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WelCoMe to tHe 
feMM Hub

The past year has seen a welcome, if a slightly stop-
start, return to face-to-face events and now near 
normal laboratory working.  We have seen a marked 
change in our ability to generate experimental 
data at scale to complement earlier simulation 
and modelling work due to a combination of new 
facilities coming on-line and increased on-site 
working. This in turn has led to a marked upturn in 
journal papers and conference presentations over 
recent months. It is particularly gratifying to see the 
breadth of journals and conferences in which the 
hub is now routinely represented. 

Three innovative UK SMEs have joined the FEMM 
Hub as industry partners in the past year. Tannlin, 
Motor Design and Rotary Engineering each 
bring new expertise and perspectives into the 
Hub and have already provided valuable insight 
into developments in their respective fields and 
contributed technical expertise and manufactured 
test-pieces. We are always on the look-out to 
expand our group of industry partners, so please get 
in touch if you would like to explore joining. 

The activity on sustainable manufacturing and 
circular economy which we initiated in January 2021 
continues to develop at pace with strong leadership 
from Jill Miscandlon at Strathclyde. This has already 
generated significant interest from the research 
community, industry and R&D funders, with a 
growing portfolio of case studies and projects. We 
have also initiated collaboration with prominent 
groupings such as National Interdisciplinary Circular 
Economy Research Hub (CE Hub) and the EPSRC UK 
FIRES project.

As will be seen in this report, we have re-structured 
the core research programme in the past year 
to recognise the cross-cutting nature of process 
monitoring and sustainable manufacturing so that 

these provide 
input to all the 
technology areas 
covered in the other 
Grand challenges.  The process monitoring activity 
in Grand Challenge X2 has been very productive 
in generating journal papers on many aspects of 
manufacturing process monitoring. 

As described on page 56 of this report, the Hub 
continues to expand its outreach activities and 
has recently had a stand at two exhibitions and 
participated in a highly successful schools STEM 
event in  Rotherham where researchers and PhD 
students from the Hub helped a large number of 
secondary school pupils build machines from a small 
kit of parts. 

Overall, it has a been a very positive year with a real 
sense of momentum and growing recognition and 
influence for the Hub. Beyond the hub, the wider 
prospects for electrification and electrical machines 
remains very buoyant. 

professor gerAint JeWell
FEMM Hub Director

Follow us on Twitter: 
@feMMHub

www.electricalmachineshub.ac.uk

To receive our newsletter, please 
email:

feMMHub@sHeffield.AC.uk
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tHe future eleCtriCAl MACHines MAnufACturing Hub: putting uk 
MAnufACturing At tHe forefront of tHe eleCtrifiCAtion revolution

tHe Hub Will Address key MAnufACturing CHAllenges in tHe produCtion of HigH 
integrity And HigH vAlue eleCtriCAl MACHines in tHe folloWing seCtors: 

AerospACe, energy, HigH vAlue AutoMotive, preMier ConsuMer

AiMs And obJeCtives

To establish electrical machine manufacturing as a recognised research discipline in 
the UK with a critical mass of activity which is internationally leading.

To bring rigorous leading-edge manufacturing systems and digital manufacturing 
research into high value electrical machine manufacture with ultimate control and 
flexibility.

To improve the UK skills base, including within partner companies, in the field of 
electrical machines and their manufacture.

To rapidly transition emerging technology through to industrial application by pulling 
proof of principle/concept manufacturing systems through to manufacturing research 
demonstrators prototypes for industry to work on alongside Hub researchers and 
develop for application.

To develop innovative manufacturing processes and technologies to improve the 
integrity and in-service reliability of high performance electrical machines.

To embody the research findings in an array of hardware demonstrators and 
modelling tools to support Technology Readiness Level (TRL) scale up and wider 
industry/academic engagement.

To support UK manufacturing industry as electrical machines increasingly become 
core products in new sectors.

To create an open and inclusive academic, innovation and industry communities 
around the Hub that provides supported access to the research outputs we develop 
and stimulates new collaborations.
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feMM Hub At A glAnCe
27 stAff MeMbers27 stAff MeMbers
10 pHd students10 pHd students
24 Hub pArtners24 Hub pArtners
17 industry Advisory boArd MeMbers17 industry Advisory boArd MeMbers
6 sCientifiC Advisory boArd MeMbers 6 sCientifiC Advisory boArd MeMbers 
6 grAnd CHAllenges6 grAnd CHAllenges
2 Cross Cutting tHeMes2 Cross Cutting tHeMes
7 feAsibility studies funded7 feAsibility studies funded
21 publiCAtions 21 publiCAtions 



Meet tHe teAM

Nabeel Ahmed
Newcastle University

RESEARCH ASSOCIATE (GC1.1)

Abbas Kazemi Amiri
University of Strathclyde

RESEARCH ASSOCIATE

Xiao Chen
The University of Sheffield

LECTURER in ELECTRICAL MACHINES

Ryan Diver
AMRC 

CHIEF ENGINEER - DIGITAL 
TRANSFORMATION

Michael Farnsworth 
The University of Sheffield
RESEARCH ASSOCIATE (X2)

Hub direCtor 
Geraint Jewell

The University of Sheffield

Hub MAnAger 
Laura O'Keefe

The University of Sheffield

deputy direCtor
Ash Tiwari

The University of Sheffield

Ben Morgan
AMRC

Michael Ward
ARFC, University of Strahcyle

Glynn Atkinson
Newcastle University 

Gladys Benghalia
AFRC - NMIS

HEAD OF ELECTRIFICATION

exeCutive teAM 
Our Executive Team is made up of the 

Director, Deputy Director, Hub Manager and 
representatives from each of our academic partners. 

Lindsey Farnsworth 
The University of Sheffield

FEMM HUB ADMINISTRATOR 

Jason Ede  
The University of Sheffield

RESEARCH FELLOW (GC 2.1)
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Gianmarco Pisanelli
AMRC

TECHNICAL LEAD - NOVEL ROBOTICS 
(G2.3)

Lloyd Tinkler
AMRC

TECHNICAL FELLOW - ELECTRICAL 
MACHINES (GC2.3)

Steve Forrest
The University of Sheffield
RESEARCH FELLOW (GC2.2)

Jill Miscandlon
AFRC - NMIS

SENIOR MANUFACTURING 
ENGINEER (GC 1.3 AND X1)

Rafal Wrobel
Newcastle University 

SENIOR RESEARCH ASSOCIATE 
(GC1.1)

Alexei Winter
AMRC 

TECHNICAL LEAD - IMG 
ELECTRIFICATION TEAM (GC2.3)

Divya Tiwari
The University of Sheffield

RESEARCH FELLOW (X2)

Rab Scott
AMRC

DIRECTOR OF INDUSTRIAL 
DIGITISATION

Barrie MeCrow
Newcastle University 

PROFESSOR OF ELECTRICAL POWER

Alasdair McDonald 
Edinburgh University 

CHAIR IN RENEWABLE ENERGY 
TECHNOLOGY

Zi-Qiang Zhu
The University of Sheffield

PROFESSOR OF ELECTRICAL ENGINEERING

Robin Purshouse  
The University of Sheffield

PROFESSOR OF DECISION SCIENCES 

Jiabin Wang
The University of Sheffield

PROFESSOR OF ELECTRICAL 
ENGINEERING (GC1.2)
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Hub pArtners
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Our partners help us work towards our 
vision of putting UK manufacturing at the 

forefront of the electrical revoultion and have helped 
shape our current and future research programme. We are 

interested in the full spectrum of industry partners from large 
OEM’s through to SME’s in the supply chain. 

If you are interested in becoming a hub partner, please email Hub Manager: Laura.
Okeefe@sheffield.ac.uk.



gAretH edWArds
Programme Director  AMPI

NATIONAL PHYSICAL LABORATORY

sAM turner
Chief Technology Officer, HVM 

CATAPULT

Annie HeAney
Business Development Manager 

LANNER

ruArAidH MCdonAld-WAlker 
Technical Director
MCLAREN Applied

kirAn HArisH
Lead Technologist

 ATI

dAniel Hodson
R&T Partnership and Contracts 

Manager, AIRBUS

CHuAnli ZHAo
Principle Research Specialist

GKN AEROSPACE

industry Advisory 
boArd

ArWyn tHoMAs
Head of Module Management - 
Electricals, SIEMENS GAMESA 

dAvid Moule
Technical Specialist - Electric Drives

ZF GROUP

nir vAks
Global Director

CARPENTER ELECTRIFICATION

CArl boettCHer
Manufacturing Technology Materials 

and Processing Specialist 
ROLLS-ROYCE

Our board brings together senior figures from the FEMM Hub’s industry partners. They appraise and advise 
on the impact activities to maximise the opportunities for knowledge exchange and ensure the Hub delivers 

impact for UK industry. 

JuditH MCCAnn
Senior Portfolio Manager

EPSRC

younes riACHe
Dynamic Systems and Control 

Engineer, HEXAGON

MAAMAr benArous
Technical Fellow

COLLINS AEROSPACE

dAniel sMitH
Principle Motor Drives Engineer 

DYSON

lArs sJoberg
Head of System Design, ALVIER 
MECHATRONICS - HOGANAS AB

CHris Hilton
Chief Technology Officer
PROTEAN ELECTRIC LTD
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sCientifiC Advisory 
boArd

Our board brings together leading academics from across electrical machine and manufacturing research. 
They advise on and help support the development and growth of the hub, including its leadership role 

within the national research and innovaton landscape. 

Duc Trouong Pham is Chance Professor of Engineering and Director of Research with the 
Department of Mechanical Engineering at the University of Birmingham. He has made wide-
ranging contributions to the theory and practice of mechanical, manufacturing and systems 
engineering. He is a Fellow of the Royal Academy of Engineering, Learned Society of Wales, 
Society of Manufacturing Engineers, IET and IMechE.

peter tAvner
Durham University

MAnoJ r sHAH
Rensselaer Polytechnic Institute

AdAM ClAre 
University of Nottingham

Avo reinAp
Lund University  

tetsuo toMiyAMA
The International 

Professional 
University of Technology in Tokyo

Adam Clare is Professor of Manufacturing Engineering and Faculty Director of Admissions 
at the University of Nottingham. He leads a research team which has activities across non-
conventional machining processes and additive manufacturing/3D printing. In addition to 
his research activity, he leads the strategic development of the recruitment strategy for the 
Faculty of Engineering. 

duC trouong pHAM
University of Birmingham

Avo Reinap is a Senior Lecturer within the Industrial Electrical Engineering and Automation 
group, Faculty of Engineering at Lund University, Sweden.  His previous roles include, 
Associate Professor in the Department of Electrical drives and Power Electronics, Tallinn 
University of Technology and Postdoctoral Fellow in the Division of Industrial Electrical 
Engineering and Automation, Faculty of Engineering, Lund University. 

Manoj Shah is an internationally recognized expert in the area of advanced design and 
analysis of electrical machines. He has co-authored 88 U.S. patents, 21 Institute of Electrical 
and Electronics Engineers (IEEE) journal papers, and over 25 conference papers. He was 
recently elected to the National Academy of Engineering for his technical advancements in 
design, analysis and alpplications of electrical machines. 

Peter Tavner is an Emeritus Professor of the School of Engineering and Computing Sciences 
at Durham University. He then held senior research, development and technical positions in 
manufacturing industry, most recently as Group Technical Director of FKI Energy Technology, 
an international business manufacturing electrical machines, drives and wind turbines  in 
the UK, Holland, Italy, Germany and the Czech Republic.

Professor Tetsuo Tomiyama is Vice-President and Dean of the Faculty of Technology at the 
International Professional University of Technology in Tokyo. He is an internationally well-
known expert in design theory and methodology, function modeling, systems architecting, 
maintenance engineering, and service engineering. He was awarded Royal Society–Wolfson 
Research Merit Award Holder, Fellow of ASME, CIRP, and JSME.
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our reseArCH
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our reseArCH
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reseArCH progrAMMe.
tHe reseArCH ACtivities enCoMpAssed by tHe Hub ContAin A CoMbinAtion of A-priori 
defined reseArCH proJeCts delivered tHrougH tWo grAnd CHAllenge (gC) tHeMes And 
ACCoMpAnying Hub pHd studentsHips, And An ArrAy of More flexible ACtivities WHere tHe 
speCifiCs of tHe reseArCH Will eMerge tHrougHout tHe lifetiMe of tHe Hub. 

plAtforM reseArCH 

1st feAsibility CAll
- Manufacturing of lightweight structural components for high performance electrical 
machines by electromagnetic pulse technology (EMPT).
- HiPPES – High Performing and Processible Electrical Steels.
- Industrial Manufacture of Marinised Coils – IMMCoil.
- Additive Manufacturing for Next Generation Functional Integration of Windings and 
Thermal Management in Future Electrical Machines.

Cr
os

s 
Cu

tt
in

g 
tH

eM
e 

1:
 s

us
tA

in
Ab

le
 M

An
uf

AC
tu

ri
ng

 o
f 

el
eC

tr
iC

Al
 M

AC
Hi

ne
 C

oM
po

ne
nt

s 
fo

r 
tH

e 
Ci

rC
ul

Ar
 e

Co
no

M
y

W
or

k-
pa

ck
ag

e 
le

ad
: D

r J
ill

 M
isc

an
dl

on
 (A

FR
C)

seCondMentsproof of ConCept

gC tHeMe 1: proCess innovAtion, Monitoring And 
siMulAtion

gC 1.1.  reAlising novel MACHine designs froM innovAtive 
MAnufACture.
Work-package lead: Dr Glynn Atkinson (Newcastle)

gC 1.2. MAnufACturing of feAtures for in-serviCe 
perforMAnCe.
Work-package lead: Professor Jiabin Wang (Sheffield)

gC 1.3. MAnufACture of ligHt-WeigHt And Multi-funCtionAl 
CoMponents.
Work-package lead: Dr Jill Miscandlon (AFRC)

Hub PhD 
studentships 

Externally 
funded research
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reseArCH progrAMMe.

plAtforM reseArCH 

2nd feAsibility CAll
- Next Generation Composite Air-gap Windings of Future Lightweight Electrical Machines.
- Feasibility study for a flexible, modular pilot line to accelerate innovative soft magnetic 
material development for electric machines.
- A critical evaluation of large scale direct drive wind turbine electrical machines 
manufacturing techniques considering sustainability aspects and recyclability issues 
‘CEDEMSARI’.

Cross Cutting tHeM
e 2: in-proCess trACking And trACtAbility for Zero-defeCt M

AnufACture 
of eleCtriCAl M

ACHines
W

ork-package lead: Professor Ash Tiw
ari (ACSE, Sheffi

eld)

gC tHeMe 2: MAnufACturing-led innovAtion in eM

gC 2.1. forM noMinAl Core properties to in-serviCe 
perforMAnCe.
Work-package lead: Professor Geraint Jewell (EEE, Sheffield)

gC 2.2. MAnufACturing HigH perforMAnCe Coils WitH 
ultiMAte Control.
Work-package lead: Dr Steve Forrest (EEE, Sheffield)

gC 2.3. MAnufACturing teCHnologies for flexibility And 
CustoMisAtion.
Work-package lead: Dr Lloyd Tinkler (AMRC)

Industry 
funded PhD 
studentship 
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gC 1.1: reAlising novel 
MACHine design 
freedoMs froM 
innovAtive MAnufACture

tHis Work pACkAge is foCussed on using neW And innovAtive MACHine design, MAnufACturing 
teCHniques And MAteriAls to enAble iMproved perforMAnCe of eleCtriCAl MACHines by 
foCussing on ModulArity And tHerMAl perforMAnCe.

By 2035 the Advanced Propulsion Centre (APC) seeks a step change in electrical machine performance, with 
power density rising from 2.5kw/kg to 9kW/kg and cost to more than half from 10 to 4.5$/kg.  The aerospace 
industry seeks greater changes with power densities reaching 40kW/kg.

To enable this an electrical machine has four factors to improve passed around the equations:

poWer = torque x speed
torque = MACHine voluMe x MAgnetiC loAd x eleCtriCAl loAd

 
Power density can be increased through higher speed; as is a growing trend in electrical machines [https://
www.dyson.co.uk/vacuum-cleaners/sticks/dyson-hyperdymium-motor].  Focusing on aspects other that 
speed; power density increases can come from better magnetic materials (the magnetic load) or increased 
current density (the electric load).  An increase in volume reduces power density; so is not desirable.  Magnetic 
materials are not expecting a step change, so the focus is currently an increased electric load.

An increase in electric means higher current densities.  This means higher temperatures.  Electrical machines 
are designed to operate close to their temperature limit; any further increase in current density and hence 
temperature risks overheating and reduced lifetime.  This work package addresses this issue from two angles;

Modular Machine Design: splitting the stator into individual or groups of teeth.  This allows for direct to 
tooth, or off-tooth bobbin winding of the coils, resulting in a more precise winding arrangement, denser 
coils, an improved coil thermal conductivity and more reliable thermal interfaces.  This allows greater current 
densities to be used, increasing power density, but for the same temperature rise.

Better thermal management: By using heat pipes and thermally conducting/electrically insulating materials, 
heat generated in the coils can be more efficiently removed: again, allowing for a greater electrical load at 
the same temperature rise.
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ModulAr MACHine design

A modular approach to the design and construction of electrical machines offers a number of potential 
benefits:

• Separate teeth allow for the use of direct or pre-wound (possibly Additive Manufactured) coils.  These have 
a much higher copper fill factor than standard winding methods, resulting in an improved thermal path and 
the higher electrical loadings required for power density.
• Precision winding and control over coil-tooth interface offers predictable thermal properties; reliably 
allowing increased electrical loadings and predictable thermal performance (and lifetime).
• Embedded features such as sensing, cooling channels, heat pipes, location features can be incorporated 
more readily in modules.
• A modular approach allows newer machine topologies (TFM, YASA, AFM) offering higher torque density.
• Separate modules can be easily repaired, replaced or upgraded; offering a more circular economy approach 
to electrical machine design.

However, modularity does have disadvantages:

• More components are required; as an example a 6 tooth stator will require 13 stator components (coreback 
+ 6 teeth + 6 coils) when fully modularised.
• More modules result in more and longer processed edges: this can result in degraded permeability and 
iron loss.
• The interface between components presents difficulties such as tolerance variation, increased magnetic 
reluctance, reduced mechanical stability.
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• Manufacturers may be tempted to use glues or potting techniques; making recyclability and repair difficult.

Demonstrator development

Following our December 2020 workshop (detailed in the last annual report) we have focussed on developing 
a demonstrator platform to allow direct experimental comparison between traditional and modular 
machine topologies.  We have chosen the FreedomCAR 2020 specification as our baseline.  The openly 
available Freedom car 2020 specification from the US Department of Energy offers a realistic and challenging 
automotive specification.  Furthermore, a wide range of research has been carried out to this specification 
allowing a wider set of data, beyond our own measurements, for comparison. 

We have designed and are constructing two 
machines for initial comparison: A distributed 
winding version offers a more traditional 
construction method as a base line.  A Concentrated 
Wound version then offers an individually wound 
tooth design which can then be easily modularised 
by splitting into individual or sets of teeth.  These 

can be directly would on-tooth, or a coil pre-formed and placed over-tooth prior to assembly of the complete 
stator.  This modular construction method greatly increases slot-fill when compared to traditional winding 
techniques, resulting in the thermal and electrical load benefits as mentioned.

Full experimental testing of the two demonstrators and their modular versions will be carried out over 
2022, offering industry and academia a direct comparison and reliable set of data to assess alternative 
modular manufacturing 
methods against 
more traditional 
m a n u f a c t u r i n g 
methods.

Several modular options 
are being considered 
for prototype including 
axially connected 
modules with precision 
interfaces running in 
the axial direction and 
tapered teeth allowing 
complete tooth and 
coreback separation. 

US Department of Energy Freedom car 2020 target: set to push the 
boundaries of traction drive design

FreedomCAR 2020 specification: 55kW peak, 30kW continuous

Distributed winding (top left), Concentrated winding (top right), torque and efficiency 
characteristics (bottom) of the demonstrator design.
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CNC vision system

Stage 4 industrial placement student Ali Meraj 
Mohammadi began measurement investigations of 
a modular stator using the newly installed Starrett 
AVR300 CNC vision system.  This 2D/3D vision system 
extracts optically and probed measurements into an 
exportable DXF file to allow comparison between 
manufactured components and their original design 
drawings; this way manufacturing tolerance and 
batch variation can be automatically investigated 
using high precision measurement.

tHerMAl MAnAgeMent of eleCtriCAl MACHines 

using HeAt pipes  

The initial theoretical body of work on thermal management of electrical machines using advanced phase-
change solutions has moved to the next stage, where both additional power losses and heat transport 
capability of alternative off-the-shelf HPs have been experimentally evaluated. All these are to formulate 
appropriate models for design and integration of HP-based thermal management systems with the next 
generation high-specific output electrical machines.  The theoretical and experimental evaluation of the 
off-the-shelf heat HPs has shown that the electromagnetic, thermal and mechanical compatibility issues are 
the key limiting factors for a successful commercial deployment of HP technology in thermal management of 
electrical machines. To resolve some of the compatibility issues a research and development activity funded 
by the Newcastle University IAA EPSRC has been carried out.  

A family of custom-made conventional-format HPs for reduced additional power losses and increased heat 
transport capability has been fabricated and is undergoing tests. A significant increase of the heat transport 
capability (X7) and reduction in additional power losses (X60), has been shown from the initial tests. Further 
work is aimed at development of advanced 
phase change thermal management of 
electrical machines that fully utilises 
the existing array of materials and 
manufacturing techniques for all-around 
improved performance.  

Further to the work on thermal 
management of electrical machines using 
the advanced phase-change solutions, a 
‘white paper’ (EPSRC Rapid Spend Award) 
exploring the technology landscape related 
with thermal management of integrated motor drives has been compiled. The review material gathered 
during the award has formed a basis for both journal publication and book chapter (IET book on Integrated 
Motor Drives).   

Axially connected modules Tapered tooth modules

Starrett AVR300 CNC vision system (left)  Modular stator (top 
right), Module interface (bottom right)

Alternative HPs analysed/developed in the project  
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gC 1.2: MAnufACture of 
feAtures for in-serviCe 
Monitoring

Within the core programme, the utility of the FBG sensors in measuring dynamic stress and static 
stress and the method for attaching them to the structure of interest was verified by comparison with 
strain gauge measurements on a simple test-piece as a prelude to attached them to representative 
conductors. It is important to recall that the main reason for adopting FBGs is their robustness, immunity 
from electromagnetic noise,  and ease of integration with a machine winding rather than necessarily 
outperforming strain gauges in terms of linearity 
and bandwidth. The figures below show comparison 
between strain gauge output and FBG output for static 
bending of an Aluminium plate and a comparison of 
the dynamic response for oscillations of the sample 
plate at different over-hang lengths. The dynamic 
strain waveform shown is for the longest overhang of 
220mm and hence the lowest frequency oscillation. 
This experimental data provided reassurance over 
the capability of the FBG and the method adopted for 
mounting the fibre sensor using Z70 cyanoacrylate 
adhesive manufactured by HBM. 

It was shown in research reported in the 2021 
Annual Report that stress within the coating layer 

tHis grAnd CHAllenge is ConCerned WitH exploring tHe CHAllenges And opportunities 
of building in eleMents into An eleCtriCAl MACHine to enHAnCe tHe riCHness of dAtA for 
in-serviCe Condition Monitoring. MuCH of tHe reseArCH to dAte, As reported in previous 
AnnuAl reports, HAs foCussed on tHe detAiled MeCHAniCAl Modelling of Coil struCtures, 
in pArtiCulAr tHe MeCHAniCAl stresses introduCed by teMperAture CyCling, And tHe 
potentiAl for eMploying fibre-brAgg grAting (fbg) sensor eMbedded WitHin Coils to 
Monitor tHe Condition of tHe Coil And As A MeAns of prognostiCs And rApidly deteCting 
tHe onset of fAult Conditions. reseArCH to estAblisH tHe utility of fbg sensors for 
MeAsuring teMperAture And strAin in eleCtriCAl MACHines Continued into 2021 but HAs 
sinCe been sCAled bACk in tHe Core progrAMMe And piCked up WitH A pArtiCulAr MACHine 
level deMonstrAtion by An industry sponsored pHd proJeCt As detAiled on pAge 52 of 
tHis report.
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is an important factor in premature failure of insulation during thermal cycling compared to the lifetime 
expected from the thermal index. A 
means of reliably inferring strain in the 
insulation coating in service would offer 
a useful addition to the armoury of 
tools currently being developed for real-
time condition monitoring. The use of 
FBG sensors to measure coating stress 
has been explored on a rectangular 
conductor. It is well recognised that one 
limitation on the direct measurement of 
strain in fine copper wire is the tendency 
of the fibre to brace the copper, with this 
effect diminishing as the cross-section 
of the copper increases. A combined 
finite element and experimental study 
was performed on a 5.8mm x 1.5mm 
rectangular coated copper conductor. 
A two element FBG fibre was attached 
to the conductor using an alignment jig 
to ensure good alignment between the 
fibre direction and the conductor axis. 
The region of the fibre containing the 
first element was attached directly to 
the conductor using Z70 cyanoacrylate 
adhesive while the second region was 

passed through a thin-walled PEEK tube (OD 0.8mm, ID 0.5mm) so as to mechanically isolate this element 
from the strain in the conductor. A separate thermocouple was also attached to the conductor to provide an 
independent measure of conductor temperature.

Interrogating these two 
FBG elements provides 
simultaneous and near co-
located measurements of 
temperature compensated 
strain and temperature. 
The resulting variation in 
the stain and temperature 
measured for a gradually 
stepped increases in ambient 
temperature derived 
from the combination of 
FBG elements and the 
thermocouple are shown 
below. As will be apparent the temperature measured by the mechanically isolated FBG element tracks the 
measured strain and gives a very consistent coefficient of thermal expansion for the arrangement across 
the temperature range of 17.278±0.017 µm/m°C. This is within the range of published linear coefficients of 
thermal expansion of copper which are variously reported as 17-18 µm/m°C. The finding that the net strain 
is dominated by the expansion of the copper and that the FBG element and coating have limited effect 
on the strain is to be expected given the large conductor cross-section. Finite element studies however 
demonstrate that bracing of the conductor by the FBG results in a reduction in strain of the order of 4% for a 
1mm x 0.5mm cross-section rectangular conductor, but the effect diminishes as conductor size increases. In 
a practical winding, a large number of conductors are usually bonded together by epoxy. Hence embedding 
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FBG sensor for strain measurement will not have much effect on measurement accuracy.

The linear and temperature invariant scaling between the FBG measured temperature and conductor 
strain exhibited in the measured results provides a well-founded basis for inferring strain from temperature 
measurements using a mechanically isolated FBG element. 
Given the stress-strain curve of the coating material such 
as that below, albeit quoted for a bulk sample rather than 
thin layers applied to conductors, provides a means of 
inferring stress from FBG temperature measurements. By 
way of example, the strain of 1440 µm/m observed at 100oC 
in the temperature excursions in the experimental testing 
corresponds to a stress of 5MPa as compared to zero stress 
at 20oC. Hence, the stress cycling of the coating can be 
monitored in service thus providing an improved prognostic 
capability by accommodate coating fatigue into lifetime 
predictions. These values are based purely on the stress 
imparted due to expansion of the copper. In a machine which 
incorporates encapsulation the stress levels will be higher 

for a given expansion due to the stress imparted by 
the encapsulant material. These stress levels were 
discussed and modelled in the previous annual report.

The potential for improved life predictions was 
reported in a paper ‘Prediction of the Impact of 
Thermal Cycling on Machine Lifetime Based on 
Accelerated Life Testing and Finite Element Analysis’ 
which was presented at the IEEE Industrial Electronics 
Society IECON 2021 conference. This paper built on 
the research presented in the 2021 Annual Report, 
but added further considerations of operation at 
more representative temperature cycles than the 
accelerated temperature cycling used to generate 
the lifetime de-rating curves. By way of example, the 
graph below shows the predicted S-N curves for the 
conductor coating within a machine winding for a 
range of temperature cycles.
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gC 1.3: ligHt-WeigHting 
And Multi-funCtionAl 
non-ACtive CoMponents 
tHe MAin foCus of gC1.3 is to ligHtWeigHt tHe non-ACtive CoMponents of An eleCtriCAl 
MACHine, WHiCH typiCAlly ACCount for 45-55% of tHe totAl WeigHt of tHe MACHine. tHe 
design optiMisAtion for eleCtriCAl MACHines HAs been so fAr foCused on tHe ACtive 
CoMponents, WitH little optiMisAtion perforMed on tHe non-ACtive CoMponents. A 
seCondAry ConsiderAtion for gC1.3 is to Address MAnufACturing CHAllenges AssoCiAted 
WitH sMAll bAtCH produCtion.

One of the main streams of work for GC1.3 in the past 
year has been the development of a methodology 
to fully integrate manufacturing constraints 
and opportunities with the machine design 
considerations. The novelty in this work includes 
material data specific to individual manufacturing 
process in the design of components. Not only does 
this reduce the risk of over-engineering components, 
it also allows for an assessment of when and where 
expensive materials and processing routes can be 
put to best use. 

A paper is currently being submitted which 
summarises the methodology and the development 

of a structured approach for initial design parameters, 
as well as providing some modelling work to 
demonstrate the benefits of this approach.  Initial 
modelling results have been used to highlight the 
impact of using specific material data at the design 
stage.

This stream of research will be developed further 
in the coming months with a second paper written, 
which will focus on detailed modelling work 
based on the methodology developed in the first 
paper. Experimental manufacturing trials will also 
be conducted in order to prove out some of the 
theoretical design developed through this work. 

Design options for a rotor hub and shaft assembly
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The methodology could also be extended to 
include more elements such as manufacturing 
process modelling or Life Cycle Assessment 
data to further enhance the through life design 
optimisation (see right).

A new stream of work was also launched, in 
conjunction with GC2.3, on understanding 
what a manufacturing system for small batch 
electrical machines would look like. This 
could be a fully customisable approach, or a 
rigid process line with selected customisable 
aspects for flexible manufacturing of specific 
components. In the first instance, we need to 
understand what manufacturing processes are 
common amongst different electrical machine 
types, and what range of manufacturing 
options a small batch system would need 
to cover. There are several manufacturing 
systems that already deployed in industry which 
include flexible and reconfigurable aspects. For 
mass produced components or machines, there is 
typically a Dedicated Manufacturing System (DMS) 
developed, and for very low volume of production, 
Reconfigurable Manufacturing Systems (RMS) can 
be deployed. For items that require flexibility for 
the production of small sets of components, Flexible 
Manufacturing Systems (FMS) are often utilised. 

A Flexible Manufacturing System is a manufacturing 
system in which there is some amount of flexibility 
built in that allows the system to react to a certain 
degree of change. These are usually built in to 
allow to the system to be changed to produce new 

product types (routing flexibility), absorb large-scale 
changes, such as in volume, capacity, or capability 
(machine flexibility). This approach is often used in 
the production of small sets of products, similar to 
those from a mass production run.

Reconfigurable Manufacturing Systems (RMS) 
are designed for rapid changes in structure, 
hardware, and software, in order to quickly adjust its 
production capacity and functionality within a series 
of part families. RMS possess six core characteristics: 
modularity, integrability, customisation, scalability, 
convertibility, and diagnosability. For the work 
being conducted within FEMM hub, a RMS with 

some additional flexibility will likely be 
required. The relative placement of these 
different systems is shown in the diagram 
to the left.

In order to better understand the 
requirements of any flexible production 
line, a workshop was organised and a 
range of experts were invited with the 
group covering multiple areas of electrical 
machine research including electrical 
machine design, manufacturing, and 
automation solutions. The key innovation 
of the workshop was to group machine 
types based on manufacturing processes 
used during production rather than the 
traditional way of separating based on 

electro-magnetic design. The outputs 
from this workshop are being used 

Optimised design integrating various elements such as design and 
manufacturing constraints, and life cycle assessment data

Placement of various manufacturing systems in terms of number of variants 
and volume of production (Adapted from H.El Naraghy, Int J Flex Manuf Syst 

(2006)17:261-276
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as the basis for a journal paper, which will focus 
manufacturing processes that could be included for 
the four key elements of machine production: rotor, 
stator, coils, and non-active components, as well as 
highlighting which common manufacturing process 

will be required regardless of the machine type being 
produced.

Manufacturing processes have been noted for each 
of the four key elements of the machine, and ranked 
based on a variety of drivers including process 
speed, process and tooling flexibility, and cost. The 
next stage will be to consider the ranked scores in 
order to build an example flexible production line, 
however, the scoring will not be taken in isolation 
but will be assessed in the overall aim of the work. 
For example, if a manufacturing process has a high 
flexibility score, but a low overall score, this wouldn’t 
necessarily be disregarded since development of the 
technology in factors such as cost or Manufacturing 
Readiness Level, could elevate the score. The aim 
of the scoring was to provide a first approximation 
to inform the next stages of the work, rather than 
provide a definitive answer.

A secondary area associated to the flexible 
production line is the standardisation of components. 
Currently, prototype machine are typically designed 
to be bespoke for a specific application. However, 
for volume of production to be ramped up, a certain 
measure of standardisation will need to be embedded 
to assist with manufacturing and assembly capability. 

Some standardisation will also be necessary to enable 
automated disassembly, which will be critical for end 
of life processing of future electrical machines. This 
area of the work links well with the research being 
conducted in GC X1, and in the future could assist with 

certification and maintenance activities. There is a 
range of solutions between completely standardised 
components and machines, to fully bespoke one-off 
machines, as shown below, and the role of this work 
will be to find the optimal solution for small batch, 
high value electrical machines.

The key aim of this work is to understand how we 
ensure manufacturing solutions are flexible enough 
for future production challenges. This includes 
not only the ability to handle different machine 
topologies currently being manufactured, but also 
the ability to deal with radical design changes that 
might come with the need for ever increasing power 
density requirements.

The next steps for GC1.3 will be to publish two 
papers on the integrated design and manufacturing 
methodology, and the flexible manufacturing system. 
The frameworks in these two papers will then be 
developed further through detailed modelling work, 
and practical trials which will be used to validate the 
methodologies.

Range of options from full standardisation to full customisation
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gC 2.1: froM noMinAl 
Core properties to 
in-serviCe 
perforMAnCe
tHis grAnd CHAllenge proJeCt is ConCerned WitH tHe iMpACt of tHe vArious proCesses 
used in tHe MAnufACture of A stAtor Core on tHe finAl eleCtroMAgnetiC perforMAnCe of 
tHe MACHine, pArtiCulArly in terMs of Core loss And MAgnetiC perMeAbility. tHe reseArCH 
progrAMMe enCoMpAsses botH edge dAMAge froM profile Cutting And tHe effeCts of 
residuAl MeCHAniCAl stress froM interferenCe fitting of CoMponents. tHere is A foCus, 
AltHougH not exClusively, on tHe beHAviour of CobAlt-iron during MAnufACture. 

The stator and rotor cores in an electrical machine 
are usually manufactured by stamping or laser 
cutting processes which can result in varying degree 
of damage adjacent to the cut edge which impacts 
to the core material properties, notably a reduction 

in magnetic permeability and an increase in core 
loss. The permeability reduction in the vicinity of 
cut edges leads to an increase in the flux densities 
in the core in regions well away from the edge, 
resulting in a further increase in the core loss. Given 



pAge 29

that most commercial FEA tools do not provide 
users access to a distance-dependant permeability 
in each element, a layered-core FEA model has been 
developed and implemented within the FLUX2D 
environment to account for the edge damage 
effect on the permeability reduction and core loss 
increase. The variation in magnetic permeability 
as a function of distance from the cut edge can be 
characterised in measurements or extracted from 
literature. Subsequently, the magnetisation curve for 
each layer is derived from the permeability versus 
-distance function before being assigned to the 
layered-core FEA model. Then, the FEA calculation 
over one electrical cycle is performed to obtain the 
nodal flux densities at each time step and also the 
element-node table, before the core loss is calculated 
externally considering the minor loop effect.

The flux density distributions throughout two 
stator cores of a permanent magnet machine, 
one with edge damage and the other without, has 
been evaluated using the layered-core FEA model. 
As shown in the plot of the flux density difference 
throughout the core, there is a marked increase in 
the flux density in regions away from the cut edge, 
behaviour which is consistent with that reported in 
literature. However, in contrast to some published 
findings, the magnitude of the flux density difference 
is relatively small at 0.12T. This is a consequence of 
the electrical machine used in this case study being 
a high-performance machine, in which the stator 
core is predicted to operate into magnetic saturation 
at the design stage, and hence the flux density re-
distribution due to edge effects is less pronounced 
than has been observed in less magnetically saturated 
machines in literature. The core loss increase caused 
by the permeability reduction due to edge damage is 

0.5% for the high-performance machine with Hiperco 
50 cobalt iron cores used in the case study. However, 
this difference can increase to 5% if using a much-
reduced load to maintain a ~1.2T bulk flux density 
in the stator core with silicon iron material. Note 
that to date, the core loss calculation in this work 
has not accounted for the direct impact of the edge 
damage (e.g. due to insulation damage) on the core 
loss. Instead, it investigates the influence of the edge 
damage on the bulk flux density and the resulting 
core loss.

Alongside the development of models, work has 
continued with the generating of measured data 
to support the models in terms of material specific 
coefficient for the materials and laser cutting 
parameters. Following an extended down-time 
for repair the iron loss tester, the measurement of 
iron loss densities of the cobalt iron strips has been 

progressing at pace with initial testing being carried 
out using both the Epstein frame (EF) and single 
strip tester (SST) to characterise the material prior 
to deliberately introducing more edge damage and 
re-characterisation. The full load of 28 strips, which 
allows for 7 layers, were used in the Epstein frame. 
The number of layers needed to be reduced as the 
frequency was increased to keep the output voltage 
within the measurement bounds. Example curves 
above give an insight to some of this data. Flux density difference between with and without edge damage 

effect

Epstein measured BH curve at 100Hz

Epstein measured loss density at 2.2T
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After the preliminary tests, with the Epstein frame (EF), testing was continued on the single strip tester (SST) 
as this is required to accurately assess the degree of edge damage from slitting on individual strips. Some 
modifications were made to the instrumentation to increase the signal-to-noise ratio with the EF and SST 
rigs.  Following these modifications, significant effort was directed to establishing a reliable and repeatable 
test methodology to ensure a robust baseline for the unstressed and uncut samples. The methodology 

Rolling direction - BH loops at 200Hz Rolling direction - BH loops at 1000Hz

Transverse direction - BH loops at 200Hz Transverse direction - BH loops at 1000Hz
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adopted produced good repeatability but demonstrated a significant shortfall in performance against 
published baseline losses. This was addressed with a new set of material samples and cross-checking with 
laboratory measurements performed by Carpenter Technologies.  Comparison of the magnetisation curves 
for the new strips demonstrated significant differences in permeability between strip samples aligned along 
Rolling direction (RS) and Transverse to the rolling direction (TS). These differences also evident in the BH 
loops from the loss characterisation tests. From each batch, of rolling and transverse aligned strips, 8 pieces 
were selected to be characterised and then from these 8 strips 2 were then set aside to be used as control 
samples and the remaining 6 will have slits created in them and then be tested again to ascertain the degree 
of edge damage. 

Alongside the investigation into effect of edge damage on the iron loss we have taken delivery of the AML 
Z3 stress tester and this is being adapted for integration with the single strip tester to allow quantification 
of the change in flux carrying capacity and loss density levels under tension/compression. Initially the 
universal stress tester held the test pieces in the vertical plane, which poses several problems when trying to 
simultaneously use the SST to measure iron loss under tension/compression. The simplest approach was to 
adapt the universal tester by rotating the holding jaws to mount the strips in the horizontal plane. An adapter 
has been manufactured to allow correct support of the moving jaws whilst also preventing rotational forces 
being applied to the load sensor. 

Following on from earlier work detailed in previous Annual reports which showed the need for support 
of the strips when under compression to prevent buckling a fixture has been designed to hold the strips 
when using the SST. This fixture has been designed, as much as possible, to limit additional friction whilst 
preventing buckling of the strips. Other than regions of the order of a few mm at each end to allow set-up and 
movement of the stress tester clamps, the strips are fully supported/constrained along their entire length. 
The build and commissioning of this fixture is on-going.
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gC 2.2: MAnufACturing 
HigH perforMAnCe 
Coils And ultiMAte 
Control
tHis grAnd CHAllenge is ConCerned WitH tHe preCision MAnufACture of eleCtriCAl 
MACHine Coils, WitH A pArtiCulAr foCus on reCtAngulAr seCtion ConduCtors, botH solid 
And HolloW. As detAiled in tHe 2021 AnnuAl report, HolloW ConduCtors in WHiCH A fluid 
(liquid or Air) pAsses tHrougH A sMAll duCt in tHe Centre of tHe ConduCtor to iMprove 
HeAt trAnsfer And reduCe tHe dependenCy on HeAt trAnsfer ACross tHe slot And tHrougH 
lAyers of insulAtion. tHis offers sCope to inCreAse Current densities And HenCe poWer 
density And design insulAtion systeMs to Meet eleCtriCAl And MeCHAniCAl requireMents. 

A key accomplishment in the past year has been the completion of a test-rig, shown below, to experimentally 
validate the heat-transfer capability and pressure drop behaviour of a representative sample of hollow 
conductor. The first conductor considered is a 4mm x 4mm square section conductor with a 2mm circular 
duct at its centre. 

Custom electrical and fluid 
connections have been 
designed manufactured to 
interface with the sample 
conductor and provide a 
means for measurement of 
pressure at the fluid inlet 
and outlet to the conductor 
sample. A custom solution 
was necessary since the 
small size of duct precludes 
the use of standard fluid 
connections. The 1m 
long conductor sample 

is restrained within a support structure as shown, which is thermally and electrically insulated from the 
conductor. The region around the support structure is thermally insulated with insulation board and fibre 
such that all practical purposes, the sample is thermally insulated in terms of heat transfer from the conductor 
surface. 

The support structure also provides a mechanism to ensure the thermocouples, which are secured at defined 
locations along the axial length, remain in contact with the conductor throughout the test. The conductor 
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and support assembly are housed in a thermally insulated chamber, to provide a stable environmental 
temperature for the test sample and ensure that the fluid remains the primary heat transfer mechanism 
from the hollow conductor. 

A commercial oil temperature control unit, with integral pump, provides regulation of the bulk fluid 
temperature via an external chilled water circuit. A measurement of instantaneous flow rate through the 
duct is provided by an inline oval gear flow sensor. Heat transfer via the electrical supply cables have been 
accounted for through calibration of losses from the sample, when no cooling fluid is present in the duct. 

A typical set of results is shown below and shows temperature versus time, for a DC conductor current density 
of 40A/mm2 at a flow rate of 1.2l/min of MIDEL 7131, a synthetic ester dielectric liquid. The temperature 
measurements at defined locations along the conductor temperatures are represented by TC_1-11 (numbered 
1 to 11 from the inlet to outlet). The positive and negative terminal temperatures are represented by TC_-
Term and TC_+Term respectively. The fluid inlet and outlet temperatures are represented as Fluid_In and 
Fluid_Out.

As can be seen from these representative results, the maximum copper temperature is 140OC for an oil inlet 
temperature of 60OC when operating at 40A/mm2. It is interesting to note that this peak temperature occurs 
at one thermocouple position from the end of the conductor due to the heatsinking effect of the external 
high current cables. The pressure drop across this 1m sample for the steady-state thermal conditions is 4.1 
bar/m. This test-rig is being used to validate a thermal model that has been developed, which includes the 
significant influence of viscosity changes in the coolant fluid over the temperature range of interest.

Experimental results showing temperature of the conductor sample, electrical terminals and fluid inlet and outlet, for a 
conductor current density of 40A/mm2.
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Further progress has been made towards 
developing models and methods to produce 
repeatable, multilayer coils in solid bar and 
hollow conductors, where precise control of 
the individual position of each turn is required 
in order to achieve a high packing factor. As 
described in the 2021 annual report, an existing 
250kW air cooled generator has provided a 
meaningful case study and coil design, direct 
cooled hollow conductor coils to achieve a 
significant reduction in active volume and 
weight. The baseline hollow conductor coil 
design is a concentrated, racetrack coil design, 
which fits around a single tooth of the stator 
core and is located within a pair of parallel-sided 
slots. A single coil, comprised of a 4x4mm hollow conductor (2mm central circular duct) wound with eight 
turns, occupies each slot in this particular stator. The axial length and width of each stator tooth is 185mm 
and 22mm respectively. The coil itself comprises two layers, each with 4 turns and hence the conductor path 
needs to change layers between turns 4 and 5.

Several strategies have been considered to produce the baseline coil, such as initiating the winding with a 
layer-change feature in place on a former and winding each layer independently, i.e. one layer clockwise 
and the other anticlockwise. The least complex solution is to manufacture a coil as a helix, which is then 
compressed to produce the final geometry. At present, and as a proof of concept, the helical coil geometry 
will be produced by manipulating the conductor onto a former. Although this approach is limited to two-layer 
coils, with respect to the slot depth, it provides a valuable starting point to explore the complexities of the 
bar winding process. A model of the helical coil and a cross-section through the active length component of 
the coil is shown, which illustrates the projected conductor positions, prior to compression. 

For the initial winding trials, the conductor will be wound around a former customised to a 4x4mm hollow 
conductor. Due consideration will be given to automated solutions going forward.

The former, shown to the left, 
is comprised of two halves, in 
order to release the coil once 
the helical winding is complete. 
Appropriate consideration has 
been given to the minimum bend 
radius appropriate to the 4x4mm 
conductor, in order to preserve 
the integrity of the duct. Analysis 
of conductor bend radius and 

impact on the duct integrity, is discussed in the FEMM hub 2020 and 2021 annual reports. In this case, the 
bend radius of the inner most turn of the coil is 12mm. With respect to the base of the coil and slot, each 
complete turn of the helical winding represents one layer change, equivalent to the height of the conductor. 
The former effects the shift in conductor position over the active length, or straight, sections of the coil. To 
maintain balance in the coil, half of the layer change occurs over each active length section, per turn. The 
end-winding sections of the helical coil structure remain in the same plane, parallel to the base of the coil 
and slot. This prevents a rotation in the conductor, that would follow if the layer changes occurred in the 
end-winding region, during the formation of the helical structure. Once the coil is compressed to the final 
geometry, the active length sections become parallel and the layer changes for each turn, occur within the 
end winding regions.

Helical shaped coil and cross-section through active region

direCtion of 
CoMpression

Former to produce helical shaped coils.
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To maintain tension in the progressing winding and manage spring-back, supporting blocks which clamp 
the active region of the coil have been manufactured from Acetal plastic. To illustrate the concept, an 

exploded view CAD model of the former and 
supported blocks is shown below. During the 
winding process, the support blocks will be 
removed in sequence, to allow the active 
length region of the coil to be positioned on 
the former, for a particular turn.

Research continues into methods for 
producing continuous multilayer coils, 
with respect to both slot depth and width, 
whilst minimising end-winding projections, 
in solid bar conductor. The proposed 
strategy is to wind a series of turns around 
a former, representative of the stator tooth, 
introducing a layer change feature per turn 
to wind a complete set of turns along the 
depth of the tooth, before increasing the coil 
width.  

A method of introducing a layer change feature into the conductor feed 
is therefore required to allow these multiple layers to be deposited. This 
necessitates developing in-situ bending techniques, in order to introduce the 
90° turn into and out of the end-winding region as well as the layer change 
feature, within the end winding region. A die and punch set have been 
manufactured to investigate the forming of 2 x 45° bends, in order investigate 
the forming of the layer change feature shown here. A hydraulic press will 
be used to apply the necessary force. Further iterations will investigate 
compensation of spring back within the bends. The former for introducing 
the layer change feature is show below.

CAD model showing proposed components for manually winding a helical 
shaped coil, from hollow 

Layer Change Features

Die / punch set to produce layer change feature in solid bar.
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gC 2.3: MAnufACturing 
teCHnologies for 
flexibility And 
CustoMisAtion
grAnd CHAllenge 2.3 foCuses on opportunities And enAbling teCHnologies for flexible 
MAnufACture; bringing tHe benefits of AutoMAtion, suCH As iMproved quAlity And 
trACeAbility to loW voluMe produCtion of HigH vAlue eleCtriCAl MACHines. Work over 
tHis seCond yeAr of tHe Hub HAs foCused on estAblisHing tHe HArdWAre for reseArCH into 
reMote lAser Cutting, And robotiC Coil Winding.

reMote lAser Cutting of eleCtriCAl steels

Laser fusion cutting is a well matured technology for the cutting of steel laminations for electrical machines. 
In contrast to stamping, it is well suited to flexible and low volume production as the part geometry can 
easily be reprogramed even down to customisation of individual laminations. However fusion laser cutting 
introduces unwanted heat near the cut edge, leading to increased iron losses. Moreover, it often requires 
manual intervention to separate parts from the waste material. 

Remote laser cutting is an alternative approach (see figure below), which sits between fusion laser cutting 
and pure ablation processes using ultrafast lasers. This requires power densities of 107 – 1010 W cm-2 a 
high-speed scanner to afford short interaction times such that material partially vaporised and forces molten 
material from the kerf (Pihlava et al, Weld World, 2013, 57:179–187). Over multiple scans the kerf is deepened 
to the full sheet thickness, and through selection of the power, scan speed and delay between scans the 
process can be optimised for productivity or minimise thermal degradation of the magnetic properties. 

Schematic of laser fusion cutting (left) and remote laser cutting (right).



pAge 37

Over the past year, Dr Alexei Winter, has continued the design and commissioning of a custom remote laser 
processing system and made the first cuts in late 2021. The system consists of a 2 kW fibre laser focused to 36 
μm spot, steered by a galvanometer at up to 8 m s-1. To achieve the requisite power density on the workpiece 
the galvanometer field of view is necessarily limited. Additional linear stages are used in the system to extend 
the working field to 600 mm x 600 mm, such that the stages can follow the rough outline of the part whilst 
the galvanometer fills in the fine detail. This is illustrated in the figure below, accompanied by the photograph 
of Dr Winter setting up the system.  

Initial experimental work has focused on identifying suitable parameter for remote laser cutting of silicon 
and cobalt electrical steels by examining the material removal at different scan speeds and laser powers. 
The image below shows characteristic micrographs of 0.006 inch (0.1524 mm) Hiperco®50 CoFe electrical 
steel processed at higher scan speeds, after cleaving polishing and etching. The micrographs show a clear 
progression from melting with little material removal at low power, to an increasingly deep kerf with 
increasing power. At lower scan speeds (e.g. 2 m s-1) it was found that the beam quickly penetrated the full 
thickness without this characteristic progression. This was attributed to melting.  At higher scan speeds the 
micrographs exhibited two distinct layers, generally less than 10 μm at the bottom of the kerf which were 
attributed to heat-affected material. The material removal rate which was found to be up 18.6 mm3 s-1, using 
6 m s-1 and 2000 W.

In this scheme, certain combinations of laser power and scan speed deposit the same energy per unit area 
(fluence), but over different times. It was found that the material removal rate increased with fluence above 
a certain threshold, and was lower at longer interaction times (corresponding to lower scan speeds). 

Dr Alexei Winter setting the remote laser cutting system.

Micrographs of cuts in Hiperco®50 steel cut at 6 m s-1 at 250 W (a), 750 W (b), 1500 W (c) and 2000 W (d).

Path traced by stages (arrow) to position 
galvanometer field of view (circle) in processing 

a 260 mm outer diameter stator.
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An article describing the initial results on CoFe steel has been submitted for presentation at an international 
conference. A follow up journal article comparing SiFe and CoFe steel will be prepared in the coming months. 
These results will be used to select cutting parameters for an upcoming investigation into the associated 
iron losses. Finally, an article describing the mechanics of the system and increases in productivity will be 
submitted to an international conference at the end of the year. 

robotiC Coil Winding

Industrial robots are proposed as the basis of flexible manufacturing systems, where the task can be changed 
through the tool attached to the end of the robot. Such flexible systems could fill a gap where production rates 
and thus utilisation would be too low for dedicated automation but would offer the benefits of automation, 
such as improved throughput, traceability and quality. 

Over the past year, Mr Gianmarco Pisanelli has continued the development of robotic needle winding as 
an alternative to dedicated winding equipment using the twin KUKA KR60-HA robots. He has worked on 
integrating the servomotor wire tensioner, camera for in-process monitoring of the wire placement, and 
parameterising the robot programme to allow the coil geometry and number of windings to be changed 
rapidly and testing the robot at increasing speeds. 

Such serial-arm industrial robots exhibit stiffness coefficients on the order of several N/μm []. At wire tensions 
of tens of Newtons, the resulting deflection ought to be less than the repeatability of the robot (±50 μm in 
this case). However, as the robot changes directions at the end-winding it is anticipated that this stiffness 
may be reduced due to backlash in the gears etc. Therefore experimental work is currently underway to 
measure how the magnitude and direction of the force from the wire draws the robot from the planned 
trajectory and how this could affect the accuracy of wire placement using a laser tracker. These results will be 
used to identify the general limits for winding with such serial robot manipulators. 

Mr Pisanelli will be presenting his work on robotic coil winding at CWIEME Berlin.
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Cross Cutting tHeMe 
1: sustAinAble 
MAnufACturing of 
eleCtriCAl MACHine 
CoMponents for tHe 
CirCulAr eConoMy 

Several key challenges will be addressed in this work-
package:

Challenge 1 - develop a sustainable manufacturing 
model for electrical machine components.
Challenge 2 - detail potential reuse, remanufacture, 
refurbishment and recycling options of current 
electrical machine materials, and develop a ‘flow 
down’ quality chart detailing where recycled 
materials could be utilised.
Challenge 3 - of in-service data and data-driven 
intelligence to select the most appropriate circular 
economy strategies for products and the timings of 
intervention in the product lifecycle, e.g. define the 
appropriate circular economy intervention (reuse, 
remanufacture, refurbishment and recycling) which 
is best applied, and at which particular point in time. 

Challenge 4 - begin developing a UK supply chain for 
the end of life processing (remanufacture/recycling) 
of current and future machines. 
Challenge 5 - collaborate with UK based companies to 
develop case studies for improvements on recycling 
of materials/components (i.e. rewinding of stators, 
testing of machines).

This work-package kicked off fully in January 2021, 
and one of the first areas of work was to review 
the current research strands and trends in circular 
economy of electrical machines, and highlight gaps 
in the current knowledge. The paper “A Review of 
Circular Economy Research for Electric Motors and 
the Role of Industry 4.0 Technologies” was published 
in the journal Sustainability, in the Special Issue 

in JAnuAry 2021, A neW Work pACkAge WAs lAunCHed WitHin tHe feMM Hub foCused on 
tHe sustAinAble MAnufACture of eleCtriCAl MACHine CoMponents, WitH A vieW to 
iMpleMenting CirCulAr eConoMy strAtegies. tHis Work pACkAge AiMs to disCover, Assess 
And iMpleMent AlternAtive, More sustAinAble routes for tHe entire life CyCle of tHe 
eleCtriCAl MACHine CoMponents, And AiM to loop tHe MAteriAls bACk into MAnufACture 
At tHe end of tHe CoMponent life (i.e. develop A CirCulAr eConoMy ApproACH). 
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“Distributed and Sustainable Manufacturing”, 
with the full paper available in [X1:1]. The 
paper showed that currently no methodology 
exists for selecting the best end-of-life options 
for industrial electrical machines. Recycling 
was found to be the key focus area of research, 
as shown overleaf, whereas better options in 
a waste hierarchy context- such as reuse or 
remanufacturing- were less researched. This is 
likely due to limited information being available 
for individual machines when they come to their 
end of life (EoL), hence a reluctance to invest 
time and money on reusing the components or 
machine. This area was highlighted as a key focus 
for future research- the reuse and remanufacture 
of components of machines is much less resource 
intensive than manufacturing new machines, and 

less energy intensive than recycling materials, so 
these strategies should be prioritised as much as 
possible.

Enabling technologies from Industry 4.0 were 
also discussed in [X1:1], including the use of 
sensors and machine vision for inspection, robotic 
applications for disassembly, and digital twin 
implementation for assisting with the decision 
making process. The paper also highlighted some 
of challenges associated with the implementation 
of CE strategies with suggestions on how Industry 
4.0 technologies could be used to overcome 
these, for example by using embedded sensors 
throughout the manufacture and life cycle of the 
machine to overcome the problem of a lack of 
data about the condition of returned products.

Trend of purchased literature in circular economy strategies for electrical machines [X1:1]

The percentage of raw materials used in the manufacturing of various 10kW electrical motors [X1:2]
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Due to the diverse range of topics included in GC X1, 
a series of small feasibility projects were launched 
to begin investigating multiple areas of interest, and 
these will now be summarised.

“Removal of coil resins in high value electrical 
machines” investigated the current techniques 
employed for coil coatings, and summarised the 
difficulties with repair, remanufacture, and recycling 
activities. There was a review of the current methods 
for removal of coatings and resins prior to rewinding 
activities, and potential alternative options were 
investigated. One potential avenue for further 
research was the use of laser processing to locally 
remove the coil resins. Laser processing of CFRP 
(Carbon-Fiber-Reinforced Polymers) is currently used 
to remove epoxy resins from composite materials 
during the EoL processing. This short project 
concluded that the use of lasers could be utilised for 
removal of resins from copper windings, provided 
the correct laser set-up could be determined.

The “End of life strategies for electrical steels” 
project was set up to explore current EoL processing 
strategies for Silicon and Cobalt steels. The current 
production numbers for electrical steels and their 
impact within electrical machines was investigated, 
as well as the environmental impact of the 
manufacturing of these materials. For many different 
types of electrical machines, the largest percentage of 
material is electrical steel, as shown on the previous 
page, so this is a key area to implement circular 
economy strategies. Current recycling strategies were 
explored in addition to exploring new opportunities 
for recycling, such as using recycled Silicon steel 
powder as a feedstock for additive manufacturing. 

The project “Strategy workshop for circular economy 
of electrical machines” was initiated with an aim of 
providing closer links between GC X1 and the other 
Grand Challenges within FEMM hub. The main 
part of the project involved interviews with all key 
stakeholders in the FEMM hub, including other GC 
leads, and members of the scientific and industrial 
advisory boards. One of the main outcomes of this 
stream of work was the development of GC2.5 into a 
cross cutting theme, which will allow for sustainability 
to be at the forefront of the developments within 
the FEMM hub, and not isolated to a single grand 
challenge.

Life Cycle Assessment is a methodology for analysing 

the environmental impact of a product of process 
over the course of its life cycle, from raw material 
production and manufacture, to operation and EoL 
practices. A project “Life Cycle Assessment (LCA) of 
an electrical machine” was launched to conduct a 
LCA on an electrical machine to be used in aerospace, 
and the aim is to highlight key areas of focus for the 
highest reduction in carbon cost and environmental 
impact. 

“Future manufacturing requirements for electrical 
machines” is a more strategic project which is 
currently ongoing, with the aim to understand the 
requirements for future electrical machines assuming 
that the UK’s net-zero 2050 targets will be met. For 
the 2050 targets to be realised, firstly, the power 
density of electrical machines will need to increase 
from the current state-of-the-art of 4-5 kW/kg to 20-
40 kW/kg, depending on the application. Secondly, 
the volume of machines being manufactured 
will also need to increase from current levels to 
enable growth in areas such as more-electric or all-
electric aircraft. This short project is the first step 
in understanding what the level of demand might 
be, and how we can set up manufacturing systems 
in order to accommodate more powerful machines 
which will be needed in greater numbers.

Going forward within GC X1, there will be three key 
areas of focus: 

• Recovering key components and materials; 
• Embedding sustainability through manufacturing 
and design alternatives; 
• Enabling solvent and adhesive free motors. 

For each of these three areas to be addressed, a 
key challenge will be to overcome the current lack 
of understanding on the benefits of adopting a 
circular mind-set. GC X1 will aim to develop case 
studies to highlight the importance and benefits 
of implementing circular economy principles, and 
will develop a methodology for reuse/recycle/
remanufacture of electrical machine components. 

References
[X1: 1] A Review of Circular Economy Research for Electric Mo-
tors and the Role of Industry 4.0 Technologies, D. Tiwari et el., 
Sustainability 2021, 13(17), 9668

[2] A. Rassõlkin et al., Re-use and recycling of different electri-
cal machines, Latv. J. Phys. Tech. Sci, vol. 55, no. 4, pp. 13-23, 
2018.
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Cross Cutting tHeMe 2: 
in-proCess trACking And 
trACtAbility for Zero-
defeCt MAnufACture of 
eleCtriCAl MACHines
The manufacture of electrical machines is a 
complex task, involving the synthesis of many 
traditional machining/forming and cutting processes 
interspersed with assembly, integration and test. 
According to our published review of literature 
and industry [doi:10.1177/09544054211016675]
, a significant proportion of activities in electrical 
machine manufacture are manual, or semi-
automated with manual interventions, however, only 
a limited research in in-process monitoring of manual 
operations in this area is reported in literature. 
Digitalisation of skill-intensive manufacturing 
processes offers process monitoring and inspection, 
particularly for error prone manual operations such 
as coil winding or making terminations. 

Coil Winding: proCess Monitoring And 
inspeCtion

A challenge within many machine vision systems is the 
need for a suitable volume of data/images to train the 
models to perform object detection, segmentation, 
fault classification etc. In manufacturing, this is even 
more of a challenge given that access to images 
of failure may be rare. To combat this, we are 
investigating the use of generative models, such as 
the popular Generative Adversarial Networks (GAN) 
architecture. Continuing this work, we have begun 
investigating more powerful semantic GANs, that 
take as input a semantic mask and based on this mask 
output an image that contains the desired semantic 

features. An example can be seen in below, where 
a semantic mask (red=background, green=bobbin, 
yellow=coil, purple=gap failure, blue=crossover 
failure) is used to generate an image that can be used 
for training our models. This is just a simple example 
that opens up the opportunity for real-time image 
generation of winding faults in the future.

Semantic GANs take in an input semantic mask and use this to 
generate a target image with semantic features.

terMinAtions: proCess Monitoring And 
inspeCtion

The focus of this research is on Litz wires, which con-
sist of many thin wire strands, individually insulated 
and twisted together; up to 10% of Litz wires have 
failed connections due to incomplete stripping of 
some strands inside the connector. Techniques such 
as infrared thermography for inspection of enamel 
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removal on a Litz wire and monitoring techniques for 
soldering process for making terminations are being 
investigated. 

Infrared thermal imaging is used to inspect bundles of 
Litz wires containing those with and without enamel 

(see above - a). The temperature profiles of the wires 
with or without enamel are different during the 
cooling stage because of the difference in emissivity 
and thermal conductivities of copper and polyamide 
imide film. Thermographic Signal Reconstruction 
(TSR) was applied to process thermal imaging data by 
fitting log and standard polynomial models. However, 
a major limitation with TSR was the amount of time 
taken to iterate over each pixel of the thermal history 
that makes it unsuitable for a live system where only a 
few seconds of processing time is expected to process 
new information. Next, modelling techniques such as 
K-Means Clustering Algorithm, a Gaussian Mixture 
Model with Expectation Maximisation (GMM-EM) 
and Support Vector Machines (SVM) are tested for 
automated classification of enamel on Litz wires. To 
train models and to evaluate the results afterwards, 
a series of masks were constructed for each material 
present in the recordings as shown below. 

In order to separate the enamelled and non-enamelled 
regions in the wires, modelling using Support Vector 
Machines (SVM) was utilised. SVMs seek to find the 
hyperplane that separates multidimensional data into 
clusters. Our SVM achieves an accuracy of above 75% 

consistently across all files with a model evaluation 
time of 3.71 sec.  The next best model is the Gaussian 
Mixture Model with Expectation Maximisation 
(GMM-EM) where the accuracy achieves above 85% 
with the fastest evaluation time of 1.05 seconds. 
K-Means achieves 73% enamel accuracy when given 
the 2nd derivative of the cooling periods for two 
classes but for all other cases it achieves between 
25% and approximately 38% enamel accuracy. 

Additionally, for an understanding of relationship 
between process parameters (such as solder 
temperature) and termination quality, other 
analytical techniques such as X-ray Computed 
Tomography (see above- b), resistance measurement 
and continuity testing are investigated on industrial 
samples. The above image - part c demonstrates the 
ongoing research in joint defect classification through 
computer vision assessment using RGB and thermal 

Infrared images of three Litz wires from a bundle during a heating and cooling cycle, (b) CT Scan of terminations, 
(c) Machine vision techniques for inspection.

 Examples of material masks constructed and source image.
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Welding and joining processes (left) are present in electric machine manufacture, (right) and the use of machine vision methods 
to track these processes to detect faults or deviations.

images. 

We have also teamed up with The Welding Institute 
(TWI) for a short proposal within the hub to investigate 
how machine learning and vision models can be used 
for welding and termination processes. This project 
is tasked with reporting on the latest methods for 
in-process monitoring of joining activities within EM 
manufacture, along with development of some of 
these methods for a large dataset provided by TWI. 
This dataset contains many instances of Tungsten 
Inert Gas (TIG) welding for narrow gap structures 
which form the starting point for evaluating these 
methods for characterisation of the weld. An example 
of early results can be seen above where we track 
the position of the welding tip in relation to both 
sidewalls to track any undesirable sidewall fusion.

terMinAtions: trACking And trACeAbility

Identifying cables and wires in a natural scene, for 
example during production and manufacture of an 
electric motor, can be performed using trained 
machine vision models. This then allows us to 
undertake process monitoring of tasks or activities 
and track progress. Training such models using a 
smaller, limited dataset can be done, however it 
often will not perform as well given the lack of data. 
Boosting the available image data can once again 
increase performance and generalisation ability of 
the model significantly. We developed a Blender 3D 
CAD script to generate an additional set of images as 
shown to the right, to add to the smaller dataset 
created by hand. We then trained a specific Deep 
Neural Network (DNN) model designed for ‘semantic 
segmentation’ whose goal is to identify and label the 

pixels associated with the object of focus, in this case 
a single or a set of cables. An example is shown  below 
including the effects of boosting the available image 
data on training. When a model is trained using only 
the limited ‘natural’ dataset, the results are poor 
(column 3); this dataset contains an abundant source 
of ‘blue cable’ images and masks for training, so fails 
to generalise to other cable styles and textures. The 
final column showcases a model trained on both 
‘natural’ and ‘synthetic’ datasets and is able to 
correctly identify more accurately the cables and to 
segment them out from the scene. These results are 
a starting point, and we are now investigating how 
these models can be transitioned to a more industrial 
environment and be performed in a real-time 
capability. 

Blender generated images of single and three cable assembly 
examples across a number of backgrounds and textures.
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Extracting the 2D spatial data related to each cable 
is useful for downstream tasks such as machine  
learning models trained for anomaly detection or 
action recognition. However, we would like to be 
able to extract a richer 3D model on which we can 
perform such inference. To this aim, we have been 
exploring how to extract 
depth information from a 
scene, without the need 
for expensive stereoscopic 
cameras or laser-based 
systems. Through the use 
of DNN monocular depth 
estimation models, we 
can estimate depth from a 
single image and use this 
information to explore 
methods for 3D extrapolation 
of our 2D cable image. An 
example using our cleaner, 
synthetic dataset is show in 
figure to the right. Delaunay 
triangulation is used to build 
our spline representation. 
To the right is an example of 
a more natural scene and its 
depth estimation, which is 

inherently noisier, and as a result we need to explore 
DNN models which are able to overcome this noise 
to produce a clean spline representation, something 
we are currently pursuing. 

Example results for models trained with a limited ‘natural’ cable image dataset (col 3) or with a mixture of ‘natural’ and 
‘synthetic’ cable images on the far right (col 5).

3D spline estimation for deformable linear objects. Top, we apply our depth estimation and 
segmentation to extract the 3D point cloud and build a 3D representation using traditional 
methods. Below, we present an example of our monocular depth estimation approach on a 

more natural scene.
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Modelling interdependenCies to 
understAnd tHe origin or oCCurrenCe of 

fAults

Currently, there are no reported methodologies 
or frameworks available for modelling the process 
interdependencies and their impact on product 
quality for an electric machine manufacturing 
process involving deformable material. This work 
aims at developing a framework by using modelling 
techniques to understand how a combination of 
process variables influences the creation of defects. 

A Discrete Event Simulation (DES) model that 
simulated the behaviour of copper wire during a 
linear coil winding process was developed. The wire 
tension, wire speed, wire diameter and bobbin shape 
were found to be key decisive parameters for fault 
occurrence as the model predicted electrical and 
geometrical faults during the winding process. This 

model was validated by conducting experiments on a 

linear coil-winding machine by varying several input 
parameters and measuring the electrical resistance 
and geometrical faults as the key output parameters, 
as shown below. A comparison of results from the DES 
model and the coil-winding machine was made and 
it was concluded that the DES model can accurately 
simulate the influence of input parameters on the 
winding scheme and the electrical properties of the 
coil. The model was also able to predict the state of 
the coil by defining the exact location where faults 
had occurred and marking them as hotspots. This 
framework will be combined with Neural Networks to 
predict the current state of a component and reduce 
the time required to perform online quality control 
tests by identifying the effects of interdependencies 
in the process.  

Coil winding schemes and defects created using our lab based coil winding machine
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pHd students.

ultrA-HigH effiCienCy eleCtriCAl MACHines for 
Hybrid And All-eleCtriC propulsion

Reece’s project is concerned with developing an understanding in several aspects of the design, material 
selection and manufacturing processes for achieving ultra-high efficiency in MW rated electrical machines 
for aero-propulsion systems. Although performed largely within 
the context of MW machines, many of the findings should have 
sufficient generic value to smaller machines for e-taxi and smaller 
end of the regional aircraft sector.

Recent work within this PhD involves design studies being performed 
on a representative power specification provided by Rolls-Royce 
to understand and illustrate the design issues, in particular the 
realisable efficiencies and nuanced relationships between mass 
and efficiency. This would also include ensuring that the very best 
core loss models were integrated into the analysis (including for 
example better representations of rotational loss) to ensure a 
well-founded basis for discriminating between machines with very 
marginal differences in core loss and ensuring well-founded loss 
data through measurements on samples. 

For more information, please email Reece Elbet: REblet1@sheffield.ac.uk.

Since the launch of the 
FEMM Hub in June 2019, 

we have been joined by 9 PhD 
students.  

Any new PhD opportunities will be 
posted on our website: 

https://electricalmachineshub.
ac.uk/get-involved/

HigH frequenCy soft MAgnetiC CoMposite MACHines And 
optiMised drives

While much research is conducted on improving electric motors and inverters with fundamental 
frequencies in the range of 600 Hz to 1.2 kHz, traction systems operating above 2.5 kHz fundamental 
frequency are becoming more prevalent. To close this gap and provide insights into the design of such 
drive systems, this research will focus on a high frequency electric drivetrain built around an SMC electric 
motor and will aim to optimize the inverter topology, its modulation strategy and filtering to achieve 
the highest system efficiency and system power density whilst taking advantage of the high frequency 
capability of SMC. A major part herein will be to balance losses between the motor core, the inverter 
and potentially a filter in a way that suits the whole system while considering the use case defined by 
the WLTP cycle.

For more information, please email Simon Goodwin: S.Goodwin2@newcastle.ac.uk
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HigH-perforMAnCe Consequent pole perMAnent 
MAgnet MACHine for eleCtriC veHiCles

Ji’s PhD project is concerned with the design of high-performance hub machines for electrical vehicles. 
Currently, the project is focusing on the design of consequent pole (CP) permanent magnet (PM) machines.

Due to the unbalanced North-pole and South-pole, large torque ripple will affect the performance of CP 
machines. Considering the different features between two poles, symmetrical and asymmetric pole shaping 
methods are proposed to reduce the torque ripple. It finds out that the different PM and iron pole shapes are 
essential for ensuring both maximum output torque and lower torque ripple. In addition, asymmetric pole 
shape can further reduce the torque ripple more effectively since it can make the torque ripple components 
counteract with each other. Finite element analysis (FEA) and experiment verified the results.

For more information, please email Qi Ji: qji2@sheffield.ac.uk.

     (a) Symmetrical       (b) Asymmetric             (c) Conventional

CirCulAr design And sustAinAble MAnufACture of perMAnent 
MAgnet MACHine CoMponents.

Leigh’s PhD is concerned with the sustainability of PMEMs. Future electrification is considered 
one key solution to achieving net zero, but the methods across the products’ standard lifecycles 
(such as manufacturing and end-of-life management) are environmentally impactful and ultimately 
unsustainable. The circular economy practice would ideally be adopted within industry to minimise and 
eliminate this impact, but it is difficult to transition over entirely. The intention of this research is to 
present a framework which bridges the gap between current linear practices and the optimal circular 
economy approach, which is pragmatic and allows step changes when and where they are feasible. To 
prove this concept, two case studies have been selected in partnership with our IAB members. These 
will provide real-life data on two existing PMEM products, hopefully proving the bridging framework and 
tool series works and providing potential sustainability solutions for future PMEM lifecycles.

For more information please contact Leigh Paterson: leigh.paterson@strath.ac.uk.



iot And sensor CoMMuniCAtion for in-proCess inspeCtion of CoMplex 
MAnufACturing tAsks

Ze’s PhD research has focused on sensor fusion and its role in aiding process monitoring and anomaly 
detection for industrial processes such as our digitalised linear coil winder demonstrator. This has now 
been upgraded into the Siemens IoT hardware and software environment to allow us to capture more 
data at higher speeds and fidelity. Our goal is to investigate how new Deep Neural Network Transformer 
models can be adapted to this domain from their natural language processing origins. The attention 
mechanism capabilities of these models allow us to exploit multi sensor systems and learn the correlations 
and importance of sensor with regards to condition monitoring and remaining useful life (RUL). Our 
research has developed a number of transformer model architectures that showcase state-of-the-art in 
performance for a number of condition monitoring tasks through a novel transfer learning approach. 
This allows us to train a language model for sensor fusion tasks with substantially less data then would 
otherwise be possible and with a much-reduced need for feature engineering. In addition, we can exploit 
the attention mechanism to help us better understand how the model performs, for example identify 
which of the sensors is used most for inference for a particular condition monitoring task. This allows us 
to later remove redundant sensors from our system and focus on the data that is most important, further 
improving accuracy as shown below.

For more information, please email Ze Zhang: ZZhang99@sheffield.ac.uk.

Sensor fusion transformer models for condition monitoring. Top left shows a typical attention map with high ‘heat’ values 
indicating high attention to data (sensors), Top right (in more detail) shows the 17 sensors for this task and their attention 
weights. We can use the top 8 sensors and re-train, improving the overall accuracy when compared with all 17 as shown.

novel rotor design for Cost optiMised, HigH 
teMperAture, HigH speed AerospACe AppliCAtions

The focal point of Choong’s PhD is placed on high-performance and lightweight electrical machine rotors, 
combining magnetic materials with advanced carbon-fibre composite technologies. This research will involve 
developing, modelling, and testing of innovative rotor topologies for next-generation aerospace systems. 
Both the electromagnetic and mechanical modelling of rotor concepts will be in scope, with key aspects of 
design for manufacturing. The state-of-the-art of carbon composite rotor solutions for permanent magnet 
machines is currently being explored, alongside the associated machine modifications needed for applications 
consistent with Rolls-Royce’s future products.

For more information, please contact Wei Liang Choong: w.choong@sheffield.ac.uk
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MetAlliC rotor ContAinMent sleeves for 
perMAnent MAgnet MACHines

Dan’s PhD explores the containment process of the magnetic components of electrical machines. Research 
includes material selection based on material properties, whilst also investigating mechanical stresses of 
the containment sleeve. This includes a model comparing different interference fits of the sleeve on the 
rotor and this affects the stresses within the machine. 

In addition to mechanical stresses, the conductivity behaviour of electrical machines has also been 
explored with respect to the containment sleeve. This is being researched to reduce the eddy current losses 
within the machine without any significant loss to structural integrity or performance of the machine.

Future focuses include looking into grooved sleeves and the benefits these may have to electrical machine 
operation.

For more information, please email Dan Harper: dwharper1@sheffield.ac.uk.
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fibre-optiC brAgg grAting sensor for 
in-serviCe And proCess Monitoring 

Hao’s PhD project is aimed at exploring the utilization of Fibre Bragg Grating (FBG) sensors in electric 
machine condition monitoring, with a particular focus on developing effective means of using real-time 
measured deformation/vibration at some critical positions (e.g. endwindings and stator teeth) to indicate 
machine conditions and winding deterioration/faults. He is developing multi-physics-based condition 
monitoring techniques that exploit the capabilities of FBG to precisely measure thermal and mechanical 
information in a distributed manner throughout machine stator and endwinding. He is currently working 
on experimental validation of using FBG sensor mounted at stator and endwinding to indicate machine 
vibration condition and capture fault-related characteristics. 

For more information, please email Hao Chen: hchen49@sheffield.ac.uk.

optiMisAtion of Coil Winding 

John’s PhD involves the manufacture 
of novel high-performance coil geometries using additive 
manufacturing to enable potentially new design methodologies. 
The coil geometries will be designed using a data-driven 
process. The design space will be explored using optimisation 
techniques such as genetic and evolutionary algorithms 
to propose potential coil structures that outperform 
traditionally wound copper and aluminium coils. With the 
design freedoms afforded by the additive manufacturing 
of copper and aluminium, the project aims to deliver high 
performance novel coil structures that are unlike traditional 
coils in terms of their design. The aim of this approach is to 
use the strengths of AM to enable the creation of a coil that 
has reduced losses, greater performance and higher efficiency, 
whilst taking into consideration parameters such as weight, cost and 
feasibility of manufacture. 

The project has been split into 3 phases, with each phase containing a body of work intended to build towards 
the final full 3D coil geometry to be manufactured. A selection of coil geometries will then be manufactured 
using the additive manufacturing of copper or aluminium. The manufactured coils will then be analysed and 
compared against a high precision 3D model. The components will be further studied for their feasibility of 
manufacture and potential performance advantages over existing traditional wound coil designs. 

For more information, please contact John McKay: john.mckay@strath.ac.uk.
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digitAl teCHnologies for proCess Monitoring during MAnufACture of 
terMinAtions in eleCtriCAl MACHines

A stable process for making terminations is desired to maintain high precision and required tolerances in the 
final electrical machine.  This can be achieved by a complete understanding of process parameters leading to 
generation of defects. The specific aim of Alex’s project is to use digital technologies for process monitoring 
during and/or after the manufacture of terminations in electrical machines.  

The first objective is to achieve joint quality assessment for electric motors using RGB and thermal images. 
As stated by the British standards Institution (2013-14), the most important quality inspection procedure for 
joint manufacturing is manual vision. Images for this objective will consist of RGB and thermal data and the 
prediction will be done via a trained Convolutional Neural Network (CNN).  Currently, a deep learning model 
has been developed for solder quality classification based on RGB images of the joint/termination. This 
model achieves a classification accuracy of 99%. Experiments are underway to achieve infra-red images of 
the terminations when a set current is passed through the sample. The thermal images will add classification 
features on top of the RGB images in the deep learning model. This can aid in joint defect detection and 
classification using an automated inspection system. 

For more information, please contact Ioan-Alexandru Herdea: iaherdea1@sheffield.ac.uk.

(top) Siamese model prediction by comparing two samples; (middle) Confusion matrix for defect state classification no defect 
(class 1) and defect (class 2); (bottom) Infra-red capture of a sample with defect
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2nd feAsibility 
CAll

in MAy 
2021, tHe feMM 

Hub pArtnered WitH epsrC 
MAnufACturing Hubs in CoMposites, 

Metrology And pHotoniCs to offer up to 
£900k in funding to feAsibility studies At trls 1 to 3. 

The joint call was open to all UK academics eligable to receive EPSRC funding 
and is the primary mechanism for new academic collaborators to engage with 

the four hubs.  Applicants were encouraged to demonstrate the potential, if feasibility is 
demonstrated, to significantly improve the UK’s manufacturing capabilities. We funded 3 projects 

during the 2nd round of feasibility call.  Please visit our website to read more about our first feasibility call.

next generAtion CoMposite Air-gAp Windings of future ligHt-
WeigHt eleCtriCAl MACHines

The goal of reducing CO2 from aircraft will be enabled by the system level energy benefits of electric 
propulsion. However, this disruptive change in aircraft design and operation will only be realised if the 
power-density of electrical machines 
(e-machines) can be substantially 
increased. Incremental improvements 
will not meet such targets, thus 
radical new approaches to design and 
manufacture using advanced materials 
and techniques are needed. High-
frequency, air-gap wound machine 
topologies (see right) where electrical 
steel volume is minimised, have been 
shown to have advantages for aircraft 
propulsion. However, in this topology, the reaction torque is transferred directly to the conductors requiring 
them to become a structural element.

In this feasibility study,they directly incorporate mechanical supports and structure into a winding layer 
to create a high-performance (see below), lightweight composite component for demanding propulsion 

applications which could yield step changes in achievable 
power density. The feasibility study aims to: Identify 
composite manufacturing techniques and materials 
applicable to air-gap windings, Develop material property 
models of such composite materials feeding into e-machine 
sizing tools, Draw on existing EPSRC funded PhD research 
to size an air-gap winding using (1-2) and Manufacture and 
test a composite air-gap winding electrically, thermally and 
mechanically. 

The design and manufacture of the proposed composite air-gap winding is highly interdisciplinary. As such, 
the team will involve experts in digital design and manufacture of composites structures (Dr Jonathan Belnoue 
from Bristol Composites Institute and the National Composite Centre), digital design and manufacture of 
electrical machines (Dr Nick Simpson, Electrical Energy Management Group at the University of Bristol) and 
high-performance composites manufacturing (Dr Andrew Limmack, National Composites Centre).
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feAsibility study for A flexible, ModulAr pilot line to ACCelerAte 
innovAtive soft MAgnetiC MAteriAl developMent for eleCtriC MACHines.

This feasibility project seeks to study the development of improved soft high silicon 
(6.5%) magnetic materials and processing for use in motor laminations. In particular we 

will evaluate the practicality, specification and estimated cost of a flexible, modular pilot line to accelerate 
innovative soft magnetic material development and its laser treatment. The pilot line would comprise modules 

for late-stage composition customisation, mirror-
finish surface, heat treatment, pre-treatment, 
coating. and laser material processing.  This 
study will review the insight and commercial 
risks associated with implementing such a line in 
a high throughput manufacturing environment.  
This study will provide a strong case for such a 
line to be established at the University. 

Principle Investigator: Professor Nigel Copner

A CritiCAl evAluAtion of lArge sCAle dd Wind turbine eleCtriCAl 
MACHines MAnufACturing teCHniques Considering sustAinAbility AspeCts 

And reCyClAbility issues (“CedeMsAri”) 

Direct-drive electrical generators are large and low speed machines requiring robust and heavy supporting 
structures capable of withstanding a demanding set of loads. Several academic investigations have 
been conducted with the aim of optimizing these structures at an early design stage using different 
techniques. However, an outstanding 
knowledge gap remains in understanding 
the manufacturing process of large scale 
wind turbine electrical machines. 

In this project, the available 
manufacturing techniques will be 
characterized considering machine’s total 
cost, functionality and recyclability of 
materials. Taking as an example the IEA 
15MW NREL direct-drive wind turbine 
and by looking at Scotland’s supply chain, 
its structure will be optimized under these 
parameters and compared with the actual 
structure. The optimization procedure 
will be monitored with a view to learn 
about its advantages and disadvantages. 
Typical structural materials, e.g. steel or cast iron, as well as other high-performance materials, such 
as fibre-reinforced polymer composites, will be also evaluated and taken into account so that benefits 
and limitations of its use can be fully understood. This will allow automating the task which in turn will 
help engineers to develop lightweight and cost-effective designs for future larger scale machines to be 
produced in mass.

 Laser surface cleaning – reduced contamination and sur-
face defects, no hazardous cleaning solutions. Applicable 

to hot rolled and cold reduced electrical steels

Detailed view of the IEA 15MW Offshore Reference Wind Turbine electrical 
generator electromagnetic and structural design parameters (Courtesy of 

NREL)
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On 13th September 2021 the FEMM Hub held it’s first in-person conference 
at the IET Austin Court, Birmingham. Following the welcome address from 
Professor Geraint Jewell, Hub Director, Professor Duc Pham from the University of 
Birmingham, delivered the first plenary session with a talk on Research into using 
collaborative robots to disassemble products for remanufacturing. The session 
provided an opportunity for discussion on collaborative remanufacturing techniques 

between human and robot interactions.
 

We then heard from Grand Challenge leaders on the research and results to date. 
Delegates drawn from both industry and academia, across the hub partners and 
beyond were able to share knowledge across all key 
work packages – and this continued into the lunch 
break and beyond.

 
The afternoon plenary was delivered by Mark 

Boden, Electrical Machines Engineer from Rolls Royce, on 
Challenges and Opportunities of Electrical Machines in Aerospace. His 
talk discussed the issues which need to be addressed as the aerospace 
industry works towards the contribution of electrical machines in the 
drive to achieve Net Zero by 2050. The final Grand Challenge themes 
presentations’ followed the last networking session of the day, with Prof. 
Jewell closing the conference at the end of a successful meeting.

engAgeMent

feMM Hub ConferenCe 2021

We Are Holding tHe 2022 feMM Hub ConferenCe on tHe 13tH of septeMber At fACtory 2050.
if you Would like More inforMAtion, pleAse ContACt feMM Hub MAnAger:

l.okeefe@sHeffield.AC.uk

proJeCt leAd feAtures on energy trAnsitions 
podCAst

Enlit Europe invited Dr Jill Miscandlon onto their “Energy 
Transitions” podcast. During the 20 minute podcast, Jill 
introduces the FEMM Hub and describes the research 
currently taking place within it before discussing 
the development of a more sustainable lifecycle for 
electrical machines and the design principles that can 
optimise efficiency. To listen click: https://www.enlit.
world/initiate/energy-transitions-podcast-its-not-a-
new-york-state-of-mind-we-need-its-a-circular-one/



On Tuesday the 1st of February, the FEMM hub held its first Creativity@
Home event, a Partner Connect Workshop, at the AMRC’s Knowledge 
Transfer Centre in Catcliffe. The purpose of the Partner Connect 
Workshop was to explore key areas for focus in the second phase 
of our seven-year programme and was deemed a major element 
in gathering industrial steer into the planning of this activity. 
 
Using external facilitators, 15 representatives from our industry 

partners were encouraged to share 
and generate discussions on 

topics considered important 
to them. Preparation for this 
workshop started in advance 
of the in-person meeting which 
enabled partners to submit the 
challenges they have. These were then grouped together in themes 
which were explored jointly with FEMM’s Grand Challenge leads. 

 
The day began with a brief presentation on the highlights of the FEMM 

Hub project to date before delegates entered into small groups to discuss 
industry perspectives of future challenges with members of the FEMM hub. 

The rest of the workshop was used to explore ideas and opportunities to meet these 
future challenges. After lunch energy levels were raised through a couple of ‘creative burst’ exercises 
encouraging innovative thought with and without constraints and there was further 
time to identify connection with specific posters. Researchers left behind the 
traditional academic poster format, instead using a layout designed to highlight 
the key message of what they have achieved so far. Rather than a traditional 
poster walk & talk, the session provided the opportunity for the researchers 
to quiz industry partners on what relevance and possibilities the theme 
could have in their sector.

The final session of the day used an agenda set by attendees to examine 
in more detail those topics which they felt could make an impact in phase 
two of the programme.  Seven different issues were raised, which led to further 
discussion on potential collaboration activities. Feedback from the workshop has been 
very positive and the output from the discussions has been captured to inform further directions with our 
advisory boards.

pArtner ConneCt WorksHop

Dr Glynn Atkinson, Newcastle 
University delivered an abridged 
version of the SMC training session 
entitled “Electrical Machines in 
the Third Dimension” to Masters 
Students at TUM University, Munich 
in July 2021 and February 2022.

guest leCtures At tuM university
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Members of the FEMM hub enjoyed a fantastic day in Sheffield yesterday at the Engage with…LIVE! Event. 
Hosted by the UKRI’s Driving the Electric Revolution Challenge, this event was a culmination of the 45 Engage 
with…events that were delivered online to over 2,500 people over the course of the pandemic. The Driving 
the Electric Revolution Challenge is investing in Power Electronics, Machines and Drives (PEMD) to develop 
the UK manufacturing supply chain capabilities to enable the UK to maximise the value capture from the 
global push towards electrification and realising of Net Zero by 2050.

The Engage with…Live event attracted over 280 delegates from across the UK where they discussed PEMD 
supply chain requirements, challenges and opportunities and explore future prospects for partnerships, 
collaborations and projects. All with the aim for UK industry to seize the economic opportunities from the 
global transition to clean technologies and electrification. When delegates weren’t listening to the great 
lineup of speakers and panel discussions, they had the opportunity to network with over 40 ‘show and tell’ 
exhibitors that lined the Octagon theatre. The event kicked off with a keynote address by Martin Wood, ZEV 
supply chain specialist at the Department for International Trade, chaired by Will Drury, Director of the Driving 

the Electric Revolution Challenge where it was highlighted that, encouragingly, over 
50% of the audience was from Industry.

Panel discussions throughout the day included discussions focusing on 
“The Electric Revolution Needs Talent: How do we create a diverse 
skills pipeline to enable growth of the power electronics, machines 
and drives supply chain?”, “Materials and End-of-Life Recycling: 
What are the challenges and opportunities for a secure and resilient 
materials supply chain for power electronics, machines and drives?” 
and “Compound Semiconductor Power Electronics: How does the UK 

supply chain meet future demand?”.

The final panel discussion of the day was chaired by our hub director 
Professor Geraint Jewell titled “Building supply chain capability through 

Innovations in Electric Machine Manufacturing: How can the UK manufacture 

After 4 long years, MACH 2022 finally returned to the NEC in Birmingham. Kicking off on the 4th of April 
with a keynote from Katherine Bennett, CEO of the HVM Catapult, the event continued for the remainder of 
that week allowing time for attendees to attempt to visit over 500 exhibitors who were showcasing various 
engineering-based manufacturing technologies throughout the many 
halls of the exhibition centre. In parallel, the seminar programme and 
presentations at the impressive AMRC stand also proved popular 
with delegates. 

The Future Electrical Machines Manufacturing hub, along with 
the Future Metrology Hub, MAPP Hub and Future Composites 
Manufacturing Research Hub shared an EPSRC stand within the 
Education and Development Zone which aimed to inspire the 

next generation of engineers. Throughout 
that week, the stand was manned by 

different members of the FEMM Hub 
team with many useful conversations 
had by all. We look forward to visiting 
the next MACH which is taking place on 
the 15 -19th of April 2024.

feMM Hub exHbits At MACH 2022

engAge WitH...tHe feMM Hub
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competitively in a global market?”. The panel members included Rowan Crozier 
(Brandauer), Dave Latimer (Magnomatics), Jill Miscandlon (FEMM Hub 
Project Led), David Moule (FEMM Hub Industry Board Member and ZF 
Group) and Jim Winchester (Electrified Automation). It proved a lively 
panel kicking off with a question from the Chair on what they see as 
their biggest challenge and opportunity. Challenges included: the 
issue of scaling up for SME’s, the size of the machines they want to be 
involved in the manufacture of and the current lack of manufacturing 
infrastructure in the UK to do this and getting different experts together 

speaking the same ‘language’ to push things 
forward. Opportunities included: collaboration 

to break the mould on how we traditionally make 
electrical machines (the example of a recent project 
with the AMRC and Magnomatics was given); lightweighting but adding extra 
functionality, reducing time for prototype manufacturing to full scale, optimising 
the early stages of design of the EM and groups like the FEMM hub bringing 

different experts together. Discussions then touched on design for disassembly, 
sustainability which included understanding what the 

materials within the EM are capable of in the future, 
condition monitoring over the life of the machine, 

best practices and lamination stamping.

The event was closed by Guy Woolley, Director of the Industrial Strategy 
Challenge Fund (ISCF) Governance & Deputy Programme Director in UK 
Research & Innovation who commented on the enthusiasm and energy 
he felt at the event and how encouraged he was by the discussions 
around diversity and inclusion.

get up to speed WitH steM
Members of the FEMM Hub were pleased to be able to take part in 
the ‘Get Up To Speed with STEM’ outreach event at Magna Science 
Adventure Centre recently.

This regional showcase aims to engage young people in all matters 
relating to innovation, design and manufacturing in the fields of 

Science, Technology, Engineering and Maths, and it returned to Magna 
following it’s enforced two year break due to the pandemic.

This year there were over 4,000 people registered to attend from 72 schools across 
Yorkshire and Derbyshire. They were treated to fun and interactive exhibits from a 
wide variety of employers, businesses and education providers highlighting the 
wealth of opportunities in STEM.

The FEMM Hub attended as part of the Discover STEM exhibition from the 
University of Sheffield and had a very busy day introducing many school pupils 
to the principals of electrical machines and their uses. It was particularly great 
to see our PhD students, Choong, Reece, Alex and Dan interacting with the young 
people as there have been so few opportunities for this type of engagement 
since they started on their FEMM Hub projects.



pAge 60

During the day, they demonstrated and help build over 90 simple DC motors that the pupils could take 
away and continue to experiment with at home. These simple motor kits demonstrated the rotating switch 

principal first identified by William Sturgeon in 1832, and which is still commonly 
used in battery powered equipment today.

Feedback from the pupils and their teachers on the day was great. 
They enjoyed taking part in the ‘hands-on’ activity and engaged in 
conversations on how the subjects they enjoyed at school could lead 
to a career in engineering and 
future manufacturing. 
Teachers were also given 

the opportunity to 
enter their schools into 

a draw to win them the 
chance to have an on-site 

workshop delivered by the FEMM Hub team.

Our PhD students are also working on a new 
interactive and fun activity that they have designed 
using motion sensing technology. This new game will 
hopefully be ready later in the year, so if you know of an 
outreach event, school or college, that would like to learn 
more about the future of electrical machine manufacturing 
please get in touch femmhub@sheffield.ac.uk.

feMM Hub reseArCHers present At internAtionAl ConferenCes

Dr Divya Tiwari from Cross Cutting Theme 2 presented her paper “Modelling Interdependencies in an 
Electrical Motor Manufacturing Process Involving Deformable Material” during the International Conference 
in Manufacturing Research (ICMR 2021). Although advances in digital technologies have enabled more 
efficient production of electrical machines, faults are still identified at the end of the line tests. In order 
to avoid accumulation of defects during the production chain, it is desirable to identify faults early in the 
process. This can be achieved by identifying how critical process parameters and the interdependencies 
between them influence the occurrence of faults. This poses a challenge in electrical machine manufacturing 
because of the complexity involved in various manufacturing steps involving deformable material. This 
paper proposes a computational framework to model interdependencies in a complex electrical machine 

manufacturing process involving deformable material. A Discrete Event 
Simulation model representing the coil winding process demonstrated 

that input parameters such as wire tension and winding speed 
influence physical and electrical properties of the coil leading to 

the generation of defects in the final product.

Dr Alexei Winter from Grand Challenge 2.3 presented his paper 
“Robotic placement of high-strength permanent magnets for a 
wind turbine generator” at the 2021 Electric Drives Production 
Conference, held virtually between 7th & 9th December. The 

research was carried out at the University of Sheffield’s Advanced 
Manufacturing Research Centre (AMRC) in conjunction with 

Magnomatics and the Offshore Wind Growth Partnership (OWGP).
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trAining 

sessions
soft MAgnetiC CoMposites for eleCtriCAl MACHines 

Dr Glynn Atkinson from Newcastle University presented a training session on 30th June the topic 
of Soft Magnetic Composites for Electrical Machines. This three hour training session was delivered to over 

90 delegates drawn from our academic and industry partners. Glynn was supported during the session with 
input and contributions to the question and answer session by Tushar Batra, Steve Jordan and Lars Sjoberg 
from Alvier Mechatronics and by Marcus Lenberg and Ye Zhou from Höganäs AB.

Soft Magnetic Composites (SMCs) are formed from electrically insulated iron-powder which is compressed 
and heat treated to produce a 3D ferromagnetic component.   Unlike laminations, the material is isotropic; 
the magnetic properties are equal in all three dimensions.  This allows the machine designer and application 
to harness new machine topologies using all three dimensions in a way to improve performance, system 
integration and assembly. The training session covered the fundamentals of powder and component 
manufacture, including detailed discussion 
of the latest Somaloy® material properties 
exhibiting higher permeability and lower 
loss, especially at higher frequencies and 
grades for machining to allow prototyping. 
The opportunities for innovative machine 
designs with three-dimensional flux paths 
was discussed alongside useful design-for-
manufacture rules for using SMC in machines. 
The session concluded with several case 
studies and examples of electrical machines 
which employ SMCs.

An introduCtion to eleCtriCAl MACHines

Spread over two, 3-hour, online sessions on the 8th and 9th of September, Hub Director Prof 
Geraint Jewell delivered a well recieved short course entitled ‘An Introduction to Electrical 
Machines’. The course provided an introduction, however, covered sufficient content 
at an intermediate level for those with more background.  A total of 115 delegates 
attended the course from our hub partners, making it our most successful training 
event yet.  Industry partners attending this popular course included McLaren, Protean 
Electric, Rolls Royce, Siemens Gamesa, and ZF. The course began with an introduction to 
electrical machines and moved on to cover more detail in the second session. Prof Jewell 
covered: Electrical drive systems, Basic anatomy of electrical machines, Magnetic materials, Underlying 
principles of electromagnetic torque, Types of electrical machines, Sizing of electrical machines, Losses in 
electrical machines and Thermal management of electrical machines. 

Our training 
training sessions are 

available exclusively to our hub 
partners. Our upcoming training 

sessions include:

- AC Losses in Electrical Machines
-  Manufacturing Opportunities 
for Future Electrical Machines

- Non-destructive testing
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introduCtion to fACtory plAnning And siMulAtion using disCrete event siMulAtion (des)

Peter Ball, Professor of Operations Management from the University of York Management 
School, and Annie Heaney, Business Development Manager from Lanner Group Limited, jointly 
provided an introduction to Factory Planning and Simulation using Discrete Event Simulation 
(DES) in January 2021. DES is one of the most popular techniques for modelling the activities in 
a factory and the flow of parts. It is able to identify bottlenecks on the manufacturing shop floor 
and undertake what-if analyses of various change scenarios. It is often used only when a new 
product is being developed, but it was argued during this training session that it should be used 
more widely for information of production configuration to provide key information for use in 
other parts of the business. More information on this session can be found on our website. 

fundAMentAls, AppliCAtions And lAtest fAMily of eleCtriCAl insulAtion MAteriAls by dupont in 
AerospACe And eleCtriCAl MACHines

Over 60 participants attended a training session led by DuPont in May 2021. The high temperature insulation 
system rated for 200 deg. C and beyond of mid and high AC voltage motors supplied by variable frequency 
inverters needs a very reliable insulation of winding wire, slot liner and coil insulation. Kapton® polyimide films 
for their more than 50 years history have proved their long-term reliability as insulation material working in 
a very harsh environment when combination of high dielectric and mechanical strength, voltage endurance 
and operation at temperatures from -60 to 260°C is required. Kapton® and Oasis® aerospace wire insulation 
products set the standard in commercial, defence, and satellite applications.

fundAMentAls And lAtest trends in tHerMAl MAnAgAMent of eleCtriCAl MACHines

This training session delivered by Dr Rafal Wrobel, University of Newcastle, was compiled to provide a 
comprehensive overview of the subject, that included a mix of fundamental knowledge and the latest research 

and developments. The session started with the fundamental heat transfer mechanisms, in 
the context of a more reliable thermal design methodology. It follows up with selected 
manufacturing and assembly aspects, which are challenging to accurately account 
for and significantly affect the machine’s thermal behaviour. Here, the discussion on 
theoretical methods is supplemented with variety of standard and custom experimental 
techniques used to inform thermal design of electrical machines. The session finished 

with technology challenges associated with the next generation of electrical machines, 
with several examples of new thermal management concepts discussed in detail.

for future feMM Hub trAining opportunities 
And events pleAse visit our Website.
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Join our mailing list to keep up to 
date with our latest news. 
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