
Design and Application
of High-speed Electrically
Excited Synchronous Ma-
chines

RUONAN LIU

DEPARTMENT OF ELECTRICAL ENGINEERING

CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2026
www.chalmers.se

R
U

O
N

A
N

LIU
•

D
esign

and
A

pplication
ofH

igh-speed
E

lectrically
E

xcited
S

ynchronous
M

achines
•

2026

1



thesis for the degree of licentiate of engineering

Design and Application of High-speed
Electrically Excited Synchronous Machines

Ruonan Liu

Department of Electrical Engineering
Chalmers University of Technology

Gothenburg, Sweden, 2026



Design and Application of High-speed Electrically Excited Syn-
chronous Machines

Ruonan Liu

Acknowledgements, dedications, and similar personal statements in this the-
sis, reflect the author’s own views.

© Ruonan Liu 2026 except where otherwise stated.

Department of Electrical Engineering
Chalmers University of Technology
SE-412 96 Gothenburg, Sweden
Phone: +46 (0)31 772 1000

Printed by Chalmers Digital Printing
Gothenburg, Sweden, August 2026



Design and Application of High-speed Electrically Excited Syn-
chronous Machines
Ruonan Liu
Department of Electrical Engineering
Chalmers University of Technology

Abstract
Electrically excited synchronous machines (EESMs) have emerged as a rare
earth free alternative for EV (electric vehicle) traction, offering enhanced
sustainability and operational flexibility. Furthermore, high-speed EESMs
present a promising solution for achieving compact, efficient, and material-
efficient traction systems, and have gained increasing attention in industrial
applications.

First, An evaluation of high-speed EESMs based on the WLTC (World-
wide Harmonized Light Vehicles Test Cycle) driving cycle using a light EV
model demonstrates that the operating points are distributed over a wide
motor speed range. Across representative driving scenarios, including urban,
countryside, and highway operation, these operating points are located within
high-efficiency regions exceeding 96%, demonstrating that the proposed high-
speed EESM consistently operates near its optimal performance. Further-
more, the selected light EV exhibits satisfactory dynamic capability, achiev-
ing a 0–100 km/h acceleration time of 8.1 s. This result confirms that the
high-speed EESM provides a well-balanced performance, particularly under
typical highway driving conditions.

Building upon this, the present study examines AC loss characteristics in a
typical EESM equipped with hairpin windings. The results indicate that the
solid losses are affected by the stator current angle, reaching a maximum near
45° and a minimum around 180°, with a difference of approximately 17.6%
under identical current magnitudes. Furthermore, with a fixed stator current
amplitude, increasing the rotor excitation current significantly elevates the
AC resistance near 45°, while its effect remains limited near 180°. For the
mechanical analysis of high-speed EESMs, both thermal expansion and cen-
trifugal effects are considered. The results show that thermal expansion is the
dominant factor influencing rotor stress and deformation, especially at ele-
vated temperatures, while centrifugal force plays a secondary role even under
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high-speed conditions. Additionally, among the evaluated sleeve materials,
carbon fiber provides the most effective structural reinforcement, producing
the lowest stress and deformation.

This study presents the analysis of electromagnetic and structural design
considerations in high-speed EESMs, providing a useful guidance for achieving
improved performance, durability, and robustness in industrial applications.

Keywords Electrically excited Synchronous machine (EESM), electric ma-
chine design, AC losses, drive cycle, mechanical optimization.
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CHAPTER 1

Introduction

1.1 Background

Greenhouse gas (GHG) emissions have become a critical concern in the global
effort to mitigate climate change, with fossil-fuel consumption remaining the
primary source of CO2. This dependence on fossil-based energy systems has
accelerated global warming and increased the frequency of extreme climate
events. Consequently, the change from fossil-based systems toward low-carbon
technological solutions has emerged as an important requirement in interna-
tional climate strategies.

As a major contributor to GHG emissions, the transportation sector has
become a central focus in industrial and environmental policy discussions.
According to the European Commission (EC), transport has represented the
largest share of GHG emissions within the EU’s Effort Sharing Regulation
(ESR), accounting for 39% of total ESR emissions in 2024 [1]. Figure 1.1
illustrates the distribution of GHG emissions across ESR sectors from 2005
to 2030. As shown, total GHG emissions have exhibited a consistent de-
clining trend since 2005. However,transport remains the largest contributor,
indicating limited progress over the past 21 years. Therefore, To meet the
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Chapter 1 Introduction

Figure 1.1: Emissions in sectors covered by effort sharing legislation 2005-2030 and
annual emission allocations [1].

EU’s climate objectives for 2030 and 2050, a substantial acceleration in the
decarbonization of the transport sector is essential.

Road transport is the primary contributor to GHG emissions within the
transportation sector. Between 2005 and 2023, emissions from road transport
decreased by less than 5%, which indicates that the increase in zero-emission
vehicles has been almost offset by the continued growth in road transport
activity. To address this challenge, some key policies have been introduced,
including gradually stricter emission standards for new passenger cars, vans,
and heavy-duty vehicles.

Figure 1.2 illustrates the evolution of average CO2 emissions from newly
registered vans and the corresponding EU fleet-wide emission targets over the
period from 2012 to 2035. Emissions show a gradual decline between 2012 and
2020, indicating the improvements in vehicle efficiency and emission reduction
technologies. The figure also shows stepwise reductions in the EU fleet-wide
emission limits, with substantial drops planned in 2025, 2030, and ultimately
in 2035. As a result, all major road vehicle types are required to achieve zero
emissions by 2035.

As an emerging alternative to conventional internal combustion engine ve-
hicles, electric vehicles (EVs) represent a highly effective pathway toward
achieving transport-sector decarbonization. In contrast to traditional fuel
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1.1 Background

Figure 1.2: Trends in Average CO2 Emissions from Newly Registered Vans and
Corresponding EU Fleet-Wide Emission Targets (2012-2035) [2].

vehicles, EVs provide several notable advantages. They substantially reduce
GHG emissions and contribute to improved urban air quality, especially when
powered by low-carbon or renewable electricity sources. EVs enhance energy
sustainability by enabling integration with renewable generation and support-
ing grid-flexibility services such as vehicle-to-grid (V2G) and smart charging.
In operational terms, EVs are also characterized by quieter performance and
lower maintenance requirements due to their reduced number of mechanical
components. These combined benefits position EVs as a key technology for
future sustainable transportation systems.

According to European Environment Agency (EEA), the registrations for
EVs has increased to 23% in the total new vehicles registrations in 2023,
which shows the demonstrates the accelerating market penetration of electri-
fied transportation. Therefore,the need for EVs to achieve higher efficiency
and enhanced performance has become increasingly prominent.

As a key component in EVs, traction motors play a crucial role in deter-
mining overall vehicle performance. Among the available technologies, per-
manent magnet synchronous machines (PMSMs) currently dominate the EV
market due to the high efficiency, compact structure, and superior torque
density. PMSMs rely extensively on rare earth elements (REEs) to achieve
the required magnetic field. However, the environmental impact associated
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Chapter 1 Introduction

with REEs is substantial throughout the life cycle. The separation of REEs
from ores requires intensive chemical processing, which can generate toxic
tailings and heavy-metal residues causing pollution of surrounding soil and
water systems. Moreover, recycling pathways for REEs remain limited and
economically unattractive. According to the International Energy Agency
(IEA), end-of-life recycling suffers from collection rates below 5% [3]. These
challenges are further exacerbated by the uneven global distribution of REEs,
which increases the risk of supply instability. In 2025, around 70% of global
REEs are supplied by China, reflecting a highly concentrated supply chain [4].

To reduce the dependency on REEs, many other types of traction motors
are explored as alternative options to PMSMs. Reluctance machines (RMs),
by generating torque by aligning the rotor with the direction of lowest mag-
netic reluctance, is one of the approaches to replace PMSMs. Unlike PMSMs,
reluctance motors do not require REEs. Main types of RMs include switched
reluctance machines (SRMs) and synchronous reluctance machines (SynRMs).
A typical design of RMs uses a wound stator and a laminated salient-pole ro-
tor without magnets or rotor windings. Therefore, due to the structure, the
key advantages of RMs are simple and robust construction, low manufacturing
cost, independence from rare-earth resources, high thermal tolerance [5], [6],
[7]. However, RMs suffer from significant torque ripple, which contributes to
vibration and acoustic noise during operation. In addition, overall efficiency of
RMs tends to become lower than PMSMs, particularly at low speeds and light
load conditions. These limitations require more advanced control strategies
and mechanical design to ensure competitive performance [8].

Induction machines (IMs) provide an alternative to avoid the use of REEs
by generating torque through electromagnetic induction. With simple and
robust construction, IMs provide high reliability in traction applications and
maintain competitive performance under high thermal and mechanical loads
[9]. IMs also offer low manufacturing cost, small torque ripple and low acoustic
noise, which supports the adoption across a broad range of industrial applica-
tions [10]. Nevertheless, IMs require more complex control circuits, and both
efficiency and power density are generally lower than those of PMSMs because
part of the input energy becomes heat in the rotor. This limitation reduces
overall performance, leading to a gradual decline in market share globally [11].

Electrically excited synchronous machines (EESMs) offer another REE-free
alternative and are increasingly regarded as a more sustainable option for
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EV traction applications. The excitation system of EESMs enables dynamic
adjustment of the field current, providing direct control over the flux [12].
As a result, EESMs maintain good efficiency over a wide speed range and
allow flexible magnetic field regulation, which enhances performance at high
speeds. In addition, EESMs can deliver high power capability and maintain
stable operation under demanding traction conditions [13]-[14].

Another approach to reduce material usage, particularly REEs, is to de-
crease motor size by increasing the operating speed. High speed operation
reduces motor size since total power can be achieved with lower torque as
rotational speed increases. At a fixed power level, the increase in operating
speed reduces the required torque, which lowers the magnetic loading needed
for torque and allows the rotor and stator dimensions to be reduced. In addi-
tion, higher operating speed enhances the frequency of electromagnetic energy
conversion, which increases power density. Thus, it allows the same output
power to be achieved with less material including copper and REEs. As a re-
sult high speed machines can be designed more compactly leading to reduced
material usage particularly rare earth magnets while maintaining performance.
With these advantages, high-speed machines have been increasingly used in
industrial applications in recent years.

1.2 Electric Vehicles Requirements
In traction applications such as EVs, high-speed motors typically operate at
rotational speeds significantly higher than conventional traction machines, of-
ten above 15000 rpm. Higher rotational speed contributes to enhanced power
density, enabling the same output power to be delivered with a smaller amount
of material and a more compact electromagnetic design. This trend improves
the packaging of the electric traction system and allows tighter integration
with other vehicle systems. At the same time, advances in inverter technol-
ogy have enabled reliable operation at elevated electrical frequencies.

High-speed operation allows a traction motor to deliver the same mechanical
power with a lower torque requirement, since output power is proportional
to the product of torque and rotational speed. When the required torque
decreases, the motor no longer needs a large electromagnetic air-gap radius
or extensive volume to generate high torque. This directly reduces the stator
and rotor dimensions, enabling a smaller electromagnetic structure without
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Chapter 1 Introduction

compromising the rated power. Smaller dimensions also reduce the size of
supporting components such as the housing, bearings, and cooling structures.

These geometric reductions lead to lighter active components and more
efficient utilization of magnetic and conductive materials. As a result, high-
speed traction motors enable a meaningful reduction in machine mass, which
can directly lower material-related costs. Reducing the mass of a traction
motor contributes to improved vehicle efficiency and overall energy utilization.
Lighter motors reduce the energy required for acceleration and decrease rolling
resistance during driving.

Figure 1.3: Exploded Illustration of the BMW iX Traction Motor and Integrated
Electric Drive System.

With the benefits above, high-speed traction motors are increasingly adopted
in modern electric drive systems. Several production vehicles already demon-
strate this trend. Tesla Model 3 and Model Y, introduced in 2017 and 2019 re-
spectively, employ interior permanent-magnet synchronous motors (IPMSMs)
that operate at elevated speeds to achieve high torque density, compact pack-
aging, and fast transient response. These drive units combine a high-speed
rotor with advanced silicon-carbide (SiC) inverters, enabling efficient opera-
tion across a wide electrical-frequency range. BMW applies a similar approach
in the iX, as illustrated in Figure 1.3. The BMW iX and the BMW i4, both in-
troduced in 2021, use EESMs. In the iX, the EESM is designed for high-speed
operation and integrated with the inverter and reduction gearing in a compact
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drive unit.
With the gear ratio corresponding to the maximum vehicle speed, the max-

imum motor rotational speed can be estimated. Accordingly, the maximum
motor speeds for the high-speed traction machines introduced above are cal-
culated as (1.1)(1.2) and summarized in Table 1.1.

nwheel = vvehicle

2πR × 60 (1.1)

nmotor = igear · nwheel (1.2)

Table 1.1: Parameters of high-speed traction motors
EVs Company Maximum vehicle speed [km/h] Gear ratio Maximum motor speed [rpm]
Model 3 Tesla 225 9.03:1 18000
Model Y Tesla 250 9:1 18500
iX BMW 200 8.774:1 15000

Alongside Tesla and BMW, several other manufacturers have applied high-speed
traction motors into EVs production. The Lucid Air utilizes a high-speed
PMSM that reaches rotational speeds of up to 20,000 rpm, packaged in a
compact drive unit to support high power density and long-range operation.
Porsche uses high-speed IPMSMs in the Taycan, where elevated motor speeds
contribute to rapid acceleration and enable the vehicle’s two-speed rear gear-
box architecture.

1.3 Previous Work
With the growing adoption of high-speed traction motors in modern electric-
drive systems, improving motor performance has become increasingly im-
portant, requiring the achievement of key objectives such as lightweight de-
sign, high efficiency, enhanced thermal capability, and increased torque den-
sity.These targets drive research toward optimized electromagnetic design, loss
reduction, and reliable operation under demanding conditions. Significant
technical challenges associated with high-speed operation have emerged, mo-
tivating further investigation of the underlying electromagnetic, thermal, and
mechanical phenomena.
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Chapter 1 Introduction

To improve the torque, there are several studies about electromagnetic de-
sign optimization. Mistry et al. [15] proposed a holistic co-optimization frame-
work for traction motor design that simultaneously satisfies electromagnetic,
mechanical, and thermal requirements at rotor speeds exceeding 20,000 rpm.
Allahyari et al. [16] introduces a multi-physics design methodology to en-
hance the performance of high-speed SynRMs by optimizing the design of the
rotor flux guides. Iwaki et al. [17] presents a novel magnetic-geared motor
consisting of a flux-modulated magnetic gear and a switched reluctance (SR)
motor to achieve wide speed-torque characteristic. Ahn et al. [18] proposes a
design process based on a multi-objective optimization algorithm, aiming to
reduce the design cost of an axial flux permanent magnet motor for urban air
mobility traction. One effective approach to improving machine performance
is the use of hairpin windings, which have become widely adopted in trac-
tion motors. Compared with round wire windings, hairpin windings offer the
following advantages[19]:

• Low DC resistance due to lager cross-section.

• High slot filling factor and high-torque density.

• Shorter end windings reducing cost and copper loss.

• Manufacturing process steps can be controlled easily.

Figure 1.4: Hairpin winding

However, due to the large cross-sectional area, the AC losses of the hairpins
are significant. Extensive studies have focused on accurately computing losses
and developing methods to minimize the losses [20]-[21]. The effect of different
layer numbers and aspect ratios on the AC loss of the hairpin is investigated

8
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using FEM [22]. In addition to the number of layers, [23] analyses the effect
of slot size and slot height on hairpin AC loss. In [24], an equivalent model of
AC loss considering conductor gap for hairpin and round conductor windings
is proposed and validated by FEM.

For traction motors, thermal and mechanical analysis is also essential to
ensure reliable performance in practical applications. High current loading
and rapid torque transients generate significant heat, highlighting the need
for accurate thermal modeling to assess temperature evolution and insulation
constraints[25]. Mechanical analysis is also critical, as centrifugal forces, and
vibration at high speed impose significant demands on rotor strength and
structural stability. To address these challenges, many research has been con-
ducted on accurate modeling and efficient solutions. By proposing a fast and
accurate coupled electromagnetic–thermal analysis method, [26] integrates
FEA-based parameter extraction with LUTs and an efficient thermal network
model to enable iterative motor performance prediction over driving cycles
with temperature-dependent effects. [27] built a multiphysics-based design
framework for high-speed outer rotor motors, incorporating C-fiber reinforce-
ment and optimized support configurations to address mechanical stress and
vibration in integrated high-speed applications.

1.4 Contributions
With the increasing challenges related to electromagnetic losses and mechan-
ical stresses in traction machines, the need for effective analysis and design
solutions becomes essential. These challenges become even more severe under
high-speed operation, as the impacts becomes more evident with increasing
rotational speed. The purpose of this thesis is to address these issues for
high-speed traction machines, especially for EESMs.

The main contributions are the following:

• The effect of the rotor magnetic field generated by the field current,
stator current and the stator current angle on AC losses in a high-
speed EESM is investigated. These factors directly affect the air gap
flux distribution and the associated flux leakage, which become more
pronounced at high speed. The correlation between saturation of stator
core and AC losses is analyzed, as the saturation level alters the flux
lines passing through the conductors and contributes to additional AC
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Chapter 1 Introduction

losses.

• The performance of high-speed EESMs under varying driving conditions
has been evaluated using the driving cycle.The results demonstrate that
EESMs achieve high efficiency, particularly under high-speed operating
conditions, highlighting the suitability for such applications. Further-
more, the analysis shows that EESMs can still satisfy the performance
requirements of typical passenger vehicles while offering improved effi-
ciency and operating characteristics during highway driving conditions.

• The contributions of thermal expansion and centrifugal force to the max-
imum rotor stress and deformation in high-speed EESMs are analyzed
separately, showing that thermal expansion has a stronger influence than
centrifugal force, particularly at high temperatures. A sleeve is applied
to the rotor surface to reduce stress and deformation, and its effective-
ness is evaluated. A comparison of different sleeve materials, sleeve
thicknesses, and operating conditions is performed. From the analysis
of results, this thesis indicates that carbon fiber sleeve can provide an
effective protection for high-speed traction EESMs.

1.5 Thesis Outline
With the aims above, the thesis begins with an introduction to the background
and objectives of the study.

Chapter 2, provides the fundamental theories of electrical machines, includ-
ing the model of electromagnetic losses, thermal and mechanical behaviors.

Chapter 3, presents the comparison between EESM and PMSM under varied
vehicle driving conditions. The performance, including total efficiency and en-
ergy consumption, is evaluated by analyzing the efficiency map together with
the corresponding operating points. By evaluating the 0–100 km/h accelera-
tion time, the performance of the high-speed EESM is confirmed to be well
suited for light EV applications.

Chapter 4, the influence of field current, stator current, and stator-current
angle on AC losses in hairpin windings is analyzed using a high-speed EESM
model with a rated speed of 18000 rpm. By evaluating the motor under
different operating conditions, the AC resistance of the hairpin conductors is
calculated. The effect of field current and current angle on AC resistance is
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1.6 List of Publications

verified by comparing the difference between AC resistance and DC resistance
for different current angles.

Chapter 6, investigates the stress and deformation distribution in the ro-
tor using a high-speed EESM model, assuming a maximum speed of 25000
rpm and a maximum operating temperature of 180 °C. The contributions of
thermal expansion and centrifugal force to the peak rotor stress and defor-
mation are evaluated under different operating conditions. The chapter also
includes a comparative analysis of rotors with various sleeve materials, sleeve
thicknesses, and application scenarios to assess the impact on mechanical pro-
tection at high speed.
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Frequency Brushless Excitation with Bi-Directional Power Flow for Elec-
trically Excited Synchronous Machines,” In 2024 International Conference
on Electrical Machines (ICEM), Torino, Italy, 2024.
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CHAPTER 2

Design of High-speed EESMs

With the continued evolution of traction motor research, increasing atten-
tion has been directed toward high-speed machine. High-speed operation in-
troduces more demanding design constraints adn faster dynamic responses.
Additionally, it also leads to more complex coupling among physical fields,
establishing it as a significant and specialized area of study. As a result,
high-speed traction motor research evolves from established foundations, but
requires more multiphysics evaluation.

2.1 Machine Model
The dynamic model of EESMs is commonly expressed in the synchronous dq
reference frame. The stator voltage and rotor field equations are given byud

uq
uf

 =

Rs 0 0
0 Rs 0
0 0 Rf

 idiq
if

 +

 0 −ωr 0
ωr 0 0
0 0 0

 ψd
ψq
ψf

 + d

dt

ψd
ψq
ψf

 (2.1)

where ud,q and uf denote the stator and field voltages, id,q and if are the
stator and field currents, and ψd,q and ψf represent the corresponding flux
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Chapter 2 Design of High-speed EESMs

linkages. Rs and Rf are the stator and field resistances, respectively, and ωr

is the electrical angular speed. The flux linkages are expressed asψd
ψq
ψf

 =

 Ld 0 Lm
0 Lq 0

3
2Lm 0 Lf

 idiq
if

 (2.2)

where Ld and Lq are the stator inductance in the d- and q-axis, Lf is the field
winding inductance, and Lm is the mutual inductance between the stator
d-axis and the field winding.

The inductance are considered as constant. Thus, the stator voltage equa-
tions together with the rotor field equation can be expressed asud

uq
uf

 =

 Rs −ωrLq 0
ωrLd Rs ωrLm

0 0 Rf

 idiq
if

 +

 Ld 0 Lm
0 Lq 0

3
2Lm 0 Lf

 d

dt

idiq
if

 (2.3)

Under steady-state conditions, the derivatives of the currents are zero, i.e.,
di
dt = 0. The voltage equations therefore change toUd

Uq
Uf

 =

 Rs −ωrLq 0
ωrLd Rs ωrLm

0 0 Rf

 Id
Iq
If

 (2.4)

Based on the representation in the d-q frame, the electrical power can be
expressed as

P = 3
2 (udid + uqiq) (2.5)

The electromagnetic torque can be expressed as

Tem = 3
2 p [Lmif + (Ld − Lq)id] iq (2.6)

2.2 Electromagnetic Losses Model
Electromagnetic losses in high-speed traction machines are mainly composed
of copper losses in the windings and iron losses in the stator and rotor core.
The fundamental copper loss in winding is expressed as

PCu = 3
2 Rs(i2d + i2q) (2.7)
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2.2 Electromagnetic Losses Model

where Rs is the resistance of stator winding, id and iq are stator currents in
d-axis and q-axis respectively. For EESMs, the copper losses contain losses of
rotor windings, which mainly can be calculated as

PCu,r = Rr · i2f (2.8)

where Rr is rotor resistance, and if is field current. Temperature also affects
the winding resistance, which can be expressed as

R = R0 [1 + α(T − T0)] (2.9)

where α is the temperature coefficient of copper, and T is temperature of con-
ductor. In high-speed traction motors, copper loss becomes more significant.
As speed increasing, higher iron loss in stator core generate additional heat,
which raises the winding temperature.

For hairpin windings, the effect of AC losses becomes more significant be-
cause of eddy current. When alternating current flows through a conductor,
the varying magnetic field induces circulating currents inside the conductor.
These eddy current cause the uneven current distribution in conductors, and
thus increase AC losses. This phenomena is skin effect. Skin depth describes
how deeply alternating current penetrates into a conductor, which can be
formulated as

δ = 1√
πfµ0µrσ

(2.10)

where f is electrical frequency, σ is electrical conductivity of conductor mate-
rial, and mu0 and µr are relative magnetic permeability of vacuum and con-
ductor material. From (2.10), skin depth reduces with increasing frequency,
which showing the skin effect have a more significant impact under high-speed
operation condition. In addition, each conductor in the stator slot can also
be influenced by the magnetic fields produced by nearby conductors, which is
known as the proximity effect. When current in nearby conductors varies with
time, the resulting leakage magnetic fields induce additional eddy currents in-
side the conductor. The losses in single conductor caused by eddy current can
be described as

Peddy = πd4 ω2B2

128 ρc
(2.11)
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where d is conductor diameter, and B is flux density. To simplified the analysis
of AC resistance, the following expression is used:

RAC = kac RDC (2.12)

where kac is AC resistance factor. Under high-speed operation, kac can exceed
1, indicating that the AC resistance is substantially greater than the DC
resistance. This elevated resistance leads to higher copper loss and lowers the
motor efficiency.

Besides copper loss, iron loss is also a major component of the electro-
magnetic losses in electrical machines. It occurs within the stator and rotor
magnetic cores under alternating magnetic fields. When the main flux density
changes with time, the steel lamination releases energy through hysteresis loss
and eddy current loss. The magnitude of these losses is determined by the flux
density, operating frequency, and material characteristics such as lamination
thickness and resistivity. Iron loss in motors is commonly described using the
loss-separation model, which expresses the total core loss as the sum of three
physically different components. The total iron loss PF e is evaluated as

PF e = khB
nf + keB

2f2 + kexB
1.5f1.5 (2.13)

where B is the peak magnetic flux density and f is the electrical frequency.
The first term, khB

nf , represents the hysteresis loss, and the coefficient kh

depends on the magnetic material properties, while n is the Steinmetz ex-
ponent, typically between 1.6 and 2.2. keB

2f2 corresponds to the classical
eddy-current loss, and the coefficient ke is mainly determined by the elec-
trical resistivity and lamination thickness of the core material. kexB

1.5f1.5

represents the excess (or anomalous) loss caused by dynamic domain-wall
motion in the magnetic material, and the coefficient kex reflects additional
high-frequency loss effects.

In high-speed motors, iron loss becomes higher as both electrical frequency
and flux-change rate scale with mechanical speed. Faster field reversal leads to
more hysteresis loss. Rapid flux variation also generates stronger circulating
currents in the laminations,which increases eddy current loss.
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2.3 Thermal Model

2.3 Thermal Model
In high-speed motors, thermal problems arise because several loss components
increase with rotational speed and create concentrated heat sources through-
out the machine. As the rotational speed rises, significant heat is generated
in the stator windings due to higher AC copper loss. In the stator and rotor
cores, main heat comes from increased hysteresis and eddy current loss. In
the rotor surface, the heat is mainly from air friction and windage effects.

The lumped-parameter thermal network (LPTN) is a widely used method
for estimating temperature distribution in electrical machines. It captures the
main heat transfer paths with low computational effort, which makes it suit-
able for traction motor analysis. In LPTN model, the motor is represented
by several thermal nodes connected through thermal resistances and capaci-
tances. Each node corresponds to a physical region. Heat sources are assigned
based on calculated losses. Thermal resistances describe heat transfer by con-
duction and convection between nodes. Thermal capacitances represent the
thermal mass of each region and allow transient temperature changes to be
modeled. The temperature of each node can be calculated as follows

Cth
dT

dt
+ T − Tamb

Rth
= Pthemal loss (2.14)

where Cth is thermal capacitance of the node, T and Tamb are the temperature
of this node and ambient, while Rth is thermal resistance to the next node,
Ploss is total thermal loss entering the node. The main LPTN equation relies
on several loss and heat transfer terms as

Cth = ρcpV (2.15)

Rth = L

kA
(2.16)

Pthermal loss = PCu + PFe (2.17)

where ρ represents the density of material, cp is the specific heat capacity, V
is the volume, L is the conduction path length, k is thermal conductivity, and
A is the cross-section area for heat flow. Among them, total thermal losses
mainly contains copper loss and iron loss, as shown in (2.17).
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In high-speed PMSMs, increased heating can push the permanent magnets
close to the thermal limits. As a result, remanence and magnetic strength
decrease, which may lead to partial demagnetization under severe operat-
ing conditions. These effects are especially critical in EESMs, where the
rotor contains field winding that introduces additional copper losses. Lim-
ited rotor cooling in EESMs causes the increasing field winding tempera-
ture, which constrains the allowable current, excitation voltage, and maxi-
mum speed.Heat management relies on optimized cooling paths and properly
engineered thermal interfaces, which makes thermal evaluation an important
part of high-speed EESMs.

2.4 Mechanical Model
With increasing rotational speed, high-speed traction machines face increasing
mechanical challenges. As the rotor spins faster, centrifugal loading becomes
severe and can deform laminations, shift permanent magnets, or introduce
fatigue in the shaft. The simplified relationship between centrifugal force and
rotational speed is shown as

Fc = m
v2

r
(2.18)

where Fc is the centrifugal force (in Newtons, N), m is the mass of the object
(in kilograms, kg), v is the tangential speed of the object (in meters per second,
m/s), and r is the radius of the circular path (in meters, m).

For each rotor element, centrifugal force can be derivated as

dF = ρω2r dV (2.19)
where ω is angular speed (in radians per second, rad/s), r is the radial distance
from the element to shaft center (in meters, m), dV repersents the volume
of element (in cubic meter, m3). For solid rotors, such as PMSM rotors, the
rotor model can be simplified as a cylinder. The stress of the rotating cylinder
in tangential and radial direction are represented as

σt(r) = 3 + ν

8 ρω2 (
R2 − r2)

(2.20)

σr(r) = 3 + ν

8 ρω2 (R2 − 3r2) (2.21)
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2.4 Mechanical Model

where ν is the Poisson’s ratio, R is the outer radius of rotor. According to
(2.20) and (2.21), the centrifugal force on rotor rise with the square of rota-
tional speed. At high speed, centrifugal forces generate significant mechanical
loading on the rotor, increasing the risk of failure. This elevated stress can
cause deformation in the rotor laminations.

In PMSMs, the permanent magnets can detach or shift if the retaining struc-
ture is insufficient. With windings in rotor, EESMs can provide control over
the field flux. However, these copper windings can cause many mechanical
challenges. One of them is the rotor stress due to the combination of centrifu-
gal force and thermal expansion. When the rotor rotating in high speed, the
windings and insulation materials experience significant centrifugal force that
causing them to move outward. As the field current in the winding, Joule
heating causes the copper wires expand more over than other surround ma-
terials which increases mechanical stress and strain at the interface between
windings and laminations. This mechanical problem can increase the possibil-
ities of insulation breakdown and mechanical fatigue over time. Therefore, the
mechanical structure need to be considered during the design of high-speed
EESMs.

Noise, vibration, and harshness (NVH) behavior also becomes an important
mechanical challenge for traction motors operated at high speed. In traction
applications, NVH analysis examines how these forces excite the stator, ro-
tor, housing, and surrounding vehicle structures, ultimately influencing sound
radiation and mechanical comfort. NVH in traction machines is driven by
several mechanisms such as electromagnetic force harmonics, torque ripple,
rotor imbalance, and structural resonances. These effects mainly come from
electromagnetic forces, which can be decomposed into radial and tangential
components respectively as

pr(θ, t) = B2(θ, t)
2µ0

(2.22)

pt(θ, t) = Br(θ, t)Bt(θ, t)
µ0

(2.23)

where pr and pt are the radial and tangential force density, B is the air-gap
magnetic flux density, Br and Bt are the radial and tangential component of
the flux, and µ0 is the permeability of free space.

Radial force acts outward from the air gap surface and applies pressure to
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the stator teeth. Variations in radial force create strong radial vibrations that
excite deformation and housing resonance. As a result, radial force is the
main contributor to airborne noise in traction motors and produces many of
the distinct noise components present during operation. The impact of radial
electromagnetic force increases with the air-gap flux density. Tangential force
is closely tied to torque production. When its magnitude varies, torque ripple
is generated and excites vibration modes along the stator.

In NVH analysis, the rotor is constrained by the bearings and can move
primarily in the radial direction. As a result, a single degree of freedom
(SDOF) model is commonly used to represent the vibration behavior, which
can be expressed as

mẍ+ cẋ+ kx = Fem(t) (2.24)

where m is the mass of the vibrating structure, c is the damping coefficient,
k is the stiffness, x is the displacement, and Fem(t) is the electromagnetic
excitation force. In addition, the natural frequency of vibration mode from
SDOF system can be represented as

fn = 1
2π

√
k

m
(2.25)

where fn is the natural frequency and k is the structural stiffness. When the
frequency of electromagnetic force harmonic matches the natural frequency
(fEM =fn), resonance occurs and results in stronger vibration and noise.

At high operating speeds, NVH becomes more evident due to rapid vari-
ations in electromagnetic forces and higher electrical frequency. Increased
centrifugal loading on the rotor adds to the resulting vibration and noise.
High-speed operation also makes the system more sensitive to small geo-
metric deviations, such as rotor imbalance, which can produce noticeable
vibration and additional NVH components. Without the noise caused by
combustion-engine, electromagnetic and mechanical noise from the motor in
EVs becomes more noticeable.
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CHAPTER 3

Performance Comparsion between EESM and PMSM

This chapter presents a comprehensive performance analysis and comparison
between the high-speed EESM and PMSM. Motor performance is evaluated
under multiple driving conditions, including highway, countryside, and city
driving conditions, which represent the primary operating conditions experi-
enced by electric vehicles in practical applications. Evaluating motor perfor-
mance under these conditions enables a comprehensive assessment of opera-
tional effectiveness, facilitating a thorough evaluation of their suitability for
practical EV applications.

The vehicle model in this chapter is first introduced, together with the key
parameters of a typical light vehicle used throughout the subsequent analyses.
The World Harmonized Light Vehicles Test Cycle (WLTC) is then presented
to characterize the vehicle operating requirements under representative driv-
ing conditions. Based on these, the performance of the investigated EESM
and PMSM are evaluated across different driving scenarios. By analyzing
the efficiency under these operating conditions, it is demonstrated that the
high-speed EESM offers a better performance in high-speed operating regions,
making it particularly suited for highway driving applications.
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3.1 Vehicle Model
The longitudinal vehicle model describes the forces acting on the vehicle along
the direction of motion during a drive cycle. The traction force of vehicle and
resistive force by road can be described respectively as

Ft = Fr +ma (3.1)

Fr = Faero + Fgrad + Froll (3.2)

where Ft is the traction force, m is the vehicle mass, a is the vehicle accelera-
tion, Fr is resistive force, Faero is the aerodynamic force, Fgrade is the gradient
force, and Froll is the rolling resistance force.

Aerodynamic drag increases with the square of vehicle speed and dominates
traction demand at high velocities, making it particularly relevant for highway
type drive cycles. The aerodynamic force is represented as

Faero = 1
2ρCdAv

2, (3.3)

where ρ is the air density, Cd is the aerodynamic drag coefficient, A is the
effective cross-sectional area of the vehicle, and v is the vehicle speed.

Gradient force occurs when the vehicle is driven on an incline or slope. The
gradient force is represented as

Fgrad = mg sin(θ), (3.4)

where θ represents the road inclination angle, and g is the gravitational accel-
eration. Positive values of θ correspond to uphill driving, increasing traction
demand, whereas negative values occur during downhill operation, enabling
braking or regenerative energy recovery in electrified vehicles.

Rolling resistance represents the energy losses that occur when a vehicle’s
wheels roll over the road. Although rolling resistance is relatively small com-
pared to aerodynamic force at high speeds, it becomes a dominant resistance
force during low-speed urban driving, which is characteristic of many standard
drive cycles. The rolling resistance force is represented as

Froll = CrFn (3.5)

where Cr is the rolling resistance coefficient, and Fn is the normal force acting
on the wheels.
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3.2 WLTC Drive Cycle

During driving, the total longitudinal force is translated into wheel torque
and mechanical power.The traction torque and mechanical power of wheels
can be described respectively as

Tw = Ftrw (3.6)

Pw = Ftv (3.7)
where Tw is the wheel torque, rw is the radius of the wheel, and Pw is the
wheel power. The vehicle parameters selected for application analysis in this
chapter are summarized in Table 3.1 [28]-[29].

From Table 3.1, the gear ratio has been set as 16:1. A higher gear ratio
allows the traction motor to operate at higher speeds and lower torque levels
for the given vehicle operating condition. For the high-speed EESM considered
in this chapter, the elevated gear ratio also shifts the operating points toward
the high-speed region, where higher efficiency can be achieved, particularly
under highway driving conditions.

Table 3.1: Specifications of a typical light vehicle

Vehicle parameters Value Unit

Length 4694 mm
Width excluding mirrors 1933 mm
Height 1443 mm
Wheelbase length 2875 mm
Average track width 1580 mm
Wheel diameter 0.67 m
Curb weight 1609 kg
Top speed 150 km/h
Gear ratio 16:1 –
Aerodynamic drag coefficient 0.24 –
Effective cross section 2.23 m2

Tire rolling resistance 0.012 –

3.2 WLTC Drive Cycle
Drive cycles are standardized speed–time profiles used in research and engi-
neering. Such profiles enable consistent evaluation of vehicle performance,
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energy consumption, and emissions under controlled and reproducible con-
ditions. Commonly used drive cycles differ in terms of geographical origin,
driving characteristics, and intended application, thereby representing a wide
range of operating conditions encountered in practice.

The Worldwide Harmonized Light Vehicles Test Cycle (WLTC) is a stan-
dardized drive cycle developed to provide a more representative assessment
of vehicle performance compared to pervious drive cycles. By providing a
broader range of speed profiles, including low, medium, high, and extra high-
speed phases, the WLTC captures diverse driving dynamics. Enhanced ac-
celeration and greater variability improve the representation of transient op-
erating conditions. Such characteristics make the WLTC suitable for eval-
uating electrical vehicles under more demanding scenarios. Because of the
improved representativeness and global harmonization, the WLTC has been
widely adopted in recent automotive research and increasingly implemented
in regulatory testing frameworks.

(a)

Figure 3.1: Vehicle and motor operating profiles corresponding to the WLTC driv-
ing cycle: (a) vehicle speed, (b) motor speed, and (c) motor torque.
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(b)

(c)

Figure 3.1: Vehicle and motor operating profiles corresponding to the WLTC driv-
ing cycle: (a) vehicle speed, (b) motor speed, and (c) motor torque.
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Based on equation (3.1)-(3.7), the vehicle speed, motor speed and torque
are shown in Figure 3.1. As shown in Figure 3.1(a), the WLTC consists
of a combination of low-, medium-, high- and extra-high-speed conditions,
representing a mixture of urban (0 - 589 s), countryside (590 s - 1022 s), and
highway (1023 s - 1800 s) driving scenarios. With the vehicle speed profile
shown in Figure 3.1(a), the higher gear ratio results in substantially increased
motor speeds, as shown in Figure 3.1(b). Therefore, the motor operates over a
wider high-speed range, reaching maximum approximately 16000 rpm during
highway sections of the driving cycle. At the same time, the increased torque
multiplication provided by the gear box as shown in Figure 3.1(c), allowing
the required wheel torque to be achieved with a lower motor torque output.

3.3 Performance Analysis in Varied Driving
Scenarios

This section presents a comprehensive performance comparison of the eval-
uated EESM and PMSM under representative electric vehicle driving condi-
tions. Based on the vehicle model and the WLTC driving cycle, the operating
points of both machines are analyzed together with their efficiency maps. The
performance comparison focuses on the utilization of the operating region and
the efficiency under highway, countryside, and city driving scenarios.

3.3.1 Evaluated EESM and PMSM Models

To facilitate a comprehensive comparison of the performance of the EESM
and PMSM under various driving conditions, the 2D models of both machines
were developed in ANSYS Electronics, as shown in Figure 3.2. The key design
parameters of the evaluated motors are summarized in Table 3.2. To ensure
a fair comparison, both machines share the same stator geometry and outer
rotor diameter. In addition, the maximum operating speed of both machines
is set to 18000 rpm, which is consistent with the requirements of high-speed
EVs traction applications.
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Table 3.2: Parameters of the evaluated EESM and PMSM model

Parameters Value Unit

Number of poles 8 –
Number of slots 48 –
Stator outer diameter 230 mm
Active length 158 mm
Peak power 100 kW
Peak torque 150 Nm
Peak operating speed 18000 rpm

(a) (b)

Figure 3.2: One-eighth sector of the evaluated 2D motor model : (a) EESM, (b)
PMSM.

3.3.2 Operating Points in Efficiency Maps
Based on the vehicle model and vehicle parameters, the efficiency map of
the studied EESM and PMSM in this chapter with the operating points from
WLTC is shown in Figure 3.3. From this figure, the operating points extracted
from the WLTC cycle are distributed over a wide motor speed range, extend-
ing approximately from 0 up to 16500 rpm. As the motor speed increases, the
operating points gradually concentrate in a narrower torque band and shift
towards lower torque levels. This indicates that high-speed operation primar-
ily corresponds to lower torque demand but higher rotational speeds, which
is consistent with typical vehicle driving behavior under cruising conditions.

For EESM, a significant proportion of the operating points lie within the
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(a)

(b)

Figure 3.3: Efficiency maps (mechanical losses are not included) of the investi-
gated high-speed motors with WLTC operating points distributions:
(a) EESM and (b) PMSM.
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high efficiency regions, approximately above 96–97%, as shown in Figure
3.3(a). This distribution demonstrates that the drive system, including the
selected gear ratio, is effectively matched to the vehicle speed profile, ensur-
ing that the motor operates close to its optimal efficiency region for most of
the driving cycle. In contrast, the PMSM exhibits the high efficiency region
primarily at medium speeds and higher torque levels, whereas many WLTC
operating points are distributed outside these optimal regions, as shown in
Figure 3.3(b). As a result, the EESM can operate more frequently at high-
efficiency points throughout the driving cycle, leading to lower energy losses
and higher overall drive-cycle efficiency. This demonstrates that the distribu-
tion of the efficiency map is as important as the peak efficiency itself when
evaluating motor performance for practical EV applications.

3.3.3 Efficiency Comparison under Varied Driving Conditions
The efficiency map of the selected high-speed EESM and PMSM with several
selected typical vehicle speeds under different driving scenarios is presented
in Figure 3.4. As shown in this figure, the evaluated EESM consistently
achieves higher efficiency than the PMSM across all the selected vehicle speeds.
Table 3.3 presents the energy consumption of the EESM and PMSM over a
complete WLTC cycle. For the WLTC distance of approximately 23.3 km,
the EESM consumes 3.34 kWh, whereas the PMSM requires 4.10 kWh. This
corresponds to an energy reduction of approximately 18.5% for the EESM.
The lower energy consumption can be mainly due to the higher efficiency
achieved by EESM in the high-speed operating region compared with PMSM.
Consequently, the EESM experiences lower energy losses over the drive cycle,
resulting in improved overall vehicle efficiency and driving range.

Table 3.3: Energy consumption in the WLTC cycle

Machine type Energy consumption [kWh]

EESM 3.34
PMSM 4.10

The performance of evaluated EESM and PMSM with selected speeds in-
cluding power and efficiency is shown in Figure 3.5 and Table 3.4. Among
them, the representative operating points corresponding to common driving
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(a)

(b)

Figure 3.4: Efficiency map with varied vehicle speed in (a) EESM and (b) PMSM:
130 km/h, 110 km/h, 90 km/h as highway drive scenario; 70 km/h as
countryside scenario; 50 km/h and 30 km/h as urban drive scenario.
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conditions are highlighted. Highway operation is characterized by vehicle
speeds of 130 km/h, 110 km/h, and 90 km/h, while 70 km/h is selected to
represent countryside driving. For urban conditions, typical vehicle speeds of
50 km/h and 30 km/h are considered.

Figure 3.5: Efficiency comparison of EESM and PMSM with varied vehicle speeds.

Table 3.4: Performance comparison of EESM and PMSM under different driving
scenarios

Driving condition Speed Motor speed Torque Power EESM PMSM
[km/h] [rpm] [Nm] [kW] [%] [%]

Highway 130 17100 13.6 24.4 97.31 92.37
110 14470 12.9 19.6 97.42 92.20
90 11840 10.8 13.4 97.45 91.33

Countryside 70 9210 8.2 7.9 97.47 88.60
City 50 6580 5.8 4.0 97.31 84.78

30 3950 3.9 1.6 96.60 82.75

Table 3.4 demonstrates that the high-speed EESM exhibits superior effi-
ciency to the PMSM across all investigated driving conditions. At vehicle
speeds of 90, 110, and 130 km/h, the EESM maintains efficiencies between
97.15% and 97.45%, whereas the PMSM achieves only 91.35% to 92.37%.

31



Chapter 3 Performance Comparsion between EESM and PMSM

This advantage can be attributed to design emphasis of the EESM on high-
speed operation, with the peak efficiency region closely matching the operating
points associated with highway driving. As a result, the EESM achieves more
effective utilization.

3.3.4 Acceleration Time Analysis
To further assess the performance of this vehicle, the acceleration time from
0 to 100 km/h is evaluated, as shown in Figure 3.6. The typical acceleration
time for different EVs are presented in Table 3.5. From the result, the vehicle
achieves 100 km/h in approximately 8.1 seconds.

Figure 3.6: Acceleration and speed curve of the evaluated EV with EESM, showing
a 0-100 km/h acceleration time of 8.10 s.

Table 3.5: Acceleration performance for different EV types
Vehicle category Vehicle type Acceleration (0–100 km/h)

Light EVs Nissan Leaf 8.3 s
Volvo EX30 P3 Long Range 8.3 s
Evaluated EV 8.1 s

Mid-range EVs Volvo EX90 Twin Motor 5.5 s
High-performance EVs Tesla Model 3 Performance (Dual Motor) 3.3 s
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3.4 Summary

As summarized in Table 3.5, representative light EVs such as the Nissan Leaf
and Volvo EX30 exhibit similar acceleration times of around 8.3 s. Therefore,
for a light EV, this level of acceleration can be considered good and well within
the typical performance range expected for modern passenger vehicles.

3.4 Summary
This chapter analyzed the suitability of high-speed EESMs for traction appli-
cations by developing and analyzing a vehicle model. Based on the WLTC
driving cycle, the resulting efficiency map demonstrated that the operating
points are distributed over a wide motor speed range, covering nearly the en-
tire operating region of the machine. Through the analysis of representative
driving conditions, including highway, countryside, and urban operation, it
is shown that the high-speed EESM can effectively address these operating
points into regions of high efficiency. In particular, typical operating speeds
corresponding to practical driving conditions are largely located within effi-
ciency contours above 96–97%, indicating that the machine operates close to
the optimal performance in most cases. When compared with the PMSM,
the EESM exhibits a higher efficiency and lower energy consumption in the
high-speed operating region, especially during highway driving.

In addition, the dynamic performance of the vehicle was evaluated, showing
that a 0–100 km/h acceleration time of approximately 8.1 s is achieved. Com-
pared with representative light electric vehicles, this level of performance is
still competitive, indicating that high-speed EESMs are suited for light vehicle
applications where efficiency, cost, and system optimization are prioritized.
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CHAPTER 4

AC Losses in Hairpin Windings

For traction machines, the AC losses caused by magnetic leakage are signifi-
cant in hairpin windings. The presence of adjustable field excitation in EESMs
further increases the complexity of AC loss analysis. The aim of this chapter
is to investigate the effect of the rotor magnetic field generated by the field
current, stator current and the stator current angle on AC losses in EESM.

This chapter is based on the article:

• R. Liu, J. Tang, L. Boscaglia, B. Jiang, N. Sharma and Y. Liu, “Impacts
of Stator Current Angle and Rotor Current on Solid Losses of Hairpin
Windings in Traction Electrically Excited Synchronous Machines,” 2024
International Conference on Electrical Machines (ICEM), Torino, Italy,
2024.

4.1 Effects of Current Angle and Field Current
The rotor magnetic field created by the field current and the stator magnetic
field created by the stator current together form a synthetic magnetic field.
This synthetic magnetic field passes through the stator core. The distribution
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of the flux in stator core will affect the distribution of flux leakage, which
further influences the AC losses. The position of core saturation varies at
different current angles, resulting in different amounts of AC losses.

In EESMs, the rotor field current is variable, causing it to affect the mag-
nitude and location of the synthetic magnetic field. The stator current angle
is the angle of the stator current to the d-axis, which also reflects the angle
between the stator magnetic field and the rotor magnetic field. The magnetic
field formed by the stator current is combined with the rotor field to form a
flux linkage Φ. When this synthetic flux linkage of the d-axis and the q-axis
points to a certain position in the stator, the core may be saturated at that
position, as in Fig. 4.1. The additional flux in the form of leakage affects the
hairpins in the neighboring slots, inducing eddy currents inside these hairpins
and generating AC losses.

Figure 4.1: Schematic diagram of the current and magnetic chain in a typical motor
model at a moment in time.
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The different saturation positions are at various distances from the slots,
causing eddy currents in the hairpins close to the slot openings, which ulti-
mately show a correlation between the current angle and the AC losses. For
example, Fig. 4.2 shows the magnetic circuit when there are 2 slots per pole
per phase. From Fig. 4.2, the magnetic motive force (MMF) in stator yoke
can be expressed as

Figure 4.2: Equivalent magnetic circuit model of a single pole including stator,
air-gap, rotor, and field flux paths.

The current flowing in each slot layer can be expressed as

Fi =

∣∣∣∣∣
∑Nlayer

n=1 in
Nparallel

∣∣∣∣∣ (4.1)

where in is the current passing through the nth layer of the hairpin, Nlayer
is the number of layers in each slot, and Nparallel is the number of parallel
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paths. Since the three-phase currents passing through each slot are different,
the MMF at the stator yoke corresponding to each slot can be expressed as

Fn = naia + nbib + ncic (4.2)

where na, nb, and nc are the numbers of hairpins in one slot carrying the cur-
rents ia, ib, and ic, respectively. And they conform to the following equation
as: {

nanbnc = 0,
na + nb + nc = Nlayer.

(4.3)

In (4.2), the three-phase currents ia, ib, and ic can be written as
ia = Id cos(ωt) − Iq sin(ωt),
ib = Id cos

(
ωt− 2π

3
)

− Iq sin
(
ωt− 2π

3
)
,

ic = Id cos
(
ωt+ 2π

3
)

− Iq sin
(
ωt+ 2π

3
)
.

(4.4)

The d–q can be expressed as:{
Id = Im cos(θi),
Iq = Im sin(θi),

(4.5)

where Im is the amplitude of the stator current and θi is the current angle.
At current angles of 0°, 45° and 90°, the flux linkage of one pole is shown in
Fig. 4.3.

When the current angle is 0°, the flux mainly passes through the stator
teeth, and the reluctance in the magnetic circuit is small. When the current
angle is 45°, the flux offset towards the q-axis, and a part of the flux goes
through the hairpins in the slots. Being affected by current angle, the flux
needs to flow in the tangential direction. The tangential reluctance in the air
gap and the one in the stator slots are similar. Hence a significant portion of
flux choose to flow in the slots, which induces eddy currents and AC losses.
When the current angle is 90°, the flux goes through the stator teeth in the
direction of the q-axis. At this time the flux going through the slots is affected
by the current angle and passes through the hairpins in parallel. Since there is
mainly the stator teeth reluctance and hairpins reluctance, the total reluctance
in the magnetic circuit is less than at 45° and larger than at 0°.
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(a)

(b)

Figure 4.3: Flux paths in the equivalent magnetic circuit at different current an-
gles: (a) 0°, (b) 45° and (c) 90°.
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(c)

Figure 4.3: Flux paths in the equivalent magnetic circuit at different current an-
gles: (a) 0°, (b) 45° and (c) 90°.

4.2 Simulation Model for AC Losses Analysis
To analyze the variation of AC losses with current angles and currents, a 2D
model of EESM is established in ANSYS, as shown in Figure 4.4. The stator
configuration is similar to that of conventional traction machines with hairpin
windings. Each stator slot accommodates eight hairpin layers, and the cross-
sectional geometry of the adopted hairpin conductor is presented in Fig. 4.5.
The active part of DC resistance of hairpin is calculated as 3.1 mΩ. The main
motor parameters are summarized in Table 4.1.

Since with each layers at different distances from the slot opening, the mesh
size should not be the same for every hairpin. In order to get more accurate AC
losses results, it is necessary to make the mesh size of the hairpin smaller than
the skin depth. When the rotor rotating speed is 18000 rpm, the frequency is
1200 Hz. The calculated skin depth is 1.882 mm, as given by (2.10).

40



4.2 Simulation Model for AC Losses Analysis

Figure 4.4: One-eighth sector of the 2D finite-element model of the investigated
EESM.

Figure 4.5: Cross-sectional layout of the eight-layer hairpin winding and dimen-
sions of each conductors in the stator slot.

The closer the hairpin is to the slot the more slot harmonics it is exposed to
and the less skin depth it has. Consequently, the upper layers of the winding
experience more pronounced AC loss effects, particularly the first layer. For
an 8-layer hairpin winding considered in this chapter, the first two layers are
more affected to slot harmonics. Therefore, the mesh of the first two layers
should not exceed 1.882 mm. Considering both computational accuracy and
simulation efficiency, a non-uniform meshing strategy is adopted, with refined
meshes applied to the upper layers and normal meshes used in the remaining
conductors. The final hairpin mesh settings are summarized in Table 4.2, and
the resulting finite-element mesh of the motor is illustrated in Fig. 4.6.
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Table 4.1: Parameters of the evaluated EESM model

Parameters Value Unit

Number of poles 8 –
Number of slots 48 –
Stator outer diameter 230 mm
Airgap length 0.75 mm
Active length 148 mm
Operating peak stator current 600 A
Peak power 300 kW
Peak torque 460 Nm
Peak operating speed 18000 rpm

Table 4.2: Mesh size of each layer hairpin

Layers of hairpin Value Unit

1st–2nd layer 0.5 mm
3rd–8th layers 2 mm

Figure 4.6: Mesh distribution of different hairpin layers in one slot.

4.3 Results of Current Angle and Field Current
Based on the motor model above, considering the current angle and field
current as the two affecting factors, the AC losses of total and each layer of
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hairpin are analysed as follows. Since the AC losses at the same current but
different speeds are identical in shape, only the AC losses at 6000 rpm are
presented and compared in this section, which is the base speed of this motor.

4.3.1 Flux Lines Distribution Analysis

With the maximum stator current, the flux lines at 0°, 45° and 90° are shown
in Figure 4.3 respectively, for different field currents. When field current is
0, the direction of the flux lines at different current angles is consistent with
the analysis in Figure 4.3. When there is a field current, the flux in the d-
axis direction is strengthened, causing the total flux to be shifted towards the
d-axis direction, which is obvious in Figure 4.3 (b).

(a) 0 A (b) 5 A

Figure 4.7: Flux lines at a current angle of 0◦ for different field currents: (a) 0 A,
(b) 5 A.

From section 4.1, saturation of the stator is related to the total flux. In
this motor, the total flux comes from stator current and field current. Figure
4.10 shows the AC losses when the stator and rotor currents apply separately.
Since the AC losses when only field currents is applied are small and constant
regardless of the current angle, as the results shown in Figure 4.10. It is shown
in Figure 4.10 (a) that the AC losses are more current angle dependent when
the stator current increases. This is due to the fact that, when the stator core
is saturated, the core reluctance increases and then, the leakage flux increases.
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(a) 0 A (b) 5 A

Figure 4.8: Flux lines at a current angle of 45◦ for different field currents: (a) 0 A,
(b) 5 A.

(a) 0 A (b) 5 A

Figure 4.9: Flux lines at a current angle of 90◦ for different field currents: (a) 0 A,
(b) 5 A.
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(a)

(b)

Figure 4.10: AC losses at 6000 rpm with (a) stator current variation and (b) field
current variation respectively .
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4.3.2 Effect on total AC losses
Figure 4.11 shows the AC losses when the stator current and field current

operate simultaneously. From Figure 4.11 (a), when stator current is rela-
tively small, AC losses reduces with field current at 180° compared to no field
current. It is because the flux produced by field current at 180° in d-axis coun-
teracts stator magnetic flux and eases core saturation. When stator current
is 400 A in Figure 4.11 (b), AC losses show the similar tendency with Figure
4.11 (a) at 5 A field current. When field current is less than 5 A, AC losses
are dependent on current angle. This is because the rotor flux produced by
field current at 180° is not high enough to ease the core saturation. In Figure
4.11 (c), when the stator current is 600 A, the AC losses vary with current
angle regardless of the existence of field current. This is because the core is
deeply saturated at this stator current. And flux produced by field current of
5 A is too low to alleviate core saturation. Thus, the AC losses are dependent
on current angle.

(a)

Figure 4.11: AC losses at different filed currents of 6000 rpm when stator current
is (a) 200 A, (b) 400 A, and (c) 600 A.
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(b)

(c)

Figure 4.11: AC losses at different filed currents of 6000 rpm when stator current
is (a) 200 A, (b) 400 A, and (c) 600 A.
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Based on the AC losses results, AC resistance can be calculated as shown
in Figure 4.12. From Figure 4.11 and Figure 4.12 , the AC losses and AC
resistance reach maximum values close to the current angle of 45° and decrease
as the angle approaches 180°, regardless of field current. Comparing the AC
resistance with the DC resistance, as shown in Figure 4.13. As can be seen in
Figure 4.13, the tendency of AC resistance is similar to AC losses at the same
stator current.

(a) If = 0 A (b) If = 1 A

(c) If = 3 A (d) If = 5 A

Figure 4.12: AC resistance at different currents and current angles

Numerical analysis shows that, for a typical EESM used in this study, hair-
pin solid losses reach the maximum at around stator current angle 45° and
the minimum at around 180°. The maximum is approximately 17.6% higher
than the minimum at the same rotor current and stator current amplitude.
When the rotor current increases with the stator current amplitude fixed, the
hairpin AC resistance tends to increase significantly around 45°, but changes
not much around 180°. When the stator current amplitude increases with the
rotor current fixed, the but AC resistance reaches a maximum of 73% higher
than the DC resistance.
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Figure 4.13: Comparison of AC resistance ratio (RAC,avg/RDC) with varied stator
current at current angles of 45◦ and 180◦, for field currents of 0 A
and 5 A.

4.4 Summary
In this chapter, the impacts of stator current angle and rotor current on solid
losses of hairpin windings in traction electrically excited synchronous machines
have been analysed with assistance of FEM. The stator iron core saturates as
the rotor current increases. This leads to higher leakage flux and therefore
higher hairpin solid losses. The stator current introduces armature reaction
which distorts the main flux distribution generated by rotor current, and the
location of saturation moves.
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CHAPTER 5

Mechanical Analysis Considering Speed and Temperature
Effects

For high-speed EESMs, the field windings in the rotor slots can introduce
deformation and stress to the rotor laminations, resulting in uneven airgap.
This chapter aims to investigate the contributions of stress and deformation
on rotor under different operating conditions. Furthermore, the role of sleeves
as a protection is studied, to ensure safe and efficient motor operation at
high-speed operating conditions.

This chapter is based on the article:

• R. Liu, L. Boscaglia, B. Jiang and Y. Liu, “Impacts of Rotor Sleeves on
Stress Distribution and Deformation in Electrically Excited Synchronous
Machines,” In 2026 International Conference on Electrical Machines
(ICEM), Funchal, Madeira, Portugal, 2026.

5.1 Motor Structure
The EESM studied in this chapter has 8 poles and the excepted maximum
speed is 25000 rpm and maximum operation temperature is 180 °C. The lami-
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nation material considered for the rotor is M250-35A and the main parameters
are shown in Table 5.1. In this paper, the rotor stress and deformation with
different sleeves is taken into account. There are three kind of materials used
in the following analysis: Ti-6Al-4V, carbon fibre and Inconel 718. The phys-
ical properties of the sleeves materials are shown in Table 5.1.

Table 5.1: Parameters of Motor

Parameters Value Unit

Number of poles 8 –
Airgap length 1.5 mm
Outer diameter 132 mm
Active length 160 mm
Rotor slot filling factor 40 %
Rotor current 10 A
Peak power 300 kW
Continuous power 100 kW
Peak torque 460 Nm
Continuous torque 60 Nm
Peak operating speed 25000 rpm
Base speed 8000 rpm
Rotor Winding Insulation Class 180 ◦C

(a) Without sleeve. (b) With sleeve.

Figure 5.1: Cross section of different rotor structures: without sleeve and (b) with
sleeve.
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5.2 Stress Analysis

To reduce simulation time while preserving structural symmetry, a one-
eighth segment of the rotor has been modeled, as shown in Figure 5.1. For
enhanced accuracy, a 3D model of rotor was built with a lamination thick-
ness of 0.35 mm, representing a single lamination sheet. A wedge is inserted
between each pair of rotor poles to secure the windings and prevent displace-
ment from the rotor slots. The number of conductors in each rotor slot is
determined based on the filling factor. In addition to copper conductors, the
windings are embedded in resin epoxy to maintain mechanical stability.

Table 5.2: Properties of Sleeve Materials

Properties Ti-6Al-4V Carbon fiber Inconel 718

Tangential Radial

Density [kg/m3] 4429 1800 1800 8820
CTE [1/K] 8.79 × 10−6 −1 × 10−6 8 × 10−7 1.3 × 10−5

Young’s modulus [GPa] 111 208 20 165
Poisson’s ratio 0.34 0.4 0.2 0.3
Tensile strength [MPa] 845 1300 -67 1100

The cross-sectional view of the rotor model is shown in Figure 5.1 (a).
Figure 5.1 (b) shows the cross section of the rotor model with sleeve. The
sleeve provides additional structural reinforcement and is press-fitted onto the
rotor lamination to enhance fixation, with a press-fit tolerance set to 0.02 mm.
In addition, the contact type between lamination and wedge in the model is
bonded, and between lamination and winding is frictional to better simulate
the motion. Based on the operational speed and temperature ranges, the
mechanical simulations are performed by varying the rotational speed from 0
to 25000 rpm and the temperature from 20 °C to 180 °C. The environment
temperature is set as 20 °C.

5.2 Stress Analysis
In mechanical analysis with ANSYS, the EquivalentStress, also referred to as
vonMisesstress, represents an equivalent uniaxial tensile stress that would
produce the same level of distortion energy as the actual multiaxial stress
state. EquivalentStress correlates well with the onset of yielding in ductile
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materials, which can be defined as

σeq =
√

1
2 [(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2] (5.1)

where σ1, σ2, and σ3, are the principal stresses. In this study, the maximum
Equivalent Stress is used as the primary metric to evaluate the structural
integrity of the rotor under different operational conditions.

Figure 5.2: Diagram of the stress on pole shoe corner by thermal expansion and
thermal expansion.

Figure 5.3 shows the stress distribution in different rotor structures at the
worst case equal to 25000 rpm and 180 °C. From this figure, the position of
maximum stress happens on the pole shoe corner in the rotor without sleeve,
with Titanium alloy sleeve and Inconel 718 sleeve. For rotor with carbon fiber
sleeve, the maximum stress happens on the sleeve from Figure 5.3 (c). Besides,
there are stress on the all three kind of sleeves, which shows the effectiveness.

5.3 Deformation Analysis
At high-speed, the lamination gets deformed due to the centrifugal forces and
thermal expansion. In this Section, an analytical model for rotor deformation
is presented. Based on the 3D model developed in Section 5.1, rotor deforma-
tion was simulated using ANSYS Mechanical, and the resulting deformation
distribution is illustrated in this section.

Since the most effect of thermal expansion is on the airgap, the following
calculation focuses on the cylinder surface of rotor which is the outer edge
of the model in Figure 5.1 For a hollow cylinder, the deformation caused by
thermal expansion on the outer surface of rotor can be calculated as

54



5.3 Deformation Analysis

(a) Without sleeve. (b) Titanium alloy sleeve.

(c) Carbon fiber sleeve. (d) Inconel 718 sleeve.

Figure 5.3: Comparison of rotor mechanical stress distributions at 25000 rpm and
180 ◦C for different sleeve configurations: (a) without sleeve, (b) tita-
nium alloy sleeve, (c) carbon-fiber sleeve, and (d) Inconel 718 sleeve.
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∆r = αr0∆T (5.2)

where ∆r is the radius expansion, α is the CTE of material, r0 is the initial
radius, and ∆T is the temperature change. For a more complicated model,
the thermal expansion happening on the rotor can be calculated as

u(r, θ, z) = α · ∆T (r, θ, z) · x (5.3)

where u is the thermal displacement vector and x is the position vector. From
(5.3), each point in the model expands outward from its original position
proportionally to the local temperature change. Fig. 5.4 shows the diagram
of maximum deformation caused by centrifugal force and thermal expansion.

Figure 5.4: Diagram of the deformation on rotor slot by centrifugal force and ther-
mal expansion.

In the structural analysis of ANSYS, the Total Deformation represents the
magnitude of the overall displacement vector at each node of the structure,
which is calculated as

Utotal =
√
u2

x + u2
y + u2

z (5.4)

where ux, uy and uz are the deformation on the x, y and z axes separately.
ux in cylinder coordination represents the amount of deformation in rotor
towards air gap. And the main deformation happens mainly in the x-axis
direction. Therefore, Utotal can be used in the following analysis.

Based on the model, Fig. 5.5 illustrates the rotor deformation distribu-
tion under the worst-case operating condition (25000 rpm and 180 ◦C). As
observed, the maximum deformation consistently occurs at the center of the
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(a) Without sleeve. (b) Titanium alloy sleeve.

(c) Carbon fiber sleeve. (d) Inconel 718 sleeve.

Figure 5.5: Comparison of rotor deformation distributions at 25000 rpm and
180 ◦C for different sleeve configurations: (a) without sleeve, (b) ti-
tanium alloy sleeve, (c) carbon-fiber sleeve, and (d) Inconel 718 sleeve.
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wedge’s outer surface. When a sleeve is applied, the maximum deformation
shifts to the central region of the sleeve’s outer surface, maintaining the same
radial direction. Furthermore, the rotor without a sleeve has a larger maxi-
mum deformation compared to configurations with a sleeve. Among the three
sleeve materials evaluated, the carbon fiber sleeve provides the most effective
reduction in deformation.

5.4 Stress and Deformation Analysis
Based on the analytical and simulation studies conducted in Sections 5.2 and
5.3, this section investigates the stress and deformation behavior of the ro-
tor–sleeve structure. The focus is on separating the effects caused by thermal
expansion and centrifugal force, in order to better understand their individual
contributions to the overall mechanical response.

5.4.1 Stress Analysis
The thermal expansion of the winding generates significant stress along all

contact surfaces within the rotor slot. During rotation, the centrifugal force
additionally increases stress on the same surfaces, particularly concentrated
in the pole shoe region. Therefore, the analysis of stress focuses on the maxi-
mum equivalent stress observed at this location. In the simulation setup, the
environment temperature is defined as 20 °C. Under this condition, thermal
expansion is assumed to be negligible, and the stress is primarily attributed
to centrifugal force. In addition, the stress calculated at 0 rpm is considered
to result entirely from thermal expansion, as no centrifugal loading is present.
These two operating conditions are used to decouple and evaluate the indi-
vidual contributions of thermal and mechanical loading to the rotor’s overall
stress profile.

Fig. 5.6 presents the percentage of maximum stress at the pole shoe corner
relative to the total stress under 60 °C. Fig. 5.7 shows the proportion of
stress at the pole shoe corner attributed to thermal expansion, relative to
the total stress at a constant speed of 25000 rpm under different temperature
conditions.

As shown in Fig. 5.6 and Fig. 5.7, the stress contribution from centrifu-
gal force increases with speed, while the stress contribution from thermal
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Figure 5.6: Percentage of maximum equivalent stress due to centrifugal force in
pole shoe corners at 60 °C with varied speed.

Figure 5.7: Percentage of maximum equivalent stress due to thermal expansion in
pole shoe corners at 25000 rpm with varied temperature.
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expansion increases with temperature. This trend remains consistent across
rotors with different sleeve configurations. At lower temperatures and higher
speeds, the stresses resulting from centrifugal force and thermal expansion
are approximately equal. However, at higher temperatures, thermal expan-
sion becomes the main contributor to rotor pole stress, regardless of the speed.
Furthermore, the rotor with the carbon fiber sleeve exhibits the lowest stress
contribution from thermal expansion. This is attributed to the low CTE of
carbon fiber, which results in minimal thermal deformation compared to other
sleeve materials under identical thermal conditions.

Fig. 5.8 illustrates the maximum rotor stress reduction achieved with dif-
ferent sleeve materials and operating conditions, relative to a rotor without
a sleeve. As shown, all three sleeve materials reduce rotor stress by more
than 30%, confirming the effectiveness of sleeve different conditions. Among
the materials, the carbon fiber sleeve provides the most significant stress re-
duction, reaching up to 53.4% under the worst-case condition. All sleeves
show a higher stress reduction percentage at 20 °C than at higher temper-
atures because thermal expansion is assumed to be negligible at 20 °C. At
higher temperatures, sleeve expansion increases the mechanical load on rotor
lamination, reducing the stress reduction effect.

To ensure compatibility with practical manufacturing processes, sleeve thick-
nesses ranging from 0.2 mm to 1 mm were considered. The maximum stress at
the pole-shoe corner is assumed to arise exclusively from thermal expansion
and centrifugal forces. Based on this assumption, the proportion of stress
caused by thermal expansion is considered indicative of the relative contri-
bution from centrifugal force. A higher percentage of stress attributed to
thermal expansion indicates a correspondingly lower contribution from cen-
trifugal force. Figure 5.9 illustrates the percentage of stress caused by thermal
expansion for various sleeve materials across the selected thickness range, un-
der worst operating conditions (180 °C and 25000 rpm). Fig. 5.10 presents
the maximum stress in rotor with different sleeves under the worst case. The
results indicate that this percentage remains relatively stable around 83%, re-
gardless of sleeve material or thickness. This consistency suggests that ther-
mal expansion is the main contributor to total stress under high-temperature
conditions. In addition, carbon fiber provides better performance at high
temperature compared with the other two sleeve materials.
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Figure 5.8: Rotor stress reduction percentage with different sleeve materials and
varied conditions.

5.4.2 Deformation Analysis
Based on the same assumptions as in the stress analysis, rotor deformation

is considered solely due to thermal expansion at zero rotational speed, and
entirely due to centrifugal force at the temperature of 20 °C. The deformation
in rotor resulting from centrifugal force and thermal expansion are analyzed
separately in this section.

Figure 5.11 shows the percentage of maximum deformation caused by cen-
trifugal force at a constant temperature of 60 °C, evaluated with varying
rotational speeds. Figure 5.12 presents the properties of maximum deforma-
tion due to thermal expansion at a fixed speed of 25000 rpm, under different
temperature conditions. From these figures, the rotor deformation due to
centrifugal force increases with speed, while deformation caused by thermal
expansion increases with temperature. Among the sleeve materials, the rotor
with carbon fiber sleeve exhibits the lowest thermal deformation, attributed
to low CTE. Despite this, thermal expansion remains the main source of
total deformation across all operating conditions. Under high-speed and low-
temperature conditions, it contributes more than 75% of the total deformation.
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Figure 5.9: Percentage of maximum stress in pole shoe corners at 25000 rpm and
180 °C with varied sleeve thickness and sleeve materials.

Figure 5.10: Maximum stress in pole shoe corners at 25000 rpm and 180 °C with
varied sleeve thickness and sleeve materials.
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Figure 5.11: Percentage of maximum deformation due to centrifugal force at 60 °C
with varied speed.

Figure 5.12: Percentage of maximum deformation due to thermal expansion at
25000 rpm with varied temperature.
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Figure 5.13 shows the percentage of rotor deformation attributed to ther-
mal expansion for three sleeve materials across varying thicknesses under the
worst condition. For carbon fiber sleeves, this proportion decreases slightly
with increasing thickness, whereas for titanium alloy and Overall, thermal ex-
pansion remains the primary cause of total deformation for all sleeve materials
and thicknesses.

Figure 5.13: Percentage of maximum deformation in rotor at 25000 rpm and 180
°C with varied sleeve thickness and sleeve materials.

The impact of maximum deformation on the total air gap is also analyzed.
Figure 5.14 illustrates the reduction of the air gap caused by deformation
under the worst case operating condition for different sleeve materials and
thicknesses. The percentage of air gap reduction in Figure 5.14 represents the
portion of deformation relative to the total air gap length. In this paper, the
machine air gap length is 1.5 mm. As shown, the air gap reduction decreases as
the sleeve thickness increases for all three sleeve materials. Among the options,
the carbon fiber sleeve demonstrates the lowest air gap reduction across all
thicknesses, and the benefit in reduction becomes increasingly evident as the
sleeve thickness increases. This is mainly due to the lower CTE of carbon
fiber, which provides better dimensional stability at high temperature.
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Figure 5.14: Machine air gap reduction due to deformation with different sleeve at
25000 rpm and 180 °C.

5.5 Application analysis
In this section, the EESM is evaluated in vehicle-oriented applications. To
extend the analysis to broader use conditions, three representative operating
conditions are considered in this subsection: a typical industrial condition, a
traction drive condition, and the worst operating point. The typical industrial
condition reflects low-speed, high-torque operation mainly found in pumps and
fans., with 5000 rpm and 180 °C selected for this study. The traction condition
represents normal vehicle operation and is analyzed at 10000 rpm and 150 °C.
25000 rpm and 180 °C are chosen for the worst-case analysis.

Figure 5.15 and Figure 5.16 present the maximum stress and maximum
deformation under these operating conditions. The figures also illustrate the
contributions from centrifugal force and thermal expansion separately. Com-
pared with the other sleeve materials, carbon fiber provides the most effective
overall performance in mechanical protection across all application conditions.
Titanium alloy and Inconel 718 can also reduce the maximum rotor stress and
deformation, although the effectiveness is comparatively limited.
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(a)

(b)

Figure 5.15: Maximum stress of rotor in different conditions: (a) typical industrial
application, (b) traction application and (c)the worst condition.
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(c)

Figure 5.15: Maximum stress of rotor in different conditions: (a) typical industrial
application, (b) traction application and (c)the worst condition.

For the typical industrial operating condition, the comparatively low rota-
tional speed results in the smallest stress and deformation caused by centrifu-
gal force among the three investigated cases. Consequently, the mechanical
behavior of the rotor is primarily caused by thermal expansion, while the
contribution of centrifugal force remains limited. As the operating condition
shifts to traction applications, the higher rotor speed increases the influence
of centrifugal force, leading to a increase in both stress and deformation.
Nevertheless, thermal expansion continues to dominate the rotor response,
contributing more than 90% of the total stress and deformation.

Under the worst case operating condition, which combines the highest rota-
tional speed and temperature, the rotor experiences the maximum stress and
deformation levels among the three cases. Although the contribution of cen-
trifugal loading increases substantially with speed, thermal expansion remains
the main source of mechanical loading in all investigated cases. These findings
demonstrate that rotor temperature has a bigger influence on the mechanical
stability of the investigated high-speed EESM than centrifugal force.
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(a)

(b)

Figure 5.16: Maximum deformation of rotor in different conditions: (a) typical
industrial application, (b) traction application and (c)the worst con-
dition.
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(c)

Figure 5.16: Maximum deformation of rotor in different conditions: (a) typical
industrial application, (b) traction application and (c)the worst con-
dition.

5.6 Mechanical analysis conclusion
In this chapter, the contributions of thermal expansion and centrifugal force
to the maximum rotor stress and deformation in EESMs are analyzed sep-
arately. Thermal expansion effects increase with temperature, whereas cen-
trifugal force contributions increase with speed. Thermal expansion has a
more significant impact than centrifugal force on rotor stress and deforma-
tion, particularly at high temperatures. The highest percentage contribution
from centrifugal force occurs under high-speed and low temperature condi-
tions. At 25000 rpm and 60 °C, centrifugal force contributes 45.1% of the
maximum stress and 18.9% of the deformation, both remaining lower than
the respective contributions from thermal expansion.

For the analysis of rotors with the three sleeve materials, the overall trends
are consistent. The carbon fiber sleeve leads the lowest stress and deformation
caused by thermal expansion compared with the titanium-alloy and Inconel
718 sleeves. As the sleeve thickness increases, the maximum rotor stress and
deformation decrease for all materials, with carbon fiber exhibiting the lowest
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stress and deformation values. Across the different application conditions
analyzed, carbon fiber demonstrates the most effective performance for the
EESM considered in this study. These results can provide useful guidance for
the mechanical design of EESM rotor structures.
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CHAPTER 6

Conclusion and future work

6.1 Conclusion

This thesis has presented a comprehensive investigation of the design and
application of high-speed EESMs, with a particular focus on electromagnetic
loss, operating conditions, and structural considerations. By using the WLTC
driving cycle, the efficiency map reveals that the motor operates across a broad
speed range, reflecting realistic and varying driving conditions. The operating
points corresponding to highway, countryside, and urban scenarios are largely
positioned within high-efficiency regions, typically above 96–97%, indicating
that the machine performs near its optimal efficiency in most cases. Under
highway driving conditions, the EESM achieves an efficiency of 97.31%, com-
pared with 92.37% for the PMSM, indicating the better performance under
high-speed operation. In terms of dynamic performance, the vehicle achieves
a 0–100 km/h acceleration time of 8.1 s. This result is comparable to typical
light electric vehicles, demonstrating competitive performance. The accel-
eration is adequate for light vehicle applications where efficiency, cost, and
overall system optimization are prioritized. Through the development of a 2D
model by FEM, the influence of stator current angle and rotor excitation on
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AC losses in hairpin windings has been evaluated. The findings indicate that
these parameters significantly modify the airgap flux distribution and flux
leakage, thereby directly influencing the magnitude of AC losses. Such effects
become increasingly critical under high-speed operating conditions, where loss
components are amplified.

In addition, a 3D mechanical model of the rotor lamination has been es-
tablished to assess structural performance at elevated rotational speeds. The
analysis separately characterizes the effects of centrifugal forces and thermal
expansion on rotor stress and deformation. The results demonstrate that
thermal effects dominate the mechanical performance, especially at higher
temperatures, leading to more pronounced stress and deformation compared
to centrifugal loading. To enhance structural robustness, the application of
external retaining sleeves has been explored. Among the candidate materials
evaluated, carbon fiber exhibits superior performance by minimizing thermally
induced stress and deformation.

Overall, this work provides insights into both the electromagnetic and me-
chanical design aspects of high-speed EESMs, offering practical guidance for
improving efficiency, reliability, and structural stability in industrial applica-
tions.

6.2 Future work
The work presented in this thesis addresses key challenges associated with
high-speed EESM, with particular emphasis on identifying suitable applica-
tions and optimizing both electromagnetic and mechanical design aspects.

Further, more specific suggestions for future work are:

• Investigating the impact of different hairpin materials on AC losses, with
a comparative analysis of aluminum and copper hairpin windings under
varying operating conditions.

• Explore additional frequency-related factors influencing AC losses in
EESMs, with particular emphasis on high-speed operating conditions.

• Experimental evaluation of the overall efficiency and energy consump-
tion of an EESM prototype across representative drive cycles.
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