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Abstract 
Janne Kinnunen 
 
Direct-On-Line Axial Flux Permanent Magnet Synchronous Generator Static 
and Dynamic Performance 
 
Lappeenranta, 2007 
167 p. 
Acta Universitatis Lappeenrantaensis 284 
Diss. Lappeenranta University of Technology 
 
ISBN 978-952-214-470-6; ISBN 978-952-214-471-3 (PDF) 
ISSN 1456-4491 
 
In distributed energy production, permanent magnet synchronous generators (PMSG) 
are often connected to the grid via frequency converters, such as voltage source line 
converters. The price of the converter may constitute a large part of the costs of a 
generating set. Some of the permanent magnet synchronous generators with 
converters and traditional separately excited synchronous generators could be 
replaced by direct-on-line (DOL) non-controlled PMSGs. Small directly network-
connected generators are likely to have large markets in the area of distributed 
electric energy generation. Typical prime movers could be windmills, watermills and 
internal combustion engines. DOL PMSGs could also be applied in island networks, 
such as ships and oil platforms. Also various back-up power generating systems 
could be carried out with DOL PMSGs. The benefits would be a lower price of the 
generating set and the robustness and easy use of the system. 
 
The performance of DOL PMSGs is analyzed. The electricity distribution companies 
have regulations that constrain the design of the generators being connected to the 
grid. The general guidelines and recommendations are applied in the analysis. By 
analyzing the results produced by the simulation model for the permanent magnet 
machine, the guidelines for efficient damper winding parameters for DOL PMSGs 
are presented. The simulation model is used to simulate grid connections and load 
transients. The damper winding parameters are calculated by the finite element 
method (FEM) and determined from experimental measurements. Three-dimensional 
finite element analysis (3D FEA) is carried out. The results from the simulation 
model and 3D FEA are compared with practical measurements from two prototype 
axial flux permanent magnet generators provided with damper windings. 
 
The dimensioning of the damper winding parameters is case specific. The damper 
winding should be dimensioned based on the moment of inertia of the generating set. 
It is shown that the damper winding has optimal values to reach synchronous 
operation in the shortest period of time after transient operation. With optimal 
dimensioning, interference on the grid is minimized. 
 
Keywords: axial flux, damper winding, direct-on-line, permanent magnet 
synchronous generator  
UDC 621.313.8 : 621.313.322 
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Nomenclature 
 
Roman letters 
 
B flux density 
d diameter 
e electromotive force space vector 
E electromotive force 
Ek kinetic energy 
Er rotational energy 
f frequency 
g gravitation constant 9.81 m/s2 
h height 
H magnetic field strength 
if  equivalent excitation current for permanent magnet flux linkage  
i current space vector 
I current 
I, i current matrix 
J moment of inertia 
k coefficient 
kw winding factor 
ksq skew factor 
Kcon connection factor 
l length 
L inductance 
L inductance matrix 
L ′′  subtransient inductance 
m mass, number of phases 
n rotation speed 
N number of turns 
M number of discrete measuring points 
p number of pole pairs 
R  resistance 
Rin stator stack inner radius 
Rout stator stack outer radius 
P power 
S apparent power 
t time 
T torque 
Tpu per unit torque 
u voltage space vector 
U voltage 
v velocity 
w width 
V volume 

.
V  volume flow 



 

 

 
 
 

X reactance 
X ′′  subtransient reactance 
Z impedance 
 
U underlined symbols are RMS phasors  
 
 
Greek letters 
 
αp pole angle 
δ load angle, depth of penetration 
δag air gap length 
φ flux 
η  efficiency 
φ phase angle 
φt phase angle between the test voltage and the induced current 
μ permeability 
ν ordinal of stator harmonic 
θ angle 
ρ  density 

νρ  referring factor 
σ conductivity 
τ time constant, per unit time, pitch 
ω  electric angular velocity 
Ω  mechanical angular velocity 
ψpu per unit flux linkage 
ψ flux linkage space vector 
Ψ flux linkage, RMS 
Ψ, ψ flux linkage matrix 
 
 
Subscripts 
 
0 initial value 
a stator bore 
b base value 
bar damper bar 
c coercivity 
ci intrinsic coercivity 
d direct-axis 
D damper winding direct-axis 
e electro-magnetic 
er,in end ring, inner radius 
er,out end ring, outer radius 
Fe iron losses 
J mechanical 
lead leading power factor 



 

 

 
 
 

lag lagging power factor 
m magnetizing 
max maximum 
mc measuring coil 
md direct-axis magnetizing 
mq quadrature-axis magnetizing 
n nominal value 
p pole 
PM permanent magnet, phase 
pu per unit 
pull-out maximum 
q quadrature-axis 
Q damper winding quadrature-axis 
r rotor, remanence 
s stator phase 
sc short-circuit 
ssc sustained short-circuit  
start starting 
tot total value 
u slot 
δ air gap 
σ leakage 
 
 
Acronyms 
 
2D Two-dimensional 
3D Three-dimensional 
AFPMSG Axial Flux Permanent Magnet Synchronous Generator 
cosφ fundamental power factor 
DOL Direct-on-line 
EMF Electromotive force 
FEA Finite Element Analysis 
FEM Finite Element Method 
IM Induction Machine 
LSPMSM Line-Start Permanent Magnet Synchronous Motor 
NdFeB Neodymium-Iron-Boron 
PM Permanent Magnet 
PMSM Permanent Magnet Synchronous Motor 
PMSG Permanent Magnet Synchronous Generator 
pu per unit 
SM Synchronous Machine 
RMS Root Mean Square 
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1 Introduction 
In general, electrical machines play an extremely important role in industry and in 
our every day life. Electrical machines generate electrical power in power plants and 
convert electric power to mechanical power in industrial and consumer applications. 
If the conversion is from electrical power to mechanical power, the machine is called 
a motor, while in the conversion from mechanical to electrical, the machine is called 
a generator. Conversion of energy is based on two electromagnetic phenomena. First, 
if a conductor is in a magnetic field and there occurs any change in the magnetic 
field or the conductor moves, a voltage is induced in the conductor. This 
phenomenon is generally known as Faraday’s Law. Second, if a charged item, such 
as a current-carrying conductor, is placed in a magnetic field, the conductor 
experiences mechanical force. This is known as the Lorentz force. The DC machine, 
induction machine, and synchronous machine are the common rotating electrical 
machines. All the other electrical machines – except, maybe, the switched reluctance 
machine – may be derived from these three constructions. 
 
In rotating electrical machines the magnetic circuits are formed by ferromagnetic 
materials in conjunction with air as a medium. The magnetic field is typically 
produced by feeding electric current through coils that are wound around 
ferromagnetic materials. In permanent magnet synchronous machines the permanent 
magnets are the major source of magnetic flux. A permanent magnet is capable of 
maintaining a magnetic field without any excitation current linkage provided to it. 
The first commercial versions of industrial permanent magnet synchronous machines 
emerged in the early 1980s. The development of high energy-product NdFeB 
(Neodymium-Iron-Boron) magnets accelerated the era of modern permanent magnet 
machines. Nowadays, even in mass production, the energy products over 400 kJ/m3 
can be achieved while the remanent flux density of the permanent magnets can be 
over 1.4 T. On the demagnetization curve, there is a single point at which the 
maximum value for –BH product may be found. In modern magnet materials, for 
which the demagnetization curve may even be a straight line from the remanent flux 
density Br to the coercive force Hc the maximum energy product is directly 
proportional to these values and is –BrHc/4. The larger the energy product the less 
permanent magnet material is required (in principle), and the smaller the electrical 
machine can be made. The maximum energy product is not usually utilized in 
machine design, because the magnetic circuit of an electrical machine can seldom be 
designed in such a way that the operating point of the permanent magnet material 
would be at the maximum energy product. In theory, a permanent magnet can 
produce its characteristic remanent flux density inside itself only if the ends of the 
magnet are short-circuited with a material of zero reluctance. The remanent flux 
density Br of the permanent magnet affects the electromotive force produced by the 
generator. The permanent magnets should have a large remanent flux density in order 
to reduce the required volume of the actual magnets. This enables a high air gap flux 
density and high torque. The coercivity Hc defines the ability of a permanent magnet 
material to tolerate demagnetization. The permanent demagnetization occurs if the 
external demagnetising magnetic field strength reaches the intrinsic coercivity field 
strength Hci. Modern motor control methods use large demagnetizing negative direct-
axis currents, for example, in the field weakening. In direct-on-line applications, the 
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permanent magnets have to tolerate large demagnetizing currents during grid 
connection, during asynchronous operation and under possible fault conditions. 
Deshpande (2003) has presented the historical development of permanent magnets in 
detail. Examples of the development of the energy product of the permanent magnet 
materials are presented in Table 1.1.  
 
Table 1.1 Development of permanent magnets. Today, energy products over 400 kJ/m3 can be 
reached.  
 

Year 
Energy 
product 
[kJ/m3] 

Summary 

1966 143 Dr. Karl J. Strnat discovers the high energy product of the Samarium-
Cobalt (Sm-Co) compound. (U.S. Patent 4063971, 1966) 

1972 239 Dr. Karl J. Strnat and Dr. Alden Ray develop a higher energy product 
Samarium-Cobalt (Sm-Co) compound. 

1983 279 

General Motors, Sumitomo Special Metals and the Chinese Academy of 
Sciences develop a high energy product Neodymium-Iron-Boron (Nd-Fe-
B) compound (U.S. Patent 4601875, 1986). 290 kJ/ m3 was discovered by 
Sagawa et al in 1984. 

1993 308 
A rubber isostatic processing was developed, including apparatus to 
implement this technology (Sagawa et. al. 1993). 308 kJ/m3 for Nd-Fe-B 
compound was found. 

2000 400 
Kaneko (2000) devised high energy product magnets in the laboratory 
conditions. 444 kJ/m3 was obtained, which started the mass production of 
400 kJ/m3 Nd-Fe-B magnets. 

2001 409 Tokoro et al. (2001) studied wet compacting process. As a result, Nd-Fe-B 
magnets with 409 kJ/m3 were obtained in mass production. 

2007 415 Nd-Fe-B compound, commercial name BM 53 (Bakkermagnetics 2007). 

 
In a typical three-phase synchronous machine, the rotor carries the field winding and 
the stator carries the armature windings. In a permanent magnet synchronous 
machine, the rotor DC fed field windings are replaced by permanent magnets. The 
field windings or permanent magnets are used to produce flux in the air gap. When 
the excited rotor is rotating at no load, voltages are induced in the stator windings. 
On load the stator also creates its own current linkage and field component in the air 
gap. The rotor and the stator fields tend to align to synchronous operation when the 
electromagnets or permanent magnets rotate with the same speed as the stator field. 
 
Synchronous generators are the primary energy conversion devices of electric power 
systems. When a synchronous machine is network connected and producing power, 
the power factor of the synchronous machine may be controlled by changing the DC 
current in the field windings. In permanent magnet synchronous machines, however, 
the excitation is permanent and lacks practical control possibilities. Controlling the 
permanent magnet excitation is, in principle, possible only by mechanical means. In 
a radial flux machine the relative position of the rotor and the stator could be 
adjusted, whereas in single-sided axial flux machines, the air gap length could be 
altered, and in double-sided axial flux machines, the angle of the two (series 
connected) stators could be changed. Mechanical means of controlling the PM 
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excitation are rather impractical and expensive solutions and applications of that kind 
are therefore apparently not used in practice. 
 
Slight undesirable changes of the PM field excitation come from the temperature 
dependence of the permanent magnets. The load conditions also affect the terminal 
voltage of PMSGs. Therefore, PMSGs are often connected to the grid via frequency 
converters such as voltage source line converters. However, some traditional 
separately excited synchronous generators might be replaced by carefully designed 
direct-on-line (DOL) uncontrolled permanent magnet synchronous generators. Small, 
directly network-connected, generators are likely to find large markets especially in 
the area of distributed electric energy generation, in small power plants (below 10 
MW). Typical prime movers could be windmills, watermills and internal combustion 
engines. DOL PMSGs could also be applied in island networks, such as ships, 
submarines and oil platforms. Various back-up power generating systems could also 
be considered. In distributed generation system, bidirectional power flow and 
complicated behaviour of the reactive power may cause problems if the control 
systems are not suitably designed. It is, however, possible to control the voltage of an 
island PM generator by a power electronic reactive power controller (Kinnunen et al. 
2007). In such a case, the frequency converter sizing is remarkably smaller than in 
cases where all the power is transmitted via the frequency converter. 
 
In general, permanent magnet technology provides several advantages over 
conventional solutions. The separately excited synchronous machine produces 
additional losses in the excitation winding that the PMSM does not generate. 
Additional energy is not needed in the PMSM excitation and higher efficiencies can 
be achieved. The power required by the field winding is dissipated as heat. In a small 
machine, the power needed for the rotor excitation may be of order 5 % of the 
machine rating. Even in large traditional synchronous generators the power needed 
for the rotor excitation is 0.5–2% of the machine rated power (Slemon 1992). 
PMSGs are often vector-controlled and indirectly connected to the network via 
power electronic converters. In many power generating applications, the power 
electronic converter combined with a synchronous generator is not needed and could 
well be replaced with a cheaper and simpler system that consists of only a permanent 
magnet synchronous generator provided with damper windings. This could mean 
remarkable savings and typically a 2 to 3 %-unit increase in the system efficiency 
resulting from the absence of the frequency converter.  
 
In a DOL PMSG, a careful design of the damper winding is needed to achieve stable 
operation. The price of the machine must also remain competitive with traditional 
generators. This may limit the practical applications of some damper winding 
structures with expensive materials. Modern neodymium-based magnets have a 
relative low resistivity, in the range of 150−250×10-8 Ωm (International Magnetics 
Association, MMPA standard No 0100-00) and hence eddy currents in the permanent 
magnets produce losses and increase the temperature of the permanent magnets. This 
must be taken into account particularly in rotor constructions with a poor or average 
thermal conductivity. If the cooling of the rotor is not sufficient, permanent 
demagnetization of the magnets can take place. The demagnetization is far easier if 
the temperature of the magnets rises higher, as it is shown in Fig 1.1. Despite the 
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relatively high electric conductivity of NdFeB magnets, their thermal conductivity is 
poor, in the range of 9 W/Km (K&J Magnetics 2007). As a comparison, the thermal 
conductivity is about 5 times larger for common steels, 9 times larger for iron and 25 
times larger for aluminium. The losses in the magnets are, however, by no means 
comparable with the losses of field windings, and in a properly designed machine, 
the PM losses do not affect the efficiency in practice.  
 
Therefore, either the generators can be smaller or higher output levels can be 
achieved without the need to increase the size of the generator. Separate excitation is 
not required. There are no wearing parts that would require intensive service or 
maintenance and that are prone to faults; such components are for instance slip rings 
or brushes. This results in high reliability and low maintenance requirements. In 
particular, these properties are important for generators, which may be located in 
remote or isolated areas, where their service and repair can be problematic. 
 
However, there are drawbacks in DOL PMSGs. They might also have quite high 
initial costs because of the high price of the permanent magnets. The cost of the 
permanent magnets seems to be rising at the moment. The price of the several 
lanthanides used in NdFeB magnets have raised. The price of the neodymium and 
dysprosium in 2007 has risen by about a factor of three to four compared with its 
price in 2003–2004 (Neorem Magnets Oy 2007a, Shin-Etsu Chemical Co., LTD 
2007). China, which is the main supplier of the rare earth materials, began to limit 
the export of these materials (Shin-Etsu Chemical Co., LTD 2007). The global 
demand for rare earth materials is growing rapidly. In future, a large fraction of the 
demand for rare earth materials is expected to come from hybrid electric vehicle 
applications. 
 
The dimensioning of a permanent magnet pole is challenging because of the limited 
dimensions of a single unit. This has to be taken into account especially in large 
machines. One magnetic pole may consist of several permanent magnet units with 
unidirectional magnetization. The manufacturing tolerances of the permanent magnet 
material properties are also a challenge for the designer of the DOL PMSGs. Two 
magnets with identical dimensions can have different magnetic properties, even if 
they come from the same manufacturer. Reported manufacturing tolerances for 
remanent flux densities in NdFeB magnets are about 5% (Neorem 2007, K&J 
Magnetics 2007). The characteristics of a NdFeB permanent magnet material are 
illustrated in Fig. 1.1.  
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Fig. 1.1 Polarization J(H) and demagnetization B(H) curves of the NdFeB permanent magnet 
materials Neorem 476a and Neorem 576a (Neorem Magnets Oy, 2006). At 20ºC the remanent flux 
density Br = 1.2T. At 60ºC Br = 1.15T. As the temperature rises, the permanent magnet material is far 
more easily demagnetized. The permanent demagnetization occurs at the intrinsic coercivity field 
strength Hci. As can be seen, the polarization J is lost at dramatically smaller demagnetizing field 
strengths as the temperature increases from 20 °C to 150 °C. 
 
It can be seen in Fig. 1.1 that the temperature rise drops the knee of the 
demagnetization of the permanent magnet material. The remanent flux density varies 
by about 10% depending on the manufacturing tolerances and the temperature 
variations. This means that the electromotive force (EMF) of the generator may vary 
by about 10%.  

1.1 Evolution of synchronous machines 
Michael Faraday made a wire revolve around a magnet, and a magnet revolve around 
a wire in September 1821 (Laithwaite 1991). The fundamental induction law was 
invented in 1831 by Faraday. In America, Thomas Davenport developed a four-pole 
motor in 1834, and received both U.S. and British patents in 1837 (Davenport, 1837). 
In the long run, the fundamental principles became better understood and modern, 
efficient motors were developed. 
 
The commercial birth of the alternator (synchronous generator) can be dated back to 
August 24, 1891. The first large-scale demonstration of transmission of AC power 
was carried out. The transmission line was a 25kV AC line and extended from 
Lauffen, Germany, to Frankfurt, about a distance of 175 kilometres. This major step 
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was taken by C.E.L. Brown. The demonstration was carried out during an 
international technical exposition in Frankfurt. This demonstration convinced the city 
of Frankfurt to adopt AC transmission for their first power plant, commissioned in 
1894. The same technology was used by New York’s Niagara Falls power plant. The 
Niagara Falls power plant became operational in 1895. After that, the development 
was rapid, a 40 kV line from Gromo to Nembro of 1903 was followed by others, 
rated between 50 kV and 66 kV in Germany, France, and Spain, all operating by 
1910. After that, in North America in 1912, lines for 140 kV were built in Michigan. 
In Europe, the first three-phase alternating current power transmission at 110 kV 
took place in 0H1912 between 1HLauchhammer and 2HRiesa, 3HGermany (Klempner 2004, 
Olivera 2003).  
 
Because of its simple construction and good starting ability, Tesla’s induction motor 
replaced the synchronous motor as the choice for electric motor applications, but the 
synchronous generators remained dominant in the generation of electric power. The 
most common frequencies used in the electric networks is divided between countries 
generating their power at 50 Hz and others (e.g., the United States) at 60 Hz. 60 Hz 
frequency covers 90 % of the electricity systems of transporting ships (Wärtsilä 
2005). The reason for this is probably that the size of 60 Hz machines is, because of a 
lower torque, slightly lower than that of 50 Hz machines for the same power. 
However, some commercial electrical machines have the same machine classified to 
operate at both 50 Hz and 60 Hz frequency (in the name-plate). Additional 
frequencies (e.g., 25 Hz) can still be found in some locations, but they are rare 
exceptions. Also historic 162/3 Hz single-phase railway electricity transmission still 
exists. The size and the power of the synchronous generators have continuously 
grown over the years. This can be explained by economical reasons. The output 
power of the machine per unit of weight increases with the unit size. Hence, it is not 
uncommon to see machines with ratings reaching up to 1500 MVA. The world's 
largest H2/H2O-cooled generator (1715 MW) is made by Alstom. In Olkiluoto, a 
1600 MW generator manufactured by Siemens will be erected in near future. The 
largest units are typically used in nuclear power stations. 
 
Permanent magnet generator drives with frequency converters rated up to 5 MW and 
more are emerging in wind power plants. For instance, the Finland-based electrical 
consortium of Rotatek Finland Ltd, Verteco Ltd (nowadays The Switch) and Vaasa 
Engineering Ltd has successfully supplied electrical systems for the Norwegian 
ScanWind AS for their 3 MW wind turbines. The turbines have gearless PMSGs. 
Also General Electric has successfully tested a 2.5 MW permanent magnet wind 
turbine, and the company will be manufacturing both 2.5 MW and 3 MW wind 
turbine designs in the future (General Electric 2005). Siemens also reports that they 
are able to manufacture PMSGs up to 5 MW (Siemens 2006b).  Multibrid has also 5 
MW offshore wind generators in the production (Multibrid 2006). These are some of 
the largest wind turbine units in the world when measured by the generated 
electricity. An example of a gearless permanent magnet generator by Siemens for 
wind turbines is shown in Fig. 1.2. 
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Fig. 1.2 Gearless 3 MW permanent magnet synchronous generator for wind turbine (Siemens 2004). 
 
Another direction of development is towards smaller generating units in distributed 
generation. The constructions of electrical distribution networks are constantly 
changing. Traditional networks have been somewhat passive with unidirectional 
power flow. Nowadays, distributed electric energy production is becoming more 
popular. As one of the benefits, important loads can be protected against power loss 
if local isolated operation is based on local energy production. As a disadvantage, the 
network safety devices must be replaced by more intelligent relays and devices as the 
amount of distributed energy production increases. In order to find energy production 
solutions with lower investments, direct-on-line permanent magnet synchronous 
generators (DOL PMSG) could be used in the distributed electricity generation. A 
frequency converter is no longer needed, which reduces the costs of the generating 
set. The small generating units could be used to harness energy from minor energy 
sources, such as small waterfalls and small wind turbines. 

1.2 Outline of the thesis  
This research focuses on direct-on-line permanent magnet synchronous generators 
(DOL PMSG) provided with damper windings. The objective of the thesis is to 
analyze and define suitable parameters and dimensioning methods for permanent 
magnet synchronous generators operating in directly network-connected 
applications. In particular, the electrical parameters of the damper windings are 
studied in detail. Permanent magnet synchronous generators have two main 
requirements in directly network-connected operation. First, the generator must be 
capable of synchronization after grid connection and second, the generator has to 
maintain synchronous running during electric load variation and other transients. The 
generator characteristics vary depending on the strength of the electric network. 
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Therefore, both infinite bus network and isolated microgrid operations are processed 
in the analysis. 
 
With these targets in mind, the study first introduces the topic of synchronous 
generators and the simulation model used in the analysis (Chapters 1 to 3). Secondly, 
the study discusses in detail the design of damper windings for permanent magnet 
synchronous machines (Chapter 4) and presents the experimental results and 
comparison of the prototype machines (Chapter 5). Finally, the conclusions are 
presented (Chapter 6). Below, the contents of each chapter are introduced in brief:  
 
Chapter 1 gives an introduction to the topic.  
 
Chapter 2 introduces the general constructions of both radial flux and axial flux 
permanent magnet machines. The basic differences of these two machine types are 
shown. A brief glance is taken to the evolution of the synchronous generators. 
Various constructions of the permanent magnet synchronous machines with damper 
windings are described. Analytical analysis of PMSGs in rigid network and island 
network operation is discussed. The methods used in this study to determine the 
electrical parameters of the DOL PMSG from practical measurements are explained. 
 
Chapter 3 introduces the simulation model used in the analysis. The simulation 
model is the base for the damper winding parameter analysis. The simulation model 
is applied to simulate the performance of the permanent magnet machines with 
different electrical parameters. The target is to find the optimal design parameters for 
the damper windings. Some of the simulation results are illustrated. 
 
Chapter 4 addresses in detail the asynchronous performance of the direct-on-line 
permanent magnet synchronous machines. The different torque components of the 
asynchronous operation are described. The effects of the different electrical 
parameters of the permanent magnet synchronous machine on the damping features 
are analyzed. The construction topologies of the two prototype AFPMSGs provided 
with damper windings are introduced. The damper winding parameters are calculated 
by the three-dimensional finite element method, which is explained in detail.  
 
Chapter 5 focuses on the practical measurements. The test setups and measured 
results are analyzed. The theoretical results from the finite element analysis, 
simulation model, and analytical calculations are compared with the experimental 
measurements. Two prototype axial flux permanent magnet generators with damper 
windings, introduced in Chapter 4, are tested for verification. 
 
Chapter 6 includes the conclusions and summarizes the most relevant results.  

1.3 Scientific contribution of the work 
DOL PMSGs are an interesting alternative for example in microgrid operation and in 
small hydro power generation. The most critical design question in directly network 
connected generators is their stability and thereby the design of the damping of the 
permanent magnet machine. The traditional literature on electrical machine design 
does not usually provide a detailed analysis of the damper winding design, but 
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typically only very general guidelines for the damper winding design of synchronous 
machines are given. Usually, no direct design information of the damper winding is 
presented (Vogt 1996, Richter 1963). This work concentrates on the permanent 
magnet synchronous generator stability and the damper winding design. Line-start 
permanent magnet motors are widely studied and published, yet there is limited 
public information available on the DOL permanent magnet generators. 
 
 The scientific contributions arising from the research are: 
 

1. Analyzing the performance of a network-connected permanent magnet 
generator static and dynamic performance. In the static performance 
analysis, the inductance ratio and its effects on the machine performance 
are studied. In the dynamic analysis, the synchronization and load 
variation situations are analyzed by simulations. As a result, graphs for 
the transient stability are produced. 
 
2. Selecting the damper winding parameter values for direct-on-line 
permanent magnet synchronous generators. The damper winding 
resistance in particular seems to be an important factor, and selecting a 
correct value for the damper is highly dependent on the system inertia. 
Also the effects of the magnetizing inductance and the damper winding 
leakage inductance are studied. 

 
 3. Dimensioning of the damper winding for disc rotor construction 

according to the selected values. One of the main problems in the thesis 
was to find practical design rules for the damper winding. What are the 
constructions that realize the parameters found in the dynamic 
simulations? The modelling of the damper windings accurately is 
complicated; however, the modern finite element method calculation 
softwares enable the study of accurate modelling of the magnetic fields. 
 

 4. Verifying the design results with two axial flux prototype machines. 
Intensive laboratory tests were run to evaluate the selected design criteria. 

 
In the analysis of the damper windings and the performance of the DOL PMSGs, 
new and useful information on the performance characteristics was found for the 
axial flux permanent magnet synchronous generators with the type of damper 
windings that were constructed in the two prototype machines. 
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The most relevant publications related to the thesis are: 
 
1. Kinnunen J., Pyrhönen J., Liukkonen O., Kurronen P. 2007. Design of 

Damper Windings for Permanent Magnet Synchronous Machines, paper no. 
02-48 on the International Review of Electrical Engineering, IREE, issue 
March 2007. Vol.2. N.2. pp.260-272 

 
2. Kinnunen, J., Pyrhönen, J., Liukkonen, O. and Kurronen, P. 2006. Design 

parameters for directly network connected non-salient permanent magnet 
synchronous generator. In Proc. International Conference on Electrical 
Machines, ICEM2006, 2–5 September 2006, Chania, Greece. Proceedings 
CD. 

 
3. Kinnunen, J., Pyrhönen, J., Liukkonen, O. and Kurronen, P. 2006. Analysis 

of directly network connected non-salient pole permanent magnet 
synchronous machines. In Proc. International Symposium on Industrial 
Electronics, ISIE 2006, 9–13 July 2006, Montreal, Canada. pp. 2217–2222. 

 
 This thesis provides an extended approach to the issues addressed in the above 
publications and adds to the knowledge in the field of permanent magnet 
synchronous machine design. The topics of Publication 1 are discussed in more detail 
in Chapter 4. Publication 2 discusses the simulation model explained in Chapter 3 
and presents the comparisons between the results from the simulation model and 
experimental results. The topics of Publication 3 include the damper winding 
parameters measurements, which can be found in Chapter 5. 
 
This chapter began with an introduction to the topic. It included the outline of the 
thesis and scientific contribution of the work, including the publications by the 
author arising from the research. 
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2 Characteristics of permanent magnet synchronous generators 
This chapter gives an overview of both radial flux and axial flux permanent magnet 
machines. Steady-state performances of DOL PMSGs in a rigid network and island 
network operation are explained by analytical equations and illustrating figures. 
Finally, the methods used in this study to determine the electrical parameters are 
explained. 
 
According to IEC 50(411), the armature winding is a winding in a synchronous 
machine, which, in service, receives active power from or delivers active power to 
the external electrical system. The air gap field component caused by the armature 
current linkage is called the armature reaction. The armature reaction of the 
permanent magnet synchronous generator depends on the values of the synchronous 
inductances. Traditional separately excited salient pole synchronous machines have 
large direct-axis inductances, typically in the range of 1–2 per unit, because of the 
short air gaps and non-saturating magnetic circuit. Because of the salient pole 
construction, quadrature-axis inductances are smaller. In permanent magnet 
machines the values of the synchronous inductances are typically lower compared 
with the traditional synchronous machines. The relative permeability of the NdFeB 
permanent magnets is close to unity (μr ≈ 1.05–1.1), which equals the relative 
permeability of air (Neorem 2007b, Bakkermagnetics 2007). Most commonly, 
permanent magnet machines have rotor-surface-mounted permanent magnets. Such 
machines are, in principle, magnetically non-salient and have a large equivalent air 
gap producing low magnetizing inductance values, Fig. 2.1. 
 

 
Fig. 2.1 Non-salient pole machine (a and b) and salient pole machine (c). The permeance of both d-
and q-axes is equal in a) and b). c) Magnetically asymmetrical rotor produces different d-and q-axis 
permeances. 
 
It might be beneficial to have some permeance differences in the d- and q-axes in 
order to produce some reluctance torque. The machine responds better to the torque 
changes if the d-axis reluctance is smaller than the q-axis reluctance. This could be 
achieved by cutting some ferromagnetic material from the q-axis areas of the rotor. 
In a rotor surface magnet motor it is, however, difficult to have large differences in 
the inductances, since the magnet itself forms a large air gap for the armature 
reaction. A magnetically asymmetrical rotor produces different d-and q-axes 
permeances. Such a rotor produces, in addition to the torque caused by the permanent 
magnet, also some reluctance torque, which depends on the RMS stator flux linkage 
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Ψs = Us/ωs (where Us is the phase voltage) the quadrature-axis inductance Lq and the 
inductance ratio (Lq/Ld) between the axes as 
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In practice, the direct-axis inductance of a non-salient pole machine may be 
somewhat lower because of the slight saturation of the d-axis. On the other hand, the 
direct-axis inductance naturally depends on the direct-axis current, which is usually 
opposing the field winding current under operation. The current components and 
their definitions are discussed in more detail in the following sections. In particular, 
the d-axis current may relieve the saturation. Due to small synchronous inductances, 
the armature reaction is rather small. However, with inset magnet rotors, the 
quadrature-axis inductance can be larger than the direct-axis inductance. This is due 
to the placement of the permanent magnets and the flux barriers. The saliency of the 
rotor brings some additional features to the performance of the PMSG that are 
analyzed in the following sections. 

2.1 Radial flux machines 
The first commercial radial flux permanent magnet synchronous machines were 
made to increase efficiency. The induction motors were used as a starting point and 
the squirrel cage rotor was replaced with a rotor provided with permanent magnets. 
The permanent magnet machines are divided into two categories; the ones with the 
line-start capability and the ones that were designed to operate only in synchronous 
mode. Usually, the latter ones are driven by frequency converters. The common 
permanent magnet synchronous machines driven by frequency converters have the 
permanent magnets attached on the rotor surface, Fig. 2.2.  
 

 
 

Fig.  2.2 Radial flux permanent magnet synchronous machine provided with magnets on the surface of 
the rotor. The rotor core can in some cases be made of solid cast iron. A laminated construction, 
however guarantees less eddy current losses and may thus be a safer choice. 
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There are also various alternatives to install permanent magnets inside the rotor. In 
the case of inset magnets, a laminated rotor construction is usually required to enable 
the manufacturing of the rotor. The stator stack of the radial flux permanent magnet 
machine consists of shape-cut laminations shown in Fig. 2.3.  
 

 
 

Fig.2.3 Stator stack laminations of a radial flux permanent magnet machine.  
 
The stack of laminations easily enables for instance the skewing of the stator slots.  

2.2 Axial flux machines 
Axial flux machines can typically be found in applications, in which the axial length 
of the machine is limited, such as fans. The best power density can be reached by the 
one-rotor-two-stators topology (Parviainen 2005). An example of the axial flux 
permanent magnet synchronous generator (AFPMSG) with this kind of a topology is 
illustrated in Fig. 2.4. 
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Fig.  2.4 Magnetic circuit parts of an axial flux permanent magnet synchronous generator with a one-
rotor-two-stators topology. Magnets are, in this case, installed on both sides of the disc rotor so that 
the flux of a pole travels through both magnets associated with the pole. 
 
One stator of the AFPMSG consists only of one long lamination rolled in circular 
form illustrated in Fig. 2.5. This means that the stator slot pitch shortens towards the 
inner radius of the stator stack. Therefore the manufacturing of the stator is 
somewhat more difficult than of the stators in the radial flux machines. On the other 
hand the rotor is usually very simple and the flat shape of the permanent magnets is 
easy to manufacture.  

 
Fig. 2.5 Stator lamination of an axial flux machine made of a single long electric steel band. The stator 
lamination is rolled into a circular form. 
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Axial flux permanent magnet machines have both benefits and drawbacks compared 
with the radial flux permanent magnet machines. The space for the end windings at 
the inner radius is limited. The head of the end windings comes close to the rotor 
shaft.  This can be problematic especially in small-scale axial flux machines and may 
limit the use of small pole pair numbers p. For instance, p = 1 is practically 
impossible if a lap winding is used. The stator tooth width is narrowing towards the 
inner radius of the stator and high flux densities may occur at the inner radius of the 
tooth. The tooth gets wider towards the outer radius and allows more flux to flow 
through that area. This causes a higher flux density in the stator yoke at the outer 
radius. These higher flux densities can cause excessive yoke saturation and thermal 
hot spots. The stator is more difficult to manufacture as the distance between the 
stator slots along the rolled lamination vary. Also the stator teeth of the steel sheet 
are more difficult to bend, especially in the stators with small diameters. Instead, the 
stator in radial flux machines is a stack of metal sheets, in which the slots are usually 
stamped. The slots in an axial flux stator are also cut using a stamping tool and a 
controllable distribution head. After having stamped a slot, the distribution head 
drives the stator lamination with a suitable angle before the next stamping. 
 
If the axial flux machine has only one stator and one rotor, a remarkable axial 
loading is exerted on the bearings. With two stators the attracting forces may cancel 
each other. Axial flux machines have the advantage if a short axial length is needed. 
Also a small rotor moment of inertia is possible with the short disc rotor, the core of 
which can be manufactured of low density materials such as aluminium. 
 
In axial flux machines it is possible to adjust the terminal voltage to the correct value 
in a specific temperature. This can be carried out by adjusting the air gap or the air 
gaps until the desired back-EMF and terminal voltage is reached. In radial flux 
machines the adjustment is not reasonable. Mechanical adjustment is a very 
expensive solution due to high attracting forces between the rotor and the stator. The 
remaining challenges in both of the topologies are the effects of the temperature 
alterations, especially in extreme conditions. Therefore, the operating temperature 
range must be known when a PMSG is designed.  

2.3 Permanent magnet machines with damper windings 
The first permanent magnet synchronous machines were used in motor applications. 
In the 1940s, H. Johnson came up with an infinite motion machine powered by 
permanent magnets. He received a US patent in 1979 (Johnson 1979). The principle 
of the motion was based on an idea that a constant imbalance is created between the 
rotor and the stator. One of the earliest designs of an operational permanent magnet 
machine was the “Permasyn motor” (Merrill 1950, 1952, Abdelaziz 1982) shown in 
Fig. 2.6a. A further version of the same construction included also damper cage bars 
at the outer circumference of the rotor. One of the earliest commercial permanent 
magnet synchronous motors with line-start capability was introduced by Siemens, 
Fig. 2.6b. Permanent magnets were added inside the rotor of an induction machine to 
improve the power factor and the efficiency of the machine and to enable 
synchronous operation. Some of the first experimental upgrades from induction 
motors to line-start permanent magnet synchronous motors (LSPMSM) were 
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implemented by replacing the old induction machine rotors by new PM rotors with 
damper windings. 
 

  
a)  b) 

 
Fig. 2.6  a) Permasyn motor (Abdelaziz 1982, Merrill 1950). The permanent magnets are surrounded 
by an iron ring. Additional slots in the ring reduce the leakage flux but degrade the asynchronous 
performance. Further version included also a squirrel cage at the outer radius of the rotor. b) 
Commercial self-starting Siemosyn motor by Siemens (Abdelaziz 1982). The rotor has a die cast cage.  
 
There are still commercial line-start permanent magnet motors (LSPMSM) with inset 
magnets and squirrel cage from few kilowatts to 1 MW (Siemens 2006a, Zhao 2001, 
2003). Most of the LSPMSMs have similarities with the induction motors with a 
squirrel cage. In addition, inset magnets are added to achieve synchronous operation. 
In the literature, various constructions for line-start permanent magnet synchronous 
motors have been given (Binns et al. 1992, Rahman 1994, 1996, Smith 2006, Soulard 
2000, 2002, Miller 1984, Zhao 2003, Knight 2000). Some of these structures are 
described in Figs. 2.7-2.9. 
 
The asynchronous and the steady-state operation of LSPMSMs have been widely 
studied. The pull-in criterion for line-start permanent magnet synchronous motors 
were studied by Soulard et. al (2000) by using a Lyapunov function defined by 
Lagrange-Charpit method. This criterion proved to give underestimations for the 
critical synchronization conditions.  
 
Binns et al. have studied the electromagnetic performance of the rotors provided with 
cage bars. Inset magnets are held in place by nonmagnetic material and the flow of 
the flux is controlled by flux guides and flux barriers. Two of the rotor constructions 
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are shown in Fig. 2.7a and Fig. 2.7b. The study (Binns et al. 1992) focused on the 
steady-state performance. In addition, the cylindrical rotors were surrounded by 
nonmagnetic cans. In Binns (1995), the damper winding parameters as a function of 
direct and quadrature-axis current were studied with the assumption that the damper 
winding parameters do not depend on the frequency. Both of these rotor 
constructions have line-start capability and they are able to synchronize. The 
conditions for line-start were not mentioned. However, these are very small-scale 
machines with a low efficiency and power factor compared with the power-scale 
used in the electric power generation.  
 

 
a) b) 
 

Fig. 2.7. Construction topologies of line-start permanent magnet synchronous machines. a) Modified 
hybrid construction (Binns et al. 1992) Some of the squirrel cage bars are extended to the edges of the 
permanent magnets to prevent excessive leakage flux. b) High air gap flux density construction (Binns 
et al. 1992).  
 
Libert et al. (2002) presented a design procedure for a four-pole LSPMSM shown in 
Fig. 2.8a. The permanent magnets are embedded in U-shape. The effects of the cage 
bar and the magnet dimensions on start-up and synchronization were simulated. Also 
the effect of the system inertia on the starting capability was analyzed. A similar 
design with pole shoes producing a sinusoidal flux density has been illustrated in Fig. 
2.8b. The most common structures of the LSPMSM presented in the literature have 
cage windings and I-, U-, V- or W-positioned inset magnets. 
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a) b) 
 

Fig. 2.8. Construction topologies of line-start permanent magnet synchronous machines. a) U-shaped 
magnets (Libert et al. 2002). b) V-shaped magnets and poles producing about 1/cosine-shaped air gap 
length. 
 
Rahman et al. (1994, 1996) studied a construction with extended rotor conducting 
cages in a straight rotor magnets assembly shown in Fig. 2.9a. Adaptive parameters 
for a two-axis simulation model were obtained by Finite Element Method solutions 
(FEM). A simpler construction of LSPMSM for chemical pumps was introduced by 
Smith (2006) shown in Fig. 2.9b. It is a surface-magnet rotor surrounded by a 
conducting can. There is no separate cage winding with conducting bars. A similar 
rotor construction for axial flux permanent magnet generators was analyzed by 
Kinnunen et al. (2006a, 2006b). 
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  a)   b) 
 
Fig. 2.9. Construction topologies of line-start permanent magnet synchronous machines. a) Inset 
magnets and extended rotor bars (Rahman 1994, 1996). b) Non-salient rotor and a conducting can on 
the surface (Smith 2006). 
 
An alternative approach for the damper windings in a wind turbine application was 
presented by Westlake (1996), who analyzed an arrangement, in which the stator of a 
permanent magnet synchronous generator was supported on a flexible mounting 
consisting of springs and dampers; this mounting is dissipative. A setup of this kind 
can provide the damping by restricting oscillations caused by both electrical 
disturbances and wind gusting. The damping of oscillations takes place as the stator 
moves in response to torque fluctuations and energy is dissipated. The advantage in a 
solution of this kind is that the damping losses take place outside of the machine 
itself. 
 
At present, there are commercial DOL PMSGs for water power plants in 
ECOBulbsTM manufactured by Va Tech Hydro. The first 310 kW unit was put in 
operation in Aubas, France, 2002. In 2006, two 4 MW units were commissioned in 
Canada (Va Tech Hydro 2007a, 2007b). The rotor of the 310 kW permanent magnet 
generator is shown in Fig. 2.10. 
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Fig. 2.10. Rotor of the 310 kW direct-on-line permanent magnet synchronous generator provided with 
damper windings around the permanent magnets (Va Tech Hydro 2007). 
 
Commonly used vector controlled permanent magnet machines do not, necessarily, 
have damper windings. However, the rotor construction and materials form paths of 
some kind for eddy currents. The damping eddy currents can flow in the permanent 
magnets and in the rotor yoke if it is made of solid material. Depending on the rotor 
structure the damper winding currents in equivalent circuits consist of eddy currents 
and possibly occurring currents in the damper winding bars. 
 
When a changing flux penetrates the conductive damper winding, an opposing flux is 
produced by the damper winding according to Lenz’s Law. The opposing flux tries 
to keep the flux constant. The damper winding can absorb the harmonics of the 
magnetic flux by ohmic losses and by the generation of induced currents that form 
opposite flux components against the flux harmonics. This phenomenon is utilized 
when damping rotor speed oscillations and also reducing the noise and the vibration. 
The use of a frequency converter along with the PMSM with damper windings may 
be problematic due to the high harmonic content of the PWM supply voltage. The 
damper winding may heat excessively. In vector-controlled machines, the original 
primary function of a separate damper winding is not needed, and the winding may 
be left out if it does not have another important function such as protecting the 
permanent magnets. In DOL generators, however, the damper winding is essential in 
stabilizing the running of the machine.  
 
In this work, two different notation systems are used depending on the applicability 
of the system. Normal effective value phase voltage, flux linkage and current phasors 
and their components are used in phasor diagrams. The space-vector theory notation 
introduced originally by Kovacs and Racz (1959) is used during transients, and one 
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frozen space vector diagram is shown in Fig 2.11. The space vector theory is used in 
all the simulations. The main principles of the space vectors are introduced in 
Appendix D. 
 

 
 

Fig. 2.11 Permanent magnet synchronous generator space vector diagram in a transient state. In the 
transient state, the rotor speed or load angle is not correct and the generator tries to reach equilibrium. 
The change in the flux flowing through the damper windings induces damper winding currents that try 
to keep the flux constant. The rotor is rotating counter-clockwise. ψPM, permanent magnet flux linkage 
space vector, ψm, air gap flux linkage, ψs, stator flux linkage, LDiQ, quadrature axis damper reaction, 
LDiD, quadrature axis damper reaction, Lmqiq, quadrature axis armature reaction, Lmdid, direct axis 
armature reaction, Lsσis, stator leakage flux linkage, ePM, electromotive force induced by ψPM, em, air 
gap electromotive force, es, stator electromotive force, Rs, stator resistance, is, stator current space 
vector, δ, load angle, ϕ, power factor angle. 
 
The rotor permanent magnet flux linkage ψPM induces the main electromotive force 
of the machine ePM. The stator flux linkage ψs is formed starting from the ψPM by 
adding first the damper winding flux linkages iDLD and iQLQ. The stator armature 
reaction components iqLmq and idLmd are added. We have now reached the air gap 
flux linkage ψm. After adding the stator leakage Lsσis we end up to the stator flux 
linkage ψs. The damper winding and armature reaction flux linkages create 
corresponding voltage components in the voltage phasor diagram. Hence, starting 
from the internal electromotive force ePM and adding the voltage components one by 
one, we end up to the air gap voltage um and the stator voltage us. Between um and us 
there are the stator leakage inductance Lsσ and resistance Rs caused voltage 
components. At this instant, the current space vector is is slightly leading the voltage 
us with phase angle φ. The load angle is denoted by δ. The space vector diagram 
shows the current and flux linkage space vectors during a transient at a time instant 
when the damper winding carries damping currents. The damper winding is cut by 
the air gap flux φm forming the air gap flux linkage ψm. The torque produced by the 
damper at the moment according to the space vector theory is 
 



 

 

34 
 
 
 

( )( )QDmc j
2
3 iip +×= ψT .     (2.2) 

 
It may be noticed that at the moment the damper torque is opposite to the torque 
produced by the stator current  
 

( )sme 2
3 iψT ×= p      (2.3) 

 
In order to make the DOL PMSG competitive with present-day generators, it has to 
be easy to manufacture. The electromotive force of the DOL PMSG should be 
dimensioned within the defined tolerances taking into account the tolerances from 
the material aspect. The price of the generator cannot be high or the efficiency should 
be remarkably higher to overcome the additional costs in the long run. There are 
some advantageous solutions in the rotor structure of line-start PMSMs, yet they still 
have some major disadvantages considering the generator operation. The rotors are 
quite complicated to design and manufacture, and some of the rotors seem to have a 
large amount of permanent magnet material because of the large leakage flux of the 
magnets, which in turn increases the price. The synchronous pull-out torque has to be 
rather low compared with the cage-produced torque in order to achieve line-start 
capability. For example, the synchronous pull-out torque of the commercial 
LSPMSM Siemosyn 1FU8 by Siemens is only 35% higher than the nominal torque 
(Siemens 2003). Also the level of the electromotive force in LSPMSMs is generally 
far too low for the generators. All the line-start PMSMs the author found in the 
literature are radial flux machines. Therefore, the rotor structures have to be modified 
for axial flux DOL generator applications. 
 
A permanent magnet synchronous machine has only one damper winding time 
constant, which comes from the subtransient state. Traditional separately excited 
synchronous machines have damper windings and also field windings that form 
another transient time constant. Even additional sub subtransient time constants have 
been introduced in the literature to take into account the skin effect in the damper 
bars (Nabeta et al. 1997, Simon et al. 2003) The PMSG damper winding time 
constants for short-circuited stator windings and for open stator windings are given 
in Fig. 2.12. In practice, the damper winding time constant lies somewhere between 
these two extreme values. The value of the damper winding time constant depends 
on the impedance of the electric network. During transient asynchronous operation, 
the damper winding sees the stator short-circuited via the network, and at a  
synchronous speed, the electric network voltage space vector is rotating 
synchronously with the back-EMF of the machine. It is worth remembering that the 
damper winding operates only when the flux through the damper windings is 
changing. In practice, some flux disturbance is present all the time during operation 
since the air gap permeance harmonics cause variations in the air gap flux.  
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 a)   b) 

 
Fig.  2.12 a) The open stator damper winding time constants 

Q0D0,τ ′′ . b) Short circuited stator damper 
winding time constants 

QD,τ ′′ (In the equivalent circuits in d-axis also parameters of field winding or 
PM should be included). There are no equivalent parameters in PMSG for field winding leakage 
inductance LFσ or field winding resistance RF. 
 
The time constants according to Fig. 1.12 are 
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2.4 Per-unit values 
Per unit (pu) system has special importance in the area of power systems, machines 
and drives. The per-unit values are based on the base values that usually come from 
the rated values of the machines. All quantities are specified as multiples of selected 
base values. Different electrical parameters become dimensionless. The per-unit 
values are sometimes expressed as percent values. Consequently, calculations now 
become simpler because quantities expressed in per-unit values are the same 
regardless of the voltage level, and the comparison between different individual 
machines is straightforward. The per-unit values are defined by the quotient of the 
selected values and the base values. The designers of the synchronous generators 
consider the rated apparent output power as the base power, while for the 
synchronous motors, the rated apparent input power is considered as the base power. 
According to IEEE standard 86-1987 for synchronous generators, induction 
generators and synchronous motors, the base apparent power should be the total 
apparent electrical power at rated voltage and rated current. In induction motors the 
rated power output is also used as a base value. Due to the case-specific definition of 
the per unit values, it is essential to know the base values on which the pu values are 
based. 
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The following equations have been used in the determination of the per unit values in 
this study. The base values of the current and voltage are defined as the peak values 
of the nominal phase quantities. The mechanical angular velocity is determined from 
the nominal rotational speed. The base values for the selected current Ib, voltage Ub, 
impedance Zb, apparent power Sb, torque Tb, angular frequency ωb, inductance Lb and 
flux linkage Ψb are: 
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Per-unit values for the current Ipu, voltage Upu, resistance Rpu, impedance Zpu, torque 
Tpu, angular frequency ωpu, inductance Lpu and flux linkage Ψpu are 
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It is important to note that also the physical time t has per unit scaling. If the physical 
time is used in the per unit valued equations instead of per unit time τpu, it has to be 
multiplied with the base value of the angular frequency. 
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2.5 Permanent magnet generator electric network operation 
National and international regulations and classifications limit the design procedure 
of the DOL PMSGs. They define the limits for the voltage and current quality in 
steady-state operation, transients and fault conditions (e.g. standard EN 50160). Also 
the network companies have set their own requirements and conditions to guarantee 
the good voltage quality of the electric network.  
 
The DOL PMSG characteristics in the steady-state depend on the strength of the 
electric network. The stiffness of the grid must be taken into account in the design 
parameters. The largest generator power that can be connected into the mains is 
limited by the rigidity requirements of the grid connection point. The grid voltage is 
allowed to change by a certain magnitude during the grid connection transient. The 
required short-circuit power Ssc of the grid interface for the generator of the apparent 
power Sn is 
 

n

start
n

n

n
sc Δ I

IS
U

US ⋅= .    (2.7) 

 
If the allowed deviation in the grid voltage is ΔUn = 5% and the starting current Istart 
of the generator is twice the nominal value In, the short-circuit power of the grid 
connection point has to be 40 times larger than the nominal power of the connected 
generator. 
 
In the grid connection of DOL PMSG, large current pulses may occur if there is a 
phase, frequency or amplitude difference between the grid voltage and the generator 
electromotive force. Large current pulses cause large voltage sags if the network is 
weak. Large current pulses cause also large torque components to the generator that 
have to be taken into account in the mechanical design. After transients, the 
generator must reach synchronous operation in a limited time sequence to avoid 
excessive disturbances to the electric grid.  
 
There can also be a requirement to produce a certain amount of short-circuit current 
in fault conditions. The proper operation of the network safety devices requires a 
sufficient short circuit current from the generator. This is the case if the network is 
weak or has an option to operate in island conditions. In island operation the required 
short-circuit current is typically two to three times the nominal current of the 
generator. All these features and limitations must be taken into account in the design 
procedure. 
 
The conditions in the grid connection and present standards for separately excited 
synchronous generators and their applicability for permanent magnet generators have 
been studied. Nordel (1995) gives recommendations for grid operation of generators 
below 25 MW. Nordel is a collaboration organisation of the Transmission Systems 
Operators of Denmark, Finland, Iceland, Norway and Sweden. Synchronization of 
direct-on-line synchronous generators onto grid operation is defined e.g. in VDE 
(2004). The standard is valid for generators larger than 50 MW and may be suitably 
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applied to other generators. The synchronization takes place at a minimum speed 
difference, at a correct phase sequence and a correct voltage phase, i.e. the voltages 
of the grid and the generator should be the same before connection. The voltage 
amplitudes may differ by 10 %. In the case of permanent magnet generators, the back 
electromotive force EPM may not be controlled but it has to be slightly higher than 
the rated grid voltage in order to get an adequate power factor at the rated power. 
Usually the EPM = 1.1Un. The voltage level fluctuation during synchronization is 
restricted in the EU primarily by the EN 50160 and secondarily by the standards and 
engineering recommendations that normally restrict the voltage fluctuation at the 
connection point during synchronization to 3-5 % (Engineering recommendation 
G59/1). 
 
Limits for voltage fluctuations in public low-voltage (230/400V) systems for 
equipment with rated current ≤ 16 A, are defined in standards IEC 6000-3-2 (2001) 
and IEC 61000-3-3 (2002). Standard EN 50438 (2005) has been established by 
CENELEC and is currently in draft format. It is to be published in 2008. It outlines 
the requirements for the connection of micro-scale generators in parallel with public 
low voltage distribution. Micro generation is defined by the standard as a source of 
electrical energy and all associated equipment, rated up to and including:  
 

-25A at low voltage (230V), when the network connection is single  
  phase  
 
-16A at low voltage (230/400V), when the network connection is three  
phase, and, designed to operate in parallel with the low voltage  
system.  

 
In some countries, there is a national deviation to extend the scope of this standard 
for equipment rated above 16 A. For instance in Finland, the scope of this standard is 
extended to a rated power of up to 30 kVA for three-phase equipment. For micro-
generation, the conditions proposed in the EN 50438 draft are shown in Table 2.1. 
 
Table 2.1 Recommendations for micro generation (EN 50438). 
 

Default interface protection settings 
Parameter (phase values) Trip setting Max clearance time 

Over voltage - stage 1 230 +10 % V 1.5 s 

Over voltage - stage 2 230 +15 % V 0.2 s 
Under voltage 230 –15 % V 1.5 s 
Over frequency 51 Hz 0.5 s 
Under frequency 47 Hz 0.5 s 
cos φ ± 0.95 at three voltage 

levels; 210 V, 230 V and 250 
V   

   
Maximum voltage fluctuations and flicker 
  Starting  Stopping  
Limit  3.3 % V 3.3 % V 
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In EN 50438, the generalities of synchronization are defined only so that the 
synchronization must be fully automatic. Several electrical distribution companies 
have proposed similar conditions and regulations defined for the grid connection of 
the generators. The conditions for the grid connection have been obtained from the 
electrical distribution company Helsinki Energy. The conditions that have to be 
fulfilled when a synchronous generator is connected to the 50 Hz mains are shown in 
Table 2.2. 
 
Table 2.2 Conditions for the grid connection of synchronous generators. 
 

Grid connection conditions by Helsinki Energy 
Parameter Condition 
Voltage difference ΔU < ± 8 % Un 
Frequency difference Δf < ± 0.5 Hz 
Phase difference Δφ < ± 10° 

 
For comparison, asynchronous grid connection for asynchronous machines is 
allowed when Δn ≤ ±5 % nn. A single voltage level is calculated from the average 
value of the 10-minute sequence. Fast voltage transients can be 10% of the nominal 
value a couple of times a day. This may cause visible flickering.  
 
The prime mover should control the speed of the PMSG up to the synchronous 
speed. If the prime mover is not capable of exactly controlling the speed, as it might 
be the case in small water power plants, the generator is connected to the grid at a 
speed slightly smaller than the synchronous speed, and the damper winding has to 
synchronize the machine to the network.  
 
These recommendations and conditions were used as guidelines in the further 
analysis. 

2.5.1 Rigid network operation  
In the following, the static performances of DOL PMSGs are studied by two-axis 
analysis. The effects of saliency in a rigid network and an island network on power 
and the power factor are analyzed. 
 
The direct- and quadrature-axis current components may be solved from the 
corresponding voltage equations in the steady-state generator operation. A phasor 
diagram showing two-axis components are shown in Fig. 2.13. The RMS phase 
voltage components are 
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where the RMS current components are defined as 
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The sign of phase angle ϕ between current and voltage is defined positive if the 
power factor is lagging and negative for leading power factors when following the 
generator logic in the phasor diagrams. 

 

 
 
Fig. 2.13 Phasor diagram of a permanent magnet synchronous generator corresponding to Eq. (2.8) 
with leading power factor. 
 
By solving the current components from Eq. (2.8), we obtain a system of equations 
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There are two unknown variables and two equations. Therefore, the current 
components can be solved (Appendix B.3): 
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The power factor cosφ can be determined from the phase angle between the phase 
voltage Us and current Is. The flux linkages interact with the currents producing 
torque by the cross product of the orthogonal components of the current and the flux. 
In addition, the rotor saliency produces some reluctance torque. The electromagnetic 
time dependent torque Te(t) written using to the two-axis space vector rotor co-
ordinate components is 
 

( )[ ])()()()()()()(
2
3)( dQmqqDmdqddqqPMe titiLtitiLtitiLLtiψptΤ ++−−= . (2.12) 

 
In steady-state operation, the damper winding currents are ideally zero. Equation 
(2.12) may now be written in steady state using the RMS phase current and flux 
linkage components as 
 

( )[ ]qddqqPMe 3 IILLIpT −−= Ψ  ,   (2.13) 
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By substituting Eq. (2.14) and the current component solutions from Eq. (2.11) into 
the steady-state Eq. (2.13), the electromagnetic torque is 
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For a non-salient pole PMSG where Ld = Lq, Eq. (2.15) can be written in a simpler 
form: 
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In a rigid network the amplitude of the grid voltage remains nearly constant. The 
same procedure may be carried out also in the motor mode. The torque equation 
including the stator resistance for motor applications according to Gieras (1997) and 
Parviainen (2005) is 
 



 

 

42 
 
 
 

( ) ( )( )
( ) { ][

( ) ( )( )( )
( ) ( )( ) ( ) ( )( )( )

( ) ( )[ ] }}qsdsqs
2

sqsdss
2
PM

qsdssqsdss
2
s

qsdssqssPMs

2
q

2
s

2
s22

sqd
2
s

dssPMs
e

sincossincos

sincos

sincos
3

LLLRLLRE

LLRLLRU

LLRLREU

LR
RLL

LREU
pT

ωωωωω

ωωδδωδωδ

ωωδδω

ω
ω

δωδ

−−−

−−−+

+−−

−−
⎪⎩

⎪
⎨
⎧

+

+
=

(2.17) 

 
 
When the steady-state electrical parameters of the PMSG are known, the load angle δ 
can be calculated from Eq. (2.15). 
 
The diagrams of the following figures Figs. 2.14–2.17 illustrate the infinite bus 
operation of the PMSG having various inductance ratios with saliency (Ld > Lq), non-
saliency (Ld ≡ Lq) and inverse saliency (Ld < Lq) in the steady-state. All the figures 
are drawn by using per unit values given in the figure text but the pu-subscripts have 
not been shown in the figures for the sake of convenience. In rigid networks the 
power factor and the load angle of a synchronous generator vary as a function of the 
load current and the field winding current. PMSGs lack the field windings and the 
flux produced by permanent magnets can be considered as a fictional fixed field 
winding current. The grid voltage level is assumed to remain constant. 
 

 
 

Fig. 2.14 Phasor diagram of a small non-salient pole (the pole in the figure just shows the direction) 
permanent magnet synchronous generator (Ld/Lq =1) in rigid network operation. The leading power 
factor is cosφ = 0.96 and the load current is the nominal value of the current. Ld,pu = 0.5, Lq,pu = 0.5, δ = 
28.5°, φ = 15.5°, EPM,pu = 1.04, Us,pu = 1,Is,pu = 1, Rs,pu = 0.05.  
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Fig. 2.15 Phasor diagram of a small salient pole permanent magnet synchronous generator (Ld/Lq = 2) 
in rigid network operation. The leading power factor is cosφ = 0.98 and the load current is the nominal 
value of the current. Ld,pu = 0.5, Lq,pu = 0.25, δ = 14.4°, φ = 11.9°, EPM,pu = 1.04, Us,pu = 1 pu, Is,pu = 1, 
Rs,pu = 0.05.  

 
 

Fig.  2.16 Phasor diagram of a small salient pole permanent magnet synchronous generator with 
inverse saliency (Ld/Lq = 1/3) in rigid network operation. The lagging power factor is cosφ = 0.999 and 
the load current is the nominal value of the current. Ld,pu = 0.5,Lq,pu = 1.5, δ = 53.3°,φ = 2.5°, EPM,pu = 
1.04, Us,pu = 1, Is,pu = 1, Rs,pu = 0.05.  
 
In a rigid network the nominal operating point of the DOL PMSG should be 
designed for a certain power factor. An acceptable power factor at nominal operation 
for a DOL PMSG should be selected based on the recommendations of the grid area. 
Also the load characteristics have to be considered. The generator should have an 
acceptable power factor in a wide range of power supplied by the generator. 
Typically, PMSGs produce the inductive current for inductive loads, such as 
induction motors, solenoids and relays. The effect of the system current on the power 
factor is illustrated in Fig. 2.17. The results are based on Eqs. (2.8)–(2.15). The effect 
of the rotor saliency on the power factor is also shown.  
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Fig. 2.17 Power factor as a function of the load current when the generator is supplying an infinite bus 
at Us,pu = 1.0 with EPM,pu = 1.04 and Rs,pu = 0.05. The direct-axis synchronous inductance is fixed to Ld 
= 0.5 and the inductance ratio is altered. The inverse saliency seems to improve the generator power 
factor at higher loads in this case.  
 
When the electromotive force of the generator is larger than 1 pu, the power factor is 
lagging at low loads. At no-load, the generator is feeding only negative Id current to 
the grid. At higher loads, the power factor eventually becomes leading. The back-emf 
of the generator can be dimensioned in order to gain a certain power factor at some 
operating point. The phase RMS back-EMF of the PMSG is 
 

sqdsdsPM cos RILIUE ++= ωδ .   (2.18) 
 
If the power factor is fixed, the current components are known from Eq. (2.9). 
Terminal voltage Us is defined by Eq. (2.8). The back-emf from Eq. (2.18) is 
calculated and the corresponding current components are obtained from Eq. (2.11). 
After the selection of the power factor, the load angle δ is iterated until the length of 
the current space vector defined by the current components shown in Eq. (2.11) is 1 
pu. 
 
The dependence of the electrical parameters and the power factor in a rigid network 
at a nominal load current for non-salient pole machines, using Eqs. (2.8), (2.9), 
(2.11), and (2.18), is illustrated in Fig. 2.18. The acceptable values for the DOL 
PMSG, with the defined limitations and requirements, can be found in the shaded 
areas. 
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Fig.  2.18. Requirement for the electromotive force of the non-salient pole permanent magnet 
generator as a function of synchronous inductance with power factor as a variable at nominal load 
current Is = 1 when Rs,pu = 0.05. In the figure, the leading and lagging power factors are denoted by the 
terms ”cap” and ”ind”, respectively. The required short-circuit current condition is fulfilled with the 
synchronous inductance values lower than the plotted lines Ik,pu = 2 and Ik,pu = 3. All the general 
guidelines are met in the shaded areas.  
 
It was mentioned previously that the saliency of the rotor depends on the rotor 
structure. The rotors with the pole shoes have saliency. Rotors with magnets 
assembled on the surface of the rotor are somewhat non-salient, and the direct-axis 
synchronous inductance is smaller than the quadrature-axis synchronous inductance 
that can be achieved by the inset magnets. The static power curves based on Eq. 
(2.15) are shown in Fig. 2.19.  
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Fig. 2.19. Effect of the saliency ratio on the power versus load angle of the rigid network operated 
generator. EPM,pu = 1.04, Rs,pu = 0.05 and Ld,pu = 0.5. The maximum power P/Pn = 2.4 for non-salient 
pole PMSG is found in this case at δ = 96°. The maximum torque load angle deviates from 90° 
because of the resistive stator losses. 
 
The non-salient pole PMSG in infinite bus operation has a power ratio Ppull-out/Pn = 
2.4. Reluctance torque moves the load angle value of the maximum power. 

2.5.2 Island operation 
The operation of the PMSG differs in the island operation. In island operation, the 
grid is weak and its voltage level depends on the generator characteristics. The power 
factor is determined by the load power factor. The following equations can be written 
for single isolated generator operation with a lagging power factor of the load. The 
direct and the quadrature-axis parts of the terminal voltage and current are shown in 
Eqs. (2.8) and (2.9), see Fig. 2.13. 
 
The terminal phase voltage is dependent on the load characteristics: 
  

ϕ∠== ZZIZU ,ss  .    (2.19) 
 
By substituting Eqs. (2.19) and (2.9) into Eq. (2.8): 
 

( ) ( )ϕδϕδωδ +−+== sincossin sssqssd IRILUU  .  (2.20) 
 
By substituting Eq. (2.19) into Eq. (2.20) and converting the sums of the sine and 
cosine functions: 
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The load angle can be calculated: 
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When the load power factor is known, the load current and the terminal phase 
voltage can be calculated (Appendix B1). 
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 The corresponding load current is solved from Eq. (2.19). 
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The following four figures, Figs. 2.20–2.23 illustrate the island operation of 
permanent magnet generators with saliency, non-saliency and inverse saliency. The 
stator leakage inductance, electromotive force, stator resistance, and the direct-axis 
synchronous inductance have been kept constants. 

 
Fig.  2.20 Phasor diagram of a small non-salient pole permanent magnet synchronous generator (Lq/Ld 
= 1) in isolated network operation. The power factor is cosφ = 1 and the load current is the nominal 
value of the current. Ld,pu = 0.5, Lq,pu = 0.5, δ = 28.8°, φ = 0°, EPM,pu = 1.04, Us,pu = 0.86, Is,pu = 1, Rs,pu = 
0.05. The terminal voltage Us is clearly below the rated value (Us < 1).  
. 
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Fig.  2.21 Phasor diagram of a small salient pole permanent magnet synchronous generator. The 
saliency ratio Ld/Lq =2, cosφ = 1, Ld,pu = 0.5, Lq,pu = 0.25, δ = 14.9°,φ = 0°, EPM,pu = 1.04, Us,pu = 0.89, Is 
= 1 and Rs,pu = 0.05. The armature reaction is smaller compared with the non-salient pole machine. 
Therefore, the load angle δ is also smaller. Nevertheless, the terminal voltage Us,pu is still below the 
rated value.  
 

 
 
Fig.  2.22 Phasor diagram of a small salient pole permanent magnet synchronous generator with the 
saliency ratio Ld/Lq = 1/3. cosφ = 1, Ld,pu = 0.5, Lq,pu = 1.5, δ = 54.2°, φ = 0°, EPM,pu = 1.04, Us = 1.03, Is 
= 1 and Rs,pu = 0.05. The terminal voltage can reach the rated line voltage at certain loads despite the 
armature reaction.  
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Fig.  2.23 Phasor diagram of a small permanent magnet synchronous generator with the saliency ratio 
Ld/Lq =1/3 and inductive load power factor cosφ = 0.85ind. φ = 31.8°, Ld,pu = 0.5, Lq,pu = 1.5, δ = 39.0°, 
EPM,pu = 1.04, Us,pu = 0.71, Is,pu = 1 and Rs,pu = 0.05. Inductive load has a remarkable effect on the 
terminal voltage level. Despite of the inverse saliency of the rotor the terminal voltage is very low 
compared with the rated value Un,s,pu = 1.  
 
The effect of the saliency on the output power of the PMSG in island operation with 
resistive load is illustrated in Fig. 2.24, where the load power factor cosφ = 1, Rs,pu = 
0.05 and Ld,pu = 0.5 have been fixed. The equation used for the output power in the 
island operation is written (Appendix B.2) 
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Fig. 2.24 Effect of the saliency ratio on the power versus load angle of the island operated generator at 
resistive load. The load power factor cosφ = 1, EPM,pu = 1.04, Rs,pu = 0.05 and Ld,pu = 0.5. The maximum 
output power of non-salient PMSG is much less than in DOL operation (Pmax/Pn = 1.1 in island 
operation compared with Pmax/Pn = 2.42 in DOL) and the maximum power is found in this case at δ = 
43°. By increasing the saliency ratio either way, the pull-out torque is increased. By increasing the 
inverse saliency ratio the pull-out torque is increased but also the load angle of the partial loads 
increase significantly.  
  
When Ld > Lq the load angle increases slowly as more output power is required. If Ld 
< Lq the load angle variation is large at partial loads. With loads having a lagging 
power factor, the output power characteristics of the PMSG in island operation are 
different. The effect of the saliency on the output power of the PMSG driving at a 
lagging power factor load is illustrated in Fig. 2.25. 
 
Increasing the load current continuously drops the terminal voltage. Finally, short 
circuit current is reached and the terminal voltage is zero. The terminal voltage and 
power of non-salient pole PMSG in island operation is illustrated in Fig. 2.26.  
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Fig. 2.25 Effect of the saliency ratio on the power versus the load angle of the island generator. The 
power factor of the inductive load is cosφ = 0.85, EPM,pu, = 1.04, Rs,pu = 0.05 and Ld,pu = 0.5 have been 
fixed. When the load is inductive, the effect of saliency is not so significant. The pull-out load angle is 
less than in the case of the resistive load because of the inductive load. 
 

 
Fig. 2.26 Terminal voltage and power of a non-salient pole PMSG in island operation. a) The terminal 
voltage drops as the load current increases. The voltage drop is dependent on the load power factor. 
Sustained short-circuit power may be found from zero terminal voltage. b) Voltage drop affects 
dramatically the produced power. For resistive loads, the power reaches maximum value of P/Pn = 1.1 
when the load current Iload,pu = 1.4 . 
 
The synchronous generators drive both leading and lagging power factor loads. In the 
industry, the induction motors are common lagging power factor loads. If a small 
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load is fed via long transmission lines, the load seen by the generator can become 
leading.  
 
Figures 2.19 and 2.24 show the notable difference in the power production when 
operating with an active load or when supplying only a passive load. The grid acts as 
an active load, which is capable of maintaining the terminal voltage Us of the 
generator independent of the power supplied. If the load is a passive one, the 
armature reaction caused voltage drop is directly visible in the terminal voltage Us, 
and the voltage drops dramatically compared with the active load supply. Fig. 2.27 
shows different operation points of a non-salient pole PMSG in island operation 
supplying resistive load. 
 

 
Fig. 2.27. Operation points of a non-salient pole  PMSG in island network supplying resistive loads 
(cosϕ = 1). a) Iload,pu = 0.40, δ = 11.4°, Us,pu = 1. b) Iload,pu = 1.4, δ = 42.3°, Us,pu = 0.70. c) Iload,pu = 
2.05, δ = 80.4°, Us,pu = 0.07. 
 
The nominal operation points of the phasor diagrams illustrated in this chapter for a 
rigid network and island network operation are summarized in Table 2.3. 
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Table 2.3 Comparison between a rigid network and isolated network operation. 
 

Rigid network operation  Isolated network operation 
parameter Fig. 2.14 Fig. 2.15 Fig. 2.16 parameter Fig. 2.20 Fig. 2.21 Fig. 2.22 Fig. 2.23

Ld,pu 0.5 0.5 0.5 Ld,pu 0.5 0.5 0.5 0.5 
Lq,pu 0.5 0.25 1.5 Lq,pu 0.5 0.25 1.5 1.5 
Ld/Lq 1 2 1/3 Ld/Lq 1 2 1/3 1/3 
EPM 1.04 1.04 1.04 EPM,pu 1.04 1.04 1.04 1.04 
cosφ 0.96lead 0.98lead 0.999lag cosφ 1 1 1 0.85lag 
Is,pu 1 1 1 Is,pu 1 1 1 1 
δ 28.5 14.4 53.3 δ 28.8 14.9 54.2 39.0 

Us,pu 1 1 1 Us,pu 0.86 0.89 1.03 0.71 
Rs,pu 0.05 0.05 0.05 Rs,pu 0.05 0.05 0.05 0.05 

Ppull-out/Pn 2.42 3.33 2.91  Ppull-out/Pn 1.1 1.22 1.42 0.7 
 
Voltage drop has to be taken into account if the generator is designed for the island 
operation. For instance, the synchronous pull-out power for the non-salient pole 
PMSG with given electrical parameters is approximately 64 % of the nominal power 
in the rigid network, when cosφ = 0.85 (see Fig. 2.25). In practice, this means that 
the permanent magnet generator must be larger in island operation than in network 
operation if the same output power is desired. When using a synchronous generator 
with a field winding, the armature reaction effects may be compensated if the field 
winding thermal design is aimed for island operation or for highly inductive loads. In 
a permanent magnet machine, this option is not present, and the only possibility is to 
diminish the stator inductances, which in practice means that the machine size must 
be larger. This indicates that the permanent magnet synchronous generator is not 
very suitable for island operation without a static VAr compensator. 
 
Kinnunen et al. (2007b) reported that in island network, it is possible to control the 
reactive power by an active compensator in parallel with generator to maintain the 
nominal terminal voltage. The system consisting of a permanent magnet generator 
equipped with an active compensator that controls the generator voltage is 
electrically simple because we may assume that the reactive power control is carried 
out by the power electronic converter. The size of the compensator is smaller than 
the frequency converter in series with the generator, because the whole power 
produced by the generator is not fed through the compensator. In addition, in island 
networks, the frequency converter connected in serial, has to be dimensioned 
according to the short circuit current of the generator. An example of a PMSG with 
an active reactive power compensator is shown in Fig. 2.28. 
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Fig. 2.28. Test setup diagram of the permanent magnet synchronous generator with an active reactive 
power controller in island operation. The induction motor and the series of passive components are 
switched on by manually controlled contactors. LC filter is added to the system to filter the current 
harmonics of the compensating current. 
 
There are several possible applications for the DOL PMSGs. One potential 
alternative is a water power plant. This is a challenging environment for the DOL 
PMSG designer. The flowing water has an effect on the kinetic energy of the system. 
Also the water flow rate is not constant. Hydroelectric facilities often depend on a 
dam to raise the level of the water in the reservoir. Water from this reservoir is 
allowed to fall through pipes to water-driven turbines. The potential energy of water 
converted to kinetic energy of the falling water spins the turbines. The turbines are 
connected to generators that make electricity as they turn. The power that can be 
harnessed from the falling water through the pipes can be estimated by calculations. 
An example of a single water power plant pipe diameter dimensioning and the effects 
of the flowing water on the kinetic energy of the system is proposed by the author in 
the following equations. The power from the water flow through the pipe is 
 

VghP &ηρ= ,     (2.26) 
 
where η is the efficiency of the turbine (typically 70–90 % depending on the size of 
the turbine), ρ is the density of the flowing water (1000 kg/m3), h is the height of the 
water column and V&  is the volume flow of the water. The volume flow in a 
cylindrical tube is 
 

vdV
4
π 2

=&       (2.27) 

 
where d is the tube diameter and v is the velocity of the flowing water. The required 
diameter for the tube is 
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For example, if we need 50kW power with 85% efficiency when the water column 
height is 10 meters and the velocity of the flowing water is 3 m/s, the diameter of the 
tube should be at least 0.50 m. 
 
The kinetic energy of the water column Ek can be converted to mechanical rotational 
energy. The efficiency in the conversion is around 85% which corresponds to the 
turbine efficiency. The flowing water column has a kinetic energy 
 

22
k 2

1
2
1 VvmvE ρ== ,    (2.29) 

 
where V is the volume of the water column. The equation for rotational energy Er is 
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where Ω is the mechanical angular velocity. The equivalent moment of inertia for the 
water column can be calculated 
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The extra moment of inertia from the water column for the example presented above 
for an eight-pole machine rotating 750 rpm is J = 2.48kgm2. The moment of the rotor 
inertia of the 50kW permanent magnet generator could be Jrotor = 6 kgm2. In this 
example, the water column increases the moment of inertia by about 50%. This extra 
inertia provided by the flowing water has to be taken into account in the water power 
applications of the DOL PMSG.  

2.6 Methods for determining permanent magnet synchronous machine 
parameters 
Methods to determine the electrical parameters of the machine are based on the 
international standard IEC 60034-4 with some modifications resulting from 
permanent magnet excitation. Some analytical methods have also been proposed for 
parameter calculations. All the presented methods that define the parameters in the 
direct-axis and the quadrature-axis phasor equivalent circuits can also be performed 
in practice. The measurement methods selected in this study are described in Fig. 
2.29; it illustrates the order of the measurements being performed. First, the stator 
leakage inductance Lsσ is measured with the rotor removed. Also the stator resistance 
Rs can be measured at this point. After the assembly of the rotor, the no-load 
saturation and the three-phase short-circuit tests are performed in the generator 
mode. The PMSG is rotated by some prime mover. The electromotive force EPM is 
determined at no-load conditions. The result of dL ′′  from the three-phase short-circuit 
test can be compared with the value obtained from the variable frequency test with a 
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locked rotor. Since a permanent magnet machine is not carrying a field winding at all 
and the corresponding leakage inductance is missing, we define only the sub-
transient inductances. The sub-transient inductances are selected, since in the sub-
transient inductances of synchronous machines the damper leakage inductances are 
the dominating ones. 
 

dL ′′ qL ′′dτ ′′

qτ ′′

dL ′′

 
 
Fig.  2.29 Test methods for determining permanent magnet synchronous machine parameters. The test 
methods and the corresponding parameters of the generator that can be obtained are presented in the 
first and second rows. The same parameters can be obtained from different tests, which can be used as 
a comparison to verify the results. The third row shows the rest of the parameters of the permanent 
magnet synchronous generator that are calculated based on the results from the first and the second 
row.  The measurements are mainly based on the standard IEC 60034-4. 
 
These tests will be discussed in detail in the following. 

2.6.1 Leakage inductance 
The stator leakage inductance Lsσ should be measured at the beginning or at the end 
of the no-load and load tests, because the rotor has to be removed during the accurate 
leakage inductance measurements. The stator is supplied from a controllable three- 
phase voltage source. By controlling the voltage, the stator current is set to its rated 
value if possible. Despite the missing rotor, the three phase currents create a rotating 
field in the air gap. The stator represents an impedance Z. This impedance 
corresponds to the stator resistance and the stator leakage inductance but also to the 
air gap field. To extract the effect of the air gap field, a search coil is placed over the 
teeth. The width of the measuring coil is equal to the pole pitch. The length of the 
coil equals the stator stack length. The turn number of the measuring coil Nmc is 
known. The larger the number of turns is, the larger the induced voltage in the 
measuring coil will be. This coil indicates the air gap flux during the measurement. 
The measuring coil in an axial flux machine is shown in Fig. 2.30.  
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Fig. 2.30 Leakage inductance measurement. The measuring coil is placed over pole pitch to determine 
the air gap field.  
 
When the armature windings are connected to the three-phase voltage source the 
phase voltage Us, the phase current Is, and the phase power Pph are measured. The 
induced voltage Umc in the measurement coil should be measured accurately, because 
in small machines, the voltage level of the measurement coil is typically in the range 
of mV.  
 
Lsσ can be determined as: 
 

assσ LLL −= ,    (2.32) 
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The inductance of the stator bore without the rotor La can be written as: 
 

mcss

wsmc
a NI

kNUL
ω

= .    (2.34) 

 
Nskw is the effective number of turns in the stator. According to the standard IEC 
60034-4, without the measurement coil, the inductance of the stator bore without the 
rotor can be estimated as 
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where fs is the supply frequency, p the number of pole pairs and L´ is the effective 
length of the stator stack. 

2.6.2 Synchronous inductances 
Direct-axis synchronous inductance is determined from the no-load saturation test 
and the three-phase short-circuit test. In the no-load saturation test, the tested PMSM 
operates as a generator by some prime mover with a constant rotation speed. The 
armature winding is open-circuited and the terminal voltages are measured. The 
short-circuit test is made from the no-load saturation test by short-circuiting the 
terminals of the tested PMSG. After short-circuiting the terminals, the subtransient 
terminal currents stabilize into the sustained values of short-circuit currents. An 
example of the combination of the no-load saturation test and the short-circuit test is 
illustrated in Fig. 2.31. 

 

 
 
Fig. 2.31 Short-circuit test after no-load saturation test at 50 Hz. The permanent magnet machine is 
operating at no-load, rotating with constant speed. At time t = 0.52s a sudden three-phase short-circuit 
is applied. The subtransient currents dampen into the sustained short-circuit current values. 
 
The direct-axis synchronous inductance is determined by the quotient of the open-
circuit phase Us,oc voltage and the sustained short-circuit current Is,ssc. 
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The quadrature-axis synchronous inductance Lq can now be calculated from the 
steady-state load test. The calculation is based on the dq-axis phasor diagram. The 
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condition is that the Ld is known from the previous short-circuit test. The permanent 
magnet machine can be operated either in the motor mode or generator mode. The 
quadrature-axis synchronous inductance can also be calculated from the 
measurements in the island operation of a PMSG by using the phasor diagram.  
 
The following equations are given for the test procedure in the generator mode with 
lagging power factor load. The direct and the quadrature-axis parts of the terminal 
voltage are shown in Eq. (2.8). The current components are shown in Eq. (2.9)  
By substituting Eq. (2.9) into Eq. (2.8) 
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Knowing that 
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 By inserting 
 

δδ 2cos1sin −=      (2.40) 
 
into Eq. (2.39), Eq. (2.39) can be rewritten as 
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The load angle is 
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The quadrature-axis synchronous inductance is solved by substituting Eq. (2.42) into 
Eq. (2.20): 
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Now that the synchronous inductances and the stator leakage inductance are known, 
the magnetizing inductances can be estimated by subtracting the leakage inductance 
from the synchronous inductances. 

2.6.3 Subtransient inductances 
Because of their simplicity, this section focuses on the methods in the standard IEC 
60034-4. It describes the applied voltage test with the rotor locked in direct- and 
quadrature-axis positions and the same test with the locked rotor in any arbitrary 
position. This method is used to determine the damper winding parameters. 
 
First, the direct-axis and quadrature-axis positions of the rotor are determined. Fixed 
rotor positions are defined by applying DC current into any two line terminals of the 
armature winding. It is also possible to connect one phase coil branch in series with 
the parallel connection of the other two phase coil branches and let a DC current run 
in the windings. The rotor aligns with the flux created by the DC-current-fed phase 
coils. If the polarity of the DC current is changed, the rotor should align accordingly. 
These positions are determined as d-axis positions, and the q-axis position is in the 
middle of these two d-axis positions. 
 
To determine the subtransient inductances, instead of DC current, AC voltage with 
different frequencies is applied to the same configuration. Possible configurations of 
the tests are presented in Fig. 2.32.  
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Fig.  2.32 Configuration alternatives of the tests at standstill. Single-phase fed coils produce pulsating 
flux. a) At time t1, when the switch S is closed, the rotor is aligned with the resulting pulsating flux of 
the phase coils into d-axis position. b) At time t1, when the switch S is open, the rotor aligns into 
another position of the resulting flux of the phase coils. c) At time t1, when the switch S is closed, the 
rotor may be fixed into q-axis position, where flux from the magnets is normal to the resulting flux of 
the phase coils.  d) If the switch S is open, at time t1, one phase has maximum current amplitude, the 
second ones have half of the negative maximum current. e) If the switch S is closed, at time t1, one 
phase has maximum current amplitude, the second one has negative maximum current. f) The 
connection factor Kcon = 2/3  if the switch S is closed and Kcon = ½ if the switch S is open.  
 
In this test, the equivalent circuits are similar to the equivalent circuits of the 
transformer. The total resistance consists of the stator resistance in series with the 
parallel connection of the damper winding resistance and iron loss resistance. The 
total inductance consists of the stator leakage inductance in series with the parallel 
connection of the damper winding leakage inductance and magnetizing inductance. 
The stator field does not rotate, but it pulsates. Therefore, there are no additional 
voltage terms because of the rotation of the rotor. The equivalent circuits at standstill 
are presented in Fig. 2.33. 
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a)   b) 

 
Fig. 2.33 Equivalent circuits of the PMSM during the applied voltage test with a locked rotor. a) 
Direct-axis. b) Quadrature-axis. 
 
The direct-axis subtransient inductance in the first test with the rotor fixed in the 
direct-axis position is determined by the formula 
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or if one phase coil branch is in series with the parallel connection of the other two 
phase coil branches 
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The values of the voltage, current and input power or power factor are measured. The 
quadrature-axis subtransient inductance is measured in the same way with the rotor 
fixed in the quadrature-axis position. 
 
If the determination of the direct and quadrature-axis positions is problematic, the 
same configuration can be used with the rotor fixed in any arbitrary position. The 
inductance between each pair of the line terminals of the armature winding is 
calculated with Eq. (2.44). Note that the rotor is fixed in the same position when the 
test voltage is applied to the three different pairs of the terminals. The subscripts are 
selected according to the terminals to which the voltage is applied. The direct and 
quadrature-axis subtransient inductances are: 
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where 
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The sign of Eq. (2.47) is determined from the rotor structure. Usually in surface 
magnet permanent magnet machines the permanent magnets slightly saturate the 
stator. Therefore the minus sign is selected for the direct-axis subtransient 
inductance.  If the permanent magnet machine rotor has some saliency, the rotor 
construction has to be known and the ± sign is selected accordingly. In permanent 
magnet machines the saliency ratio Ld/Lq may vary around 1 in both directions. In 
machines with embedded magnets Ld/Lq < 1. With surface magnets, depending on the 
rotor magnetic circuit construction Ld/Lq may vary from slightly below 1 to slightly 
above 1. 
 

2.6.4 Damper winding parameters 
Damper winding leakage inductances can be determined from the equations based on 
the equivalent circuits of the PMSM. It is worth bearing in mind that if the frequency 
of the flux in the rotor is high, the flux may not penetrate the entire rotor because of 
the eddy currents. Therefore the skin depth of the materials used in the rotor must be 
calculated. The subtransient inductances are defined by a connection of the stator 
leakage inductance Lsσ in series with the parallel connection of the damper winding 
leakage inductance and the magnetizing inductance (Vas 1998; see Figs. 2.12 and 
2.33): 
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In the case of classical field winding in the expression for dL ′′  there is also leakage 
inductance of field winding. There are no equivalent parameters in PMSG for field 
winding leakage inductance LFσ or field winding resistance RF. The direct- and 
quadrature-axis leakage inductances solved from Eq. (2.49) are:  
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The characteristics of the damper winding parameters are highly dependent on the 
frequency. In DOL PMSGs various load transients and grid connections produce 
varying flux components into the damper windings with a large range of frequencies. 
Also the harmonics in the flux through the damper windings have an effect on the 
damper winding parameters. Therefore, frequencies other than the nominal frequency 
of the generator should also be tested. The frequency response characteristics and 
damper winding parameters are determined with the applied variable frequency 
voltage test at standstill. Testing is obtained for both direct and quadrature-axis 
positions. The impedance of the circuit at standstill is: 
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where Kcon depends on the connections of the armature windings. Kcon is used in the 
scaling of the damper winding parameter results. Two possible connections are given 
in Fig. 2.32 with the connection factors. 
 
The values of the inductances and resistances were determined by the phase angle φt 
between the test voltage and the induced current: 
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The values for the damper winding leakage inductance and damper winding 
resistance can now be calculated. The damper winding resistance seen by the stator 
is: 
 

sqd,QD, RRR −=     (2.54) 
 
If the iron losses are taken into account (see Fig. 2.33), the damper winding 
resistance seen by the stator becomes: 
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The slip of the rotor must be taken into account when the damper winding resistances 
are determined. When the slip is taken into account, the damper winding resistances 
are: 
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2.6.5 Time constants 
Permanent magnet synchronous machines do not include excitation windings. 
Therefore PMSM has only one time constant from the subtransient state to the 
sustained state. The subtransient time constant may be determined for the open-
circuit and short-circuit states in both direct- and quadrature-axis positions. In reality, 
the time constant of the permanent magnet synchronous generator is somewhere 
between these extremes depending on the load impedance, as discussed in section 
2.3.  
 
The direct-axis subtransient short-circuit time constant dτ ′′  may be determined from 
the three-phase short-circuit test presented in section 2.6.2. dτ ′′  is the time required 
for the subtransient currents to decay to 1/e ≈ 0.368 of its initial value. In the 
determination of dτ ′′  the envelope curves of the short-circuit current are utilized. The 
subtransient current component may be separated from the envelope curves of the 
short-circuit currents by subtracting the sustained short-circuit current component. 
The remaining part is plotted on a semi-log scale, from which the direct-axis 
subtransient short-circuit time constant may be determined. The determination of the 

dτ ′′  is shown in Figs. 2.34 and 2.35. 
 

 
 

Fig. 2.34 Short-circuit current and the upper envelope curve. Sustained short-circuit current amplitude 
is 22.6A.  
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Fig. 2.35 Subtransient current component extracted from the previous figure. The sub-transient 
component has to start from zero value but it soon reaches its maximum and starts decaying at the rate 
defined by the appropriate time constant. The initial value for the decaying current I0 is defined by 
extrapolating the curve plotted on the logarithmic scale. dτ ′′ = 0.035s is the time required for the 
subtransient current component to decay to 1/e ≈ 0.368 of its initial value from I0 = 9A to I = 3.3A. 

 
The maximum extrapolated current is 9 A. Now the direct-axis subtransient short-
circuit time constant is the time dτ ′′  = 0.035s. 
 
The quadrature-axis subtransient short-circuit time constant may be found from the 
parameters determined so far; the same can be done for the direct-axis subtransient 
short-circuit time constant. 
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The subtransient parameters determined from the three-phase short-circuit test should 
be defined with an experiment in which the rotation speed remains as constant as 
possible. A high torque component exists at the beginning of the three-phase short-
circuit. This may rapidly decrease the rotation speed and distort the results. 
 
The result of the direct-axis subtransient inductance dL ′′  from section 2.6.3 can be 
compared with the value obtained from the three-phase short circuit test shown in 
Fig. 2.35. The dL ′′  can be calculated by applying the quotient of the phase 
electromotive force EPM and the subtransient short-circuit current I ′′ . I ′′ is sum of the 
initial value of the decaying current and sustained short-circuit current. 
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2.7 Summary 
The main characteristics of radial flux and axial flux machines were introduced. 
Some construction topologies of permanent magnet synchronous machines with 
damper windings were shown to give the reader a better understanding of the subject. 
Standards together with general regulations and recommendations concerning grid 
connections and micro-scale distributed generation were briefly discussed. PMSG 
performance in a rigid network and island operation was discussed and shown by 
figures and equations. Comparison showed that the size of the PMSG must be larger 
in island operation to produce the same power as in rigid network operation because 
of the passive load. The determination of PMSG electrical parameters by practical 
measurements was based on standards. Now that the static performance is analyzed, 
it is important for DOL PMSGs to analyze the dynamic performance, which is 
investigated by a simulation model in Chapter 3. 
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3 Simulation model for the permanent magnet synchronous 
generator 
In the following chapter, a simulation model of PM machine is introduced. The 
model is based on generally known equations. By analyzing the results given by the 
two-axis space vector equivalent circuit based simulation model of the PM machine, 
it is possible to generate the guidelines for efficient damper winding parameters for 
DOL PMSGs. The simulation model is used to simulate grid connections and load 
transients. The effects of the electrical parameters, especially the damper winding 
parameters, on the performance are simulated and examined. 
 
The simulation model employs some simplifications compared with the real 
situation. This is useful when the basic characteristics of different torque components 
are analyzed. The simulation model does not include the effects of saturation or the 
effects of temperature variation. Therefore the inductance and the resistance values 
are fixed. The electric grid is assumed to have infinite capacity and the network 
impedance seen by the generator is zero. The grid voltage amplitude remains 
constant. The grid produces purely sinusoidal signals. Also the induced EMF is 
sinusoidal. 

3.1 Two-axis theory 
The simulation model lays the foundations for an extensive parameter survey for 
damper winding parameters. The simulation model operates with space vector 
quantities on the rotor-oriented dq-coordinates. The derivation of the dq-components 
from three phase stator-oriented coordinates are demonstrated in Appendix D.1. The 
direct-axis (d) and quadrature-axis (q) equivalent circuits are shown in Fig. 3.1. The 
main parts of the simulation model are given in Fig. 3.2. The directions of the 
currents are selected based on the motor logic, and therefore the signs of currents are 
opposite compared with for instance the dq-currents shown in Eq. (2.10). 
 

 
a) b) 

 
Fig. 3.1. Equivalent circuits of permanent magnet synchronous machines provided with damper 
windings. a) Direct-axis quantities. b) Quadrature-axis quantities.  
 
id,q are stator currents, imd,q are magnetizing currents, iD,Q are damper winding 
currents, if is the equivalent current for flux linkage Lmd,q are magnetizing 
inductances, Lsσ is the stator leakage inductance, QσD,L  are damper winding leakage 
inductances, ψPM caused by the permanent magnets as a product of virtual excitation 
current if and direct-axis magnetizing inductance Lmd (ψPM = Lmdif), Rs is the stator 
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resistance, QD,R  are damper winding resistances, ω is the rotor electrical angular 
frequency and ψd,q are stator flux linkages. 

 
 
Fig. 3.2. Main parts of the simulation model. The grid on the left is rigid. The three-phase quantities 
are transformed into rotor-oriented dq-coordinates. The simulation model operates on per unit values. 
 
According to Park’s (1929) equations, the voltage equations for the stator in dq-
coordinates are (Vas 1998, p.186) 
 

q
d

dsd d
d

ωψ
ψ

−+=
t

iRu     (3.1) 

 

d
q

qsq d
d

ωψ
ψ

++=
t

iRu .    (3.2) 

 
When using the per unit values in the equations, we first also have the per unit time τ 
in use. Per unit time is a result of the mathematical process employing the base 
values. The emergence of the per unit time is seen in the following. It is, however, 
more convenient to use the normal time instead of the pu time. Per unit time may be 
replaced by the real time in the equations when we know that ωnt = τ. In pu values, 
the voltage equations become 
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The rotor circuit is short-circuited and the voltages are zero: 
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In pu values 
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The flux linkages ψ may be presented in a matrix form ψ by the product of 
inductance matrix L and current matrix i. 
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The current components may be calculated using the inverse value of L. 
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From Eq. (3.9) we obtain four separate current components. 
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k1 is the determinant of L and coefficients k2, k3, k4, k5, k6 and k7 are: 
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The derivatives of the flux linkages are solved by substituting Eq. (3.10) into Eqs. 
(3.3), (3.4), (3.5) and (3.6). 
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The flux linkages are solved by integrating the equations in Eq. (3.12). The 
electromagnetic torque can be expressed as 
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The electromagnetic torque interacts with the mechanical shaft torque and the 
dynamic torque caused by the inertia of the rotating parts. The equation of motion in 
per unit (pu) values is 
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where ψs,pu is the stator flux linkage, θ is the rotor angular position, τ is per unit time, 
TLoad is the mechanical torque and τJ is a dimensionless mechanical time constant that 
replaces the moment of inertia J in per unit equations. τJ describes the ratio of the 
rotor kinetic energy to the electrical machine apparent power: 
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3.2 Simulation results 
An extensive survey was made by varying the parameters of the non-salient pole PM 
machine. All the simulations were made in per unit values, because the comparison 
of pu values is straightforward. The PM machine was connected to a rigid network. 
To simplify the simulation, the torque of the machine was altered instead of the 
electric loading of the generator (T_load in Fig. 3.2). The mechanical connection was 
modelled ideal, which means that the shaft does not flex. The torque steps and grid 
connections were made to excite transients. If there is no damper winding resistance, 
the transients never attenuate and the synchronous operation speed is not achieved. 
By increasing the damper winding resistance, the speed oscillation starts to attenuate. 
At some point, the synchronization time reaches its minimum value. After that point, 
the increase of damper winding resistance increases the synchronization time. It was 
found that the damper winding resistance has an optimum value to reach the stable 
operation conditions at the shortest possible period of time. The parameters of the 
simulated PMSG are shown in Table 3.1  
 
Table 3.1 Parameters of the simulated PMSG 
 

Simulated PMSG 
Parameter Value Parameter Value 
Us,pu 1  Ld,pu  0.5 
EPM,pu 1.04  Lq,pu  0.5 
 Rs,pu 0.05  Lsσ,pu  0.25 
 RD,pu 0.15  LDσ,pu  0.05 
 RQ,pu 0.15  LQσ,pu 0.05 
Jrotor 0.03 kgm2   

 
In the following studies the stator direct and quadrature axes per unit inductances Ld,pu 
and Lq,pu are kept as constant values Ld,pu = Lq,pu = 0.5. This is a suitable compromise 
for permanent magnet generators in order to get a large enough peak torque for the 
machines and also a large enough magnetic coupling between the stator and the 
damper winding. If the magnetising inductance of the machine were smaller the 
damper winding effects should be weaker and a lower damper winding resistance 
should be needed. 
 
The values of the damper winding parameters, electromotive force and the moment 
of inertia are varied during the simulations. The synchronization time is determined 
from the attenuation of the speed oscillation. Generator is considered to be operating 
in synchronous mode when the speed is 1 pu ± 0.2 %. An example is shown in Fig. 
3.3. 
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Fig. 3.3 Determination of the synchronization time. The generator is considered to operate in 
synchronism when the speed is 1 pu ± 0.2%. At that time, the load angle is alternating by only 2 
degrees.  
 
The rotor moment of inertia has a significant effect on the optimum damper winding 
resistance value. Also the damper winding leakage inductance has an effect. The 
generator is connected to the grid at 99% of the nominal operating speed while the 
phase difference between the grid and the generator voltages are 10 degrees. The 
synchronization times after grid connection as a function of damper winding leakage 
inductances and the moment of inertia are shown in Fig. 3.4.  The synchronization 
times after grid connection as a function of damper winding resistances and the 
moment of inertia are shown in Fig. 3.5. The damper winding has to operate 
efficiently also in load transients. A similar test was performed by analyzing the 
synchronization time in the 60 % load torque step. 
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Fig. 3.4. Synchronization time in grid connection as a function of damper winding leakage inductance 
with different values of the rotating moment of inertia. The moment of the system inertia J is 
compared with the rotor inertia Jrotor of the PMSG 1 in Table 3.1. The actual damper winding leakage 
inductance values LDσ,pu and LQσ,pu are multiplied by the values shown in the figure. The generator is 
connected to the grid at 99% of the nominal operating speed while the phase difference between the 
grid and the generator voltages are 10 degrees.  

 
Fig. 3.5 Synchronization time as a function of damper winding resistance with different values of the 
rotating moment of inertia. a) 60 % load torque step is applied at no load (thinner plotted lines). The 
results are compared with the grid connection case. The generator is connected to the grid when f = 
0.99 pu and the back-EMF of the generator is 10 degrees behind the grid voltage (thicker plotted 
lines). b) close-up of grid connection –detail of a). As it may be seen the damper winding resistances 
should be about a quarter of the values given in table 3.1 to achieve an overall minimum for the 
synchronization time. 
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The system moment of inertia has a significant effect on the optimum damper 
winding resistance value to achieve synchronous operation after the transient in the 
shortest period of time. When the inertia of the rotating parts is large compared with 
the electric power of the generator, the damper winding resistance has a narrow 
optimal area as can be seen in the figure. When the inertia of the rotating parts is 
small, the damper winding resistances must be selected high enough to guarantee 
synchronous operation.  
 
If there is a phase difference between the electromotive force of the generator and the 
network voltage, large current pulses may occur after the grid connection. Also the 
amplitude difference between the electromotive force and the network voltage causes 
a current pulse in the grid connection. The generator needs energy also if the 
frequency is not correct. The current pulse amplitudes are highly dependent on the 
subtransient inductance. If the subtransient inductance is very small, very high 
current pulses may occur. The networks have fault current switches, which can be 
triggered because of high current pulses in the grid connection. High current pulses 
can also cause voltage sags if the network is weak. High current pulses mean also 
high torque components at the time of the grid connection which must be taken into 
account in the mechanical design. Therefore, accurate enough synchronization 
equipment is required. The effect of the amplitude difference between the 
electromotive force of the generator  and the grid voltage is shown in Fig. 3.6. 

  
 
Fig. 3.6. Simulated current pulse in the grid connection as a function of electromotive force of the 
directly connected permanent magnet generator PMSG in cases where the phases of the grid voltage 
and the generator voltage are equal. The amplitude difference of EPM and Us increases the current 
pulse in the grid connection. The impedance of the network is assumed to be zero.  
 
The effect of the phase difference in the grid connection is shown in Fig. 3.7.  
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Fig. 3.7. Simulated current pulse in the grid connection as a function of phase difference between the 
electromotive force of the generator (parameters in Table 3.1) and the network voltage. EPM = 1.04 Us. 
The largest current pulse occurs at phase differences ±100°. 
 
It can be seen in Fig. 3.7 that the phase difference between the back-EMF of the 
generator and the grid voltage rapidly increases the current pulse in the grid 
connection. According to Helsinki Energy, the guideline for the allowed phase 
difference is ±10º. At a 10º phase difference, a current pulse of about 1 pu occurs. 
The largest current pulse occurs at phase differences ±100°. After 100° the load 
angle slips into another magnetic pole, which takes less energy and current. 
 
The pull-in torque of a permanent magnet synchronous generator is the torque that 
pulls the connected total inertia into synchronism. The pull-in torque is developed 
during the transition from the slip speed to the synchronous speed as the generator 
changes from asynchronous mode to synchronous operation. It is usually the most 
critical period in the grid connection of a DOL PMSG. Ideally, the torques developed 
by the damper winding become zero at synchronous speed. In practice, the damper 
winding filters the slot harmonics, the stator current linkage harmonics and the 
torque vibrations even at synchronous speed. At the pull-in point only the reluctance 
torque and the synchronizing torque provided by the permanent magnets are 
effective. Reluctance torque results from the saliency of the rotor and pulsates at 
speeds other than the synchronous speed. It also has an influence on the pull-in and 
pull-out torques, because the rotor with saliency tends to align itself with the stator 
magnetic field to maintain minimum magnetic reluctance. The synchronous torque 
represents the total steady-state torque available to drive the load. The load angle at 
which the machine reaches its maximum torque, that is, the pull-out torque, depends 
on the saliency of the rotor. Permanent magnet machines provided with damper 
windings have both synchronous and asynchronous operation modes, and therefore 
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there are different pull-out torques for the asynchronous operation and for the 
synchronous operation. For the sake of clarity, they are referred to as the 
asynchronous pull-out torque and the synchronous pull-out torque, respectively. 
 
The asynchronous performance of the generator (Table 3.1) was analyzed by 
dropping the rotation speed into 0.8 pu. There is no need for generator to start from 
this speed. However, during fault conditions the operation speed can drop into deep 
asynchronous operation unless the safety devices work. For example in small water 
power plants a wooden log or ice cube could cause a temporary rapid load pulse 
which may cause reduction of the rotation speed. The performance of the damper 
winding with lower slip values was simulated to see the effects of the moment of 
inertia on the synchronization from high slip values, see Figs 3.8 – 3.12. 
 

 
 

Fig. 3.8 Simulated asynchronous operation of the PMSG (Table 3.1) as a generator dropped from 
synchronous speed. The load torque is constant, 20 % of the nominal load. The moment of system 
inertia is compared with the rotor moment of inertia. As it can be seen, the synchronization no longer 
occurs when the relative inertia is larger than 4. 
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Fig. 3.9 Pole angle of the PMSG (Table 3.1) after the speed has dropped into 0.8 pu (slip s = 0.2). The 
load torque is 20 % of the nominal value. The generator fails to synchronize when the relative inertia 
is larger than 4. With relative inertia of 4, the generator starts to synchronize into one pole pair area 
from the slip s = 0.2. 

 
Fig. 3.10 Speed-torque curve from asynchronous state of PMSG (Table 3.1) at speed 0.8 pu. The load 
torque is 20 % of the nominal value. The moment of inertia ratio J/Jrotor = 4 and J/Jrotor = 5. The torque 
pulsates at lower speeds. Near the synchronous speed the rotor tries to synchronize with the stator 
field. At some point the synchronizing torque of the machines takes control of the asynchronous 
operation. With a higher moment of inertia ratios, the  synchronization fails. 
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Fig. 3.11. Currents of an PMSG (Table 3.1) beginning from slip s = 0.2. The moment of inertia ratio 
J/Jrotor = 4. Large transient currents exists in asynchronous operation. After 3.5 seconds, the damper 
winding currents attenuate to zero and the generator operates at synchronous speed with 20 % load 
torque. 

 
 

Fig. 3.12 Currents of an PMSG (Table 3.1) beginning from slip s = 0.2. The moment of inertia ratio 
J/Jrotor = 5. The generator fails to synchronize. Large demagnetizing (id) currents exists in 
asynchronous operation.  
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A simulation model of PMSG for dynamic performance was described. The 
simulation model was used to examine the parameters of the damper winding and its 
effects on the dynamic performance. The damper winding should have a small 
leakage inductance to minimize the oscillation attenuation after transients. The 
damper winding resistances should be optimized based on the system moment of 
inertia. Transient performance of PMSG was simulated and analyzed. Asynchronous 
operation of the permanent magnet synchronous generator is examined in more detail 
in Chapter 4. Simulation results and analytical calculations are compared with 
practical experiments in Chapter 5.  
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4 Design of damper windings for permanent magnet synchronous 
generators 
This chapter focuses on the damper windings. The geometries of the two prototype 
PMSGs, AFPMSG1 and AFPMSG2, are illustrated. At asynchronous speeds, damper 
winding produces an accelerating asynchronous torque to reach synchronism. In 
synchronous operation, the damper winding reduces speed fluctuations. The 
asynchronous torque is divided into several components, which are discussed in the 
following. Analytical equations are presented for the calculation of these torque 
components. Material and geometrical design aspects are discussed. A 3D FEA 
model of AFPMSG1 is introduced to calculate some of the electrical parameters. 
 
Damper windings are used for several reasons. For synchronous machines, in 
general, the damper windings provide smooth and stable running characteristics. 
Even the noise level of the running machine can be reduced, and also the tolerance 
for pulsating loads improves. The damper winding assists to keep the rotor in 
synchronism by attenuating the oscillations. In LSPMSMs, the damper windings are 
essential for starting characteristics, while in DOL PMSGs, the role of the damper 
windings is emphasized in grid connections and at load transients. The damper 
winding protects the permanent magnets from demagnetization during asynchronous 
operation and in the fault conditions. 

4.1 Construction topologies of the damper windings 
In directly network-operated PMSGs, careful design of damper windings is 
necessary. The price of the machine must be competitive with traditional generators, 
which may limit the practical applications of the damper winding structures. Eddy 
currents in the permanent magnets produce damping effects and thereby also losses, 
and increase the temperature of the permanent magnets. If the cooling of the rotor is 
not sufficient, permanent demagnetization of the magnets may occur, especially, if 
the magnets are embedded under a bandage made of carbon or fibreglass and resin.  
  
The eddy currents in permanent magnets can be reduced with various rotor 
structures. The permanent magnets can be surrounded by a low-resistivity material, 
such as copper or aluminium. This material supports the permanent magnets and 
forms an installation jig. The installation jig forms a coarse squirrel cage as shown in 
Fig. 4.1. 
 



 

 

82 
 
 
 

 
  a)  b) 
 
Fig. 4.1 Installation jigs for permanent magnets for a) axial and b) radial flux permanent magnet 
synchronous machines. Installation jig forms a coarse squirrel cage provided with end rings. Note that 
in such a case the damper bars surrounding the d-axis are effective but the q-axis damping remains 
quite ineffective.  
 
To increase the cross-sectional area for the quadrature-axis damper bars, several 
magnets with the same polarity in the area of one magnetic pole could be used. The 
space between the magnets can be provided for the damper winding bars. This kind 
of a structure has been studied to reduce higher space harmonics and to increase the 
space for the damper windings (Jeon et al. 1999). The permanent magnets can be 
protected from some of the mechanical damage and eddy currents by installing a 
plate made of a suitable, usually non-ferrous material, such as aluminium on the rotor 
surface, Fig. 4.2. 
 

 
  a)  b) 
 
Fig  4.2 Part of damper winding topologies for a) axial and b) radial flux permanent magnet 
synchronous machines. The damper windings consist of plates installed over the rotor surfaces.  
 
The total damper winding structure illustrated in Figs. 4.1 and 4.2 is a combination of 
the squirrel cage, the solid materials of the rotor (magnets, non-laminated rotors) and 
the surface aluminium. The surface aluminium or the installation jig itself is 
sufficient to protect the permanent magnets from most of the eddy currents. 
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Therefore, rotor constructions, in which the installation jig or surface plate is non-
conductive or does not exist, can be considered.  

4.2 Material characteristics of damper windings 
There are two values for the resistivity when a material has zero power losses. If the 
resistivity is zero (superconductive materials) or infinite (perfect insulators), no 
conducting losses occur. Real materials in normal operating temperatures and 
pressures do not have such characteristics, but they are not required for damper 
windings either. Instead, a suitable resistivity may be selected for the material. In the 
case of permanent magnets, it would be beneficial to have infinite resistivity of the 
magnet material to prevent eddy current losses in the magnets. 
 
Resistance is the capacity of an electrical circuit to resist the flow of an electric 
current through it. Resistivity is the measure of a material’s resistance to current 
flow. Some materials are better conductors than others and offer less resistance to the 
flow of charge. Silver is one of the best conductors, but it is expensive. Copper and 
aluminium are among the least expensive materials with suitable conducting ability 
to permit their use in damper windings and armature windings. The conducting 
ability of a material is often indicated by its resistivity. The resistivity of a material 
depends on the material's electronic structure and its temperature. For most materials, 
resistivity increases with increasing temperature. Table 4.1 lists resistivity values for 
various materials at temperatures of 20 °C. 
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Table 4.1 Resistivity values of different materials at 20 °C. 
 

Material Resistivity 
[Ωm] 

Temperature 
coefficient α

Conductivity σ 
[107Am/V] 

Silver 1.59 ×10-8 0.0061 6.29 
Copper 1.68 ×10-8 0.0068 5.95 
Aluminium 2.65 ×10-8 0.00429 3.77 
Tungsten 5.6 ×10-8 0.0045 1.79 
Iron 9.71 ×10-8 0.00651 1.03 
Platinum 10.6 ×10-8 0.003927 0.943 
Manganese 48.2 ×10-8 0.000002 0.207 
Lead 22 ×10-8 - 0.45 
Mercury 98 ×10-8 0.0009 0.1 
Nichrome 
(Ni,Fe,Cr 
alloy) 

100 ×10-8 0.0004 0.1 

Constantan 49 ×10-8 - 0.2 

NdFeB 1-3 ×10-6 - 0.05-0.1 
Carbon 
(graphite) 3-60 ×10-5 -0.0005 - 

Germanium 1-500 ×10-3 -0.05 - 

Silicon 0.1-60 - -0.07 - 
Glass 1-10000 ×109 - - 
Quartz 
(fused) 7.5 ×1017 - - 

Hard 
rubber 1-100 ×1013 - - 

 
The skin depth of the material defines how deep the magnetic flux can penetrate 
inside the material. The skin depth depends on the frequency of the penetrating flux. 
The skin depth is 
 

μσωμσ
δ

fπ2
22

== ,     (4.1) 

 
where μ is the permeability, σ is the conductivity and f the frequency. This equation 
is valid for magnetically linear materials. The skin depths of some materials are 
illustrated in Fig. 4.3. 



 

 

85 
 
 
 

0

10

20

30

40

50

60

70

0 20 40 60 80 100

Frequency (Hz)

Sk
in

 d
ep

th
 (m

m
)  

   
.

AL1050A Copper Pt
NdFeB Silver Tungsten
Aluminium M250-50A Copper-Beryllium

 
 
Fig. 4.3 Skin depth of different materials as a function of frequency. The steel lamination M250-50A 
material is not magnetically linear. Therefore, the evaluation of the skin depth is calculated with fixed 
relative permeability of μr = 6600. 
 
The figure shows that for example aluminium has a skin depth of about 12mm at 
50Hz and about 26mm at 10Hz. Most of the operation of the DOL PMSGs takes 
place close to the synchronous speed and the frequencies seen by the rotor are rather 
small. Therefore, the flux flows through the whole damper winding and the rotor. 
The high harmonic content of the air gap flux may cause some shielding effect. 
 
As an example, also the skin depth of an electric steel quality M250-50A is 
calculated with coarse simplifications by setting the conductivity and the relative 
permeability of the material constant. As we can see, the depth is low at all 
frequencies. Consequently, the material has to be used as laminated to be able to use 
it as a carrier of the AC magnetic flux. 

4.3 Limitations for damper winding parameters 
In many respects, the selection of the damper winding parameters is a challenging 
task in the design procedure. The parameters of the damper winding depend on the 
frequency that the damper winding experiences during transients. The skin effect 
increases the damper winding resistance as the frequency of the flux through the 
rotor increases. The decrease of the subtransient inductances as a function of the 
magnetic field frequency may be explained by eddy currents. As the frequency 
increases, more eddy currents are induced to the rotor. The eddy currents block the 
straightforward flow of the magnetic flux through the rotor. Because of the shielding 
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effect, the flux lines stretch the magneto motive force ∫ ⋅ lH d  of the circuit and the 
inductance drops. 
 
The practical damper winding parameters are limited by the available practical 
material characteristics and by the limited space in the rotor. It is difficult to achieve 
equal damper winding parameters in direct-axis and quadrature-axis directions with 
damper winding structures other than a squirrel cage or a solid conducting plate.  

4.4 Design of prototype generators 
Two prototype permanent magnet synchronous generators, AFPMSG1 and 
AFPMSG2, were tested. The prototype permanent magnet generator AFPMSG1 
(Axial-Flux Permanent-Magnet Synchronous Generator 1) was more carefully 
studied and analyzed. Another prototype AFPMSG2 was being used for comparison 
purposes. The rotor constructions in both of these machines were very similar; rotor-
surface-mounted permanent magnets with an aluminium jig for positioning the 
magnets correctly and a surface aluminium plate to protect permanent magnets from 
eddy currents and mechanical damage. The geometries of the PMSGs are illustrated 
in Fig. 4.4. The prototype AFPMSG1 is a one-rotor-two stator construction with an 
aluminium-frame rotor, while the AFPMSG2 is a single- sided construction with a 
cast-iron rotor yoke. Both the machines have short-pitched stator windings with W/τp 
= 5/6 and q = 2. AFPMSG1 Rotor construction is shown in Fig. 4.5 and AFPMSG2 
rotor construction in Fig. 4.6. The main parameters of the prototype machines tested 
are given in Table 4.2.  

 
          a)                      b) 
 
Fig.  4.4. Geometry of the 5.6 kVA and 18.3kVA prototype axial flux permanent magnet synchronous 
generators. a) The generator AFPMSG1 has four magnetic poles. It consists of two stators and one 
rotor between the stators.  b) The geometry of AFPMSG2. The generator has 16 magnetic poles. It 
consists of one stator and one rotor.  
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Fig. 4.5 Rotor construction of AFPMSG1. Magnets are surrounded by an aluminium rotor frame 
called installation jig which aligns the magnets into correct position. Aluminium surface plates are 
installed on both sides of the disc rotor. a) Exploded view. b) Assembled rotor. 
 

 
Fig. 4.6 Rotor construction of AFPMSG2. Magnets are surrounded by an aluminium installation jig, 
which is installed on a cast iron rotor body. An aluminium surface plate is installed over the magnets. 
a) Exploded view. b) Assembled rotor. 
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Table 4.2 Main parameters of the two studied prototype permanent magnet synchronous generators 
AFPMSG1 and AFPMSG2, both provided with damper windings. 

 AFPMSG 1 AFPMSG 2 

Parameter Symbol Value Per unit 
value Value Per unit 

value 
Nominal power Pn 5200 W   15900 W   
Apparent power Sn 5600 VA 1 18300 VA 1 
Nominal voltage Un 400 V   660 V   

Nominal phase voltage Uph 230 V 1 380 V 1 
Nominal current In 8 A 1 16 A 1 

Nominal power factor cos φ 0.93 0.93 0.87 0.87 
Electromotive force E 410 V  567 V  

Phase electromotive force Eph 237 V 1.03 327 V 0.86 
Stator resistance Rs 1.28 Ω 0.044 1,2 Ω 0.051 

Direct-axis damper winding 
resistance RD 3.59 Ω 0.124 2.59 Ω 0.109 

Quadrature-axis damper winding 
resistance RQ 4.23 Ω 0.147 2.71 Ω 0.114 

Number of pole pairs p 2 2  8 8 
Direct and quadrature-axis 

magnetizing inductance Lmd 23 mH 0.251 23.9 mH 0.316 

Quadrature-axis magnetizing 
inductance Lmq 24 mH 0.262 23.9 mH 0.316 

Stator leakage inductance Lsσ 24.3 mH 0.264 15.9 mH 0.210 
Direct-axis damper winding 

leakage inductance LDσ 2.09 mH 0.023 4.88 mH 0.065 

Quadrature-axis damper winding 
leakage inductance LQσ 6.82 mH 0.074 6.87 mH 0.091 

Damper winding direct-axis 
open-circuit time constant d0T ′′  3.90 ms 1.23 5.99 ms 1.88 

Damper winding direct-axis 
short-circuit time constant dT ′′  7.10 ms 2.23 11.94 ms 3.75 

Damper winding quadrature-axis 
open-circuit time constant q0T ′′  4.43 ms 1.39 4.20 ms 1.32 

Damper winding quadrature-axis 
short-circuit time constant qT ′′  7.14 ms 2.24 7.87 ms 2.47 

Nominal load angle δ 36 ° 36 °  18 ° 18 ° 
Nominal torque Tn 33 Nm 0.929 400 Nm 0.858 

Frequency f 50 Hz 1 50 Hz 1 
Rotation speed n 1500 rpm 1 375 rpm 1 

Moment of rotor inertia Jr 0.026 kgm2 TJ =36,0 5.47 kgm2 TJ =144.8 
Total moment of system inertia Jtot 0.3334 kgm2 TJ =461,0 510.5 kgm2 TJ =13515 
Stator lamination outer radius Rs,out 110 mm   230 mm   
Stator lamination inner radius Rs,in 75 mm   170 mm   

Air gap length δag 2 x 3.5 mm  3 mm  

Rotor PM material   Neorem 
495a   Neorem 

495a   

Damper construction 
   

Jig + 2 × 1 
mm plates 

(Aluminium)
  

  

Jig + 1 mm 
plate 

(Aluminium)



 

 

89 
 
 
 

4.5 Guidelines for permanent magnet generator damper winding design 
According to Vogt (1996) in synchronous generators the cross-sectional area of the 
damper bars is usually selected to be 20–30 % of the cross-sectional area of the bar 
of the armature winding. Windings with such a sizing are made of copper. The cross-
sectional area of the damper winding short-circuit rings is selected to be 
approximately 30–50 % of the cross-sectional area of the damper bars per pole. 
When the damper windings of salient-pole machines are placed in the slots, the slot 
pitch has to be selected to diverge 10–15 % from the slot pitch of the stator to avoid 
the pulsation of the flux and noise. To summarize these instructions the amount of 
bars should be about the same in the rotor and in the stator (10 – 15 % deviation) and 
the damper bars should have about 20–30% cross sectional area compared to the 
stator slot copper cross sectional area. 
 
The damper winding constructions of the permanent magnet synchronous generators 
are proposed to be divided into three categories in this case. The work of this thesis is 
focused on category 3.  
 

1) Damper bars: traditional design of the squirrel cage. 
 

2) Conducting surface plate(s): surface plate parameter calculation. 
 

3) Combination of the damper cage bars and the conducting surface plate(s):  
an installation jig and a surface plate, parallel connection of the surface 
plate and the squirrel cage. 
 

The dimension parameters of the surface plate and damper bars are shown in Fig. 
4.7. 

 
  a)  b) 

 
Fig. 4.7 AFPMSG1aluminium damper winding construction. a) damper bars. b) conducting surface 
plate.  
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Figure 4.7 indicates that the amount of aluminium in the damper winding is 
remarkably less than suggested by Vogt (1996). The surface conducting plate, 
however, increases the amount of conductivity in the rotor and also brings smaller 
the damper winding resistances. If the damper winding resistance becomes too large 
the thickness of the surface plates should be increased suitably or the magnets should 
be divided in several parts and damper bars installed between the magnets. 

4.5.1 Damper bars 
The parameters of the damper windings consisting of damper bars and end rings can 
be obtained in the same way as in the induction machines for the squirrel cage. The 
angular current distribution is approximately the same as would be the case in a 
conducting surface plate if the cross-sectional areas were the same. 
 
Generally, there has to be at least two conductors in a coil turn at a distance of about 
180° from each other. We may thus consider that a single rotor bar comprises half a 
turn, or Nr = ½. The number of effective coil turns in a stator is sw1ss Nkm  and in the 
rotor rw1rr Nkm . Here 1w1r =k  and Nr = ½. If the slots of the stator and rotor are 
skewed with respect to each other, we also have to take the skewing factor ksq into 
account. When considering the current linkages of a harmonic ν, the rotor current '

rνI  
referred to the stator and flowing in the stator winding has to produce an equal 
current linkage as the original rotor current when flowing in the rotor. Thus we may 
write (Pyrhönen, 2007, lecture material in electrical machines)  

 
rrwrsqrrrswss ννννν IkkNmIkNm =′ .   (4.2) 

 
The quantities with a prime symbol ' are referred to the stator from the rotor. The 

transformation ratio for the harmonic ν from the rotor to the stator becomes thus 
 

rrsqrwr

ssws

r

r
,rs Nkkm
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I
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K
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ν
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ν
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′
= .   (4.3) 

 
By applying the above to the cage winding and the fundamental harmonic, we obtain 
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2
½1 kQ

Nkm
kQ

Nkm
Nkkm

NkmK =
⋅⋅⋅

== .  (4.4) 

 
If Rr is the resistance of the rotor bar added with the proportion of the short-circuit 
rings, and Ir is the RMS value of the current of the rotor bar, we obtain, by writing 
the resistive loss of the rotor equal both in the stator and in the rotor 
 

r
2
rrr

2
rs RIQRIm =′′ .    (4.5) 

 
The phase resistance of the rotor referred to the stator can now be written as 
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the resistance of the rotor referred to the stator becomes now 
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When it is necessary to refer the rotor resistance to the stator, in general, it has to be 
multiplied with the term  
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In a squirrel cage damper winding, the above is written in the form  
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If there is no skewing, we write further 
 

( )2
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The same referring factor is valid also in the referring of the inductances and thereby 
we get 
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Here it is worth noticing that in a rotating electrical machine, the referring deviates 
from the referring in a transformer by the fact that the impedance quantities are not 
referred directly with the square of the transformation ratio of the current, but we 
also have to take the ratio of the numbers of phases and winding factors into account.  

4.5.2 Conducting surface plate 
The conducting surface plate can be divided into infinite amount of bars. The virtual 
end rings are reduced to zero length. The number of the damper bars will be 
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subtracted from the rotor resistance equation seen by the stator. The virtual damper 
bars are assumed to have no skewing.  
 
 The resistance of a single bar is  
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The width of the bar wbar is infinitely thin. The pole pitch τp is divided by the number 
of the virtual damper bars. Thus, the number of the damper bars does no longer 
appear in the equation. The rotor resistance seen by the stator is  
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4.5.3 Damper bars and conducting surface plate 
The rotor bar resistance Rr,bar is calculated from the length of the bar, the cross-
sectional area of the bar, and the conductivity of the rotor bar material. For the 
AFPMSG1, the aluminium installation jig forms a coarse squirrel cage with thick 
rotor bars connected to the end rings.  
 
The length of the end rings per bar is 
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The number of the rotor bars is selected as a number of the spokes in the installation 
jig. The rotor phase resistance can be calculated when the cross-sectional area of the 
spoke of the installation jig and the end rings are known. 
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where wbar is the width of the jig spoke and hbar is the thickness of the installation jig. 
The spokes of the installation jig are skewed. The skewing factor (Nau 1997) is  
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where γ is the skewing of the magnets. In this case, the skewing is one slot pitch τu. 
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The damper winding resistance can be referred to the stator 
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This rotor resistance is in parallel connection with the surface aluminium. The 
surface aluminium can be divided into an infinite number of bars. The virtual end 
rings are diminished to zero length. The resistance of the surface plate is 
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The total rotor resistance is the parallel connection of these two values 
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The rotor of the AFPMSG1 has two conducting surface plates. Therefore, another 
parallel resistance of the surface plate is added to Eq. (4.21). 
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The damper winding resistance may be divided equally into d-axis and q-axis 
components, unless there is better knowledge of the distribution. 
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This method makes coarse assumptions, but the actual analytical modelling of a 
damper winding of this kind is very complicated. The actual installation jig has 
damper bars, in which the widths of the bars become larger towards the outer radius 
of the rotor. Therefore, an average width of the bars was used in the calculations. 

4.6 Asynchronous torque components 
In grid connections and during the transients the rotation speed is not synchronous. 
The question is how to determine the sufficient asynchronous pull-out torque 
compared with the synchronous pull-out torque and the shape of the asynchronous 
torque to guarantee synchronization in the grid connection. Again, the determination 
is case specific, and the values are dependent on the load characteristics, the moment 
of inertia and the synchronization window. The total accelerating torque Ta in the 
asynchronous operation may be separated into components. Ta consists of the cage 
torque Tc produced by the damper windings, the braking torque Tb from the 
permanent magnets and the reluctance torque Tr from the saliency of the rotor (Ta = 
Tc + Tr + Tb). An illustrating example of the different torque components and their 
behaviour as a function of the slip are shown in Fig. 4.8.  
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Fig. 4.8. Example of the asynchronous torque components of a fictional salient-pole permanent 
magnet machine provided with asymmetric damper windings. EPM,pu = 1.04, RD,pu = 0.15, RQ,pu = 0.15, 
Rs,pu = 0.05, LDσ,pu = 0.05, LQσ,pu = 0.1, Ld,pu = 0.5, Lq,pu = 1.   Tc, damper cage torque, Tb, permanent 
magnet average torque Tr, asynchronous torque caused by the reluctance difference, Ta, accelerating 
sum torque. The curves indicate the static values of the different torque components.  

4.6.1 Braking torque 
The permanent magnets produce a pulsating braking torque during the acceleration 
of the rotor into the synchronous speed. Permanent magnet braking torque Tb in Fig. 
4.8 is the average value of the pulsating braking torque. The braking torque of the 
permanent magnets distorts the synchronization. The asynchronously rotating rotor 
flux component and the synchronously rotating stator flux component are interacting 
so that the braking torque includes pulsation because of the asynchronous speed. In 
principle, the amplitude of the pulsation is the value of the synchronous pull-out 
torque. The load angle is shifting continuously causing pulsating torque at the 
frequency of s·fs, shown in Fig. 4.9.   
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Fig. 4.9 Torque components of the asynchronous permanent magnet braking torque. EPM,pu = 1.04, 
Rs,pu = 0.05, Ld,pu = 0.5, Lq,pu = 0.5. Supply frequency fs = 50 Hz. Slip of the rotor s = 0.4. Pulsating 
braking torque Tb has period 0.05s and thus frequency s·fs = 20 Hz. Tb = Tbd - Tbq. 
 
When the rotor rotates the magnetic flux generated by the permanent magnets flows 
through the stator windings and induces voltage components. These voltages are 
shorted via the network impedance, which is low compared with the impedance of 
the synchronous machine. These shorted voltages cause currents to the stator 
windings. The induced currents cause resistive losses in the stator windings and 
produce the braking torque. The equation for permanent magnet braking torque is 
derived in Appendix A.1. According to Libert et. al. (2002b), The average of the 
permanent magnet braking torque is 
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It can be seen in Eq. (4.24) that the amplitude of the electromotive force EPM 
produced by the permanent magnet significantly increases the braking torque. In 
line-start machines, the electromotive force is usually rather low in order to achieve 
line-start capability. This, however, leads to a poor synchronous performance and a 
poor power factor. PMSGs are usually overexcited, which means a high value of the 
electromotive force. 
 
The stator resistance does not notably affect the maximum value of the braking 
torque. However, it has an effect on the total braking torque at different slip values 
and the slip value of the maximum braking torque. The higher the stator resistance, 
the lower the slip value of the maximum braking torque. Depending on the stator 
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resistance and the network impedance, the torque produced by the permanent 
magnets is very large at low speeds. This is very problematic in LSPMSMs that do 
not start from zero speed without high resistance damper windings. The performance 
around the synchronous speed is weak and the motor becomes easily unstable, 
especially at low operating frequencies. On the contrary, in DOL PMSGs, most of 
the operation is near by the synchronous operation speed. There is no need for DOL 
start from zero-speed ability and it is beneficial if the maximum braking torque 
occurs at low high slip values.  
 
The slip value of the maximum braking torque can be calculated by differentiating 
Eq (4.24) with respect to the slip.  
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The highest average value of the braking torque is found from the zero crossing 
value of the Eq (4.25). 
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The effect of the stator resistance on the shape of the permanent magnet braking 
torque is illustrated in Fig. 4.10. 
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a) 

 
b) 

 
Fig. 4.10. a) Permanent magnet braking torque as a function of slip. EPM,pu = 1.04, Rs,pu = 0.05, LDσ,pu = 
0.05, Ld,pu = 0.5, Lq,pu = 0.5. The stator resistance Rs has an effect on the slip value of the maximum 
braking torque. Also the overall braking torque is affected by the stator resistance. The impedance of 
the network is assumed to be zero. b) Differentiation of the magnet braking torque. The maximum 
value of the permanent magnet braking torque and the corresponding slip value is found at zero 
crossing of the curve from Eq. (4.25). 
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In small PMSGs, the copper losses of the stator resistance are quite high in 
proportion to the overall losses, and the stator resistance is large. In large generators 
instead, the stator resistance is usually very small and the maximum value of the 
permanent magnet braking torque occurs only at high slip values. 

4.6.2 Cage torque 
In line-start motors, at standstill, the starting torque produced by the damper cage 
should be high to overcome the permanent magnet braking torque and the load 
torque. Hence, a high damper resistance is selected. In a DOL PMSG, however, the 
asynchronous pull-out torque should be close to the zero-slip value to gain good 
synchronization and good ability to maintain synchronism. Approaches such as 
double cages or deep bar cages, which are typically used in squirrel cage motors have 
not been found by the author in DOL PMSGs to enhance the overall performance of 
the damper winding.  
 
The term ‘cage torque’ comes from the line-start permanent magnet synchronous 
motors that were designed from induction motors by adding inset permanent magnets 
in the induction cage rotor. If the rotor is symmetrical, the shape of the cage torque is 
defined similarly as the cage rotor torque in asynchronous machines by the equation 
(Engelmann & Middendorf 1995) 
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The rotor resistance rR  is equivalent to the damper winding resistance referred to the 
stator. The asynchronous pull-out torque of the cage torque can be increased by 
decreasing the stator and rotor inductances. The slip value of the asynchronous pull-
out torque can be determined by the damper winding resistances. The higher the 
damper winding resistance, the higher the slip value of the asynchronous pull-out 
torque. The effect of the symmetric damper winding resistance to the slip value of 
the asynchronous pull-out torque is shown in Fig. 4.11.  
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Fig. 4.11. Asynchronous damper cage torque as a function of the slip. Rr,pu=0.15, Rs,pu = 0.05, Lrσ,pu = 
0.07, Lsσ,pu = 0.25. The damper winding resistance has a remarkable effect on the slip value of the 
asynchronous pull-out torque.  
 
The actual damper winding parameters of the DOL PMSG may be different in direct 
and quadrature-axis positions because of the rotor constructions that may have rotor 
asymmetry due to asymmetrical damper windings or asymmetric magnetizing 
inductances. In Eq. (4.27) there is only one value for the single-phase equivalent 
circuit damper-winding-referred resistance. If the damper cage is asymmetric, the 
cage torque is calculated from the complex equations (Honsinger 1980) by 
substituting asynchronous current components and conjugate parts of the flux 
linkages into general torque equation (Appendix A.2).  
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The corresponding flux linkages are 
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where current components of the cage torque are 
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where operational reactances Xkd and Xkq are 
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The effect of the damper winding resistance asymmetry can be seen around the half 
speed. According to Schuisky (1949), an inverse component of the rotating magnetic 
field is also created as a result of the flux pulsation caused by the rotor asymmetry. 
This pulsation is bound to the rotor. The rotor-bound pulsating magnetic field 
consists of two opposite rotating fields. The rotor currents have the frequency of (1 – 
s)·fs. The inverse component of the rotor-bound magnetic field rotates in the opposite 
direction with the frequency (1 – 2s)·fs. This rotating field changes its direction with 
respect to the stator at the slip s = 0.5, where the net-torque produced by the inverse 
component part is zero. Tc as a function of slip was simulated by the two-axis 
simulation model presented in Chapter 3. The synchronous inductances in the 
simulations have the same value in direct-axis and quadrature-axis components, Ld = 
Lq,pu = 0.5. The permanent magnet flux linkage is removed from the simulation. 
Therefore, only the asymmetry of the damper winding produces torque, shown in 
Fig. 4.12. Damper winding parameters LDσ,pu = 0.05 and RD,pu = 0.15 are fixed in the 
simulations. 
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Fig. 4.12 Cage torque as function of slip from two-axis simulation model. a) RD,pu = 0.15, LDσ,pu = 
LQσ,pu = 0.05.  Unequal damper winding resistance values cause a notch around s = 0.5. b) RD,pu = RQ,pu 
= 0.15, LDσ,pu = 0.05.  Unequal damper winding leakage inductances do not cause notches around s = 
0.5. 
 
It was found out by simulations that if the damper winding leakage inductance is 
asymmetric, it has no similar effect on the cage torque in the half speed area as the 
asymmetry of the damper winding resistance. This is commonly known as Görges 
phenomenon (Fišer 1998). Asymmetry is clearly seen in torque components, 
illustrated in Fig. 4.13. 
 

 
 
Fig. 4.13. Torque components in the cases of symmetric and asymmetric damper winding resistances. 
Tc = Tcd – Tcq. RD,pu =  0.15, Rs,pu = 0.05, LDσ,pu =  LQσ,pu = 0.1, Ld,pu = Lq,pu = 0.5. Slip s = 0.45. a) 
Symmetric case. b) Asymmetric case. a) RQ,pu = RD,pu. b) RQ,pu = 2RD,pu. 
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Asymmetry of the damper winding parameters causes a phase shift between direct-
axis and quadrature-axis torque components (Tcd and Tcq), which may be seen as 
fluctuation of the total cage torque Tc = Tcd – Tcq. 

4.6.3 Reluctance torque 
If the direct-axis and quadrature-axis synchronous inductances are equal, there is no 
reluctance torque, as it can be seen in Eq. (2.1). The behaviour of the asynchronous 
reluctance torque Tr is based on the asymmetry of the synchronous inductances Ld 
and Lq. Tr as a function of slip was simulated by the simulation model presented in 
Chapter 3. The damper windings and permanent magnet flux linkage are removed 
from the simulation. Therefore, only the saliency of the synchronous inductances 
produces torque, shown in Fig. 4.14. Direct-axis synchronous inductance Ld,pu = 0.5 
is fixed in the simulations. 
 

 
Fig. 4.14. Effects of the reluctance differences on the asynchronous torque component Tr. Direct-axis 
synchronous inductance Ld,pu = 0.5 is fixed. The saliency of the rotor reduces the useful asynchronous 
torque above the slip value s = 0.5. a) Tr as a function of slip. b) detail of a). 
 
The amplitude of the pulsating torque component increases as the saliency ratio 
becomes larger. At asynchronous speed, the difference in direct-axis and quadrature-
axis synchronous inductances produces a pulsating reluctance torque having the 
frequency of 2s·fs, shown in Fig. 4.15.  
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Fig. 4.15 Asynchronous reluctance torque Tr and its components. Tr = Trd – Trq.  Ld,pu = 0.5. Lq,pu = 
0.25. Supply frequency fs = 50 Hz. Slip of the rotor s = 0.4. Pulsating torque has a period 0.025s, and 
thus the frequency 2s·fs = 40 Hz. 
 
Menzies (1972) has proposed a single equation for the asynchronous torque of line-
start synchronous reluctance motors with damper windings. 

  

( ) ( ) ( )[ ]
( ) ( ) ( )[ ]

( )( ) ( )[ ]2
qdsqdqd

2
s

2
2

3
s

2
s

qdqd
2

s
2

qdsqd
2

2

3
s

2
s

d
2

qq
2

d
2

s
2

q
2

dqdsqd
2

2

3
s

2
s

a

Re3

Re3

2Re3

YYRYYYYR
D

U

YYYYRYYRYY
D

U

YYYYRYYYYRYY
D

UT

+−++=

+++−+=

++++−+=

ααω

ααω

ααω

(4.32) 

 
where 
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where the time constants are the same as in Eq. (2.4). The results found by the 
Honsinger’s (1980) Eq. (4.28) seem, however, not to give exactly the same results as 
the Menzies’ (1972) Eq. (4.32). The results from Eqs. (4.28) and (4.32) are compared 
with the results from the simulation model in Appendix G. 

4.6.4 Accelerating torque 
An increase in the damper winding resistance degrades the performance by 
decreasing the average accelerating torque at low slip values. Another option is to 
alter the inductances of the machine. Based on Eqs. (4.24) and (4.27), only the 
damper winding leakage inductance should be changed to avoid the increase of the 
magnet braking torque. The effect of the damper winding resistance and damper 
winding leakage inductance on the total accelerating torque was shown in Fig. 4.12. 
The total accelerating torque Ta = Tb+Tc for a non-salient PMSM with symmetrical 
damper windings is illustrated in Fig. 4.16. 
 

 
 
Fig. 4.16. Total accelerating torque. EPM,pu = 1.04, Rr,pu = 0.15, Rs,pu = 0.05, Lrσ,pu = 0.07, Ld,pu =  Lq,pu = 
0.5.   A low damper winding resistance is needed to be able to synchronize the generator. The damper 
winding resistance affects mainly the slip value of the asynchronous pull-out torque. However, it has 
an effect on the total accelerating torque. b) Effect of the damper winding leakage inductance on the 
accelerating torque Ta.  
 
The accelerating torque increases when the damper winding leakage inductance 
decreases. Simultaneously, the slip value of the asynchronous pull-out torque 
increases. It seems that in this case, Lrσ has not significant effect on the average 
accelerating torque at low slip values. However, it has a significant effect on the 
subtransient inductances and dynamic performance of the DOL PMSG near 
synchronous operation. 
 
The total accelerating torque Ta consists of the cage torque Tc, in which the effects of 
the permanent magnet braking torque Tb, the reluctance torque Tr and the external 
load torque Tload are taken into account: Ta = Tc + Tb + Tr + Tload. The permanent 
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magnet braking torque is always negative, and usually the external load torque is 
negative. The reluctance torque is positive between 0 ≤ s <  0.5 and negative between 
0.5 < s <  1. The cage torque is always positive. 

4.7 Finite element method modelling 
Finite element method was used in 3D (three-dimensional) calculations. In 2D FEA, 
the 3D behaviour of the eddy currents cannot be modelled. In the 2D FEA, it is 
commonly assumed that the eddy currents flow only in the axial direction of a radial 
flux machine. This assumption can be made if the damper winding consists of the 
damper bars equipped with end rings. If there is a solid continuously conducting 
material, the accuracy of the 2D FEA results should be considered critically. 
Therefore, the damper windings were analyzed by the 3D FEA. The prototype 
machines tested are axial flux permanent magnet synchronous machines, and the 
damper winding is not like a normal squirrel cage with axial current flow. The 
installation jig of the permanent magnets forms a coarse squirrel cage, but it is 
electrically connected to the conducting plates on the rotor disc surfaces. Therefore, 
three-dimensional magnetic field solutions are necessary to take into account the 
eddy currents in the solid materials. The 3D FEM was used to determine the 
parameters of the AFPMSG1. Damper winding parameters were obtained by 
simulating the locked rotor test explained in section 1.7. No-load saturation test and 
three phase short-circuit test were modelled for the determination of the back-EMF 
and direct-axis synchronous inductance. Magnetizing inductances were also 
calculated by the model explained in the following. The no-load saturation test, 
sudden three-phase short-circuit test and single-phase applied voltage test with a 
locked rotor were simulated by 3D FEA. 
  
The 3D FEA model includes some simplifications and modifications. The actual 
stator end windings are not modelled. Only the values of the end winding 
inductances are included in the circuit model. A thin air layer around magnets is not 
included in the model. The actual magnets are glued on the surfaces of the rotor. The 
material properties are fixed at the temperature of 20 ºC. Because of the time-
consuming process of the 3D FEA and the limited calculation capacity, the shape of 
the permanent magnet was modified so that the permanent magnet fits inside one 
magnetic pole. Otherwise all the four magnetic poles should have been modelled. 
The actual skewing of the permanent magnet edges is one slot pitch. In the 3D FEA 
model, the skewing of the magnets is 75% of the slot pitch. Kurronen (2003) has 
studied in detail the shapes of the axial flux PM machine magnets. The original 
skewing of the magnets gives a low torque ripple for the machine. The shape of the 
real rotor geometry is illustrated in Fig. 4.17 and the rotor geometry in the 3D FEA is 
shown in Fig. 4.18. 
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Fig. 4.17. Section view of the real geometry of the AFPMSG1. The edges of the permanent magnets 
are skewed by one slot pitch to reduce cogging torque and to induce sinusoidal back-emf. 
 

 
a) 

 
b) 
 

Fig 4.18 Geometry used in the three-dimensional finite element analysis of the AFPMSG1. a) The air 
gap and the surface aluminium have very dense element networks. b) The shape of the magnet differs 
from the real geometry to get a reasonable calculation time. The conducting surface plate is not shown 
in the illustration, and the stator is lifted to show the shape of the permanent magnets.  
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The size of the 3D FEA model is reduced by introducing an anti-cyclic periodicity on 
the side surfaces of the domain and symmetry condition in the middle of the rotor. 
The study domain is a section of a cylinder shown in Fig. 4.19. An infinity box is 
associated with the study domain. The boundary conditions are set automatically by 
the program. Dirichlet’s boundary condition is set to zero at the outer surface of the 
cylindrical infinite box. This means that all the magnetic flux flows inside the 
domain area. Neumann’s boundary condition is set in the cross-sectional area of the 
rotor disc. It is assumed that the flux is normal to the symmetry surface. 
 

 
Fig. 4.19 Study domain of the geometry used in the 3D FEA. 
 
The air gap flux density includes the effects of the stator slots and the skewing of the 
permanent magnets. The flux density concentrates near the tooth tips and drops at the 
slot openings. The no-load air gap flux density for the geometry studied is illustrated 
in Fig. 4.20. 
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Fig. 4.20. No-load air gap flux density of the AFPMSG1 calculated by the 3D FEA. The coordinates x 
and y are proportional dimensions. The x-coordinate describes the distance from the inner radius (70 
mm ) to the outer radius (115 mm) of the 3D FEA air gap plane. The actual dimensions of the magnet 
inner and outer radius are 75mm and 110mm, respectively. The y-coordinate describes the pole pitch,  
the proportion 1 being 90 degrees in the geometry. The z-coordinate is the magnitude of the flux 
density in Teslas. 
 
The stator winding is defined in the circuit models in the 3D FEA in a specific circuit 
description module. It is a tool for designing electric circuits, and it permits the 
graphic representation of electric circuit components and electric connections. Some 
of the electric characteristics of the different components can be defined at this level 
and represented in the electric circuit diagram. After checking the coherence of the 
circuit, the electrical scheme is translated into a specific format for use in FLUX2D 
or FLUX3D (export to FLUX). Circuit model is coupled with 3D geometry. The 
circuit models used in the simulated tests are shown in Fig. 4.21.  
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Fig. 4.21 Circuit models used in the 3D FEA calculations. a) 3D FEA geometry that is linked with the 
circuit model b) Circuit model of three-phase short-circuit test from no-load in generator mode. c) 
Circuit model of applied voltage test with a locked rotor. The resistance R4 has an infinite value, and it 
is used for voltage measurements. R1,2,3 are end winding resistances and L1,2,3 are end winding leakage 
inductances. PA, MC, PB and MB are coil conductors; phase A+, phase C-, phase B+ and phase B-, 
respectively.  
 
The magnetizing inductances of PMSGs may be calculated by the 3D FEM with the 
help of the armature reaction. If the air gap flux density is known (see Fig. 4.20), the 
magnetic flux per pole for an axial flux machine can be calculated from the 
fundamental harmonic components of the flux density: 
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∫ ∫= ,    (4.36) 

 
where αp is the pole angle and Rin and Rout  are the inner and outer radii of the stator. 
In radial flux machines, the radius of the air gap is constant and the shape of the air 
gap flux density curve remains somewhat same along the axial length of the stator 
stack. In axial flux machines, the radius of the air gap changes, the air gap flux 
density curve changes along the stator stack, and single fundamental harmonic 
component of the flux density cannot be found for the whole pole pitch area. 
Therefore, an average of several air gap flux density fundamental harmonic 
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components should be calculated along the radius of the air gap. Equation (4.36) 
becomes 
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M1 and M2 are numbers of discrete measuring points in the directions of the radius 
and the pole angle respectively. The direct-axis magnetizing inductance can be 
determined from two separate solutions. First, the magnetic flux is calculated from 
the air gap flux density created by the permanent magnets. Second, the effect of the 
armature reaction is added by feeding the phase coils to produce negative current in 
the direct-axis position. The negative current is demagnetizing the flux in the air gap. 
The direct-axis magnetizing inductance is determined from the magnetic flux 
difference δφΔ of these two magnetic flux fundamental wave solutions  
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It is assumed that the permanent magnets in the quadrature-axis are modelled as 
vacuum, meaning the absence of the permanent magnet material. The quadrature-
axis magnetizing inductance is calculated from the flux caused by the stator current 
only. 
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The amount of the magnetizing stator current affects the saturation and thereby also 
the values of the magnetizing inductances.  

4.8 Summary 
Construction topologies of two prototype AFPMSGs were presented. Asynchronous 
torque components were explained in detail with illustrating figures. The design of 
damper windings is a challenging task. The parameters of the damper winding 
depend on the frequency that the damper winding experiences during transients.  The 
skin effect may limit the useful thickness of the damper winding material. The 
asynchronous operation of DOL PMSG showed that the slip value of the 
asynchronous pull-out torque depends on the damper winding resistances. There is 
no need for a line-start ability for DOL PMSGs and therefore, these resistances 
should be as small as possible to have a high asynchronous torque near synchronous 
speed. A 3D FEA model was presented to simulate three-phase short-circuit test from 
no load in the generator mode and to simulate the applied variable frequency voltage 
test with a locked rotor. Analytical calculation of the damper winding resistance was 
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also presented. The results from these methods will be compared with the results of 
the experimental tests in Chapter 5. 
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5 Experimental results and comparison 
In the following, dynamic and steady-state performance of the two prototype 
generators, AFPMSG1 and AFPMSG2 is tested and the electrical parameters are 
defined by the experimental tests discussed in the earlier sections. Three-phase short-
circuit tests are carried out, explained in sections 2.6.2 and 2.6.5. Also the applied 
voltage tests with locked rotor are performed (see sections 2.6.3 and 2.6.4). The 
performances of the damper windings were tested by directly connecting the 
generators to the grid and by applying load torque steps in motor mode. The 
AFPMSG1’s performance in an island network was tested with various loads. Also 
the effect of the moment of the system inertia was analyzed with the AFPMSG1. The 
simulated and analytically calculated results of dynamic and steady-state 
performance were compared with the practical measurements, including 3D FEA 
calculations. The test setups for the dynamic and static performance tests of 
AFPMSG1 are shown in Fig 5.1. The test setup of the applied voltage test with 
locked rotor is illustrated in Fig. 5.2. The similar setups were implemented also for 
the AFPMSG2. 
 

 
 
Fig. 5.1 Test setup. 1) A DC machine acts as a prime mover for no-load tests and short-circuit tests.  
The DC machine acts as a load machine at load torque step tests. 2) Torque transducer for the 
measurements of rotation speed and torque. 3) The tested prototype AFPMSG1.  4) A contactor is 
used in the grid connection tests and in three-phase short-circuit tests. 5) Additional discs can be 
installed to the shaft of the PM machine to vary the value of the rotor inertia. 
 
The locked rotor test illustrated in Fig. 5.2 was used to determine the damper 
winding parameters. The shaft of the generator was locked mechanically with a 
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locking arm attached to the rotor shaft. The shaft of the rotor was grounded to avoid 
possible effects caused by the capacitance between the rotor and the stator. The 
electricity for the applied voltage test with locked rotor is provided by a three-phase 
separately excited synchronous generator (SG1). The harmonic content of the voltage 
is very low and, therefore, this generator is well suited for tests where sinusoidal 
voltage and adjustable frequency is needed. The generating set consists of the 
generator, the induction motor IM3 rotating the generator SG1 and the excitation 
devices of the generator. The induction motor is fed by a frequency converter (FC). 
The frequency converter is slip-compensated, and thus the induction motor rotates 
synchronously compared with the reference value of the desired frequency. 
 

  
   a) 

 
   b) 
 
Fig. 5.2 Test setup for the applied single-phase voltage test with locked rotor. a) Mechanical locking 
of the shaft with a locking arm. b) Electrical connection. Induction motor IM3 is fed by a frequency 
converter. IM3 is rotating the synchronous generator SG1, which is connected to the AFPMSG tested. 
The frequency and the voltage of SG1 are adjustable. One of the stator phases of the AFPMSG is 
connected in series with the two parallel connected phases. 
 
The parameters of the generator SG1 and the induction motor IM1 are given in Table 
5.1. Parameters of the investigated AFPMSGs are found in Appendix C. 
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Table 5.1 Parameters of the induction motor IM3 and the synchronous generator SG1 used in the 
applied voltage test with locked rotor. 
 

SG1  IM3 
Sn 125 kVA  Pn 55 kW 

cosφ 0.8 ind  Un 380 V 
Pn 100 kW  In 103 A 
Un 400 V  n 1475 rpm 
In 181 A  f 50 Hz 
Im 7 A  p 2   
Um 320 V     
n 1500 rpm     
η 0.89       
f 50 Hz     

 
The direct and quadrature-axis positions of the rotor were determined by feeding DC 
current to turn the rotor in direct-axis position. The next direct-axis position was 
determined by changing the polarity of the DC current. The quadrature-axis position 
is in the middle of these two positions. 

5.1 Dynamic performance 
The damper winding parameters and the moment of inertia were set in the 
simulations according to Fig. 5.1. In the experimental measurements, the inertia of 
the rotating parts was tested with three different values (Jsystem = 0.14, Jsystem = 0.2 
and Jsystem = 0.334). In the first measurement, a torque step, the magnitude of which 
was 70 % of the nominal torque, was made at synchronous operation. The same test 
was repeated in the simulation model. An example of the comparison is illustrated in 
Fig. 5.3.  
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Fig. 5.3 Comparison of the measured and the simulated rotation speed of AFPMSG1 when the load 
torque step is 70 % of the nominal torque from no load in motor mode. The system moment of inertia 
J = 0.334 kgm2 (J/Jrotor = 12.28). 
 
The oscillation frequency of the simulation model has a good correspondence with 
the measured frequency, but the amplitudes are somewhat different. The amplitude 
difference of the oscillations comes from the damper winding parameters that are 
constant in the simulation model. Also, the practical speed measurement includes 
some noise. In practice, the damper winding parameters depend on the slip and the 
operating temperature. A larger load torque step, e.g. 80 %, both in the simulation 
model and practical measurements causes a failure in the synchronization. 

 
The lowest amplitude of the speed oscillation during load transients was achieved by 
the largest system inertia. Grid connections were made with different initial speeds 
and phase errors to find out if the PM machine is able to synchronize at a random 
rotor position and below or over nominal speed. An example of the comparison of 
the measurements and simulation is shown in Fig. 5.4. The best performance in grid 
connections was achieved with the lowest inertia. During grid connection, the rotor 
field tries to align with the stator field. Small inertia is easier to pull into 
synchronism. 
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Fig. 5.4 Comparison of the measured and the simulated rotation speed in the grid connection of the 
generator AFPMSG1. The phase difference between the network voltage and the electromotive force 
of the PMSG is estimated to be +50 electrical degrees (25 mechanical degrees). Before the grid 
connection, the speed of the rotor is 1460 rpm (npu = 0.973). The measured and simulated speed 
characteristics exhibit a similar behaviour. In the grid connection, the rotor field is ahead, and the 
stator field tries to align with it.  
 
In practical measurements, the torque limits for the DC motor drive cannot be zero 
before the grid connection. Otherwise the generator would start loosing speed 
because of friction from the bearings and drag. This affects the measured speed result 
in Fig. 5.4.  
 
The performance of the AFPMSG1 was tested in island operation. Both the transient 
and steady-state operations were tested. Main parameters of the induction motors 
acting as an inductive load in a microgrid are shown in Table 5.2. 
 
Table 5.2. Main parameters of the induction motors acting as an inductive load in a microgrid. 

 
Load Un (V) In (A) Pn (W) n (rpm) 

Induction 
motor, IM1 380-440 4.7 2200 3000 

Induction 
motor, IM2 380-440 2 1150 3000 

 
The phase currents, speed, shaft torque and phase voltage were measured at the 
generator terminals during the loading test. The induction motors IM1 and IM2 were 
started with the help of the AFPMSG1 that was initially operating in no-load 
condition. One phase current during the start of the induction motor IM1 is presented 
in Fig. 5.5. 
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Fig. 5.5 Start of an induction motor IM1 in island operation of the AFPMSG1 from the measurement 
data. The permanent magnet generator and the induction motor form an isolated microgrid. Only the 
generator maintains the network voltage level. IM1 is started at time t = 1.15 s. The induction motor 
reaches its no-load condition at the time t = 1.6 s. A high starting current is taken from the generator. 
At no-load, the induction motor still takes some current from the system because of the induction 
motor magnetization and because the system has some friction torque and a fan attached to it. 
 
We can see that the high starting current of the induction motor IM1 causes a large 
voltage sag. In the no-load condition of the induction motor, the terminal voltage 
Us,pu = 0.96, while the load current Iload,pu = 0.22. With this kind of a generator, a 
large inductive load is difficult to handle. It may be said that the size of the induction 
motor was far too large in the test, and therefore the terminal voltage of the 
permanent magnet generator drops dramatically. The voltage sag is about 60 %. The 
standards allow 15 % sags for 3 seconds in island operation. The size of the 
maximum motor to be directly started should be about one fourth compared with the 
motor used in the test. Also the generator is initially designed to operate as a 
generator connected in the public electrical network, not in island operation. The 
operating speed of the permanent magnet synchronous generator was also measured. 
During the start of the induction machine, high torque is produced by the permanent 
magnet generator. The prime mover of the generator is not strong enough to hold the 
speed of the generator constant, which causes an extra 2.5 % decrease of the terminal 
voltage. Also the frequency drops. 
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The other induction motor IM2 was connected to the island operating AFPMSG1. 
The starting time of the IM2 is very long because of the high moment of inertia of 
the rotor. The phase voltage and the phase current are shown in Fig. 5.6. 
 

 
 
Fig.  5.6 Measured phase voltage and phase current of the generator in per unit values during the start 
of the induction motor IM2. At start, the terminal voltage of the permanent magnet generator drops 
into the value of Us,pu = 0.93. The induction motor has a large moment of inertia, and it starts slowly. 
After the start at steady conditions, the terminal voltage stays at the value of Us,pu = 0.99. This figure 
shows that the load is not too large for the generator tested.  
 
The tested induction motor IM2 was not too large for the generator tested. The 
terminal voltage remained in an acceptable range during the start of the IM2.  
The performance of the AFPMSG1 and AFPMSG2 were tested in the grid 
connection. The phase error and the initial speed of the generators were adjusted. 
Also the effect of adjusting the grid voltage level was tested. Examples of the grid 
connections are illustrated in Figs. 5.7 and 5.8. 
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Fig. 5.7 Grid connection of the AFPMSG1 from measured data. The generator is connected to the grid 
with a large phase difference Δφ= +137º at time t = 0.739. The initial speed before the grid connection 
is npu = 0.96. a) The phase difference between the grid and the back-EMF of the generator. b) 
Transient phase current in the grid connection. c) The shaft torque during synchronization. d) The 
speed of the generator. The phase difference can be found from supply voltage figure (a). Grid 
connection occurs at time t = 0.739. 

 
Fig. 5.8. Synchronization of the AFPMSG2 in the grid connection from measured data. a) The phase 
error Δφ = 34º at time t = 0.478. b) Phase current during synchronization. The DC machine that acts as 
a prime mover has a very large moment of inertia. Therefore the synchronization takes a very long 
time. In this kind of setup the damper winding resistances should be a lot smaller. 
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Experiments with both machines show that the damper winding resistances are too 
high. The attenuation of the transients takes too long a time. The machines, however, 
work satisfactorily and reach synchronism. Comparing tables 3.1 and 4.2 shows that 
the actual test machine AFPMSG1 has about the same parameters as the simulated 
machine. The damper winding resistance per-unit values were both 0.15 in the 
simulated machine and 0.124 and 0.147 in the actual machine. Fig. 3.5 indicates that 
the damper winding resistances should be about a quarter of 0.15, which is about 
0.04. 
 
In the case of AFPMSG2 RD,pu = 0.109 and RQ,pu = 0.114. Also these seem to be too 
large, which can be seen in the slow attenuation in Fig 5.8. The transient of this 
machine takes a longer time because of its larger per-unit inertia. Suitable values 
according to Fig. 3.5 could again be RD,pu = 0.04 and RQ,pu = 0.04. 
 
To achieve such values the surface plates should be made thicker or the amount of 
aluminium should be increased in the damper bars. This is somewhat complicated 
since increasing the amount of aluminium in the bars should lead to a reduced 
amount of permanent magnet material, which is not desirable. To maintain the flux 
created by the magnets they should be selected thicker which is not as effective as 
using a large permanent magnet surface. Increasing the thickness of the surface 
plates increases also the magnetic air gap which, again, leads to a reduced 
magnetizing inductance and a weaker magnetic coupling between the stator and the 
damper windings. If the best damping properties of a rotor surface magnet permanent 
magnet machine are desired it may lead to a slightly larger machine dimensioning to 
get suitable room for the damper windings. 
 
Without additional discs the AFPMSG1 was able to synchronize at any phase 
difference between the electromotive force of the generator and the grid voltage. The 
rotation speed with successful synchronization was in the range from 1450 rpm to 
1530 rpm. With larger rotor inertias the synchronization became more difficult and 
did not succeed at large pole angles. This proves that AFPMSG1 reaches easily 
synchronism if the general regulations concerning PMSG DOL grid connection are 
fulfilled. In special cases, such as small water power plants, the prime mover is 
flowing water and therefore the controlling of the speed accurately may be difficult. 
Grid connection has to be done at asynchronous speed slightly under nominal speed.  
 
As an additional test, the torque at s = 1 was measured without the permanent 
magnets in the rotor. Relative torque of T/Tn = 0.9 was measured. In the analytical 
calculations, the torque T/Tn = 0.78 was calculated. At high slip values, the rotor 
heats up quite rapidly, which increases the torque at s = 1 and the comparison 
becomes rather difficult. 
 
The problem in the grid connection of the AFPMSG2 was the prime mover, DC 
machine, that had a very large moment of inertia. Therefore the synchronization 
times were very long and the damper winding was not efficient enough to attenuate 
oscillations in a reasonable time. The ratio between the rotor and the total system 
moment of inertia J/Jrotor = 93. The damper winding resistances of the AFPMSG2 are 
too large for this kind of a setup. Also the phase error at the beginning of the grid 
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connection was too large compared with the general requirements for allowed phase 
error of ±10°. With smaller inertia ratios and phase errors, similar performance 
compared with AFPMSG1 should be expected.  

5.2 Steady-state performance 
The generator operations in a rigid network and in island network operation differ 
from each other. In the rigid network, the terminal voltage is stable and the stator 
flux linkage is determined by the terminal voltage. The power factor of the generator 
is defined by the electric load and the electrical parameters of the generator. The 
steady-state operation of the prototype AFPMSG 1 is described by the phasor 
diagram in Fig. 5.9. 

 
 
Fig.  5.9. Phasor diagram at infinite bus operation with the nominal load of the prototype axial flux 
permanent magnet generator AFPMSG1. Because of the rigid network, the terminal voltage does not 
drop. The power factor of the generator becomes leading, cosφ = 0.96.  
 
In island microgrid operation, the terminal voltage is highly dependent on the load 
and the electrical characteristics of the generator. The power factor of the generator 
is determined by the circuit elements that define the load. The island network 
operation of the prototype AFPMSG 1 is shown in Fig. 5.10. 
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Fig.  5.10. Phasor diagram in island operation in a single-generator grid of AFPMSG1. Is,pu = 1 . The 
circuit elements that define the load at the grid define the power factor of the generator. In this figure 
the nominal load of passive type with a lagging power factor cosφ = 0.85 is shown. It may be seen that 
the terminal voltage drops dramatically. The terminal voltage is only 62 % of the nominal value. 
 
The steady-state performance in island operation of the AFPMSG1 was tested and 
compared with the analytical results obtained from Eqs. (2.23) and (2.24) with three 
different power factors. The comparison is shown in Fig. 5.11. 

 
 

Fig. 5.11 Terminal voltage of the AFPMSG1 in island operation. Based on the practical 
measurements, for the resistive load, the generator is able to feed Iload,pu = 0.78 current until the lower 
limit of 90 % of the nominal terminal voltage is reached. For lagging power factor loads cosφ = 0.9ind 
and cosφ = 0.8ind  the currents are Iload,pu = 0.4 and Iload,pu = 0.32,  respectively. 
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5.3 Damper winding parameters 
The damper winding parameters were obtained from the applied variable frequency 
voltage test with the locked rotor in the direct-axis and in the quadrature-axis 
positions described in section 2.6.3.   
 
The alternating flux through the rotor heats the damper winding. The supply 
frequency during the tests was varied from 10 Hz to 60 Hz and vice versa from 60 
Hz to 10 Hz to see the effect of the temperature build-up and its effects on the results 
between these two sequences. The damper winding resistances of the AFPMSG1 
calculated by the method shown in section 2.6.4 during these two tests are shown in 
Fig. 5.12. 
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Fig.  5.12 Damper winding resistances of the AFPMSG1. The direct-axis damper winding resistance 
is smaller because of the rotor structure. The applied voltage in the frequency range was carried out in 
two ways. At one sequence the frequency was increased by 5Hz steps from a low to a high frequency. 
The second sequence was carried out vice versa. The effect of the temperature change during the 
measurements was not significant. 
 
The damper winding quadrature-axis resistance is higher. This is due to smaller 
conducting cross-sectional area of the damper winding in quadrature-axis. The slip 
must be taken into account in the asynchronous operation of the PMSGs. The slip-
compensated damper winding resistances calculated by Eq. (2.56) for the two tested 
AFPMSGs are illustrated in Fig. 5.13. 
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Fig. 5.13 Slip-compensated damper winding resistances of the AFPMSG1 and the AFPMSG2. 
 
The different behaviour of the damper winding resistances in AFPMSG1 and 
AFPMSG2 results from the different rotor back materials. AFPMSG2 has a cast iron 
rotor yoke instead of aluminium. The skin depth of iron limits the penetration of the 
flux as the slip frequency of the rotor increases. 
 
The behaviour of the subtransient inductances as a function of the frequency of the 
flux flowing through the rotor is shown in Fig. 5.14.  
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Fig.  5.14 Subtransient inductances for the AFPMSG1 and the AFPMSG2 determined from the locked 
rotor test and Eq. (2.44). 
 
The behaviour of the damper winding leakage inductances as a function of the 
frequency of the flux flowing through the rotor is shown in Fig. 5.15.  
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Fig. 5.15 Damper winding leakage inductances of the AFPMSG1 and the AFPMSG2.  The damper 
winding leakage inductances of the AFPMSG2 behave linearly as function of the frequency. The cast 
iron rotor yoke of the AFPMSG2 gives a small reluctance route to the magnetic flux.  
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The increasing frequency of the flux flowing through the damper windings induces 
more and more eddy currents. The eddy currents block the straightforward flow of 
the flux and the damper winding leakage inductance drops. The subtransient direct-
axis inductance results from the applied voltage test with the locked rotor were 
verified by the three-phase short-circuit test for the AFPMSG1 and AFPMSG2. The 
measured phase currents during the three-phase short-circuit test are illustrated in 
Figs. 5.16 and 5.17. 

 
Fig.  5.16 Measured phase currents in a three-phase short-circuit test of the AFPMSG1. The envelope 
curves of the short-circuit currents were used to calculate the direct-axis subtransient inductance and 
the direct-axis synchronous inductance. Based on the envelope curves of the short-circuit currents, the 
subtransient short-circuit current is 1.8 times the sustained short-circuit current. The sustained short-
circuit current is 2 times the nominal current of the generator. 
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Fig. 5.17 Three-phase short-circuit test from no-load of the AFPMSG2. Based on the envelope curves 
of the short-circuit currents, the subtransient short-circuit current is 1.75 times the sustained short-
circuit current. The sustained short-circuit current is 1.65 times the nominal current of the generator. 
 
The comparison between the results from the three phase short-circuit test and from 
the applied voltage test with locked rotor and the damper winding resistance for 
AFPMSG1 calculated from Eqs. (4.15) – (4.23) are shown in Table 5.3. 
 
Table 5.3 Results from three phase short-circuit test, applied voltage test with a locked rotor and 
analytical equations for damper winding resistances. 
 

Results comparisons for AFPMSG1 and AFPMSG2 

 3-phase short-circuit 
test 

locked rotor test, 50Hz 
supply frequency difference 

Ld [mH] 47.7 - - 

dL ′′ [mH] 26.6 26.2 0.4 

Lq [mH] - - - 

qL ′′ [mH] - 29.6 - 
    

 analytical 
calculations 

locked rotor test, 50Hz 
supply frequency  

RD [Ω] 5.77 3.59 2.18 

A
FP

M
SG

1 

RQ [Ω] 5.77 4.23 1.54 
     

 3-phase short-circuit 
test 

locked rotor test, 50Hz 
supply frequency difference 

Ld [mH] 39.8 - - 

dL ′′ [mH] 22.8 24.4 1.4 

A
FP

M
SG

2 

Lq [mH] - - - 
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qL ′′ [mH] - 35.9 - 

 
There is a good agreement with the results from three-phase short-circuit test and 
locked rotor test. Both test methods can be considered accurate enough to determine 
direct-axis subtransient inductance parameters. Analytical calculations introduced in 
section 4.5.3 give only coarse estimates for the damper winding resistances 
compared with the results from the measurement data. 

5.4 Comparison between finite element analysis results and measurements 
The no-load voltage from the 3D FEA is compared with the measured results, Fig. 
5.18. The simulated short-circuit currents from 3D FEA are illustrated in Fig. 5.19. 
As a comparison, measured phase currents in the three-phase short-circuit test are 
shown in Fig. 5.20. 

  
 
Fig 5.18. Calculated and measured  phase electromotive force EPM of the AFPMSG1. The amplitudes 
between the electromotive forces have sufficient correspondence. The slight difference in the 
harmonic content comes from the different shapes of the permanent magnets.  
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Fig 5.19 Simulated short-circuit currents of the AFPMSG1 by the 3D FEM. 
 

 
Fig. 5.20 Measured three-phase short circuit currents of the AFPMSG1. 
 
Short-circuit currents from the 3D FEA have a good correspondence with the 
practical measurements and the 3D FEA model can be used for further analysis of 
the damper windings. For magnetizing inductance calculations, the pole pitch of 
AFPMSG1 was divided into 90 radial slices and 1800 points along the pole angle αp. 
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90 fundamental harmonic components were calculated from 3D FEA from the inner 
radius to the outer radius of air gap plane shown in Fig. 4.20. 
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The magnetizing inductances of the AFPMSG1 calculated by 3D FEM with nominal 
current according to Eqs. (4.38) and (4.39) are 
 

Lmd = 0.024 H 
Lmq = 0.023 H                      (5.2) 

 
The 3D FEA model was used to analyze the effect of the surface plate thickness on 
the damper winding parameters. The dimension from the magnet surface to the stator 
was fixed. Only the surface plate thickness and, hence, the physical air gap were 
adjusted. As an additional test, the conducting installation jig was removed from the 
3D FEA model and the thickness of the surface plate was adjusted. Simulated 
geometries are shown in Fig. 5.21. The measured and the calculated values by the 3D 
FEA are compared in Figs.5.22 and 5.23. 
 

 
 
Fig. 5.21 Geometries used in the analysis of the effects of the surface plate thickness on damper 
winding parameters. The distance from the stator to the magnet surface was fixed. a) Original 
geometry with 1 mm thick surface plate. b) 2mm surface plate. c) 3 mm surface plate. d)-f) 
Installation jig was removed and the surface plate thickness was altered from 1 mm to 3 mm. 



 

 

132 
 
 
 

 
 

Fig. 5.22 Effect of the damper winding surface plate thickness on the damper winding resistances 
from the 3D FEA for the AFPMSG1. 
 
The damper winding resistances behave in different ways in the direct- and 
quadrature-axis positions. According to the 3D FEA, the q-axis resistance increases 
when the thickness of the surface plate is increased and the d-axis resistance 
decreases at thick surface plate and thin air gap. The damper winding resistance 
values obtained from the measurements are larger than the values from the 3D FEA. 
The geometry used in the 3D FEA has more cross-sectional area of the conducting 
material in the q-axis direction, which can explain some of the difference. If the 
installation jig is removed or replaced by a non-conducting material, the d-axis 
damper winding cross-sectional area decreases. In that case, the conducting damper 
winding would have equal thicknesses in both d-axis and q-axis directions. 
Therefore, simulation was performed only in the d-axis direction without the 
installation jig.  
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Fig. 5.23 Effect of the damper winding surface plate thickness on the damper winding leakage 
reactances. 
 
The results from the 3D FEA and analytical calculations were compared with the 
experimental results. Analytically calculated damper winding resistance was in the 
same range compared with the measured damper winding resistances. The 3D FEA 
results had a good agreement with the measurements. The comparisons are shown in 
Table 5.4 
 
Table 5.4 Comparison of the electrical parameters of AFPMSG1 between 3D FEA and practical 
measurements. 
 

AFPMSG1 electrical parameter comparison 
Symbol Measurements 3D FEA difference 

E 410 V 407 V 3 V 
Eph 237 V 235 V 2 V 
RD 3.59 Ω 2.95 Ω 0.64 Ω 
RQ 4.23 Ω 3.92 Ω 0.31 Ω 
Lmd 23.4 mH 24.0 mH 0.6 mH 
Lmq 23.4 mH 23.0 mH 0.4 mH 
LDσ 2.09 mH 4.2 mH 2.11 mH 
LQσ 6.82 mH 7.96 mH 1.14 mH 

0dτ ′′   3.90 ms 9.6 ms 5.7 ms 

dτ ′′   7.10 ms 5.5 ms 1.6 ms 

0qτ ′′   4.43 ms 7.9 ms 3.47 ms 

qτ ′′   7.14 ms 5.0 ms 2.14 ms 
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The calculation model in the 3D FEA was used to analyze the effects of the 
aluminium surface plate thickness of the AFPMSG1 on the damper winding 
parameters. The calculations showed that in the presence of an installation jig, the 
asymmetry of the damper winding increases as the surface plate becomes thicker. 
The physical air gap becomes smaller and the stator harmonics induce more eddy 
currents into the rotor. The depth of penetration in aluminium and permanent 
magnets at 50 Hz supply frequency is very large compared with the thickness of the 
rotor plate. Therefore, the aluminium installation jig for the permanent magnets 
dominates the operation of the damper winding. The same construction of the rotor 
without the installation jig was analyzed as a comparison for the effects of the 
surface plate thickness. The amount of the flux flowing through the damper winding 
became smaller, which may imply weaker damping properties. It is worth 
remembering that the cross-sectional area of the surface plate only is notably smaller 
than the cross-sectional area of the installation jig and the surface plate together. The 
increased current density and temperature rise in the damper winding should be taken 
into account. The temperature changes affect also the steady state performance of the 
PMSGs by changing the flux produced by the magnets and hence, the electromotive 
force. 
 
The damper winding leakage reactances also behave in different ways in the direct 
and quadrature-axis directions. The d-axis leakage reactance seems to decrease when 
the thickness of the surface plate is increased and the q-axis leakage inductance 
remains at the same level. If the installation jig is removed, the d-axis leakage 
reactance increases as a function of the surface plate thickness. 
 
The 3D FEA model has fixed temperature (T = 20 ºC), which is not the case in the 
practical measurements. Therefore, the results are valid only in the specified 
temperature. The measurements in the test setup shown in Fig. 5.2 were performed in 
the rotor surface temperature range from 30 to 45 ºC. 
 
When the thickness of the surface plate in the 3D FEA model is increased, the 
physical air gap gets shorter. The stator slotting increases the harmonic content of the 
flux that flows through the damper windings. More eddy currents are created and 
additional heat is produced. This may limit the shortest physical air gap required to 
avoid overheating of the damper winding plate. The determined damper winding 
parameters are sensitive to the phase difference of the current and voltage. The phase 
difference determines the reactive and resistive part of the impedance. Therefore the 
accuracy of the measuring devices, such as current probes should be carefully taken 
into account. 

5.5 Summary 
In this chapter, a comparison between theoretical and experimental results was 
presented. Grid connection and load transients were tested. The oscillation frequency 
of the speed after transients had a good correspondence between the simulations and 
measurements, but due to the fixed parameters of the simulation model, the 
amplitude of the speed oscillation was somewhat different. The AFPMSG1 is fully 
functional in the DOL mode in a rigid network. It meets easily the general 
regulations for a DOL PMSG grid connection. The damper winding parameters as a 
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function of slip in AFPMSG1 and AFPMSG2 had different characteristics. The rotor 
body of AFPMSG1 is made of aluminium. Instead, the rotor of AFPMSG2 has a cast 
iron yoke and an aluminium installation jig for the magnets (see Figs. 4.5 and 4.6). In 
both cases, the damper winding leakage inductance drops as the frequency of the flux 
flowing through the damper winding increases. This may naturally help the dynamic 
performance by allowing more current through smaller inductances. Analytical 
steady-state results of AFPMSG1 in island operation and also the damper winding 
parameters from 3D FEA had a good agreement with the results from experimental 
tests, which implies correctly calculated electrical parameters of the generator.   
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6 Conclusions 
The most relevant scientific contribution of this thesis is the analysis of the design 
and dimensioning aspects of the DOL PMSGs. In the work, both static and dynamic 
performance characteristics were analyzed numerically, by simulations and by 
practical measurements. The objective of the study was to determine the correct 
damper winding parameters for a direct-on-line non-salient pole axial flux permanent 
magnet machine. DOL PMSGs have two main requirements. The generator must be 
capable of synchronization after grid connection and the generator has to maintain 
synchronous running during electric load variation and other transients.  
 
For DOL PMSG, the following parameter characteristics should be selected: 
 

-Small stator resistance to shift the maximum asynchronous braking torque 
caused by the permanent magnets into high slip values and to have a low 
braking torque at low slip values, as shown in Fig. 4.10a. This is difficult to 
reach in small-scale generators. In large-scale generators, the low slip 
asynchronous performance is far better because of the far smaller per unit 
stator resistance. 
 
-Small damper winding resistances to shift the asynchronous pull-out torque 
into low slip values, as shown in Fig. 4.11. Dynamic stability optimization 
around synchronous operation requires optimization of the damper winding 
resistances according to the inertia of the system. The simulations indicated 
that for each inertia value there is a unique optimum value for the damper 
winding resistance to reach synchronous operation in the shortest period of 
time, see Fig. 3.5. Therefore, the dimensioning of the damper winding may be 
challenging especially in applications where flowing fluids define the system 
inertia. 
 
-Small damper winding leakage inductances to maximize the asynchronous 
accelerating torque. LDσ and LQσ decrease as the slip increases (see Fig. 4.16). 
This naturally helps the acceleration of the rotor back into synchronism by 
allowing higher damper winding currents through smaller inductances. 
 
-Back-EMF and synchronous inductances are limited by the power factor and 
over voltage and under voltage limits as shown in Fig. 2.18. EPM should be 
over 1 pu to guarantee a good power factor also in partial loads. It might be 
beneficial to have larger direct-axis inductance than quadrature-axis 
inductance in order to produce some reluctance torque. The machine may 
respond better to the torque changes. 

 
The output power in the island operation mode was compared with the nominal 
power of the same PMSG in the infinite bus operation. It may be seen that the 
passive, lagging power factor load that takes a lot of reactive power is problematic 
for the PMSG, because its EPM cannot be controlled. The demagnetizing armature 
reaction diminishes the air gap flux linkage remarkably, and consequently, the 
voltage of the machine drops dramatically. When the load is active as in Figs. 2.14–
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2.16, the power of the generator is far better. Therefore, in island operation, the 
generator size has to be notably larger than in network drive, especially if inductive 
loads have to be supplied. Otherwise the generator has to be equipped with a static 
VAr compensator (Fig. 2.26) . 
 
In practice, the values of the damper winding resistances and leakage inductances 
were measured by applying a voltage test with a locked rotor. To conduct the tests, 
single-phase AC voltage at different frequencies was applied to the armature 
windings in the test setups. The corresponding test setup was simulated in 3D FEA.  
In the practical measurements, it was noticed that the damper winding parameters are 
dependent on the frequency. Therefore, the exact determination of the damper 
winding parameters is valid only at the specified frequency. In steady-state operation, 
the frequency seen by the rotor is zero, and hence most of the transient phenomena in 
the generator operation appear at low frequencies. In the analytical calculations, the 
damper winding constructions of the permanent magnet synchronous generators were 
divided into three categories: 
 

1) Damper bars: traditional design of the squirrel cage. 
 

2) Conducting surface plate(s): surface plate parameter calculation. 
 

3) Combination of the damper cage bars and the conducting surface plate(s):  
an installation jig and a surface plate, parallel connection of the surface 
plate and the squirrel cage. 

 
Analytical results, experimental measurement data and 3D FEA results of the damper 
winding were compared. There was a good correspondence between the results from 
3D FEA and experimental data. Analytical calculations gave only coarse estimations.  
 
Experimental tests were compared with the simulation model to verify the correct 
operation of the simulation model. A good agreement was found between the 
measurements and simulations. 
 
Among the objectives of the study was to determine if the prototype permanent 
magnet generators are capable of operating in directly network-connected 
applications. In rigid network operation, the generators were fully operational. The 
generators were able to tolerate grid connections and load transients. The transient 
attenuation times, however were long, which indicates that lower damper winding 
resistances should be reached. In isolated operation, the terminal voltage drops easily 
and the maximum loading of the generator had to be limited.  
 
The damper winding proved to be operational for the AFPMSG1. During 
asynchronous operation, there occur large demagnetizing currents. In the simulations 
in Chapter 3, the demagnetizing direct-axis current id = -4 pu at asynchronous 
operation, shown in Fig. 3.12. According to Fig. 1.1, the magnetic field strength Hc = 
 −1200kA/m at 60ºC is capable of demagnetizing the permanent magnet material 
permanently. For AFPMSG1 id = -4 pu corresponds to a magnetic field strength of 
about Hc = -610kA/m. AFPMSG1 is highly tolerant to demagnetizing currents 
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because of its long air gaps and the nonmagnetic rotor frame. A demagnetizing 
current id =  -8 pu would demagnetize the permanent magnets permanently at 60ºC. 
A current of this magnitude may occur in the grid connection with large phase errors 
shown in Figs. 3.6 and 5.7. Nevertheless, the duration of the high amplitude 
demagnetizing current is short and the damper winding protects the permanent 
magnets. 
 
The moment of inertia of the AFPMSG2 was too large for the damper winding 
constructed. The performance of the AFPMSG2 could be expected to improve as the 
moment of inertia would be smaller. The conditions of grid connection of DOL 
PMSG were selected as follows: 
 
ΔU < ± 8% Un  , 
Δf < ± 0.5 Hz , 
Δφ < ± 10°. 
 
AFPMSG1 meets these requirements and easily synchronizes to the grid. AFPMSG2 
would require less inertia to the system in order to keep synchronization time 
reasonable. Practical measurements showed that the synchronization of the 
AFPMSG1 to the grid was successful at any phase difference if the speed error was 
less than 3% and the total moment of system inertia was 12.28 times or less the 
moment of the rotor inertia shown in Appendix C.1. When the inertia was increased, 
the synchronization became more difficult and the phase difference and the speed 
error had to be limited. Therefore, the generator will easily overcome the 
synchronization under the conditions of grid connection. 
 
Suggestions for future work 
In the future research, a corresponding analysis should be made for a radial flux 
permanent magnet synchronous generator with a damper cage. A double damper 
cage could improve the overall performance of the DOL PMSG. This kind of a 
structure is difficult to construct in axial flux machines. However, in radial flux 
machines, it could be possible to design a double damper cage that gives a good 
torque in wide scale of frequencies of the flux flowing through the damper winding. 
Such damper winding should work efficiently during synchronization and load 
transients. 
 
The present damper winding structure of the axial flux prototype generators could be 
improved by increasing the cross-sectional area for the quadrature-axis damper bars 
e.g. by employing several magnets with the same polarity in the area of one magnetic 
pole. The space between the magnets would be provided for the damper winding 
bars, shown in Fig. 6.1. 
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Fig. 6.1 Rotor construction with several magnets with the same polarity in the area of one magnetic 
pole. dq-axis are denoted by letter d and q. N and S stand for the polarity of the magnets. This kind of 
an arrangement should provide a lower damper winding resistance and consequently a lower transient 
attenuation time for the machine. 
 
However, this method may weaken the quality of the electromotive force harmonic 
content and the amplitude. The effect of the conducting surface plate should also be 
tested in more detail. The performance of the damper winding with and without the 
surface plate could be compared. 
 
Another interesting topic is the simulation and analytical analysis of the DOL 
starting of induction motor in an island-operated PMSG with a parallel active VAr 
compensator. Tuinman et al. (1998) have presented simulations of a direct-on-line 
start of a large induction motor connected to a salient pole synchronous generator. 
Similar analysis could be carried out by replacing the synchronous generator by a 
PMSG and a VAr compensator. 
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APPENDIX A 

A.1 Permanent magnet braking torque 
Voltage equations in dq-coordinates are 
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where ω is real electrical angular speed of the rotor. The flux linkages are 
  

PMDmdddd ψψ ++= iLiL      (A.5) 

Qmqqqq iLiL +=ψ      (A.6) 

PMDDdmdD ψψ ++= iLiL     (A.7) 

QQqmqQ iLiL +=ψ      (A.8) 
 

The directions of the voltage components are selected as 
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The load angle is defined as 
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The per unit slip of the machine is 
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The rotor speed is defined as 
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The load angle at asynchronous speed becomes 
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The rotor speed is assumed to be constant but not necessarily the nominal speed. In 
the following, differential equations may be solved by use of operational methods. 
Operational variable is denoted by letter k. Diffentiation of Eqs. (A.7) and (A.8) with 
respect to time gives 
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 It is assumed that the flux linkage from permanent magnets is constant and thereby  
the differentiation of ψPM with respect to time is zero. 
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By substituting Eq. (A.14) into (A.3) the direct-axis damper winding current may be 
solved.  
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The quadrature-axis damper winding current is solved the same way by substituting 
Eq. (A.15) into (A.4). 
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By substituting Eq.(A.16) into (A.5) the direct-axis flux linkage becomes 
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By substituting Eq.(A.17) into (A.6) the quadrature-axis flux linkage becomes 
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Now we have a system of equations with operational inductances 
 

qddsd ωψψ −+= kiRu     (A.20) 

dqqsq ωψψ ++= kiRu     (A.21) 

PMdkdd ψψ += iL     (A.22) 

qkqq iL=ψ      (A.23) 
 
By substituting Eqs. (A.22) and (A.23) into (A.20) and (A.21) the current 
components may be solved. 
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Operational reactance and operational impedance are defined as 
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The current components may be solved from the system of equations. Currents 
become 
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Now the quadrature-axis current component may be solved 
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The current components are now 
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At steady state operation, s = 0, ω = ωs, k = 0 and ωψPM = ePM. Eq. (A.30) becomes 
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At asynchronous speeds the currents are divided into two modes. One mode comes 
from the rotor damper windings. Another mode is caused by permanent magnets. 
Therefore, the asynchronous torque is divided into two components; cage torque and 
torque caused by permanent magnets. Permanent magnets induce currents in stator 
windings producing losses and torque with following conditions. 
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Set of equations for permanent magnet braking torque are calculated from Eq. (A.30) 
for currents and (A.22) and (A.23) for flux linkages with conditions shown in Eq. 
(A.32). In the following, space vector presentation is used. 
 

( ) ( )

( ) ( )

( ) ( )

skqskq

skdskd

qqs
QQ

2
mq

qkqkq

dds
DD

2
md

dkdkd

QQ

2
mq

qkq

DD

2
md

dkd

PMPMPMPMsPM

11

11

1,1

0,0

RkXRZ

RkXRZ

XsLs
kLR

kL
LLX

XsLs
kLR

kL
LLX

kLR
kL

LL

kLR
kL

LL

esees

ku

=+=

=+=

−=−=
+

−==

−=−=
+

−==

+
−=

+
−=

−=′′=−=

==

ω
ω

ωω

ω
ω

ωω

ψωωψ

 

 (A.33) 
 

( ) ( ) ( ) ( )

( ) ( )

( )
( )

( )
( )⎪

⎪
⎪

⎩

⎪⎪
⎪

⎨

⎧

+
−

=
+

′−
=

+

−
=

+

′−−
=

⎪
⎪

⎩

⎪
⎪

⎨

⎧

+
−−−

=
+

−−−
=

+

′−+−
=

+

−+−
=

2
dq

2
s

sPM

kdkq
2
s

sPM
q

2
dq

2
s

PM
2

q

kdkq
2
s

PMkqPMs
d

kdkqss

sPMPMkd

kdkqkqkd

kdPMPMdkdkdq
q

kdkqss

phPM,kqPMs

kdkqkqkd

PMqkqPMdkq
d

1
1

1

1

s-
s-

s-

s-

XXR
Re

XXR
Re

i

XXR

eX
XXR

eXkR
i

XXRR
RkX

XXZZ
ZkuXZu

i

XXRR
eXkR

XXZZ
uXkuZ

i

ψ

ωψψωψψ

ψωψψ

(A.34) 

 
The braking torque caused by permanent magnets is solved by substituting currents 
from Eq. (A.34) to common torque expression in dq-models. 
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By using RMS values, Eq. (A.35) becomes 
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(A.36) 

The derived permanent magnet braking torque is now calculated. 
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The maximum value of the Tb is found by differentiating Eq. (A.37) with respect to 
the slip s by partial differentiation and quotient differentiation. 
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After a series of manipulations Eq. (A.43) becomes  
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The slip value of the maximum braking torque is found by solving the zero crossings 
of Eq. (A.44).  
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   A.2 Cage torque 
In cage torque mode, a set of dq-currents caused by applied voltage is selected. The 
following conditions are set for the determination of the current components. 
 

( )

( )

( )

( ) ( )
( ) ( ) ( )

( ) ( )⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

−
+−=

+
−==

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

+−=
−+

−
−−=

+
−==

+
−=

+
−=

−+=+=

−+=+=

===′−==

QQs

2
mq

q
QQ

2
mq

qkqkq

DDs

2
md

d
DsD

2
mds

ds
DD

2
md

dkdkd

QQ

2
mq

qkq

DD

2
md

dkd

kqsskqskq

kdsskdskd

sqsdPMs

j
1

j
j

j
1

1j
1j

1
j

j

1jj

1jj

,j,0,1,

sXR
sX

Xs
LsR

Ls
LLX

sXR
sX

Xs
LssR

Lss
Ls

LsR
Ls

LLX

kLR
kL

LL

kLR
kL

LL

XssRXsRZ

XssRXsRZ

uuuuesjsk

ωω
ω

ωω

ωω
ω

ω
ω

ω
ωω

ωω

ωω

ωωω

   (A.46) 
 
From Eq. (A.30) the following can be derived  
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 (A.48) 
 
The flux linkages are now calculated by substituting currents from Eq. (A.48) 
into(A.22) and (A.23) with the conditions shown in Eq. (A.46) 
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The asynchronous cage torque is calculated from the complex equations (Honsinger 
1980) by substituting currents from Eq. (A.48) and conjugate parts of the flux 
linkages from Eq. (A.49).  
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If the damper winding is symmetric, the asynchronous cage torque may be calculated 
with the following equation 
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The asynchronous pull-out torque of the cage torque is found by differentiating Eq. 
(A.51) with respect to the slip s.  
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The slip value of the maximum cage torque is found by solving the zero crossings of 
Eq. (A.52). 
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According to Engelmann & Middendorf (1995) 
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APPENDIX B 

B.1 Terminal voltage in island operation 
The direct and the quadrature-axis parts of the terminal voltage are: 
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The current components are 
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The line voltage depends on the load characteristics: 
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By substituting Eq. (B.1)  into Eq. (B.2): 
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By substituting Eq. (B.3) into Eq.(B.4) and converting the sums of the sine and 
cosine functions 
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The load angle can be calculated: 
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When the load power factor is known the load current and the terminal voltage can 
be calculated. 
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Eq. (B.8) is substituted into Eq. (B.1) 
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(B.10) 
 
The reactance is defined by the product of the angular frequency and inductance. 
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By substituting Eq. (B.11) into Eq. (B.10) 
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 The corresponding load current is 
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B.2 Power equation in island operation 
The power of the isolated generator is defined as 
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By substituting the terminal voltage in Eq. (B.10) into Eq. (B.15), the power of the 
generator becomes 
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B.3 Current components of a permanent magnet generator in rigid 
network 
Voltage equation for permanent magnet synchronous generator are 
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Solving current components gives 
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By substituting q-axis current into d-axis current in Eq. (B.18), the d-axis current 
may be solved. 
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Now we have to substitute the solved d-axis current into q-axis equation. 
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Now we have solved current components in dq-coordinates 
 

( )

( )
⎪
⎪

⎩

⎪
⎪

⎨

⎧

+
+−

=

+

−−
=

2
sqsds

sdssPMs
q

2
sqsds

sssPMqs
d

sincos

sincos

RLL
ULUER

I

RLL
URUEL

I

ωω
δωδ

ωω
δδω

   (B.21) 

 



 

 

164 
 
 
 

APPENDIX C 

C.1 Parameters of the permanent magnet synchronous generators 
 AFPMSG 1 AFPMSG 2 

Parameter Symbol Value pu value Value pu value 
Nominal power Pn 5200 W   15900 W   
Apparent power Sn 5600 VA 1 18300 VA 1 
Nominal voltage Un 400 V   660 V   

Nominal phase voltage Uph 230 V 1 380 V 1 
Nominal current In 8 A 1 16 A 1 

Nominal power factor cos φ 0.93 0.93 0.87 0.87 
Electromotive force E 410 V  567 V  

Phase electromotive force Eph 237 V 1.03 327 V 0.86 
Stator resistance Rs 1.28 Ω 0.044 1.2 Ω 0.051 

Direct-axis damper winding 
resistance RD 3.59 Ω 0.124 2.59 Ω 0.109 

Quadrature-axis damper winding 
resistance RQ 4.23 Ω 0.147 2.71 Ω 0.114 

Number of pole pairs p 2 2  8 8 
Direct and quadrature-axis 

magnetizing inductance Lmd,q 23.4 mH 0.255 23.9 mH 0.316 

Stator leakage inductance Lsσ 24.3 mH 0.264 15.9 mH 0.210 
Direct-axis damper winding 

leakage inductance LDσ 2.09 mH 0.023 4.88 mH 0.065 

Quadrature-axis damper winding 
leakage inductance LQσ 6.82 mH 0.074 6.87 mH 0.091 

Damper winding direct-axis 
open-circuit time constant d0T ′′  3.90 ms  5.99 ms  

Damper winding direct-axis 
short-circuit time constant dT ′′  7.10 ms  11.94 ms  

Damper winding quadrature-axis 
open-circuit time constant q0T ′′  4.43 ms  4.20 ms  

Damper winding quadrature-axis 
short-circuit time constant qT ′′  7.14 ms  7.87ms  

Nominal load angle δ 36 ° 36 °  18 ° 18 ° 
Nominal torque Tn 33 Nm 0.929 400 Nm 0.858 

Frequency f 50 Hz 1 50 Hz 1 
Rotation speed n 1500 rpm 1 375 rpm 1 

Moment of rotor inertia Jr 0.026 kgm2 TJ =36.0 5.47 kgm2 TJ=144.8 

Total moment of system inertia Jtot 
0.3334 
kgm2 

TJ 
=461.0 510kgm2 TJ=13515 

Stator lamination outer radius Rs,out 110 mm   230 mm   
Stator lamination inner radius Rs,in 75 mm   170 mm   

Air gap length δag 3.5 mm  3 mm  

Rotor PM material   Neorem 
495a   Neorem 

495a   

Damper construction 
   

Jig + 2x1 
mm plates 
Aluminium

  
  

Jig + 1 mm 
plate 

Aluminium 
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C.2 Auxiliary electrical machines used in the laboratory tests  
Table C.1. Main parameters of the induction motors acting as an inductive load for AFPMSG1 in a 
microgrid. 

 
Load Un (V) In (A) Pn (W) n (rpm) 

Induction 
motor, IM1 380-440 4,7 2200 3000 

Induction 
motor, IM2 380-440 2 1150 3000 

 
Table C.2 Parameters of the induction motor IM3 and the synchronous generator SG1 used in the 
applied voltage test with a locked rotor for AFPMSG1 and AFPMSG2. 
 

SG1  IM3 
Sn 125 kVA  Pn 100 kW 

cosφ 0.8 ind  Un 380 V 
Pn 100 kW  In 103 A 
Un 400 V  n 1475 rpm 
In 181 A  f 50 Hz 
Im 7 A  p 2   
Um 320 V     
n 1500 rpm     
η 0.89       
f 50 Hz     
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APPENDIX D 

D.1 Current and voltage space vectors in a two-axis simulation model 
The phase currents ia, ib and ic of the stator form a space vector defined as 
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The length of the space vector is 1.5 times the peak value of the sinusoidal phase 
current. In the case of synchronous machine the space vector current is normally 
reduced by the factor 2/3 to use directly the parameters of the equivalent circuit 
model of the electrical machine. The voltage space vector us and the flux linkage 
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Knowing that 
 

θθθ sinjcose j += ,     (D.3) 
 

the three phase current components can be presented in a stator-oriented two-axis 
form with the components ix and iy. 
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In a rotor-oriented coordinate system, the transformation from xy-coordinates to dq-
coordinates produces the current components id and iq. 
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The voltage and flux linkage components ud, uq, ψd, and ψq are defined in the same 
way. 
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APPENDIX E 

E.1 Analytical calculation of the damper winding resistance for 
AFPMSG1 
The length of the end ring of the installation jig is 
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Rotor damper bar resistance is 
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Skewing of the damper bars is one slot pitch 
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Installation jig resistance referred to stator is 
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Resistance of the conducting surface plate is estimated by dividing the surface plate 
into infinite amount of bars. 
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The damper winding consists of parallel connection of two surface plates and one 
installation jig. 
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The damper winding resistance may be divided equally into d-axis and q-axis 
components 
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APPENDIX F 

F.1 Asynchronous cage torque comparison 
Three methods to calculate asynchronous cage torque is presented. Menzies (1972) 
and Honsinger (1980) have analytical equations to calculate the asynchronous cage 
torque. Simulation model is using two-axis space vectors. Fig. F.1 shows the 
comparison of asynchronous cage torque curves. 

 
Fig. F.1 Comparison of asynchronous cage torques for PMSG with asymmetric damper windings. 
RD,pu = 0.15, RQ,pu = 3 RD,pu, LDσ,pu = LQσ,pu = 0.05, Rs,pu = 0.05, Ld,pu = Lq,pu = 0.5 
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