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One of the features of the 21Century s the development ohew electric vehicle. This has been
accelerated at this time through a combination of political will and consumer adoption. The technologies
that can be used in the manufacture of electric vehicles range from the tried and tested to the state of
the art. Oneof the major aspects of an electric vehicle is, naturally, the electric motor (electric machine)
which provides the drive to the vehicle. The science and understanding of how to design electric machines
is fairly well knownHowevery it is in the applicabn and mass manufacturability of electric machines of

the required capability and at the required scale that there is much less knowledge. The research
conducted in this thesis aims to bridge the gap between manufacturing technology and business
operatiors impact, providing a holistic view on the performance of processes and identifying areas for
opportunity and concern. The research conducted in this thesis has been centred on the components of

the stator and windings.

The nanufacturing implications of shift from windings to hairpinsas been considered, with amalysis

of the manufacturing route employed in wire winding and hairpin wingongduced and examinedh
comprehensive study of potential alternative materials for windiagghairpinsfor conducted, revealing

that aluminium has the potential to be a cheaper and lighter winding material to copper. Following these
results, areview of the manufacturing efficacy of alternative joining methodologies feCwAhairpin
assemblywas performed, with tB highest potential being seen in friction stir, laser beam and cold press
joining. This research was backed up witktraictural analysis of the potential benefits of incorporating

a hollow section in a hairpin desitmreduce the thermal expansion ofethairpin component.

A review of stamping as a method of stator laminate production was considered alongside the creation
of a stamping model for stator productiorand anevaluation of innovativestator manufacturing
processesFollowing amanalysis of thestamping manufacturing route employed in stator production
areas for operational improvements were identifiedhis knowledge was incorporated into the
development of a stamping process manufacturing modefurther study was producet develop a

tool wear dynamicsystem within the stamping model, with the resulting subdel used within the
system The stamping model was used to generate a greater understanding of the of the effect of various
stamping parameters on the overall performance of a stampmpgration. An analysis of alternative
stator materialsvas produced, identifying METLGAS and cobalt iron as potential alternatives to electrical
steel, where electrical steel remains the best material from an overall cost and mass perspective. A

feasibilty study of slinky style stator as an alternative manufacturing prosessconducted, with the
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results demonstrating the need to create bespoke stator designs to reduce the stresses as a result of

bending.

Laser cutting was identified as a potential aftative to stamping in the mass manufacture of stators. A
laser cutting modelvas developedand an evaluation oflaser cuttingas an alternative approacivas
performed. The dvelopment of a laser cutting manufacturing modebuired incorporating a laser
optimisation procedure The optimisation procedure was alle achieve either cosbr time efficiert
results based on any given set of manufacturing paramef€hg optimisation model showed that
different manufacturing setups are required based on the tgpeptimisation being considered. A full
analysis of laser cutting process parametges performedwith considerations to cost and time factors
allowing identification of areas of opportunity such as improving the changeover function with an

automated tansit system.

Experiments were performed using a laser cutting mactsamples were ranufactured anda series of
tests were performed to ascertain the feasibilitperformingcuts as stacksThe act of cutting multiple
laminates in a single operatioa henceforth referred to agolystromata Thepolystromatacut samples
were also tested for theielectromagnetic performance qualitiggost cutting Amaterials study of laser

cut samples using microscopsyas conductedo understandthe effect of polystromatacutting.

An economic and operational comparison of stamping and laser cutiag) performed, using the
knowledge gained throughout the studies clutted within this research. The comparisoundy was able

to identify performance tradeoffs of stamping and laser cutting for various stator design parameters.
Laser cutting was found to be more suitable than stamping for smaller sized machines. AufoBtwady

of the economic order quantity of raw materials for stator productwas performed
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Symbol Units Definition
A m? Inner area of statodesign
Ao m? Outer area of statodesign
Asiot m? Are of single slot of stator
Asq m? Area of sheet size material used in stator production
B Magnetic field
c Correcting factor for energy used in cutting
(03 £ Consumables & other
Go /100 hours Other consumables
G £ Diecost
G £ Energy costs
Gy £/kJ Energy cost rate per kJ
Gw £/ kwWh Energy cost rate per kWh
G /operation Gas
G £ Maintenance costs
Gy £/kg Material cost per kg
G £ Laser cutter
£ Cost of performing maintenance
G £ Overhead costs
Gops £ Material value scrapped
G £/hr Overhead rate
Gips £ Material value in n stacks
G £/m? Material cost per
Cc £ Av. Stack Cost
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Gv £ Maintenance

G £ Machine & Machining
G £ Total costs (iladingraw Mats)
G £ Total costgMachining)
D m Rotor diameter

Bom kg Die Mass

Bc kJ Inner circumference

B kw Laser power rating

En kJ Die position return

Eoc kJ Outer circumference

= kw Laser Power usage
Esiots kJ Sots

F % Force factor of safety in stamping model
F N Magnetic force

F N Normal load (tool wear)
H HRC Toolhardness

I Amps Current

k Torque constant

Ker Cutting resistance

Kw Tool wear constant

L m Rotor length

L m Length of cut

Ly m Sheet thickness

Lot m Die Travel

Lic m Innercircumference

Lo m Inner diameter
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L m Actual cutting stack depth

Loc m Outer circumference

Lop m Outer diameter

Lsiot m Length of single slot outline

Lstack m Stack length

Luwire m Length of wire

No Tools required to produce stacks
n; Operations until maintenance

n Number of machines purchased
Niams Total required Laminates

Nic Laminates cut (best case)

Nips Laminates per stack

Nm Number of tool maintenance occurrences
No Total operations required

Ns Number ofstrokes until tool maintenance
Nslots Number of slots per lamination
Nstacks Total number of stacks

e Number of strokes until tool failure
P Power

Pc KN Force to cut inner circumference
Poc KN Force to cut outer circumference
Psiots kN Force to cut Slots

R KN Total force to cut material

Q mm Tool wear

T N Torque

to mins Die change over
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ts mins Laser maintenance
te mins Change over time
tiam secs Av. laminate production rate
tm mins Maintenance time
tstack secs Av. stackproduction rate
th hours Time to produce quantity
U m/sec Laser cutting speed
Vsps m?3 Material scrapped
Vups m?3 Material used in n stacks
X m Energy used in cuttingarameter for cutting distance
ho Operatiors per minute
i Laminates cut peoperation
kg / m? Density
" Cr Pa or N/nt Cutting resistance
" uTs Pa or N/nt Ultimate tensile strength of material

Angular velocity / rotor speed
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1 Introduction

11 Opening statement

One of the features of the 21Century is thecontinueddevelopment of the electric vehiglevhich first
aldFNISR Ay (ildaso N&tibndlfLaboratosyn 20 XBEhis has been accelerated at this time
through a combination of political will and consumer adoption. The technologies that can be used in the
manufacture of electric vehicles range from the tried and tested to the state of th©ag.of the major
aspects of an electric vehicle is, naturally, the electric motor (electric machine) which provides the drive
to the vehicle. The science and understanding of how to design electric machines is fairly well known
However it is in the apptation and mass manufacturability of electric machines of the required
capability and at the required scale that there is much less knowledge. There continues to be new
manufacturing processes and new technologies developed to produce electric machiperants. The

stator and rotor components are currently manufactured using an established manufacturing process
called stamping. Manufacturers generally rely on empirical knowledge when setting up the process,
rather than fine tuning the parameters basedthieory to give optimal results. An alternative to stamping

is laser cutting However,this is currently usually reserved for the manufacture of prototypes. The

winding component, which sits within the stator, has seen recent technology developments which

Ay@2t @S (GKS dzaS 2F WKIANLIAYQ ai0NHzOGdzNB&a Fa 2LIJ24&S

components is only one aspect of the overall impact such decisions in manufacturing can have on the
business. It is important to be able to understiand quantify how these different components and

processes effect the whole manufacturing system. Studies regarding the operational impacts of these
various processes are limited, as the core research tends towards greater understanding of quality and
technological aspects. The research conducted in this thesis aims to bridge the gap between
manufacturing technology and business operations impact, providing a holistic view on the performance

of processes and identifying areas for opportunity and concern.
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1.2 Thesis aimand objectives

The overall aim of this thesis is to provide a holistic performance reviewuotnt and future
manufacturing processes in the productiand assembly of stators and windingshis will be achieved
by combining machining knoedge with manufacturing economics analysis techniqlié objectives

of this research have been divided into six disticizapters of work.

Chapter3: Manufacturingmplications of a shift from windings to hairpins
The objective of this chapter is to develop a greater understanding of the manufacturing processes used
during the winding of stators. Furthermorthe chapter aims to provide knowledge through analysis

of materials and processeasich that the feasibility of alternative winding technologies can be assessed.

Chapter: Stamping model for stator production and eviibraof innovative processes
The main objective of this chapter is to create a digitatlel which can be used as a manufacturing tool
for optimising manufacturing processes and setting manufacturing parameters in the production of

stamped laminates for ators.

Chapter5: Slinky style stator manufacturing feasibility
The objective of this chapter is to assess the opportunities and issues which occumpiodietion of
stators using the slinky style manufacturing method. This is to be achieved through a combination of

modelling and experimental analysis.

Chapters: laser cutting model and evaluation of this as an alternative approach
The main objective of this chapter is to create a digital model which can be used as a manufacturing tool
for optimising manufacturing processes and setting manufacturing parameters préauction of laser

cut laminates for stators.

Chapters’: Polystromata laser cutting feasibility experiments
The objective of this chapter is to assess the opputies and issues which occur in the production of

laminates via polystromata laser cutting. This is to be achieved through experimental analysis.

Chapte8: An econmic and operational comparison of stamping and polystromata laser cutting
The objective of this chapter is to identify the relative performance benefits of stamping and laser cutting
and to further identifythrough modelling and analysis the circumstanedsch affect the relative

performance of stamping and laser cutting such that process recommendations are possible.
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1.3 Thesis dginal contributions

The work in his thesisis spread across six distinct chapters. This thesikes the following original

contributionsin each chapter.

Chapter3: Manufacturing implications of a shift from windings to hairpins

A An analysis of the manufacturing route employed in witeding and hairpin winding.

A A comprehensive study of potential alternative materials for windings & hairpins.

A A review of the manufacturing efficacy of alternative joining methodologies f@uAhairpin
assembly and confirmatory trials.

A A structural anajsis of the potential benefits of incorporating a hollow section in a hairpin design.

Chapter: Stamping model for stator productiandevaluation of innovative processes

A An analysis of the stamping manufacturing route employed in stator production.

A Development of a stamping process manufacturing model incorporating tool wear dynamics.
A An analysis falternative stator materials

A An analysis of stamping process parameters, with considerations to cost and time factors.

Chaptel5: Slinky style stator manufacturifepsibility

A Feasibility study of slinky style stator as an alternative manufacturing process

Chapters: Laser cutting model and evaluation of this as an altematdproach

A An analysis of laser cutting as a potential manufacturing route for stator production.

A Development of a laser cutting process manufacturing model incorporating a laser optimisation
procedure to achieve either cost / time efficiency.

A An analysisf laser cutting process parameters, with considerations to cost and time factors.

Chapters’: Polystromata laser cutting feasibility experiments

A Manufacture and tesstack laser cut samples for electnmagnetic performance qualities.
A To perform a materials study of laser cut samples using microscopy to understand effect of
polystromatacut samples.

Chapte8: An economic and operational comparison of stampingpalydtromataaser cutting

A Study the performance tradeffs of stamping and laser cutting for various stator design
parameters.
A An analysis of the economic order quantitiraw materials for stator production.
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1.4  General asumptions

The research conducted in this thesigisially considered towards the assumed case of the production
of a synchronous reluctance machinelowever, the research findings have applications in the
manufacture of electric machine components more generalygeneral machine specification was
provided at he commencement of this project, and as such this has been used throughout as the
assumed electric machine where specific machine specifications have been redlinedsame
specification was provided to a corresponding project at the University of Sldeffhich considered the
electrical design of a new machimad the resulting thesis is anticipated to be published circa 2022
Sy (i A Debigh Rf a Hovel synchronous reluctance traction machine with a multipart composit@ rotor
(Stone, 202%) An inner stator diameter and rotor diameter was specified as being approximately
170mm. The length of the rotor and stator are assumed to be 100mm. The stator and rotor materials
have been assumed to have comahle properties to Cogent M25B6A, as this is a standard laminate

material and was readily available for use in trials.

Ricardo Specification circa 2016
Specification Step Stretch Leap
Power (kW) 80kw 80kw 80kwW
Weight (kg) 50 30 20
Cost ($) 700 300 150
Operating temperature 1800C 3000C 6000C
Rotor diameter (mm) 170 170 170
Stator outer diameter (mm) 291 291 291
Rotor / Stator stack height 100 100 100
Life (hours) 3000hrs 10,000hrs 50,000hrs

Tablel Ricardo (Industrial sponsor) specification for new macl{itkins, 2016)

Material property Units Value
Yield strength N/mm? 455
Tensile Strength N/mm? 575
,2dzy3Qa Y2Rdz dza o N N/mm? 185000
, 2 dzyhdduldés (transverse direction) N/mm? 200000
Hardness HV5 (VPN) 215

Table2 Cogent M25B85A propertiegCogent, 2008)

Whilst best efforts have been made to use specific, known quantities indéheslopment of a
manufacturing model, some data are not reported and have been assumed. In these cases, it has been

noted which data are specific or referenced and which data are assumed.

! These projects were conducted independently of one another despite their shared origins.
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2 Literature review

2.1 The automotive industry

Manufacturing in the atomotive industry has always been at the forefront of evolution. This could be
1Sy (2 KI @S 0S3dzy Ay wmopny & Al Kanis EnScominfied MBhR dzO G A 2
the 1920s and General Motors idea of flexible assembly, the 1980s and toeluation of lean
YIydzFl OlidzNAy3 FNBY | 2yRE yR ¢2820F% | yYRE Y2NB N
into manufacturing operationgSchmitt, 2013)Modularisation such as this is a recent phenomenon

which has the potential to be a real industry disrupter. The premise is to strategically plan product
development and process resources such that economic gains can be achieved through efficiency, but

not at the expense of product differentiatiofWu, 2019) It is a school of thought recognisable in the
standardisation of parts and procedures in lean manufacturing techniques. To successfully implement
modularisation requires aden understanding of platform strategyPlatform strategy is generally
concerned with the creation and management of sets of components, or modules, which can be applied

to a common final assembly, the platforgikluffatto, 1999) Traditionally, there have been two areas of

study with regard to platform strategy; economists who try to understand what modular platforms
change from a demand perspective (market approach),eargineeravho focus on technological issues

and are maily interested in innovation. With consideration of the introduction of electric vehicle
platforms and the likelihood of technological advancements, planning effectively is an onerous task
(Brown, 2008) Platform planning andy 2 Rdzf | NAalF GA2Yy | NBE AYOUNARYyaAOlff:¢
effectively use their production capabilities. This requires a full understanding of the operations and
machining processes undertaken and a clear view as to the constraints and adapthhbilithese

machines might offef-yhr(2018)demonstrates the link between micro and maaoonomic thinking in

the production and development of the electric vehicle industry.

Europe North America

w— Fuel cell EV

100 — 100
| | -

o»— Battery EV

80 80 I .J—Plklg— n hybrid EV
Full hybrid
F Mild hybrid (48V)

{JO I
40 40
*#— Petrol
) I I )
o l G---_——.—n\a,g

2015 2018 2020 2025 2030 2040 2015 2018 2020 2025 2030 2040

Figure 1 Future vehtle ownership by power unit projections for Europe and North America where

Europe is expected to be quicker towert to EV based vehicl¢sicGee, 2018)
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Investment in advanced vehicle technology is substantial; Giffi(@0adB)describes the current state of

LI e Fa WKAIK adlr1Sa LRISN®»WQ LG Aa 3ISySNrftte |
commonplace However,the question of when is open to debate. Volkswagen is projected to have
invested $86 billion by 2022 ithe development of electric vehicld€remer & Schwartz, 201 Aet

customers in some markets, particularly in the United States, are reluctant to pay a premium for
alternately powered vehicle@dicGee, 2018)A similar feeling may be shared generally across the market,
IAGSYy GKIFG Odzad2YSNE NS SELISOGSR G2 LI & | LINBY)
scenario of prolonged use of more conventional vehicles. Figure 1 showsdstd projected data on

the proportion of vehicles powered by different means for both Europe and North America, where the

reluctance to switch is significantly more marked in the US market.

In a global sense, the typical vehicle is likely to see signtfchanges, not only technologically, but also

in respects of the way transport is consumed. Ride hailing (taxi) services such as Uber are ever more
prevalent, and as such, automobile manufactures may feel a need to produce bespoke vehicle iterations
for these purposes. Given that the automobile industry is moving towards modular vehicle development
and manufacture, this could present itself as being a module type to fit that particular market. Another
interesting development is that vehicle ownershigeitanay become far less prevalent, in favor of other
ownership models, such as shared mobility fl§&gfi, et al., 2018, p. 4 ustomers are understandably
hesitant to invest in electric vehicle technology in its current state, with concerns such as range and lack
of charging infrastructure still prevalent. Safety, brand trust and cost are all major factors in the customer
decison process. Price premiums for battery powered vehicles should reduce as production quantities
increase. In fact, battery costs have already begun to shrink, reducing from $599 per kwWh in 2013 to $273
per kWh, based on 2016 datRandall & Watanabe, 2017As concluded bgiffi et al(2018) companies

will have to make difficult choices in terms of which technology investments to make. Another factor
worth noting, perhaps not currently high onregumer priorities, but likely to be increasingly so, is the

environmental impact of the product life cyqleernandez, et al., 2015)

A vast array of decisions is being undertakamd will continue tobe undertakenas the aubmotive

sector transitions into productiorof electric powertrain vehicleslt is the case that structural re
organisation is required to align key competences of; skills, resource, supply, development, and
manufacturing(Vazquez, et al., 2018t this same time, improvements to robotics, automation and
artificial intelligence create a more complex dynamic with which to design future operational strategy
Ashwood Electric Motor€017)is an example of a company which has invested in automated winding,
welding and rotor assembly facilitie€ar makers currenthhave to balance deping flexibility in

manufacturing capabilitiesvith transition into bespoke electric vehicle design and processikgr
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example,an electric machine supplier may invest innew technology such as faiction stir welding
platform as part of manufacturingopper hairpins,but this could rapidly be rendered obsolete if
advancements are made, arahother material(such as aluminiuinbecomes standardand a better
joining technique presents itself process might be flexible enough to adapethapswith somecost
through tod change) but throughput rate, required skills, product validation and supply will all be
affected. Car makers are choosing between bespoke platforms for electric vehicles and more flexible
platforms. If a technological advancement occurs, or a core nateecomes unavailable, what would

be the best strategy to react®nswering this question correctly will havéaagepart in determining the

companies who will best manage this disruptive transition.

Established carmakemare already able to produce a veiry of vehicles on a single production line

However McGeg(2018)suggests that the maichallenge to produce electric vehicles in high volumes is

to develop theoperationsstrategy There are currently two divisive manetaring methodologies being

invested in by carmakers todaylexible platformsand bespoke platforms Ricardo (2017, p. 3)
acknowledge that as the industry transitions to electric powertrains, the product developmeetroyst

also be adapted to meet these new demands. There are two types of electric vehicle manufacturing

LE FGF2NY 6KAOK FNB dzaSR o6& OFNYIF]1SNESE (GKS WI RI LIS
NEP(Muniz & Belzowski, 2016poth of these have advantages and disadvantages. An AEP has to
potential to reduce costs by sharing more common parts between electric and gas powertrain vehicles
However this may also compromise the dynamics of the vehicle and alstediedtations on the interior

space and comfort available. An NEP may have higher costs as result of being a bespoke, dedicated
platform. However it allows the manufacturer to design a new electric vehicle without restriction.
Different manufacturing plforms are currently being employed by the various carmakers and this
segmented thinking is also considered by Ric42@d 7)who suggest two separate approaches to electric

vehicle development; one approach is to treateddictric vehicle activity as one single, bespoke function.

The alternate approach is to assimilate the electrified powertrain as a separate function within already
SEA&GAYT FdzyOlAzyas | a X2018,ip22)pdints ltoGexadpled of ok Poori S OK y
platform strategy can cause major issues, describing how platform investment essentially ties
manufacturing capability to the level of innovation afforded by the platform which has been developed.

All producs produced on these platforms will be limited by the technology which has been invested in.

It is therefore essential to plan manufacturing with great care to ensure that all product lines benefit.
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Figure 2 Schematic diagram indicating the locations where some of the parts of the VW ID.3 are
produced, illustrating the Complex supply ch@#olkswagen, 2019)

Volkswagen(2019)have invested in a newanufacturing facility to produce and assemble the stator,
rotor, and winding components for electric vehicles. This sits within a much wider supply Etggire (

2). The factory, based ifsalzgitter provides a case for the operational requirements of modern stator
production. The factory spars8 millionm? and it is proposed that it will producg00,000 stator and

rotor units per yeawith the eventual goal tduild 2000 unitsdaily with 24hour operation. The factory

sits as part of a plan to launch 70 pure electric vehicle models in the next 10 years. In order to produce
70 different designs of new cars, some amount of variation in the stator design processedetikiédy,

and so having a manufacturing system which can adapt with greater flexibility to design variations is
vitally important. Volkswagen2019)do not comment o the cutting technology used in their stator
production gvhich is the focus of the work of this thesisjowever given that they have issued multiple
press releaseegarding novel aspects of the process, such as the use of new hairpin techn{djtes,
2020)and battery tehnologiegVolkswagen AG, 2021) would seem likely that the stator laminations

are produced by a more standard form of stampi®@ROB2019)are credited with the design and
implementation of+ 2 f { a ¢ ASY Qa Yy Sg state/thal tisdcondiSsiiaf 2 dzindéricallyw h .
controlled bending machines, anthat the ends of thecopper wires(used in winding the rotorare
stripped using lasersThe hairpins(stator components, described in secti@r?.6) are presditted into

the stator cores which are made up of steel laminationgne working stroke
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2.1.1  Economic ordequantity(EOQ)

Complex supply chains such as those used by Volkswhaigpnmd2) rely on a constant flow of materials

into and out of the system. Here, an economiaer quantity study was considered alongside
manufacturing models as a way of providing further insight into stator manufacturing operations. The
Economic order quantity approach is an inventory management technique which can be used to reduce
the inventorycosts of manufactureréThakker, et al., 2012, p. 648)he two sources of cost relevant to

this are defined as holding costs and order costs. Holding costs take into account the costs of storage,
extra work (such as halting), and risks such as obsolesoe Order costs are generally considered to
comprise the cost of placing orders, including transportation of goods, and any order discounts which

would be offered(Slack, 2019, p. 459 he total order quantity costs are calculated in equatj@l )
whered is holding cost per unit; is average inventory held, is order costs per order ardis demand.

Whilst the economic order quantity approach has limitations, in that it does not take into account any
variations in base costs, transportation times and costs nor does it account for limitations of capitol
avaihbility, it is generally taken that while these assumptions have to be made, the EOQ generally gives

a good approximation to realit{Slack, 2019, p. 463)

5 —= (2.1)

2.1.2 Design for manufacture principles and application

To properly analyse the performance of stator production processes, it is essential that underlying
manufacturing principles are understood. Design for manufacture (DFM) principlesraridered in this

research as a method of analysing the performance characteristics of stator production processes.

Manufacturing costs can be broken down into three categories; labour, materials, and overheads.
Materials are generally thiargestcost(O'Driscoll, 2001 Kuo TsalC(2001)described engineermpdesign

as a process of developing a system, component, or process to meet desired needs. In the past,
engineering design was conducted purely based on the consideration of product functionality. Design

and manufacturing were typically completed in a seqtial manner. The two functions of design and
manufacture were therefore separate entities. In the past, designers and manufacturers worked much
Y2NBE AYyRSLISyRSyiGfe 2F SIOK 20KSNie¢o¢ Ki& | LLNRIOK
designers € F SOGA @GSt e alARI WgS RSaAdy Al @&2dz 0dzAf R
innovation in the design processes being employed for the time. Booth(d984) suggested that

Product design for manufacture and assbly can be the key to high productivity in all manufacturing
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industries and noted that no improvements in operation can make a plant fully competitive if the product
design is defective. The design for manufacture process leans heavily on existingdgeowigch that
where suggestions for simplification are considered, it is possible to find solutions from knowledge of the
process being employed. This might, for example, be understanding the implications of trying to mill a
narrow radius, with the impoent knowledge being at what point the radius becomes so narrow as to be
prohibitive. In stamping, this point where a design feature, such as the limiting radius, is not something
which is calculable. Instead, the stamping industry relies on best pragizeaches, which in turn mean

that the suggestions for simplification are somewhat of a grey area, as it is down to the view of the
designer in that moment, rather than logical, mathematical reasoniagp TsaC (2001) says that
Initially, DFM is concerned with the identification of the appropriate materials and manufacturing
LINEOS&daSa F2NJ O2YLRySyida Ay | LNRPRdJOIQEa RSarday:
limitations of the product, so that it can beasily produced. The overall desidavelopment cycle is

shortened through the early use of manufacturagalysis tool¢Boothroyd, 1994)

Design for assembiMoultrie & Maier, 2014gxists alongide design for manufacture. Where in design

for manufacture, the onus is on part and feature simplification, design for assembly considers how parts
might later be brought together, and the issues that an operator might encounter in trying to do so.
Edwardq2002) pointed out that careful consideration needs to be given to the simplicity, rate and cost
of assembling components. Edwards suggested that to be effective in product design, the procedures of
design for manfacture and design for assembly, are often combined as design for manufacture and
assembly (DFMAKuo TsalC(2001)even went as far as to say that to remain competitive in the future,
every manufacturing organisation whlhve to adopt the DFMA philosophy and apply emsntification

tools at the early stages of product desighuo TsalC (2001)listed the design for assembly method
developed by Boothroyd and Dewhur&lt987) noting that all parts should be assembled from one

direction whenever possible.

Whilst design for manufacture is clearly a powerful tool, it is currently difficult to relate design for
manufacture principles to the design of a part whishintended to be stamped. This issue stems from

the knowledge gaps which currently exist within the stamping industry. Various sources, Staiga®
Gao(2007)attempt to apply DFM to stampinddoweverthis is done in aery limited way. Tang & Gao

use best practice principles for stamping and expand on these using DFM. However, it would be more
useful to start with DFM and then apply it to stamping, as has been attempted in the creation of the tool

used in this thesis.
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2.2 Synchronous reluctance motor

2.2.1 Introductionto electric machines

Organisations such as the advanced propulsion centre (APC) in the UK provides an understanding of the
key trends, themes and technologies on electric machine architectures, integrationmaher
management, materials, and manufacturirane of the challenges posed by the APC is to reduce the
RSLISYRSYOS 2y KSI @gé& WNI NB St NIKQ YAdiuaBdddRAropuisios K A OK
Centre UK, 2020Pne possible solution would be to invastelectric machine technologies which do not

require the use of permanent magnets, therefore eliminating the issue entire.

(a) DC (b) IM (¢c) PMSM (d) SRM
Figure 3 Electric machine schematics for: (a) Direct currerdgahine (b) induction machine (c)

permanent magnet synchronous machine (d) switched reluctance m@éhken, et al., 2008)

Current examples of electric machines used in production vehicles inthedaushless asynchronous
inductionmachine Figure3.b) as used in thdesla Model She brushed externally excited synchronous
machine in theRenault Zoe anthe brushless perm@ent magnet synchronoumachinegFigure3.c)in

the Nissan Lea Tesla Model 8Crosse, 2019T he research conducted in this projéuitially considered

a synchronous reluctancenachine as the primary achine topology Generally, the synchronous
reluctance machine (without permanent magnet) is used for industrial purposes as opposed to powering

motor vehiclegHeidari, et al., 2021)

Typically, alelectric machinesvill include components such as rotor, stator, and windirg&igure3 it

can be seen how similar the stator (outer component) is in the examplesbd d However, there can

be subtle differences in the design and implementattbcomponents and technology depending on the
type of machine being considereds the main aim of this research is to consider the manufacturing
processes involved in production pfedominately stator components, it can be seen how transferable

the knowledge is between different machine technologies, where the component topology is very similar.
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Synchronous reluctance motors have some potential advantages for automotive in thatdhegt
intrinsically require the use of permanent magnets, which are an impaortamd costlypart of some
other machine designs. Permanent magnets are expensive and raise the cost of d@ratger, et al.,
2016) Permanet magnetsrequirethe useof thare earth metal§(such as neodymiundysprosiumor
samarium, dependingonthetypg) ¢ KS&4S WNI NB SINIK YSiFfaQ | NB
they are generally onlgvailable in limited quantitieas a resulbf often beingin geopolitically sensitive
locations whilstthe addition offurther supply of these metalsay require environmentally harmful

mining in order to meet the needs of a fully electrified automotive econ@fiyon, 2021)

Like all electric machinesynchronous machinesirn electrical energy into kinetic energy using the
phenomenon of electromagnetisi®ynchronous machines are a subset of electrical machines which use
electromagnetism to create precise, rotatimnoutput energy There are two types ofymchronous
machine;non-excitedand current excited. Noexcited machines rely derromagnetic materials in their
rotors to produce magnetic flux in combination with the stat@here are three main typesysteresis
motors, synchronous reluctance motors, and permanent magnet moklysteresis motors use a rotor
shaft contained withira non-magnetic materialvhichis coated witha layer of ferromagnetimaterial.
Reluctance motors employ magnetic attractiand the phenomenon of reluctance to generate maotio

and permanent magnetmachinesuse permanent magnets in their rotors which generate a constant
magnetic flux A current exitedsynchronous machine usesXC supplyo power windings in a rotor,

similarto the stator These windings produce a constant magnetic fig€dvallo, 2021)

Synchronousnachineswere built so that the output rotational frequency equals exactly the input AC
frequencg  YSIF YAy 3 GKI 0 plrdfeBsNdSan kssue whizgh iskypicallylLdeem in fnéluktion
machines where there is sonthfference between the oscillating AC frequenmypvided by the stator
saliency(input) and the rotational frequenayf the rotor (output). The synchronous reluctaneaachine

has two major components; rotor and stator. As the names suggest, the rotor rotates, and the stator
remains stationary. The stator uses electrical energy to induce a magnetiinfigle form of saliency,
where wound pairs of poles create theagneic flux whictthentravelsthrough the rotor. The flux cannot
travel easily through ajyaps in the rotoand so it is effectively forced though the rotor veibksing the
stator to control the magnetic flux, the flux is moved around the systidisis referred to as a rotating
magnetic field RMF) The rotating magnetic field can be seerfigure4 (A) where therotor is aligned
with the magnetic fid, so no torque is produced, whereas Figure4 (B) there is a misalignment
between the rotor and the magnatifield, leading to a torqueWhile there is a misalignmenthe
magnetic field will take a longer path through the rgtoausng what is known aluctance toincrease.

This produces a reluctance torque on the motor, as the rotor wants to get to smmex teluctance, or
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back to its aligned positioiReluctance refers to the magnetic resistance in the circuit and is analogous
to electrical resistanceTo maintain the torque, the magnetic field must be continually rotated, thus

ensuring that there is aonstant misalignment between the rotor and the magnetic fi¢gahdev, 2018)

Figure4 (A) & (B) Cross section of synchronous reluctantachine(ee.co.za, 2016)

2.2.2 Electrical steel laminations

The stator and rotor are generally made from electrical steels, also known as silicon Siéiets steel
refers to a steel which has a higher proportion of silicon in its metallurgy composition, ranging from 0%
3%. Whilst the addition of silicon restrains eddy currents and reduces losses, it is also more costly to
produce(Beckley, 2011)Sheets are also coated with thin layers of material or varnish to prevent eddy
currents from travelling axiallySheet thickness also effects the performance characteristics of an
electrical steel. Thinner sheets reduce losses thjtobetter eddy current restraintHowever thinner
sheets cost more to produce. There is also an issue raised by B&dy p. 69)which suggests that

for any given stack size, using a thinner sheet thicknes#tséauess material actually being in the stack
due to the effect of the extra surfaces / contacts as a result of using more slhtetsately meaning that

for thinner thicknesses there is less material in the final st&flators and rotors for synchroas
reluctancemachinesare normally manufactured as a series of thin laminations, such as the stator
laminates inFigure5, which are then packed tightly together toquluce the final component, as in the
rotor components inFigure7. Magnetic permeability is an important function of the stator and rotor
materials.Magnetic permeabity refers to the change in flux density caused by a change in field strength.
It is often as a relative quantity, which is multiplied by the permeability of a vacuum (1 in Imperial units,
n -~  Pin $iyto give the physical quantity (units of Henriesmetre in Sl units, Gauss per Oersted in
Imperial units). Silicon steels generally have a value of approximately 18006 fdr nmaximum
permeability(CES Edupack, 2018)

Nathan Dodd



Figure 5 Example of electrical steel stator laminations which have been stamped to create stator shape.

Laminates in image are prior to being stacked and joiffedaris Laser Laminations, 2012)

2.23 Copper wire winding

The winding inside aalectric machine is used to carry current. Normally, windings are produced using
copper wire as ifrigure6. However an alternative method is available which is disaakin sectior2.2.6

The copper wire is arranged and wound around stator teeth such that magnetic flux can be induced by
passing a current through the necessarytgarthe circuit, which ultimately provides the torque which

the machine produces. An explanation of some of the fundamental mechanics of this are provided for
context, as it is fundamentally these principles which the manufacturing processes are hoping to

maximise.

Figure 6 Example of wire wound stat¢eMT Winding Equipment, 2017)
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2.2.4 Electric machine mechanics

The power themachineis capable of providing will be determined by the torque whichrtfatine can
produce. This is evidenced in equatioh2 ) which shows that powe), is a function of torque7 and

angular velocity (or operating speed),

Ca

Y8 (2.2)

The torque generated by a synchronous reluctance motor is proportional to the volume of the rotor. This
is most easily seen in equati¢2.3) (Chapman, 2012where 7'is torque,kis a constantDis the rotor
diameter and L is the rotor length. The torque produced is also affected by the electromagnetic forces
which act on tle rotor. In equation( 2.3 ) the forces are considered to be a part of the constéant

Y 80 & (2.3)

A wire carrying a current in a magnetic field will produce a force. This relationship is described in equation
(2.4)where F is the fore produced Bthe magnetic field/ the current andL,.the length of wire in

the field. Increasing the number of wires, or conductors, in the field would create a pressure rather than
point load, as seen in equatiqr2.5) (Soong, 2008)When this pressure acts upon the rotor it provides

a turning force, or a torque7. Equation( 2.6 ) develops on equatiolf 2.5 ) by considering the torque

produced by current carrying wires in a magneidcf.

O 08

(24)
y o a.0&80 08
0'YO0b (25)
T:FQ:GxAreaXQ:mrDLQ:EEDELU:EZVI,O'
2 2 2 12 : (2.6)

There is a clear similarity between equatidh6) and equation 2.3). Takimg £2L from both equations,

it is possible to consider the torque of theachine
0 -, 0mi 0 &80

c . (27)
The potential working life of a motor is affected by the stresses induced fronatipgrat high speeds
and in a high temperature environment, as occurs from producing a high torque matfunever ABB
(2015)suggest that most electrical moto(51%)fail as a result of a bearing failyrevhilst thesecond
biggest cause of failures is related to stator windings (16%) form either over heating doagi&rg.An

analysis of theoroductionandassembly of a synchronous reluctance motor is considered at this point.
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2.25 Synchronous reluctance manufacture asdembly processes

A synchronous reluctance motor is made frowo key parts;the stator assembly (which includes an
electric winding array), and thetor (which includes a&haff).. The research conducted in this project
pertains mostly to the productionfahe stator componentHowever is it useful to identify the further
assembly processes which occur within the total manufacturing system. Advanced manufacturing
techniques are being developed for synchronous reluctance components, such as the use of
photochemical machiningDesai, et al., 2018nd the production of stators by additive manufacturing
(Pham, et al., 2021)he current manufacturing and assembly processeslescribed by both Youssef
(2017)and Mechlar(2010) Sheet material is typically delivered as a roll, referred to as mother coil (MC)
by Youssef2017) The sheet is loaded onto a rallevhere it is then flattened and fed into a stamping
machine.Mechlar(2010, p. 24ylescribes how the cut sheet sections are then annealed, which Youssef
does not include in his description of the proceSise annealilg processhas three main benefits to
laminations; a reduction in stress and strain, additional grain growth and further decarbonisation. The
end result of annealing is a reduction in core losses through better performétweever,this is not
always the ase as some steels which are produced using older methods react poorly to the annealing
process(Hilinski & Johnston, 2014Both Youssef2017)and Mechlar(2010)identify that the stator is

then assembled by collecting the punched sheets then, stacking, compression and joining, which seals
the stack together. MechlgR2010, p. 24jeportsthat the joining method at this stage is TIG weldifilge

stator slots are then electrically insulated by pafike sleeves and the copper windings are then installed
into the stator. Various winding methods and technologies exist, and Me¢H0) describes how
copper hairpin windings are inserted into the stator slots, a method similar to that employed by
Volkswager{2019)

Rotor with salient poles Axially laminated rotor Transversally laminated rotor

Figure 7 Exploded view odlternative rotorstructuregEngineering Solutions, 2021)

The rotor component is produced by stacking punched sheets in the same way as assembling the stator,
this is known as a transversally laminated rotor. Other rotor desgxist, such as the axially laminated
rotor, as illustrated inFigure?, which require alternative manufacturing and assembly processes to

produce the rotor a# is not produced from standard laminations, as in the transversally laminated rotor.
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Further assembly processes are undertaken, including the installation of a shaft into the rotor and the
housing unit being assembled around the stator. Researdli&zi(2007)demonstrates how different
rotor designs can be used to reduce cost and increase ease of manufacture for synchronous reluctance

applications.

It is possible to find some limited examples of the manufacturing procegs as a production stream

map. Howeverthese examples only include the general outline of processes utilised in the sy&hei,

2016, p. 67)Tucci, 1994, p. 579¥he process maijn Figure8 (Yang, 2016} y Of dzZRS& & NRB (i 2 NJ
YI OKAYAYy3é YR Gadlra2NI aasSyofte YI OKAY btghBafly 6 KA OK
NAail ONBFGAYy3I aK2NI OANDdZAG 2L NIdzyAdAisSa Ay GKS
to as impregnation typicallySome research has been conducted considering manual handling of parts

and tools during productiofLan, 201Q)More specific process or activity maps have not been found,
suggesting that the current state of research is more concentrated on the overall manufacturing system

and not with any particular process improvements, such &sgareg; it Is likely that the optimisation of

these steps is based oniouse knowledge and experience (and with any egseific limitations). This
hypothesis is supported by the review of staklng 3 LINR OSadaSas gKAOK FFNB y2iS
a0K22f 1y26 K2gQ NI G K SRdlowirfg discussidu@ianmplielCs. Brtikég0dz) NS Y Sy (
it was confirmed that stamping is somewhat obkack art Challenged on this assertion, Campbell &

Brittle suggested that in order to evaluate the manufacturability of a design, it would require an
experienced eye, rather than the application of songidal rationale or mathematical model. Further to

these discussions, Campbell & Brittle also mentioned another stamping method used to produce stators.

This is known as thsglinkystyle stator. This new process has very little material scrapped, which is a

issue identified in the created tool.
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Figure 8 Example of an electric motor process ro(Neng, 2016, p. 67)
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2.2.6 Hairpin winding of stators

s ;‘ Valuable

Unfilled e
Spacs

(a) Toroidal winding (b) Hairpin winding

Figure 9 cross section of standard winding (a) and a hairpin windingJbihg, et al., 2012)
The windingcomponentinside an electric machine is used to carry current. Windings are arranged and
wound aroundstator teeth such that magnetic flux can be induced by passing a current through the
necessary part of the circuit. Normally, windings are produced using a copper coil, suétgasef (a).
Franke, et a{2011)discusses the need to develop more efficient manufacturing processes by employing
greater use of automation in the winding process. One issue with this method is the effective use of
space. Jung, et a(2012, p. 2romment that if a highslot fill factor can be achieved, the power density
of the motor can be increased. This high space factalairfill factor is the ratio of useful material to
dead space in the stator slot. The hairpin is larger in section thamdasta wire, this combined with the
geometrical benefits of packing square sections rather than circular sections endows the hairpin winding
with a greaterslot fill factor. Miljavec (2018, p. 27)discusses the benefitsf using hairpin winding
technology over the staratd wire winding methodMiljavecsuggests thabetter thermal conductivity
of the slot is achieved as copper losses in the form of excessive heat are better transferred to the stator
iron and there is adtter copper fill factorMiljavec raises the concern that tight control is required when
performing joining operations between the copper hairpirsiarpin winding assemblys can be
constructed either as a continuous part, a U shape with busbar assembdyy bshape with busbar
assemblies at both end€oncentrated windings are another possible technolbgiyert & Soulard2006)
comment that this process leads to a relatively low slot fill factor and requires the productia
different type of stator, which in turns requires specialised tools. Jung, (@04&R, p. 2point out that
hairpin winding is a complicated process and cannot be applied to a motor which has a large outside
diameter. Hairpin windings are joined to terminal blocks to create the electric circuit. It is here that the
question of joining processes arises. There are many different methods which could be employed, and
with each, a different process would be requiréd.an alternative to copper, to maximise weight savings,
hairpins could be manufactured from aluminiy@akal & Keysan, 2028nd in this case where hairpins
join to form the circuit, there would be an aluminidtm-aluminium joint (in the more conventional
design it would be copperopper). In either case there is a requirement to connect the hairpin circuit to
a copper plate at the termination point, and if aluminium is used this requires joining aluminium to

copper. Someonsideration of potential joining methods is appropriate at this point.
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2.2.7 Joining methods for use in hairpin winding assembly

There are a number of challenges involved when consideriathods for joining of hairpin winding
components. Hairpin windings aoe@ated with an insulation material, which protects the windings from
external factors such as air or particles in the environment. The insulation also provides a barrier between
the individual windings, ensuring that the circuits are not broleris therefore important to have a
consideration for the insulation material during any further processing, such that the insulation coating
can remain intact. The following joining processes are considered based on perceived manufacturing and

assembly suitabilitgcross the factors of time, cost, and quality.

Friction welding

Weman (2012, p. 126)puggests that friction welding does not involve complete melting of the joint
surfaces. The energy input is purely mechanical; friction is used to heat the surfaces of the parts. Friction
welding has been used for more than 30 years. Friction can be gedegither through relative motion
between the workpieces or through the use of an external tool. One traditional method is to rotate one
of the workpieces, a method particularly useful should at least one of the workpieces be rotationally
symmetrical. lis important that at least one component is ductile when hot to allow deformation during
the forge step. Friction welding can create clehigh-quality joints between a wide variety of metals
(CES Edupa¢R018). Bhamiji,et al.(2012)similarlyconcluded that linear friction welding is a viable way

of joining dissimilar metals amatoduces velds with very good mechanical (tensile and bend) properties.
Grimm(2015)has also performed trials with aluminium to copper overlap joints. Due to the nature of
friction welding, no protective flux or gases are needddwevey the ability to achieve either fast speeds

(for small components, rotational speeds of up to 8Mdpm and a fewilogram loads used) or high
loads requires the use of potentially expensive machinery. Nevertheless, for a mass manufacture process,
high investment costs can potentially be absorbed by high quantity output. Information on the process
in CES EdupadqR018)includes that the capital cost of equipment is high, but tooling costs are low,
suggesting that the process is fast and can be fully automated. Weld times can range @501
seconds, and so further wiowould be required to understand the process times for this application. The
process is already widely used in the automobile industry, with various components joined this way.
Bhamiji, et al(2012)notes that welds with vey good electrical properties could be produced with little

or no detectable increase in resistivity at the weld liB@amiji, et al(2012)also recognised that further
properties of the welds, such as corrosion resistamsay also need to be characterised before being

able to recommend the process in full confidence
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Friction stir welding

Friction stir welding was patented by the welding institute in 1991 and the process uses a specially
designed norconsumable rotating tool, as illustratedhigurel0(Sharma, et al., 2017y he tool consists

of two parts; a shoulder and a pin (or probe). The process is generally used to join long lengths of material,
particularly in the aerospace, shipbuilding, and rail indus{@&S Edupack, 201Bjiction stir welding is
capable of creating copper to copper joins and also aluminium to aluminium(MMeman, 2012)One
benefit of friction stir welding is that there is an almost sible weld line However in the application of
hairpin joining this does not add any value as the hairpin component is hidden during operation. No joint
preparation is necessary which simplifigke manufacturing implementation by reducing the
requirementof additional processing. Friction stir welded joints have excellent fatigue strength and very
little thermal stress or distortion, and no melting takes place so volume changes are aGiE&d
Edupack, 2018)The formation ofa hole from the tool where it stops can be a disadvantadewever
unlikely to have much effect in the application of hairpin joining. The major manufacturing hurdle is the
requirement to use heavy, and powerful fixtures to keep the parts of the workpéggether and pressed

to the backing platéVeman (2012, p. 128)The process clearly has value in the mass manufacture of
highttech products, as demonstrated by the use of friction stir welding to join component®ifGh2

apple iMag(Dilger, 2012)Frictionstir spot welding is &eryS ¥ U OpkoBegsiiwith energy consumption

at around3kJper weldto 6kJ per weldHowever the weld cycldimes are typically betweef seconds

to 5seconds(Ni & Ye, 2016)

Tool pressure

""\ Joint line

Rotate g[~———"

Shoulder

| 4

Stirring part Plate movement

Figure 10 Friction stir weld schemati@CES Edupack, 2018)
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Laser beam welding

In laser welding a focused beam of monochromatictlighocused on the joint, creating a plasma, and
localised melting as illustrated Figurell. Shielding gas is often used to protect the weld. Due to the
focussing apabilities of the laser, the heat input is highly concentrated in the joint region. Laser beam
welding can join many different types of joint geometries and the process can also join parts of dissimilar
thickness. In order to be able to weld parts togathie joints must be close fittinfCES Edupa¢R018)

notes that the equipment required for laser beam welding is expensiosvever,it is not as costly as
electron beam welding. This is partly due to the difference mcspheric requirements, as laser welding

can be conducted in air, whereas electron beam welding requires a va€@ESEdupa¢R018)suggests

that owing to the high cost of equipment, high volume or critical weld conditwosld be required to

justify investment, such as inaccessible joints and/or flimsy assemblies, which are recommended as being
especially suitable for laser beam weldi(@ES EdupagR018). The process can be weallitomated
providing scope for reducing cost. Materials to be laser welded should not have reflective, polished
surfaces since these do not absorb energy from the beam. Copper is very reflective and as such, more
power (and thus cost) would be required teeate the join. It has been recommended that a blue laser
might be suitable for welding copper paftdummel, et al., 2020} aser welding is a mature technology

in the automobile industryHong & Shin, 2017)

Laser head | Sheiding gas
Powder
 Nozzle
Laser
Shelding
gas
Weld Powder V.
bead

A

Figure 11 (right) Laser beam weldinCES Edupack, 2018)
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Ultrasoniovelding

Ultrasonic welding bonds the workpieces together by vibrating them in contact at high frequency under
pressure. The process can produce spot, seam, or annular welds and that most metals can be
ultrasonically welded, particularly is the material is more tdedCES Edupack, 2018he process is
ideally suited for joining thin sheets or wir@&/eman, 2012)Surfaces should be thoroughly degreased
before welding, as grease acts as a lubricant and degréfie quality of the wel@wWeman, 2012)This

would potentially create an extra process step in the workflow, that said, the process is relatively cheap,
fast, and clean. The process is relatively energy efficient at around 0.6kJ to 1.5kJ per weld compared to
friction stir welding aBBkJ¢6kJ(Ni & Ye, 2016)This is because the major heat generation is in the weld
line, not at the top surface of the specimen. Ultrasonic welding alegesto have shorter weld cycle

times, at typically less than 0.5 secor{tlé & Ye, 2016)

Snap fit

A snap fit join works by using material elasticity in two separate parts to effectively squeeze one part into
another, such as pressing two Lego pieces together. As such, it is essential that the part ede toler
relatively large elastic deflection. Snap fit joins can be produced using an automated assembly line,
making it a suitable joining method for mass manufacture. However, the assembly tooling would require
an initial capital investmenfCES Edupack, 2018he quality of electrical conductivity would no doubt

be limited by the quality of fit, with small airgaps being a congcemilarly the potential mechanical

strength of the joint is directly related to the quality of fiitoduced.
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2.3 Stamping process mechanics

One of the key manufacturing processes used in stator production is stamping. Stamping refers to the
process of shaping a sheet of material by punches and dies. Stamping can be used to create holes and
slots in a wrk piece by forcing a punch through the material. Stamping can also be used to form shapes
by pressing a die into a piece of material. When cutting material using a punch, there are two types of
cut; an open cut and a closed ditlocke, 2005, p. 9)n an open cut, the punch acts more like a blade,
slicing into material. The two edges of the cut do not meet. In a closed cut, the punch creates a continuous
cut in the shape of the punch, Figurel4this is a circle. The material which is punched out of the sheet
could either be scrap, or the part which is intended to be made. These two different scenarios are defined
as blanking and pieing. In blanking the work piece is punched from the sheet, leaving the remaining
sheet as scrap or waste. In piercing, the opposite is true, the work piece is the sheet, and the waste is the
material which is removed. In creating a new part of complexpshthese operations are frequently
mixed to create the final product, as demonstratedrigurel2 (Dayton Progress Corp, 2003he cuts
produced by the tool ifrigurel2 are shown irFigurel3, demonstraing the different types of features

and geometries produced during the stamping operation.

2

Figure 13four stage stamping operatiéncuts highlighted in orange
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The design of parts which are intended to be stamped is typically conducted based on the understanding
of the designer, rather than specific design pries or mathmetical models. The most commonly
suggested advice is to use part thickness as a guide for how small or large a feature(E&h, R2921)
(Fonger, 2021) and as sughalter the part thickness as requiredhis also means that the geomtries
which canviablybe produced are limited by thpart thickness when punching his advice shows how

the part design, rather than process, plays a more important part in the design offpastamping. This

leaves a problem, how best to set up the process to achieve the best possible product? Further research
is required to understand how the stamping process would be optimised to a given design. Whilst it is
possible to design a part to emasily stampable, setting the correct parameters for the operation still

requires some method of quantifying in order to achieve the best product.

open cut closed cut
___— topblade
& _ free free face~_ (///2— Ppunch
&1 face N~ - die clearance
Y _~ die clearance i
pressure ressure <2 —
pressure surface psurface .' ~ edge
surface )
blade < |/ T T~
=2y ‘
)¢ |
tool flank open flank ~— o
bottom blade -~ die

Figure 14 Open and closed cuttingllocke, 2005, p. 9)

To be able to stamp a part, it is important to know how much force is required to create shear in the
sheet material, and as such, how to properly set up the stamping press. It is possible to cdfmilate
force, £, required to stamp a part using equati¢B.8) (Klocke, 2005, p. 36\vhere L.is the length of cut

and Ly is equivalent to sheet thickness. The sheet material has cutting resist&fcelhe cutting
resistance of a material is proportional to its ultimate tensile strength. The cutting energy used to stamp
a part is a function oftte force usedF and the linear distance the force is applied throughthere is

also a correcting factar, which accounts for variables such as the material properties, the size of the die

clearance and the friction. The work done (energy) is calcdllayeequation(2.10).

00 & & (28)
o TEg, (2.9)
®  O380 (2.10)
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2.3.1 Stamping tool wear

It is important to understand the wear mechanics of stamping, as reducing wear will be a method of
prolonging the life of a stamping toolhus reducing cost, and increasing productivity by reducing
downtime. It is also the case that reducing tool wear will enable a better quality of cut to be consistently
produced. Wear occurs on a stamped tool at either the face of the tool or the skafif-ayurel5. Taylor

(1906)first demonstrated how tools used in machining generally wead these first principles are still
appliedtoday (Johansson, et al., 2017)here are three main stages to tool wear progression. The first
adlr3sS Aa 2FGSy ONRST IyR RSAONFKOS AL yi KEKSISANEQRY B K
will wear at asteady state until it finally reaches some failure point and wear begins taway and

progress at a higher rate.

/w

fatigue wear on front face wear on front face wear on shaft area

Figure 15 Schematic diagrams of tool wear, which might result from stamping parts of different
thicknesgKlocke, 2005, p. 21)

There is evidence of wear within the literature that closely resembles this type of wear progression
(Kraemer, etal., 2018 ¢ &f 2 NDa 6 S| NJ (QdiNBere V2 thd citting velBdjtydzl G A 2 y

tool life, andrnand Care constants.

w0 (211)

The common mechanisms of cutting tool wear;dvkechanical wearThermochemical wearChemical

wear, andGalvanic weafKharagpur, n.d.)Jn the application of stamping, three main causes of tool wear
stand out; friction, impact, and thermal mechanisms. Friction occurs between the tool and the sheet
material during the cutting operation. Wear as a result of friction would lzegeeater effect on the flank

of the tool, as opposed to the face. Cutting at higher speeds would create more friction, as would
increasing the thickness of the sheet material. Impact occurs at the moment at which the tool first
interacts with the sheet marial. The face of the tool is the initial load bearing element in this action and
as such, is the most susceptible part of the tool for wear as a result of impact. The force of impact is
affected by the sheet thickness, sheet strength and the lengthubfequired. Thermal degradation is

another issue for the stamping tool, with increased temperatures raising the wear rate of the tool. The
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mechanisms can be linked; for example, friction naturally has -artguct of generating higher
temperatures withinthe tool. Archard developed an equatidr2.12) for predicting tool life, whereQis
tool wear, K, a constant,/ normal load,.ssheet thickness and H tool hardnegs.substitution is
performed where the normal loadk is replaced by the force required to cut material as defined by
(2.8).

5 o 2
0O

(2.12)

. . 000
vV =5 (2.13)
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2.3.2 The slinky Method

Bending radius

(a) (b)
Slinky process (a) and deformed area (b).

Figure 16 Slinky process schemati€cim & Hong, 2015)

As was identified through discussion wittampbell & Brittl§2017)an alternative stator manufacturing
process is possibl@he slinky method uses strips of material, rather than large sheet, to produce the
stator. The strips have the tooth design stamped out and are then coiled around a mandrel to create the
laminated $ator. Figurel6 shows this process, with a straight strip entering the process, and then being
bent around to create the correct shapEigurel6 also shows that the back iron is the key area that
deforms during this process. The process of coiling a slinky stator is very similar to mechanics of bending
a beam. In a bent beam, swressive and tensile forces create stresses in the part. The neutral axis is
neither under compression nor tension, and as such, there should not be any bending stress in the part
along this axisThe bending phenomenon follows equati¢r2.14 ) where A is bending stress)/ the
momentacting on the partyis the vertical distance from the neutral axis, afid the second moment

area of neutral axi§young & Budynas, 200d}hicker cross sections are more difficult to bend, resulting

in the need to impart greater force in the workpiece. The bending moment generated in the coiling
process for the slinky stator is directly linked to the bendiadius Figurel6). For a given back iron
width, there would be a minimum bending radius, and similarly for a given bending radius, a maximum
back iron width. Interstingly, Youssef2017)concludes that cutting is still the major consideration,
despite the change of stator design. Youssef writes that the rolling and the punching process should be
optimized for a slinky stator to redudesses. Currently there are somestmiquedor the rollingprocess

which are alreadypatented (Lee, 2005 Mitsuhiro, 1989)(Mitsuhiro, et al., 1990fYasuo & Toshihiko,
2004)

0w

(2.14)
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24  Laser cutting

There have been many recent studies which have considered and compared the various machining
methods in stator productio@Bayraktar & Turgut, 2018Jhe most commonly used methodology in mass
production is stamping (or presg). Stamping requires a high level of initial investment owing to the
manufacture of dies, but once set up, is a relatively quick and consistent method. Laser cutting is an
alternative manufacturing process to stamping which is typically consideredsrmller batch
productions or one off§Association of Electrical and Mechanical Trades, 20A8jlist other cutting
processes exist such as Abrasive water jet and wire cut electric discharge machining, these are typically
used for specific application&iegler, et al., 2018).aser cutting is of particular interests this appears

to be the most feasible cutting alternative for mass manufacture of stator laminatidresterm LASER

is an acraym for Light Amplification by Stimulated Emission of Radiation. A laser works by focusing a
high intensity light source into a very narrow beam, as illustratétdgarel?. This is done by combination

of mirrors and lenses. The laser beam is amplified by passing through a medium material which can be
either a solid, such as a crystal, or an assis{gasipteo, 2016)The high energy of éhlaser beam melts

the workpiece at the contact point. This action of melting away material is what creates the cut in laser
cutting. Separate to the assist gas there is an auxiliary gas which blows away molten material from the
workpiece. The auxiliary gacan be inert or active. An inert auxiliary gas protects the surface from
oxidation, whereas an active gas (usually oxygen) generates an exothermic reaction at the workpiece
which increases the temperature at the cutting area, allowing thicker cuts frdiduced(Genna, et al.,

2020) Laser cutting is capable of dimensional tolerances in the region 0.04fin2 G & aAl .= S
Whereas stamping is a mechanical process, laser cutting is a tigintahse process and as such, the
effects of laser cutting differ somewhat from stamping. These differences are explored based on the

application of cutting electric steel laminates.
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Figure 17 Schematic demonstrating laser cutting of sheet ni@hna, et al., 2020, p. 5)
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25  Laminate performance

The key performance characteristic of a statits ability to provide magnetic flux, and thus provide a
torque to the rotor. There have been a number of studies which have considered how various
manufacturing processes affect the magnetizability of a stator. Generally, each study considers a variety
of magnetization scenario (frequency, strip width, orientation). Theyenot a single, consistent
performance metric which allows simple and direct comparison of results, at least from the purview of a

lay individual.

Laminate cutting appears to be the major manufacturing step which contributes to machine performance
loss, vith both Yousse{2017)andBali & Muetzg2019)commenting that the cutting process is the main
cause of degradation of the magnetic properties in the manufactured parts. It is unddrshat the
electromagnetic performance of an electrical steel is affected by the state that the material is in. Residual
stresses in the laminate negatively impact the performance of the stator. Boubaker, et al (2019) note that
performance losses due tesidual stresses have a greater effect in smaller sized stators, as there is a
greater proportion of cutting edge in proportion to the whole laminate surface. The quality of cut
produced in stamping is also affected by tool w@afeiss, et al., 2018Fharp tools are more effective at
producing clean fracturesHowever understanding the severity of the effect and the causes of
differences are important, as this will be a key parameter in later modelling. There appear to betwo
causal factors in the reduction of magnetic performance, induced stress, and edge deformation. Stresses
can be thermal and/or mechanical. The laminate grain structure is susceptible to change as a result of

both stress types.

Most sheet metal prts are designed based solely on the functional requirements. The sthitify is

not considered until the design is nearly completed, or even worse, until the die design is $laten

& Gao, 2007, p. 26804 partdesign is made up from a number of features. Tang & @@07)define

two different types of feature; primary features and subsidiary features, and describe a primary feature
as being representative of the overall shape wdas a subsidiary feature is a feature which would
typically exist within the primary feature, such as holes and embossments. Tang @@Badset out a

number of best practice guidelines which are based on sheet thicksess as that;

wThe diameter of a holel should be greater than the part thicknesdy a factork, which isdependent
upon the part thickness, namelgiz>kt

wThe width of a slot should be greater than the part thickness by a factor dependentthpaguart
thickness

wThe inside bend radius of a rib should be greater than or equal to twice the sheet thickness.
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This approach is very empirical, relying on the experience of the designer to find the most suitable value
of k. A risk averse designer migthoose a much safdethan the next designer. Part thickness clearly
plays a key role in the design of a stamped paempbell & Brittl§2017) Electrical machines manager

& production director of MTD LTD, confirmed timepiortance of sheet thickness on part design. They
suggested that there was no clear mathematical model to define the point a feature becomes too small
relative to part thickness, rather that experience in stamping would be the ultimate way to judge the
effectiveness of the part design with consideration to feature size relative to part thickfleske(2005)

noted that part thickness has an inherent effect on die wear. For thinner parts (<2mm), tool wear is more
likely to accur on the front face of the die, including fatigue wear. As the part thickness increases, more
wear occurs down the shaft of the dieaminate thickness for electrical machines is typically chosen

based on the performance of the machine, rather than nfaoturability.

251 Laminate performance and cut quality as a result of stamping

The lack of knowledge regarding the implementation of manufacturing processes in stator production is
further evidenced bywandenbossch€2015)who realises the need to add greater understanding into
manufacturing decisionsVandenbosschg2015, p. 6)concludes that careful consideration of the
manufacturing methods is required in order to optimise the performamdean electrical steel
component.Energy losses in electric machines arise from various sources. There are losses in the electric
sheet material owing to the mi S NJ& | f Qpropdttsiatiddaddd eddyZurrents. There are losses as

a result oflaminate cutting through microstructural damage in edge aré@myrek & Lefik, 2017and

there are losses as a result of joining and assembly procassasesult of mechanical losses and eddy

currents in the joingKraemer, et al., 2016)
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Figure 18 Sankey diagram gferformancdossfactors in stator productio(Kraemer, et al., 2016)
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The mechanics of how cutting negatively impacts on the electromagnetic performance have been
discussed (SectioR.3). However understandag the severity of the operation remains unclear.
Kraemef2 @016)researchiusing M33835A sheetsindicates that stamping only has a limited impact on
the overall performance of a wound statdfigurel8) asmaterial losse$36% & 64%qre indicated to be

more than 3 times as large as any losses incurred through star(idfg & 18%) Y NI} YSND&a O2y Of
that the method used to join the lamates and create the stator core is the most detrimental. This
argumentdoes not take into account the plethora of design parameters which could also impact the
efficiency of the stator and severity of each operation. It may be the case that for thicketslper se),
stamping becomes the prgominant loss factor. Another study Bayraktar & Turgu2018)shows that
regardless of cutting techniqu@isingM400-50A sheets) there areoverall motor efficiencylosses of
around 15%(for 5.5kW motor) The change of cuttingnethod had an impact between worst and best
case of approximately 2.5%, as showirigurel9. When considering the condin of a cutting tool and

how it may be monitored effectively during manufacture, it might be more pertinent to maintain a record

of other factors, such as burr height, than to measure the performance of the laminate being produced.

Cutting method WEDM Punching Laser AW
Motor efficiency (%) 85.61 85.16 8347 83.1
Friction and windage losses (YV) 825 0.89 10.46 15.37
Iron losses (W) 553 562 664 712

Figure 19 Comparison of motor efficienciéslosses for cutting metho@Bayraktar & Turgut, 2018)

As touched on in other parts of this review, it is a recurring issue that stamping is not considered in a
highlytechnical way, and by extension, the effect of stamping processes on the ultimate performance of
a stator is not considered in the manufacturing set upTitxiimy (2018, p. 1161yvrites that the effects

of machiningprocesses on the performance of stators are often overlooked. Research conductéd by
Timimy(2018)shows that manufacturing processes reduce the performance of laminates, demonstrating
an increase in the statorore losse ranging between 23.5% and 16.7% (the lower end of this rage is

consistent with the findings ddayraktar & Turgut).
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Figure 20 Effect of tool wear on performance. Data collected f(o¥eiss, et al., 2012018),(2019)
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Understanding electranagnetic performance of laminates has many challenges. There is not a single
metric which is used to compare the performance of parts, and each metric has the caveat of
circumstance, such as proposed frequencies or strip widths. Wagsproduced a series of results within

his work and taking the most consistent and comparable of these results, a trend appears to be present.
2S5X433aQ SOARSHDN| MKR g@A GKIIG 22 Ay LI22NBN O2yRA
becomemagnetized Across the range of results seerFigure20, there is an increase of approximately
50% in field strength required to achieve 1 Tesla A/m magnetisaltiow. this translates directly to
machine performance losséscomplexbut a decrease in the performance of the stator materials could

be expected to have a negative impébtoses, et al., 2019Whilst tool condition has a cle@mnpact on
performance, there are also other factors which influence the performance of the produced laminate. As
well as the potentialfor stamping parameters to affect the performance, there is also the base

performance of each material and its suscefptitip to influence.

t! inter-laminar
short-circuit

Figure 21 Inter-laminar shortcircuit from axial pressuré& burr (von Pfingsten & Hameyer,, 2016)

Edge deformation mainly considers the effect of burr and roll over. Excessive danrcreate short
circuits between the laminated-igure21) and as such, lower the performance of the stator. Bodr
creates an air gap at the laminate edgetween layers. It has been noted from various sources that tool
condition has a major impact on size of the burr created on the work gige&mer, et al., 201%5Mucha,
2010) There havalso been various studies which show that the cutting clearance between tool and die

also contributes heavily towards the level of burr creaf@kiss, et al., 201§poares, et al., 2012)

Qutting speed in stamping differs somewhat from the typical definition in a manufacturing environment.

¢KS adFyRFENR dzyAla 2F WaLSSRQ INB &adNB1Sa LISN YA
actual cutting tool velocity, as 1 SPM can cavalely have the same cutting velocity as 100 SPM as a

result of differing rest time between strokekubis & Ristiawa2017, p. 595how how the effect of

different cutting velocities effect the quality a cut eddebis & Ristiawarmdemonstrate in their results

that a faster cutting velocity increases the shear zone of the cut edge, agxddagion, reduces burr and

rollover effects.¢ | & f 2 NA Q@.119 (Lidrg, RA02)¢monstrates how faster tool velocities cause

the tool to wear at increasing rates. The rate of change in this case is also a function of the tool material

and a wear constant.
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Figure 22 Lubis & Ristiawan(2017, p. 59ata for Shear zone results for a 5% clearance

Bayraktar & Turgu€2018)& Jayaramd2015)both investigate the effect of stamping on the quality of

cut edge. M406b0A Bayraktar & Turgytand HYPERCO Sayarama) are the materials tested. Both
materials are 0.5mm thick. The results for the stamped sangpeear different. The M4GB0A sample
(Figure23) shows a uniform shear pattern across the cross section of the sample, wheretigRERCO

50 (Figure24) shows a shear zone and a large fracture zone also. Whilst is might be the case that evidence
of fracture might be more visible on the M4@DA with greater magnification as usedrigure24, the
evidence suggests that stamping does not always generate a clean, full shedigtue 23 also

demonstrates some deformation and roundimgthe upper region of the cut.
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Figure 23 Examples of cut edge by Bayraktar & Tur{@®18, p. 6)
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Figure 24 Scanning Electron Microscop8EM of HYPERCO 50 stamped sample

by Jayarama(2015, p. 5)

There appears to be very little relation between sheet thickness and burr height. Whilst there may in fact
be some contribution from the sheet thickness tothe bproduced, other factors have a greater effect.
Sheet thickness is nhot commonly noted as being a contributing factor to burr height. Sheet thickness is
directly related to the force required to stamp sheet material, equati@8 ), and is also a factor in the
Archard equation for stamping tool wear, equatip®.12). Substition intq 2.12) creates a square root
function for sheet thickness2.13). Owing to this, small changes in sheet thickness can have much larger
reprecussions than initially considered. Increases in sheet thickness would also be likely to effect the flank
wear throudn greater friction. The increased force required to punch the material would likely
predominately effect the face wear of the tod. NOK I NRQ& SljdzZ- A2y &aK2¢a GKI G
wear rate of a tool. The strength of the material being punchedatliyeeffects the force required to
punch the material. Another important material property is the ductility of the material. More ductile
materials are considered to be more susceptible to greater burr heights. The force required to punch
through a materi&is proportional to the length of cut intended. Whilst not considered within this
research, the complexity of cut, such as sharp narrow angles, also affects the way the tool wears and the

process requirements to create the geometry.
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Figure 25 Influence of cutting velociffGubramonian, 2013, p. 51)

It is interesting to note that the force created by increasing the tool velocity does not appear to follow a

direct 1:1 relationship. The result ofstdy increasing tool velocity askigure25is only an approximately

50% increase in force at contact with the workshééitsch(2011)provides an insight into the generation

of tool wear as a result of cutting speddirschhas investigated the force and vibration response of a

part during stamping and notes that the excessillation of the punch leato an increase of weas a

result of the extra distance travelled by the punch under friction during this oscillatiosepha
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Weiss, et a(2016)performed a series of experiments, measuring the quality of laminate stamping over

a series of parameters. The findings show that tool wear, or cuttdge wear, negatively impacts on the
electromagnetic performance of the electrical steels. One aspkttteoresearch was an indicative study
between worn and sharp stamping tool performance. The sharp punch and die were considered to have
a radius of 15m, with the worn punch and die having face wear ofi®and flank wear 108m. Cutting
velocities conslered were 60 and 200 strokes per minute. The results of this study indicate that a worn
tool leads to an increase in sheet deformation. Low speed and sharp tools minimize the area effected by
work hardening However the impact of cutting speed variatio(over the range tested) is not as
significant as the tool wear state. Weiss also notes that tool wear state has a more detrimental effect on
losses in the RD (rolled direction) compared to the transverse direction. In further research by Weiss, et
al (2018) the effect of material properties is also considered. Weiss concludes that materials with higher
UTS have a greater sensitivity to punching parameters. {#i48)also notes from his wi in this field,

that the energy used during the punching operation is greater for a worn tool, as opposed to a sharp tool.
While Weiss does not comment on the rate at which a tool might wear, or after how many operations
the tool conditions presented ihis research would present, these factors are considered in research by
Kraemer(2015) A general understanding of the factors affecting tool wear in stamping are described by
Hedrick(2016) who notes that stamping witmcreased force causes the die to erode and break down

at a much quickerate. Use of excessivierce also applies greater side and top loads to the tooling
section, increasing the probability of cracking. A poorly maintained press decreases tddedtifick

(2016)also reiterates the need to keep the tool in goodintenance to prolong its life.

(a) (b) (©) (d)
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Figure 27 Weiss et a(2016, p. 253utting surface parametefer electrical steel sheeGCL 30mm;

(a) sharp,60 SPM 0°;(b) sharp,60 SPM 90°; (c) worn,60 SPM 90°; (d) worn,200 SPM 90°
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A series of experiments were performed on behalfkoshemer(2015) by Kienle + Spiess GmbHA
stamping press with maximum stamping force of 110 tons was used and a stroke speS8BN0Both

the punch and die used where manufactured frdrardened tool steeAISI Déwith a hardness of
approximately63 HRCThe material being stamped wit830-35. Kraemer(2015)identifies fromFigure
30that flank wear is the most important factor in considering tool life, as it shows the largest amount of
wear compared to tip and face wear. It is also cleat there is a link between face wear and burr height,

a 020K 3ANI LKA aK2g OSNE aAYALIF NI INRBgGK &0 NHzOG dzN.
wear as a result of stamping occurrences negatively impacts the quality of laminate producedhthro
increased burr height. The availability of tungsten carbide as an alternative die material can offset this
issue by offering longer tool life at the expense of greater tool édsheral Carbidé2019)suggesthat

a tungsten carbide tool can achieve four times the life of a standard tool steel, which is not unrealistic

IA PGSy @ardfesules Figure2s)
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Figure 28 Average burr height across tool life with different tool materfdsicha, 2010)
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252 Laminate performance and cut quality using laser cutting
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Figure 32 Examples of cut edge by various methods by Bayraktar & T(2§W8, p. 6)

Kaliudig2018)recognises the need for new manufacturing technologies in the automotive sector, writing
that companies are starting to reconsider some of the slower, trawiti manufacturing methods
currently used for electric motors. Stamping is a traditional manufacturing method which is still used
because it is considered a cost effective and rapid production metHodever little knowledge exists
about alternative prduction methods at scale. Laser cutting has predominately been studied from a

technology and quality perspective.

GaworskaKoniarek(2011)has studied the effect of using different cutting gaseshe electromagnet
performance of electrical steel&aworskaKoniarekconcluded that the use of compressed air had a
more detrimental impact on the magnetic properties of the sheet than cutting with a nitrogen
atmosphere.Gaworskakoniarekproposes that the reduction ielectromagnetic performance may be

as a result of iron oxides forming on the cut edge, although it appears unlikely that these would penetrate
very deeply into the materialGaworskaKoniarek also compared laser cut samples with punched
samples, with redts showing that for 1.5T induction punched samples twtdl energy losses of 5%
whereas the laser cut with air was 20% and laser cut with nitrogenth#energy losses. Salvador

(2016)has similarly compared the perfoance of laser cut and guillotined (mechanically very similar to
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stamping) samplesagain concluding that laser cutting introduces greater losses than stariking
processesBayraktar & Turgut2018)compare four differentcutting methods, as seen iRigure32.

Visually the stamped samples appear slightly better than the laser cut samples. Punched and laser cut
samples show much cleaneuts than those produced by abrasive water jet cutting and wire erosion.
The electromagnetic performance was measured, with a punched stator providing 85.16% motor

efficiency and laser cutting 83.47%.

Kringg(2014)compared the performance of punched and lasatNickel Iron samplesfter the samples

had been annealed. The results from that research show similar levels of performance between the
stamped and laser cut laminates. Krings writes that the laser cutlsamgach a slightly higher saturation

flux density at the cost of a slightly larger magnetic coercivity and iron losses. Interestingly, Krings
concludes that there is real potential to reduce iron losses by adjusting the manufacturing processes
used, sugegsting that some form of optimisation can be incorporated into the manufacturing an assembly
processes to increase the quality of parts produced. With laser cutting being less established, it may be
that there is more potential for optimisation improvemetitan for stampingBali & Muetze(2019)
investigated the degradation effects of punching and laser cutting and showed that further research is
required to understand effects that laser cutting has on the degradaifaut laminatesBali & Muetze
(2019, p. 9nlso note that more research is needed to obtain a better understanding of the mechanisms

which occur in the case of laser cutting.

The research consistently demonstrates that laser cutting laminates introduces greater losses in the
electric machine than punching laminates. In the best instances, the difference in performance is small,
but not negligible. The current research does oonsider the economic and wider operations effects of
using laser cutting as an alternative manufacturing process. One of the concerns of using laser cutting to
produce stators is that the laser cutting process will reduce the quality of eletagnetic grformance

of the laminatesMiljavec(2018, p. 23}tates that punching (or stamping) is the process which should be
used, citing concerns that laser cutting will increase magnetic lostgsvec(2018, p. 32§loes approve

of the use of laser cutting in the production of prototypddowever
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2.6 Gap analysis

The research discussed in this review showstthette is a consensus that the market for electric vehicles

is set to incease over the next few decades. This transition to electric vehicles creates a need to be able
to produce and assemble new parts and components at much greater volume than is currently being
done so. New technologies are already emerging and being inatgzbinto new EVs, such as the hairpin
winding technology. Hairpin winding technology is only recently being introduced into EVs, and it appears
that the technology remains based on the use of copper. Aluminium has the potential to be an alternative
material to copper for hairpin applications, and whilst some research exists in this field, it does not
consider the implementation of aluminium hairpin technology from an industrial engineering, mass

manufacture perspective.

The slinky style stator method isr@hdy used to produce stators. The benefits, namely a reduction in
waste material from the cutting process, is well understobldwever,the design constraints which
define what sizes of stators are producible, and how design changes affect the oveiaiinaarce of a

stator are much less known.

Stators have been produced from stamped electrical steels for many.ydangever,the knowledge in
stamping is mixed. There are multiple different areas of research under consideration as regards
stamping electrial steels. Current research has been directed towards identifying the effect of cutting
clearances on the electromagnetic performance of laminates. Other research has studied the effect of
different parameters on the life of a stamping tool. The decisantsparameters chosen by industry and
manufacturers are mostly based on experience rather than specific rules or knowledge. There is also no
consideration of how to best create a set of manufacturing parameters which manage the quality of part

produced orthe rate or costs or production.

Laser cutting is an established alternative to stamping in stator production, but only for small batches or
one-offs. Research exists which compares laser cutting to stamping in terms of cut quality and laminate
performance However,no research exists which investigates the potential of laser cutting as a mass
manufacturing alternative. Similarly, no research exists which studies the potential of cutting multiple

laminates in one operation using laser cutting.

Given these arious areas of uncertainty in the manufacturing processes, and how they may most
effectively be implemented in production for automotive, this thesis will examine some of the technical
aspects of each of them, and with this understanding seek to developperational model of

production, to make general assessments of the economic viability of different manufacturing strategies
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3 Manufacturing implications of a shift from wire

winding to hairpin  winding

31 Methodology

3.1.1  Knowledge gap

Hairpin windingechnology is only recently being introduced into EVs, and it appears that the technology
remains based on the use of copper. Aluminium has the potential to be an alternative material to copper
for hairpin applications, and whilst some research existshis field, it does not consider the
implementation of aluminium hairpin technology from an industrial engineering, mass manufacture

perspective.

The work in this chapter is dedicated to understanding the relative benefits and opportunities which
occur fromthe use of hairpin windings instead of wire winding technololyy.this chapter the
manufacturing processes have been mapped out visually for both winding technologies. This chapter also
contains a study of alternative materials for hairpin windings frantost, mass, and conductivity
perspective. Further research in this chapter identifies joining methods for use in hairpin winding

assembly.

3.1.2 Approach

The work in this chapter has been conducted using a modelling approach. Procegsmhapis winding
technologieshave been developed using Microsoft Visio software. Using data from various sources, a
model has been created comparing the performance of winding materials. An analyisis wfodel is
conducted to provide insight. A further model is createdikirly comparing the feasibility and potential
performance characteristics of joining technologies for hairpin windings. Details are provided in section
3.6 regardirg attempts to perform an experiment using ultrasonic welding between copper and

aluminium.
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3.2 Introduction

Windings are an integral part of an electric machine. Normally, copper wire is wound around tooth
sections in a stator to create the electrical citamhich will in turn be responsible for producing magnetic

flux during operation. The winding component can add significant mass to the electric machine, and as
such, a study is conducted in this report to determine the viability of using alternative islatéor
windings with a view to reducing the mass of winding material required to produce an electric machine.
Another issue with windings is that the manufacturing and assembly processes can be both technical and
time consuming. An alternative method foducing windings, known as hairpin windings, is researched

in this report, with particular consideration to the necessity to incorporate joining processes into the

hairpin assembly process.

3.21 Process route

The stator winding process can be very tioomsuming, particularly if done manually. Generally, stators
are wound using one of two technologies. Insertion winding or hairpin winding. The two technologies
involve using very different processes and machimassllustrated irFigure33. Hairpin windings are the
more recent technology and offer the potential for a greater slot fill, which in turn can help improve the
performance of the electric machine. The hairpiinding is produced from an extruded bar which has

an insulationcoatingon the surface made from resin or varnigie bar is cut to length and bent into
shape. Once shaped the bars are inserted into the shatg.windingmethod generally requires the use

of a busbaterminalto create the final electrical circuit. The busbarsuld therefore need to bejoined

to the hairpin windings, through some welding method typically, before the assembly can continue along
the producion route. All of these individual processes are unique to the hairpin winding technology.

Hairpins are typically made from copper, just as in the wire winding process.

Wire winding can be accomplished using a variety of processes. Hand winding assth®siowest
method and is only relevant to small order sizes or prototypes. Insertion winding takes advantage of

automation to wind stators at much quicker speeds than hand winding.
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3.3 Material selection

The main purpose of the winding component is to conduct electrigitli low resistance, and thus to
geneiate the field to drive the machind he winding component also adds weight and costs to the overall
electric machine, which creates a trad# between what makes the best winding component and what
makes the best machine. Any winding should also be machliy and thermally soundwhilst
mechanical stresses on the component are limigsowindings are not a structurally integral péttey

do exist as a result of the temperatures and magnetic forces involvedlilgs are expected to operate

at temperatues broadly in the regio@00-200°C and it is hopd that working temperatures o400 °C

can be achieved (as per the original specificatiofiablel). There are a number of issues with operating

at high temperatures, such as the limitations of the coating material to remain stablthe hairpin
material itself melting High temperaturegan alsocause thermal stresses in the component, and the
performance of the parts may alter at higher temperatures. The study conducted in this report has been
produced under the assumption that the winding components would use the newer haiipiting
technology, whichare currently used by VW and BMWEISS, 202@Dbuff, 2018) Winding material
alternatives have been gathered based primarily on material conductivity. Materials with reasonable
levels of conductivity were considered further, and properties such as density, thermal expansion, and
cost where then assesse@lable3 provides a basic overview of théexnative material properties and
Table4 includes the required volume for each material to be able to supply equal amounts of current
that is to say, that a less conctive material would require the use of more material to provide an
equivalent current carrying capability, and vice ver$aeinitial required volume was based on an
arbitrarily sizedcopperhairpin of 8mmx4mmx200mmThese are feasible dimensions foettype and

size of machine under consideratiddlaterials with less conductivity would require more material, which

is to say, dargerhairpin. This method means that scores are based on a relative weighting to each other.
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(10.E6 Siemens/m) |  (10.E-8 Ohm.m) (Wim k) lOE'G(kl'[l)Z)I’C"m oto (g/cm3) ¢c) £IKg
Silver 19.1 10.5 961 380
copper 17 8.9 1083 4
Gold 44.2 317 14.1 1064
Aluminium 36.9 237 235 660
Molybden 18.7 5.34 138 4.8 10.2 2623 12.5
Zinc 16.6 6 116 31 7.1
Lithium 10.8 9.3 62
Tungsten 11.2 174 54
Brass 15.9 6.3 150 20 8.5 900 85
Carbon (ex PAN) 129 2500 34
Nickel 14.3 7 13.3 8.8 1455 6.8
iron_| 10.1 | 9.9 121 | 7.9 | 1528 [ o5 |
Table3 Alternate hairpin material propertieibtech innovations, 2011)
*based on a 4x8x200 Hairpin
. Required Relative Relative
Relative q Mass of Cost of
Volume of o i Mass of Cost of
conductance . hairpin Hairpin o .
hairpin* hairpin Hairpin
m3 Kg £
6.40E-06 Silver 0.07 25.54 3.38 675.5
| 6.79E-06 copper
8.99E-06 Gold 0.17 8.78
1.08E-05 Aluminium
2.13E-05 Molybden 0.22 2.71 10.91 71.7
2.39E-05 Zinc 0.17 8.55
3.68E-05 Lithium 1.23 32.6
4.47E-05 Tungsten 46.54 1231.1
2.50E-05 Brass 0.21 0.74 10.69 19.7
6.74E-05 Carbon (ex PAN) 0.12 4.12 6.10 109.0
23.03% 2.78E-05 Nickel 0.24 1.66 12.31 44.0
| 16.26% 3.94E-05 Iron 0.31 15.64

Table4 Hairpin considerations
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@ Relative Mass of hairpin & Relative Cost of Hairpin P

Figure 34 Comparison of alternative windingaterials for ahairpin winding
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Whilst cost and mass are both key metrics, it is important to consider other parameters when discussing
the best possible material for future hairpin windingss high performance may warrant a premium in
these areasThe results irfFigure34 show the performance of a material parameter relative to the best
case alternative for that parameteAluminium offers the best performance in terms of c@i$tus a
relative cost of 1)while simultaneously being the secehdst performer in terms of mag&igure34).

Most Aluminium alloys have a melting point approximately 600°C, which might make aluminium
unsuitable for some electric machine designs that are expected to run at higher temperddawsver

this would not necessarily mean that aluminium is automatically discounted in these instances. Lithium
provides the best performance in terms of reducing m@#sss a relative mass of INlowever this comes

at the expense of cost, as lithium windings would cost over 30 times that of an aluminium, and 5 times
more expensive than the current standard matedapper. Lithium also has a melting point below 200°C,
which limits the electric machine designs that would be suitable for lithium windings, and is highly
reactive, which could also lead to manufacturing andenvice problems. Copper performs well with
regard to an overall cost and mass performance, with similar performances from zinc and iron. Aluminium
has a greater thermal expansion than copffegure35), which caild potentially cause further issues to

both the hairpins windings and stator as the material expands.
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Figure 35 Coefficients of thermal expansion of various pure elements and alloys
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3.3.1

Aluminium

Producing hairpins from extrudebar is the most sensible approach. It might be possible to cast parts

into shape However the quality of cast aluminium would likely not be as good as a worked piece of

extrudedmaterial; castings can contain porosity which would reduce conduction antikahg to have

reduced strength over a deformed paFor a simple cross section such as the hairpins require, extrusion

is likely to be the best methodt is also possible to extrude nestandard cross sectionsuch as a hollow

piece If busbars are mde fromthe same materiahs the hairpinit would potentiallyaid the joining and

surface treating issue#n this case, the dsbar mght require a different form of material such aplate

rather than extrusn.

criteria importance factor Property value suggested score weighted score  suitability rating
Melting point (*C) 3 650 5 15
thermal expansion (/K) 3 2.40E-05 3 9
Alloy 1050 '0' Sheet 9t SOGNRONE NB&A@GADAGR8ZENS YU 4 16 @
(10% penalty for sheel Workabl_ll_ty 4 excellent 5 20 72 /0
Machinability 4 poor 1 4
Weldability 4 excellent 5 20
Anodising 4 excellent 5 20
criteria weighted score  overall rating
Melting point (*C) 3 605 5 15
thermal expansion (/K) 3 2.40E-05 3 9
Alloy 6005A-T6 9f SOGNAROIt NB&AAGA DA ( 83.46EM8 PY O 3 12
Extrusion Workability 4 fair 3 12 71%
Machinability 4 fair 3 12
Weldability 4 excellent 5 20
Anodising 4 good 3 12
criteria weighted score  overall rating
Melting point (*C) 3 650 5 15
thermal expansion (/K) 3 2.34E-05 4 12
9t SOGNROLFE NB&AAAGA DA ( 84.06E08 DYV 2 8
A”Ig){trios?;ns-re Workabi.lilty 4 good 4 16 70%
Machinability 4 acceptable 3 12
Weldability 4 good 4 16
Anodising 4 good 3 12
criteria weighted score  overall rating
Melting point (*C) 3 600 5 15
thermal expansion (/K) 3 2.35E-05 4 12
9t SOGNROLKE NB&AAAGA DA (i &3.50EM8 DYV 3 12
A”gﬁgg:}ﬁs T6 Workabi_li_ty 4 average 3 12 76%
Machinability 4 average 3 12
Weldability 4 excellent 5 20
Anodising 4 good 4 16
criteria weighted score  overall rating
Melting point (*C) 3 655 5 15
thermal expansion (/K) 3 2.35E-05 4 12
9t SOGNROLKE NB&AA&AGA QDA (833@EEM8 PYUV 3 12
A”g))(/tzos?osnsTG Workab{lilty 4 acceptable 3 12 76%
Machinability 4 good 4 16
Weldability 4 good 4 16
Anodising 4 good 4 16
criteria weighted score  overall rating
Melting point (*C) 3 555 3 9
thermal expansion (/K) 3 2.40E-05 3 9
9t SOGNROLKE NB&AAAGAOA (83.8GEM8 YU 2
A”g){tzos?jnsTG Workabi.lilty 4 good 4 16 66%
Machinability 4 good 4 16
Weldability 4 good 4 16
Anodising 4 good 3 12

Table5 Hairpin aluminiumalloy comparison
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Alloy 1050 is the best material in terms of electrical conductiigure36). The onlydrawback is that

1050 is not suited to being machinethe benefit of using a machinable material is that features can be
added to the hairpin winding, such as holes, which can be used as part of a bus bar assembly Poocess
long as the overall processdesigned to reduce or negate the need for machining on the hairpins, Alloy
1050 would be the best material to use. Alloy 1050 plate would also be a useful material for a busbar
assembly. If the busbar were to be produced from a plate, it would then &rastd to produce the
correct geometry. It is not known whethéne poor machining characteristics afloy 1050would also

be badfor stamping though this seems a possibilitigxtruded bar would probably be the cheapest way

to form the hairpin. However rtaall forms of aluminium are available in extruded bar form. Alloy 1050,

a potentially very good material choices, readily available in plate form. It may also be available in

extruded form However, further investigation is required.

The three materialselected to investigate further are 1050, 6063 and 6082 and copper c101. It can be
seen fromFigure34that aluminium is the standout alternative to copper. Various aluminium alloys have
been considered and following analysis, alloy 1050 (the best electrically) and alloys 6063 and 6082 have
been chosen for further experimentation. The expectation is tH@iQLshould perform best and 6082

worst, as indicated by the ratings Trableb.
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Figure 36 Aluminium alloy electrical resistivity comparison
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3.4  Temperature effecton resistivity

Q" "8 &0 (31)

The resistivity of a material changes relative to temperature. As the material gets hotter, its resistivity
will generally increase, meaning that itharder for electrical current to flow through the material.
Windings in electric motors are expected to operate at temperatures well above room temperature,
naturally effecting the ability of the hairpins to perform. The change in resistivity for margrialatcan

be calculated with a good degree of accuracy as in equétddh) where;Q "is the change in resistivity,

resistivity at room temp, temperature coefficient of material, an@ as the change in temperature.
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Copper is a better conductor of electricity than aluminium and this holds true for all temperatures.
Aluminium 6082 only has results to 526.85°C awdtld be expectedo have melted beyond this
temperature. It can be seen that for a projected operating temperature of 400°C, all materials suffer an
increase in resistivity of approximately 130%0%. Taking copper as a baseline, AL 1050 shows the best
resistivity results. The performance benefits relatisecopper differ dependant on temperatur&igure

39 shows that AL 1050 actually becomes slightly better at as temperatures decrease, whereas AL 6082
and AL 6063 perfon gradually worse relative to copper at lower temperatures. This is potentially useful
when considering high level system tradis, where operating temperature might be a key parameter

to be reduced or alternatively unconstrained.
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35 Joining methodologfor hairpin to busbar assembly

One of the additional process steps resulting from the incorporation of hairpin windings is the necessity
to join the hairpin windings to a busbar assembly. A variety of joining processes have been considered
based on the introduction of aluminium hairpins and aluminium busbar, but also a combination of copper
and aluminium hairpin/busbar architecture. To evaluate the pot@rguitability of a given process, there
must be some form of criteria by which to judge the process against. These criteria will not only consider
the merits of the joint, but also the prospective efficacy of the process in relation to its intended ase as
part of a mass manufacture product linBuggestedcores are assigned based on multiple factors. An
evaluation is made using previous application history, known capabilities and limitations in literature of
a procesgas discussed in sectidh2.7) and further input from industrial partneréRicardo plc, 2017)
(Atkins, 2016and expert§Goodall, 2018(Cater, 2018)egarding the implementation requirements and
concerns for inclusion in a stator assembly proc&ks. final suggested scores are reached based on the
culmination of the feedback attained and the perception of the author based on these f&tsuch

there is an element of considered subjedly in the results

The results are based on the indication of performance from previous literature and the segjgest
importance factors. As such, it should not be taken that these results are a rigorous assessment of joining
methods for the application of hairpin windings. Further work should be conducted to further understand

the strengths and limitations of theseijoing methods empirically.

These joining methods have also been considered without fully defining the hairpin design or the type of
joint required. It is considered that these choices might be influenced by the choice of joining method,
and as such, theugtability of a method is influenced by the ability to incorporate the method into a

process route.

3.5.1 Suitability parameter justification

Conduct electricity / have low resistance IMPORTANCE FACTOR: 5/5
Owing to the function required from a hairpin windinigs vitally important that the join allows electrical
current to flow through the circuit unimpeded. As such, joints which have low electrical resistance

properties will be preferred.
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Have sufficient mechanical strength IMPORTANCE FACTOR: 2/5

Mechanical strength of the joint can refer to a number of characteristidgwever in this case, tensile
strength is considered the more important feature. The joints must be strong enough to survive rough
handling and life in service. Joints must be abledbieve a certain (currently unquantified) strength as

a minimum, with stronger joints being more likely candidates.

Survive high temperature IMPORTANCE FACTOR: 5/5

It ishoped to achieve avorking environment for hairpimvindings in theregion 0f400°C Whilst this is
2LIAYAAGAOS A NBfldSa 02 GKS AYyAGAL® ALISOATAC
commencement (sedablel pl7). It is clearly vital that the joint remains intact as these temperatures

and remains electrically conductive.

Scope for mss manufacture IMPORTANCE FACTOR: 3/5
It is intended to produce these hairpins in vast numbers, as such; the joining process must be one which

is quick, scalable, and technically achievable for mass manufacture levels of output.

Reasonable cost IMPORANCE FACTOR: 4/5
Given the proposed level of output, small changes to cost can have a large nominal impact. Therefore, it
is important to use a process which is economical. Costs can be associated to high energy requirements,

cost or purchasing machinery the requirement to purchase extra materials such as fluxes

Application flexibility IMPORTANCE FACTOR: 5/5

This is a highly important aspect of the joining process. The joining process must be able to form the
correct geometry of the partsequired. This does not necessarily mean a specific type of joint design
must be identified at this stagdHowever the flexibility to join both thick and thin parts, flat or bent,

sheet or pipe, would allow for further flexibility in the ultimate desidrihe hairpin, its relation to other
components and the overall manufacturing strategy. The joining process must also make sense as a
a2fdziAz2y F2NJ GKAA | LILX AOFIGA2Yyd LG Aa O2yaAiARSNBR
stator / motor. Joining processes must therefore be flexible enough to accommodate this scenario, whilst

also not compromising the integrity of any other components during the joining process.
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criteria importance factor suggested score weighted score suitability rating
electrial conductivity 5 5 25
mechanical strength 2 3 6
. thermal adaptiveness 5 3 15
Brazing mass er())ducabIe 3 4 12 67%
potential cost 4 3 12
application flexibility 5 2 10
criteria importance factor suggested score weighted score  overall rating
electrial conductivity 5 4 20
mechanical strength 2 4 8
. thermal adaptiveness 5 4 20
HESin e mass producable 3 3 9 70%
potential cost 4 3 12
application flexibility 5 3 15
criteria importance factor suggested score weighted score overall rating
electrial conductivity 5 4 20
mechanical strength 2 5 10
- . thermal adaptiveness 5 5 25
AN BTl mass producable 3 3 9 73%
potential cost 4 2 8
application flexibility 5 3 15
criteria importance factor suggested score weighted score  overall rating
electrial conductivity 5 5 25
mechanical strength 2 4 8
- . . thermal adaptiveness 5 5 25
Friction stir welding mass producable 3 3 9 78%
potential cost 4 3 12
application flexibility 5 3 15
criteria importance factor suggested score weighted score  overall rating
electrial conductivity 5 4 20
mechanical strength 2 3 6
— . thermal adaptiveness 5 4 20
RleiSciepie mass producable 3 4 12 70%
potential cost 4 4 16
application flexibility 5 2 10
criteria importance factor suggested score weighted score  overall rating
electrial conductivity 5 4 20
mechanical strength 2 3 6
. . thermal adaptiveness 5 4 20
UliFEsents e e mass pr%ducable 3 4 12 73%
potential cost 4 5 20
application flexibility 5 2 10
criteria importance factor suggested score weighted score  overall rating
electrial conductivity 5 4 20
mechanical strength 2 3 6
. thermal adaptiveness 5 4 20
LEEEr e RElEhny mass producable 3 3 9 77%
potential cost 4 3 12
application flexibility 5 5 25
criteria importance factor suggested score weighted score  overall rating
electrial conductivity 5 2 10
mechanical strength 2 2 4
) thermal adaptiveness 5 2 10
ETED il mass producable 3 5 15 70%
potential cost 4 5 20
application flexibility 5 5 25
criteria importance factor suggested score weighted score  overall rating
electrial conductivity 5 4 20
mechanical strength 2 4 8
thermal adaptiveness 5 3 15
Gl prese mass producable 3 4 12 76%
potential cost 4 4 16
application flexibility 5 4 20

Table6 Joining process suitability ratirig
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Figure 40 Overall suitability ratingof joining methodologies as ifable6, clearly showing friction stir
welding as the most promising jang method relative to the alternative proposed methods
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Figure 41 Suggested criteria scores joining methodologies as fable6, signifyingareas of strength
and weakness for each joining method

2These results are based on current understandimdyknowledgeResultswould need to be revised should further
knowledge become available, such iasulations materials, mechanical forces, or end winding geometry.
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35.2 Assessment of joining methods

The top four scoring joining processes are; friction stir welding, laser beam welding, cold pressure welding
and ultrasonic welding. Friction stir welding comes out ofstlassessment as an interesting joining
process. Nominally it is most useful in joining long sheets of imdtavever the process is surprisingly
flexible. Apple has been using friction stir welding to knit together their products since at least 2012
(Dilger, 2012)showing that the process clearly has some value in a mass market, smaller sized product.
Unfortunately, the limitations of the process are not wholly understood, and it is hoped that from further
investigation and etualisation, the process can be better appreciated. Friction stir welding should be
capable of producing a joint with the right characteristics; it is the transition to mass manufacture and
the applicableness to the specific manufacturing challenge $pttgject that remains somewhat unclear

Howeverthere appears to be enough flexibility to continue investigation.

Laser beam welding has a high application flexibility. Laser welding offers a good amount of flexibility in
terms of materials and geometried parts to be welded. Laser welding also offers the potential to create
welds in difficult to access areas, depending on if a route for the laser beam can be found and parts fixed
during the operation. It should also be possible to combine a laser beeladewwith a robotic arm,

offering further flexibility in designing an assembly process.

Cold pressure welding is a relatively i®eh solution, but non the less offers great potential. The costs
involved in cold pressure welding would be concentratedfigturing and press machines, keeping
tooling and consumables costs relatively low compared to other methods. Similar can be said-of ultra
sonic welding. Both cold pressure and ws@nic rely on creating joins mechanically. Laser beam and

friction stirare likely to alter the chemical structure of the materials at the join.

Snap fit, whilst having a weak score, is noteworthy. It is clearly the simplest and cheapest form of joining
under consideration. It is also nominally the weakest and least eleliyreaund. Snap fit may be useful

as part of a twestage joining process. If this were the case, understanding how to incorporate a snap fit
into the part and process design would require some thought and potentially investigation. Laser welding
might notbe suited to this approach as a small clearance between parts is required to achieve a laser
weld. Friction stir might benefit from this approach, as there is a requirement to have components fixed
in place before applying the friction stir tool. It is leer whether ultrasonic welding would be viable in

a snap fit, similarly a cold press might be achievable, but the parts would require designing around

achieving a snap fit and then surviving the force during the cold pressure operation.
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3.6  Experimentakxploration

Attempts were made to manufacture aluminivoopper test samples using some of the best assessed
joining methodologies. A lap jdinvas chosen as the best join for testing as it represented the closest

type of join to that which would likely be ed in practice.

L

[

—
10mm
overlap

Figure42lap joinT 10mm

Samples were sent t8onobond ultrasonigvho attempted to join AL 6082, AL 6063 & AL 1050 to copper
samples using ultrasonic welding. For each material combination joining fadedbondndicated that
material transfer had failed to be achieved and as such, the aluminium and copper sardptes jdin.
Whilst research suggests it is possible to produce alumistiopper welds using ultrasonic welding, the

process remains challenging, and in this instance, unachievable (Sptitbond ultrasonimethod

i

Figure 43 Attempted ultrasonic joining of samples

It had been proposed to use laser welding facilities within the AMRC organisdtevever,this was
ultimately not viable with the equipment availablia trials performed by Timothy Shelly and Stephen
Holt of the AMRC, BB f | G A @St Based f 8 b 2 LihssuBddloypand 0.6 mm copper and 1.6
mm aluminium alloy. It was found that evap to times of 1 hour, no flow was seen between the copper
and the aluminium, indicating that in these highly conductive materials it is challenging to concentrate

enough energy to create a weld pool without high powered laser welding equipment.
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3.6.1 Thermal egansion issue

A potential issue with using hairpin winding technology is maintaining an effective surface coating under
thermal loading, where the hairpin material has expanded as a result of thermal expansion. Aluminium
has been considered as a potentiiernative to copperHowever,aluminium has a greater thermal
expansion coefficient than copper, which is the current standard material. A standard surface coating on
aluminium would be to create an oxide layer throwgfodiation, but the oxide that woldl be developed

would have a lower coefficient of expansion and very limited ductility, and so could be at risk of cracking
off. A finite element model was created to provide an understanding of this issue and the likelihood of
an oxide layer failing du®thermal expansion. Two different hairpin designs have been considered. One
with a standard cross section Bgure44and a design which includes a hollow sectiothecross section
asFigure45. The hollow cross section design is considered as a possible method of reducing the external
surface expansion of the part. The oxide laigeconsidered as a separate body which is fixed to the
hairpin. Both parts are heated to 40Q°&s per the original specification (s€ablel). This is a much
highertemperature than would normally be expected (approx. 200°C) in order to check the feasibility

this technology as a solution for extreme temperature conditions.
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Figure 45 heated Hairpin with hollow cross sectiandoxide layer(D2)
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There are some potential benefits and drawbacks associated with the ubaimgfins with hollow
sections. In order to produce hairpins with a hollow section would require a special die to be produced.
The hollow hairpin section would not conduct electricity as well because there is less material in the part.
A potential benefit 6the hollow section is that it could potentially be used to supply some coolant into

the hairpin windings, further aiding the ability of the part to survive at higher temperaféns, 2016)
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Figure 46 Stresses in surface as result of thermal expansion of aluminium hairpin at 400°C

The results of the experiment show thdiet stresses in the part are well beyond the UTS of the oxide
layer, which has a flexural rigidity of 3W®Pa (Accuratus, 2013)ndicating a high likelihood that the part
would fail, 1738 MPa in theide section and apprdrmately 9000 MPa in theside sectionfor design 1

The second hairpin design which includes a hollow sectipeas to aggravate the issue further, with
stresses ofhpproximately2500 MPa irthe narrow side section andpproximatelyl2000 MPa in the
wider top section It was expected that the cavity in the hollow section would provide a space for the
material to xpand into and thus reduce stress. Perhijisthe case that as there is less material to resist
the effect of thermal stresses, the stresses in the part are greatevdi&ation may not be suitable for
applications where the machine is expected to reagtremeelevated operating temperaturedespite

the potential forbeing an attractive technology to create a roonductive coating on aluminium hairpins

in a costeffective way
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3.7 Conclusions

Hairpin winding technology is already adopted by the automaiinkistry, as evidenced by VIZEISS,
2020) The results of this study show that the best alternative to copper for hairpin windings is aluminium.
Aluminium is a cheaper, lighter alternative to copper as a hairpin matéed. of the issues of using
aluminium as a hairpin compared to copper is theréase irthermal expansion. Whilst in situ during
operation, hairpins are tightly packed and have no room for expansion, which would chugd-ap of
stress in the material and potentially lead to a failure state in the component. The use of a betibon

was considered to alleviate this issugowever,the stresses on the external faces where greater than

with a solid part.

In order to use aluminium hairpins, a joining process must also be found which is capable of joining the
hairpins to the bushr architecture. The busbar component should ideally $snaall as possible, and in

this case a copper busbar assembly would occupy less volume than an aluminium hairpin. It is possible
to create a winding assembly using both aluminium hairpins and copp&bar if a suitable joining
technology is used. Various joining methodologies were considered in this study, with friction stir, laser
beam and cold press being identified as the most feasible joining methods based on a combination of
capability and manfacturability with the total winding procesk.should be noted that these conclusions
NS oF&aSR 2y (KS a4dA3SadSR a02NBa Ay (KS addzRe
perception and weighting of importance of factors. For example, orghtrargue that the mechanical
strength requirement of the join should be scored at 3 pbdsed on the potential issues of vibrations

and magnetic flux leak during the service of the component. In this case, the score of 2 was chosen

predominately basedman argument of structural integrity in the face of external forces or knocks.

This experiment considered the hairpin sections at08°Ctemperature. Should the experiment be
repeated at temperatures closer texpected working temperatures of machine cpoments today
(approximately 200°C) thesults would show much lower stresses on the surface optrés andcould
potentially demonstrate the viability of anodization to coat hairpins for operation at these more normal

working temperatures.
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2 Cost model for stator production

41  Methodology

411 Knowledge gap

Stators have been produced from stamped electrical steels for many years. However, the knowledge in
stamping is mixed. There are multiple different areas of research under consideration as regards
stamping electrical steels. Current research has been directed towards identifying the effect of cutting
clearances on the electromagnetic performance of laminates. Other research has studied the effect of
different parameters on the life of a stamping to®he decisions and parameters chosen by industry and
manufacturers are mostly based on experience rather than specific rules or knowledge. There is also no
consideration of how to best create a set of manufacturing parameters which manage the quphty of

produced or the rate or costs or production.

4.1.2 Approach

The work in this chapter has been conducted using a modelling approach. Process maps have been
developed using Microsoft Visio softwaliar the stamping production process and also the slinky style
stamping procesdJsing data from various sourcesnanufacturing costodel has been createghich
provides manufacturing economics results based on complex interactions of param&iteasalysis of

this model is conducted to provide insight.
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4.2 Introduction

4.2.1 Understanding the operation

Using a total quality management approach, as descripe8lack2019) each individual process along

the manufacturing route for a stator is considered. This enables a halgtioach to continuous process
improvements This requires developing an understanding of the operation from both the top down and
bottom up. A process route analysis has been conducted to understand the individual processes which
occur within the operationand to identify where knowledge gaps might océatlowing this, a working

model has been developed which captures the design and process parameters as identified within the

process route and operations.

The stamping process route has certaiperationswhich affect all three of the key manufacturing
business targets; timeost,and quality. The first processlisgostls if2 & Th& dhbice of raw material
clearly has an impact on the quality of the stator produced and equally the cost thaiseiats will affect

the production cost of the stator. The machinability of the material will affect the processing time
required while the delivery and accessibility of material can also cause dramatic changes to the
timeliness of production. The choiad material is therefore an important consideration, and so a

analysis of the materials used in tempingprocess has been conducted in this research.

The most important stage in terms of stamping is the cutting process, and this can be considered fr
two points of view. Firstlythere is the machine and its sap, ard secondlythere is the component and

its designOne of the major cost factors in stamping is the stamping tool. To maximise the use of each
tool, it is essential that the correct tbesetups are used. Standard industry practice relies on the
knowledge and expertise of technicians to create a viable toelpaising best practice principles. An
analysis of the process parameters at the cutting stage, and the effect they have oondhearte
considered in this research to develop an understanding of the-wedld impact of tool seup

variations.

It is important to ensure that thenanufacturing processes and component desigosnot produce
excessivavastes, in terms ofmaterial, energy and production time. A study has been conducted using
design for manufacture and assembly techniques to understand how the various design features of the

stator impact the manufacturing operation.

It is possible to produce stators usindfelient manufacturing process, one such is the slinky style

process The slinky style stator still uses stamping technology, but rather than stacking laminates, the
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stator is coiled around a mandrel, similar to a slinkgch process hats benefits andlimitations, as
outlined in the SWOT analysiggble7). A asibility studywas conducted using various stator designs to

understand the design limiteons of the slinky style production method.

422 Stampingprocess route

The stamping process irigure48 represents a typicaproduction route for a sitor and rotorand
assumes that the design of stator is producible by stamping in some fortfmis instance, only the stator

is considered in the research. The stamping proceB&gure48is representative of a situation where a
manufacturing operation which produces stators from stamping receives a new ordemarhgacturer

then organises the appropriate tool. The decision to use a current tool or a new tool is primarily
determined by the geometry of the cut required by the tool. For more novel stator designs, it is
increasingly likely that a new tool would begréred. If a new tool is required, this would take much time

to design and manufacture, with mistakassthis stage being costly to remedi/an old tool is to be used,

the condition of the tool will need to be monitored with particular attention. Once tthol is setup and

the tool and press have both been inspected, the raw material can be loaded in the system. The raw
material will typically be electrical steel sheet, delivered as a roll of sheet. The roll is loaded into a fixture
and then fed into thestamping press through a short system of roll€ace the stamping press is started,

the cutting process runs continuously, as indicated by the sub systEigure48. The stamped parts are
collected onto a mandrel. The mandrel releases the laminate stack once enough laminates have been
collected. At this point, the process ceases to be continuous and becomes more similar to a batch process.
This means there is not@ntinuous feed of stator stacks into timext stage of thgrocess. The stacks

are then transferred to be seam welded, such that the stack is now one fixed body of lamimstieas

Figure47. The stacks are thesent forward tothe winding stage of the production process.

Figure 47 Example of a stator post stacking and welding (weld lines identified by orange arrows)
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4.2.3 Slinky style processute

The slinky style process rouigigure49) is similarto the standardstamping route. In the slinky process,

the stamping press and tool are different. It is possible that a press used in the normal stamping method
can be used in the slinky nied, but the requirements are subtly different. THinky style statorhas a

less complex and smaller cuttipgofile anddoes not require as much force in the press machine. The
cutting process does need to operate at much quicker speeds thougle asitting operations required

are now multiplied by the number of teeth in each laminate layer. Theggnwoessehave different space
requirements also. The slinky style production method requires a longer, narrower footprint to be
available, as the matél feed must be flattenedstraightened and remain straight through the process

until it is coiled around the mandrellhe coiling process in unique to the slinky style stator and is
responsible for creating limitations in thigpes of stator designs whih are manufacturable by this
method. After coiling, the process rusgmilarto a standard stamped stator, usingughlythe same
resources and process steps. There may be some slight changes to fixtures and handling prior to welding
(joining) process buvtherwise, the same equipment would remain suitabldne welding process for a
slinky stator requires only one weld line to be produced, unlike the standard laminated stsarin
Figured7.

Stamping offers the potential cut parts at a rate of approximately-200 SPM (strokes per minute).
Operating at a faster cutting rate has disadvantages, as process control limitations widen. Weiss et al
(2016)have evidenced how increasing the cutting speed can adversely affect the quality of the cut, noting

that cutting at higher velocities increases the size of the deformed zone.

424 SWOT analysis

A simple SWOT analysis of the slinky style process provides a good overview of the potential benefits and

issues. The opportunities and threats are ideal areas for further investigation.

Strengths Weaknesses
Use of similar stamping technolognd knowledge (as | Requires high level @irocess control to accurately stamp
normd stamping method) features
Use of similar raw materigl Induce mechanical stress due to stamping cut
Opportunities Threats

Potential to reduce waste, depending on part design | Introduction of mechanical stress in stator matettaiough

Rotor can be prodced by another method bending / coiling

Rotor not produced concurrently in slinky process

Raw material is in different form factor / geometry (long strips

Table7 SWOT analysis of slinky style stator production
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Figure 48 Process map for standard stamping route
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Figure 49 Process map for a slinky style stator
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43  Development of manufacturingostmodelfor stator stamping activities

The stamping process identifeftbm inspection ofFigurel2 (p.36) and interpretation of theMechler

induction motor process (Sectidh2.5 is a fourstep cutting process This has been simplified into a

single cutting step within the manufacturing model at this stage. The forces relatated to each cutting step

are accounted for in the model, btitey are used to provide an estimate fdtrea A YLIX A F SA R

version of the cutting process which is considered from this point.

Four design features have been identified; part thickness, inner diameter gizeyumber of slots and

Wa Ay

the length ofcut Le. Each of these features will be assessed using a tool in order to discover their effect

on manufacturing costs, as well as further understand any issues which might arise from the design of

these featuresThe aim of this model is to create a tashich can provide an understanding of how

different design and machining decisions will affect the overall performance of the pradkist every

effort has been made to ensure that all the data is specific and evidenced, there are some parameters

that are included using a more general rule of thumb. These parameters were deemed important to

include in the model, as this provides a more realistic model of operations, if not 100% acdinate.
figures usedr the modelare from various sources, with sordata being based on specific examples or

knowledge, and some data estimated, this has been identified in the modkelkey provided ifrigure

50. The electric machimdesign is based on the general design specification for a synchronous reluctance

electric machine as provided by Ricardo as the commencement of this research projdalftde p17).

Input  Known
Reliability Estimated
key Nominal

specific and evidencg

backed by evidence or standa

user expectations

Figure 50 Reliability of data

For each part of the model, there are two sections, key outcomes, and variables / required information.

Whilst the main purpose of th is to achieve clarity within the model, it should be noted that some inputs

could equally be considered as key outcomes, and this is reflected later as further analysis is conducted.

The simplest part of the model is tipeoduction quantity There arewo fundamental aspects, how many
machines are intended to be produced, ahé size / length okach machine. Orders are made in terms

of stacks in real lifebut it is laminates that are being producatthe cutting stage of the proces$he

part desigrand material choice are based on the general requirements for a machine of the prerequisite

size. The part design parameters can be altered in the model to better reflect the design of machine being

considered, or as in this study, to consider the manwfang implications of the various design criteria.
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A major aspect of manufacturing is thieility to produce goods in a timely manner. This part of the model
begins to examine the dynamielationship between producing laminates at speed and producing
laminates at cost. The most complex aspect in this trade off relates to the tool wear and cond@i®n.
model includes time lost to maintenance and tool change. These variables are difficult to model
accurately, particularly with regards to maintenanes,there is a wide range of times it might take to
perform a maintenance operation for any given maintenance issue. Similarly, time lost to tool changes is
inconsistent and further affected by other aspects of the model. These variables have been included with
values that offer a realistic representation of the effects as opposed to a highly accurate reflection of
events. A variable, overhead rate, has also been included to represent the cost of time taken to
manufacture goods. The overhead rate is a simple metbf capturing the cost of labour, space and
other resources that would be used by the process, but not directly attributdliie.overhead rate is
highlydependenton the specific circumstance of abysiness buts a useful measun® understand the

further effects of manufacturing time.

The model has included various aspects of manufacturing costs, these are split into two main sub
categories, energy costs and machining costs. The cost of a die is directly linked to the quality of the die,
which inthis case, is proportional to the tool hardness. Stamping tools, not including the stamping press,

can cost vast sums. Figures of the region £100;08800,000 are not uncommon for stamping tools,
particularly if made from quality materials and with mabe2 Y LX SE 3IS2YSIiNAS&E P ¢KS |
2F adNR1Sa dzydAaft (G22t FLFIAfdz2NBEQ KFra 0SSy O2yaiRSN

much greater understanding of how manufacturing parameters affect tool life.

4.3.1 Stamping madel assumptions

The model produced in this work represents a simplified version of the stamping process. As such,
assumptions have been made to simplify some areas within the stamping processes which would at this

stage be difficult to account for individually or specifically

A The model assumes that thoaitting operation is completed in a single cutting stroke.

A The forces in the model are identified for each design feature of the stator, however these are
combined to provide a single force. This force is therefgplied to a single tool whereas the
tool previously identified in this researchigurel2 p36) has four separate toals

A The cutting tools in this model are used only once. They are Agtineled or repurposed.

A The maintenance operation is considered towards the tool and stamping press for issues such as
setup, tool alignnent and general press maintenance.

A Sheet material costs (£/kg) is constant for all sheet thicknesses.

Nathan Dodd



Production quantity
@ Total number of stacKgcks 10000(
5 Laminates per stagkn, 286
§ Total required Laminatesnyms 28571424
)
X
m sheet thickness L4 0.00034
m stack length Lgiack 0.10
o
£
°
g
=]
o
e
»
Q
o]
8
3
>

Table8 Production quantities

Thetotal number of laminates required to produdiee requested number of stacks is defined byatijon
(4.1). The number of laminates in each stack is a function of the laminate thickness and proposed stack
depth(4.2).

(4.1)

0 (4.2)

(Notation listed in Table8 - Table11)
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Part design details & material choice

m Length of cuf L. 2.0
m Material used in n stacksV, 419
£ Material value in n stac SCyps | £ 1,674,012
m Material scrappefl Vg, 801
£ £ 3,203,614

Material value scrappgdCsps

N NUMBER OF SLOTS PER LAMINAT@N 20
m? SHEET SIZE (SQUARK), 0.122
m INNER DIAMETER p 0.17
m OUTER DIAMETERp 0.291d
m? INNER AREAA, 0.02270
m INNER CIRCUMFERANCE 0.5341
m? OUTER AREAA, 0.06651]
m OUTER CIRCUMFERANCE 0.9147
m SINGLE SLOT OUTILINE, 0.042
m’ SINGLE SLOT ARBA 0.000094
kg / nt DENSIT)Y 8000
£/ kg MATERIAL COST /|KG, | £ 0.50
£/m’ MATERIAL COST /M&, | £ 4,000.00
Pa or N/nf ULTIMATE TENSILE STRENGFE| 51000000

CUTTING RESISTANGE: | 40800000

Table9 Part design and material choice

The length of cutger laminatg is derived by collecting the various lengths of each cut requife8) to
produce each feature (outer diameter, inner diameter, stator sldthe volume of material used is
defined by equatiori4.4) and the volume of material scrapped is ithefd by equatior{4.5). The material

costs are estimated based on (Efipack2018)results (see also sectiah5.2)

0 1] & 0 0 (4.3)
w 0 0 0 g g & (4.4)
w o & g w (45)

(Notation listed in Table8 - Table11)
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Production rates

hours Time to produce quanti ty 3099
secs av. laminate production rate t,, 0.39
secs av. stack production rate tg,cx 112
£ Overhead costs C, | £ 619,860

Operation per minut

laminates cut per operation b 1
F 2
Pic 152.53
Poc 261.14
Psiots 205.63
P, 619.26
tm 240
tp 480

Table10 Production ratedor stamping

The time taken to produce thtotal number of stacks is defined by equatioh6 ). It should be noted
that the total force calculation is based on a simplification of thstafe progressive distamping
process, in which a single cutting operation is considered rather than four individual cutting operations.
This in turn means that the model is considering a single tool, where there would instead be 4 tools (one
tool for each of the 4 cutting eps).The overhead rate figure has been estimated following consultation
with operations management professors at the University of Sheftédlantyne & Heron, 2020)he
overhead rate has been studied further to understatgleffect within the system. The force factor of
safety represents a how much extra force is used during a stamping operation to ensure the cut is
achieved. The force factor of safety, maintenance time and die change over times have been estimated
based m conversations with industrfCampbell & Brittle, 2017)

‘ f 5 o8& 08t op
0 o (4.6)
(Notation listed in Table8 - Table11)
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Costs

Energy costs G £3,934

Machine & Machining G, o | £11,289,26
Maintenance G v £286,00(
Consumables & othe¢r C.
Total costs (Machining)G « | £11,579,20{
Total costs (inc raw Mats)G | £17,076,68

Av. Stack Copt G £170.77
Energy costs
£/ kWh RATE Gw | £ 0.25
£/kJ RATE G; | £ 0.000069
Ec 0.053
Eoc 0.091
Eslots 0.084
En 1.764
BEowm 200
Lot 0.3

Machining & other costs

& | £ 240,197
H

62

‘ M 617672
Np 47

C, | £ 1,000

Ns 10000(

M 286.0(

Table11 Production costgor stamping

The costiccounted to energy usage in the stamping process is estimated using eq#i@gnThe cost
of purchasing tools for machining is given by equafid8 ). The cost of maintaining the machines and

tools is defined by 4.9). The total machiningosts are then calculated using equatich10).

& 0o O O O & & (07)
6 o&# (48)
6 o & (49)
6 6 8 6 (4.10)

(Notation listed in Table8 - Table11)
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4.4  Tool failure predictive model

One of the most complex aspectssthmping is understanding the lifecycle of a stamping tool and the
variables which effect the rate at which the tool wears. An analysis of various stamping studies has been
conducted, though these outcomes should be tempered by the understanding of inetankpolowledge

of processes and materials used in all tests and experiments.

441 Methodology

The creation of an evaluative, dynamic tool for understanding how stamping parameters and part design
effect the performance of a laminate &highly complexffair and beyond the scope of this workhe

model is structured from two distinct yet highly interactive parts.

The first consideration is the quality or condition of the cutting tool. Ahiakalreadybeenestablished
between tool sharpness andYaA y I 1S ljdzr ft AGed ¢KS (22t Qa O2yRAGA?Z2
operation. The effect of each cutting operation, or the wear rate, is dependent on the circumstance of

the cutting operation.

Tool wear mechanisms have been considetddwever as ttese are complex, dynamic and nimear,
these factorscannot be modelled accurately by such an approach and arenoltded mathematically

within the model.

Y NJ S ZNepadl wear data gives a good indication atypical wear pattern for a stamping tool.
Flank wear shows continuous wear throughout the operation ofttdw andis also similar to a typical

tool wear curve.

442 \Wear parameters

The modelattempts to assess the proportional wear or tool litss opwsed to direct calculations.

I NOKI NRQ& ¢(2.12Y3héwp diaatitablavgar is proportional taheet thickness, material
strength, tool hardness ankgngth of cut. Cutting speed is considered in a slightly more complex way.

| NOKQNBQR&EzZ GA2y AyOfdRSa |+ LI NIFYSGSNI Y 4gKAOK Aa
parameter, k, accounts for tool parameters which Archard does not include Gomssderations but non

the less influence the tool wear. As a result of this gap, it may prove necessary to manipulate the equation

somewhat to create a model which works without relying on an empirical input.
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443 LI AOFGA2Y 2F ¢l ef2NRa G422t oSN 2 &

Using a combination of NJ S YZ®MEJesults andt | & ftadINEBd equation( 4.11) it is possible to
generate a predictiomf the number of strokes a stamping tool will be able to make and remain useful.
For a continuous cutting operation it would be typical that the tool speed would be considered in m/s or
mm/s. However as stamping is not a continuous cutting operation, given that the stroke rate is more
closely linked to the production rate in this case, tool speeds are calculated in strokes per minute (SPM)
and tool life as number of strokeg,: 300 SPM, 7750000 strokes a¥ NJ S Y216 &

0 Y
0 Y (4.11)
0 U8 ~ (4.12)
. Y
Y _.,U_

o (4.13)

The key parameter in the model for this project is tperating seed , measured in strokes per minute.
there is a definite relationship betweesperating seed, , andcutting speedQ and as such, the terms

are used interchangeab(yt.14) for the application of the Taylor tool wear modelling process.

e ¢ (4.14)

444 The n problem

It is important that the tool life model is accurafir a wide range of operating speedsstamping press

can operate at anywhere between 20 SPM and 1500 @Rmda, 2020)though higher rates are more
likely for thinner and softer materials, such as Stroud Metal Companyeldi@020)production of less

than 1mm thick parts at 1200 SPM. Stamping dies for rotor and stator production, such as in this project,
are listed on websites such REETH2020)statingmaximum operating speeds of approximately 600 SPM

¢ 800 SPM. These tools also typical state a tool life4hdllion strokes.

Despite knowing the tool material used Byaemer would typically have an n value between@QL2,

these values for provide an unrealistimodel of the potential effect of tool speed on tool life. For speeds
below 100 SPM the tool life well exceeds 60,000,000 strokes, and at speeds approaching 800 SPM, the
tool life would be below 20,000 strokeShese figures are well #bove and below (respectivelg) those

that are being advertised for a standard tool die, and although both are feasible strokes per minute (they
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are reported in literature as values used in investigations, and are withirated capabilites of existing
prouction machines), but the resulting lifetimes are never as high or low, respectively, as the output
numbers. Given that Taylors equation considers a continous cutting operation, a typical value of
appears to be no longesuitable to accurately refect the tool wear dynamics in stamping. The efféct of

on tool life data is plotted ifrigure51.

5000000
4500000
4000000
3500000
3000000
2500000
2000000 0.6

1500000
1000000 S— —0.8

500000 \

0

—0.2

0.4

Tool life (Strokes)

0 100 200 300 400 500 600 700 800
Figure 51 Tool life prediction for various n values

A further proof of the inadequacy of using standard values for n is shoRigume52. ThisapJt A S& ¢ &f 2 |
equation to four different tools and plots the various predicted tool lives against tool speed. For the types

of stamping operations being considered, actual operational tool speeds could reasonably range from 60
SPM to 800 SPM and are sholsna shaded region. In this example, tool lives exceed 10,000,000 strokes

for speeds under 100 SPM, well beyond any baseline tool expectancy, and appears to demonstrate that
YNI SYSNRa (22f o6co | w/ 0 f | dudgstenZdriiigss HRQ) togf fofall 2 y =
speeds. Whilst this is not necessarly impossible, it is not an expected result, as the parameter differences

otherwise are reasonably similar.

A further test was modelled using an n value of 0.8. These results provide a much mistéicreaw of

the potential tool lives. However, there is still an issue. For speeds approaching 0 SPM, the tool life
approaches infinity. The model therefore suggests that at 1 SPM any tool would laseforastinfinite

number of strokes. This is assue for all values of instead, in order to obtain a useful output for the

model developed here, the idea of a terminal tool life is considered. Any tool can only produce so much
G2N] @ ! (G223 dzydzaSRI FNBaK ighastsoniefirfite amsuStioffugabler 2 S &
working life that it can giveNo matter how carefully a tool is used with optimum conditions for life

extension, at some point it will break or be degraded to a point where it is no longer useful.

Nathan Dodd



10000000
9000000
8000000
7000000
6000000
5000000
4000000
3000000
2000000
1000000
0 —
0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0 500.0

=— Mucha m2 Mucha m3:2 Mucha Tungst Kreamer
Figure 52 n effect for various tool data n 0.2
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Figure 53 n effect for various tool data n 0.8

The addition of the functio has the effect of moving the asymptotic part of the graph, such that the
new graph is asymptotic aQ SPM, instead of 0 SPMigure54 demonstrates this effect, witthe various

tools being asymptotic atl50 SPM. To maintain accuracy with the known tdeldata, T, at Q, Q has

also been added toVFor the purpose of), the Qfunctions cancel each other out. This can be seen in
Figure54, as each tool data set still passes through its originehnifl Q values.This approach is
considered to be suitable for models where the tool parameters are reasonably similar to the original
data set However the approach works less well where the tool parametatgsh as tool type and

hardness differ more greatly. A sepagapproach was taken to incorporate these variances.

v 0 0 (4.15)
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Figure 54 Shifted data (150 shift)

4.45 Tool hardness issue and solution

There are a number of issues regards the implementation of tool hardness in the Archard model. Firstly,
it is noted that Rockwell hardness (the value most readily available to characterise the mechanical
NBalLkRyasS 2F yvYzad (22t SrHlaid3NK 2 Ta 00 ByaN)2008/p. 2R3y RSO Szl

Furthermore, tool hardness is only one tool parameter. The Archard equation does not identify the
effects of friction ceefficient or thermal degradation. The effect of thgsarameters would be captured

as part of the alencompassing k function, which is found empirically, and takes a particular value for a
certain temperature, for example. Using the standard Archard equation, the predictive tool life model is

only capable bproducing accurate results where tool hardness is close to the baseline.

To improve the accuracy of the new tool life model for a much greater range of tool hardness, it was
assumed that (as is considered in the Archard equation) tool hardness isieativel measure of how
materials properties will affect tool wear resistance. There are any number of unknown parameters
relating to the tool which could also alter the potential tool life. These could be one unknown parameter
or hundreds of highly spedifiones as in equatior{ 4.16). This simplest expression of the hypothetical
tool effect,4 , is to collect the unknown terms. Given that H is being used as a driving function, such that
H is proportional to any giveh , 4 unknowniS substituted with H. This produces an equatf@drl7) which
can be fitted empirically to the (limited) data that exists linking tool life in stamping to other variables.

Y O Y Y Y Y 888 (4.16)

Yy oy (4.17)
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Various values of n were modellegigure55 (c) shows the effect of using an n power of 5 for the tool
effect function(4.18) compared to a baseqwer 1 (standard Archard) Figure55 (b).

Y0 (4.18)

The final tool life prediction mod@rovides accurate resultcross the various data sets and successfully
provides a realistic interpretation of how the various stamping parameters effect the todDlifgng the
development of this solution, it can clearly be seen by compariséigoire55 (a) andFigureb5 (d) that

the new solution hasesultswhich aremuch more aligned to those in the data by using the various the
mathematical tools.Figure56 and Figure57 demonstrate this by clearly showing the trend of each
solution against the expected result, where a 1:1 relationghigeal Though these tools are quite crude,
given the objectives of this study to understand the wider economic implications of the machining

process, they are well suited to provide a general picture of the tool life.
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Figure 55 Development of solution whera) (Model with n 0.2 (b) Model with n 0.8 (c) Model
with Tool Hardness power 5 (d) Model with shifted axis by 150
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Figure 57 Expanded view of correlation between actual life and predicted tool life
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4.4.6 Finaltool wearmodel implementation

The final tool wear model incorporates the various idedch have been developed within this project

to create a model which applies to the stamping of thin laminations. The knowledge derived from Taylors
tool wear model has been used to derive equat{@nl9), and this has been combined with the Archard
tool equation, using laws of proportionality for the variable of Sheet thicknessSheet cutting
resistancef, and also tool hardness, H, which has been considered to be an indicator of further tool
parameters as described in sectid@.5 The combination of these factassused to produce an estimate

for the number of strokes a tool will be capable of producing cuts before it is considehagéaeached
0KS SyR 27 (42%K.% alipgramketesiarefsdt ® Sie baseline lewhk proportionality is 1:1.

" 81 Y®

Yoo (4.19)

., 0

o 5 (4.20)

. 0

T (4.21)

. T (4.22)
y 0

& 0 8 (4.23)

Y NI} S Y S NIiéne o8 dafasets to showear progressionin a toolacross severatycles)have
been plotted and recorded to generate an empirical baselldging proportionality, a new output is
recorded as tool condition, where the tool is deemedoe out of condition (>100%) once it has entered

the runaway stage of its wear.

TOOL AFFECTING PARAMETERS INPUT VARIABLE BASELINE Proportionality
SPM Cutting Speed 300 60-800 Limits' 750000
Wear effect mm Sheet thickness 0.35 0.35 1.00
Wear effect MPa Material Strength UTS 510 455 1.12
Wear effect HRC Tool hardness 62 63 0.92

Total Proportionality 0.82
Strokes till worn 617672

Table12 Tool life extension to manufacturing model
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45  Analysis of materials used in stamping process

In most stator stamping operations, the stator and rotor are produced simultaneously in the same
stamping tool, from the same sheet materi@n initial study was conducted into electric machine
laminate materials for both rotor and stator applicatidrhedata inTablel3reflects the specification as
described byrablel (p17).

MAX Density of rotor material kg/! m’
leap 2643
stretch 5022
step 9252
MAX Material cost per kilogram S/ kg £/ kg
leap S 875 £ 7.00
stretch S 10.53 £ 8.42
step S 16.67 £ 13.33
MIN Required tensile strength [Tangential] Pascals MPa
Factor of safety =1

leap 345897000.00 349.90
stretch 295468000.00 295.47
step 241504000.00 241.90

Table13 Sator & rotor requirements

In addition to thevalues inTablel3, the maximummagneticpermeabilityof the potential material was
considered. The value for maximum permeabil(@so relative permeabil) used in the search was
18000based on thenagnetic properties for 4&%ie soft magnetic allofgection2.2.2). These value where
then entered in the CES softwai@ provide a list of materials which satisfy the requirements in each of
the scenarios outlinedCES Edupa¢R018)is an academic resource which contains a large database of

materials and material properties.

451 Assumptionsn stamping cost model

A It has been assumed that the stator & rotor will be 100mm in leragtth the rotor is assumed to
be manufactured as aoid homogenous part. This is highly unlikely to be the case, for example
Figure7 (p29) shows a rotor with air gap§or this study, approximating the part as a solid should
still present a reasonably accurate output.

A It has been assumed that the material properties are consistent for all temperatures. This is
clearly not thecase The potential effect on thepropertiesof material at hightemperatures are

considered in the disssion.

A The tangential stress is equal to the radial stress for each scenario and as such, only the tangential

stress is considered.

A The stator back iron width is constant unless otherwise stated, such that when the inner diameter

changes, the outliameter also changes by the same amount
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452 Results

The CES software was unable to find any materials which satisfied the stretch and leap conditions. Listed
below are the materials which satisfied the step conditions. They have been categorised into three
distinct types;nickel alloys andobaltiron, Metglas ancaklectrical steelsThese materials are compared

graphicallyFigure58 and Figure59.

Nickel alloys and Cobalt Iron
Nickel alloys and Cobalt Irqguiice ranges from £1Q3/kg approximately, which is 20x more expensive
than Electrical steelfickel alloys and Cobalt Irane alsadenserthan electrical steels without providing

any significant increase in tensile strength.

- Nicketmagnetic alloy, 49Nte, Alloy 2B, soft (anneale)
- Nicketmagnetic alloy, 49Nte, Alloy 2B, cold rolled, sq)ft
- Nicketmagnetic alloy, 45Nte, Aoy 1, soft (annealed);
- Nicketmagnetic alloy, 45Nte, Alloy 1, cold rolled, sofJ[
- Nicketmagnetic alloy, 45N8Mo-Fe, soft !
- 2V-49Coe49Fe (high purity) soft magnetic alloy |

Metglas
Metglas is the least dense material, whilst simultaneously providing the mstséngth. Metglas .

Howevercomes at a cost 10x greater than electrical steels.

- Metglas 2826MB (iromickel based)
- Metglas 2605SC (iron based)

- Metglas 2605SA1 (iron based)

- Metglas 2605S3A (iron based)

- Metglas 2605CO (iron based)

Electrical steels
Electrical steels are the standard use material for stator and rotor production. They are by far the

cheapestHowever they are also offer the least tensile strength.

- 4 SiFe soft magnetic alloy
- 2.5 SiFe soft magnetic alloy
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453 Stator & rotor material alternatives

Three potential material groups emerged in the step condition search on CHSickekalloys and Cobalt

Iron are the heaviest, most expensive and contain some of the weakest available nzaté/ialst the

Nickel alloys and Cobalt Ir@ppear to clearly be the worst materiaté those considerethased on the

step conditions search, there is no clearly definitive best matefiaé lightest material is a form of
Metglas. Not only is the Metglas the lightest material, but it is also the strongest available material;
However this comes at a cost. The cheapest Metglas costs four times the price of silicon steels and is
only arourd 10% lighter than silicon steels. The higher strength and lower density may mean that less
material is required in each machine, potentially creating a greater cost benefit relative to electrical
steels. Some markets, such as motorsports and-bighspots cars, may be willing to accept the higher
costs of a material such as Metglas as the benefits of weight reduction are much more important to these

sectors.

These results are based on the assumption of a single solid fantever will not be the caséor the

final rotor. A typicalrotor for exampleincludes\lirgap® 2 NJ W T Q GHesefoi bidthidks®duE
effectively reduce the volume of material used in the rotor and as such raise the allowable density of a
material. The air gaps would alsdeslthe stresses in the rotor, meaning that the material might in fact

be required to have a higher tensile strengBurther information is required to be able to adequately
understand which materials are the most suitable for use in this project. étsisilple that whilst Metglas

may be more expensive to purchase, it might also be less expensive to machine than silicon steels.

LG Aa lfaz2z @GSNE AYLERZNIFyd (2 O2yaARSNI GKS YI G4SN
known how these mateails change with respect to temperature. Should a material lose its magnetic
properties at high temperatures, an aspect which is affected by curie temperature, or become less strong

at higher temperatures, then the material would cease to be capable cffgiaig the step conditions.

There were no results for stretch and leap conditions within CES. This is due to the density requirements
for these conditions. Not including density in the search criteifiapn steels and some Metglas materials
would have ppeared within the stretch and leap results as they satisfy the price and strength

requirements. As previously mentioned, these results are based on the assumption of a single solid part.

This study is considered from a purely mechanical engineering eegp. Further work should be
undertaken from an electrical engineering approach to understand how the changes in material will
affect the overall performance of the machine. One example is that changes to the stator or rotor

materials can affect the pastreluctance and therefore affect the torque capability of the machines.
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4.6 Study of manufacturing model for stamping of stator laminations
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Figure 60 effect of inner diameter size on proportion material scrapped
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Figure 61 Material utilization difference between 0 slots and 40 slots

As the inner diameter is increased, the proportion of material which is scrapped also sxrdaere
appears to be a linear relationship between the size ofitiner diameteiand the % of material scrapped.
For the region of inner diameters considered, there is always more than 50% material scrapgbd.
number of slots increases, the propian of material scrapped increases. as the inner diameter increases,
the effect of the number of slots on material utilization diminisHeshould also be noted that the sheet
thickness has no effect on the amount of material whichtikzed orscrapped. This is expected as the

amountof material used to produce a stack remains constant across different lamination thicknesses

31t is not necessarily feasible to change number of slots to 4, 20 or 40 wifbdher stator design alterations.
Additionally, the size of sloshould remain constant ideally to mairacurrent carrying capabilityrhe number of
slots function provides an indicatiaf materialutilization for designs whichvould use differing numbers of slots.
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The most prominent source of material waste occurs because oitier diameterdesign parameter.
(Figure60). Normally this material would be used to produce a rotor concurrehrtbwever given that
research into new novel rotor technologies is ongoing, it would be a limitation of thiicappn of this
research to assume that this material would indeed be utilized in the manufacture of a rotor. Reducing
the size of the inner diameter would positively affect material utilizattdowever this then reduces the
available space to insert @tor, reducing the potential power / torque capabilities of the machine.
Increasing the output does not affect the amount of scrap produtkmvever it may increase the value

of reverted scrap due to the higher quantities of scrap collected
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Figure 62 Inner diameter effect on average production cost per stack

The average cost of producing a stator stack increases as the size of the stack increases. There is the
intrinsic use of more material in a larger cross secfidns effect might be offset by the value of the stack

as a resultHowever that can only be determined by studying the performance capabilities of the larger
stator stack, and the market value perception of that performance. Where machine sizes areyroughl
similar, it might be prudent to design a stator which maintains similar levels of performance using a

smaller inner diameter.
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Figure 63 Sheet thickness effect on average machining costaifimus production quantities

The effect of increasing the quantity of laminations produced shows both economies aecbdismies

of scale. The cost of producing a laminated part generally falls as output is increlaseever costs rise
significantly where new tools (dies) must be purchased to account for the added produlttisn
interesting that the economies of scale vary based on the design of the component. This is an example
of the dynamic relationship between cositne, and cuality. Thinner laminations should theoretically be
able toproduce similartorque output with lower iron lossesThinner laminates must be produced in
greater quantities to achieve the same stack size. &ferage machining cost of a stack is less when
producing thinner laminatesmost likely because the stamping tool has a greater life expectancy when
cutting thinner materialsHowever, there is a cost associated to the time taken to manufacture these
laminates, and in extreme cases well beyond the agzui200hr overhead rate, the mostostefficient
stator desigrbecomes more complex to derive, changing depending on production quantitieaterial
costs are also considered further, it is likely the case that for extremely thin sheet material,sthef co
purchasing the materials will be greater than for standard sized sheets. The modehatoasrrently

account for this and is an area of potential development in the future.
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Figure 64 Stamping rate effect on average machining costs for various production quantities

There is visually a difference in the economies of scale that occur between stampind-rgieeg4) and
sheets thicknesg~{gure63). The same tradeffs occur as previous, with considerations required into the
cost of tme taken as result of reducing the machining costs. There appears to be a greater potential for

reducing machining costs using slower stamping rates as opposed to thinner laminations.
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Overhead costs are directly related to the time it takes to produce goblds overhead rate is a simple
method of capturing the cost of labour, space, and other resources such adwatiioistcosts that would

be used by the business, but not directly attributable to a specific aspect of the machining pFigess.

66 provides the clearest indicatiasf how the lamination thickness effects the production time. The issue

of time is exacerbated by running the stamping machine at a much slower stamping rate. Whilst this is a
relatively simple logical step, it is still striking that the effect of chantfiegstamping rate is more

complex than simply performing a uniform calculation.
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Figure 66 Total production time for various sheet thicknesses and stamping rates

Productiuon time} Stamping rate (SPM)
(hrs) 50 100 150 200 250 300 350
0.19 24946 13851 10163 8336 7248 6524 6019
g 02 18739 10429 7676 6319 5509 4986 4621
g 029 15021 8387 6196 5125 4491 4086 3801
% 0.3 12559 7044 5224 4338 3830 3500 3283
% 039 10796 6082 4535 3789 3361 3099 2921
) 04 9485 5367 4026 3387 3027 2805 2670
045 8467 4820 3641 3088 2781 2599 2486
Table14 Sheet thickness X Stamping rate matrix for production time (hours)
Average Stamping rate (SPM)
machining costy g 100 150 200 250 300 350
0.19 £ 26 £ 31 £ 36 £ 43 £ 50 £ 55 £ 62
g 02| £ 29 £ 36 £ 43 £ 53 £ 60 £ 70 £ 80
g 029 £ 33 £ 42 £ 52 £ 64 £ 74 £ 86 £ 95
E, 0.3 £ 39 £ 51 £ 61 £ 73 £ 87 £ 99 £ 114
% 0.39 £ 44 £ 58 £ 70 £ 85 £ 99 £ 116 £ 130
Ny
0 04 £ 51 £ 65 £ 79 £ 9% £ 113 £ 130 £ 149
045 £ 55 £ 72 £ 89 £ 108 £ 127 £ 146 £ 166
Table15 Sheet thickness X Stamping rate matrix for average machining costs
Overhead cost Stamping rate (SPM)
per stack 50 100 150 200 250 300 350
014 £ 125 £ 69 £ 51 £ 42 £ 36 £ 33 £ 30
'g 02 £ 94 £ 52 £ 38 £ 32 £ 28 £ 25 £ 23
g 029 £ 75 £ 42 £ 31 £ 26 £ 22 £ 20 £ 19
é 0.3 £ 63 £ 35 £ 26 £ 22 £ 19 £ 17 £ 16
% 034 £ 54 £ 30 £ 23 £ 19 £ 17 £ 15 £ 15
0 04 £ 47 £ 27 £ 20 £ 17 £ 15 £ 14 £ 13
044 £ 42 £ 24 £ 18 £ 15 £ 14 £ 13 £ 12

Table16 Sheet thickness X Stamping rate matrix for overhead cost per stack

A simplemway of interpreting the production time and cost data is as a mafiwereis a clear difference
between what is the quickest way to produce stacks and what tis the cheapest way to produce stacks,
occurring in opposite parts of the relevant matikowever there is a cost associated with time. Where
stacks are produced quicklthe overhead cost per stack is much less than where stacks have been
produced more slowly. The overhead rdtas a major effect on manufacturing decision makifable

17 demonstrates how the best seips change dramatically as a result of overhead cdsts.range of
overhead costs represents thanknown range of costs that might be associated with businesses of

different sizesandscale.

Nathan Dodd



Total costinc

Stamping rate (SPM)

overhead @
£200/hr 50 100 150 200 250 300 350
0.14 £ 7,586,181 £ 5,847,553] £ 5,590,407| £ 5,945,428 £ 6,448,597| £ 6,784,043] £ 7,403,614
g 0.2 £ 6,656,082 £ 5,714,807] £ 5,884,643] £ 6,574,053 £ 7,132,778 £ 7,988,856| £ 8,876,679
:5,)’/ 029 £ 6,291,845| £ 5,925,700 £ 6,448,444] £ 7,435,208 £ 8,269,063] £ 9,389,160] £ 10,292,856]
S 0.3 £ 6,453,236 £ 6,551,110} £ 7,147,929| £ 8,171,729 £ 9,511,401 £ 10,646,313 £ 12,044,186
§ 034 £ 6,532,447| £ 7,030,849| £ 7,922,375 £ 9,214,427| £ 10,569,972 £ 12,199,060] £ 13,604,492
73 04 £ 6,954,567 £ 7,572,016] £ 8,745,022] £ 10,298,713] £ 11,907,960 £ 13,544,984] £ 15,439,679
0.45 £ 7,204,097 £ 8,155,936] £ 9,601,603 £ 11,412,523] £ 13,272,826 £ 15,157,821 £ 17,056,925
Total costinc Stamping rate (SPM)
overhead @
£500/hr 50 100 150 200 250 300 350
0.15 £ 15,070,048 £ 10,002,886] £ 8,639,429 £ 8,446,094] £ 8,623,130 £ 8,741,154] £ 9,209,195
g 0.2y £ 12,277,682 £ 8,843,607| £ 8,187,309 £ 8,469,653] £ 8,785578] £ 9,484,589 £ 10,262,965
g 0.25 £ 10,798,245 £ 8,441,700 £ 8,307,377 £ 8,972,808] £ 9,616,263] £ 10,615,027} £ 11,433,085
% 0.3] £ 10,220,969| £ 8,664,177 £ 8,715,040 £ 9,473,062 £ 10,660,468 £ 11,696,268 £ 13,029,176
% 0394 £ 9,771,190] £ 8,855,421 £ 9,282,756| £ 10,351,113 £ 11,578,201 £ 13,128,851 £ 14,480,655
73 04 £ 9,800,167 £ 9,182,016] £ 9,952,755| £ 11,314,913 £ 12,815,960 £ 14,386,451 £ 16,240,822
0.45 £ 9,744,319 £ 9,601,847 £ 10,693,943 £ 12,338,879 £ 14,107,271 £ 15,937,391} £ 17,802,785
Total costinc Stamping rate (SPM)
overhead @
£1000/hr 50 100 150 200 250 300 350
0.19 £ 27,543,159| £ 16,928,442] £ 13,721,133] £ 12,613,872 £ 12,247,353] £ 12,003,006 £ 12,218,497
g 0.2) £ 21,647,015] £ 14,058,273 £ 12,025,087] £ 11,628,987 £ 11,540,245 £ 11,977,478 £ 12,573,441
g 0.25 £ 18,308,911 £ 12,635,033] £ 11,405,600 £ 11,535,474 £ 11,861,596 £ 12,658,138 £ 13,333,466
% 0.3] £ 16,500,525 £ 12,185,955 £ 11,326,892 £ 11,641,951 £ 12,575,579 £ 13,446,194 £ 14,670,827
% 0.3 £ 15,169,095 £ 11,896,373] £ 11,550,057 £ 12,245,589 £ 13,258,582 £ 14,678,501 £ 15,940,927
73 0.4 £ 14,542,834] £ 11,865,350 £ 11,965,644 £ 13,008,579 £ 14,329,293 £ 15,788,895 £ 17,576,060
0.45 £ 13,978,023 £ 12,011,699 £ 12,514,511 £ 13,882,805 £ 15,498,011 £ 17,236,675 £ 19,045,885
Total costinc Stamping rate (SPM)
overhead @
£2000/hr 50 100 150 200 250 300 350
0.19 £ 52,489,381 £ 30,779,553 £ 23,884,540 £ 20,949,428 £ 19,495,797 £ 18,526,710] £ 18,237,100
g 0.2] £ 40,385,682 £ 24,487,607| £ 19,700,643 £ 17,947,653| £ 17,049,578| £ 16,963,256 £ 17,194,394
g 0.2 £ 33,330,245 £ 21,021,700] £ 17,602,044 £ 16,660,808 £ 16,352,263 £ 16,744,360] £ 17,134,228
% 0.3] £ 29,059,636 £ 19,229,510} £ 16,550,595 £ 15,979,729 £ 16,405,801 £ 16,946,046 £ 17,954,128
% 0.3 £ 25,964,904 £ 17,978,278] £ 16,084,660 £ 16,034,542 £ 16,619,344] £ 17,777,803] £ 18,861,471
73 0.4 £ 24,028,167 £ 17,232,016} £ 15,991,422 £ 16,395,913] £ 17,355,960 £ 18,593,784] £ 20,246,536
0.4Y £ 22,445,430} £ 16,831,403] £ 16,155,647 £ 16,970,656 £ 18,279,493 £ 19,835,243] £ 21,532,087

Tablel17 Overhead rate decision making effect
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Figure 67 Ultimate tensile strength effect on average production cost per stack
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Figure 68 Ultimate tensile strength effect on production time of stacks

One of the key aspects of material selection is the mal@ ability to be cut, or more specifically in this
case, stamped. Ultimate tensile strength is directly proportional to the cutting resistance. Materials that
are more difficult to cut, having higher cutting resistance, create more tool wear and welyatnpact

on tool life. As a result, more tools are required to produce stacks, and more tool change occurrences
cause the manufacturing to become slower. Increases in machining costs could potentially be recouped
through a change in material costs, grn increase in stator quality resulting from the use of a different
material. Other quality issues might arise too. The ductility of a material could create an excessive burr,
which has a negative impact on the quality of a stator laminatiextessive rring on laminates can
create inter laminate short circuits (&gure21 p45) and allow eddy currents to flow more easily in the

unwanted axial directions between laminate layers, resulting in a loss of performance.
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Figure 69 Tool hardness effect on Average stack cost (including £200 overhead rate)

Tool selection is naturally an important aspect of the manufacturing process. There are different tool
materials available, which offer different tool hardneasongst other variales. The most prominent

tool materials are tool steels and tungsten carbide, with tool hardness approximately 60 HRC and 90 HRC,
respectively. There is an intrinsic cost of procuring tools which have higher degrees of tool hardness, but
these costs can bevercome by needing less tools, or the time saved using less idudse is also the
potential to perform maintenance activities on worn tools to increase the life of the tool, such-as re
grinding.The benefits of using different tools change dependingh@uantity of stacks being produced.

For very large orders, 10000 stacks and more, it is generally considered that the harder the tool, the

better.
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4.7 Conclusions

The manufacturing model shows that stamping has much higher costs for smaller productititigs.

This might not necessarily be a problem for OEMs in the automotive sector but given the electric vehicle
market is still relatively new and consumer adoption of the technology is still in its infancy, the scales of
production expected for a sirgEV machine design at this time might not create the mosteffisient
manufacturing seups. There are various ways of affecting the production cost of a stator. If production
guantities are expected to be of less than 10000 stacks, it is worth coimgjdeols which are less durable

but lower cost. Overhead rates have a major impact on the cost effectiveness of any manufacturing set
up and must be considered alongside machining costs. Generally, the research indicates that where
manufacturing times ar reduced, machining costs are increased, but when overhead rates are
considered, the tradeff becomes much more complex. Each decision, whether relating to part design
or manufacturing setp, trades between the three key business aims of time, cost,caradity. It is
possible to use the model created in this research to create a more suitable manufacturing process

depending on the specific aim of the product or production.

The current model has been developed on the basis on some simplifying assuniptitms stamping
process. In the future, the model should be developed to consider the effect of usihgtage
progressive die instead of a singkagetool. The model can be developed to include extra activities such

as tool maintenance activitieské tool regrinding.

This cost model has been produced from a perspective of mechanical engineering and operations
management. In the future, the parameters in the model could be developed with a specific electric
machine design, further establishing thelationship between the manufacturing costs with the

implications on electric machine performance and quality.
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5  Feasibility study fora  slinky style stator

5.1  Methodology

5.1.1 Knowledge gap

The slinky style stator method is already used to prodste¢ors. The benefits, namely a reduction in
waste material from the cutting process, is well understood. However, the design constraints which
define what sizes of stators are producible, and how design changes affect the overall performance of a

stator ae much less known.

5.1.2 Approach

A finite elementanalysis(FEAWwas conducted in sectioh to assess the manufacturability of various
slinky style stator designs. 8NS workbench V16.1 was used to perform the FEA analysis. The FEA model
is constructed from four parts; a spindle, coiler, slinky guide, and slinky strifFiga®70). The spindle

is used to rotate the coiler around, whilst also constraining the coiler from moving laterally. The slinky
guide similarly ensures that the slinky strip is only able to move in the x axis. The coiler and slinky strip
I NB W6 2y RS Rr(hisinanSthaOds the dbikérSs turned around the spindle, and the slinky is
dragged around simultaneously, being forced to conform to the shape of the coiler. This method of coiling
slinky strips has a few potential issues. Firstly, if the backsrtwoithick so as too not be very bendable,

the slinky strip may buckle or deform. Secondly, ensuring that the stator teeth remain flat is a potential
issue. A variety of stator designs have been considered for this simulation. For each design, theflength
stator strip and gap between each tooth is constant. The two key variables being considered are the tooth
length and the back iron width. The back iron width plays a major role in the electrical efficiency of the
component, whilst similarly the tooth ihgth also effects the space available for winding material. In
creating an FEA model which runs satisfactorily, several hurdles had to be overcome. Because of the
complexity of the model, and the ndmear nature of the problem, it was found that a fineegh is
essential. Initial models which used a coarse mesh failed to converge on a solution and often crashed.
The interactions between the various bodies are also an important factor. All contacts between bodies
have been set to be frictionless, except fanere the slinky strip attaches to the coiler. At this point the
O2y il OG Aa 02yRSR® LU 61 & NBO2YYSYRSR (2 aSi GKS
use a stiffness factor of 0.001. A number of constraints have also been included.rkigegside has

been fixed in place, such that it cannot move in any direction. The slinky strip has been fixed in the Z axis

(out of page). This ensures the strip can pass through the slinky guide.
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5.2  Slinky coiling trial

A method of coiling slinky style stator strips was devised to understand how the slinky strips deform when
being coiled. A number of concepts were explored and modelled using Solidw@1&s\26 CAD
software.One of the key questions that arose from the visualisation of attempting to create a coiling
mechanism was how to effectively attach the slinky to the coiling element. It was proposed to use G
Clamps to affix the slinky to theiting plate, and then apply a torque to the plate. In this-gpt it is
necessary to have some form of guide or channel for the slinky to create a bending moment. The final
design is an assembly which consists of; a coiling top plate, which has begmedési fit into dJCFC211
Medway bearing,a slinky guide or channel, the slinky strip, severaladtnps and an MDF base. The
proposed setup works by feeding the slinky strip onto the coiling plate and clamping the strip to the
plate. The plate is turneth the bearing, causing the slinky strip to bend, and another clamp is used to
affix the bearing to the top plate. This process is repeated until the desired bend is achieved. The slinky
strips have been laser cut from a sheet of 0.35mm thick Cogent N2B0Figure74 shows each of the

parts and gives a clear indication as to the difference in sizes between each design of stator strip. In the
assembled rig set upg-{gure75), the slinky guide has been fashioned using some spare aluminium bar
sections and is held in place with G clamps. An extra guide was used during the experiment to constrain
the part vertically. A tajue wrench was used to apply force manually through the Allen bolt, found
centrally in the coiling plateSlinky stator internal diameter 170mm, external diameter 170mm + tooth

width as per original specificatidn Tablel (pl17).

Back iron width Tooth length Total width
10 10.5 20.5
10 30.5 40.5
10 50.5 60.5
20 20.5 40.5
20 40.5 60.5
30 10.5 40.5
30 30.5 60.5
40 20.5 60.5

Table18slinky stators to be made and tesfalil measurements in mm)

10.75

AUTTTUUTTUYY 1] e

Iﬁ Back iron width

.50

334.80 ‘

Figure 73 Slinky stator design
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Figure 75 Assembled rig for coiling trial
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5.3 Introduction

The normal method for producing stator laminations is most efficient when used as part of a holistic
manufacturing approach in which the rotor is also manufactured from the same sheet material. The
design of the rotor in this project is likely to be nstandard and as such, require a nstandard
manufacturing process. The new rotor process also influences the efficiency of the standard stator
manufacturing process, as much more material is now aesind scrappedAn alternative method of
manufacturing stator laminations has been discovered, in which long strips of material are stamped and
then wound into a stack. This method would reduce the scrappage issue considetawigver in order

to be abk to bend the strips into shape; further research would need to be considered in order to
understand the dynamics of this alternative method, and how this might affect the design of both the
stator and rotor laminationsThis project aims to construct agrivhich is capable of coiling prototype
strips, such that it is possible to evaluate the stator strip design and recommend revisions. Alongside this,
a finite element model will be created with the view to being able to validate a stator designs ability to
be coiled.The aim of this study is to produce a variety of designs for a slinky style stator lamination. These
designs will then be prototyped with a view to understanding the design constraints of a slinky style
lamination. This will be done by compagithe resulting prototype to the design in terms of tolerances,

concentricity, fit, etcToachieve this aim, a winding rig will also need to be designed and manufactured.

Slinky style stators are manufactured by coiling long strips of material arounchdretaThis process
imparts a bending stress in the stator slinky element and can potentially be the cause of faults during the
manufacture. In order to understand the process of coiling a slinky style stator more clearly, an FEA model
has been produced.hls model allows for both a numerical and visual understanding of the process,
whilst also providing insight into how the part deforms and allowing for an evaluation of the design

constraints which are required in order to create a producible part.
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5.4  Slinky coiling finite element analysissults

Readings have been taken from the FEA simulation to find where the minimum and maximum stresses
occur in the part. These stresses can then be compared against the ultimate tensile stress (UTS) of the
material. Fomparts where stresses exceed the UTS of the material, they are deemed tacbidabie It

is not known whether this is in fact the case and is used merely as a guide to réfiemiever stresses
exceeding the UTS are unlikely to be supported withoubrisistent deformation in the material,

rendering it unusable in a stator

back iron width  total width  bending radius max stress min stress % Difference  Coilable
mm mm MPa

10 20.5 183.5 327 432 24% YES
10 40.5 203.5 309 423 27% YES
10 60.5 2235 296 409 28% YES
20 40.5 198.5 346 567 39% YES
20 60.5 218.5 324 538 40% YES
30 40.5 193.5 426 697 39% NO
30 60.5 2135 391 680 43% NO
40 60.5 208.5 1106 1991 44% NO
UTS OF MATERIAL.: 575 MPa

Table19 Structural analysis results showing peak stresses occurring in coiling of slinky strip using FEA

Initial results showd that five designs areoilable and that three designs are aoilable The three
uncoil-abledesigns have back irons of 30mm or greater. These designs would fail due to the stress which
occurs between the teeth of the part. This is where the largesss&s occur consistently for all designs.
The Max stresses apositive,and the Min stresses are negative. This is due to the stress on the top of

the part being a tensile stress, whereas the stress in the lower area of the part is compressive.

Max steess(Tensile)

Min stress(Compressive)

327.08 Max
242.68
158.28

7388

-10.52
-94.521

-179.32
-263.72
-348.12
-432.52 Min

Figure 76 Stress gradient for 10 Back iron, 20.5 Tooth length

There is a clear trend that increasing the size of the back iron means that more work is required to bend
the part. Bendinga 10mm wide back iron part should be a relatively simple.teskvever a 20mm back
iron, whilst appearing possible, may be much more difficult. The compressive stress induced in the 30mm

back iron design appears to inhibit its ability to be coiled. ¢f compressive stress could be reduced
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without greatly increasing the tensile stress, then it may be possible to design a stator with a 30mm wide
back iron.Results for a 60.5mm wide statoFiure77) are very similar to the 40.5mm wide stator
designs. There is a clear jump in stresses from a 30mm back iron to a 40mm back iron. This is the only

result which has a tensile stress above the UTS of the material.

It canclearly be seen that for all L0mm back iron sized desigigsi(e78) the stresses in the part are well
below the UTS of the material, suggesting that these parts shaluloe easily co#ble. The effect of
increasing the tooth length reduces the stresddswever this effect is only small, whereas the effect of
changing the size of the back iron can be seen have a much greater impact. It may be possible to
manufactureslinky stator strips which have 20mm wide back ir@ireblel9) . However small variations

in the material or processes, which could occur from sources such asdaolwould make the bending

process much more difficult owing to the limited scope for error.

The results infable19 appear to show that for 30mm wide back irons, t@mpressive stress would
make the designs unfeasibls the tooth length, and thus bending radius increases, a greater proportion
of the stress in the part occurs between the teeth. It is already observed that increasing the bending
radius creates a smatkduction in both the compressive and tensile stresses that occur in the part. It is
not understood why there is a greater proportion of stress between the teeth at larger bendinguadii

it may be that the larger radius gives a greater length of makdhiat is allowed to bend, and produces

a larger bending moment

2000
(Wrensile
Compressive
1500 ——
N
o
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» 1000 —
g
n
500 —
0 - 4.;
10 20 30 40

Figure 77 Stress results fatifferent back iron sizes f@amples with total Stator wid0.5mm
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Figure 78 Stresgesults comparisofor different sized stator widtbamples with back irohOmm
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Figure 79 Percentage difference betwetmsileandcompressivstresses
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5.5  3inky coiling trial @perimentl results

Three different cross sections were ultimately tested during the experimentation process. There was
enough evidence to suggest that testing the further designs would have only resulted in the same issues
and outcomes. The three testeasigns where;A) 10 Back iron 20 Total widti(10 Back iron 60 Total

width and @) 40 Back iron 60 Total width. The FEA suggested that designs A and C should have-been coil
able. The results of this experiment contradict the FEA in this regendeverit may be that the designs

are coitable but require a different process be successfully coile&igure80 clearly shows that no one

design has been coiled. There are several shared flaws between designs. Some issues are shared because
of limitations in the process which was developed for thisesixpent. Design C shows the most sign of

beingcoil-able, as is suggested by the FEA model.

Design C shows the clearest examples of the part buckling under compression. It can be seen how a wave
like form appears between the teeth. The FEA model showettiedargeststresses occurred between

the teeth and this appears to be consistent with the resulting parts. It can also be seen where one of the
teeth has been caught on something during the coiling process and been dragged out position. A better
feed sywtem, or guiding system would help to stop this occurrkgy. the larger design (H), the back iron
section has remained largely unmoved, resulting in some buckling in the t&gtire83 shows how the

part tries to bend along the cross section. It is for this reason that a guide was then placed above the

slinky strips to attempt to keep the parts flat during the coiling process.

Figure 80top view of tested slinky strips
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Figure 81 slinky strip C2

Figure 83 Slinky strip H2 twisting during bending
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5.6  Discussion of results for slinky coiling process

The FEA model shows that increasing the size of the back iron makes the pedilebte. The current

model suggests not exceeding 20mm thickness in the bank Tioe FEA shows that thergeststresses

occur between the teeth. This is supported somewhat by the experimental results, which show buckling
on the inner radius between the teeth, but the outer radius remains relatively untroubled. There are
some key dierences between the FEA model and the set up for the experiment. The FEA model has the
slinky constrained in the Y axis, which is to say that it cannot deform vertically. The experiment set up
initially did not have a guide for the Y axis and so thakglivas free to deform in the Y axis. This was
remedied somewhat by the crude implementation of using an aluminium bar over the top of the slinky.
Unfortunately, this guide, whilst proving beneficidid not entirely solve the issue. In the future, a
besmpke guide should be designed to hold the part in all axis. The slinky strips will always try to find the
easiest way out, and so it is important to keep them constrained as much as possible. One possible
solution might be to implement rollers into the press. This would enable forces to be applied to the

part without reducing the ability to move or turn the part around the system.

Design improvements can be made to #iatorto ease the bending problem. Further designs could seek
to reduce the stress ocaung between the teeth, using the FEA model as a guide to the potential
effectiveness of the proposed new desidfnis entirely possible to manufacture a stator using the slinky
strip methodology However,the process created in this report would not bee one to use. Should
further improvements be made to this process, particularly in the feed mechanism, then there might be
some potential to the current ided.he slinky designs should also be improved, with particular attention
to the space between thieeth. The slinky designs used in this report were fairly basic, but still show the
difficulties encountered when trying to coil them. New designs could include selectively reducing the
material in the back iron or using different geometries between thetheto encourage bendinglhe

three designs proposed figure84 have been tested within the FEA simulation and the results plotted
against the original designs. The compressive (min) forces which are concentrated between the teeth are
improved from thebestcaseoriginal design, with Design A showing the greatest oupment. The
tensile stresses (max) whidtcur,and the outer region of the back iron remain at similar levels, with
Design C being slightly worsetlms regardto the bestcaseoriginal designAll three new designs show
more consistent stress profilegith Design A particularly having a much more consistent stress profile
across the face of the laminate. It is assumed that this would affect the deformation mechanisms during

winding, and potentially help to solve the issue of buckling between the teeth.
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Figure 84 possible design changes to slinky (A,B,C)

800
— Wrensile
600 1 Compressive
A B C|

- -
a
>3
@ 400
e I
A |

) 3 I I I :

0 -
10 20 30 .40 10 10 10
Back iron width (mm)
Figure 85 Comparison of new designs
40%
30%
B

20% - CH

10% - A

0% - I

205 | 405 | 605 | 405 | 605 | 405 | 605 | 605 | 60.5 | 60.5 | 60.5
10 10 10 20 20 30 30 40 10 10 10

Stator design (total width / back iron width)

Figure 86 Comparison of new designs
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5.7 Conclusions

There are three classes of material which satisfy the step specification conditions, these are silicon steels,
Metglas and Nickel alloys and Cobalt Iron. The Nickel alloys and Cobalt Iron appear toMeakbst
option based on the search criteria currently. No materials were found which satisfy the stretch and leap

goals, which appear to be as a result of the density required from the materials in these step conditions.

The FEA model shows the correctagef high stress and appears to correctly identify the relative coil
ability of the various slinky designs. Further work to the FEA model would be beneficial, such as taking
away the Y axis constraint on the slinky strip to achieve a more realistic ingdedlthe processThe

coiling process for the experiment also requires further work and refinement. One key area of
improvement is the guiding mechanism for the slinky. The slinky part is all too ready to deform axially
and as such, needs to be restraihso that it can be bent into the correct shape. The use of rollers would

no doubt be beneficial to the procedsis possible to reduce bending stresses by using alternative design
criteria. Whilst the new designs (A B & C) have successfully reduced atrd created more balanced
stress profiles across the back iron, each design introduces new issues. The first issue is particular to
designs A & C, which remove material from the back iron, reducing the available material for flux to travel
through. Thesecond issue regards winding. In the case of standard coil windinglah#@l factor might

be affected, as would the actual room available to pack wiring. In the alternative scenario that hairpin
winding is used, the cross sections of the new desigighintreate difficulties winding with hairpin

structures.

One of the challenges with developing slinky coiling processes is that curtieaitty is only limited
knowledge publicly available. Whilst there exists somehigquesfor the coiling process, thesare
patented and as such, it is difficult to develop an evidenced understanding of the process without
attempting experiments such as conducted in this resedkee, 2005§Mitsuhiro, 1989)Mitsuhiro, et

al., 1990)Yasuo & Toshihiko, 2004)

Nathan Dodd



6 Laser cutting model and evaluation as an

alternative approach

6.1  Methodology

6.1.1 Knowledge gap

Laser cutting is an establishaternative to stamping in stator production, but only for small batches or
one-offs. Research exists which compares laser cutting to stamping in terms of cut quality and laminate
performance. However, no research exists which investigates the potentiakef cutting as a mass
manufacturing alternative. Similarly, no research exists which studies the potential of cutting multiple

laminates in one operation using laser cutting.

6.1.2 Approach

The work in this chapter has been conducted using a modelling agpréaocess maps have been
developed using Microsoft Visio software fotaser cuttingoroduction processA process map has also
been developed for a proposed improved laser cuttimgcess. Using data from various sources] a
developing on the stampinmanufacturing cost modelan expanded cost model has been devised to
consider laser cutting operations. This cost mgatelvides manufacturing economics results based on

complex interactions of parameters. An analysis of this model is conducted to pinsigkt.
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6.2 Introduction

Stators are generally produced using a stamping manufacturing process, as this is considered the most
economically viable production metho®ften bser cutting is useds a wayto produce very small
batches, typically for mtotype applications or similaiMhilst there appears to be a limited amount of
research relating to technical aspects such as the quality of cut produced by laser, it is not always in
relation to stator manufacturing and its application in the prodowtof electric vehiclesThere is an even
smaller amount of research which considers the economic viability of laser cutting, particularly in
conjunction with consideration of the quality of stator producédsing an expanded version of the
stamping economic model the feasibility of laser cutting is assessed, and trials conducted using
representative materialgo measure the performance of laser cut pasts described in sectiort 0, O.

In standard &ser cutting a laser cuts a single sheet of material. This will be referred to hence as a

W2y 2 & (¥ bliP WHer@a single sheet is cut during the cutting operation.

[ FASNJ OdzidAy3I OFNNASaE (GKS 3IANBI (iSa0 BSP2¥RrSFEDa LR
particularly in combination with an optimisation of laser cutting parameters to maximise the operational
performance of the processThe cutting of multiple layers during a single operatiball be referred to

hence agdpolystromata? cut. Current laser cutting systems are capable of machining throughsteiéd

up to approximately 40mndepth, and so theoretically it would bpossible to stack sheets to around

40mm thickness and cut through them all at once. Including this theoretical manufacturing scenario in
0KS SO2y2YAO Y2RSf KI&a NBIdZANBR RS@St2LAyYy3a | aea
laser cutting roite. As with stamping, a study of the various manufacturing process parameters is

conducted, with the main consideration focussed on production time and costs.

6.2.1 Process

With these factors in mindhe laser cutting process route is considered as anraditre to stamping. It

is assumed that material would enter the process in much the same manner as for a stamping process
route (this allows the current production of electrical steel strip to be unaltered, and so this does not
need to be explicitly conséded in this planning scenaridjigure87illustrates how a laser cutting process

path would look, where the first stage of the process is taggé rolls of sheet matial would bereceived

4 Monostromag from Greek where; monesingle and stroma layer. Used to refer to cutting single sheet of
materialin a single operation.

5 Polystromatag from Greek where; poly many and stromata; layers Used to refer to cutting multiple sheets of
material in a single operation.
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and stored. The roll would be loaded onto a spindle so that it could be unwound. The sheet would feed
into a simple cutting process, such as a guillotine, which would be capable of producing cuts quickly, if
not with great preci®on and quality. The cut sheets would then be collected and stacked. Sheets would
continue to be collected in the stack until the stack has the correct amount of material. The stack is then
transferred to the laser, where it would join a queue if necess@he stack would then be transferred
from the queue into the laser cutting machine, and fixed into position, potentially requiring provision for
a bespoke fixture to be manufactured in the initial setup of the process line. The laser would then be set
upto begin cutting. The precise parameters used in the laseuggsuch as power, cutting speed, cutting
gas, etc. would be found in a ptaal and/or following the laser manufactures guidelines. Once cutting

is initiated, the laser head would move intoet start position, engage the laser, cut along the prescribed
path, disengage the laser, and return to the home position. The fixture would release the stack and the

cut stack would then be transferred to be seam welded.

6.2.2 Process improvements

One majorimprovement to the laser cutting process would be changing how the material is received. If
the material could be received as peat sheets, this would shorten the process route, reduce handling,
and reduce the equipment required in the overall procdsgure88 illustrates how the process path
becomes shorter, reducing complexity in the operation through a reduction in required actiwasly

the sheets would be soaed directly from the supplietHowever it might still be worthwhile using a
third party to precut sheets. Thigould create a much more complex supply chain, and as such increase

both cost and risk, and so it is not a simple decision to make.

Another mprovement to the process would be to create an automated, in situ, manufacturing line. It
could be possible to use the laser for both cutting and welding operations, though it would be necessary
to have a way of changing tool heads, and the provisiompirate in a 3D space, with a robotic arm for
instance, as the cutting operation typically occurs from the above plane, and the seam weld from a side
plane. This type of approach would offer manufacturing flexibility as the tools could be easily re

programmed to operate around different stator sizes.
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6.3 Development of laser cutting model

The laser cutting model uses the same starting parameters for the part design as in the model developed
in section4.3. The laser cutting model requires its own bespoke cost and production modelling, as the

considerations and parameters considered are entirely different to thoseired for stamping.

The first consideration for laser cutting is the speed at which the laser travels through the material. to
complete a successful cut the laser will need to travel more slowly through thicker materials and so this
must be taken into acamt when calculating the productions rates possible with laser cutting. The laser
cutting speed used in this model is based on typical cutting rates achieved Bk\t@&rumpflaser at

the AMRC Sheffield for cutting mild stdetevious cuts of mild steel had been performed by the operator.
The historical data providedias for mild steel with thickness of 20mm where the cutting speed was
found to be916 mm/minute and mitl steel thickness of 3mm where the cutting speed was found to be
5245 mm/minute(AMRC, 2019)These points have been plottedrigure89. Asimple line of best fit was

used to create an approximation of the cutting speed tradiefor the AMRC laser. In actuality the line
would be curved and asymptotic to theaxXis However,there was insufficient data to develop an

equation on this basis.

100

o O
o O

70

60 Line of best fit
50 y =-4.2412x + 100.12

40

30

Cutting Speed (mm/s)

20

10

10 _ 15 20 25
Sheet Thickness (mm)

Figure 89 Trumpf 3kW AMRC laser cutting speed for mild steels

The time takero perform a cutting operatioifequation( 6.1)) is a function of the cutting distance (which

is determined by the design of the stator and teeth) and the cutting speed. The cutting speed is a function
of the cutting depth. The cutting depth is a function of the number of laminates being cutard the
thickness of each laminate, with the assumption of no distance between layer derived fronD &

minimum expected cutting time using the laser model optimisatibaib{e23).
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n pmtmm TR T @O 8pmmm
pPTTT (6.1)

Change over time considers the time between cutting operations, where either the tool or material is
moved from point to point to begin theaxt cutting operation. A variety of plausible change over times

have been considered, showing the importance of having quick change over.

The cost of purchasing a laser cutting machine is considered within the model. One note is that stamping
considers thecost of a die and not the cost of a press; it could be expected that while most laminate
manufacturers already have power presgility, they would be much less likely to have laser cutting

facilities.

Laser cutting uses a variety of consumablasginy the process of laser cutting, gas is used. The model
considers the cost of gas used per cutting operation. There are also other consumables which relate to
parts such as nozzles and parts relating to the cutting bed. These have been considerdggas 106

hours of operation. Maintenance costs are estimated and occur per maintenance occurrence.
Maintenance is considered to be required after a certain number of operating hours have been

completed.

6.3.1 Assumptionsn laser cutting cost model

The modelsri this chapter represent a simplified version of the laser cutting and assembly processes.

A Sheet material costs (£/kg) is constant for all sheet thicknesses.

A stacking factoeffect is not considered for different laminate thicknesses

6.3.2 Parameter sets

Parameter set 1 represents the original data set which the model has been developed with. This includes
the stator design parameters used in the previous chapter {sd#e9). The laser cutting data set can be
seen in full inTable21 & Table22. Paameter set 2 uses the same data, except for those changes listed

in Table20.

Parameter Units Parameter set 1 Parameter set 2
L | Maintenance Cost £ 2000 5000
L  Gascost £ 0.05 2.00

Table20 Parameter sets used in laser cutting study
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6.3.3 Laser cutting model

Production rates

Laser
hours Time to produce quanti ty 5340
secs av. laminate production rate t,, 0.67

av. stack production rate tg

1.076%

Operation per minut

laminates cut per operation b 43

m/sec laser cutting speed U_ 0.034
laminates cut (best casge) n.c 43

m actual cutting stack depth L, |0.01505
mins change over timg t, 1
total operations required ng 664457

mins Laser maintenange t; 120

Table21 Production rates for laser cutting

The time taken to produce the total quantity of stacks by laser cutting is given by eq&®h The
number of operations per minut€2.2 ) is a function of the cutting speed and length of cut. Theeta
cutting speed 6.1) is derived from the data iRigure89. The cutting stek depth is found using equation
(6.4). The laminates cut per operation is found using an optimisation process, laminates cut (best case).

This optimisation process éplained and studied in secti@.

€ <o \
, B og 085-8— .
o 188 (6.2)
A
L eE (63)
v & v (6.4)

(Notation listed in TableZ21 - Table22)
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Costs
Laser
Energy costs G £447
Machine & Machining G, 2 £1,200,00
Maintenance G v £14,839
Consumables & oth¢r C. £59,924
Total costs (Machining)G » £1,275,20]
Total costs (inc raw Mats)G ; £6,152,82§
Av. Stack Copt G £61.53
Energy costs
£/ kWh RATE Gw | £ 0.25
£/kJ RATE &; | £ 0.000069
kW Laser power rating B 3
kW Laser Power usage E- 9
Machining & other costs
Number of machines purchasgdn, 4
Laser cuttef G £300,00(
/operatior Gag Gg £0.05
/100 hour other consumables Cc £500
Maintenance costs G £2,00(
operation Operations until maintenande n; 1000¢

Table22 Production costs for laser cutting

Energy costé6.5) are found by considering the cost rate of energy, the energy usage rate and the time
that energy is used for. Machining co$t6.6 ) are predicated on the cost of purchasing laser cutting

machines. Maintenance cost$.7 ) are predicted based on numbers of operations docted.

0 0O 8D (65)
o &® (6.6)
o] o] 88—

¢ (6.7)

(Notation listed in TableZ21 - Table22)
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6.4  Laser model optimisation

number of laminates cut hours mm

Sheet thickness mID 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 1150 MIN N Lam| depth
0.0001 1 | 115068 57871 38818 29299 23595 19799 17093 15069 13500 12250 11232 10389 9680 9078 8561 8114 7726 7386 7088 6826 6596 6394 62171 6217 115 11.5(
0.00011 2 | 104663 52674 35355 26705 21523 18076 15620 13784 12363 11232 10312 9552 8915 8375 7913 7516 7173 6876 6617 6394 6200 6035 5898 5895 115 12.6§
0.00012 3 | 95997 48343 32471 24545 19799 16642 14395 12718 11420 10389 9552 8862 8286 7799 7386 7033 6730 6471 6250 6063 5907 5779 s67d 5679 115 13.8(
0.00013 4 | 88664 44679 30031 22718 18341 15431 13362 11818 10626 9680 8915 8286 7762 7323 6953 6639 6375 6153 5068 5818 5701 5616 5564 5564 115 14.95
0.00014 5| 82380 41539 27940 21154 17093 14395 12479 11051 9949 9078 8375 7799 7323 6927 6596 6320 6092 5907 5760 5652 5580 5547 5551 5547 1101 15.4(
0.00015 6 | 76933 38818 26129 19799 16012 13500 11716 10389 9367 8561 7913 7386 6953 6596 6302 6063 5872 5726 5622 5561 5546 5583 5684 5546 105 15.79
0.00016 7 | 72167 36437 24545 18614 15069 12718 11051 9813 8862 8114 7516 7033 6639 6320 6063 5861 5709 5606 5553 5553 5615 5754 5998 5553 1001 16.0(
0.00017 8 | 67962 34337 23148 17570 14237 12030 10466 9308 8420 7726 7173 6730 6375 6092 5872 5709 5601 5550 5559 5642 5817 6124 6634 5550 90[ 15.3(

9

64225 32471 21907 16642 13500 11420 9949 8862 8032 7386 6876 6471 6153 5907 5726 5606 5550 5562 5657 5861 6222 6840 793§ 5550 85 15.3(
0.00019 10| 60881 30801 20797 15814 12841 10876 9489 8467 7690 7088 6617 6250 5968 5760 5622 5553 5559 5657 5876 6276 6981 8294 1118 5553 80| 15.2¢
0.0002 11| 57871 29299 19799 15069 12250 10389 9078 8114 7386 6826 6394 6063 5818 5652 5561 5553 5642 5861 6276 7030 8494 11962 2728 5553 80f 16.0(
0.00021 12| 55149 27940 18896 14395 11716 9949 8708 7799 7116 6596 6200 5907 5701 5580 5546 5615 5817 6222 6981 8494 12257 32168 6409 5546 75| 15.74
0.00022 13| 52674 26705 18076 13784 11232 9552 8375 7516 6876 6394 6035 5779 5616 5547 5583 5754 6124 6840 8294 11962 32168 63963 61184 5547 70| 15.44
0.00023 14| 50414 25578 17328 13227 10791 9191 8073 7262 6662 6217 5895 5679 5564 5557 5682 5998 6634 7938 11180 27283 64096 61182 58523 5557 70f 16.10
0.00024 15| 48343 24545 16642 12718 10389 8862 7799 7033 6471 6063 5779 5606 5545 5615 5861 6392 7494 10144 21156 64496 61425 58633 56084 5545 65 15.6(
0.00025 16| 46438 23595 16012 12250 10019 8561 7550 6826 6302 5931 5686 5561 5565 5732 6148 7030 9074 16134 65175 61917 58968 56288 53840 5561 60[ 15.00
0.00026 17| 44679 22718 15431 11818 9680 8286 7323 6639 6153 5818 5616 5545 5627 5925 6506 8109 12571 66150 62669 59535 56700 54123 5177 5545 60[ 15.6(
0.00027 18| 43051 21907 14894 11420 9367 8032 7116 6471 6021 5726 5570 5562 5743 6222 7306 10144 25400 63700 60347 57330 54600 52118 49853 5562 60f 16.2(
0.00028 19| 41539 21154 14395 11051 9078 7799 6927 6320 5907 5652 5547 5615 5925 6672 8494 15019 65038 61425 58192 55283 52650 50257 48074 5547 55 15.44
0.00029 20| 40131 20453 13932 10708 8810 7584 6754 6184 5808 5507 5551 5711 6197 7366 10731 39461 62796 59307 56186 53376 50835 48524 46414 5551 55 15.94
0.0003 21| 38818 19799 13500 10389 8561 7386 6596 6063 5726 5561 5583 5861 6596 8494 16134 64496 60702 57330 54313 51597 49140 46906 44867 5561 50 15.0(
0.00031 22| 37589 19187 13096 10091 8330 7202 6451 5955 5658 5546 5649 6080 7190 10525 44644 62416 58744 55481 52561 49933 47555 45393 4342 5546 50 15.5(
0.00032 23| 36437 18614 12718 9813 8114 7033 6320 5861 5606 5553 5754 6392 8109 15019 64496 60465 56909 53747 50918 48372 46069 43975 4206 5553 50f 16.00
0.00033 24| 35355 18076 12363 9552 7913 6876 6200 5779 5570 5583 5908 6840 9641 32168 62542 58633 55184 52118 49375 46906 44673 42642 4078 5570 45| 14.8§
0.00034 25| 34337 17570 12030 9308 7726 6730 6092 5709 5550 5642 6124 7494 12571 65038 60702 56909 53561 50585 47923 45527 43359 41388 3958 5550 45| 15.3¢
0.00035 26| 33377 17093 11716 9078 7550 6596 5994 5652 5546 5732 6424 8494 20073 63180 58968 55283 52031 49140 46554 44226 42120 40206 38451 5546 45| 15.7§
0.00036 27| 32471 16642 11420 8862 7386 6471 5907 5606 5562 5861 6840 10144 66150 61425 57330 53747 50585 47775 45261 42998 40950 39089 3738 5562 45| 16.2¢
0.00037 28| 31613 16217 11140 8659 7282 6356 5829 5573 5598 6037 7429 13269 64362 59765 55781 52294 49218 46484 44037 41835 39843 38032 3637 5573 40| 14.8Q
0.00038 29| 30801 15814 10876 8467 7088 6250 5760 5553 5657 6276 8294 21156 62669 58192 54313 50918 47923 45261 42878 40735 38795 37031 35421 5553 40| 15.2¢
0.00039 30| 30031 15431 10626 8286 6953 6153 5701 5545 5743 6596 9641 66150 61062 56700 52920 49613 46694 44100 41779 39690 37800 36082 3451 5545 40| 15.6(
0.0004 31| 29299 15069 10389 8114 6826 6063 5652 5553 5861 7030 11962 64496 59535 55283 51597 48372 45527 42998 40735 38698 36855 35180 33650 5553 40| 16.0q
0.00041 32| 28603 14724 10163 7953 6707 5981 5611 5575 6017 7632 16772 62923 58083 53934 50339 47192 44416 41949 39741 37754 35956 34322 3283 5575 40| 16.4q
0.00042 33| 27940 14395 9949 7799 6596 5907 5580 5615 6222 8494 32168 61425 56700 52650 49140 46069 43359 40950 38795 36855 35100 33505 32049 5580 35 14.7¢
0.00043 34| 27308 14083 9746 7654 6491 5839 5559 5673 6490 9800 65451 59997 55381 51426 47997 44997 42351 39998 37893 35998 34284 32725 3130 5559 35 15.04
0.00044 35| 26705 13784 9552 7516 6394 5779 5547 5754 6840 11962 63963 58633 54123 50257 46906 43975 41388 39089 37031 35180 33505 31982 30591 5547 35 15.44
0.00045 36| 26129 13500 9367 7386 6302 5726 5546 5861 7306 16134 62542 57330 52020 49140 45864 42998 40468 38220 36208 34398 32760 31271 29911 5546 35 15.74
0.00046 37| 25578 13227 9191 7262 6217 5679 5557 5998 7938 27283 61182 56084 51770 48072 44867 42063 39589 37389 35421 33650 32048 30591 2926 5557 35 16.10
0.00047 38| 25051 12967 9023 7144 6137 5639 5579 6172 8827 65869 59881 54891 50668 47049 43912 41168 38746 36594 34668 32934 31366 29940 2863 5579 35( 16.44
0.00048 39| 24545 12718 8862 7033 6063 5606 5615 6392 10144 64496 58633 53747 49613 46069 42998 40310 37939 35831 33945 32248 30713 29317 28043 5606 30[ 14.44
0.00049 40| 24060 12479 8708 6927 5994 5580 5665 6672 12257 63180 57436 52650 48600 45129 42120 39488 37165 35100 33253 31590 30086 28718 2747 5580 30| 14.7¢
0.0005 41| 23595 12250 8561 6826 5931 5561 5782 7030 16134 61917 56288 51597 47628 44226 41278 38698 36421 34398 32588 30958 29484 28144 2692 5561 30/ 15.0(
Median| 15.4(
Av.Dev] 0.94

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115

Table23 Section of all possible laser cutting production times considered within this study

One of the major challenges of modelling the cutting of stacks is knowing the most efficient number of
stacks to cut. There is a dynamic traolé which occurs between the laser cutting speed and the number
of cutting operations required, as well as timaken elsewhere in the cutting process transferring parts.
The solution used in the model is to create a dynamic H4gokable so that results are updated

automatically based on any set of parameters included within the model

The laser model is optimadg to provide the most time efficient cutting sap. A broad range of
combinations of laminate thickness and number of laminates cut is computed in the model and the
corresponding production times listed in ti@ble23. It should be noted thataminates are typically only
available in a much more limited range of thicknesses than has been included in this derivation of the
model. The fastest production times occur inetlgreen shaded area. Using lookup functions, the table
finds the most efficient number of laminates to cut for each laminate thickness that has been entered.
This process has limitations though, as results are restritdetthose available in the lookup ray.
Expanding the table further is an inefficient solution and does not necessarily provide accurate answers
when the model is adapted to represent variations on the process. The best solutions, particularly for
smaller lamination thicknesses, tend towarthe extreme right side of the table, to the extent that the

solutions cease to present as they are no longer covered by the values in the table
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The data provided by the first lookup table is used to define a more specific s#iecton, and helpfully,

this is automatically adapted to changes in the model elsewhere. For parameter set 1, the best production
times occur when there is a cutting depth somewhere in the region of 18®mm Eigure90). Using

this knowledge, a more defined search is conducted, where given a sheet thickness, results are only
considered where the number of laminates cut per operation equate to cutting depths in thiehsea

region as demonstrated by the examplefigure91.

c
el
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Cutting depth (mm)
Figure 90 Cutting depth distribution
=R
Sheet thickness (mm) 40 41 42 43 44 45 46 47 48 49 MIN N Lams|

0.35 5668 5628 5598 5578 5568 5569 5581 5606 5644 5697 | 5568 44

Figure 91 Example of final lookup in model

The model can either be optimised to provide the most efficient production times for a given set of
parameters, or alternatively, to provide the most c@dticient production seup. Using tle same
optimisation process as before, results were obtained across a range of sheet thicknesses to assess the
differences in optimisation choice. Results for costs have been obtained using a variety of overhead rates.
Overhead rates are directly proportial to time, and so it is useful to understand how they might affect

the optimisation decision process as a result. A further study was conducted using a different set of
parameters, considering the effect of a much greater gas cost per operation anddgadrenaintenance

costs. These parameters are considered here because they are directly related to costs per operation,
and both parameters are included in the model with assumed cost rates, it is not necessarily that gas
costs and maintenance costs spexfly are expected to be much higher, but that their implementation
inthe model allowsthemi 2 STFSOGAGSte 6S dzaASR +ta | gte 2F Yy
The results ifFigure92 show that the difference in production settings is small, but noticeable between
each data set. Differences are more pronounced when sheet thickness is thinner, which is expected as
more sheets are required to create the same changesiiting depth. It can be seen that as overhead

rates increase, the optimisation results become synchronised. This makes sense, as with increased
overhead rates, there is increased cost associated with time, and as such, optimising costs tends towards

optimising time as overhead rates increase.
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6.4.1 Parameter set 1
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Figure 92 Comparison of optimisation processes, where gas price is £0.05 and maintenance costs £2000

(material costs included in Av. cost of stator)

It is important to reognise that because the model is using an optimisation procedure, the variations in

time and costs are very small, regardless of whether the model is optimised for minimum cost or time. It

may be the case that with a different set of parameters, mostyikelating to the laser cutting machine,

there may be much more variation in results across the range of possible cuttingset
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6.4.2 Parameter set 2
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Figure 93 Comparison of optimisation processes, where gas price is £2.00 and maintenance costs £5000

(material costs included in Av. cost of stator)

The alternative parameter set shows results with a much greater spfegdre93) than those initially

gained from the starting set of assumptiomsgure92). The time optimised results are exigcthe same,

which is expected as the parameters which have been changed relate to cost functions only. The same
trend occurs where increased overhead rates cause the cost optimised results to tend towards the time
optimised resultsHowever in this case much greater overhead rate is required to create parity with

the time optimised results. It remains true that for any cutting-spt there are only very small deviations

between set ups regarding the optimised output.
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The greatest differences can beesewhen the overhead rate is set to A@hilst an overhead rate of £0

is unrealistic in real terms, it provides the absolute maximum case and is a useful baseline for comparison
where actual overhead rates or unknowim this case, there the two diffent optimisation processes
provide very different outcomes. Optimising for minimal production time results in an increase of average
stator costs by approximately 6% compared to the cost optimisedigeAlternatively, optimising the

model to reduce costdramatically increases production times by approximately 100% in the best case.
Interestingly, there is also an increased production time variation across the various cuttungssehen

the model is cost optimised.
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Figure 94 Comparison of time optimisation and cost optimisation for overhead rate £0

This study shows the importance of having of statistical process cosygiemin place for the
implementation and use of a laser cutting productimmocess, particularly if the process is expected to
perform cuts of multiple sheets per cutting operation, as is examined here. As well as the cost and time
aspects of this process, there is of course a question of changes to the quality of the cungocatien

a stack is used. The provide an initial answer to this a study has been conducted here for a limited range
of setups, with particular attention to the suitability of parts for use in electric machines. For a full
consideration of how cut quality ight vary with detailed shapes and different potential products, an

extensive production trial would be needed.

As the model is further used to study the effectiveness of laser cutting laminations, it will be time
optimised using parameter set 1 and an overhead rate of £200 as a ddfatllis setup, there are only
small differences in the optimised outputdjaaving for a study of individual parameters without the

results being dominated by other factors.
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6.5 Laser cuttervariation

One of the major determining factors of time and cost efficiency is the laser cutting speed. The laser
cutting speed used in this medlis derived from known cutting speeds of mild steel (similar to lamination
material) which have been performed using a 3kW Trumpf laser that can be found at the AMRC design &
Prototyping centre. It is possible to use laser cutting machines which héseedifcutting speed profiles,

as proposed irFigure95. The profiles for the alternative lasers are based on a laser cutting speed
reference chartTable35). Three laser profiles have been selected; 1kW, 3kW and 10kW. It is expected
that the 3kW laser from the chart should provide similar results to the AMRC laser. The costs of each
laser alternative are not considered in the model at this stage, though it should be expected that the
higher power machines are more expensive to purchase and to operate. Each laser has an ideal cutting

depth due to the optimisation proceduré&igure96).

A trend appears present which shows that more powerful lasers can produce stators at a faster rate. Part
of the reason for this is the ability of the laser to peratér through deeper stacks. The more powerful
lasers also cut through the same cutting depths at faster rates, as eviden€gaiig95. The 10kW laser

also represents more costeffective way of producing statorglowever this does not include the cost

of purchasing the more expensive machine. The results for parameter set 1 and set 2 both show that the
10kW laser has cost savings of approximately £9 per stack a&MRC laser. The lotgrm production
quantity considered in this research is 100,000 stators. This equates to a potential £900,000 cost
difference, which would potentially be more than the extra machine costs. Whilst further work is
required, particulag with consideration to the lifetime costs of the machines, it appears possible to
produce stators more cosdffectively by using more powerful laser cutting machines. It should also be
noted that the 1kW laser cutter performs by far the weakest on battetand cost metrics. Interestingly,

the 1kW laser cutter also sees a greater increase in cost when considering the effect of Parameter set 1

and Parameter set 2, probably as a result of requiring performing more operations.
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Figure 95 Examples of laser cutting speed alternatives
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Figure 96 Production times for alternative laser cutting speed profiles using parameter set 1

£180 .
£170 ="
£160 ///// —t = 1KW
_ £150
3 — & - 10kW
o
c
S
S £140 —8— AMRC
3
o
o
X
& £130
(7))

S @
: e -
£120 == =

0@ -7 =T ==
£1oo‘—f”’
Parameter set 1 Parameter set?

Figure 97 Stator production costs for different lasers using parameter set 1 and set 2
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6.6  Laser cutting model analysis
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Figure 98 Effect of extra laser cutting machines

The model used in this study usemldnticallaser cutting machine€ach additional machine adds to the
overall initial costs of stator production as the cost of investment for each machine is considered. The
model does not account for the added complexity introduced by having more machines and resources in
motion, meaning that benefits in production time are effectively overestimated. Another factor that
should be considered is risk. Investing in many laselirgutinachineshas risks, as the largeapital
investmentwould effectively be a sunk cost. Timachinery would cease to add valsieould production
quantities reduceand capital would be locked into the value of the laser cutters as opposettoa

easily accessible form as asset, such as.CHsére is also the potential that a technology leap occurs,
meaning the purchased machines become redundant and lose value. Time would be lost removing old
machines and installing new ones, as wellrsdost of this process. Given the possible risks, it would be
advisable to use as few machines as are necessary to be economically viable. In thiglcasehBes
balance the benefits of greatly reducing production time, though an argument could be thatl 2
machines is sufficient for smaller enterprisesthis would balance the need for capital investment whilst
gaining the benefits of production time and co¥thilst these risk factors, and the lowest costs, suggest
that 1 machine alone would bie best option, a single machine limits the potential for growth as the
manufacturer would be limited to smaller order quantities due to capacity issues and the time required
to produce stacks. There is also the sbkuld amachinebreakdown or failure@ccurat some point, there

IS no ability to produce stacks otherwisehich wouldbring the whole operation to a stand.
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Figure 99 Time spent performing activities where chaioger activity take 60 seconds and 10 seconds

The change over time reflects the time it takes between completing one cutting operation and beginning
another, where the stacks are moved into and from the laser cutting machine. The changeover operation
does not add any valu® the product and is simply a necessity of the proc€hange over time has a
significant influence on the overall production tinagcounting fothe majority of time spent producing
stator laminations where changaver times are 60 second&iven thathere is an accountable cost for
every hour of production, as defined by the overhead rate, the chavge process has a time and
financial costs associated with it. For a production quantity of 100,000 the clamgerocess is directly
responsible foover £500,000 of overhead costs. One method of reducing the time between operations
is potentially investing in a fast, automated loading and discharge system to reduce the time lost in
change over. These types of systems can be expensive to purchassy @dnly suitable where the
improvement to times, and order quantities are sufficient to create real savings. This is a similar argument
to the proposal of using an alternative laser cutting machine. Both improvement processes require
substantial investrant, and they are directly linked in the production process. it would be prudent to
consider any process improvement initiative holistically to ensure that the overall system, laser cutting
and transition, works without issuetherwise it is possible #t the systems may be incompatible,

resulting in an increase work and processing as a result of added complexity in the manufacturing system.
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Figure 100Potential overhead savings of improving change over time from 60 seconds to 10 seconds
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Figure 101 Overhead rate effect for different production quantities

The overhead rate can havdaageimpact on the decision to invest in new machines and fixtures. In the
previous example of investing in an automated loading maghameincreased overhead rate would
create greater need to reduce production times andlier incentivise the purchase. However, the new
machine would also incur some alteration to overhead rates, as its factory footprint, labour & skills
requirements and other factors would need to be taken into consideration. The skills required to operate
the more advanced technology may not be readily available or difficult to source, which creates greater
costs and risks in transitioning towards more advanced procedsds. also possible to use the
introduction of new manufacturing facility as apportunity to optimise the currentvork spacing and
layout design. Additional benefits may exist in terms of the effect on the work force, as a reduction in

manual handling stresses mayesmprovements to both morale and performance.

Small production gantities are very expensive in the considerations of the present work as the model
includes the high investment costs for purchasing laser cutting machines, which would likely be required
given that stamping is the current standard production proc€asce production output has reached
30,000 stacks, the average stack cost steadily reduces regardless of the overhead rate corSiglered (

101).
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Figure 102 effect of length of cut on production time for different sheet thickness

Given the fixed speed of the laser there is a linear relationship between the length of cut and production
time. There is a very smallegligible effect caused by using different sheet thicknesses, which may be
seen in the small deviations seen previousigure92, suggesting that there is no relationship between

the length of cut and sheet thickness.

One of the benefits of using a laser cutter is the ability to produce more complex cutting geometries,
where a standard stamping process is limited. It might be iptesghat if parts are designed for
manufacture by laser cutting, that the length of cut can be reduced slightly compared to the standard

design, presenting an opportunity to save productione in the laser cutting process.
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Figure 103 Effect of gas price on laser cutting cost

Trials in this study showed how different shielding gases can be used during the cutting operation (see
section6.7). It is difficult to quantify the amount of gas used in any cutting operation, and as such, it is
only possible to estimate the cost of the gas used in the process. Discussions with technicians indicated
that costs are relatively low, with the probability being that gas costs are in numbers of pence rather than
pounds sterlingper cutting operation The optimisation study demonstrated that thetal cost of
consumablesised per operation, inclusive of gasn have a major factor on the design of the process
and the selection of process parameteExcessiveonsumablecosts can have a major impact on the
overall cost of producing a statoms demonstrated byigure 103, where gas (a consumable per
operation) directly increasebe average stator cost by approximately £7 for every £1 increase in the cost
of the consumable (gas in this cas@ne method ofeducing this effect is to switch to a cost optimised
model Howeverthe results presented earlier (Sectiérd.?) indicates that this can have a negative effect

onthe productions times as a result.
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Figure 104 Proportion of cost associated to activity
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6.7 Conclusions

Laser cutting is currently used primarily as a method of producing prototype laminations for stators. The
viability of laser atting laminations for mass manufacture relies on the ability to improve the process,
mostly in terms of reducing productions timeBhis can be tackled from both a technical machining
perspective and an operations management perspective. Laser clidisdpeen demonstrated to have

the capability to perform the required task, namely cutting electrical steel laminates, and further work
can be conducted to find an optimal set of parameters for a given laser cutting machine. The effect of
cutting parameterson the quality of part produced are explored in sectibnFrom an operational
perspective,the introduction of laser cutting as an alternative manufacturing precegy create
opportunities in the total manufacturing system, such as opportunities to reduce wastes using lean
manufacturing principles. The flexibility of a laser cutting machine fits in well with this type of approach,
especially compared to stamping ete a new tool must be designed and manufactured for each new

design of stator.

Laser cutting has relatively low tooling costs, but laser cutting machines require large sums of investment.
The model used in this study recommends that multiple laser cutting machines are used in combination
with other process improvementolystromatacutting has the potential to reduce process times
immensely However this is at a cost to the performance of parts produced, and also may be limited by
the depth of stack which can feasibly be cut. It may be possible to identify a laser cutting maokine, a
laser cutting parameters, which are capable of cutting through large stacks without introducing bending

or joining issues.

The laser cutting trials in this study involved a manual part change over. This was reflected in the model
by the change over timbeing 60 seconds. An automated system should be possible in combination with
a tailored laser cutting machine selection. This would enable parts to be changed over much more quickly

and also reduce the time spent manually handling gobds again reques investment.

Nathan Dodd



7 Polystromata | aser cutting experiment

7.1 Methodology

711 Knowledge gap

Laser cutting is an established alternative to stamping in stator production, but only for small batches or
one-offs. No research exists which studies the potential ofingtimultiple laminates in one operation

using laser cutting.

7.1.2 Approach

Ly AYAGALE fFaSN) Odzii G Ay 3 (kNATHimpf laseraTheQi@aywaslzGad oR  dza A
identify settings for further cutting trials. The initial cuttings settings were chosen based on consultation

with the machine operator. The machine settings tested in this trial are listédlite24. The machine

settings were used in combination with manufacturers recommended (defaul)isdtased on sheet

thickness and sheet material. The sheet material which was sourced $dritliwas Cogent M2585A.

Figure 105Samples from initial single sheet cutting trial
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Figure 106 CAD used in first trial

Cutting settings

settings

material cutting gas Name Nozzle

copper nitrogen CUN 1.2
Aluminium nitrogen ALIN 1.4
Mild Steel nitrogen MS N 1.4

copper oxygen CuoO 1.2
Aluminium oxygen ALI O 1.4
Mild Steel oxygen MS O 1
Mild Steel Compressed air MS CA 1.7

Table24 Settings entered into Trumpf 3kW laser to crearaples
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Polystromata laser cutting
Lessons were learned from the initial single sheet cutting trial. The laser starting position was changed so

that the laser begins in the bottom left corner, offset intoetscrap material such that the start of the
cutting process does not influence the samples. A preliminary polystromata cut trial was also conducted
using the CAD design froRrigure106. This revealed that the position of the screws was too close to the
laser cutting path. A new CAD design was developed and used, incorporating smaller screws with shorter
screw heads. There were 2 x 4mm diameter bolts per stack of 7 daesinThe holes for the bolts are
within the strips cut, but are positioned near the ends, in an identical position for all samples, so that
they will not interfere with an eventual magnetic measurement by Epstein frame. The laser settings used

were identfied from the analysis of results from the previous laser cutting trials in sedtjon (

Figure 107 Revised CAD used in laser cutting ofskgin samples

Figure 108 Side view of stack with new bolt arrangement prior to cutting
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SEM Microscopy study

Figure 109Mounted samples for SEM trial 1

An initial Scanning electron microscope (SEM) was conducted to view the quality of the cut edge
with greater detail. Sections were taken from the laser cut samples and the laser cut edge viewed under
an SEM microscope. Two full stacks were chosen at random for testing. Sections were takengrom o
end of each stack, and manually cut so that the samples would adhere to the mounting protocols. The
samples were mounted and viewed by University of Sheffield electron microscopy technicians following
standard procedures. To prepare the samples for asicopic examinatioslices adhered to each other
using double sided conductive carbon tape &mther wrapped in conductive copper tap&he asembly

was held on aluminium SEM stub with copper tag®oviding a conductive pathway for the imaging
electrons The cut edge of samples wasagined in an FEI Inspect F FEM at 15k\Mecording images

at magnifications x100 and x2%0 secondary electron (SEjode,using a spot size of 3.5 and aperture

of 4. Where indicated backscatteredectron (BSE)mages wee also obtainedo enhance contrasin

regions of topographical and compositional difference.

Nathan Dodd



Further SEM Microscopy study

Figure 110Mounted samples for SEM trial 2

A further study was conducted to understand how the microstructure of the material had been affected
as a result of the Polystromata laser cutting procéssther examination was carried out to examine the
interior of the samples, usingn FEI Inspect FEE SEM at 15kV, Spot size 3/3.5 and objective aperture 5
The specimens were mounted edga in conductive Bakelite and ground and polished to a mirror finish.
The exposed surface, which showed the cut edge on one side and then the section throughdhe sh
wasimaged atx500magnificationusing bothSE andBSE imagingxamininghe edge of the sample and

a regionroughly in the middle of each striffhe imaging mode allowetbntrast between graing be

seen & predominantly channellingontrast enhanced bya light etch (Nital) prior to examinationo

reveal the grain structure.
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Epstein frame trial

e

Ve G 1 v 1

Figure 111 Epstein frame used in trials

A trial was conducted using Polystromata laser cut samples. The sawgie800mm x 50mmas in
Figure107, including the small hole sections. It was determined following consultatitm Professor
Jewell of the electric machines and drsvresearch grouf2019)that these holes should only have a
negligible effect on the results of the Epstein trial. Samples were separated into those from l2ye¥s 1

4 and 56. Layer 7 samples were not used as a resuliomfconformance. Results were obtained based

on these groupings of layers. The trial was conducted under the supervision of a trained University of
Sheffield technician following the instructions as outlined_bporatorio Elettrofisic§2019) The Epstein

frame was set up with, Frequency 50 Hz and approximately Bv 0.303 T, Jv 0.3 T for all trials.
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7.2 Introduction

Laser cuttinghas thepotential to be analternative to stamping in the production of stators and rotors

for electric machines. Laser cutting is generally only used to produce prototypes and small batch
quantities as the process is considered too slow and costly to be used at scale relata@pingt one
method of increasing the economic efficiency of laser cutting is to perform multiple cuts per cutting
operation. Asnoted before this canpotentially be done by stacking laminates prior to laser cutting
However this type of process has not ee verified for electrical steel®Vork conducted isectionO of

this research demonstrates how this method can be used to reduce production time anditosisver

it is unclear how the quality of parts produced might be affected. A further problem is understanding the

technical hurdles which affect the manufacturability of stators due the multiple laminate cutting process.

An initial trial study was conducted witkingle sheetsf electrical steelto better understand the
interaction between the material and the laser. Multiple laser setting parameters were used, with the

best resulting laminate samples settings being used in further studies.

The main trial inhis study was conducted using stacks constructed of 7 laminations. These samples were
assessed in multiple ways. The geometric accuracy and consistency were measured, as was the size of
burrs and defects. The samples were tested using an Epstein frammedsure the electranagnetic
performance of the samples, and further SEM tests were conducted to attempt to identify any

meaningful differences in the samples based on the position of the sample in a stack during cutting.
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7.3 Cutting of single sheet laminate

7.3.1 Single sheet laminate cutting variation

Laser cutting is considered to be an accurate and precise method. A simple rectangular cut was produced
on 28 single sheets. The cuts were performed with the same laser settings on each cutting operation. The
width of each sample was designed to be 50mm, as described by the &B&Dséction7.1).
Measurements were taken using a Vernier calliper to measure the 50mm feature sioneffigurel12
shows a high level of accuracy for cutting single sheet samples. All samples were cut within a tolerance

of better than 1% accuracy.

49.9 49.95 50.05 50.1

50
single layer with of sample (mm)

Figure 112 Variation of width of sample after single cut operation

7.3.2 Laser settings effect on part quality

Samples were produced using various laser cutting set{segsTable25 - Table27). Different shielding
gas settings were used, ranging from; oxygen, nitrogen, and compressed air. Different material settings

were selected in the laser cutting machine sgt; ranging from mild steel to aluminium and copper.

All cuts performed with oxygen as a cutting gas exhibited signs of discolouration and burning. This was a
particular problem around hole geometries at the podf entry and exit of the laser beam. Samples cut
using nitrogen had much less discoloration and edges where both smoother and more conforming to the
expected shape as described by the CAD. The quality of laser cut smaller features such as the holes
creaed during the first cutting operation often had discolouration at the entry / exit points of the laser.

Settings which used less powerful laser settings appeared to show less discolouration around the holes.

Full results are displayed Table25 - Table27. The different cutting settings are ranked based on the
quality of samples produced from this trial. The four best performing cutting settings were then used in

a polystromatacutting trial.
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Table25 Laser cutting single laminattrial results part &

6 Specific settings were not made available by manufacturalicative settings have been sourced which provide
a reasonable estimation of the specific settings which have been used to produce theg@\pptndixl1.5p199)
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Table27 Laser cutting single laminate trial results part 3
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74  polystromata lasecutting

7.4.1 polystromatacuttingtrial 1

The four best laser settinggsom the single cut trial were carried intopolystromatacutting trial. The
purpose of this trial was to begin to understand the challenges around lampwystromatacutting,

and to identify an appropriate method of prading samples for further electnmagnetic trials.The
samples were evaluated in the same way as with the single sheet cutting trial. Full results are given in
appendix11.7.

Issues were encountered durintge planning for these cutting trials regarding the needaiffix parts

within the laser cutting machinélhe shielding gases used during cutting producereef capable of
moving laminates if they are not properly secured. This issue had occurred during the cutting of single
sheetsand had only affected one sample which has blown out of position. Stacks were held together
using small screws to reduce the pot&l of parts moving during cuttingpuring the cutting of stack 2,

the stack was shifted from its position. This occurred through a combination of the laser cutting nozzle
colliding with a protruding screw and the force of the cutting gases being ejéaiadthe nozzle. As a
result, stack 2 has not achieved the desired Tlie laminates in stack 4 are stuck together at the cutting
edge. The laminates are less separable as the depth of cut increases. Stack 3 failed to be completely
separated from the of€ut. There was a small section on a corner which the laser had not passed through.
This would appear to be another situation created by the laser nozzle crashing into protruding screws
and requiring the operator to restart the operation. The offcut wasnoally removed after the laser

process was completed@he laser was set to cut a thickness of 2.5mm material in each case.
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Figure 113Burr / droplet size on bottom layers of stacks & stack layer quality results

The resultsdr this trial are shown irigurel13, with each layer of the stack evaluated for qualithe

best polystromatacut appeared to have been achieved usingieSEA &G Ay 3 W/ 2 LILISNI b A
settings.Howeverhe best single laminate cuts weaehieveddza A y 3 W! f dzY A Y A dzY Yy A (i NP 3
The single sheet and stack cutting studies both appear to show that nitrogen as a cutting gas provides
greater quality cuts for the material being tested. This confirms the suggestioGdwyorskakoniarek

(2011) Nitrogen cut samples tend to have much less discolouration around the cutting edge, particularly

in comparison to samples twith oxygen. Layer 7 for each stack had an issue with material collecting

along the cutting edge in a dripping effect. This effectively created a burr on layer 7. Whilst the copper
nitrogen settings appeared to demonstrate the best cut, it was also ¢ftings with the greatest burr

on layer 7.

7.4.2 Polystromatdrial 2- geometric variance

An alternative design wadeveloped moving the screw positions to centre of the paBlamples were

produced using copper nitrogen cutting setting3uring the laser cuthg operation there were no issues
with the laser head colliding with screws, as had previously occuilfed. geometric variation was
measued, just as measurements were takiersection7.3.1 Measurements were taken at two positions

in this case; edge A and edgésBeFigurell4). Both edge features are designed to be 30mm imgth.
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Figure 114 Laser route and identification of Cuts A & B
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Figure 115 Variation of width of sample aftgrolystromatacut operation

The resultsin Figure 115 show that at edge A, asimilar level of precision as in the single sheet
measurementss achievedHowever the cut is less accurate, with theedian result being approximately
30.8mm instead of the specified 30mm. The cut at edge B has much more variability in the results,
showing a reduction in the precision of the cut performed in this location. The cut is generally less
accurate too, with te median cut being 30.27mm instead of the specified 30mm. The cut performed at
edge A is along the line of the lasers first action. This means that this cut is performed while the part is
firmly fixed in place, as it is still attached to the outer parthaf sample. Edge B occurs when the sample

is less fixed in place, and this means there is more potential for the part to move, even only very small
movements. This is one reason why the cut at edge B is less precise than the cut at edge A. Both cuts
were kess accurate than cutting single sheet laminates. Part of the reason for this is due to the laser focal
point. The laser beam is wider as the distance from the focal point increases. Because these cuts were
performed using stacks, different layers in thack have been cut by a beam which has a variation in
beam thickness between layers. A combination of these effects reduces the accuracy and precision of
polystromatacutting. However it may be possible to use a fixture agi and more developed laser

settings to produce more accurapmlystromatacuts.
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Another solution is to design the CAD geometry with an offset which is equal and opposite to the
deviation caused by laser cuttinin this case a slightly undersized trapezoidal geometry might produce
more accurate cuts which better reflect the intended specification.. IH®veverdifficult to determine

a general rule for how cut geometries should be manipulated to achievedltiier it could be something

that would be determined through the trial of particular geometries.

7.43 SEM stack results

Samples were studied using SEM microscopy. Two stacks were studied to confirm a consistency in results
between stacks. The resulting images listed inTable28. The results show a consistent cutting pattern

in layers 16 for both stacks. In these layers, there is negligible burring on the edges. Laygachistack

clearly shows excess material on the underside of the layer. This is considered to be as a result of molten
material which has collected either through dripping or being blown downwards between lapges. 7

is not in a useable state to bedluded into astator or rotorlaminationstackwithout further processing

to remove the excess materialne solution is to simply scrap layer 7. This would mean scrapping 14.3%

of material based on a-layer cutting stack. Assuming that only the bottoaydr ever needs to be
scrapped, the percentage of layers scrapped would be reduced by increasing the number of layers in the

cutting stack.
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STACK 1 STACK 2

imode HV  [spot WD |mag O 500 pm
LAYER SE_15.00kV| 3.5 11.6 mm| 250x

500 pm

Table28 SEM results (x250 magnification) secondary electron 15kV
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A further investigation into the grain structure of the samples was performed with results shdvablie
29& Table30. In all samples the area at the cutting edge shows a different material structure to the rest

of the sample.

mode HV mode HV spot| W — N L)
Z Cont|15.00 kV Z Cont|15.00 kV| 3 mi 500 x

spot| WD | = 200 pm
7 Cont|15.00 kv| 3.0 [10.2 mm| 500 x

mode HV spot| WD [mag O 200 pm
Z Cont|15.00 kV| 3.0 |110.2 mm| 500 x

A

/| 2y iAydzSR | ONRP&a LJ 3SX
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Table29 SEM results of cut edge (x500 magnification) secondary electron 15kV
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