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SYMBOL INDEX  
1. Units and constants 

This thesis is written on the basis of SI-units. All formulas, calculations and 
measurement results have been presented only using SI-units and the derived 
SI-units.  

List of constants used in this thesis 
Symbol Description Value 

0 Magnetic permeability of free space 4·π·10–7 H/m 
ε0 Dielectric permittivity of free space 8,85·10–12 F/m 

 

2. General assignments 
 
aBr temperature coefficient for remanence 
aHc temperature coefficient for coercivity 
ap angle between line of symmetry and phase vector 
a temperature coefficient of resistance for the conductor material 
Ah area of the modelled region for heat transfer calculation 
Badm flux density along d-axis 
Baqm flux density along q-axis 
Bn radial component of air gap flux density 
Bt tangential component of air gap flux density 
Bm magnet flux density (peak) through the cross section of cylinderical 

ferromagnetic core element 
c specific heat capacitance of material 
C1 heat capacitance of an object 
D diameter of the air gap 
Db inner diameter of bearing 
Eph EMF induced in one phase winding 
Ex EMF induced in the cylinder’s wall along 2πx circle line  
e1c EMF 
f frequency 
Fad magnetomotive force created by Id 
Faq magnetomotive force created by Iq 

Fc magnetomotive force 
Fa total magnetomotive force 
F bearing load 
Hc coercivity 
Hsl slot harmonic number 
hm magnet height 
hii thickness of stator bore 
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Id direct axis current 
Iq

 

quadrature axis current 
I RMS stator current 
Jrms current density in stator winding 
ksq skew factor 
kw total winding factor 
K1 the lowest integer that results in a whole even number 
kw1 winding factor that considers kd and kp factors 
kф coefficient for calculation of permeability of air gap branch 
kma saturation factor of magnetic circuit 
kC Carter factor 
kδ  air gap factor 
kμ saturation factor of magnetic circuit 
kf form factor 
KR skin effect factor for the resistance 
k reciprocal of the temperature coefficient of resistance at 0°C of the 

conductor material  
Lstk stack length 
Lm length of PM 
L inductance 
Lii length of magnetic path of one pole 
lav average length of a turn 

 Lh length of the modeled region for heat transfer calculation 
m number of phases in stator winding 
Nph number of turns in stator winding per phase 
Pcu copper losses in a winding  
P number of poles 
p number of pole-pairs 
ρ copper resistance 
Ρd density of the material 
Pp eddy current power extracted from cylinder  
Pp

’ eddy current losses for a unit volume 
Ph hysteresis losses 
PFe total iron losses 
Pp, b bearing losses 
Q number of stator slots 
q stator slots per pole per phase 
Rm permeance of one magnet pole 
Rmii rotor bore permeance 
R01 permeance of air gap branch

 Ra stator magnet circuit permeance 
Rs permeance of the leakage flux 
R resistance 
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Rac AC resistance of the phase winding 
Rth thermal resistance 
R1 resistance of the winding at temperature θ1 (cold) 
R2 resistance of the winding at the end of the thermal test 
Sc cross-section area of the conductor 
Sn apparent power 
Tc cogging torque 
T1 hot surface temperature (K)  
T0 cold surface temperature (K) 
Uc voltage induced in the coil 
Uph phase voltage under load 
V volume of the stator core 
w number of turns per pole 
x dimension  
Z sum of phase positive and negative vectors in winding vector diagram 
µ friction coefficient 
µa permeability 
µ0  permeability of vacuum 
µr relative permeability 
µm permeability of PM 
µii stator bore permeance 
µrPM permanent magnet material relative permeability 
δ air gap length 
δe equivalent air gap 
ν number of harmonic 
v speed at which the conductor travels in the magnetic field 
Ψ angle between stator current and electromotive force 
Фad flux for d-axis 
Фaq flux for q-axis 
Ф fundamental flux per pole 
Фx magnet flux density through the cylinder end surface  
Фxm magnet flux corresponding to Bm 

p20 copper resistivity at 20 ̊ C 
           specific conductivity of the conductor 
s1             rotor leakage flux 

ƞ coefficient 
η1 efficiency 
Ω angular frequency of the shaft 
1 temperature (°C) of the winding (cold) at the moment of the initial 

resistance measurement 
2 temperature (°C) of the winding at the end of the thermal test 
a   temperature (°C) of the coolant at the end of the thermal test 
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LIST OF ABBREVIATIONS 
Abbreviation Description 

PM Permanent magnet 

PMSG Permanent magnet synchronous generator 

MMF Magnetomotive force 

EMF Electromotive force 

LV Low voltage 

DFIG Double Fed Induction Generator 

AC Alternating current 

DC Direct current 

NdFeB Neodymium-Iron-Boron magnet 

SmCo Samarium-Cobalt magnet 

AlNiCo Aluminium-Nickel-Cobalt magnets 

FEM Finite element method 

THD Total harmonic distortion 
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1 Introduction 
The increasing awareness of the need for environmentally sustainable energy 
production has driven the promotion of wind energy conversion systems. Wind 
is a form of solar power, created by the uneven heating of the Earth’s surface [1]. 
Wind turbines have been developed for over a millennium and are available in 
various configurations of horizontal and vertical axis. Wind energy conversion 
systems transform kinetic energy available in the wind into electrical energy [1]. 
Due to some favorable characteristics, such as economic viability, a clean energy 
resource, low environmental impact, and the potential to cover a large percentage 
of the energy requirement, this technology has grown considerably in the last few 
decades. The cost to produce a unit of electricity from wind has decreased by 
80% during the last twenty years. 

1.1 Wind energy in EU and in the world 

The growth of the wind energy in Europe has a rapid and stable trend. According 
to “Wind in power” report [2] there is now 142 GW of installed wind energy 
capacity in the EU. Wind energy has overtaken hydro as the third largest source 
of power generation in the EU with 15.6% share total power capacity [2]. 
According to Fig. 1.1, it can be seen that during the last years, wind energy has 
taken significant part of the total EU installed annual capacity. The year 2015 
shows the highest percentage (44.2%) of total 2015 capacity installations. 

 
Fig. 1.1. Annual installed capacity (MW) and renewable share (%) in Europe. The blue 
columns correspond to the wind energy [2]. 

Germany has the highest wind power capacity (44.9 GW) in EU (Fig. 1.2). The 
same indicator in Estonia equals to 0.3 GW. Big variations between countries in 
their 2015 new installations reflect the relative effectiveness of policy and 
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regulatory frameworks and uncertainty over future energy policy in EU Member 
States [2].  

Besides Germany, there are some other countries in Europe, which have 
increased wind power capacity quite rapidly during recent years: Spain (23GW), 
the UK (14GW) and France (10GW).  

 
Fig. 1.2. European Union member state market shares for total installed capacity 
(GW) [2]. 

As of the end of 2015, the worldwide total cumulative installed electricity 
generation capacity from wind power amounted to 432 883 MW, an increase of 
17% compared to the previous year [3].  

China is the world’s leading country with 33.6% or 145 GW of wind power 
capacity installed (Fig. 1.3). The United States and India have also relatively good 
results in wind power capacity increase during the last years, with 74 GW and 
25 GW respectively. The “green” wind energy is a good alternative for fulfilling 
the significant part of this amount of required power capacity. The United States 
is planning to increase the wind power capacity by 20% before the year 2030.  

The global need for energy is growing rapidly. The scientists predict the need 
for extra 4800 GW of global capacity increase before the year 2030 in order to 
fulfill the human being’s need for electricity [3].  
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Fig. 1.3. Global market shares for total installed capacity (GW) [4]. 

1.2 Wind energy in Estonia 

The use of wind power to pump water and produce electricity in the rural areas 
started in Estonia during the common economic growth in 1930s [5]. The wind 
generators were produced in Estonia, and the references to several patents serve 
as a proof of their good quality and a unique engineering approach. After the 
Second World War, the usage of wind power decreased rapidly due to existing 
Soviet energy policy in favor of big thermal power plants running on oil shale [5]. 

Nowadays, the capacity of wind turbines has a growing trend, as it can be seen 
from Fig. 1.4.  

In the end of year 2015, there has been totally 136 pcs of working wind 
turbines in Estonia with total power of 302.9 MW [6]. The total wind power 
energy production during year 2015 was 692.5 GWh, which is about 9% of the 
total energy consumption in Estonia [6]. 
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Fig. 1.4. Wind power production capacities in Estonia (years 2002 – 2015) [7]. 

1.3 Overview on the small-scale wind turbines  

The recorded small wind capacity installed worldwide has reached more than 
678 MW as of the end of 2012. This is a growth of 18% compared with 2011, 
when 576 MW were registered. In 2011, the growth rate was still at 21% [8]. 

The leading countries in small wind energy capacity are China, USA and UK 
with 39%, 31% and 9.4% respectively. These three countries have installed about 
80% of the total global capacity in the year 2012 [8].  

The total capacity of small scale wind turbines connected to the Estonian grid 
was 173.2 kW in the end of 2013 [6].  

The statistics show that average small wind industry capacity trend has 
increased about 19–35% for the past years. Based on a conservative assumption, 
the market could subsequently see a steady compound growth rate of 20% from 
2015 to 2020 [8]. The industry is forecasted to reach approximately 480 MW of 
newly installed capacity, added annually until 2020, and achieves a cumulative 
installed capacity of close to 3 GW by 2020 [8]. 
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Fig. 1.5. SWT installed capacity world market forecast 2009–2020 [8].  

The small scale wind power industry is still under development. The future 
capacity of small scale wind is tightly dependent on the cost of the technology, 
cost of the electricity, local policies and standards. Considering the forecast 
shown in Fig. 1.5, there will be a growingly increasing demand for small wind 
turbines.  

1.4 Overview on generators 

1.4.1 Direct drive vs gearbox 
Depending on the type of the drivetrain and electromechanical energy converter, 
all wind turbines are divided into geared, which are more common, and gearless, 
also referred to as direct-driven (Fig. 1.6) [9].  

In traditional gearbox-operated wind turbines, the blades spin the shaft, which 
is connected through a gearbox to the generator [10]. The multiple wheels and 
bearings in the gearbox suffer tremendous stress because of wind turbulence and 
any defect in a single component can bring the turbine to a halt [10]. For this 
reason, the gearbox requires maintenance. The overall reliability of a wind 
turbine is reduced by the use of a gearbox in wind energy systems. However, on 
the other hand, direct-drive brings some significant drawbacks: cost and weight. 
Nevertheless, over the last two years, direct-drive machines have been 
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demonstrated to not necessarily be heavier or more expensive than geared 
systems [10]. This fluctuation has been caused by two technological 
advancements: the cost of the permanent magnets used in direct drives has 
declined significantly and the arrangement of the generator has become more 
streamlined [10]. 

 

Fig. 1.6. Configuration scheme of a wind power turbine using a gearbox between blades 
(a) and generator connected directly to the shaft of the windmill (b) [11]. 

When compared to high speed generators, using slow speed machines in 
windmills grants many benefits [12], [13]: 

- energy productivity of the generator is rising, as low wind speeds are 
better utilized; 

- maintenance costs drop, reliability rises;  
- noise level emitted to the surrounding environment drops;  
- power factor is higher.  

A direct-driven low-speed generator with a large number of poles and an outer 
diameter larger than conventional generator is required in the gearless wind 
system [9]. 

In the last few decades, reduced magnet price has made synchronous 
generators with permanent magnet excitation an attractive alternative. In 
comparison to the electrical excitation, the permanent magnet excitation favors 
reduced active weight and decreased copper losses, yet the energy yield is 
higher [14]. Due to this fact, such applications have the highest efficiency and 
additionally they are the most reliable [13]. 

1.4.2 Synchronous vs asynchronous 

Induction generators were the most widely used small wind turbines in the 1980s 
because they are easily available, robust and inexpensive. Furthermore, due to 
their use in a wide range of industrial appliances, their technology is very familiar, 
its maintenance and replacement parts are easily available [15]. Induction 
generator needs magnetizing current to work, therefore induction generator needs 
to be connected to the grid or capacitors need to be installed, in case of an 
autonomous system. Traditionally, most induction generators used for wind 
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generating systems are grid connected, where the induction generator is made to 
rotate at a speed of about 1000-1500 rpm [16]. In both off-grid and grid-
connected applications, a gearbox is required to adapt the low rotating speed of 
the turbine shaft to the high speed required by the generator [15]. The use of 
gearboxes is the main drawback of the induction generator application in small-
scale wind turbines. The use of gearbox results in additional losses, additional 
noise and need for maintenance. All these listed drawbacks are the reason of low 
popularity of the induction generator nowadays.  

To eliminate the drawbacks associated with gearboxes, it is desirable to 
implement a direct drive topology, in which the gearbox is removed by 
connecting a low speed generator directly to the turbine shaft, so that it rotates at 
the same speed as the turbine rotor [15]. Electrically excited synchronous 
generators can be used for direct-drive wind turbines [15]. Synchronous 
generators have been used more widely in wind applications during the last 
decade [13]. Synchronous generators using electromagnetic excitation that are 
used in windmills, get their needed excitation mainly from the pole windings that 
are situated usually on the rotor and fed with direct current [13]. Both brushless 
and slip ring equipped excitation systems are used [12]. The main drawbacks of 
the wound rotor synchronous generator is heavy and complicated structure.  

To increase generator efficiency and eliminate the need for field winding 
excitation, permanent magnet synchronous machines are generally the preferred 
choice of generator for small wind turbines [15]. For small wind turbines, which 
are sited mostly in low wind speed areas, high generator efficiency is desirable in 
order to improve the energy yield from such a system [15]. The PM generator has 
some significant advantages: no need for gear box, separate excitation is not 
required, high efficiency. The main drawbacks are large diameter and cogging 
torque. 

1.4.3 Configuration of PM synchronous machines 

Synchronous PM generators can be divided according to the direction of the flux 
lines into three main groups: radial, axial and transversal flux [12]. The main 
aspects and possible constructions of these configurations are discussed below. 

1.4.3.1 Radial flux configuration 

In radial flux generator, the flux passes the air gap in radial direction, as in case 
of traditional electrical machine solution [17]. The machines of this type are 
widely used in various applications, such as traction, ship propulsion systems, 
wind power generation, robotics, and many others [9].  

The general construction of the radial flux machine is shown on Fig. 1.7. The 
stator construction of PM radial flux machine is the same as in the conventional 
AC machine, which makes it easy to manufacture due to existing well known 
technology.  
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Usually, the construction with inner rotor and outer stator is used, but in some 
special applications opposite construction is used [13], as it is shown on 
Fig. 1.8 (a) and Fig. 1.8 (b).  

 

Fig. 1.7. Radial flux permanent magnet synchronous generator with outer rotor [18].  
 
 

 

 (a)                                       (b)                                                                   

Fig. 1.8. Radial with inner rotor (a)  and radial with outer rotor (b) permanent magnet 
synchronous generators [19].  

Three main permanent magnet layouts on the rotor of the generator are used in 
case of radial flux PM machines: surface-mounted design, inset and buried 
(Fig. 1.9).  

The surface-mounted magnet design (Fig. 1.9(a)) machines have relatively 
simple rotor construction, but on the other hand, there is a risk of generator’s 
reliability, as magnets can be ripped off due to high centrifugal forces [13]. The 
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bandaging of such a machine is often necessary in order to protect magnets from 
the centrifugal forces [9]. The reactances in the d- and q-axes are almost equal. 
The magnetic permeability of the permanent magnet is almost the same as in air, 
therefore the surface-mounted design has a relatively large equivalent air gap 
compared to the inset or buried magnet topologies. Bigger air gap has a negative 
influence on the synchronous generator output characteristics.  

The inset-magnet rotor (Fig. 1.9(b)), has radially polarized magnets embedded 
in the slots on the rotor surface [9]. In this kind of construction, the magnets are 
fixed in a place, which reduces the risk of breaking or ripping off the magnets 
due to the centrifugal forces. The synchronous reactance is larger in the d-axis 
than in the q-axis. The EMF induced by the magnets is generally higher than in 
the surface-mounted rotor design, due to smaller equivalent air gap [20]. The 
rotor in this design is likely to be lighter in weight comparing to surface magnet 
design [9]. 

In the buried-magnet rotor (Fig. 1.9(c)), the magnets are magnetized 
circumferentially [9]. The synchronous reactance in the q-axis is larger than in d-
axis. The thickness of the bridge between the magnets should be carefully chosen. 
In this configuration, a non-magnetic shaft should preferably be used. The 
advantage of this rotor design is that the air gap flux density can be greater than 
the remanent flux density of the permanent magnets, inducing higher EMF 
compared to inset and surface- mounted magnet designs.    

 
Fig. 1.9. Most common brushless PM rotor topologies: (a) surface-mounted magnets, 
(b) inset magnets, (c) buried magnets [9].  

1.4.3.2 Axial flux configuration 

In axial flux machine, the flux passes the air gap in the axial direction, while the 
windings are placed radially, as it can be seen from Fig.1.10. The axial flux 
machine consists of two or more discs. Different type of possible configurations 
of axial flux machines exist: single or double sided, multi-disc and Torus [21]. 
The advantages of the axial flux machine is the relatively high torque-per-volume 
ratio, low weight and adjustable air gap [9]. The main disadvantages are 
manufacturing difficulties and high cost. 



 

 

 

23 

 
Fig. 1.10. Axial flux PM synchronous generator [18].  

1.4.3.3 Transverse flux configuration 
Unlike in the conventional radial flux machines, the flux lines in this topology lie in the 
perpendicular or, in other words, transversal plane to the direction of movement and 
that of current flow [9]. One possible construction of the machine with transversal flux 
orientation is shown on Fig.1.11.   

One of the main benefits of using a transverse flux topology is the possibility to 
attain a high torque density [22]. By increasing the number of poles (thus decreasing 
the pole length) for given dimensions and current loading, the machine rating can be 
increased and, consequently, higher values of specific torque density can be 
achieved [9]. 

The main drawback of this topology is the high leakage flux and too complicated 
mechanical structure, which leads to relatively high cost of the generator. 

 
Fig. 1.11. Single-phase transverse flux topology with permanent magnet excitation [9].  
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1.4.4 PM generators in wind power applications 

One of the most important aspects when choosing the design of the generator for 
small scale wind turbine is simplicity and reliability. The key to simplicity and 
increased efficiency comes from building a direct drive wind turbine with the 
turbines blades mounted directly onto the generators main pulley shaft. As soon 
as gears, belts, pulleys, or any other ways to increase or decrease their speed are 
introduced, energy losses, additional costs and complexity are also 
introduced [23]. 

One of the most commonly used type is the induction generator. This kind of 
generator requires a gearbox, which negatively affects reliability and efficiency 
of the machine. Use of permanent magnet electrical machines is growing in wind 
turbine sector, as such machines have generally very good efficiency, reliability, 
small weight and no need in servicing [PAPER-I]. 

The main drawback of the PM generator is the missing possibility of 
controlling the excitation power [12]. Due to this fact, it is not possible to use the 
energy efficiently on slow speed [12]. During high wind speed, the PM generator 
voltage can achieve dangerous level, which can destroy the insulation of the 
stator. This is the reason why PM generators require more expensive frequency 
converters for the grid connection comparing to converters for induction 
generators [12].  

During the design of PM machine, some significant technical issues must be 
considered. One of them is the attraction force, which takes place between stator 
teeth and rotor magnets. PM rotor tries to take the certain position with the lowest 
magnetic resistance relatively to the stator magnetic circuit. This creates a braking 
torque or cogging torque [13]. The blades of the wind turbine have a very slow 
torque at the starting moment of the wind turbine, therefore, when cogging torque 
is high, the turbine will not start to rotate [13]. There are numerous methods how 
to overcome this problem: slot skewing, special winding, and slot to pole 
combinations. The cogging torque problems will be discussed in Chapter 3.  

1.5 Goals and tasks 

The goal of the thesis is to investigate and develop the permanent magnet 
synchronous generator with outer rotor design for wind power application. The 
preliminary parameters and restriction of the design had to be considered during 
the design phase. The risks like cogging torque, permanent magnet 
demagnetization and variability in permanent magnet characteristics had to be 
taken into account. Therefore, the generator had to be optimized to have the most 
efficient and safest design. 

During the research and design phases the following issues have been 
considered and discussed in the thesis: 

1. Overview on overall situation on the small-scale wind generators sector 
(Chapter 1.3). 
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2. Overview on different topologies of the generators used in wind power 
applications (Chapter 1.4). 

3. Choice of the generator design for the required application (Chapter 2). 
4. In-depth investigation on the cogging torque problems related to current 

design of the generator (Chapter 3). 
5. In-depth investigation on the risk of the demagnetization of permanent 

magnets in the outer rotor PM machine (Chapters 4 and 6.2). 
6. Analysis of the possibility of implementation of different permanent magnet 

materials (Chapter 5). 
7. Investigation of permanent magnet characteristics variability influence on 

the generator output (Chapter 6). 
8. Thermal analysis of the PM generator with outer rotor (Chapter 7). 
9. Prototype machine test data comparison with calculated results (Chapter 8). 

Scientific novelty: 
 Development of the outer rotor design for the windmill parameters given by 

the customer. 

 In-depth study on cogging torque reduction methods for outer rotor 
generator. 

 In-depth study on permanent magnet characteristics variability influence on 
the generator output.  

 In-depth investigation on the risk of demagnetization of permanent magnets 
in outer rotor generator. 

Practical novelty: 
 Design optimization study has been performed, which can be implemented 

for future designed outer rotor generators. 

 Investigation on the permanent magnet characteristics variability influence 
on the generator output can be considered by PM generator manufacturers 
in order to decrease an error of calculation results. 

 In-depth cogging torque study is very useful especially for the small scale 
turbine manufacturers, who need to eliminate the cogging torque effect in 
the generators. 

 The first vertical H-type wind turbine generator developed and assembled in 
Estonia. 

 Experimental investigation of the proposed generator regarding its output 
characteristics. 
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2 Generator design process 

2.1 Background of design 
Small wind turbines can be used to generate electricity to charge batteries, to 
power DC or AC loads and for grid connection [24]. The electricity generated by 
small wind turbines can be used for either autonomous (off-grid) applications or 
grid connected applications [24]. Grid-connected systems, connected to the local 
grid and off-grid systems, are usually connected to the batteries through the 
converter. The biggest potential lies in the off-grid systems, particularly in 
developing countries with many remote households far from the nearest grid, in 
places, where the expected revenue derivable from grid extension is often too 
small to justify the huge capital investment [24].  

Before starting the generator designing process, it is important to define in 
which way the generator will be utilized. In this work, the generator design must 
be suitable for the wind turbine equipped with a converter for battery charging, 
which is required for maintaining the required DC voltage on the battery 
terminals. Based on the wind turbine and converter parameters, it is possible to 
start the design process of the generator. The most important windmill parameters 
are rated mechanical power and speed. The converter defines required output 
voltage of the generator. 

Table 2.1 represents the generator parameters specified by the customer. 
These parameters were considered as the main input for the generator design. 

Table 2.1. The required parameters of the generator specified by the customer. 
  

 
There are different types of turbines used for the small scale applications. One 

of the important parameters of the turbine is the tip speed ratio. The tip speed 
ratio is the relation between the rotor blade tip speed and the wind speed. This 
parameter is of great importance, because for the efficient power utilization the 
rotor must have suitable rotational speed to its size and wind speed.  

Tip speed ratio of a wind turbine depends on the number of blades: fewer 
blades implies high tip speed ratio [15]. For turbines with the same rotor diameter, 
turbine with two blades needs higher rotational speed compared to three-bladed 
turbine (Fig. 2.1). The turbines with higher tip speed ratio are more suitable for 
electricity generation.  

Parameter Sym
bol Value Unit 

Total power Sn 5000 VA

Rotational speed N 200 rpm

Line voltage under load Uph 400 V

Temperature rise class F 
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Fig. 2.1. Coefficient of performance as a function of the tip speed ratio for various turbine 
types compared to theoretical limit [25]. 

For this work, a combination of Darrieus and Savonius turbines has been 
considered (Fig. 2.2). The main target of including also the Savonius turbine is 
lower cut-in speed. In addition, the Savonius turbine provides the braking torque 
when the turbine’s rotational speed exceeds the maximum limit. 
 

 

Fig. 2.2. The combined wind turbine, which consist of Darrieus and Savonius turbines. 

The characteristic of the combined wind turbine is shown on Fig. 2.3. The turbine 
achieves its maximum power when the wind speed is about 12 m/s and therefore 
the generator corresponding speed is 200 rpm. When the wind speed exceeds 
12 m/s, the Savonius part of turbine starts to produce braking torque. 
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Fig. 2.3. The combined wind turbine characteristic, which consists of Darrieus and 
Savonius turbines. 

2.2 Design process  
When a new electric machine is to be designed, the requirements usually include 
a set of performance specifications and a set of constraints or limitations, such as 
the maximum physical size, the maximum temperature rise, and the supply 
voltage [26]. In many cases, new machine designs are evolved from the existing 
ones by modifying existing laminations and components to minimize the cost of 
changes in tooling and components [26]. Even so, the same principles determine 
how much power and performance can be achieved from a machine of given size 
and temperature rise. 

The electric loading A is defined as the linear current density around the air 
gap circumference, that is, the number of ampere-conductors per meter around 
the stator surface that faces the air gap [26]. 

ܣ  ൌ
ଶ௠ே೛೓ூ

గ஽
,    (2.1) 

where m is number of phases, Nph is the number of turns per phase, I is the RMS 
stator current, D is the diameter of the air gap.  

The air gap is assumed to be small compared to the rotor diameter, so that no 
distinction is made between the rotor diameter and the stator diameter. The RMS 
current is used, because it determines the I2R heating, which limits the electric 
loading [26].   

The magnetic loading B is defined as the average flux-density over the rotor 
surface. The approximate magnetic loading B can be calculated according to the 
following equation [26]: 

ܤ  ൌ Ф ଶ௣

గ஽௅ೞ೟ೖ
,    (2.2) 
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where Ф is the fundamental flux per pole, p is the number of pole-pairs, Lstk is the 
stack length. 

Usually, the flux density in the teeth is limited to about 1.8 T and flux density 
in the air gap is limited to about 0.7 T. With excessive flux densities, the iron 
losses can get too high. 

The air gap length has a very significant influence on the generator output 
parameters. Large air gap has positive influence on the eddy current losses of the 
rotor, which are produced by stator semi-closed slots. In addition, the cogging 
torque is reduced as well. On the other hand, larger air gap results in more 
permanent magnet material due to the decrease in air gap flux density. The air 
gap length for the surface PM synchronous machine can be approximately 
estimated using the following equation [26]: 

ߜ  ൌ ௛೘
ఓೝುಾ

൅  ௘,    (2.3)ߜ

where δ is the air gap length, hm is the height of the permanent magnet, µrPM is 
the permanent magnet material relative permeability and δe is the equivalent air 
gap (physical air gap corrected with the Carter factor (δe = kC δ) [27]. 

The stator magnetic core material has been chosen to be electrical non-
oriented steel M800-65A. This steel is less expensive compared to, for example, 
high efficiency M400 or M200 steel materials.  

The rotor core has been manufactured from solid steel material, as there is no 
alternating flux in the rotor core. The only problem that can be present is the 
surface losses in the rotor core, which has not been considered within this study. 

The NdFeB magnet material with grade of N42H has been chosen due to 
sufficiently high remanence. The coercivity of the permanent magnet is also of 
great importance due to the risk of the demagnetization of permanent magnets 
during a fault or severe conditions such as short-circuit and high ambient air 
temperature. The rectangular magnet shape has been chosen due to its simplicity 
and low price. Comparing to inner rotor design generators, in the generators with 
outer rotor construction the air gap open circuit flux density has less harmonic 
content with the rectangular magnet. 

The stator winding of the studied generator has been made with stranded, 
enameled copper wires. The winding insulation corresponds to the F class type 
according to IEC standard. The winding design and configuration will be 
discussed in the next chapter.  

2.3 Winding design 

Generally, in order to reduce harmonics influence in the machine, the number of 
poles per pole per phase (q) is chosen to be as big as possible. It can be easily 
achieved in machines, where number of pole pairs (2p) is equal to 1 or 2. In the 
machines, where 2p = 6 or 8 and where stator diameter is quite small, it is rather 
difficult to achieve the ratio of q = 4 or 5. In some cases it is not possible to 
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increase the number of slots per pole per phase, because the required number of 
slots will be about too high. In these cases, the fractional winding is recommended 
to be used.            

The fractional winding is the winding where q is not an integer. Some benefits 
of the fractional windings are listed below: 

– wide range of slots number 
– lower voltage harmonics 
– lower cogging torque 
– more ways to shorten the winding pitch 

ݍ  ൌ ொ

ଶ௣௠
ൌ ௭

௡
,      (2.4)

 
where Q – number of stator slots, p – number of poles, m – number of phases 
[27]. 

For this generator, the winding with q = 0.75 has been chosen. The winding 
vector diagram is shown on Fig. 2.4 

 

Fig. 2.4. Vector diagram of the fractional slot winding (q = 0.75).  

 

Fig. 2.5. Base winding scheme, where A(a), B(b) and C(c) indicate the corresponding 
phase winding beginning and X(x), Y(y), Z(z) indicate the corresponding phase winding 
end.  

In Fig. 2.5, the capital letter indicates that the pole winding is located in the upper 
layer and small letter indicates that the pole winding is located in the lower layer. 
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The base winding includes nine slots. The whole winding consists of eight 
winding groups. 

Fig. 2.6 shows the winding configuration for the designed generator. 

 

 

Fig. 2.6. Configuration of the fractional slot winding. The green and red colors indicate 
the current direction. 

2.3.1 Calculation of winding factor 

The winding factor of the fractional slot winding must be calculated according to 
an equation considering the angle between vectors. 

Fig. 2.7 shows the U-phase vector diagram. According to the diagram, the 
symmetry line between vectors and the half angle a between vectors can be found. 
The following equation can be used in order to calculate the winding factor for 
fractional slot winding [27]:  

	

                ݇௪ଵ ൌ
௦௜௡ೡഏ

మ

௓
∑ ௣,௭ߙݏ݋ܿ
௣ୀଵ                     (2.5)                

where Z is the sum of phase positive and negative vectors, ν – number of harmonic,  
ap – angle between line of symmetry and phase vector, kw1 – winding factor that 
considers kd and kp factors 

Previous equation for winding factor calculation is universal, but it does not 
consider the skew factor ksq. The skew factor can be calculated according to the 
following equations [27]: 
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                       ݇௦௤ ൌ 1 െ ଵ

଺
൬
௦

ఛ೛

గ

ଶ
൰
ଶ

.                     (2.6) 

The final winding factor can be found as follows [27]: 

                                                                                    ݇௪ ൌ ݇௪ଵ݇௦௤.                                                                   (2.7)                                           

 

Fig. 2.7.  Vector diagram required for the winding factor calculation. The diagram shows 
the location of angle a. 

It can be seen from Fig. 2.8, that the winding factor for the first harmonic is 0.87. 
For the third harmonic it is 0.24, but it does not have any effect, because multiples 
of 3 are not present in the phase-to-phase voltage of a star connected winding. 
They can exist only in phase-to-neutral voltage. More information about 
harmonics can be found in chapter 2.4.  
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Fig. 2.8. The winding factors for different harmonics of a q = 0.75 winding. The winding 
factors are calculated directly from the Fourier analysis of the winding distribution. 

2.4 EMF and harmonics  

2.4.1 EMF calculation 
Electromotive force (EMF) is one of the most important parameters of the 
generator. According to the Lorentz law, the EMF can be calculated as follows 
[27]: 

݁ଵ௖ ൌ  (2.8)      ,ݒ௦௧௞ܮ௚ܤ

where Bg is the peak local air gap flux density of the rotating magnetic field, Lstk 
is the effective length of stator iron stack, v is the speed at which the conductor 
travels in the magnetic field (Fig 2.9) [27]. 

 

Fig. 2.9. Flux density distribution in the air gap (Bg is the peak air gap flux density, Bgav 

is the average air gap flux density).  
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The EMF induced in one phase winding can be calculated using the following 
equation [41]: 

௣௛ܧ                                ൌ Ф݂ߨ2√ ௣ܶ௛݇௪,                                  (2.9)                     
 

where f is the frequency, Ф is the maximum  magnetic flux in the air gap, Tph is 
the number of turns per phase, kw is the winding factor

 

2.4.2 THD calculation 

The shape of the EMF is also of the great importance. Generally, EMF produced 
by the generator is considered to be sinusoidal. However, the real EMF is the sum 
of harmonics referring to different higher frequencies. 

Creation harmonics refer to multiples of fundamental frequency. Therefore 
the 3rd harmonic means 3x50 Hz = 150 Hz. Usually generators are symmetrical, 
therefore they can only have odd harmonics [28]. However, due to manufacturing 
practices and tolerances, there may exist low levels of even harmonics. Even 
harmonics have not been considered during this study. 

Generators are harmonic voltage sources by nature. Generator harmonics are 
minimized at the design stage in order to provide a good voltage waveform and 
to minimize losses and thus provide good efficiency [28].  

Multiples of 3 are not present in the phase-to-phase voltage of a star connected 
winding. They can exist only in phase-to-neutral voltage. These harmonics, that 
are multiples of 3, can also flow through the neutral point if it is solidly earthed.  

Harmonics can basically be divided into two main groups: low frequency 
components (5, 7, 11, 13) and high frequency components (17, 19). 

Low frequency components are caused and managed by winding layout or by 
magnet form. Normally, amplitudes are greater in low frequency than in high 
frequency components. The low frequency components can be lowered by 
choosing proper shortened winding pitch. 

High frequency components are caused and managed by small design 
elements like the slot design (full or fractional slot pitch, number and dimensions 
of slots), symmetries, magnetic slot wedges, etc. [28]. Typically high frequency 
components are referred to as slot harmonics and multiples of those [28]. 

One of the most efficient way to reduce high frequency harmonics if the slot 
skewing. A simple way to calculate the slot harmonics is [28]: 

௦௟ܪ                     ൌ
௄భ∙ଶ∙ொ

௉
∙ േ1,                                  (2.10)                      

where Hsl is the slot harmonic, K1 is the lowest integer that results in a whole even 
number (K=2 for the fractional slot winding), p is the number of poles and Q is 
the number of stator slots. 

Fig. 2.10 shows the calculated wave form of the electromotive force of the 
generator.  
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Fig. 2.10. Electromotive force of one phase of the generator (L-N). 

The calculation showed that for the studied generator the high frequency 
components of harmonics are 8 and 10. These harmonics are not actually present 
in the generator as even harmonics cannot be present in symmetrical system. The 
amplitude of different harmonics for studied generator can be seen from Fig. 2.11. 

 

Fig. 2.11. Harmonic amplitudes of the studied generator. 

The open-circuit voltage THD of the designed generator is 1.5 %. 
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2.5 Magnetic circuit calculation 

2.5.1 Finite element method 

For the magnetic circuit analysis, both analytical and finite element methods 
(FEM) can be used. Analytical method is less time consuming compared to FEM, 
but on the other hand, FEM allows to perform dynamic calculations, which are 
necessary for the cogging torque analysis and iron losses estimation.  

Due to symmetrical construction of the generator, only part of the cross-
section can be used for the simulations. For this machine, two poles have been 
used for analysis.  

Fig. 2.12 (drawing on the right) shows part of geometry of the optimized 
machine. Fig. 2.12 (drawing on the left) shows meshed geometry of the model. 
Stator and rotor iron are of laminated steel sheet with stacking factor of 0.96. 
Magnetic characteristics of the magnet are modeled by the relative permeability 
and the remanence flux density. An electrical circuit is made in SPEED software. 
 

  

Fig. 2.12. Meshed geometry of part of magnetic circuit of the generator (on the left). The 
result of the FEM geometry (flux lines and flux density) is shown on the right picture. 

2.5.2 Primary field flux calculation  

The magnetic field created by permanent magnets can be considered as the 
primary field. 

The magnetic field equivalent circuit can be used for the magnetic field 
distribution calculation. The simplified equivalent circuit is shown on Fig. 2.13.  
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Fig. 2.13. Equivalent circuit for primary field. 

To  find magnetomotive force, the following formula can be used [12]:  

௖ܨ          ൌ                       ௖݄௠,                                      (2.11)ܪ

where Fc is the magnetomotive force, Hc is the magnets coercitive force and hm 

the magnet height.  
The permeance of the permanent magnet can be found using the following 

equation [12]:	

                                                   ܴ௠ ൌ ௛೘

ఓ೘
್೘
మ
௅೘

 ,                 (2.12)       

where Rm is the permeance of one magnet pole, µm is the permeability of PM, Lm 
is the length of PM.  

The permeance of rotor bore can be found by using the following equation 
[12]: 

 ܴ௠௜௜ ൌ
௟೔೔

ఓ೔೔௛೔೔௅೘
 ,                                     (2.13)  

where Rmii is the rotor bore permeance, lii is the length of magnetic path (Fig. 
2.14) of one pole, µii is the rotor bore permeability and hii is the thickness of the 
rotor bore.                    
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Fig. 2.14. Rotor bore lii  dimension. 

The permeance of the air gap branch can be found according to the following 
equation [12]:                             	

                                                ܴ଴ଵ ൌ
ఋ௄೎

ఓబ
ഓ೛
మ
௅೘௞ф

 ,                                  (2.14)                      

where δ is the air gap length, Kc is the Carter factor, R01 is the permeance of air 
gap branch and kф is a coefficient. 

Stator magnet circuit permeance can be found using the following equation 
[12]:      

    ܴ௔ ൌ ܴ଴ଵሺ݇௠௔ െ 1ሻ,                          (2.15) 

where kma – saturation factor of magnetic circuit. To find the permeance of the 
leakage flux, the following equation can be used [12]: 

             ܴ௦ ൌ
ோబభ௞೘ೌ

ఙೞభ
 ,     (2.16)      

where s1 is the leakage flux coefficient.                 

2.5.3 Secondary field flux calculation 

When current is present in stator winding of synchronous PM generator, it creates 
the secondary field, which is often called the armature reaction. The part of the 
armature reaction flux is closed through the air gap and rotor magnetic circuit. As 
a result, the armature reaction has a significant influence on the shape and 
magnitude of the air gap flux density.  

The direction of armature reaction can be considered in respect of magnet 
poles. The armature reaction is defined by the angle ψ between stator current and 
the electromotive force.  

The stator current can be divided into two components Id and Iq. Current Id is 
named direct axis current and Iq current is called quadrature axis current. The 
schematic explanation of d- and q axis is shown on Fig. 2.15 and Fig. 2.16. 
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ௗܫ ൌ  (2.17)     ,߰݊݅ݏܫ
 

௤ܫ ൌ  (2.18)     ,߰ݏ݋ܿܫ

Current Id  creates the armature reaction magnetomotive force with the amplitude 
equal to [12]:    

௔ௗܨ                                             ൌ
௠√ଶ

గ

௪௞ೢ
௣
 ௗ.    (2.19)ܫ

Current Iq  creates the armature reaction magnetomotive force with the amplitude 
equal to [12]:   

௔௤ܨ                                               ൌ
௠√ଶ

గ

௪௞ೢ
௣
 ௤.    (2.20)ܫ

Fad  and Faq  both create the total magnetomotive force Fa [12]: 
 

௔ܨ            ൌ
௠√ଶ

గ

௪௞ೢ
௣
(2.21)     ,ܫ

 where w is the number of turns per pole, kw is the winding factor, I is the stator 
current.  

During this study, the generator with surface mounted magnets has been 
investigated. The flux density along the d-axis can be found using the following 
equation [12]:                  

௔ௗ௠ܤ               ൌ ఓబ
௞ഃ௞ഋఋ

                         ௔,                               (2.22)ܨ

where μ0 is the permeability of free space, kδ is the air gap factor, kμ is the 
saturation factor of magnetic circuit, δ is the air gap length. 

To find the flux density along q-axis the following equation can be used [12]: 

௔ௗ௠ܤ                                              ൌ ఓబ
௞ഃ௞ഋఋ

 ௔.    (2.23)ܨ

Armature reaction magnetic flux for d- and q- axes can be found using the 
following equations [12]: 

             Ф௔ௗ ൌ
ଶ

గ
                 ௔ௗ௠݈߬ఋ.                                 (2.24)ܤ

               Ф௔௤ ൌ
ଶ

గ
 ௔௤௠݈߬ఋ               (2.25)ܤ
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Fig. 2.15. Distribution of the magnetic flux along the d-axis, where Фsd is the leakage flux 
density and Фsd is the main flux density destribution. 

 

 
Fig. 2.16. Distribution of the magnetic flux along the q-axis, where Фsq is the leakage flux 
density and Фsq is the main flux density destribution. 
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The total distribution of the air gap flux density is shown on Fig. 2.17. 

 
Fig. 2.17. The form of total air gap flux density considering the primary field flux and 
armature reaction. The red curve corresponds to the fundamental air gap flux density 
and blue curve corresponds to calculated flux density distribution. 
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3 Cogging torque reduction methods 
There are different types of torque ripple coming from the construction of the PM 
machine: cogging torque, distortion of sinusoidal distribution of flux density in the 
air gap and differences of the permeances of the air gap in the d- and q-axes.  

Cogging torque is created by different factors like slots per pole per phase, 
magnetic field distribution in the air gap, slot opening, slot filling factor, pole pitch 
and form of magnetic field.  

Cogging torque has an influence on the PM generator starting torque. Too high 
starting torque can have a significant influence on the generator operation. 
There are different cogging torque estimation methods. The most widely used 
methods for cogging torque estimation is the virtual torque method [PAPER-II]: 

       ௖ܶ ൌ
డௐ೎

డఏ
,       (3.1) 

and Maxwell stress calculation method [PAPER-II]: 

          ௖ܶ ൌ ݎ ቀ∑ ௟

ఓబ
݊ܤ ∗ ቁݐܤ ݈݀,      (3.2) 

In this work, only virtual torque method has been used. The simulation by finite 
element analysis showed that the cogging torque could be reduced by different 
methods.  

The cogging torque is lower when the slot opening is small. The minimum slot 
opening is limited by the winding process.  

The slot skewing method can almost eliminate cogging torque, which can be seen 
from Fig. 3.1. However, this method needs quite accurate manufacturing process of 
the stator stack to get the right skew angle and it also results in significant reduction 
of electromotive force [PAPER-II]. Also rotor magnets can be skewed, if they are 
placed on the rotor surface in segments. 

 
Fig. 3.1. Cogging torque corresponding to the stator slot skew angle. 
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The mounting position of the magnets must also be taken into account. According to 
the simulations, the machine with surface mounted magnets has more than two times 
lower cogging torque than the machine with embedded magnets. 

The shape of the magnet is of great importance as well. The surface of the magnet 
should be designed as round-shaped to get low level of cogging torque. As a 
disadvantage of this shape of magnets, it will cause also lower level of induced 
electromotive force [PAPER-II]. 
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4 Demagnetization of permanent magnets 
One of the main problems using permanent magnets in wind generator is the risk 
of demagnetization. The demagnetization can happen due to different reasons: 
high temperature, overload of the machine or environmental factors, which can 
cause the physical destruction of a magnet.  

The temperature is one of the most important factors that must be considered 
during demagnetization risks estimation. Fig. 4.1 shows the typical 
demagnetization curve for permanent magnet. As it can be seen from the red 
curve, remanence and coercivity drop with temperature increase. This means that 
the knee point of the demagnetization curve, which defines the critical working 
point, is getting higher in respect with the load line of the magnet. If working 
point passes the knee point, the irreversible demagnetization appears in the 
magnet, which results in partial loss of remanence. 

 

 
Fig. 4.1. Typical demagnetization curve of the permanent magnet [26]. The red curve 
indicates the demagnetization curve of the same magnet with higher temperature. 
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The demagnetization curve changes due to the temperature can be taken into 
account by using temperature coefficients for remanence aBr and 
coercivity aHc [29], [13]: 

஻௥ߙ          ൌ
ଵ

஻ೝ

∆஻ೝ
∆்

,       (4.1) 

ு௖ߙ                                              ൌ
ଵ

ு೎

∆ு೎
∆்
.                                        (4.2)            

Demagnetization is also highly dependent on the load conditions of the generator. 
The maximum load of the generator may appear, when the generator is suddenly 
short-circuited. In this case, the armature reaction has the highest value. This 
situation may be critical because the working point of the machine can drop below 
the knee point due to excessive armature reaction.  

The demagnetization estimation has been performed for the current design 
with remanence and coercivity variation. The calculation results are shown in 
section 6.  
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5 Implementation of different magnetic material in PM 
generators 

Due to the unstable prices for NdFeB magnets, design with different magnetic 
materials has been investigated. From Fig. 5.1 it can be seen how prices for 
different permanent magnets have been changing during six year period: 

 
Fig. 5.1. Comparison of different magnetic materials (AlNiCo, SmCo, NdFeB) cost per kg 
based on raw material during last six years [32]. 

Excluding the natural magnet, magnetite (Fe3O4), the development and 
manufacture of permanent magnet materials began in the early twentieth century 
with the production of carbon and wolfram steels [27]. These permanent magnet 
materials, the magnetic properties of which were rather poor, remained the only 
permanent magnet materials for decades [27]. Later, AlNi and AlNiCo were 
discovered, which was a remarkable breakthrough. In addition, one of the most 
significant invented material was SmCo. After that, NdFeB was discovered. The 
energy product, which is a key figure of merit for permanent magnets, has been 
enhanced from 1 MGOe for steels and is peaking at 56 MGOe for NdFeB magnets 
during the previous years [31]. The historical evolution, spanning nearly 100 
years, of these magnets is shown in Fig. 5.2. 
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Fig. 5.2. Comparison of maximum energy product (MGOe) of different magnetic 
materials (steel, ferrite, AlNiCo, SmCo, NdFeB) during approximately one hundred years 
[7], [30].  

Fig. 5.2 shows, that the strength of the magnets has jumped every decade with 
the introduction of new materials [31]. This is caused by the increasing interest 
in more efficient technologies, where usually magnets play a very important role. 

During the investigation, FEM method has been used for the simulations. The 
generator outer dimensions remained the same during the simulations. Only rotor 
design has been varied in order to find the best possible design for each magnet 
type. 

The certain grade of magnets has been chosen for simulations: 
– NdFeB – N42H 
– AlNiCo – AC900 
– SmCo – S3018 
– Ferrite – HF083 

The comparison of air gap flux densities for designs with different magnets can 
be seen from Fig. 5.3: 
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Fig. 5.3. Comparison curves of 5 kVA synchronous generator air gap flux density 
distribution in open circuit condition with different magnets [33]. 

According to Fig. 5.3, the highest air gap flux density is in the design with NdFeB 
magnets. It was found that 1.6 times more SmCo material must be used in current 
design to achieve the same flux density in the air gap, as with NdFeB magnets. 
In addition, usage of AlNiCo magnets requires 1.9 times more magnets material 
compared to NdFeB magnets. With ferrite magnets it was not possible to achieve 
the air gap flux density even close to the one with NdFeB magnets.  

When choosing the design with different magnets, the risk of demagnetization 
of the magnet must be considered. On Fig. 5.4, the demagnetization curves for 
four magnet grades can be seen: 

 
Fig. 5.4. Demagnetization curves of different magnets at 20˚C. NdFeB and SmCo magnets 
have the most stable demagnetization curves [33]. 

The main drawback of AlNiCo magnet is low coercivity, which can lead to 
magnet demagnetization. This is the main reason why AlNiCo magnets are not 
suitable in wind turbine generators. Ferrite magnets, opposite to AlNiCo, have 
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quite high coercivity, which is why they are used in many special applications 
where high coercivity and low price are required. The working temperature of the 
magnet is also of high importance when demagnetization risks are assessed. With 
the magnet temperature rise, the demagnetization risk increases respectively. 
Fig. 5.5 shows the demagnetization curves of NdFeB magnet for different 
temperatures.  

 
Fig. 5.5. Demagnetization curves of neodymium N42H magnet on different temperatures. 
The graph helps to identify the load and temperature at which the risk of demagnetization 
occurs [33]. 

During the simulations it was found, that not only NdFeB magnets can be used 
in small wind PM generators. SmCo magnets have sufficiently good magnetic 
properties to be used in the current design. With SmCo magnets the mass of the 
generator will be larger, but it is still possible to use the same dimensions of the 
generator in order to achieve the needed power. SmCo magnets have more stable 
price compared to NdFeB magnets, but construction of the generator will be 
complicated due to too large magnet dimensions. Ferrite magnets cannot be used 
in the generator with the same dimensions. With ferrite magnets, it is very hard 
to achieve the same flux density in the air gap as with NdFeB magnets. For this 
reason, the stack length and magnet volume must be increased, or the outer 
diameter of the machine must be increased in order to place thicker ferrite magnet 
on the rotor [33]. 
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6 Design and manufacture tolerances 

6.1 Influence of permanent magnet characteristic variability 
on the wind generator operation 

There are several types of permanent magnets that can be used in the generator. 
In this study, neodymium magnets are investigated, as they offer relatively high-
energy product and have high coercivity [PAPER-V].  

The PMSG electrical output is strongly influenced by the PM characteristics. 
The variability in PM characteristics can be the result of different aspects, like 
wrong usage, demagnetization, wrong manufacturing process, wrong assembly 
process etc. In this study, the PM remanence and coercivity variation influence 
to the generator output is investigated. The investigation is based on the finite 
element analysis [PAPER-V].  

The literature concerning the analysis of fault detection in PM machines is 
mostly focused on the problems related to the demagnetization [34]-[36]. Not 
many authors have investigated the importance of variability in the PM 
characteristics and their effect of the output quantities of the machine [37].  

To study the PM influence on the generator output variables, six different 
grades of neodymium magnets where selected. For the first five grades, three 
different suppliers of magnets were selected and for the sixth grade, two suppliers 
of magnets were selected. Selected magnets were measured with vibrating sample 
magnetometer (VSM), where the PM hysteresis loop was recorded [PAPER-V]. 
Results of the measured magnets are given in Fig. 6.1.  

 

Fig. 6.1. Different supplier permanent magnet characteristics comparison graph. Type 
1A means A grade magnet from first supplier, type 2A means A grade magnet from second 
supplier. The blue column indicates remanence value, grey – coercivity value and orange 
– max power product value. 
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Fig. 6.2 demonstrates the example of the measuring results made by VSM 
software for one grade of magnet. The measuring curves for all magnets can be 
seen from Appendix B.  

 

Fig. 6.2. The curve demonstrates an example of the measuring results made by VSM 
software for one grade of magnet. With different colors, hysteresis loops for different 
magnet suppliers of the same magnet grade are shown. 

For the comparison, magnet deviation from its rated value was found. Fig. 6.3 
gives the maximum and minimum deviation values of remanence, coercivity and 
maximum energy product compared to the rated value. The variation of 
remanence and coercivity are approximately 10%, the maximum variation of 
maximum energy product is 23% [PAPER-V]. 

 

Fig. 6.3. Measured permanent magnet parameters compared to rated values. 
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Considering the hysteresis curve, measuring results, and comparison curves, the 
generator characteristic recalculation has been performed for different magnet 
characteristics. The calculation has been performed with remanence and 
coercivity variation of 10%. The calculation results can be seen on Figs. 6.4 and 
6.5.  

 
Fig. 6.4. Calculated variation of iron losses (left) and copper losses (right) as function of 
the percentage variation of the remanence and coercivity of the permanent magnet at the 
rated torque operation of the generator. 

It can be seen that the iron losses have almost linear response to the magnetic 
characteristic change and a small nonlinearity comes due to the minor saturation 
of the core. The copper losses are increasing when the remanence has different 
value from the rated one because of the increase of reactive current in the stator 
winding [PAPER-V]. 

 
Fig. 6.5. Calculated variation of efficiency (left) and power factor (right) as function of 
the percentage variation of the remanence and coercivity of the permanent magnet at the 
rated torque operation of the generator. 

The variation of the efficiency and power factor is given in Fig. 6.5. It can be seen 
that the efficiency and the power factor are dropping when Br is shifted from the 
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rated value. The reason for the drop is that the efficiency and power factor are 
optimal, when remanence Br is equal to the rated value (100%) [PAPER-V].  

This PM variation was taken into account in the generator calculation and its 
influence on the machine losses and efficiency was quantified. The presented 
calculation showed significant influence of the permanent magnet remanence on 
the machine power factor. As the power factor changed, it had also strong effect 
on the machine efficiency and copper losses. 

6.2. Demagnetization risk estimation considering variation in 
PM characteristics 

The simulation of short-circuit condition has been performed for the generator 
with different magnet characteristics. The variation in permanent magnet 
characteristics was considered according to measurements made in the chapter 
6.1. The remanence and coercivity have been varied in between 90 and 110% of 
rated value. Fig. 6.6 shows the calculated demagnetization curves for remanence 
and coercivity equal to 90% of rated values. The minimum remanence during the 
short-circuit is 0.24 T, therefore demagnetization is not present [PAPER-V].  

 

Fig. 6.6. Operating parameters of N42H grade magnet when remanence and coercivity 
are reduced 10% of rated value. 
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Fig. 6.7. Operating parameters of N42H grade magnet when remanence and coercivity 
are equal to rated values. 
 

 
Fig. 6.8. Operating parameters of N42H grade magnet when remanence and coercivity 
are increased 10% of rated value. 

Demagnetization curves on Figs. 6.6-6.8 show that the risk of demagnetization is 
highly dependent on the variation of coercivity and remanence of the magnet. The 
most critical point has been found, when remanence and coercivity are both 
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reduced to 90% of the rated value. Fig. 6.9 shows the flux densities in the 
generator cross section.  

 

Fig. 6.9. Flux density of N42H grade magnet when remanence and coercivity are 
increased 10% of rated value. 

The permanent magnet characteristic variation influence of the demagnetization 
has been investigated. The demagnetization curves have been calculated and 
analyzed for remanence and coercivity variation of 90-110%. The results showed 
that demagnetization will not appear in all cases. The calculations showed that 
the risk of demagnetization is getting higher when remanence and coercivity drop 
comparing to rated value [PAPER-V]. 

More precise information regarding about this topic can be found in [PAPER-
V] of Appendix A. 
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7 Thermal analysis and losses of PM generator with outer 
rotor 

7.1 Losses of the machine 
The thermal analysis of the generator is very important, because the insulation of 
windings and permanent magnets have the temperature limits that determines the 
lifetime of the machine. The temperature also has a very strong influence on the 
efficiency and size of the generator [38].  

The main heat sources in the permanent magnet generator are copper losses, 
iron losses and mechanical losses. 

The amount of losses in relation to the core length of the machine is shown on 
Fig. 7.1. The calculation has been performed with varying only the core length of 
machine and for each length, the copper-, iron-, and total losses have been 
calculated. The copper losses depend mainly on the current density in the stator 
winding. The iron losses depend on flux density and amount of iron material in 
the machine.  

 
Fig. 7.1. Current density Jrms, magnetic flux density Bst and loss values (copper losses PCu, 
iron losses PFe, total losses Ploss) according to different lengths of the stack. These curves 
have been used to define the most efficient combination of losses in the generator.  

7.1.1 Copper losses 
The copper loss is the main loss for PM machines. Copper losses depend on the 
stator winding resistance. When the temperature is increasing, resistance is 
getting higher, which can be seen from (Fig. 7.1) [39]: 

                                            ൌ ଶ଴ሾ1 ൅ ܽሺܶ െ 20ሻሿ (7.1) 

where resistivity of copper is ଶ଴ ൌ 1.724 ∙ 10ି଼Ω݉; a= 0.00393 / ̊ C. 
The copper losses in a winding with m phases and current I are 
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 ஼ܲ௨ ൌ ଶܴ஺஼ܫ݉   (7.2) 

where RAC  is the AC resistance of the phase winding. The AC resistance is  

 ܴ஺஼ ൌ ݇ோ
ே௟ೌೡ
ௌ೎

  (7.3) 

where kR is the skin effect factor for the resistance, N is the number of turns, lav is  
the average length of a turn, Sc is the cross-section area of the conductor and  
the specific conductivity of the conductor .  

In outer rotor construction, the stator is placed inside the machine, which 
makes it more difficult to extract the heat from the inner part of machine. The 
reduction of the copper losses can be achieved by increasing the cross section of 
the conductors in the stator winding or also by limiting the temperature rise of the 
machines to a lower value.  

In alternating current machines, the skin effect has an influence on the winding 
resistance and thus to the copper loss value. The influence of the skin effect can 
be reduced by choosing the lower frequency in the machine. Also, it is possible 
to reduce the skin effect by splitting the stator winding conductors into strands 
with smaller equivalent diameter [40].  

7.1.2 Iron losses 

7.1.2.1 Eddy currents and eddy current losses 

Eddy current losses are induced in the conductive materials when alternating 
magnetic field is applied. An example can be a magnetic core with length l and 
diameter d = 2a, which is penetrated by alternating sinusoidal magnetic flux in 
axial direction (Fig. 7.2). 

 
Fig. 7.2. Conducting material penetrated by alternating sinusoidal magnetic flux. 

B is the flux density in the core. The thin cylinder with radius x and wall thickness 
dx can be separated from the core in Fig. 7.2.  
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The magnet flux density through the cylinder end surface can be found using 
the following equation: 

 Ф௫ ൌ  (7.4)       ,ܤଶݔߨ

where B can be found according to: 

ܤ  ൌ  (7.5)                    ,ݐ߱݊݅ݏ௠ܤ

and Ф can be found as: 

 Ф௫௠ ൌ  ௠ .                  (7.6)ܤଶݔߨ

The EMF, induced in the cylinder wall along 2πx circle line can be found using 
the following equation: 

௫ܧ  ൌ ݇௙ܧ௫௞ ൌ ݇௙4݂Ф௫௠ ൌ 4݇௙݂ݔߨଶܤ௠.     (7.7) 

The power extracted from the cylinder can be calculated accordingly. 

 ݀ ௣ܲ ൌ ሻ.                  (7.8)ݔߨሺ2/ݔ݈݀ߛ௫ଶܧ
  

The total eddy current loss can be found by integration. The power is dependent 
on the radius of the cylinder.  

Usually, losses are given for a volume unit: 

     ௣ܲ
ᇱ ൌ

௉೛
௏
ൌ 2݇௙

ଶܽߛଶ݂ଶܤ௠ଶ ,      (7.9) 

or 

 ௣ܲ
ᇱ ൌ ሺ0.5݀ߛଶሻ݇௙

ଶ݂ଶܤ௠ଶ ൌ ξ݂ଶܤ௠ଶ .   (7.10) 

Eddy current losses are equal to square root of frequency and magnetic flux 
density, and depend on conductance and shape of material. Usually, silicon (1-
4%) is used in order to reduce the conductivity of the material. 

Fig. 7.3 illustrates the thin metal sheet, with thickness d, width h and length l, 
that is penetrated by the magnet flux B in perpendicular direction.  
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Fig. 7.3. The cross section of the thin metal sheet. 

The eddy currents that are created in the metal sheet are located in perpendicular 
direction to the vector B. The flux through the cylinder can be found using the 
following equation: 

Ф௫ ൌ  (7.11)                 ,ܤ݄ݔ2

and induced EMF can be found as: 

௫ܧ ൌ 4݇௙Ф௫௠ ൌ 4݇௙݂2ܤ݄ݔ௠,   (7.12)     

The power dPp , that is created by eddy currents in the wall of the cylinder, can 
be found according to the following equation: 

݀ ௙ܲ ൌ ௫ଶ݀݃௫ܧ ൌ ௙݇ߛ32݄݈
ଶ݂ଶݔଶܤ௠ଶ             (7.13)  .ݔ݀

Power in the unit volume:  

௣ܲ
ᇱ ൌ ௣ܲ

ܸൗ ൌ ቀ ସ

ଷఊௗమ
ቁ ݇௙

ଶ݂ଶܤ௠ଶ ൌ ξ݂ଶܤ௠ଶ .         (7.14) 

In order to reduce the eddy currents, the thickness of the sheet can be reduced. 
For that reason, the magnetic core of electrical machines is made of thin insulated 
metal sheets. 

For 50 Hz and 60 Hz electrical machines, the magnetic core is usually made 
of 0.5 mm or 0.65 mm thick steel. 

Fig 7.4 illustrates the distribution of eddy currents within solid- and laminated 
core. On the left, eddy-current flow through non-laminated steel, and on the right, 
drawing eddy current flow through the laminated steel is shown. 
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Fig. 7.4. On the left, eddy current flow through non-laminated steel, and on the right 
drawing, eddy current flow through the laminated steel is shown.  

7.1.2.2 Hysteresis and total iron losses 

The hysteresis losses is the second type of iron losses that are created by the 
magnetic core re-magnetization. If the frequency of magnetic flux density change 
is f, then hysteresis losses can be presented as: 

௛ܲ ൌ ƞ݂ܤ௠௡ܸ,     (7.15) 

where V is the volume of the core. If Bm is between 1-1.6 T, then n = 2. 
Hysteresis and eddy current losses appear together, forming: 

௙ܲ௘ ൌ ௣ܲ ൅ ௛ܲ.    (7.16) 

There are different equations in practice that can be used for iron losses 
calculation. One of them is shown below: 

ிܲ௘ ൌ ሺ௙′ߪ
௙భ
ሻଵ,ଷሺ ஻

஻భ
ሻଶ(7.18)   ,ܩ 

where σ’ is the specific loss of the core for the f1 frequency and Bm is the magnetic 
flux. G is the mass of the core. 

Hysteresis and eddy current losses content in iron losses can also be separated. 
The graph shown on Fig. 7.5 illustrates the energy spent during one period in 
relation to frequency. 

ிܹ௘ ൌ ிܲ௘
݂ൗ ൌ ௉೓

௙
൅ ௣ܲ൘݂ ൌ ሺƞ ൅ 	ξfሻܤ௠ଶ ܸ.  (7.19) 

If Bm and V are constant, then the relation shown on Fig. 7.5 is linear.  
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Fig. 7.5. The illustration on how hysteresis and eddy current losses can be separated. The 
graph shows the energy spent during one period in relation to frequency. 

The voltage induced in the coil is: 

 ௖ܷ ൌ 4.44݂߰௠ ൌ  ௠.                (7.20)ܤݏݓ4.44݂

When the armature core is placed in the magnetic field, domains of the core 
change their direction towards to the magnetic field direction. When magnetic 
field is rotating continuously, the domains are also continuously changing their 
direction, producing molecular friction. This friction, in turn, produces heat. The 
whole cycle of magnetization and demagnetization of core material can be seen 
on the hysteresis curve (Fig. 7.6): 

 
Fig. 7.6. Hysteresis curves of M800-65A and M400-65A steel [27]. 

The material properties are changing with magnetic load and frequency. At high 
frequencies, the eddy current losses become the dominating iron loss component. 
By increasing the stack length, the magnetic load of the generator decreases, but 
on the other hand, if the frequency of the magnetic field is relatively high, iron 
losses will increase, as it can be seen from Fig. 7.1. 

7.1.3 Mechanical losses 

Mechanical losses are losses that are caused by friction forces in the bearings and 
in ventilation circuit of the generator [41]. Mechanical losses depend only on the 
rotational frequency and do not depend on the load. 
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Bearing losses mainly depend on shaft speed, lubrication and load of the 
bearing. Bearing friction losses can be calculated by the following equation: 

௣ܲ,௕ ൌ 0.5  ௕,              (7.21)ܦܨߤ

where Ω is the angular frequency of the shaft supported by a bearing, µ is the 
friction coefficient, F the bearing load and Db is the inner diameter of the 
bearing [27].  

The windage losses are especially important when speed of the machine is 
high. In the used design, the generator rotational speed is relatively low. For this 
reason, windage losses have not been considered in this study.  

7.1.4 Additional losses  

Additional losses (stray losses) of electrical machine can be caused by different 
secondary factors, which take place when the machine is working under load: 
eddy currents in the conductors, unequal distribution of the current in the 
conductors cross-section (skin-effect) and induction in the air gap, leakage fluxes, 
which induce eddy currents in different parts of the machine, etc. 

Skin effect losses are defined to fall under stray losses. In a solid conductor, 
carrying a time-varying current, the current density will not be constant across 
the conductor cross-section. Instead, the current will usually tend to focus near 
the conductor surface (conductor in air) and the air gap (actual conductor in a 
machine) [42]. This will increase the apparent resistance of the conductor, 
increasing the resistive losses. Some well-known equations for skin-effect losses 
for different types of conductors and windings calculation can be found in the 
literature [43], [44]. Approximate methods also exist, based on dividing the 
conductor into thin parallel-connected sheets [27], [45]. 

7.2 Thermal analysis 

7.2.1 Thermal calculation process 
The thermal calculation of the generator is analogous to electrical network 

calculation. The heat extraction of the generator can be described by three modes: 
conduction, convection and radiation [PAPER-III]. 

Conduction heat transfer mode is created by the molecule vibrations in a 
certain material. Aluminum, copper and steel have quite high thermal 
conductivity due to their structure [46]. On the other hand, rare earth NdFeB 
permanent magnets have a hundred times higher thermal resistivity than copper. 
The thermal resistance depends on the length Lh and area Ah of the modeled region 
[PAPER-III]:

 ܴ௧௛ ൌ
௅೓
௞஺೓

  
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Convection heat transfer mode appears between a surface and a fluid. Two types 
of convection can be distinguished: natural and forced. The thermal resistance 
depends on heat transfer coefficient h modeled in region Ah [47]: 

                                         ܴ௧௛ ൌ
ଵ

௛஺೓
  

Radiation depends on emissivity  and the view factor F of the analyzed 
surface [47]: 

                                         ܴ௧௛ ൌ
ሺ భ்ି బ்ሻ

		ி	ሺ భ்
రି బ்

రሻ஺
   

The heat capacitance of an object can defined as:  

ଵܥ                                             ൌ ܸ ∙  ∙ ܿ    

where V is the volume,  is the density and c is the heat capacity of the 
material [47]. 

The calculation of temperature field distribution has been performed with 
Motor-Cad software. The thermal resistance values have been calculated from 
generator dimensions and material data.  

The thermal lumped-circuit is shown in Appendix D. More information on the 
thermal analysis and results can be found in [PAPER-III]. 

7.2.2 Thermal calculation results  

The temperature rise calculation results can be seen on Figs. 7.7 and 7.8.  
The thermal conductivity coefficients have been taken from Motor-Cad 

library, therefore, there is a risk that some coefficients are not precise.  
The thermal analysis has been performed for a PM synchronous generator 

with outer rotor construction. The calculation has been made using lumped-
circuit method, which has been performed by using Motor-Cad software and 
manual calculation. The calculation results have shown quite good agreement 
between both calculations. The main advantage of the lumped-circuit analysis, 
performed with Motor-Cad software, comparing to the manual calculations, is the 
high speed of calculation. The main drawback is the limited configuration of the 
design. In our case of outer rotor design, it was not possible to input the exact 
configuration of the generator into the software [PAPER-III]. 

On Fig. 7.7, the cross section of the studied machine geometry inserted into 
Motor-Cad software is shown. It can be seen that the rotor temperature rise is 
relatively small compared to the stator temperature rise. The reason for that is the 
internal location of stator, therefore heat extraction from stator surface is limited.  
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Fig. 7.7. The cross section of the calculated design in Motor-Cad software, on which 
temperature rise values are marked for different part of machine. 

 
Fig. 7.8. The calculated temperature rise test results for the designed generator at rated 
load point (5 kVA, 200 rpm). 



 

 

 

65 

8 Prototype machine and test results 
The final main parameters of the designed machine can be found in the table 
below: 

Table 8.1. Final parameters of the designed generator. 
 

Parameter Symb
ol Value Unit 

Total power Sn 5057 VA

Rotational speed N 200 rpm

No-load voltage E1 255 V

Phase voltage under load Uph 242 V

Current density in winding Jrms 2.56 A/mm2 

Cogging torque Tcog 5 Nm

Efficiency η1 89.2 %

Synchronous inductance for d-axis Ld 9.89 mH

Synchronous inductance for q-axis Lq 9.85 mH

The cross section of the designed machine is shown on Fig. 8.1. 

 

Fig. 8.1. The cross section of the designed generator. 
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8.1 Temperature rise test results 
The designer of an electrical machine can more or less guarantee the efficiency 
of that machine when it is operated under specified conditions, but one clearly 
cannot be held responsible for the temperature rise, if the machine is used in 
abnormal conditions [48]. The user determines the actual power output, the 
ambient temperature, and in many cases the cooling. Since failures are often 
attributable to overheating, it is wise to be clear about where these responsibilities 
lie [48].  

In the factory, testing is an essential part of the product development process. 
Prototype testing normally takes place on a dynamometer, which measures speed, 
torque, power, and electrical quantities such as voltage, current, and power factor. 
Dynamometer testing is commonly used to verify design calculations, and 
temperature rise measurements are usually included, not just at the frame surface, 
but throughout the machine. Thermocouples and resistance thermometers are 
used for this, and the flow rates of coolants are often measured as well. 
Temperature rise should ideally be measured in the final application under worst-
case loaded conditions.  

Life testing may follow prototype testing, to identify defects in the design or 
the manufacturing process, which were not anticipated at the design stage. Life 
testing is often “accelerated” by overloading the machine in order to shorten the 
time-to-failure, so that the results may be obtained in a reasonable time. The 
temperature rise test of the generator is of the great importance [48]. This test 
determines the efficiency and lifetime of the machine. Temperature rise of the 
generator has a significant influence on the demagnetization of permanent 
magnets.  

The generator was designed with F class insulation, which corresponds to 
155°C maximum temperature. According to IEC 60034-1 standard, the 
temperature rise of this type of generator cannot be over 105 K, if the ambient 
temperature is maximum 40°C. According to the “Rule of 10” (based upon the 
Arrhenius equation of chemical reaction time vs temperature) approximation of 
the relationship between insulation life and total operating temperature can be 
adapted. This rule states that if a generator’s total operating temperature is 
reduced by 10°C, the thermal life of the insulation system is approximately 
doubled [49]. Also, if the operating temperature is raised by 10°C, the thermal 
life expectancy of the insulation system is reduced by one half. 

The temperature rise measurement using resistance method gives more 
reliable results, however during this study only PT100 sensors has been used for 
temperature measurement. The temperature rise, determined by the resistance 
method, can be obtained using the following equation [IEC60031-4]: 

ଶߠ			       െ ଵߠ ൌ
ோమିோభ
ோభ

ሺ݇ ൅ ଵሻߠ ൅ ଵߠ െ  ௔,     (8.1)ߠ
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where 1 is the temperature (°C) of the winding (cold) at the moment of the initial 
resistance measurement, 2 is the temperature (°C) of the winding at the end of 
the thermal test, a is the temperature (°C) of the coolant at the end of the thermal 
test, R1 is the resistance of the winding at temperature θ1 (cold), R2 is the 
resistance of the winding at the end of the thermal test, k is the reciprocal of the 
temperature coefficient of resistance at 0°C of the conductor material (For copper 
k = 235, for aluminum k = 225 unless specified otherwise).  

The load test for the prototype PM machine was performed during four hours 
with the nominal load of 5 kW until the temperatures of the generator stabilized. 
Without any additional external cooling, the average temperature of the stator 
winding of generator reached 115°C and became stable. Cooling of the stator is 
relatively poor, because the area between stator and the shaft is totally closed. 
One possibility is to make additional cooling holes between the magnetic core of 
stator and the shaft. That modification could reduce the generator size.  

The temperature rise test has been performed at 23°C of ambient temperature. 
The temperature measurements were performed using PT100 sensors inserted 
into the winding between upper and lower coils. As the accuracy of PT100 
sensors is not as good as the accuracy of the resistance method, about 5 K 
temperature rise of average temperature of winding, compared to the measured 
one, must be considered. The curves of temperature rise by nominal load 
conditions for the tested prototype PM machine can be seen on Fig. 8.2. 

 

Fig. 8.2. Temperature rise transient curves of the studied PM synchronous generator with 
outer rotor. Temperature Windings 1 and 3 have been measured in the slot center. The 
temperature Winding 2 has been measured in the end-winding part.  

As it can be seen from Fig. 8.2, the temperature rise of the stator winding has 
reached 92 K. The winding temperature rise is within the F class temperature rise 
limits.  
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The generator was designed to work with the air-cooling that comes from the 
blowing wind. The temperature rise test has been performed without real cooling 
consideration, therefore the temperature rise test shows quite pessimistic results. 
The temperature rise calculation considering the real wind cooling could be taken 
in account in future studies. 

The prototype of PM generator was manufactured in the Konesko AS Motor 
factory. Testing of the generator was performed also at Konesko AS Motor 
factory. Asynchronous motor with a gearbox was used to rotate the rotor during 
the test. Special device was used as a load for the generator. It had twenty-six 
steps of different active resistances, for smoother loading. Some deviations from 
the original designed values were found. For example, the no-load line voltage of 
the generator was a little higher than expected. It was expected to be 435 V and 
it turned out to be 442 V [PAPER-IV]. 

The generator frame can be seen on Fig. 8.3. The frame surface is equipped 
with radial cooling ducts, which effectively remove the heat from the rotor and, 
therefore, from the permanent magnets, decreasing the permanent magnet 
temperature rise, thus decreasing the risk of demagnetization. The frame is made 
from aluminum, what allows to significantly reduce the weight of the machine. 

 

Fig. 8.3. A photo of the 5 kVA permanent magnet generator with outer rotor. 

The half-assembled turbine can be seen on Fig. 8.4. The turbine includes H-type 
and Savonius turbines. The blades of the H-type turbine have been manufactured 
using stainless steel and the Savonius turbine has been manufactured of sheet 
steel.  
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Fig. 8.4. Generator with half-assembled H-type wind turbine (with Savonius). 

Fig. 8.5 shows the generator with opened D-side flange.  

 

Fig. 8.5. A photo of the 5 kW permanent magnet generator with outer rotor. 

8.2 Load test 

The load test helps to determine the generator behavior under rated load 
condition. The load test helps to validate the calculation methodology. 

The generator load test has been performed with rated active load of 5 kVA. 
Fig. 8.6 shows the load characteristic of the generator. It can be seen that line 
voltage drop with rated load is about 5%, it means that the generator has a quite 
small voltage drop. [PAPER-IV]. 
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Comparing the calculated and test results, the tested load has bigger decrease in 
voltage. The reason for the difference can be in the magnet characteristics, stator 
winding resistance or inductance.  

The load curve is highly dependent on the temperature as the winding 
resistance, remanence of the magnet can vary between particular limits. The load 
curve calculation and test results have been performed with the “hot” 
temperature.  

 

Fig. 8.6. Load characteristic of the generator. Red line shows voltage measured during 
the test and blue line shows the calculated voltage. 

8.3 No-load test (open-circuit) 

The aim for the open circuit test is to check that all generator phases are connected 
correctly and that phase and line voltages would not differ from each other. Also, 
as the open circuit voltage corresponds to the generator EMF, this test allows 
verifying the generator EMF calculation methodology [13].  

No-load test results showed that predicted no-load voltage is 1.6% lower than 
real (Fig. 8.7). The possible reason of the deviation can be higher remanence and 
manufacturing tolerances. Temperature rise of the magnets slightly reduced the 
remanence of the magnet, therefore no-load curve measured with hot generator 
showed 3V lower temperature comparing to cold test. The remanence change has 
the proportional influence on the generator voltage [PAPER-IV]. 
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Fig. 8.7.  No-load characteristics (blue – calculated, red – measured). 



 

 

 

72 

9 Conclusion and future works 
The main purpose of the work was to design, optimize and construct a 

generator, suitable for the pre-given application. A 5kW low-speed permanent 
magnet synchronous generator with outer rotor for wind power applications has 
been designed and tested.  

The correlation between calculated and tested data was quite good. As a result 
of the study, the designed machine has small cogging torque, relatively high 
efficiency and moderate temperature rise. Some deviations in no-load voltage has 
been found (1.6%) between calculated and testing results, which were still within 
the design limits. 

As the life time of the generator is highly dependent on temperature, the 
thermal calculation has been performed using thermal network. The calculated 
temperature rise of the machine showed good correlation with tested temperature 
rise. In future studies, the thermal analysis could be performed using the finite 
element method. More precise cooling circuit modeling could be taken into 
account by considering the air movement inside the machine, which is created by 
rotor movement. Also, the movement of outside cooling air could be taken into 
account.  

The behavior of the generator with different permanent magnet characteristics 
has been investigated. It has been found that average variation in remanence and 
coercivity in NdFeB magnets, taken from different suppliers, can vary in range 
of ±10% of rated value. That variation has sufficiently strong influence on the 
power factor and efficiency of the generator. The material characteristic variation 
of electrical steel and copper could be also investigated in future. In addition, the 
air gap between magnet and rotor core and the air gap between outer rotor core 
and frame should be taken into account during the design phase.  

It would be useful to study the behavior of the machine also in other fault 
situations, like permanent magnet damage, eccentricity in rotor, stator winding 
faults.  

One common problem for PM generators is the cogging torque. The cogging 
torque has negative influence on the start-up of the generator. The cogging torque 
reduction methods have been investigated in-depth. The investigation results 
showed, that slot skewing or magnet skewing method remains the most efficient 
one. 

The study of the generator has been made using different permanent magnet 
materials like NdFeB, SmCo, ferrite and AlNiCo magnets. It has been found that 
SmCo magnets are a good alternative for NdFeB magnets. Ferrite magnets have 
too low remanence for current design, therefore these magnets are not applicable 
for the given generator. The design with AlNiCo magnets has too high risk of 
demagnetization.  
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Abstract 
Design and Optimization of Permanent Magnet Generator with Outer Rotor 
for Wind Turbine Application 

The growth of wind energy has a rapid and stable trend in the world. The 
installation cost of small-scale wind generators is still relatively high. For that 
reason, the most efficient and cheapest solutions should be used.  

Permanent magnet synchronous generator (PMSG) is one of the most efficient 
generators that can be used in small wind generators. Compared to other 
generators, PMSG has some significant advantages: high efficiency, high 
reliability and high power to weight ratio.  

Different configurations of permanent magnet (PM) generators exist. During 
this study, the PM generator with outer rotor has been investigated and 
constructed. The outer rotor construction is very convenient for H-type wind 
turbines, due to simple installation of turbine rotor blades on to the outer rotor 
surface of the generator.  

The main purpose of the work was to design, optimize and construct the 
generator suitable for the pre-given application. 

The study of the generator has been made using different permanent magnet 
materials like NdFeB, SmCo, ferrite and AlNiCo magnets. It has been found that 
SmCo magnets are a good alternative for NdFeB magnets. Ferrite magnets have 
too low remanence for current design, therefore these magnets are not applicable 
for the given generator. The design with AlNiCo magnets has too high risk of 
demagnetization.  

One common problem for PM generators is the cogging torque. The cogging 
torque has negative influence on the start-up of the generator. The cogging torque 
reduction methods have been investigated in-depth.  

The output parameters of the generator are highly dependent on the PM 
material characteristics. The permanent magnets with same grade can have 
significant differences in remanence, coercivity and energy product. Using the 
data, received by measuring the difference in characteristics of different samples, 
the influence on the generator parameters has been investigated.  

As the lifetime of the generator is highly dependent on the working 
temperature, the thermal behavior of the generator has been investigated in-depth. 
In addition, the PM demagnetization problem has been investigated, as it has 
direct influence on the lifetime of the machine. 

The prototype machine has been designed, constructed and tested. The test 
data showed good agreement with calculation data.  
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Kokkuvõte 
Tuuleagregaadis kasutatava välisrootoriga püsimagnetgeneraatori 
projekteerimine ja optimeerimine 

Tuuleenergia kasutamisel on maailmas stabiilselt kiire kasvu trend. Väikese 
võimsusega tuulegeneraatorite valmistamise ja püstitamise kulud on seni veel 
suhteliselt kõrged. Selle tõttu tuleks generaatorites kasutada võimalikult odavaid 
ja samas kõrge kasuteguriga konstruktiivseid lahendusi.  

Püsimagnet-sünkroongeneraatorid (PMS-generaatorid) on väikese 
võimsusega tuuleagregaatides kasutamiseks üks kõige efektiivsematest 
generaatoritüüpidest. Teiste generaatoritüüpidega võrreldes on PMS-
generaatoritel mitmeid märkimisväärseid eelised, nagu näiteks kõrge kasutegur, 
hea töökindlus ja kõrge väärtusega ühikvõimsus aktiivmaterjalide massiühiku 
kohta. 

PMS-generaatorite korral kasutatakse mitmeid erinevaid konstruktiivseid 
lahendusi. Käesoleva töö raames on välja töötatud ja konstrueeritud 
välisrootoriga PMS-generaator. Välisrootoriga PMS-generaator sobib hästi 
kasutamiseks vertikaalse võlliga H-tüüpi tuulerootoriga tuuleagregaadis, kus H-
rootorit on konstruktiivselt lihtne kinnitada vahetult generaatori pöörleva rootori 
korpusele. 

Käesoleva töö peamiseks eesmärgiks on projekteerida, optimeerida, 
valmistada ja katseliselt uurida ning rakendada PMS-generaator H-tüüpi 
tuulerootoriga väikese võimsusega tuuleagregaadis. 

Uuritava generaatori väljatöötamise käigus hinnati võrdlevalt erinevate 
magnetmaterjalide, nagu näiteks NdFeB, SmCo, Ferriit ja AlNiCo, kasutatavust 
vastavalt nende materjalide üldistele ja spetsiifilistele omadustele. Osutus, et 
SmCo-magnetid oleksid heaks alternatiiviks NdFeB-magnetitele. 
Ferriitmagnetid on käesolevas uuringus kavandatud PMS-generaatori jaoks liiga 
madala remanentsi väärtusega, suurendades generaatori massi ja vähendades 
kasutegurit ega ole seetõttu kasutatavad. AlNiCo-magnetite kasutamisega 
kaasneks suhteliselt kõrge risk nende magnetite demagneetumiseks. 

Püsimagnetitega generaatorite üldiseks probleemiks on rootori pöörlemisel 
hüpliku väärtuse ja suunaga reluktantsmomendi teke. Reluktantsmoment takistab 
ja pidurdab tuuleagregaadi käivitumist madala tuulekiiruse korral ja võib 
generaatori rootori pöörlemisel tekitada täiendavaid vibratsioone. Käesolevas 
töös uuritakse süvitsi mitmeid erinevaid konstruktiivseid võimalusi 
reluktantsmomendi vähendamiseks. 

PMS-generaatori väljundparameetrid sõltuvad tugevasti kasutatava 
püsimagnetmaterjali karakteristikutest. Ühe ja sama partii ning margi 
püsimagnetite korral esineb erinevate magnetite vahel tuntavaid erinevusi 
remanentsi, koertsetiivsuse ja energiatiheduse osas. Eksperimentaalselt määrati 
magnetipartiide ulatuses magnetite põhinäitajad ja nende hajumuse 
karakteristikud. Saadud tulemuste abil modelleeriti ja uuriti optimeerivalt 
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magnetite erinevate näitajate ja nende hajumuse mõju PMS-generaatori 
karakteristikutele. 

PMS-generaatori töökindlus ja eluiga sõltuvad tugevasti magnetite ja 
mähiseisolatsiooni töötemperatuurist. Seetõttu uuriti käesolevas töös süvitsi 
PMS-generaatori soojuslikke nähtusi ja temperatuurivälja jaotust, seda eriti 
ületemperatuuride suhtes tundlikes sõlmedes. Samuti uuriti põhjalikult 
püsimagnetite võimaliku demagneetumise riske ja nende vältimist, mis omakorda 
mõjutab generaatori töökindlust ja eluiga. 

Töö käigus projekteeriti, valmistati ja katsetati PMS-prototüüpgeneraator. Nii 
elektromagnetiliste katsete kui ka soojuskatsete tulemused ja vastavad 
karakteristikud langevad hästi kokku eelnevate arvutustulemustega, mis kinnitab 
väljatöötatud ja kasutatud arvutusmeetodite paikapidavust.
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Paper II 

Kudrjavtsev, O.; Kilk, A. (2014) Cogging Torque Reduction Methods, Electric 
Power Quality and Supply Reliability 2014 (PQ 2014), Rakvere (Estonia), 11-
13.06.2014, pp. 
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��O�PSTG�GP]WY�PSH�XTLP]N[�PIL̂]H�MHPSIW�SNG�\HHO�]GHW�JIL�PSH�RN[R][NPTIOG
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�ASH�PIL̂]H�PSNP�SNG�\HHO�WHXH[IKHW�TO�PSH�MNRSTOH�RNO�\H�HbKLHGGHW���������������������������������������������������C
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�ASTG�MHPSIW�MNY�\H�GTMK[HL�NOW�[HGG�HbKHOGTXH�JLIM�PSH�RIMK]PNPTION[�XTHUKITOP�\HRN]GH�IO[Y�IOH�JTH[W�WTGPLT\]PTIO�TG�OHHWHW�NP�N�QTXHO�LIPIL�KIGTPTIO
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Paper III 

Kudrjavtsev, O.; Kilk, A.; Vaimann, T.; (2016) Thermal Analysis of the PM 
Generator with Outer Rotor for Wind Turbine Application, Electric Power 
Quality and Supply Reliability 2016 (PQ 2016), Tallinn (Estonia), 29-
31.08.2016, pp. 229 – 232. 
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Paper IV 

Kudrjavtsev, O.; Kilk, A. (2012) Study and Verification of a Slow speed PM 
Generator with Outer Rotor for Small Scale Wind Turbine, Electric Power 
Quality and Supply Reliability 2012 (PQ 2012), Tallinn (Estonia), 11-
13.06.2014, pp. 





����������		
��
����������
����
�����
������������������������������
����������������������
���������
�����������
������������
������������������������ �
���������!���"�
���
�������#$�������������������������������
��������������
��������������������� �������������!��������������������������
%���������"�&
���������������������������������#$��������������
�������������
���
������������������!�������� �����������
���������������������
������"�&�������
�
����������'�����������������������!����
����������������������������������
�!�������
�����"�(����������)�����
�!���������'����������������!��
����
%�����"�*���������������
���������
��������#$��������������������������!���
������������������������
�
���������+#**,�
�������"�&�-�%.&�#$�������������
���
�����/��������������������
���"�
�����
����
���
������������������#$����������������!���� �����'��� ���� ��������� ����� ���� ���������������������
���
���������"��01234�53�6���#����������������
���������
����������/����������� /������������/�
����
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Paper V 

Kudrjavtsev, O; Kilk, A.; Vaimann, T.; Belahcen. A; Kallaste, A. (2016) 
Influence of Permanent Magnet Characteristic Variability on the Wind Generator 
Operation, XXIV Symposium on Electromagnetic Phenomena in Nonlinear 
Circuits (EPNC 2016), Helsinki (Finland), 2016, pp. 101 – 102. 
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Paper VI 

Kudrjavtsev, O.; Kallaste, A.; Kilk, A.; Vaimann, T.; Orlova, S. (2017) 
Influence of Permanent Magnet Characteristic Variability on the Wind Generator 
Operation, Latvian Journal of Physics and Technical Sciences, pp. 3-11. 
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Paper VII 

Kudrjavtsev, O.; Vaimann, T.; Kilk, A.; Kallaste, A. (2017)  Design and 
Prototyping of Outer Rotor Permanent Magnet Generator for Small Scale Wind 
Turbines, 18th International Scientific Conference on Electric Power Engineering, 
Kouty nad Desnou (Czech Republic), 17-19 May 2017. 
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�c��̂�ê�̀ �����
�	����
��jklm ������
������b�	����
��nmo���	�������������p��������������qrs �������������qtu �
�
����������qvwmmx������	����
��	�������
�����
&�����
&���
�
����
��#̂��&�����������&������������	�
��	������
&�����
���������
��������
�����������������
&��������
��̂�
�c��̂�î���
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APPENDIX / LISA B  

HYSTERESYS CURVE MEASUREMENT RESULTS FOR DIFFERENT 
PERMANENT MAGNETS FROM DIFFERENT SUPPLIERS 

Magnet type A:      Magnet type B: 

 

Magnet type C:      Magnet type D: 

 

Magnet type E:     Magnet type F: 
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APPENDIX / LISA C 

GENERATOR’S MECHANICAL 3D DRAWINGS 
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APPENDIX / LISA D 
THERMAL LUMPED-CIRCUIT DIAGRAM OF THE STUDIED 

GENERATOR 
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