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Abstract—Due to development in fields of materials and
power electronics, use of high-speed electrical machines
has boosted significantly in recent decades. They are
widely used in number of applications, such as electrically
assisted turbochargers, flywheel energy storage systems,
spindle applications, turbo molecular pumps, micro gas
turbines. In applications where high efficiency and high
power density are required, the most suitable machine
type for high-speed operations is a permanent magnet
(PM) machine. In this paper the performance of several
different topologies of high-speed PM machines required
for use in a micro-gas turbine application are evaluated.
Different winding topologies, retaining sleeve materials and
magnetization patterns are considered, where the main
criterion for the machine performance are eddy current
losses in the rotor. Influence of time harmonics in stator
currents caused by the inverter Pulse Width Modulation
(PWM) is incorporated in the calculation.

Index Terms—High-speed machines, permanent mag-
nets, eddy current losses, retaining sleeve, windings, mag-
netization

I. INTRODUCTION

For use in high-speed applications, 3 types of electrical
machines are most widely used: induction machines,
switched reluctance machines and permanent magnet
(PM) machines [1], [2], [3]. High-speed induction ma-
chines can be found in electrically assisted turbochargers
[4], centrifugal compressors [5], turbo molecular pumps
[6], [7]. Rotor design of high-speed induction machines,
which often incorporates solid structure, is quite robust
which makes this machine type very suitable for high
mechanical stresses accompanying high-speed rotation.
However, rotor currents in induction machines create
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an additional loss component which does not exist in
switched reluctance and PM machines. This makes them
less favorable for applications where the efficiency is of
high priority.

Switched reluctance machines are a good candidate
for high-speed operation, due to absence of both current
carrying regions and permanent magnets on the rotor.
They can be found in vacuum cleaners, air blowers
and similar devices where low price is one of the most
important criteria [8], [9]. Ability of this machine type to
operate under faulted conditions, in tough environment
with very high temperatures puts them in use in aircraft
gas turbine applications [10], [11]. However, they also
require magnetization currents which deteriorates their
efficiency and power factor. Furthermore, due to a struc-
ture which incorporates double saliency, windage losses
tend to become high in this machine type, especially at
high speeds [12]. Although it is possible to overcome
this by potting rotor and stator slots, it would make
production process more complicated and expensive.

In contrast to previously mentioned machine types,
PM machines do not require either rotor or excitation
currents, which makes them a priori preferable from the
efficiency point of view. Furthermore, because of the
utilization of high energy sintered NeFeB and SmCo
magnets, PM machines are able to produce significant
output power despite the low volume typical for high-
speed operation [13], [14]. Therefore, high-speed PM
machines are widely used in power generating applica-
tions [15], [16], as well as in many others [1], [17], [18].

A significant disadvantage of use of PM machines are
thermal and mechanical vulnerability of permanent mag-
net materials. Because of inability of sintered NeFeB and
SmCo magnets to withstand rotationally induced tensile



stresses, they are often contained in retaining sleeves
[3], [13]. The sleeves expose magnets to compression,
which sintered NeFeB and SmCo can handle. If made
of conducting materials, retaining sleeves are prone to
eddy currents and therefore Joule losses. The existence
of a conducting layer around the magnets can either
increase or decrease [19] total rotor losses, depending
on several factors. However, rotor losses always heat up
the magnets.

With temperature increase both remanent flux density
and coercivity of the magnets decrease, deteriorating
their ability to produce sufficient magnetic flux and
increasing demagnetization risk [20]. In order to ensure
stabile operation of high-speed PM machines rotor tem-
perature (and therefore eddy current losses in the rotor)
have to be kept as low as possible.

Rotor eddy currents in PM machines are caused by
the flux density harmonics rotating asynchronously with
respect to the rotor. This asynchronism originates from
the spatial harmonics in stator MMF distribution [21]
and time harmonics in stator currents as a consequence
of PWM [22]. Therefore, stator configuration has a
significant impact on the rotor losses and this has to be
kept in mind during the high-speed PM machine design.

In this paper the influence of different stator winding
configurations on rotor losses of high-speed PM ma-
chines is analyzed. The analysis includes the effect of
PWM which in high-speed machines can be significant.
Beside that, effect of use of several different retaining
sleeve materials, as well as two different magnetization
patterns on the rotor are examined. For all analyzed
cases rotor losses are compared for the same generated
electromagnetic torque.

II. WINDING TOPOLOGIES AND RETAINING SLEEVE
MATERIALS IN HIGH-SPEED PM MACHINES

In this section, winding topologies and retaining sleeve
materials most widely used in high-speed PM machines
will be briefly discussed with emphasis on their advan-
tages and disadvantages.

A. Winding topologies

Winding topology is a very important factor for perfor-
mance of high-speed PM machines. Beside determining
electrical loading, copper losses and inductance, it also
significantly influences rotor losses. Additionally, the
winding topology determines production costs, based
on the fact whether a given winding can be produced
automatically or the manual labor is required.

Winding topologies can generally be classified into
overlapping and non-overlapping [23]. Overlapping
windings, sometimes referred to as distributed, are made
with the winding pitch equal or slightly shorter than

the pole pitch, having relatively high winding factor.
A disadvantage of this winding type is the existence
of relatively long end windings, which increase copper
consumption and Joule losses. Additionally, long end
windings require increase of the axial length of the ma-
chine, which in some high-speed machines can be even
twice the length of the stack [24]. In order to reduce the
amount of copper and improve harmonic performance,
coils in this windings are often short-pitched [25]. Addi-
tionally, for the reduction of the harmonic content of the
stator MMF conductors are often distributed in several
adjacent slots, if sufficient number of slots is available.
However, both these measures reduce the fundamental
winding factor.

Non-overlapping windings, sometimes referred to as
tooth-coil [26] or concentrated, are usually made by
putting conductors around a single stator tooth [3], [24],
[17]. This makes the end windings short and enables
simple manufacturing process. However, the winding
factor decreases due to the significant short pitching.
This requires higher number of turns or increase in the
stack length to generate the same torque as an equivalent
overlapping winding. To illustrate significance of the
winding topology selection, two overlapping and two
non-overlapping winding topologies will be compared
in this paper from the rotor losses point of view.

B. Retaining sleeve materials

Retaining sleeves convert stress in magnets from ten-
sile to compressive. Since stress in the sleeves due to
the connection with magnets and due to rotation act
in the same direction, adding up [27], materials with
high tensile strength have to be used. In the existing
applications different metallic materials such as titanium
[13], stainless steel [3], and Inconel [28] can be found. In
many high-speed applications metallic sleeves are used
for the torque transfer to the shaft, since high-speed PM
rotors are often made with solid PM cylinders without
the inner shaft in order to avoid high values of stress
appearing at inner bore of hollow magnet cylinders [29].

While considering rotor losses, an important criterion
in design of the retaining sleeve is its electrical con-
ductivity. Namely, the penetration depth in a material
exposed to time changing magnetic field is expressed
as:

2

wpo

0= ey
In (1) w is the angular frequency of the magnetic field,
1 is the permeability and o is the electric conductivity
of the material. It can be seen that by changing the
conductivity (and permeability) of the sleeve, field distri-
bution in the rotor can be affected, as well as distribution



of induced eddy currents. Consequently, eddy currents
losses can mostly be present in the sleeve, in the case of
very high sleeve conductivity, or in both the sleeve and
the magnet, in the case of lower sleeve conductivity.

If a material with lower electric conductivity is used
for the sleeve, eddy currents will have higher chance
to reach the magnet. Since materials with low electrical
conductivity are usually bad heat conductors, the magnet
cooling through the sleeve will be difficult in this case.
Conversely, if a sleeve material with a higher conduc-
tivity is used, eddy currents will be mostly located in
the sleeve itself. Due to the direct contact with the air
gap, cooling of the sleeve is much easier. Therefore,
from the point of view of cooling, sleeve with higher
conductivity seems like better choice. The influence of
the sleeve conductivity on the amount of rotor losses will
be further investigated in this paper.

ITII. ROTOR LOSSES IN HIGH-SPEED PM MACHINES
WITH DIFFERENT WINDING TOPOLOGIES AND
RETAINING SLEEVE MATERIALS

In this section, a comparison of several PM machines
with different winding topologies and retaining sleeve
materials from the rotor losses point of view is done.
All machines have two poles and utilize a dipole (dia-
metrical) magnetization [30] on the rotor. In total, four
different winding topologies and three different retain-
ing sleeve materials are analyzed. Considered winding
topologies are shown in Fig. 1, where two of them utilize
non-overlapping windings and two utilize overlapping
windings. Orange color indicates a NeFeB magnet with
remanent flux density of 1.19 T and coercivity of 899
kA/m, while the retaining sleeve is indicated in turquoise.
Coils belonging to three phases are indicated in red,
blue and green, together with the corresponding coils
orientation.

Topology T1, analyzed in, for instance [3] and [18],
utilizes a stator with three slots. It is quite simple and
relatively easy for production. Topology T2, used in
[26] and [17], is another topology with non-overlapping
windings which utilizes double layer winding pattern
with two coils per phase. Because of very short coil
pitch it has the lowest winding factor out of all four
considered topologies. Topology T3 uses a full pitch
overlapping winding with six slots. Beside use of this
winding pattern in slotless PM machines in so called
toroidal structure [29], [31]; it is also suggested for use
in slotted machines [32]. Eventually, topology T4 utilizes
12 slot overlapping winding. Because of higher number
of slots and use of double layer structure both short pitch-
ing and distribution of conductors in adjacent slots are
possible for getting the optimal harmonic performance.

Additionally, electrical conductivity of three considered
retaining sleeve materials are displayed in Table I.
Physical dimensions of all four considered machines

(a) Tl (b) T2

/@)

\ 4

(c) T3
Fig. 1.

(d) T4

Considered winding topologies

TABLE I
ELECTRICAL CONDUCTIVITY OF DIFFERENT MATERIALS USED IN
ROTORS OF CONSIDERED HIGH-SPEED PM MACHINES

Material Electrical conductivity [S/m]
Inconel 718 0.83 - 10°
Stainless steel 1.45 - 10°
Titanium 2.38 - 10°

are kept same. The number of stator turns is selected so
that all four machines generate a torque corresponding
to 3.7 kW of output power at the rotational speed of
240.000 rpm for a high-speed PM generator driven by
a micro-gas turbine [28]. To get an impression about
difference in number of turns, the fundamental winding
factor for all four machines is shown in Table II.

As a main indicator of the machines’ performance,

TABLE 11
FUNDAMENTAL WINDING FACTOR FOR MACHINES SHOWN IN
F1G. 1

Winding factor T1 T2 T3 T4

kw 0866 05 1 0944




rotor losses are considered, due to their significance in
PM machines and potential risk of magnet demagnetiza-
tion caused by them. The analysis is done by means of
the harmonic modeling approach [33], [34] and verified
by 2D transient finite element analysis.

In order to illustrate the difference between four con-
sidered topologies, Table III shows relative amplitudes
(with respect to the fundamental) of first 13 harmonics
in winding spatial distribution. Spatial harmonics which
are multiple of three are not listed in the table since they
do not create a net stator field [28]. From Table III it can
be seen that structure used in topology T2 contains both
even and odd harmonics in spatial winding distribution,
in contrast to other three topologies, which suggests
that high rotor losses might be expected. Topologies 2
and 3 have same relative values of spatial harmonics;
however, topology T2 requires twice the number of turns
of topology T3 to generate the same torque.

Since high-speed PM machines are usually inverter-

TABLE III
RELATIVE VALUES OF SPATTAL HARMONICS IN WINDING
DISTRIBUTION OF THE CONSIDERED TOPOLOGIES

Harmonic order  T1 T2 T3 T4

2 0.94 0 0 0
4 0.71 0 0 0
5 0.56 093 093 0.07
7 024 0.86 0.86 0.07
8 0.10 0 0 0
10 0.12 0 0 0
11 0.19 0.68 0.68 091
13 022 057 057 0.88

fed, in order to get realistic prediction of rotor losses,
influence of the inverter has to be taken into account.
Time harmonics in stator currents cause spatial harmon-
ics of air gap flux density to rotate faster with respect
to the rotor, introducing new components of rotor eddy
current losses.

In this analysis, the same stator current waveform is
assumed for all four considered machines. The current
waveform, obtained from the existing high-speed PM
machine (winding topology T4) running continuously
with fundamental component of current of 12 A RMS at
4 kHz is shown in Fig. 2. Time harmonics due to PWM
are clearly visible. Calculation of rotor losses caused by
PWM harmonics is done using the method presented in
[28].

Results of rotor loss calculation for all four machines,
considering different sleeve materials and current har-
monics introduced by PWM are shown in Table IV.

Fundamental (4000Hz) = 16.92 , THD=1.15%

0.6r 1
E 0.5r 1
8 0.4r 1
2
"8.0.30 1
g
<02r ]

0.1f ‘ | 1

0 T [T 1 NP B
0 10 20 - 30 40 50
Harmonic order
Fig. 2. The current waveform used for calculation of rotor loses

Results are shown separately for losses caused by funda-
mental current harmonic and all harmonics from Fig. 2.
It can be seen that topology T1, which utilizes three
slot stator suffers from significant rotor losses, which
are mainly caused by the fundamental component of
the stator current. Such large losses would result in a
significant rotor temperate increase and probably lead to
the magnet demagnetization.

It is interesting to note that topologies 2 and 3,
although having different winding distribution and num-
ber of turns, have the same rotor losses which are
significantly lower than in the case of topology TI.
These losses are mainly caused by the fundamental
component of stator current, however, losses generated
by PWM harmonics take higher portion of overall losses
in comparison to topology T1.

The most favorable out of four considered topologies
from the point of view of rotor losses is topology
T4, with total rotor losses lower than 10 W for all
considered retaining sleeve materials. These losses are
mainly caused by PWM harmonics. Such a low value
is a result of two factors: distribution of conductors
in adjacent slots and appropriate short pitching, which
significantly reduces fifth and seventh spatial harmonic.
Both factors are enabled by the existence of a higher
number of slots. The other three topologies, although
simpler for production, are not flexible in the winding
design because of limited options for conductor place-
ment due to lower number of slots.

Based on results in Table IV it can be discussed how
rotor losses in considered machines change with different
sleeve materials. It can be seen that for topologies 1,
2 and 3, where rotor losses are mainly caused by the
fundamental time harmonic of the current, total rotor
losses increase with the increase of sleeve conductivity.
In contrast, for topology T4, total rotor losses decrease
with the increase of the sleeve conductivity.

This effect is explained by the nature of rotor eddy



TABLE 1V
COMPARISON OF ROTOR LOSSES IN MACHINES WITH DIFFERENT
WINDING TOPOLOGIES (IN WATTS)

[ Sleeve material | Inconel 718 | Stainless steel | Titanium |

Topology T1
Fundamental 173.5 248.6 303.3
All harmonics 188.6 260.4 312.8
Topology T2
Fundamental 22.4 37.5 56.9
All harmonics 31.8 44.9 63.0
Topology T3
Fundamental 22.4 37.5 56.9
All harmonics 31.8 449 63.0
Topology T4
Fundamental 1.2 2.1 3.3
All harmonics 9.2 8.0 79

currents at the considered frequencies [35]. Eddy cur-
rents caused by the low frequency magnetic field due
to the fundamental time harmonic of the current are so-
called resistance limited eddy currents and losses caused
by them increase with the material conductivity. On other
hand, rotor eddy currents resulting from high-frequency
PWM components of current are so-called inductance
limited eddy currents and losses caused by them increase
with the increase of material resistivity.

IV. PERFORMANCE OF HIGH-SPEED PM MACHINES
WITH DIFFERENT ROTOR MAGNETIZATION PATTERNS

Based on results obtained in the previous section,
winding topology T4 is the most prominent among con-
sidered topologies and only this topology will therefore
be a subject of further analysis in this chapter.

An additional degree of freedom in a design of high-
speed PM machines is the magnetization pattern on the
rotor. Although dipole magnetization on the rotor is most
widely used in high-speed applications [3], [13], in this
section it will be examined how radial magnetization
on the rotor influences the machine performance. In
Fig. 3 two considered magnetization patterns are shown:
dipole (diametrical) and radial magnetization, together
with spatial distribution of the radial component of the
magnetization M, () corresponding to each of them,
where ¢ represents the angular coordinate in the rotor
reference frame. For diametrically magnetized magnet,
the radial component of the magnetization is sinusoidally
distributed around the rotor circumference [36]. Both
machines have same dimensions and same stator wind-
ing, corresponding to topology T4 form the previous
section. Furthermore, the remanent flux density of both
magnets has the same value of 1.19 T like in the
previous section (which corresponds to magnetization
My in Fig. 3) with coercivity of 899 kA/m.

Magnetic field of the magnet in the considered

(a) Dipole magnetization

(b) Radial magnetization

My (p) My ()
) M,
My 0
/\W/Q 3m/2 3r/2
-n/2 |0 \\/90 -r/2 |0 /2 @
—My+t —Moy

(c) Spatial distribution of the radial component of magnetization

Fig. 3. Different magnetization patterns on the rotor of topology 4
and spatial distribution of radial component of magnetization

machines is solved by means of harmonic modeling
approach [37], and in Fig. 4 radial flux density at the
surface of the retaining sleeve is shown. It can be seen
that in the case of radially magnetized magnet, flux
density waveform contains harmonics as a consequence
of the magnetization pattern. At the same time, the
amplitude of the flux density waveform is significantly
lower in comparison to one with dipole magnetization.

In Fig. 5 waveforms of induced electromotive force

0.6
\ =—Diametrical magnetization /
0.4 —Radial magnetization
0.2 \ f/
=)
Q
0.2 \ 4
-0.4 \ /
0 w2 3n/2 2r

%) [rgd}

Fig. 4. Radial flux density at the sleeve surface for machines shown
in Fig. 3

in machines from Fig. 3 are displayed, considering the
number of turns determined in the previous section
for topology T4. The induced voltage in the machine



with radially magnetized magnet has more than 1.5
times lower amplitude of the fundamental component
in comparison to the machine with diametrically mag-
netized magnet, resulting in lower torque generation for
the same electrical loading. Furthermore, a significant
amount of third harmonic is present, in order of 10 %
of the fundamental component. Nevertheless, this does
not influence the machine performance since the current
which would be a consequence of third harmonic in EMF
cannot flow in a three phase winding in Y connection
[38].

In order to generate the same torque in the ma-

—Diametrical magnetization
200 —Radial magnetization
150 /N /N\ /N
100 [\ \ A\
=50
S A W [ .
=N L\ /
0o\ \_/
150\ \ / \
\ 4 \ 4 \4
-200
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
t[ms]
Fig. 5. Waveforms of induced EMFs in machines shown in Fig. 3

chine with radially magnetized magnet, it is necessary
to increase the number of turns proportionally to the
decrease of the fundamental component of induced EMF.
After increasing the number of turns, rotor losses for the
machine with radial magnetization are calculated again
assuming current harmonic content shown in Fig. 2.
Results are shown in Table V. It can be seen that, as
expected, rotor losses have increased more than twice
in comparison to results for topology T4 shown in
Table IV. Having in mind that an increase in the number
of turns also increases copper losses proportionally to the
number of added turns, it can be concluded that radially
magnetized magnets are definitely inferior for use in
high-speed PM machines in comparison to diametrically
magnetized ones.

TABLE V
ROTOR LOSSES IN THE MACHINE WITH RADIALLY MAGNETIZED
MAGNET (IN WATTS)

[ Sleeve material | Inconel 718 | Stainless steel | Titanium |

T4 with radial magnetization
Fundamental 2.9 5 8
All harmonics 22.3 16.5 19.1

V. CONCLUSIONS

In this paper, analysis of rotor eddy current losses
in high-speed high power dense permanent magnet
machines has been performed. Rotor losses have been
compared for machines with several winding topologies,
retaining sleeve materials and magnetization patterns,
where number of turns has been selected in a way that
all selected topologies result in a same electromagnetic
torque.

From the obtained results it can be concluded that
three-slot non-overlapping winding topology which is
widely used in other high-speed applications is not
convenient for use in high power density applications
because of significant rotor losses which would probably
overheat the magnet and lead to its demagnetization.
These losses are in range between 5 % and 8 % of
the target output power for different analyzed retaining
sleeve materials.

Considered  overlapping and  non-overlapping
topologies which employ six slots generate equal
amount of rotor losses, which are in best case lower
than 1 % of the target output power if the retaining
sleeve is made of Inconel 718 alloy. In order to assess
demagnetization risk for these two topologies, a thermal
model of the considered machines should be developed.

By far the most suitable winding topology for
minimization of rotor losses is the one which utilizes
double layer short pitched overlapping winding and
twelve stator slots. Rotor losses for all analyzed
retaining sleeve materials are below 10 W.

For all considered topologies, rotor losses caused by
the inverter PWM harmonics could be suppressed by
using the retaining sleeve material with higher electric
conductivity. However, this would lead to the increase
of the losses caused by the fundamental component
of the current. Therefore, for further minimization of
rotor losses this measure should be considered only
for topology T4, where PWM caused rotor losses are
dominant.

Eventually, by comparing radial and dipole
magnetization for the latter mentioned winding
topology, it has been shown that the use of dipole
magnetization is preferred because of its increased
magnetic loading. For the same generated torque
the machine with radially magnetized magnet would
suffer from more than two times higher rotor losses as
a result of required increase in the number of stator turns.
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