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The increasing emphasis on energy efficiency is starting to yield results in the reduction 
in greenhouse gas emissions; however, the effort is still far from sufficient. Therefore, 
new technical solutions that will enhance the efficiency of power generation systems are 
required to maintain the sustainable growth rate, without spoiling the environment. A 
reduction in greenhouse gas emissions is only possible with new low-carbon 
technologies, which enable high efficiencies. 

The role of the rotating electrical machine development is significant in the reduction of 
global emissions. A high proportion of the produced and consumed electrical energy is 
related  to  electrical  machines.  One  of  the  technical  solutions  that  enables  high  system 
efficiency on both the energy production and consumption sides is high-speed electrical 
machines. This type of electrical machines has a high system overall efficiency, a small 
footprint, and a high power density compared with conventional machines. Therefore, 
high-speed electrical machines are favoured by the manufacturers producing, for 
example, microturbines, compressors, gas compression applications, and air blowers. 

High-speed machine technology is challenging from the design point of view, and a lot 
of research is in progress both in academia and industry regarding the solution 
development. The solid technical basis is of importance in order to make an impact in the 
industry considering the climate change. 

This work describes the multidisciplinary design principles and material development in 
high-speed electrical machines. First, high-speed permanent magnet synchronous 
machines with six slots, two poles, and tooth-coil windings are discussed in this doctoral 
dissertation. These machines have unique features, which help in solving rotordynamic 
problems and reducing the manufacturing costs. 

Second, the materials for the high-speed machines are discussed in this work. The 
materials are among the key limiting factors in electrical machines, and to overcome this 
limit, an in-depth analysis of the material properties and behavior is required. Moreover, 
high-speed machines are sometimes operating in a harsh environment because they need 
to be as close as possible to the rotating tool and fully exploit their advantages. This sets 
extra requirements for the materials applied. 



Keywords: electrical machine, high-speed, design process, permanent magnet 
synchronous machine, tooth-coil winding, aging, active magnetic bearing 
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1 Introduction 
Sustainable  growth  of  the  world  economy  is  only  possible  with  clever  deployment  of  
electrical energy, which is a critical resource. According to the report of the International 
Energy Agency, the global energy demand in 2015 was about 21 000 TWh, and it will 
grow from the present level by more than 15% by 2020, and by more than 30% by 2030 
(IEA, 2015). Power generation is following this demand and expanding its capacities. 
This situation inevitably seems to lead to an increase in global CO2 emissions despite the 
actions governments have decided to take. The emphasis on the energy efficiency together 
with the carbon markets and other important measures are aimed to decrease the current 
level of greenhouse gas (GHG) emissions. These steps are starting to bring valuable 
results; however, the effort is still far from sufficient. 

Political regulations play a very important role in the reduction of CO2 emissions. 
Extending the Kyoto Protocol, the United Nations Framework Convention on Climate 
Change (UNFCCC) was adopted in 1992. According to this document, targets for the 
reduction  of  GHG  emissions  were  set  for  industrialised  countries.  The  recent  steps  in  
these regulations were taken in the 21st Conference of the Parties to the United Nations 
Framework Convention on Climate Change (COP21) in December 2015. The major 
outcome of this meeting is a new international agreement on climate change, which will 
allow keeping global warming below 1.5–2 °C. 

Together  with  political  regulations  and  strategies,  new  technical  solutions  that  will  
enhance the efficiency of energy systems are required. These actions will make it possible 
to maintain the current economic growth rate without dramatic environmental 
consequences. Rotating electrical machines are used in industry all over the world, and 
they play a significant role in energy consumption and production. At present, the 
electrical machines account for about 40% of the electric energy demand (de Almeida et 
al., 2014). This fact shows the need to develop new highly efficient solutions in the field 
because they have a direct influence on the global GHG emissions. 

One field of technical solutions aimed to enhance the energy efficiency on both the 
generation and consumption sides is provided by high-speed (HS) electrical machines. 
Because of their advantages, these machines are used in a vast array of industrial 
applications. These benefits include a higher overall system efficiency in certain 
applications, a higher power density, and a smaller footprint compared with conventional 
electrical machines (Bianchi et al., 2003). The manufacturers producing gas compression 
equipment, micro and small gas turbines, machine tools, spindle drives, air blowers, and 
vacuum pumps are highly interested in the advantages of the high-speed machinery and 
use them in their applications. 

Over the last decade, the markets in which high-speed machines have shown their benefits 
have been growing exceptionally. For example, the oil and gas compressor market is 
estimated to reach 9.5 billion EUR in 2018 (GIA, 2011), and the heating, ventilation, and 



1 Introduction 14

air conditioning (HVAC) market is estimated to be 75.5 billion EUR in 2018 (TMR, 
2012). 

High-speed electrical machines are challenging from the design point of view, which has 
led to extensive research in the field. At Lappeenranta University of Technology (LUT), 
the HS machinery has been a research topic for more than 25 years (Sihvo, 2010; Aho, 
2007; Huppunen, 2004; Pyrhönen, 1991).  An  indicator  of  the  high  importance  of  this  
topic is the number of collaborating projects between LUT and the industry on HS 
machines and the related equipment. 

This  doctoral  dissertation  continues  the  research  in  the  field  of  high-speed  electrical  
machines. The main objectives include design and optimization of the HS permanent 
magnet synchronous machine (PMSM) with proposed topology and selection of the 
materials for the HS electrical machines. 

1.1 High-speed electrical machines 

There is no exact definition of the term high-speed electrical machine. Most of the authors 
agree that a machine with the rotor peripheral speed above 100–150 m/s supplied by a 
frequency converter can be considered a high-speed machine (Binder & Schneider, 2007). 
Another interesting criterion is to use the HS–index presented in (Moghaddam, 2014). 
The HS–index is the product of the electrical machine nominal power and speed. Its 
behavior depends on the rotational speed in different machines. 

The most popular machine types among HS machines are the permanent magnet 
synchronous machine and the induction machine (IM) (Pyrhönen et al., 2008a). These HS 
electrical machine types are usually used in the majority of industrial applications. Each 
of these machine types has its benefits and drawbacks, and the final selection is always 
application dependent. Comparisons of these machine topologies for different 
applications based on the existing solutions can be found in the literature (Gerada et al., 
2014; Moghaddam, 2014; Tenconi et al., 2014). 

In general, the advantages of HS IM over HS PMSM are their rigid rotor construction, 
low-cost materials, and the simpler manufacturing process. Figure 1.1 shows the stator of 
a manufactured HS IM. This 10 kW, 30 000 rpm machine has two poles and 12 slots. The 
stator construction of the HS IM is similar to the conventional induction motor.  

The key features of the HS machines are usually related to the rotating part. This is due 
to the high mechanical stresses in the rotor during the operation. The machine shown in 
Figure 1.1 has a slitted solid rotor, which is the second most rigid rotor construction. The 
most rigid one is a smooth solid rotor, which may also be equipped with a well-conducting 
nonferrous coating. However, the power factor and efficiency of the machines equipped 
with the solid rotor are lower than that of the other solutions (Pyrhönen et al., 2010). The 
machine of Figure 1.1 was made for an active magnetic bearing (AMB) test rig. 
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Figure 1.1 Photos of the stator of a 10 kW, 30 000 rpm induction motor 

Another example of the HS IMs designed and constructed at LUT is shown in Figure 1.2. 
The main objective of this machine development was to demonstrate the advantages of 
the AMB technology for the HS machinery. For this purpose, the industrial stator was 
kept  as  it  was,  and  the  slitted  rotor  with  copper  end  rings  was  redesigned  as  it  was  
constructed to operate at 12 000 rpm. Because of the implementation of the AMB instead 
of ball bearings and insignificant electromagnetic changes in the machine, the operating 
speed and output power from the same volume are increased by 25%. 

 

Figure 1.2 Prototype of a 350 kW, 15 000 rpm HS IM with active magnetic bearings 
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The slitted solid rotor with copper end rings, implemented in this HS IM, is more complex 
from the manufacturing point of view, but it provides a better performance than the 
smooth solid rotor. Another HS machine rotor construction is the squirrel cage solid rotor. 
A rotor of this kind has even better electromagnetic performance. The rotor slip-
dependent losses are lower because of the low slip. Further, the power factor of the 
machines with the squirrel cage solid rotor is higher compared with the other solid rotor 
solutions (Pyrhönen et al., 2008b; Huppunen, 2004). 

The industrial mining of rare-earth elements and a variety of inventions related to the 
permanent magnet (PM) production have enabled the application of permanent magnets 
in electrical machines (Morimoto et al., 2014). In the HS machinery, owing to their 
characteristics, NdFeB and SmCo magnets are the primary alternatives. The key qualities 
of these PMs are the high remanent flux density and high temperature tolerance, which 
are important factors in the HS PMSM design. 

Similarly to the conventional electrical machines, HS PMSMs have a higher efficiency 
and a better power factor than HS IMs (Arkkio et al., 2005; Kolondzovski et al., 2011). 
The frequency converter design is simpler for the HS PMSM because no magnetizing 
power is needed to be fed through the converter. The rotor design requires high accuracy, 
and manufacturing has to be performed with adequate tolerances to ensure proper 
operation.  Special  attention  must  be  paid  to  the  rotor  losses  because  they  can  lead  to  
irreversible demagnetization of the magnets. 

1.2 Special high-speed PMSM topology 

Permanent magnet synchronous machine is a popular machine type in high-speed 
applications. These machines can have a very high power density, which is especially 
appreciated if the physical size is a limiting factor. Moreover, high-power HS PMSMs 
can provide significant energy savings thanks to their high efficiency, which in some 
cases can reach 98 %. Nevertheless, typical HS PMSM topologies may suffer from some 
problems. 

Permanent magnet synchronous machines for high-speed applications usually have a 
rotor-surface-magnet rotor. To keep the magnets in their place at high rotational speeds, 
a retaining sleeve is installed around the magnets (Borisavljevic et al., 2010; Li et el., 
2014a). A construction of this kind leads to a complicated manufacturing process. 

To limit the operating frequency and to reduce the iron losses in the HS electrical 
machines, the number of poles is selected as low as possible. In the case of a two-pole 
machine with distributed windings (DW), the axial protrusion length of the end winding 
can be equal to the machine active length. This situation is clearly seen in Figure 1.1 with 
the example of the 2-pole HS IM. 
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The end winding axial protrusion can increase the total rotor length by 50% in some cases 
because of the longer shaft as it was shown in Publication I. This lowers the rotor natural 
frequencies, and in undercritical applications, limits the maximum rotational speed. 

The special HS PMSM topology discussed in this work minimizes the problems related 
to the distributed windings. Simultaneously, the objective of the proposed technology is 
to reduce the manufacturing costs and simplify the assembly process. 

The topology under investigation is a 2-pole, 6-slot HS PMSM with tooth-coil (TC) 
windings. The rotor is made of a solid cylindrical diametrically magnetized permanent 
magnet  and  a  retaining  sleeve  around  it.  The  stator  has  six  slots,  and  contrary  to  
distributed winding two-pole stators, can be made segmented. The machine uses tooth-
coil, that is, nonoverlapping concentrated windings, which significantly help in reducing 
the total axial length of the machine. 

Figure 1.3 illustrates the cross-sectional area of an HS PMSM. The left-hand part shows 
a typical magnetic flux density distribution in the machine. Some saturation can be seen 
at the stator tooth tips. The right-hand part shows the flux lines of this 2-pole machine at 
a nominal load. The two-layer winding arrangement and coil shapes are also shown in 
this figure. 

A diametrically magnetized cylindrical magnet is located in the center. There is no shaft 
inside the magnet, and therefore, the torque is transmitted through the retaining sleeve. 
The retaining sleeve around the PM is made of nonmagnetic material, and its permeability 
is similar to the air, but it allows eddy currents in this case because it is metallic. 

 

Figure 1.3 Cross-section of the HS PMSM with two poles and six stator slots. The flux density 
distribution and PM magnetization are shown on the left and the flux lines on the right 
 



1 Introduction 18

Figure 1.4 shows the stator prototype with the studied topology. The machine is designed 
as an HS permanent magnet synchronous generator (PMSG) with the rated operating 
point at 31 200 rpm producing 11 kW of electric energy. The generator is used to generate 
electricity as a part of a micro-Organic Rankine Cycle (ORC) power plant.  

The machine is installed on the same shaft with the turbine. This placement allows using 
the working fluid as a direct cooling for the generator. 

 

Figure 1.4 Photo of the 11 kW, 31 200 rpm HS PMSM stator having six slots and tooth coils 
  

The detailed analysis of the presented HS PMSM topology in this work includes the 
design procedure, geometry, materials, loss minimization techniques, magnet 
demagnetization risk analysis, power and speed limitations, and prototype measurement 
results. 

Table 1.1 lists the HS electrical machines to whose design process the author has 
contributed. The status of the prototypes is also given. The dissertation concentrates 
mostly on the results already published of the two-pole HS PMSM topology with tooth-
coil windings. 
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Table 1.1 Designed HS electrical machines in the course of the doctoral studies 

Power, kW Speed, rpm Type Prototype Status 

11 31 200 2-pole, 6-slot HS PMSM with 
tooth-coil windings Built and tested 

10 30 000 HS IM with a slitted solid rotor Built and tested 

350 15 000 HS IM with a slitted solid rotor 
and copper end rings Built 

250 33 000 HS PMSM with rotor-surface-
mounted magnets Built 

1000 12 500 HS IM with a squirrel cage Under construction 

 

1.3 Material selection in high-speed electrical machines 

In high-speed machines, the requirements for the materials are higher than for 
conventional electrical machines. This is mainly due to two key factors. The first one is 
the different extra losses resulting from the high nominal frequency. Therefore, the 
materials with low per unit loss values are usually selected in the HS machinery 
(Gonzalez & Saban, 2014; Etemadrezaei et al., 2012). The second factor is due to the high 
rotational and peripheral speeds. These set stringent requirements for the mechanical 
rigidity of the rotor (Li et al., 2014a; Li et al., 2014b). 

The temperatures and thermal limitations are very important in high-speed electrical 
machines. Because of the fact that the same amount of losses is produced in a smaller 
volume, the cooling of the HS machines is more complicated. All these factors are acting 
simultaneously, and all the materials must be selected accordingly. 

The stator lamination per-unit losses are very important for the high-speed machines. For 
the rotor retaining sleeve material, the conductivity, yield strength, and thermal 
conductivity are of a high importance (Zhang et al., 2015). 

In the HS PMSM, the permanent magnet selection is critical because it defines the 
machine performance. Moreover, the high magnet temperature together with the high 
demagnetization field can cause irreversible magnet demagnetization. It will require rotor 
disassembly and PM replacement, which cause significant extra costs. 

An example of an HS PMSM rotor structure is shown in Figure 1.5. In the center of the 
rotor there is a ferromagnetic yoke with cooling channels right below the permanent 



1 Introduction 20

magnets. The magnets are divided into segments both axially and radially to reduce the 
Joule losses caused by eddy currents. The retaining sleeve is installed around the magnets, 
ensuring rotor rigidity at high speeds. 

This rotor structure is applied in a 250 kW HS PMSG to whose design process the author 
has contributed. The selection of the high-speed technology with permanent magnets was 
one of the factors that enabled the simulated high total system efficiency (Malkamäki et 
al., 2015). 

 

Figure 1.5 Rotor model of the rotor-surface-magnet HS PMSM. Slots under the magnets are used 
for the rotor cooling 
 

One of the key advantages of the HS machines is the option to provide a direct connection 
between the prime mover and the acting tool. This simplifies and lightens the construction 
by eliminating the need for a gearbox. Simultaneously, the total system efficiency is 
clearly increased. In some cases, the actuator is acting in a harsh environment, and 
therefore, the electrical machine must tolerate the same environment.  

The electrical machine design is part of a project, the objective of which was to design 
and manufacture an integrated hermetic turbogenerator. The HS IM capable of producing 
500 kW–1 MW of electricity was selected for the project. The electrical machine is 
positioned on the same shaft with the turbine, and therefore, there is a steam leakage from 
the turbine to the HS IM. The slightly superheated steam with a high temperature and 
about one bar absolute pressure is passing through the air gap of the HS IM. This means 
that all the materials employed in the machine must tolerate the steam atmosphere over 
the machine lifetime. 

Aging tests in a steam atmosphere were performed to ensure the safe operation of all HS 
IM components. A number of analyses before and after the aging tests were made to select 
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the best suitable materials. A special equipment and test procedures aimed to perform 
aging tests in a steam atmosphere were designed and built. The harsh environment sets 
extra limitations on the HS machine materials (Sihvo et al., 2007). 

1.4 Outline of the doctoral dissertation 

The doctoral dissertation reports on the research and development work carried out from 
2012 to 2016 to identify and solve problems in different high-speed electrical machines. 
The main objectives include the opportunity recognition for the implementation of HS 
machinery in different fields of industry, and selection of the suitable machine topology, 
design, analysis, and optimization of the HS machines. 

This work focuses on two specific questions. The first one is a detailed study of the special 
HS PMSM topology having two poles, six slots, and tooth-coil windings. The analysis of 
this topology covers the design topology, geometry, loss minimization, magnet 
demagnetization risk, limitations, prototype measurements, and several types of 
comparisons. 

The second topic is the materials employed in the HS machines. It includes an analysis 
of the HS IM operating in a harsh environment and the behavior of the selected materials. 
Considerations of the material selection for lamination, rotor retaining sleeve, permanent 
magnet, and magnetic wedges are presented in this work. The hysteresis loss phenomenon 
in permanent magnets and its risk in the HS machines are also studied. 

The areas of research include electromagnetic design and performance analysis, thermal 
design and limitations, mechanical behavior, material science, and systematic design of 
the HS machine. 

Publication I introduces a special HS PMSM topology having two poles and six stator 
slots with tooth-coil windings and describes the key advantages of this solution. The paper 
investigates all machine losses. Methods to reduce stator, rotor, and PM losses are 
proposed. The machine working temperature and the risks of the PM demagnetization in 
normal working conditions and in cases of two- and three-phase short circuits are studied. 
The  publication  was  a  joint  effort  of  researchers  from  LUT  and  Moscow  Power  
Engineering Institute, Russia. Mr. Uzhegov was the principal author and investigator in 
this paper. Prof. Pyrhönen supervised the project. Dr. Shirinskii and Prof. Pyrhönen were 
responsible for the revision of the paper. 

Publication II describes the mechanical and electromagnetic limitations of the topology 
under study. The equations for the maximum rotor diameter, sleeve thickness, and 
dynamical interference fit between the retaining sleeve and the permanent magnet are 
given. The introduction of the rotor dynamical behavior and critical rotor speeds are 
presented. This paper investigates the influence of the magnetic wedges on the rotor 
losses in the proposed HS PMSM. Mr. Uzhegov was the principal author and investigator 
in this paper. Dr. Kurvinen performed the mechanical modeling and analysis. He was also 



1 Introduction 22

in charge of the description of the mechanical limitations including the rotordynamics 
and structural analysis. Prof. Pyrhönen was responsible for the supervision of the project 
and the revision of the paper. 

Publication III investigates the advantages and drawbacks of the proposed HS PMSM 
topology. The analysis is based on two machines having 3.5 kW and 11 kW output power. 
The similarities and differences of these machines are discussed. The test setup and some 
prototype measurements are presented. Mr. Uzhegov was the principal author and 
investigator in the paper. Dr. Nerg was responsible for the 3.5 kW HS PMSM design and 
all the measurements. Prof. Pyrhönen was in charge of the supervision of the project and 
the revision of the paper. 

Publication IV provides a detailed comparison of the distributed and tooth-coil windings 
in the HS topology under study. A detailed loss distribution analysis and the reasons for 
the extra copper losses are shown. Mr. Uzhegov was the principal author and investigator 
in the paper. Dr. Nerg was responsible for the analysis of the 3.5 kW HS PMSM and all 
the measurements. Prof. Pyrhönen was in charge of the supervision of the project and the 
revision of the paper. 

Publication V describes the HS electrical machine design flow divided into steps with 
an emphasis on the electromagnetic, mechanical, and thermal analyses. The features of 
every step are discussed, and the prerequisites to move to the next steps are given. The 
design flow is tested with two HS PMSM prototypes having the studied topology. The 
measurement results, which include an efficiency map, have a very good agreement with 
the results calculated using the presented design methodology. The paper is a joint effort 
of LUT Electrical Engineering, LUT Mechanical Engineering, and Moscow Power 
Engineering Institute. Mr. Uzhegov was the principal author and investigator in the paper. 
He was responsible for the electromagnetic analysis and case studies. Dr. Kurvinen 
provided the initial design flow idea. He was also responsible for the mechanical analysis 
including the rotordynamics and incorporation of these steps into the design flow. Dr. 
Nerg performed the thermal design and prototype measurements. Prof. Sopanen, Prof. 
Pyrhönen and Dr. Shirinskii were responsible for the revision of the paper. Dr. Nerg, Prof. 
Sopanen, and Prof. Pyrhönen supervised the project. 

Publication VI investigates the materials for the magnetic wedges, which are suitable for 
the operation in a steam atmosphere. In this paper, the simulations confirm the important 
role of the magnetic wedges in the HS IM. Aging tests of different magnetic wedges were 
designed and performed. A number of analyses before and after the test were conducted 
to select the best suitable steam-resistant magnetic wedge. The paper is a joint effort of 
LUT Electrical Engineering and LUT Chemical Engineering. Mr. Uzhegov was the 
principal author and investigator in this paper. He was responsible for the measurement 
design and analysis. Dr. Pihlajamäki carried out the Fourier Transform Infrared Analysis 
(FTIR). Dr. Nerg has largely been responsible for the test installation setup. Dr. Nerg and 
Prof. Pyrhönen supervised the project. 
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Publication VII introduces the possibility of hysteresis losses in sintered NdFeB 
permanent magnets. In the paper, the theoretical background, hysteresis measurements, 
and the possibility of hysteresis losses in sintered NdFeB PM in HS rotating electrical 
machines are investigated. Prof. Pyrhönen was the main author of the paper, Dr. Ruoho, 
Dr. Nerg, and Prof. Boglietti contributed to the understanding of the PM hysteresis theory, 
Mr. Paju, Mr. Tuominen, and Mr. Kankaanpää were responsible for the PM 
measurements in Pori, and Dr. Stern in Tallinn. Mr. Uzhegov made the finite element 
method (FEM) analysis of the HS surface-mounted PMSM, which clearly demonstrated 
the possibility of hysteresis losses in sintered NdFeB PM in HS electrical machines. 

This introductory Chapter 1 provides the background and motivation for this study. The 
benefits and applications of the high-speed electrical machines are presented. Chapter 2 
is based on Publications I–V. It shows the advantages of the HS PMSMs with an emphasis 
on a special topology. Chapter 3 is based on Publications VI–VII. It analyzes the materials 
used in HS electrical machines. The HS machines in a harsh environment and the risk of 
hysteresis losses in sintered NdFeB permanent magnets are shown. Chapter 4 concludes 
the doctoral dissertation and provides ideas for future work. 

1.5 Scientific contributions 

This doctoral dissertation analyzes implementation of the high-speed electrical machines 
in different industries and applications. The technical and economic advantages of the HS 
machines for several applications are analyzed. The work provides solutions to a number 
of problems related to the HS machine design, topology selection, and implemented 
materials. These include, for instance, combining the analysis from several fields into a 
multidisciplinary design flow, loss minimization in the 2-pole, 6-slot HS PMSM with 
tooth-coil windings, and selection of the magnetic wedge coating for a harsh environment. 

The design process of HS electrical machines is a highly multidisciplinary task. It 
involves knowledge of electromagnetics, thermal engineering, static structural and 
dynamic mechanics, and material science. In this work, each of these key HS machine 
design aspects are addressed. The findings are supported by prototype measurements and 
material behavior tests. 

The main scientific contributions of this dissertation can be divided into four groups: 

 A multidisciplinary design flow for the HS PMSM is introduced in this work. It 
includes rotor structural, electromagnetic, rotordynamics, thermal designs, 
manufacturing, and assembling. The existing publications on the 
multidisciplinary design of the high-speed machines did not include one or several 
above-mentioned design stages or concentrated on different machine topologies. 
The proposed design flow provides a straightforward path to design high-speed 
electrical machines. The design process involves engineers from different fields. 
It divides the responsibilities of every involved party and defines the criteria to 
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move to the next step. The design flow provides the options and design solutions 
if the next step criteria are not met. The implementation of the proposed 
multidisciplinary design flow can significantly cut the HS electrical machine 
design time, and reduce the number of errors and related costs. 

 The work shows the detailed analysis of a special  HS PMSM topology. To the 
author’s knowledge, the PMSM topology with two poles, six slots, and tooth-coil 
windings has seldom been used in high-speed applications, and the constructed 
prototypes have lower output power. The advantages of the topology for the HS 
machinery are elaborated on. The topology is investigated from electromagnetic, 
mechanical, and thermal points of view. The results of the analytical and 
numerical calculations are confirmed by prototype measurements. The topology 
is suitable for a variety of low-power high-speed applications. Its performance 
limits are demonstrated in the work, in other words, the application field of the 
machine type is scientifically determined. 

 The investigation of the magnetic wedge materials and their covers for a harsh 
environment is presented in this dissertation. The motivation for this work was 
the lack of an information about the ability of the magnetic wedges to tolerate a 
harsh environment. The methods and analyses used in the study are shown. The 
results demonstrate the suitability of some of the studied materials for operation 
in the steam atmosphere and underline the best option among the samples under 
study. 

 The dissertation evaluates the risk of hysteresis losses in sintered NdFeB 
permanent magnets in high-speed electrical machines. This topic has not been 
studied before in the context of the high-speed electrical machines. A FEM study 
illustrates  the  conditions  that  can  lead  to  these  extra  losses  in  the  rotor.  These  
losses can cause the PM irreversible demagnetization and must be avoided at the 
design stage of the electrical machine. 
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2 Special high-speed PMSM topology 
The design process of any electrical machine is a multidisciplinary task. In the case of a 
high-speed machine, the multidisciplinary nature of the design process is of even higher 
importance. In addition to the electromagnetic design, mechanical and thermal 
calculations are involved in the design process. The design process is further complicated 
by a need to take into account phenomena from different scientific fields during the HS 
machine design. This fact is confirmed by the continuous research regarding different 
aspects of HS electrical machines in academia all over the world (Bárta & Ondr šek, 
2016; van der Geest et al., 2014; Pyrhönen et al., 2010; Jang et al., 2007; Bianchi et al., 
2003). 

High-speed electrical machines with permanent magnets require appropriate design to 
avoid critical failures during the operation. This is due to the nature of the SmCo and 
NdFeB permanent magnets. They are brittle, and therefore, precise mechanical 
calculations have to be made to avoid crumble. Joule losses caused by eddy currents occur 
in these magnets because of the significant conductivity. This leads to a temperature 
increase, which, together with the magnetic field, can cause the PM demagnetization. To 
avoid the risk of demagnetization, electromagnetic and thermal calculations of the PM 
rotor have to be performed together. In addition, the magnet remanence decreases with 
the higher temperatures, which can affect the machine performance and must be taken 
into account at the early design stage. 

Figure 2.1 illustrates a cross-section of the topology under investigation. In the rotor part, 
a full cylindrical permanent magnet has two poles. It is magnetized diametrically and the 
poles are shown in red and blue colors. A retaining sleeve around the magnet is shown in 
light  green.  The  construction  and  thickness  of  the  retaining  sleeve  are  one  of  the  key  
design components because thermal, electromagnetic, and mechanical limitations are 
applied to this part. 

Stator winding phases are shown in red, green, and blue colors. The opposing coils belong 
to  the  same phase,  and  because  of  the  2-pole  structure,  they  produce  flux  in  the  same 
direction. In this figure, the tooth-coil windings are made prewound to simplify the 
manufacturing process; however, this leads to a poor copper space factor. 

There are magnetic wedges between the stator tooth tips, which are shown in yellow. 
These wedges are a very important component in this topology because they can 
significantly improve the electromagnetic performance. 

In this chapter, the detailed analysis of the proposed topology is presented from different 
points of view. 
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Figure 2.1 Cross-section of the 2-pole, 6-slot HS PMSM with tooth-coil windings 

2.1 Design process 

The design of a conventional electrical machine is defined mostly by the electromagnetic 
calculations. In the case of a high-speed machine there are always limitations from the 
mechanical and thermal parts. Because of these limitations, there is a narrow window for 
the electromagnetic design. The task of the HS machine designer is not only to find the 
best solution from the electromagnetic point of view, but also to reach a compromise with 
designers from the other fields and to come up with a feasible solution. 

Figure 2.2 shows a design flowchart, which was specially developed for the HS PMSM 
topology under investigation. It consists of nine steps, conditions that have to be met in 
order to move to the next step, and suggestions for the designer if these conditions are not 
met. 

First, a requirement list is defined and a feasibility study is conducted to verify the initial 
design. For this task, a simple analytical model is suitable. If even the first feasible design 
cannot be found, some changes in the requirements may be considered. 

The actual design starts with the study of the rotor mechanical limitations. At this step, 
the rotor materials are preliminarily defined, or a couple of material options are analyzed. 
The analytical expressions presented in Publication V are used to find the limiting rotor 
size. The actual electromagnetic design starts with analytical calculations, followed by 
the FEM analysis. At this stage, also the initial cooling solution is selected. After that, the 
parameters of the machine are transferred to the next step for the initial rotordynamics 
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analysis. The sixth step is the selection or design of the bearings, for instance, in the case 
of active magnetic bearings. Then, the casing design must be performed to verify the 
dimensions of the system. 

 

Figure 2.2 Flowchart of the high-speed PMSM design 
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The data for the cooling design are collected from the previous step and from the 
electromagnetic design. Thermal analysis is performed applying lumped-parameter-
based model. If the thermal limitations are met, a detailed rotordynamics analysis is 
performed using analytical toolbox in Matlab® (MathWorks, 2016). In the final step, the 
manufacturing drawings are prepared, and the machine is assembled and commissioned. 
After that, different test procedures can be conducted in order to verify the design 
assumptions. 

This design flowchart was proposed for the HS electrical machine topology under 
investigation; however, with slight modifications, it is applicable to any HS machine. The 
detailed description of every step can be found in Publication V. This dissertation work 
concentrates  mostly  on  step  3,  which  deals  with  the  electromagnetic  design  of  the  HS 
PMSM. 

Numerical electromagnetic analysis was performed using the FLUX 2D commercial FEM 
software (Cedrat, 2016). The results were obtained using two-dimensional, transient 
analysis with sinusoidal voltage sources. 

2.2 Geometry 

The cross-sections of the different HS PMSMs with the proposed topology are illustrated 
in Figure 1.3 and Figure 2.1. A 3D model of the designed 6-slot, 2-pole electrical machine 
is shown in Figure 2.3. The geometry features of this machine follow the key design ideas 
and are aimed to find a compromise between mechanical, thermal, and electromagnetic 
requirements. 

 

Figure 2.3 3D model of the HS PMSM having six slots and two poles 
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The geometry configuration of the HS PMSM under consideration is made to satisfy the 
following requirements: 

 simple and cost-effective manufacture, 
 short total axial length, and 
 low electromagnetic losses. 

In this machine there are only six slots to minimize the work required for the stator 
manufacture. Tooth-coil windings allow two possible ways of cost-effective 
manufacturing. In the first case, the coils are prewound and placed above the insulated 
stator teeth in the machine assembly process. This option is illustrated in Figure 2.1. It 
must be noted that the copper space factor is very low in this case. The machine must be 
always made open-slot to enable coil assembly.  

The second option of the cost-effective winding manufacture is shown in Figure 1.3 and 
Figure 2.3. The stator is made of six separate segments, which are then assembled 
together. Each segment is prewound before the assembly, which enables a very high 
copper space factor and allows modifying the stator tooth tip geometry and making semi-
closed slots. The segmented stator structure reduces the material loss in the laser cutting. 
From one single lamination sheet, more useful stator lamination can be produced and less 
material is discarded. One prewound segment is shown in Figure 2.4. Both winding 
manufacturing options reduce manufacturing costs in serial production. 

 

Figure 2.4 Photo of the prewound segment for the 6-slot stator 
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A short total axial length is important from the rotordynamics point of view. A shorter 
rotor enables higher critical frequencies, which, in turn, allow higher rotational speeds in 
undercritical operation. An overcritical system is also possible; however, it introduces a 
number of difficulties to be solved for a stable operation. 

To reduce losses in the electrical machine and in the frequency converter, a low number 
of poles is selected in high-speed applications. In the case of a 2-pole machine with 
distributed windings, the protrusion length of the end windings can be equal or even more 
than the active stator length. This leads to a longer rotor and sets an extra limitation from 
the rotordynamics. 

A comparison of the total axial machine length in the case of distributed and tooth-coil 
windings is provided in Publication I. It also can be seen in Figure 1.1 that the protrusion 
length  of  the  distributed  windings  is  significant.  In  contrast,  Figure  2.4  shows that  the  
tooth-coil windings do not increase the machine total length almost at all. 

The geometry considerations that enable loss minimization include the stator yoke 
thickness, the air gap length, and optimization of the tooth tips and wedge geometries. A 
detailed discussion of these aspects is given in the following section. 

2.3 Losses and loss minimization 

A high power density and a high nominal frequency in high-speed electrical machines 
cause extra losses in the small machine volume. This fact leads not only to a poor 
electromagnetic performance, but the losses may even cause machine breakdown. Two 
most critical areas in the topology under study are the permanent magnet and the stator 
end windings.  

A high end winding temperature is a common problem in many rotating electrical 
machines (Boglietti et al., 2009). In the topology under investigation, the end winding 
temperature is less critical because in the case of forced air cooling, the heat is dissipated 
directly from the winding surface. There are also cooling air passages between the coils. 

A comparison of the distributed and tooth-coil windings in high-speed machines is given 
in Publication IV and in (Merdzan et al., 2015). The winding factor in the case of a 6-slot, 
2-pole machine with tooth-coil windings is only 0.5 (El-Refaie, 2010; Magnussen et al., 
2007). However, the end windings are significantly shorter in this topology. For the 
comparative analysis, a machine with distributed windings and the same power, speed, 
and current density was designed. It has 12 slots, 2 poles, and double-layer windings with 
short pitching equal to 5/6. The copper loss level was about 100% higher in the case of 
the tooth-coil machine because of the lower winding factor. Copper losses in 12-slot, 2-
pole machine with distributed windings were 44 W in the nominal operating point, and 
copper losses in 6-slot, 2-pole machine with tooth-coil windings were 88 W in the 
nominal operating point. 
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This problem could be partly solved by changing over to a 3-slot, 2-pole design, which 
has a high fundamental winding factor. However, a 3-slot machine produces significantly 
higher rotor eddy current losses compared with the 6-slot topology because of the air gap 
spatial harmonics. According to (Noguchi & Kano, 2007a; Noguchi et al., 2007b), the 
total losses can be 130% higher in a 3-slot, 2-pole machine compared with a 6-slot, 2-
pole machine. In addition, there is always a high unbalanced magnetic pull (UMP) in a 3-
slot configuration. It is caused by the odd space harmonics of the radial forces, 
particularly by the fundamental harmonic (Lim et al., 2015; Zhu et al., 2007). These radial 
forces significantly reduce the lifetime of traditional bearings. Therefore, in spite of the 
lower copper losses and a more simple construction, a 3-slot, 2-pole machine has high 
rotor losses and a high UMP, which are critical drawbacks. 

Extra  copper  losses  may  occur  at  high  frequencies  for  numerous  reasons.  These  extra  
losses have to be minimized as they can significantly raise the winding temperature 
(Gonzalez & Saban, 2014). First, skin effect in the conductors must be avoided (Sullivan, 
1999). For this reason, in the designed machines, each conductor was divided into several 
wires with a diameter less than the penetration depth at the operating frequency. 

Several parallel wires together with, for example, rotating magnetic field produced by the 
permanent magnet may cause circulating currents, which increase copper losses. An 
effective way to reduce these losses is the use of Litz wires (Hämäläinen et al., 2014; 
Wojda & Kazimierczuk, 2012). However, this solution is quite expensive in small 
machines, and one of the objectives of the topology under study is cost minimization. 
Therefore, several parallel wires were twisted with some 360-degree twists per stator 
stack  length.  This  solution  provides  results  similar  to  the  Litz  wires  but  at  lower  
production costs (van der Geest et al., 2014). One stator segment with the proposed 
windings is shown in Figure 2.4. 

Magnetic wedges between the tooth tips enable different aspects of loss minimization 
including the winding shielding from the rotating field produced by the PM. This 
shielding reduces the extra eddy currents in the conductors and reduces the copper extra 
losses. The other loss minimization effects obtained by the magnetic wedges are 
discussed further in this section. 

The comparison of the distributed and tooth-coil windings is not limited to the copper 
losses only. The air gap flux density and its harmonic contents are different in these types 
of windings. Figure 2.5 illustrates these parameters in the designed HS PMSM with 
distributed windings. 

Figure 2.6 shows the normal component of the flux density in the middle of the air gap 
and its per unit harmonic contents for the studied 6-slot, 2-pole machine with tooth-coil 
windings. Both machines were simulated using the FEM and, the results were obtained 
in the nominal point. 
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In the case of the DW machine, the 11th and 13th harmonics are dominant, and for the 
machine with TC windings,  the 5th and 7th are the highest.  The number of stator slots,  
which is 12 in the DW case and 6 in the TC winding case, is the key reason for this kind 
of a distribution. 

 

Figure 2.5 Normal component of the flux density in the middle of the air gap and its per unit 
harmonic contents in a 12-slot HS PMSM with distributed windings. The amplitude value of the 
fundamental component is 0.74 T 
 

 

Figure 2.6 Normal component of the flux density in the middle of the air gap and its per unit 
harmonic contents in a 6-slot HS PMSM with tooth-coil windings. The amplitude value of the 
fundamental component is 0.76 T 
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These harmonic contents are the main reasons for the rotor losses, which consist of the 
PM losses and the retaining sleeve losses. The 5th and 7th harmonics cause more losses 
than  the  11th and 13th ones because of their lower number in the case of the same 
amplitude. Moreover, the total harmonic distortion (THD) is higher in the case of the 
tooth-coil windings. Thus, the total rotor losses are 45 W in the case of the TC winding 
machine and 18 W in the case of the DW machine. The nominal power of both machines 
is 11 kW at 31 200 rpm. 

If there is no limitation on the machine outer diameter, the yoke thickness can be 
optimized to minimize the total core losses. According to the different models of core 
losses, an increase in the flux density leads to a significant increase in the total core losses 
in high-speed electrical machines (Choi et al., 2013). Therefore, it is possible to increase 
the yoke thickness, which, in turn, decreases the yoke flux density. The lower yoke flux 
density provides lower per unit core losses. On the other hand, an increase in the stator 
outer diameter also increases the stator yoke volume, which leads to higher material 
consumption. Finally, it is possible to find an optimum outer diameter with which the 
yoke core losses can be minimized keeping a reasonable amount of lamination applied. 

Figure 2.7 shows the total stator core losses and their components at different stator outer 
diameters. The results were produced by the FEM in the nominal operating point. The 
value of the stator teeth losses remains almost unchanged with an increase in the stator 
outer diameter. The yoke core losses decrease with an increase in the stator diameter, 
which causes a decrease in the total stator core losses. The optimum value of the stator 
outer diameter in the designed 11 kW, 6-slot, 2-pole HS PMSM is 242 mm. 

 

Figure 2.7 Stator core loss distribution with different stator outer diameters 
 



2 Special high-speed PMSM topology 34

At this diameter value, the teeth core losses are equal to the yoke core losses. A further 
increase in the stator outer diameter does not significantly decrease the total core losses 
but leads to inefficient lamination material usage. 

In the topology under investigation, the rotor PM temperature is one of the most critical 
parameters. To reduce this value, some rotor loss minimization solutions must be 
implemented. One of the ways to reduce rotor losses in the FEM design stage is the 
adjustment of the air gap length. An increase in the physical air gap enables filtering of 
the high-order harmonics and reduces the Joule losses caused by eddy currents in the 
retaining sleeve and in the magnet (Liu, 2010). However, an increase in the air gap length 
negatively affects the PMSM performance and a change only below 20% is allowed. 

The next solution for the rotor loss minimization is the optimization of the stator tooth tip 
zone. It includes geometry modification of the tooth tips in order to reduce the air gap 
harmonics resulting from the slotting. In the case of the prefabricated winding solution, 
shown in Figure 2.1, it is not possible because of the open slot requirement. However, in 
the case of the segmented structure, tooth tips can be modified to achieve minimum rotor 
losses. The limiting factor during the optimization process is the increase in the tooth tip 
flux leakage. 

The installation of the magnetic wedges between the tooth tips enables a further reduction 
of the air gap flux density harmonics and the rotor losses. The influence of the magnetic 
wedge installation on the reduction of slot opening harmonics is studied in Publication II. 
Figure 2.8 shows the harmonic content reduction of the air gap flux density normal 
component in the middle of the air gap resulting from the implementation of the magnetic 
wedges. The harmonic magnitudes are presented in per unit values for a fair comparison. 
All the harmonics were calculated by a FEM analysis. The harmonics caused by the slot 
openings were calculated at no load and at the rated speed without current in the stator.  

 

Figure 2.8 Air gap flux density normal component harmonics caused by the discrete current 
distribution and the slot openings (a) without magnetic wedges (amplitude of the fundamental 
component is 0.68 T) and (b) with installed magnetic wedges (amplitude of the fundamental 
component is 0.70 T) 
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After that, the slot permeance and the current harmonics were separated from each other 
at the nominal load. The voltage source supply was used for the FEM simulations. The 
5th,  7th, 11th, and 13th harmonics caused by the slot openings were reduced. The THD 
reduction after the magnetic wedge installation is about 25% in the 11 kW, 31 200 rpm 
HS PMSM with the topology under investigation. This leads to a reduction in the rotor 
losses both in the retaining sleeve and in the permanent magnet. 

The magnetic wedge shape has a major impact on the reduction of slot harmonics. The 
optimization of the magnetic wedge shape is performed together with the tooth tip 
optimization. One of the limiting factors is the manufacturability of the proposed wedge 
shape. Another factor that should be taken into account in the wedge shape optimization 
is the possible increase in the air gap friction losses. 

Publication I describes the effects of the above-mentioned solutions on the HS PMSM 
rotor loss minimization. The effect of the different optimization options for the 11 kW 
HS PMSM with the proposed topology is shown in Figure 2.9. The results of the FEM 
simulation illustrate the losses in the rated operating point in each case. The first option 
represents the initial machine configuration calculated by analytical tools. To reduce the  

 

 

Figure 2.9 Rotor loss minimization options and their effect on the total rotor losses: 1) Physical 
air  gap equal  to  2 mm, no wedges,  the retaining sleeve thickness is  3  mm; 2)  Physical  air  gap 
equal to 2 mm, magnetic wedges with a relative permeability of 3, the retaining sleeve thickness 
is 3 mm; 3) Air gap 2 mm, magnetic wedges with a relative permeability of 3, the retaining sleeve 
thickness is reduced to 2.5 mm; 4) Air gap is increased to 3.4 mm by increasing the stator inner 
diameter, magnetic wedges with a relative permeability of 3 and optimized shape, the retaining 
sleeve thickness is 2.5 mm 
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rotor losses, several design solutions were implemented. The option number two 
represents the installation of the magnetic wedges between the tooth tips, and leads to an 
about 37% reduction in the total rotor losses. The option number three increases the 
physical air gap by a reduction in the retaining sleeve thickness from 3 to 2.5 mm. Finally, 
the option number four includes an additional increase in the physical air gap by 
increasing the stator inner diameter and by wedge shape optimization. The total rotor 
losses after the proposed optimization steps are only 27% of the initial design rotor losses. 

A typical loss distribution in the topology under investigation is illustrated in Figure 2.10. 
It is possible to design the machine so that the core and copper losses in this HS PMSM 
are approximately equal. Together, these losses account for about 25 % of the total losses. 
Further, as it was shown in Figure 2.7, the yoke and teeth core losses are about the same. 
These two factors are considered the rule of thumb for the optimal loss distribution. 

In  spite  of  the  significant  difference  in  the  copper  and  rotor  losses  with  the  tooth-coil  
winding configuration, the total losses are only 13% higher for the TC windings compared 
with the designed DW machine.  The TC winding design allows a significantly shorter 
rotor, and further, this solution shifts the limitations from the rotordynamics to the 
electromagnetics and heat transfer. Therefore, loss minimization mechanisms are 
required in the proposed 6-slot, 2-pole HS PMSM with TC windings. 

After the rotor loss minimization, the rotor losses account for only 7% of the total losses. 
The additional losses are calculated as 0.5% of the output power. The mechanical losses 
are dominant in this kind of an HS PMSM. This is because the bearing losses are included 
in the calculations. The implementation of AMBs can significantly reduce the proportion 
of mechanical losses, increase the total system efficiency, and extend the drive system 
lifetime. 

 

Figure 2.10 Loss distribution in the 11 kW, 31 200 rpm HS PMSM with the proposed topology. 
The results are obtained by the FEM in the nominal point 
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2.4 Measurement results 

The verification of the analytical and FEM calculations is possible only through 
measurements. For this purpose, prototypes are required. Following the design flowchart 
introduced in Figure 2.2, two prototypes were built with the topology under investigation. 
The first one is a 3.5 kW, 45 000 rpm HS PMSM for a gas blower application. Dr. Nerg 
made the electromagnetic design of this machine. The machine has open slots, and its 
cross-section is illustrated in Figure 2.1. It is equipped with active magnetic bearings, 
which significantly reduce the mechanical losses and increase the total system efficiency 
(Jastrzebski et al., 2013). 

The second prototype is the 11 kW, 31 200 rpm PM generator for a micro-Organic 
Rankine Cycle (micro-ORC) power plant. The ORC is a Rankine cycle in which the 
working fluid is an organic fluid (Uusitalo et al., 2014). In this application, the electrical 
machine is installed on the same shaft with the turbine. Part of the organic fluid is passing 
through the generator air gap and through the stator slots between the coils. Because of 
the low temperature, this working fluid ensures cooling of the HS PMSM. Photos of this 
machine are shown in Figure 1.4 and Figure 2.4. The loss minimization analysis in 
Section 2.3 is related to this machine. 

The key design parameters of the constructed prototypes are listed in Table 2.1. A detailed 
comparison of these machines is presented in Publication III. Both machines have six 
stator slots, two poles, and tooth-coil windings. The rotors are made of a full cylindrical 
magnet and a retaining sleeve around it. SmCo magnets are used in both prototypes to 
ensure stable operation also at high operating temperatures. 

The machines have similar hot areas, which are the permanent magnet and the end 
windings. To minimize the rotor losses, different approaches are adopted in each case. In 
the case of the 3.5 kW HS PMSM, more expensive materials are selected to decrease 
losses. They include titanium for the retaining sleeve and NO10 for the stator stack 
lamination (Cogent, 2016). For the 11 kW HS PMSM, inexpensive materials with higher 
per unit losses were chosen. The loss minimization options in this machine are reported 
in Section 2.3. These options are aimed mostly at the machine geometry optimization. 

The use of active magnetic bearings in the 3.5 kW HS PMSM enables equal loss 
distribution. The loss proportions of the copper, core, rotor, and mechanical losses each 
account for about 25 % of the total losses. This leads to an optimal loss distribution, less 
complicated cooling, and reliable operation. In contrast, the use of ball bearings in the 11 
kW machine leads to the fact that about two-thirds of the total losses are due to the 
mechanical losses, as it is shown in Figure 2.10. 
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Table 2.1 Main parameters of the HS PMSM prototypes  

Machine parameter 3.5 kW PMSM 11 kW PMSM 

Rated rotational speed nn, rpm 45 000 31 200 

Number of stator slots Qs 6 6 

Number of poles p 2 2 

Rated torque Tn, Nm 0.74 3.36 

Rotor outer diameter Dr, mm 39 46 

Air gap diameter D , mm 43 52 

External diameter De, mm 140 242 

Active length l, mm 22 60 

Permanent magnet length lPM, mm 32 70 

Permanent magnet remanence Br, T 1.10 1.12 

Stator stack lamination material  NO10 M-270-35A 

Retaining sleeve material  Ti-6AL-4V Stainless steel AISI 316L 

Magnetic wedge material  Spindurol™ Magnoval 2067™ 

Bearing type  AMB Ball bearing 

 

The measurement setup for the prototypes includes an eddy current brake and a radially 
flexible mechanical coupling between it and the tested machine. Figure 2.11 shows the 
test setup, where the eddy current brake is the green device on the right and the 11 kW 
HS PMSM prototype in a special testing configuration is on the left. 

No-load and load tests were performed for this machine. The full load tests were limited 
to 25 000 rpm owing to the limitation of the eddy current brake bearings. However, the 
nominal power operating point was achieved by using a higher load torque. The machine 
was working in the motor mode, and the input power was measured by a power analyzer. 
The output power was measured by the eddy current brake. The measurement results of 
the 11 kW HS PMSM provide the efficiency map shown in Figure 2.13. The results above 
25 000 rpm were extrapolated from the measured data using gridfit analytical procedures 
in Matlab® (Mathworks, 2016; Keim & Herrmann, 1998). 
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Figure 2.11 Test setup of the 11 kW HS PMSM prototype 
 

The calculated efficiency map for the 11 kW HS PMSM is shown in Figure 2.12. A FEM 
analysis of about 400 points was performed to achieve a calculated efficiency map. The 
nominal operating point is indicated by a green circle in both efficiency maps. The 
measured and calculated results show a good agreement, especially at high rotational 
speeds. In the nominal operating point, the efficiency difference between the measured 
and calculated data is below 1%. 

These results verify the considerations and assumptions made in the machine design. The 
topology under investigation with an appropriate design is suitable for low-power, high-
speed applications. The benefits of this topology include simple and cost-effective 
manufacturing process, short total axial length, and lower electromagnetic losses. 
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Figure 2.12 Calculated efficiency map of the 11 kW HS PMSM 
 

 

Figure 2.13 Measured efficiency map of the 11 kW HS PMSM. The results above 25 000 rpm 
were extrapolated from the measured data using analytical procedures
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3 Material selection in high-speed electrical machines 
The development of electrical machines follows the invention and industrial production 
of  new  materials.  Compared  with  previously  used  materials,  new  ones  may  provide  a  
more rigid structure, lower per unit losses, better electromagnetic properties, lower costs, 
or a combination of these advantages. For example, the invention of the NdFeB magnet 
manufacturing process has boosted the development of the PMSMs (Morimoto et al., 
2014; Petrov & Pyrhönen, 2013; Sagawa et al., 1984). 

New materials are usually used in electrical machines to overcome their physical 
limitations. This is especially important in high-speed machines, because in many cases 
the performance and the maximum achievable speed or power are limited by the material 
properties. Moreover, numerous factors such as high mechanical stresses and high 
temperatures are acting simultaneously on the materials in the high-speed electrical 
machines.  

The design stage of the HS PMSM with the topology under study includes a selection of 
the stator lamination, rotor retaining sleeve, and permanent magnet materials. In this 
process, not only the physical properties of the materials are taken into account, but the 
material cost and availability are important factors. Special attention is paid to the extra 
losses in the materials because of the high operating frequencies. 

One of the advantages of the HS machines is the direct connection with the working tool, 
which eliminates a need for a gearbox. In the applications such as a gas compressor or a 
hermetic turbogenerator, the process environment is aggressive and sets extra limitations 
on the insulation materials if the electrical machine is in direct contact with the harsh 
environment. The aging tests should be performed to confirm the stable operation, for 
instance, in a steam atmosphere or natural gas, of all materials applied in such electrical 
machines. 

3.1 Stator lamination 

Stator lamination in the electrical machines can be silicon-iron (Si-Fe), aluminum-iron 
(Al-Fe), silicon-aluminum-iron (Si-Al-Fe), or cobalt-iron (Co-Fe) based alloys. Co-Fe 
enables high saturation magnetization and low core losses at very high frequencies 
(Bernard et al., 2012; Gerada et al., 2014). However, the price of Co-Fe materials is 
significantly higher compared with Si-Fe, and therefore, they are not used in the PMSM 
topology under investigation because it aims at a low-cost production price. 

Lamination properties include, for example, losses at different frequencies and flux 
densities, space factor, saturation magnetization, resistivity, and yield strength. These 
parameters for the most commonly used laminations in high-speed machines are shown 
in Table 3.1. The data are obtained from several manufacturers (Arnold Magnetics, 2016; 
Cogent, 2016; Senda et al., 2004). 
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Table 3.1 Stator lamination material parameters  

Material 

Loss at 
400 Hz 
and 1 T, 

W/kg 

Loss at 
2500 Hz 
and 1 T, 

W/kg 

Thick-
ness, 
mm 

Space 
factor, 

kFe 

Satura-
tion flux 

density, T 

Resistivity, 
R m

Ohm cm) 

Yield 
strength, 

MPa 

Price 

M270-
50A 24.1 627 0.5 0.97 1.77 55 470 Low 

M270-
35A 17.1 352 0.35 0.96 1.76 55 455 Low 

NO27 13.7 255 0.27 0.94 1.75 59 440 Medium 

NO20 12.2 205 0.2 0.92 1.82 52 400 Medium 

NO10 12.1 119 0.1 0.9 1.75 52 400 High 

Arnon 
5™ 9 110 0.125 0.91 1.7 48 320 Very 

high 

10JNEX- 
900™ 

6 98 0.1 0.9 1.84 48 610 Very 
high 

 

The lamination material selection is highly dependent on the required machine efficiency 
and nominal working frequency. Therefore, losses at the required frequency and 
lamination thickness are the key material parameters. The other parameters are very 
similar for all listed materials and do not play a significant role in the case of the stator 
lamination application. The material cutting method can also influence the core losses 
(Liu et al., 2008). 

Thin and low per unit loss materials are more expensive and may not be available in stock. 
For example, Arnon 5 and 10JNEX900 have exceptional properties and are expensive. 
These materials are selected for the most demanding applications. 

According to Table 2.1, NO10 was the stator lamination in the 3.5 kW, 45 000 rpm 
PMSM, and M270-35A was used in the 11 kW PMSM. More expensive NO10 lamination 
was used in the 3.5 kW prototype because of the high nominal frequency. An acceptable 
level of losses was achieved using less expensive M270-35A in the 11 kW PMSM. 
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3.2 Retaining sleeve materials 

Selection of the retaining sleeve material is one of the most important steps during the 
design process of an HS PMSM. In the case of the TC topology used here, the selection 
of the sleeve material is even more critical. It affects the stable machine operation under 
rated and partial loads. The factors that define the suitability of the material for the 
retaining sleeve application are the high mechanical rigidity, low per unit losses, and high 
thermal conductivity. It is important to combine these properties in one material. 

Because of the tough requirements, only a few materials are suitable for the rotor retaining 
sleeve application. The most commonly used materials are different stainless steel grades 
(e.g. ANSI 316L), titanium (e.g. TI6Al4V), Inconel 718, and different carbon fiber 
grades. The parameters of these materials are shown in Table 3.2 (Kolondzovski et al., 
2009; Cho et al., 2006). Some other less common materials can be found in the literature 
(Li et al., 2014b; Yon et al., 2012). 

Table 3.2 Rotor retaining sleeve material parameters  

Material 
Yield 

strength, 
MPa 

Density, 
, kg/m3 

Thermal 
conductivity, , 

W/(m K) at 100 °C 

Resistivity, 
R m

Ohm cm) 

Price 

ANSI 316L 205 8000 16.2 74 Low 

TI6Al4V 880 4430 6.7 178 Medium 

Inconel 718 1100 8190 11.4 125 High 

Carbon 
fiber 1000 1800 0.9 2850 High 

 

The yield stress together with the material density defines the maximum rotational speed 
of the rotor with the fixed geometry. Resistivity defines the amount of losses generated 
in the retaining sleeve as a result of eddy currents (Li et al., 2014b). Thermal conductivity 
determines the ability of the material to transfer the heat generated in the permanent 
magnet and the retaining sleeve. 

Stainless steel retaining sleeves can be used only if the stresses are low, for example, if 
the peripheral speed is below 150 m/s. The losses caused by eddy currents are high in 
these sleeves because of the low material resistivity value. Therefore, an appropriate 
geometry design is required to minimize the asynchronous harmonic content of the air 
gap flux density, which causes eddy currents in the retaining sleeve. The advantages of 
this material are high thermal conductivity, low price, and wide availability. 
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The high yield strength and low density of titanium allow tolerating high mechanical 
stresses. The high resistivity of this material is one of its key advantages. This property 
allows an electrical machine designer to modify the HS machine parameters in a wider 
range. A titanium retaining sleeve has an attractive cost/performance ratio and is often 
the first option in the HS machine topology design under consideration. 

Inconel and carbon fiber are used in very demanding applications. They both have 
outstanding mechanical properties; however, their price is high and availability is limited. 
The resistivity of Inconel 718 is 30% less than that of TI6Al4V, which causes higher 
losses. This is compensated with an about 40% higher thermal conductivity of the Inconel 
enabling better heat dissipation.  

Carbon fiber can tolerate the highest stresses because of its high yield strength and low 
density. It is possible to suggest that, in practice, there are no losses in the carbon fiber 
retaining sleeve because of the very high material resistivity. The key drawback of the 
carbon fiber is the very low thermal conductivity caused by the impregnating resin. The 
heat generated in the PM under the retaining sleeve has to be dissipated. For this purpose, 
an internal rotor cooling is required in the case of the carbon fiber retaining sleeve. It is 
very difficult to arrange such cooling in the HS topology under study. 

The selection of the retaining sleeve material is defined by the stresses between the rotor 
sleeve and the magnet, electromagnetic performance requirements, cost issues, and, 
sometimes, by the operation medium. 

In some cases, it is possible to use rotor coating to reduce eddy current losses in the 
retaining sleeve. Coating with a material with a very high conductivity, for example, 
copper can significantly reduce rotor losses caused by eddy currents. In addition, a highly 
conductive coating filters air gap flux density harmonics and reduces permanent magnet 
losses caused by eddy currents. This principle is also used in the copper-coated solid rotor 
high-speed induction motors. 

3.3 Permanent magnets 

In order to minimize the rotor eddy current losses, appropriately designed HS electrical 
machines require high values of air gap flux density together with a long air gap. 
Therefore, only SmCo and NdFeB magnets are usually used in HS PMSMs. NdFeB 
magnets are more common in PMSM applications and have a higher remanence 
compared with SmCo. SmCo magnets can tolerate higher temperatures, but they are more 
expensive.  The latest  achievements in SmCo materials show a superior performance; a 
high remanence and an extremely high operating temperature. For example Arnold’s 
Recoma 33 E™ has approx. 1.15 T remanence at 100 °C and can tolerate demagnetization 
field creating zero flux density in the magnet at 300 °C. 

There are many different grades of neodymium permanent magnets, and the grade names 
depend on manufacturers. In general, the amount of terbium and dysprosium in the 
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permanent magnet defines the temperature tolerance and demagnetization properties. 
Simultaneously, a high terbium and dysprosium content decreases the magnet remanent 
flux density. A high amount of terbium and dysprosium significantly increases the 
permanent magnet price. 

The key parameters of the magnet material for the HS machine design are remanence and 
demagnetization curves at different temperatures. Even in the high-class magnet grades 
there  is  a  compromise  between  high  remanence  and  high  temperature  tolerances.  It  is  
important to remember that the PM properties vary depending on the temperature, and 
for instance, the magnet remanent flux density must be selected for the rated operating 
temperature. 

Figure 3.1 shows a typical demagnetization curve for a NdFeB magnet. The curve 
includes the second and third quadrants of the BH plane. The demagnetization curves are 
given for different temperatures. Usually, the manufacturers provide the magnet 
demagnetization curves for the second quadrant only. In some cases, there can be a 
requirement for the PMSM to tolerate terminal short-circuits without PM irreversible 
demagnetization. During a short-circuit, the peak currents may produce negative values 
of flux density inside the permanent magnet for a very short period. Because of this risk, 
it is necessary to check the third quadrant of the PM demagnetization curve. In Figure 
3.1, the second quadrant is provided by the manufacturer, and the third quadrant is drawn 
by the author based on the manufacturer’s data. 

For example, the magnet shown in Figure 3.1 can tolerate negative flux density values 
down to –0.4 T at 120 °C without irreversible demagnetization. If the working 
temperature of the magnet is 100 °C, it can tolerate negative flux density down to –0.7 T. 

Permanent magnets are prone to Joule losses produced by eddy currents (Dubas & 
Rahideh, 2014; Bianchi et al., 2010; Han et al., 2010). These eddy current are caused by 
asynchronous air gap flux density harmonics, which are not filtered by the air gap and the 
retaining sleeve. The proportion of the PM losses in the total rotor losses grows when the 
frequency increases. This is because the higher order harmonics pass the retaining sleeve 
material and penetrate the permanent magnets more easily. 

The mechanism of possible hysteresis losses in sintered NdFeB magnets is studied in 
Publication VII. The paper discusses the theoretical background of the PM polarization 
behavior, hysteresis behavior, the measurement results, and the role of sintered PM 
hysteresis losses in the rotating electrical machines. 

According to the theoretical studies and measurements, hysteresis losses in PMs seem 
possible when the flux density in the magnet fluctuates above and below the remanent 
flux density. This situation is not typical for conventional electrical machines. However, 
in the case of an HS PMSM, the armature reaction may cause a situation where hysteresis 
losses occur in normal operation. 
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Figure 3.1 Magnet demagnetization curves at different temperatures (Neorem, 2016) 
 

Figure 3.2 illustrates an HS PMSM, which was designed to demonstrate the possibility of 
PM hysteresis losses. The armature reaction of the machine was designed to be extremely 
high. The colors show the flux densities inside the magnets in the rated point operation. 
The magnets located in the center part of the poles are operating close to the magnet 
remanent flux density, which is 1.01 T in this design. Figure 3.3 shows the variations of 
the flux density inside the center magnets during one electrical period. It can be seen that 
the flux density travels above and below the PM remanent flux density. 

This situation can cause additional hysteresis losses inside the PM, and therefore, this 
kind of a PMSM design must be avoided. 
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Figure 3.2 Flux distribution of an HS PMSM with a high armature reaction at the rated load 
 

 

Figure 3.3 PM flux density variation in the magnet located in the center part of the poles during 
one electrical period 
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3.4 Materials in a harsh environment 

The application of HS electrical machines can significantly increase the efficiency of 
small turbogenerators. A direct coupling of the electrical machine rotor with the turbine 
wheel eliminates a need for a gearbox, which increases the system efficiency and 
enhances the reliability of the turbogenerator.  

Publication VI describes a hermetic 1 MW, 12 500 rpm HS IM, designed to operate in a 
direct contact with the turbine leakage steam. This solution provides an extremely high 
level of integration and reduces the size of the system. The hermetic construction enables 
a small power plant without a massive boiler feedwater purification system. As a result, 
all the materials applied in this high-speed induction machine must tolerate the leakage 
steam, which has a temperature of about 120 °C, over the machine lifetime. 

The material aging tests were performed to verify their applicability before building the 
prototype. Figure 3.4 shows a test setup built to perform the aging tests in a steam 
atmosphere. The test column consists of the top part with the input, output, and pressure-
relief valves and the removable bottom part. 

 

Figure 3.4 Test column for the materials to be used in a steam atmosphere 
 

The  bottom  part  consists  of  the  matrix  in  which  the  test  samples  can  be  placed,  the  
temperature and pressure sensors, and a controllable heater. In the tests, the samples are 
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placed into the matrix, the bottom part is fixed, and the column is filled with water. After 
that, the heater boils water to achieve the required steam atmosphere parameters based on 
the sensor data. In the test, the required parameters are automatically maintained for a 
given period. 

First, the described test installation was used for the magnetic slot wedge tests. 
Information about the capability of wedge products to tolerate a steam atmosphere was 
not available from the wedge manufacturers. Several base materials and coatings were 
selected and tested in different conditions. A photo of the samples right after the 300 h 
aging test is shown in Figure 3.5. 

Before and after every test all the samples were analyzed, and the results of the 
measurements were compared. The analyses include visual diagnostics, analysis of the 
microscope images, measurement of physical dimensions, and the FTIR. Figure 3.6 
shows microscope images of one sample before and after the test. Degradation of the 
coating material is clearly seen in the figure. A detailed description of the magnetic wedge 
tests can be found in Publication VI. 

 

Figure 3.5 Magnetic wedge samples after the aging test, 300 hours at 150 °C temperature 
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Figure 3.6 Microscope image of the wedge sample before (top) and after the aging test (bottom), 
300 hours at 150 °C temperature 
 

Some manufacturers of glued lamination stacks have confirmed the ability of their 
product to tolerate a steam atmosphere. However, it was decided to verify this fact by 
measurements  in  the  installation  under  consideration.  The  tested  glues  retained  the  
lamination contact after a 500 h test in all samples. Some sample photos after the test are 
shown in Figure 3.7 and Figure 3.8. The physical dimension measurements also 
confirmed the visual observations. 

 

Figure 3.7 Lamination sample glued with Suralac 9000™ (Cogent, 2016) after the aging test, 
500 hours at 160 °C temperature 
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Figure 3.8 Lamination sample glued with VOLTATEX E 1175 W™ (Axalta, 2016) after the 
aging test, 500 hours at 160 °C temperature 
 

 

Figure 3.9 Glued lamination wound with a PEEK (Zeus, 2016) insulated wire after the aging 
test, 500 hours at 160 °C temperature 
 

The other components of the steam-resistant electrical machine insulation system were 
selected based on the previous research (Sihvo, 2010; Sihvo et al., 2007). Copper wire 
PEEK (polyetheretherketone) insulation was tested together with one of the glued 
lamination tests. In this test, the PEEK insulation was broken because of the sharp 
lamination edges and the absence of any insulation between the wire and the lamination 
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stack corners. A photo of the broken PEEK insulation is shown in Figure 3.9. Careful 
winding work must be ensured to avoid the insulation breakdown in the prototype 
machine. 

Based on the previous research and extra aging tests, all components of the steam-
resistant insulation system were selected, and their ability to tolerate a steam atmosphere 
was confirmed. These components are listed in Table 3.3. 

Table 3.3 Materials for the steam-resistant insulation system  

System 
component 

Material type Material example 

Conductor 
insulation 

PEEK PEEK insulated wire 

Wire outer 
insulation 

Aramid paper e.g. Nomex  

Impregnating 
resin 

Single-component epoxy resin e.g. Epoxylite 578EB™ 

Wedge Brushed painting with Alkyd lack and 
dipped in epoxy resin  

Epoxy resin 60841 

Lamination M270-50A with bonding core sheet 
varnish 

VOLTATEX E 1175 
W™ 

 

The materials applied in high-speed electrical machines have to combine high values of 
the several parameters in order to achieve mechanical rigidity, high electromagnetic 
performance, acceptable thermal conductivity, and high temperature tolerance. The 
material  price  must  be  taken  into  account  in  most  of  the  designs.  In  addition  to  these  
challenges, there can be extra requirements involved in every specific case. For example, 
when the armature reaction is high permanent magnet hysteresis losses may occur. In 
applications where the electrical machine is in a direct contact with a harsh environment, 
aging tests of the insulation system must be performed.  
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4 Conclusions 
In this doctoral dissertation, the important role of high-speed electrical machines in 
various fields of industry was highlighted. The advantages provided by the HS machinery 
were discussed, and design problems were introduced. A special HS PMSM topology that 
helps to overcome rotordynamic and high cost problems related to the HS machines was 
studied.  

The PMSMs having two poles, six stator slots, and tooth-coil windings were designed to 
enable simple and cost-effective manufacturing, a short total axial length, and low 
electromagnetic losses. The key geometry dimensions, losses, and ways to minimize these 
losses were presented in the doctoral dissertation. The loss distribution in the proposed 
topology is highly dependent on the selected bearing type because friction losses 
constitute the major part of the total losses. 

Two prototypes were built adopting different loss minimization approaches. In the 3.5 
kW, 45 000 rpm machine for a turbo blower application, expensive materials with low 
per unit losses were used. In the 11 kW, 31 200 rpm generator for a micro-ORC power 
plant, less expensive materials were used, and an effort for the geometry optimization 
was made to minimize the losses. The stator outer diameter was optimized to minimize 
the losses and keep the low material consumption. The rotor losses were minimized by 
using the air gap length and optimization of the tooth tip and magnetic wedge geometries. 

The prototype measurement results show a good agreement with the simulation studies. 
The proposed topology is suitable at least for low-power high-speed applications, and it 
enables reaching the design targets, namely, simple and cost-effective manufacture, short 
total axial length, and low electromagnetic losses. 

The multidisciplinary nature of the HS PMSM design was illustrated by the two tested 
prototypes. A design flowchart, which presents the required input and output parameters 
for the mechanical, electromagnetic, and thermal engineers, was introduced. This 
flowchart defines the conditions that have to be met to move to the next step and suggests 
the actions that can be undertaken if these conditions are not met. The implementation of 
the  proposed  design  procedure  can  help  specialists  from  different  fields  to  design  HS  
PMSMs effectively, and, with small modifications, other types of HS machines. 

In this doctoral dissertation, the most commonly used materials in the HS PMSM were 
discussed. Lamination, rotor retaining sleeve, and permanent magnet material properties 
and considerations for the selection of these materials were discussed. Price is one of the 
key parameters in the material selection for a low-cost HS electrical machine. 

Further, the risk of hysteresis losses in sintered NdFeB magnets was discussed in this 
doctoral dissertation. It is possible to obtain conditions that can cause PM hysteresis 
losses in HS electrical machines in the rated operating point. The armature reaction is 
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typically  high  in  machines  with  a  low  pole  number,  which  usually  the  case  in  HS  
applications. 

Material selection for a steam-resistant insulation system and the material testing 
procedure were described in this work. These materials will be used in a hermetic 
turbogenerator. 

4.1 Suggestions for further research 

The design of an HS electrical machine starts with the selection of the machine topology. 
The most commonly used machine types are PMSMs and IMs with integral slot 
distributed windings. It is important to first compare these types of machines in order to 
start a detailed design. The development of a straightforward procedure that can suggest 
the most suitable topology based on the input parameters and boundary conditions will 
be very useful for a fast design concept selection. 

The limitations of the presented HS PMSM topology would be studied. The maximum 
speed and power limits and the factors defining them in the proposed topology should be 
determined. This will help to overcome the limits and increase the application range of 
the topology under investigation. It would be advisable to assess methods that help to 
overcome the limitations in order to minimize the effort needed to increase the machine 
speed and power and decrease production costs. 

The advantages of the AMBs in the HS machines can be fully exploited in cases with a 
high system integration level. For this purpose, an instrument aimed at the combined 
design of HS machines with AMBs is required. The development of such an instrument 
can be beneficial for the electrical, mechanical, and control engineers because it cuts 
down the design time and the number of errors. 

The development of an analytical model for the hysteresis loss assessment in sintered 
NdFeB PM should be provided. The risk of PM hysteresis losses at a very early stage 
should be predicted with this model. In the case of such a risk, the machine design can be 
rapidly adjusted to avoid PM hysteresis losses. 
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Abstract— This paper investigates loss minimization in high-
speed, low-power Permanent Magnet Synchronous Machines 
(PMSMs) with tooth-coil windings (TC-PMSMs). The influence 
of the main geometric parameters on the loss distribution is 
studied. Stator core and winding losses as well as rotor sleeve and 
permanent magnet (PM) losses are evaluated. The effect of the 
magnetic wedges on the loss distribution is examined. The 
machine working temperature and related PM demagnetization 
risks at the rated working point are presented for two- and three-
phase short-circuits. The total losses of the designed PMSM are 
evaluated and a minimum total loss value is obtained. 

Keywords—Permanent magnet (PM) machines; magnetic 
losses; design optimization. 

I.  INTRODUCTION  
The aim of reducing energy production losses and 

increasing energy efficiency forms the underlying motivation 
for much research and new technology. Within this context, 
distributed generation is one of the more rapidly developing 
fields of energy research and production. The utilization of 
distributed power generation means the design of systems 
based on site-specific conditions, the minimization of 
transmission losses and a decrease in the share of conventional 
electricity production [1].  

The Organic Rankine Cycle (ORC) is a well-known 
physical method used to transform waste heat into electrical 
energy and is eminently suitable for decentralized energy 
production applications [2]. An important part of ORC systems 
converting thermal energy first into mechanical energy and 
then to electricity is a high-speed turbo generator realized with 
a Permanent Magnet Synchronous Generator (PMSG). 

Permanent Magnet Synchronous Machines (PMSMs) have 
found application in a number of fields, for instance, hybrid 
electric vehicles (HEV), ship propulsion, wind turbines and 
elevators [3]. The direct drive high-speed operation principle of 
PMSMs creates the possibility of increasing machine power 
and torque densities and also of simplifying the system design 
by removing the need for a gearbox [4]. Well-known examples 
of applications using high-speed Permanent Magnet 
Synchronous Machines (HSPMSM) are vacuum pumps, 
turbines, machine tools, compressors, blowers, friction welding 
units, and machine tool spindle drives, to name a few [4], [5]. 
In recent years, tooth-coil windings have gained popularity due 

to their manufacturing advantages. Such windings consist of 
section coils with a coil span of a slot pitch [6]. 

This paper discusses loss minimization using as an example 
the design of a high-speed PM generator for a micro-ORC 
power plant project. In the generator design, the principal 
requirements of the project were low losses and short length. 
Based on the given boundary conditions, an electrical machine 
with a PM and tooth-coil windings was selected for 
investigation. Such coil configuration has a number of 
advantages, for example, short end turns, a high slot fill factor, 
low cogging torque and good fault tolerance [7]. The output 
power of the designed two-pole permanent-magnet 
synchronous generator (PMSG) is 11 kW at 31 200 rpm. The 
geometry of the PMSG is illustrated in Fig. 1. 

Fig. 2 (a) shows the longitude section of PMSM with 
traditional distributed windings and the number of slots per 
pole and phase, q equal to 2 an equivalent to the designed 

978-1-4799-0224-8/13/$31.00 ©2013 IEEE 2960



 
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=(σd
2 /12) ⋅ (1/T ) B(t)2 dt

0

T
∫ , (1) 

 
where Pc is the per unit power loss, and σ and d are the 
lamination sheet conductivity and thickness respectively [13]. 
Consequently, the power loss over the period T is proportional 
to the squared magnetic flux density B. Therefore, in order to 
reduce the stator yoke losses, it is necessary to lower the value 
of the flux density. In the optimization procedure, the value of 
the stator outer diameter was varied with the aim of finding the 
lowest value at which the heat exchange of the generator with 
the environment satisfies the given requirements. 

Fig. 3 illustrates the iron losses of the stator yoke and the 
stator teeth as a percentage of the total stator iron losses for the 
machine under study. As the stator outer diameter increases, 
the share of the stator teeth losses grows and the proportion of 
the stator yoke losses reduces. At the point when the geometry 
parameter is equal to 242 mm, the losses shares from the two 
parts of the stator become equal, indicating appropriate heat 
transfer at the stator outer surface. Further enlargement of the 
stator has little impact on the total stator iron loss value and 
additional material expenses incurred in further enlargement 
are inefficient. 

The PM length must be chosen carefully at the design 
stage, because the 2D FEM analysis does not consider the end 
effects. The current linkage of the permanent magnet behaves 
differently than the winding current linkage, therefore, to avoid 
back-electromotive-force (back EMF) reduction the magnet 
length must be at least an air-gap distance longer than the stator 
stack [14]. 
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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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Abstract
Mechanical and electro-magnetic limitations of high-speed tooth-coil electrical machines having 6 slots
and 2 poles are investigated. The paper analyses the performance of a designed high-speed Permanent
Magnet Synchronous Generator with Tooth-Coil windings (TC-PMSM) with the topology mentioned.
The generator nominal power is designed for 11 kW and nominal rotation speed is set to 31 200 rpm.

Introduction
High-speed electrical machines are today a mature and proven technology area. The development of
such machines is constantly growing because of the need for the high-speed solution in turbochargers,
mechanical turbo-compounding systems, aero engine spools, helicopter engines, racing engines and fuel
pumps [1]. The reason for that is a number of advantages, for instance, high power and torque density,
simplification of the system by removing a gearbox. Thereby, direct drives reduce weight, costs and
improve a reliability of the system [2].
Tooth-coil (TC) windings are becoming popular in different applications. First of all, both single and
double layer tooth-coil windings are cheap to manufacture and are therefore an interesting alternative
also for low-power high-speed machines if the problems related to the high amount of harmonic current
linkages can be solved. One of the main advantages of using TC windings in high-speed applications is
the short end windings. Especially, in case of two-pole machines the traditional windings have extremely
large end windings that force the rotor long and therefore easily supercritical. Using TC winding instead
helps keeping the rotors short which results in higher critical speeds.
In this case the simplest possible permanent magnet (PM) rotor is used as a starting point. A diametrally
magnetized cylindrical magnet forms the rotor excitation and a tubular housing around the permanent
magnet creates the mechanical strength of the shaft. Such a design has its dimensional and thereby
power limits that will be studied in this paper.
Losses of the electrical machine define the cooling needs and contribute the machine design limits. Since
single layer TC windings create a higher amount of harmonics multilayer TC windings should be favored
in higher speed applications. A comparison of different TC winding types is given in [3]. The air-gap
length also has a significant impact on the harmonic content penetrating into the rotor surface. In a high-
speed PMSM the air gap length should, therefore, be selected higher than in low speed machines as it is
shown in [4]. Higher air gap length leads to greater cooling flow area and that decreases the temperatures
in the electric machine active parts.
TC windings also provide the opportunity to pass the coolant directly through the slots between the
windings and effectively cool them down. A photo of a stator prototype, using TC windings, is shown in
Fig. 1.



Figure 1: Six-slot two-pole prototype for a small high-speed PMSM

The electromagnetic design parameters define most of the design requirements. However, simultaneously
the mechanical properties such as rotor dynamics, mechanical rigidness and manufacturability should be
considered to produce a working generator. Selection of the mechanical structure has major impact for
the final product lifetime, quality and price. In the following chapter permanent magnet rotor topologies
are introduced and the most important mechanical phenomena are studied for the selected topology. The
generator main parameters are represented in Table I.

Table I: Generator parameters

Rated speed nn, min−1 31 200

Rated power Pn, kW 11

Number of poles, p 2

Number of stator slots, Qs 6

Rated torque, Tn, Nm 3.36

Synchronous inductance, Ls, pu 0.44

Rotor outer radius, Ro, m 0.023

The application where the developed high-speed PM generator is implemented is a micro-Organic Rank-
ine Cycle (ORC) power plant. The target is to design an easily manufacturable and cheap construction for
the active parts of the generator. Due to the manufacturability and the preferable TC winding segmented
stator structure is selected.

Mechanical topologies and limitations
Several rotor topologies for permanent magnet machines are introduced. The different rotor topologies
for PMSMs are shown in Fig. 2. Depending on the machine parameters correct topology should be
selected. The rotor topology affects the mechanical rigidness of the machine and it should be selected
not only from the machine performance point of view but should also take the mechanical limitations
into account. The internal permanent magnet (IPM) rotor (Fig. 2a) has to be optimized carefully in case
of the high-speed machines. The construction has to provide structural integrity and at the same time has
to be thin enough and not shunt the magnet flux [5]. Nevertheless, a 2-pole electrical machine is difficult
to implement with interior permanent magnet with a working design. The surface permanent magnet
(SPM) construction (Fig. 2b) is a good option from the electromagnetic point of view, but it needs to
have a retaining sleeve to tolerate high-speeds. The full cylinder magnet inside a retaining sleeve is the
most convenient option from the mechanical rigidness point of view, however it could produce more



losses [6]. The stator of the designed high-speed Permanent Magnet Synchronous Generator (HSPMSG)
is shown in Fig. 1 and the rotor of this machine has a topology illustrated in Fig. 2c.

Figure 2: Permanent magnet rotor topologies. a) Multiple-pole internal permanent magnet; b) Two or multiple
pole surface permanent magnet with retaining sleeve; c) Two-pole full cylindrical magnet with retaining sleeve

The high-speed machines require more complex computations compared to the low-speed machines due
to the material limitations and dynamical behaviour. Mechanical limitations can be divided into three
main categories. First is the maximum diameter that the rotor can have to withstand the high rotation
speed and the centrifugal force caused by that. Second is the fitting to maintain the contact between the
permanent magnet and sleeve during all conditions. Third is the rotor dynamics. The rotor dynamical
performance varies as a function of rotation speed and due to that the rotor dynamics have a major effect
to the rotor performance and durability.
The coating materials could be divided into conducting and non-conducting ones. The trade-off between
these materials is explained in a way that a conducting material causes losses in the rotor, but usually can
tolerate more mechanical loads. In high-speed machines with full cylindrical magnet it is necessary to
use metallic sleeves, which are, therefore, conducting, to transfer the torque and to maintain rigidity [7].
The preliminary dimensions for the maximum shaft radius can be calculated as

roe =

√
σmec

C′ρΩ 2 , (1)

where σmec is the material yield strength, C′ = 3+ν

8 - for the full cylindrical with retaining sleeve, ν is
the Poisson’s ratio, ρ is the material density, and Ω is the angular velocity of the rotor. Therefore, the
maximum radius of the rotor at the desired speed is restricted by the allowed mechanical stress [4]. It
should be noted that equation (1) only considers the centrifugal force and does not take into account any
additional stresses such as thermal stresses due to differences in material thermal expansion coefficients,
stresses due interference fit between magnet and the sleeve, stresses caused by dynamical conditions such
as operating at critical speed. These additional stresses increase the total stress affecting the structure.
However, the yield strength should not be exceeded in any condition. Due to that the yield strength value
used in equation (1) should include the safety factor and due to that it should be below the actual yield
strength. However, this gives an idea of the rotor size.
When the estimated value for the rotor radius is calculated then it is possible to calculate the length of
the active part of the rotor for the particular machine to fulfill the required power and torque values.
The optimization technique for the rotor volume, which also shows the high dependence on the thermal
modeling is described in [8].
The next factor, that could cause the failure of PM and the rotor itself, is the elastic limitation. Magnet
and sleeve should be in a contact during all possible operation conditions. In the case of SmCo magnet
material and stainless steel the rotation and operation temperature cause magnet and sleeve to expand.
The total expansion of the magnet and the sleeve, (uPM and uSL), can be calculated by considering the
expansion due to the rotation speed, (uPMΩ and uSLΩ), as well as the expansion of due to the thermal
expansion, (uPMtemp and uSLtemp). The total expansion can be calculated as

uPM(r) = uPMΩ +uPMtemp

= 3+νPM
8 ρPMΩ 2 1−νPM

EPM
r
[
rPM

2− 1+νPM
3+νPM

r2
]
+ αPMr∆t ,

uSL(r) = uSLΩ +uSLtemp

= 3+νSL
8 ρSLΩ 2 1−νSL

ESL
r
[
r2

SLi + r2
SLo−

1+νSL
3+νSL

r2 + 1+νSL
1−νSL

r2
SLir

2
SLo

r2

]
+ αSLr∆t ,

(2)



where r is the radius from the center where the expansion is calculated, subscripts PM and SL refers to
magnet and sleeve, ν is the Poisson’s ratio of given material, ρ is the material density, Ω is the rotation
speed, E is the modulus of elasticity, rPM is the magnet radius, rSLi is the sleeve inner radius and rSLo is
the sleeve outer radius, α is the thermal expansion coefficient and ∆t is the temperature difference from
the room temperature.
Magnet and sleeve should be fixed in a away that the produced torque is transmitted to the rotor shaft.
Usually this is done by manufacturing the sleeve smaller than the magnet outer diameter and with the
difference in the temperatures enables to install the sleeve over the magnet. This is called shrink fit or
interference fit. The interference fit between the magnet and sleeve should be selected so that the yield
strength of the magnet or the sleeve are not exceeded and the maximum temperature of the permanent
magnet is not exceeded. The dynamical interference fit, λ , can be calculated by considering the total
expansion calculated with equation (2) and reduce that amount from the designed static interference fit,
usinterf, amount as λ = uPM + uSL− usinterf. The dynamic contact pressure between the magnet and the
sleeve can be calculated as

pc =
λ rPMEPMESL(r2

PM− r2
SLo)((

r4
PM− r2

PMr2
SLo
)

νSL− r4
PM− r2

PMr2
SLo
)

EPM+((
−r4

PM + r2
PMr2

SLo
)

νPM + r4
PM− r2

PMr2
SLo
)

ESL

(3)

The stresses due to the rotation speed, thermal effect and pressure from the interference fit are highest
in the contact point between magnet and sleeve. Tangential and radial stresses can be calculated as a
function of r due to the contact pressure, rotation of the magnet and sleeve as

σrc =
r2

SLi pc−r2
SLo po

r2
SLo−r2

SLi
− r2

SLir
2
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r2(r2
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where pc contact pressure and po pressure in the electric machine (air). With the superposition theorem
the radial and tangential stresses in the sleeve can be sum into one σrtot = σrc +σrSLΩ and σttot = σtc +

σtSLΩ. The VonMises stress can be calculated then as σvmises =
√

σ2
ttot−σttotσrtot +σ2

rtot. [9, 10]

Third step of the analysis is the rotor’s dynamical behaviour over the operation speed. The rotor dynamics
is the criterion of the reliable electrical machine operation. The rotor dynamics do not only limit the
performance of the motor itself but also affects the bearings, shaft dimensioning and other environment
of the installation. The natural frequencies of the rotor as well as the vibration responses caused by
excitation forces, e.g, unbalance forces, should be determined. In order to determine the rotor dynamics
accurately both analytical solution including the finite element method and experimental verification
should be performed. The experimental test can be used to determine, e.g, the stiffness of the magnet
and sleeve contact. First step is to determine the free-free vibration modes, i.e, non-supported modes.
Three first free-free modes for the studied structure are shown in Fig. 3. The calculated results of the
free-free modes are validated with a laser scanning vibrometer (LSV).
Second step is to determine the critical speeds of the rotor bearing system, i.e, supported structure.
Stiffness of the support and gyroscopic effect varies as a function of rotation speed which affects the
natural frequencies. The critical speeds occur when the natural frequencies coincides with the rotor
rotation speed. The critical speeds can be determined by plotting a Campbell diagram where the natural
frequencies are shown as a function of the rotation speed. Third step is to calculate steady state response
where the force caused by residual unbalance shows the vibration amplitude in the critical speeds. The
steady state response is used to determine the severity of the critical speeds to the rotor’s dynamical
behaviour. [11, 12]
Active Magnetic bearings (AMBs) are gaining popularity in high-speed applications because there is no
mechanical contact between the bearings and the rotor, thereby mechanical friction losses are excluded
from the system, and thus, it is possible to gain higher rotational speeds. An example of AMBs im-
plementation in a high-speed electrical machine and its advantages are described in [13]. Thereby, the
correct implementation of this technology could extend the mechanical limit of the high-speed electrical
machines.



First mode shape, 1528 Hz

Second mode shape, 3884 Hz

Third mode shape, 6916 Hz

Figure 3: Free-free modes of the studied rotor structure.

Electromagnetic limitations
Losses in the electrical machine apply constraints up to the maximum possible power. The first limit
is related to the maximum winding temperature rise and the second is associated to the irreversible
demagnetization of the PM [6]. This chapter discusses these two aspects using as an example the design
of a HSPMSG for a micro-ORC power plant project.
Copper losses are in a direct ratio to the current density in the windings. Double layer tooth-coil windings
allow implementing a segmented structure of the stator. This, in turn, leads to a higher copper space factor
and decreases current density. The micro-ORC installation construction together with TC windings also
allows to directly remove heat from the windings surface. The micro-ORC working fluid is passing
through the slots and cools the windings in an effective way.
The next way to extend the copper loss limit is by using multiphase windings. The increase of the phase
number, for instance, up to six, is leading to increasing of the possible maximum machine power by
dividing the energy flows in the winding into more channels and decreasing inverter power ratings per
phase. This option has also drawbacks, for example, the number of components is increasing which leads
to the reliability decrease. The analysis of different multiphase windings for aerospace machine has been
studied, for instance, in [14]. However, this limit is a subject of a further investigation.
The rotor losses of the PM machine do not significantly decrease the overall efficiency, however, they
could lead to the magnet demagnetization. In the implemented machine construction heat is removed
directly from the rotor surface as in case of windings. The SmCo magnet is preferable as it can tolerate
higher temperatures, however, its price is higher than NdFeB.
The rotor losses are caused by current linkage harmonics due to both slot opening and discrete current
distribution. Since the rotor is moving with constant speed, these harmonics cause eddy-currents in the
sleeve and PM [15].
Current linkage harmonics modelled using a finite-element model (FEA) analysis are illustrated in Fig.
4. The total harmonics are obtained by analysing the air gap flux density curve at the rated operating
point of the generator. The slot harmonics are received by no-load machine analysis at the rated speed.
The first harmonic is the working harmonic of the three phase 2-pole 6-slot machines and therefore it
is used as a base value for per unit representation. Since TC is implemented in HSPMSG the discrete
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Figure 4: Current linkage harmonics of six-slot two-pole high-speed PMSM. a) Without slot wedges; b) With
magnetic slot wedges



Table II: Rotor losses

Retaining sleeve losses, W Permanent magnet losses, W Total rotor losses, W

Without slot wedges 49 12 61

With magnetic slot wedges 34 11 45

current distribution harmonics accounts for a sizable proportion of the total harmonic content. However,
only part of these harmonics penetrate the rotor because of the increased air-gap of the electrical machine.
Tooth tips are designed in a way to decrease the harmonics due to slot openings. Nevertheless, further
reduction of these harmonics is possible by installation magnetic slot wedge’s between the tooth tips.
The wedges relative permeability has a great impact on the slot opening harmonic content. Due to the
availability limit wedges with a relative permeability equal to 3 were selected.
Fig. 4b shows the analysis of the generator with slot wedges. The total amount of slot opening harmon-
ics is decreased by 25.5% and, for instance, 17th harmonic is eliminated. Due to the air-gap harmonics
reduction total rotor losses are decreased, too. Table II shows the amount of losses in the permanent mag-
net and conducting sleeve before and after the slot wedges installation. The total rotor losses decreased
from 61 W to 45 W and therefore the magnet demagnetization risk is decreased.
The final machine configuration involves the 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.
The number of methods for reducing retaining sleeve losses could be found in [16]. The one way to
decrease the magnet losses is to divide the magnet into smaller pieces, therefore, the PM eddy-current
losses will reduce.
In case of the SPM with the retaining sleeve the rotor loss shares are similar. For instance, paper [17]
describes a technique to estimate rotor magnets and sleeve eddy-current losses in HSPMSM. The final
distribution of the rotor losses is 25% in the magnets and 75% is in the sleeve which is close to the results
obtained with the 2D FEA for the HSPMSG for a micro-ORC installation.

Conclusion
The implemented machine structure could be used in high-speed applications due to the mechanical
rigidness of the rotor and usage of tooth-coil windings. Rotor topology limits the maximum speed of
the electrical machine. This limit could be extended by using Active Magnetic Bearings. In case of
full cylindrical magnet usage of retaining sleeve leads to the trade offs between rigidness, price and
losses. The optimum amount of shrinkage could be found for the existing geometry parameters of the
rotor. Double layer TC windings could lead to the copper losses decrease due to the high copper space
factor and shorter end windings in comparing with distributed windings. Air-gap length increase cuts
the amount of harmonics, which reach the rotor. The installation of the slot wedges between tooth
tips leads to the significant reduction of the slot opening harmonic content. Therefore, rotor losses
decrease and together with correct selection of the magnet ensure the demagnetization risk absence. A
number of ways to extend the design limits of the HSPMSM were proposed. Designing a high-speed
electric generator has several requirements and the final solution has several compromises in order to
have suitable manufacturing costs. The prototype is build and preliminary runs are made.
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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
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Energy, Lappeenranta University of Technology, P.O. Box 20, 53851
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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
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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
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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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Abstract—High-speed permanent-magnet synchronous
machines (HS PMSMs) are a popular topology among
modern electrical machines. Suitable applications for such
machines are low-power vacuum pumps, compressors, and
chillers. This paper describes a systematic design method-
ology for an HS PMSM using two case studies. The design
process for such high-speed (HS) machines is multidis-
ciplinary and highly iterative due to the complex interac-
tion of the many design variables involved. Consequently,
no single optimum solution exists, and multiple possible
solutions can meet the customer requirements. Practi-
cal solutions should be within acceptable thermal limits,
should be energy-efficient, and should be rigid enough to
withstand the forces exerted during operation. The pro-
posed design flow is divided into steps that are presented
in this paper in the form of a flowchart with emphasis
on mechanical aspects. Each step represents a task for
a thermal, mechanical, or electrical engineer. The features
of each step and the prerequisites for moving to the next
step are discussed. The described methodology was im-
plemented in the design of two HS PMSMs. The output
performance results of the design flow are compared with
measured results of the prototypes. The design process de-
scribed in this paper provides a straightforward procedure
for the multidisciplinary design of HS permanent magnet
electrical machines.

Index Terms—AC machine, electrical design, high-speed
(HS) drive, mechanical design, permanent-magnet (PM) ma-
chines, rotating machines.
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I. INTRODUCTION

H IGH-SPEED (HS) electrical machines represent well-
established technology and are used in a number of

common industrial applications. HS machines provide benefits
such as high power density, small footprint, and high overall
system efficiency. One reason for these advantages is that HS
technology enables direct coupling between the HS electrical
machine and the working machine, which makes it possible
to avoid the requirement for a gearbox. The benefits inherent
to such machines have attracted the attention of manufacturers
producing, for example, gas compression appliances, turbines,
air blowers, vacuum pumps, machine tools, and spindle drives
[1], [2], and the market for HS machinery has shown excep-
tional growth over the last decade. This active interest in HS
machinery has led to a rise in the number of joint projects
between academia and industry [3].

From the design point of view, HS technology is challenging,
and a lot of research is ongoing regarding efficient and effective
solution development [4]. Successful design and operation of
an HS machine require that multiple design issues be reviewed
simultaneously [5]. In many applications, mechanical stresses
limit the performance of the HS electrical machine, and thus,
HS topologies are sometimes defined by the mechanical and
thermal limitations.

It is not generally possible to use a standard structure, and
each machine needs to be designed according to the specific re-
quirements of the application. Consequently, the design process
of an HS machine involves several steps prior to construction of
the first prototype. Arkkio et al. [6] proposed a design method-
ology for HS induction machines (HSIMs) and HS permanent-
magnet synchronous machines (HS PMSMs). However, the
methodology did not include rotordynamics analysis. An im-
proved design methodology was implemented in [7] to define
the maximum power and speed limits for an HS PMSM. Ranft
[8] proposed a design methodology chart for HSIM but did not
include thermal analysis in the methodology. Cheng et al. [9]
proposed a design flowchart for HS PMSM with the full cylin-
drical magnet in the rotor. However, the flowchart included only
electrical and mechanical designs, and the thermal analysis was
done separately. Bernard et al. [10] proposed a design flow
and analytical optimization for PMSM with a gearbox. The
design flow was for a screwdriver application with infinite stiff
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supports, which limits its implementation for HS machinery.
Although several design methodologies are presented in the lit-
erature, none of them proposes a comprehensive multidiscipli-
nary design process for HS applications that includes electrical,
mechanical, and thermal analyses.

To limit the number of possible options, the design methodol-
ogy presented in this paper was developed for a specific type of
HS electrical machine. The machines under consideration have
six stator slots and two poles, which, in a three-phase machine,
result in the number of slots per pole and phase (q = 1). The
machines utilize tooth-coil (TC) windings to have the shortest
possible overall length of a two-pole machine. This naturally
leads to a shorter rotor total length, which, in turn, expands
the mechanical boundaries with respect to critical speeds. With
a shorter rotor, the lowest flexible natural frequencies of the
rotor will be higher, and as a result, the machine operates below
critical speed, enabling still higher operational speeds.

The design process is explained and applied to two machines.
The developed prototypes use different approaches within the
scope of the presented design methodology. The first machine
under consideration is a 3.5-kW 45 000-r/min PMSM for a
gas blower application. In this machine, expensive materials
are selected to reduce losses and ensure mechanical rigidity
and acceptable temperatures. The second machine is a PM
generator with a rated operating point of 11 kW at 31 200
r/min. The machine works as a generator in a micro-organic
Rankine cycle power plant. The machine has the same topology
as the first machine but utilizes inexpensive materials. To reduce
high losses, alternative geometry optimization solutions are
implemented in the second machine.

The developed prototypes are built and tested. The machines’
performance calculation results are compared to the test results,
and conclusion is drawn regarding the suitability of the design
methodology for other types of HS electrical machines.

The main contribution of this paper is to propose a multidis-
ciplinary design process for a PMSM consisting of six stator
slots and two poles as well as a diametrically magnetized PM
and a TC wound stator in HS applications. Even though the
proposed design procedure is intended for the aforementioned
PMSM type, it can be applied, with slight modifications, to
other electrical machine types.

II. DESIGN PROCESS

The design process of an HS machine involves several steps
prior to construction of the first prototype. Fig. 1 shows a
general design flowchart for an HS PMSM. The design process
is divided into nine steps. These steps are tasks for engineers
and all have input and output design variables. Each of the steps
should yield results that satisfy the design requirements (step 1).
The flowchart has six decision points where the fulfillment
of the requirement list is verified. If the requirements are not
met, then a new iteration round is required. Each step creates
additional information and introduces further requirements,
e.g., in step 2, a maximum shaft diameter can be evaluated
from the initial requirements. If all of the requirements are
fulfilled, the process can proceed to the next step; otherwise,
the design should be changed until satisfactory results are

Fig. 1. Design flowchart for an HS PMSM.

achieved. In Fig. 1, the proposed actions to satisfy the additional
requirements are shown at the right side. When all of the steps
are completed and the design requirements are fulfilled, the first
prototype can be built.

The design process of an electric machine is thus a highly
iterative process, and for that reason, many concepts need to
be analyzed before the final solution is found. The required
calculations can first be done with analytical electromagnetic,
thermal, and structural analyses in order to constrain the di-
mensions. The constrained dimensions can then be used as
a starting point in subsequent steps. Finite-element method
(FEM) analysis can be used in the verification or to study the
structure in more detail.

The proposed design process is specially developed and
tested for an HS PMSM having six slots and two poles. The
decision to consider a specific type of machine was made in
order to limit the machine topology design variations, simplify
the initial design stage, and concentrate on the special features
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of the proposed machine topology. The selected electrical ma-
chine topology is justified with the following reasons.

First, one of the boundary conditions of the design was
reasonable manufacturing costs. This was taken into account
in the design flow. The topology with the lowest possible slot
number allows, in principle, cost effectiveness in manufactur-
ing. Noguchi et al. [11] compared a three-slot motor to a six-slot
motor with TC windings for an HS application. According to
their results, a three-slot motor has high unbalanced forces and
higher rotor losses compared to a six-slot motor. Consequently,
a six-slot stator was selected for both HS machines developed
in this work. Second, the machines have two poles, and thereby,
the iron losses are lower compared to solutions with a higher
number of poles at the considered operational frequencies.
Finally, TC windings were selected to achieve a reasonable
solution for short end winding axial protrusion length.

TC windings may be criticized in this kind of application
because the fundamental winding factor is greatly reduced
by the very narrow winding step. The winding factor is only
kw1 = 0.5, while in the case of a full pitch q = 1 winding, it
is kw1 = 1. However, in HS machines, the number of winding
turns is often so low that doubling them does not significantly
harm machine performance. Indeed, the amount of copper
can be about the same in TC windings and full pitch wind-
ings as the full pitch winding ends are so long compared
to the compact end windings in the case of TC windings.
However, even if copper losses increase due to the higher
number of turns, their share in the total loss distribution is
negligible compared to other losses, as will be shown later.
Iron and rotor losses are increased with TC windings due
to the higher air gap harmonic content compared to distrib-
uted windings (DWs). An alternative solution which enables
short end winding axial protrusion length is Gramme ring
windings [12].

The nine design steps (see Fig. 1) are explained in detail in
the following sections.

A. Step 1. Requirement List

The requirement list contains all of the requirements and
wishes that the final product should and could fulfill. At the
beginning of the design process, several parameters and values
need to be defined in order to achieve fluent design flow. The
requirement list can be updated after each step, e.g., when the
maximum rotor diameter has been defined. Table I shows an
example of a requirement list. In addition to the electrical,
mechanical, and thermal information of the type shown in
Table I, the requirement list should include other information
such as sealing information and requirements originating from
applicable industrial standards, e.g., the required degree of
protection against intrusions in the casing.

After the design engineers have studied the requirement list,
they have to prepare the specifications. The specifications must
be based on a system feasibility study. In the specifications,
extra technical information regarding the system may be added.
When the feasibility study has been completed, it is possible to
move to step 2.

TABLE I
EXAMPLE OF REQUIREMENT LIST

Fig. 2. Rotor structure with the dimensions used in the shrink fit
calculation.

It should be noted that the magnet material was not defined in
the requirement list for the prototypes in this study. Information
about the PM material is required to set the maximum shaft
diameter in step 2. If the magnet material is not defined in
the requirement list, the next step could be evaluation with
commonly used neodymium (NdFeB)- and samarium-cobalt
(SmCo) magnets. Furthermore, in step 3, the required thermal
class directly affects the magnet material selection.

B. Step 2. Limiting Rotor Size

The aim of the second step is to determine the limits on
rotor size for rotation at the nominal speed with a required
safety factor. As the rotation speed increases, the centrifugal
force creates greater stresses on the structure, and the maximum
diameter can be determined based on the properties of the used
material. In the proposed design process, a rotor structure with
a full cylindrical magnet and a retaining sleeve is implemented.
Fig. 2 illustrates the cross section of the rotor structure.

In most cases, the sleeve material used should be austenitic
steel or another nonmagnetic material to avoid PM flux leakage
and additional eddy-current losses. Contact between the magnet
and sleeve should be maintained at all times. In practice, this
means that the interference fit should be maintained for all oper-
ation conditions while simultaneously ensuring a large enough
safety margin relative to the yield strength of the material.

The PM material is affected by the expansion of the cen-
trifugal forces and, in the case of the SmCo material, the
temperature increase. The NdFeB PM material has a negative
thermal expansion coefficient perpendicular to the magnetiza-
tion direction, which causes magnet contraction as the rotor



UZHEGOV et al.: MULTIDISCIPLINARY DESIGN PROCESS OF A 6-SLOT 2-POLE HS PMSM 787

temperature rises. The sleeve is affected by the expansion due
to the centrifugal forces and increasing temperature [13].

The total expansion of the magnet and the sleeve (εPM and
εSL) can be calculated by considering the expansion due to
rotation speed (εPMΩ and εSLΩ) together with the expansion
due to thermal expansion (εPMtemp and εSLtemp) as

εPM(r) = εPMΩ + εPMtemp

=
3 + νPM

8
ρPMΩ2 1− νPM

EPM
r

[
rPM

2 − 1 + νPM

3 + νPM
r2
]

+ αPMrΔT

εSL(r) = εSLΩ + εSLtemp

=
3 + νSL

8
ρSLΩ

2 1− νSL
ESL

r

×
[
r2SLi + r2SLo −

1 + νSL
3 + νSL

r2 +
1 + νSL
1− νSL

r2SLir
2
SLo

r2

]

+ αSLrΔT (1)

where r is the radius from the center from which the expan-
sion is calculated, subscripts PM and SL refer to the magnet
and sleeve, respectively, ν is the Poisson’s ratio of the given
material, ρ is the material density, Ω is the rotation speed, E
is the modulus of elasticity, rPM is the magnet radius, rSLi is
the sleeve inner radius and rSLo is the sleeve outer radius, α is
the thermal expansion coefficient, and ΔT is the temperature
difference from room temperature. The temperature value is
selected close to the PM material operation limit to ensure
reliable operation at critical conditions. The temperature is up-
dated after the detailed thermal analysis is performed in step 7
and the next design iteration begins. The dimensions are shown
in Fig. 2.

In an HS PMSM, the magnet and sleeve should be fixed in a
way that the produced torque is transmitted to the rotor shaft.
This is usually done by manufacturing the sleeve smaller than
the magnet outer diameter and utilizing the temperature differ-
ence to install the sleeve over the magnet, the so-called shrink
fit or interference fit. The interference fit between the magnet
and sleeve should be selected so that neither the yield strength
of the magnet nor the sleeve is exceeded, nor the maximum
temperature of the PM. The dynamical interference fit λ can be
calculated by considering the total expansion calculated in (1)
and reducing that amount from the designed static interference
fit εsinterf amount as λ = εPM + εSL − εsinterf . The dynamic
contact pressure between the magnet and the sleeve pc can be
calculated as (2), shown at the bottom of the page.

The stresses due to the rotation speed, thermal effect, and
pressure from the interference fit are highest at the contact point
between the magnet and the sleeve. Tangential (t) and radial (r)

stresses can be calculated as a function of r based on the contact
pressure, rotation of the magnet and sleeve as

σrc =
r2SLipc − r2SLopo
r2SLo − r2SLi

− r2SLir
2
SLo(ps − po)

r2 (r2SLo − r2SLi)

σtc =
r2SLipc − r2SLopo
r2SLo − r2SLi

+
r2SLir

2
SLo(ps − po)

r2 (r2SLo − r2SLi)

σrPMΩ =
3 + νPM

8
ρPMΩ2[rPM − r2]
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8
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3 + νPM
r2
]

σrSLΩ =
3 + νSL
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ρSLΩ
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SLo
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]
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3+νSL
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r2SLi+r2SLo−

1+3νSL
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r2+
r2SLir

2
SLo
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(3)

where po is the pressure in the electrical machine (air). Using
the superposition theorem, the radial and tangential stresses in
the sleeve can be summed into σrtot = σrc + σrSLΩ and σttot =
σtc + σtSLΩ, and the von Mises stress can then be calculated as
σvmises =

√
σ2
ttot − σttotσrtot + σ2

rtot [14].

C. Step 3. Design of the Active Part of the Machine

Once the maximum rotor outer diameter has been defined,
electromagnetic design can be commenced. Based on the re-
quirement list and stress analysis information, the initial rotor
diameter and length are calculated. The length/diameter ratio
χ is a parameter that strongly affects the final machine design
performance because the electrical machine rotor length influ-
ences the rotordynamics and the rotor diameter influences the
mechanical losses [15].

It is important to remember at this stage that the actual rotor
length in a PM machine must be selected such that it is longer
than in a machine with winding-created current linkage. To
utilize the armature optimally and to avoid performance drop,
the PM length lPM should be selected as lPM ≈ l + 2δe, where
l is the physical length of the stator stack and δe is the magnetic
air gap length [16]. In other words, the PM rotor length must be
at least two magnetic air gaps longer than the stator core length.

The analytical electromagnetic design process follows the
procedure described in [13]. The different optimization tech-
niques for PMSMs can be found in [17]. During the machine
electromagnetic design, the stator and the rotor are calculated
simultaneously. The stator part itself is not critical in the
further rotordynamics analysis. However, the end winding axial
protrusion length will affect the total rotor length and the
rotordynamics.

pc =
λrPMEPMESL

(
r2PM − r2SLo

)
((r4PM − r2PMr2SLo) νSL − r4PM − r2PMr2SLo)EPM + ((−r4PM + r2PMr2SLo) νPM + r4PM − r2PMr2SLo)ESL

(2)
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The materials are defined at this stage. The selection of
the materials is closely connected to the electrical machine
design. The influence of the material selection on the design
process is shown with the examples of the developed prototypes
in Section III-A. The materials can be changed to meet the
requirements, as shown in Fig. 1.

After the machine electromagnetic design has been verified
by FEM, the machine parameters are grouped and are sent to
the relevant steps for further design and analysis. The stator
dimension and material selections are transferred to step 6 for
the casing design. The information about the rotor materials and
dimensions is sent to the next step, step 4, for simulation of the
dynamic behavior of the full rotor.

A preliminary decision about the cooling method is made
during the electromagnetic design. The calculated machine
losses are then sent to step 7 for detailed cooling analysis.

Manufacturing and assembly limitations must be taken into
account during the electromagnetic design to avoid extra iter-
ation steps. These limitations are, for example, fixtures on the
outer diameter of the stator.

Once the electromagnetic design of an HS machine is ready,
it must be verified that the rotor diameter is below the given
limit. If it is not possible to design the electrical machine within
the limitation calculated in step 2, other rotor materials must be
selected. In this case, steps 2 and 3 must be repeated.

D. Step 4. Initial Rotordynamics Analysis

The aim of the initial rotordynamics analysis is to determine
the feasibility of the proposed structure. At this point, the max-
imum diameter and length of the rotor of the electrical machine
are known. The length and diameter of the other parts of the
rotor, such as end windings, seals, bearings, and attachments
to the rotor, e.g., impellers, should be approximated. The added
mass and inertia of the impellers or couplings as well as the con-
nection method should be known to enable accurate prediction
of the dynamic behavior. When the conceptual rotor is known,
the model can then be built and analyzed. The operational speed
of the electrical machine is known from the requirement list,
so rotor performance in that speed region can be evaluated. As
a rule of thumb, the critical speeds should be ±15% from the
operational speed to guarantee good performance [18]. If the re-
sults are unsatisfactory, for example, the rotor is above the first
critical frequency at the operational point, the length/diameter
ratio can be modified, and steps 2 and 3 can be repeated. It
is also possible to operate above the critical frequencies, but
greater demands are then placed on the bearings in order to pass
the critical frequency.

The developed prototypes utilize a TC winding configura-
tion. Fig. 3 shows the effect of TC windings and DWs on
the rotor structure. The top part of Fig. 3 shows the original
structure used in the critical speed map analysis shown in
Fig. 4. This rotor design is possible when TC windings are
implemented, due to the shorter end winding protrusion length
in two-pole machines.

The bottom part of Fig. 3 shows the 50% longer center part
structure used in the critical speed map analysis shown in Fig. 4.
This longer rotor structure is an excessive result of utilizing

Fig. 3. Rotor structure for TC winding machine (top) and 50% longer
middle part for a full pitch DW machine (bottom).

Fig. 4. Critical speeds with TC winding structure (solid lines) and with
the 50% longer DW structure (dashed lines).

conventional DW. The end winding axial protrusion length is
about 50% greater than that with TC windings as shown in [19].
Moreover, with DW, there is uncertainty in the final end wind-
ing protrusion length because of manufacturing aspects. The
longer rotor represents the case where the end windings require
more space than assumed in the initial analysis. Practically, the
longer the rotor, the lower are the critical speeds. A rotor that
requires high critical speeds has to be short. A short design
also leads to a smaller and lighter machine, which is usually
a desired feature.

A critical speed map for the example structures in Fig. 3 is
shown in Fig. 4. Use of a critical speed map is a clear way to see
the relationship of the support stiffness to the critical speeds.
The horizontal axis in the figure gives the support stiffness,
and the vertical axis shows the critical speeds. The supports
in the rotors are usually bearings, and selection of the bearing
topology enables a specific stiffness to be achieved. The critical
speed map is calculated without damping at zero rotation speed,
and thus, it does not consider the gyroscopic effect. Knowledge
of the approximated critical speed permits the general rotor-
support behavior to be determined. The solid lines refer to
the TC structure, and the dashed lines refer to the structure in
which the largest diameter part of the shaft is 50% longer. The
vertical lines represent typical bearing stiffnesses with different
bearing topologies. Magnetic bearings have a stiffness value of
1 · 106 N/m, journal bearings 5 · 107 N/m, and ball bearings
1 · 108 N/m. The bearing stiffness margin in Fig. 4 is ±10%,
and the given values are in the radial direction.
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Fig. 4 shows that increasing the length of the rotor leads
to lower critical speeds. For example, with ball bearings, the
achievable stiffnesses are in the range of 1 · 108 N/m. With TC
windings, the first critical speed is 70 000 r/min, the second
is 72 000 r/min, and the third is 145 000 r/min. If the active
part length is increased by 50% because of the DWs, the first
critical speed drops to 35 000 r/min, the second to 71 000 r/min,
and the third to 100 000 r/min. In this case, the first and third
critical speeds have the biggest change when the length is
increased as the second critical speed is almost the same with
both models. By extension of the active part length, the first
critical speed is reduced to half that of the original structure.
For undercritical operation with 20% safety margin, the ma-
chine with TC windings could be driven at the rated speed of
56 000 r/min, and the machine with DW at the rated speed of
28 000 r/min.

E. Step 5. Bearing Selection

The bearing selection step is related to the previous step in
which the feasibility of the rotordynamics was determined. The
most commonly used bearing types are explained here, and
special parameters related to such bearings are determined.

The most commonly used bearing type is rolling element
bearings such as ball and spherical roller bearings. This type of
bearing is used in low- and medium-speed rotating machines.
These bearings have the highest stiffness, as can be seen in
Fig. 4 (black vertical line). As the rotation speed increases,
the centrifugal forces push the rolling elements to the outer
ring, and the stiffness at the center of the bearing consequently
decreases [20]. With HS operations, this topology requires
special design, and lightweight rolling elements should be
used, e.g., ceramic silicon nitride balls. Ceramic balls offer the
additional benefit of prevention of bearing currents. Rolling
element bearings are a passive type of bearing, and variation
in the bearing properties depends on the installation process.

Fluid film bearings are used when higher damping and higher
rotation speed are required. Very high rotation speeds can be
achieved with this type of bearing due to the discontinuity
between the pads. Tilted bearing pads can be used to give better
damping. The stiffness achieved with this type of bearing is
lower than that with ball bearings, which affects the operational
range, as can be seen in Fig. 4 [21].

Active magnetic bearings (AMBs) generally have lower stiff-
ness values than ball or journal bearings. However, they enable
active control of the stiffness and damping values. Because
there is no mechanical contact between the rotor and the
bearing, this type of bearing can be used in HS applications. The
maximum speed is limited by the stress on the electrical lami-
nation sheets that are required on the shaft at the radial bearing
location or by the bandwidth of the control system. Very HS
solutions with AMBs have been reported in [22] and [23].

Despite the many advantages of AMBs, such as low fric-
tion, cleanliness, possibility of actively controlling the rotor-
dynamics, etc., these bearings bring also significant design
challenges as they need extra length and add to the mass
of the rotor causing, therefore, easily exacerbating problems
with rotordynamics. AMBs may allow supercritical speeds, but

naturally, the control challenges are then emphasized. AMBs, in
principle, allow the highest speeds but require the longest rotor.
Shorter rotors permit higher critical speeds and can be made
with traditional ball bearings but do not allow HSs. Fluid film
bearings are widely used. The space needed for these bearings is
fairly low, but the bearings generate high losses, and naturally,
the lubricating system needed increases the complexity of the
fluid bearing systems.

F. Step 6. Casing Design

The casing provides support for the rotating part and protects
the inner part of the machine from the environment. All of the
requirements given in step 1, such as cooling concept, electrical
connections, and measurement connections (temperature, pres-
sure, etc.), should be met in the casing design step.

In step 4, the initial rotordynamics analysis is performed with
an assumption of rigid support as it has not been defined at that
point. When the casing is known, its stiffness can be calculated
with structural FEM software. A study by Nicholas and Barrett
[24] shows that the casing stiffness influences the rotor’s dy-
namical performance by lowering the critical speeds. Thus, a
rotordynamic model that includes bearing support stiffness will
predict the actual critical speeds more accurately.

The clearance required for the seals between the different
parts should be considered for the operating temperature range.
However, as the cooling is not yet fixed, a couple of design
loops exists between the casing design (step 6) and the cooling
design (step 7).

The casing dimensions must be below the values specified
in the requirements. If the outer dimensions exceed the limits,
the power density of the machine must be increased in step 3.
Any power density increase must be taken into account from
the cooling system design point of view.

G. Step 7. Cooling Design

The results from the previous steps are utilized in the
cooling design to ensure that the machine operating temper-
ature remains low enough for safe operation. The main input
parameters of the cooling design are the dimensions of the
machine and the materials used, including information about
the shrink fits, rotation speed, losses (electromagnetic and
mechanical losses), and allowed temperature rise. The most
common cooling method in HS electrical machinery is forced
air cooling, where an additional blower or a shaft-mounted
blower is utilized to create sufficient cooling air flow to remove
heat from the interior parts of the machine. In addition to
forced air cooling, liquid cooling solutions are also widely used
in industrial applications. In its simplest form, liquid cooling
involves the machining of cooling channels into the frame tube
above the stator stack. The heat is transferred mostly by thermal
conduction from the inner parts of the machine to the liquid-
cooled frame tube in the radial direction through the stator iron.
Combinations of forced air and liquid cooling methods also
exist [25]. A comprehensive state-of-the-art survey of cooling
solutions for HS electrical machines can be found, e.g., in [26].
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In order to select the most cost-efficient cooling method,
thermal analysis of the electrical machine is needed. The result
of the thermal analysis is the temperature distribution of the
machine structure at a given volumetric cooling fluid flow rate.
The volumetric cooling fluid flow rate needed and the total
pressure drop in the cooling channel constitute the basis of the
blower or pump selection.

Thermal analysis can be done utilizing lumped parameters,
FEM, or computation fluid dynamics. In most cases, lumped-
parameter-based thermal analysis is accurate enough, and in
terms of required computational time, it is the best option for
practical design purposes [27], [28]. The results of the lumped-
parameter-based analysis are the maximum and average values
of the temperature in the stator windings, stator core, PM, and
rotor sleeve, which will then be compared with the acceptable
values. The pressure drop within the cooling fluid flow passages
can be analytically calculated by utilizing the calculated cooling
fluid flow rate and the dimensions of the cooling fluid flow
passages.

If at this step the calculated temperatures are higher than
the selected materials can tolerate, changes are required at
the electromagnetic design stage (step 3). This problem can
be approached in several ways: an alternative cooling method
capable of dissipating more heat could be proposed, or the
machine type or topology could be changed. A less radical
solution might be via loss minimization, which can usually be
achieved through the use of different materials, by implement-
ing structural changes, or via geometry optimization.

H. Step 8. Detailed Rotordynamics Analysis

The conceptual rotordynamics was calculated in step 4, and
the conceptual suitability was determined. In step 4, the support
was assumed to be attached to rigid ground. At this point, more
details can be implemented to the rotordynamic analysis, e.g.,
a more detailed casing stiffness (initially considered in step 6)
can be included in the analysis.

Cooling design requirements and tolerances for the seals can
be included in the rotordynamics analysis. In step 4, the seals
were conceptual. Additional features that require modifications
to the shaft should also be included in the detailed rotordy-
namics analysis, e.g., shoulders for the sensors, fixture holes,
and shoulders for the seals (e.g., labyrinth seals). The dynamic
behavior of the rotor can be studied as it grows or shrink during
operation (sensitivity analysis). This is essential if the rotor is
very long and also if seals are used.

I. Step 9. Manufacturing, Assembly, and Commissioning

At this point, many design constraints have already been set,
and the structure can be considered as fulfilling the requirement
list. The design details now need to be transferred to the
manufacturing drawings. In this step, it would be beneficial to
know what tools are available in the manufacturing workshop in
order to avoid special machining (which is usually more costly).
Some parts such as the casing should be separated into sections
so that they can be manufactured and assembled easily [29].

Fig. 5. (a) 3.5-kW HS PM synchronous motor geometry. (b) 11-kW HS
PM synchronous generator geometry.

The aim is to use as many stock-sized parts as possible as they
are reasonably priced and do not require long machining times.

At the manufacturing stage, the devices required are detailed,
and arrangements and reservations are made for their use. Any
special tools that might be required should be designed at this
point. Examples of such tools are different kinds of jigs to
temporarily hold parts in place until the final attachment is com-
pleted. The required sensors and controls can also be ordered
(and designed) at the beginning of the prototype manufacturing
process.

One of the first activities in the commissioning step is to
check the requirement list in step 1 for special tests that might
be needed. In every case, however, the cooling method, rotor,
and electric machine should be tested to ensure that they fulfill
the design requirements and have the required performance.
The rotor can be tested before assembly with experimental
modal analysis (EMA). EMA reveals the free–free natural fre-
quencies, which can be compared to the rotordynamics model
used in the analyses. The model can then be modified to agree
more accurately with the actual rotor performance. It should be
noted that, in HS rotors, there is always a variation in the natural
frequencies of each rotor due to manufacturing imperfections
and differences in fittings and tolerances of the complete rotor
assembly.

III. CASE STUDIES

All of the steps of the design flow (see Fig. 1) were applied
to two HS PMSMs. The features of the designed electrical ma-
chines that affect the design flow are described in this section.

The designed prototypes under examination have similar
electrical machine topologies. Fig. 5 illustrates the topology of
the 3.5- and 11-kW PMSMs. In both cases, the rotor consists of
a full cylindrical magnet, which is diametrically magnetized.

The PM is inserted inside the retaining sleeve using a shrink
fit method in which the sleeve is heated and the cold magnet
inserted inside. The magnet is made of one piece, and the
retaining sleeve materials in both machines are nonmagnetic;
therefore, no additional forces affect the PM during the instal-
lation into the sleeve.

Sintered PM materials are well suited for this kind of instal-
lation as they have high pressure tolerance. It must, however,
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TABLE II
DESIGNED MACHINE MECHANICAL STRESSES

be borne in mind that the temperatures in the magnet material
must remain low enough during the rotor assembly not to affect
the material magnetization. Without special arrangements, the
magnet is, in principle, in air during this work, and its flux
density is therefore very low. This may be critical if the sleeve
temperature is high and heat is transferred to the magnet
material after sliding it into the sleeve. This installation phase
must be studied by FEA and the stresses caused compared to
the J,H-chart of the PM material. As a remedy, this phase can
also be realized inside a ferromagnetic special steel tube tool to
enable a higher flux density before cooling the rotor.

A. Materials

Although the two machines under consideration have sim-
ilar topologies, the parts are made of different materials. The
material selection of the retaining sleeve affects the overall HS
machine design, especially with hollow shaft constructions. The
sleeve has to tolerate stresses from the centrifugal forces, and
the boundary surface contact between the PM and the sleeve
must exist throughout the machine operation [30]. In addition,
in configurations with hollow shaft, the torque is transferred
through the retaining sleeve only.

In both machines in this study, the magnet retaining sleeves
are made of an electrically conductive material, and rotor losses
due to eddy-currents will therefore exist. With skillful design,
these losses do not usually lead to a significant efficiency
drop [31]. Nevertheless, if heat dissipation from the rotor is
poor, the sleeve eddy-current losses could cause irreversible
demagnetization of the PM because of direct heating of the
magnet. Thus, material electromagnetic properties place some
restrictions on selection of the material of the magnet retaining
sleeve. Study of different sleeve materials for HS applications
can be found, for instance, in [32].

A titanium retaining sleeve was selected for the 3.5-kW
PMSM. Titanium, for example Ti-6AL-4 V, has exceptional
mechanical properties, and its conductivity is equal to 5.8 ·
105 S/m, which is 70% lower than stainless steel conductiv-
ity. Austenitic stainless steel AISI 316L was selected as the
retaining sleeve material for the 11-kW generator. This mate-
rial has higher conductivity and 77% less yield strength than
Ti-6AL-4 V. However, the price of the material is lower, and it
is widely available.

The mechanical stresses exerted in the rotor at the
magnet–sleeve area are presented in Table II. The highest
stresses occur between the boundary of the magnet and sleeve.

TABLE III
MAIN PARAMETERS OF THE DESIGNED MACHINES

Maximum interference is utilized in the analysis. The sleeve
is required to be under compression (negative value) to the
magnet in order to transfer the produced torque. The stresses
were studied at the rated speed.

The PM material is SmCo in both prototypes. The key
reasons for selection of a SmCo PM were the eddy-current
losses in the magnet retaining sleeve and the compact design of
the whole system. The impeller works close to the PM, and its
working temperature is above 260 ◦C. SmCo can tolerate higher
temperatures than other PM materials, and as a consequence,
the machine has a higher possible operating temperature with-
out the risk of an irreversible demagnetization. The drawback
of this material is the higher cost.

The key parameters of the designed machines are given in
Table III. The stack lamination material is NO10 for the 3.5-kW
machine. This material has low per unit losses, and its thickness
is 0.1 mm. These factors reduce the iron losses, but the stack
space factor is only 0.93. M-270-35 A steel was selected for the
11-kW PMSM stator stack. Compared to NO10, it has higher
per unit losses at high frequencies, and the thickness is equal to
0.35 mm, which together increase the iron losses. The benefits
of the material are its easy availability and low price with
respect to the NO10. In both machines, the lamination sheets
were laser cut.

Magnetic wedges were inserted between the tooth tips in
both machines. Utilization of magnetic wedges decreases the
slot harmonics in the air gap, which, in turn, reduces rotor
eddy-current losses. Spindurol, which was used for the 3.5-kW
machine, has a relative permeability of 2.4 at 0.7 T. The 11-kW
generator has Magnoval 2067 wedges between the tooth tips.
This material has a relative permeability of 2.9 at 0.7 T. Rotor
loss reduction in the 11-kW PMSM due to the magnetic wedges
is presented in [33].

B. Geometry

Geometry optimization is required to minimize losses.
The designed machines have different loss minimization
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Fig. 6. (a) 3.5-kW HS PM synchronous motor stator. (b) 11-kW HS PM
synchronous generator stator.

approaches, and therefore, χ = 0.55 in the 3.5-kW machine,
and χ = 1.3 in the 11-kW machine. The length/diameter ratio
dictates the proportion of active (in slots) and passive (end
windings) copper in the stator.

The increased magnetic air gap limits the flux density vari-
ations due to both slot and current linkage harmonics [34],
[35]. With the nonmagnetic sleeves used, the magnetic air gap
lengths are 5 and 5.5 mm in the 3.5- and 11-kW machines,
respectively.

The majority of the losses in the conductive sleeves occur
on the outer diameter of the sleeve [31]; thus, to further reduce
the rotor losses, the actual physical air gap length should be
increased [36]. Following the temperature analysis in step 7,
the stainless steel sleeve thickness in the 11-kW PMSM was
consequently reduced. New rotor parameters were transferred
to step 2 for the structural analysis. A new design iteration of
the active part was done in step 3, and the new loss values
were used in step 7 for the thermal analysis. Retaining sleeve
thickness equal to 2.5 mm was found to be optimum from the
mechanical and thermal points of view. This sleeve thickness is
the minimum achievable without special machining.

Fig. 6(a) shows a photograph of the 3.5-kW PMSM stator
prototype. The machine was made open slot to allow the TCs
to be inserted as prefabricated on the teeth. However, analysis
of a similar HS machine with six slots and two poles has shown
that the eddy-current distribution gets smaller with increasing
tooth tip width [37]. In the 11-kW machine, the teeth were made
semiclosed. The winding work is more complicated, the copper
space factor is lower with a semiclosed slot, and a segmented
stator structure was therefore implemented.

The segmented stator structure makes it possible to capitalize
on the TC windings. Because of the TC winding selection,
both machines under consideration have electrically and mag-
netically isolated phase windings, and their fault tolerance is
higher [38], [39]. For the 11-kW machine, the prefabricated
segmented stator subassemblies enable low-cost high-volume
manufacturing, despite the semiclosed slots.

Fig. 6(b) shows a photograph of the 11-kW HS PMSM stator
prototype. Geometry optimization was done, taking into con-
sideration the selection of lamination with higher per unit losses
and greater thickness. The stator yoke was made exceptionally
thick to reduce flux density and hence decrease iron losses. The
optimization procedure is described in detail in [19].

IV. LOSS ANALYSIS

The losses are calculated in step 3 of the design flow. The loss
distribution is of great importance in an HS PMSM. Due to the
limited volume, the total losses and their particular components
have to be calculated accurately to enable accurate cooling
system design (step 7) and ensure reliable machine operation.

The mechanical losses can be estimated from bearing friction
torque with an empirical approach proposed by Palmgren [40].
The total friction torque consists of the viscous friction torque
and the load-dependent friction torque. Depending on the
application, axial load and rubbing seals might also require
examination. The total friction can be estimated by summing
the different torque components as

Tfriction = T1 + T2 (4)

where T1 is the viscous friction torque and T2 is the load-
dependent friction torque. Viscous friction torque can be cal-
culated as

T1 = 10−7f0(νn)
2
3 d3M (5)

where f0 is an index for the bearing and lubrication type. For
deep-groove ball bearings, the range is 0.7 (light series) to
2.0 (heavy series) when grease lubrication is used. Values can
be found from literature, e.g., Brändlein et al. [41]. ν is the
operating viscosity (cSt),n is the bearing speed (r/min), and dM
is the mean diameter of the bearing inner and outer diameters
or the so-called pitch circle (mm). The load-dependent friction
torque can be calculated as

T2 = f1Fmeand
3
M (6)

where f1 is a factor for the load. For a radial bearing with
a cage, the values range from 0.0002 (light series) to 0.0004
(heavy series) [41]. Fmean is the mean load acting on the
bearings.

The power can then be calculated by

Pρ,bearing = TfrictionΩ. (7)

AST 7005 AC bearings were used in the experimental setup
of the 11-kW machine. The power losses associated with the
resisting drag torque of the rotating cylinder are

Pρ,w1 =
1

32
kCMπρΩ3D4

r lr (8)

where k is a roughness coefficient (for a smooth surface k = 1,
usually k = 1− 1.4), CM is the torque coefficient, ρ is the
density of the coolant, Dr is the rotor diameter, and lr is the
rotor length. The torque coefficient CM depends on the Couette
Reynolds number Reδ . Implementation of magnetic wedges
makes the air gap homogeneous and reduces the roughness
coefficient.

The end surface power losses are

Pρ,w2 =
1

64
CMρΩ3

(
D5

r −D5
ri

)
(9)
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TABLE IV
LOSS DISTRIBUTION OF THE 3.5- AND 11-kW MACHINES

Fig. 7. Calculated efficiency map of the 11-kW HS PMSM. Rated point
is marked with an asterisk.

where Dri is the shaft outer diameter and the torque co-
efficient CM depends now on the tip Reynolds number
Rer [13].

The total calculated mechanical losses Pmech consist of the
windage and bearing losses and are the sum of (7)–(9).

The iron, copper, and rotor eddy-current losses were calcu-
lated using FEM in step 3. The calculated loss distributions
of both machines under consideration at the rated operational
point are shown in Table IV.

In the 11-kW PMSM, the mechanical losses are the major
components of the total losses. Even with copper loss increase
due to the lower winding factor or iron and rotor loss in-
crease due to the higher harmonic content of TC windings, the
mechanical losses are dominant. With the 3.5-kW PMSM,
the copper, iron, and mechanical loss shares are balanced.
The reduction of the mechanical losses was possible due to
implementation of AMBs.

The result of the loss calculations for the 11-kW PMSM
at different speeds and loads is shown in the efficiency map
in Fig. 7.

V. MEASUREMENTS

Test planning and execution during the commissioning (step 9)
vary depending on the customer’s requirements, the machine’s
operating environment, and the manufacturer’s facilities.

Fig. 8. Measured efficiency and output power of the 3.5-kW PMSM as
a function of the phase current at 25 000 r/min.

Back EMF measurements of the 3.5-kW PMSM showed a
very good agreement with FEM simulations. The difference
between the simulated value of 209.9 V and the measured value
of 211.7 V is below 1%.

The efficiency measurements of this machine were limited by
the converter performance and coupling problems between the
AMB-supported test machine and the eddy-current brake. For
the aforementioned reasons, the maximum operational speed
during the tests was only 25 000 r/min. The measurement re-
sults are shown in Fig. 8. The calculated rated point efficiency
at 45 000 r/min was 88%, whereas the measured efficiency at
25 000 r/min was 83%.

A special measurement installation was manufactured to test
the developed 11-kW PMSM separately from the final product
system. The installation comprised the electrical machine in
a protective case with a forced air cooling system, an eddy-
current brake with water cooling, and a joint coupling between
them. The designed 11-kW PMSM worked in the motor mode,
and the input power from the frequency converter was mea-
sured with a Yokogawa PZ-4000 power analyzer. The output
power was calculated by multiplication of the torque and speed
measured by the eddy-current brake. More detailed information
about the test setup can be found in [42]. No-load and load
tests were conducted to verify the design methodology and loss
calculations.

Fig. 9 shows the measured efficiency map of the 11-kW
PMSM. A comparison with the calculated efficiency map,
illustrated in Fig. 7, shows that, in the low-speed region, the
actual losses are higher than the calculated ones. This may be
partly explained by the extra losses in the joint coupling, which
were not included in calculation of the losses. This hypothesis
is supported by the significant difference in the calculated and
measured losses at no load.

At HS, however, there is a good agreement between the
calculated and measured results. For instance, at the rated point
n = 31 200 r/min and T = 3.36 Nm, the efficiency difference
is below 1%. This result indicates that the loss calculations dis-
cussed in Section IV are fairly reliable. A good agreement of the
measured and calculated results indicates the high accuracy of
the proposed design methodology for the studied HS PMSMs.
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Fig. 9. Measured efficiency map of the 11-kW HS PMSM. Rated oper-
ating point is marked with an asterisk.

The overall efficiency of the designed machine at the rated
point is about 92%. The electrical efficiency of the machine is
above 97%, since the mechanical losses form about two thirds
of the total machine losses. The selected machine topology is
very well suitable for HS operation due to the rather high ef-
ficiency, robust mechanical design, and reduced manufacturing
costs.

VI. CONCLUSION

This paper has presented a design methodology for HS
PMSMs. By following the proposed design flow, the design
process becomes systematic and straightforward. The outcome
leads to shorter design time due to a reduction in the number
of iterations and mistakes. Additionally, unnecessary parallel
working is avoided. The proposed design methodology divides
the tasks between different engineering disciplines clearly.
Every step of the design flow is described. Critical design
issues regarding electromagnetics, mechanical stresses, rotor-
dynamics, thermal analysis, manufacturing, and assembly are
highlighted.

The design methodology is applied to two HS PMSMs hav-
ing the same electric machine topology. The designed machines
have different loss minimization approaches. The influence
of the utilization of TC windings in a two-pole machine on
rotordynamics is demonstrated by showing the reduced winding
space effect on the critical speeds.

The 11-kW machine measurement results are in good agree-
ment with the results calculated using the presented design
methodology, which verifies that the methodology is suitable
for HS PMSM design and fairly accurate. The high measured
electrical efficiency of the six-slot two-pole HS PMSM with
TC windings confirms that this topology selection for an HS
operation is well reasoned.

In future work, this design methodology can be refined
so that it can be adapted to other HS electrical machine
topologies while following the same process at the conceptual
level.
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ABSTRACT 
The overall system efficiency of small turbogenerators and compressors can be 
significantly increased by using high-speed electrical machines. These machines enable 
a high level of system integration and compactness. In the studied turbogenerator 
application the turbine leakage steam is in direct contact with the electrical machine 
and therefore all the components of the machine insulation system, including magnetic 
wedges, must tolerate the process environment. The magnetic wedges improve the 
electrical machine performance. The effects of the superheated steam on several wedge 
materials with different coatings were studied by experimental accelerated aging tests. 
A test installation was developed to test the simultaneous influence of the temperature 
and moisture on the wedge aging. According to the data obtained from the visual 
inspection, microscope, Fourier Transform Infrared spectrum analysis, and dimension 
measurement analyses, different wedges absorb various amounts of water in a steam 
atmosphere. The effects of the coating layer damage during the wedge installation into 
the electrical machine, are observed.  

   Index Terms - Wedges, aging, AC generators, rotating machine insulation testing, 
life estimation, thermal factors, environmental factors, infrared spectroscopy. 

 
1   INTRODUCTION 

 THE industry’s constant need to increase the efficiency of 
the power supply is pushing the technology boundaries. The 
modern trends in the field of electrical machines aim at 
reducing the amount of wasted energy. One of the ways to 
achieve this goal is the high-speed (HS) electrical machines. 
They are already proven technology used in a number of 
industrial applications. The key benefits of these machines 
are their high power density, small footprint, high system 
overall efficiency and, especially high material efficiency. 
These advantages are attracting the manufacturers 
producing, for instance, gas compression applications, 
turbines, air blowers, vacuum pumps, and machine tool 
spindle drives [1, 2].  

HS electrical machine allows connection of the working 
tool directly to the machine’s rotor shaft without a 
mechanical gearbox. The small overall size of the system 
and high power density are achieved by installing the 
electrical machine into the same casing for example with a 
compressor or a turbine. 

The aim of a project is to design and manufacture an 
integrated hermetic turbogenerator capable of producing 500 kW 
– 1 MW of electricity. The electrical generator to be 

implemented in this system is an HS induction machine (IM) 
positioned on the same shaft with the turbine. Due to the 
hermetic structure, the cooling system must be very efficient to 
remove the heat from the electrical machine. The cooling 
solution includes directly water cooled stator windings and direct 
water cooling in the rotor, which remove most of the heat load 
from the interior parts of the generator. 

Steam leakage from the turbine influences the material 
selection of the electrical machine. The leakage of the 
turbine is slightly superheated steam with a high temperature 
and about 1 bar pressure. This steam is passing through the 
air gap of the machine and, therefore, all the materials 
implemented in the machine must tolerate it. Therefore, the 
rotor core is made of X20Cr13 ferromagnetic stainless steel 
to avoid corrosion. 

The influence of the environmental and temperature factors 
on the electrical machine’s insulation system is very well 
studied. The impacts of humidity on the stator insulation of 
large rotating electrical machines are discussed e.g. in [3]. 
Cable degradation during the high temperature accelerated 
aging is studied in [4]. The effects of voltage and temperature 
variations together with moisture on the epoxy resin are 
described in [5], [6]. 

Tanaka et al. [7] have presented the effect of water 
absorption on the aging of polymers and composites. Water 
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absorption decreases the mechanical strength and toughness of 
epoxy [8] and its glass transition temperature [9], and 
increases the permittivity and loss tangent of the insulation 
[10], [11]. A steam-resistant insulating system for a sealed 
turbogenerator was proposed and tested in [12]. 

Because the water cooled stator windings are used in the 
high-speed induction machine (HSIM) open stator slots are 
needed to enable the winding installation. The slot wedges are 
placed between the teeth. The magnetic wedges are part of the 
rotating electrical machine insulation system and are acting as 
the stator slot keys, providing mechanical support for the 
stator windings. The magnetic wedges in HS electrical 
machines also allow to decrease torque ripple, reduce the rotor 
surface losses, and increase the machine efficiency [13]. This 
also leads to a lower machine temperature [14]. The 
performance of the designed electrical machine with and 
without magnetic wedges is simulated and compared. 
However, the ability of the magnetic wedges to tolerate steam 
has not been investigated earlier. 

In the designed generator, the steam passing through the air 
gap is in a direct contact with the magnetic wedges. The 
wedge manufacturers provide their products with different 
properties, for instance, with different thermal classes and 
relative permeabilities, but they have not been capable of 
verifying the steam resistance of their products.  

The aim of this study is to find suitable wedge materials and 
their coatings, which are qualified to be a reliable part of the 
steam-resistant insulating system of a hermetic turbogenerator 
operating in a steam atmosphere. Several magnetic wedge 
materials are studied. This paper describes the analyses of the 
samples before and after the tests. Lifetime estimation tests of 
the samples are presented. The accelerated aging test 
equipment that was built to produce the required temperature 
and humidity is illustrated. Finally, conclusions are drawn on 
the suitability of each tested magnetic wedge material for the 
steam-resistant insulation system. 

2 EXPERIMENTAL METHODS 

2.1 ELECTRICAL MACHINE PERFORMANCE 

The utilization of the magnetic slot wedges is extremely 
important, especially, in open slot solid-rotor electrical machines. 
To compare the performance of the designed HSIM with 
magnetic and with non-magnetic slot wedges, a Finite Element 
Method (FEM) analysis was performed. 

Figure 1 shows the flux lines and the flux density distribution 
of the machine at the rated operation point. The top part of the 
figure illustrates a situation where the stator slot wedge is made 
of a magnetic material with a relative permeability equal to 3. 
The bottom part of the figure shows the same time instant, but 
with a non-magnetic wedge. 

As we can see in Figure 1, flux density distributions are 
similar in both cases except the field in the wedges. The flux 
density is higher in the magnetic wedge and the flux lines are 

passing through the wedge to the stator teeth. This is 
explained by the lower fluctuations of the air gap normal flux 
density. Figure 2 shows a comparison of the air gap flux 
density normal component and its harmonic spectrum in the 
case of magnetic and non-magnetic wedges. The use of 
magnetic wedges reduces the amplitudes of the highest 
harmonics, for example, the 17th, 19th, 35th, and 37th. The 
sum of harmonic amplitudes is 18% less with the magnetic 
wedges compared to the case with non-magnetic wedges. 

Figure 3 shows the loss distribution of the machines under 
study. The largest amount of losses occur at the very surface of 
the rotor. The loss share of the rotor tooth tips has reduced from 
61% to 37%. As a result, the total losses of the machine with 
magnetic wedges are 41% lower compared to the same machine 
but with non-magnetic wedges. Such a considerable loss 
difference justifies the need for magnetic wedges in the solid-
rotor HSIM under consideration. 

 
Figure 1. Flux density distribution and flux lines in the HSIM at the rated 
operation point with magnetic (top) and non-magnetic wedges (bottom). 
 

 
Figure 2. Normal component of the flux density in the middle of air gap with 
magnetic and non-magnetic wedges (top) and its harmonic component 
(bottom). 
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Figure 3. Loss distribution in the electrical machine with non-magnetic 
wedges (a) and with magnetic wedges (b). 

2.2 TEST SAMPLES 

   Two companies provided the wedge samples and totally six 
different sample types were tested. Each type of sample 
material was provided in rectangular and designed slot wedge 
shapes. Figure 4 shows the samples of the two different 
shapes. The slot wedge shape resembles the actual magnetic 
wedge installed into the designed electrical machine. The only 
distinction is the length of the sample. The rectangular shape 
was selected to have more reliable measurements of the mass 
and linear dimensions. 

 
Figure 4. Covered wedge samples of the slot wedge shape (left) and the 
rectangular shape (right). The measurement points are shown. 

The wedges’ base material composition is about 10% of 
glass fibre cloth, about 20% of epoxy resin and about 70% 
of iron powder. Because of the iron powder component, the 
relative permeability of the magnetic wedges ranges usually 
from 2 to 10 depending on the manufacturer and the applied 
magnetic field during the machine operation. Three types of 
samples have no cover and have a different base material. 

To protect the base material, different types of coatings 
were implemented. Three types of samples were brushed 
with alkyd lack. Among them, two types of samples were 
additionally dipped in different epoxy resins. The 
composition of the epoxy resin 60841 is styrene 1–5%, 
xylene 1–5%, bisphenol-F epoxy 5–10%, 2-ethylexyl 
glycidyl ether 10–30%, and epoxy resin 60–100%. The 
second coating 2000/380 is an alkyd phenolic impregnating 
varnish temperature class 180. Table 1 describes the types 
of wedge materials used in the experiments. The letter in 
the sample label denotes the wedge material type and the 
number the shape of the sample. 

Samples from A to D have the same base material. The 
manufacturing process of base material E uses a random 
glass mat reinforcement and a low pressure compression 
molding press to produce an isotropic material. To achieve 
a high thermal class, base material F is made laminated. 

2.3 TEST SETUP 

The test setup is a sealed column capable of tolerating 
high pressure and temperature. Figure 5 shows the model of 
the installation. The column consists of the top and bottom 
parts. 

The top part comprises the major volume of the column, a 
pressure-relief valve, and input and output valves. An input 
valve is used to fill the column with water, and an output 
valve serves to empty the column after the test. 

The bottom part is removable. Inside the bottom part there 
is an armature, which holds pressure and temperature 
sensors, a heater, and a matrix for the samples. The matrix 
has six slots for six different samples, which could be tested 
simultaneously in the same conditions. The matrix has small 
holes to let the water penetrate inside the matrix and to have 
a direct contact with the samples.  

 
Figure 5. Model of the test setup. 

Table 1. Sample description and labeling. 

Sample 
label 

Description 

A 1 Rectangular, base material 
B 1 Rectangular, brushed painting with alkyd lack 

C 1 
Rectangular, brushed painting with alkyd lack and 

dipped in epoxy resin 60841  

D 1 
Rectangular, brushed painting with alkyd lack and 

dipped in epoxy resin 2000/380 
A 2 Slot wedge, base material 
B 2 Slot wedge, brushed painting with alkyd lack 

C 2 
Slot wedge, brushed painting with alkyd lack and 

dipped in epoxy resin 60841 

D 2 
Slot wedge, brushed painting with alkyd lack and 

dipped in epoxy resin 2000/380 
E 1 Rectangular, base material thermal class 155 
E 2 Slot wedge, base material thermal class 155 
F 1 Rectangular, base material thermal class 180 
F 2 Slot wedge, base material thermal class 180 
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Figure 6. Photo of the test column (left) and assembling of the bottom part 
(right). 

 
When the samples are placed inside the matrix, the bottom 

part is installed and fixed with bolts. The heater is controlled 
by an electric current, and it is adjusted according to the 
reference temperature. 

The total height of the column is 1.6 m, and the height of 
the input valve is 0.7 m. The inner diameter of the column is 
219 mm. The water is pumped into the column through the 
input valve. The measured maximum amount of water is 24.6 
litres. 

Figure 6 shows the photo of the test setup. The column is 
thermally insulated to reduce the influence of the ambient 
temperature variations. 

2.4 TEST CONDITIONS AND PROCEDURES 

The accelerated aging tests were performed to detect 
possible irreversible property changes of the wedge 
materials. The experiment stresses are thermal and 
environmental (chemical) ones [15]. Multifactor aging is 
applied. 

The final design of the turbogenerator unit is under 
development, and therefore, there is no exact information 
about the conditions of the steam passing through the air 
gap. The range of the steam temperature will be from 70 °C 
to 120 °C. It has been decided to test the wedge materials 
making an assumption that they have to satisfy Class 130 
requirements. 

To ensure the reliable operation at 120 °C insulation 
material accelerated aging tests are performed at 
temperatures from 150 °C to 200 °C. The required amount 
of testing time for each temperature follows the “ten degrees 
rule”, which states that the life of the insulation is reduced 
by 50 % for each ten degrees Centigrade temperature rise. 

The first experimental setup was designed to tolerate the 
overheated steam up to 150 °C, and the first test was 
conducted at this temperature. The test time was 300 h. 

However, the minimum temperature safety margin between 
the operating conditions and testing temperature should be at 
least 40 °C. Therefore, the experimental setup was updated 
to tolerate steam up to 160 °C because the rated operating 
temperature could be up to 120 °C. The second test was 
conducted at the temperature of 160 °C. 

As the maximum possible temperature of the experiment 
is 160 °C it has been decided to increase the testing time up 
to 500 h to ensure the reliability of the results. 

During the experiment, six samples were placed in the 
slots of the matrix. Then, the bottom part of the column was 
fixed with bolts. After that, the column was filled with water 
through the input valve to fully cover the samples. Next, the 
heater was turned on, and the timing started at the moment 
when the temperature reached the desired level. 

During the first run, adjustments were made to the control 
system to stabilize the temperature. After the required 
amount of time had passed, the heater was turned off and the 
temperature was allowed to decrease for several hours. 
When the temperature reached 50 °C, the column was 
emptied. To verify that the samples were fully covered with 
water during the whole experiment, the rest of the liquid was 
measured after the test. 

A number of analyses were performed before and after the 
experiment. First, a visual analysis of every sample was made 
using a photo camera and microscope. Second, the physical 
dimensions: the length, height, width, and mass were 
measured. The points where the linear dimensions were made 
are shown in Figure 4. Based on these measurements, the 
volume and density of the samples were calculated.  

In the electrical machine assembly process, the magnetic 
wedges are slid between the stator tooth tips. The stator is 
made of laminated steel, and there are always small burrs 
that could damage the coating of the wedges. Therefore, the 
last experiment was aimed to simulate a wedge coating 
damage. Two samples of every coated material were 
selected. In each pair, one of the samples was artificially 
damaged to simulate the effect of the sample installation 
process. All the selected samples were tested in the same 
conditions to observe the influence of a coating damage. 
Figure 7 shows the coated sample and the artificially 
damaged sample with the same coating.  

 

 
Figure 7. Coated sample D 2 (left) and artificially damaged sample D 2 
(right). 



IEEE Transactions on Dielectrics and Electrical Insulation    Vol. 22, No. 6; December 2015    3157 

3 RESULTS AND DISCUSSION 

3.1 VISUAL ANALYSIS 

The appearances of every sample before and after the tests 
were compared. Figures 8–13 show the photos of the tested 
types of samples with a rectangular shape.  

Finally, Fourier Transform Infrared (FTIR) spectrum 
analysis was performed for every sample before and after the 
experiments. Due to the limited amount of samples all the 
selected analyses were non-destructive. 

The coated samples B and C (Figures 9, 10) have retained 
their coating, but the colour of the samples has changed. The 
coated sample D (Figure 11) has lost the outer epoxy coating. 
The epoxy layer has become brittle and has changed its 
colour. However, as in the case of sample B, the inner alkyd 
lack layer has remained on the sample surface. 

 
Figure 8. Sample A 1 before (left) and after the aging test (right). 

 

 
Figure 9. Sample B 1 before (left) and after the aging test (right). 

 

 
Figure 10. Sample C 1 before (left) and after the aging test (right). 

 
Figure 11. Sample D 1 before (left) and after the aging test (right). 

 

 
Figure 12. Sample E 1 before (left) and after the aging test (right). 

 

 
Figure 13. Sample F 1 before (left) and after the aging test (right). 

 

On the surface of the uncoated samples, the influence of the 
steam after the test is well observable. In sample A (Figure 8), 
the glass fibre cloth structure is seen, but without any 
significant changes. The application of the different 
manufacturing process for sample E is seen in Figure 12. 
There is no clear sign of the glass cloth structure. Small spots 
appeared on sample E after the test. 

Figure 13 illustrates the photos of sample F. The behaviour 
of the outer lamination layer is similar to sample A. 
Nevertheless, sample F had been delaminated already after the 
150 °C test. Figure 14 shows the delamination of sample F in 
the rectangular and wedge shapes. 

The visual analysis of the same wedge materials but with 
the slot wedge shape corresponds well with the rectangular 
wedge shape results. All slot wedge shape samples have aging 
signs on the surface, e.g., colour change, thinner lack layer, 
epoxy degradation, and small spots. Also, all samples, 
excluding sample F, retained their integrity. 
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Figure 14. Delamination of the sample F in the slot wedge shape (top) and in 
the rectangular shape (bottom). 

 

 
Figure 15. Artificially damaged sample C 1 before (left) and after the aging 
test (right). 

 
The results of the test with the artificially damaged coatings 

correspond well with the above findings. Figure 15 shows the 
artificially damaged sample C before and after the test. In the 
middle of the sample before the test, the epoxy layer has been 
left. This layer dissolved after the 500 h test as it seen in the 
right-hand photo in Figure 15. The alkyd lack layer has changed 
its colour and become thinner. The base material of the sample 
shows the same colour change as sample A, whereas, no 
observable damage of the base material is detected.  

3.2 CHANGE OF THE SAMPLE DIMENSIONS 

All the samples were measured before and after the tests to 
observe the relative mass and volume increase. These results 
allow us to define the amount of absorbed water. The exact 
amount of absorbed water is difficult to define since some part 
of the coatings may be removed, and absorbed water replaces 
this mass. 

The behavior of the rectangular wedges was similar to the 
behavior of the slot shape wedges. The slot shape wedge mass 
and the linear dimensions are comparable within the 
instrumental errors. To increase the accuracy of the results, 
only the parameters obtained from the rectangular slot wedge 
measurements are used in the calculations. 

Figure 16 shows the relative increase in the mass and 
volume of the samples after the 150 °C test. Sample F is 
excluded from the results as it was clearly delaminated. The 
uncoated samples A and E absorbed water, and their mass and 
volume increased by more than 2 %. Because of the coating in 
samples B and C, their relative mass and volume change 
remained below 1 %, which may indicate a smaller amount of 
absorbed water. 

The mass of sample D increased by about 2 % whereas its 
volume remained unchanged. This could be explained by the 
fact that the outer epoxy layer of sample D absorbed water 
and increased the mass of the sample. The epoxy layer 
became brittle and it was destroyed during the linear 
dimension measurements. Thus, no volume increase was 
observed. 

Figure 17 shows the relative mass and volume increase of 
the coated and artificially damaged samples after the 500 h, 
160 °C test. For every material, the differences between the 
coated and artificially damaged samples were insignificant. 

By analyzing Figures 16 and 17 it is possible to compare 
the 300 h, 150 °C test to the 500 h, 160 °C test. It could be 
stated that after the 500 hours test, the relative mass increase 
of samples B and C has grown from 0.5 % to 1.5 %. In the 
case of sample D, this parameter has risen from 2 % to 2.5 
%. The relative volume increase for all 500 h test samples is 
significant and varies around 3.5 %. 

 
Figure 16. Relative mass and volume increase of the rectangular shape 
wedges. 

 

 
Figure 17. Relative mass and volume increase of the coated and artificially 
damaged samples. 
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The change in the sample volumes and masses indicates 
water absorption during the tests. To verify this assumption an 
FTIR analysis was performed. 

3.3 FTIR ANALYSIS AND MICROSCOPE PHOTOS 

 FTIR spectra were recorded with a Perkin-Elmer Frontier 
instrument using a Spotlight 200 microscope equipped with an 
ATR (attenuated total reflectance) system. All spectra were 
averaged of 25 co-added scans with a resolution of 4 cm-1. 
The recorded spectra were optimized with instrument 
software, and peaks caused by atmospheric carbon dioxide 
were removed. All these processes were performed 
simultaneously for the spectra presented in a same figure to 
ensure the maximum comparability. Figures 18–23 show the 
FTIR spectra of all tested materials before and after the tests. 

Figure 18 shows the ATR-FTIR spectra of sample A. 
Comparing the spectra before and after the test new peaks at 
987 cm-1 and a broad peak in the range from 3100 to 3600 cm-

1 can be found. The existence of the broad peak at 3100-3600 
cm-1 is due to water absorption as epoxy resin is known to 
absorb water from the surroundings. The base material of the 
samples was constructed of glass fibres with epoxy polymer. 
The peak at 987 cm-1 is due to the Si-O bond when epoxy 
polymer has been degraded and removed during the testing 
revealing the glass fibre surface. 

The ATR-FTIR spectra of sample B is shown in Figure 19. 
New peaks can be detected at 990 cm-1 and at 3100-3600 cm-1 
after the test. As with sample A, the broad peak at 3100-3600 
cm-1 is probably due to water absorption of the epoxy 
polymer, and the peak at 990 cm-1 is due to the exposure of 
glass fibre. Vanishing peaks at 1718, 1256, 1114 and 1068 
cm-1 are all associated with the alkyd lack and indicate 
removal of this material during the test.  

The penetration depth of the IR radiation during the FTIR 
analysis of the epoxy samples is generally between 0.5 and 3 
m [16]. Most likely, the outer protecting layer of sample C 
epoxy polymer is thicker than 3 m, and therefore, the FTIR 
analysis can detect only this part of the untreated sample. In 
Figure 20 a broad peak centred at 3460 cm-1 can be assigned 
to amine groups or phenolic groups of bisphenol-F. This peak 
is shifted to a somewhat lower wavenumber after the test. The 
broad peak centred at 3255 cm-1 in the spectra of after samples 
would hint slight water absorption into the base material as the 
protecting layers have mostly disappeared. This can be stated 
since the peaks caused by the protecting layers at 1730, 1606, 
1508, 1468, 1240, 1178, 1109, 1035, 1010, and 825 cm-1 have 
decreased to a great extent. 

When comparing sample C with sample A before spectra 
it can be noticed that all the same peaks are present in both 
sample spectra but the peaks are higher in the case of sample 
C. The most important difference is that in the sample C 
spectra the peak due to hydroxyl or amine groups is clearer 
indicating a larger amount of these groups in the sample. 
Again the peak at around 990 cm-1 appears in the spectra of 
after samples, which is due to revealing of the glass fibre. 
The situation is similar to the artificially damaged coated 
samples. 

 
Figure 18. ATR-FTIR spectra of the sample A before and after the test on 
three different positions. Some interesting peaks are marked with grey bar. 

 

 
Figure 19. ATR-FTIR spectra of the sample B before and after the test on 
three different positions. Some interesting peaks are marked with grey bar. 
 

 
Figure 20. ATR-FTIR spectra of the sample C before and after the test on 
three different positions. Some interesting peaks are marked with grey bar. 

 

Figure 21 illustrates the ATR-FTIR spectra of sample D. 
There are some similarities between the spectra of sample C 
and D, which are due to the alkyd lack used in both samples. 
Differences such as strong peaks at 1508 and at 1178 cm-1 
are missing from the spectra of sample D because of 
different outer layer resins. When comparing sample D 
before and after spectra, attenuation of the peaks that can be 
linked to the covering resin can be observed. In addition a 
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broad new peak centered at 3360 cm-1 (absorbed water) and 
at 988 cm-1 can be seen. However, this last new peak 
(because of the glass fibre) can be seen only in the spectrum 
of point 3. This can be explained by the fact that the outer 
layer of sample D was dramatically damaged and the ATR 
crystal of the microscope has certain, rather small 
dimensions causing a possibility for the spectra to be 
recorded randomly from spots where the glass fibre is 
exposed and from spots where it is not. 

The spectra of uncovered samples A, E, and F should be 
quite similar, however, especially a peak at 1725 cm-1 is 
present in the spectra of samples E and F but not in the 
spectrum of sample A. This peak should come from the 
carbonyl compound (aldehyde or carboxylic acid) but it can 
also be due to acid anhydride. Acid anhydride is a cyclic 
diketone and commonly used for the curing of epoxy resins. 
This peak does not fit well in the structure of epoxy resin, 
but in this case, it can be due to the acid anhydride. 
Therefore, a different curing agent must have been used in 
sample A epoxy. Using diamines as the curing agent would 
give C-N bonds between epoxy resins whereas anhydride 
would give C-C bonds, which are slightly stronger than the 
C-N bonds and would therefore result in an epoxy polymer 
that is, in theory, stable in somewhat higher temperatures. 
Again, when comparing sample E before and after spectra, 
new peaks can be found. A broad peak centered at 3398 cm-1 
is likely due to water absorption, and peak at 985 cm-1 due 
to the exposed glass fibre. Indeed, the carbonyl peak at 1725 
cm-1 and the peaks at 1157 and 1020 cm-1 in before sample 
spectra have disappeared almost completely indicating 
strong degradation of the epoxy polymer. 

In Figure 23, the peaks at 1606, 1508, and 1455 cm-1 can 
be linked to structures formed in the curing reaction of the 
epoxy resin with acid anhydride. They are also present in the 
spectra of sample E before the tests, but only as somewhat 
weaker. All peaks at 1302, 1220, 1180, 1157, and 830 cm-1 
can be found from both samples F and E before spectra and 
attributed to the skeletal structure of the general epoxy 
polymer. The chemistries of samples E and F seem to be 
very alike. Similarly as in all other samples, the peaks 
caused by the epoxy polymer structure are strongly reduced 
or disappeared here as well in the spectra of after samples 
indicating chemical degradation and removal of the epoxy 
polymer. A broad peak centered at 3256 cm-1 reflects water 
absorption and a peak at 988 cm-1 exposure of the glass fibre 
reinforcement. 

In general, the interpretation of the ATR-FTIR spectra 
and the comparison of the samples before and after the tests 
reveal degradation and removal of the epoxy polymer. This 
process takes place even though some samples were 
protected with extra layers. Mailhot et al. [16] have studied 
the degradation of epoxy resin under elevated temperature. 
However, similar degradation products could not be detected 
in this study. This may be due to the harsher test conditions, 
which would have always completely removed all these 
smaller molecular compounds from the samples. Instead, 
clear water absorption could be seen in all samples with the 
FTIR. Degradation of epoxy insulation material was also 

reported by Lim and Lee in their study [17]. They concluded 
that carboxylic acids were formed during the experiments at 
elevated temperatures in contact with water as a result of the 
presence of oxygen. These chemicals would have then 
caused more polymer degradation. Most small carboxylic 
acid compounds would evaporate at the temperatures used in 
our study and could not be detected any more in the samples 
after the test. 

 
Figure 21. ATR-FTIR spectra of the sample D before and after the test on 
three different positions. Some interesting peaks are marked with grey bar. 

 
 

 
Figure 22. ATR-FTIR spectra of the sample E before and after the test on 
three different positions. Some interesting peaks are marked with grey bar. 
 
 

 
Figure 23. ATR-FTIR spectra of the sample F before and after the test on 
three different positions. Some interesting peaks are marked with grey bar. 
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Figure 24. Microscope photo of the sample C before (top) and after the aging 
test (bottom). 

 

 
Figure 25. Microscope photo of the sample D before (top) and after the aging 
test (bottom). 

 

Figures 24 and 25 show the microscope photos of samples 
C and D before and after the test. The photos are made in 
exactly the same points by the spectroscope. The large spots in 
the top figures are caused by the FTIR spectroscope sensor. 
The outer coating layer of sample C is well preserved even 
after the 500 h test. Figure 25 illustrates the dramatic changes 
of the sample D outer epoxy layer. 

3.4 WEDGE SAMPLE AGING 

The uncoated sample A is the base material for samples B, 
C, and D. After the 300 h test, the relative mass and volume 
increase of this material was about 2 %. The visual and FTIR 
analysis results verify the reliable operation of the other 
samples based on sample A in the case of the coating integrity 
breach. 

Samples B and C have shown a similar behavior. The 
relative mass increase was lowest compared to other samples. 
Samples B and C changed their colour, and the coating 
became thinner. These samples meet the Class 130 
requirements, even in the case when their coating is damaged 

during the installation process. Samples B and C are suitable 
for the long time reliable operation in the 120 °C steam 
atmosphere. 

The outer coating layer of sample D became brittle after 
every test. In spite of the fact that sample D has retained its 
properties after the 500 h test, it is not recommended to use 
this type of material as the irreversible changes of the alkyd 
phenolic varnish may cause some damage in the machine, for 
instance in bearings. 

The relative mass and volume increase of sample E was 
above 3.5 % in the 300 h test. Some signs of degradation have 
also appeared on its surface, which is confirmed by its ATR-
FTIR spectra. It is not recommended to use this wedge 
material without coating in a steam atmosphere.  

Sample F was delaminated after the 150 h test, and in spite 
of the high temperature class, it is not suitable for operation in 
a steam atmosphere. 

To sum up, according to the test results, sample C has 
shown a superior performance to the other tested samples. 
Sample C was brush painted with alkyd lack and dipped in 
epoxy resin, which contains styrene, xylene, bisphenol F 
epoxy, and 2-ethylexyl glycidyl ether. 

4 CONCLUSION 
The electrical machines operating in a harsh environment, 

for instance, in superheated steam, require special insulation 
materials. In this paper, several magnetic slot wedge materials 
with different coatings were tested. 

Laminated wedges are not suitable for the required 
application because of the delamination. This holds also in a 
case where the temperature class of the laminated wedge is 
higher than the steam temperature. 

The alkyd lack protects the wedge base material well but 
dissolves in steam. Therefore, a wedge material that retained 
its properties and absorbed less water compared to the other 
materials was selected. 

Utmost care must be taken when selecting the epoxy 
coating. Further research of the epoxy components affecting 
the coating degradation will be conducted. 

Non-laminated wedges are capable of tolerating steam 
without any coating for some time. Possible coating damage 
during the wedge installation process will not break the wedge 
in superheated steam. 
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Abstract—Permanent magnet (PM) materials are nowa-
days widely used in the electrical machine manufacturing
industry. The eddy-current loss models of PMs used in
electrical machines are frequently discussed in research
papers. In magnetic steel materials we have, in addition to
eddy-current losses, there are hysteresis losses when alter-
nating current or a rotating flux travels through the material.
Should a similar phenomenon be also taken into account in
calculating the losses of PMs? Every now and then, authors
seem to assume that some significant hysteresis losses are
present in rotating machine PMs. This paper studies the
mechanisms of possible hysteresis losses in PMs and their
role in PMs when used in rotating electrical machines.

Index Terms—Hysteresis, hysteresis in permanent mag-
nets (PMs), PM, PM losses, PM material.

I. INTRODUCTION

P ERMANENT MAGNET (PM) materials are widely used
in electrical machines. The applications where PM ma-

chines are utilized include, e.g., industrial machines, wind
power generators, traction motors, linear machines, high-
speed machinery, and machines used in aerospace applications
[1]–[6].

The eddy-current loss models of PMs used in electrical
machines are frequently discussed in research papers. Sintered
PM materials have a significant macroscopic resistivity, which
is in the range of 100–200 μΩcm, providing eddy currents
with paths to run and produce losses. In some cases, when
using bulky sintered magnets assembled on the rotor surface,
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the eddy-current losses can be very high that the polarization
of the magnet material is lost because of the high operating
temperature in the magnets. Magnet segmentation is suggested
to limit the eddy-current losses in PM materials in the same
way as they are limited in the magnetic steel cores of machines
made of laminations. In practice, the resistivities of magnetic
steel sheets are about half of the resistivities of sintered NdFeB
magnets. This fact indicates that the eddy-current losses can
be considerably high in bulky magnets if an alternating flux
is traveling through the magnets. There are numerous studies
about the eddy-current losses in sintered NdFeB and SmCo
magnets, and the scientific community is nearly unanimous
about the nature of the eddy-current losses and their calculation
in PMs [7]–[10].

However, every now and then, authors claim that, besides
the eddy-current losses, hysteresis losses also occur in the
NdFeB PM material utilized in rotating-field PM machines
without comprehensively explaining the mechanism of cre-
ating hysteresis losses in PMs. The aim of this paper is to
comprehensively study the possibility of hysteresis losses in
sintered NdFeB PMs used in rotating-field PM machines. This
paper is organized as follows. The theoretical background
of the polarization behavior of NdFeB magnets is given in
Section II. Section III discusses the hysteresis behavior in
NdFeB magnets. The experimental results from some extra
high-accuracy measurements confirming the understanding of
NdFeB magnet material hysteresis in practice are presented
in Section IV. Section V discusses the role of PM material
hysteresis in rotating-field PM machines utilizing a multiple-
pole PM traction machine and a two-pole rotor-surface-magnet
synchronous machine as examples.

The main contributions of this paper are the following. Based
on the measurements, it is shown that a prerequisite for signif-
icant hysteresis losses in sintered NdFeB is the variation of the
sign in the magnetic field strength acting on the PM material. In
carefully designed rotating-field PM machines, the PM material
operates in the second quadrant of the magnetization curve,
and it could be concluded that hysteresis losses cannot play
an important role in them. However, it is also shown that,
in PM machines having a strong armature reaction, part of
the magnets, at certain loads, operate at flux densities where
hysteresis losses can be present.

II. THEORETICAL BACKGROUND

In soft magnetic materials, polarization J varies as flux
density B varies. The changing of the polarization includes

0278-0046 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Behavior of polarization J(H) and the corresponding BH
behavior of a modern industrial-use PM material. In positive external
H-fields and in low demagnetizing H-fields, the polarization J of the
magnet material remains constant. If the demagnetizing field gets a high
enough value, the polarization of the PM material changes its sign.

frictionlike phenomena and, therefore, produces losses. In ideal
PM materials to be used in rotating machinery, polarization J
remains constant under the influence of varying, but all the time
demagnetizing, external field strength H . This should leave no
space for hysteresis loss.

Ideally, the polarization remains constant until the demag-
netizing field reaches such a high level that the polarization
of the magnet is irreversibly lost either partially or totally.
If the field strength variation is extremely large and varies
between high positive and negative values, the polarization
curve forms a hysteresis loop similarly as in soft magnetic
materials, but the loop is very wide compared with those of soft
magnetic materials. Fig. 1 illustrates the principal behavior of
the polarization in a PM material under a high variation in the
field strength.

The traditional BH curve of the material is also given. In the
second quadrant, the curve is called the demagnetization curve
of the material. In an ideal case, the demagnetization curve is a
straight line between the remanent flux density Br and coercive
force HcB .

If the polarization remains absolutely constant, the material
has exactly the same permeability as a vacuum (μ0), and
the PM material’s recoil permeability is μr = 1. However, in
practical NdFeB magnets in the region of the second quadrant
on the BH curve, the recoil permeability is in the range of
μr = 1.04, exhibiting some soft magnetic material behavior. It
must be borne in mind that hysteresis is possible only if the
relative permeability is μr > 1.

In real PM materials (or real soft magnetic materials), full
saturation is practically never attained because the small nuclei
of domains or spin fluctuations persist even after the application
of very high fields [11]. This means that, in real PMs, there
are some soft-phase areas found in addition to the hard magnet
phase, and the polarization of the material can therefore slightly
change as the practical recoil permeability of the BH curve
in NdFeB magnets is, for instance, 4% higher than that of
vacuum (μr = 1.04 instead of 1.00), thus allowing, at least in
principle, some hysteresis for the PM material. Fig. 2 illustrates
the change in the polarization because of this nonideality.
Permeability μr is a function of H , which includes possible
saturation, and μr can also depend on the BH history, which is
shown as hysteresis.

The real polarization behaves as the following line before the
irreversible loss of polarization:

Jm = Br + μ0(μr − 1)Hm. (1)

Fig. 2. Ideal and real behavior of the PM polarization in the second
quadrant of the JH plane. The polarization slightly changes as a
function of demagnetizing field strength H because of the remaining
soft magnetic phases in the material.

Fig. 3. Three hysteresis curves. (1) Hysteresis curve of an ideal PM
material with a remanence Br1 and coercivity Hc1. (2) Hysteresis curve
of a ferromagnetic material thinly scattered in space, with Br2 and Hc2.
(3) Common hysteresis of an alloy mostly containing material 1 and a
small proportion of material 2.

Therefore, in the second quadrant area, the incremental flux
density curve that could be prone to hysteresis is

BPM, inc = μ0 (μr(H, history)− 1)H. (2)

In the case of NdFeB, (μr(H, history)− 1) ≈ 0.04, which
results in a variation in the flux density subjected to a possible
hysteresis phenomenon.

To elucidate the possible hysteresis mechanism in sintered
magnets, let us observe a theoretical alloy consisting of two
materials having different remanent flux densities Br1 and Br2

and coercive forces Hc1 and Hc2. If we simplify their hys-
teresis and saturation behaviors, we get the situation illustrated
in Fig. 3.

In principle, curve 3 in Fig. 3 describes the behavior of a
sintered NdFeB magnet. Curve 1 depicts the 100% polarized
PM phase of the magnet. Curve 2 indicates the significantly
softer material behavior having low remanence and coercivity.
In principle, this material describes the soft phases of NdFeB
magnets that have remained inside the fully polarized domains
and thereby form a sparse cloud of grains inside the space of
the material. Therefore, its apparent permeability is about the
permeability of vacuum similarly as the permeability of the
hysteresis curve 1, which represents the hard magnetic material.
When the hysteresis curves of materials 1 and 2 are combined,
a total hysteresis loop 3 is obtained as a result. This curve
represents the behavior of the hysteresis of practical sintered
NdFeB magnets in a simplified way. The normal working point
in a PM machine is shown by point P. If the machine armature
reaction is positive, it is possible that the operating point moves
from point P toward points a and even b. If point b is reached
and the positive field strength H increases further, the material
will reach point c. If H will further increase, the flux density
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will increase according to the permeability of the material,
which is, in practice, μ0 after saturation. When H gets smaller
and goes negative again, the path will run through points c, d,
and a towards P again.

The possible hysteresis loss is very sensitive to the polar-
ization hysteresis as the field strength in PMs varies strongly,
which is in the range of several hundreds of kiloamperes per
meter. Therefore, even the smallest hysteresis in the polariza-
tion may result in significant hysteresis losses, particularly at
slot-opening-caused permeance variation frequencies.

III. BEHAVIOR OF HYSTERESIS IN NdFeB MAGNETS

It should be observed that the hysteresis behavior of NdFeB
PM materials is different in nonpolarized and polarized cases.
In [11], the hysteresis of an NdFeB material is studied in detail.
It is obvious that a demagnetized material also forms minor
hysteresis loops. However, in [11], significant minor loops
only emerge when the material has experienced significant
demagnetization.

The hysteresis loss in PM materials is also studied in [12].
According to Fukuma et al., their results show that a designer
should consider not only the eddy-current loss but also the PM
hysteresis loss when the frequency of the ac field produced
by a slot-caused flux density ripple is of the order of several
hundred hertz, which is normally the case in rotor-surface-
magnet machines.

The authors refer to [13] with the test procedure. However,
the procedure in [12] is questionable from the electrical ma-
chine designer point of view. The test is made in such a way that
the polarized magnet is magnetically short-circuited, resulting
in Hm ≈ 0 and Bm ≈ Br. However, such a condition seldom
takes place in electrical machines in their normal operation.

According to the test in [12], the PM hysteresis loss is even
significantly larger than the eddy-current loss already at 50 Hz.
The magnetic flux density, neglecting any possible hysteresis in
the test, behaves as

Bm = Br + μ0μrHm. (3)

In all cases, the amplitude of the ac flux density has been lower
than 0.1 T, corresponding to about H = 76.5 kA/m and an
alternating field strength amplitude of around zero.

As the magnet (Neomax44-H) in the test was magnetically
short-circuited, the magnet flux density varied between Br,
i.e., ±0.1 T. Ruoho and Arkkio [14] have also measured the
hysteresis loops of PM materials. Fig. 4 shows the curves
measured with a hysteresisgraph showing the recoil behavior
of the partially demagnetized NdFeB magnet material.

Starting from H = 0, the demagnetizing field strength is
first increased on the negative H-axis until partial demagne-
tization is found. After that, demagnetizing field strength H is
decreased back to zero. Then, the negative field strength is again
increased to cause more loss of polarization. It can be seen that
the recoil curve is clearly bent, but what is significant from the
perspective of our study is that there is no observable minor
hysteresis loop on the NdFeB recoil curve. The arrows in Fig. 4
show the course of the measurement procedure.

Fig. 4. Partial demagnetization of the NdFeB sample and the recoil
behavior of the material in the second and third quadrants of the JH
plane. No hysteresis loops are seen. This figure is reproduced by using
the original measurement data in [14].

Fig. 5. Recoil curves and a minor loop of the NdFeB magnet sample.
A significant minor loop is formed when the sign of the magnetic
field strength changes during the recoil operation. In other cases, the
possible hysteresis cannot be observed with the accuracy of the mea-
surement. This figure is reproduced by using the original measurement
data in [15].

Fig. 5 illustrates the BH behavior of the NdFeB material
when the operation takes place between the first and second
quadrants, meaning that the external field strength varies its
polarization.

Comparing Figs. 4 and 5 convinces us that a prerequisite for
significant hysteresis losses in sintered NdFeB magnets seems
to be the variation of the sign in the H-field. However, we
decided to perform new measurements to observe the behavior
of the magnets, particularly in the second quadrant.

IV. HYSTERESIS MEASUREMENTS

Some extra high-accuracy measurements were arranged to
confirm the understanding of the NdFeB magnet material’s hys-
teresis in practice. As the demagnetizing field strength varies in
the range of several hundreds of kiloamperes per meter, even
a few millitesla hysteresis in the polarization should cause a
significant hysteresis loss in the PMs; therefore, a very careful
analysis is needed.
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Fig. 6. Measurement result of the NdFeB sample obtained with a
hysteresisgraph (Permagraph C-300 by Magnet-Physik) at Neorem
Magnets Oy. A clear loop in the JH behavior of the test is found.
However, this loop does not look like a hysteresis loop as the polar-
ization changes when the direction of the H-field changes. Instead, the
polarization should remain constant. The result most probably comes
from the eddy currents in the sample as dH/dt is too high to avoid
eddy currents. The smallest possible setting dH/dt was used in the
Permagraph C-300.

The measurements of the millitesla-range changes of po-
larization over the stable polarization of more than 1 T are
demanding and easily produce misleading results. The mea-
surements were first performed at the Prizztech Magnet Tech-
nology Centre in Pori, Finland, and at Neorem Magnets Oy. The
result with the device type Permagraph C-300 manufactured by
Magnet-Physik Dr. Steingroever GmbH is shown in Fig. 6. Two
different samples of NdFeB were tested.

Fig. 6 shows that there should be polarization hysteresis of
about 2 mT in the sample when the external varying field stays
negative for the entire time. However, considering possible hys-
teresis, the form of the hysteresis loop is obviously unnatural.
The turning points of the loops at places where the sign of the
derivative of the field strength is changed have an unnatural
form from the hysteresis point of view. For example, when the
field strength increases from −450 to −50 kA/m and then turns
more negative again, the polarization keeps on vertically rising,
whereas the field strength changes by about −50 kA/m before
starting to decrease. A similar behavior is seen at the other end
of the loop.

This behavior is unnatural from the hysteresis point of view
and is therefore obviously not an indication of PM material hys-
teresis but an indication of the properties of the hysteresisgraph
measurement setup itself, as a result of the eddy currents in
the tested bulky material. The minimum dH/dt available by
the setup was obviously too high for this measurement. The
result, however, is an indication that if there is any hysteresis
present, its value should be limited below 2 mT. Nevertheless,
this is not a satisfactory result as 2-mT hysteresis should result
in large hysteresis losses caused, for instance, by machine-slot-
openings-caused permeance harmonics.

The virtual energy covered by the loop in Fig. 6 is about
400 kA/m × 2 mV · s/m2 = 800 J/m3. If the magnet size is,
for instance, 50× 100× 10 mm3 and the slotting-caused fre-
quency is 500 Hz, the loss in the single magnet is 20 W. Such
a value would be in the same range as the eddy-current loss in

Fig. 7. Behavior of the field strength during the test in Tallinn, Estonia.
The H-field very slowly varies to avoid disturbing the eddy currents in
the test samples.

Fig. 8. Measurement result of the NdFeB sample obtained with a
hysteresisgraph (the Vibrating Sample Magnetometer of the Physical
Property Measurement System by Quantum Design, Inc.). In the first
quadrant, we see again the hysteresislike behavior of the sample.
However, in the second quadrant, no clear hysteresis is seen when the
alternating H-field is applied between −400 and −100 kA/m.

the same magnet in the same application. Because of this result,
further confirming actions had to be taken.

Next, the same samples were sent to Tallinn to the National
Institute of Chemical Physics and Biophysics to be measured in
an open circuit. Fig. 7 illustrates the field strength behavior in
time during the testing of the sample. The magnet material was
first driven to the first quadrant by about 500 kA/m, and then,
a time-varying field strength between −400 and 100 kA/m was
applied.

Fig. 8 illustrates the overall behavior of the polarization in the
JH plane. As it was anticipated, there is some hysteresis seen
in the first quadrant area of the magnet, where it is normally
not working in an electrical machine. In the second quadrant
in Fig. 8, there are no visible loops of hysteresis when the
alternating H-field is applied.

In Fig. 9, there is an enlarged figure of the polarization
behavior; the loops seen are very small that we may conclude
that there is, in practice, no hysteresis in this PM material when
operated in the second quadrant.

V. ROLE OF PM HYSTERESIS IN ROTATING-FIELD

PM MACHINES

The air gap needed in practical machines results in an appar-
ent negative field strength in the magnet. This opening of the
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Fig. 9. Enlargement of Fig. 8 in the second quadrant area. The
possible loops seen here are negligible. According to this result, there
should be no practical hysteresis losses if the PM material remains
under a varying H-field all the time in the second quadrant of the JH
plane.

magnetic circuit moves the operating point of the magnet from
Br to P in Fig. 3. During normal use, there will be an armature
reaction of the machine causing different operating points at
different parts of the magnet in such a way that the operating
points travel away from point P either in a positive or negative
direction with respect to H .

Based on the aforementioned literature analysis and on our
own experience about practical PM losses in rotating machines,
it seems that there is a good opportunity to avoid PM hysteresis
losses in electrical machines. The results measured in literature
[12], [13] are obviously correct, but the interpretation with
regard to rotating machines may not be correct.

When a PM material is used in a rotating electrical ma-
chine, the magnetic circuit is always physically opened by
the machine air gap and further magnetically opened by the
magnetic voltage drop in the iron circuit. Often, a slightly
demagnetizing stator current component even further decreases
the operating point flux density in the magnet. These conditions
should guarantee that, in practice, the external H-field never
passes to the positive side in the magnet external H-field.

However, the dimensioning rules and a strong armature reac-
tion in high-torque applications may cause a risk to some areas
in the magnets of experiencing flux densities close to the rema-
nent flux density of the material. This has to be studied further.

The most efficient use of the magnet material is found at
BHmax, which corresponds to the operating point magnetic
flux density of Bm = Br/2. For other reasons, however, the
air-gap flux density of PM machines is normally selected much
higher than half of remanent flux density Br. In the case of the
wasteful use of the PM material, operating point Bm can reach
even Bm = 0.8−0.9Br at no load. At no load in electrical
machines, the PM flux density remains lower than Br in all
practical cases.

To observe such behavior in more detail, a finite-element
analysis was performed for a 25-kW PM synchronous machine
(PMSM) with pseudorotor surface magnets. The dimensions
and details of the test machine are presented in [1]. Fig. 10
illustrates the machine pole geometry, and Fig. 11 presents
the magnetic flux behavior under a nominal torque condition,
where the armature reaction is strongly affecting the PM flux
densities.

Fig. 10. Multiple-pole traction motor pole studied for hysteresis losses.
Each pole carries two embedded magnets. The topmost magnet, how-
ever, behaves almost similar to a rotor surface magnet as the magnet-
retaining bridge is very thin.

Fig. 11. Flux plot of the test machine under rated torque.

The NdFeB magnet material used in the machine has a rema-
nent flux density of Br = 1.17 T at an operating temperature of
100 ◦C. At no load, the upper PM flux density is about 0.8 T,
which is 70% of the remanent flux density.

At the rated operating point, the armature reaction affects
the upper magnet in such a way that when the torque is
counterclockwise, the upper magnet’s left corner gets a higher
flux density, and the upper magnet’s right corner gets a lower
flux density similarly as in no load (see Fig. 11).

If we compare this with Fig. 3, the left-corner PM operating
point moves right from point P when the machine is loaded, and
the right-corner PM operating point moves left from point P.
The permeance harmonics are then further modulating the flux
densities in these points according to Figs. 12 and 13.

As Fig. 12 illustrates, the flux density of the upper magnet’s
leftmost corner varies between 0.86 and 1.07 T when the
armature-reaction-intensified flux density is modulated by the
slot openings.

Correspondingly, Fig. 13 illustrates how the armature re-
action makes the average value of the flux density lower in
the rightmost corner than in the leftmost corner. The slot-
frequency-caused variation now takes place between the values
0.57 and 0.60 T.

In both of these cases, the flux density of the magnet clearly
remains at lower values than remanent flux density Br, meaning
that the BH or JH operation of the magnet clearly remains in
the second quadrant.

This machine, however, has quite a low magnetizing in-
ductance, and as a result, the armature reaction is limited
so that, under normal operation, no magnet operates beyond
the remanent flux density. In such a case, there will be no
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Fig. 12. Flux density variation in the leftmost corner of the upper
magnet under the influence of the rated point armature reaction and the
flux density modulation caused by the slot openings. The rated motoring
torque is produced counterclockwise.

Fig. 13. Flux density variation in the rightmost corner of the upper
magnet under the influence of the rated point armature reaction and the
flux density modulation caused by the slot openings. The rated motoring
torque is produced counterclockwise.

hysteresis losses in the magnets. We shall, however, enlarge our
studies to a two-pole rotor-surface-magnet PM machine that is
deliberately designed to have a high magnetizing inductance
and, therefore, a high armature reaction. Fig. 14 illustrates the
flux density distribution in PMs at the rated load.

The variation of flux-density-indicating colors shows the
strong influence of the armature reaction in the magnets. If
we observe the upper PM pole, its flux density clearly exceeds
the remanent flux density of the magnet on the left, whereas
a significantly reduced flux density is shown on the right. In
the center of the pole, there are magnets that operate very close
to the remanent flux density, and as we have used open slots
in the calculation, the high permeance variations modulate the
flux density in the magnets so that the operating points in the
magnets travel across the B-axis; those magnets are prone to
hysteresis losses. Fig. 15 illustrates the traveling of the flux
density in the topmost magnet in Fig. 14.

Figs. 16 and 17 illustrate the traveling of the flux density in
the leftmost and rightmost magnets in Fig. 14, respectively.

Fig. 14. Flux solution of a rotor-surface-magnet PMSM with a high
armature reaction at the rated load.

Fig. 15. Flux density variation in the top centermost magnet in Fig. 14.
The flux density travels across the B-axis via the remanent flux density
of the material (Br = 1.01 T). Hysteresis is not seen as the software
used in the calculations does not support such a solution. However, in
reality, this magnet should, in addition to eddy-current losses, also suffer
from hysteresis losses, and the total magnet losses could be significant.
A 1–2-mT-high hysteresis loop should result.

Observing the leftmost magnet shows that its flux density and
magnetic field strength vary between 1.14 and 1.28 T, with a
field strength of +100–+200 kA/m. This magnet always stays
at this load in the first quadrant and does not experience hystere-
sis loss. Observing the rightmost magnet shows a flux density
variation between 0.19 and 0.23 T with −620–−587 kA/m.
This magnet is heavily demagnetized and always stays at this
load in the second quadrant, experiencing no hysteresis loss.

The no-load PM flux density is naturally in the second
quadrant, and no hysteresis loss will take place. However, as the
load increases, the armature reaction starts increasing the flux
density at the northwest and southeast edges of the magnets.
As a result, first, the top leftmost magnets’ operating point
reaches, in average, the remanent flux density level, and as the
load increases, a similar operation point starts traveling toward
the centermost magnet. Therefore, at higher loads, there are
always some magnets that experience flux density traveling
across the B-axis, i.e., the change of the sign of the H-field, and
experience hysteresis losses. The height of the hysteresis loop
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Fig. 16. Flux density variation in the leftmost magnet in Fig. 14.

Fig. 17. Flux density variation in the rightmost magnet in Fig. 14.

should be about ΔB = 1−2 mT, whereas ΔH = 175 kA/m.
Each cycle creates a hysteresis loss density of 175−350 J/m3

in the magnets. In this case, the machine operates at 50 Hz.
As the number of slots is Qs = 30, the slot frequency shall be
fs = 1500 Hz. Now, the hysteresis specific power should be
in the range of 267−525 kW/m3. The magnet dimensions, i.e.,
the width, the height, and the length, are 25, 10, and 400 mm,
respectively. In the magnet with a clear hysteresis loop in itself,
there should be even 25−50 W hysteresis loss. Such a design
should be, naturally, avoided.

VI. CONCLUSION

The hysteresis behavior of sintered NdFeB PM materials
when applied in the design of rotating electrical machines
was studied. Normally, only eddy-current losses have been
considered the sources of losses in these magnets, and possible
hysteresis losses have been ignored. However, for instance,
Fukuma et al. [12] claim that significant hysteresis losses also
occur in PMs.

In practice, however, to have a clear minor loop in a PM
material, the crossing of the J-axis (or the B-axis) with a
positive H-field is needed to see clear hysteresis behavior in
NdFeB materials. This is normally not the case in rotating

electrical machines as they are designed in a way that the BH
behavior in the magnet takes place in the second quadrant of
the PM material’s hysteresis loop.

After reevaluating the literature results and based on our own
measurement results, we are convinced that hysteresis losses
in carefully designed machines play no significant role in PM
materials when normally used in rotating machines, as the PM
materials, in practice, always operate in the second quadrant
of the BH curve and no crossing of the J-axis, enabling clear
hysteresis behavior, takes place. However, for instance in the
utmost conditions in the traction motor used as an example
during the highest accelerating torque values, the crossing of
the J-axis may also take place, resulting in hysteresis losses in
the magnets. Such a condition cannot, however, last for a long
period of time as the copper losses under high accelerations are
also very large that the machine windings rapidly heat up and
the drive has to return to the normal operating range, where no
crossing of the J-axis certainly takes place.

In addition, this paper has been also based on several test
machines and an evaluation of the PM losses in them. For
example, in [16], we tested an axial-flux tooth-coil open-slot
machine with bulky or laminated magnets. In this case, the
slot openings were very wide, and the flux density dips caused
by them were very large. The losses, however, were reduced
according to the eddy-current loss theory, and no significant
hysteresis loss could have been included in the loss analysis.
The hysteresis loss is about constant independent of the magnet
lamination thickness. In [11], the losses dramatically decreased
when laminated magnets were used instead of bulky mag-
nets. This is another practical indication of the nonexistence
of significant hysteresis losses in carefully designed rotating
electrical machinery.

However, in machines with a high per-unit magnetizing
inductance, the armature reaction may bring the PM material’s
operating point close or even beyond the remanent flux density
of the PM material. Two-pole PM machines clearly belong to
the machine in which there is a risk of hysteresis losses in PMs
if the machine is not correctly designed. It is the task of the
designer to carefully analyze the armature reaction effects on
the PMs, and if the machine tries, in a normal operation, to bring
some of its magnets to hysteresis loss danger, it is important to
redesign the machine. In normally designed and operated PM
electrical machines, in which the magnets operate in the second
quadrant of the JH curve, hysteresis losses play no important
role and can be neglected in practice.
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