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Abstract -- The price of rare earth metals such as 

neodymium is very unstable and has in recent years increased 

more than 1000%. This leaves the wind power business that 

uses permanent magnet generators with large insecurity. In this 

paper, a generator design with an interchangeable rotor is 

presented, which gives the option of having a rotor with 

different material depending on the current neodymium price. 

Thereby, the wind turbine has the same properties with only the 

generator rotor changing. The suggested alternative, a ferrite 

rotor, is much heavier than a neodymium rotor. The heavy 

ferrite rotor indicates an advantage for the vertical axis wind 

turbine technology with the generator placed on ground level, 

where the weight is not as important as in the hub. Two similar 

generator designs are presented, magnet material differences 

are discussed and the neodymium price limit for when the 

ferrite rotor is to be preferred is calculated. 
 

Index Terms-- Permanent magnet machines, Generators, 

Wind energy, Neodymium, Ferrites, Costs, Simulation, Rare 

earth metals. 

I.   INTRODUCTION 

HE use of permanent magnets for wind turbine 
generators has increased substantially during the last 
years. Several of the large wind turbine manufacturers 

have introduced new products, based on permanent magnet 
(PM) technology. Most, if not all, of these designs have the 
PMs made of Neodymium-Iron-Boron, Nd2Fe14B 
(abbreviated to NdFeB). These magnets include two rare 
earth metals which have varied much in price lately, 
neodymium (Nd) and dysprosium (Dy). The price for Nd 
increased more than 1000% from August 2009 to August 
2011. The large price fluctuations force us to look for 
alternative PM materials.  

China controls 97% of the world’s rare earth elements. 
The supply from China is expected to equal China’s demand 
for rare earth metals already in 2012, according to a report 
from 2010 [1]. The report consists of an in-depth analyze of 
the current situation concerning rare-earth elements. For 
NdFeB PM generators, the price for Nd will have a large 
influence on the production cost for the whole wind turbine. 
The price of other metals, such as copper, is also fluctuating 
but not in these orders of magnitude. The material 
availability and price development of Nd has also been 
discussed in [2]. 

In this paper, a wind turbine design is presented with an 
interchangeable rotor design, eliminating the dependence on 
the unstable neodymium price. Two suggested generators are 
presented with the same stator but interchangeable rotors 
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with different PM material. A ferrite rotor can substitute the 
NdFeB rotor at times when the Nd price is unreasonably 
high, without altering the wind turbine design. 

The NdFeB magnets are preferably surface mounted and 
ferrites preferably buried between pole shoes [3]. This is due 
to the remanence of these two materials. The remanence of 
NdFeB is high so no reinforcement of the flux density is 
needed. For the ferrite magnet the field needs to be 
reinforced, which is effectively done through pole shoes. 
These two different options will be studied in this paper; 
surface mounted NdFeB PMs and ferrite PMs buried in 
between pole shoes. 

The presented generators are designed to be used together 
with a vertical axis wind turbine with the generator at ground 
level [4]-[5]. Therefore, the generator design is not as weight 
sensitive as for a horizontal axis wind turbine where focus is 
placed on designing a generator with low weight in order to 
reduce the hub weight. For a horizontal axis wind turbine, 
ferrites are a less attractive option since it increases the 
generator weight substantially. In 2000, ABB presented an 
innovative wind turbine PM generator design, called 
Windformer, which had ferrites mounted between pole shoes 
and was designed for horizontal axis wind turbines [6]. Other 
applications for ferrite magnets have also been suggested [7]. 

The two generators presented here are rated at 225 kW. 
The NdFeB generator has been built, tested and installed in a 
vertical axis wind turbine [8]. The design method has been 
verified with experiments on several generators [8]-[9]. The 
use of PM generators for wind turbines have been studied by 
several research groups in the past [9]-[11]. Several different 
configurations have been suggested [12-15]. The main 
advantage of PMs over electromagnets is that there is no 
need to electrify the rotor, which practically eliminates rotor 
losses. 

II.   MAGNETIC MATERIALS 

A.   Material Properties 

Properties for three magnet grades of three different 
permanent magnet materials are summarized in Table I.  

 
TABLE I 

COMPARISON OF PM MATERIAL 

Magnet material NdFeB SmCo Ferrite 

Grade N40H 30U Y30 

Remanence, min (T) 1.29 1.08 0.38 

Normal coercivity, 
min (kA/m) 

915 796 240 

Intrinsic coercivity, 
min (kA/m) 

1353 1990 245 

Density 7700 8400 4700 

PM price (EUR/kg)  70a 150b 2.17a 

Material strength Ok Very brittle Brittle 

Corrosion protection Bad, needs 
protective coating 

Very good Very good 

a Based on invoices from Feb 2012. Prices are based on quotes from 
manufacturers and reflects PM price for the presented generators and not 
material price. 
b SmCo price is from July 2011. 
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NdFeB magnets have more than three times higher 
remanence than the ferrite. Magnets made of Samarium-
Cobalt, SmCo, have only slightly lower remanence than 
NdFeB, so a machine design based on SmCo would be pretty 
similar to the NdFeB machine, but require more PM 
material. The price for SmCo is from July 2011. NdFeB and 
ferrites will be further analysed in this paper. 

The ferrite magnet has much lower coercivity than the 
other two magnets, but since ferrite magnets will be placed 
between pole shoes they will be protected against high AC 
field. SmCo is a more brittle material, which can be a 
challenge when mounting the PMs. The main disadvantage 
with PMs made of NdFeB, apart from the varying price, is 
the sensitivity to corrosion, creating a demand for protective 
coating. This also makes them more sensitive to mechanical 
impact, since the coating needs to be kept intact. 

The generators considered here, will work at a modest 
temperature with a minimum of rotor losses. The ambient 
temperature during operation is expected to be between 20 
and 40 degrees, with a control system regulating an air 
heating/cooling system. Therefore, no risk for 
demagnetization due to temperature changes is expected. 

B.   Price Development 

A NdFeB magnet includes two rare earth metals which are 
price sensitive, neodymium and dysprosium. In a NdFeB 
magnet, Nd typically represents about 30% of the weight but 
60% of the cost whilst Dy typically represents only 3% of the 
weight but actually 35% of the cost. The dependency of these 
two rare earth metals makes the NdFeB magnet especially 
market sensitive. Dysprosium is used to achieve a material 
with higher coercivity by supplementing a small part of the 
Nd in NdFeB. In the application considered here, no extreme 
coercivity is needed, so focus is on the Nd price 
development. However, the price development for Dy has 
been similar to the one for Nd and the price for both 
materials has decreased to about half its value the last six 
months (Aug 2011-Feb 2012) [16]. Another aspect is that the 
difference in cost for rare earth metals in China and FOB 
China (export) is large and also varies with time [16]. 

From August 2009 to February 2011 the raw material 

price of PrNd (praseodymium and neodymium alloy price, 

commonly used to predict Nd price) increased steadily 

(pretty much linearly) by 350%. Between February 2011 and 

February 2012 the price for exported Nd metal has been 

changing a lot, see Fig. 1 [16]. In February 2012, the price 

has decreased a bit but it is still high compared to the price in 

2009. The price for PMs for generators is mostly dependent 

on material price but the geometry also has an impact, since 

large magnets usually are desired for large generators and are 

 
Fig 1.  The price development for Nd metal during the last year in EUR/kg 
(99% min FOB China) [16].  

more expensive to manufacture. Other parameters such as 
tolerances (both in remanence and dimensions), magnet 
grade and coating have an impact on the price. The price for 
the NdFeB PMs for the generator presented here is about 2.4 
times higher in February 2012 than it was in July 2010. In 
July 2010 the price per kilogram for such a large magnet was 
approximately 29 EUR/kg and in February 2012 it would be 
about 70 EUR/kg.  

The ferrite price is considered to be fairly stable. 
Therefore, the cost to produce a ferrite generator is easier to 
predict than the cost for a NdFeB generator. Depending on 
how the Nd price varies, different materials might be 
preferable as PM material at different times. 

III.   ELECTROMAGNETIC MODEL 

The electromagnetic design of the generators is found 
from simulations using a two-dimensional model solved with 
the finite element method (FEM). The model is a combined 
field and circuit model solved through time-stepping. The 
simulation model has been described more thoroughly and 
verified with experiments in [8]-[9]. Here, the generator 
presented in [8] is compared to a newly developed generator 
with a rotor with ferrites mounted between pole shoes. The 
generator characteristics were derived by stationary 
simulations during an iterative design process. This paper 
focuses on the electromagnetic design but some issues in the 
mechanical design are also discussed. 

IV.   GENERATOR DESIGN OBJECTIVES 

The NdFeB generator was designed in 2009 to be used 
together with a 200 kW variable speed vertical axis wind 
turbine with characteristics and design objectives presented 
in [8] and [17]. The ferrite machine was designed in 2011 
with the main design objective to achieve as similar 
characteristics as the NdFeB machine as possible. 
 The special design for the generators is motivated and 
described in [8]. The 225 kW generator has to have high 
overload capability and therefore has quite a lot PMs to 
achieve the high desired maximum torque. A generator 
design with a large amount of PMs is of course more 
sensitive for changes in the PM price. The generator should 
have a high efficiency for all variable speeds since it is 
designed for a variable speed turbine. 
 The generator overload capability is used in two different 
ways when the wind turbine is operated. First, it is used to 
control the rotational speed at high power. Second, the 
generator can be connected to a dump load that will brake 
the turbine in a few seconds from any operating regime [8]. 
Thereby an electrical control is established and the overload 
capability makes the operation at rated power level safe and 
reliable. The electrical control substitutes a mechanical 
control, such as a turbine pitch system. Therefore, the 
maximum torque is an important design parameter. 

The design goal was to find generators that have identical 
stators with the same electromagnetic characteristics. The 
generators should have as similar magnetic circuit as 
possible in the stator. The pole shoe width in the ferrite 
machine and the magnet width towards the airgap in the 
NdFeB machine are chosen to be the same. The air gap is the 
same in both generators.  

The inherent difference between salient pole machines 
(ferrite) and non-salient pole machines (NdFeB) means that a 
certain load angle at rated power for both machines will not 
result in the same behavior regarding voltage drop and 



  

maximum torque. It is therefore important to find and 
compare the maximum torque of the machines.  

When designing the ferrite machine, focus has been placed 
on the electromagnetic design. However, the mechanical 
design is also considered. The ferrite magnets and the pole 
shoes are expected to be strong enough for the proposed 
design.  

V.   RESULTS 

A.   Generator Characteristics 

 The rotor of the NdFeB generator (called G1) is equipped 
with large, surface-mounted, high-energy NdFeB magnets. 
The PMs are mounted on a circular iron ring. The rotor of 
the ferrite generator (called G2) has magnets buried between 
pole shoes in order to reinforce the airgap flux. Tangentially 
magnetized magnets are placed between pole shoes with 
every other magnet magnetized in the opposite direction, i.e. 
two north poles will face each other forcing the flux to travel 
through the pole shoe to the stator. The minimum distance 
between two magnets is set to 15 mm for mounting issues. 
The pole shoes are made of solid iron. There is no need to 
laminate the poles since the electrical frequency is low. Pole 
shoes and magnets are mounted on a solid ring made of non-
magnetic aluminum, in order to force the flux to travel 
through the stator. The aluminum ring is then mounted on a 
steel ring connected to the shaft. The ferrite rotor has much 
more material than the NdFeB rotor, both more magnets and 
other parts such as pole shoes and the aluminum ring. 
However, the NdFeB rotor needs to have a supporting 
structure for structural integrity and for both generators the 
iron/steel ring needs to be connected to the shaft. The 
geometry of the two rotors can be seen in Fig. 2. 

The stator consists of steel laminations and stator winding 
of PVC insulated circular cables. The circular cable shape 
gives an evenly distributed electric field and hence makes 
better use of the insulation material [18]. In large machines, a 
cable wound generator is of great interest since it enables the 
use of higher operating voltage than for traditionally wound 
machines [18]. A generator with high rated voltage and 
consequently a low rated load angle has a high maximum 
torque [19]. The generators are rated at 225 kW. The 
generator power rating is given in kW rather than the more 

 

conventional kVA, since the generator will be rectified 
through diodes. The generator characteristics are presented 
in Table II and III, where L-L voltage means line to line 
voltage. 

The properties in Table II are exactly the same apart from 
load angle, cogging and airgap force. The relationship 
between stator iron losses and stator copper losses is the 
same for the two machines, which is important for the two 
generators to have the same efficiency characteristics at 
variable speed operation [20].  

The maximum torque of G1 is 200 kNm, which is more 
than three times the rated torque. The maximum torque for 
G2 is 178 kNm, which is 11% lower, but still sufficiently 
large. The voltage drop at rated load is below 4% for both 
machines. 

 
TABLE II 

GENERATOR ELECTROMAGNETIC CHARACTERISTICS FOR RATED  
SPEED AND POWER FROM STATIONARY SIMULATIONS. 

Characteristic G1 G2 

Active power (kW) 225 225 

Load L-L voltage (V) rms 793 793 

Current (A) rms 164 164 

Electrical frequency (Hz) 9.9 9.9 

Rotational speed (r/min) 33 33 

Torque (kNm) 65 65 

Cogging (% of rated torque) 1.8 1.3 

Electrical efficiency (%) 96.6 96.6 

Stator copper losses (kW) 5.4 5.4 

Stator iron losses (kW) 2.4 2.4 

Load angle (°) 9.6 9.3 

Airgap force (MN/m2) 0.18 0.20 

 
TABLE III 

ROTOR GEOMETRIC CHARACTERISTICS FORM STATIONARY SIMULATIONS. 

Characteristic G1 G2 

Number of poles 36 36 

Magnet dimensions (mm) 19*120*848 100*350*809 

Pole width (mm) 120 120 

Al ring height (mm) - 100 

Iron ring height (mm) 25 25 

Stator length (mm) 848 848 

PM weight (kg) 536 4789 

Total rotor weight, activea (t) 1.7 8.5 

Total rotor weight (t) 3.3 approx. 10.8  

Total generator weight, activea (t) 6.5 13.3 

Total generator weight (t) 13 20.5 
a Active material is material active in the magnetic circuit, see Fig. 2. 

 
Fig 2.  The two generator geometries and magnetic field lines at no load. The NdFeB generator to the left and the ferrite generator to the right. 



  

 The results from Table II show that the goal of designing 
similar generators was achieved. However, the geometry in 
Fig. 2 as well as the results in Table III shows significant 
differences in geometry and weight. This is due to the 
difference between NdFeB and ferrite in remanence, 
permeability and mass density.  

In order to achieve a generator design with as similar 
properties as possible concerning overload capability, load 
angle and voltage level, the rotor of G2 will be slightly 
shorter than for G1 at 809 mm compared to 848mm. The 
same stator of 848 mm will still be used. 

B.   Generator Comparison 

The electromagnetic properties was shown in section V.A. 
to be the same or similar for the two different rotors having 
the same stator. However, the rotor geometry and mechanical 
design is different, see Table IV. The ferrite rotor weighs 3.3 
times more than the NdFeB rotor. The ferrite magnets weigh 
8.6 times more than the NdFeB magnets.  
 

TABLE IV 
COMPARISON OF THE TWO GENERATORS WITH DIFFERENT 

PM MATERIAL FOR 225 KW MACHINES.  

Characteristic G1 G2  G2 rel. G1 

Magnet type NdFeB Ferrite  

Power rating (kW) 225 225 1 

PM weight (kg) 536 4589 8.6 

Rotor weight (t) 3.3 10.8 3.3 

PM weight/Total generator 
weight (active) 

0.08 0.36 4.5 

PM weight/Total generator 
weight 

0.04 0.23 5.8 

Shaft eigen freq., rel. G1 1 0.55 0.55 

PM price, Feb 2012 (EUR) 37520 10392 0.28 

 
The active material in the rotors, i.e. material that is part 

of the magnetic circuit, consists of PMs and iron ring for the 
NdFeB generator and PMs and pole shoes for the ferrite 
generator. The aluminum ring and iron ring in the ferrite 
rotor are part of the passive material. Both generators will 
need additional supporting material as well as a shaft. The 
total rotor weight for G1 is known and for G2 it has been 
approximated.  

A heavier rotor changes the torsional eigen frequency for 
the two mass system turbine-shaft-generator rotor. The eigen 
frequency for torsional vibrations will be lower for the 
heavier rotor so the shaft needs to be dimensioned a little 
more conservatively for safe operation with the ferrite rotor 
[21]. However, the dimensioning factor for the shaft is not 
only the eigen frequency, but also for instance buckling. For 
the interchangeable rotor idea to work, the shaft needs to be 
designed conservatively or alternatively two different shafts 
could be considered. 

Another difference between the two rotor types which 
needs to be considered is the gravitational force that the 
thrust bearing will be subject to. Furthermore, the heavier 
rotor will affect the control system, making the speed control 
smoother for the larger inertia but more power will be 
required to start the wind turbine [22]. 

In order to choose which rotor is most economical to build 
at a certain time, the price for manufactured PMs of NdFeB 
at that time needs to be compared to the price for ferrite 
PMs, see Fig. 3. The triangle indicates the NdFeB price in 
July 2010 of 29 EUR/kg and the square shows the price in 
February 2012 of 70 EUR/kg. The price for PMs for the two 
machines is the same at a NdFeB PM price of 19 EUR/kg. In 
February 2012, the price for the PMs in a ferrite rotor was 
28% of the price for NdFeB PMs. 

 
Fig 3.  Price for PMs for the two 225 kW generators depending on the price 
for NdFeB magnets. The ferrite PM price is assumed constant at 2.17 
EUR/kg. The triangle and square indicate NdFeB PM prices at certain 
times.  
 

When deciding which generator to build other things 
needs to be considered as well, such as mounting issues for 
ferrites and pole material which would make the ferrite 
generator cost increase a bit. However, with the price level of 
February 2012, a ferrite machine should definitely be 
considered.  

VI.   DISCUSSION 

The ferrite generator design is based on the NdFeB 
generator design. The ferrite machine might have been 
designed differently if it didn’t need to have the same 
properties as the NdFeB machine. For instance a larger outer 
diameter might have been chosen for the ferrite generator, to 
increase the minimum width of the pole shoes to more than 
15 mm. However, this would not alter the conclusions drawn 
from the presented analyze, since the PM weight is highly 
dependent on the output voltage and maximum torque. 
Furthermore, by having a different stator the idea with the 
interchangeable rotor has to be dismissed. 

It could also be of interest to consider using SmCo, which 
has more price stability. As the Nd price varies, SmCo might 
become an interesting alternative to NdFeB. The SmCo 
magnets would also be surface mounted and the design 
would be similar to the NdFeB design except for slightly 
larger magnets (thicker) needed to achieve the same airgap 
flux. However, the brittleness of SmCo needs to be 
considered. The price for SmCo is not compatible with the 
price for ferrites.  

Mounting aspects needs to be considered when deciding 
the generator design. It might be more difficult to mount and 
hold together the ferrite solution. Furthermore, the ferrite 
magnets are quite large and will probably need to be 
manufactured and mounted in segments.  

The maximum torque for the ferrite machine is 11% lower 
than for the NdFeB machine. The maximum torque is 
roughly proportional to the PM weight, especially if 
geometrical constraints such as generator length, outer 
diameter and airgap are set, so the ferrite generator should 
have roughly 11% more PM weight to be comparable. 
However, this was difficult to achieve with the fixed 
geometrical constrains. The overload capability of the ferrite 
generator is high enough for the application. 

VII.   CONCLUSIONS 

The choice of PM material for PM generators is highly 
dependent on the political and economical price development 
of the magnet material. The increased demand for 



  

neodymium from the wind power sector is expected to stay 
high. The current investigation has shown that PM machines 
can be built with different types of material. For a vertical 
axis wind turbine, having the generator at ground level, the 
NdFeB and the ferrite rotor can be interchangeable. This 
would have a small effect of the shaft design, which could be 
designed to handle the heavier generator. Thereby, a vertical 
axis wind turbine could be sold with the, for the time being, 
cheapest rotor. For a horizontal axis wind turbine, on the 
other hand, the raw material price changes have a larger 
implication as a NdFeB rotor is much preferred. For 
conventional turbines, the generator design is highly focused 
on decreasing the hub weight and a weight increase will 
affect the rest of the structure. Thus, the possibility to have a 
ferrite generator is a clear cost advantage for the vertical axis 
wind turbine technology, especially if the Nd price stays 
high. 

It has been shown that a machine with similar 
electromagnetic properties can be built with two different 
rotor designs, mainly differing in rotor weight. The choice 
between them depends on the magnet material price. 
Thereby, the generator price becomes easier to predict. 

The results from Fig. 3, showing an intersection at 19 
EUR/kg, can be used as a tool for designing the generator as 
cost efficiently as possible taking the current neodymium 
price into account. Results from this paper can thereby be 
used as a guideline for what PM material to choose.  
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