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Abstract— This paper reviews the current technologies used
in high speed electrical machines, through an extensive survey of
different topologies developed and built in industry as well as in
academia for several applications. Developments in materials and
components including electrical steels and copper alloys are
discussed, and their impact on the machines’ operating physical
boundaries is investigated. The main application areas pulling
the development of high speed machines are also reviewed in an
effort to better understand the typical performance
requirements.

Index Terms—high speed electrical machines, high frequency
electrical machines, high strength electrical steels, high frequency
electrical steels, copper alloys, thermal modeling, mechanical
modeling.

I. INTRODUCTION

IGH speed rotating mechanical machinery has been

developed and used for a long time, and is now
considered a mature and reliable technology for a number of
engineering  applications.  Such  applications include
turbochargers, mechanical turbo-compounding systems, aero-
engine spools, helicopter engines, racing engines and fuel
pumps with typical operational speeds in excess of 10,000rpm
and RPMVKW in excess of 1x105 [1].

The drive towards research and development in high speed
electrical machinery has seen a rapid growth in the last few
decades, with a considerable application uptake in the last
decade. It is also foreseen that this research area will be
dominating electrical machine drive research, partly due to the
current improvements in the enabling technologies, and partly
due to the significant impact the development of these
machines will make in many application areas. This is also
reflected by the large number of national and international
funded research programmes in this area. This paper will first
overview some of the application areas where high speed
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electrical machinery have been applied to and the resulting
system benefits will be highlighted. A common perceived
advantage of high speed machines is the reduction of system
weight for a given magnitude of power conversion. This is
especially desirable in mobile applications, where any savings
in weight results directly in reduced fuel burn and emissions.
The trend in electrifying future transport systems is creating a
significant pull for advancing high speed technologies.
Another commonly perceived benefit in adopting high speed
machines in certain applications is the improvement in
reliability as a result of the elimination of intermediate gearing
(direct drives).

The research and development in this area is also fuelled by
the developments in power electronic switching devices,
converter topologies and control methodologies which are
enabling even higher machine operating frequencies. This is in
conjunction with developments in soft and hard magnetic
materials, which are able to withstand higher magnitudes of
mechanical stress whilst exhibiting low AC losses, which
allow for higher rotor peripheral velocities and higher power
densities. After reviewing the application areas for high speed
electrical machinery, this paper will highlight significant
recent advancements in material technology related to high
speed machines. Then, different electrical machine topologies
from literature will be reviewed and compared in terms of
their high speed capability and performance characteristics.

Il. OVERVIEW OF APPLICATIONS

In some applications high speed electrical machines directly
replace existing high speed mechanical systems, while in other
applications the high speed electrical machine complements
the existing high speed mechanical system. This section gives
an overview of the drive behind such developments for a
broad range of application spectra. The list is not exhaustive
but indicative of the application pull for high speed electrical
machine technology.

A. High Speed Electrical Machines for the More-Electric
Engine (Automotive/Power Generation)

The concept of having high performance traction machines
integrated within hybrid drive-trains to improve fuel efficiency
and reduce emissions is now commonplace in vehicles.
Increasingly stringent emissions and fuel efficiency



requirements call for further electrification for engines being
used for automotive as well as power generation applications,
primarily through the use of high speed electrical machines.
The potential applications of high speed electrical machines
within the more electric-engine are several, as shown in Fig. 1,
which lays out a family of four possible high speed electrical
machines around a future engine.
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Fig. 1. High Speed Electrical Machines for the More-Electric Engine
[Cummins]

In one such application, the electrical machine is placed on the
same shaft as the turbine and the compressor wheels in a
turbocharger (machine M1 in Fig.1). The function of the
machine is two-fold : on starting and gear shift, when there is
lack of energy in the exhaust gas stream, the machine is used
as a motor to speed-up the compressor to the required speed,
thus reducing turbo-lag and improving driveability. At high
engine loads, when there is excess energy in the exhaust,
instead of opening a waste-gate valve to prevent the shaft
overspeeding, the electrical machine is used as a generator.
The typical integration of the electrical machine within a
turbocharger is shown in Fig. 2.

Fig. 2. Electrically assisted turbocharging : integrating electrical machines
within existing high speed machinery [Cummins]

Driveline efficiency can be further improved by installing an
additional power turbine and high speed machine (machine
M2 in Fig.1), downstream of the turbocharger to extract waste

heat from the exhaust gases, often called turbocompounding.
Recovered energy is then used to supply the vehicle’s
electrical loads, including the traction machine if used within a
hybrid drive-train architecture.

In internal combustion engines, exhaust gas recirculation
(EGR) is used to reduce NOx emissions by routing some of
the exhaust gas back into the intake air flow. In engines where
the exhaust backpressure is greater than the intake air
pressure, a negative pressure differential exists and hence
EGR flow can be realised by simply connecting a conduit
between the exhaust and intake ducts. However, in an engine
having a charged intake, an unfavourable pressure differential
must be overcome [2]. One way of efficiently overcoming the
aforesaid problem is by introducing an EGR compressor
upstream of the turbine, which is driven by a high speed motor
(machine M3 in Fig.1). This reduces the pumping energy
required drastically when compared to more conventional
EGR systems wherein exhaust gases are drawn downstream of
the turbine.
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Fig. 3. High speed electrical machine used within an ORC engine [Cummins]

Higher engine fuel efficiency improvements can be gained by
recovering waste-heat energy from the whole engine, rather
than just from the exhaust gas stream. This is done through an
Organic Rankine Cycle, whereby heat is recovered by
circulating a working fluid which is then used to drive a high
speed turbine and electrical generator. Fuel efficiencies over
12% have been demonstrated [3]. Fig.3. shows one such
engine as developed by Cummins. The range of power-speed
nodes for electrical machines developed for engine
applications is very broad, ranging from 2kW 220,000rpm for
a passenger car application [41], up to 150kW 35,000rpm for a
prime-power generation engine.

B. Flywheel Energy Storage Systems

Flywheel energy storage systems operate by storing energy
mechanically in a rotating flywheel. Electrical energy is stored
by using a motor which spins the flywheel, thus converting the
electric energy into mechanical energy. To recover the energy,



the same motor is used to slow the flywheel down, converting
the mechanical energy back into to electrical energy.
Traditional flywheel designs have large diameters, rotate
slowly and have low power and energy densities. More
modern flywheels are designed to rotate at higher speeds.
Such flywheels achieve higher power densities than the NiMH
batteries typically used in hybrid vehicles, albeit having lower
energy densities. For energy storage applications requiring
high peak power output for a short amount of time (i.e. low
energy), as is the case for power-assist hybrid electric
vehicles, high speed flywheel storage systems offer a number
of advantages over battery technologies such as a more
compact solution, higher efficiency, longer lifetime and a
wider operating temperature range [68]. Fig.4. shows a
flywheel developed by Williams Hybrid Power, as used within
the Porsche911 GT3R. This flywheel rotates at 40,000rpm and
is used to generate/motor up to 120kW to the front-axle
motors.
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Fig. 4. High speed composite flywheel [Williams Hybrid Power]

C. High Speed Spindle Applications

The machine tool industry has also been another driver behind
the development of high speed electrical machines.
Conventional low-cost, high speed spindles use belt-drives,
which are limited in maximum speed. Increased demands for
higher rotational speeds, speed control, low vibration levels as
well as power density (due to lack of space) has led to using
high speed electrical machines for spindle applications. The
power range and speed limits in spindle applications are very
spread out, varying from 9000 rpm up to 180000 rpm, with a
corresponding power approximately from 24 kW down to 1
kW.

TABLE I
TYPICAL MILLING APPLICATIONS SPEED
Applications Speed
Metal 4500 - 12000 rpm
Stones 8000 - 12000 rpm
Glass/Marble 8000 - 14000 rpm
Wood 18000 - 25000 rpm
Aluminum 30000 - 40000 rpm

As reported in Table I, the maximum rotational speed
achieved during the different milling applications depends on
the processed material type. For grinding applications, the

machine tool rotational speeds are higher than the typical
range reported in Table I, reaching speeds up to hundreds of
thousands revolutions per minute in ultra-precision machining
applications, such as meso-scale dimension range and mega-
speed drive systems [4]. Fig.5. shows one such machine,
developed by Westwind Air Bearings, with a speed of 300,000
rpm used within PCB drilling spindles.

D. Turbomolecular Pumps

Turbomolecular pumps are another application where the
speeds are increasing, and where the use of very high speed
motors can be considered a suitable choice. Currently,
rotational speeds up to 100,000 rpm at low powers (a few
hundred watts) are the future target for this application. The
turbomolecular pump is used to obtain and maintain a high
vacuum. These pumps work on the principle that gas
molecules can be given momentum in a desired direction by
repeated collision with a moving solid surface. In a turbo
pump, a rapidly spinning turbine rotor hits gas molecules from
the inlet of the pump toward the exhaust in order to create or
maintain a vacuum. A cross section of typical turbopump
driven by a high speed motor is shown in Fig.6. These pumps
are used to get a very high vacuum condition up to 10-* mbar.
This type of load demands motor performance characteristics
requiring a complex design approach, far from the classical
design criteria used for the standard motors. In particular, the
rotor runs in a deep vacuum, with extreme thermal exchange
problems [69]. In fact, the thermal dissipation can be done
only by radiation. The rotor inertia contribution on the total
inertia has to be as low as possible in order to simplify the
balance process of the rotating parts. The torque ripple has to
be very low in order to reduce the risk of mechanical
resonance in the rotating system.

Fig. 6. Cross-section of turbomolecular pump driven by high speed motor
[76]



E. Gas Compressor Applications

Gas compression is needed at many places in the chemical, oil
and gas industry, mainly for gathering, transmission and
processing the gas downstream. Gas engines and gas turbines
are traditionally used as the compressor drives. While gas
fired drives are convenient for gas companies, they are
becoming increasingly difficult to install due to environmental
restrictions. The idea of using electric motors to drive
compressors to minimize the environmental, regulatory and
maintenance issues is not new, but progress in the field of high
speed machines have made them more attractive. Oil free
compressors have been successfully used for many years but
as long as a lubrication system for the oil is still necessary for
the drive, or for a gearbox, the benefits of oil-free operation
cannot be fully exploited. Electric high speed drives with
magnetic bearings allow the elimination of the gearbox and of
the entire lubrication oil system, which leads to increased
safety, increased efficiency, increased availability as well as to
reduced operation and maintenance costs. Thus, the electric
high speed drives are the most environmental friendly
compressor drives [5]. The layout and rotor of a 10MW
20000rpm Induction Machine developed by Converteam (now
GE Energy), and used within such an application are shown in
Fig. 7 and Fig.8 respectively.

Fig. 7. Conventional Compressor (left) and Integrated Compressor (right)

In many industrial applications there is an ever increasing
demand for higher quality, oil-free compressed air. In the food
and beverage industry, as well as in the pharmaceutical
industry, any oil contamination can lead to unsafe products
and consumer health hazards. In the automotive industry, oil-
free air is essential to achieve a high quality finish. In the
electronics industry, moisture can affect sensitive processes
and cause oxidation of micro-terminal strips, resulting in

product failure. In all the aforementioned industries any oil
contamination can lead to expensive product recalls and plant
shutdown. High speed electrical machines which operate at
powers of 100-500kW, and speeds 80-15,000 rpm, using
magnetic or air bearings, are being used in the latest
generation Class 0, ‘oil-free', direct-drive industrial
compressors, in the 4-9 bar range.

In wastewater treatment plants, the majority of power demand,
over 60%, is required for the delivery of air to provide oxygen
for biological treatment of waste streams and mixing to solids.
Traditionally positive displacement (PD) blowers running on
variable frequency drives, or geared centrifugal units equipped
with inlet and outlet vanes, are used for wastewater aeration.
The last decade has seen a rapid growth in the use of turbo-
blowers driven by high speed motors, having higher reliability
and durability, reduced noise, a 25% reduction in footprint,
and more importantly claimed energy savings in excess of
35% [70] with respect to conventional blowers.

G. Microturbines

Microturbines are small combustion turbines of a size
comparable to a refrigerator, and with typical outputs of 30
kW to 400kW. They are typically used for stationary energy
generation applications at sites with space limitations for
power production. They are fuel-flexible machines that can
run on natural gas, biogas, propane, butane, diesel, and
kerosene. Microturbines have few moving parts, high
efficiency, low emissions, and have waste heat utilization
opportunities. They are also lightweight and compact in size.
Waste heat recovery can be used in combined heat and power
(CHP) systems to achieve energy efficiency levels greater than
80% [6].
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Fig. 9. Typical Layout of a Micro Gas Turbine [6]

Fig. 9 shows the typical layout of a micro gas turbine. It
consists of a compressor, combustor, turbine, alternator,
recuperator (optional), and generator. In unrecuperated
systems, heated, compressed air is mixed with fuel and burned
under constant pressure conditions. The resulting hot gas is
allowed to expand through a turbine to perform work. Simple-



cycle microturbines have a lower cost, higher reliability, and
more heat available for CHP applications than recuperated
units. Recuperated units use a sheet-metal heat exchanger that
recovers some of the heat from an exhaust stream, and
transfers it to the incoming air stream. The preheated air is
then used in the combustion process. If the air is preheated,
less fuel is necessary to raise its temperature to the required
level at the turbine inlet. Recuperated units have a higher
efficiency and thermal-to-electric ratio than unrecuperated
units, and yield 30% to 40% fuel savings from preheating [6].

Recently there is a re-visited interest in using microturbines as
a range extender within serial hybrid vehicles, as well as all-
electric vehicles, as a power unit which can charge the
vehicle’s batteries. Fig. 10 shows a 50kW 80000rpm
microturbine developed by Bladon. It is claimed that such a
technology, can be just 5% of the size, weight, and parts of an
equivalent piston engine [7].

Fig. 10. 50kW 80,000 rpm Micro Gas Turbine [Bladon]

I1l. MATERIALS

This section gives an overview of materials suitable for high
speed electrical machines, including electrical steels, copper
alloys and magnets. It also describes the main developments
which are key in pushing the operational boundaries of high
speed electrical machinery.

A. Electrical Steels

For the stator and rotor laminations, different Silicon Iron
(SiFe) and Cobalt Iron (CoFe) alloys have been considered.
Cobalt Iron ensures highest saturation magnetisation, going
above 2 Tesla, thus enabling highest power densities to be
achieved. The actual value of saturation magnetisation for
Cobalt-Iron depends on the annealing temperature, time of
annealing and annealing atmosphere — in general the better the
mechanical characteristics of the annealed material, the lower
is the saturation magnetisation. However, even when annealed
to the optimum mechanical properties, the saturation
magnetisation of CoFe is still significantly higher than SiFe
(around 20% higher). Whilst CoFe is significantly more

expensive compared to SiFe laminations, it is often considered
for high speed machines as material mass per kW is
intrinsically small, and thus not hugely significant at system
level.

Another important parameter when choosing the lamination
material for high speed machines is the amount of core losses
generated in the lamination due to the very high fundamental
and switching frequencies. For a given frequency and flux-
density, the core losses are primarily influenced by the
lamination thickness as well as the final annealing method. In
general, the thinner the laminations the lower the core losses.
Electrical Steels as thin as 0.1mm with very low core-losses,
tailored specifically for high frequency applications are
commercially available [8].
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Fig. 11. Comparison of core-losses and yield strength
for different high-performance electrical steels

Fig. 11 compares the mechanical yield-strength and core-loss
characteristics at 1T 400Hz of commercially available grades
of SiFe(#) and CoFe (m) under their respective trade-names. It
should be noted that for many of the steel grades (except those
marketed specifically for their mechanical characteristics), the
mechanical properties are normally typical indicative values.
M270-35A and M235-35A are common 0.35mm SiFe grades
with a typical yield-strength of around 350MPa and 450MPa
respectively. These grades are typically used for higher
performance, volume-manufactured, mainstream motors such
as traction machines.

High frequency machines typically use thinner SiFe grades
than 0.35mm, such as NO20 and Arnon7 respectively 0.2mm,
0.17mm thick. The core losses of the aforementioned thin-
grades are superior, as shown in Fig. 11, however this is at the
cost of reduced yield strength, which is typically 300-380MPa
for such grades.

Increasingly demanding requirements on steels have pushed
steel companies’ metallurgical research to look beyond the
traditional boundaries in the last two decades. One such case is
the JNEX10-Core which is a 0.1mm thick SiFe grade and
which has around 50% of the losses at the frequency and
induction level considered, with respect to the other high-
frequency thin-steel grades by having 6.5% Si content [8].
This enables the designer to push further the fundamental



frequencies in the stator. Conventional silicon steel sheets
have a silicon content of 3.5% or less. It has long been known
that the magnetic characteristics of a silicon steel sheet
improve as the Si content increases, peaking at 6.5% [8].
However, it had been impractical to produce thin steel sheets
with a Si content of over 3.5% because the steel tends to
harden. This production problem was recently overcome
through the adoption of a CVD (Chemical Vapour Deposition)
process. Having such a high percentage silicon results in
having a high yield strength however the material is brittle
which makes it undesirable for high speed rotors. The ductility
can be improved by having gradient-injection of Silicon,
whereby a higher Silicon content is injected at the edges of the
sheet for reduction of very-high frequency losses, and a lower
Silicon content injected in the centre.

Other steel research is focused on developing very high-
strength electrical steel without compromising on the ductility.
The drive behind this research is primarily Interior Permanent
Magnet (IPM) motors used in hybrid traction. Such motors
require the bridge to be kept as small as possible to limit short-
circuiting the magnet-flux (thus reducing magnet volume),
however this is limited by the yield-strength of the lamination
material. High vyield strengths of over 800MPa can be
achieved by a number of techniques such as dislocation
strengthening [9], at the cost of increased iron losses. The
HXT grades [10], shown in Fig.11, can achieve a very high
yield strength, comparable to high-strength carbon steel, in
excess of 800MPa with an elongation in excess of 18%.

Fig. 11 also compares iron losses for four different types of
CoFe alloys. As seen in this figure, the CoFe alloy with
optimum magnetic properties Vacoflux48 has significantly
lower losses than the M235-35A material for the same
thickness, however its yield strength is only about 200MPa
(i.e. half that of SiFe), which for the case of use in a high-
speed rotor is not sufficient. In order for the CoFe to have
similar yield strength (i.e. Vacodur 50 with optimum
mechanical properties) as SiFe, its electromagnetic properties
degrade, and the losses become comparable for both SiFe and
CoFe. It is also important to note that the aforementioned
CoFe grades are brittle in nature, with Vacoflux48 having 2%
elongation and Vacodur50 6% elongation. The elongation is
improved to 32% in Vacoflux17 which has a reduced cobalt
content of 17%, albeit increasing the core losses significantly.
CoFe alloys can be strengthened by alloying with Vanadium,
such as Hiperco 50HS which can achieve a yield strength of
over 680MPa with a 15% elongation.

B. Copper Alloys

For the case of induction machines, the rotor bar and end-ring
material require careful selection. High yield strength is
required at high temperatures as the bars serve a mechanical
function besides the electromagnetic function. The bars also
add to the stiffness of the rotor assembly, and thus help
increase the critical speed of the machine. Moreover, for

Induction Machines keeping the rotor cage in a healthy
condition is fundamental for operation.

For high speed, high temperature applications, pure copper is
not typically used due to its low yield strength and it softens at
high temperatures. Several different types of high strength
copper alloys have been utilized for high speed induction
machines, such as Copper Zirconium(CuZr), Copper
Beryllium(CuBe) [37] and Copper Aluminum Oxide
(CuAl;03) [23], [24], [34], [35]. Fig. 12 maps different
materials which are considered for the rotor cage in terms of
the two most important parameters for a high speed induction
motor application (i.e. electrical conductivity and vyield
strength).
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Fig. 12. Alloys for rotor cage

Copper can be strengthened substantially by alloying it with
other elements, but alloying causes a significant loss in
conductivity. Copper can also be strengthened by
incorporating fine particles of a second phase in its matrix,
causing only a relatively small loss in conductivity. The
second phase can be a metal or inter-metallic compound
precipitated from a solid solution by an aging treatment, or it
can be non-metallic particles, such as stable oxide, added to or
formed within the copper matrix. One such material, made
using the internal oxidation technique is Glidcop™ from
North American Hoganas, which retains its strength at
elevated temperatures in excess of 300°C.

C. Permanent Magnets

The main challenges for magnets at high speed are the
mechanical stresses experienced, and the internally generated
losses due to flux pulsations as a result of the stator slotting,
airgap space harmonics, and asynchronous fields due to time
harmonics in the supply waveforms. Axial, radial and
circumferential segmentation are often used to reduce losses
as shown in Fig. 13. In addition, designing the machine
winding and geometry to minimise rotor losses and
subsequently magnet temperature is a critical design tradeoff
[60].



Fig. 13. Segmented magnets for rotor loss reduction [Arnold Magnets]

High speed machines typically use high energy density
magnets from the NdFeB or SmCo families with a high
working temperature capability. NdFeB grades alloyed with
Dysprosium (Dy), meant that NdFeB magnets could go to
working temperature limits up to 250°C, such as grade
N38EH. For operation above this temperature, Samarium
Cobalt SmyCos7 remains the only suitable material. Although
having a slightly lower remanence and energy product than the
NdFeB magnets, typically Sm,Co7 grades can operate up to
temperatures of 350°C, with some special grades pushing the
boundary to 550°C, at the cost of reduced remanence, as
shown in Fig. 14.
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Fig. 14. High temperature samarium cobalt [77]

Electrically conducting stator and rotor sleeves have also been
adopted to shield the magnets from asynchronous fields.
Permanent magnets are very weak in tension whilst able to
withstand large compressive stress. To ensure mechanical
integrity of high speed rotors, magnets are often pre-stressed
using sleeves made of high strength metallic materials such as
Inconel or Titanium [61]. Carbon fiber is also often used as a
retention mechanism due to its superior mechanical properties.
This can either be directly filament wound on the rotor
assembly, or a pre-fabricated sleeve can be pressed onto the
assembly.

IV. LITERATURE REVIEW ON HIGH SPEED ELECTRICAL
MACHINE TECHNOLOGIES

Over the last two decades a number of overviews on high
speed electrical machine technology have been published.

Reichert et al. [71] present a set of analytical formulations
relating rotor diameters to rotational speeds based on four
considerations namely, (i)the mechanical stresses in the rotor,
(if)critical speeds, (iii)rotor cooling and (iv)specific power
output per rotor volume. These formulations are then used to
define a design window, or ‘realization area’, for high speed
electrical machines. The authors also present a power speed
chart, which includes limit lines for synchronous and
induction machines, as well as limit areas for a number of
inverter topologies. This chart is used to derive tendencies
depending on the required power and speed range. At the time
of writing, the authors concluded that for lower speeds (<9000
rpm) and higher powers (S30MW) the synchronous machine
fed from current source inverters was the favorable solution,
while for higher speeds (<100,000 rpm) and lower powers
(<2MW), the induction machine (IM) fed from voltage source
inverters was the favored solution. Permanent-Magnet (PM)
machines were described as suitable for low power and high
speed applications.

Canders [72] presents the use of Surface-Mount Permanent
Magnet Machines (SPM) with carbon fiber banding, as a very
promising design alternative for higher power, high speed
applications. Suitable choice of armature current sheet is given
important consideration in deriving the tangential force
density (KNm/m?) limit on the rotor as a function of speed.
Keeping the design running sub-critical, the permissible rotor
length is calculated and charts of power limits as a function of
speed for Permanent Magnet Machines are derived.

Binder et al. [73] discuss aspects relating to the design of high
speed electrical machines. The authors describe how the
electromagnetic utilization factor is lower than for low speed
machines, and through a literature review for built permanent
magnet, induction, and homo-polar machines, empirically, a
linear regression line relating the power limit to the design
speed is derived. The bearing types used for developed high
speed machines are also investigated.

The following sub-sections make an effort to describe high
speed machines in literature which have been built and tested,
including Induction Machines, Permanent Magnet Machines,
Switched Reluctance Machines, and Synchronous Homopolar
Machines. A comparison between the technologies
demonstrates the operating domain each technology has been
employed at.

A. High Speed Induction Machines

Induction Machines, due to their robust construction, are
commonly used for high-speed applications. Table II,
developed and expanded from that presented in [19], lists high
speed induction machines published in literature, ranked in
order of circumferential speed, 'v¢' (m/s). From this table it is
noted that for the highest peripheral speeds, a solid rotor
topology is usually preferred due to the mechanical robustness
of such a structure. The smooth solid rotor, as shown in Fig.
15a, is the simplest and most robust solid rotor topology,



however such a design lacks a high conductivity path for the
induced rotor currents and is thus a relatively inefficient
design [11], [12]. The harmonic flux components concentrate
on the surface of the rotor and cause significant losses therein
which limit the overall machine power density. Moreover
eddy-currents try to push the inducing magnetic field out of
the rotor.

The axially-slitted solid rotor, as shown in Fig. 15b, is an
improvement over the smooth solid rotor topology by axially
slitting the rotor surface [13], [14]. Slitting has the effect of
guiding the fundamental flux component into the rotor, while
presenting a higher impedance path to the eddy-currents
travelling on the rotor surface. However, slitting also increases
the air-gap friction loss, which at the high speeds considered
can even outweigh the reduced eddy-current loss, as well as
reducing the mechanical strength of the rotor.

Fig. 15. High speed solid rotor topologies
a)smooth solid rotor b)slitted solid rotor
c) coated solid rotor d) caged solid rotor

Detailed studies on axial slitting of solid rotor induction
motors are presented by Aho [15] and Huppunen [16]. In these
studies the number of rotor slits as well as their geometries are
investigated with the aim of achieving an overall optimised
design. It is noted that deep slitting provides a good torque
generation capability at the cost of reduced mechanical
strength. Aho recommends a slit depth of about 40-50% of the
rotor radius in order to achieve a compromise between rotor
strength and reduced eddy-current losses. Moreover, it is
noted that odd numbers of rotor slits minimise the torque
ripple as well as the rotor losses at the cost of an increased
unbalanced magnetic pull.

A further improvement in the rotor is achieved by coating the
solid rotor with a copper layer, thus introducing
electromagnetic anisotropy [17], [18] as shown in Fig. 15c.
The copper coating acts as an infinite number of rotor bars and
as end-rings. Such a design is mechanically robust, and
achieves higher efficiencies than the simple solid rotor
topology. Fig. 16 shows a 300kw 60000rpm copper coated
solid rotor Induction Machine used for an air compressor [30].
This topology is used in the highest peripheral speed machines
as shown Table 11, however by having a coating, the air-gap
from stator iron to rotor iron is much higher than in induction
machines where the copper is in bars, and hence a resulting
poor power factor.

TABLE II
HIGH SPEED INDUCTION MACHINES IN LITERATURE AND INDUSTRY, RANKED
IN ORDER OF PERIPHERAL SPEED

A Rotor Rotor Type Power | Speed Reference
[m/s] Diameter [kW] [rpm]
[mm]
367 70 solid coated 60 100000 | [17]
342 109 solid coated | 300 60000 [30]
290 - laminated 2000 | 15000 [36]
283 90 solid coated 60 60000 [19]
250 - laminated 8000 | 12000 [5]
236 90 solid caged 50 50000 [19]
204 325 solid slitted 8000 | 12000 [13]
193 330 solid caged 2610 | 11160 [31]
185 118 laminated 100 30000 [32]
182 348 laminated 6000 | 10000 [62]
180 39 laminated 10 90000 [35]
177 28 solid 6.3 120000 | [11]
168 80 laminated 35 40000 [33]
144 90 laminated 65 30600 [19]
solid coated
138 47 laminated 11 56500 [24]
134 51 laminated 21 50000 [23]
126 200 laminated 200 12000 [21]
solid caged
126 200 solid slitted 250 12000 [16]
124 99 solid coated 12 24000 [14]
120 46 laminated 15 50000 [39]
102 195 solid slitted 120 10000 [15]
63 50 solid coated 0.7 24000 [19]
62 88 solid slitted 12 13500 [14]
60 25 laminated 0.075 | 45000 [40]

Fig. 16. 300kW 60,000 rpm copper coated solid rotor IM , Sunyne Corp.

[30]

Lahteenmaki et al. [19],[20] investigate the use of a solid rotor
with a squirrel cage as shown in Fig. 15d. The idea behind this
topology is to combine the mechanical strength of a solid rotor
and the electromagnetic performance of a squirrel cage rotor.
Difficulties in manufacturing such a topology were reported,
namely the drilling of slots in solid steel, therefore the designs
have open rotor slots. Lahteenmaki compares the caged solid
rotor to an existing copper-coated solid rotor for a 60kW,
60000rpm machine and reports that squirrel cage rotors



increase power density and efficiency with respect to the
coated rotor, at the cost of reduced mechanical robustness.

Lahteenmaki also compares a laminated squirrel cage rotor
with a copper coated solid rotor [19] for a 65kW, 30600 rpm
machine, and reports higher efficiencies as well as a higher
utilisation factor for the laminated rotor topology. The
laminated rotor gave 39% more power for the same stator
winding temperature rise.

Lateb et al. [5] also compare different types of solid rotor
constructions to a laminated rotor topology, and it is reported
that the laminated rotor topology has 2-3% higher efficiencies
than the different solid rotor constructions, as well as a higher
power factor. Similar results were reported by Ikeda et al.
[21], who experimentally compared a solid caged rotor
topology to a laminated rotor topology for a 200kW, 12krpm
machine.

It is commonly agreed in literature that a laminated rotor
should be used if is mechanically possible due to the
significantly higher efficiencies. Following is an overview of
what has been published related to the design of high-speed,
laminated-rotor, induction machines in a chronological order.

The paper by Boglietti et al. [22] was one of the first papers to
discuss the complexities associated with the design of high
speed laminated rotor induction machines. In [22] an overview
is given of electromagnetic, thermal and mechanical design
considerations, noting the typically high (compared to
standard IMs) rotor-bar current densities used in high speed
machines, mentioning 20A/mm? as a typical figure for the
rotor bar current density. Boglietti also discusses the problem
of high iron losses due to the high fundamental frequencies in
high speed machines. This often constraints the designer to
choose a relatively low flux-density in the stator teeth (1-1.1T,
in comparison to 1.5-1.8T for 50Hz IM), as well as in the
stator yoke (1.1-1.2T, in comparison to 1.5-1.7T for 50Hz
IM). All the aforesaid issues tend to cause thermal problems
given the overall small machine dimensions, which lead to a
forced cooling systems as a requirement. The mechanical
design issues discussed in [22] relate mainly to bearing
selection, lubrication and balancing, noting the very high
balancing grade required for high-speed machines.

Soong et al. [23] give a comprehensive treatment on the
design of high speed IMs, describing the design and
manufacturing issues by a design case study of a 21kW,
50krpm motor for a compressor application. The
considerations taken when choosing the rotor bar and end ring
materials are discussed, noting in particular the need for a high
yield strength material for the rotor conductors, as well as
describing the trade-off between different lamination heat
treatments in finding a compromise between the
electromagnetic and mechanical properties. Soong uses SiFe
laminations for both rotor and stator, and the materials are
separately heat treated after punching to achieve desired

characteristics for the rotor and stator (i.e. higher yield
strength for rotor laminations and lower iron losses for stator
laminations). The issue of stresses in rotor lamination material
is highlighted as an important consideration, noting how the
rotor bars shift the maximum stress concentration in the
lamination with respect to a rotating disk. This issue is also
discussed by Kim et al. [24], who describes the design of an
11kW, 56krpm IM for a centrifugal compressor, noting the use
of a circular closed slot in order to minimise stresses in the
rotor laminations.

Centner et al. [25],[26] discuss the steel grade used for the
rotor laminations as an optimization parameter, and try to
investigate the suitability, and compare using Silicon Iron
(SiFe) and Cobalt Iron (CoFe) laminations for high speed
induction machines. In his study Centner compares 0.2mm
'Vacoflux 50', a CoFe alloy from Vacuumschmelze GmbH to
M270-35A, which is a standard, low-loss, 0.35mm SiFe sheet
material. The authors built two machines for the same
envelope, one made from CoFe and the other from SiFe
laminations, noting that due to the higher saturation
magnetization, a higher magnetic loading machine was
possible in the CoFe design, resulting in a higher efficiency
than the SiFe machine (91% vs. 89% at 400Hz).

All the aforementioned high speed induction machines use a
round rotor bar shape. Gerada et al. [34], [35] describe a
design methodology which boosts the power density of
laminated rotor Induction Machines by using drop-shaped bars
instead of the conventionally used round rotor bars, together
with tailoring the machine’s electrical and magnetic loadings
as well as the split ratio. Drop-shaped bars allow the current
density in the rotor cage to be tailored to the desired maximum
rotor temperature. However, such a bar shape also increases
the stresses in the laminations, and hence the use of a coupled
multi-domain design environment is essential. The procedure
is used to increase the power density of a 10kwW 80,000rpm
Induction Machine, shown in Fig. 17, for a turbocharger
application.

Fig. 17. 10kW 80,000rpm laminated rotor with drop-shaped bars [Cummins]

The laminated-rotor induction machines reported in all the
aforementioned literature have a conventional laminated rotor
assembly, i.e. a solid shaft with hollow laminations fitted onto
it. In [23] it is reported that with respect to conventional IM
design the rotorID/rotorOD ratio is oversized in high speed
machines to increase the stiffness, and in order to allow for
such an increased ratio, a flux conducting shaft is utilized. In
an interesting patented approach [27],[28] a full laminated



core is used, with the end rings fixed by tie-rods. This
topology is composed of two steel shaft ends and full depth
laminations held together by a number of steel tie rods. The
squirrel cage consists of copper short-circuit rods distributed
at the periphery of the core and linked to two bronze alloy
rings placed at both ends of the stack. The stack and the rings
are tightened by the tie rods, also distributed at the periphery
of the core and screwed into the shaft ends. This patented
technology is being used commercially by Converteam SAS
(now GE Energy) [5]. This motor is commercially called
MGV (moteur grande vitesse), in the 3 to 30MW range from
6000 to 18000 rpm for compressors in the oil/gas industry.
The mechanical/rotordynamic analysis of this topology has
been treated rigorously in [29]. Such a topology allows very
high peripheral speeds for laminated rotors IM to be achieved,
with speeds of 250m/s reported [5].

Fig. 18. 2MW 15,000 rpm laminated IM rotor [36]

Highest peripheral speeds for laminated rotor Induction
Machines are obtained by using advanced end-ring design
features as well as using high strength sheet steel, which is
magnetic for the rotor (i.e. not electrical steel grades). In [36],
[37], analysis is presented of the advanced end-ring design
features for a 2MW, 15000rpm machine, shown in Fig.18,
including a non uniform cross section, hoop stress relief cuts,
and an integrated joint boss, which reduces critical stress
concentrations, allowing operation under a broad speed and
temperature design range. For the rotor laminations, high
strength aircraft-grade AISI 4130 alloy steel is mentioned
[37]. This enables the rotor peripheral speed to be increased to
290m/s. Similarly in [38], the high strength magnetically
permeable alloy AerMet 100 is used for the rotor laminations
for a 45kW, 92500rpm machine with a peripheral speed of
240m/s.

B. High Speed Permanent Magnet Machines

Permanent Magnet (PM) machines are also popular for high
speed applications, primarily because of their high efficiencies
since, unlike induction machines, rotor losses can be reduced
by slitting, hence the rotor temperature can be limited to lower
values for distributed-winding designs. Table 111 lists some of
the high-speed PM machines found in literature, again in order
of peripheral speed.
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TABLE Il
HIGH SPEED PERMANENT MAGNET MACHINES IN LITERATURE AND
INDUSTRY, RANKED IN ORDER OF PERIPHERAL SPEED

Ve Rotor Type sleeve Power Speed Ref.
[m/s] oD [kW] [rpm]
[mm]

294 47 SPM titanium 22 120,000 [45]

288 25 SPM carbon 2 220,000 [41]
fiber

261 10 SPM titanium 1 500,000 [47]

233 89.4 IPM SiFe* 11 50,000 [62]

230 22 SPM titanium 2 200,000 [48]

201 16 SPM inconel 240,000 [44]

200 245 SPM carbon 15 150,000 [50]
fiber

200 - SPM carbon 1100 30,000 T
fiber

192 245 SPM glass 15 150,000 [42]
fiber

188 30 SPM inconel 5 120,000 Cum

mins

175 83.6 SPM carbon 40 40,000 [52]
fiber

172 16.48 SPM titanium 2 200,000 [53]

161 77 SPM carbon 40 40,000 [57]
fiber

157 6 SPM titanium 0.1 500,000 [46]

92 29.2 SPM carbon 0.5 60,000 [58]
fiber

77 83.6 IPM SiFe 40,000 [52]

52 25 SPM none 1 40,000 [54]

51 35 SPM Inconel 1 28,000 [51]

40 300 IPM SiFe 60 2,600 CGT

*high strength laminations used
fcompany data

Noguchi et al. [41] designed a 2kW, 220,000rpm PM machine
for a turbocharger application. The rotor is made-up of a
hollow parallel-magnetised ring magnet, fit on a permeable
shaft and retained by a carbon-fiber bandage. An interesting
feature of this motor is the rather unusual 6-slot, 2-pole
concentrated wound slot-pole configuration. This winding
layout gives a fundamental winding factor of 0.5 for the
torque-producing harmonic, which is justified by the analysis.
It is shown that the increase in copper losses due to the low
winding factor far outweighs the reduction in rotor losses
resulting from the more conventionally used 3-slot, 2-pole
fractional slot-pole combination. This pole-combination is
used also by Shigematsu et al. [44], who investigated
techniques for rotor loss reduction. Moreover, the chosen slot-
pole combination results in a sufficiently high inductance
which allows the machine to field-weaken. Noguchi et al. also
describe the design of a 1.5kW, 150,000rpm PM machine for
an automotive supercharger [42], [43], which uses a similar
rotor construction, slot-pole combination, but is retained by
glass-fiber.

Wang et al. [45] describe the rotor design features of a 22kW,
120,000rpm PM machines with the aim of improving the rotor
design for sensorless control. In this work, two rotor



configurations are presented : one rotor using a conventional
parallel-magnetised hollow ring magnet, and the other rotor
using two parallel-magnetised segments per pole. Both
magnetic assemblies are fit on a shaft and are retained by a
titanium sleeve. It is shown that by segmenting the parallel-
magnetised magnets, both the fundamental and third-harmonic
air-gap fields improve, thus making the motor better for
sensorless control.

Zwyssig et. al [46], [47] have built some of the highest
rotational speed machines. In [46] the design, analysis and
testing of a 100W 500000rpm PM generator for a mesoscale
gas turbine is described. The rotor consists of a parallel-
magnetised, solid cylindrical magnet which is held within a
hollow-section of a two-part titanium shaft. The mechanical
and rotordynamic considerations associated with such a setup
are described. The details of this construction are shown in
Fig. 19. This machine is scaled up to a 1kwW 500000rpm power
node [47], thus increasing the peripheral speed of the rotor.
Both machines utilize a slotless stator configuration, with the
intent of minimizing the rotor losses, and avoiding the use of
very thin (i.e. mechanically weak) stator teeth. The same
authors also develop a 100w, 1000000rpm demonstrator PM
machine [4].

winding —

rotor sleeve —

permanent magnet
high-speed ball bearing
‘ stator core

cooling sleeve motor

Fig. 19. 100W 500,000 rpm PM machine [46]

Zhao et al. [48],[49] present the design of a 2kw 200,000rpm
PM motor for a reverse-turbo Brayton cycle cryocooler.
Similarly to [47] a slotless stator is used, and a solid magnet is
fit inside a hollow shaft. Samarium Cobalt is used due to its
stability at cryogenic temperatures. An elliptical magnet is
used in this prototype although no reasons are given for this.

Takahashi et al. [50] discuss design considerations for a 5kW,
150,000rpm motor for a machine tool application. Important
design features are investigated, particularly noting the
benefits of using a large physical air-gap for high speed
machines, in order to reduce the slot ripples and the resulting
sleeve and magnet eddy-current losses. For the same
electromagnetic design, a number of sleeve-thicknesses and
materials are experimentally investigated, confirming the
effectiveness of using a relatively large air-gap as well as the
benefits of using low-conductivity fiber reinforced plastic for
retention, with the aim of keeping the rotor losses to minimum
levels. The benefits of using a low-conductivity material for
magnet retention were also verified by Cho et al. [51], who
compared the losses of an existing 50kW, 70,000 rpm turbo-
compressor machine which uses an Inconel718 sleeve, to a
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design using a Carbon Fiber sleeve, noting a six-fold reduction
in rotor losses.

Binder et al. [52] provide analytical formulation for designing
a carbon-fiber retention system for high-speed machines,
illustrating with a 40kW, 40,000rpm case study. In the same
paper, using the same power/speed node the speed limitations
of using Interior Permanent Magnet (IPM) machines for
magnet retention are investigated, and it is reported that using
conventional strength  SiFe steel grades, the maximum
peripheral speed is limited to around 80m/s. Higher peripheral
speeds for IPM machines can be only achieved using high
strength electrical steels as described by Honda et al. [62] who
achieved peripheral speeds in excess of 230m/s for an IPM.

Other literature has focused on the multi-physics design
approach and optimization of high speed machines, such as
the work done by Pfitser [53], who designed and optimized a
2kW, 200000rpm motor and the work presented by Bianchi et
al.[54]-[56], who investigated design options using different
materials for a 1kW, 25000rpm motor for a machine-tool
application. It is noted that for all the aforesaid machines, a
surface-mount PM machine with a high strength retention
sleeve material (titanium/inconel/carbon fiber/glass fiber) is
almost exclusively used.

C. High Speed Switched Reluctance Machines

Albeit less common for high speed applications than Induction
Machines and PM Machines, some Switched Reluctance (SR)
Machines have been developed for some niche applications.
The more common application area is for low-power (up to
1kW), low-cost, mass-production markets such as vacuum
cleaners and air-blowers [65]-[67]. These machines are
typically very simple in construction with a 4 slot, 2 pole

configuration commonly used.
TABLE IV
HIGH SPEED SWITCHED RELUCTANCE MACHINES IN LITERATURE AND
INDUSTRY, RANKED IN ORDER OF RPM\/kW

rpm kW rpmVkW Ref.
22200 250 3.51E+05 [63]
52000 30 2 856405 [64]
60000 1 6.00E+04 [65]
48000 1 4.80E+04 [66]
30000 0.6 2.32E+04 [67]

Another application for high speed SR machines is for the
more-electric aircraft engine [63],[64]. Here SR machines are
typically used as a starter/generator (S/G) system for starting
and secondary electrical power extraction. Their fail-silent
capability, simple construction, as well as the ability to operate
in the harsh operational environments (ambient temperatures
of around 400°C) make SR a suitable choice for such an
application. These machines make use, almost exclusively, of
high yield strength vanadium-iron-cobalt laminations such as
Hiperco 50HS. Table IV lists some of the high-speed SR



machines found in literature. In absence of rotor dimensional
details, the machines are ranked in order of rpmVkW.

D. High Speed Synchronous Homopolar Machines

Synchronous Homopolar Machines are similar in principle to
the popular Wound-Field Synchronous Machines, however in
the case of the Homopolar Machines, the field winding (or
magnets) is fixed to the stator rather than the rotor. Such a
topology results in a simple, robust rotor structure which can
be constructed from a single piece of high strength steel, and
which is suitable for high speed operation. The Homopolar
Machine has been investigated mainly for high speed flywheel
energy storage systems [68], [75] where it is important to have
low zero torque spinning losses and low rotor losses due to the
machine operating in vacuum. Tsao et. al.[68] designed and
tested a 30kW peak 100,000rpm, 140Wh machine, shown in
Fig. 20 for an integrated flywheel. A high strength solid rotor
is used for both the electromagnetic rotor as well as the energy
storage accumulator. In this motor, four poles are cut into both
the upper and lower parts of the rotor, with the lower poles
rotated 45° with respect to the upper poles. The field winding
encircles the cylindrical central portion of the rotor. The tested
machine achieved an average efficiency of 83% at an average
power of 9.4kW, over a speed range of 30,000 to 60,000 rpm.
Maas [74] also developed a synchronous homopolar machine
for a 10kW, 50000rpm flywheel system [75].

Fig. 20. 30kW peak 100,000 rpm Synchronous Homopolar Machine Rotor
[68]

V. BENCHMARKING HIGH SPEED MACHINES

With the machines listed in the literature survey, as well as
other machines from a separate industry survey, Fig.21 is
derived. In this figure, the power speed-nodes are plotted for
all machines built and tested to the authors’ knowledge. On
the same plot the rpmVkW lines are superimposed. The
concept of rpm\kW, as introduced and described in [1], is a
figure of merit for high speed rotating machinery. It provides a
reliable ‘guide number’ to assess from combinations of speed
and power the likely severity of dynamic problems such as
critical speeds, high value of bearing DN, peripheral speeds
and stresses, and sensitivity to good balancing [1].

In general, dynamic problems are negligible for machinery
which operates below 1x105 rpmVkW, and moderate for
rotating machinery which operate between 5x10° rpmVkW and
1x10° rpmVkW. Above this mechanical problems become
difficult to acute [1].
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The following observations are noted for high speed rotating
electrical machinery and summarized in Table V:

e Highest rpmVkW, just in excess of 1x10° is achieved
solely through solid rotor induction machine
technology. This technology also achieves highest
peak peripheral speeds reported, around 400m/s.

e Surface PM machines with a high strength retention
mechanism (typically inconel, titanium or carbon
fiber) are currently limited to around 8x10° rpmVkW
and peripheral speeds of 300m/s.

e Laminated rotor induction machines using
conventional electrical steel grades achieve an
rpmVkW of around 2.5x10° rpmVkW and peripheral
speeds of 185m/s.

e Laminated rotor induction machines which use high
strength sheet steel for laminations, such as AerMet
100 or AISI 4130 can achieve around 6x10°
rpmVkW. This can also be achieved using newly
introduced high strength electrical steel grades with
yield strength in excess of 800MPa, such as
35HXT780T. Typical peripheral speeds are in the
order of 280m/s

e Switched Reluctance Machines with high saturation
magnetization and high vyield strength VCoFe
laminations achieve rpmVkW of around 3.5x10° and
peripheral speeds over 200m/s.

o Development of high strength steel is an enabler for
Interior PM Machines to be used for higher speeds,
with over 1.5x10° rpmVkW and 230m/s achievable
[62].

TABLE V
SUMMARY OF HIGH SPEED MACHINE LIMITS

Machine Technology pmVkW m/s

solid rotor IM 1x10° 400
surface PM with sleeve (no rotor laminations) 8x10° 300
laminated rotor IM with high strength SiFe 6x10° 280

SR with high strength \VCoFe laminations 3.5x10° 210

laminated rotor IM with normal SiFe 2.5x10° 185

IPM with high strength SiFe laminations 1.5x10° 230

VI. CONCLUSION

The selection and design of electrical machine topology for
high speed applications is often a complex issue which must
be decided taking into close consideration the sciences
involved, namely the electromagnetic, mechanical, thermal
and power electronics. This paper has presented the main
applications which are the drivers behind developing the
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technology, and through an extensive literature survey as well
as in-house design experience determined the achievable

rpmVkW and m/s for the considered topologies.

Recent

commercial availability of high strength electrical steel grades
will inevitably be an enabler for laminated rotor Induction
Machines and Interior PM machines to find more uses in high
speed applications.
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