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ABSTRACT It is common practice for electrical machines to be designed with a focus predominantly on
the electromagnetic performance. The mechanical design is then subsequently undertaken to meet various
mechanical performance criteria, with this finalised design then passed on for manufacture. In many cases,
the manufacturing constraints have not been taken fully into consideration during the electromagnetic or
more particularly the mechanical design and hence some changes are required to the design to make it
manufacturable. This in turn can lead to a non-optimal machine being manufactured. If manufacturing
constraints and opportunities are regarded as key quantitative inputs to the design process, not only can
these post-design changes be minimised, but benefits of the manufacturing process can be exploited to
produce a superior product. This paper proposes a methodology to fully integrate the mechanical design
and manufacturing process routes into electrical machine design and illustrates its utility within the context
of light-weighting of a permanent magnet rotor for an aerospace electrical machine. Within the proposed
methodology, several alternative configurations of the rotor are considered with applicable manufacturing
routes identified at the initial stages of design and an analytical design procedure to fulfil the application
and performance criteria is developed. Different manufacturing materials and constraints as well as the
impact of manufacturing process are identified to be embedded into the design procedures. Finally, the
paper demonstrates an application of this methodology together with a discussion of the features which
offer promise in achieving economically lighter weight design through integration of manufacturing into the
design procedure.

INDEX TERMS Electrical machine, rotor dynamics, lightweight, structural design, manufacture.

I. INTRODUCTION

This paper describes a design methodology for the structural
elements of an electrical machine rotor that encompasses
both the design opportunities and manufacturing options at
the initial stage of design inception. Whereas the design of
the active elements of the machine is critical in realizing

The associate editor coordinating the review of this manuscript and

approving it for publication was Paolo Giangrande .

a competitive power density, i.e. those elements that have
functional role in generating electromagnetic torque, the non-
active or structural elements also have a key role. By way
of example, the design study reported in [1] included a
detailed mass audit of a 100 kW high-speed aerospace starter-
generator that employed a combination of high performance
soft magnetic materials and direct oil cooling of the windings
to achieve an overall machine continuous operation power
density of 4.4 kW/kg. In the final machine design, 47%
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FIGURE 1. Spoked hub design.

of the final machine mass was contributed by structural
elements.
In straightforward terms, this suggests that there is equal

scope to drive forward power densities through optimisation
of the design of the structural elements. This necessarily
involves embracing new materials and manufacturing routes.
Bringing the manufacturing considerations into the early
design iterations not only allows for the optimal manufacture
of components, but uses the advantages of individual manu-
facturing methods to open up the design space and allow for
radical changes from a traditional electrical machine design.
An alternative design concept spoked hub for the the study
reported in [1] is presented in FIGURE 1 Spoked hub design

for the purpose of illustration of various major components
of an electrical machine. peripheral speeds, i.e. >200 m/s,
pose particular challenges as their design becomes increas-
ingly dominated by mechanical rather than electromagnetic
considerations [2]. In order to achieve the highest possible
power density for a given stator arrangement, and usually,
but not always, the highest efficiency, considerable design
effort is put intomaximising the air gapmagnetic flux density.
It is also usual to attempt to minimise the rotor mass through
judicious selection of materials and dimensions. However,
both these design objectives, which are often regarded as
being the primary electromagnetic design objectives, are
desirable design outcomes rather than strictly essential crite-
ria, which must be met. These primary design objectives must
be achieved while simultaneously meeting many essential
requirements for the rotor in which there is little or no leeway
for trade-off:

• Ensure that the rotor magnets are maintained in contact
with the rotor core across the full operating speed range,
including for any overspeed specifications.

• Ensure that any containment sleeve employed to retain
the rotor magnets operates below the material design
stress limit for all combinations of rotor speed and oper-
ating temperature.

• Ensure that the rotor magnets and/or the rotor core
are not subjected to excessive mechanical compressive
stress from the containment sleeve during manufacture

or at any point in the temperature and speed operating
envelope of the machine.

• Ensure that the vibration from a combination of unbal-
anced magnetic pull and out-of-balance forces do not
exceed some specified limit.

• Ensure sufficient margin between the first critical speed
of the rotor and themaximumoperating speed (including
any overspeed considerations).

• Reduce the level of rotor electromagnetic losses, which
comprise core loss and induced eddy current magnet
loss, to a level which can be sustained thermally (this
aspect of behaviour being closely coupled to the stator
design).

• Avoid irreversible demagnetisation of the rotor magnets
under the worst-case temperature and overload current
conditions.

• Incorporate a means to ensure that the rotor can be
dynamically balanced to a high precision.

• Shear stress limit - referenceable design guidelines for
margin/safety factor [3].

• The shaft design must ensure that the losses in the rotor
(e.g. from induced eddy currents in the rotor magnets
or rotor core loss) can be dissipated to the surround-
ing ambient or into a cooling fluid. This is likely to
be achieved through a combination of heat conduction
within the rotor (including along the shaft to some exter-
nal sink) and from convention from the various surfaces.

With the possible exception of reducing the rotor electromag-
netic losses, all of the above requirements demand compli-
ance with some threshold of performance/behaviour. In many
cases, there is little merit in further exceeding these require-
ments recognising that many of the thresholds have been
set with regard to ensuring the component or assembly will
exhibit the requisite ageing behaviour over its design lifetime
by appropriate specification of a safety factor or design mar-
gin. It is also apparent from these requirements that many
are in direct conflict with each other and/or the performance
objectives of air gap flux density and rotor mass.

It is also important to note that manufacturing consider-
ations have the potential to impact on the rotor design in
several ways:

• The material physical properties which underpin the
selection of the form and dimensions of various ele-
ments may well be highly influenced by the processes
employed in component manufacture, e.g. forging ver-
sus machining from bar stock in the manufacture of the
shaft, work-hardening of material through cold-forming
etc.

• Geometrical tolerances may influence the precision of
the control which can be exercised over assembly and
resulting performance, e.g. arising interference stresses.

• The cost effectiveness of any given manufacturing route
will be dependent on factors including number of units
per year, availability of supply chain, and the ratio of the
raw material weight used to manufacture the part to the
final part weight.
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One example of the nature of the trade-offs involved in
rotor design is the potential to use the rotor core (also com-
monly referred to as the rotor ‘back-iron’) as a structural
element. The principal electromagnetic role of the rotor core
is to provide a low magnetic reluctance path for the rotor
permanent magnet flux. To a first approximation, the rotor
core is exposed to a static magnetic field. However, in a
practical machine, there is usually some degree of localised
fluctuations in the magnetic flux in the rotor core due to
a combination of armature reaction field and stator slotting
permeance variation modulating the localised working point
of the rotor magnet. These localised flux variations will give
rise to induced eddy currents and hence loss in the rotor core,
the extent of which is related to the electrical conductivity
of the core material and the rotor geometry, in particular
whether it is manufactured from a solid single-piece or from
a stack of laminations. A stack of electrical steel laminations
(usually<0.5mm)which are either adhesively bonded across
the full face or welded together at a few points around the
outer periphery are generally regarded as being elements
which cannot be relied on to carry anymeaningfulmechanical
loads. In contrast, a rotor core manufactured from a high-
strength ferromagnetic alloys can be integral to the structural
design of the rotor and in some cases eliminate the need for
a rotor shaft and/or hub. However, since a solid rotor core
will tend to result in markedly larger eddy currents than its
laminated counterpart, considerable attention must be paid to
minimising this parasitic rotor core loss to avoid excessive
heating of the rotor structures.
In order to retain surface mounted magnets and/or improve

the mechanical strength of the rotor structure, a high strength
overwrap sleeve is often employed on the outer surface of
the rotor. Typical sleeve materials include carbon fibre or
a non-magnetic alloy, such as Inconel [3], [4]. Since the
sleeve is required to deliver the retaining force over the entire
speed range of the rotor, a degree of pre-load is required to
negate the self-loading effect on the sleeve. However, it is
important to recognise that application of radial pre-stress to
the magnets and the underlying rotor core is not without its
perils. Thus, as is the case in the proceeding analysis, it is
necessary that this additional stress on the underlying rotor
structure be taken into account at the design stage of the rotor
structural components.
To avoid irreversible demagnetisation of the rotor magnets

under the worst-case temperature and overload current con-
ditions, an appropriate thermal design with accurate temper-
ature prediction on the rotor magnets need to be performed
to calculate the worst-case temperature. This thermal design
needs to be carried out with a complete electrical machine
rather than the rotor system alone, as the rotor magnet tem-
perature is subject to not only the rotor losses but also the
stator winding losses and the cooling approach used in the sta-
tor. Whereas the conventional thermal analysis usually uses
lumped parameter thermal network with empirical heat trans-
fer coefficients [6], nowadays the thermal analysis employs
computational fluid dynamics approach to determine the

heat transfer coefficients between different types of mediums
(such as liquid/solid and air/solid) before performing the
temperature prediction using the lumped parameter thermal
network or thermal finite element analysis [7]. Then, the
worst-case temperature of the rotor magnet at load condition
will be used to analyse the irreversible demagnetisation risk
of the permanent magnets.

As noted previously, the majority of electrical machines
have been historically designed with an emphasis on the
electrical, mechanical, and thermal performance. The design
is then iterated to bestmeet the specified performance criteria,
with this finalised design of the active region then passed onto
a manufacturer to fabricate. In cases where the manufacturing
constraints have not been taken into consideration during
the design, it is commonplace that changes are required to
be made to the optimised design to make it manufacturable,
leading to some compromise in performance. If manufactur-
ing is considered as an input variable to the design process,
not only can these post-production changes be eliminated,
but advantages of the manufacturing process can be taken to
produce a superior product. This paper will aim to develop a
methodology for a fully integrated design and manufacturing
process route, with an outline of the methodology given in
FIGURE 2.

FIGURE 2. Methodology outline.

II. LITERATURE REVIEW

In this section, the state-of-the-art literature regarding the
lightweighting of electrical machines’ rotors will be pre-
sented. The lightweighting of the electrical motors and gen-
erators can be realised through modifications of both the
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electromagnetically active and non-active parts of a machine.
In this regard, the state-of-the-art of lightweighting of elec-
trical machines (EM) from different points of view, includ-
ing electromagnetic, thermal, and mechanical and dynamics,
as well as cost and manufacturing aspects are reviewed.
Furthermore, due to the wide range of utilisation of electri-
cal motors and generators, the lightweighting of electrical
machines in different industrial applications will be discussed
too.
Thework on reducing non-activematerial mass can be split

into understanding loads, suggestions of design approaches
and use of materials.

A. LOAD MODELLING IN ROTATING ELECTRICAL

MACHINES

Similar to the other rotating machinery systems, electrical
machines are subject to a number of operational loads, includ-
ing the centrifugal loads, which is evenmore significant in the
high-speed electrical machines as in vehicle and aerospace
applications. However, the analysis of the rotor structure of
the electrical machines are uniquely more complex because
of the superposition of the mechanical loads such as torque
and centrifugal forces, the air gap electromagnetic shear and
normal stresses on the rotor circumference, thermal stresses
[6], [7], and the dynamically induced vibration and noise due
to manufacturing, installation or design imperfections.
Many of the forces acting on an electrical machine rotor

are common to all rotating machinery, e.g. out-of-balance
forces, gyroscopic forces, forces transmitted from a mov-
ing platform etc. However there are some additional forces
resulting from electromagnetic interactions which must be
quantified, and in some cases, taken into account. The torque
ripple by an electrical machine can be reduced to very low
levels if required by the end application, e.g. to <1% in
electric power steering systems. In general terms, reducing
torque ripple usually involves some modest compromise in
average torque density and hence many permanent magnet
machines have some level of residual torque ripple which is
typically a few percent of average torque. This toque ripple
is a combination of so-called cogging torque and harmon-
ics in the excitation torque. One feature of torque ripple
is that the excitation frequencies can be many multiples of
the rotational frequency. By way of example, in a 48-slot,
8-pole permanent magnet machine, the dominant cogging
torque frequency component is at 48 times the fundamental
rotational frequency. There are some studies attempting in
reducing the torque ripple, for instance the magnet pole shape
design for ripple minimisation using analytical flux density
expressions [10].
Mass imbalance is one of the main excitations for a rotor

system. The resultant centrifugal force rotates synchronously
with the rotor rotation, and hence the rotor rotation frequency
needs to be kept away from the natural frequencies of the
rotor system in the design stage. One unique feature of the
rotor system of a permanent magnet synchronous machine is
that the rotor of a typical PM machine is assembled up from

a large number of separate individual components, which can
include many hundreds of small individual magnet pieces if
significant segmentation of the magnet poles is necessary to
manage induced losses [11]. The tolerances of all the rotor
components can stack up significantly, resulting in a large
mass imbalance. Rotor balance standards were introduced to
mitigate the mass imbalance to acceptable levels for various
applications, such as G2.5 for aerospace application based on
ISO 21940-11:2016 [12].

The imbalance is considered in the unbalanced response
analysis (vibration analysis), when there is a resonance point
within the operation speed range. However, if there is no such
resonance point below the max operation speed, we do not
need to run the unbalanced response analysis. The unbalanced
magnetic pull (radial force) analysis will be conducted in
2D electromagnetic FEA, and then the frequency order of
the dominant unbalanced magnetic pull will be checked to
see whether there is a chance to excite a resonance below
the max operation speed. If this is not possible, then no
further unbalanced response analysis will be needed. If it is
possible, then the unbalanced response analysis will be run
with both electromagnetic force excitation and the imbalance
excitation [13].

Vibration of EMs are caused by internal and external
sources that can interact simultaneously. Vibration dissipates
energy, reduces the efficiency, can cause machine failure and
produces unwanted noise. Distorted (uneven) air gap field
due to eccentricity and magnetic flux change of the air gap
basically give rise to unbalanced magnetic forces (UMF)).
The uncoincidental rotor and stator axes and mass imbalance
are among the internal causes of UMF. In order to avoid
excess vibrations, design standards restrict the eccentricities
to some permissible values [14].

Considering the various rotor components are made of dif-
ferent materials which have different coefficients of thermal
expansion (CTE), the rotor exhibits a non-uniform thermally
induced stress that can impact the effective stiffness of all the
rotor components. Besides, the high rotor temperature can
degrade the modulus of the rotor materials. Therefore, the
rotor dynamics performances can theoretically be affected by
thermal expansion. Zhuo et al. [15] investigated the influence
of the thermal expansion on the natural frequencies of a gas
turbine rotor, by performing the thermal analysis, mechanical
stress analysis and then the modal analysis under the pre-
stressed conditions. It was found that the error caused in
the natural frequencies by neglecting the thermal expansion
effect can be 4%. Zheng et al. analysed the thermal expan-
sion effect on the natural frequencies of a micro gas tur-
bine rotor system with a surface mounted permanent magnet
machine [16]. The carbon fibre wrapping direction impact
was considered in the thermal stress analysis. It was reported
that by neglecting the thermal expansion effect, the error
caused in the natural frequencies can be 8%. However, the
rotor systems in both papers operate at high temperatures
from 200◦C to 500◦C which can cause a relatively large
degradation in the material modulus.
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The structural and mechanical components of the EMs
require sufficient strength to accommodate with the cyclic
loads, which are imposed on them over the machine’s life-
time. The cyclic loads can cause fatigue damage in the
components such as shafts and bearings, which gives rise
to machine’s failure. Particularly in high speed machines,
inappropriate selection of the rotor mass and inertia can
impose excessive loads on the bearing and reduce their fatigue
life [17]. Fatigue damage is important to be investigated
where some innovative machine designs are concerned. For
instance, Sikanen et al. investigated the fatigue damage anal-
ysis within the rotor decks of a sleeveless embedded magnet
machine design. They highlighted the necessity of consid-
ering the combined thermo-mechanical stresses in damage
estimation analysis [18].
The motor design must take into account the resonance

frequencies of the motor to shift the critical frequencies away
from the motor’s operating speed to at least ±10% [19].
For dynamic analysis of EMs rotor, possibly modelling of
all components that may influence the vibration modes has
to be taken into account, although the analysis complexity
may increase. The relevant examples are the gyroscopic effect
imposed by the bearing deformability that can introduce low
order vibration modes [20] and the increased rotor hub stiff-
ness by pre-stressed sleeves for retaining magnets [5].

B. MATERIALS

In the case of light weighting, Eastham et al. [21] have
demonstrated use of novel material in the non-active struc-
tural part of a novel axial fluxmachine for aircraft drive appli-
cation, including plastic and carbon fibre reinforced epoxy
resin. The former is used as support disks for windings and
magnets, whereas the latter is chosen for the shaft of chassis.
Koch et al. [22] studied the use of the soft magnetic com-

pounds (SMC) and composite plastic to reinforce the steel
shaft for the lightweight design and manufacturing of high
performance electrical motors. Jean-Sola et al. [23] investi-
gated the opportunities for lightweighting, using the compos-
ite materials with different fibre orientation patterns instead
of steel for wind turbine generators.
For the selection of materials stated above, the feasibility

of utilising these with various manufacturing methods has
been considered. Titanium is applicable to a wide range of
processes, including forging [24], casting [25], radial forg-
ing [24], and spinning [26]. Steels alloys are applicable to
most manufacturing processes, although the yield strength
obtained can greatly vary from 1420 MPa for a forged com-
ponent [27] to 210 MPa for an extruded component [28].
For completeness, this paper also considers that use of alu-
minium, inconel, and magnesium alloys through a variety of
processing routes. Before deciding on the material and manu-
facturing route, it is important to note that there will be limita-
tions on the conditions in which the material can be processed
using a certain route. For example, titanium is formable
using the spinning process, but due to the microstructure of
this material, the spinning process needs to be conducted at

high temperature, typically in the region of 600−800◦C [29],
with research being conducted into the use of laser-assisted
spinning for difficult to deform, high strength alloys [30].

C. DESIGN APPROACHES

Design of modern electrical machines with lightweight and
high-performance characteristics is of important interest due
to their extensive applications. While the electromagnetic
design is viewed in a systematic perspective, the mechanical
design is predominantly approached from a component-
oriented approach, in order to fulfil the machine’s perfor-
mance [31], [32]. One route for innovation in the design of
mechanical elements of electrical machines is to look at the
designs of similar rotating systems, such as gas and wind
turbines. One specific example is in [33] where the authors
designed and modelled a lightweight electrical generator (for
an airborne wind turbine) using composite material structure
inspired by that from a flywheel design by [34].

From the design optimisation viewpoint, some recent stud-
ies have dealt with the review of the existing methods and
techniques and tried to organise them into a distinct frame-
work for the more optimal design. With a focus on the soft-
ware selection, Duakaev et al. [35] have collected the tools
used in the EM discipline and their application for machine
design and optimisation.

In a more holistic approach, Bramerdorfer et al. [36] inves-
tigated the techniques for evaluating machine designs and
its optimisation from an electromechanical standpoint. They
provide a high-level definition of optimisation problem and
the search-space technique, applied to EM science. With
an approach to multi-physics (electromechanical, mechani-
cal/structural, thermal), material and manufacturing process
design, Lei et al. [37] reviewed the design optimisation meth-
ods and practices for EMs. They attempted to build frame-
works for system-level and robust optimisation, and showed
case study examples of their proposal implementations. Nev-
ertheless, robust optimisation can have the downside of per-
forming a considerable amount of simulations to consider the
uncertainty in the input (design) parameters, such as material
properties, geometry, manufacturing route and assemblage.

The performance and efficiency model along with the
design methodology and cost optimisation of two power-
train configurations, including the electrical machine, con-
verter and mechanical transmission is presented by [38]
and [39] respectively. The selection of the optimal power train
mechanical parts is based on the performance requirements.
Having selected the powertrain, then from a database of EMs
the optimal electrical machine design is sought through an
objective function involvingmaterial andmanufacturing cost.

Design for X (DfX), where X can be a range of activities
such asmanufacture, assembly, remanufacture and life- cycle,
is a well-known process which has been in practice since the
1970’s. The DfX process uses a range of simple criteria to
question and critique the function and design of components,
with the aim of reducing part count, production and assembly
time, and any difficulties that may lead to quality issues in
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the final component [40]. There is a BSI standard available
which gives high level criterion which should be taken into
account when using the DfX process [41], and this paper will
build on a similar structure of using specific criterion to probe
component details.

III. METHODOLOGY DEVELOPMENT

The vast majority of electrical machines are manufactured
as stand-alone machines with their own bearings and an all-
encompassing casing. These stand-alone machines are then
put to use by fixing the casing to some surrounding structure,
typically through mechanical fasteners in combination with
feet, flanges or lugs, and connecting the output shaft to the
load via some form of coupling. In contrast, some machines
are highly integrated with another mechanical system, such
as internal combustion engines, and share many structural
components including the shaft. Stand-alone machines tend
to offer the most design freedom in terms of rotor design
providing the drive-end of the rotor shaft is capable of being
connected to the load with the preferred coupling type.
Traditionally, electrical machines have been designed

focusing on the electrical, mechanical, and thermal perfor-
mance. The design is then iterated to optimise for the per-
formance criteria, with this finalised design then passed onto
a manufacturer to fabricate. Since the manufacturing con-
straints have not been taken into consideration during the
design, it often happens that changes are required to be made
to the optimised design to make it manufacturable, leading to
a non-optimal machine being manufactured.
Moreover, for several high-end applications, many future

generation electrical machines are required to be lightweight,
high power and operate reliably at relatively high rotational
speeds. The likelihood of rotor dynamics problem occurring
within the operating speed range of the machine is therefore
increased. In contrast with other applications, an electrical
machine shaft is subjected to a combination of mechanical
and thermal loading, which can originate from manufactur-
ing, assembly processes and during operation. This includes
interference fits and compression from containment sleeves,
torque and thermal mismatch of materials in the assembly,
as well as vibration [42].
If manufacturing is considered as an input variable to the

design process, not only can these post-production changes be
eliminated, but advantages of the manufacturing process can
also be taken to produce a superior product. As an example,
traditional methods of shaft design do not allow this iterative
approach.
This paper will aim to develop a methodology for a fully

integrated design and manufacturing process route.
The point of departure for the methodology is the identi-

fication of the possible design options. These design options
can be identified systematically using a categorisation such
as that shown in, FIGURE 3, which range from the stan-
dard through-shaft design, to a novel, one-piece hollow hub
geometry. In order to differentiate between design choices,
a first pass selection criteria was developed which conducts

a trade-off between key aspects of potential manufacturing
routes, including material properties associated to specific
manufacturing methods. The inclusion of material data spe-
cific to manufacturing routes is a key element to this method-
ology as it will allow for the lightweighting of components
when material strength can be increased during the manufac-
turing process. The final step before the modelling work is
undertaken is to specify key properties of the design process
in relation to the chosen methods of manufacture. All these
points will be discussed in further detail below.

There have been several proposed taxonomies for classify-
ing permanent magnet machine rotors such as [43]. However,
these have been largely based on electromagnetic classifica-
tion, in particular the arrangement of the rotor magnets. The
taxonomy shown in FIGURE 3 is focussed on the mechanical
configuration of the shaft/hub and rotor core for internal
rotor machines. The myriad variation in the specific arrange-
ment of magnets, i.e. whether they are surface mounted,
inset or interior magnets are not considered in this classifi-
cation and indeed all three of these magnets configurations
could be applied to all the rotor geometries of FIGURE 3.
The schematic geometries shown in FIGURE 3 are highly
simplified and in practice, many geometric features such
as steps in shaft diameter to provide axial location, addi-
tional thin-walled endcaps to provide some axial retention
of components. All the examples shown are based on hollow
shafts but could in all cases be designed around solid shafts.
Of the materials shown in the schematic representations of
FIGURE 3, only the magnets and the core have important
functional properties and the remaining materials can be
selected entirely with regard to physical properties and ther-
mal considerations. A summary of the candidate methods of
manufacture andmaterials for each of the elements are shown
in Table 1 and Table 2, respectively.

From the taxonomy diagram, a list of potential manufac-
turing routes is generated and marked against each machine
structure. In FIGURE 3, the structure types are numbered 1-7
from left to right, and comments are given in Table 1 on the
feasibility of manufacturing the main structure (i.e. the rotor
shaft, end caps, or combined hub region) with the specified
method of manufacture. Comments are also made on the
applicability of the individual manufacturing methods with
respect to selected material types, shown in Table 2.

The manufacturing routes and their applicability, shown in
Table 2, are limited in some cases to particular components
within the rotor hub/shaft assembly. For example, radial forg-
ing is shown as applicable to all rotor designs, but the associ-
ated note is ‘‘for options 1, 2, 5, 6, radial forging is a feasible
manufacturing method for the through shaft only. Alternative
manufacturing options would need to be considered for the
end caps and hub section (plus a joining method)’’. Every
effort has been made to clearly state any restrictions on the
applicability of the manufacturing methods in this paper.

The novelty of this methodology is the inclusion of manu-
facturing route-specific material data. A vast literature search
was conducted to obtain public domain data on yield strength
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FIGURE 3. Proposed taxonomy for internal permanent magnet rotors.

TABLE 1. Manufacturing routes versus taxonomy options.

of the five materials considered in this paper, for the seven
manufacturing routes, plus ‘nominal’ text book values. The
inclusion of specific yield strength data in the design process
allows for the component to be designed optimally based

on the chosen method of manufacture. This will ensure that
components are not over-specified which could lead to a
detriment in cost or weight of the component, and will also
lead to optimal decision-making on choice of manufacturing
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TABLE 2. Manufacturing routes versus material selection.

route, ensuring that the full benefits of a particularmethod can
be utilised. Table 3 summarises the yield strength for specific
alloys and manufacturing routes.
The inclusion of material data specific to manufacturing

routes is a key element to this methodology as it will allow for
the lightweighting of components when material strength can
be increased during the manufacturing process, e.g. through
the use of cold forming processes. The final step before the
modelling work is undertaken is to specify key properties of
the design process in relation to the chosen methods of manu-
facture. For example, theminimumwall thickness achievable,
the tolerances and component runout values, and any design
criteria that need to be considered, i.e. min forming radii,
minimum length of component. It is important to understand
these constraints prior to the design stage as it allows for the
engineer to optimally design the component for a specific
method of manufacture.
Once the general methodology described above has been

used to down-select potential options, the following staged
process will be used to determine the information which will
inform the modelling section of the methodology.

• Stage 1: Option selection; choice of options to take
forward, with design profile and manufacturing route
identified.

• Stage 2: Sketch of component; high level of detail, gen-
eralised geometry determined.

• Stage 3: Key design constraints determined; each design
individually may require constraints on one or more of
the features.

• Stage 4: Key manufacturing constraints determined;
each design will have at least one manufacturing method
with appropriate constraints.

• Stage 5: Combination of design and manufacturing con-
straints; combination of the output of steps 3 and 4,
presented as a combined set of criteria to input into the
modelling work.

It is important that each stage includes a detailed assessment
to ensure that potential solutions are not overlooked, however,

the critical stage of the methodology is the combination of
requirements in stage 5. For example, let the wall thickness
of the component be considered. For the design stage, this
requirement would likely take the form of the minimum wall
thickness necessary for the component to withstand the forces
exerted during operation, and for the chosen manufacturing
route there will also be a minimum achievable thickness.
When combining these two requirements, the larger of the
two would be taken as the final component thickness. The
combination of information from the design and manufacture
of the component is the critical step, as this ensures the
component is not using a manufacturing route or material
type where the full benefits cannot be realised. This will be
discussed in further detail with an example in the next section.

When compiling the list of manufacturing constraints, it is
also important to be aware of the type of machine that could
be used for the size of component being considered. For
example, Table 4 provides a summary of the design and
manufacturing constraints that should be considered when a
single-piece rotor with a hollow hub region is manufactured
using radial forging. In this table, limits have been placed on
geometrical features such as wall thickness and achievable
diameters of both the hub and shaft. These limits have been
imposed due to physical constraints of a particular radial
forge- the GFM SKK10R- which was chosen as an appropri-
ate machine for this size of component. This type of machine
is used extensively in the automotive industry to forge drive
shafts and rotor shafts, especially those with varied inner out
outer diameter profiles [74]. Larger radial forges are available
from various suppliers, but the larger machines are typically
used to forge large diameter bar to smaller diameter bar which
is then used in subsequent processes.

One of the main difficulties in compiling information
such as that in Table 4 is having access to the informa-
tion on specific manufacturing processes. Unlike developing
the electromagnetic or mechanical constraints which have
associated equations, which will be discussed in future sec-
tions, the manufacturing constraints rely on direct experience
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TABLE 3. Manufacturing routes versus material properties (yield stress).

TABLE 4. Summary of design and manufacturing considerations and
constraints for a single-piece rotor manufactured using radial forging.

or company know-how. There are several ways that this
gap in knowledge can be overcome. For larger companies,

internal design guides are often produced to guide engi-
neers on the limits of specific manufacturing routes when
designing new components. These design guides will typ-
ically include many of the same considerations which
have been captured in Table 4 with additional worked
examples for specific components within the company
catalogue.

In a more general setting, there have been several net-
works of research centres set up across the world to assist
with bridging the gap between component designers and
potential manufacturers. In the UK, the Catapult network –
and more specifically for this application, the High Value
Manufacturing Catapult – were set up to ‘‘bridge the gap
between research and industry’’ and ‘‘tackle the biggest chal-
lenges that society and industries face today’’ [75]. Germany
has a similar network of applied research centres through
the Fraunhofer-Gesellschaft organization [76], which aims
to prioritise ‘‘key future-relevant technologies and commer-
cializing its findings in business and industry’’, while the
United States of America fund the National Laboratories [77]
that addresses ‘‘large scale, complex research and develop-
ment challenges with a multidisciplinary approach’’. Each
of these research networks have specific groups or centres
which focus on transitioning manufacturing-based research
from academia to industry, and developing links that allow
the experience from manufacturing to feed back to product
designers.

For the manufacturing constraints stated in Table 4 every
effort has been made to include the key points of note,
however, when defining the constraints, there will always be
implicitly imposed constraints which are not stated outright.
For example, explicit constraints have been placed on the wall
thickness, ratio of diameters, and shaft diameter. However,
all of these aspects will inevitably lead to implicit constraints
on tolerances on individual components, material movements
during forming operations, and tolerance stack up during
assembly.
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IV. MECHANICAL MODELLING AND DESIGN

FIGURE 3 gives an overview of the comparative modelling
of different rotor concepts. There are often two initial starting
points for the analysis: (a) a definition of the electromag-
netically active design, including dimensions and material
properties and (b) a definition of rotor concept(s) to be mod-
elled. Many of the leading dimensions of the rotor are set
by electromagnetic considerations, e.g. overall rotor diameter
and axial length of the active region. However, there are
some elements that are dictated purely by mechanical and
structural considerations such as shaft diameter and wall
thickness of tubular structures. In order to establish initial
estimates of these structural elements it is commonplace to
fall-back on well-established analytical design and sizing
equations.
Once the rotor concepts have been defined, a smaller sub-

set of those concepts can be chosen for further study. This
process is often qualitative, based on experience or driven
by initial small studies. Many of these rotor concepts have
multiple different manufacturing routes (both in terms of
forming and assembly). The choice of manufacturing routes
can affect global and local material properties and dimen-
sional tolerances as well as manufacturing cost and time.
This can mean that the evaluation of rotor concepts can be a
matrix with topology and manufacturing routes being the two
axes. Therefore, the design space is expanded to the combi-
nation of method of manufacturing andmetallic material with
mechanical properties influenced by the particular Method of
Manufacture (MoM).
In this contribution the high-level aspects of the devel-

oped methodology on manufacturing-oriented design of rotor
assembly is discussed. To this end, the success criteria is con-
sidered as achieving the weight reduction with a qualitative
cost assessment in relation to the required MoM and choice
of material using Table 2. As per FIGURE 2, in order to
embed the manufacturing in the rotor design, a global design
procedure is required, in which the mechanical modelling
parameters associated with rotor assembly components are
initially determined. This initial design procedure is called
analytical design in this work. The analytical design derives
the dimensions and wall thicknesses of rotor components
based on the properties of the selected metallic material asso-
ciated with the specific MoM. The analytical design should
also take account of the manufacturing and assemblage con-
straints such as minimum/maximum viable wall thickness,
shaft outer radius in relation to available bearings, imposed
stresses due to assemblage interference fit, etc. This proce-
dure will present a first-pass at establishing a comparison
between the options of the rotor’s design for manufacturing
to achieve the success criteria at the initial design stages.
To the best of knowledge of the authors such procedure
does not exist, as such this work will also contribute to the
state-of-the-art from this perspective too. The procedure to
obtain the analytical design is presented in the following
section.

A. PROCEDURE TO OBTAIN INITIAL DESIGN OF ROTOR

COMPONENTS

Here the aim is to lay out a straightforward analytical pro-
cedure to establish the initial design of rotor various com-
ponents, including (wall) thickness of shaft, end cap, rotor
hub, rotor core and sleeve as well as selection of the bearing.
With respect to the selected rotor topology from the proposed
taxonomy diagram, different set of components under slightly
different loading conditions are required to be analysed. How-
ever, the design procedure for various rotor components is
similar. Since the rotor components undergo a combination of
stress contributions, a failure criterion for design is adopted
firstly. The widely used criteria such as Tresca and VonMises
can be adopted, depending on the used material whether
brittle (e.g. for cast metals) or ductile respectively. Since most
of the manufacturing processes within the previous sections
are applicable to ductile metallic material, the Von Mises is
chosen, without loss of generality though.

For a three dimensional element in a cylindrical coordinate
system the following stress components will act on different
surfaces of element volume, which are hoop, radial, axial
and shear stresses. The scope of this paper is focused on
the applications in electrical machines where the axial stress
(normally due to thrust force) contribution is not a significant
design issue. A simplifying assumption of a thin cylinder is
made, which allows the radial stress to also be set-aside. This
is due to the fact that for the large ratios of component’s
diameter to thickness, which holds for rotor hub, core and
sleeve, the thin cylinder theory’s error is negligible [78].
According to thin cylinder theory, the hoop stress of a rotor
component is expressed as [78].

σh = PDO/2t, (1)

where P is the imposed pressure and DO and t stand for the
component’s outer diameter and wall-thickness. The imposed
pressure can be either from an applied interference fit and
sleeve pretension pressure or self-loading imparted due to
the component’s angular speed. The shear stress imposed
by the torque T at a cross section of a rotor component is
calculated as,

τ = KTTr/J , (2)

with the polar second moment of area J = π
(

D4
O − D4

I

)

/32
at a given cross section and r denoting the radial distance of a
point on the cylindrical rotor component. An appropriate load
partial safety factor for torque, KT , is also considered. Note
that the inner diameter can be related to the outer diameter
through the wall thickness, i.e. DI = DO − 2t .

Therefore, ignoring the axial and radial stresses, the failure
criterion based on component’s Von Mises stress, σvcomp can
be obtained through the following relations, with the hoop
and shear stresses being determined for any specific rotor
component.

σvcomp ≤
σy

SF
(3)
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σ 2
vcomp

= σ 2
h + 3τ 2, (4)

in which σy, σh and τ refer to the components’ yield stress,
hoop and shear stresses, and SF is the material’s partial safety
factor [79] (SF = 1.5 in this paper). Appropriate values
for safety factors are available in different standards. The
reader is referred to the standard relevant to the specific
applications. From the second of the above equations the
inner radii (diameters) of each component can be written
in terms of the wall thickness. As such, the thickness can
directly be found such that it satisfies the failure criterion
(the first of above equations). The flowchart in FIGURE 4
summarises the initial design procedure. In the following,
the stress analysis for different rotor components is briefly
described.

B. SLEEVE DESIGN

Sleeve is required to hold the magnets in place at machine’s
extreme operational speed, ωmax . Therefore, the sleeve’s
thickness is determined based the resulting hoop stress
imposed due to an equivalent pressure, Pmi , as a result of the
magnet mass’s centrifugal forces over the acting circumfer-
ential area:

Pmi =
mmRmω2

max

Sm
, (5)

where mm, Rm and Sm denoted the magnet’s mass, radius and
circumferential area. Similarly, radial pressures exist due to
the dead weight of the inter-pole regions, Pir as well as the
self-centrifugal loading of the sleeve [80].
The sleeve is pre-tensioned with an interference allowance

that produces the mentioned required equivalent pressure.
Note that the sleeve’s self-loading acts in the opposite direc-
tion relative to the magnet and inter-pole pressure, which
alleviates the hoop stress, negligible though due to the sleeves
light weight. The sleeve’s thickness is then determined so that
the hoop stress (equation (1)) due to the combination of the
mentioned pressures fulfils the failure criteria, given the yield
tensile stress of the sleeve’s composite material.

C. HOLLOW SHAFT STRESS ANALYSIS AND DESIGN

Rotor shaft should primarily transfers the machine’s torque.
Shaft will undergo centrifugal forces that cause negligible
amount of hoop stress (σsw), as shaft’s cross sectional radius
is relatively small. Consequently, the shear stress (τs) due
to the applied torque is the design driver. It is important
to note that increasing the outer diameter of the shaft is
beneficial to reducing the shear stress as its polar moment of
area will rapidly grow, however, the outer diameter has to be
selected with respect to the availability of the proper bearing.
The shaft’s outer diameter should be determined such that
the combined stresses fulfil the failure criteria, according to
initial design flowchart and equation (4):

σshaft =

√

σsw (dsi)
2 + 3τs (dsi) ∧ 2 ≤

σys

SF
. (6)

The above inequality is then solved to find the shaft inner
diameter. In order to simplify the calculations, the shaft is
conservatively assumed to be a thin cylinder which yields
slightly higher wall thickness, therefore according to equation
(1) and under the pressure caused by self-loading similar to
equation (5) the shaft hoop stress becomes

σsw =
ρsd

2
soω

2

4
. (7)

Using equation (2), the maximum shear stress to transmit the
machine’s torque is found as follows

τs =
16KolTdso

π
(

d4so − d4si
) , (8)

in which Kol and T denote the overload factor and machine’s
mechanical torque, respectively. The flowchart in FIGURE 5
summarises the design procedure of the hollow shaft.

D. CONICAL END CAP DESIGN

The design principle of the end cap is considered similar
to that of the shaft with the critical cross section at the
connection point with the shaft. However, due to the variable
cross section radii of the cone, its wall thickness can be further
reduced from the shaft towards the hub connection point,
leading to a taperedwall thickness. This will of course depend
on the manufacturing machine’s capability. Selection of the
axial length of the conical ad cap and its impact on the design
weight is further discussed in this section.

E. ROTOR HUB STRESS ANALYSIS AND DESIGN

With reference to the proposed taxonomy diagram in
FIGURE 3, the hoop stresses acting on the rotor hub depends
on whether the hub consists of an outer electromagnetic core
that sits on the internal hub or it is made up of a single rotor
core (back-iron) as a structural element. In the former case
that corresponds to the ‘‘single-piece shaft and hub/hollow
hub region’’ (more briefly single-piece design), the electro-
magnetic core’s thickness is determined to be the minimum
thickness for avoiding themagnetic saturation. Then the inner
hub is subject to two sets of compressive loads, causing a
hoop stress, due to firstly the interference fit pressure (to
attach the magnetic core onto the rotor hub) and secondly
the sleeve’s pre-tension pressure transmitted onto the hub
through the rotor core. The interference fit pressure accounts
for the surface normal force to provide the required friction
between core and hub to transfer torque T:

Pfr =
KTT

kf RhoSho
, (9)

where KT , kf and Rho stand for torque partial safety factor,
friction coefficient and the hub outer radius. The hub cir-
cumferential area is Sho = 2πDILa, in which La denotes
the axial length of interference between hub and rotor core.
To calculate the sleeve’s transmitted pressure, a simplifying
assumption is made, such that the pressure, Phm , is directly
redistributed proportionate to the surface areas of the magnet
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FIGURE 4. Flowchart of initial design procedure.

FIGURE 5. Flowchart for hollow shaft design.

(magnet outer surface Sm) and hub outer surface Sho , namely
Phm = Pmi (Sm/Sho ), meaning that no pressure loss inside
the magnets or the back-iron occurs. Note that Pmi is the
required pre-tension in the sleeve to keep themagnets in place
in the maximum operational speed of the machine according
to equation (5).
The sleeve’s transmitted pressure can be more accurately

calculated through the application of thick cylinder theory to
the compound cylinders. Nevertheless, the simplified redis-
tributed pressure provides conservative design pressure that
is of acceptable accuracy for this initial design phase. Finally,
the resulting compressive hoop stress (equation (1)) from the
total pressure exerted on the hub, that is Ph = Pfr + Phm , can
be defined as a function of the hub thickness:

σht = −Ph
Rho

th
. (10)

Furthermore, there is a shear stress acting on the hub due to
themachine’s torque (equation (2)), also defined as a function
of hub thickness by:

τs =
KolT

2πR2hoth
. (11)

An adequate hub thickness th is determined to satisfy the fol-
lowing inequality (equation (4)) with respect to the combined

hoop and shear stresses against the hub material’s yield stress
subject to the material safety factor:

σhub =

√

σ 2
ht + 3τ 2h ≤

σyh

SF
. (12)

In case corresponding to the ‘‘separate shaft and hub/
structural solid core’’ of taxonomy diagram (or more briefly
three-piece design) where the hub is made of the single struc-
tural core the interference for pressure does not exist, as such,
just the sleeve’s transmitted pressure is present (i.e., Ph =

Phm ) that causes the hoop stress. Note that the hub’s deter-
mined thickness will be added to the required electromagnetic
thickness, to guarantee low stress levels within the active part
of rotor hub. The flowchart in FIGURE 6 summarises the
design procedure of the single-piece hub design.

FIGURE 6. Flowchart for single-piece hub design.

F. SPOKED HUB DESIGN

Spoked hub, as the reference design, is the first step in trying
to remove the excessive mass from the shaft-rotor assembly
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through introducing the ribs (spokes). The transition of the
machine’s torque from a smaller diameter shaft to a larger
diameter rotor hub has traditionally been made through a
lump of mass (also known as step). Alternatively, the ribs in
the spoked design take over the mentioned role, whereas in a
hollowed hub this transition piece is completely removed and
replaced by the end caps.
The design procedure for the hub of this design is similar to

that of the three-piece design variant. As such, the focus here
is drawn to the design procedure of the ribs. The main loads
that a single rib has to transfer between the shaft and hub are
the axial force Frbh due to the pressure of the magnet sleeve
acting on the rotor hub circumference and the shear force
FrbT under machine’s torque transmitted to the central axis
of the shaft by the ribs. These forces can also be considered
per unit axial length of each rib, which makes no difference
in the calculation of the rib thickness. FIGURE 7 illustrates
a zoomed view of a single rib with its dimensions and acting
loads corresponding to the spoked hub rotor assembly from
FIGURE 1.

FIGURE 7. Dimensions and acting loads on a single rib in spoked hub
design.

The above two forces are assumed to be equally distributed
on all ribs and act on the tip of the ribs in a cantilever scenario,
where the rib as a beam is clamped at the shaft connection.
The axial force originates from the sleeve’s pressure (Ph)
transmitted through the rotor hub and distributed onto the
total number of ribs, Nrb. This force applies a normal stress,
σrb, over the cross section of each rib:

σrb =
Frbh

trbLa
=

2πRhoPh
Nrbtrb

, (13)

in which trb refers to the hub rib thickness. The shear
force is resulting from the machine’s torque with the torque
arm towards the ribs root at shaft connection. This force
applies a bending moment MrbT , maximum at the root
of the cantilevered rib, namely at shaft connection point
(see FIGURE 7). The cantilevered rib length, and the cross
sectional height and width respectively equal to the moment
arm Lrb, ribs’ thickness trb and hub’s axial length La. Conse-
quently, the maximum normal bending stress is determined
as follows:

σrbT =
FrbTLrb

Irb
(trb/2) =

KolTtrbLrb

2Nrb (Rho − th) Irb
, (14)

where the second moment of area of the hub rib is
Irb = Lat

3
rb/12. Considering the hub thickness is small, the

maximum imparted shear stress occurring at the neutral axis
of rib cross section is one order of magnitude lower than the
maximum normal bending stress. As such the shear stress
is omitted in the stress combinations, so the rib thickness
is determined so that the combined normal stresses fulfil
the failure criteria (equation (3)). The number of ribs is a
design parameter whose optimal choice requires an inde-
pendent study that is outside the scope of this contribu-
tion. However, some high-level manufacturing considerations
including the ease of machining/casting have been taken into
account and as such there are eight ribs considered. For an
increased design safety, it is assumed that no sleeve’s pressure
loss within the magnets occurs and the rotor hub doesn’t
compensate for any transmitted pressure either. Furthermore,
an initial analysis showed that the shear stress contribution is
negligible compared to normal stress in a cantilever scenario.
In order to obtain the rib’s thickness similar failure criterion is
followed, in which the algebraic sum of normal stresses due
to axial load and the bending stresses at rib’s root is set to be
less than yield strength, subject to safety factors.

σr = σrb + σrbT ≤
σyrb

SF
. (15)

The flowchart in FIGURE 8 summarises the design procedure
of the spoked hub design.

FIGURE 8. Flowchart for spoked hub design.

G. SELECTION OF BEARINGS AND MACHINE CHECK

FROM DYNAMICS STANDPOINT

The bearings are selected based on the shaft outer diameter.
The bearing stiffness is then determined from the manufac-
turer’s diagram with respect to the amount of imparted radial
loads. The bearing radial loads comprises the rotor mass and
the centrifugal force to the maximum allowable imbalance
(As per ISO 21940-11:2016 [12], the permissible imbalance
grade is G2.5) in relation to machine’s extreme operating
speed.
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With the achievedmass of the rotor-shaft assembly (includ-
ing the magnets) from the initial design procedure and the
obtained bearing stiffness the low order vibration frequency
is estimated, which is associated with the mass of the rotor
assembly sitting on the flexible supports provided by the
bearings [81]. This low order vibration frequency usually
dominates the dynamic aspects of the design. Therefore,
in conjunction with machines’ operational speed range, this
vibration frequency is critical to be taken into account to
avoid any resonance at the initial design phase. Accordingly,
the required bearing stiffness, also with regard to the avail-
ability of desired diameter, will lead to the selection of the
appropriate bearing. A good approximation of the first order
bearing lateral mode of the rotor can be achieved using the
fundamental definition of the natural vibration frequency of
a simplified model. This model consists of the rotor as a
lumped mass (mtotrot ) supported by two bearings (each with
stiffness kb) that are considered as two springs in parallel with
equivalent stiffness of 2kb:

ω =
√

2kb/mtotrot . (16)

It is noted that the vibration modes of the rotor with
deformable components and bearing are variable with respect
to the machine’s speed in the presence of the gyroscopic
effects. As such, for a more detailed control of the machine’s
dynamics and stability associated with more complex higher
modes a rotor dynamic analysis is usually carried out. This
will need to be later computed numerically e.g. via finite
element analysis to obtain the Campbell diagram of the
machine. FIGURE 9 illustrates the complete procedure of
rotor dynamics control.

H. LIGHTWEIGHT DESIGN OF CONICAL END CAPS AND

IMPACT ON ROTOR DYNAMICS

The principal shaft and larger diameter hub, which supports
the active rotor components, are coupled by conical sections,
as seen in FIGURE 3, options 1-4 and 7. Designing these
conical sections with discrete incrementally decreasing wall
thickness, offers little in the way of mass saving, given the
additional complexity in the manufacturing process. There-
fore, the wall thickness of the conical sections, will inherit the
designed thickness of the hub and principal shaft respectively,
which results in a natural taper from the shaft towards the
larger diameter hub. Since the Polar Moment of Inertia of a
cylindrical element is proportional to diameter4, yet volume
is only proportional diameter2, the shear strength of the ele-
ment increases at a greater rate than themass (the superscripts
designate the exponents). From simple geometrical consider-
ations, decreasing the cone angle, and projecting the bearing
supports further from rotor mass, results in a reduction in
mass of the shaft / conical section combination. Projecting
the bearings beyond the end windings of the machine will
result in an increase in casing mass due to the extension of
the casing to accommodate the bearing position. As a com-
promise between additional shaft and casing mass the axial
position of the bearings will remain within the envelope of the

end windings, for the purposes of this analysis. An analytical
estimate of the critical frequency due to lateral deflection of
the shaft assembly, using the Rayleigh method, is given by
equation (17), where the static deflection, yi, is calculated
for every change of cross-section along the supported length.
The maximum static deflection for a particular section of
shaft is given by equation (18), where a is the distance from
the a bearing support to the applied transverse force, l is
the total distance between bearing supports, Ia is the second
moment of area and E is the elastic modulus of the shaft
material. In this case the transverse force could arise from
a combination of mass and electromagnetic forces. If this
calculated value of critical frequency exists within 120% [19]
of the maximum operating speed of the machine, adjustments
in bearing position will be made to reduce the span of the
bearing supports and reduce the critical frequency (or vice
versa), albeit at the expense of additional shaft mass (in the
conical sections).

Nc =
30

π

√

g
∑m

i Fiyi
∑m

i Fiy
2
i

(17)

yi,max =
Fia

2 (l − a)2

3EIal
(18)

These two equations are more applicable for the design
options where there is a through shaft. Where no through
shaft exists, equation (16) is an easier way to estimate the
first critical vibration mode which, in most cases, is often
dominated by bearing stiffness.

V. CASE STUDY

This section demonstrates the implementation of the pro-
posed methodology. At this stage, three different design
options from the design taxonomy diagram are selected. Then
the application of the developed procedure (FIGURE 2),
in conjunction with Table 1 to Table 3 are demonstrated with
the design and manufacturing consideration and constraints
applied to integrate manufacturing from the initial stage of
design. The design options include the rotor with spoked
hub as design reference in comparison with more modern
choices of three-piece separate hub and shafts, and single-
piece as respectively shown in FIGURE 10. For the sake
of comparison, those manufacturing processes are adopted
which are applicable to all design options, which are as
follows: radial forging, casting & machining versus an unde-
finedmanufacturing procedure, utilising the nominalmaterial
properties. The manufacturing materials are titanium, alu-
minium, inconel and steel. Values from Table 3 are used for
the initial design of rotor-shaft assembly in this paper, which
provides the yield strength and density of the selected mate-
rials with the nominal values and those once they undergo
the manufacturing process. It is presumed that the material’s
density will not considerably change as a consequence of
the manufacturing method, and therefore the nominal density
values are used everywhere.
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FIGURE 9. Complete procedure of rotor dynamics control.

FIGURE 10. Schematics for the three different design options considered
in this case study: a) spoked hub, b) three-piece, and c) single-piece
designs (Note: end caps are not shown on designs a) and c)).

The spoked hub and single-piece designs are considered to
have rotor yoke lamination for themagnetic flux requirement,
whereas the three-piece design with separate hub and shafts
is assumed to have a solid rotor core with dual mechanical
and magnetic performance. However, in order for an impar-
tial comparison just the mass of the mechanical portion of
the rotor hub is taken into account later for the analysis of
the results. Due to the magnetic flux requirement, the rotor
hub of the separate hub and shafts design has to only be
made of steel, whereas the other designs do not need to bear
this constraint. The machine’s maximum speed and maxi-
mum torque are 12000 RPM and 380 Nm with a material’s
safety factor, SF and torque transmission safety factor Kol of
both equal to 1.5. The friction coefficient for calculation of
the interference in laminated rotor yoke is taken to be 0.2.

TABLE 5. Spoked hub mass (kg).

The rotor yoke’s inner diameter and axial length are taken
to be 0.1103 m and 0.092 m, respectively. The axial distance
between shaft bearings is 0.160 m and is common for all three
topologies in the case study. The shaft projection beyond
each bearing is 0.070 m and 0.017 m for the drive and
non-drive ends of the machine respectively. This applies to
the conventional through shaft with spoked hub, single-piece
and three-piece design options. Table 5, Table 6, and Table 7
below present the breakdown of component masses, as well
as the total mass values, for all three design options. All shafts
are considered to have a hollow profile after manufacturing.

The results using cast aluminium indicate that its properties
are significantly degraded. The outer diameter of the shaft
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TABLE 6. Single-piece hub mass (kg).

TABLE 7. Three-piece solid hub mass (kg).

(0.05 m) is dominated by selection of the appropriate bearing,
given the machine’s speed and the imposed bearing radial
force. Since the yield strength of cast aluminium significantly
degrades, this material is not suitable for the manufacturing
of the shaft.
FIGURE 11 provides the comparison of resulting compo-

nents’ mass for the rotor of spoked hub design, undergoing
specific manufacturing routes. The total mass of varied rotor
designs as a result of radial forging route is presented in
FIGURE 12. As can be viewed, both design options and
the manufacturing routes will impact on the components’
achieved mass. It is worth noting that integration of manu-
facturing in the modelling in terms of design and material
property variation can significantly alter the total mass, which
demonstrates the application of the developed methodology
being effective. Moreover, lighter weight design options can
be obtained once the manufacturing route is considered.
Somemore specific results are also notable such as use of cast

aluminium which doesn’t seem to be an appropriate choice
due to degradation of mechanical properties.

FIGURE 11. Comparison of mass of the spoked rotor hub design when
manufacturing specific material data is used.

FIGURE 12. Comparison of the total mass of various rotor designs for
nominal material data and that specific to radial forging.

Associated with the results given in Table 5, Table 6, and
Table 7, the first order vibration frequency of different rotor
options with a total mass contribution from active compo-
nents of 2.47 kg are presented in Table 8, according to equa-
tion (16). Note that the stiffness of 3.61e07 N/m is adopted
for the three design options. Since the maximum operating
speed of the case study machine is 10e3 RPM, there is no
risk of resonance within the operating speed range of these
design options, based on the results in Table 8.

Once the initial design wall-thicknesses are derived,
at this stage the manufacturing constraints with reference to
Table 4 need to be imposed. To demonstrate this step, the wall
thickness is set to the minimum achievable one via using spe-
cific radial forging machines. Through a closer look into the
obtained results any wall thickness value below themachine’s
capability of 1.5 mm is increased to this thickness threshold.
Comparison of components’ initial mass (initial) and once the
constraint imposed (adjusted) reveals an interesting point in
choosing more/less expensive material.
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TABLE 8. First order vibration frequency.

TABLE 9. Design mass comparison between different materials and
manufacturing constraints.

Table 9 presents the detailed comparison for the obtained
mass of shaft and hub in the spoked hub and single-piece
design. Comparison between titanium and aluminium for the
shaft’s manufacturing in Table 9 shows that after imposing
this manufacturing constraint the choice of more expensive
material (titanium) is not only providing no benefit in terms
of weight reduction but is actually resulting in a heavier
design. In this case, the benefits of the radial forging process,
as well as the material benefits of choosing titanium, are not
being fully optimised and are therefore not a suitable choice
in this instance. Similar situations hold for the shaft being
manufactured from inconel and steel. The same comparison
demonstrates that either marginal weight reduction or heavier
design is achieved when this constraint is applied for hub
thickness. Nevertheless, it is noted that applying themanufac-
turing constraints highly depends on the specific case study –
for example, the wall thickness directly depend the loads of
a specific machine. Therefore, for each specific design, these
constraints should be laid out at the initial stages properly.
Individual manufacturing processes can provide advantages
to the design and performance of a final component, but it is

important that they are applied appropriately. In this analysis,
the aim is to demonstrate the impact of such constraints
through this specific application to ensure that for a specific
design the optimal solution is achieved in both design and
manufacturing aspect.

VI. CONCLUSION

This paper presents the outcome of research work which
has identified and addressed the gap in integration of the
manufacturing methods with design of non-active (structural)
components of electrical machines for their lightweighting
with application to aerospace and automotive. In order to
address this need, this paper took a novel approach to develop
a methodology in which a wide range of design and manu-
facturing options as well as impact of manufacturing meth-
ods and choice of material on the mechanical design are
all taken into account from the beginning up to the end of
the design procedures. A detailed process is also provided
to enable achieving an initial design of various components
where the material properties and constraints specific to each
method of manufacturing are embedded into the mechanical
design. This is to prevent later modifications that are normally
required to make the design compatible with the method
of manufacturing. It should be noted that the design and
manufacturing of electrical machines in some specific areas
such as in aerospace is a delicate process, in which any
unforeseen changes can spoil the main design purpose or the
aimed benefits.

Furthermore, the implementation of the developedmethod-
ology for an aerospace electrical machine case study is
demonstrated. As it is the aim of this work, the results indicate
the promising potential of the integration of manufacturing
and design, which can be unlocked by means of the proposed
methodology. Within the case study, values were computed
for the mass of the spoked rotor hub for various materials
and manufacturing routes. It was shown that there is a clear
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potential for lightweighting if an appropriate method of man-
ufacture is adopted, with respect to both material and com-
ponent design. For example, if radial forging is selected for a
steel spoked hub then its mass can be reduced to less than 40%
of the mass using the nominal material properties. In contrast,
if a standard casting route is taken for an aluminium spoked
hub then the final mass is increased to almost four times the
masswhen using nominal aluminium properties, emphasising
the importance of knowledge about manufacturing routes and
their impact on the mass of the final product.
In addition, as the results indicate the manufacturing con-

straints also have to be taken into account to obtain a real-
istic potential for lightweighting. For example, a constraint
on the minimum achievable wall thickness through radial
forging limits the lightweighting gain once a more expen-
sive material, such as inconel, is chosen. The mass of an
aluminium spoked hub remains unchanged due to implemen-
tation of minimum wall thickness, but if inconel is chosen
instead then the wall thickness constraint has to be applied,
which yields an increase of almost 60% in the spoked hub
mass. A similar quantitative analysis of the results can also
be made for the single piece and three piece solid hub
design options.
This paper is the way of opening a new door to a new

area of research and the authors admit that there are sig-
nificant amounts of research opportunities remaining in this
area which need to be addressed. An immediate follow-up
of this work will be an in-depth computational modelling
and mechanical analysis through which optimal components’
design for the sake of an accurate lightweighting assess-
ment can be obtained. Further work will include the adap-
tation and enhancement of the developed methodology for
other applications such as wind turbines with cost assess-
ment integration to address cost-effectiveness in manufac-
turing of large generators such as those in directly driven
generator systems.
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