and software
changes.
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Table 20. Overview on Evolution Steps

Structure Behavior

No. Stack | Crane | Stamp | Ramp Con- Init!ali- Auto- | Emer-

veyor zation matic gency
ScO X X X X X X
Scl X
Sc2 X
Sc3 X X X X X
Scda X
Sc4b X
Sch X
Sc6 X X
Sc7 X X
Sc8 X X X X
Sc9 X X X X
Scl0 X X X X
Scll X X
Scl? X
Scl3 X X

3.1 Evolution Step Ev1: Increasing ramp capacity (ScO — Scl)

Within Scenario Sc0, the PPU is able to handle a maximum amount of work pieces as the ramp
utilized in Scenario ScO may only hold maximum three work pieces. However, in a first evolu-
tion step, it is identified that three work pieces to be handled are not enough. Hence, the capacity
of the output ramp must be increased (driver). In order to address this need, the ramp used in
Scenario Sc0 is replaced by a Y-shaped ramp in Scenario Scl (enabler).

Evolution step Ev1 hence involves a structural change of the ramp component. As the ramp
component is purely mechanical, only the context of the PPU is changed.

3.2 Evolution step Ev2: Handle both metallic and black work pieces
(Scl — Sc2)

Within Scenario Sc0, the PPU may only process metallic work pieces. Nevertheless, the cus-
tomer raises the need to handle black plastic work pieces additionally and to identify the specific
kind of work piece at the stack position. Therefore, different work pieces need to be processed
(driver). Thus, in Scenario Sc2, an additional inductive sensor is added to the stack component
in order to identify whether a metallic work piece was provided or not (enabler).

Evolution step Ev2 therefore involves a structural change of the stack component, as an induc-
tive sensor is added. Therefore, only electrical components are changed — hence, only the plat-
form is adapted.

3.3 Evolution step Ev3: Stamp metallic products (Sc2 — Sc3)

Within Scenario Sc2, the PPU can handle both metallic and black plastic work pieces. Moreo-
ver, the PPU is able to distinguish between metallic and black work pieces. However, due to
changed customer requirements, an additional process within the PPU is necessary: metallic
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work pieces need to be stamped before being transported to the ramp (driver). In order to enable
the stamping of metallic products, an additional stamp component is added to the PPU in Sce-
nario Sc3 (enabler).

As the stamp component includes components from all disciplines, the changes made in evolu-
tion step Ev3 involve context, platform and software: The context is changed as the mechanical
components of the stamp are added. The platform is changed as respective actuators and sensors
are mounted to the system. Moreover, the software changes as the crane behavior needs to be
re-implemented. Hence, structural and behavioral changes are involved in evolution step Ev3.

3.4 Evolution step Ev4: Decreasing failure of micro switches (Sc3 — Sc4a)

Within Scenario Sc3, micro switches placed at the bottom of the crane’s turning table are used
in order to identify the respective position of the crane, i.e. whether the crane is at the stack’s,
the ramp’s or the stamp’s position. Nevertheless, during operation of the PPU, it is identified
that due to pollution these mechanical contacts underlie failures: sensor signals may be missing
and, consequently, the crane cannot stop at the required position. Therefore, the need to increase
the PPU’s availability by decreasing these failures arises (drivers). Hence, the micro switches
are replaced in Scenario Sc4a by inductive sensors providing a magnetic measuring principle
(enabler).

As within evolution step Ev4 only the micro switches are changed, changes in this evolution
step are only related to the structure of the platform.

3.5 Evolution step Ev5: Increasing reliability (Sc3 — Sc4b)

Within Scenario Sc3, micro switches placed at the bottom of the crane’s turning table are used
in order to identify the respective position of the crane, i.e. whether the crane is at the stack’s,
the ramp’s or the stamp’s position. Nevertheless, during operation of the PPU, it is identified
that due to pollution the mechanical contacts underlie failures: sensor signals may be missing
and, consequently, the crane cannot stop at the required position. Therefore, the need to increase
the PPU’s availability by decreasing these failures arises (drivers). Hence, additionally to the
micro switches, inductive sensors are installed at the bottom of the crane’s turning table in
Scenario Sc4b. By that, reliability and availability of the PPU can be increased by redundant
position sensors (enabler).

As within evolution step Ev5, only the micro switches are changed, changes in this evolution
step are only related to the structure of the platform.

3.6 Evolution step Ev6: Increasing throughput of the crane (Sc3 — Scb)

In the PPU’s current state in Scenario Sc3, only one work piece can be processed simultane-
ously. During the PPU’s operation, a higher throughout of work pieces is needed (driver). In
order to satisfy this imposed requirement, the engineer identifies that during the stamping pro-
cess of metallic work pieces, the crane may pick available black plastic work pieces and
transport them to the ramp. Hence, within Scenario Sc5, the crane’s behavior is changed to
fulfil the newly imposed needs (enabler).

This evolution step Ev6 only involves changes in the system’s behavior, which is related to the
software.
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3.7 Evolution step Ev7: Increasing throughput of the crane (Sc5 — Sc6)

Within Scenario Scb, the crane picks available black plastic work pieces as long as the stamp
is stamping a metallic work piece. Nevertheless, as soon as another metallic work piece is pro-
vided by the stack component, the crane needs to pause its current process until the stamping
of the metallic work piece is finished. The customer however demands an even higher through-
put of work pieces (driver). In order to fulfil these requirements, an additional mechanical
buffer is added to the PPU (enabler). Hence, the crane behavior can be changed in Scenario
Sc6: If a metallic work piece is currently stamped and the stack provides another work piece at
the same time, the crane can pick and subsequently place the work piece on the mechanical
buffer. By that, two metallic work pieces can be handled within the PPU at the same time.

In this evolution step Ev7, a mechanical component is added — hence, the structure of the PPU’s
context is changed. Moreover, the crane needs a fourth micro switch; hence, changes in the
platform are triggered. Finally, the software needs to be adapted as the crane’s behavior must
be changed.

3.8 Evolution step Ev8: Handle metallic, white plastic and black plastic
work pieces (Sc5 — Sc7)

In the PPU’s current state in Scenario Sc5, the PPU is able to handle metallic and black plastic
work pieces. The customer however decides that processing these two work piece types is not
sufficient — additionally, white plastic work pieces should be handled (driver). In order to real-
ize the handling of white work pieces, an optical sensor is added to the stack (enabler) in Sce-
nario Sc7, thus providing the possibility to distinguish between metallic, black plastic and white
plastic work pieces. Therein, white work pieces shall be processed similar to metallic work
pieces: first, a stamping process is needed and second, the work pieces are to be stored in the
ramp.

This evolution step Ev8 involves structural changes in the platform as an additional optical
sensor is added to the stack component. Moreover, the software is involved: the crane behavior
needs to be changed in order to process all three types of work pieces.

3.9 Evolution step Ev9: Different pressure profiles for stamping
(Sc7 — Sc8)

Within Scenario Sc7, the PPU is able to handle metallic, black plastic and white plastic work
pieces. Black plastic work pieces are stored in the ramp while metallic and white work pieces
are stamped before being stored in the ramp. However, during operation of the PPU, it has been
pointed out that white plastic work pieces are more fragile than metallic ones. Hence, the need
of having two different pressure profiles at the stamp — one profile for white plastic work pieces
and one for metallic work pieces — arises (driver). Therefore, a proportional valve and a pressure
sensor are installed in Scenario Sc8. Hence, the valve’s working point can be set differently by
setting an analog set value (enabler).

As electrical/ electronic components are added to the stamp component in this evolution step
Ev9, changes to the platform’s structure are made. Moreover, the software is changed as the
stamping behavior needs to be re-implemented.
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3.10 Evolution step Ev10: Increasing distance between handling and storing
(Sc8 — Sc9)

In Scenario Sc8, work piece are provided by the stack, and subsequently stamped and/or stored.
Nevertheless, the customer may point out that the ramp is not positioned ideally as transporting
work pieces from the ramp to subsequent processing units may be difficult. Hence, the require-
ment to increase the distance between the work piece handling (crane) and storing (ramp) arises
(driver). In order to increase this distance, the ramp is replaced in Scenario Sc9 by a conveyor
at whose end a ramp is installed (enabler).

In the evolution step Ev10, a new component is added to the PPU — hence, all dimensions
context, platform and software are involved: The respective mechanical components of the
conveyor are added. Sensors and actuators are added to the system. The new behavior of the
conveyor is implemented. Hence, both structural and behavioral changes are made.

3.11 Evolution step Ev11l: Changing transport due to logistical reasons
(S¢9 — Scl0)

In the PPU’s state in Scenario Sc9, work pieces are placed on a conveyor and subsequently
moved translationally to a ramp mounted to the end of the conveyor. Hence, work pieces can
be transported from this ramp to respective subsequent processing units. Nevertheless, during
operation of the PPU, it has been identified that such a single pick-up position is not sufficient.
The need to provide multiple pick-up positions in order to transport work pieces to subsequent
units arises (driver). Therefore, in Scenario Sc10, two additional ramps, separating cylinders as
well as optical sensors used to detect work pieces at these ramps are installed at the conveyor
(enabler). By that the work pieces, can be pushed into the ramps. In Scenario Sc10, these ramps
are filled as described in the following: Firstly, the ramp installed at the end of the conveyor is
filled. Secondly, the central ramp is filled and thirdly, the ramp installed at the beginning of the
conveyor is filled.

In order to implement the driver in this evolution step Ev12, the conveyor component is
changed: mechanical ramps (context), as well as respective sensors and actuators (platform)
are added. Moreover, the conveyor’s behavior is changed (software).

3.12 Evolution step Ev12: Changing transport due to logistical reasons
(Sc10 — Scll)

In Scenario Sc10, work pieces are pushed into ramps mounted to the conveyor in order to pro-
vide three different pick-up positions. By that, work pieces can be picked up and subsequently
transported to further processing units. Due to logistical reasons, the need to provide one type
of work piece in each ramp arises — white work pieces are stored in the first ramp, metallic work
pieces in the second one and black work pieces in the third one (driver). In order to realize this
mono-fraction sorting of work pieces in Scenario Sc11, inductive sensors are installed addition-
ally to the ramps — hence, at each ramp, it can be distinguished whether metallic, white plastic
or black plastic work pieces are present (enabler).

As electrical/ electronic components are added, platform changes are involved in evolution step
Ev12. Moreover, as the sorting order is changed, the software is involved in this evolution step.
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3.13 Evolution step Ev13: Changing transport due to logistical reasons
(Scll — Sc12)

In Scenario Sc11, work pieces are sorted into the three ramps of the conveyor. However, due
to logistical reasons, in reach ramp, all types of work pieces must be provided in the ramp —
each ramp must hence contain a black plastic, a white plastic and a metallic work piece (driver).
Hence, the conveyor’s behavior is changed in Scenario Sc12 (enabler).

In the evolution step Ev13, the sorting order of work pieces is changed to fulfil the imposed
drivers. Therefore, only changes to the system’s behavior (software) can be anticipated.

3.14 Evolution step Ev14: Increasing exactness of crane’s positioning
(Sc12 — Sc13)

In Scenario Sc12, the crane is positioned using micro switches: If the crane is positioned at the
stack, stamp or conveyor position, a mechanical contact activates the micro switch, hence, en-
abling to detect whether the crane is positioned at the intended position or not. Nevertheless,
accuracy and exactness need to be improved due to customer requirements (driver). Therefore,
these three micro switches are replaced by a single potentiometer (enabler). Using the potenti-
ometer, an analog value (voltage) represents the current turning angle of the turning table.

Besides replacing the crane’s micro switches by a potentiometer (platform change), the respec-
tive software needs to be changed.
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