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Figure 3 Stator iron losses in stator yoke and stator teeth versus stator 

outer diameter. Notice that the absolute value of the losses in stator teeth 
remains the same 

 

 
Figure 2 (a) Longitudinal section of a q=2 PMSM with distributed 
windings (b) Longitudinal section of a HSPMSM with tooth-coil 

windings 
 

generator. In Fig. 2 (b) longitude section of the designed 
PMSM with tooth-coil windings is reported. The end windings 
lengths of these machines are 110 mm and 60 mm respectively. 
It should be noted that the total length of the machine with the 
tooth-coil windings configuration is significantly shorter, 50 
mm less. 

The main focus of the machine design process was loss 
minimization and, therefore, stator and rotor losses were 
examined in detail. The influence of the tooth-coil windings on 
the copper loss was compared with that of the distributed 
windings. Optimal design parameters were derived for the 
rated operating point. To ensure the viability of the PM, a 
worst-case scenario of the short-circuits was modelled using 
finite-element model (FEM) analysis. 

II. MAIN GEOMETRY PARAMETERS SELECTION 
Electrical machine design is an iterative process. After 

defining the boundary conditions and setting the performance 
goals, the first step is an analytical preliminary calculation. A 
computational method suitable for the developed HSPMSG is 
explained in detail in [8]. After that FEM analysis was 
performed based on the acquired parameters to obtain precise 
information about the behaviour of the machine. 

One of the key advantages of tooth-coil winding PMSMs is 
a high slot fill factor, which can be achieved by stator 
segmentation. The segmented construction is shown in Fig. 1 
and has been widely discussed in the literature [7], [9]-[11]. 
Moreover, the approach simplifies manufacturing, and due to 
the low magnetic flux density in the stator yoke and the tight 
segment connections, the approach does not cause extra eddy-
current losses, as described in [12]. 

The low stator yoke induction is attained by selecting an 
exceptionally large stator outer diameter. The application 
discussed in this paper does not restrict this geometry 
parameter and consequently this optimization procedure was 
carried out.  

The classical equation for iron power loss per unit value is: 

 Pc =(



 
Figure 5 3D model of the Permanent Magnet Synchronous Generator 

stator 

Figure 4 Iron losses model at 400 Hz 

The stator configuration with winding turns, connection 
wires, slot wedges and insulation is given in Fig. 4. 

III. STATOR LOSSES 
Stator iron losses are highly dependent on the operating 

frequency. According to (1) the per unit hysteresis power loss 
is inversely proportional to the period T = 1 / f, where f is the 
synchronous frequency. Therefore, in high-speed machines, 
extra attention should be paid to the stator iron losses, which, it 
should be noted, are mainly caused by the PM flux. 

The loss minimization task implies utilization of better 
materials than in conventional electrical machines. The first 
step is to reduce the lamination sheet thickness since the per 
unit power loss is proportional to the square of this geometry 
parameter. The second step is to select material with a low 
value of per unit loss at an acceptable price. Electromagnetic 
steel that satisfies the criteria in our case is M-270-35A. 

Analytical calculation of core stator losses is very 
demanding and various methods and approaches have been 
published [15], [16]. Nonetheless, published analytical 
computations are not accurate enough because the different 
parts of the machine exhibit different directions and 
magnitudes of alteration of magnetic field. Consequently, FEM 
analysis was required to ensure the accuracy of the results. 
Based on the methods utilized in the 2D FEM software, in 
addition to the material resistivity, thickness, stator stack space 
factor and synchronous frequency of the generator, it was 
necessary to know also the coefficient of the magnetic losses 
by hysteresis kh and the coefficient of the magnetic losses in 
excess ke. First, data of per unit metal losses at the various 
values of the flux densities and frequencies had to be obtained. 
Manufacturers usually give information about per unit iron 
losses for the different steel types only for 50 Hz sinusoidal 
supply. However, in [17] it is possible to find loss data at 
higher frequencies. The loss coefficients can then be found 
using the method described in [13]. 

The main principal of the coefficients searching method is a 
minimization of the square of difference between the 

manufacturer measured loss data and the full iron losses 
calculated according to:  

 PBertotti = khB
2 fV + π

2σd
6

f 2B2V + ke ⋅8.67 ⋅ (Bf )
1.5V  (2)  

 
where V is the volume occupied by one kilogram of a steel. 

Fig. 5 shows the components of the lamination losses 
calculated with (2) including hysteresis, classical and excess 
losses. There are no excess losses; therefore, the coefficient of 
the magnetic losses in excess is equal to zero. The curves 
depicting measured and total computed losses correspond to 
each other well due to the sufficiently accurate value of the 
coefficient of magnetic losses by hysteresis. The hysteresis 
losses and the classical losses are almost the same. 

The parameters were found for 400 Hz frequency and 
further exploration showed a slight increase in the kh with 
higher sinusoidal frequency. Hence, interpolation of the 
coefficient was performed and the exact value for the rated 
operating conditions obtained. 

The final step of the stator iron loss minimization was 
utilization of the above-mentioned parameters, including kh and 
ke, in the FEM analysis and application of the optimization 
procedure described in Section II, which lead to a total value of 
stator core losses equal to 100 W. 

The second major part of the stator losses is the copper loss. 
Compared to the distributed windings generator, the designed 
tooth-coil windings generator has a low winding factor; 
however, the length of the end windings is less. Using the 
analytical procedure described in [8] for the PMSG with 
distributed windings, q = 2 and the same output parameters of 
the machine was computed. The copper loss analysis of the 
machine with distributed windings gave about the same value 
as for the tooth-coil winding machine. Furthermore, 
implementation of the tooth-coil windings makes stator 
segmentation possible and, maybe more importantly, the whole 
machine can be made shorter, making the first critical speed of 
the rotor higher. To avoid extra losses caused by skin-effect at 
high frequencies each coil turn was divided into several parallel 
wires with less diameter. 

The segmented stator structure allows an increase in the 
copper space factor that in turn decreases the current density 
and leads to lower copper loss. The generator copper loss at the 
rated operating conditions is 88 W. The direct cooling 
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Figure 6 Rotor losses with varying machine structure 

1) Air-Gap equal to 2 mm, no wedges, sleeve thickness 3 mm; 2) Air-Gap 
equal to 2 mm, wedges with relative permeability 3, sleeve thickness 3 mm; 
3) Reduction sleeve thickness to 2.5 mm, wedges with relative permeability 
3; 4) Increasing the Air-Gap to 2.9 mm by cutting the lamination, wedges 
with relative permeability 3, sleeve thickness 3 mm; 5) Reduction sleeve 
thickness to 2.5 mm, increasing the Air-Gap to 3.4 mm by cutting the 
lamination, wedges with relative permeability 3. 

construction with the flow inside the stator slot facilitates the 
removal of heat from the winding surface.   

Additional losses in electrical machines are difficult to 
calculate and the International Electrotechnical Commission 
(IEC) standard, IEC 60034-2-1 prescribes rules for 
determination of this kind of losses for induction machines. In 
[18] the advice is to calculate additional losses as 0.2 % of the 
input power for the PMSM. Thereby, the generator additional 
losses at the rated operating point are 22 W. 

The design of the generator includes also magnetic wedges 
installed between the tooth tips. The aim of the wedges is to 
reduce slot harmonics components that result in decreased 
cogging torque and rotor eddy-current losses. Due to narrow 
slot opening, equal to 4 mm even without the wedges, the 
cogging torque is low and does not exceed 0.1% of the rated 
torque. The relative permeability of the magnetic wedges 
varies usually from 1 to 25, and it was noted that with 
increasing permeability, the stator core losses also increase. If 
material with a relative permeability value of 3 is applied, the 
stator teeth core losses increase by 9% due to the increased flux 
leakage. However, this type of construction significantly 
reduces rotor losses and helps in reduction of the total 
generator losses. 

IV. ROTOR LOSSES 
The two main phenomena causing losses in the rotor are 

pulsations of the flux due to the stator slot openings [19] and 
pulsations due to non-sinusoidal and unbalanced armature 
currents [20]. Since the only rotor cooling mechanism is the 
air-gap flow and magnet overheating could lead to irreversible 
demagnetization, precise rotor loss computation is needed. 
Thermal analysis and appropriate selection of the magnet 
material are thus critical. 

The designed rotor construction consists of a PM cylinder 
and a retaining sleeve. The FEM analysis revealed that the 
rotor sleeve makes up the majority of the rotor losses because 
in order to satisfy the mechanical requirements, it is made from 
AISI 304L steel, which is highly conductive material. The 
impossibility of the retaining sleeve segmentation also results 
from the mechanical rigidness of the construction in case of the 
high-speed operation. 

 

One way to reduce the rotor sleeve losses would be to 
replace the material with a material with higher resistivity, for 
instance, titanium. However, this approach would significantly 
increase the price of the generator. Another possibility would 
be to narrow the sleeve to reduce the area of possible eddy-
currents, but the minimum thickness must be above 2.5 mm to 

TABLE I.  ROTOR TEMPERATURE WITH DIFFERENT AIR-GAP LENGTH 

make manufacturing possible. The copper cladding discussed 
in [19] cannot be utilized in the considered machine because of 
the manufacturing and assembling complexity. 

By increasing the air-gap, the amount of flowing working 
fluid also grows. Increased air gap can be realized by cutting 
the lamination. Table I illustrates the dependence of the rotor 
temperature on the air-gap length provided for the working 
substance flow with constant amount of the rotor losses equal 
to 45 W. It is noticeable that with the same level of total rotor 
losses, widening of the air-gap does not affect enough the rotor 
surface temperature. Moreover, the machine performance does 
not meet the defined requirements when the air-gap length is 
above 3.5 mm. 

Fig. 6 shows the effect of various approaches to total rotor 
loss minimization. In the first option, the parameters are an 
absence of wedges, a 3 mm thick retaining sleeve and a 2 mm 
air-gap. The rotor losses in this case are above 160 W and the 
temperature of the rotor surface exceeds the acceptable level. 
Options from two to five depict implementation of different 
combinations of the loss minimization steps discussed above. 
The most efficient option is number five, which involves 
reduction of the sleeve to the minimum allowed value, i.e. 2.5 
mm, inclusion of magnetic wedges with a relative permeability 
of 3 between the tooth tips, and an increase in the air-gap by 
reducing the lamination by up to 3.4 mm.  

Magnet eddy-current losses are low and decrease from 15 
W to 11 W from option 1 to option 5, notwithstanding the rotor 
sleeve losses part decreasing dramatically. This result is 
explained by the fact that the flux pulsations do not penetrate 
deep into the magnet and mostly attenuate in the retaining 
sleeve. 

Table II illustrates the final loss distribution in the 
designed machine in case of sinusoidal supply. It is noticeable 
that the major share of the losses occurs in the stator. The total 

Air-Gap Length, mm Rotor Surface Temperature, °C  

2.9 142.7 

3.4 141.2 

4.4 138.7 
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Figure 7 VacoMAX 240 HR demagnetization curve [21] 

 
Figure 8 Magnet normal flux density at the rated operating point 

losses do not include mechanical losses for friction and 
windage. Without this component, the total value is equal to 
255 W, which equals 2.32 % of the output power. 

V. MAGNET DEMAGNETIZATION RISK 
 The capitalization of the HSPMSG high power density 

advantage requires the installation of the high-energy magnets. 
Utilization of a conducting retaining sleeve and barely cooled 
rotor would result in a high temperature in the rotor, which 
may cause magnet demagnetization. Thus, utilization of 
NdFeB would be risky because of its poor high-temperature 
tolerance. Although SmCo magnets have lower energy density 
and a higher price than NdFeB magnets, they would seem to be 
the only viable solution in the designed generator. 

Of the SmCo magnets available, the Sm2Co17 with higher 
energy density was selected. The demagnetization curves for 
the selected magnet are depicted in Fig. 7. The figure shows 
that irreversible demagnetization of the magnet will occur at 
200 °C when the normal component of the flux density goes 
below 0.4 T. At the rated operating point, the temperature does 
not increase above 150 °C and the demagnetization limit in this 
case is about 0.38 T. 

Fig. 8 illustrates the normal flux density component along 
the magnet diameter perpendicular to the flux. The FEM 
computation was made for the moment when one of the phase 
currents reaches its maximum value during the rated operation. 
In Fig. 8, it is clearly observed that the normal component of 
the flux is above 0.84 T at all points and the risk of 
demagnetization is eliminated even at the 200 °C operating 
temperature. 

Demagnetization of the magnet during two- or three-phase 
short-circuits is a common problem of PMSMs that results in 
additional costs. Therefore, situations with two or three-phase 
short-circuits in normal operation were simulated by FEM. The 
most dangerous short-circuits occur when one of the current 
phases crosses the zero value.  

Fig. 9 (a) illustrates one phase current behaviour during a 
two-phase short-circuit. The moment at which the magnet flux 
density is observed is marked with a line. This point was 
selected as the current has its maximum magnitude at that time. 
Fig 9 (b) shows the normal flux density component in the 
magnet during the short-circuit, obtained as in Fig. 8. It is 
remarkable that the flux density does not decline below 0.48 T, 
which shows that even at 200 °C there is not even a partial 
demagnetization of the PM. 

TABLE II.  PERMANENT MAGNET SYNCHRONOUS GENERATOR LOSSES 

The situation is similar during the three-phase short-circuit. 
The normal component of the flux density in the magnet does 
not decrease below 0.54 T. Consequently, the selected SmCo 
PM is totally fault tolerant even in the worst-case scenario of 
short-circuits at a temperature of 200 °C.  

VI. CONCLUSION 
A high-speed PM generator for a micro-ORC power plant 

is briefly described in this paper. The benefits of the tooth-coil 
windings design are discussed. The focus is on PMSM losses 
and their reduction. 

In minimization of stator losses, it is proposed that the 
stator outer diameter be increased to equalize the shares of the 
teeth and yoke iron losses, because this results in better heat 
exchange with the environment. The computation procedure 
for the stator iron losses is described in detail. In addition, a 
number of approaches to exclude possible extra losses in the 
high-speed PMSG are proposed.  

Losses Type Losses Value, W  

Copper loss 88 

Stator Iron loss 100 

Rotor sleeve loss 34 

Rotor magnet loss 11 

Additional loss 22 

Total losses 255 
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Figure 9 (a) One phase current behavior during a short-circuit 

(b) Magnet normal flux density in case of a two-phase short-circuit 

As a direct cooling method is used in the generator, the 
influence of the air-gap length on the rotor outer surface 
temperature with a constant level of the rotor losses is studied. 
The effect of magnetic wedges on both stator and rotor losses 
as well as conductive sleeve losses is shown. 

Various loss minimization options are presented. An 
optimum approach is selected based on analysis that includes 
electro-magnetic, mechanical and thermal aspects. The loss 
distribution in the machine is illustrated and the total loss value 
calculated. 

Selection of the PM type for the high-speed generator 
application is explained. Possible magnet demagnetization is 
described and the fault tolerance of the rotor during the rated 
point operation and the worst case short-circuit demonstrated. 
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Design of 6-slot 2-pole High-Speed
Permanent Magnet Synchronous Machines

with Tooth-Coil Windings
Nikita Uzhegov, Janne Nerg and Juha Pyrhönen

Abstract—This paper investigates the advantages and draw-
backs of High-Speed Permanent Magnet Synchronous Machines
(HSPMSM) having a special topology. The analysis is made by
using 3.5 kW and 11 kW machines prototypes. The machines
under consideration have 6 slots and 2 poles. The rotor is man-
ufactured as a full cylindrical magnet inside a retaining sleeve.
Non-overlapping Tooth-Coil (TC) windings were implemented to
improve the manufacturing process. The similarities and differ-
ences of the prototypes are discussed. Machines’ performances
are verified by test measurements.

I. INTRODUCTION

High-speed electrical machines are used in many industrial
applications where high power density, small physical size as
well as high efficiency are required. Such applications include,
for example, gas compression applications, air blowers, and
high-speed energy conversion units where high-speed machine
is placed on the same shaft with turbine and compressor units
[1]–[4]. In all the aforementioned applications one of the main
benefits of using high-speed electrical machine technology is
the high level of integration which, in turn, gives advantages
in terms of total space saving.

In high-speed machinery the number of pole pairs is usually
minimized in order to avoid the costs due to the increase of the
inverter switching frequency. If we consider a machine with
the number of pole pairs p = 1, the axial length required normal
integral-slot winding end-windings could easily be more than
the axial length of the active stator stack. This problem is
quite evident in low power machines having traditional integral
slot wound stator. To minimize the space needed by the end-
windings, tooth-coils can be utilized in the stator instead of
traditional windings.

In this paper a three-phase, high-speed permanent magnet
synchronous machine topology having six stator slots and two
poles is presented. The rotor structure consists of diametrically
magnetized permanent magnet and metallic retaining sleeve.
The stator winding consists of six tooth coils, and the winding
scheme is equivalent of a traditional slot winding having a
short pitching of 1/3. Two high-speed machines were designed
and manufactured. The first machine was designed for a gas
blower application. The power of the first machine is 3.5 kW
and its nominal speed is 45 000 rpm. The machine utilizes
active magnetic bearings (AMBs) [5], [6]. The second machine
was designed as a generator in a micro Organic Rankine
Cycle (ORC) power plant. Its nominal power and speed are
11 kW and 32 000 rpm, respectively. The second machine

Nikita Uzhegov, Janne Nerg and Juha Pyrhönen are with LUT-
Energy, Lappeenranta University of Technology, P.O. Box 20, 53851
Lappeenranta, Finland (e-mail: nikita.uzhegov@lut.fi, janne.nerg@lut.fi,
juha.pyrhonen@lut.fi).

has a segmented stator structure to facilitate easy winding
manufacturing.

The paper is organized as follows. First the design and
the main parameters of both the machines are presented. The
calculation results obtained by Finite element analysis (FEA)
are presented. The measurement results of the 11 kW machine
are given and the calculation results obtained from FEA are
compared with the measurements.

II. DESIGN AND LOSS DISTRIBUTION

The topologies of both 3.5 kW and 11 kW high-speed
machines are similar. Each machine has 6 slots and 2 poles.
The rotor consist of the diametrically magnetized full cylindri-
cal magnets inside the retaining sleeves. The retaining sleeves
transfer the torque to the shaft. Both machines have tooth-
coil windings. Semi-magnetic wedges are installed between the
tooth tips. However, 3.5 kW machine topology utilizes open
stator slots because the coils are wound separately in a jig and
then plugged into the stator. This reduces winding work costs.
11 kW machine topology uses semi-closed slots to decrease
iron losses and reduce harmonic content.

High-speed machine design raise the materials require-
ments. The stator iron losses are highly frequency dependent.
Thereby, to minimize the stator iron losses SURA NO10 steel
with 0.1 mm thickness was selected as a stator lamination
material for the 3.5 kW machine. This material has low per unit
losses even at high frequencies. For the 11 kW machine the
M-270-35A stator lamination material with 0.35 mm thickness
was selected. This material has a higher value of specific
losses, however the geometry optimization was performed to
obtain minimum possible stator iron losses. In both cases the
lamination sheets were laser cut.

Table I compares the main parameters of the machines
under consideration. The rated speed of the 3.5 kW machine is
45 krpm, which is 45 % more than the rated speed of the 11 kW

TABLE I. DESIGNED MOTORS MAIN PARAMETERS

Machine parameter 3.5 kW PMSM 11 kW PMSM

Rated speed nn, min−1 45000 31200
Number of stator slots Qs 6 6
Number of poles p 2 2
Rated torque Tn, Nm 0.74 3.36
Rated phase back-EMF EPM, pu 0.91 0.87
Rotor outer diameter Do, m 0.039 0.046
Air-gap diameter Di, m 0.043 0.052
External diameter De, m 0.140 0.242
Active length l, m 0.022 0.060
Permanent magnet length lPM, m 0.032 0.070
Permanent magnet remanence Br, T 1.10 1.12

978-1-4799-4389-0/14/$31.00 ©2014 IEEE 2537



Fig. 1. 3.5 kW High-Speed Permanent Magnet Synchronous Motor geometry
enabling tooth coils to be inserted as prefabricated on the teeth

machine. The outer diameters of both rotors are in the same
range. That leads to the more strict mechanical limitations of
the 45 krpm machine, where the retaining sleeve carries higher
centrifugal stresses.

The air-gap flux density defines the machine‘s volume
usage. Therefore, it is important to have a high value of the
permanent magnet remanence Br in a high-speed machine. The
next factor which defines the magnet selection is the maximum
working temperature. Samarium Cobalt (SmCo) magnets can
tolerate higher working temperature than the Neodymium Iron
Boron (NdFeB) ones, however the SmCo magnet price is
higher. To avoid demagnetization problem and to ensure high
value of the air-gap flux density SmCo permanent magnets
with Br = 1.1 T and Br = 1.12 T were selected for the 3.5
kW and 11 kW machine respectively.

Fig. 1 shows the cross-section of the 3.5 kW machine. The
machine has straight teeth without any widening in the tooth tip
area. It simplifies the winding process enabling prefabricated
windings to be inserted on the teeth. Fig. 2 illustrates the cross-
section of the 11 kW generator. By comparing the machines’
geometries it is possible to notice that the 11 kW high-speed
machine in Fig. 2 has an exceptional stator yoke thickness,
which is feasible as the application does not limit the diameter.
The stator outer diameter was found by an analytical optimiza-
tion procedure and verified by Finite Elements Method (FEM)
analysis. The selected diameter value allows reducing the stator
yoke iron losses by reducing the yoke flux density.

The machines under consideration have magnetic wedges
between tooth tips. The main purpose of the wedges is to
reduce the effects of slot harmonics. In PMSM with 3.5 kW
rated power the wedges material Spindurol is used and in 11
kW PM generator Magnoval 2067 wedges are used. Therefore,
the cogging torque and rotor eddy-current losses have been
decreased in both machines.

In both machines the rotor permanent magnets are 10 mm
longer than the active stator length. The PM current linkage
stops where the permanent magnet ends. To fully utilize the

Fig. 2. 11 kW High-Speed Permanent Magnet Synchronous Generator
geometry with segmented stator enabling easy manufacturing of the windings
despite semi-closed slots

armature, permanent magnets should be extended, at least one
air gap from each machine’s side end [7].

The retaining sleeve around the rotor has an important
impact on the overall machine design. First of all, in both
prototypes conducting material was used for the sleeve. The
3.5 kW machine uses titanium and the 11 kW generator uses
stainless steel. Implemented materials were selected because
of their mechanical rigidness and ability to transfer the torque
from the shaft to the magnet. However, the material’s high
conductivity leads to eddy-current rotor losses. The analytical
approach of calculating eddy-current losses in the conduct-
ing sleeves and factors which are influence these losses in
Fractional-Slot Concentrated Windings (FSCW) machines are
described in [8]. The retaining sleeve material and its conduc-
tivity impact on the rotor sleeve losses is studied in [9].

The sleeve thickness and, thereby, its cross-sectional area
influence the conductive retaining sleeve losses. Titanium
sleeve thickness in 3.5 kW machine is equal to 3 mm to sustain
the mechanical stresses. In case of the 11 kW PMSM sleeve the
thickness was reduced from 3 mm to 2.5 mm. That decreased
the sleeve eddy-current loss by 28 %. Although further thick-
ness reduction should have been possible from the mechanical
rigidness point of view, the manufacturability limit was set as
2.5 mm. The retaining sleeve thickness reduction also causes
the permanent magnet eddy-current losses to increase because
a higher amount of harmonics started to penetrate into the
magnet surface. However, the permanent magnet eddy-current
loss increased by only 1.5 %.

Fig. 3 shows a photo the one stator segment. In case of the
double-layer TC windings stator segmentation simplifies the
motor manufacturing. Moreover, assembling the stator after
the winding process leads to a higher copper space factor.
Therefore, the current density in the stator windings decreased,
that cause the reduction of the stator copper losses.

In Fig. 3 each winding turn is divided into several parallel
wires. It is done to avoid skin-effect in the windings. Classical

2538



Fig. 3. One segment of the 11 kW High-Speed Permanent Magnet Syn-
chronous Generator prototype

Fig. 4. 11 kW prototype for a small high-speed PMSM

penetration depth formula for the conductor suspended in air
is

δp =

√
2

πfµσ
, (1)

where δp is the penetration depth or skin depth, f is

Fig. 5. 3.5 kW High-Speed Permanent Magnet Synchronous Machine stator

the frequency, µ is the material permeability and σ is the
conductivity of the conductor material. To avoid skin effect
in the conductor the wire diameter must be less than the skin
depth. Thereby, the diameter of each conductor in the 11 kW
generator was selected as 1 mm. Also the wires are twisted to
avoid the proximity effect and circulating currents.

One of the advantages of the TC windings is the machine
fault tolerance. It is achieved due to the simplicity of the
end windings. The assembled and impregnated stators in Fig.
4, 5 demonstrate, that the end windings are well separated
in the proposed electrical machines. In comparison with the
distributed windings machine TC windings do not require
phase insulation of the end windings.

Although both PMSM have similar structures the im-
plementation purpose is different, which adds extra features
to each machine. For instance, 3.5 kW motor uses Active
Magnetic Bearings, which cuts the mechanical losses. The 11
kW generator is designed for a micro ORC power plant. This
gave an opportunity to pass the cooling fluid inside the stator
slots and remove heat directly from the windings.

Table II shows the loss distribution in the designed elec-
trical machines. In both machines the ratio between the stator
iron and copper losses is approaching 0.5. Due to the stator

TABLE II. MACHINES TOTAL LOSSES

Losses Type 3.5 kW PMSM Losses, W 11 kW PMSM Losses, W

Copper loss 104 88
Stator Iron loss 121 100
Rotor Sleeve loss 70 34
Rotor Magnet loss 4 11
Additional loss 17 22
Mechanical loss 125 456

Total losses 441 711
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segmentation and as a consequence higher copper space factor,
in the 11 kW the current density is lower. Therefore, copper
losses of the 11 kW HSPMSG for micro-ORC are 15 % less.

One of the key boundary conditions for the 11 kW pro-
totype design was the loss minimization inside the machine.
Because of that the outer diameter of the stator was increased
to decrease the stator yoke iron losses. As a result the total
iron losses are 17 % higher in the 3.5 kW machine, in spite of
the material difference. The other reason for that iron losses
difference is the higher working frequency of the 3.5 kW
machine.

The rotor losses in the permanent magnet motors are
important not only from the efficiency point of view. It is
difficult to take away heat from the rotor. It could lead to
a high permanent magnet temperature and its irreversible
demagnetization. That will cause a full rotor replacement and
high costs. Hence, the sleeve eddy-current losses minimization
is of high importance as it could compose up to 95 % of the
losses of the full cylindrical permanent magnet rotor.

To minimize the rotor sleeve losses in the micro-ORC
generator not only the retaining sleeve thickness was cut down
but also the magnetic wedge relative permeability and physical
air gap length were considered as optimization variables. By
varying these three parameters the stainless steel sleeve losses
were reduced and draw up only 50 % of the titanium sleeve
losses of the 3.5 kW.

The most of the slot harmonics do not penetrate into the
magnet and the permanent magnet eddy-current losses are low
compared with the conducting sleeve losses.

Due to AMBs implementation in the 3.5 kW machine the
mechanical losses consist only of windage losses. In spite of
higher nominal rotational speed the mechanical losses are 72
% less in the 3.5 kW machine compared with the 11 kW
machine loss. The mechanical losses are important in high-
speed machines, for instance, these losses’ share of the 11 kW
is higher than the total losses of the 3.5 kW machine with
AMBs.

The combination of the loss minimization features imple-
mented in 11 kW generator with the AMBs and the materials
with low per unit losses will increase the efficiency of the
machine with the proposed geometry.

III. FINITE ELEMENT ANALYSIS

One of the main advantages of the suggested machine
topology is the sinusoidal back-EMF waveform. Figs. 6 and
7 show the back-EMFs for the machines under consideration.
Due to the sinusoidal waveform the air-gap flux linkage is
also close to sinusoidal. Also, the cogging torques of the
machines with considered topologies are low. The total torques
fluctuations of the 3.5 kW machine is below 0.5 % and in case
of the 11 kW generator this parameter is below 0.1 %. The
calculated back-EMF RMS voltages were 210.2 V for the 3.5
kW motor and 200.9 V for the 11 kW generator.

The harmonic contents of the back-EMF curves are also
presented in Figs. 6 and 7. The seventh harmonic has the
largest amplitude for the 3.5 kW machines and composes
0.06 %. For the 11 kW machine the fifth harmonic has the
largest amplitude and composes 0.12 %. The total amount of
harmonics is equal to 1.16 % of the main harmonic for 3.5
kW PMSM. In case of the 11 kW PMSM this value is equal
to 1.82 %.
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Fig. 6. Back EMF curve and its harmonics of the 3.5 kW PMSM
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Fig. 7. Back EMF curve and its harmonics of the 11 kW PMSM

IV. EXPERIMENTS

During PMSM measurements machines were working in
the motor mode. Fig. 8 shows the measurement equipment
connection scheme. Frequency converter is controlled by PC.
It feeds the terminals of the PMSM whilst the current and
voltage are measured with Yokogawa PZ–4000 to define the

Fig. 8. Equipment connection scheme for the PMSMs measurements
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TABLE III. 11 KW PMSM CALCULATED AND MEASURED NO-LOAD
LOSSES

Rotational
speed, rpm

Calculated
mechanical
losses, W

Calculated
iron losses,
W

Total calcu-
lated no-load
losses, W

Measured
no-load
losses, W

Calculated and
measured losses
difference, W

15000 105,5 44 149,5 252 102,5
20000 187,5 55 242,5 346 103,5

input power. The multiplication of torque and speed measured
by Vibro-Meter gives the output power.

Fig. 9 shows the assembled measurement installation. The
11 kW PMSG is put inside the casing and connected to an
eddy-current brake through a coupling. The eddy-current break
is capable to measure the shaft rotational speed up to 50 krpm
and cooled by water. Bearings in the measurements installation
differs from the analyzed fluid bearings.

PMSM no-load losses are consisting of the iron and me-
chanical losses. Iron losses were modelled using FEM analysis
of the HS PMSM and mechanical losses were calculated by
[10]:

Pρ = kρDr(lr + 0.6τp)v
2
r , (2)

where kρ = 15 is an experimental factor, Dr the rotor
diameter, lr the rotor length, τp the pole pitch, vr the rotor
surface speed.

Table III shows the calculated and measured no-load losses
of 11 kW HS PMSG at different speed. The mechanical losses
are increasing dramatically with the rotational speed increase.

The difference between calculated and measured no-load
losses is about 100 W. This difference could be explained by
the additional losses in the coupling between the Vibro-Meter
and HS PMSG. These losses were not taken into account in
the mechanical losses calculation. The bearings utilized in the
test were poorer in performance compared to the fluid bearings
used in the final installation.

A precise mechanical loss measurement were possible only
without PMs in the rotor.

V. CONCLUSION

The discussed structure of the Permanent Magnet machine
has a number of advantages. The tooth-coil windings allow to

Fig. 9. Test setup. 11 kW PMSM connected to the eddy-current brake

decrease the total length of the 2-pole machine and increase
its reliability. The manufacturing process can be simplified in
comparison with the conventional machines with distributed
windings. The losses of the considered machines could be re-
duced by implementing the various described design features.
The machines’ back-EMFs have a low harmonic content due
to the rotor structure and the magnetic wedges installation. As
a result torque ripples are negligible in these machines.

However, the proposed design structure has also several
weak points, for instance, high current linkage harmonic
content and high conducting sleeve losses. Thereby, the magnet
demagnetization risk should be studied in case of NdFeB
magnets usage.

The calculation results were checked with the measure-
ments and the measurement results of the 11 kW machine
prototype were discussed.
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Abstract—Two low-power High-Speed Permanent Magnet
Synchronous Machines (HS PMSM) are reviewed. The powers
and speeds of the machines are 3.5 kW at 45 000 rpm and 11 kW
at 31 200 rpm. Both machines under consideration have 6 slots
and 2 poles and they are both using Tooth-Coil (TC) windings
also known as non-overlapping concentrated windings. The rotors
of the discussed machines consist of the diametrically magnetized
full cylindrical Permanent Magnet (PM) inside a retaining sleeve.
The similarities and differences between these two machines are
described and explained. The analysis of the air gap flux density,
its harmonic content, and loss distribution in comparison with
a Distributed Windings (DW) solution is presented with the
example of an 11 kW machine. The analytical and numerical
calculations are verified by the experimental data. Based on this
analysis, conclusions will be drawn regarding the suitability of
the implemented topology for a high-speed machinery.

Keywords—AC machine; High-speed drive; Permanent magnet
machines; Tooth-Coil windings; Finite element analysis; Loss
measurement; harmonics.

I. INTRODUCTION

High-Speed (HS) rotating electrical machines are already
used in industry for several decades. The applications of
the HS machinery include, but not limited to, microturbines,
automotive, power generation, flywheel, spindle drives, gas
compressor and turbomolecular pumps [1]. These machines
have several advantages compared to the conventional drive
with a gearbox solution, for instance, gearbox elimination,
mass reduction, higher system efficiency, and, in some cases,
maintenance reduction [2].

The development process of the HS machines differs from
the conventional ones because of the strict mechanical and
thermal limitations. The new HS drives topologies enable
a desirable compromise between the electromagnetic perfor-
mance, mechanical rigidness, and temperature distribution of
the system.

This paper proposes a special topology for the High-Speed
Permanent Magnet Synchronous Machines (HS PMSM). This
topology is utilized in two manufactured prototypes. The
machines under consideration have 2 poles, 6 stator slots,
and Tooth-Coil (TC) windings. The performance of these
machines, their design solutions, and manufacturing features
are presented.

The first developed prototype is a 3.5 kW, 45 000 rpm
HS PMSM for a gas blower application. This machine has the
prefabricated coils and its active length is just 22 mm. The
second machine is an 11 kW, 31 200 rpm HS synchronous
generator working in micro-Organic Rankine Cycle (ORC)
power plant on the same shaft with the turbine. This machine
has segmented stator and semi-closed slots. Both prototypes
are built and the results of the measurements are presented
and discussed.

II. DESIGN

The design of an electrical machine begins with the ge-
neral structural considerations and sizing equations, while the
analysis of each design option starts with the analytical electro-
magnetic calculations, followed by the thermal and structural
analyses. The next step is a verification of the gathered
analytical results by Finite Element Method (FEM) analysis.
The design process of an electrical machine is iterative and
the number of steps depends on a number of restrictions to be
met simultaneously. The number of these limitations is higher
in a HS machinery compared to the conventional electrical
machines.

Before the actual analytical calculations the structure of
the machine must be defined during the feasibility study. The
boundary conditions must be taken into account during this
study. According to the shareholders, the costs of the machines
under consideration should be minimal, whereas the electrical
efficiency should remain high. In principal, the lowest possible
amount of the stator slots enables the stator manufacturing
cost reduction. The 3-slot PM motor with TC windings has
high unbalance forces and higher rotor losses compared to
the 6-slot PM motor [3]. Consequently, the 6-slot stator was
selected for both developed HS machines. The 2-pole rotor
was selected for the developed machines because it enables
the lowest possible iron losses compared to the higher number
of poles. The selection of the winding solution was executed
according to the following overall competitive analysis.

A. Comparison of the DW and TC Winding Solutions

The machines with TC windings have several advantages,
especially, short end windings turns, high copper space factor,
low cogging torque, and, in some cases, a good fault tolerance
[4]. The disadvantages of the TC windings, e.g., low winding
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TABLE I. LOSS DISTRIBUTION COMPARISON OF THE 11 KW
MACHINE WITH DW AND TC WINDINGS

Losses Type DW PMSM Losses, W TC PMSM Losses, W

Copper losses 44 88

Stator Iron losses 78 100

Rotor Sleeve losses 15 34

Rotor Magnet losses 3 11

Additional losses 22 22

Mechanical losses 456 456

Total losses 618 711

factor, are of high significance in HS machines. The com-
parison of the DW with TC windings using multi-objective
design method is presented, for instance, in [5]. To compare
the winding solutions in this study two 11 kW PMSMs were
designed with DW and TC windings while keeping the same
rated power and rotational speed in the same volume. The
number of slots per pole and phase in the DW machine, q, is
equal to 2.

Table I shows the losses of the 11 kW PMSM with
the DW and TC configurations, calculated using FEM. Both
machines have the same rated output power and the rotational
speed, therefore, the mechanical and the additional losses are
identical.

The key difference between these two winding configu-
rations in the considered machines is in the copper losses.
For a TC solution the winding factor of the fundamental
harmonic, kw1, is just 0.5. It leads to the higher number
of turns to produce the same current linkage as in the DW
machine. The fundamental harmonic winding factor in the
considered DW PMSM due to the short pitching is equal to
0.97. The end windings are significantly shorter in the TC type
of windings. Moreover, by selecting the TC configuration, it
is possible to implement the modular stator, which leads to
a higher possible copper space factor. Taking into account all
these considerations the analytical calculation of the winding
resistance for both TC and DW topologies was made. As a
result the stator phase resistance is higher in the TC winding
machine compared to the DW machine. Consequently, the
copper losses are 100 % higher with the TC winding topology
as it is shown in Table I.

The next significant loss difference is in the rotors of the
11 kW machines. Both sleeve and magnet losses are higher
in the TC winding machine because of the different harmonic
content. The great impact of the slot harmonics on the rotor
losses is shown in [6]. Normal flux density distributions in the
air gap of the 11 kW PMSMs with DW and TC windings are
shown in Fig. 1 and Fig. 2, respectively. In case of the TC
configuration a 5th and a 7th harmonics are higher than the
other harmonics. In case of the DW configuration an 11th and
a 13th harmonics are higher than the other harmonics, which
could be explained by the different number of stator slots, Q.
In the TC solution Q is equal to 6 and in the DW machine
Q = 12 . The 5th and the 7th harmonics contribute more in the
rotor losses due to their higher amplitude and lower number
compared to the 11th and the 13th harmonics.

In spite of the significant difference in some loss compo-
nents their share in the total loss distribution is low. As a
result the total losses of the TC winding machine are just
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Fig. 1. Air gap normal flux density distribution and its harmonic content in
the 11 kW DW PMSM.
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Fig. 2. Air gap normal flux density distribution and its harmonic content in
the 11 kW TC PMSM.

15 % higher compared to the DW configuration. Here the
advantages of the TC windings step forward. These machines
offer shorter overall length of the system. Due to the shorter
end winding’s axial protrusion length, especially in a 2-pole
machine, the 11 kW TC PMSM is 45.6 % shorter than the DW
machine as it was shown in the previous study of this machine
[7]. This significantly reduces the total rotor length, which, in
turn, increases the natural frequencies and leads to the higher
critical speeds of the TC machine. In the other words, the
shorter rotor enables higher possible rotational speed in the
undercritical operational mode.

The 11 kW machine is designed to work as a generator
and it is installed on the same shaft with the turbine. The part
of the working fluid flow, which runs through a turbine is also
passing through the machine’s stator slots, cooling down the
windings directly. This cooling solution together with the low
cost segmented stator was only possible with the TC winding
configuration. Since the design of a HS machine is defined not
solely by the electromagnetic performance, but the mechanics
and the temperature distribution are playing the significant part,
it was decided to use TC windings in both 3.5 kW and 11 kW
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Fig. 3. 3.5 kW High-Speed Permanent Magnet Synchronous Motor geometry
and TC winding configuration. The cylindrical PM is magnetized diametrically

machines.

B. The 3.5 kW and the 11 kW HS PMSMs Comparison

The developed prototypes have the similar topology. Fig. 3
shows the geometry and the winding configuration of the 3.5
kW machine. It is important to remember that in 2-pole PMSM
the opposed TC windings have to be connected according to
the scheme shown in Fig. 3 for the proper machine operation.
Fig. 4 illustrates the flux density distribution and flux lines
at the rated load in the 11 kW machine. The TC winding
configuration of this machine is similar to the one, represented
in Fig. 3.

The rotors of both machines consist of the full cylindrical
permanent magnet, which is magnetized diametrically, and the
magnet retaining sleeve. The PM is inserted inside the retaining
sleeve by using a shrink-fitting technology. The interference fit
between the PM and the sleeve is achieved by the materials
relative size change after the assemblage. Before the assembly
the retaining sleeve is heated and the PM is cooled. The
temperature of the magnet will grow after the installation
due to the heat exchange with the hot retaining sleeve. The
condition of the magnet right after the assembly must be
calculated and compared to the J,H-chart of the PM material
to control the magnet irreversible demagnetization risk. To
avoid this risk during the assembly, the retaining sleeve has
been surrounded by the ferromagnetic material to provide the
path for a PM flux and increase the load line angle. The magnet
is made of the one piece to simplify the assembly process.

The key parameters of the designed machines are shown
in Table II. The PM material is SmCo in both developed
machines. The key reason for the selection of SmCo PM is
dictated by the eddy-current losses in the magnet’s retaining
sleeve. SmCo can tolerate higher temperatures and, as a conse-
quence, the machine has a higher possible working operating
temperature without a risk of the irreversible demagnetization.
Moreover, the PM demagnetization risk during the PM instal-
lation is minimal. Permanent magnet remanence is high in
both machines which enables the high air gap flux density.
The drawback of this material is the higher cost compared to
NdFeB permanent magnet material.

Fig. 4. 11 kW High-Speed Permanent Magnet Synchronous Machine flux
density distribution and flux lines at the rated operational point

In spite of a similar topology, winding scheme, and SmCo
magnet in the both examined machines, some components are
made of different materials. The rotors of these machines have
a hollow shaft, therefore, all the torque from the PMSM is
transmitted to the shaft through the retaining sleeve. Moreover,
the magnet’s retaining sleeve must tolerate the stresses from the
centrifugal forces and must keep the boundary contact with the
magnet at all possible operation temperatures [8]. The selection
of the retaining sleeve material is critical for the HS machine.
The material has to have high resistivity, high yield strength
and good thermal conductivity. The comparison of the different
retaining sleeve materials for the HS machines is presented in
[9], [10].

In case of the electrically conductive sleeve material the
air gap flux density harmonics (Fig. 2) will cause the eddy-
current losses in the retaining sleeve. These losses do not lead
to the efficiency drop as it will be shown further, however the
magnet is heated directly from the sleeve, which could cause
the irreversible PM demagnetization.

The titanium retaining sleeve was selected for the 3.5 kW
machine and the stainless steel sleeve was used in the 11 kW
PMSM. The titanium has much higher yield strength and lower
conductivity compared to the stainless steel and both materials
have good thermal conductivity. The drawback of the titanium
is the higher price compared to the stainless steel.

The materials selection influences the losses of the machine
and to reduce them the geometry optimization is required. High
permanent magnet remanence allowed to select air gap length
equal to 5 mm and 5.5 mm in the 3.5 kW and in the 11 kW
machines respectively. Such increased magnetic air gap length
limits the air gap flux density variations due to both slot and
current linkage harmonics and reduces eddy-current losses in
the sleeves [11].

The laser cut stator stack lamination material NO10 was
selected for the 3.5 kW machine due to its low per unit losses
and thickness equal to 0.1 mm. These two factors enable low
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TABLE II. DESIGNED MACHINES MAIN PARAMETERS

Machine parameter 3.5 kW PMSM 11 kW PMSM

Rated speed nn, min−1 45 000 31 200

Number of poles p 2 2

Number of stator slots Qs 6 6

Rated torque Tn, Nm 0.74 3.36

Rotor outer diameter Do, m 0.039 0.046

Physical air-gap legth δ, m 0.002 0.003

External diameter De, m 0.140 0.242

Active length l, m 0.022 0.060

Permanent magnet material SmCo SmCo

Permanent magnet remanence Br, T 1.10 1.12

Retaining sleeve material Titanium Stainless steel

Stator stack lamination material NO10 M-270-35A

Magnetic wedges material Spindurol Magnoval 2067

Bearing type Magnetic bearing Ball bearing

iron losses in the 3.5 kW machine. The drawbacks of the
NO10 material are the high price and low stack fill factor. The
lamination for stator stack of the 11 kW machine was also
laser cut because of the complex geometry and the material
for this machine is M-270-35A. During the FEM analysis this
0.35 mm thick material has shown an acceptable loss level at
520 Hz, which is the 11 kW machine’s rated frequency. This
material is easily available and has lower price compared to
NO10.

The installation of the magnetic wedges between the tooth
tips in both machines decreases the slot harmonics in the air
gap, which, in turn, reduces the rotor eddy-current losses.
Both utilized materials Spindurol and Magnoval 2067 have
the relative permeability about 2.5 at 0.7 T because of the
iron powder in their composition. The detailed analysis of the
rotor loss reduction due to the magnetic wedges installation in
the developed 11 kW PMSM could be found in [12].

The stator prototype of the 3.5 kW HS PMSM is shown
in Fig. 5 (a). This machine is made open slot to allow the
utilization of the prefabricated windings. The copper space
factor is low in this machine as very few turns are needed
and the copper losses are not dominant in this case.

Several modifications of the HS machine topology were
made in the 11 kW machine compared to 3.5 kW PMSM.
The photo of the 11 kW HS PMSM stator is shown in Fig.
5 (b). First of all, the analysis of the similar HS machine
with 6 slots and 2 poles has shown, that the eddy-current
losses are getting lower according to the increasing of the
tooth tip width [13]. Therefore, the semi-closed slots were
selected in the 11 kW prototype. To simplify the winding work
and manufacturing process the stator is made segmented. This
kind of stator together with TC windings allows to prepare
prefabricated segments where the phase windings are isolated
both electrically and magnetically which increase the fault
tolerance of the machine [14].

The second distinction of the 11 kW PMSM is the excep-
tionally thick stator yoke. This is done to reduce the total iron
losses in the machine. The detailed optimization procedure is
described in [7]. To avoid the extra eddy-current losses in the
stack fixation end plates they were implemented as the rings on
the outer diameter of the stator stack. The fixation of the stator
segment’s teeth part is done by the slot insulation covered by

Fig. 5. Stator prototypes of the 3.5 kW HS PMSM (a), and the 11 kW HS
PMSM (b). The copper space factor is low in both machines as very few turns
are needed in the 3.5 kW machine and to provide the space for the cooling
fluid in the 11 kW machine.

the impregnated tooth coils.

III. LOSS ANALYSIS

The precise loss calculations are very important in the
HS machines with the permanent magnets. The rotor loss
distribution affects the PM demagnetization risk during the
machine operation. Because of the limited volume the stator
losses have to be calculated accurately to design the efficient
and effective cooling system which will allow a safe machine
operation.

A. Copper Losses

The copper losses in an electrical machine may be in-
creased due to the combination of the following phenomena:
skin effect, proximity effect, and eddy-currents inside the
conductors due to the rotating magnetic field of PM [15]. These
effects are especially significant at the high-speed, when the
frequency is high. To minimize above mentioned phenomena
a number of arrangements is implemented in the designed HS
PMSMs.

The diameter of the single round wire must be equal
or smaller than the skin depth at the machine’s operating
frequency. The single conductor diameter is equal to 1 mm
in the designed machines, which is lower than the calculated
skin depths at the rated frequencies. This prevents an increase
of the stator winding resistance due to the skin effect.

However, the total magnetic field in the slot is larger
than the one single conductor field, especially, close to the
slot opening. Hence, the proximity effect dominates over the
skin effect in the HS machines. A well-known technique to
reduce the copper losses is to transpose the coils along the
slot. For example, Litz-wires could be utilized to minimize
the proximity effect. Nevertheless, this type of windings is
an expensive solution. Another, cheaper option is the twisted
bundles. This solution was implemented for the 11 kW PMSM
to reduce the copper losses due to the proximity effect.
According to [16], the single 360 degrees twist per stack length
is sufficient.

The installation of the magnetic wedges between the tooth
tips is shielding the windings and reduces the conductors eddy-
currents due to the rotating PM magnetic field.

To sum up, the magnetic wedges installation, single con-
ductor diameter limitation and the twisted bundles tend to
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Fig. 6. Loss distribution of the 3.5 kW PMSM (a), and the 11 kW PMSG
(b)

decrease the AC resistance increase phenomena and reduce
the extra copper losses in the designed machines.

B. Prototypes Loss Distribution Comparison

Fig. 6 shows the pie charts of the loss distribution at the
rated operational point in the 3.5 kW and the 11 kW machines.
In both developed machines the ratio between the iron and
copper losses is close to 1, which is the rule of thumb in the
design of an electrical drive system. The rotor losses form
about 17 % of the total losses in the 3.5 kW PMSM, whereas
the 11 kW PMSM rotor losses form just 7 % of the total losses.
The 11 kW PMSM tooth tip zone optimization, for instance,
the usage of the semi-closed slots together with the sleeve
thickness decrease, significantly reduces the rotor losses even
with the stainless steel PM retaining sleeve.

In a HS machine the mechanical losses dissipated by the
bearings usually form the greatest share [17]. In Fig. 6 (b) it
is clearly seen that the mechanical losses are dominant in the
11 kW machine. Whilst in the 3.5 kW machine copper, iron,
mechanical and rotor losses are about equal. The significant
mechanical loss reduction in the 3.5 kW PMSM is achieved
by implementing the Active Magnetic Bearings (AMBs). The
extra losses in the AMBs are not taken into account in Fig. 6
(a).

C. Calculated Efficiency Map

During the analysis of the 11 kW machine the efficiency
map was calculated. Fig. 7 shows the calculated efficiency
map, based on the FEM model of the machine. There are 100
calculation points, which cover the rotational speeds, n, from
10 to 35 krpm with the load torque, T , from 1 to 4.5 Nm.
The machine’s rated operating point is at n = 31 200 rpm and
T = 3.36 Nm.

The copper losses are proportional to the phase current and,
consequently, to the load torque. Hence, the circuit with the
current sources was implemented in the FEM model to ensure
the steady magnetic state. The copper losses were calculated
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using the phase resistance, which was verified by the stator
winding resistance measurements.

The eddy-current rotor losses were calculated separately for
the sleeve and for the PM. To evaluate the amount of losses in
FEM software the PM and sleeve were represented as the solid
conductors and connected in parallel to the large resistors to
simulate the short circuit.

The iron losses were calculated using FEM software. To
implement the methods utilized in the software, it is necessary
to know the coefficient of the magnetic losses by hysteresis
kh and the coefficient of the magnetic losses in excess ke.
These coefficients are frequency dependent and were acquired
for the every calculated frequency by analysing the lamination
manufacturer’s data. The mechanical losses were calculated
analytically by following the method described in [18].

IV. EXPERIMENTS

The measurements of the developed 11 kW machine
were not possible in the final micro-ORC turbine installation.
Thereby, a separate measurement setup was assembled. This
setup includes the 11 kW PMSM with forced air cooling, a
water cooled eddy-current brake and a coupling between them.
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During the measurements the machine was working as a motor
and was supplied by the frequency converter. The input power
was measured by the power analyzer and the output power
was measured by the eddy-current brake.

The difference between the input and output power formed
the efficiency map which is shown in Fig. 8. The actual losses
in the low speed area are higher than the calculated ones as
it is seen in Fig. 7. The extra losses in the coupling could
explain this difference, as these losses were not included in the
calculations. This assumption is supported by the significant
calculated and measured loss difference at the no-load.

In the high-speed area the measurement and calculation
results are relatively equal. For example, at the rated operating
point, which is marked with the circle, the efficiency difference
is below 1 %. Thereby, the tooth tip zone optimization, utiliza-
tion of the magnetic wedges, and the wingding arrangements
are successfully limit the losses of the 11 kW machine.

The overall efficiency of the designed machine at the rated
point is about 92 % in the test setup. The utilization of the other
type of bearings in the final installation should significantly
increase the overall efficiency as the mechanical losses form
64 % of the total losses.

V. CONCLUSION

This paper describes a low-cost topology for the high-speed
low-power machines. This topology includes a 2-pole rotor
with the diametrically magnetized PM inside the retaining
sleeve, a 6-slot stator with the Tooth-Coil windings. The
motivation for the selection of the implemented rotor and stator
structures and the TC winding configuration is given.

The comparison of the winding solutions has shown that
the total losses are higher with the TC winding configuration
compared to the DW machine. However, in many HS appli-
cations the TC winding selection is beneficial because of the
shorter overall length of the rotor.

The proposed topology is tested with the two manufactured
prototypes. The key parameters of the machines are presented
and their similarities and differences are discussed. The differ-
ent approaches to the loss minimization of the topology under
consideration are studied. Better materials were used in the 3.5
kW HS PMSM, whereas the alternative geometry optimization
was performed in the 11 kW machine. The benefits and
drawbacks of these approaches are discussed.

The winding arrangements that enable to limit the AC
resistance increase in the developed prototypes are described.
The reduction of the different loss components due to the
magnetic wedges installation is highlighted.

The design considerations and the calculation methods are
verified by the prototype testing. According to the test results
the PMSM with a full cylindrical magnet rotor and the TC
windings are suitable for the HS machinery in case of the
precise electromagnetic, mechanical and thermal design and
its further optimization.
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