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Abstract— Advancement in technology has led to a greater 
development and research in the area of electrical drives. The 
demand for high speed and ultra high speed machines are 
increasing on a large term. The permanent magnet synchronous 
generators with their numerous advantages are complying with this 
demand with advantages being high efficiency and high power 
density. A study of the permanent magnet synchronous generator is 
executed in order to recognize its application and development in 
the recent advancement of electrical drives. The magnetic 
properties of the permanent magnets are studied and described. 
The paper presents an overview of the permanent magnet 
synchronous generator and its application. Permanent magnet 
synchronous generators in renewable energy applications are also 
discussed. The high speed generators employed in solar thermal 
applications are extensively presented in this paper. 

Keywords: Permanent Magnet, Synchronous Generator, 
Renewable Energy, Magnetization, Electrical Machines 

1.   INTRODUCTION 

    The demand for high speed synchronous machines is 
growing day by day. The synchronous machine plays a 
vital role in power generation. For high speed and ultra 
high speed applications, the Permanent Magnet 
Synchronous Generators (PMSG) are widely used 
apparatus. The applications such as generators/starters for 
micro gas turbines, turbo-compressor systems, drilling 
machines for medical tools and mechanical machines are 
few examples. The rating of the generators differs from 
few watts to kW depending upon application. The crucial 
design requirement of the synchronous generator to 
operate at high speed and ultra high speed is very high 
power density. To resist the high frequency losses of the 
machine, the Permanent Magnet (PM) is appropriately 
employed working at higher temperatures. Therefore, 

PMSG attracts a greater approach for various applications 
which include mainly high speed [1]. The PMSG operate 
at a very high speed range and are now developed to 
operate at speed above 100000 rpm [2]. The high speed is 
basically the requirement of solar thermal application 
based bryton cycle. 

Factors influencing the development of PM are cost 
competitiveness, availability of rare-earth magnets and 
emergence of efficiency-driven applications. Increasing 
the rotational speed of PM machines tends to increase the 
power density but also increases losses. The major losses 
associated with a high speed Permanent Magnet 
Synchronous Machines (PMSM) are stator loss, rotor loss 
and windage loss [2]. Extensive research has been carried 
out to overcome these losses and make the machine highly 
efficient. Apart from losses, the PMSG has great 
advantages such that high specific power density, high 
performance efficiency, high power factor and absence of 
gearbox [3]. 

    The PMSG are of various types and while selecting 
generator for specific applications, various factors are 
needed to be taken into account. This paper discusses the 
various types of PMSG with their working principles, 
types of PM's and constructional details of PMSG. The 
PMSG's are used for small as well as large applications 
and some of them are described in this paper. The 
magnetic properties including B-H characteristics of 
various PM's are highlighted and their operating 
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temperatures are specified such that the PM's can be 
chosen wisely for specific temperature related application. 
The PM mainly employs hard magnetic materials hence 
the demagnetization characteristics are also specified in 
detail. The types of PMSG's based on air gap flux are also 
described in detail.The requirement of PMSG for 
renewable energy application especially their uses in solar 
thermal power plant, wind mill application are largely 
considered and a brief discussion on usage of these 
generators is described in this paper. In case of solar 
thermal power plant, steam is produced at high pressure 
and high temperature utilizing solar potential with sun 
tracking mechanism by incorporating heliostat, drives the 
steam turbine coupled with the high speed PMSG 
delivering power to the grid. The PM generator stands out 
in these applications which are discussed in this paper. 

2.   PRINCIPLE OF OPERATION OF PM MACHINE 

In induction motor, when a three phase AC supply is 
connected to the stator windings, a rotating magnetic field 
is produced in the air gap which rotates at synchronous 
speed and Electro Motive Force (EMF) is induced in rotor 
windings. Since rotor windings are short circuited, current 
flows through rotor windings. This current produces an 
electro-magnetic field. The interaction between the two 
fields develops a torque and rotor starts rotating in same 
direction as that of the rotating magnetic field of stator. In 
case of PM generator, the PM rotor is driven by the 
impellor of the turbine inducing three phase EMF across 
the stator winding. Fig.1 shows the PM machine [2].  

 

Fig.1 Permanent magnet machine [2] 

3. DESIGN OF PM MACHINE 

While designing the PM machine, several factors 
termed as design parameters needs to be considered in 
detail.  

A. PERMANENT MAGNET CONSIDERATION: The 
permanent magnet NdFeB (Neodymium-Iron-Boron) and 
SmCo (Samarium-Cobalt) are found suitable for high 
speed machines. However, high speed machines 
incorporate mostly NdFeB, as it has the highest energy 
density and have appropriate characteristics above 1350 K 
as shown in Fig.2. 

 

Fig.2 Magnetization curve for permanent magnets [4]. 
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    The NdFeB is the latest superior PM material which has 
large residual flux density, larger coercivity and the energy 
product is also maximum in comparison with SmCo. 
Besides, if these magnets are not largely demagnetized, 
then they do not require any kind of stabilization. Table I 
shows various types of permanent magnets and their 
properties that are used for generator where B is the 
remanence flux density, H is the coercive field strength, 
product BH is the maximum energy density whereas the 
critical temperature values of PM's are mentioned in Table 
II where TCurie is Curie temperature and Tmax is the 
maximum operating temperature. 

Table I   Permanent magnet with parametric values 

Material Br (T) Hr (kA/m3) BHmax (kJ/m3) 

ALNICO  V 1.280 51 44 

Ferrites 0.385 235 28 

Mn-Al-C 0.560 239 61 

SmCO5 0.870 637 146 

Nd15B8Fe77 1.230 881 290 

Table II   Critical temperature values of permanent magnets 

MATERIAL TCurie (0C and 0 F) Tmax (0C and 0 F) 

Neodymium Iron Boron 310 (590) 150 (302) 

Samarium Cobalt 750 (1382) 300 (572) 

Alnico 860 (1580) 540 (1004) 

Ceramic 460 (860) 300 (572) 

B. MAGNETIC DESIGN DIMENSIONS: 

The basic relationship between the magnetic parameters of 
PM is given in equation (1).  

 

Bg= 𝐵r                                       (1) 

where, Hm = Magnetic height (mm)  

              g  = Air gap (mm)  

              Br = Magnetic remnant flux density (T) 

              Bg = Air gap flux density 

The air gap density and magnet height are the two most 
influential parameters in the PM machine. In order to 
minimize the flux leakage, the air gap is kept as minimum 
as possible which indirectly results in the increase of air 
gap flux density Bg which in turn reduces magnetic losses 
[5]. For the magnetic field to be maintained uniform in 
nature, the magnet height is kept larger by 5-10.  

C. FLUX PATH: 

   The PMSM are mainly classified depending upon flux 
path. The axial flux path, radial flux path and traverse flux 
path are widely recognized. The flux path is generally one 
of the factors being considered for construction of 
generators as the proper selection of flux path makes the 
generator to be extensively used for given application. 
With the development in technological research, various 
topology based on flux path categorization are being tested 
to obtain maximum efficiency. 

1. Axial flux path machine: 
     The PM machines in which the flux is generated in 
axial pattern are known as axial flux path machines. In 
these machines the stator is sandwiched between the two 
rotors. The axial machines have constant air gap and have 
larger radius. These machines are specifically designed for 
higher number of poles, less speed and have a higher 
torque/volume ratio [6]. 

2.    Radial flux path machine: 

       The PM machines which produce magnetic flux in the 
radial direction are known as the radial flux path machines. 
They consist of two rotors and a stator which is made up of 
steel laminations. The back EMF generated in these 
machines is approximately 25% more than that of the axial 
flux path machines. The radial flux path machines have 
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their own advantages in terms of geometry and thus find 
applications in high speed machines. Besides, these 
machines have simple construction as compared to other 
types and have a high torque/mass ratio. Thus, for large 
drive wind turbines, radial flux path machines are 
extensively used [6]. 

3. Transverse flux path machine 
In this type of PM machines, the flux path is in the 

transverse direction perpendicular to the direction of 
rotation of the rotor, hence are called transverse flux path 
machines. These are complex machines which make 
manufacturing process rather complex than any other type 
of machine. These machines are mainly considered for 
higher torque and low to medium speed applications [7]. 

D. ROTOR: 

The rotors of the PM machines are primarily of the 
following types: 

1.  Surface mounted permanent magnet rotor: 

In these machines, the magnets are mounted on the 
surface of the outer periphery of rotor laminations. The 
main advantage of these machines is the simplicity of 
construction and therefore reduction of cost compared to 
other magnets topologies. 

2.  Interior mounted permanent magnet rotor: 

The PM's are located inside the rotor and they can be 
adapted to different shapes depending on the direction of 
magnetization inside the rotor i.e. either tangential or 
radial. These machines have the ability to perform 
reluctance torque due to the different permeance paths that 
they exhibit. They can achieve a high open-circuit air gap 
flux density, especially the ones magnetized tangentially 
and they are protected against demagnetization 
phenomenon and the mechanical stresses. Fig.3 shows the 
interior and surface mounted PM machines [8]. 

 

 

Fig.3 Interior and Surface mounted machine [8] 

     3.  Special mounted permanent magnet rotor: 

 The special mounted PM rotors are not generally used by 
the industrial manufacturers as they become more costly as 
the rotor has to be redesigned carefully according to the 
applications. Thus, for large scale, this type of machine is 
generally avoided as cost becomes a major issue. 

For the rotor design, surface mounted type of PM rotor 
is invariably chosen best for high speed applications as 
they offer high output power, simple and robust 
construction and having less leakage flux compared to all 
the other types. The rotor due to the high speeds 
experience high mechanical stresses. Hence, a sleeve 
structure is included in the design which is made up of 
stainless steel as shown in Fig.4 [9]. The rotor is also 
characterized by Length to Diameter (L/D) ratio having a 
prime importance in the design. 
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Fig.4 Rotor with magnets and sleeve [9] 

E. STATOR: 

The stator for high speed PM machines need to be 
laminated with proper and highly efficient magnetic 
material in order to reduce the losses. The high speed 
machines involve increase in frequency on larger scale. As 
it is known that core losses or the stator losses like eddy 
current or hysteresis loss are directly proportional to the 
frequency, reduction in these losses is very much essential.   

The stator lamination material depends upon the factors 
such as cost of material, saturation limits of core and iron 
or core losses. The laminated low loss silicon steel is used 
for this purpose as the magnetic properties of this material 
are almost independent of the temperature. Thus, 
considering cost and its B-H characteristics for reducing 
the losses, non-grain oriented silicon steel is preferred for 
lamination.  

F.  SLOT DESIGN: 

    At high speeds and high frequencies, the skin effect 
becomes predominant. The eddy currents induced in the 
windings forces the currents to gather in the outer part of 
the conductor thus increasing its resistance and decreasing 
the cross sectional area. Thereafter wide and shallow slots 
are best suited to minimize these ac losses reducing the 

skin effect. In order of the rotor losses, proper slot pole 
number combination should be selected considering 
reducing the rotor as well as the eddy current losses. 

4.   COMPARATIVE ANALYSIS OF PM MACHINES 

The high speed machines have developed a prominent 
force in current day to day drive system. The demand of 
these machines has increased on a massive scale and is 
occupying an ample place in the drive system. The PMSG 
is most demanded machine when it comes in the case 
drives for various applications. The PMSG is the most 
efficient amidst the entire electrical machine. The use of 
high density PM having superior magnetic properties and 
producing even flux distribution has made the PM 
generator outclasses the conventional ones. The generator 
has become a prominent apparatus in direct drive and 
system using a single stage gearbox. The machine does not 
utilize extra power due to absence of field winding in the 
motor. Copper losses and therefore machine heating is 
reduced at a greater extent. The only loss concerned is 
with stator and that can be cooled easily. This makes the 
design simple to some extent. The absence of gearbox and 
rotor winding makes the machine compact and hence 
overall size is reduced. The various flux distribution 
topologies makes the machine available for various high 
and low speed applications. The main disadvantage 
standing out of the machine is the ability of the PM to 
move to demagnetization at high temperatures and high 
speeds. The other disadvantage being the initial cost of the 
machine and with introduction of high cist permanent 
magnets having superior properties increases the overall 
cost. 

While selecting PMSG for specific application, one has 
to consider the following points: 

1) Air gap orientation with respect to the rotational axis: radial 
or axial. 

2) Stator core orientation with respect to the direction of the 
movement: longitudinal or transverse. 

3) PM orientation with respect to the air gap: surface mounted 
or flux concentrating. 
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4) Copper housing: slotted or slotless.  

5.   APPLICATIONS OF PERMANENT MAGNET 
GENERATORS 

Permanent magnet machines are in use for applications 
involving small ratings or very high speed, nearly 2000 to 
50000 rpm, examples being spindle drives, disk drives, 
auxiliary power units and flywheel energy storage 
motors/generators. The classification in air gap flux of PM 
generators has given opportunities for the machine to 
operate in various applications and perform on variable 
speeds. Aircraft power systems, maritime and land based 
applications, wind energy applications, food processing are 
some of its applications. These generators have seen wide 
applications in micro gas turbines and many other 
renewable. The applications of PM generators are vast and 
comprehensive [10]. Few applications are stated next 
where the use of generators is exercised largely in highly 
efficient manner. 

A. High Power Traction Application:  

The trend of hybrid power-train configuration is 
gaining eminence in the today’s world of electrical 
technology, where the natural resources are in the verge of 
depletion and we need a hybrid source of energy which 
will satisfy the demand. Number of generators such as PM 
generators, induction generators and switched reluctance 
generators are being used for the electric hybrid 
applications [11-13]. For the purpose of traction, it 
requires high power which is achieved by the PMSG. It 
also has higher torque, higher power density and high 
efficiency than the conventional generators which provides 
the precise performance. The PM generators can be of two 
type’s viz. Radial Flux Permanent Magnet (RFPM) and 
Axial Flux Permanent Magnet (AFPM). Based on the 
required applications, the use of these generators differs 
from each other. Most commonly used generator is radial 
type as it has less construction cost than axial. The radial 
generators are applicable to the applications where the 
power and torque requirement is low whereas for high 

power and high torque requirement, the axial type 
generators are used. As the size of axial generators is less 
and it has high power density, it can work on various series 
hybrid applications [14-16]. The components of series 
hybrid application are shown in Fig.5. 

 

Fig.5 Components of series hybrid application 

As in Fig.5 we see that axial flux PM is driven by the 
engine and the output of generator is collected which is 
AC and then it is rectified to DC with the help of power 
convertors and then feed to DC bus. Now, the DC bus is 
further connected to other convertor which now converts 
the DC into AC and this AC power is used for the traction 
purpose. 

The requirement of power varies from applications and 
also depends on the type of vehicle being use for a 
particular application. For e.g. if it is for traction 
applications, solar cars, three wheelers, it require power up 
to 20-30 kW where else in case of automobiles it requires 
power up to 100 kW and for the major traction 
applications like caterpillar, etc. the power level is in 
hundreds of kW. 

B. Flywheel Applications: 

Electrical technology for spacecraft is emerging 
promptly. Flywheels are considered to be one of the best 
devices which are used for storage of charge because they 
have several advantages like high energy and power 
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density, more reliable, rate of charging and discharging is 
better than the conventional batteries and has long lasting 
life. The motion and energy of the wheels is used for 
satellite attitude control. By employing PM used as 
Motor/Generator (M/G) in the flywheel machine it will 
provide high speed and high efficiency to flywheel. As 
there are no rotating parts or contacts in the PM rotor, 
losses as well as the mass of flywheel is reduced. It 
requires high electrical frequency of voltages and current 
and it is achieved by PM motor/generator. It also has high 
power to mass ratio, high efficiency as the losses are 
reduced, low Total Harmonic Distortion (THD), low rotor 
losses because of no moving contacts and has high thermal 
endurance. Samarium-Cobalt (SmCo) and Neodymium 
Iron Boron (NdFeB) types of magnets are used in rotor for 
the high output power [17]. 

C. Solar Thermal Application: 

The solar thermal power plants are one of the emerging 
technological applications in modern power generation. 
The solar thermal power plant is now begun seen as 
alternative to conventional photo voltaic power plants 
because of higher efficiency and greater reliability. As the 
steam output from these power plants is at higher pressure 
and higher temperature, the generator should be able to 
rotate at high speeds. For this, the PMSG's are suitable as 
they can rotate at very high or ultra high speeds. 

D. Permanent Magnet Synchronous Generator for Wind 
Turbine Applications: 

As the demand for electricity is increasing day by day 
throughout the world, wind energy is recognized as one of 
the fastest growing power sources in the world. Despite of 
having many circumstances in generation, it has 
contributed 5% of the total electricity worldwide [18-19]. 
When large numbers of Wind Turbines (WT’s) are 
installed in the power system, it is very difficult to monitor 
all the WT's as there is matter of reliability and the 
maintenance of the WT's. To overcome these drawbacks 
the best solution is use of PMSG in the WT's. The use of 

PMSG in the WT's has increased its performance 
reliability and overall efficiency of the WT's. With the help 
of PMSG and convertors circuits it is possible to have 
power generation at variable speed. Main disadvantage of 
the WT is that it has very high maintenance cost, however, 
use of PMSG in WT reduces the maintenance cost [20-21]. 
Fig.6 shows the schematic diagram of a typical PMSG 
wind turbine. 

 

Fig.6 Schematic diagram of a typical PMSG wind turbine 

PMSG's have very light weight, high power density and 
higher torque and that is why they are more preferred than 
the wound rotor generators. More often the PMSG's are 
directly coupled with the WT's eliminating the need of the 
gearbox and its associated cost including maintenance 
work, which increases the system reliability. PMSG's are 
not only used in WT's for the small power generation but 
also for large powers of the order of MW. One of the great 
advantages of PMSG is that it does not need reactive 
magnetizing current. As there is absence of field winding 
in the generator there are no issues of I2R losses increasing 
its efficiency more than 90%. 

E. PMSG for Micro Hydro Power Plant: 

Earlier induction machines were used in the hydro 
power plant turbine, however, with the technological 
advancement in PMSM, they are widely used for the same. 
The basic advantages of PMSG are high efficiency than 
the induction generators and it is delivering high power 
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than conventional ones. Fig.7 shows the block diagram of 
hydro power system. 

 

 

 

Fig.7 Block diagram of hydro power system 

The hydro power system shown in Fig.7 was initially 
using the induction generators but with the development in 
the drives, the PMSG is currently performing the required 
work. The PMSM's does not have the problem of 
malfunctioning of magnets due to overloading of the 
machine whereas the classical synchronous generator have 
these issues. PMSG's are designed to transfer the induction 
machine generators to the permanent magnetic generators 
for the series production. Mainly the electromagnetic 
power of the induction generator depends upon the length 
of the generator but in case of PMSM, if the machine has 
lower length, the reactance of machine is gets decreased 
hence the losses are decreased. Thus the electromagnetic 
power of machine is increased improving the overall 
efficiency of the machine. For having higher power factor 
using induction machine then naturally the volume of the 
machine is increased which implies higher cost of 
machine. However, for having maximum efficiency of the 
machine, it needs to decrease the machine impedance until 
the ratio between voltage and EMF becomes less than one, 
thus naturally the efficiency of machine is increased [22, 
23].  

6.  CONCLUSIONS 

The PMSG's are currently extensively employed in 
several fields and operations including renewable energy 
applications. These types of generators are predominantly 
used in various vital applications due to their several 
advantages. The parameters like less weight and high 
power density makes the machine techno-economical. The 
PMSG's crucial parameters plays an important role for the 
selection of appropriate PM highlighting the magnetization 
characteristics including the properties of the magnetic 
materials. Design parameters e.g. stator, rotor, flux path, 
slot design, etc. of PM machines has been described giving 
the comparative analysis with respect to the conventional 
type machines. The results shows that the PMSG is the 
best amongst the other convention machines. The 
designing of high speed and ultra high speed PMSG has 
been found very important for advance applications which 
needs explaining the magnets, materials utilized with 
optimization of the design. With the further advancement, 
these PM generators will be designed, developed and will 
be used for large scale applications including complex 
systems. The efforts are being made to reduce the losses at 
the minimum possible and thus increasing the overall 
efficiency and operating long term performance. The high 
speed large scale most crucial applications of PMSG 
important for day to day work viz. traction applications, 
solar thermal power plant, wind turbine application, micro 
hydro power plant, flywheel applications, etc. are the 
recent high potential technological challenges for the 
academicians and researchers.  
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