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Abstract

Today, simulation is needed as one of the toolofitrmum utilization of a press line.
Utilization includes: high throughput, minimum waoé the line and high quality. High
quality includes quality of the produced parts, Iquaf the stamping dies and quality of the
tooling manufactured. In order to perform efficiegeometrical simulation and virtual
commissioning in stamping, two main fields are stigated namely simulation time and
optimization time. Thus, reducing computation timsethe main theme of this thesis. An
efficient press line simulation model is built aadrified, resulting in reduced simulation
building time due to the modularization of the mlode

To reduce simulation time, collision detection timeeduced by a method based on 3D
to 2D geometrical collision detection. The methsdbased on pre-calculation of all collision
points in the environment of interest, and themgis simplified collision detection model in
a simulation based optimization. This is less resmweonsuming than collision checking the
original 3D objects for all optimization evaluat&onThe suggested approach reduces the
collision detection from a 3D to a 2D problem, whetollision between simplified but
moving curves is used in the repeated simulationofdimization. This collision detection
approach, together with a simplified implementatidthe control code, results in ~200 times
reduction of the computation time, compared todhginal simulation based on standard 3D
collision detection.

The variable parameters in a press line exceed rB3@Jting in time/computationally
demanding computations. There is also a need bbfasnizations for die design, line tryout
and ramp-up. Since the number of evaluations grewonentially with the number of
dimensions in an optimization problem, optimizatitme is reduced by a decomposition
strategy aiming at dimension reduction. Two simatdbptimization strategies were chosen
and tested to decrease calculations. The preseesetts mean that simulation and virtual
commissioning can be performed not only for preéa8ans but also for complete press lines,
where the complexity increases linearly with thenber of stations in the line.

KEYWORDS: Press Line Simulation, Simulation basetirization, Virtual manufacturing,
Virtual commissioning, Parameter tuning, Optimiaatstrategies.
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Abbreviations

CIM

CuU

CL

CS

TCP

Collision Inspection Method An efficient method for collision detection aiche
for iterative simulations.

Collision Curve Upper A 2D limitation curve for upper part of the die
Collision Curve Lower A 2D limitation curve for lower part of the die

Collision Curve Sheet A 2D limitation curve based on collision betwabe
entering sheet in the die and the extracting sheet

Tool Center Point A decided point on a robot
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Chapter 1

Introduction

Many companies today, strive for preparation anddgdiscipline in order to improve
manufacturing result. The time to produce a compbie beside well preparation, where
production parameters are taken into consideratitsm dependent on the time to introduce
and ramp up production. The components productioe is also dependent on production
down time, where lack of consideration of productp@rameters are one of the reasons.

Stamping is one of the branches of manufacturingreshautomated manufacturing
systems, in particular press lines are used. Aueatly used approach to increase capacity
utilization rate, or to be more precise to minimike time per produced component in press
line, is to tune the process parameters such a&sdonstants, cam values, velocities and robot
paths. Currently this on-line optimization approasha manual, empirical, trial-and-error
method [1].

There are many tools suggested by researchersndngdtiy to reach quality and cost
effective manufacturing. Simulation is consideredbe one of the tools. There are several
simulation types in stamping where finite elemewtimd, geometric simulations and virtual
commissioning are common. Simulations usage is ribpe on the complexity of the
stamping process and how well virtual manufactutows are incorporated as a quality tool
in companies.

Geometrical simulation and virtual commissioning pkss stations (press and sheet
metal handling equipment) and press lines havebeen in the focus of the scientific
community. Because of the complexity of the processsingle simulation software exists for
handling all of the steps. Consequently, differsimbulation software is used, which often
results in compatibility problems as a consequembeés field is relatively new, and research
and development are still to be made in order tly faenefit from simulation as a quality
tool.

The frequent usage of simulation in stamping leadthe question: Why are efficient
geometrical simulation and virtual commissioningportant in stamping?

High throughput, high quality (e.g. few collisioisks), and minimum wear of stamping
equipment are among key factors in stamping. Margupeters such as die/gripper shape, oil
amount on sheet metal part, and purity in produactio turn impact these factors [2].
Simulation is a tool to address some of these patens It is utilized as a quality instrument,
aiming at cost minimization due to the complexifytlee stamping process. It also decreases
operator expertise dependency which is a major caspetuning press lines in a more
objective way. Hence, with the help of simulatidme tneed for on-line tuning can be
decreased in favor of off-line tuning.

Operator expertise is important in a successfulufaanturing environment. When a new
type of component is introduced in the line, ndtyadhe mechanical tools in the press station
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but also the control parameters have to be modiftednatch the component [3]. Most
automotive press line tuning methods are todayopad on-line and highly dependent on
the skill and experience of the operator. In maosgbmated industrial equipment the option of
storing programs exists. This option is used bydaherators to introduce a new product to the
press line by using a program most likely compattbl the new product. The program is then
manipulated, in most cases manually to an optimrhased on the skills of the operators. The
high dependency of the operator has several megks.rThe first is the risk of collisions.
Since the consequences of collisions are produdisturbances and costly damages, safer
parameters are chosen resulting in lower cycle .tikb@chine wear due to poor parameter
choices leading to rough robot movements, is amottezard. Other risks include the
possibility of losing intellectual property, wheexperienced operators leave the line for
another or leave the company which would mean éddsrowledge and optimum expertise.
Losing intellectual property results in delays akdowledge restarts for the line. A
computerized optimizer would decrease the dependeinoperators’ skills and risk of losing
intellectual property on operator level.

I H Line Ramp-u
programming P-up
Gripper design

Process

Product Die Die toline
design design delivery

Figure 1llllustration of different steps of stamping process

Time

Another question that has to be taken into conatder by a stamping company is:
When is simulation intended to be used, in the firame of product/die design to ramp-up?

A variance in the response time of a simulatioadseptable, depending on the intended
use of the simulation, in the time frame of prodilietdesign to ramp-up, see Figure 1. This is
an important factor for companies. A longer simolattime is acceptable when the
simulation is planned for line tryout/ramp-up. Tieason is that the time between die design
[4] and die delivery to the line can be used fonudation. Die design which has shorter
delivery time needs faster simulations in ordecdmpare different design solutions and their
impact on the cycle time of the press line.

A press line is complex. Hence, the simulation ofpeess line when virtual
commissioning [5] is incorporated, is complex. Besm of the complexity, great time and
resources are used first to build simulation models next to run the simulations. Therefore
the time and resource consumption when building amthing virtual commissioning
simulation models is a factor to take into consatien. According to design methodology the
goal of a project is to use the outcome in an itrchlsenvironment, Budynas et al. [6]. The
outcome of this thesis is aimed for an industrialinment; thus the simulation must have
an acceptable response time. There are sevenalalt@s to achieve this goal. One would be
to use a cluster server environment also refemedstparallel computing [7], with enough
power to fulfill the requirements for the simulatioThe other would be finding alternative
calculation methods, which permits running the $atian on simpler computers. Method two
is chosen due to its improvement potential.
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This thesis concentrates on investigating and sigge methods for simulation and
optimization of tandem press lines. This is a diffi task and to the author's knowledge has
not been done before, e.g. Garcia-Sedano et @B6]jnand Svensson in [1] simplify a press
line optimization problem to a press station optiation problem. A positive outcome of the
suggested methods in this thesis is fast buildimg tof press line virtual commissioning
models due to the modularization of the suggestedetn Simulation building time refers to
designing a detailed model of a Press Line. Thas tisne consuming task. The model of the
Programmable Logic Controller (PLC) or control &ystthat controls the Press Line is
complex. Svensson et al. have stated in [1] that®hC logic for a press line can consist of
more than 100 000 lines of code, 2000 input/outpaisl more than 100 adjustable
parameters. Obtaining correct geometry and comeation of the components of the line:
Press, Die, Robot, Gripper [8], and line equipmbat;e also complexities. Technologies such
as Laser scanning [9-11] and Laser tracking [12} Ire virtual construction of virtual press
shops [13]. Due to complexity, acquiring correatual control system and geometry affect
the time frame of design and verification of awaitmodel. A period of several months up to
a year, dependent of the available resourcestismgual.

The thesis also addresses run time of such mobedsfocus of this thesis is on the fields
of geometrical simulation and virtual commissioniegvering Die Design [4] to Ramp-up
[14]. Virtual commissioning in this thesis is rakd to pre-programming and off-line
programming of press lines. The aim of this thésit propose solutions to the following
guestion: How are efficient geometrical simulatermd virtual commissioning performed in
stamping? In order to address this problem tb&al simulation-optimization timds
investigated.

Total simulation-optimization timewhich is a critical factor, refers to the total
computation time for simulation and optimization afmodel, optimizing input parameters
e.g. path creation/modification or synchronizatadrobots and press. The total computation
time is dependent on:

Simulation time
Optimization algorithm
Objective function
Optimization strategy

Simulation timein this thesis refers to the total execution tifoe simulation of press
stations in a press line or simulation of a whatesp line. The simulation of press line models
can be categorized as computationally expensivetalube complexity of the models and
consequently, time consuming. Iterative tasks sagloptimization could demand several
thousand simulation evaluations. Therefore deangatkiesimulation timeis a major aspect.
Simulation timeis dependent on several elements e.g. calculafigress line components,
kinematic/geometrical updates acallision detectionCollision detectionis one of the focus
areas of this thesi€ollision detections performed between dies, press, sheet metal gadts
grippers. It aims at avoiding real collisions irtrgduction of a new product in the line, also
referred as line tryout. In addition collision deten aims in avoiding collisions during ramp
up until the decided cycle time is achieved. Calhsavoidance is a must in a press station,
since collisions between components in the linelccdead to destruction of equipment,
grippers, dies and even leads to human injuriecolision may also initiate production
delays, since unplanned operations such as gripjgemr robot repair must be performed.
Since a 3D virtual representation of die, sheetahmrt and grippers can consists of millions
of triangles thecollision detectionis a computational expensive task. Therefore, the
minimization of thecollision detection timé one of the goals in this thesis.
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The choice obptimizationalgorithm andobjective functiorspecifically the use of multi
objective functions in press line simulation, impaesult and resource consumption. The
performance of an algorithm i.e. the efficiencytlod code in finding an optimum impacts the
computation time, since different algorithms uséedent strategies. Therefore different
optimization algorithms could use different numbérevaluations to reach a solution. Since
the number of evaluations grows exponentially wikkle number of dimensions in an
optimization problem, Svensson et al. in [1] sugg@snew algorithm ColLis, which is based
on combinations of optimization algorithms to reeltice number of evaluations

The amount of dimensions in an optimization problempacts the computation
exponentially; hence differerdptimization strategiescan be used to in order to decrease
optimization time. Dividing an extensive problentonsub problems (decomposition) or
dimensionality reduction (Screening/mapping) ar¢hoes used when it is possible. A few
of the questions regarding strategy have to be amegly Is it possible to use decomposition?
Which strategies fit press line optimization andiclihof these strategies utilizes minimum
time and resources, maintaining accuracy?

In order to answer these questions several sinonlaptimizations strategies have been
suggested and evaluated in this thesis with thetgalecrease computation cost.

1.1. Objective

The objective of this thesis is to investigate asufjgest methods for simulation and
optimization of tandem press lines. The objectsralso to minimize¢ime for simulation and
optimization of press lines. Therefore the cemtieattention is on reduction of simulation
evaluation time by efficient collision detection darreduction of evaluations through
investigation of optimization strategies.

The industrial aim for this thesis is a useful fafftline press line simulation parameter
tuning method with directly transferable paramefessn a simulation to the manufacturing
plant.

1.2. Research questions

The main research questions are:

Q1: How are efficient geometrical simulation andwal commissioning performed
in stamping?
Q2: How can a feasible collision detection methoel formulated to simplify

complex and computationally intensive press limeusations?

Qa3: Is it possible to establish an optimizatiomatggy for press line simulations?



1.3. Maincontributions 7

1.3. Main contributions

The main contributions in this thesis can be sunmedrin the following four items:

Cl: A simulation concept including geometry, cbin detection and optimization
for press line simulation has been proposed.

C2: A module based approach for building press thmolels where design time is
minimized has been established. The simulation mdgleparameterized and therefore
applicable for other tandem press lines.

C3: A generic collision detection method based3@h to 2D simplification for
automated material handling with motion restridie@D has been proposed and developed.

C4. An optimization strategy for computationallypexsive sequential automated
models such as press lines has been proposed.
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In Table 1 the relationship between the main cbatrons and each research question is
illustrated. Further, the table shows in which apjesl papers the research questions are
addressed and the contributions are presented.

Table 1. lllustration of the relationships: reséagoestions — main contributions — appended papers.

Research question
Q1 Q2 Q3
5 | C1 | Paperl Paper Il
5 | C2 | Paperll
2
= C3 Paper |
S |c4 Paper Il

1.4. Limitations

There are some limitations in this thesis consimngithe scope of investigation.

The proposed collision inspection method is limited2D automated manufacturing
processes,

Manual optimization is not investigated in thisgise

Only process parameter tuning is taken into accasgnan optimization method, even
though there are other ways of improving perforneasiech as modified control strategy and
control code optimization, etc [1].

The proposed optimization strategies are carridcoowa virtual automotive sheet-metal
tandem press line only. Hence, they are not verifie a real press line.

1.5. Outline of thesis

This introduction is followed by Chapter 2, whichnsmarizes related work. Chapter 3
describes the use of simulation in die, toolingiglesand the utilization of press line

simulation. Chapter 4 describes the characterigiica tandem pres line and Chapter 5
discusses the suggested collision inspection metlidpter 6 enlightens the suggested
optimization strategies for press line simulatibmally, Chapter 7 contains conclusions and
discussion of future work, followed by a summaryla# appended papers in Chapter 8.



Chapter 2

Related research

Geometrical simulation and virtual commissioningpoéss stations (press and sheet metal
handling equipment) and press lines have not beehe focus of the scientific community.
This field is relatively new, and research and dtgweent are still to be made in order to fully
benefit from simulation as a quality tool.

2.1. Simulation within stamping area

Several examples of usage of simulation within giag are described here showing the
requirement of a clear strategy to be able to befitem the wide range of alternatives within
stamping simulation. Simulations are used withivesal different stamping fields from press
and die design to maintenance as shown in Table 1.

Finite Element Method (FEM) simulations are comnaod are used in analysis of sheet
metal formability including material propertiesediesign and springback [15, 16]. The aim
is ensuring high quality, parameters such as foilihglstrength and processing without low
guality parameters such as wrinkles due to overthdbwaterial and cracks due to insufficient
material flow.

In Press design, simulation of the press mechaissused by He in [17] to control a
hybrid mechanical press, including trajectory plagntrajectory optimization and real time
feedback. The terminology hybrid within stampingused in several different meanings
dependent on the stamping level. In press mackval,|He refers hybrid to the combination
of a constant speed motor and a servo motor femdyithe press.

Schuler in [2] refers to hybrid as mechanical-hyticapresses. The hybrid drive system
allows gentle impact of the top die on the part alsth optimum control of the force exerted
during the forming process. In contrast to hydiaphesses, hybrid presses offer higher output
due to their mechanical basic drive system. In phess line level, hybrid refers to the
combination of a lead hydraulic press and mech&follaw up presses.

Discrete Event Simulation (DES) is used in scheduknd logistic simulations. Press
line scheduling simulations (material handling betw press lines) problems are described
and investigated in [18, 19] through implementatidlgorithms to minimize the completion
time of the jobs and using maximum machine capacilyough dynamic simulation models,
material handling is studied in [20]. The resulteficient throughput levels considering
several input parameters such as schedules, produate, racks etc.
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Table 1.List of stamping simulation application, level afage, simulation type and description

Application Level Type Description
Sheet Metal Part Pre-Production FEM Sheet Metal Formability, Springbadk,
Design Geometrical Material
Blank and Strip Layout
Die Design Pre-Production FEM Analysis of: Structure: Material usg,
Strength, Face design
Press Design Pre-Production FEM Analysis of Structure, Forces
Geometrical Design of crank, shaft, ram, table, etc
Scheduling Plant/Line DES Scheduling of jobs
Logistic Plant/Line DES Planning, Buffer analysis
Die Design Pre-Production Geometrical Die Internal Functidgali Cam-Driver
(Internal) interferences etc.
Die Design Line/ Geometrical Die External Functionality, Gripper, Scrap
(External=Press Station/Device interferences
Line)
Packaging Line/ Station Ergonomic Design of packaging, wookces, overload|
health issues
Offline Line/ Station =~ Commissioning Creation and Modification of programs
Programming offline without disturbance of the running
production
Service Line/ Station  Commissioning Web, Distance Monitoring and Support

Geometrical simulation within stamping is used @sa of improvement striving higher
quality through dynamic studies, time and intenfieeeanalysis. Examples of dynamic studies
are sheet metal vibration or scrap simulation. Tatuglies are used in die design by analyzing
die internal mechanism motion, station or line eytime. Interference studies are used for
example in die design internal simulations to chédgk collision between mechanical
components in the dies such as cam and drivers.

Die design external collision checks are perforrhetiveen press line components such
as grippers and dies. Grippers are used for shett art transportation from one station to
the other. The terms tooling and fixtures are fesdly used in industry and scientific
community instead of gripper. Grippers use differ@pproaches in grasping parts. Vacuum
cups, shovels or pneumatic pliers are examplegasdpgng mechanisms to hold on the part
during motion. Gripper simulations for stamping amgportant since deformation during
handling process can cause part dimensional vamigéiopardizing the end result and limit
transfer speed.

Gripper simulations are discussed in several papelsffman et al. [21] studies ideal
part holding positions by analyzing dynamic behawba the part during transportation in a
crossbar transfer presses. They proposed a strategyptimize material handling in
automotive crossbar transfer presses. To redudedideng forces and component deflections,
they developed algorithms to automatically deteemihe vacuum-cup layout for a sheet
metal part.

Ceglarek et al. uses in [22] a generic methodofogynodeling and optimization of rigid
tooling based on dynamic analysis of parts. Thalrés minimizing part deformation during
transport. The methodology links FEM with optimipat and includes part, tooling, and
dynamic parameters.

Li et al. advances in [8] Ceglareks results froncwation on rigid grippers. Li proposes
a dexterous model with the advantage of predictag deformation more accurately. The
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method calculates dynamic behavior of large shetainparts transformed with vacuum cups
combining FEM with statistical data. Experimentdene on a blank sheet before press
operations.

Callies et al. suggest in [23] a mathematical apgincfor modeling and control of multi
link vacuum grippers. The gripper model is basedrigid body formulation and force
calculations of vacuum cups are included duringdier.

Hossein et al. in [24] investigates flexible grippéor optimum positioning of suction
cups. The term flexible refers to the possibilifyusing the same gripper for several different
sheet metal parts due its motorized links.

Research in [25] by Moore et al. and Ng et al. [B6pcused on an internet-enabled 3D
based virtual engineering framework, providing edlie functions including service and
maintenance. The solution is applicable for machim@nitoring and diagnostics enabling
remote service support of discrete manufacturinghme systems.

2.2. Collision detection in simulations

Collision detection has been in the focus of tteeaech community for a long time but to the
author’s knowledge no research paper handles @fticollision detection in press lines and
more specifically collision detection in press Igimulations and optimizations.

The 2D projection method mentioned in [27] is basadhe idea that a precaution field
including a moving object and an obstacle woulcctiom as a warning system for collisions.
When the moving object enters the precaution fieédalarm goes off. The obstacle has itself
a repulsive field. The repulsive field of the ole##awould then force the moving object to
choose another path. These fields are represestdteamallest circles where an object in a
simulation could fit within. Although this methodovks well in scenarios where high
collision accuracy, is not in focus, press line @mion demands high collision detection
accuracy which makes this method inappropriate.

The method used in [28] is based on grouping objetdse to the path of a moving
object and then using the grouped objects as onenucollision detection against the object
in motion. In simulation cases where the amountobfects (solid or mock-up) is
considerable, the clustering method mentioned 28] [would work excellent. But in
simulation cases with few complex objects, the metivould reach its limitation. The sweep
collision detection method mentioned in [29] wagdisn order to detect collision for soft
material such as cloth. The sweep technology erésting though but was abandoned for a
simpler solution. The swept volume is made by pmsilhg a face first at time t and second in
t + At and storing the resulted volume.

A combination of [27-29] would give a new solutistrategy for collision detection. The
idea is based on slicing the objects in risk oblision, projecting the slices in 2D, sweeping
the 2D projection back to 3D and grouping the prioges as one unit. This idea would have
decreased the simulation model significantly bus waglected in this work for the benefit of
a simpler method. Simplification of objects befadlision testing is also discussed in [30].
Simplification methods usability is dependent oe Simulation case. If the simulation is
accuracy dependent, the simplification method waakth its limitation. In many industrial
applications such as press line simulation highukation accuracy is standard and necessary
to obtain robust and well behaved solutions.

Inevitable Collision State named in [31] meets t@ak constraint imposed by dynamic
environment which differs from the approach in tpegper. The Inevitable Collision State
methods efficiency is obtained by applying the @pies 2D slicing, pre-computing and
graphic processing. The pre-computing method usezbilision detection algorithm in this
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thesis reminds of second principle in [31]. The-poenputing method determines whether a
given state is to be avoided or not. In the samen®iaone of the algorithms developed in this
thesis seeks in advance for possible collisionshan model taken into consideration the
limitations such as path and direction.

Collision pre-computing is possible due to the thett the transferred part in a press line
follows the same path and the motion is repetifiles means that a simpler representation of
collision areas can be calculated and reused imm@attion. By pre-computing, using a
visualizing program for collision detection duriiigrative optimization will be unnecessary
giving the benefit of decreasing time and resogaresumption.

2.3. Simulation-based optimisation

Approaches of simulation-based optimization comdingith varying types of virtual

manufacturing systems can be found in the liteeatéiu et al. [32] provide a descriptive
review of the main approaches for carrying out $aton optimization and exemplifies the
use of optimization simulations in several exampleset al. [33] have developed an
optimization systems based on virtual machiningrelogtimization is realized via modifying
NC programs. Using metamodels and evolutionaryrdatgn Persson et al. [34] combined
simulation and soft computing techniques to sudag®ptimize a manufacturing system.

2.4. Simulation, optimization and virtual commissioning in
stamping

Geometrical simulation in stamping and virtual coissioning is focused on in several
papers, while press line optimization has not bhie¢he focus of science.

An evolutionary path-planning approach is used laplet al. in [35] for robot-assisted
handling of sheet metal parts. Extracting roboth paa press station for sheet metal bending
is studied. The proposed approach globally searthesmotion path space to identify
collision free paths. The focus of the paper igl@nevolutionary algorithm. The question of
how the simplified 2D station can represent 3D damde/resource consumptions in
calculations is yet to be answered.

Virtual construction of a press shop, collisionedtion and material flow analysis are
explored in [13]. A modeling standard for constioics is established and applied. The
expectation of achieving great saving in time aost ¢s not further examined though.

Virtual commissioning is a step further, comparedhe above examples. Its intention is
to test manufacturing systems and associated d¢gmtygrams through simulation, before the
real systems are realized [5].

A virtual commissioning scenario for stamping isastigated by Garcia-Sedano et al. in
[36]. Commercial software is used together witheaeggic algorithm. The aim is to use the
generic algorithm to optimize industrial robotsjédory and minimizing cycle time in a
stamping line. Kinematic constraints such as vékxi accelerations and jerk limitation are
taken into consideration. The line is simplifieddigh to a press station consisting of two
robots and a press without considering the imporsgnchronization of the components of
the station.

A press line simulation model is designed by Svemsat al. in [1] including PLC and
geometry with collision detection possibility. Theystem runs on a time synchronized
environment [37]. The line is restricted to a stafidue to its complexity with focus on
different optimization methods. Simulating and opting the press station is
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computationally expensive due to its complexityeTdptimization tool consists of several
optimization methods among others Nelder-Mead E8&] Direct [39]. The focus is on PLC
parameters. Input parameters include robot patith, related zones and start signals. Output
parameters include production rate, collisionspe#y, velocity set points, accelerations and
jerks. Path optimizations are possible with modifilecns of the existing model. The core of
the simulation architecture is called synchronizistributed simulation protocol (SDSP)
[40]. This architecture is designed to handle tamel synchronization problems as well as
distributed simulations. The simulation model used PLCs including all electrical signals,
signal paths and hardwire logics in the manufastuplant. A great advantage of using real
PLCs to execute the real control code is the oppdst to directly transfer the tuned control
parameters to the manufacturing plant [1]. Althotlgk model would replicate the real model
well, the model execution is time and computer ues® consuming.

The optimization problem in this thesis is catepgedi as high dimensional design
problems. Songqing et al. [41] discuss strategiedéckling high dimensional problems in
the scientific community. These are divided inteefidifferent strategies: Decomposition,
screening, mapping, space reduction and visualizatare the most common methods used
see Table 2. Songqging et al. [41] recommend mappimd) decomposition as promising
methods. Mapping is described as transformationa gbroblem from an original high
dimensional space to low dimensional preserving dpgmum of the original function.
Decomposition is described as transforming a probie sub problems. Each sub problem
can be addressed with suitable methods.

In this thesis several optimization/simulation t&gges are suggested which can be
categorized as decomposition. The aims of the eglied are to decrease the time for
computationally expensive press line simulation el®dThe collision method used can be
categorized as screening method where importarisiool points are sampled once and
reused in the iterative simulation.

Table 2.Five different optimization strategies

Strategies Description

Decomposition Converting a problem into sub problems

Screening Identifications of important variables

Mapping Dimensionality reduction by transforming correlateariables
into smaller set of uncorrelated variables.

Space Reduction Reduction of ranges of variables

Visualizations Finding key trends and relationships among vargbénd
visualizing them to the user.

2.5. Summary

Stamping simulation is a wide term and can incloday areas such as sheet metal forming
simulation, scheduling or virtual commissioningmn8iation and optimization in stamping has
not been in the focus of the scientific communitythe area of virtual commissioning.

Although some papers discuss virtualization of @reBops, material handling and press
station optimization, to the author’'s knowledgepaper has been found on efficient press line
optimization where effective building and running such models are discussed and
improved. It is the author's belief that the outerof this thesis can be a significant
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contribution in this field since for the first timeseveral successful simulations and
optimizations of press lines will be performed gmesented in this thesis.
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Chapter 3

Press Line Components and Simulation

In this chapter a brief general explanation of prigse components and simulation is given.
Information gathering, the base of a successful hidble simulation is discussed. Two
important components of the press line: dies arigpgrs are explained and analyzed.
Interferes between these two components togethértive press are the reason of press line
simulation. Therefore a design strategy for died #oling where consideration is taken to
press and robot motion limitations is one of thgamant factors in successful stamping
production. Simulation as design tool quality chackelps improving verification of dies
and gripper before production start and during potidn.

3.1. Presslines

A press line is a set of presses in a linear faonaPress lines have been used in industry for
a long time. Their main work is to reshape metaest to different components through
successive operations. The goals in a press lendigh output and high quality. A line has a
short cycle time with high repetition accuracy dotl control of the complex flow in the
process [42]. The initial costs of a productiorelimave to be recovered from the revenue for
the components produced in the line. For that redsis important that the production line
has a high throughput rate, not only in the shamtlbut also throughout the entire economic
life of the line. Otherwise there would be a riblttthe cost per produced component would
exceed the possible calculated revenue [43]. 3Dulsition of press lines, as a process
planning tool, is one of the methods to keep angrave the throughput. Simulations are used
in die design and tooling design with the goal dfiaving high quality and production rate.

Press line components can be divided in three ngamups: Presses, dies and material
handling equipment which in turn can consist ofatstand tooling.

Several sources of information are used when mgl@é successful model over a press
shop: Scanning, manual measurement, 2D and 3D CAldels, documentation and
interviews with operation personnel of the prese lof interest. A deeper explanation of
scanning as information gathering method is explhinelow.

3.2. Scanning

Scanning as a source of data information gathesiniged to complete geometrical models or
to build models where no other information is aafalié. In this chapter a brief introduction in
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scanning within press shops is given. Two stathefart types of scanning are applicable for
press line model building: 3D laser scanning asdr&racking.

3D laser scanning

Various techniques can be used to detail scan gacttobuch as laser scanning to capture
surface data of the tools and stampings [44]. Anathgr methods applicable for press shops
are optical scanners. High accuracy is used taoamiformation about the object of interest.
One problem with laser scanners and optical scanisethat they depend on line-of-sight;
they cannot see undercuts or hidden surfaces. Tapletely scan in an object requires
multiple scans from different views. The individusdans must then be registered together
using available software and techniques [45]. Te&ls to the fact that typically 70-100
scans were made at strategic positions to collath deeded for mapping the complex
geometries in a press line in [46].

Press shop scanning is used with the goal of madkétgiled computer models based on
3D scans, which will later be used in planning aimdulation process to reduce down time in
the press shop. The demands for accuracy are 5 tiigher (2mm) in the press lines
compared to traditional plant level scanning [4@Joday with accurate industrial
computerized tomography complex surfaces could nwsv interrogated quickly and
accurately. This is performed with non-contact laged optical scanners with promising
speed. [45]. 3D scene modeling based on usingea sasinner together with different digital
cameras (texturing and stereo processing in diffeseales), and laser line projectors
(structured light) are an example for multiple 3&avering. Combining different sensors
allows for acquiring any object with different ldsef detail, e.g. fast digitization of a large
object at medium resolution and refining some paitis higher accuracy afterwards [47].

Laser tracking

The laser tracker was developed as a portable c@tedmeasuring machine that can measure
large or irregular structures [48] as well as caogded motions for multi-axis robotic
machines.

A laser tracking system including position and ot&ion measurement constitutes an
instrument to accurately determine robot perforreaas well as to acquire hints on how to
improve robot models and control algorithms [49). Be help of laser tracker motion of
material handling system can be tracked and andlgegzilting in input data in simulation.

3.3. Die design

To construct and design dies is in many cases adgimy and complicated task, where the
outcome is highly dependent on experience andsonaitship of the designer. The final shape
of the sheet metal part must be taken into conaiber since it also influences the choice of
press type and how many forming stages are ne&dedh in turn is also dependent on the
product shape [50].

A press die consists of two major parts, upper pa# die; Die Upper and lower part of
the die; Die Lower shown in Figure 2. A sheet metat is placed between the die parts and
the two parts are pressed together which leadhaoges in sheet metal. Changes can be
forming, trimming, flanging, piercing, etc.

The upper part and the lower part in turn condishovable mechanical parts e.g. cams
and drivers. The motions of these cams are depémde¢he motion and contact of the Die
Upper and Die Lower. Blank holders are used topgths sheet metal part while the matrix
(form) is pressurized forcing the upper part agaims lower.
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Production of dies are both time consuming and esipe, involving: design, casting,
milling, assembly, function control and line tryolithis process requires high quality in all
steps. As a consequence simulations of dies atkassa quality tool.

3.4. Die simulation

Today die design is done in 3D with the help of Cpidgrams. The design of the die could
take from a couple of weeks to 2-3 month. The shesttl part which is the product which
the die will eventually form is prepared in a fistép by a process engineer. The final product
is sent to a die designer where the designer, nesige die either from the beginning or with
the help of a template. Step by step, the dieriséal virtually with the necessary parts, cams,
drivers, pneumatics and electric sensors.

Figure 2Press die consisting of two major parts, Die Uggpet Die Lower

If simulation is an incorporated method, it is usedtwo major scenarios namely:
internal collision detection and external collisietection (Press line simulation).

3.5. Die internal collision detection

In internal collision detection, simulation is usiedhelp the designer in time scheduling and
internal part collision detection. Time schedulnefers to tuning and adjustment of the angels
of the cams and drivers which in turn will affelsetinteractions of the cams, blank holder and
other movable parts in the die. Other examplesher@djustment of the cam slider length and
damper length.
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Internal collision detection is used while the desof the die is preceded and as a last
step before the virtual model is sent for casting eefers to check for collisions between the
movable parts in the die.

3.6. Die external collision detection

External collision detection which is also refertedas press line simulation could be divided
in three different cases: Before Die Design, DisiDe, After Die Design.

Before die design

Before a die is designed, the designer gathersnmaton about the press the die is intended
for. Force capability of the press, maximum dieesend clamp limitations are among
parameters the designer searches for. Motion ofrtbehanical equipment of the press is an
important parameter to take into consideratiorodmiation is available either in documents or
in virtual tools. The motion of material handlingiugppment can be visualized through
collision risk volume also referred to as sweepwaw [51].

A sweep volume is created with the help of the muset of sheet metal part and the
tooling from one station to the other based onntim¢ion of the material handling robots or
equipment. The sweep volume is created by tramsfesheet metal part, tooling and parts of
the material handling equipment in risk of collisid hese parts are transferred in the planned
path incrementally while the program records thkiwme in space occupied. The result is a
swept volume which could be used as a reference.

When designing the lower part of the die this swegtime must not be in collision with
the die otherwise a collision will be inevitablehi§ method could be used also to avoid
collision with the upper part of the die by settihg upper part as a reference, which means
that the swept volume will be the result of theatee movement of the upper part of the die,
gripper and the sheet metal part. In the same mahisevolume can be used as a reference in
the design of the upper part of the die.

Die design

In transfer press lines with a master axis systdmresthe motion of the material handling
equipment is fixed the designer can not impactciide time of the press through alternative
die solution. The die designer task is to make $sheedie fits the specifications of the press
avoiding collision with press and with material dang equipment. The die designer has an
extra dimension to consider for dies intended &ordem press lines. While a die is being
created, the designer can impact the cycle tima @indem press line by choosing different
die solutions. This opportunity needs reliable prése simulations which in turn help
creating high quality dies for production.

After die design

Press lines simulations are also done late in thdygtion process in so called line tryout.
Line tryout is the stage where die are ready fodpction and are introduced for the first time
to the press line. Tooling is either pre-fabricatedinalized online. For programming of the

press line an existing program is used or a newgraro is created. Press line simulation
including offline capability and optimization carelp programming the line to its best

performance based on the shape of the dies anddodl change in this stage of the dies in
order to achieve better line performance can rasulielays in the production. Changes can
include casting, milling, assembly and functiontcoh
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Although simulations are possible in this stageearly simulation in designing dies and
tooling can reduce cost and lead to higher linéoperance.

3.7. Gripper

The importance of tooling is emphasized in a testedoy [52]. The result of the test showed
that most of the problems in product and processyde are caused by gripper installation,
gripper maintenance and incoming material variatidrnis result demonstrates the
significance of press line simulation. Each statioa tandem press line handles one or two
grippers. One gripper is for the incoming part ane for the pressed part.ilfs the number
of press stations in a line, this fact means thaawgtomotive made by 200-300 hundred sheet
metal parts needs Pt200-300) grippers. Hossein et al. [24] suggestBeaible transfer
system, which is able to handle various parts withchanging any components hence
decreasing the number of grippers needed.

Dependent of the goal for a press line simulatfierent resolutions in tooling design
can be used. Three different types of tooling iggested here: Light, Rough and Detailed
tooling design

Light gripper design

Light tooling design refers to a volume being uasd tooling. In its simplest form the light

tooling design has the shape of a box and as a atwanced form the shape of the light form
will remind of the finished desired tooling. Thghi tooling stands for the far most allowable
limits in the desired tooling. This means that wlagsimulation is completed with a light

tooling, the final tooling’s shape must fit withine limit of the light tooling shape, otherwise
risk of collision is inevitable. The results coldd used directly on shop floor when building
the tooling or as a pre step when virtually buitdihe tooling. This method offers a simple
shape for use in simulations. Due to its simplicdgmplex motions and collision detections
can be performed at a reduced time and calculatsh It also offers the freedom of design
within its limitations for gripper designers or ghpersonnel.

Rough gripper design

Rough gripper deign refers to using templates. fteans that rough shapes of gripper can be
used dependent of the final product of interestthi@ simulation scenario, the simulator
chooses a rough gripper which reminds of the sbépbeet metal part the gripper is intended
for. When using a template the rough shape of thgper covers up for the most dangerous
collisions. A gripper designer or line personneh aa a later stage complete the gripper with
extra equipment such as suction cups. The berfefiti® method is the ability to use simple
base (template) gripper fulfilling the specificatgoof a complete gripper in fast simulations
and visualizations intend for analysis.

Detailed gripper design

Detailed gripper design refers to using a complétieial designed gripper. Although these
models are computationally demanding, they offertibnefit of a detailed CAD model. In a
simulation scenario a more detailed model resualts more accurate simulation result which
in turn means higher quality. When using a detaitentlel two forms of design methods
could be used: Forward kinematic or Inverse kinémat

Forward kinematics [53] in gripper design refergptacing a suction cup or a movable
part of the gripper joint by joint in the graspipgint of intersect on the sheet metal part.
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Inverse kinematics [54] refers to pointing out tip@asping point of interest and the
grasping point on the gripper and letting the cotapealculate the joint positions of the
gripper. Inverse kinematics could also be combivéd morphed solids. This means that not
only the joint are computed automatically but alse shape of the gripper is morphed along
its axis to fit the grasping links and joints. Thesult in fast gripper creation where inputs for
gripper creation consists of: grasping points atgbgr template.

The three suggested gripper design methods abaid be used either as a sequence in
gripper design based on a simulation or separatetiesigning grippers for the press shop.
The benefit of the first two suggested methodmpuutation speed. Since collision detection
is time consuming these two methods offer fastdisean detection due to their simplified
forms. In this thesis light gripper design is ussdnput in collision method.

3.8. Summery

Press, dies, robots, tooling and sheet metal pagtsnajor geometrical components in a press
line simulation. Due to their complexity, simulatiavill ease analysis of the process. In order
to perform geometrical simulation, data about trecess and line components are needed. In
this chapter scanning was pointed out as one of/nmdormation gathering tools.

Late changes on dies and tooling are costly. Hemoellations allow die and process
designers to forecast problems leading to highfeiefcy, higher quality and revenue.



21

Chapter 4

Tandem Press line

A deeper understanding of the motion and controkthaf presses and material handling
equipment is necessary in order to understand gatian possibilities and limitations of the
line. This section gives a detail explanation @& tandem press line used in this thesis. Signal
dependency and motion is analyzed and discussed.

4.1. Press line description

In this study a sheet-metal press line, no. 53hat Yolvo Car Manufacturing plant in
Gothenburg, is used as a case study. This actaeas pine has five press stations. Figure 5
visualizes in detail the combination of stationsha press line.

The stations embody a mechanical press with fixsdlacement-time curve, associated
die and robot. In the press line there are foucigfized 2D-robots feeder/extractors, so called
Unifeeders, supplied by Binar AB (Binar). The rofe¢ding the press is called feeder and the
robot extracting sheets from the press is callettaetor. Furthermore, there are four
intermediate stations, which individually can maegtically and rotate around horizontal and
vertical axes [1]. The station shown in Figure 8gists of an upper/lower die, press, 2D robot
feeder called Unifeeder, intermediate station,ggipand sheet metal part.

Feeder Extractor

Upper Die

Gripper F. GripperF.  Gripper E. Gripper E.
Sheet * et ‘Sheet

Z

L Y
Intermediate F. Intermediate E.

Figure 3Press Station description

Press position is measured in the Z direction seetdr and extractor positions are
measured in the YZ-plane. The motion for each corepbin the station is a function of an
angular position referred to as cam value. Thusafgpecific cam value, a specific position of
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the component in space exists. The Unifeeder harilke movement of the part. It picks up
the sheet metal part from the intermediate stadimh places it along a programmable path in
to the die. Movement is limited to the YZ-planeyigg two degrees of freedom.

While the press is moving down from top positidme Unifeeder puts in a sheet metal
part in the press. The Unifeeder must leave thespbefore the press reaches its lowest
position. The path of the Unifeeder is settled beforoduction starts as well as the critical
synchronization between the Unifeeder and the PidssUnifeeder could be as near as 2mm
to the die when entering (feeder) or leaving (ettg the die. This forces the virtual models
and methods to be as accurate as possible.

The cam value measurement technique is a heritatipe anechanical presses where the
position of the press ram is a function of angplasition of the crank. This technique is used
for synchronization of the equipment in the lineodérn equipment such as robots and
hydraulic presses lacks real cam values. Howeuee, technique is often used for
synchronization purposes, but with virtual cam ealunstead. A full cycle describes the
motion of the equipment from start to end and b@acktarting position measured from 0O to
360 degrees, see Figure 4.

92°
Wait

A

Fetf.h Le.a\ure
Start
276° Press
Home

Figure 4Representation of a full cycle for a robot in ad@am press line including cam values, path
position and signals

4.2. Synchronization

Several stations combined in a linear formation Galled a Tandem Press Line. In a
press line a set of four to six presses is norfalextractor in a station works also as a feeder
in the next station. This fact increases the coripyl®f tuning the line dramatically.

Start R, Start R; StartR, Start Rg
Start P, Start P, StartP; = \Start P, Start Pg

StartR, StartR, Start R, StartR,

Figure 5Representation of a tandem press line with sigaestidption. The solid marking represents a
station. The dashed line represents the combinafitmo stations. Robot R, Press P
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Figure 5 describes the combination of five statiand their signal transmission. Each
machine starts the next by a start signal at arpromed cam value.

Figure 6 illustrates the sign8ltransmission of Presdand RoboR of stationi:
- SignalSg p, represents Robd} starting pres®;. R is also working as an extractor for the
robotR.; in the former station.
- SignalSp g, , represents pred3 starting roboR.;.
- Signal Sg,, g, represents roboR.; starting robotR which is an extractorR.; is also
working as a feeder for the pré3s, in the r;ext station.

P.R.

i+l

S

) S S S
RiRiq “RiP; RiaRi “RiqPisg

*_ A <~

Figure 6Signal transmission in a press and its closesttsobo

Tuning of start signals plays a major role in syoalzation between the components.
Since the components in the station are not mechiynicombined, cam values are the
sharing variables used for synchronization. Besitles starting signals between the
components in the station, several other paramatést the motion of the components and
their relationship. The movement of feeder, prass$ extractor could be divided into three
major parameter groups namely motion, path andakigee Table 3.

Table 3.Input variables and signals affecting synchronaratn the station.Np.=number of positions)

Motion feeder Motion press| Motion extractor
Motion | Variable Fixed Variable
Path Np Position variableg Fixed Nq Position variables
Signal | Start feeder Start press | Start extractor

Motion stands for parameters: velocity, accelerataeceleration and jerk, all affecting
the movement of the components in the line. In ttase study, due to the real press
mechanical attribute, the motion press curve iedjxmeaning that motion parameters are
fixed for different cam values. Feeder and extrnagtotions are dependent on the velocity set
points. The feeder and extractor have severalipositlong their path, namely: Fetch, Leave
and Position :Np whereNp is the number of positions between Fetch and Leeteh is
the position where the sheet metal part is graspdde press before. Leave is the position
where the sheet metal part is left in the presdjmgafor a press strike. The start signals and
velocity set points are critical concerning perfamoe and are today tuned by operators. The
goal is to determine these start values by optitioizd1].

4.3. Motion

In this section the relationships between the mstiand signals in Table 3, are explained for
the components in the station.
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Press motion

Press motion depends on a press motion curyeand the press start signgl p, initiated
from the robot of the station. At the time instanC, p, ) the press starts a press strike. Press
motion is measured in height (mm) / degrees. Instneied line the presses are mechanical
with fixed press motion curves. The motion curvésmechanical presses (crank, linkage
knuckle-joint) are fixed compared to force contdllpresses [55]. A cycle in a press starts at
the top position normally a cam value of O degid®sn to the lowest position at 180 degrees
and up to 360 degrees. The combination of pressomaturve mp and press start
signalSg p,, results in a functiorfp s, Motion(mpi,SRipi), which generates the height of the
slider.

Feeder/Extractor motion

The functionfreeaer motion (Mr;» Sp,_,r; » Sr;,,r; ) TEIUINS the position of the tool centre point
(TCP) of a robot along the path wheng; is the motion controller of the robot.

The starting signals in the station affect the oobf the feeder robot. If needd’i waits
at a wait position set by cam values until sighia| r, = 1, meaning that the extractor has
grasped a sheet metal part and is on the movef tle pressR; waits also at a home position
set by cam values until signg, . = 1 before entering press in the station before.

Figure 7 illustrate$reeder motion IN relation to time where the time is divided akdws:

t(Sr,,,r; = 0): The time when robd® stops in Wait position before
entering PresB;

t(SRi+1Ri = 1); Start time for roboR, to enter presB; (Signal from
robotR;;; to robotR)

t(Sp,_,r; = 0): The time when robdRi stops in Home position before (1)

entering presBi1

t(Sp,_,r; = 1): Start time for roboR, to pick sheet metal part from
pressP;i.; (Signal from pres®;.;)
Robot motion

Home

Leave

Wait

Distance along path

Fetch ‘

r(sﬁ’f.,.j ﬁ’r': G}I f(sﬁ’f.,.j Rj = l}l r(SPf.j Rj = G}I r(SPf.j Rf: Ij t

Figure 7lllustration of robot motion curve with waiting tiem
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The times in equation (1) are not constants. Tdreydependent on the starting signals.
Hence they can vary and are dependent of othetg@mal presses of the press line.
Velocity, acceleration, deceleration and jerk a thbots are calculated by derivation of

freeder Motion- 1€ motion curve of the extractor resembles feederve and therefore is not
described in detail. The time intervalSg,, r, = 1) — t(Sg,,,r, = 0) andt(Sp,_ g, = 1) —
t(Sp,_,r; = 0) in equation (1) are waiting times, since no moi®conducted during these
intervals.

4.4. Variable waiting time

The goal of the optimization of a station is to @@se the cycle time and ware for the robots
and the press. If waiting time &s;, then the total waiting time in the station}]%&tj, where j
is the index for the different delays, (See Figtire

6t1 = t(SRi+1Ri = 1) - t(SRi+1Ri = 0) (2)
8t = t(sp_yr, = 1) = t(sp_yr, = 0) Ej;
6t = t(SRiPi )cn+1 - t(sRiPi )Cn -T

i = Station number, cn = Cycle number, T = Press Cycle time

Equation (2) describes the time difference betwstart signal of roboR..; (extractor)
to R (feeder) and feeders wait signBfjuation (3) describes the waiting time for exivac
until pressP; gives start signal. Notice that the extractor wgoakso as a feeder for the next
station in the line. Equation (4) expresses thitingatime for the press before start. The time
should be zero in a cycle time optimal press limgh throughput) implying that the press
strokes continuously without delays between eaobket A scenario with minimumde¢s)
indeed results in high production rate, with thevdside of increasing ware on the feeder and
extractor due to high accelerations and jerk. Hehiseresults in higher requirements on the
sheet metal handling equipment.

4.5. Summary

Tuning of start signals plays a major role in syodization between the components. The
movement of feeder, press and extractor are dividén three major parameter groups
namely motion, path and signal. The relationshigisvben the motion curves are dependent
on the tuning of the station for tandem press lifdge components in the station are not
mechanically combined, cam values are shared \asalised for synchronization.
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Chapter 5

Collision Inspection Method

Since several objects are in motion in a press,ckehg for collisions virtually is
computationally heavy. Hence, for iterative taskshsas optimization, visualizing object
activity and collision is a demanding task. Therefan innovative collision detection method
is suggested below.

5.1. Collision Inspection Method

The Collision Inspection Method (CIM) is a methoasbd on the following approach: Pre-
calculating all collision points in an environmaitinterest, and using the simplified result in
an optimization simulation, is less resource coriggnthan collision checking the original
objects for all optimization iterations. If theseiqts are known in advance, efforts can be
concentrated on e.g. finding optimal robot pattoptimal start and stopping degrees for the
robot. CIM can eliminate the need of visualizatitins a general method that can be used in
all scenarios where parts are transferred in 2CB8@rwith an optional small stochastic
variation in the third dimension.

CIM dependents on a general path/direction, sofidngetry (none flexible, cloth etc.)
and no stochastic rotation of objects. The firstt w CIM handles detecting and storing
collision points between objects in risk of colhisiand compressing the result to collision
curves. This part of CIM is a pre-process and iy oalculated once. The second part detects
collisions between a chosen point on the movingaltand the collision curves.

Depending on the sampling rate in CIM in 3D anddgrees of freedom, the result of
CIM will be a simplification of the original objext In 3D with motion restricted along a
surface, collision points would result in 3D curves 2D motion, which is common in press
lines, the outcome of CIM is 2D collision curvescdh pair of components in a collision set in
CIM results in a chosen TCP and a collision cuiMee TCP position is checked against the
pre-calculated collision curves in a simulation reg@, instead of complete geometry
collision checks. Hence, 2D collision curves arssleesource demanding in a repeated
simulation.

Figure 8 illustrates the two parts of CIM. Part dmendles collision detection and
sampling between objects of interest and part tamndles collision detection between the
simplified collision curves.
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Figure 8Description of the CIM method

5.2. CIM part 1: Sampling collision points between objects

Sampling collision points is the first step of CINollision points are sampled from all
objects of interest and then transformed to coltisiurves.

While sampling, the collision points build up al=bn cloud, which is a group of points
representing collision points between Object 1 @bgect 2. The collision cloud can either be
produced around Object 1 and/or around Object Asamlized in Figure 9. Although Object
1 and Object 2 can be reduced to their simplifiellision clouds representations in a
simulation scenario, a further simplification isspible in this case due to movement
limitations in the YZ-plane.

Collision Cloud

Tool Center Point
(TCP)

Figure 9Collision check between Object 1 and Object 2, Itiegpin a collision cloud around Object 2
and collision curve sampled in TCP

When a point is registered as a collision poimgea point is stored in TCP coordinate.
Because of the stochastic variables in real lifetrdouting to displacement of the Object 1
during transportationtx in movements in X-direction must be taken into sidaration.
These variables include e.g. fluctuation in oil amtoon the sheets and vibrations in a press
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line. This leads to the fact that in the virtualdeh a collision detection withxdmm in X-
direction is also done for evety value withd as sampling value.

Given CAD models0O;, and minimum sampling distande a collision detection
algorithmf, returns:

C = f:(04,0,,d,D,TCP(0))

= Collision curve
0., = Object 1 and Object 2
= Sampling distancdx, dyanddz (5)
= Direction vector intY,+Z
TCP(0) = Chosen TCP of object

The collision points irC are sampled in a chosen Tool Center Point (TCPa fchosen
object. To sampl& for 0, in the YZ-plane four direction vectof3(+Y,+Z) are used.
Sampling distancd(dx,dy,dz)s a chosen distance between sampling points iv,>and Z-
direction d impacts the accuracy of the collision curve anddgistable. As a last step the
collision curve is segmented and neighboring poiith the same or z values are removed
except the first and last point in the neighborgegment. In this way further unnecessary
points are removed.

A simplified part of the code for CIM is visualized Figure 10. The code describes
creation of a collision curve between lower parQdfject 1 O;) and upper part of Object 2
(Oy). O is fixed whileO; is movable. Collision points are sampled and samdtie chosen
TCP untilO; reaches a point mwhere no collisions are detected in +Z-direction.

Move O1 in —Z until collision withO2

4

Note maxg) for x-dx, X, x+dx

\ 4
Save Point
Point reference= Chosen TCP

\ 4
Move Olin Y

A 4

Move Ol in +Z until no collision witrO2

Figure 10Part of algorithnfc describing creation of a collision curve on the 6 object 2

Object 1 is moved in +Z until it is collision fre€hen Object 1 is transformed +#Z for
x—dx, xandx+dx until collision is detected. The highestalue is noted. The same procedure
is repeated until all collision points are sampledCP from the top of the Object 2.

In the same manner other sides of the Object 2aargpled in TCPx values of the points
are set to zero and TCP points are then savedeatar, resulting in a 2D collision curve.
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5.3. CIM Part 2: Collision check between TCP and Collision
Curve

The chosen sampling point TCP is used for colligietection instead of its geometry and
collision curve is used as a representation fore€ibp, which will drastically reduce
computation time. This means that in a simulatioenario TCP of Object 1 is checked
against the collision curve of Object 2 insteadjyedbmetry of Object 1 against geometry of
Object 2.

Several collision curves can be used as input galogether with TCP in a simulation
scenario. In a simulation scenario TCP and collisiarves can be movable independently in
the YZ-plane.

5.4. Creation of Collision Curve for a die

As the first step of CIM, collision points are sdetpfrom objects of interest in the station:
Die Upper (DU), Die Lower: (DL) and sheet metaltg@ampling points are then transformed
to collision curves. The accuracy of the collisionrves is dependent of the sampling
distance. A sampling of 2 mm is used in this casees2 mm is the accepted geometry
difference on the real press line.

Because of the uncertainties in real life contiitgito displacement of the model sheet
metal part during transportation, 2 mm in moversemtx direction must be taken into
consideration. These variables include fluctuatimoil amount on the sheets and vibrations.
values of the points are set to zero resultingvm 2D curves called collision curve upper and
collision curve lower. A third collision curve idsa produced originating from collisions
between sheet metal part In and sheet metal para@itheir grippers. This collision curve is
called Collision Sheet (CS).

Figure 11Result of CIM in a collision scenario
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Figure 11 illustrates a press die, with its maant® upper die and lower die. The lower
die is fixed, while the upper die follows the presstion. A sheet metal part is held by a robot
gripper.

The collision sets in CIM include collisions betwetbe gripper, the sheet metal part and
the lower die, which generates the curve Collidiomver (CL), and collisions between the
gripper, the sheet metal part and the upper diechwproduces the curve Collision Upper
(CU). The collision curves are created by repdgatsdmpling collisions in a chosen TCP,
while objects are colliding in the collision set.

Upper die TCP

Y
\-\—\i\_ﬂ Sampling TCP

Figure 12Creation of the curve CU

Figure 12 illustrates the creation of the curve QWe chosen sampled TCP, which has
the same local axis system as the sheet metalipsotated at (0,0) when the part is placed in
the die. The sampled TCP is used to create theecGt). The CU position and form is
dependent on the height and shape of the grippeittes upper die. In Figure 12 the sheet
metal part, the gripper and its local axis systéme, sampled TCP are shown at the first
created point of curve CU. This means that thepgripthe sheet metal part and sampled TCP
had to be lowered due to gripper height frea® in order to detect the first collision at the
top-right of the gripper.

5.5. Collision check between TCP, CU, CL and CS

The chosen sampling point TCP is used for colligletection instead of full geometry of the
sheet metal part. The collision curves CU and @G_umed as representations instead of upper
die and lower die. In a simulation scenario TCRhecked against CU and CL as seen in
Figure 13. The curves CU, CL and chosen sampliogitn the robot TCP are set as input
values in the algorithm. The algorithm checks ifnpd'CP; is between CL and CU while
TCP follows the robot path.

The curve CU is a moving curve in the Z-directitwllowing the same direction as the
press and the curve CL is fixed. This means thatdbllision free area is flexible in Z-
direction and TCP must get out of the press (dollisree area) before CU reaches its lowest
value otherwise a collision is inevitable.
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Figure 13collision detection between a robot and a pressvintual press station,

The equations that determine when collision ocousdationi, according to CIM are:
zp; + ZCUi(yRi) = ZRi(yRi)
(6)
Zp; + ZCUi(yRi+1) = ZRi+1(YRi+1)
ZCLi(yRi) = ZRi(yRi)
ZCLi(YRHl) = ZRi(yRi+1)

finpolygon(YRi:ZRi'yCSi + YRy, Zcs; T ZRi+1) = True 8
i € {1...n4} whereng = last station number

(7)

zp, = Press z values zp (1)
Yeur Zey = Collision Uppery,zvalues
Yer, Zc, = Collision Lowery,zvalues
Yes, Zes = Collision Sheety,zvalues
YR, Zr, = Feeder Robog,zTCP valuegrg, (1), zg,(t)
YR;, 11 ZR;,, = EXtractor Roboy,zTCP valuegyg,, (©),zg,,, (1)

Equation (6) describes thag, follows the press motioa,, while robotR; and Ri;
TCPs must be below CU to avoid collisions. Equation explains that the robots TCP must
be above CL to avoid collisions. Equation (8) dibss the collision criteria for collision
sheets (CS) which is a collision curve based olistahs between the incoming sheet and the
outgoing sheet. The equation checks for collisioetsveen feeder robot TCP values and CS
which is following the TCP of the extractor rob@his function is applied whilgy,, zg, is
located between min and maxyek, z.s while y., z.s follow extractor robot TCP y values.

Figure 14 illustrates several collision curves isi@ulation scenario against a TCP. A
collision occurs when the TCP is within the limitets of the curves. The figure also
illustrates collision curves In and Out which aeséd in collisions between sheet metal part
In/Out verses die.



5.6. Relativanotion curves

800

600

400

Z(mm)

ok
200

400

00 o

1

|

| |

U cugNy cuoum _/J
.

| cLny CL{OUT)

REFSTR R

33

Ri+1(TCP)

.,

1
-3000

1 1 1
-2000 -1000 D 1000
y (mm)

1 1
2000 3000

Figure 14Motion path of roboR andR;,; TCP and collision curves for a station

5.6. Relative motion curves

To graphically illustrate a possible collision sagq, relative motion curves can be used.
Relative motion curves are a combination of motiomves and path and collision curves.
Figure 15 shows the motion curve of a real indakpress and a virtual feeder robot.
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Figure 15Motion curve of press P and robot R

Figure 16 illustrates the path for the press amdrtibot. The lowest point of the press is
positioned at (0,0), meaning that the upper die DEPigure 12 follows the press path and
reaches its lowest position zt0. The upper die, which is attached to the ram efptess,
follows the path according to its motion cueygt), illustrated in Figure 15.
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Figure 16Path of press, robot

Robot TCP valueg, and z; follow the robot path in Figure 16 according to abb
motion curves of Figure 15. The sheet metal paxtallaxis (Sampling TCP) is located at
(0,0) when it is delivered by the robot to the prddence the robot TCP path is positioned so
that its delivery point is located in (0,0) as siitated in Figure 16. The CU in Figure 16 is
located at its lowest position, meaning the ranp&ss is at its lowest position, see also
Figure 12.

The combination of the collision detection in Figur3, the motion curves in Figure 15
and paths in Figure 16 could be visualized in glsirturve, here referred to as the relative
motion curve. The difference between thealues of the press and the robpt- z; is shown
in Figure 17 for differeny values of the robot. Plot (a) describes lowerifithe press while
the robot exits the press. The elevation of thesgend entrance of the robot in the press is
shown in plot (b).

The dashed curve in Figure 17 complies with elevatf the press and entrance of the
robot in the press and represents the collisiomlitiom:

zp + zcy(Yr) — Zr(YR)
min(ycy) < yg < max(ycy) 9)

1000

800

B00 |

400

Delta z (mm)

200 ¢

o | —
% ) Zpl4) + 2oy (1) - ZglY)
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Figure 17Relative motion curve for a press, robot and dolticurve CU
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As seen in Figure 17, some parts of the dashedivelanotion curve are negative.
According to (6) the condition, + z.; (yr) — zr(yg) < 0 represents collision. Hence, the
dashed relative motion curve in Figure 17 easllysitates the collision scenario between the
press and the robot.

5.7. Minimizing collision risks

There are three possibilities to minimize the sadin risk:

(i) a change of the die/gripper geometry

(ii) path adjustment

(iif) a modification of the synchronization paramest and the velocity of the robot.

These changes could be done either separately mbiged as described below. A
change of the die/gripper geometry which in turfe@t collision curves can be done in
several stages of the die design. At the lategestéine tryout and ramp up, the dies are both
software and hardware designed and ready for ptmoucAn unplanned change of the
hardware is costly and inefficient. Thus, earlficednt die geometry is desirable. Relative
motion curves could be used early in the die degrguoess to visualize collision risk areas for
the die engineer.

A path adjustment and a modification of synchrotiiraparameters, requires efficient
simulation models in order to detect risks earlyhie die design process. An efficient solution
is presented in the next section.

A modification of synchronization parameters aravéhg down the velocity of the robot
would allow the press to elevate and therefore towgethe risk of collision on the entrance of
the robot in the press. A combined use of i-iii Vaballow a die designer to calculate cycle
time of the line and visualize the impact differdrg solutions could have on the cycle time.

By introducing the collision curves in the systehe third solution opens the possibility
of dynamic robot velocity control. In the studiesse, the robots are not aware of the position
of each other or the press/die. Their control geal dependent. Hence, by making the robots
aware of the position of each other and the pressiusing collision curves, the possibility
of controlling the station or a line by dynamicabyljusting velocities arises. This is an
interesting alternative to the current less flexibignal based control strategy. Such a solution
should result in smooth machine run with less nraehware and online momentary
adjustments and tuning.

5.8. Summary

For iterative tasks such as optimizations visuagjztollisions is computationally expensive.
Therefore an innovative collision detection methiedsuggested. The first part of CIM
handles detecting and storing collision points TGP between objects in risk of collision and
compressing the result to collision curves. Thist @i CIM is a pre-process and is only
calculated once. The second part detects collisdengeen the TCP on the moving object and
the collision curves. This method reduces geometagtically producing simple 2D curves
which results in faster computations.
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Chapter 6

Simulation, Optimization and Strategies

A PLC-based simulation model consists of contrdtems, user interface, logic functions,
kinematics, collision detection etc. Overall, saalifferent programs are needed in order to
run the simulation. As an example running the satioh on a medium sized server had a
simulation measuring cycle timg,of 139.7s before and 8.5s after geometry simptifica
using CIM [56] for the model used in [1]. Althouglecreasing the time by a factor of 16 is
considerable, 8.5s per simulation evaluation i# Bigh due to the need of thousands of
evaluations in the optimization. It is also impotta mention that 8.5s is the computation
time for one station. Several stations in a pré&ss Wwould increase the computation time
considerably. Evaluations show that the collisiafcglation time based on CIM is now only
2.2% of 8.5s. Hence, there is still improvementeptidl in building an efficient control
model. By removing unnecessary signals and coontdé (e.g. oil pressure and line security),
the model should result in shorter calculation time

In a new proposed simulation model the PLC andsple® logic are replaced by a
Matlab [57] model. The solution is generic and doble adapted to any 2D transporter
system.

6.1. Simulation model

The Matlab simulation model works directly with anhouse developed optimization tool
PLCOpt. The results from the simulation model analyed by the optimizer and new
parameters are fed back to the simulation modgdtitely until a sub-optimum is reached,
see Figure 18. The solution consists of three ruaiations: control, robot and press and their
sub functions. The robot function is used botheelér and extractor. The motion planner
function is based on real robot motion control aderified. Logic, such as sheet metal part
movement, gripper pneumatic and start signals & ¢omponents in the station, is
encapsulated in the control function.

At a time step, in this case a sampling of everyg Birvirtual time, a call is sent from the
control function to the robots and, presses. Théiangolanner in the robots and presses
returns the position, time and cam values of eaabhine. A warm up cycle is performed
before a measuring cycle, ensuring the line iedillwith sheet metal parts before the
measuring cycle is performed.
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Figure 18Simulation model and optimization tool interaction

Time for one evaluatior, in the simulation model is defined as:

te =t, +tny
t, = simulation warm up cycle time (10)
t,, = simulation measuring cycle time

Equation (10) shows the need for efficient simalaimethods leading to minimum.
For a minimumt, two methods have been suggested, a Matlab basedasion model and
the collision inspection method CIM. The use oflbtitese methods is described in the
following sections.

The motion planner block

The motion planner function for the robots usedhis virtual line is the same as real robots
motion control. Velocity, geometrical and path paeders are input parameters of the
function. The result is the motion of the specifredot. However, for other robot types, such
as Doppin material handling robots, the contrddased on the handling equipments physical
motor properties. Maximum jerk, acceleration andespvalues are a combination of motor
data and process requirements.

Position

Velocity

Acceleration

Jerk

Min Jerk)

Figure 19lllustration of position, velocity, accelerationrgas base on piecewise constant jerk and
their relationship

Process parameters are measurable online and aend#mt on several different
parameters, among others oil amount on sheetpsuidice of the cups and flexibility of the
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sheet metal part. Motor data is either noted frév® manufacturer or possible to obtain
through analysis or sampling techniques. Knowingséhvalues opens the possibility of
mathematically calculating a motion profile by knog the path and through integral
calculation of jerk, acceleration and velocity.

In Figure 19 an example scenario of change of sfread low to high and back to low
again in a path segment is illustrated. The vejaditange is dependent on jerk. Starting with
a square-wave profile of jerk also known as the mdtchange of acceleration, a trapezoidal
shaped acceleration profile is calculated as Hatetl in Figure 19. The benefit of a
trapezoidal acceleration profile is that jerk cam dontrolled. Controlling the jerk in a
mechanical structure is important because high jedkies can cause the mechanism to
vibrate. In press handling equipment this can leadisplacement of the sheet metal part in
relation to gripper deformation during handling gess. This could also lead to higher
collision hazard, drop of the part, unnecessarksrisinplanned repairs and maintenance.
Minimizing structural vibrations is also importasince oscillations can adversely affect the
cycle time of the robot. Lower velocity is set ftre robots as a precaution to avoid
oscillations leading to lower cycle time.

The magnitude of the jerk for a square-wave acagter profile is always infinite and
for stiff, strong mechanisms, a square-wave profilgy result in shorter cycle times. This
scenario is not applicable for press station temsfquipment since these cannot be
considered as stiff. As shown in Figure 19, thevesirare normalized for easy comparison.
For a general trapezoidal profile, there are fargeteration values that can be specified: the
ramp up to maximum acceleration, the ramp down freaximum acceleration, the ramp up
to maximum deceleration, and the ramp down to zceleration. Each of these four
acceleration values can be individually specified aet. By knowing the path of the robot
and calculating the integral of the s-shaped vetqmiofile, the motion of TCP of the robot
along the path in relation to time can be deterchifiéhis method leads to a reliable virtual
motion comparable to the real mechanism.

Collision detection

The collision detection is performed by a collisitmction based on CIM and can be
visualized according to the relative motion curVetally five collision curves are used to
detect clashes in one station. The collision cuaressheet metal part in/out vs. lower/upper
die, which result in four different collision curseand finally sheet metal part in vs. sheet
metal part out. The collision detection is zonedolmeaning that no collision calculation is
performed until TCP is between minimum and maximymalues of the collision curves.
This leads to even higher calculation time efficign

Table 4.Compression between number of triangles in thedime the resulting CIM calculation

Station Number | Nr. of Triangles | Nr. of Points
(Millions) (TCP included)

Station 1 0.4 400

Station 2 1.3 553

Station 3 1.0 431

Station 4 1.8 462

The lower collision curves CL are stationary white upper collision curves CU are
following the press motion curve. The collisionwes In, are checked against the TCP of the
feeder robot, while the collision curves Out areakted against the TCP of the extractor
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robot. The resulting sheet metal collision curviOut follows TCP of the extractor robot and
is checked against the TCP of the feeder robotleTalescribes a comparison between the
amounts of triangles in the original press line @Ddel compared to using CIM. The table
shows that the geometry of the dies, grippers dmbtsmetal parts in the press line are
simplified considerably. A total of 4.5M trianglase reduced to 1837 points using CIM. This
reduction is huge, using less computer power dugdaljision detection calculations in
iterative optimizations.

A Matlab standalone simulation, including collisidaetection resulted in a computation
time of 0.7s, for the measuring cycle of one statd the press ling,,. This fact indicates
that the 8.45s which was the result from K. Niale{58] is now further improved more than
10 times. Compared to the original simulation timéjch was 139.7s, the enhancement is
~200 times. A simulation run of the whole presg l{four stations) showedtg, computation
time of 1.9s.

6.2. Optimization results for a press station

A series of Direct [39] optimizations with 100 i#ions and Differential Evolution [59] with
2040 evaluations\e where performed aiming to minimise;. A scenario with minimum
Y3 8t; results in high production rate, see Table 5. ldethés results in higher requirements
on the sheet metal handling equipment.

Table 5.0ptimization results for minimization of compared to cycle time
using the methods Direct (D) and Differential Exao (DE).

0% ks) = < S, S zz
= 3. S 2 o 2 N =
T3 ® 5 = @z @ o

D N = =
2 S |2 | S 2
e & = 3 c
= 3 > 2
7 S
(7]
5t, + 6t 374 | 6.3 | 44,7 | 0.34 | 0.38 |D:1412
5ty 374 | 6.3 | 445 | 0.08 | 0.41 |D:1602
Y38t 363 | 6.8 | 56,6 | 0.02 | 0.30 |D:2238
Cycle time R| 3.56 7.4 59,4 | 0.21 | 0.24 |D:1988
5ty 356 | 7.0 | 53,7 | 0.08 | 0.24 |DE:2040
Y38t 347 | 5.6 | 43,0 | 0.00 | 0.15 |DE:2040
Cycle time R| 3.36 7.4 51,4 | 0.07 | 0.04 |DE:2040

As shown in Table 5 comparir)gs 8t; and Cycle time, Differential Evolution is more
efficient than Direct for the same amount of evabres. One interesting fact is thét; does
not perform well for both methods, compared to ptigective functions in Table 5 with the
sameNe. A duplication ofNe was performed for both optimization methods weify as
objective function without extreme improvement. §bhows the complexity of the landscape
due to nonlinearity and multi dimensionality of thetimization problem and the importance
of the choice of objective function in the optintina.
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6.3. Multi objective functions

Svensson in [1] suggests,
f=c191+ 9, +c3gs + (11)

as objective functioff in an optimization based on simulationg., g,, gs; .. are actual
production performance values e.g. production eteygy consumption, smooth motion, etc.
c1, C2, C3 ... are weight values to achieve a good compromisedeet the desired production
performancegy;.

A series of Direct [39] optimizations with 10 unkmo parameters was performed for
g1 — g; based on the press station model. The weight saluye- c; are set as constant
values,g, equals cycle timeg, and g; are production performances for robat Wth and
without sheet metal part according to,

N
1
g23 =7 lexd (12)
k=1

wheree,, represents different criterion terms describedlahle 6.

The weight values are set as {1, 0.6, 0.2}, indigaan aim for more smooth run when
the robot is carrying a sheet metal part than with®@he same set of reference parameters
where used at optimization start. Compared to Takdee cycle times are higher due to the
choice of objective function. Table 6 also showattkthe more complex the objective
functions are, the higher numbers of evaluatiores re#eded for the Direct algorithm to
converge.

Table 6.0ptimization results for robot R and press P fdfiedént choices of the criterion,avhere
acc=acceleration and J=jerk.
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acg 4.35 4.7 31.6 | 484 140 0.31 | 1.02 | 1996
acqf 4.67 3.8 28.4 | 48.2 234 | 0.10 | 1.34 | 5194
J 4.40 45 289 | 446 143 | 0.32 | 1.08 | 5076
sz 4.62 5.2 36.6 | 62.2 270 0.86 | 1.29 | 8264
acq2+ \1<2 4.31 4.9 346 | 56.4 274 | 0.42 | 0.99 | 9750

Highest cycle time was produced by usiag= acc? which also produced low
acceleration values. As shown in the table, a l@amacceleration does not necessarily mean
a smooth motion foly, (with sheet metal part), see max(|J|) épr= acc?. ex = accy
resulted in the lowest number of evaluations indpgmization, hence the lowest calculation
time. The smoothest motion results from usépg=/ since low mean acceleration, jerk and
low max jerk and standard deviation are producée. downside is the number of evaluations
needed, which is more than two times higher contpereéhe best value when using Direct.

Another test was performed with the objective fiorcof equation (11) with the aim of
lowering max jerk for the carrying of sheet metahrtp of the robot where



42 6. Simulation, Optimizatioand Strategies

g2 = Max(EN_, lJx]) g3 = 0. The Direct algorithm succeeded to lower the mak jto
250m/$ after ~12500 evaluations. Comparectfo= ] or e, = acc, that produced high jerk
and high number of evaluations. The waiting tifite was neglectable for all cases, since the
robot had infinite source (fed continuously).

A comparison between Table 5 and Table 6 showddh#ihe same 100 Direct iterations,
twice and even triple evaluations are used whengusiulti objective functions. It is also
shown in Table 5 and Table 6 that there is a lihedretween the cycle time angk;.
Comparing the number of evaluatiaisit is also shown that the lowe8; were produced by
using 6t; and cycle time as objective functions, hence rempuin lowest calculation times.
This implies the need of known acceleration and jemits of the robots based on
maintenance plan. Known limitations of the equiptmesuld lead to usingt; as objective
function resulting in time efficient optimizations.

Equations (11) and (12) are industry dependedtranst e.g. be balanced based on
expected production rate and maintenance leveh Madues for accelerations and jerks might
be permitted dependent of quality of equipment,mesiance plan and equipment expected
life time.

6.4. Optimization strategies for a press line

The total amount of variable parameters in the ptege of this case study is ~100. The
amount of parameters in one station is 14 withogtuding path parameters for the 2D
robots, where 12 parameters belong to the feedat @nd two belong to the press. Since a
station is dependent of an extractor robot (feedeot in the next station), the 12 parameters
of the extractor must be included in the optimmatiConsequently 26 parameters are needed
in the optimization of one station. Four of theefigress stations are used in this case study
which results in a total amount of 104 parameteeth parameters for the robots consist of a
minimum of five parameters for each robot whichulssin a total 60 path parameters. In this
case study path parameters are not included iroptienization, which implies that robot
paths are fixed.

The variable parameters in this case study exc@@drésulting in time/computationally
demanding computations. There is also a need bbfasnizations for die design, line tryout
and ramp-up. This is a complex task and to the aaisthknowledge this type of line
optimization has not been performed before. Sdierpapers written in this subject reduce
the line optimization problem to a station optintiaa problem [1] and [36]. The aim is to
solve the complex task of optimizing press lindrpation trough optimization strategies.

For this reason eight combined simulation/optimaratstrategies where suggested and
considered to decrease the computationally experwlculations. These are listed in three
main categories?ush, Pull and Bottleneck

Pushis defined as the method of sequentially optingzatations starting from station
one to the last statiam,.

Pull is defined as the method of sequentially optingzatations starting from the last
station to the first.

Bottleneckis defined as the method of detecting and optimgizhe worst performing
station in the line iteratively.
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Strategies| Station By Station By Station Station By Station Complete
Station Additive Line

Push v v v

Pull 4 v v

Bottleneck v - v

Table 7. List and combination of eight different optimizatistrategies

Three sub categories combinable with the main oaiesy are considered. These are:
Station By Station (SBS), SBS Additime SBS Complete Line

SBSrefers to the method of simulating and optimizinge cstation at a time until the
whole line is simulated. The optimized parameteeskept and reused as start parameters in
the next simulation e.g. station ones optimizecgpeaters are used as start parameters in the
next iteration when station one is being optimiZEuis continues iteratively until stop criteria
is fulfilled.

SBS Additiveefers to the method of first, simulating and ojting one station. Second,
the optimized station is simulated at the same as¢he next station is being simulated and
optimized. This additive behavior continues unltiséations are simulated and optimized.

SBS complete lineefers to the method of simulating the whole livigle optimizing one
station at a time.

Two simulation/optimization strategies where chosamd tested to decrease the
calculations based oRush,andBottleneck

In order to describPushandBottleneckmathematically a definition of the cost functien i
required. The cost function from statioto stationj, wherei < j is defined as:

fi,j @i - 0)) (13)

The cost function for one statidnis f; ;(p;), while the cost function for all stations
1, ...,ng (the whole line) isf; » (P1, - Pn,)-

Push additive-complete line

The first strategyPush additive-complete line a combination of two strategid3ush
additiveandPush complete line

Pushadditive is performed by sequentially simulating, optimgiand adding stations
starting from station one to the last station. method starts with simulating and optimizing
station 1 until a convergence criterion e.g. numtsieevaluationgv,. Next, station 1 and
station 2 are simulated with the optimized paramset&f station 1, while station 2 is
optimized. This is continued until the whole lisesimulated and optimized.

Push additivas defined as:

p; =argmin f; ;(py, ..., p) i = 1,2, .1 (14)
bi
wherep; is the vector of parameters of stati@ndng is the total number of stations.
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Push complete linmethod is performed by simulating the whole lindlesequentially
optimizing one station at a time arsddefined as:

pi = argpmin fin, (P10 Pn) L= 1,2, .14 (15)
i
Equation (15) is then iteratéd times.

Bottleneck additive-complete line

The second suggested strat@&pjtleneck additive-complete liiedefined as the method
of detecting and optimizing the worst performingtsmn in the line iteratively. The
performance measure is case dependent. It coulldebital cycle time of a robot, the cycle
time of the robot without waiting timét;, or cycle time of a station with infinite source or
sink (infinite sheet metal delivery and extractiaithout delays). Source in this case is
defined as the press before station and sink is@tbhs press after.

In this study bottleneck is computed by first usimgsh additive resulting in a sub
optimized press line, followed byhkmttleneck complete lineptimization based on (16) and
(17)

Thebottleneckstationi,, is the station with the worst performance andefined as:

iy 2{i € Q|Vj€Qq,j #i: fi(p) = fj;(pj)} (16)

where(; = {1, ..., ns} is the index set including all stations.
Optimization ofi, is defined as:

P, = argmin fy; (py, ..., Pn,)
Piy (17)

The stationi,, is iteratedV, times, or untilf; , (Prew) < (1 + &) 10, (Pora), Wheree is a
small number. Hence the iteration continues uhélilmprovement is very small. Observe that
the iteration stops immediately if the new solutgives worse performance than the old one.

Total simulation-optimization time

The amount of evaluations in one station optimoratis dependent of expected
optimization accuracy, time/computer power avaligbor objective function. The press line
can be simulated and optimized iterativély times until a satisfactory result is achieved.
Hence the number of optimization evaluations titlesnumber of press line iterations result
in different total simulation-optimization evaluatisN,;.

ng ng
Ny = ZNeai +leNeci (18)
i=1 i=1

ng, = Number of statior
N,, = Number of evaluations in each station additive

N,. = Number of evaluations in each station complete piae
N; = Number of line iteratior
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The total simulation-optimization timeg, is defined as:

Net
tso = Z Ler (19)

t, = Time for one evaluation

A low t,, is desirable in order to use the results in diggteor line tryout. Therefore,
two optimizations where performed based on the ssigg strategie®ushadditive-complete
line andBottleneckadditive-complete line

6.5. Optimization results for a press line

Below the results for push additive-complete limel dottleneck additive-complete line are
presented.

Push additive-complete line with Differential Evolution

A set of twelve optimizations was performed withe tbush strategy using differential
evolution as optimization algorithm. Each optimiaatpoint in Figure 20 was performed four
times.

5000 oo ~Gh/2000Net
.. 4,50 -« M-+ ~12h/4000Net
4,47".. ~24h/3000Net
EE | 4,66 <eoniees ~48h/16000Net
> 500 :
=
= N
E ., '
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2 W 494 g1g T
=
8 s5p
i
” ®.4,75
‘4342.
....................... 4,33
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0 5 10 15 20 25 30 35 40

Line Iterations N,

Figure 20Push strategy with Differential Evolution. Presglicycle time in seconds

The cycle time, which is the average of the fouirojzations, is labeled in Figure 20 in
seconds. The line was first optimized and builtwush additive method usirig,, values:
{5,10,22,88,154,1606,3212}. Next push complete ivees performed witv,. = N,, andN,
values: {0,5,10,20,40}. Figure 20 shows twelve oyziation sets divided in four series with
total N, of ~{2000,4000,8000,16000} and an approximate wdalmon time t;, of
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{6h,12h,24h,48h} for each point of the series. ligyfe 20, a trend is shown, where
N,..={88,154} andN,;={5,10,20,40} produce improving results for high. This indicates the
need of using a combination aV,. andN,. The ~6h/2000,; run was the fastest run but
shows the worst cycle time due to ldiy.. However the ~6h/200Q,; run produces a rough
estimation of the optimized cycle time. This methizd successful resulting in better
performance for a combination of high,. = N,, andN;.

Bottleneck additive-complete line with Differential Evolution

Another set of nine optimizations where performathwhe samev,,, N,., N, settings as in
the push experiment resulting in almost 12 daysal€ulations and a total of ~100 000
evaluations.

Both push and bottleneck methods share the sastepfish additive phase. In order to
detect the bottleneck in the line, the performamas measured by calculating the cycle time
of the robots in each station by using a source aankl (infinite sheet metal delivery and
retreat).

The objective of using a source and a sink in framd in the end of the station being
optimized was to detect the stations real perfoseamithout having to consider the possible
delays/restrictions caused by other stations. Toilelmeck station;, was then optimized
while it was simulated together with the rest a lime.

The bottleneck method did not perform well. The dtyyesis is that, during performance
check the station was extracted from the line anll and source methodology was used.
Hence no restrictions (delays) were on the statidng¢h in many cases resulted in collisions.
The station was though optimized while being a péathe line. Thus, the same station with
the same parameters in a line run was collisioe. fidis scenario is normal since in a line
simulation e.g. the feeder,Rf the station has to wait for the strike of présfore R
meaning that the press of the statiorhBs time to rise resulting in a collision freetpadh a
source and sink scenario the feedgrdBes not need to wait for the press stroke optless
before, R meaning that it picks up the plate and tries &vdethe plate in the press Iefore
P, has raised up enough for a collision free patlis Tieans that a collision is inevitable.

Bottleneck additive-complete line methodology wasfounately not successful.
Extracting stations from the line for performandeeck and retrieving them in the line for
optimization is not an optimum optimization methdch interesting setup for future work is
bottleneck station by station strategy explainedable 7 where both performance check and
optimization is done station by station. The diffty of this method lies in cooperation of the
single optimized stations in a line.

6.6. Summary

Since the number of variable parameters in thie sasdy exceeds ~100, the optimization is
computationally demanding. Twoptimization strategiedased on decomposition where
defined and tested to decrease the calculationglydushandBottleneck

It is shown that with the setup used in this thdbis push strategy fits press line
optimization problems. The amount of evaluatioNg.in one station optimization is
dependent on expected optimization accuracy, tiomgpiter power availability and objective
function. The press line can be simulated and opéic iteratively N; times until a
satisfactory result is achieved. It is shown thaing a combination of N,, and N; is
necessary when using the push strategy in ordgettan adequate result.
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The bottleneck method did not perform well. The dtyyesis is that, during performance
check the station was extracted from the line,sanki and source methodology was used. The
station was however optimized while being a parthef line. This means that although the
performance of a station measured with infinit&ksind source is high, the same station in a
press line interacting with other stations coulsuiein a low performing station. This is due
to the dependency between the stations. Probalelse tts a stronger link (dependency)
between stations close to each other than statistieer apart. The low performance of the
bottleneckmethod is due to performance checking and optitmizaof not neighboring
stations. Thggushmethod on the other hand optimizes gradually,®tay station and using
line iterationgV,. This methodology improves the performance of gtaions step by step,
hence improving the interaction of the neighborstgtions, resulting in a better performing
line.
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Chapter 7

Conclusion and future work

There is a need of fast simulations and optimipatifor die design, line tryout and ramp-up
in stamping. This thesis concentrates on investigaand suggesting methods for simulation
and optimization of tandem press lines. This isficdlt task and to the author’'s knowledge
has not been done before. A fast simulation metiodpress lines including innovative
collision detection is developed. Two optimizatistnategies are presented and utilized on a
virtual press line. The simulation time improvemeénthis case study is considerable. The
time reduction and the minimization of programs dezk for a simulation, opens the
possibility of desktop simulation solutions for Iréae operative personnel.

Three questions were raised in the introductorytdra

Q1: How are efficient geometrical simulation andtwal commissioning performed in
stamping?

In order to perform efficient geometrical simulatiand virtual commissioning several
major areas have been addressed, nansetylation evaluation time (collision detection),
optimization algorithm, objective functi@mdoptimization strategy.

Simulation building timeis also improved due to modification and modulkztitn
capability of the simulation method. The proposedutation model is easy to modify to fit
other similar press lines. Therefore the suggestedilation method of this paper speeds up
virtual construction time.

Q2: How can a feasible collision detection methedférmulated to simplify complex and
computationally intensive iterative press line dimions?

An innovative collision detection method CIM is gagted, converting a 3D problem to
a 2D solution. The first part of CIM handles deitegtand storing collision points between
objects in 3D in risk of collision and compressthg result to 2D. This part of CIM is a pre-
process and is only calculated once. The secondlptacts collisions between the TCP of the
moving object and the collision curves. This metiheduces geometry drastically producing
simple 2D curves, which results in much faster cotatons.

Q3: Is it possible to establish an optimizatioratggy that fulfils the necessary requirements
for press line simulations?

Optimization timeis dependent oroptimization algorithm, objective functioand
optimization strategySeveral tests were performed stating the perfocesmrof different
optimization algorithms Different objective functionswere tested and the vast time
consumption of the multiple objective functions wsated. Press line components waiting
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time and cycle time were used@gective functionsand the differences in performance was
stated. This implies the need of known acceleratiod jerk limits of the robots based on
maintenance plan. Known limitations of the equiptreauld lead to using robot/press waiting
time as objective function resulting in time eféiot optimizations.

Since the variable parameters in this case studgesls ~100, the optimization is
computationally demanding. Twoptimization strategiedased on decomposition were
defined and tested to decrease the calculationglgdPshand Bottleneck It is shown that
with the setup used in this thesis fheshstrategy fits press line optimization problems.

Hence, efficienttotal simulation-optimization timepens up for efficient optimization,
resulting in high throughput, high quality (e.gwfecollision risks), minimum operator
expertise dependency and minimum wear of real staggguipment.

Future work

An interesting area for future work is parallel qarting. An optimization of a press line
takes roughly 24h. This time might be acceptablannideal industrial environment where
designers produce perfect dies before line tryoet dnd no late changes occur. Since a
production environment is not ideal, late change®ctur and there is an analysis desire for
multiple die/gripper solutions in stamping. Hentles total simulation time must be further
improved. A solution might be to run parallel sietidn-based optimizations, and later join
them to a final optimization.
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Chapter 8

Summary of appended papers

In this section a brief presentation of the appdnulpers is given. There are three included
papers appearing in logical order, reflecting trevedlopment of the performed research
activities.

Paper |

Nima K. Nia, Fredrik Danielsson, and Bengt Lensamt (2011). A faster collision detection
method applied on a sheet metal press line, FAIMyvaN.

Geometrical collision detection is a time and r@selwconsuming simulation task. In order to
decrease time and resources, a general methodebasdeveloped. The method is useful in
simulation cases where 3D CAD data is part of amafive method, e.g. optimization. The
method is based on a transformation of a genergbr@blem to a 2D problem, eliminating
the need of 3D CAD models. Press Line simulationsnd the last decade have been
accepted as a quality improvement method. Todaylations of automated press lines are
done for internal collision checks in dies and exaé collision checks against dies and
material handling equipment. If these collisions aot detected in simulations, they result in
delays when a new product is introduced in the lswecalled line tryout or later on when the
line is ramped up to decided rate. The resulthe$e collisions are used for pre-die design,
design of grippers, maintenance and productionnahan In this paper a new method, based
on 2D simplifications, is developed and tested sssfully in a virtual model of a press line at
Volvo Car Manufacturing. Die Uppers 2 917 708 tgkas and Die Lowers 602 686 triangles
where reduced to 58 and 90 points. The result ®ntlethod shows substantial reduction of
geometry data and a considerable improvement ilisicol detection evaluation time over
general 3D algorithms in the tested case.
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Paper Il

Nima K. Nia, Fredrik Danielsson, and Bengt Lenran{g2012).
Efficient geometrical simulation and virtual comsi@aing performed in stamping
optimization. ETFA, Poland

In order to perform efficient geometrical simulatiand virtual commissioning in
stamping, three fields are investigated namelyutation building time, collision detection
time and optimization time. Hence, reducing timéhis main theme of this paper. To reduce
simulation building time and optimization time, afficient stamping simulation model is
built and tested. Collision detection time is exaad by a relative motion method based on
3D to 2D geometrical collision detection. The prdasd results mean that simulation and
virtual commissioning can be performed at least tiemes faster compared to standard
approaches.

Paper Il

Nima K. Nia, Fredrik Danielsson, and Bengt Lenrar{g2012).
Toward efficient simulation and optimization stgigs in stamping. Submitted to an
international journal.

To reduce simulation time, collision detection timeeduced by a method based on 3D
to 2D geometrical collision detection. The methsdbased on pre-calculation of all collision
points in the environment of interest, and themgis simplified collision detection model in
a simulation based optimization. This is less resmweonsuming than collision checking the
original 3D objects for all optimization evaluat&anThe suggested approach reduces the
collision detection from a 3D to a 2D problem, whetollision between simplified but
moving curves is used in the repeated simulationofdimization. This collision detection
approach, together with a simplified implementatidthe control code, results in ~200 times
reduction of the computation time, compared todhginal simulation based on standard 3D
collision detection.

The variable parameters in a press line exceed rE3dJting in time/computationally
demanding computations. There is also a need bbfasnizations for die design, line tryout
and ramp-up. Since the number of evaluations grewmonentially with the number of
dimensions in an optimization problem, optimizatibme is reduced by a decomposition
strategy aiming at dimension reduction. Two simatdbptimization strategies were chosen
and tested to decrease calculations. The preseesedts mean that simulation and virtual
commissioning can be performed not only for préasans but also for complete press lines,
where the complexity increases linearly with thenber of stations in the line.
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