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Abstract 
 
This thesis focuses on the electromagnetic design of light weight and high power density 

superconducting synchronous machines for 10 MW class wind turbine generators. Wind energy 
is well known as a clean energy source, and the installation of wind energy turbines is 
increasing annually worldwide. The size of wind turbines has also increased from an 
economical point of view. Direct-drive, low speed, and high torque systems are often adopted 
for multi-MW class wind turbines because higher efficiency and lower maintenance are 
expected. There are several proposals for generators that deliver over 10 MW of power.  
However, a generator’s weight and tower cost increase with its power generating capacity. It is 

important to develop lightweight and high power density generators for large capacity wind 
turbine generators.  

High-temperature superconducting (HTS) technology is one of the key solutions. 
Superconducting wind turbine generators have the potential to realize compact and high power 
density generators, and have been actively studied throughout the world. In general, these 
generator structures are made of superconducting field coils and copper armature windings. 
Fully superconducting generators that have superconducting field and armature windings have 
the potential to be more compact, and have higher output density generators than other 
machines owing to air gap reduction. However, fully superconducting generators have the 
technically challenging issue of how to reduce AC loss at the superconducting armature 
windings. If multifilament MgB2 superconducting wires are applied to the superconducting 
generators, it is possible to reduce the AC losses. 

This research has three main purposes, namely (1) to develop the world’s first fully 
superconducting generator that has YBCO field coils and MgB2 armature windings, (2) to 
develop the electromagnetic design of three types of superconducting generator and a permanent 
magnet-type wind turbine generator and (3) to investigate the electromagnetic characteristics of 
10 MW class direct-drive wind turbine generators by using generator size, weight, HTS wire 
length, generator losses, and so on.

In Chapter 1, we present the introduction of this study. First, the current status of global wind 
energy installation and large-scale wind turbine generator systems is described. Next, 
superconducting wind turbine generators are introduced as a solution to the issues after 
explaining the challenging technical issues associated with generators in the over 10 MW class.  

 The four wind turbine generators that we focused on were 
investigated using finite-element method (FEM) analysis, a conventional permanent magnet 
generator, a salient pole superconducting generator, non-salient pole superconducting generator, 
and a fully superconducting generator.  
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 Chapter 2 refers to design conditions for 10 MW class wind turbine generators. First, we 
present initial design conditions such as output power and current voltage. Next, four generator 
structures and their cooling system design schemes are described. Then, the design concepts for 
generator components are explained.  

Chapter 3 describes the electromagnetic design of a permanent magnet type synchronous 
generator (PMSG). The PMSG characteristics were investigated with 2D finite element method 
analysis (FEM). The calculation results showed that there are many technical challenges to 
realizing 10 MW class PMSGs from the perspectives of generator efficiency, weight, and cost. 
 Chapter 4 shows the electromagnetic design of salient pole-type superconducting generators 
(S-SCG) with 2D FEM. Two types of generators with different pole numbers and outer 
diameters were designed and investigated. The results showed that S-SCG can reduce by over 
30% of the generator diameter when compared to PMSG. Also, S-SCG was found to be suitable 
for the design of multiple and larger diameter structures. 
Chapter 5 explains the electromagnetic design of non-salient pole-type superconducting 

generators (NS-SCG) with 2D FEM. Two types of NS-SCG having different diameters were 
designed. The generator characteristics showed that both NS-SCG structures require over 1000 
km of YBCO wires because of its air-cored structure. Their generator characteristics showed 
that both NS-SCG structures had many technical challenges. 
Chapter 6 focuses on the electromagnetic design of fully superconducting generators (FSCG), 

which is the original work of this study. Electromagnetic design and characteristics of the FSCG 
have been investigated using 2D FEM. Two types of FSCG were designed. Because of the air 
gap length reduction, the required length of HTS wire was reduced in spite of its air-cored 
structure. While the required length of the HTS wire was less than 200 km, the generator 
diameter was 4.0 m. FSCG is therefore considered to be a good candidate for the 10 MW class 
wind turbine generator system. 

In Chapter 7, we compare the electromagnetic characteristics of four designed wind turbine 
generators in terms of generator diameter, weight, HTS wire length, generator loss, and so on. 
The results show that the FSCG and the S-SCG are the best candidates for 10 MW class 
offshore wind turbine generators from the size and cost perspective. 
In Chapter 8, we conclude this paper and discussed future works of this study.  
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Chapter 1 

Introduction 
1-1. Wind Energy 
1-1-1. Global Installation Status 
 Wind generation is known to be one of the clean energy sources in use. The Global Wind 
Energy Council (GWEC) reports that the installation of wind energy facilities has increased 
annually worldwide, as shown in Fig. 1-1. The global wind power market somewhat recovered 
during 2011 because of improved economic climates in a number of national markets. The 
market grew by approximately 6% compared to 2010, and the 40.5 GW of new wind power 
brought on line 2011 represents investments of more than 68 billion dollars [1]. 
 

 
Fig.1-1. Annual world total installation of wind turbines [1]. 

 

1-1-2. Increase of Output Capacity 
Fig. 1-2 shows the dependence of output on wind turbine size [2]. The unit capacity of a 

windmill has increased, and the installation of fewer large-scale wind turbines is advantageous 
from an economic point of view as it leads to reduction in the use of power transmission cables 
and a more effective use of installation sites. Tsukamoto’s group showed that a 10 MW class 
wind turbine can generate higher output than that of five 2 MW class wind turbines [3]. Also, 
the ability to implement large wind turbines is one of the major factors behind the decision to 
install wind turbines offshore as well as onshore.  

Fig. 1-3 shows the wind speed distribution at different heights above ground [4]. The wind 
speed exponentially increases above 50 m because there are usually no obstructions to wind at 
those heights. In addition, the theoretical output of a wind turbine is found as that shown below.  
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Fig.1-2 Dependence of the output of wind turbine size [2]. 

 

 

Fig.1-3. Example of wind speed distribution [4]. 
 
where Cp (≈ 40–50%), ρ [kg/m3], D [m], and v [m/s] are the coefficients of the output, air 
density, rotor diameter, and wind speed, respectively. This equation shows that the output power 
of a wind turbine is proportional to the square of the rotor diameter and the third power of the 
wind speed. When installing wind turbines, it is better to place them on “high and windy” places. 
To date, the targeted output of large-scale wind turbines is 8–10 MW. However, a European 
project named “UpWind (2006–2011)” is investigating the possibility of realizing 20 MW class 
wind turbine generators [2].  

1000 m

100 m
50 m

Distribution of  
wind speed
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Tsukamoto’s group compared the advantages of 10 MW class wind turbine installation over 
those of 2.5 MW class generators at the same location [5]. They chose two types of Japanese 
onshore sites (Fig.1-4). The first one had strong prevailing winds, whereas the other had no 
prevailing winds. Wind turbines with diameter D [m] were placed at distances of 3D and 10D. 
Table 1-1 shows the estimated results of the total output of both types of wind turbine. The 
results show that if both generators are placed at locations with prevailing wind, they can 
generate higher energy than the location without prevailing winds. Also, some 10 MW class 
wind turbine generators can generate higher energy than what is realized using several 2.5 MW 
class wind turbines. If the tower height is also considered, the total output energy of some 10 
MW class wind turbines will increase. This report shows that many 10 MW class wind turbines 
should be installed at sites with prevailing wind. 
 

         
(a)                                (b) 

Fig.1-4.Wind turbine arrangements for two types of sites. (a) site with strong prevailing winds. 
(b) site without prevailing winds. 

 
Table 1-1 Estimation results after the installation of some 10 MW or 2.5 MW class wind 

turbines at two types of sites. 

Installation Site Number of Wind Turbines 
Total Output 

(); consideration 
with turbine height 

Prevailing Wind   

A: 7.02 × 3.6 km2 
10 MW × 42 

2.5 MW × 135 
420 MW (567 MW) 

337.3 MW 

B: 7.02 × 7.02 km2 
10 MW × 70 

2.5 MW × 243 
700 MW (945 MW) 

607.5 MW 

No Prevailing Wind   

C: 7.02 × 7.02 km2 
10 MW × 4 
2.5 MW × 9 

40 MW (54 MW) 
22.5 MW 

  

Prevailing Wind Direction
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1-1-3. Wind Power Systems 
1-1-3-1. Induction Generator Systems 
 In Fig. 1-5, there are three types of wind turbine generator systems with induction generators. 
The squirrel-cage induction generator (SCIG) has some merits from the perspective of cost and 
simplicity of the structure (Fig. 1-5(a)). However, it is difficult for SCIG to generate electrical 
energy in the region of low wind speed. Thus, SCIG systems are not applied to large-scale wind 
generation systems such as those that are 5 MW class. A “wound-rotor induction generator 
(Wound rotor-type induction generator; WRIG)” is an induction generator with a wound rotor 
(Fig. 1-5(b)). Its rotation speed is controlled by changing the frequency of the induced current in 
the rotor winding using the power converter. It enables efficient operations better than SCIG. In 
recent years, the doubly fed induction generator (DFIG) shown in Fig. 1-5(c) has enabled 
variable speed operation by the installation of a power converter (rotor side) on the secondary 
side, and its use has rapidly expanded in the market. In the present market, Repower and 
Sinovel are the major companies that have adopted the over 5 MW class induction generator 
wind power system (Table 1-2). All of the generator systems are developed with DFIG. 
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(a) Squirrel-cage induction generator system (SCIG) 

(b)  

 
(c) Wound rotor induction generator system (WRIG) 

 

 
(c) Doubly fed induction generator system (DFIG) 

Fig.1-5. Wind turbine generator systems with induction generators [6] 
 
 

Table 1-2. Over 5 MW class induction generator systems [7] 

Manufacturer Model Capacity (MW) Type Status 

Sinovel SL5000 5.0 DFIG Prototype installed in 2010 

Sinovel SL6000 6.0 DFIG Prototype installed in 2011 

Repower 5M 5.0 DFIG Commercially available 

Repower 6M 6.15 DFIG Commercially available 
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1-1-3-2. Synchronous Generator Systems 
Synchronous generators having a DC field rotor induce an AC voltage based on the frequency. 
The frequency is proportional to the rotational speed of the rotor blade on the armature 
windings. After generating the output power, its frequency is translated to a system frequency 
(50 or 60 Hz). As a result, synchronous generator systems have the advantage of being easily 
acceptable by the power system. The synchronous generators currently used are 
“synchronous generator wire-wound (electrically excited synchronous generator (EESG))” 
and “Permanent magnet synchronous generator (PMSG)” shown in Fig. 1-6. The PMSG has 
the advantage of reducing copper loss on the rotor side. Two types of operation systems 
currently employ EESG or PMSG. One is the direct-drive system, which is directly connected 
to the generator and rotor blades. The other is driven with a single-stage gear box between the 
rotor blades and generators. The direct-drive systems are expected to have high efficiency, low 
noise, and high reliability by omitting the gearbox. In other words, maintenance for 
direct-drive systems is easier than that for geared systems. However, the rotational speed tends 
to be very low (of the order of several tens of rpm), which often results in multipole and 
high-torque structures. Table 1-3 shows over 5 MW class synchronous generator systems. The 
synchronous generator system having the highest output capacity is E-126, which was 
developed by Enercon [8]. Its output capacity is 7.5 MW and the diameter is 12 m. Many 
companies have been developing synchronous generator systems with PMSG in order to 
realize higher system efficiency.  
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(a) Electrically excited synchronous generator system (EESG) 
 

 
(b) Permanent magnet geared synchronous generator system (Geared PMSG) 

 

 
(c) Permanent magnet synchronous generator system(DD-PMSG) 

Fig.1-6. Wind turbine generator systems with synchronous generators [6] 
 

Table 1-3. Over 5 MW class synchronous generator systems [7] 

Manufacturer Model Capacity (MW) Type Status 

Enercon E-126-7.5 7.5 EESG Commercially available 

Vestas V-164-7.0 7.0 PMSG Prototype expected for 2014 

Siemens SWT-6.0-120 6.0 PMSG Prototype installed in 2011 

Alstom Wind - 6.0 PMSG Prototype expected for 2012 

 
 
 
 



Chapter 1 Introduction 

8 
 

1-1-4. Challenging Issues Affecting the Development of Over 8 MW Class Wind Turbine 
Generator 
 The installation of 5 MW class systems currently costs approximately 62 billion US dollars 
(1234 USD/kW) [9]. Fig. 1-7 shows the components of Repower’s 5 MW class wind turbine 
systems with an induction generator, and Table 1-4 shows the cost ratio of the systems. The 
most expensive component is the tower, which incurs 26.3% of the total cost. The cost of tower 
enhancements increases with the generator size and weight. Also, there are structural and 
technical limitations for the tower to support nacelle weight. The technical limitation is 
currently being worked upon, and one of the challenging issues being faced with over 8 MW 
wind turbine generators is in determining how to develop generators that have high output and 
are lightweight at the same time. 

 

Fig.1-7. Components of 5 MW wind turbine developed by Repower [9] 
 

 

 

 

Pitch System

Rotor Blades

Generator
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Table 1-4. The ratios of the 5 MW wind turbine developed by Repower [9] 

Components Ratio (%) 

Tower 26.3 
Rotor Blades 22.2 

Gearbox 12.91 
Power Converter 5.01 

Transformer 3.59 
Generator 3.44 

Main Flame 2.8 
Pitch System 2.66 
Main Shaft 1.91 
Rotor Hub 1.37 

Nacelle Housing 1.35 
Brake System 1.32 
Yaw System 1.25 

Rotor Bearings 1.22 
Cables 0.96 

1-2. Superconducting Wind Turbine Generators 
 High-temperature superconducting (HTS) technology is considered to be a key solution that 
can mitigate this problem. There are ongoing studies worldwide into the development of wind 
turbine generators using superconducting magnets, and some merits of superconducting wind 
turbine generators are as follows: 
 
 It has a more compact and lighter structure than conventional machines 
 A generator with higher efficiency is available because there are no joule losses in the 

superconducting coil. 
 
In general, superconducting wind turbine generators have three structures, namely nonsalient 

pole-type superconducting generator (NS-SCG), salient pole-type superconducting generator 
(S-SCG) and fully superconducting generators (FSCG). Usually, the S-SCG and NS-SCG have 
superconducting field coils and copper armature windings. On the other hand, the FSCG has a 
superconducting field and armature windings. All of the structures have been applied to 
direct-drive synchronous generator systems from the perspective of low maintenance cost and 
higher efficiency. So far, these structures have been globally studied, and the output has been set 
at 10 MW. The current status of the research and development of the superconducting wind 
turbine generator is introduced in the next section.  
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1-2-1. Current Status of Research and Development 
1-2-1-1. Non-salient pole type Superconducting Generator (NS-SCG) 

Fig. 1-8 shows the scheme of the NS-SCG. This structure as well as superconducting field 
coils and copper armature windings have been studied in many countries. The structure is often 
designed as an air-cored structure. In 2010, a research group at the Technical University of 
Denmark (DTU) published the first paper with a 10 MW class superconducting generator [10]. 
They used Bi-type HTS wires for the field coils and copper armature windings. While the outer 
diameter is 4.7 m, the weight is 88 tons. AMSC has also developed a generator with parameters 
of almost 5.0 m and 188 tons, respectively [11]. On the other hand, Enercon has developed a 7.5 
MW class conventional synchronous generator with diameter and weight of 12 m and 220 tons, 
respectively [12]. These comparisons show that the NS-SCG structure has a significantly 
smaller generator size and weight even though it has a higher output power than conventional 
machines. However, this generator requires a large number of HTS wires (length of 
approximately 1450 km) because of its air-cored structure and larger air gap of 110 mm, as 
shown in Table 1-5. An air-cored structure implies that large flux leakage occurs in field coils. 
In order to increase the effective flux to the armature windings, the magnetic motive force 
should be increased. In other words, long of HTS wire is required. In addition, the larger air gap 
also results in the increase in the number of HTS field coils. When NS-SCG is designed, the 
mechanical air gap between HTS field coils and copper armature windings should be considered 
for the thermal insulation layer and cryostat wall. When compared to conventional generators, 
the air gap tends to be large, thereby resulting in a large quantity of field coils. The research 
group of Niigata University and Changwon National University set the air gap to be 80 mm and 
70 mm, respectively [13, 14]. They reduced the YBCO wire length to less than 600 km. 
However, even with this length, the cost of developing and operating the generator remains 
high. 
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Fig.1-8 Scheme of the NS-SCG [10] 

 
Table 1-5. Specifications of NS-SCG [10, 11, 13, 14] 

Groups DTU AMSC Niigata Univ. Changwon National Univ. 

HTS Wires BSCCO YBCO YBCO YBCO/BSCCO 
Operating Temperature [K] 20 30 20 20 

Output Power [MW] 10 10 10 10 
Poles 16 24 8/12 24 

Rated Speed [rpm] 10 - 10 10 
Outer Diameter [m] 4.7 4.5–5.0 3.67 5.3/6.7 

Length [m] 1.15 - 1.5 0.5/0.2 
Gap between field  

and armature conductors [mm] 110 - 80 70 

Max. Magnetic Field [T] 9.1 - 9.59/10.4 8.23/5.46 
Length of HTS wires [km] 1450 - 574/770 586/222 

Weight [tons] 88 180 60.6/63.7 147/196 
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1-2-1-2. Salient pole type superconducting generator (S-SCG) 
A group at the Tokyo University of Marine Science and Technology has been investigating 

wind turbine generators with S-SCG [15, 16]. Fig. 1-9 shows the cross section of S-SCG. This 
structure can effectively use magnetic flux because of a lot of iron presence, and because the air 
gap length is reduced to approximately 15 mm. This, in turn, results in a reduction of HTS wire 
length. The YBCO wire length is less than 50 km, as shown in Table 1-6. This result is a 
significantly lower value than that of NS-SCG. In addition to the reduction of YBCO wire 
length, S-SCG can operate with higher temperatures such as 30 K or 65 K because the 
maximum magnetic field generated by field coils is as low as 1.9 T. The cooling power for HTS 
wind turbine generators can therefore be reduced. Table 1-7 shows the analysis results of 
generator losses. These results indicate that the iron and copper losses and mechanical losses are 
the same; however, the cooling system losses are inversely proportional to the increase of 
operating temperature. In other words, the cooling systems for lower temperatures require 
higher input power, and affects almost 1% of the generator efficiency. From the perspective of 
generator size, this structure tends to be larger than that of NS-SCG because of its multipole 
structure. For the machine using YBCO at 77 K, the diameter becomes 12 m, which is the same 
as that of E-126, which is manufactured by Enercon. There are also other machines with 
diameter of 8 m, which is almost one and a half or two times as large as the diameter of 
NS-SCG. For S-SCG, there is, therefore, a tradeoff between generator cost and size. 
  

 

Fig. 1-9 Cross section of S-SCG [15] 
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Table 1-6 Electrical design results of S-SCG with BSCCO and YBCO [15, 16] 

HTS Wires BSCCO YBCO YBCO YBCO 

Operating Temperature [K] 30 65 77 77 
Output Power [MW] 10 10 10 10 

Poles 60 60 64 96 
Rated Speed [rpm] 10 10 10 10 
Outer Diameter [m] 8.0 8.0 8.0 12.0 

Length [m] 1.19 1.19 1.15 0.5 
Max. Magnetic Field [T] 1.9 1.9 1.9 1.9 

Length of HTS Wires [km] 22 45 134 109 
Weight [tons] 149 151 134 103 

 
Table 1-7 Losses of S-SCG with BSCCO and YBCO [15, 16] 

Generator Load BSCCO YBCO YBCO YBCO 

Poles 60 60 64 96 
Iron Loss [kW] 31 31 34 34 

Copper Loss [kW] 307 307 300 289 
Stray Loss [kW] 13 13 13 19 

Mechanical Loss [kW] 19 19 19 20 
Cooling Power [kW] 89 36 29 29 

Efficiency [%] 95.6 96.1 96.2 96.2 
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1-2-1-3. Other Structures 
 General Electric (GE) has been involved in the development of superconducting wind turbine 
generators with low temperature superconducting (LTS) wires (Fig. 1-10) [17]. They have 
applied MRI coil fabrication techniques into wind turbine generators. The remarkable point of 
this structure is (1) the use of LTS wires and (2) the outer rotor structure. As mentioned in the 
previous section, all of the superconducting wind turbine generators are designed with HTS 
wires, such as YBCO and BSCCO. The use of LTS wires such as Cu-(NbTi) has some 
advantages from the perspective of reduced cost and the technical know-how of existing 
technologies. Second, the presence of the outer rotor structure means that LTS field coils are 
fixed, whereas the armature winding sides are rotating. This structure is derived from MRI 
magnets, which are operated at 4.2 K. In general, the outer rotor type structure has many 
challenging issues such as its armature slip ring design, cooling system design for 4.2 K, and so 
on. Table 1-8 shows some generator specifications. The diameter and armature core length are 
4.83 m and 1.88 m, respectively, which means that the 10 MW generator is a more compact 
structure than S-SCG. Also, the generator’s weight is 145 tons. The generator performance has 
also been investigated at full and partial load. Table 1-9 shows the losses of this generator. 
According to this data, slip ring losses and cooling system power account for less than 1% of 
the rated power, and the total efficiency is around 95%. However, this report shows only 
estimations, but the structure of the cooling system is not clear. The progress of this generator 
design is as expected. 
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(a) 

 

(b) 
Fig.1-10. Scheme of superconducting wind turbine generator with LTS wires. (a) the 

arrangement of generator in nacelle and (b) the cross section of the generator. 
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Table 1-8 Specifications of GE’s generator [17] 

Parameter Value 

LTS Wires Cu-(NbTi) 
Operating Temperature [K] 4.3 

Rated Power [MW] 10 
Rated Speed [MW] 10 

Poles 36 
Rated Line-Line Voltage [V] 3300 

Rated Current [A] 1750 
Armature Core Outer Diameter [m] 4.83 

Armature Core Length [m] 1.88 
Gap between field and armature conductors [mm] 90 

Max. Magnetic Field [T] 7.35 
Length of LTS Wires [km] 720 

Weight [tons] 145 

 
Table 1-9 Breakdown of generator losses [17, modified] 

Generator Load 100% - 10MW 50% - 5 MW 25% - 2.5MW 

Turbine Speed [rpm] 10 7.9 6.3 

Armature winding DC Loss [kW] 363 144 57 

Armature AC Loss [kW] 56 35 22 

Armature Yoke Loss [kW] 5.7 4.5 3.6 

Armature Teeth Loss [kW] 5.6 4.5 3.5 
Armature Core 

Clamp loss [kW] 2.1 1.3 0.8 

Field AC Loss [kW] 2.6 2.1 1.6 
Armature  

Slip Ring Loss [kW] 4.6 2.9 1.8 

Friction and Windage Negligible Negligible Negligible 

Cryocooler Power (3) [kW] 22.5 22.5 22.5 

Cooling Air Blowers [kW] (6) 39 (4) 26 (2) 13 

Total Loss [kW] 501 243 126 

Efficiency [%] 95.2 95.4 95.2 
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1-2-2. Challenges for the Future 
 As shown in the previous sections, NS-SCG and S-SCG are well-known structures used in 
superconducting wind turbine generators. On the other hand, the FSCG structure, which has a 
superconducting field and armature windings, is a potential candidate for wind turbines. This air 
gap of this structure can be reduced, and there is some potential to design a compact generator 
requiring fewer HTS wires because the superconducting field and armature windings are put 
into the same cryostat. However, this structure has important challenging issues, such as AC 
loss, which is proportional to the frequency and the strength of the magnetic field. In general, 
superconductors have hysteresis characteristics like magnetic materials. If HTS wires are 
applied into armature windings, its AC loss can be quite high. One of the effective ways used to 
reduce AC loss is the use of HTS wires with a multifilament structure. MgB2 is a good 
candidate for HTS wire that satisfies this requirement. For example, in 2010, MgB2 wire with 
105 A/cm2 at 20 K and 3 T were introduced by NIMS [18]. This wire has 19 filaments and the 
diameter is almost 1.3 mm. Also, the total cost of MgB2 wire is somewhat cheaper than that of 
YBCO and BSCCO. In addition, the direct-drive type synchronous generator system is operated 
with low frequency. 

 

If we use MgB2 wire for armature windings of FSCG, it will be possible to 
realize direct-drive synchronous generator systems, which are compact, lightweight, and less 
costly. 

1-3. Aim of This Study 
 There are many challenging issues involved in the development of large-scale wind turbine 
generators with superconductors. The aim of this study is summarized as follows:  
 We propose the world’s first fully superconducting wind turbine generator structure using 

YBCO field coils and MgB2 armature windings 
 We developed an electromagnetic design of three types of superconducting and permanent 

magnet-type wind turbine generators. 
 We investigated the electromagnetic characteristics of 10 MW class direct-drive wind 

turbine generators in terms of generator size, weight, HTS wire length, generator loss, and 
so on. 
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1-4. Thesis Outline 
 Fig. 1-11 shows an overview of this thesis. This thesis comprises eight chapters. 

Chapter 1 introduces this study. First, the current status of global wind energy installation and 
large-scale wind turbine generator systems are described. After explaining challenging technical 
issues regarding the over 10 MW class wind turbine generators, superconducting wind turbine 
generators are introduced as a solution.  
 Chapter 2 discusses design conditions for 10 MW class wind turbine generators. Four 
generator structures and their component design conditions are described in this chapter. To 
evaluate these generators in uniform conditions, design parameters are defined. 
 Chapter 3 presents the electromagnetic design of permanent magnet-type synchronous 
generators (PMSGs). Electromagnetic design with 2D finite element method analysis (FEM) is 
performed and the generator characteristics are investigated. 
 Chapter 4 shows the electromagnetic design of salient pole-type superconducting generators 
(S-SCG). Electromagnetic design with 2D FEM is performed, and the generator characteristics 
are investigated. 
Chapter 5 shows the electromagnetic design of non-salient pole type superconducting 

generators (NS-SCG). The electromagnetic design is performed using 2D FEM analysis, and the 
generator characteristics have been investigated. 
Chapter 6 shows the electromagnetic design of FSCG. An electromagnetic design was 

developed with 2D FEM analysis, and the generator characteristics are investigated. 
Chapter 7 compares the electromagnetic characteristics of four designed wind turbine 

generators in terms of generator diameter, weight, HTS wire length, generator loss, and so on. 
Chapter 8 concludes the paper and presents future works to be done. 
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Fig.1-11. Overview of this thesis 
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Chapter 2  

Design Conditions for 10 MW class Wind Turbine Generators 
2-1. Basic Characteristics of 10 MW class Wind Turbine Generators 

Table 2-1 shows the initial design conditions of 10 MW class wind turbine generators. Four 

generators: a permanent magnet-type synchronous generator (PMSG), a salient pole-type 

superconducting generator (S-SCG), a non-salient pole-type superconducting generator 

(NS-SCG), and a fully superconducting generator (FSCG) have been designed under the initial 

conditions. PMSG is particularly designed for comparison with superconducting and 

conventional machine characteristics. These generators are three-phase direct-drive synchronous 

machines, and result in low-speed and high-torque operation systems (Fig. 2-1). The rotation 

speed is 10 rpm because of the actual mechanical size of 10 MW class turbine blades. The rated 

line-to-line voltage and line current are set as 3.3 kVrms and 1.75 kArms, respectively.  

 

Table 2-1. Initial design conditions of 10 MW class wind turbine generators 

Output power 10 MW 

Rated voltage 3.3 kVrms as line-to-line voltage 

Rated current 1.75 kArms as line current 

Rated revolutions 10 rpm 

 

 
Fig. 2-1. Direct-drive wind turbine system. “G” is the synchronous generator which is directly 

connected with the rotor blades.  

G
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2-2. Fundamental Structures for 10 MW class Wind Turbine Generators 

2-2-1. Permanent Magnet Type Synchronous Generators (PMSG) 

6 MW class PMSGs have been developed by several research groups of companies and 

universities worldwide [19]. Fig. 2-2 shows a conceptual illustration of a PMSG having a rotor 

with permanent magnets. On the other hand, copper distributed armature windings are applied 

to the stator side. Back and rotor iron are used for magnetic shielding and to ensure the effective 

use of the magnetic flux. Because of the large quantity of iron, the multipole structure is suitable 

for this generator. The permanent magnet rotor enables copper-loss reduction, and is expected to 

have efficiency higher than a machine rotor made of copper windings.  

However, the PMSG structure requires a large amount of iron and permanent magnets. It can 

be still a heavyweight and high-cost machine. In particular, the market price of rare earth 

materials for PM is not currently stable. Also, the generator size will be over 10 m. Therefore, 

the development of 10 MW class conventional synchronous generators with high output density 

is considered to be challenging. 

 

 
Fig. 2-2. Cross section of a PMSG 
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2-2-2. Salient Pole Type Superconducting Generators (S-SCG) 

The cross section of an S-SCG is shown in Fig. 2-3. The field coil is designed with 

high-temperature superconducting (HTS) wires, but the armature windings are made of copper 

and have a distributed structure. The S-SCG structure requires a large quantity of iron to enable 

the effective use of the magnetic flux, as is the case with PMSG; a multipole structure is 

therefore suitable for S-SCG. Also, this structure can reduce the air gap between the rotor and 

stator. In other words, it is possible to use less HTS wire, which will result in reduction in the 

generator cost. In addition, it is possible to realize a smaller current density, which will lead to it 

operating at a temperature higher than that of other superconducting generator structures. The 

cooling system for the superconducting field coils is assumed to be the conduction cooling 

system shown in Fig. 2-4. The red rectangles indicate the cryostat walls for superconducting 

field coils. 

However, the size of the S-SCG tends to be larger because of its multipole structure. In 

addition, the generator’s weight will increase owing to the greater use of iron. There is, 

therefore, a tradeoff between the generator size and cost. 

 

 
Fig. 2-3. Cross section of an S-SCG 
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Fig. 2-4. Cooling system of the S-SCG structure. The red rectangles represent the cryostat 

walls of the superconducting field coils. 

 

2-2-3. Non-salient Pole Type Superconducting Generators (NS-SCG) 

Fig. 2-5 shows a nonsalient pole-type superconducting wind turbine generator (NS-SCG). This 

generator also has HTS field coils and copper distributed armature windings, as with the PMSG 

and S-SCG structures. To effectively use the magnetic flux generated by the HTS field coils, 

iron is inserted in the machine rotor side (Rotor iron). The stator of the NS-SCG is an air-cored 

structure, and it is lighter than that of S-SCG. Back iron covers the stator as magnetic shielding. 

However, there tends to be a lot of magnetic flux leakage due to the air-cored structure, thereby 

requiring a large quantity of HTS wire. Therefore, the generator cost will increase. In order to 

keep the HTS wire length to a minimal, a low pole number is suitable for this generator 

structure. Also, the use of many HTS wires will generate a higher self-magnetic field. In some 

cases, the magnetic flux density may exceed 8.0 T, meaning that it is difficult to design a 

mechanical supporting structure for the HTS field coil. This is one of the challenging issues 

facing NS-SCG design. With respect to its cooling systems, the field coil is also assumed to be 

conduction cooling, as shown in Fig. 2-6.  
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Fig. 2-5. Cross section of an NS-SCG 

 
Fig. 2-6. Cooling system of the NS-SCG structure. The red rectangles indicate the cryostat walls 

of superconducting field coils. 
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2-2-4. Fully Superconducting Generators (FSCG) 

A fully superconducting generator (FSCG) is shown in Fig. 2-7, and is expected to be 

lightweight and reduced in size. This generator has an air-cored structure, which allows lesser 

usage of iron, making it more lightweight than iron-cored machines. A small air gap reduction is 

another advantage of this structure because the field and the armature windings are placed into 

the same cryostat. A decrease of the total diameter is also possible.  

However, the loss of AC is one of the challenging issues affecting this structure. In order to 

resolve this issue, an FSCG is designed with HTS field coils and MgB2 concentrated armature 

windings, as shown in Fig. 2-5. In this structure, concentrated armature windings are used to 

create a simple cryostat design. The armature windings with MgB2 can contribute to reduction 

in AC loss because of its multifilament structures. Also, a lower pole number is suitable for 

FSCG because the AC loss is proportional to the frequency. In addition to AC loss reduction, 

the low pole number has another merit of reducing the HTS wire length, thereby resulting in a 

reduced generator cost. Also, the cooling method for these superconducting coils is assumed to 

be a conduction cooling structure with refrigerant, as shown in Fig. 2-8. 

 

 

Fig. 2-7. Cross section of an FSCG 
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Fig. 2-8. Cooling system of the FSCG structure. The red lines indicate the cryostat walls for 
superconducting field coils and armature windings. 
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2-3. Design Conditions for Generator Components 

2-3-1. Field Coils 

Fig. 2-9 shows the outline of the HTS superconducting field coil for three superconducting 
wind turbine generators. YBCO superconducting wires are used with this structure because of 
their good mechanical strength and good Jc–B characteristics in stronger magnetic fields. The 
field coil structure is shaped like a racetrack, and its cross section is assumed to have a square 
shape. The packing and load factors for YBCO superconducting field coils are set as 0.5 and 0.8, 
respectively.  

The specifications of YBCO were from Superpower, as shown in Fig. 2-10 [20]. The cross 

section of this wire, w × t, is 4.0 × 0.1 mm2. The FSCG will be operated at 22 K because of the 

Jc–B characteristics of the MgB2 armature windings. The NS-SCG structure is also set at 22 K 

because a high critical current density is required with the high magnetic field at the field coils. 

On the other hand, the superconducting field coils of the S-SCG will generate a lower 

self-magnetic field, and can be operated at a temperature higher than the NS-SCG and FSCG. 

33 K was chosen considering the interaction between the Jc–B characteristics of the YBCO 

wires and the cooling system input for the S-SCG.  

 

Fig. 2-9. Outline of superconducting field coils  

 

When we estimate the total YBCO wire length for superconducting field coils, LYBCO [m], the 

following equations are used: 

 NlPL YBCOYBCOYBCO ××=  (2.1)  

 
( )

wt
WTNYBCO ×

××
= 5.0  

(2.2)  

 
where P, lYBCO, NYBCO, T [mm], and W [mm] are the pole number, average length, number of 
YBCO conductor, and height and width of the superconducting field coils, respectively. 
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(a) 

 

 
(b) 

Fig. 2-10. Specifications of YBCO superconducting wire whose Jc is 310 A/w-cm (77 K, 0T) 
[20]. (a) and (b) show a diagram of the wire and Ic–B characteristics, respectively. 
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2-3-2. Armature Windings 

2-3-2-1. Coil Conductor with Cu 
The three types of wind turbine generator, PMSG, S-SCG, and NS-SCG, have copper armature 
windings, and their packing factor, λ, is 0.5. The current density of copper, JCu, is assumed to be 
3 A/mm2. The conductor size is defined using equations such as 

 
J
I

S
Cu

Cu =  (2.3)  

 λ÷== Sdw Cucc  (2.4)  

  
where I [A], SCu [mm2], wc [mm], and dc [mm] are line current (1750 A), copper cross section, 
conductor width, and length, respectively. 
 

2-3-2-2. Coil Conductor with MgB2 Superconducting Wires 
 As explained in section 2-2-4, multifilament MgB2 wire is suitable for the FSCG structure 
because of the AC loss reduction. The armature windings for the FSCG are made of MgB2 
superconducting wires, which were introduced by NIMS in 2010 [21]. This wire has 19 MgB2 
filaments, and they are surrounded by Cu and Cu–Ni (Fig. 2-11). This wire is fabricated by an 
internal Mg diffusion (IMD) process. Table 2-2 shows the geometrical specifications of the 
MgB2 wire. The diameter D of this wire is almost 1.3 mm. The shape of the MgB2 
superconductor filaments is a hollow cylinder, with inner and outer radii (Ri and Ro) of 25 μm 
and 37.5 μm, respectively. Fig. 2-12 shows the Jc–B characteristics of the MgB2 windings. Even 
under conditions of 20 K and 3.0 T, Jc exceeds 105 A/cm2, which means that this wire has good 
performance in stronger magnetic fields.  
  

                  

(a)                                       (b) 
Fig. 2-11. Cross section of MgB2 superconducting wires with 19 filaments. (a) general view and 
(b) extended figure of an MgB2 filament [21]. 
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Table 2-2. Geometrical specifications of the MgB2 wire 

Diameter, D [mm] 1.3 

Number of filaments 19 

Outer filament radius, RO [μm] 37.5 

Inner filament radius, 
Ri [μm] 

25 

 

 
Fig. 2-12. Specifications of MgB2 superconducting wire [21, modified]. 

 
When the armature windings are fabricated with the 19-filament MgB2 wire, their conductor 

cross section, SA_MgB2, is set with the following equations: 
 

 ( )RiRoJI CC
2219 −×××= π  (2.5)  

 II Cα=  (2.6)  
 

I
In max=  (2.7)  

 






×






×=

λ
π

nD
S MgBA 2

2

2_  (2.8)  
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where Ic [A], α, n, Imax [A], and λ are critical current, load factor (0.8), conductor number, 
current amplitude (2475 = 1750*√2), and packing factor (0.5), respectively.  
Using the values in Table 2-2 and equations (2.4)–(2.7), the armature conductor sizes with 

MgB2 are obtained as in Table 2-3. Two types of conductors which depend on the external 
magnetic flux density (1.5 or 2.0 T) have been designed. 
 

Table 2-3. Specifications of MgB2 armature conductors  
under two different magnetic field conditions 

B [T] 1.5 2.0 

Jc [A/m2] 2.7 × 109 2.0 × 109 
Ic [A] 125.9 93.3 
I [A] 100.7 74.6 

n 25 34 
SA_MgB2 [mm2] 8.1 × 8.1 9.5 × 9.5 
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2-3-2-3. Coil End Structure 
 The shape of Cu armature windings is assumed to be like that in Fig. 2-13. This coil is 
considered to have a diamond structure (Fig. 2-13(a)), and it is important to understand how to 
deal with the coil-end structure. In this thesis, the copper armature coil resistance, including the 
coil end, is defined from geometrical equations as follows:  
 

 ( ) NPqlL
S

R endeff
Cu

CuU ×××+×= 42
1

ρ  (2.9)  

 ( )
ϑcos

2
a

lend =  (2.10)  

 
where RU [Ω], ρCu [Ωm], Leff [m], lend [m], q, P, and N are coil resistance per phase, copper 
resistivity, effective length, coil end length, slot number, pole number, and number of copper 
conductors, respectively. The optimized value, θ = 50°, was chosen in this thesis. On the other 
hand, the MgB2 armature windings are such concentrated winding structures that these 
equations are not required. This means that the armature winding is racetrack-type, as is the case 
with the superconducting field coils. 
 

  

(a)                                  (b) 
Fig. 2-13. Diagram of copper armature windings 
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2-3-3. Back and Rotor Iron 

 
Fig. 2-14. Diagram of back and rotor iron design 

 
 Back and rotor irons have been designed for magnetic shielding. First, the iron is filled in the 
rotor and stator part, as in Fig. 2-14. After obtaining an output power of over 10 MW using the 
numerical calculations, the iron is reduced as follows. 
 
1. Reduce the cross section of superconducting field coils until the output power reaches 10 

MW. 
2. Reduce the back iron from the outer diameter side, while maintaining an output power of 

10 MW. The back iron thickness should therefore be maintained for an output of over 10 
MW. If the output falls to 9.9 MW, the back iron thickness will be increased until the power 
again increases to 10 MW. 

3. Reduce the rotor iron using the same method as with the back iron. 
 
In the case of the FSCG structure, the maximum magnetic flux density at the MgB2 armature 

windings should be considered because of the Jc–B characteristics at the operating temperature. 
 

2-4. Summary of Chapter 2 
This chapter explained the design conditions of four 10 MW class wind turbine generators, 

namely PMSG, S-SCG, NS-SCG, and FSCG. We first showed uniform design conditions and a 
direct-drive system. Next, we presented illustrations of four generators. The third section 
showed the design conditions for generator components such as superconducting field coils, 
armature windings, and back/rotor irons. Finally, we introduced the cooling systems for the 
generators.  

Electromagnetic characteristics of these 10 MW class wind turbine generators obtained by 
performing FEM analysis will be investigated in the next chapter. 

Back Iron

Rotor Iron Reducing
①

②

③
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Chapter 3  

Electromagnetic Design of  

Permanent Magnet type Synchronous Generators 
3-1. Steady State Analysis 
3-1-1. Analysis Models and Conditions  
This chapter deals with the electromagnetic design and characteristics of permanent magnetic 

synchronous generators (PMSG) using two-dimensional FEM analyses. Fig. 3-1 shows the FEM 
analysis model of PMSG. As mentioned in chapter 2, this structure is suitable for multipole 
structures. Hence, a pole number of 60 was chosen considering the converter frequency of 5 Hz. 
The outer diameter is defined around 10 m on the basis of a study by a Chinese and Dutch group 
[22]. The air gap was set as 15 mm on the basis of the value in low-speed and multipole 
synchronous machines, such as water turbine generators [23, 24]. As shown in chapter 2, the 
thickness of the back iron is infinitely large in radial direction. Also, the rotor is filled with iron. 
The two irons are reduced in the calculation process.  
 

 

Fig. 3-1 FEM analysis model of the PMSG (1/30 periodic model).  
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3-1-2. Analysis Results 
3-1-2-1. Generator Dimensions and Outputs 

Table 3-1 explains the generator dimensions and output characteristics of PMSG. Finally, the 
stator diameter and effective length reached 13.1 m and 1.12 m, respectively. Also, the 
thicknesses of the back/rotor irons are 380 mm and 160 mm, respectively. The generator size is 
almost the same as a 7.5 MW class electrical excited synchronous machine made by Enercon.  
 Fig. 3-2 shows the magnetic flux density distributions for the PMSG. The maximum magnetic 
flux density Bmax is 1.8 T. This value appears to be higher than that of conventional PM-type 
generators because of the widespread use of PM. In particular, the magnetic flux is concentrated 
on the part with the generator teeth. Figs. 3-3–3-5 show the output waveforms of the torque, line 
current, and phase voltage in steady state, respectively. All of them included harmonics, and 
many spikes were observed in the torque. To estimate the generator output, the amplitude of the 
fundamental wave was estimated using the Fourier transform. Finally, using the fundamental 
factors of current and voltage, we obtained an output power of 10.0 MW. The results show that 
this PMSG satisfies the initial design conditions in chapter 2. 
 

Table 3-1. Generator dimensions and output characteristics of the PMSG. 

Stator diameter [m] 13.1 
Rotor diameter [m] 6.0 
Effective length [m] 1.12 

Air gap [mm] 15 
Pole number 60 

Armature conductor dimension [mm2] 33.9 × 35.4 
Slot number/phase, pole 3 

Slot size [mm2] 35 × 141 
Thickness of back iron [mm] 380 
Thickness of rotor iron [mm] 160 

Bmax [T] 1.8 
Output power [MW] 10.0 

Load line-to-line voltage [kVrms] 3.34 
Line current [kArms] 1.77 
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Fig. 3-2. Magnetic flux density distribution of the PMSG in steady state 
 

 
Fig. 3-3. Output torque of the PMSG. 
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Fig. 3-4. Output current of the PMSG. 
 

 
   Fig. 3-5. Output phase voltage of the PMSG 
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3-1-2-2. Synchronous reactance 

 
Fig. 3-6. Equivalent circuit for a non-salient pole type synchronous machine 

 
Fig. 3-7. Phasor diagram for a non-salient pole type synchronous machine 

 
Synchronous reactance is calculated using the previous data and the circuit and phasor 

diagrams shown in Figs. 3-6 and 3-7, respectively. In particular, it is assumed that the 
synchronous reactance, Xs [Ω], of the armature winding is larger than the armature resistance.  
 First, using Kirchhoff’s law, the circuit equation in Fig. 3-6 is expressed as follows: 

VL

R

jXLoad

I
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jXs
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 VIXjE Lso  =−  (2.1).  
 ( )IjXRV LoadL  +=  (2.2).  

 
where Eo [Vrms], I [Arms], VL [Vrms], R [Ω], and XLoad [Ω] are open phase voltage, line current, 
loaded phase voltage, load resistance, and reactance, respectively. In addition, j is an imaginary 
number. 
 Substituting (2.2) into (2.1), the upper equations are summarized as follows: 
 

 ( )IjXRIXjE Loadso  .+=−  (2.3).  

 
Hence, the equation is  
 

 ( ){ }IXXjRE Loadso  .++=  (2.4).  
 
Now, Eo and I are respectively expressed as follows: 

 
 ( ){ }δϕ += jEE oo exp2  (2.5).  

 
II 2=  (2.6).  

 
where φ is the phase between EO and VL. On the other hand, δ is the load angle with R and XLoad. 
 Substituting (2.5) and (2.6) into (2.4), the equation can be written as follows: 
 

 ( ){ } ( ){ }XVjRIjE Loadso ++=+ 2exp2 δϕ . (2.7).  

  
Using Euler’s law, the upper equation is summarized by  
 

 ( ) ( ).)sin()cos( XXjRj
I

E
Loads

o ++=+++







δϕδϕ  (2.8).  
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Now, this equation can be divided into real and imaginary parts as follows: 
 

 ( ) ,cos RI
Eo =+








δϕ  (2.9).  

 ( ) ( ).sin XXI
E

Loads
o +=+







δϕ  (2.10).  

 
By taking summation after squaring them, the following equation is obtained. 
 

 
22

2

)( XXRI
E o

LoadS ++=






  (2.11).  

 
Finally, Xs can be obtained using the following equation: 
 

 

XRI
EoX LoadS −−








= 2

2

. (2.12).  

 
 When XS [Ω] is expressed with a per-unit system, the synchronous reactance, xS [p.u.], is 
obtained using the following equation. 
 

 








=

I
V
Xx

L

S
S . (2.13).  

 
Table 3-2 shows the calculated synchronous reactance and its parameters. The value appears to 

be a little higher than the value for real, conventional, and low-speed synchronous machines 
such as hydro turbine generators (0.97) because of the widespread usage of back/rotor irons [25]. 
This value is defined as a standard value for this thesis, and will be compared with more 
recently developed superconducting synchronous machines.  
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Table 3-2. Synchronous reactance and calculated parameters. 

Calculated Parameters  

Open phase voltage: Eo [Vrms] 3376 
Load phase voltage: VL [Vrms] 1928 

Line current: I [Arms] 1772 
Load resistance: R [Ω] 1.07 

Load reactance: XLoad [Ω] 0.126 

Synchronous Reactance  

XS [Ω] 1.45 
xS [p.u.] 1.33 
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3-1-2-3. Copper and Iron Losses 

 
Fig. 3-8. Calculation areas of generator losses for the PMSG (1/30 periodic model).  

 
This section focuses on the generator losses. Two types of losses were investigated, namely the 

three phase copper loss, WCu, and the iron loss, WFe. Fig. 3-8 shows the calculation areas of the 
generator losses for the PMSG. WCu is calculated using I [Arms] and the armature resistance per 
phase, RU, as follows: 
 

 
IRW UCu

23 ××= . (2.14).  

 
As shown in Fig. 3-8, the calculation area of WFe indicates the back iron part and the loss 

indicates hysteresis losses. WFe is estimated using the hysteresis curve shown in Fig. 3-9. The 
portion of the plot above 2.0 T was estimated using the B–H curve of 50JN1300, which is 
manufactured by JFE steel [26].  

Table 3-3 shows the estimation results for the two losses. Compared to the losses, the ratio of 
WCu was somewhat higher than that of WFe, and this was because of the very low rotation speed 
and frequency. However, the sum of these values was over 400 kW, meaning that the maximum 
generator efficiency of the PMSG is almost 96%. If other losses, such as mechanical or rotor 
iron losses, are added, the efficiency may decrease to around 90%. This value was somewhat 
lower than that of other conventional multi-MW class wind turbine generators. 

Calculation area of WFe

Calculation area of WCu
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 (a) 

        
       (b) 

Fig. 3-9. Hysteresis curve of back iron. (a) shows the curve up to 1.5 T, and (b) shows the curve 
up to 2.4 T. 

 
Table 3-3. Calculation results of copper and iron losses 

Armature resistance per phase: RU [Ω] 0.041 
Line current: I [Arms] 1772 

Three phase Copper loss: WCu [kW] 386 
Iron loss of the back iron: WFe [kW] 17.1 
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3-2. Discussions of the Generator Performances 
 The electromagnetic characteristics are summarized in Table 3-4. The results show that the 

development of a 10 MW class wind turbine generator with PM presents many challenging 
issues on account of its efficiency, weight, and cost. As shown in the previous section, the 
efficiency may be approximately 90%. With respect to the generator weight, the total weight of 
the PMSG is 231.7 tons. However, if we consider the materials that make up the mechanical 
supporting structures, the weight will exceed 250 tons. On the basis of this result, the weight of 
nacelle is estimated to be over three times higher, i.e., 750 tons. In the case of E-126 by Enercon, 
the nacelle weight is estimated to be around 712 tons. To date, it has been difficult to develop 
this generator because of the weight. In addition, the current market price of rare earth materials 
for PM is not stable.  
 

Table 3-4. Electromagnetic characteristics of the 10 MW class PMSG. 

Generator PMSG 

Stator Diameter [m] 13.1 
Effective length [m] 1.12 

Output [MW] 10.0 
Line current [Arms] 1.77 

Line-to-line voltage [Vrms] 3.34 
Pole number 60 
Air gap [mm] 15 

Operating temperature [K] 300 
Rotor Field PM 

Armature conductor Cu 
Coil current density [A/m2] 3×106 

Packing factor 0.5 
Wire length [km] 3.7 

Bmax [T] 1.8 
Synchronous reactance [pu] 1.33 

Copper loss [kW] 386 
Iron loss [kW] 17.1 

Weight  

Irons [tons] 198.7 
Copper [tons] 19.9 

Permanent magnet [tons] 13.1 

Total weight [tons] 231.7 
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3-3. Transient Analysis for Three-phase Short-Circuit Problems 
3-3-1. Analysis Models and Conditions 
One of the challenging issues affecting the design of large-scale wind turbine generators is 

realizing a machine design that counters excessive torque caused by short-circuit problems. This 
problem occurs in cases involving lightning strikes on wind turbines. The electromagnetic force 
generated by a short-circuit current would lead to electromagnetic and mechanical problems 
such as torque transmission between the machine rotor and rotor blade. In particular, the 
maximum transient torque of large-scale direct-drive wind turbine generators may be very high 
because of its low-speed and higher-torque design. Therefore, current-limiting control would be 
important for the mechanical design of the generators. This section deals with the most serious 
case of sudden three-phase short-circuit problems. 
Fig. 3-10 shows the equivalent circuit of sudden three-phase short-circuit problems for 

synchronous generators using copper armature windings. Initially, the generators are operated in 
the steady state. After several cycles of the generator frequency, which depends on the generator 
poles, the two switches are closed and a sudden three-phase short circuit occurs.  
 

 
Fig. 3-10. Equivalent circuit of sudden three-phase short-circuit problems for synchronous 
generator using copper armature windings.  
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3-3-2. Analysis Results 
 Fig. 3-11 shows the magnetic flux density distribution of the PMSG. When compared with Fig. 
3-2, the difference is clear. The magnetic field on the stator side is random and its strength is 
very low. This is because the magnetic fields of PM and short-circuit currents are compensated.  
 Figs. 3-12 to 3-14 show the waveform of transient torque, line current, and phase voltage at 
armature windings, respectively. Each value eventually converges from the transient state. The 
maximal transient torque is almost 17.0 MNm. The value is 70% higher than that of the rated 
value of 10.0 MNm. Also, the torque converges until it is less than 50% of the rated value. With 
respect to the transient current, the maximum value increases at 5770 Amax, which is over 130% 
of the maximum rated value of 2494 Amax (= 1750 Arms). After the transient state, the current 
converges at around 4000 Amax.  
 

 
Fig. 3-11. Magnetic flux distribution of the PMSG in short-circuit state 
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Fig. 3-12. Short-circuit torque of the PMSG. 

 

Fig. 3-13. Short-circuit current of the PMSG. 
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Fig. 3-14. Short-circuit phase voltage of the PMSG. 

 
3-4. Summary of Chapter 3 
 This chapter showed the electromagnetic design of a 10 MW class PMSG with 2D FEM 
analysis. First, the steady state of the generator performance has been investigated. The results 
show that the PMSG has many challenging problems from the efficiency viewpoint, weight, and 
cost. The generator losses, including copper and iron losses, totaled almost 400 kW, which 
means that the generator efficiency decreases with only two losses, and would result in an 
efficiency of around 90% when all of the losses are included. Also, the generator and nacelle 
weight would exceed 250 and 750 tons, respectively. It is difficult to reduce the cost of the 
tower using conventional technologies. Also, the weight of the permanent magnet would be 
over 13 tons. The cost of PMs is currently unstable, and at times can be very high. 
 Second, we investigated the transient analysis for the sudden three-phase short-circuit 
problems. The results show that the transient torque and current are 70% and 130% higher than 
the rated values, respectively. 
 On the basis of the data presented in this chapter, the electromagnetic characteristics of 
superconducting wind turbine generators will be investigated in subsequent chapters. 
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Chapter 4  

Electromagnetic Design of  

Salient Pole type Superconducting Generators  
4-1. Steady State Analysis 
4-1-1. Analysis Models and Conditions  

This chapter focuses on the electromagnetic design of salient pole-type superconducting 
generators (S-SCG). We investigated the two-dimensional FEM analysis using J-MAG. Fig. 4-1 
shows the 2D FEM analysis model for the S-SCG.  
 As shown in chapter 2, this structure requires a large amount of iron, and should have a 
multipole structure. Two types of S-SCG are designed in this chapter. One is S-SCG-A, which 
has 36 poles and an air gap of 15 mm. The other is S-SCG-B, which has 60 poles and an air gap 
of 15 mm. The S-SCG-B is designed to have a diameter of around 8.0 m on the basis of values 
reported by other groups [15, 16]. On the other hand, the design concept of the S-SCG-A aims 
to realize a more compact structure, such as around 5.0 m. However, a smaller diameter results 
in a decrease in the pole number. The air gap values used for both generators were obtained 
from water turbine generators, such as the PMSG in chapter 3. The operating temperature is set 
as 33 K. 

 
Fig. 4-1. FEM analysis model for the S-SCG (Periodic model). 
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4-1-2. Analysis Results 
4-1-2-1. Generator Dimensions and Outputs 
 Table 4-1 shows the generator dimensions and output characteristics of the S-SCG. The 
diameter of the S-SCG-A and S-SCG-B are 5.45 m and 8.2 m, respectively. However, the 
effective length of the S-SCG-A exceeded twice that of S-SCG-B. Also, the back/rotor irons of 
S-SCG-A were thicker than those of S-SCG-B because the magnetic flux in the irons induces a 
large loop in the case of the low pole machines. Many irons are therefore needed to prevent 
magnetic flux leakage to the outer side. On the other side, both generators successfully obtained 
output power of 10.0 MW with diameters that were over 30% less than that of the PMSG 
structure in chapter 2. Fig. 4-2 shows magnetic flux density (B) distributions of FSCG-A. A part 
of the rotor iron was saturated because of the higher magnetic field generated by YBCO field 
coils, which was the same as that in case of S-SCG-B. Figs. 4-3 to 4-5 shows output waveforms 
of torque, current, and voltage of two S-SCG structures. Both wave included harmonics, but the 
waveform of S-SCG-B, which has 60 poles, contained fewer harmonics than that of S-SCG-A 
with 36 poles. In the case of the torque, as shown in Fig. 4-3, the amplitude of the torque ripple 
for S-SCG-B was reduced when compared with that of S-SCG-A. Also, the voltage and current 
waveform of S-SCG-B were close to that of a sinusoidal wave. It was therefore possible to 
realize an improvement of the output waveform. 
 

Table 4-1. Generator dimensions and output characteristics of the S-SCG 

Generator S-SCG-A S-SCG-B 

Stator diameter [m] 5.45 8.2 
Rotor diameter [m] 4.82 7.66 
Effective length [m] 2.83 1.21 

Air gap [mm] 15 15 
Pole number 36 60 

Field coil dimension  10 × 20.7 10 × 16.5 
Armature conductor dimension [mm2] 33.9 × 35.4 33.9 × 35.4 

Slot number/phase, pole 2 2 
Slot size [mm2] 35 × 147 33 × 148 

Thickness of back iron [mm] 150 116 
Thickness of rotor iron [mm] 200 150 

Bmax [T] 2.6 2.4 
Output [MW] 10.0 10.1 

Line-to-line voltage [kVrms] 3.29 3.31 
Line current [kArms] 1.77 1.77 
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Fig. 4-2. Magnetic flux density distribution of the S-SCG in steady state. This figure is for the 
case of S-SCG-A. 
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        (a) S-SCG-A 

  

    (b) S-SCG-B 
Fig. 4-3. Output torque of both S-SCGs. (a) and (b) are the output characteristics of S-SCG-A 
and S-SCG-B, respectively. 
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        (a) S-SCG-A 

 

  (b) S-SCG-B 
Fig. 4-4. Output currents of both S-SCGs. (a) and (b) are the output characteristics of S-SCG-A 
and S-SCG-B, respectively. 
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        (a) S-SCG-A 

 

  (b) S-SCG-B 
Fig. 4-5. Output phase voltages of both S-SCGs. (a) and (b) are the output characteristics of 
S-SCG-A and S-SCG-B, respectively. 
  

-3,000 

-2,000 

-1,000 

0 

1,000 

2,000 

3,000 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Vo
lta

ge
 (V

)

Time (s)

-3,000 

-2,000 

-1,000 

0 

1,000 

2,000 

3,000 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Vo
lta

ge
 (V

)

Time (s)



Chapter 4 Electromagnetic Design of Salient Pole type Superconducting Generators 

55 
 

4-1-2-2. Synchronous reactance 

 
Fig. 4-6. Equivalent circuit for a salient pole type synchronous machine. 

 
Fig. 4-7. Phasor diagram for a salient pole type synchronous machine. 

 
 In this section, we analyze the synchronous reactance of the two S-SCG structures. In general, 
the equivalent circuit and phasor diagram for salient pole-type synchronous machines are 
different from those of the nonsalient pole-type shown in chapter 3. Figs. 4-6 and 4-7 show the 
equivalent circuit and phasor diagram for salient pole-type machines. The generator 
characteristics should be considered using d and q axis as in the figures.  

First, using Kirchhoff’s law, the circuit equation in Fig. 3-4 is expressed as follows: 
 

 ( ) VIjXIXXjE Lqdqdo  +=−−  (4.1).  
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 ( )IjXRV LoadL  +=  (4.2).  

 
where EO [Vrms], I [Arms], VL [Vrms], R [Ω], and XLoad [Ω] are open-phase voltage, line current, 
loaded-phase voltage, load resistance, and reactance, respectively. Also, j is an imaginary 
number. 
 Substituting (2.2) into (2.1), the upper equations are summarized as follows: 
 

 ( ) ( )IjXRIjXIXXjE Loadqdqdo  .++=−−  (4.3).  

So, the equation is  
 

 ( ) ( ){ }IXXjRIXXjE Loadqdqdo  .++=−−  (4.4).  
 
Now, Eo , I , and I d are respectively expressed as follows: 

  
 

EE oo 2=  (4.5).  

 ( ){ }δϕ +−= jII exp2  (4.6).  

 ( )






−+=

2
expsin2 π

δϕ jII d  (4.7).  

 
where φ is the phase between EO and VL. On the other hand, δ is the load angle with R and XLoad. 
 Substituting (4.5), (4.6), and (4.7) into (4.4), the equation can be expressed as follows: 
 

 ( ) ( ) ( ){ } ( ){ }δϕδϕ +−++=+−− jIXXjRIXXE Loadsqdo expsin . (4   

  
Using Euler’s law, the right side of (4.8) is summarized as follows:  
 

 ( ){ }
( ){ }.)sin()cos(

)sin()cos()(

δϕδϕ
δϕδϕ

+−+++

++++=

RIIXXj
IXXRIRight

Loadq

Loadq
 (4.9)   
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By comparing the real and imaginary parts of (4.8) with those of (4.9), the following two 
equations are obtained. 
 

 ( ) ( )
( ) )sin()cos(

sin

δϕδϕ
δϕ

++++=

+−−

IXXRI

IXXE

Loadq

qdo
 (4.10).  

 
( ) )sin()cos(

0
δϕδϕ +−++= RIIXX Loadq

 (4.11).  

 
Using (4.10) and (4.11), Xd and Xq can be obtained as follows: 
 

 
X

R
I

EX Load
o

d −
+

−
+

=
)tan()sin( δϕδϕ

, (4.12).  

 ( ) .tan XRX Loadq −+= δϕ
 

(4.13).  

 
When Xd [Ω] and Xq [Ω] are expressed for the per-unit system, the two synchronous reactances 
xd [p.u.] and xq [p.u.] are obtained using the following equation. 
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(4.15).  

 
Table 4-1 shows the calculated synchronous reactance and its parameters. The results show 

that xd is lower than that of the PMSG because of the reduced generator size and quantity of 
materials. Also, S-SCG-B has a value that is 1.3 times higher than that of S-SCG-A, which is 
owing to their different load reactances. This value is related to the generator frequency. The 
frequency is estimated from the generator pole number and rotation speed, and results in 3.0 Hz 
for S-SCG-A and 5.0 Hz for S-SCG-B, respectively. Because S-SCG-A has a frequency lower 
than that of S-SCG-B, the values of xd and xq are low. 
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Table 4-2. Synchronous reactance and calculated parameters. 

Generator S-SCG-A S-SCG-B 

Open phase voltage: Eo [Vrms] 2047 2226 
Load phase voltage: VL [Vrms] 1899 1910 

Line current: I [Arms] 1772 1774 
Load resistance: R [Ω] 1.07 1.07 

Load reactance: XLoad [Ω] 0.0283 0.11 
Phase between Eo and VL : φ [deg] 14.58 18.9 

Load angle: δ [deg] 1.51 5.87 

Synchronous Reactance   

Xd [Ω] 0.43 0.57 
xd [p.u.] 0.4 0.52 
Xq [Ω] 0.28 0.38 

xq [p.u.] 0.26 0.36 

 

4-1-2-3. Copper and Iron Losses 
 In this section, we estimate the three phase copper loss, WCu, and the iron loss, WFe. The 
estimated areas of WCu and WFe are shown in Fig. 4-8. All the conditions of analysis are the same 
as those mentioned in chapter 3. In particular, WFe represents the hysteresis loss of the back iron, 
and eddy currents are not considered. 
 Table 4-3 shows the analysis results for two losses. The value of WCu is higher than that of WFe 
in both generator structures. With respect to WCu, the value for S-SCG-A is higher than that of 
S-SCG-B because of the length of copper armature windings. As shown in the previous section, 
the effective length of S-SCG-A is over twice that of S-SCG-B. This results in the different 
resistance value of 0.031 [Ω] and 0.025 [Ω] for the losses of 292 [kW] and 236 [kW], 
respectively. For S-SCG-A, WCu is almost 3.0% of the total output. If WFe is added to WCu, the 
total loss will increase to over 3.6%. Also, with the addition of other losses, it may exceed 4.0%, 
and this machine will not be considered to be as efficient. On the other hand, the losses of 
S-SCG-B are almost 280 kW, which is 2.8% of the total output. Finally, this loss may be around 
3.0% after adding the other losses. While this value is not so low, it is better than that of S-SCA. 
From the viewpoint of generator efficiency, S-SCG-B is better than S-SCG-A and PMSG. 
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Fig. 4-8. Calculation areas of generator losses for S-SCG (Periodic model). 

 
Table 4-3. Calculation results of copper and iron losses 

Generator S-SCG-A S-SCG-B 

Armature resistance per phase: RU [Ω] 0.031 0.025 
Line current: I [Arms] 1772 1774 

Three phase Copper loss: WCu [kW] 292 236 
Iron loss of the back iron: WFe [kW] 68.5 42.5 

 
4-2. Discussions of the Generator Performances 
 The electromagnetic characteristics of two S-SCG structures in steady state are summarized in 
Table 4-4. With respect to the YBCO superconducting wire length, both structures require 
lengths that are less than several tens of kilometers. In general, superconducting generators that 
are studied worldwide require several hundreds of kilometers of HTS wires for field coils, as 
shown in chapter 1. By comparing them with S-SCG, we can significantly reduce the generator 
cost because of the considerable use of iron. By focusing on individual generators, the YBCO 
length of S-SCG-B is almost 60% of that of S-SCG-A in spite of a higher pole structure. On the 
other hand, the generator weight is almost the same. The difference between them is almost 6.0 
tons. With respect to the generator size, efficiency, and cost, S-SCG is suitable for higher pole 
number and larger pole structure. 

Calculation area of WFe

Calculation area of WCu
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Table 4-4. Electromagnetic characteristics of the 10 MW class S-SCG. 

Generator S-SCG-A S-SCG-B 

Stator Diameter [m] 5.45 8.2 
Effective length [m] 2.83 1.21 

Output [MW] 10.0 10.1 
Line current [Arms] 1.77 1.77 

Line-to-line voltage [kVrms] 3.29 3.31 
Pole number 36 60 

Operating temperature [K] 33 33 

Rotor   

Field YBCO YBCO 
Coil current density [A/m2] 1.8 × 108 1.8 × 108 

Bmax [T] 2.6 2.4 
Wire length [km] 62.0 36.9 

Stator   

Conductor Cu Cu 
Wire length [km] 2.8 2.3 

Synchronous reactance [pu] 0.4 0.52 
Copper loss [kW] 292 236 

Iron loss [kW] 68.5 42.5 

Weight   

Irons [tons] 124.3 121.4 
Copper [tons] 14.8 12.1 
YBCO [tons] 0.54 0.32 

Total weight [tons] 139.6 133.8 

 
4-3. Transient Analysis for Three-phase Short-Circuit Problems 
4-3-1. Analysis Models and Conditions 
 This section deals with the sudden three-phase short-circuit problem, which is the most serious 
kind of accident in short-circuit problems. The equivalent circuit for this analysis is the same as 
that of the PMSG mentioned in chapter 3. 

4-3-2. Analysis Results 
 Fig. 4-9 shows the magnetic flux density distribution of S-SCG-A in the short-circuit state. 
Compared with Fig. 4-2, the difference was clear. The magnetic flux did not flow in a circular 
direction in the back iron. Also, the strength of the magnetic flux density decreased because the 
magnetic flux generated by the short-circuit current influenced the rotor side magnetic field 
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owing to YBCO field coils. With respect to the transient torque shown in Fig. 4-10, the 
maximum transient value for S-SCG-B (17.3 MNm) was less than that of S-SCG-A (21.1 
MNm) because of the higher synchronous reactance. However, the convergence value was 
almost the same. Figs. 4-11 and 4-12 show the short-circuit current and voltage, respectively. 
The maximum transient current of S-SCG-B (7.62 kAmax) was also lower than that of S-SCG-A 
(9.44 kAmax). However, compared with the results for the PMSG, the transient torque and 
current of S-SCG structures were higher because of its lower synchronous reactance relative to 
that of the PMSG structure. 
 

 
Fig. 4-9. Magnetic flux distribution of the S-SCG in the short-circuit state. This figure is for the 
case of S-SCG-A. 
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       (a) S-SCG-A 

 

       (b) S-SCG-B 
Fig. 4-10. Short-circuit torque of both S-SCGs. (a) and (b) are the output characteristics of 
S-SCG-A and S-SCG-B, respectively. 
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        (a) S-SCG-A 

 
        (b) S-SCG-B 

Fig. 4-11. Short-circuit currents of both S-SCGs. (a) and (b) are the output characteristics of 
S-SCG-A and S-SCG-B, respectively. 
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        (a) S-SCG-A 

 
        (b) S-SCG-B 

Fig. 4-12. Short-circuit phase voltages of both S-SCGs. (a) and (b) are the output characteristics 
of S-SCG-A and S-SCG-B, respectively. 
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4-4. Summary of Chapter 4 
 This chapter discussed the electromagnetic design of salient pole-type superconducting 
generators (S-SCG) using 2D FEM. Two types of generators with different pole numbers and 
outer diameters were designed and investigated. The results showed that S-SCG can lead to a 
reduction in the generator diameter of over 30 percent when compared to PMSG. Also, the 
required length of YBCO superconducting wire was several tens of kilometers because of the 
use of a large amount of iron. This may contribute to the volume and cost reduction. 
Focusing on the individual generators, S-SCG-B, which has a larger diameter and higher pole 

number, had better performances. It may be concluded that S-SCG is suitable for the design of 
multiple and larger diameter structures. Also, in the case of transient analysis, the transient 
torque was almost the same as that of PMSG. However, the transient current value was a little 
higher than that of PMSG because of its lower synchronous reactance. 
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Chapter 5  

Electromagnetic Design of  

Non-salient Pole type Superconducting Generators 
5-1. Steady State Analysis 
5-1-1. Analysis Models and Conditions  

This chapter deals with the electromagnetic design of non-salient pole type superconducting 
generators (NS-SCG). This is an air-cored structure, and is expected to be lighter than S-SCG 
structures. Fig. 5-1 shows the FEM analysis model for the NS-SCG structure. Two types of 
generators with diameters of around 4.0 and 8.0 m were designed, and are referred to as 
NS-SCG-A and NS-SCG-B, respectively. From the perspective of the cost reduction of the 
YBCO field coils, a 12-pole generator was chosen. The air gap was set to be 100 mm, including 
the vacuum thermal insulation layer and cryostat wall layer. On the other side, 100 mm of the 
mechanical space between the field coils and rotor iron was set for the thermal insulation layer. 
The operating temperature was set to 22 K. 
 

 

Fig. 5-1. FEM analysis model for the NS-SCG (1/12 periodic model). 
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5-1-2. Analysis Results 
5-1-2-1. Generator Dimensions and Outputs 
 Table 5-1 represents the generator dimensions and output characteristics of the two NS-SCG 
structures. Both structures were able to successfully realize an output power of 10.0 MW. The 
diameter of NS-SCG-B was almost 1.8 times higher than that of NS-SCG-A. However, the 
effective length of NS-SCG-B was only 0.5 m. On the other hand, the increase in the diameter 
influenced the thickness of the rotor iron. The rotor iron thickness of NS-SCG-B is 600 mm, 
and 2.4 times thicker than that of NS-SCG-A (250 mm). This is because the magnetic flux of 
NS-SCG-B induced a larger loop, and required the addition of a large amount of iron to prevent 
magnetic flux leakage. Fig. 5-2 shows the magnetic flux distribution of NS-SCG-A. The back 
and rotor iron area are saturated because of the high magnetic field at the field coils. By 
focusing on the maximum magnetic flux density of the two generators, they both generated 
almost the same value of around 8.3 T, which implies that the design of a supporting structure 
for YBCO superconductor field coils is technically challenging. Compared with the S-SCG 
structures, these values are somewhat high. Figs. 5-3 to 5-5 represent the waveforms of torque, 
current, and voltage, respectively. The results indicate that the waveforms of NS-SCG-B 
possessed many harmonics because of the expansion of the coil pitch due to a larger diameter. 
On the other hand, NS-SCG-A possessed only a few harmonics, and the current and voltage 
waveform is a clear, sinusoidal wave because of its air-cored structure. 
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Table 5-1. Generator dimensions and output characteristics of the two NS-SCGs 

Generator NS-SCG-A NS-SCG-B 

Stator diameter [m] 4.7 8.4 
Rotor diameter [m] 3.4 7.1 
Effective length [m] 1.6 0.5 

Air gap [mm] 100 100 
Pole number 12 12 

Field coil dimension [mm2] 125 × 125 125 × 125 
Cu conductor dimension [mm2] 33.9 × 35.4 33.9 × 35.4 

Slot number/phase, pole 2 5 
Slot size [mm2] 71 × 204 62.3 × 154 

Thickness of back iron [mm] 350 400 
Thickness of rotor iron [mm] 250 600 

Bmax [T] 8.4 8.2 
Output [MW] 10.1 10.0 

Line-to-line voltage [kVrms] 3.33 3.31 
Line current [kArms] 1.77 1.76 

 
Fig. 5-2. Magnetic flux density distribution of NS-SCG in steady state. This figure is for the 
case of NS-SCG-A.  
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       (a) NS-SCG-A 

 
       (b) NS-SCG-B 

Fig. 5-3. Output torque of both NS-SCGs. (a) and (b) are the output characteristics of 
NS-SCG-A and NS-SCG-B, respectively. 
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       (a) NS-SCG-A 

 

       (b) NS-SCG-B 
Fig. 5-4. Output current of both NS-SCGs. (a) and (b) are the output characteristics of 
NS-SCG-A and NS-SCG-B, respectively. 
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         (a) NS-SCG-A 

 
         (b) NS-SCG-B 

Fig. 5-5. Output phase voltage of both NS-SCGs. (a) and (b) are the output characteristics of 
NS-SCG-A and NS-SCG-B, respectively. 
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5-1-2-2. Synchronous reactance 
 In this section, we estimate the synchronous reactance of the NS-SCG structure. The 
equivalent circuit and phasor diagram are the same as those mentioned in chapter 3.  
 Table 5-2 shows the calculation results for both NS-SCG structures. Both values were almost 
the same, i.e., 0.2 and 0.25, respectively. Compared with the values in the previous chapters, 
these values are somewhat low because of the air-cored structures of NS-SCG.  
 

Table 5-2. Synchronous reactance and calculated parameters of both NS-SCGs. 

Generator NS-SCG-A NS-SCG-B 

Open voltage: Eo [Vrms] 1971 1981 
Load voltage: VL [Vrms] 1921 1911 
Line current: I [Arms] 1772 1764 
Load resistance: R [Ω] 1.08 1.08 
Load reactance: XLoad [Ω] 0.05 0.04 

Synchronous Reactance   

XS [Ω] 0.22 0.27 
xS [p.u.] 0.2 0.25 

 
5-1-2-3. Copper and Iron Losses 
 In this section, we estimated the three phase copper loss, WCu, and the iron loss, WFe. The 
estimated area of WCu and WFe are shown in Fig. 5-6. All of the conditions of analysis are the 
same as those mentioned in chapter 3. In particular, WFe refers to the hysteresis loss of the back 
iron, and eddy currents are not considered. 
 Table 5-3 represents the calculation results of WCu and WFe. Both losses are somewhat high for 
each generator. To date, even the highest value, WFe, was less than 0.7% of the output. However, 
in the case of the NS-SCG structure, both WFe were almost 1.0%. In particular, the WFe of 
NS-SCG-B was over 1.4% (142.1 kW) of the total output. This is because the higher magnetic 
field, which is over 2.0 T, was distributed in the back iron. In addition, the WCu for both 
structures was also 2.3–3.4 % of the total output. For NS-SCG-B, WCu was higher than that of 
NS-SCG-A because the expansion of the outer diameter results in an increase in the length of 
the copper armature windings. Also, the sum of the losses of NS-SCG-B was estimated to be 
almost 4.8%. If other losses such as mechanical and cooling are added to these losses, the total 
efficiency would be around 90%, which is not considered to be efficient for superconducting 
generators studied worldwide. From the viewpoint of the efficiency of generators, the NS-SCG 
structure had low performances compared with those of the PMSG and S-SCG structures. 
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Fig. 5-6. Calculated areas of generator losses for NS-SCG (1/12 periodic model). 
 

Table 5-3. Calculation results for copper and iron losses 

Generator NS-SCG-A NS-SCG-B 

Armature resistance per phase: RU [Ω] 0.024 0.036 
Line current: I [Arms] 1772 1764 

Three phase Copper loss: WCu [kW] 226 336 
Iron loss of the back iron: WFe [kW] 92.8 142.1 

 

Calculation area of WFe

Calculation area of WCu
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5-2. Discussions of the Generator Performances 
 The electromagnetic characteristics of the two NS-SCG structures are summarized in Table 5-4. 
As shown in the previous sections, these structures generate an output power of 10 MW with 
high copper and iron losses. With respect to the number of YBCO field coils, NS-SCG-A and 
NS-SCG-B require YBCO wires with lengths of 1240 km and 876.6 km, respectively. 
Compared with the S-SCG structures, the YBCO length of NS-SCG is somewhat high because 
of its air-cored structure and large air gap (e.g., 100 mm). NS-SCG-A has a smaller diameter 
and is lighter than S-SCG. However, it requires a large magnetic motive force instead of a 
smaller quantity of iron. NS-SCG appears to have a few advantages for 10 MW class wind 
turbine generators. 

 
Table 5-4. Electromagnetic characteristics of the 10 MW class NS-SCG. 

Generator NS-SCG-A NS-SCG-B 

Stator Diameter [m] 4.7 8.4 
Effective length [m] 1.6 0.5 

Output [MW] 10.1 10.0 
Line current [kArms] 1.77 1.76 

Line-to-line voltage [kVrms] 3.33 3.31 
Pole number 12 12 

Operating temperature [K] 22 22 

Rotor   

Field YBCO YBCO 
Coil current density [A/m2] 1.45 × 108 1.45 × 108 

Bmax [T] 8.4 8.2 
Wire length [km] 1240 876.6 

Stator   

Conductor Cu Cu 
Wire length [km] 2.1 3.2 

Synchronous reactance [pu] 0.2 0.25 
Copper loss [kW] 226 336 

Iron loss [kW] 92.8 142.1 

Weight   

Irons [tons] 85.6 202 
Copper [tons] 11.4 17.4 
YBCO [tons] 10.8 7.63 

Total weight [tons] 107.8 227 
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5-3. Transient Analysis for Three-phase Short-Circuit Problems 
5-3-1. Analysis Models and Conditions 
This section deals with the sudden three-phase short-circuit problem, which is the most serious 
accident case of all short-circuit problems. The equivalent circuit for this analysis is the same as 
that mentioned in chapter 3. 

5-3-2. Analysis Results 
 Fig. 5-7 shows the magnetic flux distribution of NS-SCG-A. Because of the higher magnetic 
flux density due to YBCO field coils, a magnetic field of over 5.0 T was generated, even for the 
armature winding area. Figs. 5-8 to 5-10 show the waveforms of the torque, current, and voltage, 
respectively. In particular, the transient values of torque and current for the two machines were 
quite high. In the case of the transient torque, it was over 160 MNm for both generators. These 
values were over 16 times higher than the rated torque of 10 MNm. Also, the maximum 
transient current values were over 50,000 Amax, which was over 20 times higher than that of the 
rated current of 2,500 Amax (= 1770 Arms). These were because of the low synchronous reactance 
value shown in the previous section. These results show that synchronous machines having very 
low synchronous reactances are risky in cases involving short-circuit trouble. 

 
Fig. 5-7. Magnetic flux distribution of NS-SCG in short-circuit state. This figure is for the case 
of NS-SCG-A. 
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(a) NS-SCG-A 

 
(b) NS-SCG-B 

Fig. 5-8. Short-circuit torque of both NS-SCGs. (a) and (b) are the output characteristics of 
NS-SCG-A and NS-SCG-B, respectively. 
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        (a) NS-SCG-A 

 
        (b) NS-SCG-B 

Fig. 5-9. Short-circuit currents of both NS-SCGs. (a) and (b) are the output characteristics of 
NS-SCG-A and NS-SCG-B, respectively. 
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        (a) NS-SCG-A 

 
        (b) NS-SCG-B 

Fig. 5-10. Short-circuit phase voltage of both NS-SCGs. (a) and (b) are the output 
characteristics of NS-SCG-A and NS-SCG-B, respectively. 
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5-4. Summary of Chapter 5 
This chapter explained the electromagnetic design of NS-SCG using 2D FEM. Two types of 

NS-SCG having diameters of 4.7 m and 8.4 m were designed. Their generator characteristics 
showed that both NS-SCG structures had many technical challenges. In particular, from the cost 
perspective, it was clear that the S-SCG structures have many advantages. In particular, the 
NS-SCG structure required around 1000 km of YBCO wires, and this value was not feasible. In 
addition, the low synchronous reactance of this structure may be risky for dealing with 
generator problems. 
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Chapter 6  

Electromagnetic Design of  

Fully Superconducting Generators  
6-1. Steady State Analysis 
6-1-1. Analysis Models and Conditions  

This chapter introduces the electromagnetic design of fully superconducting wind turbine 
generators which have YBCO field coils and MgB2 armature windings. This design is one of the 
original works in this thesis. In this chapter, two types of generators are designed. One is 
FSCG-A, for which the maximum magnetic flux density at the armature winding is 1.5 T. The 
other is FSCG-B, for which the maximum magnetic flux density at the armature winding is 2.0 
T. These were obtained from the Jc–B characteristics of the MgB2 wire shown in chapter 2. The 
diameters of both generators are fixed as 4.0 m, aiming to realize the most compact structure of 
all the 10 MW class wind turbine generators mentioned in this thesis. This value can be used to 
transport power not only offshore but also onshore without the need for dividing it. The pole 
number was set as 12 because the lower pole structure is suitable for this generator to reduce 
AC losses. Fig. 6-1 shows the FEM analysis model for the FSCG. The air gap is set to 80 mm, 
which is 20% lower than that of NS-SCG because the field and armature windings are put in the 
same cryostat. Also, there is a vacuum layer of 50 mm between the armature coils and back iron. 
In addition, at the rotor side, a vacuum layer of 100 mm is inserted between the field coils and 
rotor iron. The operation temperature is set as 22 K. 

 
Fig. 6-1. FEM analysis model for FSCG (1/6 periodic model).  
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6-1-2. Analysis Results 
6-1-2-1. Generator Dimensions and Outputs 
 Table 6-1 represents the generator dimensions and output characteristics of two FSCG 

structures. The generator outputs were estimated by applying the Fourier transform to the 
output waveforms. The geometrical structure and output characteristics of both FSCGs were 
almost the same. However, the maximum magnetic flux density, Bmax, of FSCG-B (5.3 T) is a 
little higher than that of FSCG-A (5.0 T), as shown in Fig. 6-2. This is because FSCG-B 
requires a higher magnet motive force to generate 2.0 T of magnetic flux at its armature 
windings, whereas FSCG-A generates 1.5 T its the armature windings. On the other side, the 
effective length of the FSCG-A (1.54 m) is longer than that of FSCG-B (1.23 m) because 
FSCG-A requires a larger interlinkage area than FSCG-B to obtain a magnetic flux for 3.3 
kVrms. Figs. 6-3 to 6-5 show the waveform of the output torque, current, and voltage, 
respectively. Both structures contained many harmonics, and one of the reasons for this was 
the concentrated armature winding structures. In general, this structure contains more 
harmonics than distributed winding structures. There was a tradeoff between having an easy 
cryostat structure and a reduction in the harmonics. However, according to the torque 
waveform, the waveforms of the FSCG-B structure contained fewer harmonics than FSCG-A 
because of the higher magnetic flux generated by its field coils. 

 
Table 6-1. Generator dimensions and output characteristics of the FSCG 

Generator FSCG-A FSCG-B 

Stator diameter [m] 4.0 4.0 
Rotor diameter [m] 3.16 3.04 
Effective length [m] 1.54 1.23 

Air gap [mm] 80 80 
Pole number 12 12 

MgB2 conductor dimension [mm2] 8.1 × 8.1 9.5 × 9.5 
Thickness of back iron [mm] 250 300 
Thickness of rotor iron [mm] 250 300 

Bmax [T] 5.0 5.3 
Output [MW] 10.0 10.1 

Line-to-line voltage [kVrms] 3.32 3.32 
Line current [kArms] 1.77 1.77 
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Fig. 6-2. Magnetic flux density distribution of the FSCG in steady state. This figure is for case 
of FSCG-A. 
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       (a) FSCG-A 

 

       (b) FSCG-B 
Fig. 6-3. Output torque of both FSCGs. (a) and (b) are the output characteristics of FSCG-A and 
FSCG-B, respectively. 
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       (a) FSCG-A 

 

        (b) FSCG-B 
Fig. 6-4. Output current of both FSCGs. (a) and (b) are the output characteristics of FSCG-A 
and FSCG-B, respectively. 
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  (a) FSCG-A 

 
   (b) FSCG-B 

Fig. 6-5. Output phase voltage of both FSCGs. (a) and (b) are the output characteristics of 
FSCG-A and FSCG-B, respectively. 
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6-1-2-2. Synchronous reactance 
 In this section, we estimate the synchronous reactance of the NS-SCG structure. The 
equivalent circuit and phasor diagram are the same as those mentioned in chapter 3.  
 Table 6-2 shows the calculation results for both FSCG structures. For FSCG-A, xS was 1.18 
[p.u.], which was more than twice that of FSCG-B, which was 0.47 [p.u.]. This was because of 
the difference in the number of armature conductor turns between FSCG-A and FSCG-B, which 
were 120 and 80 [turns/phase], respectively. Compared with NS-SCG structures, these values 
are very high, even though they have the same air-cored structures.  
 

Table 6-2. Synchronous reactance and calculated parameters. 

Generator FSCG-A FSCG-B 

Open phase voltage: Eo [Vrms] 3129 2201 
Load phase voltage: VL [Vrms] 1914 1916 

Line current: I [Arms] 1766 1768 
Load resistance: R [Ω] 1.07 1.07 

Load reactance: XLoad [Ω] 0.126 0.126 

Synchronous Reactance   

XS [Ω] 1.29 0.51 
xS [p.u.] 1.18 0.47 

 

6-1-2-3. AC and Iron Losses 

 
Fig. 6-6. Calculated areas of generator losses for the FSCG 

(1/6 periodic model). 
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This section deals with two different generator losses. The iron loss, WFe, is estimated in the 

same manner as that mentioned in chapters 3–5. However, unlike the case in chapters 3–5, 

FSCG has an AC loss, WAC, as opposed to a copper loss because it has MgB2 “superconducting” 

armature windings. Fig. 6-6 represents the calculated areas for WFe and WAC. In particular, WAC 

in this section refers to the “no load” condition and the hysteresis loss of the MgB2 

superconductor part. 

First, WAC is assumed as that in (6.1).  

 

 QLfW AC ××=  (2.1)  

 

where f [Hz] is the frequency of the rotational magnetic field, which depends on the rated speed 

and the pole number of generators. L [km] is the total length of the MgB2 armature windings. 

Also, Q [J/m/cycle] represents the AC loss per wire length and per cycle.  

L is calculated as follows: 

 

 NnlPmL ×××













×=

2
 

(2.2)  

 

where m (= 3), P, l [m], n, and N are the phase number, pole number, average length of the 

armature windings shown in Fig. 6-7, number of parallel conductors and the number of 

armature winding turns, respectively. 

 

 

Fig. 6-7. Diagram showing the average length of the MgB2 armature windings 

l
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Fig. 6-8. Cross section of an MgB2 filament that is fully penetrated  

by the applied magnetic field, Bo. 

 

Fig. 6-8 shows an MgB2 superconductor filament cross section in the applied magnetic field, 

Bo. This model is based on the Bean’s model [27]. The AC loss density of a hollow cylinder, q 

[J/m3/cycle], is expressed as that in (6.3) [28], and is proportional to the outer diameter RO, Bo, 

and Jc. Finally, Q is calculated using the reacted layer, S = π × (Ro
2–Ri

2), filament number, 19, 

and q, as shown in (6.4). 
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 qRRQ iO ×−×= )(19 22π

 

(2.4)  

Table 6-3 shows the AC loss estimation results. These losses were calculated using the values 

from Table 2-2 in chapter 2. The AC losses for FSCG-A and FSCG-B were 1.9 and 1.5 kW, 

respectively. If the COP of the cooling system and thermal intrusion were assumed to be 0.01 

and 100 kW, respectively, the total AC losses were estimated to be 250–290 kW. These values 

would be almost 3.0% of the total output, and are not considered to be low for entire systems. 

However, if the armature windings are made with a twisted structure, there is a possibility of 

realizing AC loss reduction. In other words, AC losses can be further reduced by optimizing the 

design of the armature windings.  

On the other hand, the values of WFe of the two generators are 3.0 and 5.9 kW, respectively. 

The ratio of these losses to the total output is only 0.03–0.059%, which is quite low compared to 

those of other generators owing to low frequency such as 1.0 Hz.  
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Table 6-3. Calculation results of AC and iron losses 

Generator FSCG-A FSCG-B 
Frequency: f [Hz] 1.0 1.0 
Pole number: P 12 12 

l [m] 4.3 3.7 
Parallel conductor number: n 25 34 

Number of armature winding turns: 
 N [turns/phase/pole pair] 

120 80 

MgB2 armature wire length: L [m] 231 × 103 181 × 103 
Bo [T] 1.56 2.00 

Jc [A/m2] 2.7 × 109 2.0 × 109 

Outer filament radius; RO [μm] 37.5 37.5 

Inner filament radius; Ri [μm] 25 25 

AC loss density of a hollow cylinder 
 q [J/m3/cycle] 

1.83 × 105 1.80 × 105 

AC loss / wire length, per cycle: Q [J/m/cycle] 0.0084 0.0084 
AC loss: WAC [kW] 1.9 1.5 

Iron loss of the back iron: WFe [kW] 3.0 5.9 

 
6-2. Discussions Regarding Generator Performances 
 The electromagnetic characteristics of both FSCG structures are shown in Table 6-4. The 
output of 10 MW was obtained with fewer lengths of YBCO wires, and they were more 
lightweight compared with NS/S-SCG structures. In particular, FSCG-A required 196 km of 
YBCO wires, which is only 15.8% that of NS-SCG-A. This is because of the air gap reduction 
from 100 mm to 80 mm, and implies that the magnetic flux generated by the field windings was 
effectively used. Also, the reduction in the YBCO wire length also contributed to the decrease 
of Bmax at the field coils to 5.0 T.  As for the weight of the cooling system which can remove 
AC loss and other losses, it is estimated at less than 5 tons [29]. This value is only several 
percent of the total weight of FSCG. 
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Table 6-4. Electromagnetic characteristics of the 10 MW class FSCG. 

Generator FSCG-A FSCG-B 

Stator Diameter [m] 4.0 4.0 
Effective length [m] 1.54 1.23 

Output [MW] 10.0 10.1 
Line current [Arms] 1.77 1.77 

Line-to-line voltage [Vrms] 3.32 3.32 
Pole number 12 12 

Operating temperature [K] 22 22 

Rotor   

Field YBCO YBCO 
Coil current density [A/m2] 2.0 × 108 2.0 × 108 

Bmax [T] 5.0 5.3 
Wire length [km] 196 260 

Stator   

Conductor MgB2 MgB2 
Coil current density [A/m2] 1.08 × 109 0.8 × 109 

Bmax [T] 1.56 2.0 
Wire length [km] 231 181 

Synchronous reactance [pu] 1.18 0.47 
AC loss [kW] 1.9 1.5 
Iron loss [kW] 3.0 5.9 

Weight   

Irons [tons] 58.2 54.6 
YBCO [tons] 1.7 2.3 
MgB2 [tons] 3.7 2.9 

Total weight [tons] 63.6 59.8 
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6-3. Transient Analysis for Three-phase Short-Circuit Problems 
6-3-1. Analysis Models and Conditions 
This section deals with the sudden short-circuit characteristics for FSCG. The analysis concept 

is almost the same as that of the previous chapters. However, for a fully superconducting wind 
turbine generator, MgB2 armature windings are expected to have a current-limiting control 
function based on its I–V characteristics and higher short-circuit currents. Fig. 6-9 shows the 
equivalent circuit of the sudden three-phase short-circuit problem for FSCG. Initially, the 
generators are operated in the steady state. After several cycles of the generator frequency, 
which depends on the generator poles, the two switches are closed and a sudden three-phase 
short circuit occurs. In particular, FSCG has MgB2 superconducting armature windings with a 
critical current density Jc of 2.7 × 109 –2.0 × 109 A/m2 (Ec = 10−4 V/m) at 22 K and 1.5–2.0 T. 
The MgB2 wire was modelled using two resistances that were connected in parallel. One was 
MgB2 (RMgB2) and the other was the metals around the superconductors (RMetal). In the analysis, 
we evaluated the peak value of the short-circuit torque and current. Temperature rise was 
ignored; the temperature of MgB2 was constant during this calculation process. MgB2 is 
represented by a nonlinear resistance using the I–V characteristics based on the n-value model (n 
= 25). The metal resistances, RMetal, including Ta and Cu–Ni, remain constant at 22 K.  
 

 
Fig. 6-9 Equivalent circuit of sudden three-phase short-circuit problem for the FSCG. 
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6-3-2. Analysis Results 
Fig. 6-10 represents the magnetic flux distribution of FSCG-A in the short-circuit 

state.Compared with Fig. 6-2, the magnetic flux induced many loops in the stator side. The 
strength of the magnetic field was also weakened because of interactions with the field of the 
short-circuit armature current and field coils. Figs. 6-11 to 6-13 show the waveforms of torque, 
current, and voltage, respectively. The transient torque and current of FSCG structures were 
observed to be quite lower than those of NS-SCG structures. The nonlinear resistance obtained 
using the I–V characteristics of FSCG contributed to the higher short-circuit current area. In 
other words, when the problem occurred, the current-limiting control function based on the I–V 
characteristics of MgB2 had worked at the armature windings. With respect to the individual 
generators, the current-limiting control of FSCG-A is better than that of FSCG-B. The transient 
torque of FSCG-A was 13.6 MNm, which was almost over 1.3 times higher than the rated 
torque of 10.0 MNm. Also, the transient current was 5260 Amax, which was approximately twice 
the value of the rated current of 2500 Amax. On the other hand, the transient torque and current 
of FSCG-B were 25.5 MNm and 11600 kAmax, respectively. The differences caused by the 
number of armature winding turns were same as those in the case of the previous AC losses. For 
FSCG-A, the length of the MgB2 wires is longer than that of FSCG-B, as shown in Table 6-3. In 
general, the conductor resistance is proportional to the conductor length. In this analysis, the 
RMetal of FCSG-A was higher than that of FSCG-B, and it influenced the difference between 
both generators’ current-limiting control functions. It was concluded that FSCG had good 
characteristics from the perspective of ensuring generator protection from various accidents. 

 
Fig. 6-10. Magnetic flux distribution of FSCG in the short-circuit state. This figure is for the 
case of FSCG-A.  
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       (a) FSCG-A 

 

       (b) FSCG-B 
Fig. 6-11. Short-circuit torque for both FSCGs. (a) and (b) are the output characteristics of 
FSCG-A and FSCG-B, respectively.  
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       (a) FSCG-A 

 
     (b) FSCG-B 

Fig. 6-12. Short-circuit current for both FSCGs. (a) and (b) are the output characteristics of 
FSCG-A and FSCG-B, respectively. 
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          (a) FSCG-A 

 
         (b) FSCG-B 

Fig. 6-13. Short-circuit phase voltage for both FSCGs. (a) and (b) are the output characteristics 
of FSCG-A and FSCG-B, respectively. 
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6-4. Summary of Chapter 6 
This chapter presented the electromagnetic design for a fully superconducting wind turbine 

generator using two types of superconductor coils. Two types of generators were designed with 
different values of Bmax at MgB2 armature windings, such as 1.5 and 2.0 T. FEM analysis results 
showed that the 10 MW output is achievable with less than 200 km of HTS tapes and with the 
smallest generator diameter of 4.0 m. This result suggested that a fully superconducting 
generator is a good candidate for future large-scale wind turbine generators. However, no-load 
AC losses may be almost 2.0 kW. Considering the COP of the cooling system and other losses, 
the total loss would be almost 3.0% of the output, and lower losses are desirable. For 
short-circuit problems, the use of FSCGs could reduce the transient torque and current due to 
the I–V characteristics of MgB2 armature windings. These results may be helpful from the 
perspective of protecting the generator from different accidents. 
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Chapter 7  

Comparisons of 10 MW class Wind Turbine Generators with 

Different Structures 
In this chapter, we compare the electromagnetic characteristics of four wind turbine generators, 
PMSG, S-SCG-B, NS-SCG-A, and FSCG-A. In our discussion, the symbols “A” and “B” are 
omitted. 
7-1. Generator Size and Weight 

Fig. 7-1 and Table 7-1 show the comparison of the four wind turbine generator sizes. With a 
size of 13.1 m, PMSG is the largest 10 MW class generator of those listed. The use of a 60-pole 
structure is one reason for the expansion of the generator size. The increase in the pole number 
also leads to an increase in the radial expansion because of the pole pitch. This means that the 
nacelle weight is almost three times heavier than the generator weight. If PMSG is applied to 
the 10 MW systems, the nacelle weight will exceed 750 tons. We concluded that an over 10 
MW class wind turbine generator with PM has many challenging issues related to its size and 
weight. In addition to the physical challenges, the current market price of rare earth materials 
needed for PM is not stable.  

Compared with the PMSG, all of the superconducting generators are potential candidates 
owing to their size and weight reduction characteristics. In the case of S-SCG, its diameter of 
8.2 m is 37% smaller than that of PMSG, resulting in a reduction in the material weight of 100 
tons to 164.4 tons, when compared to PMSG. On the other hand, the diameter of NS-SCG and 
FSCG is around 4.0 m. These values are almost a third of the PMSG diameter, which means 
that the generator weight may also be significantly reduced. In particular, the weight of FSCG is 
almost 60 tons, which is one-fifth that of PMSG. As the most lightweight and high power 
density machines, FSCG has the maximum advantages for 10 MW class wind turbine systems.  

 
Fig. 7-1. Comparison of four wind turbine generator sizes  

D: 8.2 m
L: 1.21 m

D: 13.1 m
L: 1.12 m D: 4.7 m

L: 1.6 m
D: 4.0 m
L: 1.54 m

PMSG S-SCG NS-SCG FSCG



Chapter 7 Comparison of 10 MW class Wind Turbine Generators with Different Structures 

98 
 

Table 7-1. Weights of four wind turbine generators 

Weight PMSG S-SCG NS-SCG FSCG 

Irons [tons] 198.7 121.4 85.6 58.2 
Copper [tons] 19.9 12.1 11.4 N/A 
YBCO [tons] N/A 0.32 10.8 1.7 
MgB2 [tons] N/A N/A N/A 3.7 

Permanent magnet [tons] 13.1 N/A N/A N/A 

Total weight [tons] 231.7 133.8 107.8 63.6 

 
7-2. Length of Superconducting Wires 

The number of HTS windings is related to the total cost of the superconducting wind turbine 

generator systems. Fig. 7-2 represents the length of YBCO and MgB2 superconducting wires. 

For the case of NS-SCG, 1247 km of YBCO wires are required because of the air-cored 

structure and the large air gap of 100 mm. This value is not feasible for 10 MW class wind 

turbine generators. On the other hand, the use of S-SCG or FSCG can significantly reduce the 

YBCO wire length. FSCG can reduce the length to less than 200 km because of the shorter air 

gap of 80 mm, whereas S-SCG requires only 36.9 km of YBCO windings. This is because a lot 

of iron is used, and the lower air gap of 15 mm contributes to the reduction in wire length. As 

explained in the previous chapter, S-SCG is the largest and heaviest superconducting wind 

turbine generator of those considered. However, from an economical viewpoint, the S-SCG 

structure has the most advantages.  

 

 
Fig. 7-2 Length of superconducting wires 
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7-3. Generator Losses 
7-3-1. Full load losses 

The copper and iron losses of PMSG in Table 7-2 indicate that at least 4.0% of the total output 

energy is lost. This generator will possess other losses, and the total generator efficiency is less 

than 90%. For the case of superconducting generators such as S-SCG and NS-SCG, the losses 

can be reduced, but these values of around 3.0% are still high, and should be reduced in order to 

bring about improvements in the total system efficiency. On the other hand, FSCG had no 

copper loss, but has an AC loss at the MgB2 armature windings. If the COP of the cooling 

system and thermal insulation are assumed to be 0.01 and 100 kW, respectively, the total AC 

losses were estimated at 250–290 kW. These values would be almost 3.0% of the total outputs, 

and are not low values for entire systems. The difference between FSCG and the other systems 

was the operating time of the cooling system. The cooling system of FSCG has to work all of 

the time, whether or not FSCG is generating rated power. If FSCG is applied to 10 MW class 

wind turbine generator systems, AC losses that are smaller than the current values are desirable. 

 

Table 7-2 Full load losses of four wind turbine generators 

Losses PMSG S-SCG NS-SCG FSCG 

Copper loss [kW] 386 235 226 N/A 
AC loss [kW] N/A N/A N/A 1.9 
Iron loss [kW] 17.1 42.5 92.8 3.0 

 

7-3-2. Partial load analysis 

 In general, the output power of wind turbine generators depends on wind speed conditions. In 

other words, the four wind turbine generators do not always generate an output power of 10 

MW. This section evaluates the generator output in partial loads such as 10 MW (100%), 5.0 

MW (50%), and 2.5 MW (25%), respectively. Table 7-3 shows analysis conditions for 10 MW 

class wind turbine generators. The blade diameter of a 10 MW class wind turbine is assumed to 

be 160 m. The rotation speed in three types of output, 10, 7.9, and 6.3 rpm, is estimated using 

the tip speed ratio, λ = 6.92.  

 Fig. 7-3 shows the partial load analysis results of four wind turbine generators. PMSG, S-SCG, 

and NS-SCG had lower iron and copper losses in partial load outputs. The ratio in the generator 

output was only 1%. On the other hand, FSCG consistently exhibited generator losses of 

approximately 2.0% because its cooling systems have to work all of the time whether or not it is 

generating an output of 10 MW. However, even for 5.0 or 2.5 MW, three superconducting wind 

turbine generators will have an efficiency of over 95%.  
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Table 7-3. Partial load analysis conditions for 10 MW class wind turbine generators 

 10 MW (100%) 5.0 MW (50%) 2.5 MW (25%) 

Blade diameter [m] 160 160 160 

Tip speed ratio; λ 6.92 6.92 6.92 

Rated speed [rpm] 10 7.9 6.3 

Wind speed [m/s] 12.1 9.6 7.2 

Circumferential velocity [rad/s] 83.8 66.2 52.8 

 

 
(a) 

 
(b) 

Fig. 7-3 Partial load losses of four wind turbine generators. (a) shows iron losses and (b) 

represents copper loss of three generators and AC loss of FSCG.  
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7-4. Summary of Chapter 7 

We have compared the FEM analysis results of four 10 MW class wind turbine generators, and 

some of our observations are as follows: 

 

 There are many challenging issues regarding the manufacture of such a generator with PM 

or other conventional technology because of the generator weight.  

 Superconducting generators have a good potential for use in wind turbine systems. All of 

the superconducting generators can lead to a reduction in the size and weight of a 10 MW 

class. In particular, S-SCG and FSCG are considered to be good candidates.  

 S-SCG has an economical merit owing to the reduction in the YBCO wire length, and 

requires only several tens of kilometers of wire length. 

 Weight and size reduction is possible with the FSCG structure. This results in a 

lightweight and high power density generator.  

 For the case of partial load operation, all four generators had good efficiency. Especially, 

the three of the superconducting wind turbine generators will have an efficiency of over 

95% at 2.5 or 5.0 MW. 
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Chapter 8 

Conclusions 
8-1. Conclusions 
 This thesis focused on the electromagnetic design and FEM analysis for 10 MW class 

superconducting wind turbine generators. We proposed the world’s first fully superconducting 

generator (FSCG) using YBCO and MgB2 superconducting wire. We also investigated the 

electromagnetic characteristics using two other types of superconducting wind turbine 

generators, S-SCG and NS-SCG, and a conventional permanent magnet generator (PMSG) 

using FEM.  

Chapter 1 had an introduction of this study.  
 Chapter 2 represented the design conditions for 10 MW class wind turbine generators. Four 
generator structures and their component design conditions were described in this chapter. 
Several design parameters were defined to allow the evaluation of these generators under 
uniform conditions. 
Chapter 3 explained electromagnetic design of PMSGs. From the analysis results, we found 

that 14 tons of PMs were required for manufacturing. Considering today’s unstable rare earth 
price, the cost of this generator is expected to be high. In addition, it will also be challenging to 
determine how to reduce the generator weight.  
In Chapter 4, the electromagnetic design of salient pole-type superconducting generators 

(S-SCG) was investigated. The analysis results showed that the S-SCG structure required only 
several tens of kilometers of YBCO wire owing to the use of a large amount of iron. It was also 
possible to realize a smaller generator size and weight than PMSG. This generator may be a 
good candidate for 10 MW class superconducting wind turbine generators from the viewpoint of 
its economical merits. This structure was suitable for multipoles with larger diameters. 
Chapter 5 showed the electromagnetic design using 2D FEM analysis of nonsalient pole-type 

superconducting generators (NS-SCG). Their generator characteristics showed that both 
NS-SCG structures had many technical challenges. In particular, from the viewpoint of cost, it 
was clear that S-SCG structures have many advantages. The NS-SCG structure required around 
1000 km of YBCO wires, which was not feasible. In addition, the low synchronous reactance of 
this structure may introduce some risks. 
In Chapter 6, the electromagnetic design of FSCGs had been investigated. Because of the 

reduction in the air gap length, the length of HTS wire was reduced in spite of its air-cored 
structure. While the required length of the HTS wire was less than 200 km, the generator size 
was 4.0 m. These values indicated that this structure had a balanced design from the perspective 



Chapter 8 Conclusions 

103 
 

of cost reduction and compactness of design. In addition, FSCG may be helpful from the 
perspective of the protection of the generator from accidents because the current limitation 
control with the I–V characteristics of MgB2 armature windings was possible in short-circuit 
problems. 
Chapter 7 compared the electromagnetic characteristics of four designed wind turbine 

generators in terms of generator diameter, weight, HTS wire length, generator loss, and so on. It 
was concluded that the design of an over 10 MW class wind turbine generator using PMs would 
be very challenging because its size and weight will exceed 10 m and 300 tons, respectively. On 
the other hand, S-SCG and FSCG may be good candidates. S-SCG can reduce the required 
number of YBCO windings, which would be more economical. Meanwhile, weight reduction 
was possible for FSCG, and would result in a more compact generator. 
 In summary, the results of this thesis were as follows: 
 
 Superconducting generators may be a good solution for the development of 10 MW class 

lightweight and high output density wind turbine generators. 
 FSCG may be a good candidate for superconducting wind turbine generators from the 

perspective of “compact” and “lightweight” machines. 
 S-SCG will be the “least cost superconducting wind turbine generator” because it uses the 

least amount of YBCO superconducting wires. 
 

8-2. Future Works 
This thesis focused on the electromagnetic design for 10 MW class wind turbine generators 

with FEM. On the other hand, further analysis and design approaches are required to develop 

the generator. For example, the field coil shape was assumed to be rectangular. However, there 

are many design examples for the optimal design of the superconducting field coils [30]. The 

method used to design a mechanical supporting structure for superconducting field coils is also 

important. In addition to the mechanical approach, the thermal analysis of generators is also 

important. Finally, the 2D FEM analysis should be expanded to 3D analysis, and it may enable 

us to more precisely investigate the electromagnetic properties such as coil end effect. 

 

I hope this thesis will contribute to the development of future superconducting wind turbine 

generators. 
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