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Abstract: This study presents the design and analysis of the segmented rotor design for an electrical machine embedded onto
the more electric aircraft gas turbine engine shaft. The high-speed operational environment imposes high stress levels due to
centrifugal forces; thus, the feasibility of this segmented rotor topology for such application is explored and a suitable design is
proposed to overcome mechanical stresses. Finite element structural analysis was performed to compare the mechanical
behaviour of a different rotor segment fixing structure and the proposed design. Also, electromagnetic analysis is carried out on
a high-speed switched reluctance machine to study the impact of a new design on machine electromagnetic performance.
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Introduction

In the conventional aircraft, the non-propulsive systems are
typically driven by a combination of different secondary power
units: hydraulic, pneumatic, electrical, and mechanical. These
powers, extracted from the aircraft main engine by individual
discipline, result in rather complicated and inefficient aircraft
secondary power distribution systems. Due to its complexity and
redundancy, there is a trend to adopt a single power type, i.e.
electrical power, to drive the non-propulsive aircraft system, an
idea with regard to more electric aircraft (MEA) [1].
The more electric engine (MEE) is a companion concept of
MEA. Taking the MEA system approach, it is anticipated that the
aircraft electrical power requirement to increase greatly. This
results in a need for step change in the on-board electrical
generation system. MEE extracts the electric power from a series
of high-speed, high-power density generators which is directly
embedded on to the engine shaft without using a traditional
gearbox. The mechanical design of a rotor for high-speed electrical
machine represents a challenging task, in particular dominated by
the need of a stable, mechanically robust rotor. Also, the embedded
electrical machine requires high-power density due to the confined
space inside a gas turbine engine.

To enable this MEE concept, a segmented rotor-type switched
reluctance machine (SRM) is one of the suitable choices as a
starter/generator that is to be integrated onto the shaft of an aircraft
turbine engine. Despite the segmented rotor SRM can deliver
higher torque [2–4], the mechanical properties of the rotor structure
become a major consideration at higher rotational speed and power
[5].

2

Segmented rotor design

In a segmented rotor, the soft magnetic iron rotor segments are
constrained in a non-magnetic rotor hub through a root fixing
structure, as illustrated in Fig. 1. This rotor configuration is often
eliminated for high-speed application because of its susceptibility
to mechanical problems. The rotor suffers from high stresses in the
contact regions due to centrifugal force, particularly when operated
at high speeds. In order to mitigate a high stress level in the rotor,
gas turbine rotor blade root fixing designs are adopted in
segmented rotor application. The root-fixing designs used in the
segmented rotor are mainly (a) dovetail, (b) fir tree, and (c)
straddle T [6], as shown in Fig. 2.
In MEE application, the available space for the rotor structure
of the embedded electrical machine becomes extremely limited due
to the large shaft diameter of the aircraft gas turbine engine. The
relatively large minimum inner diameter compared to the
maximum outer diameter of the machine results in a thin nonmagnetic rotor hub structure, which is not participating in aiding
the electromagnetic performance but to provide mechanical support
to the rotor segments.
2.1 Segmented rotor analysis

Fig. 1 Segmented rotor

Fig. 2 Rotor segment root-fixing designs

Structural finite element analysis (FEA) is carried out in ANSYS
Workbench to evaluate the stress distribution and rotor segment
displacement from the centrifugal force in the rotor structures
designed with different fixing mechanisms attached to thin nonmagnetic hub. In this 2D analysis, a 10 pole-segmented rotor was
modelled into 1/20th, as shown in Fig. 3, considering the symmetry
of the geometry. Frictionless supports were applied to the
symmetry boundaries. This allows the body to move freely
tangentially to the boundary but prohibits any perpendicular
movement.
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Fig. 3 Fine mesh density near contact region

Table 1 Finite element analysis setting
FEA Model Setup
Rotational speed, rpm
Maximum global mesh size, mm
Mesh size in contact region, mm
Contact type
Rotor Hub
Material
Young's Modulus, GPa
Density, kg/m3
Yield strength, MPa
Rotor Segment
Material
Young's modulus, GPa

Value
20,000
0.5
0.01
Frictionless

Fig. 5 Rotor segments displacement in
(a) Dovetail, (b) Straddle T, and, (c) Fir-tree design

Inconel 718 [9]
205
8190
1100
Iron-Cobalt [10]
210
8120

Density, kg/m3
Yield strength, MPa

680
Fig. 6 Toothed segment design for the embedded electrical machine

Principal stresses are used as the failure criterion in this study,
as it was suggested that von Mises equivalent stress would be
misleading [8] due to the compressive stress concentration at the
edge of the contact. Accurate modelling of compressive contact
stress would require extremely high mesh density (∼1 μm), it is
computationally costly, and is not within the scope of this study.
However, relative high mesh density (0.01 mm) is applied at the
contact region, as shown in Fig. 3, so that the effect of the stress
concentration reduces rapidly and does not affect the global stress
distribution in the segmented rotor.
The results of segmented rotor static structural analysis are
shown in Figs. 4 and 5. Maximum principal stresses of the
segmented rotors are reported, which represent the tensile stress in
the body that could lead to immediate material failure. It is
observed that all rotor structures experience high stress levels that
are closed or beyond the material limits, making the design
unacceptable. This mainly attributed to the thin non-magnetic rotor
hub which limits the size of fixing structure and induces a
substantially high stress level.
Fig. 4 Maximum principal stress in
(a) Dovetail, (b) Straddle T, and, (c) Fir-tree design

As both rotor segments and hub are not mechanically bonded
with each other, the FEA involves contact modelling, in which the
forces are transmitted from one body to another in the contact
region by means of normal compressive stresses and shear stresses
if friction is present [7]. The contact constraints are imposed by
using augmented Lagrange formulation, and frictionless contact is
assumed between the two bodies in this contact analysis. The
modelled segmented rotor is operated at a maximum rotational
speed of 20,000 rpm. Table 1 summarises the modelling conditions
and material properties of the segmented rotor used in this study.

2

3

Stress reducing rotor design

In order to mitigate the stress levels in the segmented rotor
structures in embedded machine application, a new design is
proposed. This rotor design holds the magnetic segments fully
embedded onto the non-magnetic rotor hub, with the tooth
geometries on the sides of the rotor segment, as shown in Fig. 6.
This design offers a larger contact area between the rotor segments
and the hub, which in turn reduces the stress concentration and
prevents the structure from mechanical failure. In addition, the
design also inherently renders a smooth cylindrical surface which
helps in the reduction of windage losses.
Figs. 7 and 8 show the stress distribution and displacement of
the toothed segment rotor structure. The rotor segment has the
maximum stress level of 360.3 MPa, while the rotor hub registers
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Fig. 10 2D finite element model of SRM with
(a) Non-toothed and, (b) Toothed rotor segment design

Fig. 7 Maximum principal stress in the toothed segment design

Fig. 11 Impact on flux linkage – excitation current characteristic
Fig. 8 Displacement in the toothed segment design

Fig. 12 Induction profiles comparison between the toothed and nontoothed rotor segments
Fig. 9 Comparison of maximum principal stress and displacement of
various segmented rotor structure designs

the maximum stress level of 456.2 MPa. These stress levels are
well below the material limits, which ensure safe operation at high
speed. Fig. 9 shows the comparison between all the rotor structure
designs.
In the dovetail design, the rotor hub has a maximum principal
stress of 805.6 MPa, with a safety factor of 1.365. This value is
considerably lower than 2, which is a common practice used in
aerospace application. Compared with the dovetail design, it is
observed that the maximum principal stress of the rotor hub in both
the straddle T and fir-tree designs increase substantially, even
though both designs have been proved to have lower stresses. This
is mainly due to the thin rotor hub used in this application has a
limited space, making the complex geometries unsuitable.
While the maximum principal stress of the rotor segment in the
toothed segment design is slightly lower than others, the stress in
the rotor hub is significantly reduced, with 43% lower than that in
the dovetail design. The toothed segment design delivers a safety
factor of 2.41. Moreover, the displacement of the rotor segments in
the toothed segment design is the lowest among all the rotor
structure design, 20% lower than that in the straddle T design. This
offers another advantage to this design as minimal rotor segment
displacement is desirable in the electrical machine.

3.1 Electromagnetic impact
The impact of the toothed segment design on machine
electromagnetic performance was analysed using JMAG finite
element software. The analysis was performed between toothed
and non-toothed segments as shown in Fig. 10. The results of the
electromagnetic analysis are shown in Figs. 11–13. It was found
that the inclusion of the structural tooth on rotor segment has a
minimal effect on the machine electromagnetic performance.
In Fig. 11, the i−Ψ curves of the two segmented rotor SRM are
shown. It is observed that in both aligned and unaligned rotor
positions, the toothed rotor segment has a higher flux linkage
compared to its counterpart. This is due to the inclusion of the
tooth structure which results in the reduction in the overall distance
between the rotor segments, l:
dℜ =

l(r)
μoLdr

dΨ =

μoLdr
Ni
= Ni
dℜ
l(r)

(1)

From (1), we can see that the reluctance ℜ between segments is
reduced which in turn increases the flux linkage Ψ. The machine
power conversion is proportional to the area enclosed by the flux
linkage at aligned and unaligned rotor positions at a phase current.
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3.2 Eddy current losses in the rotor hub

Fig. 13 Static torque comparison between the toothed and non-toothed
rotor segments

Table 2 Impact on machine electromagnetic performance
Excitation
Max. difference in Percentage change
current, A
inductance, mH
in average static
torque
20
40
60
80
100

0.082
0.090
0.124
0.137
0.133

2.89
2.90
2.42
1.23
0.65

In the toothed rotor segment design, the rotor hub inevitably
intrudes the region near the air gap and experience time-varying
magnetic fields. This leads to the induction of the eddy current and
hence losses in the rotor hub. To estimate the eddy current losses in
the rotor hub, a simple 3D FEA was carried out with only one coil
excited (Fig. 14). It was found that the considerable large eddy
current was induced in the rotor, flowing between the rotor
segments, as shown in Fig. 15. These eddy current losses were
clearly unacceptable as it will deteriorate the machine efficiency
and performance. Moreover, the additional rotor-cooling
mechanism is not favourable in this application due to the limited
space in the aircraft engine and increasing the complexity of the
machine. Therefore, it is necessary to reduce the eddy current
induced in the rotor hub. Slitting circumferential lines on the rotor
hub near the airgap region where most of the eddy current are
induced or rotor hub lamination as in soft magnetic material would
likely be the solution of high eddy current losses. The effectiveness
of the proposed methods will be examined in the future work.

4

In this paper, toothed rotor segment design has been proposed to
replace the conventional rotor segment fixing designs due to a
harsh operating environment in the aircraft gas turbine engine.
Structural analysis has been carried out, and the results show that
the toothed rotor segment has superior performance in terms of
stresses and rotor displacement. The electromagnetic impact of the
toothed rotor segment to the electrical machine performance has
also been investigated. While the inclusion of the structural tooth
on the rotor segment has a minimal impact on the machine
electromagnetic performance, the major limitation is the eddy
current induced in the rotor hub near the airgap region. Possible
solutions have been proposed to reduce the eddy current losses and
the effectiveness will be evaluated in the future work.

5
Fig. 14 3D finite element model of SRM
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Fig. 15 Eddy current in the rotor hub
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With the maximum operating phase current of 100 A, the area
OAB is only 2% lesser than the area OPQ.
Fig. 12 depicts the inductance profiles over a half rotor pitch. It
is observed that the difference in inductance between both rotor
structures, at the operating region of the rotor position of 7°−15°, is
relatively unchanged as the excitation current increases.
Correspondingly, for the same operating region, the average static
torque of toothed rotor segments is slightly smaller compared to its
counterpart, as depicted in Fig. 13. Table 2 summarises the
maximum difference in inductance and average static torque over
the operating region of the rotor position 7°−15°.
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