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Abstract

Automotive Body in white parts are joined using a method called spot welding. Previous
studies have shown that the determined position of spot weld varies within £ 10mm from the
nominal position [1]. The variation in the location of spot welds influences three disciplines,
such as geometrical assurance, strength, and residual stress. This thesis aims to choose the
position of spot weld with minimized geometrical variations and still to satisfy the requirements
for strength and residual stresses. A multidisciplinary optimization method that incorporates
all these disciplines to find the optimal position of a spot weld is developed.

This study was performed on an automotive test case model. This test case assembly consists
of two parts, which are joined with seven spot welds. Individual modeling and simulation were
performed on this assembly to study the effects of changing the positions of spot welds for all
three disciplines. For this purpose, RD&T software was used to predict the geometrical
variations, and Ansys workbench was used to analyze the strength and residual stresses for the
test case model.

Matlab programming tool was used to develop a search algorithm that is used as an
optimization algorithm during MDO and also to establish a connection between different
software. An MDO workflow, which evaluates the different positions of spot weld to minimize
geometrical variations and still satisfy the strength and residual stress requirements has been
developed. From the MDO results, it is seen that the position of spot welds has an effect on all
three disciplines, and therefore it is necessary to consider it during the development stage. The
suggested optimal position of spot weld from this thesis has shown a 25% improvement
compared to the nominal weld position.



Acknowledgement

Firstly, we would like to thank our supervisor Roham Sadeghi Tabar (Ph.D. student from the
Industrial and Materials science department at Chalmers University of Technology), for his
constant support and for being a great motivation for us during the challenging times.

Secondly, we would also like to thank our examiner, Kristina Wéarmefjord (Associate professor
from industrial and materials science department in Chalmers university of technology), for
her valuable inputs and guidance that helped us throughout this thesis.

Lastly, we would like to thank our family members and friends for being a great support
throughout this time.

Vi



Table of contents

L INEFOTUCTION ...ttt b bbbt b et e et e b bbbt e b e ne e 1
1.1 Project DACKGrOUNG ........cooiuiiie ettt este e neenreas 1
2 AN | 1 1 SRS PSPRSPRPRN 2
IR I €T - | TSR RPRURTRRR 2
1.4 ODJECTIVES ...ttt bbbt b et b e 2
1.5 RESEAICH QUESTIONS .......eitiitiiiieiieiet ettt bbbttt n s 2
1.6 DIIMITALIONS.......eiitieieciie sttt b e be e esne e sbeeteeneesbeebeeneenreas 3

2 LITEIATUIE TEVIBW ....vitieeeeie ettt bbbttt ettt sttt e b e e e neas 4
2.1 Sheet Metal ASSEMDIY ....c..ooviiiiec s 4

2.1.1 BIW COMPONENTS. ....eiiiiiiie ittt sttt st e e ssb e e s b e e b e e nseeeanneaeanes 5
2.2 JOINING PIOCESS ...veeuveiveeiteesteeseesteestesteesteestesseesteassesseeaseaseeaseesseessesseesseansesseesseenseaseenseaneensens 6
2.2.1 Resistance SPOt WEIING .........ooiiiiiiiiiiee s 6
2.2.2 Stages of Resistance spot Welding (RSW) ... 7
2.2.3 Parameters that influence the geometrical QUICOME ...........coeviiiiiiiiniiicieee 8
2.3 GEOMELIICAl VAITATION. ... eeuiiiiieiiieie ettt steene e reeteeneenrees 9
2.4 Non-rigid variation SIMUIAION. ..........c.ocviiiiiii e 9
2.5 SEIESS ANAIYSIS ...ttt ettt e e nre e e e nreens 11
2.6 Multidisciplinary design Optimization ...........cccccveveiieiicie i 12
2.6.1 General Problem FOrmMUIAtION...........ccuiiiiiieie i 12
2.6.2 ODJECHIVE FUNCLION......cciiiiieiiecie ettt re e re e 12
2.6.3 DESIGN ValTADIES ......cueiiieieiieee e 13
2.6.4 CONSLIAINTS ...oveeiieciiesieeiesee st e et et e e e e reesreeseeareesseeneesseesteeneeaneenseans 13
2.7 ALGOTTENIM ... bbbttt n e 13
2.8 Multi-Disciplinary Optimization(MDO) Formulation............ccccceveiiieninininiecee, 14
2.8.1 Multi-discipling feasibIe ..o 14
2.8.2 Individual discipline feasible (IDF) ........cccooveiiiieii e 15
2.8.3 The comparison between MDF and IDF ... 17

3 Simulation MethodOIOgY ......c.oouiiiiiii e 18
KT8 111 0o [ od 1 o] SRS 18
3.2 Different steps involved in a simulation Study ............cocoooiiiiiieiee, 18

4 Reference CAD MOEIS.........ooiiiieiee et nneas 22
g I 1o 0o [ Tox 1 o o SRR 22
4.2 CAD MOGEIS ..ottt ettt st ne s 22

vii



5 Non-rigid variation SIMUIBLION...........cceiiiiieece e 25

5.1 INEFOUUCTION ...ttt bbbttt b bbbttt ne e 25
5.1 POSITIONING SYSIEM 1...viiiiiie ettt e e e ra e beesaesraenseeneesneenneans 25
5.2 Creation of SUDASSEMBIY ........coiiiiie e 26
5.3 Creation Of Weld POINTS........cciiiiiiiii e 27
5.4 Creation Of CONLACE POINTS .......ocviiiiiiiiiiieiei e 27
5.5 Part variation SIMUIALION .........ccooiiiiiieiiie e 28
5.6 RESUILS aNd QISCUSSION .....eovviriiiiiiisiesiieieeee ettt 29
B SErENGIN ANAIYSIS . .ociiiiiieece e re e e nre e 30
T 1 oo (0ot o] o F ST PR USRS 30
6.2 Creation Of SPOt Weld POINTS ......ccuviiiiice e 30
6.3 GROMELIY MBS ...t b bttt 31
6.4 Fixed support and 10ading CONAITION. .........ccueiiiiiiiiiiiiee e 31
6.5 Total defOrMatiON: ......oiiiieee et nre e 32
6.6 Individual SIMUIAtION STrALEQY: .....coiviiiiieieieiee e 32
6.7 RESUILS aNd QISCUSSION .....veuiiriiiiiie sttt ettt 33
7 RESIAUAI SEIESS.....eiviiietieie et bbbttt et b bbb e e e s 34
% oo [0 od ] o OSSP PRPRURPSRP 34
7.2 SPOt Weld tEMPErAtUIE ZONE.......ccveveiieeie e e et ste et e et te e sae e sreeste e e reenee e 34
7.3 GROMELIY IMESH ...ttt bbbt bt 35
7.4 Degree Of TIEEUOIM ... bbbt 36
7.5 Fixed support and 10ading CONAITION. .........ccueiiiiiiiiieieee e 36
7.6 Residual Stress analySiS. .......co.oiiiiiiiiiiiieee s 37
7.7 Individual SIMUlAtioN SIFAEQY.......cceiiiiiieieieese e 38
7.8 RESUILS AN QISCUSSION .....veveiieiiiie sttt 38
8 Prerequisite for Multidisciplinary Optimization ProCESS ..........ccvveieeeeieereiire e e eresree e, 39
8.1 Interactive link between MATLAB and ANSYS ......cccccveiieiieiieeieceesie e sre e 39
8. L. L INTFOUUCTION ...ttt ettt ettt re e e e 39
8.1.2 Method used to establish a connection between Ansys Mechanical Apdl and
Y L1 - o TSR 41
8.2 Optimization Search algorithim.............ociiiiiiiii e 43
S B2 I 1o oo [0 Tod o o SRS 43
8.2.1 Search algorithm ......c.coiii s 43
8.2.3 Search algorithm indetail .............ccoooiiiiiiii e 45
O MDO FOIMUIALION ... ettt b e nne e 50



0.1 INETOAUCTION ...ttt e e e et e ettt e e e e e e e e et eeeeeeeeesae e neeeeeenaaas 50

9.2 Multidisciplinary OptimiZation............c.eciivieiiieieeic e 50
9.3 Problem fOrMUIALION .........ooviiii e 51
0.2.1 SUD-SYSLEM LEVEL ... 51
0.2.2 SYSIEM BVEL ... 54

IO o4 Tod [1ES] o] o PSPPSR 57
= Todo] 0 1T 0o Fo LA o PSSR PR 58
710 [ToTo =T ] )Y 59
Appendix A — Geometrical VariatioN ...........cccveiieiieieeie e 61
AppendiX B — Strength @nalySIS........ccveiiiieiieiicie et 62
Appendix C - Search_algorithm ..o 63
Appendix D - CombINation PrOgram ..........coceiiiiiinieieiest ettt 65



List of figures

Fig. 1: Three different disciplines considered for optimization of spot welding location......... 1
Fig. 2: SNEEt MELAl PrOCESS ....veiveeiecieeie ettt esreenre e 4
Fig. 3: BIW (Body in WHIE) PAITS ....ccueeviiieieeie ettt 5
Fig. 4: Schematic diagram of resistance spot Welding..........cccccvoveiieiiiiiiicie e 6
Fig. 5: Graphical representation of JOINING PrOCESS..........cccoiiiiiiiiiieiceee e 7
Fig. 6: The actual spot weld position vs. nominal spot weld position .............ccccoevrviviiniennenn 8
Fig. 7: Factors affecting geometrical Variation .............cccooeiieieiiniienese e 9
Fig. 8: Steps to be considered during non-rigid variation simulation.............cc.ccoeveviiiinienn. 10
Fig. 9: Strain at different temMPerature ZONES.........ccooiviierereririsieeeee e 11
Fig. 11: GenetiC algOrithm ........cooiiiiieiiiie e 13
Fig. 12: Multidiscipling feasible [15].......cccooiiiiiiiiiee e 15
Fig. 13: Individual discipling feasible. ..o 16
Fig. 14: Simulation method used for individual diSCIPINE............cceieiiiiiiiiciecee, 20
Fig. 15: Simulation method for Multidisciplinary Design Optimization..............cc.ccocvveveinenne. 21
Fig. 16: L Shape MOTEl.......cc.o i 22
Fig. 17: U shape MOel ........c.oooiioeeee et 23
Fig. 18: C SNAPE MOUEI ......eeeieieee ettt et s e sreeeeenes 23
Fig. 19: Test CaSe MOUEN .........ooviiiiic et 24
Fig. 20: The positioning system (6 direction) for the test case model............cccccoevevvevvenenne. 26
Fig. 22: Creation of Weld POINTS ........coiiiiiei e 27
Fig. 23: Contact Modelling for test case MOdel............ccoeoviieiieiiie e 28
Fig. 24: Part variation on nominal weld POSItiON...........ccoviiiiieie i 28
Fig. 26: Spot Weld definition ........ccccve oo 31
Fig. 29: Mesh definitioN..........coiiiiie e 31
Fig. 31: Simulation result of nominal weld poSition.............cccvveviiieiieie e 32
Fig. 32: Simulation strategy for individual diSCIpling ..........c.coveviiiiiiiiic e 32
Fig 33: Spot Weld tEMPErature ZONE ...........coeiiiiiieieee et 34
Fig. 34: GEOMELIY MESN ... .ot bbbt 35
Fig. 35: Degree Of frE@UOM ......oiiiiie et 36
Fig. 36: Temperature definitiON ............oooiiiiiiiieee e 37
Fig. 37: ReSIdUal SEreSS ANAIYSIS .....cveviiiiiiiiitieiieieie ettt 37
Fig. 38: Parametrization of spot weld temperature zone in ANSYS .......cccccerererenenesiesieeinenes 38
Fig. 39: Step 1 involved in establishing the cONNECtioN ...........ccocoeiviiiiiiiiciee, 41
Fig. 40: Step 2 involved in establishing the cONNECtioN ...........ccocoeiiiiiiiiici e, 42
Fig. 41: Final framework to establish the CONNection..............ccocvviiiiiiii e, 42
Fig. 42 SEAICN SPACE ......iviiiiiiiiieieie ettt b bbbt 44
Fig. 43: Detailed view 0N the SEarch SPACe..........cccveiiiiiie i 45
Fig 44: Flow diagram- 1 for the search algorithm ............cccoooiiiiiiii e, 47
Fig 45: Flow diagram- 2 for the search algorithm .............cccooviiiiii e, 48
Fig 46: Flow diagram- 3 for the search algorithm .............cccooviiiiiii e, 49
Fig. 47: MDO problem formulation.............cccoii oo 50
Fig. 48.a: Geometrical assurance Results with respect to the position of spot weld in (mm)
DASEA ON AISTANCE ...ttt r e b e e e b e e e enes 53
Fig 48.b: Geometrical assurance Results with respect to position of spot weld in (mm) based
o] (o [ =Tod o] o [PPSR 53



Fig. 49.a: Strength Results with respect to the position of spot weld based on distance......... 53
Fig. 49.b: Strength Results with respect to the position of spot weld based on direction ....... 54
Fig. 50: System-level reSUILS PIOL...........coviiiiiiiiee e 56

Xi



List of Tables

Table 1:
Table 2:
Table 3:
Table 4:
Table 5:
Table 6:
Table 7:
Table 8:

Comparison between IDF and MDF ..o 17
Part variation with respect to the location of spot weld............cccoev v, 29
Simulation results for individual diSCIPINE..........ccccoveiiiieiieeee e 33
Standards in the selection of electrode diameter ..........c.ccocvveviieni i 35
RESUILS OF reSIdUAl STIESS........cueiiiieiieie e e 38
Requirements list for software SElECtION...........ccooviiiiiiiiicc e 40
Results from System IeVel............oooiiiiiie 55
Final optimized FESUILS..........ooiiiii s 56

xii



Lists of abbreviations
BIW — Body in White

MDO — Multidisciplinary Optimization
RD&T — Robust Design and Tolerancing

CAT — Computer Aided Tolerancing
FEA — Finite Element Analysis
CAD — Computer Aided Design
RSW — Resistance Spot Welding

ST — Solidification Temperature
SCC — Stress Corrosion Cracking
GA — Genetic Algorithm

IDF — Individual Discipline Feasible
MDF — Multi Discipline Feasible
RMS — Root Mean Square

RAM — Random Access Memory

Xiii



Xiv



1 Introduction
This chapter aims at providing insights into the background, along with the goals and
objectives, followed by the Research questions to be answered, and delimitations of the thesis.

1.1 Project background

Geometrical assurance is a highly increasing topic within the automobile and aerospace
industry [2]. Geometrical assurance is a method used to minimize the geometrical variations in
assembled products. To ensure high quality, geometrical methods and tools are used early on
in the product development phase [3]. The tools such as RD&T and CAT (Computer-Aided
tolerancing) are used to evaluate variations and to ensure the robustness between different
solutions.

The geometrical variations of assembled products are affected by many different factors, such
as part variation, fixturing, the joining process, gravity, material properties, and collisions [3].
All these factors need to be considered during the analysis to minimize the difference between
simulation results and results from physical tests.

This thesis focuses on developing an optimization method to minimize geometrical variations
caused due to the joining process. Spot welding tool is one of the processes used to join Body
in White (BIW) parts by different industries such as aerospace and automotive. During the
joining process, the position, sequence, and the number of welds play an essential role in
determining the geometrical outcome [3]. In general, the choice of position and sequence is
based on requirements of the strength of the assembly and also the accessibility for the joining
tools. The industries use different strategies to find the spot-welding locations to fulfil their
requirements. A standard MDO method to find the optimal position of spot weld with
minimized geometrical variation still satisfying the requirements of strength and residual stress
is developed. Fig. 1, shows the disciplines that are considered for this thesis work.

This thesis work is done in collaboration with the research group ‘Geometry Assurance and
Robust design’ at the Department of Industrial and Materials Science (IMS) at Chalmers,

leading within geometrical assurance.
Geometrical
assurance

Strength
analysis

Residual
Stress

Fig. 1: Three different disciplines considered for optimization of spot welding location



1.2 Aim

Optimization of spot-welding locations with respect to geometrical variation, residual stress,
and strength analysis using the MDO approach.

1.3 Goals

1.

Finding out at least two suitable disciplines to find the best optimal spot weld position
and combining with non-rigid variation simulation.

Developing an optimized formulation for spot weld locations by combining all
disciplines such as geometrical assurance, strength analysis, and residual stress using a
multidisciplinary optimization method with suitable algorithms.

Studying the optimized results and finding out the potential improvements in terms of
accuracy and calculation efficiency.

1.4 Objectives

1.

Literature review of non-rigid simulations (geometrical variations) of sheet metal BIW
assembly using RD&T.

Literature review of each discipline (residual stress, strength analysis).

Literature review on multidisciplinary optimization (MDQO) methods and algorithms
(Genetic approach, conjugate gradient, weighted sum approach).

Data collection for geometrical quality of each discipline (position and sequence of
weld points, positioning system).

Formulation of each discipline for simulating and optimizing the initial results.

Simulating and optimizing the results of each discipline by using different tools. RD&T
tool for geometrical variation, FEA tools for structural analysis, thermal stress and
optimizing the position of spot weld by using Matlab.

By using a multidisciplinary optimization (MDO) approach with suitable algorithms to
optimize the location of spot weld with respect to geometrical variance, residual stress
and strength analysis.

1.5 Research questions
Based on the defined goals and objectives, the following research questions were formulated.

1. How strength analysis and residual stress discipline, influence the optimization of spot weld
location with respect to geometrical variation and their differences in the results of an
individual and multidisciplinary optimization?

2. How to incorporate the findings or method developed from this thesis for different
geometrical assemblies in order to find the optimized position of spot weld?

3. How selection of software platforms for each discipline plays an important role to perform
multidisciplinary optimization?



1.6 Delimitations
The delimitations of this thesis are as follows

1. The sequence and the number of spot welds are fixed as it will increase the overall simulation
time during the MDO process.

2. The framework for the multidisciplinary method will only be tested on an assembly given
by the organization.

3. To perform MDO, the selection of software for individual discipline is limited which is
discussed in Chapter 8.



2 Literature review
This chapter provides the reader with the insights of the literature relevant to carry out the
studies for this thesis topic.

2.1 Sheet Metal Assembly

Sheet metal assemblies are used in a wide range of products from automotive, aerospace,
medical, and home appliances. Since this thesis study deals with the optimization of spot weld
locations for sheet metal assemblies, this section gives a comprehensive insight into the sheet
metal assembly process. Generally, the sheet metal assembly process is mainly divided into
two stages as shown in Fig. 2.

1. Forming individual sheet metal components
2. Assembly of all individual sheet metal components in a final assembled product

structure.
Sheet metal
process
Assembly
Forming PCFR
cycle

8

N
ey

Further, the sheet metal forming process is divided into multiple stages of stamping, which
includes cutting and bending, and finally, the assembly process, which is divided into a four-
step cycle called the PCFR cycle: Place, Clamp, Fixture, and Release [4] [5].

Fig. 2: Sheet metal process

In the PCFR cycle, the sheet metal components are positioned in the assembly fixtures, which
are secured by the locators. The fixtures are mated into locators; then, the individual parts are
clamped together. Deformations occur in this step. The next step is to fasten, which is done
using spot welding where the weld gun closes the remaining gap and joins the individual sheet
metal components. There can be deformation seen in this step. Finally, the clamps and fixtures
are released (Spring back is allowed), and the assembled structure is allowed to deform until
the unbalanced stress state caused during the assembly process is reached to the balanced stress
state, But still, the residual stress is inherent inside the structure which may affect fatigue life
under loading conditions [4].



2.1.1 BIW Components

As mentioned in the previous section, the Sheet metal assembly is used in different industries,
but the thesis focuses mainly on automotive BIW components. Therefore, this section is
introduced to have a general understanding and classification of BIW components.

BIW or Body in White components refers to the stage in automotive design and manufacturing
where the sheet metal body structure including closures (All door panels, hoods, and bonnet),
roof structures(roof panels, bows, and headers) are assembled but before engine, wheels,
interior trims (Dashboard, seat), exterior trims (plastic trims parts, roof liners, door handles)
and electronics (wiring harness, entertainment system) are added to the body frame structure,
as shown in Fig. 3. During the manufacturing phase, the sheet metal is allowed to undergo
several different manufacturing operations to finally become a unique body part which is
designed and integrated. This process is done before the painting job, and due to its metallic
appearance of the body structure, it is known as the body in white [6].

Wheel House  Roof Bow Rear Header/ Hatch

Roof Side Rail

or Torque Box (Front Body Hinge Filler)
Compartment
Upper Rail

Fig. 3: BIW (Body in White) parts [6]

Body in White or BIW is further classified into the following sub-structures.

1. Under Body Structure:(Front and rear floor panels, dash partition panels, rear
wheelhouse)

2. Side body structure: (‘A’ pillar, ‘B’ pillar, ‘C’ Pillar, Quarter Panel, Ring panel)

Roof and closures:(door panels, hood, roof panels, bonnet)

4. Front and rear end structures: (fenders, wing panels, tie bars, cowl, plenum panels)

w

Reinforcement components: These are the components that are used to provide strength and
stiffness to other bodies in white components. The test case model used in this thesis study is
a reinforcement component.



2.2 Joining process

2.2.1 Resistance Spot welding

Resistance spot welding is one of the critical joining processes in an automotive industry which
is widely used for joining sheet metal assemblies. In general, an automotive body assembly
requires around 4000-5000 spot welds depending upon the size [7]. Due to its high welding
efficiency and suitability for automation, it is considered to be the most effective and
commonly used joining process. In this process, two or more sheet metals of a thickness up to
3mm are held together by applying the welding pressure, as shown in Fig. 4. A contact is
created through which an electric current is passed through the electrodes. In the first cycle,
the heat generated due to electrical resistance that will melt the metal and fuses together. In the
second cycle, the electric current is turned off, but the pressure is still maintained until the
molten metal solidifies to form a joint in between the sheet metal [8].

u Pressure

Electric current

Fig. 4: Schematic diagram of resistance spot welding

Resistance spot welding works on the principle, which states that the amount of generated is
directly proportional to the electrical resistance, the thermal conductivity of the material, and
the amount of time current is applied.

Q = i?RT 1)

Q= heat generated (joules); i = current applied (Amperes); R = electrical resistance of the
material (Ohms); T = Time duration of current (sec)

Copper electrodes are used because of their high thermal conductivity and low electric
resistance, which allows generating more heat in the workpiece rather in the electrode.



2.2.2 Stages of Resistance spot welding (RSW)
The resistance spot welding consists of the following stages [9] as shown in Fig. 5.

1.

Squeeze Time

This is the stage where the electrodes are brought in contact with the sheet metal, and
the welding force is applied to the contact surface to close the gap between the sheet
metal. Here, in this stage welding force and squeeze time are controlled parameters.

Welding time

This is the stage where the electric current is applied at the contact region through
electrodes and the resistance is created by the material at the interface, which is
responsible for heat generation to form a molten nugget. Here, in this stage, welding
time and current are controlled parameters.

Hold time

In this stage, the current supply is turned off and the sheet metal is under constant
electrode pressure to allow the molten nugget to cool down and solidify to a fully-grown
nugget. Here, in this stage, the electrode pressure and hold time are controlled
parameters.

Current Temp diff = (Ti-Tc)
M
o
£
5
: Electrode 'E " Z Electrode
£ contact B 8 it S e . g% removal
o °% 'S a
o o= o @
2 £8 z e
g o £ g8
o a2 aQ
= - [ -4
— ] =
g W I P s __...N
w
! :
1
1
1
1
1
1
1
1
1
1
1
1
1
1
I 1
< > <€ > <€ >
Squeeze time(stage-1) Weld time(stage-2) Hold time(stage-3)

Fig. 5: Graphical representation of joining Process [9].
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2.2.3 Parameters that influence the geometrical outcome
The parameters that influence the geometrical outcome of the final product are,

1. Position

During the joining process, two sheet metals are connected by applying equal forces from each
side of the sheet metals through balanced welding gun. Therefore, allowing the sheet metals to
meet at a position of equilibrium to spot weld [1].

The position of spot weld has a significant influence on the geometrical variation of final
assembly and affects the characteristics of the final assembly as shown in Fig. 6. The following
reasons cause the spot weld position variation.

The incoming part variation in the areas where spot welds are located.
Wear and tear of electrodes.

Variation in locating schemes of the parts to be assembled.

Lack of repeatability of the robot during the welding process.

p

Nominal weld = v Actual weld
position N position

A

Fig. 6: The actual spot weld position vs. nominal spot weld position

2. Sequence

The sequence is the order in which the spot welds are welded in the sheet metal assembly. It
has a significant effect on the geometrical variation of the final assembly and also has an impact
on residual stresses during the joining process. In order to minimize the variation in the final
product, an optimal sequence is to be selected [7].

3.Number

The number of spot welds has a significant impact on the geometrical variation of the final
assembly and also has an effect on performance characteristics, such as dynamic, static and
crash behaviour. An optimal number of spots welds needs to be selected without affecting the
rigidity of the structure. Also, an increase in the number of spot weld has direct impact on the
cost of production [8].



2.3 Geometrical variation

Product design is said to be robust when the variation in the product is minimized without
eliminating the causes of variation [11]. To achieve a robust product design, the performance
level should be maintained even if there is any significant part variation seen in the incoming
parts, due to variation seen in the manufacturing process these incoming part variation may
cause misalignments and deformation during fixturing which may lead to assembly variation
[3]. Assembly variation is also caused due to fixturing (locating schemes) and the joining
process (weld distortions), as shown in Fig. 7.

Fixturing ’

S

Fig. 7: Factors affecting geometrical variation

2.4 Non-rigid variation simulation

Variation simulation is performed during the product development stage to reduce lead time
and to increase the robustness of the final subassembly [3]. Non-rigid variation simulation is
preferred over rigid to improve the accuracy and also the ability to over constrain parts and
assemblies.

Steps involved in including joining sequence for non-rigid variation simulation are [12]
1. The sheet metal parts are positioned using the locating schemes (N-2-1)
2. Clamping the parts to the nominal position
3. Weld points to be defined.
4. Joining variables (position and sequence).
5. Contact points to prevent the parts from penetrating through each other.
6. Assembly spring back action



Different kinds of joining methods such as clip fasteners, spot weld, riveting are used in joining
the sheet metal parts. Spot weld is the most commonly used joining method in the automotive
industry. The processes involved in the joining of the sheet metal parts, as shown in Fig. 8, are
first, the parts are loaded on the holding fixture where the part is locked in all six degrees of
freedom. Secondly, the parts are clamped to the nominal position. The assembly robot joins
the parts using spot welder on the specified location. Lastly, the assembly is allowed to spring
back from the holding fixture [12].

To predict assembly variation, sources of part variation is provided as input for the simulation.
The methods such as Worst case, Root mean square, and Direct Monte Carlo simulation are
the different techniques used to predict the variation in the final assembly. The direct Monte
Carlo simulation, along with FEA, is a standard technique for performing variation simulation.
This method has few disadvantages, such as it requires a more significant number of runs,
computationally expensive and time-consuming. The method of influence coefficient
developed by Liu and Hu overcomes all the disadvantages. The unique feature of this method
is that it generates a sensitivity matrix, which is a linear relationship between part deviation
and the assembly spring back deviations [12].

U= (S)V) )

Where u is Spring back from the assembly fixture, S is the sensitivity matrix, and V is the
source of part deviation. The linear relationship derived from the FEM along with Monte Carlo
simulation can be performed, requiring a lesser number of runs and time. This method predicts
not only the assembly deviation but also the percentage of rejects of assembly based on the
distribution of parts.

Part 1 Clamping

g : \Y
u I———] F,
art Nominal

Fixture

NANNN

NANN

(a) Part variation (b) Clamp part to nominal

F,

{ ] F, ) D * *Vw
Welding 2

(c) Weld (d) Clamp release and assembly springback

NANN

Fig. 8: Steps to be considered during non-rigid variation simulation [12]
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2.5 Stress Analysis

Residual Stress is the inherent stress which is present in the weld joint without application of
external loading. These stresses occur during the development of the weld joint. The
differential volumetric change (or) differential expansion and contraction of the metal
internally affect the material properties, which lead to the residual stresses [13].

In Resistance spot welding, heat is generated by applying force and current on the sheet metal,
which allows the metal to melt and form a molten nugget, which cools down under constant
pressure to form a joint. During this process, the heat is dissipated to the surrounding region of
the metal as shown in Fig. 9, [8] [13].

The different zones around the welds are subjected to different values of a rise in temperature
as shown in Fig. 10. So generally, this region should expand on heating and contract (shrink)
during the cooling cycle thus experiencing local strains (change in length) in the different
regions. The volumetric change is restricted as these zones are an integral part of the sheet
metal and clamping of the sheet metal. Since the volumetric changes are restricted that is Strain,
residual stresses are developed in the sheet metal. The maximum restriction is seen in the region
closer to the weld area, causing more residual stresses [13].

[ N

T1 Zone

Temp
Peak Temp (Zone 1)
\
T2 Zone Zone 3
T3 Zone /

K T1>T2>T3 / Time

Fig. 9: Strain at different temperature zones Fig. 10: Peak temperature graph

/i

It is seen that different zones will be expanding to different magnitudes due to differential
heating. This difference is causing to form a compressive strain. While cooling, different zones
shrink at different magnitudes causing tensile strains which ultimately lead to the compressive
stresses. Finally, there are some tensile stresses left in the metal which may affect the
mechanical properties of the metal [8] [13].

Residual stresses = elastic strain (€) * modulus of elasticity (E) 3

The maximum magnitude of the residual stresses depends upon the maximum elastic stress. If
it more than the maximum value, it will result in plastic deformation.
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Factors affecting residual stresses are

1. Material properties () = thermal expansion coefficient
solidification temperature (ST)

weld joint (nugget size)

welding sequence

Clamping and fixturing

ok~ wn

Residual stresses affecting mechanical properties of metal:

1. The metal is prone to brittle nature due to residual stresses at low temperatures.
2. Residual stress increases the stress corrosion cracking (SCC).
3. Tensile residual stress decreases the fatigue strength of the metal.

2.6 Multidisciplinary design optimization

Most of the modern engineering systems are multidisciplinary, and the analysis is often very
complex, involving hundreds of computational simulations. Also, members from different
cross-functional teams, different parts of the world which makes it very difficult for most
companies to manage the design phase of the product development and make critical decisions.
This is where the MDO systems come in to play to find the optimal solution of the whole
system and still satisfying the individual discipline and time constraints. This section provides
the reader clear understanding of MDO, how two or more disciplines analysis are coupled
together with optimization problems and also different MDO formulations.

2.6.1 General Problem Formulation
The objective function, design variables, and constraints form the optimization problem
statement:

Minimize  f(x,p) 3
With respectto x € R*n
Subject to hxp) =0,j = 1,2,....,m
gx,p) =0k =12,....m

f: objective function, output.
x: design variables vector.
h: equality constraints vector.

g: inequality constraints vector.

2.6.2 Objective Function
An objective function is used to compare two designs based on what do we want to minimize.
If we select the wrong goal, it does not matter how functional the analysis is, or how efficient
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the optimization method is. Therefore, it is essential to select a relative objective function [14].
The objective function may be linear or nonlinear and may or not be given explicitly. We will
represent the objective function by the scalar f (objective function) [14] [15].

2.6.3 Design Variables

Design variables are also known as design parameters and are represented by the vector x [14].
They are the variables in the problem that we allow for varying in the design process.
Optimization is the process of choosing the design variables that yield an optimum design.
Design variables should be independent of each other. Design variables can be continuous or
discrete. Discrete variables are sometimes integer variables.

2.6.4 Constraints

As the objective function, constraints can be linear or nonlinear and may or may not be given
in an explicit form. They may be equality or inequality constraints. Constraints on the design
variables are called bounds and are easy to enforce. At a given design point, constraints may
be active or inactive. This distinction is particularly important at the optimum [14] [15].

2.7 Algorithm

Genetic Algorithms (GA) are adaptive heuristic search method developed in the early 1970's
which mimics the process of natural biological evolution applying the principle of survival of
the fittest, where the fittest individuals (potential possible solution) are reproduced (crossover
and mutation) to a new generation (fitter optimal solution) [16] [17], see Fig. 11. These
algorithms are used to generate high-quality solutions for optimization problems.

‘ Initial Population ’

4@
4-{ Evaluation of individual fitness ‘
New Generation

Cross Over
NO )
Mutation
Converge ————————»

YES

@

Fig. 11: Genetic algorithm
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The operators of the genetic algorithm:

Selection: The idea behind the selection phase is to select the potential possible individual's
(Parents) based on their fitness function Score.

Crossover: The idea behind the crossover phase is to create a new offspring by the transfer of
genetic material from two parents. These new generation offspring possess better
characteristics features than that of parents.

Mutation: The idea behind the mutation phase is to create a genetic diversity by altering one
or more genes from the generated offspring.

2.8 Multi-Disciplinary Optimization(MDO) Formulation

MDO formulation is generally used to specify the objective, the constraints, and the design and
coupling variables for an optimization problem. All the formulations specified in this thesis
yield to non-linear programming problems, but different formulations have different attributes
to solve an MDO problem. An Algorithm is generally a sequence of steps that are carried out
to solve an MDO problem. The different types of MDO formulations are

2.8.1 Multi-discipline feasible

Multi-discipline feasible (MDF) is the traditional and most common way used to formulate the
MDO problems. The optimizer is used to provide a design variable vector (X) to the combined
coupled system (all disciplines) to perform a complete multidisciplinary feasible analysis as
shown in Fig. 12, [15].

MDF formulation is simple and basic as the coupled relationship is solved inside the system,
and the sate variables, consistency, and analysis constraints are eliminated in the optimized
problem. Single disciplinary optimization techniques can be used as the different disciplines
are coupled into a single multidisciplinary analysis [14] [15].

MDF FORMULATION:
Minimize fIX, Y1 (X), Y, (X)] 4)
With respect to ‘X’
Subject to C(X Yi(X), Y2(X)) =0
G(XY(X),Y,(X) =0

X: Problem design variable inputs. Y1, Y21 Analysis output.
C: Design Constraints (Global) C,: Local constraints.
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Fig. 12: Multidiscipline feasible [15]
Advantages:

e MDF Reduces the problem size when the number of coupling variables is high, which
may even overshadow the lower degree of parallelism.

Limitations:

e Computational cost is significantly high is due to, lack of parallel computation.
e The overall speed of the optimization is significantly slow.

2.8.2 Individual discipline feasible (IDF)

Individual discipline feasible (IDF) is the decoupled part of Multidiscipline feasible (MDF),
where the system optimizer is used to perform the interdisciplinary consistency by driving the
individual disciplines towards multidisciplinary feasibility [14].

IDF performs individual discipline feasibility at each design point instead of performing
multidisciplinary feasibility, which allows the solution of each discipline to be feasible, but the
whole system may not be feasible. So, a solution for the entire system is only feasible at the
end [14] [18]. Each discipline will have a feasible design even after the optimization stops
prematurely but for the whole system, the coupling variables(Xij) may not have converged
resulting in an infeasible design.
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To decouple the disciplines, coupling variables are introduced to the design variables so the
disciplines do not rely on each other, as shown in Fig. 13. Some equality constraints are
introduced for each coupling variable to make sure that the system feasible is reached to an
optimum solution [15].

IDF Formulation:
Minimize fIX, Y1(X), Y2(X)] (5)
With respect to ‘X’
C(X, Y1(X),Y2(X)) =0
Ciz = X1z —Z1; (Y2(X,X21) =0
Cor = Xo1 — Zpn(1(XX12) =0

X: Problem design variable inputs. X12 ,X5q1: Coupling design variables inputs.
Y1, Y,: Analysis output. Z12 Z,1 : Coupling variables output.
C : Design Contraints. C12, C51: Coupling constraints.

W; , W, : Governing equations.

f.C Functions
System Opitimizer 3 and
constraints
A A A
X, X125 X21
X, Xy
Discipline 1 Y
. (System Analysis) !
X, Xy, o
Discipline 2 Y
_ (System Analysis) 2

w2

Fig. 13: Individual discipline feasible [15].
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Advantages:

e When compared to other methods involved in multidisciplinary analysis, IDF is the
most robust method

e Asthe governing equations are decoupled, they can be solved in parallel, increasing the
overall performance of the optimization.

Limitations:

e The cost of sensitive analysis per design point can be significant, as the number of
design variables and constraints is increased.

2.8.3 The comparison between MDF and IDF

Attributes IDF MDF
Discipline feasibility Feasibility of individual Feasibility of
discipline at each design multidiscipline at each
point design point
Computational time Less High
Optimization problem Medium Small
formulation size
Optimization speed Fast Slow
Robustness High Low

Table 1: Comparison between IDF and MDF
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3 Simulation Methodology

3.1 Introduction

Over time the computer simulation has shown greater interest among different industries such
as medical, aerospace, and automotive to support the development process. The model is
created based on mathematical expression or algorithm, often referred to as the approximation
model of a real-world problem. John A Sokolowski [19] relates to simulation as a method of
extracting information about the behaviour of the model when it is executed. To perform a
simulation, several steps are involved in understanding and solving real-world problems. A
simulation model not only solves the problem but also allows the user to view the result in 2D
or 3D visually. The advantages of performing simulation are saved cost and time, result
visualization, and handle uncertainty during the development process. The next section will
focus on the different steps involved in a simulation study.

3.2 Different steps involved in a simulation study
The different steps involved in a simulation study based on Banks et al. (1996) are followed
in this thesis [20]. Fig. 14, and Fig 15, show the steps involved in a simulation study.

1. Problem formulation

The first step involved in a simulation study is to study and understand the problem. The
concepts behind the problem need to be well understood even before the formulation. In this
thesis, the positions of the spot weld affect three disciplines, such as geometrical variation,
strength analysis, and residual stresses. A literature study was conducted to study and
understand the problem.

2. The setting of objectives and project plan

Once the problem is well understood, the immediate next step involves setting the objectives,
goals, and timeline for this thesis. The objectives shall include the research questions that are
needed to be answered through this study. The timeframe of the study shall consist of the
various milestones and deliverables that are required for a simulation study.

3. Model conceptualization

In this stage, the complexity of a real-world simulation problem can be replaced with a
conceptual model. This will enhance the quality of the final simulation result. The same
strategy is followed in this thesis where the simulation study was initially conducted in a
conceptual model before dealing with a complex model that will be discussed in the coming
chapters.

4. Data collection

Data collection is an essential stage that will play a significant role in both the timeline and
final quality of the simulation study. In this thesis, the essential data regarding the standards of
spot weld, and the process involved in the joining process of sheet metal assemblies are
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obtained through a literature study. Also, the types of software that can be used for each
discipline are studied.

5. Model translation

The conceptual model created in step 3 is translated into an operational model. The reference
model that is used in the simulation study is provided to different software platforms to analyze
such as Geometrical variation in RD&T and Residual stress and Strength analysis in Ansys
Workbench 2019

6. Verification and validation

The verification of a conceptual model is analyzed in this step. Once the model is built on its
respective software platform, it is then validated before the individual simulation. The
simulation is performed based on part variation for geometry assurance, VVon mises stress for
residual stress and total deformation for Strength analysis. The results from each individual
simulation based on the Nominal weld position is collected.

7. Analysis and experimentation

The insights from this individual simulation help formulate the Multidisciplinary optimization
problem. The simulation method to perform multidisciplinary optimization including each
discipline is developed. The findings and conclusions of Individual simulation are the initial
input data required to model the MDO problem. The MDO problem is built on MATLAB
R2018b software platform, which establishes an interface between RD&T (Geometrical
variation) and Ansys workbench (Residual stress and Strength analysis). The model is then
verified for any potential errors in RAM allocation or Disk space and also to cross verify
whether the exchange of data between each discipline is working as it is planned. Initially, the
simulation is performed for a minimum number of iterations, i.e., ten each time with a new set
of weld points to validate the result. This helped identify any potential error in formulation
before simulating the max number of iterations which in turn saved a lot of time. After the
simulation is performed for the max number of iterations, the result i.e., the optimized position
of a spot weld is once again subjected to individual simulation with a newly updated position
and their obtained respective disciplines values are verified against it.

8. Report and Documentation

The documentation of the whole simulation study is essential for future purposes. The
important finding and simulation techniques, if reported clearly, will save a lot of time for the
reader who wishes to continue this study. Hence the whole simulation process involved in this
study is provided as a guide for this thesis. Also, a report that explains the methodology and
results from the optimization is presented.
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4 Reference CAD Models

4.1 Introduction

CAD model used for optimizing the position of the spot weld is a reinforcement part. This
model is referred as the test case throughout this report. The test case model in total consists of
seven-spot weld points to join the components. To start with individual discipline, the number
of weld points is quite large for the test case model to make changes in the position of spot
weld manually each time in every discipline. Therefore, a simple model with a single weld
point is created to understand the theory behind the changes in each discipline with respect to
the position of spot weld points. The CAD models created for this thesis to test are simplified
versions of a reinforcement part for a Body in white component.

4.2 CAD Models

The initial three reference models such as L shape, U shape, C Shape is designed to have
different numbers of weld points and to have weld points on various surfaces such as Flat and
Curved. Therefore, time is saved in understanding the changes in Geometrical variation,
Internal Stress, Strength of a subassembly with respect to the position of the spot weld.

1.L shaped model which consists of two flat sheet metal is formed to 90 degrees and welded
through a spot weld method as shown in Fig. 16.

Spot weld points

Fig. 16: L shape model
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2. U shape model, which consists of two sheet metal, undergoes a forming to form a U shape,
and later, the parts are joined through eight spot weld points, as shown in Fig. 17.

Spot weld points

Fig. 17: U shape model

3. C shape, which consists of three weld points on a curved surface. The reference model is
created using Catia V5 software, as shown in Fig. 18.

Spot weld points

Fig. 18: C shape model

23



4. The test case model, which consists of seven-spot weld points, is shown in Fig. 19.

Fig. 19: Test case model

24



5 Non-rigid variation simulation

5.1 Introduction

The geometrical quality of sub-assembly is measured by using the variation simulation method.
As discussed earlier in Chapter 2 geometrical quality can be affected by a number of
influencing factors. The advantages of using Non-rigid variation simulation over rigid is that
the parts are allowed to bend, the ability to over constraint parts (Add support points), and
increased accuracy in simulation.

One of the important aspects of this thesis is to minimize the geometrical variation in
subassemblies caused by the joining process (spot weld), which is one of the influencing factors
of geometrical quality. The factors involved in joining processes are position, the sequence of
spot weld, weld force and influence of heat through weld gun [3]. The non-optimal position of
weld points will affect the functional requirements of the subassembly, which in turn increases
the development cost [3]. To overcome these challenges, non-rigid variation simulation is
performed in the early stages of the product development process.

5.1 Positioning system

The positioning system refers to locator points to support part and fixture (local and target).
During the joining process, the parts are locked in six degrees of freedom using locating points
to minimize the variation. The position of these locating schemes is also one of the influencing
factors of geometrical quality [3]. The positioning system used for the test case is 6 direction,
where the first three points (A1 B1 C1) representing a plane which locks two rotation and one
translation for the part, the next two points (A2 B2) representing a line which locks one rotation
and one translation for the part, the last point (C1) locks the final translation for the part. These
positioning systems are provided separately for each part with their corresponding fixture. In
non-rigid variation simulation due to its ability to overconstrain its parts, the support points
(S1) can be added to minimize the variation. The positioning system for the test case can be
seen in Fig. 20. The positioning system is fixed throughout the whole optimization process
since the thesis focuses on variation caused only due to Joining Process.
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Fig. 20: The positioning system (6 direction) for the test case model

5.2 Creation of subassembly

The subassembly is created to define the parts to be assembled together using one of any joining
process. The subassembly also consists of a positioning system, but it is the same as for the
part with local and target frames. The support points added for the part is not considered during
the subassembly process. Subassembly also consists of the definition of weld points and contact
points for the parts to be joined. The definition of weld points and contact points will be
discussed in the next chapter. The creation of the subassembly process is shown in Fig. 21.

hock Ground [ Comphant
Fotureot .
ield Poirts
Active Posiboning System

Fostl v/ Em Contact Pots

Type |6 Deections Copy || Deete Croste Assy

Convert WP to O Copy from Part Update Assy

[JHide tocators [Zjtide Cont P [Jhide WP
Define Positioning System

321 3FOM | 6Diections 3 Drectiocs

Fig. 21: The subassembly definition in RD&T
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5.3 Creation of weld points

The parts are joined using the resistance spot welding method (Balanced gun) which requires
both local and target points with their directions. The joining points have three parameters to
be considered are position, sequence, and a number of points. The nominal weld points’
positions for the test case model are defined with both local and target points. The direction of
weld and weld tolerances at each point is also defined based on the model. The test case model
in total consists of seven weld points, the change in position, number and sequence of weld
points will have an effect in geometrical quality. Previous studies have shown that the
determined position of spot weld varies within £ 10mm from the nominal position [1]. In order
to study this variation, the position of a weld is moved from the nominal position to all four
directions within 1mm and 5mm of distance as shown in Fig. 25. The part variation simulation
results with respect to the position of a spot weld are discussed in the results and discussion
chapter. The weld point definition in RD&T is shown in Fig. 22.

Fig. 22: Creation of weld points

5.4 Creation of contact points

The contact points are defined around the weld point in order to avoid the parts penetrating
each other. The contact points are modeled automatically within the RD&T platform for both
local and target frames. Each time the position of the spot weld is changed, the contact points
should be updated to perform variation simulation. The contact points defined for the test model
can be seen in Fig. 23.
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Fig. 23: Contact Modelling for test case model

5.5 Part variation Simulation

Part variation simulation is performed to measure the variation of sub-assembled products with
respect to part positioning and position, sequence and number of weld points. The main
objective here is to minimize the variation and increase the geometrical robustness in order to
reduce the development cost.

Firstly, part positioning is kept constant by changing the position of spot weld, as shown in
Fig. 25. This is done to get an overall view on the effect of variation by changing the position
of the spot weld. The part variation and RMS values for different positions of spot weld within
1mm and 5mm are shown in Table 1. The part variation for a nominal weld position can be
seen in Fig. 24.

Secondly, the part variation simulation is also performed with respect to the sequence of spot
weld which is also one of the influencing factors for geometrical quality. Each time weld order
is changed (For example (1-2 to 2-1)) and the new model is saved. These different weld order
models were then subjected to part variation simulation and their results can be seen in Table
2. This individual simulation is performed to study the effect of part variation with respect to
a sequence.

5mm

O Nominal Weld Position

New weld position
within 1mm

| (") New weld position
o = within 5mm

Weld point to be
analysed

Fig. 24: Part variation on nominal weld position Fig. 25: New position for spot weld
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5.6 Results and discussion

The variation simulation result of both the position and sequence of spot weld will be discussed
in this chapter. The test case consists of seven-spot welds in total. The position of each spot
weld is changed from the nominal position to 1mm and 5mm in the distance, and each time the
contact points modeled are updated. The new position is selected to see the geometrical
variation in both upper (5mm) and lower bound (1mm). Firstly, the results of one spot weld
position within Imm distance are listed in Table 2.

Distance Node name RMS

In (mm)
1 Node A 2.13
1 Node B 2.44
1 Node C 2.42
1 Node D 1.988
5 Node E 4.004
5 Node F 2.118
5 Node G 2.54
5 Node H 3.97

Table 2: Part variation with respect to the location of spot weld
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6 Strength Analysis

6.1 Introduction

The location of spot weld selected based on geometrical outcome should also fulfill strength
requirements. The strength of BIW Component ensures resistance towards deformation upon
mechanical load. After the Welding process, a load is applied to remove the component from
the workstation. This effect of loading on the component is studied through this analysis. To
perform the simulation Ansys Workbench software 19 is used. The procedure involved in
performing the strength analysis are

Step 1: Firstly, the STL assembly component is imported into Ansys Workbench software.
Step 2: The material of the respective component is defined.

Step 3: The spot weld points are modeled based on the coordinate system (XYZ).

Step 4: The geometry has meshed with the Size of mm and 1mm around Spot the weld points.
Step 5: The degree of freedom of the component is locked using Nodal Displacement.

Step 6: Fixed support is established along with two faces of each part.

Step 7: A static load is applied to the component in order to remove the assembly from the
fixture.

Step 8: The total deformation of the component is studied through this analysis.

6.2 Creation of spot weld points

The spot weld points are created on the faces of the respective components. Spot weld points
can be created using two different methods: the mesh independent and mesh dependent method.
The difference between these methods is that spot weld points are created before or after
geometry has been meshed. The coordinate data of the spot weld positions are created in a text
file as shown in Fig. 27. This file is imported in Ansys and the spot weld points are
automatically created on each face of the component based on provided data.
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# List of point coordinates

# Format is integer Group, Integer ID, then X Y Z all
# delimited by spaces, with nothing after the Z values

#Group 1

11 4311.70 -463.20 702.39
2 2 4291.35 -518.52 674.68
3 3 4278.70 -456.95 648.22
4 4 4292.20 -545.03 707.32
5 5 4291.04 -475.85 684.14
6 6 4285.29 -583.76 681.98
7 7 4190.72 -302.62 546.49

Fig. 26: Spot weld definition Fig. 27: Weld coordinate file

6.3 Geometry mesh

The overall geometry is meshed with a size of 3mm. The objective of the thesis is to study the
changes when the location of a spot weld is changed within 1mm. Therefore the mesh size is
defined as 1mm around spot weld points. This is done by creating a sphere of influence of size
5mm around the weld point. Using this sphere of influence, the mesh size is refined. The mesh
refinement around the weld point is shown in Fig. 29 and Fig. 30.

Fig. 29: Mesh definition Fig. 30: Sphere of influence

6.4 Fixed support and loading condition

Fixed support locks a node, edges or faces in all X, Y and Z direction (zero translation and zero
rotation) at the supported end. Fixed support is provided at both ends of the geometry since it
is placed on a fixture to restrict any motion during the welding process.

After the welding process, a small load is applied to the subassembly before going into the final
assembly. In every case, the load applied is very small, but it can make differences in the overall
strength of the final assembly. Hence, this small load is included in the boundary condition as
Force load.
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6.5 Total deformation:

The welded subassemblies because of a small load undergo a deformation before going into
the final assembly. Therefore, changes in the total deformation values of a subassembly with
respect to the location of spot weld points are studied through this simulation. The deformation
result with respect to one particular spot weld point is shown in Fig. 31.

Fig. 31: Simulation result of nominal weld position

6.6 Individual simulation strategy:

As discussed earlier, the location of spot weld has huge influence over geometrical quality,
Stress, and Strength of a subassembly. To understand the effect of changes in the strength of a
subassembly concerning spot weld position is studied. The study is done by changing the
position of spot weld from a nominal position to 1mm and 5mm in four direction as shown in
Fig. 32. In order to perform the simulation with different spot weld positions each time, the
spot weld coordinate file is updated with new X, Y and Z values. Later during optimization,
this process is automated with the use of interaction between MATLAB and Ansys. The
deformation values obtained for different spot weld position is discussed in the next chapter.

5 mm

>
O Nominal Weld Position

New weld position
within 1mm

“ 7\ New weld position
within 5mm

Weld point to be
analysed

Fig. 32: Simulation strategy for individual discipline
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6.7 Results and discussion

This individual-level simulation result gives a clear understanding of changes in the overall
strength of a subassembly with respect to the position of the spot weld. The deformation result
of different spot weld positions within Imm and 5mm from the nominal position is shown in
Table. 3. From the values, it can be clearly seen that changing the position of spot weld up and
right from the nominal position shows a better overall strength. Also, changing the position of
spot weld towards the edge of a subassembly shows a poor strength quality. These two results
were valuable in identifying the best strategy for setting up the multidisciplinary optimization
problem.

Total
Distance in Node name deformation
(mm) (mm)
1 Node A 2.146
1 Node B 2.167
1 Node C 2.150
1 Node D 2.151
5 Node E 2.106
5 Node F 2.171
5 Node G 2.205
5 Node H 2.1542

Table 3: Simulation results for individual discipline
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7 Residual stress

7.1 Introduction

During the spot-welding process, the spot weld electrode comes in contact with the components
where significant heat is applied to a predefined position. This position of spot weld affects the
residual stresses in which the components expand or contract with respect to temperature
difference. The temperature difference is when the spot weld positions are heated up to 1400°C,
I.e., standard spot weld temperature [21] for the joining process and the room temperature of
the overall part. Like the above two disciplines, residual stress analysis was conducted to study
how changing the position of spot weld affects the residual stresses developed in the
component. To perform this study, Ansys workbench 2019 is used. The steps involved in
performing residual stress analysis are

1. Import the STL model and define the spot weld temperature zone

2. Geometry mesh

3. Degree of freedom of the component is locked using nodal displacement
4. Fixed support and loading condition

5. Perform thermal analysis

7.2 Spot weld temperature zone

The temperature zone represents the position and thickness of the electrode. The type of spot
weld gun chosen is a balanced type that consists of two electrodes that come in contact with
both the upper and lower part of the test case model. Since the nominal position of the spot
weld electrode is well-known already, the next step was to find a suitable thickness. From the
standards of spot welding, the thickness of the electrode depends upon part thickness, as shown
in Table. 4 [22]. According to the standards, the suitable electrode thickness for the test case
model is chosen as 5mm. With this in mind, the spot weld temperature zone at a nominal spot
weld position with a diameter of 5mm is created for both the parts of the test case model are
shown in Fig. 33.

Fig 33: Spot weld temperature zone
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Thickness Thickness Electrode
Range from | Upto Diameter
(mm) (mm) (mm)
0.4 0.6 4

0.6 0.8 4

0.8 1.0 5

1.0 1.2 5

1.2 1.6 6

1.6 2.0 7

2.0 2.5 8

2.5 3.0 9

Table 4: Standards in the selection of electrode diameter [21]

7.3 Geometry mesh

The overall geometry has been meshed with a size of 5mm. Since the objective of this thesis is
to study the changes when the position of a spot weld is changed from 1mm to 5mm in all
directions. Hence the spot weld temperature zone is selected and defined with a mesh size of
1mm. The mesh refinement around the weld points is shown in Fig. 34.

Fig. 34: Geometry mesh
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7.4 Degree of freedom

The position of components in space has six degrees of freedom which consist of three
translation and three rotation in total. Hence, the components are locked in every degree of
freedom to spot weld the components without any variation. Nodal displacement is used to
model this in the Ansys platform. To model this in Ansys, a node is selected and locked in X,
Y, and Z directions. The data for applying nodal displacement to the respective node is taken
from the RD&T model. Fig. 35, shows the boundary condition for nodal displacement.

A]
6]
]
5] vi
E]
@
G
A

splaceme
[T] Displacement 9
[I] Displacement 10

Fig. 35: Degree of freedom

7.5 Fixed support and loading condition

Fixed support locks a node, edges, or faces in all X, Y, and Z direction (zero translation and
zero rotation) at the supported end. Fixed support is provided at both ends of the geometry
since it is placed on a fixture to restrict any motion during the welding process.

During the welding process, the required spot weld temperature is applied to a zone that is
created during the first step of this analysis. For this analysis, a standard spot weld temperature
of about 1400°C is applied to every temperature zone that is created, and the overall part is
subjected to room temperature, which is 24° C. This temperature definition in Ansys is shown
in Fig. 36.
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Fig. 36: Temperature definition

7.6 Residual stress analysis

The large temperature difference created by heating the part to join and allowing it to rapidly
cool down causes heterogeneous deformation thus resulting in residual stress. These residual
stresses of a subassembly with respect to the position of the spot weld is studied through this
simulation. The residual stress result with respect to a nominal weld position is shown in Fig.

37.

I
50.00 150.00

Fig. 37: Residual stress analysis
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7.7 Individual simulation strategy

To understand the effect of changes in residual stress of a subassembly with respect to spot
weld position is studied. The study is done by changing the position of spot weld from a
nominal position to 1mm and 5mm in four directions as shown in Fig. 25. In order to perform
the simulation with different spot weld position each time, the position of spot weld
temperature zone that is created during the first step of this analysis is to be changed. To do
this, the parametrization technique from Ansys is used. The position of each temperature zone
i.e.,, X, Y, and Z are parameterized and can be updated with new values within Imm and 5mm
once for all as shown in Fig. 38. Later during optimization, this process is completely done
within Ansys, and the results are provided as a text file. The residual stress values obtained for
different spot weld position is discussed in the next chapter.

Table of Design Points

A B C D E F G H I
1 e E | P2-weldlx * | P3-weldly ~ | P4-weldlz * | PS-weld2x * | P6-weld2y ~ | P7-weld3x ~ | PE-weld3y ¥ | Po-weld3z ~
2 pits mm ;I mm ;I mm ;I mm ;I mm ;I mm ;I mm ;I mm ;I
3 Current) 4318.7 -453.2 702.39 4291.4 -518.52 4278.7 -455.95 548.22
4 4312 -461.59 705.08 4291.4 -518.52 4278.7 -456.95 543,22
5 4311.3 -“462.61 705.27 4291.4 -518.52 4278.7 -456.95 543,22
3 4314.4 -463.58 706,25 4291.4 -518.52 4278.7 -456.95 543,22
7 4315.1 -“462.78 706.13 4291.4 -513.52 4278.7 -456.95 543,22
8 4310.6 -463.02 705.27 4291.4 -518.52 4278.7 -456.95 543,22
=

Fig. 38: Parametrization of spot weld temperature zone in Ansys

7.8 Results and discussion
The residual stresses for different spot weld positions within 1mm and 5mm from the
nominal position are shown in the table.

Distance in Node Residual stress
(mm) (pa)

1 Node A 2.07e+09

1 Node B 2.11e+09

1 Node C 2.13e+09

1 Node D 2.05e+09

5 Node E 2.04e+09

5 Node F 2.22e+09

5 Node G 2.27e+09

5 Node H 2.08e+09

Table 5: Results of residual stress
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8 Prerequisite for Multidisciplinary Optimization process

8.1 Interactive link between MATLAB and Ansys

This chapter is focused on the method developed to establish a connection between MATLAB
and Ansys to perform multidisciplinary optimization. This chapter is divided in two parts,
where the first part describes the requirements to establish the connection and the method itself
in the final part.

8.1.1 Introduction

In general, the design of products requires interaction between several disciplines to reach a
common point that satisfies both system and sub-system requirements. As discussed earlier,
the chosen disciplines for this thesis are geometrical variation, residual stress, and strength
analysis. Matlab tool is used in this thesis which not only supports Design Optimization but
also links all the disciplines in one place. A method that will establish a platform that integrates
multiple software to optimize the Product design over a number of iterations to achieve system
requirements. This platform is then used to establish a connection between all the software
such as Ansys Mechanical Apdl (residual Stress and strength analysis), RD&T (geometrical
variation), and Matlab (design optimization). This connection will help understand how a
design variable affects every different discipline.

To establish a connection between Ansys Mechanical Workbench and Matlab was one of the
objectives. The different requirements starting from Software selection to achieve the desired
result were to be framed before developing a platform. This requirement throughout the thesis
allowed to foresee the future and in fact sometimes helpful in keeping the simulation technique
within the bounds. One good example would be during the software selection, some of
excellent FEA software has to be ruled out because it should not only support for Individual
simulation but also during MDO (Overall simulation) to be able to establish a connection. From
other perspectives, it is either difficult or expensive (Software license) to establish a
connection. After going through each requirement with respect to commercial FEA Software
available on the market, the team decided to move forward with two software such as Abaqus
(strength analysis) and Ansys Workbench (thermal analysis) which satisfied all the
requirements.

Once the software was selected, the literature study was performed to understand the method
available to establish a connection between Abaqus, Ansys Workbench and Matlab.
Concurrently, Boundary condition for Individual Discipline simulation was developed in their
respective selected software platform to be able to combine every discipline in the final
simulation. After understanding the method available to establish a connection, there were
quite a lot of other aspects to consider, for example, memory requirements, RAM allocation
which would play a major role in final simulation (MDO). Therefore, important learning
through this study that increasing the number of software platforms would increase the
complexity of the problem in establishing the connection. Hence, Ansys Workbench which
supports different packages such as structure, thermal, Fluid will be a suitable option to be used
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for both the disciplines such as Thermal stress and Strength analysis. Finally, the number of
different software was reduced, and thus decreasing the complexity of the problem.

The different requirements that are considered to select suitable software packages for this
thesis are shown in Table 6.

SCORE

NO REQUIREMENTS (Priority)
Suitable not only for Individual simulation but also for 5
1 overall simulation (MDOQ)
2 Software License (Available through Chalmers and 5
Winquist Laboratory)
3 Method availability to establish a connection in Matlab | 4

4 Computational Time and Cost 2

5 Memory requirements and RAM Allocation 4

6 | Able to edit (Change Design variable) from the initial 4
boundary condition — Degree of flexibility
7 Ability to run the software through Matlab. 5

8 Resources to learn and read about the software 3

Table 6: Requirements list for software selection

These were initial requirements formulated during the software selection, which ultimately be
helpful in every other stage in this thesis. The selection was made by passing all different
software packages through the above-listed requirements. Initially, the work started with the
software’s in which the team felt that is comfortable to work with or with the previous
experience. During this process, there was a wide scope to work with and became a trial and
error method to determine the software that is suitable to establish a connection. At the time,
the selected software would work with some cases but not completely. For example, we have
chosen Simufact welding software package to perform thermal analysis, which is an easy and
efficient platform to do these types of analyses. The team started reading about the software
and tried to acquire a student license but then realized in the end, it is difficult to establish a
connection with the Matlab based on our requirements. With this knowledge, a requirements
list is created to be able to use it for the selection of the software. This requirements list helped
save a lot of time in coming back and forth to the same place that is choosing the software that
would satisfy all the requirements.

During the process of framing the requirements, not all the requirements are identified at the
same time. For example, able to edit (Change Design variable) from the initial boundary
condition — Degree of flexibility from the software is required to be able to change it easily
through a simple code in Matlab during the multidisciplinary optimization process. If the
software does not allow to do so, a completely new boundary condition as discussed in strength
analysis chapter needs to be defined during each iteration, which will, in turn, increase the
computational cost and time and complexity of the problem. These are the process involved in
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creating the requirements for the software selection to be able to use for multidisciplinary
design optimization.

8.1.2 Method used to establish a connection between Ansys Mechanical Apdl and
Matlab

This chapter will be focused on the method or platform itself used to establish the connection
between Ansys Mechanical Apdl and Matlab.

To solve the design problem using multidisciplinary design optimization requires a lot of
interaction between each discipline at both system and sub-subsystem level. A method that will
connect all the disciplines in one place needs to be developed. As discussed in the previous
chapter, Matlab is used to bring every discipline that is geometrical variation, thermal stress
and strength analysis. Each time the MDO algorithm generates a design variable (position of
spot weld points), all the disciplines should be able to read the variable and create a response
for it. Response for each discipline is the part variation (RMS) in geometrical variation, thermal
stress in thermal analysis and total deformation (strength analysis). This will work if a platform
in MATLAB would there to execute multiple software.

A literature study was done to see the methods available to establish a connection between
Ansys Workbench and Matlab. From this study, we have found that two direct ways that could
be used to establish the connection. The first method is using the AAS toolbox which
establishes a connection between Ansys Workbench and Matlab directly. To use, this toolbox
requires Ansys access to the customer Portal. All the design variable or boundary conditions
here can be established or changed using a Matlab script. The second method is creating a
model in Ansys Mechanical Apdl along with the necessary boundary condition. These models
in Ansys Mechanical Apdl contain Macro code which was taken to Matlab even here the design
variable or boundary condition can be established or changed in Macro code.

Initially, the team worked with both methods to see which one is more suitable for this thesis.
Each method has its own advantages and disadvantages, for example, the AAS toolbox method
required a lot of understanding on a programming level in changing a particular boundary
condition (Spot Weld Points) through a script in Matlab. Whereas the second method was quite
a direct method by just changing the node number manually each time in Apdl Code. Later, a
Matlab script that automatically updates the new weld point based on the node number from
Ansys was developed. This will be discussed in detail in the next chapter. Finally, the second
method was chosen to move forward for a multidisciplinary optimization method.

First Step in Ansys Workbench

Model Export
Geometry (Boundary as .inp
Condition File

Fig. 39: Step 1 involved in establishing the connection
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Before this method can be used to establish a connection between Matlab and Ansys
Mechanical Apdl, it requires two minor steps to be followed. The geometry is modeled with
all necessary boundary conditions in Ansys Workbench 2019, which is a simple interface and
easy to use. This modeled geometry is converted as .inp files (write input files) in Ansys
Workbench, which can be imported in Mechanical Apdl to solve the problem. Once the model
is solved, it is then ready to be taken to Matlab as a .BAT file to establish a connection between
both the software.

The second step involved before establishing the connection is

Second Step in Ansys

Workbench
Import as .inp file in] ‘_[ Solve in Export as .mac
Apdl ” Mechanical file
Apdl

Fig. 40: Step 2 involved in establishing the connection

Once the two minor steps are performed, the next step will be establishing a connection
between two software. Three documents are required to start the connection such as Macro file
from the Ansys mechanical Apdl, Batch file that is a directory link of Ansys mechanical Apdl
from the user’s computer and Empty text file to write the required output. All these files are
required to be in the same directory. Fig. 41 shows the respective file format to establish a
connection.

Macro file Batch file Empty text file
(.mac file) (.BAT Flle) (.txt file)

F Y

}":[ MATLAB

—

Fig. 41: Final framework to establish the connection
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This connection between Matlab and Ansys Mechanical Apdl helped automate the tasks in the
multidisciplinary optimization process. The task refers to changing the design variables each
time during the iteration. The macro file which contains different information that includes
geometry data, mesh data, the definition of spot weld, loading condition, and supports location.
A Matlab script was developed which reads all these data, identify the spot weld position and
change to a new position each time in a loop until an optimal solution which satisfies both the
objective function and constraints is found. This will be discussed in detail in the next chapter.
The output generated through this connected simulation contains a lot of information that is
not necessary to consider for this thesis. For example, a strength analysis only requires a total
mean deformation value from the output file for function evaluation. Therefore, a Matlab script
that reads the file and extracts the particular deformation value was created.

8.2 Optimization search algorithm

8.2.1 Introduction

This chapter is focused on the search algorithm developed in Matlab, which was one of the
main requirements for the multidisciplinary optimization process. This chapter will be divided
into two sections, which describe the idea behind the search algorithm and how this algorithm
is used during the MDO process.

The main objective of this thesis to study the position of spot weld with respect to three
disciplines such as geometrical variation, residual stress, and strength analysis. In general,
when two parts to be joined using a spot weld method, there is always a huge number of
positions available to decide upon the best possible spot weld position, which satisfies the
requirements. In this thesis, the test case model consists of 20000 possible points around which
seven points are to be defined to join the parts which referred to the nominal weld position,
representing the allowable position variation. During the optimization process, evaluating all
the possible 20000 points with respect to all three discipline are computationally time-
consuming and not very cost-effective. An effective search algorithm that will reduce the
number of evaluating points but still able to get the optimized result is to be developed.

8.2.1 Search algorithm

The search algorithm concept is shown in Fig. 42. There are different requirements needed to
consider in developing this algorithm. As discussed in the previous chapters that the total space
constraint is 5mm in diameter from the nominal weld position.

1. The quality of the final result should not be sacrificed due to the reduction in the number
of evaluating points.

2. Secondly, the algorithm should be able to cover points in all directions from the nominal
weld point.
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Fig. 42: Search space

According to the requirements, a search algorithm in detail is shown in Fig. 43 is developed.
This algorithm is more user-friendly which mostly depends upon distance and direction with
respect to the nominal weld position. From the nominal weld position, a search area such as
1mm, 2mm, 3mm, 4mm, and 5mm are defined by calculating the distance from nominal to the
respective weld point. The below method shows the step involved to calculate the distance
between two coordinate points.

Nominal weld position A = 4311.70 -463.20 702.39

Chosen weld position (from the data file) B = 4291.38 -518.51 674.67

A Matlab tool to calculate the distance between two coordinate points is used which is
Norm(A-B)

This procedure is repeated by comparing the nominal weld position to the rest of the weld point
position from the data file which contains all possible weld positions around 5 mm. By doing
this, Weld points around 1mm of diameter from nominal are sorted out. During the individual
simulation, the team found that changing the weld position to 1mm from the nominal does not
make any difference in the result. Therefore, it was not necessary to evaluate all the points
within Imm once the data was sorted during the MDO process. To refine the search area
further, the weld points are again sorted based on the direction. This was done by shifting all
the data to the origin that is a nominal weld position. By doing so, the weld points that are
within Imm in all four direction as shown in the fig was achieved. The same procedure is
repeated for other search areas such as 2mm, 3mm, 4mm, and 5mm. Finally, this algorithm
generates two text files such as Sort Dist and Sort Dire which are sorted based on distance and
direction from the data file.
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Fig. 43: Detailed view on the search space

8.2.3 Search algorithm in detail
This part of the section will describe the procedure involved in setting up the algorithm as
shown in Fig. 44, 45, and 46.

The first stage will concentrate more on the required data from the individual simulation of
each discipline.

1. The mesh size used in individual simulation shall be of the same size. The number of
nodes and elements shall be equal in all the disciplines. Hence, the mesh file used in
Ansys is exported to RD&T to be able to use the same mesh model in every discipline.
This would allow changing to the same new position of spot weld (Coordinate point)
in all the disciplines during the MDO Process.

2. Once the same mesh model was used in all three disciplines, the next step was to extract
the possible weld information from Ansys and RD&T. In RD&T, the weld points that
are generated through contact modeling were extracted directly with contains their
coordinate points data in terms of the sequence. But, in Ansys, a refined mesh node
around 5mm from the nominal position is manually selected and exported directly
which contained the coordinate points and their respective node number.

3. From here, it was understood that different types of inputs needed to change the position
of spot weld in the respective discipline. For example, in geometrical variation
discipline (RD&T), the required input was sequence but in the other two disciplines
such as Strength and Thermal stresses (Ansys), the required input was node number.
Lastly, the original data file extracted from both RD&T and Ansys was saved as
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Original Ansys and original RD&T which will be used in the final stages of this
algorithm.

Even though the required input is varied for the different disciplines, the common thing
for all the disciplines was the coordinate point. This was the reason for this algorithm
that developed was based on the coordinate point of the spot weld.

Even though the same mesh model was used in all three disciplines, there was a
possibility that not all the weld point data from RD&T will match exactly with Ansys
weld data in terms of coordinate points. This is based on the definition of weld points
in each discipline. For example, the weld points defined in RD&T were based on
contact modeling (Automatically created by the software itself) whereas in Ansys a
refined mesh around a nominal weld point was manually selected to define the weld
points.

. The obvious next step was to eliminate some position of weld points that were not
matched equally in all three disciplines. Without this step, the function evaluation with
differences in weld position from all three disciplines would not provide the optimized
result.

Once all the steps discussed above are satisfied, the next step was to import the similar

coordinate points from all the disciplines to Matlab to sort based on distance and
direction (Sort Dist and Sort Direc) with a code which is shown in Appendix C.
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Fig 44: Flow diagram- 1 for the search algorithm

Original data

Original
Ansys

Original
RD&T

Sorting the data based on direction from the

47



Sort

Data L= Data
Matching ~ / Matching
Y Y
QOriginal QOriginal
Ansys RD&T
Input Nr:%dbir Sequence Input
Generation . variable Generation
variable
,f Random W,
'L algorithm J‘
Simulation Ansys RD&T Simulation

v
Y
Result }
\ vy
Y
Y
End
5\ "y

Fig 45: Flow diagram- 2 for the search algorithm
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9 MDO Formulation

9.1 Introduction

This section will focus on the method developed to perform MDO. From the literature, there
are different types of problem formulation, such as IDF (Individual discipline feasible), MDF
(Multidiscipline feasible), and also different types of other methods available to formulate the
problem. From these different methods, one architecture that supports this case was used to
formulate the problem.

9.2 Multidisciplinary optimization

As discussed in the previous chapter, there are three disciplines, i.e., geometrical assurance,
strength analysis and residual stresses that are needed to be considered to choose the optimal
position of the spot weld. An MDO method developed to evaluate the positions of spot weld
for the test case model is shown in Fig. 47. This method consists of two levels of evaluation
namely the subsystem level which is formed based on the IDF principle and the other level is
system level. The coming sections will focus on each of the levels in detail.

System Level-MDO

fmin (part variation)
wrt to x Optimized

6 - Deformation Position of spot
gl:0- g (max) =0 o - Residual Stress > Woid (Besf
02:3 - 8 (max) =0 SR T T—
Subsystem Level - IDF
De_sign Bounds
variable . vl
(x1, x2,x3,x4,X5,x6,X7) -5 mm < Nominal position < +5 mm
2, )
2.7, 2%
@/o Oe @6 O
% %o, = %o, Best combinations
~ from IDF
Geometry Variation Residual itrelngt_h £ KO XA XS RT
fmin (variation) stress _ r_na ysis -
fmin (Displacement)

fmin (von mises stress)

n ok k
A

Optimized Optimized Optimized
sequence sequence sequence

|
L

combinations

DOE
Experiments

|
Fig. 47: MDO problem formulation
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9.3 Problem formulation

minimize RMS(x,y,(x), y2(x), y3(x)) (6)
subjected to 'x’

g1: 0 —a(lmax) <0
gz: 6 — 8(max) <0
gz —5mm < x; < +5mm

X : Sequence o : stresses §:deformation

x; : nominal weld sequence g : contraints
y1(x) = analysis output of discipline 1
y,(x) : analysis output of discipline 2

y3(x) : analysis output of discipline 3

9.2.1 Sub-system level

The sub-system level is developed based on Individual discipline feasible principles. IDF
architecture works on the principle that it solves each discipline independently. The reason for
choosing IDF over other architecture is that there are no sensitivities that exist between
different disciplines. For example, the result from one discipline i.e. geometrical assurance with
respect to the position of spot weld does not have any effect on other disciplines i.e. strength
and residual stress analysis during evaluation. Also, IDF architecture results in overall less
computational costs than other architecture which then provides the ability to run different
disciplines in parallel.

Once the suitable architecture i.e., IDF is chosen, the next step was to formulate the problem.
The objective of this sub-system level is to minimize RMS, which is a response from
geometrical assurance, Total displacement from strength and von-mises stress from residual
stress. The design variable, i.e. the position of a spot weld is the same for all the disciplines.
The constraints put forth for this formulation is the search space of 5mm around the nominal
weld points.

Once the formulation is completed, the Matlab programming tool was used to evaluate this
design problem. Firstly, the search algorithm searches the position of spot weld around nominal
weld points and prepares the input sequences for all three disciplines individually. The input
sequences refer to a similar change in the position of spot weld with respect to distance and
direction to all seven weld points in the test case model. The total number of input sequences
prepared for each discipline is 30. During the sub-system level optimization, each discipline
will evaluate 30 different sequences of the spot weld. Hence, the total number of iterations is
fixed as 90 for the sub-system level. Though the design variable, i.e., the position of a spot
weld is the same, the input type for each discipline during evaluation is different. For example,
the position of a spot weld is given as WP (weld point) number for geometrical assurance, mesh
node number for strength and coordinate data for residual stress. These inputs are connected to
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respective disciplines for evaluation. As the connection is established already between the
software, it starts to evaluate all the disciplines in parallel.

9.2.1.1 Results and discussion

Once all the design variables were evaluated, the next step was to analyze the results. The
results from sub-system level optimization is shown in Appendix A and Appendix B. The
results will be discussed individually with respect to each discipline.

The RMS results from RD&T with respect to the position of the spot weld is shown in Fig.
48.a. From the graph, it is seen clearly that the spot weld within 2mm and 4mm showed the
most significant variations when compared to other positions of the spot weld. Also, there is
not much geometrical variation was seen within 1mm. It is also important to discuss the results
based on direction from the nominal weld position. Fig. 48.b shows that the variation is seen
more when the position is changed below nominal spot weld. Lastly, the minimum variation
was seen when the position is changed to right irrespective of any distance from nominal spot
weld.

The total displacement results from Ansys with respect to the position of spot the weld is shown
in Fig. 49.a In strength analysis also, there are not many changes in strength when the spot
weld is moved within Imm. Also, from Fig. 49.a it is seen clearly that the total displacement
of the test case assembly increases when the position of a spot weld is moved away from the
nominal weld point. There are some special cases in which even the position of spot weld
within 5mm range shows the minimum displacement result. This can be studied by the direction
of spot weld with respect to the position of the spot weld. From Fig. 49.b it is evident that the
displacement decreases exponentially when the position of spot weld changed to left of nominal
irrespective of any distance.

After analyzing all the results, the two optimized sequences from each discipline are
independently chosen. These sequences from each discipline were chosen for the next step i.e.,
system-level optimization. The setup developed to perform system-level optimization will be
discussed in the next section.

Sub-System level (Geometrical variation) e resultsplot

43
4 ? hd 0
]
v 37 L ]
S 34 L
[
3.1 ®
2.8 ® b
2.5 (] L ] [ ]
22 )
s : H (]
1.6
13
1
0 1 2 3 4 5 6

Distance of spot welds from nominal

52



Fig. 48.a: Geometrical assurance Results with respect to the position of spot weld in (mm)
based on distance
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Fig 48.b: Geometrical assurance Results with respect to position of spot weld in (mm) based
on direction
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Fig. 49.a: Strength Results with respect to the position of spot weld based on distance.
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Sub-System level (Strength analysis) ® Results plot
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Fig. 49.b: Strength Results with respect to the position of spot weld based on direction

9.2.2 System level

The system level is framed which focuses on minimizing the geometrical variations. From the
sub-system level optimization, the two optimized sequences from each discipline were
considered as the input sequences for system-level optimization. The objective of this
formulation was to minimize RMS. In this formulation, strength and stresses are constrained
to obtain sequences with minimum variation. During sub-system level optimization, the
position and direction in which the weld points changed are the same with respect to all seven
nominal weld points, their combination was not evaluated as the number of sequences will
increase and also, in turn, increases the computational time. Since the number of sequences is
reduced to six for system-level optimization, the combination of position and direction with
respect to all seven nominal weld points was considered. The combination of these two
optimized sequences from each discipline was generated with the help of Matlab. From the
combination program developed in Matlab as shown in Appendix D, there were 124 sequences
generated. These sequences are provided as an input variable for system-level optimization.
Hence, the total number of iterations for the system-level is 124.

Once the input sequences are fixed, the next step was to formulate the problem. The objective
of this system-level optimization is to minimize RMS, which is a response from geometrical
variation discipline. The design variable remains the same i.e., the position of the spot weld.
Unlike sub-system level optimization, the strength and residual stress discipline are formulated
as constraints in the system level. The constraints from these two disciplines are maximum
allowable total deformation and von-mises stress. The maximum allowable values are chosen
based on the results from the sub-system level optimization.

Once the system level formulation was framed, the Matlab programming tool was used to
evaluate all the sequences generated from the combination of optimized sequence in the sub-
system level. Firstly, the sequence was evaluated for strength and residual stress discipline to
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see if it satisfies the constraints before it is evaluated for geometrical variations. Once the
sequences were satisfied by the constraints then the same sequence is provided to evaluate
geometrical variation. The process was repeated until all the sequences were evaluated in the
same way. The evaluation time required to run system-level optimization is high when
compared to sub-system level optimization. There are two reasons for the increase in
computational time, firstly, of course, the number of sequences was increased and lastly, unlike
subsystem level optimization, the evaluation of sequences in all the disciplines was not done
in parallel.

9.2.2.1 Results and discussion

Once all the sequences are evaluated, the next step was to analyze the results. In total, 11
optimized sequences satisfied the objective and constraints mentioned above and constraints.
The optimized sequences from system-level optimization are shown in Table 7. Fig. 50 shows
the RMS values of optimized sequences and their corresponding total displacement and
residual stress values. The trade-off of analysis between different disciplines was performed to
suggest three optimized sequences. Form this analysis, the three optimized sequences were
chosen namely 1%, 5™ and 11" from Table 5. These optimized sequences are also evaluated
against a nominal weld sequence. The comparison of the result can be seen in Table 8. From
the comparison, it can be seen that there is a 25% improvement in minimizing the geometrical
variation.

S.no | Displacement | RMS Stress
1 2,1178 2,11 | 1,39E+09
2 2,1165 2,21 | 1,51E+09
3 2,1188 2,09 | 2,03E+09
4 2,2934 2,45 | 2,04E+09
5 2,1119 2,15 | 1,05E+09
6 2,1142 2,2 | 2,03E+09
7 2,117 2,7 | 1,38E+09
8 2,1157 2,15 | 2,04E+09
9 2,2896 2,68 | 2,04E+09
10 2,1179 2,17 | 2.05E+09
11 2,1124 2,09 | 1.68E+09

Table 7: Results from system level
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S.NO Spot weld RMS Residual Displacement
position stress
1. Nominal 2,58 2,7e9 pa 2,156 mm
weld
position
2. 1st 2,11 1,39 €9 pa 2,1178 mm
optimized
position
3. 2nd 2,15 1,05 €9 pa 2,119 mm
optimized
position
4, 3nd 2,09 1,68 €9 pa 2,114 mm
Optimized
position

Table 8: Final optimized results
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10 Conclusion

The aim of this thesis was optimizing the position of spot weld with respect to disciplines such
as geometrical assurance, strength analysis and residual stress using a multidisciplinary
optimization method. From the optimization results, it can be seen clearly each discipline is
affected by the change in positions of the spot weld. The results from system-level optimization
show that variation between each discipline with respect to the position of a spot weld is
different. Hence, a trade-off analysis is conducted keeping in mind that the objective was to
minimize geometrical variation and also to satisfy the constraints from strength and residual
stress. From the trade-off analysis, it can be seen that there is a significant improvement by 20-
25% using the final three sequences compared to the nominal weld sequence.

From the MDO results, it is seen clearly that the position of spot weld has an effect on all three
disciplines. The magnitude of the effect on each discipline is heterogeneous. Therefore, it is
important to consider the dependency between the position of spot weld and its effect on all
the disciplines during the development stage. By choosing the optimal position of spot weld,
the effect of geometrical variation in a final assembly can be minimized.

Apart from MDO, a search algorithm was developed to create and initialize the input sequences
for each discipline. This method helped in reducing the computational time when compared to
traditional search algorithms. Also, a method was developed to establish a connection between
different software platforms. This allowed us to evaluate the different position of spot weld
with respect to each discipline in a swift way.

The MDO formulation developed for the test case model provided a significant result, which
not only shows that the effect of geometrical variation in a final assembly can be minimized
but also satisfying the constraints of strength and residual stresses. With this in mind, to use
this same method for different sub-assemblies, a little change in the MDO formulation is
required. The changes may depend upon the objective of the organization. However, this thesis
did not focus on testing the same MDO formulation for different subassemblies.

One of the main objectives of this thesis was to prepare the test case model for evaluation of
spot weld position with respect to each discipline. To do this, two different software platforms
were chosen i.e. RD&T (Geometrical variation) and Ansys (Strength and Residual stress).
Using the above software, the test case model was prepared to analyze the effect of the position
of the spot weld. The different procedures mentioned in this thesis to prepare the test case can
be used as a platform for modeling different subassemblies with similar objectives.

To conclude, the method used to establish a connection between Ansys and Matlab to perform
MDO is demonstrated in this thesis. This method saved a lot of time in evaluating different
positions of spot the weld with respect to strength analysis.

57



11 Recommendations

This method was developed by only incorporating the disciplines such as geometrical
assurance, strength and residual stress but there are other disciplines such as crash
analysis which is a dynamic analysis that can be included to increase the robustness of
the results. The disadvantage is that the complexity of the simulation increases since
larger models need to be simulated.

The search algorithm was developed during the course of this thesis, and there are room
for improvements to make it robust to changes.

In this thesis, thermal analysis was only conducted based on steady-state thermal and
static-structural analysis. A third module which is thermal-electrical can also be
introduced, since residual stress of spot weld is caused by the combination of electrical,
thermal and structural properties.
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Appendix A — Geometrical variation
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156
157
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178
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184
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188
192
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200
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189
193
197
201
205
209

190
194
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210

191
195
199
203
207
211

2.13
2.7
2.44
2.42
2.73
1.988

2.22
2.17
2.46
2.014
5.33
4.23

2.17
2.09

3.5
3.47
2.06
2.84

2.13
4.16
2.43
3.58
4.18
3.001

4.004
2.22
2.118
2.54
2.21
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Appendix B — Strength analysis
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14037
14035
14010
14036
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14211
14002
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14207
14040
14132
14042

14160
14752

7761
14185
14033
14111

11179
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11478
11346
7047
11151

11223
7045
11392
11364
7048
11288

11186
7044
11327
11434
7031
11147

11298
7043
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11488
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7222

11301
7042
11437
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7184
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15275
15282
15258
15206
15231
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15165
15198
15183
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15171
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15284
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15380
15145

15191
15151
15963
16085
15168
15334

15241
15340
16030
16015
15365
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9144
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9095
9233
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9091
9104

9121
9080
9082
9055
9176
9154

9220
9137
9238
9119
9096
9092

9157
9254
9153
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9162
9136

10138
10102
995
9970
10038
10039

9889
9879
9827
9828
10087
10094

10089
10133
9912
1074
9956
9874

9990
9834
10042
9994
9971
10031

9818
10058
7011
9856
9906
9982

2.1467mm
2.1563
2.1675
2.1506
2.1651
2.1514

2.1357
2.1598
2.1775
2.1790
2.1772
2.1612

2.1207
2.1621
2.1851
0.72931
2.1663
2.1567

2.1132
2.1718
2.1943
2.2012
2.2104
2.1574

2.1062
2.1717
2.1988
2.2053
2.2215
2.1542
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Appendix C - Search_algorithm

clear all;

clc;

clearvars;

fid = fopen(‘tabledata5.txt', 'W');

fclose(fid);

datal = xlIsread('data_sorting.xIsx’);

node_number = datal(:,1);

x = datal(:,2); % column 2 is assigned the variable x
y = datal(:,3); % column 3 is assigned the variable y
z = datal(:,4); % column 4 is assigned the variable z

data2 =[xy z];

%% Nominal Weld position from the test case spot weld

Seq = [4313.07 -462.32 705.54;4288.92 -475.86 684.92; 4277.09 -458.22 650.28;4289.41 -

518.11 676.55;4289.92 -545.38 704.72;4283.62 -580.72 681.7;4285.78 -577.43 710.45];

fori=1:7

A =Seq(i,?)

%% for loop for finding the distance between two values
for i = 1:length(data2)

n(i) = norm (A-data2(i,:));

end

n_4 =transpose(n);

n_3 = [node_number];

%% node number within Imm
idx = find(n_4>=0.5 & n_4<=1.5);
node_1 = [n_3(idx),data2(idx,:),n_4(idx)];

%% Node number within 2mm

idx_1 =find(n_4>=1.5 & n_4<=2.5);
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node 2 =[n_3(idx_1),data2(idx_1,:),n_4(idx_1)];

%% Node number within 3mm
idx_2 =find(n_4>=2.5 & n_4<=3.5);
node_3 = [n_3(idx_2),data2(idx_2,:),n_4(idx_2)];

%% node number within 4mm
idx_3 = find(n_4>=5 & n_4<=6);
node_4 = [n_3(idx_3),data2(idx_3,:),n_4(idx_3)];

% node number within 5mm
idx_4 = find(n_4>=4.5 & n_4<=b);
node_5 = [n_3(idx_4),data2(idx_4,:),n_4(idx_4)];

%% all node numbers

Spotweld_1 = [node_1; node_2; node_3; node_4; node_5];%insert node 6 if required
Table_1 = table(Spotweld_1);

M = table2array(Table_1);

dimwrite('tabledata5.txt', M, '-append','delimiter'," ', 'newline’, 'pc');

end

Search algorithm code developed in Matlab
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Appendix D - Combination program

A = [847 10723];
B= [15538 15434];
C=[14171 14051];
D= [1151 11298];
E=[15231 15191];
F=[9144 9200];
G=[10039 9990];

k = combvec(A,B,C,D,E,F,G)

Combination program developed in Matlab
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