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Zusammenfassung  

Offshore-Windenergie ist eine zunehmende Quelle erneuerbarer Energien. Ein erfolgver-

sprechender Weg zur Verringerung der Stromgestehungskosten dieser Erzeugungsart be-

steht in der Entwicklung großer Windparks und Turbinen. Neben der im Jahr 2015 durch-

schnittlich erreichten Windturbinengröße von 4,2 MW existieren auch bereits Turbinen mit 

Kapazitäten von 6 – 8 MW. Turbinen mit höherer Nennleistung sind in der Entwicklung 

und gelangen zukünftig zur Anwendungsreife. Der Trend hin zu höheren Nennleistungen 

und einer größeren Anzahl von Offshore-Anlagen erfordert Innovationen im Bereich der 

Windturbinen. Diese wiederum setzen ein geringeres Gewicht der Turbinen, geringere 

Kosten, kleinere Maße, höhere Wirkungsgrade und eine höhere Zuverlässigkeit voraus.  

Aufgrund der hohen Stromtragfähigkeit  und der nicht vorhandenen Gleichstromverluste 

der Supraleiter lässt sich ein beachtliches Gewicht-Volumen-Verhältnis bei hohem Wir-

kungsgrad des supraleitenden Generators erreichen. Darüber hinaus ist die Gleichstrom-

übertragung für Offshore-Windparks in erster Linie aufgrund des gesamtwirtschaftlichen 

Vorteils in Anbetracht ihrer Lage weitab des Festlands in den Vordergrund gerückt. Als 

mögliche technische Lösung stellt die vorliegende Abschlussarbeit in diesem Zusammen-

hang ein auf supraleitenden Gleichstrom-Windgeneratoren und Gleichstrom-Kabeln basie-

rendes  System zur Gleichstromerzeugung und –übertragung vor. Diese Lösung ermöglicht 

sowohl den Betrieb eines extrem leistungsfähigen und kompakten Generators als auch den 

Einsatz eines neuartigen und ebenfalls sehr leistungsfähigen Gleichstromanschlusses.   

Die vorliegende Arbeit konzentriert sich auf eine  Machbarkeitsstudie und die Entwicklung 

des supraleitenden Gleichstrom-Windgenerators. Es wird ein Entwurf des Generators ent-

wickelt, der nach den vorgegeben Kriterien, Kosten, Masse, Volumen und Effizienz opti-

miert werden kann. Zum Verknüpfen des elektromagnetischen Designs und der mechani-

schen Auslegung mit den Eigenschaften der supraleitenden Bänder und Eisenwerkstoffe 

werden alle notwendigen analytischen Gleichungen abgeleitet. Zur Erhöhung der Ausle-

gungsgenauigkeit werden die analytischen Gleichungen zur Berechnung der Flussdichte-

verteilung im supraleitenden Gleichstromgenerator durch Finite-Elemente-Analysen veri-

fiziert. In die Massenberechnung werden neben den aktiven Bauteilen auch die inaktiven 

Konstruktionswerkstoffe einbezogen. Diesem Auslegungsverfahren folgend wird die Ent-

wicklung eines supraleitenden 10 kW-Gleichstrom-Demonstrationsgenerators beschrieben. 

Dabei wird auf die Verluste des Demonstrators und seiner Kommutierung, seines Drehmo-

ments und seiner Leistung bei unterschiedlichen Windgeschwindigkeiten eingegangen. Im 

Vorfeld der Entwicklung des Demonstrators werden die Eigenschaften von Schlüsselkom-

ponenten wiesupraleitenden Bändern und Eisenwerkstoffen getestet und charakterisiert.  

Zur Ermittlung des möglichen Potentials großer supraleitender Gleichstrom-Windgenera-
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toren wird ein supraleitender 10 MW-Generator konzipiert und mit konventionellen Syn-

chrongeneratoren verglichen. Die vorliegende Arbeit erörtert darüber hinaus auch die Ein-

sparung  der HTSL Bandleitermenge durch Optimierung des Außendurchmessers des Ro-

tors, der Polpaarzahl und der Höhe der supraleitenden Spule. Diese Maßnahmen tragen zu 

einer wettbewerbsfähigeren Alternative zu konventionellen Generatoren bei. 
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Abstract  

Offshore wind energy has received a lot of interest as one important renewable energy 

source. One promising way to reduce the Levelized Cost of Electricity (LCOE) of offshore 

wind energy is by developing large wind farms and turbines with large ratings. The average 

wind turbine size has reached 4.2 MW in 2015 and turbine sizes of 6-8 MW have already 

been seen in the wind market. Even larger turbine sizes are managing to pave their way 

from studies to market. The trend towards larger ratings and more offshore installations 

asks for innovations in power generation, which requires lower weight and cost, smaller 

size, higher efficiency and reliability. Due to the high current-carrying capability and no 

DC losses of the superconductors, superior power to weight/volume ratio with high effi-

ciency of a superconducting generator can be achived. Moreover, direct current (DC) trans-

mission has been put forward for the offshore wind farms mainly due to the overall eco-

nomic benefit, as they are located far away from the land. Hence, this thesis introduces a 

DC generation and transmission scheme which consists of superconducting DC wind gen-

erators and superconducting DC cables as a possible technical solution. This enables a 

highly efficient and compact generator and in addition a new and also very efficient gen-

erator connection scheme at DC. 

The work presented in the thesis focuses on the feasibility study and design of a supercon-

ducting DC wind generator. In part, an optimisation method will be developed by taking 

superconducting tape length (cost), mass, volume, and efficiency into a simplified objec-

tive function. All necessary analytical equations will be derived to connect the electromag-

netic design and mechanical design with properties of the superconducting tapes and iron 

materials. To increase the design accuracy, analytical equations to calculate flux density 

distribution in the superconducting DC generator will be verified by finite element analysis. 

Not only the active parts but also inactive structural materials will be included in the mass 

calculation. Based on the design method, the design of a 10 kW superconducting DC gen-

erator demonstrator will be described. The losses of the demonstrator and its commutation, 

torque and efficiency at different wind speeds will be addressed. As first steps towards the 

demonstrator, properties of key components, superconducting tapes, iron materials and a 

superconducting coil, will be tested and characterized. Moreover, a preliminary test of a 

superconducting coil at 77 K will be completed. In order to identify the potientials that a 

large scale superconducting DC wind generator could offer, a 10 MW superconducting DC 

generator will be designed and a comparison with conventional synchronous generators 

will be made.  
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1 Introduction  

1.1 Motivation and scope of the work  

Wind energy, as a clean and renewable energy, is now being widely developed to reduce 

carbon dioxide production. According to a report by the Global Wind Energy Coun-

cil[1],[2], the cumulative installation in 2015 is about 433 GW, while the newly installed 

capacity is 63 GW in 2015. The estimation of the global installed wind capacity from the 

year 2015-2050 will be increased from 433 GW to 3984 GW [1],[2]. The need for wind 

energy motivates generators with larger rating, lower cost, lower weight, and higher relia-

bility. One solution is the direct-drive generator concept, such as a permanent magnet gen-

erator and superconducting generator. The direct-drive system simplifies the drive train. 

When referring to weight, volume, and cost, superconducting generators are superior to 

permanent magnet generators for wind turbines with rated power of 8 MW or more accord-

ing to a report from the American National Renewable Energy Laboratory [3]. The reason 

lies in the high current carrying ability of the superconductor, which can be used to produce 

higher magnetic flux density. As the capacity of the generator is proportional to the product 

of the current per circumferential length and flux density, the generator can achieve higher 

rating by employing superconductors. In other words, superconductors can contribute to a 

more compact and lighter weight design than conventional generators. American Super-

conductor (AMSC) has designed a 10 MW superconducting direct-drive generator with 

weight of about 160 tons, which is roughly about 50% of that of a permanent magnet gen-

erator [4]. Moreover, there is no DC resistance when DC current is applied to the super-

conductor and the resulting losses in the generator are reduced. The efficiency of the gen-

erator can reach as high as 98%, which is impossible to be achieved by conventional 

generators. Hence, superconducting direct-drive generators are promising candidates for 

10 MW class wind generators. 

However, in a superconducting synchronous generator, the cryostat and the superconduct-

ing rotor are rotating with the shaft and a transfer coupling, also named as rotary joint, is 

needed to transfer cryogenic coolant from stationary supply to rotary cryostat. To avoid 

that and simplify the cryostat system, the superconducting coils are better to be stationary. 

Correspondingly, superconducting DC generator can meet the requirement. Moreover, as 

many of the offshore wind farms are located far away from the land, a direct current col-

lection and transmission topology for the grid has been put forward for future offshore 

power transmission [5]-[8]. Superconducting DC generators and superconducting DC ca-

bles can be employed to enable a new DC power generation, collection and transmission 
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scheme. A brief sketch of this proposed scheme is shown in Fig. 1.1. By applying the su-

perconducting cable, only medium voltage DC/DC converters are needed and the voltage 

step up to high levels are not required. Another advantage of the superconducting DC gen-

erator is that no rotating exciter is needed for the superconducting coils and only DC current 

flows in the superconducting coils. The main drawback is the commutation of the DC gen-

erators. The common ways to solve it are by introducing interpoles, shifting brushes, and 

using compensation windings. A detailed design of a 10 MW superconducting DC motor 

including commutation was made in 1994 [9]. 

 

Fig. 1.1: Brief sketch of a superconducting DC generation and transmission scheme. 

This work proposes a superconducting DC generator for offshore wind turbines to improve 

the overall efficiency and reduce energy cost. The superconducting coil is used in the stator 

to allow only DC current in the superconductor and a stationary refrigeration cooling sys-

tem. To confine the flux density from going outside the generator, a stator iron core is used. 

A dewar and a thermal shield is employed to maintain the cryogenic working temperature 

at about 30 K. There are coil former and coil support structures to provide mechanical sup-

port and thermal conduction for the superconducting coils inside the dewar. In order to 

avoid high AC losses of the superconducting tapes and complex cryogenic cooling system, 

airgap copper windings are used in the rotor instead of superconducting tapes. The rotor 

iron core is introduced to reduce the magnetic reluctance. 

The main objectives of the work are: 

 Develop necessary theoretical background and equations for the superconducting 

DC generator. Integrate the design equations into an optimization method based on 

design objectives including mass, volume, efficiency and superconducting materi-

als cost. 

 Develop an analytical electro-magnetic and mechanical model to calculate the 

magnetic flux density in a superconducting DC generator and estimate the struc-

tural mass of it. Validate the calculated results by finite element software. 
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 Design a superconducting DC generator demonstrator with the output power of 

10 kW. Validate the performance of the demonstrator by finite element software. 

 Conduct measurements of the key components in the demonstrator, including tests 

of the critical current of the superconductor and superconducting coil, B-H curves 

and losses of the silicon lamination sheets at low temperature.  

 Compare the conceptual design of a 10 MW superconducting DC generator by 

applying the obtained results of the measurements with superconducting and per-

manent magnet synchronous generators at the same rating. 

The rest of this chapter is furtheron focused on the state of the art of the 10 MW class wind 

generators. Different generator concepts are reviewed and compared through a thorough 

literature study. The fundamentals of technical superconductors and permanent magnets 

are summarized. Moreover, the current status of the wind energy is also described.  

Design equations of the superconducting DC generator are presented in Chapter 2. To de-

sign a superconducting DC wind generator, there are many geometric dimensions and ma-

terial characteristics. In the design process, a large input data for the variables is necessary 

in order to find the optimal design which satisfies the given design specifications and ob-

jectives. In order to take all the variables into consideration, an optimization method is 

proposed. By using normalization and weighting factors, the optimization objective func-

tion is built based on weight, volume, cost and efficiency and superconducting tape length, 

which can indicate the cost of the generator.  

Chapter 3 describes an analytical design model based on Poisson and Laplace Equations to 

calculate the magnetic flux density in a superconducting direct-current generator. The mag-

netic flux density generated by both superconducting coils and airgap armature winding is 

analyzed. The maximum perpendicular and parallel flux density in the superconducting 

coils are used to determine the tape operation current. The materials in the stator or rotor 

core are also taken into account. Furthermore, the model allows for the nonlinearity of the 

ferromagnetic materials and the operating relative permeability can be determined by an 

iterative algorithm. The results obtained by the model are compared with that of a finite 

element method.  

To include the structural mass in the weight calculation, an analytical mechanical model is 

employed and explained in Chapter 4. Otherwise the optimal design with only active 

weight of the generator can be impractical. From a structural point of view, the support 

structure not only needs to be strong enough to withstand forces, but also maintains the air 

gap between the rotor and stator under rated load. For simplification, the rotor and stator is 

supported by a disc structure without any special weight reduction methods. After the der-

ivation of the equations, finite element software is used to validate these equations. 
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By using the developed integrated electromagnetic-mechanical design method, a 10 kW 

demonstrator is optimized in Chapter 5. A superconducting coil is designed in detail and 

the normal operation performance of the demonstrator is analyzed. As there are different 

sources of losses in the demonstrator, loss analyses are conducted to calculate the effi-

ciency. The AC loss of the superconducting coils and refrigeration losses are estimated. 

Furthermore, the no-load voltage and efficiency over a wide range of wind speeds are cal-

culated and discussed.  

At present, there is still a lack of experimental data for the key components of the super-

conducting generator. Hence, tests are carried out to analyze the basis of the materials and 

a double pancake superconducting coil in Chapter 6. The critical current of the supercon-

ducting tapes at different magnetic fields, temperatures as well as different angles to the 

magnetic field is studied. The magnetization behavior and losses of the silicon lamination 

sheets at both room and cold temperature are also measured. Finally, a superconducting 

coil used in the demonstrator is tested.  

Future prospects of the superconducting DC generator are explored in Chapter 7 with a 

conceptual design for 10 MW. The aim of the 10 MW design is to study the feasibility and 

advantages of the superconducting DC generator. Moreover, a 10 MW superconducting 

and permanent magnet synchronous generator is designed respectively. Then the DC gen-

erator is compared with them in terms of torque density, size, and efficiency. 

The results of this work are summarized in Chapter 8 with an outlook on future R&D work. 

1.2 Status of 10 MW class wind generators 

1.2.1 Wind energy 

In Europe’s perspective, renewable energy will provide 45% and 60% electricity by 2020 

and 2030 and the contribution of solar photovoltaic and wind energy will rise from cur-

rently about 10% to 30% by 2030 [10]. Moreover, the governments worldwide are paving 

the way for the development of wind energy, such as carrying out new policies and legis-

lations. As a result, the wind market continues growing. The estimation of the global in-

stalled wind capacity from the year 2000-2050 is shown in Fig. 1.2 [1],[2]. It can be noted 

that the annual installation keeps increasing every year except the year 2013 and by 2050 

the global cumulative wind capacity is expected to be close to 4000 GW. The wind market 

reached 148 GW in Europe by the end of 2015. In particular, in Europe the annual offshore 

market has more than doubled compared to 2014 in 2015[1]. 



1.2 Status of 10 MW class wind generators 

5 

 

Fig. 1.2: Estimation of the global installed wind capacity from the year 2000-2050 [1],[2]. 

Levelized Cost of Electricity (LCOE) is widely used to evaluate energy sources and invest-

ment. However, the LCOE only takes the capital and operating cost into account. In order 

to have a better estimation, system cost of electricity, including subsidies, grid costs and 

variability costs, needs to be considered. To have a more comprehensive assessment of 

different energies from the benefits of a society on a macro scale, Siemens applies a con-

cept of Society’s Cost of Electricity (SCOE), which take the social costs, economic impact 

and geopolitical impact into consideration [11]. The costs of different electricity sources 

are compared for the installations in the UK in 2025, as shown Fig. 1.3 [11]. Up to date, 

the fossil fuels provide lower cost of energy when LCOE is considered. Based on SCOE, 

the cost of offshore wind energy changes remarkably and will offer the cheapest cost of 

energy, together with onshore wind. The target price, aimed at the industry, for wind energy 

by 2020 is €100/MWh [12]. It can be concluded that the offshore wind will be a pillar for 

future energy supply. 

Even though the risk and capital cost of the construction of offshore wind are higher than 

onshore, the offshore wind yield is more stable and predictable [13],[14]. To catch up with 

the national maritime spatial planning and to capture and benefit from better resources at 

sea, offshore wind farms are aiming at sites further from land and deeper into water. The 

average water depth and distance to coast of offshore wind farms is 27.1 m and 43.3 km, 

respectively [15]. To reduce the LCOE of the offshore wind, developing large wind farms 

and turbine sizes is a promising solution. Based on rapid technology development, the av-

erage offshore wind farms and turbine sizes have been increasing in the last 25 years, as 

shown in Fig. 1.4 and Fig. 1.5 [15].  

G
lo

b
a
l c

u
m

u
la

ti
ve

 in
s
ta

lle
d
 w

in
d
 c

a
p
a
c
it
y 

(G
W

) 

G
lo

b
a
l a

n
n
u
a
l i

n
s
ta

lle
d
 (

G
W

)



1 Introduction 

6 

The offshore wind farm has reached an average size of 338 MW and the average wind 

turbine installed is 4.2 MW with the deployment of 4-6 MW in 2015. Larger turbine sizes 

with 6-8 MW are commercially available and will be installed in the near future. 10 MW 

and even larger size are under research and on their way to reality. Table 1.1 lists the top 

10 largest wind turbines available in industry. 

 

Fig. 1.3: Costs of different electricity sources for installations in the UK in 2025 [11]. 

 

Fig. 1.4: Average offshore wind farm size from the year 1991-2015 [15]. 

C
o
st

 (
€
/M

W
h
)

1
9
9
1

1
9
9
3

1
9
9
5

1
9
9
7

1
9
9
9

2
0
0
1

2
0
0
3

2
0
0
5

2
0
0
7

2
0
0
9

2
0
11

2
0
1
3

2
0
1
5

A
ve

ra
g
e
 w

in
d
 f
a
rm

 s
iz

e
 (

M
W

)



1.2 Status of 10 MW class wind generators 

7 

 

Fig. 1.5: Average offshore wind turbine size installed from the year 1991-2015 [15]. 

Table 1.1: Top 10 largest wind turbines which are commercially available 

Name 
Power 

rating 
Drive train 

Gener-

ator 

type 

Rotor di-

ameter 
Ref. 

MHI Vestas V164-

8.0 MW  

8 MW 

plus 
Medium speed geared PMSG 164 m [16],[17],[18] 

Adwen AD 8-180  8 MW Medium speed geared PMSG 180 m [17],[19],[20] 

Enercon E126  
7.58 

MW 
Direct-drive EESG 127 m [17],[21] 

Siemens SWT-7.0-

154  
7 MW Direct-drive PMSG 154 m [17],[22],[23] 

Ming Yang SCD  6.5 MW Medium speed geared PMSG 130 m [17],[24],[25] 

Senvion 6.2 M152  
6.15 

MW 
High-speed geared DFIG 126/152 m [17][26],[27] 

GE Haliade  6 MW Direct-drive PMSG 150.8 m [17],[28] 

Sinovel SL6000  6 MW High-speed geared DFIG 155 m [17],[29] 

Guodian United 

Power UP6000-136 
6 MW High-speed geared DFIG 136 m [30] 

Siemens SWT-6.0-

154 
6 MW Direct-drive PMSG 154 m [31] 

The wind turbine system consists of several components to convert wind energy into elec-

tricity. For a direct-drive wind turbine system the main components are generators, ma-

chine housing, yaw drive, e-module, hub, rotor blades, tower and foundation [32]. The ro-

tor blades and hub are used to capture the wind energy and convert it into rotational energy. 

The generator and machine housing then turn the rotational energy into electricity. After 

that, the e-module can transform the electricity to the grid. The yaw drives are needed to 
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automatically turn the nacelle to the wind direction in order to capture maximum power. 

The tower and foundation are employed to support and bear all the mechanical load of the 

turbine. In  non-direct-drive turbine systems, gear boxes are connected between the hub 

and generator to increase the rotational speed and decrease the torque. 

A key component to convert the mechanical energy into electricity is the generator. Gen-

erally, the poles in a generator are excited to generate main magnetic field for energy con-

version. There are three kinds of pole excitation: permanent magnet (PM), copper coil, and 

superconducting coil excitation. The rotor pole excitation methods are shown in Fig. 1.6, 

and δ is the physical air gap. In this paper, the permanent magnet generator and copper coil 

excited generator are referred as conventional wind generators.   

       

(a) Permanent magnet excitation           (b) Copper coil excitation           (c) Superconducting coil excitation 

Fig. 1.6: Different pole excitation methods. 

1.2.2 Copper coil excited wind generators 

To help to reduce the reluctance in the magnetic circuit of the copper coil excited genera-

tors, ferromagnetic materials are employed as iron teeth, poles and pole shoes, and iron 

cores. In the field coil winding, the current density in copper winding, for example, in a 

salient pole synchronous generator is 2-4 A/mm2, as shown in Table 1.2. With direct water 

cooling, the current density can be increased to 13-18 A/mm2 and 250-300 kA/m [33].  

Table 1.2: Current density of the field winding [33] 

Generator types Asynchronous 
Salient pole 

synchronous 

cylindrical syn-

chronous 
DC 

Current density (A/mm2) 3-8 2-4 3-5 2-5.5 

There are two types of generators that are excited by copper coils: the doubly fed induction 

generator (DIFG) and electrically excited direct drive synchronous generator (EEDG), as 

illustrated in Fig. 1.7 and Fig. 1.8. The DIFG operates together with a high speed geared 

drive train, namely, a three-stage gearbox, which can turn the low rotational speed into 

high speed and decrease torque. The DFIG wind turbine system is illustrated as in Fig. 1.9.  
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Fig. 1.7: Sketch of a doubly fed induction generator. 

 

Fig. 1.8: Sketch of an electrically excited direct drive synchronous generator. 

 

Fig. 1.9: Sketch of a DFIG wind turbine system. 

The stator of the DIFG is directly connected to the 50/60 Hz grid network. The rotor of the 

DIFG is connected to a partial power converter through slip rings and brushes or a rotatory 
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transformer. To work with the wind system with a variable speed control concept, which 

is the trend in wind turbines, the electronic converters adjust the frequency of the rotor 

current according to the wind speed. The speed regulation range of the DIFG is around 

±30% of the synchronous speed [34]. The rating power of the electronic converter is typi-

cally 30% of the generator’s nominal power [35], which has an advantage in the size, cost 

and loss reduction of the converter. The connection of the rotor to the converter also pro-

vides a way to control the reactive power and active power of the system by pulse width 

modulation [5]. However, as the stator is connected to the grid, during a grid fault, high 

fault current is produced in the stator, which in return may cause high current in the rotor 

and converter and sudden torque loads on the drive train [36]. Moreover, it is a challenge 

for the DFIG to meet the grid requirement of the grid fault ride-through capability [37]. 

The losses and reliability of the three-stage gearbox are also a drawback. 

Differently, the EEDG has no gearboxes and generates the electricity directly from the low 

rotational speed. The EEDG wind turbine system is illustrated in Fig. 1.10. The rotor uses 

DC current for excitation and is connected to an exciter by slip rings and brushes or a 

rotating rectifier. A separated exciter or a reduced scale of converter connected to the grid 

is necessary for the rotor excitation. The stator is connected to the grid network through a 

full power converter. With the full converter, the amplitude and frequency of the stator 

voltage can be controlled according to the wind speed and the speed range is wide, even at 

very low speed [37]. Moreover, through the rotor side, the pole flux can be adjusted to 

minimize loss in different operating points [36]. The technology to design, manufacture, 

and control the EESG is mature and robust. However, the converter capacity should be 

larger than generator nominal power due to reactive power. As a result, the loss, size and 

cost of the converter is a demerit. As the EESG runs at low speed, the torque it produces is 

very high to meet the rated power and the generator is large in size and heavy in weight. 

Furthermore, the large amount of copper and losses in both field and armature winding also 

deteriorate the benefits. The comparison of direct drive generator system and generator 

system with gearboxes have been summarized in literature [13],[38]-[43]. 

 

Fig. 1.10: Sketch of a direct-drive EESG wind turbine system with DC exciter. 
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1.2.3 Permanent magnet wind generators 

1.2.3.1 Introduction of permanent magnets 

In the past centuries, the performance of permanent magnets (PM) was remarkably im-

proved. Many different types of PMs emerged, and they are widely used in electric and 

electronic devices from computers, appliances to medical equipment [44]. Because of its 

high power density and efficiency, the synchronous generators with PMs are being applied 

in wind turbines. At the moment, there are mainly four kinds of PMs being used: Ferrites, 

SmCo and FeNdB and the main properties of these PMs are summarized in Table 1.3.  

Table 1.3: Main properties of permanent magnets 

PM types Ferrites SmCo NdFeB 

Remanence 0.2-0.46 T 0.87-1.17 T max. 1.43 T 

(BH)max 6.5-41.8 kJ/m3 143-255 kJ/m3 max. 400 kJ/m3 
Electrical resistance 1010 uΩcm 1010 uΩcm 50-90 uΩcm 
Temperature max. 450 Celsius max. 350 Celsius 80-230 Celsius 
Price cheap expensive medium 

Ferrite magnet is the cheapest PMs [45]. Although the price of ferrite magnet is competitive, 

it is not the first option for wind turbine application as it has low remanence and energy 

product (BH)max. Its remanence is about 0.2-0.46 T and the (BH)max is about 6.5-

41.8 kJ/m3 [46]. Compared with other PMs, ferrite magnet has a much higher electrical 

resistance and Curie temperature. Its electrical resistance is about 1010 uΩcm. This makes 

it competitive in specific occasion as it will cause low eddy current loss. 

In the 1960s, rare-earth PMs based on rare-earth-cobalt (R-Co) intermetallic RCo5 type 

compounds were discovered. Among them the SmCo5 PM has the highest coercivity and 

was recognized as the first generation of rare-earth high-performance magnets. Soon the 

second generation of rare-earth PM based on Sm2Co17 compound was discovered. These 

magnets not only have large coercivity and energy products, but also have excellent ther-

mal stability [44]. SmCo5 PMs can work in temperatures up to 250 Celsius, while 

Sm2Co17 PMs can work at higher temperature up to about 350°C [47],[48]. However, 

SmCo PMs are more expensive. Compared with AlNiCo magnets, the remanence of SmCo 

is relatively low, and it is about 0.87-1.17 T. However, the (BH)max of SmCo is higher, it 

is about 143-255 kJ/m3.  

Due to the high price of Sm and Co, Co free magnets with similar characteristics became 

a research target. In 1984, Fe-based high-energy product magnets based on the ternary 

Nd2Fe14B phase were reported. Before 2011 the Nd2Fe14B was widely used for decades 
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because of its excellent magnetic properties. In order to improve the performance at ele-

vated temperature, Dy and Tb are widely used as doping elements in NdFeB magnets [44]. 

The more percentage of Dy in weight added, the higher the temperature NdFeB magnets 

could work at. At the moment, the remanence of NdFeB magnets can reach 1.43 T, and its 

(BH)max can reach 400 kJ/m3. The working temperature of NdFeB magnets is relatively 

low, and the range is about 80-230 Celsius according to different grades. The temperature 

coefficient of induction and coercivity are relatively high. The electrical resistance of it is 

about 50-90 uΩcm [47].  

1.2.3.2 Permanent magnet generator types 

There are two drive-trains of the PM generator, one is with gearbox to increase the rota-

tional speed to medium speed by a first stage gearbox, and the other is direct drive system, 

as illustrated in Fig. 1.11. The stator of the PM generator is connected to the grid through 

a full converter, similar to the EEDG. It has the merits and demerits of the drive train with 

full converter as aforementioned. A radial flux synchronous PM generator is illustrated as 

in Fig. 1.12. The armature winding in the stator can be a lap winding or a concentrated 

winding. Fractional-slot concentrated winding, widely adopted in the brushless PM ma-

chines, has shorter end winding length, higher slot fill factor and less number of 

slots [49]- [51]. As the coils are wound around one stator teeth, the manufacture is simpler 

than the overlapped winding. However, the concentrated winding always subjects to a 

lower winding factor than the lap winding [52],[53]. PMs are used in the rotor to produce 

the flux density and an iron core is employed to confine flux.  There are different configu-

rations of the rotor, as shown in Fig. 1.13. To obtain a high air gap flux density, the high 

performance PM is a good choice. However, the high performance PM is usually very 

expensive, and it still needs to be improved. For a specific PM, the thickness of the PM can 

be increased to improve its operating point, as well as the width. But it is better to increase 

the width than the thickness, as less PMs are needed to provide the same air gap flux density 

by increasing the width than the thickness. However, for the configurations as shown in 

Fig. 1.13(a) and Fig. 1.13(b) the total width of the PM is limited by the perimeter of the 

rotor. In that case, Fig. 1.13(c) can be employed to further improve the width. 

 

Fig. 1.11: Sketch of a PMSG wind turbine system. 
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Stator core

Permanent magnets

Stator armature 
winding

Rotor core

 

Fig. 1.12: Sketch of an electrically excited direct drive synchronous generator. 

 

           (a) Surface-mounted PM machine      (b)Interior PM machine     (c) Buried (spoke) PM machine 

Fig. 1.13: Rotor configurations of radial flux PM generators. 

One more advantage of the permanent magnet generator system is that there is no need for 

an exciter and it removes the slip rings and brushes, as well as the field losses, which lead 

to an increase in efficiency and reliability. However, the price of the permanent magnets is 

higher than copper, and the manufacture of permanent magnet is more difficult than copper.  

Besides the most adopted radial flux topology of the permanent magnet generators, there 

are various topologies, such as axial flux and transverse flux types. Literature [54]-[58] 

compared and listed the advantages and disadvantages of radial, axial and transverse flux 

types and the project Upwind found that a single-sided single-winding flux-concentrating 

transverse flux PM generator was most promising [59]. The INNWIND project, from 2012-

2017, is focused on innovative offshore wind turbines and components, and studies the 

pseudo direct drive permanent magnet generator, which is a non-contact magnetic gear 

integrated within a permanent magnet generator. It finds that this type has an extremely 

high torque density which eliminates any mechanical gearing and meshing teeth [60].   
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1.2.4 Superconducting wind generators 

1.2.4.1 Introduction of superconducting materials 

Many companies and research groups have studied and have been studying large-scale di-

rect-drive superconducting wind generators [61]-[65], since the superconducting generator 

enables higher torque density and efficiency, lower weight and smaller size. In conven-

tional generators, the maximum power is limited by the thermal heating and saturation 

point of ferromagnetic materials. This means that the maximum power is subjected to the 

circumferential current per unit length and the air gap flux density. Differently, the maxi-

mum power of a superconducting generator is proportional to the product of flux density 

and the critical current. Since the critical current of the superconductor is much higher even 

at a high external magnetic field, the possible power density of the superconducting gen-

erators in theory can be a factor of 10-100 better than the conventional generators with 

equal volume [66]. The superconducting materials investigated are varied from 1G super-

conductors, barium strontium calcium oxocuprate (BSCCO), 2G superconductors, rare 

earth barium oxocuprates (ReBCO), to magnesium diboride (MgB2). 

The high temperature superconductors were discovered in 1986 [67]. YBCO was found in 

1987 and BSCCO in 1988. Both of the two superconductors have copper oxide planes that 

carry the currents. The BSCCO conductor consists of many filaments which are embedded 

in a silver matrix. The technique to manufacture BSCCO tapes is the powder in tube 

method and it can be manufactured in both flat tapes and round wires. Since there is a large 

portion of silver in the conductor, it has good mechanical properties and excellent thermal 

stabilization. However, it has a strong anisotropy, which leads to loss of current carrying 

capability in magnetic field, especially perpendicular field. It also suffers weak links, a 

significant amount of bad current paths. The main manufacture of this type of supercon-

ductor is Sumitomo Electric in Japan. The technical data provided by the supplier is sum-

marized in Table 1.4 [68],[69]. 

Different from BSCCO, the ReBCO are formed as a multilayer coating on a flat substrate. 

The superconductor layer, which is very thin, typically 1 um thick, is deposited on the 

initial substrate, normally a nickel alloy. After this, a thin silver layer is added to protect 

the superconductor and to stabilize it both thermally and electrically. Then an outer layer 

of copper is applied to enable current transfer and stabilization and strand protection. The 

ReBCO tapes have better in field performance than BSCCO, which means that they can 

still conduct a large amount of current when exposed to magnetic field. Currently, there 

are many commercially suppliers all over the world. The tapes they produce differ in crit-

ical current, lift factor, geometry, stabilizer and price, etc. Table 1.5 lists the technical data 

from several manufacturers [69]-[76]. Both ReBCO and BSCCO can work at a wide range 

of temperature up to 77 K, which is the temperature of liquid nitrogen. In wind generators, 
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the working temperature of the superconductors is selected to be 20 K to 40 K to enable a 

larger current density and they are cooled by conduction cooling.  

In 2001, MgB2 was discovered as a new type of superconductor [67], which has a critical 

temperature of 39 K. The operating temperature of MgB2 in wind generators is chosen as 

20 K. Similar to BSCCO, the MgB2 superconductor is manufactured by the powder in tube 

method. It can be produced in many configurations, both in tapes and wires, which make 

it attractive for energy application. This powder in tube technique, together with the low 

cost of raw materials, makes MgB2 cheap and easy to manufacture. However, the applied 

field to MgB2 cannot be high, usually 1-2 T for applications. Otherwise, the critical current 

will drop dramatically. Commercially available MgB2 from Columbus, Hitachi and Hyper-

tech are summarized in Table 1.6 [69],[77]-[79]. 

Many advances have been made in superconductors, resulting in improvement of conduc-

tor quality and available length. The production capacity of 2G tapes reaches 1000 km/year. 

The price of the superconductors is depending on companies and the volume of the cus-

tomers’ order. The current price is around 100-1000 $/kA-m for ReBCO (using critical 

current at 77 K, self-field) and the price of the BSCCO is lower, which is in the range of 

50-300 $/kA-m. Data released from IEA in ASC conference in 2016 shows that the ReBCO 

price can be reduced to below 25 $/kA-m in the year of 2030 [69], which is the threshold 

for large commercial market [80]. BSCCO will also decrease to the range of 10-50 $/kA- m 

in the year of 2030 [69], which will be higher than ReBCO, mainly due to the inevitable 

presence of silver matrix.  The price of MgB2 is below 25 $/kA-m (using critical current at 

20 K, 1 T) and producers are aiming at further price target below 5 $/kA-m by 2025 to 

enlarge the market penetration [81]. To summarize, researches are conducted all over the 

world to increase the current carrying capability and to reduce the cost of the conductor.  
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1.2.4.2 Superconducting generator types 

Since Prof. Heike Kamerlimgh Onnes discovered superconducting phenomenon in 1911, 

engineers were trying to apply superconductors into electrical machines. It was until mid-

1960s when low temperature superconductors NbTi became into use that superconducting 

electrical machines became viable [82]. Between 1970s and 1990s, low temperature elec-

trical machines gained a rapid development in research. For instance, Super-GM project in 

Japan, developed three rotors and a stator for 70 MW superconducting generators [83]. 

Then high temperature superconducting electrical machines gained a lot of attractions from 

research laboratories and industries, after high temperature superconductors Bi-2223, Bi-

2212 and YBCO with higher transition temperature were available. Currently, the critical 

current of the YBCO is around 100-200 A with 4 mm width and 200-600 A with 12 mm 

width as shown in Table 1.5. Zenergy and Converteam initiated an 8 MW high temperature 

superconducting wind generator project in 2004 in UK [84]. Then AMSC started to design 

a 10 MW high temperature superconducting wind generator in 2007 [85]. In 2015, 

Ecoswing project announced to build a 3 MW class direct drive superconducting wind tur-

bine, which is based on 2G wires [86]. This will be the first superconducting wind turbine 

in operation at a real wind tower. However, both 1G and 2G high temperature supercon-

ducting tapes are relatively expensive, though the costs are very likely to decrease in the 

future. Actually, the presence of AC losses has limited high temperature superconducting 

tapes to be applied in fully superconducting electrical machines. MgB2 superconductor, 

having comparable low cost and relatively high operating temperature and low AC losses, 

seems to be promising in superconducting electrical machines. The engineering current 

density of MgB2 can reach 130-300 A/mm2 as listed in Table 1.6. A few companies began 

to design 10 MW fully superconducting wind generators in 2011 and 2013 [87],[88]. Be-

sides, Suprapower project designed a 10 MW hybrid superconducting generator which em-

ploys MgB2 coils to generate main field in the generator, as well as the INNWind. EU 

project [64],[89]. In addition, Windspeed project, aiming at the technical and economic 

feasibility study of a 3.6 MW superconducting generator, also used MgB2 [90]. It should 

be pointed out that all the projects except the Ecoswing project and activities are only stay 

in designs, small demonstrators or subcomponents and no full-scale prototype has been 

successfully built and operated in real tower yet. 

Different topologies have been studied in superconducting wind generators, such as axial, 

radial, and transverse flux topologies, DC and synchronous rotating generators etc. The 

different topologies with their advantages and disadvantages used in literature have been 

summarized in [91]. Many papers have investigated the performances, including steady 

state and transition state [92]-[95]. Among different topologies, the superconducting gen-

erator with superconducting field coils and copper armature winding, as illustrated in 

Fig. 1.14, has got the highest attention. The copper winding in the EEDG rotor is replaced 

by the superconducting tapes, accompanying with a cryostat. Inside the cryostat, there is a 



1 Introduction 

20 

coil former which provides mechanical support and thermal conduction for the supercon-

ducting coils, while the Dewar and thermal shield as well as vacuum helps to maintain the 

cryogenic working temperature. A cryogenic system is necessary to cool down the super-

conducting tapes and to provide cold power. Stator iron core is usually used to confine the 

magnetic flux. The rotor iron core is introduced to reduce the magnetic reluctance and 

reduce the usage of superconducting tapes. The drive train of the superconducting synchro-

nous generator is similar to that of the direct drive permanent magnet synchronous gener-

ators and no gearbox is needed. 

 

Fig. 1.14: Sketch of a superconducting synchronous generator with copper winding. 

1.2.5 Comparison of different wind generators 

In this work mainly direct drive generators are compared because they seem most promis-

ing for offshore generators with large ratings. 

Mass and size of the generator are important due to the transportation and installation of 

the wind turbines. EU Up-wind project estimated the mass of the tower head and tower for 

5, 10, 20 MW wind turbines, as shown in Fig. 1.15 [59]. In Fig. 1.15 the tower head mass 

includes the rotor mass and nacelle mass. Fig. 1.15 shows that the tower mass increase 

sharply when the power rating exceeds 10 MW. Reduction of tower head mass for offshore 

wind turbines can not only lead to decrease of the structural, foundation and installation 

costs, but also the transportation time [96]. For a 10 MW design with permanent magnets, 

the mass distribution of the tower head is estimated in Fig. 1.16 [80]. In the wind turbine, 

the generator mass is the heaviest, taking up 37% of the tower head mass. Hence, an effec-

tive way to reduce the tower head mass is to design a light weight generator. And transpor-

tation and installation also benefits from a small size generator. 
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Fig. 1.15: Mass estimation for 5, 10 and 20 MW wind turbines of permanent magnet generators [59]. 

 

Fig. 1.16: Distribution of the tower head mass for a 10 MW permanent magnet wind turbine generator[80]. 

Data from different generators, including superconducting, permanent magnet and copper 

coil excited wind generators, in literature has been summarized and compared from weight, 

volume and efficiency. The results are listed in Table 1.7. It should be noted that many 

designs are from research papers, whereas some designs of the permanent magnet and cop-

per coil excited generators are commercial products. However, it is believed that the col-

lected data emphasizes the main difference of the three types of excitation generators. The 

weight and volume comparison is underlined in Fig. 1.17 and Fig. 1.18. The direct drive 

superconducting generators are lighter and smaller than the permanent magnet and copper 

coil excited generators, whereas the permanent magnet generators are lighter than the cop-

per coil excited generators. The average torque to mass ratio of the superconducting gen-

erators is 64.5 Nm/kg, 29.8 Nm/kg for permanent magnet generators, and 20.2 Nm/kg for 
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the copper coil excited generator. The average volume to torque ratio of the superconduct-

ing generator is 222.2 kNm/m3, and 46.3 kNm/m3 for the permanent magnet generator. In 

this case, the superconducting generator has the best potential to save weight and space. 

The efficiency of different generators is compared in Fig. 1.19. In general, the efficiency 

of the superconducting generator is higher with higher torque output. In direct drive super-

conducting generators, the dominant losses are from armature winding, when copper is 

employed, whereas in the fully superconducting generator, the dominant losses are the re-

frigerator consumption, which is used to maintain the low temperature of the superconduc-

tors in both rotor and stator [88]. The main loss source for a permanent magnet generator 

is copper losses and permanent magnet losses caused by the harmonic contents in the air-

gap [97]. With no doubt the main losses of the copper coil excited generator is copper 

losses, which is more than 90% of the annual dissipation for a 3 MW generator when con-

verter losses is not included [39].  

 

Fig. 1.17: Mass of different large direct-drive generators as a function of the torque from Table 1.7. 
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Fig. 1.18: Volume of different large direct-drive generators as a function of the torque from Table 1.7. 

 

Fig. 1.19: Efficiency of different large direct-drive generators as a function of the torque from Table 1.7. 

At present, the cost of the superconducting generator is expected to be higher than that of 

conventional generators. The total amount of superconductors in a generator with the same 

power rating is not identical, as illustrated in Fig. 1.20. It depends on the material type, 

quality of the superconductor, dimension of the superconductor, generator topology, design 

optimization objectives, and also working temperature. The superconducting length used 

in a 10 MW generator with YBCO is in the range of 10 to 800 km. Using the current price 

100-1000 $/kA-m of the YBCO as mentioned before, only the material price of the super-

conductor for a 10 MW generator is more than 4 M$, if 100 A is assumed for the critical 
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current at 77 K, self-field and 400 km superconductor is needed. Due to this reason, EU 

project INNWIND has concluded that this technology will not be superior to the expected 

permanent magnet direct drive technology in 2020 [120]. In fact, in the last ten years the 

price of the superconductor has been decreasing considerably. In the long-run, the super-

conducting tape is expected to be below 25 $/kA-m, the superconductor cost for a 10 MW 

generator then can be below 1 M$. A direct drive permanent magnet generator with the 

same rating uses about 8 ton NdFeB [97], and the permanent magnet price for this genera-

tor is 1.2 M$, if 150 $/kg is assumed, which proves that in the long run the superconducting 

generator has a potential to be cost competitive. Moreover, it has been estimated that the 

LCOE of wind energy will reduce by max.4.0 % by introducting direct-drive supercon-

ducting drive trains [121]. 

 

Fig. 1.20: Superconductor consumption as a function of torque from Table 1.7.
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2 Design method 

2.1 Design equations  

In the design process of the superconducting generator, the terminal voltage, speed, and 

power are usually determined by the power system as design requirements. The main task 

of the design is to find out the most optimal machine within the design constraints, includ-

ing economic and reliability considerations.  As a start, the relationship of the output power 

with the generator size, electrical loading, magnetic loading and speed is expressed by 

eq  (2.1) [33], which can be also referred as sizing equation. 

 
2 Ω

2
N

DC a max a ef N

P
A B D l





  (2.1)

where, Da is the outer diameter of rotor; lef is the effective length of stator stack lamination; 

ΩN is the rated mechanical angular speed, which is equal to 2πnN/60, nN is the rated rota-

tional speed in 1/min; PN is the output power; η is the assumed efficiency of the generator; 

Bδmax is the magnitude of the radial flux density in the middle of air gap, which is generated 

by the superconducting field coil in the rotor and a value is set first based on experience 

and literature; Aa is the electrical loading of armature winding, which is chosen by the 

cooling capacity of the stator; and αDC is the relative pole width for DC. 

The rated current IaN of the generator is calculated as eq.  (2.2). 
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where, UN is the rated voltage. 

Generally, the following design step is to determine the dimensions of the machine. The 

rational approach is to set the ratios of effective length, lef, to the outer diameter of the rotor, 

Da. After that, the dimensions, such as the rotor dimension, stator dimension and the arma-

ture winding design, can be selected. The dimension parameters needed in the design of 

the superconducting generator are described in Fig. 2.1, which displays a transacted cross 

section of the round generator with one pole pair as an illustration. The gap between the 

coilformer and the dewar is the space for vacuum which reduces the conduction heat load 

to the superconducting coils.  Normally, the pole and teeth are made of non-magnetic ma-
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terials to support the copper armature winding and superconducting coils in the supercon-

ducting generator, for example, the teeth are generally made of glass fibre and the poles 

are made of G10.  

 

Fig. 2.1: Dimension parameters in a superconducting DC generator. 

The dimension of the slot can be derived by eq. (2.3) and (2.4). 
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where, wsl is the width of slot; hsl is the height of slot; Islot is the current in a slot; ja is the 

current density in armature winding; αu is the slot filling factor; u is the number of coils per 

slot; a is the number of branch pairs; Na is the number of turns per armature coil; IaN is the 

rated current; Ncond is the number of conductors in series; Zu is the number of slots, which 

is selected based on the material strength of teeth and the performance of the commutation. 

When iron cores are employed in stator and rotor, it is essential to select the height of the 

stator and rotor core in radial direction. Since the iron stator and rotor core confine the flux 

in the machine, the flux linkage per pole φm is calculated first as eq. (2.5). 

   m p efB l   (2.5)
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where Bδ is the average radial flux density in the middle of air gap; and τp is the pole pitch 

which can be calculated as eq. (2.6).  
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where, δem is the effective length of air gap, including the thickness of the cryostat wall, 

and the physical air gap; p is the number of pole pairs; and  hsc is the height of one side of 

superconducting field coil. 

Then the height of stator core and rotor core can be calculated as eq. (2.7) and (2.8), if they 

are made of ferromagnetic materials.  
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where, hry is the height of rotor yoke; hsy is the height of stator yoke Bsy is the magnetic flux 

density in the stator yoke; Bry is the magnetic flux density in the rotor yoke; and  kFe is the 

space factor of the core, generally it is 0.98[33]. 

The stator generates the main flux density in the machine. When the rotor coils rotate, the 

armature winding in the rotor moves through the magnetic flux, and a voltage, the back 

electromotive force (back-EMF), is induced in the armature winding. According to the law 

of induction the back-EMF VaN can be calculated as eq. (2.9). 
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where, nc is an integer, which is 1, 2, …, Ncond; Bδn(x) is the airgap radial flux of nc-con-

ductor in x position, as show in Fig. 2.2, in which the brush is located in the geometrical 

neutral line between the north and south pole; and v is the velocity the conductor cuts 

through the magnetic field, which can be calculated as eq. (2.10). 

To make the expression of the back-EMF easy to follow, the average value, instead of the 

circumferential distribution of the flux density per pole, is preferred to use. The average 

value of flux density Bδ can be derived as in eq. (2.11). 
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Fig. 2.2: Distribution of airgap flux density and conductors. 
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If the armature winding is connected to the load, current will flow in it due to the back-

EMF. As a result of Ampere’s law, the armature winding generates a magnetic field. Due 

to the force between the magnetic field of the rotor and stator, there is a tendency to align 

the two magnetic fields. Hence, torque and power is produced. In the superconducting DC 

generator, the pole and teeth are usually made of nonmagnetic materials as fermentioned, 

which enlarge the effective air gap. Moreover, the cryostat to house the superconducting 

coils makes the effective air gap even larger. Consequently, different from conventional 

DC generator, the influence of armature reaction on the no-load flux density is negligible. 

Hence, the generated power Pg without losses is calculated as eq. (2.12), based on the.no-

load flux density. 

 g aN aNP V I  (2.12)

By combining eq. (2.5) and (2.9) with eq. (2.12), the calculated power Pg is  
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In order to calculate the efficiency of the generator, copper losses, iron losses, and addi-

tional losses also need to be calculated. In this part, the losses of the cryostat walls and AC 

losses in the superconducting coils are neglected as the effective air gap is large and the 

harmonics to cause eddy current loss in the cryostat walls and superconducting coils decay 

rapidly with distance. To calculate the copper losses, the length of the armature coil per 

turn is estimated. The shape of an armature coil is shown in Fig. 2.3 
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Fig. 2.3: Sketch and main dimensions of an armature coil. 

The axial length of the end armature winding per turn in one side lend is calculated as 
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where, τy is the distance of the coil span; βaend, as shown in Fig. 2.3, is the bending angle of 

the armature end winding to the coil span, which is assumed to be 30 degree;  y1 is the coil 

span as the number of coil sides. 

It can be calculated from Fig. 2.3 that the length of the copper winding per turn law is  

  4 / sin 2 4 8 2 4aw end aend ef ext end ef extl l l l l l l       (2.15) 

where lext is the extension length of armature winding per coil in direction part.  

Then the resistance of an armature coil per turn Rat is expressed as eq. (2.16).  

  
 20 1 20

/ 2
aw

at a a

aN a

l
R T C

I aj
      (2.16) 

where, ρ20 is the  resistivity of copper in 20 Celsius,  which is 1.724E-08 Ωm; Ta is the 

working temperature of armature winding; Ca is the temperature coefficient of resistance, 

which is 0.00393/ Celsius. 

Hence, the resistance of the copper winding Ra can be expressed as eq. (2.17). Copper 

losses Pcu can be resulted from eq. (2.14)-(2.17), shown as eq. (2.18). 

  20

1
1 20

2 2 2
a u aw a u a

a at a a

aN

N uZ l N uZ j
R R T C

a a aI
         (2.17) 

 2
cu aN aP I R  (2.18) 



2 Design method 

32 

If rotor core and stator core are made of ferromagnetic materials, the iron losses PFe can be 

roughly estimated by eq. (2.19)[33]. There is no iron losses in the stator core as the fund-

mental magnetic field is stationary if harmonics are not taken into consideration. 
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where, kry,is correction coefficient for PFe calculation, which are 1.8; Bry, is the magnitude 

of flux density in rotor yoke; mry is the active material weight of rotor yoke, P15 is the losses 

of ferromagnetic materials per mass unit at 1.5T, 50 Hz; f is the frequency of the generator.  

The additional losses Padd can be calculated by empirical equation, shown as eq. (2.20)[33].  

 0.01add NP P   (2.20) 

The brush losses Pb can be calculated by as (2.21)[33].  

 2b b aNP U I  (2.21)

Where, Ub is the voltage of brushes. 

If the friction and windage loss Pfw is neglected, the efficiency of the generator ηg can be 

calculated as eq. (2.22). 
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The sketch and main dimensions of a superconducting coil are shown as in Fig. 2.4. From 

Fig. 2.4 the length of the superconducting coil per turn can be calculated as eq. (2.23).The 

supercondcutingcoil is ramped up and then continously running with a voltage source to 

avoid unrealistic induced voltages and demagnetisation in coils. 

Then the length of the superconducting tape Lsc is derived as eq. (2.24). 

Another key factor needs to be considered in the generator design is the weight of the 

generator. The materials weight of the generator mg is derived as eq. (2.25). 
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Fig. 2.4: Sketch and main dimensions of a superconducting coil. 

   2 4scw ef extsc p p scL l l w       (2.23) 

where Lscw is the length of the superconducting coil per turn; lextsc is the extension length of 

a superconducting coil in direction part; and wsc is the width of one side of superconducting 

coil, αp is the pole arc coefficient. 

  2 2 2 4sc sc scw sc ef extsc p p scL pN L pN l l w          (2.24) 

where, Nsc is the number of turns per superconducting coil. 

  Cug sy ry sc framem m m m m m      (2.25) 

where mCu  is the active material weight of copper winding; msc is the  active material weight 

of  superconducting winding; msy,and mry are the  active material weight of stator yoke and 

rotor yoke, respectively; and mframe is the structural material weight of the generator frame. 

2.2 Design process  

The fundamental design process is presented as Fig. 2.5. This design program uses iterative 

calculation to adjust the superconducting coil current to meet the required superconducting 

tape characteristics. Then the program is run to design the active part of the generator by 

adjusting effective axial length. Thereafter the generator performance is calculated, includ-

ing efficiency, volume, weight, superconducting weight length and so on. Moreover, to 

accurately calculate the weight of the generator, a mechanical model is employed to deter-

mine the thickness of the frame to safely support the stresses on the stator and rotor com-

ponents. Finally a trial design based on the input parameters is saved for the optimisation. 

The explanations of the design process by step are as follow. 
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Step 1:  

There are six major design variables: the armature diameter, Da, the height of the super-

conducting coil, hsc, the height of the rotor coil, hry, the height of the stator coil, hsy, the 

electrical loading of the armature winding, Aa, and the pole pair number, p. A range of the 

six variables are given as defined searching space. The program starts with an arbitrary 

combination of the six variables within the defined space. After the trial design is located, 

the six variables are then modified by the optimisation model.  

 

Fig. 2.5: Flowchart of design process. 
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Step 2:  

The predefined parameters about generator size, power, superconducting coils, armature 

winding and stator and rotor core are input also at the beginning of the program. The input 

parameters are summarized as illustrated from Table 2.1 to Table 2.5. 

Step 3:  

Through equation (2.1) to (2.8), more parameters which are needed in the machine design 

are calculated, such as slot size, copper winding design etc. The parameters calculated in 

this step are listed in Table 2.6. 

Table 2.1: Parameters of superconducting coils 

Symbol Explanation Unit 

αp Pole arc coefficient -- 

αf1  Safety margin for SC coils -- 

αf2 Packing factor for SC coils  -- 

desc Mass density of SC wires kg/m3 

Isc Operating current of SC coils A 

Ic(Ban, Tsc) Critical current and applied flux density curve (H//ab) A 

Ic(Bap, Tsc) Critical current and applied flux density curve (H//c) A 

lextsc Extension length of a SC coil in direction part m 

Ssc Cross section area of SC tape m2 

Tsc Working temperature of SC coils K 

 wsc Width of one side of a SC coil m 

Table 2.2: Parameters used in sizing equation and losses 

Symbol Explanation Unit 

PN Output power W 

UN Rated voltage V 

nN Rated rotation speed 1/min 

Table 2.3: Parameters of the air gap 

Symbol Explanation Unit 

δ Physical air-gap length m 

δem Effective air-gap length m 

hscd Height of superconducting coil to stator core m 
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Table 2.4: Parameters of armature winding 

Symbol Explanation Unit 

a  Number of branch pairs -- 

αu Slot filling factor -- 

dec Copper mass density  kg/m3 

ja Current density in armature winding A/m2 

lext Extension length per turn in direction part m 

Ta Working temperature of armature winding Celsius 

u Coils per layer in a slot -- 

wsl /τu  Width of slot to slot pitch -- 

q Slot number per pole -- 

Table 2.5: Parameters of generator cores 

Symbol Explanation Unit 

dey Mass density of silicon lamination kg/m3 

kFe Correction coefficient for PFe  -- 

kry Correction coefficient for PFe -- 

ksy Correction coefficient for PFe -- 

P15 Losses of iron per mass unit at 1.5T, 50 Hz, W/kg 

μ0 Permeability of air H/m 

μrr Relative permeability of rotor core -- 

μrs Relative permeability of stator core -- 

Table 2.6: Calculated parameters through equation (2.1) to (2.6) 

Symbol Explanation Unit 

lef Effective length of stator stack lamination m 

hsl Height of slot m 

wsl Width of slot m 

u Number of coils in a slot -- 

Zu Number of slots in rotor -- 

Na Number of turns per coil -- 

IaN Rated armature current A 

τp Pole pitch m 

Nsc Number of turns per superconducting coil -- 

Step 4:  

The current of the superconducting coils Isc is preselected first. Then the number of turns 

Nsc, and flux density in the air gap Bδ can be calculated according to equations of the elec-

tromagnetic model in Chapter 3. The current of the superconducting coils Isc is modified to 

an appropriate value for a certain size of the superconducting coils based on the perfor-

mance of the superconducting tapes, that is the Ic(Ba,Tsc) curves. 
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Step 5: 

The process to calculate flux density in the generator is shown in Fig. 2.6. According to 

the materials used in stator and rotor core, different equations from Chapter 3 are em-

ployed. Moreover, in the iron core generator, the working relative permeability of the rotor 

and stator core, urr and urs, are found by iterative calculations. In this step, The B-H curve 

of the ferromagnetic material is employed, as shown in Fig. 2.7.  

Step 6:  

In order to find the operating current of the superconducting coil, the superconducting coil 

load line, which is the superconducting coil current against magnetic flux density, and the 

tape performance, that is, critical current against applied flux density of the tape, are drawn 

in the same figure. In Fig. 2.8, Line Ic(B, 30K) is the critical current of the superconducting 

tapes versus the radial flux density (H//ab), while Line 0.6Ic(B, 30K) is the critical current 

with safety margin of 60% versus the radial flux density (H//ab). The load line of the su-

perconducting coil, Line I(Bmp) (H//ab), is also plotted in the same figure. The crossing 

point of the load line and the 60% of critical current line, Iscp, is the operating current for 

the superconducting coil in terms of the radial flux density. As the superconducting tapes 

in the generator is also subjected to the tangential flux density (H//c) besides radial flux 

density (H//ab), then the operating current Iscn in terms of the tangential flux density also 

needs to be found. The process to find out the operating current Iscn is similar to that of the 

operating current Iscp , as shown in Fig. 2.9. 

Step 7: 

As a safety margin of 60% for the superconducting coil is selected in terms of both radial 

and tangential flux density, the smaller value of the operating current in terms of the radial 

and tangential flux density, Iscp and Iscn, is the true operating current for the coil.  

Step 8: 

To find the load line of a superconducting coil needs many calculations with different su-

perconducting coil currents. To simplify the calculation and save time, a linear load line is 

assumed at first and will be iterated to the real value. Hence, the load line can be drawn by 

a given value of the superconducting coil current Isc and its applied radial and tangential 

flux density, Bmp1 or Bmn1. Then the crossing point (Iscp, Bmp2) or (Iscn, Bmn2) from the load 

line and the 60% critical current line is calculated. However, whether the crossing point is 

in the real load line, instead of the assumed linear load line, is checked by comparing Bmp1 

& Bmp2 or Bmn1 & Bmn2. If they are not equal, the current of the superconducting coil Isc has 

to be modified. Otherwise, the program can move on. 
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Step 9: 

Through equation eq. (2.9) to (2.22), the electromagnetic power Pg and losses of the gen-

erator, including copper losses Pcu, additional losses Padd, iron lossesPFe and brush losses 

Pb can be calculated. Then the efficiency ηg and output power are also obtained. 

 

Fig. 2.6: Flowchart to calculate flux density in the generator. 
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Fig. 2.7: B-H curve of M235-35 @50 Hz. 

 

Fig. 2.8: Operating current of a superconducting coil @ H//ab. 

 

Fig. 2.9: Operating current of a superconducting coil @ H//c. 
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Step 10: 

By comparing the calculated output power with the rated power, the appropriate effective 

axial length lef is reached. If the calculated output power Pg is smaller than the target output 

power PN, the axial length lef is enlarged. 

Step 11: 

By using eq (2.23) to (2.25), the superconducting tapes length Lsc and the weight of the 

active materials in the generator are calculated. To calculate the structural material weight, 

a mechanical model is run to determine the thickness of the frame. Further description of 

the mechanical model is in Chapter 4. Afterwards, all the necessary parameter of the gen-

erator design is output in the output list for this trial design. The output parameters are 

summarized from Table 2.7 to 2.10. The trial design, represented by the six prime variables, 

is then evaluated by the optimization method according to a design objective function in 

Section 2.3 to decide how to adjust the six variables.  

Table 2.7: Parameters of losses 

Symbol Explanation Unit 

PFe Iron losses W 

Pb Brushes losses W 

Padd Additional losses W 

Pfw Friction and windage loss W 

Pcu Copper losses W 

Pg Electromagnetic power W 

ηg Calculated generator efficiency -- 

Table 2.8: Parameters of dimensions 

Symbol Explanation Unit 

Da Outer diameter of the rotor  m 

lef Effective length of stator stack lamination m 

hsl Height of slot m 

wsl Width of slot m 

hsc Height of the superconducting coil m 

wsc Width of superconducting coil m 

hry Height of rotor core m 

hsy Height of Stator core m 

δ Physical air-gap length m 

δem Effective air-gap length m 

hscd Height of superconducting coil to stator core m 
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Table 2.9: Generator design parameters 

Symbol Explanation Unit 

Bδ Average value of radial flux density in air gap T 

Aa Electrical loading of armature winding A/m 

a Number of branch pairs -- 

αu Slot filling factor -- 

u Number of coils in a slot -- 

Zu Number of slots in rotor -- 

Na Number of turns per coil -- 

IaN Rated armature current A 

Ra Resistance of armature winding ohm 

αp pole arc coefficient -- 

Isc Operating current of SC coils A 

Nsc Number of turns per superconducting coil -- 

Bmp Maximum flux density in SC field coil in direction of H//ab T 

Bmn Maximum flux density in SC field coil in direction of H//c T 

Lsc Length of superconducting field coils m 

p Pole pair number -- 

Table 2.10: Parameters of weights 

Symbol Explanation Unit 

msy Active material weight of stator core  kg 

mry Active material weight of rotor core kg 

mCu Active material weight of copper winding  kg 

msc Active material weight of superconducting coils  kg 

mg Material weight of the generator kg 

mframe Structural material weight of the generator frame kg 

2.3 Optimization method  

2.3.1 Introduction of the optimization method 

From the analysis above it can be seen that many geometric dimensions and material char-

acteristics influence the performance of a superconducting DC generator. In the design 

process of the generator, a large input data for the variables is necessary. Generally, a spe-

cific design is finished by the combination of the analytical equations and finite elements 

analysis software. The different input parameters, which are discrete and continuous vari-

ables of a multi-dimensional space, make the optimum design a difficult and challenging 

task. By changing only one parameter at one time, a data base of different designs for the 
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same generator is established. The optimal design is selected based on the user’s require-

ments, which are related to the cost, weight, volume, torque of the generator and so on. 

These make the design more complicated as the optimisation is a nonlinear and multi-ob-

jectives minimisation problem. Hence, the design process is very time consuming, espe-

cially if the finite element method is involved to calculate the flux distribution and perfor-

mance of the generator.   

With the advent of the large-scale multi-processing computers with high computing effi-

ciency, evolutionary and intelligence-based optimisation methods, which provide optima 

for multi-dimensional and nonlinear functions, are proposed, for example, particle swarm 

optimisation (PSO). Although these methods are widely used in different fields, such as 

medical science and engineering design, the application in electric machines, especially 

superconducting generators is just beginning. In [122] PSO was used to minimize the cog-

ging torque without deterioration the machine performance for a transverse flux permanent 

magnet (PM) machine. Further, PSO was proposed to determine optimum widths and dis-

placements of PM pieces to minimize cogging torque without noticeable loss in the out-

put [123]. A PM type transverse flux linear motor was optimized in terms of weight, thrust 

force and detent force [124]. In [125] the PSO was integrated with the electromagnetic and 

thermo-mechanical design for surface mount PM machines. Moreover, the PSO was em-

ployed to axially laminated anisotropic rotor synchronous reluctance motor for traction 

applications in [126].They have all proved that the PSO is effective to solve electrical ma-

chine optimization problem. Besides, PSO was compared with the genetic algorithm for 

PM synchronous machines [127],[128]. It shows that PSO is better at computational effi-

ciency and solution optimality [123], [127].Therefore, in this section, the evolutionary op-

timisation algorithm PSO is adopted in the design of the superconducting DC generator to 

find the most suitable design.  

PSO was put forward by Kennedy and Eberhart in 1995 as a population-based stochastic 

search and optimisation methods, which originated from the computer simulating the social 

and individual activities of birds or fish [129],[130]. In PSO, the system, which has the 

collective behaviours and social characteristics, is called “swarm” and the moving member 

in the system is denoted “particle”. In the searching space, every position of the particle 

has a value for the objective function. Each particle in the swarm has a random direction 

to travel through the searching space and remember its best position so far achieved. The 

particles of the swarm can interact with each other and adjust their positions according to 

the good positions of their neighbours. In the end, all the particles tend to cluster together 

in a better position in the searching space, which has the optima value of the objective 

function. The optimisation procedure is described as shown in Fig. 2.10.  
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Fig. 2.10: PSO optimization procedure. 

Firstly, the multi-dimensional searching space is defined, which are the paramount varia-

bles selected for the generator design and their scopes of domain. Secondly, the objective 

function is defined, which consists of the torque per length of the superconducting tapes, 

the torque per weight, the torque per volume and efficiency. Thirdly, the random swarm 

positions and velocities are initialized. Fourthly, the matrix to keep track of the best posi-

tion of each particle throughout history and the best global solution is also initialized. 

Fifthly, the initial value of the objective function of each particle is calculated. Sixthly, the 

particles velocities are updated according to their best position in history and the global 

best solution. Seventhly, the new positions of the particles are calculated and the particles 

are moved to the new position. Eighthly, the objective function is calculated and evaluated 
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by comparing the global best solution and personal best position. Then step six is repeated 

until the termination criteria are satisfied. 

Let fobjective denotes the objective function to be optimized. The objective function is to find 

the maximum value in the multi-dimensional space. The particle number in the swarm is 

represented by n_particle. The personal best of particle k of jth dimensional component in 

the iteration step i+1, pbestk,j (i+1), can be described as eq. (2.26).  
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where pbestk,j (i+1) is the personal best of particle k of jth dimensional component j in the 

iteration step i+1; k is the kth particle in the swarm, which is 1, 2, …, n_particle ; i is the 

ith iteration step; j is the jth dimensional component, which is 1,2,..., n_dimension; xk,j(i) is 

the jth dimensional component of the position of particle k at the iteration step i.  

The global best of the swarm of jth dimensional component in the iteration step i, gbestj(i), 

is a value among {pbest1,j(i), pbest2,j(i), pbest3,j(i),…, pbestn_particle,j(i)},which makes fobjec-

tive(gbestj(i)) the maximum value among {fobjective(pbest1,j (i)), fobjective(pbest2,j(i)), 

pbest3,j(i),…, fobjective(pbestn_particle,j(i))}. 

The velocity and position updates, vk,j(i+1) and xk,j(i+1), of each particle in the searching 

procedure are expressed by eq. (2.27) and (2.28). 
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 (2.27)

      , , ,1 1k j k j k jx i x i v i     (2.28)

where w is the inertial weight; c1 and c2 are the acceleration constants; r1 and r2 are random 

variables with a uniform distribution (0,1). In the velocity updates, the first term is the 

momentum component representing the contribution of previous velocity, the second term 

is the cognitive component representing the particle’s own experience, and the third term 

is the social component representing the guidance by particle with global best value [129]. 

2.3.2 Design variables 

The geometric dimensions of the generator are shown as Fig. 2.1. To implement the PSO 

in the design of the generator, variables selected are the height of stator core hsy, the height 
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of rotor core hry, the outer diameter of rotor Da, the height of the superconducting coil hsc, 

and the electrical loading of armature winding Aa. When the rotor or stator core is made of 

non-magnetic materials, the height of stator core hsy, and the height of rotor core hry are not 

variables in the optimisation design. The ranges of the parameters for a 10 kW generator 

are listed in Table 2.11 as an example.  

Table 2.11: Design control parameters 

Symbol Explanation Range 

Da Outer diameter of rotor 100-250 mm 

hsc Height of the superconducting coil 4-40 mm 

hry Height of rotor core 10-60 mm 

hsy Height of stator core 10-60 mm 

Aa Electrical loading of the armature winding 25-65 kA/m [33] 

p Pole pair number 2-6 

More constraints for the design of the generator are needed. For example, the maximum 

flux density is below 1.8 T when the stator and rotor core are made of ferromagnetic ma-

terials. In order to have enough space to install the superconducting coils in the cryostat as 

the superconducting coils are manufactured into racetrack shape, the inner radius of the 

superconducting coil rsci is limited by eq. (2.29) and the inner radius of the stator iron yoke 

rsi is limited by eq. (2.30). 
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 si sci sc scdr r h h    (2.30) 

Where, rsci is the inner radius of the superconducting coil, Da is the outer diameter of rotor, 

δem is the effective air-gap length, p is the number of pole pairs, rsi is the inner radius of the 

stator iron yoke, hsc is the height of the superconducting coil, and hscd is the height of su-

perconducting coil to stator core.  

2.3.3 Design objective function 

To design the superconducting DC generator, the aims are maximum output power, least 

superconducting tapes usage, lightest weight, smallest volume, and highest efficiency. 

However, when one objective is optimal, for example, the usage of the superconducting 

tapes is least, volume, weight and efficiency are not in the optimal value. In this case, the 

balance between the four objectives is needed. In order to arrange the four objectives in the 
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same function to have a maximum value, they are modified into four indexes, which are 

the length of the superconducting tapes, the mass, the volume, and efficiency. Each index 

is first normalized to the range between 0 and 1 within their constraints. The objective 

function is expressed as eq. (2.31), and the optimisation is to find its maximum value within 

the ranges of variables. 

 objective tl tl tm tm tv tv e ef w f w f w f w f     (2.31)

where, fobjective is the objective function to be optimized; ftl is the normalized value of the 

superconducting tapes length within the constraints; ftm is the normalized value of the ma-

chine mass within the constraints; ftv is the normalized value of the machine volume within 

the constraints; fe is the normalized value of the efficiency within the constraints; wtl, wtm, 

wtv, and we are the weighting factors given to each index depending on the importance of 

the index to the users’ requirements, and 

 1tl tm tv ew w w w     (2.32)

To normalize the indexes, unity-based normalization, denoted as feature scaling, is em-

ployed to bring all values into the range [0,1], as highlighted in eq. (2.33).  

 
min

max min

X X
X

X X



  (2.33)

where, X’ is the normalized value, X is the original value, Xmin is the minimum value of the 

dataset to be normalized, and Xmax is the maximum value of the dataset to be normalized.  

To determine the weighting factors in the objective function (2.31), analytic hierarchy pro-

cess (AHP) is employed. The weighting factors wtl, wtm, wtv, and we are calculated to 0.5001, 

0.1915, 0.1915, and 0.1167, respectively .Detailed information about the calculation of the 

weighting factors is summarized in Appendix A. Hence, the final objective function is ex-

pressed as eq. (2.34).    

 0.5001 0.1915 0.1915 0.1167objective tl tm tv ef f f f f     (2.34)

2.4 Summary  

From the analysis above, the design method of the superconducting DC generator can be 

summarized as follows. The design starts with the six control variables and generator spec-

ifications as the input parameters. The electromagnetic model is run to design the active 

parts of the generator which are taken the performance of the superconducting tapes and 
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ferromagnetic materials into account. At the same time, the stresses on the rotor and stator 

components are calculated, such as radial stress, tangential stress and gravity. Conse-

quently, the length of the superconducting tapes, the mass, the volume, and efficiency of 

the trial design are calculated. Optimisation is then used to evaluate the trial design accord-

ing to objective function and decides the modifications of the control variables. A new trial 

design is continually made by repeating the same procedures until the optimal design is 

located. In the end, all design parameters of the generator result in the output. By this ana-

lytical design, a good computational efficiency is obtained. When the optimal design can-

didate is predicted by the design method, the next step is to use FEA software for further 

check, validate the design, and prepare for the development of the prototype in later chapter. 
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3 Electromagnetic model 

To study the feasibility of superconducting DC machines, analytical analysis is usually 

preferred for a conceptual design because it is less time-consuming. In [131] an analytical 

method for the air-core and iron core generators was introduced and by multiplying factors 

the influence of iron in the rotor and stator was included. The magnetic field in the slotted 

structure with superconducting coils was calculated in [132] and in [133] a general analyt-

ical model for AC superconducting machines was proposed and magnetic flux density in 

different regions was calculated. Linear equations based on Laplace equations were used 

in [134] to calculate flux density by programing instead of analytical equations.Finally, 

in [9] field analysis to design a superconducting DC motor was used and its characteristics 

were analysed. To sum up, most of the previous work assumed the superconducting coils 

to be a current sheet. The critical current of a superconductor depends on the temperature, 

the magnetic field and the orientation of the magnetic field. Therefore, it is necessary to 

know the exact flux density distribution in the coils. The shape of the superconducting coils 

rather than a current sheet assumption ought to be taken into account in terms of flux den-

sity acting on the tapes. In [135] an analytical method with space harmonic analysis to 

calculate the flux density in the generator is put forward by employing magnetization vec-

tor. In [67] the flux density of the machines was analysed by the Laplace Equation. In [136] 

the magnetic field and design formulas were developed with air-cored superconducting 

machines. However, the influence of the iron core or the saturation in iron rotor/stator core 

is not considered so far. The magnetic equivalent circuit method is popular to design per-

manent magnet machines [137],[138].  

In this section, a generalized and time-effective model for the superconducting DC gener-

ator is proposed in 2-dimension. The Poisson and Laplace Equation are employed for the 

magnetic field analysis. 

3.1 Model description 

In this model, as shown in Fig. 3.1, the shape of the superconducting coil is described by 

the inner radius of the superconducting coils rsci, the outer radius of the superconducting 

coils rsco, and the half angles between two adjacent coil sides α1 and α2. The inner and outer 

radiuses of the rotor and stator core are represented by rri, rro, rsi, and rso, respectively. The 

angle θ is the mechanical angle. Region VI and region VII are air, which are outside the 

generator, region I is the rotor core, region II is the airgap winding, air gap, and inner dewar, 

region III is the superconducting coils, region IV is the outer dewar, and region V is the 
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stator iron yoke. The cores of rotor and stator can be either made of ferromagnetic or non-

magnetic materials. The nonlinearity of the ferromagnetic materials is also taken into con-

sideration in this model. The end effects are neglected. The end effects can be included by 

empirical equations of the end winding in the design of the superconducting DC generator.  

 

Fig. 3.1: General superconducting DC generator model. 

3.2 Calculation of no-load flux density 

3.2.1 Current density distribution 

The most important part in the Poisson equation is the current source distribution. There-

fore, the current density distribution of the superconducting coils is analysed firstly. The 

superconducting winding turn density distribution of one pole pair is shown in Fig. 3.2, 

where, Tdsc0 is the winding turn density of the superconducting coil, which is assumed to 

be a constant value in this model and equals to the ratio of the turn number of a supercon-

ducting coil side to its cross section; p is the number of the pole pairs; θ is the mechanical 

angle; α1 is the half angle between two adjacent coil sides of the different coils, α2  is the 

half angle between two adjacent coil sides of the same coil; and the positive sign represents 

that the current is into the paper.  
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Fig. 3.2: Superconducting coils turns density distribution per pole pair. 

The box function of Fig. 3.2 can be expressed by eq. (3.1) in (-π,π) region.  
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 (3.1) 

where Tdsc(pθ) is the circumferential distribution of the winding turn density of the super-

conducting coils per pole pair. 

With Fourier transform expansion, the winding turn density can be derived as 
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where n is the harmonic order, and t is an integer, which is 0, 1, 2, 3...   
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Then the circumferential current density distribution of the superconducting winding Jscz is 

calculated by eq. (3.3). The coefficients in the brackets are related to the shape of the su-

perconducting coils. 
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where Isc is the current of the superconducting coils per turn, n is the harmonic order, and 

t is an integer, which is 0, 1, 2, 3...  

3.2.2 Flux density generated by superconducting coils 

In region I, II, IV,V,VI, and VII, magnetic vector potential φ has a z-direction component 

φz only, and the magnetic field can be described by the Laplace equation (3.4). In region 

III, the magnetic field can be described by the Poisson equation (3.5).  
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where m is the number of region, which equals to1, 2, 4, 5, 6, 7; and φzm is the magnetic 

vector potential of region m. 
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where φz3 is the magnetic vector potential of region III, when m is 3; and μ0 is the permea-

bility of the vacuum, which is 4π×10-7 H/m.    

The z-direction component of magnetic vector potential φz in the superconducting DC gen-

erator is generated by the current density distribution of the superconducting coils Jscz. As 

a result, the general solutions of eq. (3.4) and (3.5) are as eq. (3.6) and (3.7), according to 

the symmetry of Jscz. 
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where, m is the region number, which is equal to 1, 2, 4, 5, 6, 7; r is the radius of the 

calculated point; n is the harmonic order; t is an integer, which is 1,2,3…; Anm and Cnm are 

coefficients to express φz due to the nth harmonic in region m; An3, Cn3 and ke are coeffi-

cients to express φz due to the nth harmonic in region III when m is equal to 3. The coeffi-

cient ke in eq.  (3.7) is calculated by eq.  (3.8). 
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The tangential and radial component of flux density Bt, Br can be calculated by the gradient 

of magnetic vector potential, as expressed in eq. (3.9) and (3.10), respectively. 
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where m=1,2,3,4,5,6,7.  

By substituting eq. (3.6) and (3.7) into eq. (3.9) and (3.10), the flux density can be ex-

pressed as eq. (3.11) to (3.14). 
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where, m is the region number, which is 1, 2, 4, 5, 6, 7; n is the harmonic order; and t is an 

integer, which is 1,2,3… 
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where, n is the harmonic order; and t is an integer, which is 1,2,3… 
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where, m is the region number, which is 1, 2, 4, 5, 6, 7; n is the harmonic order; and t is an 

integer, which is 1,2,3… 
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where, n is the harmonic order; and t is an integer, which is 1,2,3… 

By employing proper boundary conditions between adjacent regions, the flux density in 

the generator can be obtained. The boundary conditions in the machine models are de-

scribed as eq. (3.15).  

The flux density in each region of the superconducting DC generator can be derived from 

eq. (3.11) to eq. (3.14) with the boundary conditions. As the materials in the stator core or 

rotor core can be ferromagnetic or nonmagnetic materials, different solutions are obtained. 

In order to clearly state the materials, the relative permeability is used. The relative perme-

ability of the rotor core and stator is referred to as µrr and µrs, respectively. When relative 

permeability of the rotor core µrr is unequal to 1, the rotor core is made of iron; while 
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relative permeability of the rotor core µrr is 1, the rotor core is made of nonmagnetic ma-

terials, so as to the stator. Coefficients Anm, Cnm, An3, and Cn3 are summarized as in Table 3.1, 

when both stator and rotor core are made of ferromagnetic materials. For other configura-

tion, where only the stator core is made of ferromagnetic materials, or only the rotor core 

is made of ferromagnetic materials, or the stator and rotor core are made of nonmagnetic 

materials, are listed in Appendix B from Table A.B.1 to Table A.B.3, respectively. 

 

 

   

   

   

   

   

   

   

   

0

6 0

6 1

6 1

1 2

1 2

2 3

2 3

3 4

3 4

, 0

, ,

, ,

, ,

, ,

, ,

, ,

, ,

, ,

ri ri

ri ri

r ro

ro ro

sci sci

sci sci

sco sco

sco

z r

t tr r r r

r rr r r r

t tr r r r

r rr r r r

t tr r r r

r rr r r r

t tr r r r

r rr r r r

r

H r H r

B r B r

H r H r

B r B r

H r H r

B r B r

H r H r

B r B r

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



















   

   

   

   

 

0

4 5

4 5

5 7

5 7

7

, ,

, ,

, ,

, ,

, 0

sco

si si

si si

s so

so so

t tr r r r

r rr r r r

t tr r r r

r rr r r r

z r

H r H r

B r B r

H r H r

B r B r

r

 

 

 

 

 

 

 

 

 























 
 

 

 
  

(3.15) 

  



3 Electromagnetic model 

56 

Table 3.1: Equations to calculate flux density when stator and rotor core are made of ferromagnetic materials 
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3.3 Iron effects and armature reaction 

3.3.1 Iron core effects 

To calculate the flux density more accurately, the nonlinearity of stator iron yoke or rotor 

iron yoke are taken into account and the B-H curve of ferromagnetic materials are included. 

If both the stator and rotor core are made of silicon laminations, the relative permeability 

of the rotor and stator core, urr and urs, determinations are not independent. Then an itera-

tive algorithm is proposed to determine the relative permeability, as shown in Fig. 3.3, 

where urr0, urs0 are the initial value of relative permeability in stator yoke and iron core, 

and urr1, urs1 are the calculated value of relative permeability in stator yoke and iron core 

from B-H curve. 

 

Fig. 3.3: Iterative algorithm to determine relative permeability. 
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As a start, an initial value of relative permeability in the rotor and stator core, urr0 and urs0, 

are given. Then the flux density in the rotor core can be calculated and the relative perme-

ability urr1 through the B-H curve can be found. After that, the initial value urr0 is compared 

to the calculated value urr1. If they are not equal, the initial value urr0 is adjusted and the 

inner loop is calculated again until the initial value urr0 and the calculated value urr1 are 

equal. Then the flux density and the relative permeability in the stator core are calculated. 

Similarly, the initial value urs0 and the calculated value urs1 are compared and the outer loop 

is executed until the initial value urs0 and the calculated value urs1 are equal. At last, the 

appropriate relative permeability is found at each calculated mechanical angle θ for rotor 

and stator core, respectively. And for each mechanical angle θ, the calculated point in the 

rotor or stator core is located in its radially middle position. 

3.3.2 Armature reaction 

In order to consider the armature reaction, the flux density generated by the armature wind-

ing is also analysed. The slots in rotor are classified into slot pairs per pole pair and are 

numbered as slot pair 1/1’, 2/2’, …j/j’,… [132], as show in Fig. 3.4. For slot pair j/j’, the 

armature winding turns density distribution is shown in Fig. 3.5. The box function of 

Fig. 3.5 can be expressed by eq. (3.16).  
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Fig. 3.4: Number of slot pair per pole pair. 
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 (3.16) 

where, Tda0 is the winding turn density in each slot, which is a constant; p is the number of 

pole pair; αsl  is the slot spreading angle; and βj is the mechanical angle shifting from slot 

pair 1, j=1,2,3…S, S is the number of slot pair per pole pair. 
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Fig. 3.5: Armature winding turns density of slot pair j/j’ per pole pair. 

With Fourier transform, the winding turn density of slot pair j/j’ is as eq. (3.17). 
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where, Tdaj(pθ) is the circumferential distribution of the winding turn density of slot pair 

j/j’, n is the nth harmonic order, and t is 1,2,3… . 

The current density distribution of armature winding Jaj in j/j’ slot pair is as eq. (3.18). 
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where ia is the current per turn in armature winding. 

The procedure to calculate the flux density generated by slot pair j/j’ is the same as for 

superconducting coils. Equation (3.3) to (3.15) and Table 3.1, Table A.B.1 to Table A.B 

can be applied, except that the circumferential current density distribution of the supercon-

ducting winding Jscz, the current of the superconducting coils per turn Isc, sin(npθ), 

cos(npθ), inner radius of the superconducting coils rsci, outer radius of the superconducting 

coils rsco and factor ke are replaced by the current density distribution of the armature wind-

ing Jaj, the current per turn in armature winding ia, sin[np(θ-βj)], cos[np(θ-βj)], the inner 

radius of the slots rsli, the outer radius of the slots rslo and factor keaj in eq. (3.19). 
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Assuming superposition, the flux density produced by the armature winding per pole pair 

can be obtained by adding the flux density generated by all slot pairs per pole pair, ex-

pressed by eq. (3.20) and (3.21).  
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where, m represents the region number, which is 1, 2, 3, 4, 5, 6, 7; and  j=1,2,3…S, S is the 

slot pair number per pole pair. 

It needs to be pointed out that the region III represents the area of the armature winding 

instead of the superconducting coils in this section and the relative permeability of the rotor 

and stator core is from section 3.2.2. An air-gap winding is usually employed in the super-

conducting generators, however, for low speed direct-drive machines, the use of iron teeth 

armature winding can increase efficiency and reduce amount of superconducting wire [93]. 

To include the iron teeth in the general model, the Carter factor [33] is employed. On av-

erage, according to Carter’s principle, the air gap seems to be longer than its physical air-

gap, compared to no iron teeth and slot on the rotor and stator surface. The effective gap 

can be expressed by eq. (3.22) [33]. 

 δte c em   (3.22) 

where δte is the air gap that takes the iron teeth into account; δem is the effective electro-

magnetic air gap length, which takes the radial space for cryostat and coil former; κc is the 

Carter factor, which is expressed as eq. (3.23). 
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where τu is the slot pitch, wsl is the slot width and κ can be calculated as eq. (3.24). 
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3.4 Validation by finite element analysis 

For the validation of the analytical method, the generator setup in Fig. 3.6 is used to com-

pare the analytical model with results from finite element analysis (FEA) 2D Maxwell. The 

stator core and yoke core in the generator are made of ferromagnetic materials, which are 

the worst case in accuracy in the analytical method, since the nonlinearity of the iron would 

result in larger mismatch. The generator parameters used in this part are summarized in 

Table 3.2. Please note that the dimensions given in Table 3.2 are only a random example 

for a 10 kW demonstrator to validate the analytical method and are not for an optimized 

generator design. As stated in [3], superconducting generators are superior to permanent 

magnet generators for wind turbines with rated power of 8 MW or more. Hence, the air 

gap flux density in the 10 kW demonstrator are limited by the cost of the superconductor. 

The positions for comparing flux density in rotor core, air gap, superconducting coils, and 

stator core, which are B1, B2, B3 and B5, are shown in Fig. 3.6. 

The magnetic flux density distribution under rated load can be calculated by summing the 

flux density under no load and the flux density generated by the armature winding, assum-

ing superposition can be used. The results of the magnetic flux density in the air gap and 

superconducting coils under rated load are compared in Fig. 3.13 and Fig. 3.14. It can be 

seen that the analytical model seems feasible. The largest mismatch of radial component 

Br2 and Br3 is 7.2% and 17.4%. While the largest mismatch of tangential component Bt2 and 

Bt3 is 3.5% and 9.2%.  

 

Fig. 3.6: Sketch of machine used in comparison between analytical and finite element analysis method. 
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By applying the equations in Table 3.1, tangential and radial components of flux density 

in rotor core B1,air gap B2, superconducting coils B3, and stator core B5 under no load are 

calculated, labelled as Bt1, Br1, Bt2, Br2, Bt3, Br3, Bt5, Br5. The analytical and FEA results are 

depicted in Fig. 3.7, Fig. 3.8, Fig. 3.9 and Fig. 3.10.The largest mismatch of radial compo-

nent Br1, Br2, Br3, and Br5 is 14.6%, 7.2%, 17.5%, and 19.2%, respectively. While the largest 

mismatch of tangential component Bt1, Bt2, Bt3, and Bt5 is 3.6%, 3.4%, 9.1% and 8.2%. The 

mismatch of the two methods can be explained by the mismatches of operating permeabil-

ity of iron cores. The analytical method calculates the relative permeability of points in the 

radially middle of the stator and rotor core, wheareas the FEA calculates the relative per-

meability of nodes in the whole stator and rotor core. The mismatches seem acceptable for 

an analytical calculation.  

Table 3.2: Specifications of the superconducting DC generator 

Symbol Quantity Value 

PN Pole pair number 10 kW 
p Pole pair number 3 

rri Inner radius of the rotor core 81.6 mm  

rro Outer radius of the rotor core 94.6 mm 

rsci Inner radius of the SC coil region 173.1 mm 

rsco Outer radius of the SC coil region 193.1 mm 

rsi Inner radius of the stator core 213.1 mm 

rso Outer radius of the stator core 243.1 mm 

rsli Inner radius of the slot region 95.0 mm 

rslo Outer radius of the slot region 124.8 mm 

α1 See Fig. 3.1 1.18 mechanical degree 

α2 See Fig. 3.1 18 mechanical degree 

αsl Slot spreading angle 7.72 mechanical degree 

Isc Current per SC turn 147.0 A 

ia Current per armature winding turn 7.25 A 

Tdsc0 Winding turn density per SC coil side 0.870 turn/mm2 

Tda0 Winding turn density per slot 0.172 turn/mm2 

Zu Slot number in total 42 

The result of the flux density generated by the armature winding calculated by the analyt-

ical method and FEA are illustrated in Fig. 3.11 and Fig. 3.12. Only the flux densities in 

the physical air gap, B2, and in the superconducting coils, B3, are shown in the figures. The 

largest mismatch of radial component Br2 and Br3 is 2.9% and 8.7%. While the largest mis-

match of tangential component Bt2 and Bt3 is 5.6% and 9.0%. The mismatches seem also 

acceptable for an analytical calculation. When the flux density generated by the armature 

winding is calculated with the analytical method, the relative permeability of the stator and 

rotor core under no load condition is employed. Moreover, in the analytical method, the 

relative permeability of the points in the radially middle of the stator and rotor core are 
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calculated only instead of the whole stator and rotor core. Hence, the mismatches to calcu-

late permeability of iron cores of the two different methods are the main reason in the flux 

density mismatches. It can be concluded that the the flux density generated by the air gap 

copper winding in the superconducting DC generator is relatively small. The reason is that 

the equivalent air gap in the generator is large. 

 

Fig. 3.7: Comparison of FEA and analytical results of flux density in rotor iron yoke under no load. 

 

 

Fig. 3.8: Comparison of FEA and analytical results of flux density in physical air gap under no load. 
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Fig. 3.9: Comparison of FEA and analytical results of flux density in superconducting coils under no load. 

 

Fig. 3.10: Comparison of FEA and analytical results of flux density in stator iron yoke under no load. 
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Fig. 3.11: Comparison of FEA and analytical results of the magnetic flux density generated by armature wind-

ing in the air gap. 

 

Fig. 3.12: Comparison of FEA and analytical results of the magnetic flux density generated by armature wind-

ing in the superconducting coils. 
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Fig. 3.13: Comparison of FEA and analytical results of the flux density under rated load in the air gap. 

 

Fig. 3.14: Comparison of FEA and analytical results of the magnetic flux density under rated load in the super-

conducting coils. 
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consumed time to find an optimised design will be very long in a multi-dimension search-

ing space of variables. For instance, the computation of a 2D FEA model in section 3.7 

with the static magnetic field calculation of Maxwell takes 47.3 seconds. If five variables 

are employed as explained in section 2.3, and each variable has only five different values 

within its range, then the computation time would be around 41 hours. In this case, the 

analytical method, including the nonlinearity of materials, takes only around 3.5 hours, 

with 4.0 seconds for each calculation. The comparison above excludes the searching pro-

cess of the operating current of the superconducting tape. With an increase in the variables, 

the computation time will reach an unrealistic high value to design the machine within the 

total searching space with FEA, whereas the analytical method can save computation time. 

Moreover, the analytical model developed in Chapter 3 has a sufficient accuracy when 

compared to the FEA.  

Due to the complexity of the variables and objectives of the generator design, an evolu-

tionary algorithm is employed. Even though it is possible to implement the FEA into the 

optimisation process with the evolutionary algorithm [122],[139], high programming ca-

pability is required. The main objective in selecting a design method is to find a compro-

mise between complexity, accuracy and speed. Hence, high efficiency can be obtained by 

combining the two methods. Firstly, the optimal design candidate is predicted by the ana-

lytical method and the evolutionary optimization algorithm. Then the design is further 

checked and modified by FEA method, including the commutation performance. After that, 

the final design is completed and detailed information of the generator is acquired. 

After calculating the flux density distribution in the generator, the superconducting DC 

generator can be designed and its performance can be analysed. However, one limit in the 

analytical method is that the end winding is not included in the model. In the analytical 

model the cross section of the superconducting coils are not rectangular. The current car-

rying area (the cross section of the coil legs) can be described by radiuses and angles, rsci, 

rsco, α1 and α2. The 3D figure of such a superconducting coil is shown in Fig. 3.15(a). To 

manufacture such a coil the superconducting tapes need to bend. The superconducting coils 

are usually manufactured in pancakes, as shown in Fig. 3.15(b) and the cross section of the 

superconducting coils is in rectangular. The difference of the cross section in the analytical 

model and in practice is shown in Fig. 3.16.  

The difference in the cross section of the superconducting coils will result in the fact that 

the calculated flux density in the analytical model is much larger. In a generator with a low 

pole pair number, the calculated flux density could be as large as 110% to 130%. To have 

a precise analytical model with rectangular cross section of superconducting coils would 

be too complicated. In this case the analytical model can only give a very rough generator 

design. The accuracy improves with higher pole pair number in the generator design. The 
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reason is that the cross section of the superconducting coils approaches to the sector shape 

by increasing pole pair number as shown in Fig. 3.17. 

 

(a)                                                                                                (b) 

Fig. 3.15: 3D superconducting coil in the analytical model and in practice, (a) analytical model, (b) in practice. 

 

Fig. 3.16: Difference of the cross section in the analytical model and in practice, the dashed line is the cross sec-

tion in practice. 
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Fig. 3.17: Cross section of the superconducting coils with different coil layers and pole pairs. 
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4 Mechanical model 

Applying the equations and process in Chapter 2 and 3, an optimized generator design can 

be obtained. In this design, only active materials are considered, which means that weight 

and volume are the sum of the stator iron core, superconducting wires, rotor iron core and 

copper wires. When the generator power becomes larger, neglecting inactive materials may 

not be optimal anymore. From the results of the permanent magnet generator design [56] 

it can be seen that the influence of the structure materials on weight increases sharply when 

the generator output power increases, and they even can be the dominant weight. Hence, it 

is necessary to take into consideration the mechanical structure in the optimisation process. 

4.1 Force analysis in the generator  

The shear stress is useful in an electrical machine to calculate the electromagnetic torque. 

In Fig. 4.1 the direction of the shear stress in the superconducting wind generator is illus-

trated. If saturation of the stator and rotor iron core is not considered, the general equation 

to calculate the shear stress in an electrical machine is expressed in eq. (4.1). 

 
2

2
aD l

T


  (4.1) 

where T is the rated torque,   is the shear stress, Da is the armature diameter, and l is the 

stack length of the electric machine. 

 

Fig. 4.1: Shear stress of the superconducting generator. 

A normal force is directed across the airgap and tries to attract the stator and rotor together. 

The direction of the normal stress is shown in Fig. 4.2 in a superconducting generator. The 

general equation to calculate the normal stress is expressed in eq. (4.2).  
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 2
0

ˆ / (2 )q B   (4.2) 

where q  is the normal stress, B̂  is the fundamental radial magnitude, and u0 is the per-

meability of free space.  

 

Fig. 4.2: Normal stress of the superconducting wind generator. 

In wind turbines, the axis of the rotor blades and the generator is tilted by an angle, φ, of 

5-10 degree to avoid the tower from being struck by the blades. Hence, there will be de-

flection of the stator and rotor due to gravity, as illustrated in Fig. 4.3.  

 

Fig. 4.3: Sketch of the tilt angle and gravity components of the superconducting generator. 
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4.2 Deflection calculation  

The analytical model for the mechanical design of a permanent magnet generator has been 

developed by [140]-[142]. As the shear stress to generate the torque has no influence in 

axial and radial deflection, the shear stress is not considered. For the major gravity compo-

neny, the total deflection of the stator and rotor will be nearly zero as the deflection of the 

stator and rotor are in the same direction, if same stiffness and materials are used in the 

stator and rotor. Hence, only the influence of the minor component is considered. For sim-

plicity, the rotor and stator support structure is illustrated in Fig. 4.4, and no weight reduc-

tion method is adopted. 

                               

                                 (a)                                                                                                 (b) 

Fig. 4.4: Support structure of the generator, (a) rotor support, and (b) stator support. 

4.2.1 Radial deflection of rotor back iron 

The radial deflection, urdflr, of the rotor by disc support [141] is calculated as follows. 
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 (4.3) 

where, urdflr is the maximum radial deflection at both ends of the rotor, qNstress is the uniform 

normal stress, hry is the rotor’s back yoke thickness, rri is the inner radius of the rotor’s back 

yoke, Esteel is the Young’s modulus for steel, frdisc is the uniform outward radial force per 

unit length around the outside of the disc due to the normal stress qNstress, Dcoeffry , λcoeffry, 

C11,C2, C3,C4,Ca2,Ca1, F1, F2, Fa4 are coefficients used in calculation, which are calculated 

as follows, as well as frdisc. 
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(4.4) 

 rdisc rdisc rdf t f  (4.5)

where, frd is the outward radial pressure, νsteel is the Poisson’s ratio, which is 0.3, rshaft is the 

radius of the rotor’s shaft, which we assume the same as the stator shaft for simplification; 

lef is the effective stack length, trdisc is the thickness of the rotor disc. 

 
 

1
42

2 2

3 1 steel

coeffry

ry ryR h




 
 
  

 (4.6)

 
2

ri ro
ry

r r
R


  (4.7)

where Rry is the radius of the rotor structure, rri is the inner radius of the rotor’s back yoke, 

and rro is the outer radius of the rotor’s back yoke. 
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        2 cosh sin sinh coscoeffry ef coeffry ef coeffry ef coeffry efC l l l l      (4.9)

    3 sinh sincoeffry ef coeffry efC l l   (4.10)

        4 cosh sin sinh coscoeffry ef coeffry ef coeffry ef coeffry efC l l l l      (4.11) 
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    2 2
11 sinh sincoeffry ef coeffry efC l l    (4.12) 
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      1 cosh coscoeffry coeffryF x x x   (4.15) 

          2 cosh sin sinh coscoeffry coeffry coeffry coeffryF x x x x x      (4.16) 
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where the use of the angle brackets ⟨ ⟩ is defined as follows: If x < a, ⟨x−a⟩ = 0 ; if x > a, 

⟨x−a⟩ = 1. At x=a, the unit step function ⟨x−a⟩is undefined just as vertical shear is undefined 

directly beneath a concentrated load.  

4.2.2 Radial deflection of stator back iron 

The radial deflection, urdfls, of the stator by disc support [141] is calculated as follows. 
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 (4.18) 

where urdfls is the radial deflection of the stator structure due to the normal stress, qNstress is 

the uniform normal stress, hsy is the stator’s back yoke thickness, rsi is the inner radius of 
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the stator’s back yoke, Esteel is the Young’s modulus for steel, fsdisc is the uniform inward 

radial force per unit length around the outside of the disc due to the normal stress qNstress, 

Dcoeffsy, λcoeffsy, C11,C13, C14, F1, F2, F4 are coefficients used in calculation, which are calcu-

lated as follows, as well as fsdisc. 
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 (4.19) 

 sdisc sdisc sdf t f  (4.20)

where, fsd is the inward radial pressure, νsteel is the poisson’s ratio, which is 0.3, rshaft is the 

radius of the stator’s shaft, which we assume the same as the rotor shaft for simplification; 

lef is the effective stack length, tsdisc is the thickness of the stator disc. 
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where Rsy is the radius of the stator structure, rsi is the inner radius of the stator’s back yoke, 

and rso is the outer radius of the stator’s back yoke. 

  

3

212 1

steel sy

coeffsy

steel

E h
D





 (4.23) 

    2 2
11 sinh sincoeffsy ef coeffsy efC l l    (4.24) 

        13 cosh sinh cos sincoeffsy ef coeffsy ef coeffsy ef coeffsy efC l l l l      (4.25)
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14 sinh sincoeffsy ef coeffsy efC l l    (4.26) 

      1 cosh coscoeffsy coeffsyF x x x   (4.27) 

          2 cosh sin sinh coscoeffsy coeffsy coeffsy coeffsyF x x x x x      (4.28) 

          4 cosh sin sinh coscoeffsy coeffsy coeffsy coeffsyF x x x x x      (4.29) 

4.2.3 Axial deflection of rotor back iron 

The axial deflection of the rotor disc,uadflr,is [141],[142]  

 

4 2 3 4
2 6

3 2 3 11

5

ry ri ri ri rdisc ri
adflr rb b

shaft coeffrd coeffrd coeffrd coeffrd

W r C C r r w r
u C M C Q C L

r D C D D D

  
     

 
 (4.30) 

where uadflr is the axial deflection of the rotor due to the gravity, Wry is the line load due to 

the weight of the rotor back yoke, wrdisc is the uniformly distributed pressure due to the 

weight of the rotor disc, rri is the inner radius of rotor’s back yoke, rshaft is the radius of 

rotor's shaft, coefficients Mrb, Qb, C2, C3, C5, C6, L11, L14, Dcoeffrd  are calculated as follows. 

  sinry steel gravity ef ryW g l h   (4.31) 

  sinrdisc steel gravity rdiscw g t   (4.32) 

where, ggravity is the gravity acceleration, ρsteel is the mass density of the steel, and φ is the 

tilt angle of the generator to the horizontal axis, 
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4.2.4 Axial deflection of stator back iron 

The axial deflection of the stator disc,uadfls,is [141],[142]  
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where uadfls is the axial deflection of the stator disc due to the gravity, Wsy is the line load 

due to the weight of the stator back yoke, wsdisc is the uniformly distributed pressure due to 

the weight of the stator disc, rsi is the inner radius of the stator’s back yoke, rshaft is the 
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radius of the stator’s shaft, the coefficients Mrb, Qb, C2, C3, C5, C6, L11, Dcoeffsd are calculated 

through the following equations. 

   sin 2sy steel gravity ef sdisc syW g l t h    (4.43) 

  sinsdisc steel gravity sdiscw g t   (4.44) 

where, ggravity is the gravity acceleration, ρsteel is the mass density of the steel, and φ is the 

tilt angle of the generator to the horizontal axis, tsdisc is the thickness of the stator disc. 
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4.3 Validation by finite element analysis  

To verify the analytical method, the maximum deflection of the rotor and stator structural 

support due to the normal stress and the gravity is calculated, respectively, both by the 

analytical model and FE method. The summary of the parameters used is illustrated in 

Table 4.1.The physical air gap in this example is 10 mm. According to the analytical model, 

the maximum deflection of the stator support due to normal stress and gravity is 0.63 mm 

and 0.49 mm. The maximum deflection of the rotor support due to normal stress and grav-

ity is 0.54 mm and 0.61 mm. The maximum deflection calculated by FE model compared 

to analytical results is shown in Fig. 4.5. From the results it can be seen that the mismatches 

seem still acceptable between FEA and analytical results. 

Table 4.1: Summary of parameters used in FEA validation 

Symbol Explanation Unit 

qNstress Uniform normal stress 3.2 MN/m2 

Esteel Young’s modulus for steel 210 GPa 

rri  Inner radius of the rotor’s back yoke 2455 mm 

rro Outer radius of the rotor’s back yoke 2650 mm 

hry Rotor’s back yoke thickness 195 mm 

Rry Radius of the rotor structure  2553 mm 

rshaft Radius of the shaft 1250 mm 

lef Effective stack length 1332 mm 

lend Axial length of end armature winding at one end 305 mm 

trdisc Thickness of the rotor disc support 35 mm 

rsi Inner radius of the stator’s back yoke 2823 mm 

rso Outer radius of the stator’s back yoke 3017 mm 

hsy Stator’s back yoke thickness 194 mm 

Rsy Radius of the stator structure 2920 mm 

tsdisc Thickness of the stator disc support 45 mm 

ggravity Gravity acceleration 9.81 N/kg 

ρsteel Mass density of the steel 7850 kg/m3 

φ Tilt angle of the generator to the horizontal axis 5° 

δ Physical air-gap length 10 mm 
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Fig. 4.5: The  maximum deflection calculated by FEA and analytical model for stator and rotor support. 
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5 Design of a superconducting DC 
generator demonstrator 

To pave the way for the superconducting generators from laboratory to industry, associated 

key technologies needs to be demonstrated, such as fabrication and operation of supercon-

ducting windings, protection of the superconducting coils in case of quench, availability of 

the excitation system for the superconducting coils, validation and reliability of the cryo-

genic system, robustness of the torque transfer system and so on. A common way to demon-

strate these key technologies is to design, manufacture and test a downscaled demonstrator 

instead of the fullscale generator. For example in Superapower projectt, a downscaled pro-

totype with two superconducting field coils was designed and built for a 10 MW de-

sign [64]. Through a downscaled prototype, the feasibility of the conceptual design can be 

validated at a lower effort. Moreover, during this process, major challenges to build a su-

perconducting generator shall be learned and experience to solve the problems shall be 

gained. Due to the aforementioned advantages and to save the budget and efforts, a 10 kW 

superconducting DC generator demonstrator is designed. 

5.1 Specifications 

The summary of the demonstrator specifications is illustrated in Table 5.1. The rated volt-

age of the demonstrator is selected to be 230 V in DC, which is equal to the rectified voltage 

of the phase to ground voltage 400 V in AC throughout Germany. The insulation class of 

the copper winding is Class 155 and forced air cooling is used. The average wind speed is 

assumed to be 12.47 m/s, cut-in speed is 3.2 m/s, and cut-off speed is 24.6 m/s according 

to [143]. In order to transfer the wind speed into the generator rotational speed, eq. (5.1) 

and (5.2) will be used. The air density is assumed to be 1.225 kg/m3. Applying the two 

aforementioned equations, we can get the power curves with rotational speed, as shown in 

Fig. 5.1. It can be seen that at the same wind speed with different rotational speeds, the 

mechanical power is different. As the output power of the generator is 10 kW and the as-

sumed rated efficiency is around 85%, the mechanical power is 11.8 kW. In order to 

achieve the maximum mechanical power of 11.8 kW at wind speed 12.47 m/s, the rota-

tional speed shall be 389 (1/min), at which point the rotor radius of the wind turbine is 

2.57 m and the pitch angle is 0°. As the wind speed changes all the time, it is important to 

know the performance of the generator at different wind speeds. The turbine is assumed to 
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be controlled by pitch control concept. At low wind speeds, the turbine is operated at max-

imum aerodynamic efficiency up to a rated speed of 389 (1/min); while at high speeds, the 

pitch angle is adjusted to maintain a rated speed of 389 (1/min). 

Table 5.1: Design specifications of the demonstrator 

Parameter Value Unit 

Rated wind speed 12.47 m/s 

Cut-in wind speed 3.2 m/s 

Cut-off wind speed 24.6 m/s 

Turbine rotor radius 2.57 m 

Rated power 10 kW 

Rated speed 389 1/min 

Rated voltage 230 V 

Copper winding insulation class 155 -- 

Copper winding cooling method forced air cooling -- 

Working temperature of superconductors 30 K 

 

Fig. 5.1: Mechanical power cure with rotational speed. 

 2 31
( , )

2
air p p wP C R v     (5.1) 

 3

21

/

1 0.035

0.08 1

( , ) 0.5176(116 0.4 5) 0.0068

m m

p p

p p p

Rw v

C e 




  

    

 



 
 

    

 (5.2) 

W
in

d
 p

o
w

e
r 
(k

W
)



5.2 Electromagnetic design 

85 

where, P is the mechanical power, air is air density, R is the radius of the rotor, vw is the 

wind velocity, Cp is the rotor power coefficient, which is the function of tip speed ratio 

and pitch angle p. 

5.2 Electromagnetic design 

5.2.1 Critical current model of superconducting tapes 

Superconducting tapes from four different companies, Sunam, Superox, Theva and Super-

power were investigated for the demonstrator.The demonstrator and the superconducting 

coils are designed tooperate at 30 K with a conduction cooling to generate the main mag-

netic field in a 10 kW DC generator. Based on the data provided by the companies, the 

critical current as a function of the magnetic field was simulated. The Kim model is em-

ployed for the Superox and Theva data, which is shown in eq. (5.3) [144],[145]. In this 

part, only the perpendicular field is considered.  
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Where B is the perpendicular field applied on the tape, T is the tape temperature, L(B,T) is 

the lift factor with applied magnetic field B and temperature T, Jc is the critical current 

density with applied magnetic field B and temperature T, Jc(77K, self) is the critical current 

density at 77 K and only self field is considered, jc0(T), B0(T) are coefficients with temper-

ature T and β is related to the junction geometry. The lift factor is the ratio of critical current 

at a certain magnetic field and temperature to the critical current at 77 K self field. The 

fitting parameters, β, jc0 and B0, at 30 K for Superox tapes are 1.0, 6.57 and 0.84; while the 

fitting parameters for the Theva tapes are1.0, 4.4  and 2.0. 

The lift factor calculation for Sunam and Superpower tape is according to eq. (5.4) [146], 

and the fitting parameters for Sunam tape with perpendicular field, L0, Bc0, and b, are 4.58, 

0.49, and 1.14, respectively. The fitting parameters for Superpower tape with perpendicular 

field, L0, Bc0, and b, are 6.12, 3.23, and 1.41. 

 

 
 

 

    
 

c 0

2 2 2c
x y c0

,
( , )

77 ,
1

b T

J T L T
L T

J K self
k T B B B T

 

 

B
B  

(5.4) 



5 Design of a superconducting DC generator demonstrator 

86 

where B is the field applied to the superconducting tapes, which consists of parallel field 

component Bx and perpendicular field component of By; k(T), L0(T), Bc0(T), and b(T) are 

coefficients with temperature T. 

Based on the equations above, the lift factor of critical current of the tapes from the four 

companies as a function of magnetic fields is presented in Fig. 5.2. The critical current of 

the tapes at 77 K, self-field, and tape dimensions are listed in Table 5.2.  

 

Fig. 5.2: Simulation of lift factor at 30 K for different tapes. 

Table 5.2: Critical current, and dimensions of tapes 

Parameter SuNAM SuperOx1 SuperOx2 SuperOx3 Theva 
Super-

power 

Ic(77 K, self field)  (A) 150 100 120 140 100 140 

Thickness (mm) 0.23a 0.15 0.15 0.15 0.225a 0.164 

Width (mm) 4 4 4 4 4 4 

a. If the company only offers the tape without insulation, 0.0125 mm polyamide with 0.0125 mm silicone adhesive 

and overlap is assumed for insulation. 

5.2.2 Comparison of designs with different tapes 

By applying data in Table 5.2 and Fig. 5.2 into the analytical design model of the 10 kW 

superconducting generator described in Chapter 2, major design parameters as a function 

of average airgap flux density are shown in Fig. 5.3. The design constraints are: the length 

of tape used in a superconducting coil is less than 1 km, the armature diameter is 250 mm, 
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the pole pair number is from 2 to 4, and the rotation speed of the generator is 389 (1/min). 

The flux density of x-axis in Fig. 5.3 the average flux density in the middle of the armature 

winding. From Fig. 5.3 it can be seen that the lowest weight and volume can be reached 

around 0.4 T, while the efficiency can be more than 90%. The tapes from different vendors 

almost have no influence on efficiency, as no AC losses are considered.  

 

(a) 

  

                                                 (b)                                                                                   (c) 

Fig. 5.3: Major design parameters as a function of the average air gap flux density of the 10 kW generator with 

different tapes, (a) efficiency of the generator (refrigeration losses is not included), (b) weight of the 

generator, and (c)overall volume of the generator.  

The influence of the pole pair number on the major design parameters of the demonstrator 

is illustrated as Fig. 5.4. The influence of the pole pair number has the same trend for the 

6 tapes listed in Table 5.2. As an example, tapes from Theva are used and the results are 
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highlighted in Fig. 5.4. To provide the same average flux density in the armature winding 

a pole pair number of three has been chosen because of its lowest weight and volume.  

 

Fig. 5.4: Influence of the pole pair number on the major design parameters of the generator. 

5.2.3 Demonstrator design results 

A three-dimensional view of the generator is shown in Fig. 5.5. The generator employs air 

gap copper armature winding and superconducting field coils.  

 

Fig. 5.5: A three-dimensional view of the generator (one pole pair model, excludes brushes). 
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The maximum perpendicular field in the superconducting coil is 1.24 T, which decides the 

operating current of the coil. The Kim model of the lift factor is used to calculate the critical 

current as shown in eq. (5.3). Hence, a lift factor of 2.72 at this magnetic field can be as-

sumed. With a safety factor of 0.54, the operating current is selected to be 147 A. The 

design parameters and specifications of the generator are listed in Table 5.3. 

Table 5.3: Design specifications and parameters of the 10 kW generator 

Parameter Value Unit 

Rated power 10 kW 

Rated speed 389 1/min 

Rated voltage 230 V 

Number of poles 6 - 

Number of stator coils 78 - 

Stator outer diameter 486 mm 

Stator inner diameter 260 mm 

Stator core thickness 30 mm 

Physical air gap 5 mm 

Rotor outer diameter 250 mm 

Rotor inner diameter 164 mm 

Rotor core thickness 13 mm 

Stack length 220 mm 

Electrical loading 303 A/cm 

Average flux density  0.52 T 

Number of turns per superconducting coil  604 - 

Number of turns per copper coil  21 - 

Operating current 147 A 

Superconducting tapes 3.2 km 

Thickness of dewar wall 5  mm 

Thickness of thermal shield wall 3 mm 

Thickness of vacuum insulation  5 mm 

Brush length 20 mm 

Brush width  16 mm 

Brush holders 6 -- 

Brush per brush holder 1 -- 

Commutator length 45 mm 

commutator diameter 160 mm 

Brush shift    3.2 ° 

A 3D magnetostatic model is used to calculate the flux density in the airgap winding and 

results are illustrated in Fig. 5.6. Radial flux density in different axial positions is high-

lighted in Fig. 5.6. It can be seen that along the stack length, the flux density decreases only 

slightly. Hence, the flux density in the middle axial position can be used to represent that 

along the stack length.Then we can simplify the calculation region from 3D to 2D surface. 

Hence, 2D FE model is used to simulate the generator. To analyse the generator perfor-

mance, the FE model is coupled with a commutation drive model and the rated load in the 
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simulation is considered as a DC current source with rated current 43.5 A. The calculated 

torque and branch voltage is presented in Fig. 5.7. The peak to peak ripple of the torque 

and voltage is 1.26% and 3.26%, which can be decreased by employing more coils with 

less turns. The coil current and induced voltage is demonstrated in Fig. 5.8. To limit the 

voltage between two commutator bars not to exceed a maximum value, typically 30 to 

40 V, 78 commutator bars are used, as a result from eq. (5.5).  

 
max

2 N
com

c

pU
N

V
  (5.5) 

where Ncom is the number of commutator segments, Vcmax is the maximum value of he volt-

age between two commutator segments.  

 

                                                 (a)                                                                                   (b) 

Fig. 5.6: Radial component of flux density in the armature winding: (a) flux density distribution in the middle 

radial position, (b) flux density at different axial positions. 

 

Fig. 5.7: Torque and branch voltage of the generator. 
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Fig. 5.8: Coil current and voltage of the generator. 

5.3 Design of the superconducting coils 

The structure of the superconducting coil that consists of two double pancakes (DP) is 

shown in Fig. 5.9. The coil has 2 double pancakes and there is an insulation layer, made of 

G10, between the pancakes. Within a double pancake, a copper layer is inserted between 

the two layers of the superconducting tapes for cooling, as well as the two copper caps on 

the top and bottom of the coil.  

 

Fig. 5.9: Structure of the superconducting coil. 

C
o
il 

in
d
u
c
e
d
 v

o
lt
a
g
e
 (

V
)



5 Design of a superconducting DC generator demonstrator 

92 

The design specifications of the superconducting coil are summarized in Table 5.4. The 

coil is supposed to cool down to 30 K by conduction cooling method.Based on the speci-

fication, the magnetic field, as illustrated in Fig. 5.10, including perpendicular and parallel 

component, is calculated based on 3D FE software Ansoft Maxwell. It can be seen that the 

maximum perpendicular and parallel field is in the straight part of the coil, which means 

that 2D model can be used to design the superconducting coil.  

Table 5.4: Specification of the superconducting coil 

Parameter Value 

Number of double pancakes (DPs) 2 

Total thickness of the coil 22.8 mm 

Total width of the coil 36.0 mm 

Number of turns of the coil 604 

Number of copper caps 2 

Thickness of copper caps 2 mm 

Insulation layer between DPs 0.2 mm/G10 

Coil straight part length 220 mm 

Coil straight extension 10 mm 

Coil bending radius (inner/outer) 45/81 mm 

Insulated tape size (mean) 4.15 mm ×0.225 mm 

Copper layer within a DP 1mm 

Thickness of a DP 9.3 mm 

Width of a DP 36.0 mm 

Terminal length 100 mm 

Tape length per DP 266 m 

Total tape length per coil 532 m 

Maximum perpendicular field 1.24 T 

Maximum parallel field 1.93 T 

Lift factor @Max. perpendicular field, 30K 2.716 

Critical current @77K, self-field 100 A 

Operating current  147 A 

Inductance per coil 0.22 H 
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Fig. 5.10: Distribution of the magnetic field,(a) magnitude of the flux density,(b) magnitude of perpendicular 

component, and (c) magnitude of parallel component. 

5.4 Losses in the demonstrator 

5.4.1 Losses at room temperature 

The generator losses at room temperature are illustrated in Fig. 5.11. In general, in the DC 

superconducting generator, there are mechanical losses Pm, winding losses Pw, iron losses 

PFe and additional losses Padd  at room temperature. Winding losses consist of copper re-

sistive loss PCu, and brush contact loss Pb. Additional losses are losses in windings, lami-

nations, frame and other construction parts due to load current and its spatial harmonics, 

which are not included in the copper resistive losses and iron losses. Winding losses and 

additional losses can be calculated by eq (2.18), (2.19), (2.20) and (2.21). Mechanical 

losses are a consequence of bearing friction, windage, ventilator and brush friction losses.  

The empirical equation to calculate the bearing friction losses, windage losses, and venti-

lator losses is expressed as [33]:  

   2
1 1 0.6m m r r p rP k D l v   (5.6) 
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where Pm1 is the sum of the bearing friction losses, windage losses, and ventilator losses; 

km1 is an experimental factor; Dr is the rotor diameter, lr the rotor length, τp is the pole pitch 

and νr is the surface speed of the rotor.  

 

Fig. 5.11: General losses at room temperature of a superconducting generator. 

The brush friction losses can be estimated by   

 2 2m m rB rB rBP k P A v  (5.7) 

where Pm2 is the brush friction losses; km2 is an friction coefficient; PrB is the brush average 

pressure density (N/m2); and νrB is the surface speed of the brush. As a result, the losses in 

the room temperature are summarized in Table 5.5.  

Table 5.5: Summary of losses at room temperature 

Parameter Value Equation 

Copper resistive losses 698.7 W Eq. (2.18) 

Iron losses 23.2 W Eq. (2.19) 

Additional losses 100.0 W Eq. (2.20) 

Brush contact losses 113.1 W Eq. (2.21) 

Sum of bearing, windage, and ventilator losses 32.1 W Eq. (5.6) 

Brush friction losses 24.6 W Eq. (5.7) 

Total losses 1008.6 W  

Axial forced air cooling is employed to cool the copper winding in the rotor and the rotor 

cooling design is illustrated in Fig. 5.12. To estimate the maximum temperature in the cop-

per winding, a steady-state thermal analysis is performed and result shows that the maxi-

mum temperature in the copper winding and the winding support, which is 134.5 °C. This 

is within the limit of F-class insulation (155 °C ). 
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Fig. 5.12:  Sketch of axial forced air cooling. 

5.4.2 Losses in at cold temperature  

The structure of the cryostat and all the heat loads at cold temperature are clarified in 

Fig. 5.13. Even though the superconducting coils operate with DC current, there are still 

AC losses due to the ramping current at start-up and ripples from current supply, which are 

denoted as Pac1 and Pac2. Copper current leads are employed to feed current into the super-

conducting coils from the current supply. Unavoidly, copper current leads will introduce 

heat, Pcl1 and Pcl2. To support the superconducting coils and thermal shield, support rods 

are used. Hence, heat loads due to support rods, Prod1 and Prod2, needs to be removed. More-

over, instrument wires, which is used to measure the temperature, magnetic field, and su-

perconducting coils voltage, et al  in the cryostat also cause a small portion of heat load, 

Pmw. Besides, there are radiative losses, Pr1 and Pr2, from the room to the cold temperature.  

 

Fig. 5.13: Heat loads at cold temperature. 
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5.4.2.1 Thermal radiation 

The working temperature of the superconducting tapes is 30 K. If aluminium coating 

(79 nm in thickness) on 6 µm polymester film is employed as the 10 layers thermal insula-

tion, and the thermal shield is cooled down to 80 K, the radiative load from the dewar to 

the thermal shield Qr1 is 0.721 W and the radiative load to the coil Qr2 is 0.0024 W accord-

ing to the calculation in [147]. 

The radiative losses calculated above are calculated in an ideal situation, in fact, the losses 

is higher than the calculated value. According to the practical experience of cryogenic ex-

perts in ITEP (internal source), it can be assumed that with 10 layers of thermal insulation 

the heat flux density is 2 W/m2 from room temperature to 77 K. As the total surface area of 

the dewar is about 0.96 m2, the radiative loss to the thermal shield Qr1 can be estimated to 

be 1.92 W when the thermal shield is cooled down to 80 K, while the radiative load from 

the thermal shield to the coil is much less than that since the temperature is from 80 K to 

30 K. As an estimation, 10 % of 2 W/m2 is used. As a result, the radiative load from 80 K 

shield to the superconducting coil at 30 K Qr2 is 0.19 W.  

5.4.2.2 AC losses due to the superconductors 

Although the current of the superconducting coils is designed to be DC, ac magnetic fields 

will act on the superconductors from start up, dc current source ripple, ripples from the 

armature windings, etc. As the effective airgap is very large in our design, the influence 

from the armature winding is quite small. The magnetic field ripples caused by the armature 

winding are in the order of 0.07 mT with a frequency of 19.45 Hz or 252.85 Hz, while the 

magnetic field of the superconducting coils is 1.94 T. Compared the magnetic field ripples 

to the magnetic field, they are far too small. Hence, the influence of the armature winding 

current in normal operation is neglected. In this section, only the ramping current and rip-

ples of the operating current are considered. In the superconductor, the resistivity is not 

constant when the magnetic field, temperature and flowing current changes. To describe 

the macroscopic behaviour of it, a nonlinear E-J relation is employed as shown in eq (5.8). 

Since scE J then the resistivity of the superconductor, ρsc, is expressed in eq (5.9).  

 ( )n
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where, Ec corresponds to the critical electric field , which is 10-4 V/m, Jc is the critical 

current, n is the n-value indicating the sharpness of the E-J characteristic, which is 38 in 
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this section [148]-[150]. The critical current has a dependence of magnetic field at 30 K, 

which is expressed as eq (5.2).  

To calculate the AC losses, H-formulation , as in eq (5.10), is used. 
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

 (5.10) 

where, ρ is the resistivity of the material, μ is the permeability of  the material, and H is the 

magnetic strength. 

To increase the computation speed, the homogenization and multiscale technique are 

adopted [148]-[150]. With this method, the superconducting coils are regarded as an ani-

sotropic bulk and the actual different layers of the superconductors are not considered. In 

fact, the actual topological features of the tapes are considered by a superconducting ma-

terial’s volume fraction to calculate the engineering current density. A multiscale model is 

employed by treating only one side of a superconducting coil with superconducting char-

acteristics, while the others are treated as “normal conductors”, which has a constant resis-

tivity and the current density is uniform distributed. In this way, the magnetic flux density 

distribution around the homogenized model is almost the same as in the generator and no 

extra boundaries are needed.  

 

Fig. 5.14: Ramping loss with different ramp rates. 

To calculate the ramping current loss, a smooth ramp up current is used to increase to the 

operating current, which is 147 A. the results is illustrated in Fig. 5.14. Different ramping 

speed contributes to different ramping current losses, and the lower the ramping current 
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rate, the smaller the losses. Hence, a ramping rate below 0.5 A/s is preferred to have less 

loss. The ramping current loss Qac1 is below 1.01 W.  

The current ripples are assumed to be at 0.8 Hz with amplitude of 1% of the operating 

current [61]. The resulting ripple current loss Qac2 is 3.70 W. When the current ripple in-

creased to 2% with a frequency of 2 Hz, the calculated loss will be increased to 5.60 W.  

5.4.2.3 Losses due to support rods 

The material used for the torque tubes is titanium alloy, whose maximum yield strength is 

1132 MPa at 4-40 K [151]. The torque tube has to withstand the electromagnetic torque, 

as well as to minimize the heat load to the cold mass. In this part, tie rods made of Ti6Al4V 

are employed to suspend the coils in the Dewar, similar to the mechanical structure in a 

magnetic resonance imaging (MRI) [152]. There are radial tie rods and axial tie rods. The 

radial and axial tie rods are shown in Fig. 5.15 (a), and Fig. 5.15 (b). Moreover, a copper 

braid from the thermal shield is adhered to the surface of a rod where it crosses the thermal 

shield. Hence, there is a temperature breakpoint, that is, the rod is divided into temperature 

range from 80 K to 300 K, and range from 30 K to 80 K. The main parameters of the sup-

port structure are listed in Table 5.6. 

Thermal conductivity, k, of the titanium alloy is calculated by (5.11) [153]. 
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(5.11) 

where, a is -5107.8774, b is 19240.422, c is -30789.064, d is 27134.756, e is -14226.379, 

f is 4438.2154, g is -763.07767, h is 55.796592, and i is 0, respectively; T is the temperature 

in K. As a result, the thermal conductivity of the titanium alloy is underlined in Fig. 5.16. 

The average thermal conductivity between 80 K and 300 K is 5.464 W/(m•K), and the av-

erage value between 30 K and 80 K is 2.621 W/(m•K). 

Table 5.6: Parameters of rods 

Name Radial rods Axial rods 

Number of rods 24 6 

Diameter of rods  5 mm 5 mm 

Length (80-300 K) 36 mm 178 mm 

Length (30-80 K) 80 mm 179 mm 
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                                                 (a)                                                                                   (b) 

Fig. 5.15: Illustration of superconducting coil support, (a) radial rods, (b) axial rods. 

 

Fig. 5.16: Calculated thermal conductivity of the titanium alloy Ti6Al4V. 

Then we can calculate the Heat leakage Qrod of titanium alloy by (5.12)[154] 
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where, Lrod is the length of the support rod, Arod is the cross section per rod, T is temperature, 

λti is thermal conductivity of titanium alloy, T1, T2 is the temperature of the two ends of the 

rod. By this method, the conductive heat leak of a single radial rod is calculated to be 

0.6556 W between 80 K and 300 K, and 0.0322 W between 30 K and 80 K. The conductive 
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heat leak of a single axial rod is 0.1326 W between 80 K and 300 K, and 0.0144 W between 

30 K and 80 K. Consequently,  the heat load Qrod1 between 80 K and 300 K is 16.54 W, 

and Qrod2 between 30 K and 80 K is 0.86 W. 

To increase the mechanical stability, the diameter of the rods might be changed. Fig. 5.17 

pictures the heat load of the tie rods when the diameter of the rods is varied. It is suggested 

that within the mechanical requirement, the tie rods should be designed to have as small 

diameter as possible.  

 

                                                 (a)                                                                                   (b) 

Fig. 5.17: Heat load of the tie rods when the diameter of the rods is varied,(a) temperature between 80 K and 

300 K, and (b) temperature between 30 K and 80 K. 

5.4.2.4 Losses due to current leads 

The electrical resistivity of the copper ρcu depends on the temperature and RRR value, 

which can be obtained through eq.  (5.13) [155]. 

   0 0, RRRcu i iT       (5.13)

where: 
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The magetoresitivity effect is considered by adding magnetic field, B, to eq. (5.17). 
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The fit parameters used in eq. (5.15), (5.16), and (5.18) are listed in Table 5.7. 

Table 5.7: Fit parameters for copper electrical resistivity 

P1 P2 P3 P4 P5 P6 P7 

1.171•10-17 4.49 3.841•10+10 1.14 50 6.428 0.4531 

a0 a1 a2 a3 a4 

-2.662 0.3168 0.6229 -0.1839 0.01827 

Note: there is a minimal value of B at which equation (5.17) fails. The minimal B at room temperature is in the 

order of 1 T, and it decreases with lower temperatures depending on RRR.  

The analytical way to obtain the thermal conductivity of the copper is introduced by equa-

tion (5.20). 

  
0 0

1
,RRRcu

i i

k T
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
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 (5.20) 

where: 
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The fit constants in eq. (5.21) (5.22) and (5.23) are reported in Table 5.8. 

Table 5.8: Fit parameters for copper thermal conductivity 

β �� P1 P2 P3 P4 P5 P6 P7 

0.634/RRR β/0.0003 1.754•10-8 2.763 1102 -0.165 70 1.756 0.838/��
�.���� 

As a result, the resistivity is increased with higher flux density. According to Wiedemann-

Franz law: 

 0cu cuk L T   (5.24)

When the temperature is a fixed value, the electrical resistivity and thermal conductivity 

are inverse proportional to each other, where the L0 is the Lorenz number, which is about 

2.45×10-8 WΩ/K2. Hence, the thermal conductivity is decreased with magnetic field.  To 

calculate the resistivity of the copper current lead we assume a magnetic flux density of 

2 T which is the maximum value in the superconducting coil, whereas a magnetic flux 

density of 0 T is assumed to calculate the thermal conductivity to have the worst case. 

Consequently, the calculated value is larger than the real value, which gives a larger safety 

margin. The electrical resistivity and thermal conductivity of copper with RRR=100 be-

tween 30 K and 300 K are highlighted in Fig. 5.18. 

Heat leakage of the current lead Qcl is  

 

2

1

2
2

1

l

l

l T

cu l
cl J c sc cu

l ll T

A
Q Q Q I dl k dT

A l


      (5.25)

where Isc is operating current of superconducting tapes, QJ is ohmic losses, Qc is conduction 

heat leakage, ll is the length of the current lead, Al is the cross section of the current leads, 

T is the temperature of the current lead, ρcu is the resistivity of copper, kcu is the thermal 

conductivity, T1 and T2 are the temperature of the two ends of one current lead.  
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The calculated heat loss of one current lead by eq. (5.25) with different lengths and diam-

eters is illustrated in Fig. 5.19. Due to the space limits in the generator, the length and 

diameter of the current lead between 30 K and 80 K are chosen to be 100 mm and 2 mm. 

Besides, the length and diameter of the current lead between 80 K and 300 K are chosen to 

be 250 mm and 4 mm. Hence, the heat load of two current leads, Qcl1 and Qcl2, is 4.64 W 

between 30 K and 80 K and 18.21 W between 80 K and 300 K.  

 

                                                 (a)                                                                                   (b) 

Fig. 5.18: The electrical resistivity and thermal conductivity of copper with RRR=100,(a) electrical resistivity, 

and (b) thermal conductivity. 

 

                                                 (a)                                                                                   (b) 

Fig. 5.19: Heat loss of one current lead with different lengths and diameters,(a) Heat load between 30 K and 

80 K, and (b)  heat load between 80 K and 300 K. 
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5.4.2.5 Losses due to measurement wires 

As the measurement wires are very thin and usually mounted on a thermal anchor, the heat 

load due to measurement wires Qm is very small and 0.1 W is estimated to take into account 

the measurement wires based on experience. 

5.4.2.6 Summary of heat loads to the coild temperature 

All the heat loads in the cryostat at low temperature as shown in Fig. 5.13 are summarized 

in Table 5.9. In the heat loads to 30 K, copper current lead is the dominant loss. To reduce 

this heat load, a high temperature superconductor (HTS) current lead can be employed. 

Due to low thermal conductivity and low resistivity of the superconducting tapes, the heat 

load from 80 K to 30 K can be reduced to 0.2 W. Hence, the heat load to 30 K is 6.06 W, 

43% less than copper current lead. 

Table 5.9: Summary of heat loads in the cryostat 

Parameter Explanation Value Unit 

Pr1 Radiative load to 80 K 1.92 W 

Pr2 Radiative load to 30 K 0.19 W 

Prod1 Heat load to 80 K caused by support rods 16.54 W 

Prod2 Heat load to 30 K caused by support rods 0.86 W 

Pcl1 Heat load to 80 K caused by current leads 18.21 W 

Pcl2 Heat load to 30 K caused by current leads 4.64 W 

Pac1 Ramping current loss 1.01 W 

Pac2 Current ripple loss 3.70 W 

Pmw Heat load from measurement wires 0.10 W 

Ps1 Total heat load to 80 K 36.67 W 

Ps2 Total heat load to 30 K 10.50 W 

The efficiency of the refrigerators used in below 77 K is less than 20% of the Carnot effi-

ciency [67]. The Carnot efficiency ηc can be calculated as 

  /c low high lowT T T    (5.26)

where, Tlow is the low temperature side, Thigh is the high temperature side. 

If the ambient temperature is assumed to be 300 K, the refrigerator efficiency at 80 K is 

7.27% and 2.22% at 30 K. The refrigeration power at room temperature to remove the heat 

in Table 5.9 is 977 W. 
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5.5 Performance at different wind speeds 

Wind turbines normally operate with a range of wind velocity defined by maximum and 

minimum wind velocity. The turbines start to deliver power at the minimum wind velocity 

which is called cut-in velocity and the turbines stop operation at the maximum wind veloc-

ity which is called cut-out velocity. When the wind velocity is between the cut-in and rated 

wind velocity, the turbines are controlled to capture as much energy as possible with a 

fixed pitch angle, which is called the maximum power point tracking (MPPT). When the 

wind velocity is between the rated and cut-off velocity, the generators will be controlled 

with the same power output and rotational speed. In that case, the generator torque is fixed, 

and the pitch angle of the turbines is varied to scale down the aerodynamic 

torque [156],[157]. At different wind speeds, the generator voltage is proportional to the 

rotational speed and current is controlled according to the wind turbines. The wind turbine 

extracted wind power, rotational speed with wind velocities are shown in Fig. 5.20. 

      

Fig. 5.20: Sketch of wind power and rotor speed with wind velocities. 

5.5.1 Commutation 

Armature coils undergoing commutation will induce an electromotive force (EMF) due to 

its inductance and current changes. Moreover, in the demonstrator the flux density distri-

bution established by the superconducting coils is close to sinusoidal, and the commutation 

zone is penetrated by it. Due to the coil rotation, another EMF is induced in the coil under-

going commutation. Both EMFs will result in commutation challenges, for example, sparks. 

Compensation methods are required. In general, interpoles and compensation windings are 

employed to smooth commutation. However, in a superconducting DC generator, it is im-

proper to adopt such methods, since the stator is excited by the superconductors and has no 

iron poles. Hence, to shift the brushes is used to improve commutation.  
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Fig. 5.21: Current per coil with/without brush shift at rated rotational speed. 

 

                                                 (a)                                                                                   (b) 

 

                                                 (c)                                                                                   (d) 

Fig. 5.22: Current per coil at different rotational speeds with brush shift 3.2°, (a) 99 (1/min), (b) 173 (1/min), 

(c) 248 (1/min), and (d) 322 (1/min). 
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Fig. 5.23: Current per coil with brush shift 2.4° and without brush shift at rated rotational speed. 

 

                                                (a)                                                                                   (b) 

 

                                                (c)                                                                                   (d) 

Fig. 5.24: Current per coil at different rotational speeds with brush shift 2.4°, (a) 99 (1/min), (b) 173 (1/min), 

(c)  248 (1/min), and (d) 322 (1/min). 
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At rated wind speeds, the generator speed is 389 (1/min), and the commutation with or 

without brush shift is shown in Fig. 5.21. It can be seen from Fig. 5.21 that a brush shift by 

3.2° results in a smooth commutation of the coi. As aforementioned, the wind turbines 

operate at a range of wind speeds instead of a fixed speed. When wind turbines operate at 

differrent wind speeds, the current per coil is drawn in Fig. 5.22. The brush shift of 3.2° is 

good for commutation at rated speed, but not for the whole speed range. The lower the 

speed, the worse the commutation at this brush shift. 

It is impossible to find a brush shift that results in smooth commutation at all wind speeds. 

The solution is either to use the brush shift for rated speed or to find a compromised solu-

tion, which improves the commutation at lower wind speeds, but decreases at the rated 

speed to some extent. When the brush shift is modified to 2.4°, the coil current at different 

wind speeds are shown in Fig. 5.23 and Fig. 5.24. For our demonstrator we mainly focused 

on the performance at rated speed, hence, a brush shift of 3.2° is used. 

5.5.2 Power and losses 

The generator output voltage power, torque and current as a function of the wind speed are 

shown in Fig. 5.25. The generator current is controlled according to the power converted 

through the wind turbine model as in Section 5. 

Losses and efficiency with the wind velocities are illustrated in Fig. 5.26. It should be 

pointed out that the refrigeration power at room temperature to remove the heat loads at 

cold temperature through all wind velocities is assumed to be the same as the rated condi-

tion. At low wind velocities, the efficiency is lower. The main loss contribution is the re-

frigeration loss at low wind speed. Increasing the wind velocities can increase the effi-

ciency and the highest efficiency is 84.1%. Copper resistive loss, and refrigeration losses 

are the largest contributors.  
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                                                (a)                                                                                   (b) 

 

                                               (c)                                                                                   (d) 

Fig. 5.25: Illustration of the power, voltage, current, and torque of the generator with different wind speeds, (a) 

Output power, (b) Voltage (c) Torque, and (d) Current. 

 

                                                (a)                                                                                   (b) 

Fig. 5.26: Illustration of losses and efficiency of the generator with wind speeds, (a) losses, and (b) efficiency. 
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6 Preliminary tests for major 
components of the demonstrator 

6.1 Critical current of the superconducting tapes 

Superconductors exhibit no DC resistance within the regime bounded by critical tempera-

ture, critical current density and critical magnetic field. The critical current density is the 

upper limit of the current carrying ability within the superconducting state. The critical 

current density is calculated from the critical current divided by the area of the supercon-

ductor’s cross section. The critical current is defined where the superconductor starts its 

phase transition. In practice, the critical current can be obtained when the voltage drop of 

the superconductor is 1 μV/cm, known as electric field criterion. Besides the electric field 

criterion, there are resistivity criterion and offset criterion to define the critical current in 

the data analysis. In this section, we choose the electric field criterion, which is the most 

used criterion [158]. To measure the critical current, a V-I curve, which is the voltage drop 

of the material as a function of applying current, is usually drawn and fitted to the power 

law expressed as in eq. (6.1) [67]. 

  ( )
n

c cE I E I I  (6.1) 

where E(I) is the voltage drop across the superconductor, Ec is the electric field criterion, I 

is the current carried by the superconductor, Ic is the critical current, and n is the sharpness 

of the phase transition.  

Superconducting coils are used in the generators mainly to generate the main flux density, 

which is one of the most critical and important parts of the power conversion. The operating 

temperature of the generators ranges from 10 K to 77 K. In a large-scale wind generator, 

the magnetic field in the superconducting coils can be up to 5.0 T, or even higher. In addi-

tion, orientation and amplitude of the flux density to each superconducting tape are differ-

ent in a superconducting coil. At present, the typical manufacturer data for the HTS is not 

sufficient to make an accurate design, since the critical current of the superconductor with 

temperature, magnetic field and angular dependence is needed. To design the supercon-

ducting coil the characterization of the superconducting tapes is needed in the above men-

tioned temperature and field range. With that data a suitable superconducting coil for a 

wind generator can be designed. 
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Therefore, a measurement system is developed to characterize the critical current as a func-

tion of temperature, magnetic field and field angle. The system employs conduction cool-

ing. To avoid Joule heat in the cryostat, pulsed current supply is used. 

6.1.1 Measurement setup 

The test system is shown in Fig. 6.1.  

 

Fig. 6.1: Schematic overview of the system. 

In order to measure the critical current of the HTS tapes under a high magnetic field, a 

superconducting magnet is used to produce the magnetic field from 0 T to 8 T and the 

operating temperature of the magnet is 4.2 K. The sample holder is not only to support the 

HTS tape, but also to set a specific angle to the magnetic field. In addition, the sample 

holder acts as a medium for cooling system and current input to the sample. Pulsed current 

supply up to 600 A is employed for the current input of the HTS sample. To cool down the 

HTS sample below 77 K, a two-stage cryocooler and helium gas are utilized, and liquid 

nitrogen is employed to cool down the copper current leads. The shunt is used to monitor 

the current of the sample power supply. 
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Cryostat CS210*F-GMX-19NP @ Advanced Research Systems is used for the sample 

holder, as shown in Fig. 6.2. A two-stage cryocooler is connected to the cryostat by two 

cooling links. The temperature of the 1st and 2nd stage cooling link is 77 K and 4.2 K, re-

spectively. Besides the cryocooler, helium gas at a pressure of 50 mbar is employed in the 

cryostat to cool down the sample. Instead of a liquid coolant, helium gas acts as a cooling 

medium, which conveys the heat loads from the sample and current leads to the cryocooler. 

The cooling capacity of the cryocooler is summarized in Table 6.1. In order to further cool 

down the current leads, liquid nitrogen is employed in the sample holder to maintain the 

77 K at the first stage of cooling. 

G10 connection

Vacuum Dewar

2nd stage cryocooler 

1st stage cryocooler

1st stage sample well

1st stage thermal link

2nd stage thermal link 

Vacuum

LN2 inlet

LN2 Outlet

2nd stage sample well

HTS sample

HTS current lead

Copper current lead

LN2 tank

Valve

100 mbar gas helium

Cryocooler

 

Fig. 6.2: Cryostat of the sample holder. 

Table 6.1: Cooling capacity of the two-stage cyocooler of sample holder 

Temperature Cooling power Unit 

77 K 25 W 

20 K 16 W 

10 K 9 W 

4.2 K 0.8 W 

The photo of the sample holder is highlighted in Fig. 6.3. Cu-HTS current leads are em-

ployed in the sample holder to reduce the heat loads for the cryostat. The upper Cu-parts 

of the current leads are located in a liquid nitrogen tank to maintain a temperature of 77 K. 
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Outside the tank is vacuum insulation chamber surrounded by a stainless steel wall. In 

order to enhance the thermal link and contact surface between the holder and cryocooler, 

two Cu springs are employed. Besides, Cu-disks are employed to reduce the thermal re-

sistance in between the helium gas and HTS current leads. G10 support and the Cu disks 

are also used to support the HTS current leads. A G10 tube is employed not only as support 

structure, but also as the channel for measurement wires. A moveable support for the HTS 

sample is necessary to study angular dependence of the HTS tape.  

 

Fig. 6.3: Photo of the sample holder. 

Three pairs of voltage taps are used to measure and monitor the voltage level of the sample 

and HTS current leads. To precisely measure the voltage across the sample, a Nano volt-

meter Agilent 34420A is employed. It is also necessary to monitor the voltage drop of the 

current leads, as Cu-HTS current leads are used. Hence, Model 7700 switching module and 

Model 2700 multimeter to fulfil the task. To monitor and control the temperature of sample 

holder 8 temperature sensors are employed. Two PT 100s are used to monitor the liquid 

nitrogen level in the liquid nitrogen tank of the sample holder. Another two PT100s are 

located in the copper current leads. Four TVOs are installed to obtain the temperature in-

formation of the sample, first and second stage thermal link. To precisely control the tem-

perature of the sample, Model 336 @ Lakeshore is employed and Model 218 @ Lakeshore 

is for temperature reading. Heat load is essential to control the temperature of the sample; 

hence, thermofoil heaters are used to provide the necessary heat load. 
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6.1.2 Test results 

6.1.2.1 Test of sample holder 

After the sample holder was inserted in the cryostat and 50 mbar gas helium was filled in 

the sample holder chamber, the sample holder was cooled down. The temperature variation 

during the cooling down process is drawn in Fig. 6.4. With helium gas, the sample is cooled 

down to 14.5 K after 6 hours and  the current lead temperature is 276 K. In order to further 

cool down, liquid nitrogen is used to cool the current leads. After 2 hours, the temperature 

of the sample is stable at the setting temperature. The warm up process without heaters are 

illustrated in Fig. 6.5. It takes 2 days to warm the sample holder up without heater.  

 

Fig. 6.4: Cooling down of the sample holder. 

 

Fig. 6.5: Warm up of the sample holder. 
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6.1.2.2 Results of critical current measurement 

When the current is high, the current-contact resistance is also high, which can affect the 

measurement result. To decrease the heating effect, pulsed measurement is employed. To 

correct for the voltage offset in the voltmeter and remove the non-negligible thermo-elec-

tric voltage effect, the sample voltage is measured at zero current before the pulse to dy-

namically cancel the offset voltage [158],[159]. During the pulse measurement, the current 

is increased from zero to the current level usually in 100 ms and then down to zero. In this 

process, there is an induced voltage when the current is rising and falling, which will last 

about a few hundreds of milliseconds [160].  

The rising and falling time of the pulse current is designed to be 100 ms to have a relatively 

gentle slope. The constant current lasts 420 ms and it is assumed the voltage is stabilized 

before the voltmeter measurement [160]. To test the setting of the pulse time, two samples 

are measured in liquid nitrogen with pulse and DC current, and the result is illustrated in 

Fig. 6.6. The average difference of the critical current between pulse and DC current supply 

is smaller than 5% and this could be caused by the thermal heating of DC current, because 

when the pulse time is increased, the critical current keeps almost constant. The lift factor 

difference between the pulsed and DC measurement in the range of ±90 degree at 0.2 T 

and 0.5 T is shown in Fig. 6.7. Zero degree is defined when the magnetic flux density is 

parallel to the tape surface. It can be concluded that pulse current measurement with the 

test device is accurate enough to measure the critical current of the superconducting tapes.  

 

Fig. 6.6: Comparison of critical current in liquid nitrogen with DC current supply and pulse current supply. 
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Fig. 6.7: Comparison of lift factor between pulse and DC current supply at 0.2 T and 0.5 T, respectively. 

The critical current of the superconductor drops rapidly with increasing temperature and 

magnetic field. The temperature and magnetic field dependence of sample@ Superpower 

with the angle of 45° are illustrated in Fig. 6.8 and Fig. 6.9.  

 

Fig. 6.8: Temperature dependence of the tape @ Superpower with the angle of 45°. 
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Fig. 6.9: Magnetic field dependence of the tape @ Superpower with the angle of 45°. 

To describe the magnetic field dependence the model of two parallel current paths are used. 

One current path consists of grains connected by weak links which has a strong field de-

pendence. Another current path is formed by strongly linked grains, which is determined 

by intragrain pinning. The total critical current is given by [161]: 

      , , ,c cw csI B T I B T I B T   (6.2)

where Ic(B,T) is the critical current, Icw(B,T)  is the critical current due to weak linked cur-

rent path, Ics(B,T) is the critical current due to strong linked current path, B is the magnetic 

flux density, and T is the temperature.  

A phenomenological model similar to Power-Law dependence introduced by Kim is used 

to express the magnetic field dependence of the weakly linked critical current by [145]  
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(6.3)

where, B0(T) depends on the inverse of the average grain size and the inverse of the London 

phenomenon, and β is related to the junction geometry. The strongly linked critical current 

is shown by eq. (6.4) based on collective pinning theory [162]. 
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where, Bsc(T) is related to the irreversibility field and α(T) is used to take into account the 

thermally activated flux creep. α(T) is determined empirically from the slope of the critical 

current at  high magnetic field with different temperatures. 

A linear temperature dependence of Icw(0,T) and B0(T) in eq. (6.3) is ob-

served [144],[163],[164]: 
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where, Tc is the critical temperature of the superconductor. 

The temperature dependence of Bsc(T) and Ics(0,T) in eq. (6.4) are also given in [144]: 
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where, Tsc and γ are parameters and Tsc has a unit of K. 

Depending on experimental results, Reference [165] proposed a very simple scaling law 

for Ic(B,T) below 40 K, as shown in equation (6.9). Different from eq. (6.2), eq. (6.9) has 

no physical meaning and extracted from empirical results. This equation is simple and less 

parameters are needed, but has larger calculated error.  

     *
, 0, 0 expc c

T
I B T I B

T
  

  
 

 (6.9)

Where α and T* are parameters, which are determined by empirical data.  

Besides magnetic field and temperature dependence, the critical current of the supercon-

ductor is influenced by the external field direction, which is called angular dependence. 
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Generally, the critical current has a much higher critical current when the magnetic flux 

density is aligned with the crystallographic ab-planes of the YBCO layer and a lower value 

when the magnetic flux density perpendicular to the wider surfaces of the tape. However, 

the angular dependence of the superconducting tapes depending on manufactures, and the 

higher critical current is reached at different angles. In Fig. 6.10 the angular dependence of 

the tape with advanced pinning from superpower at 77.3 K and 68 K is illustrated. Zero 

angle is defined as the flux is parallel to the wider surface of the tape. 

 

(a) 

 

(b) 

Fig. 6.10: Angular dependence of the tape from Superpower at 77.3K and 68K, respectively. 
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From Fig. 6.10 it can be seen that the lowest critical current of the sample is not with per-

pendicular field to the wider surface. When the magnetic field and temperature is higher, 

the angular dependence becomes less prominent. Moreover, the behaviour of the critical 

current with perpendicular field also changes with magnetic field: at lower field the critical 

current is higher with perpendicular field than with parallel field, which is contrary to the 

behaviour at high magnetic field.  

The critical current in an anisotropic superconductors with isotropic pinning sites is well 

described by elliptical angular dependence, as expressed by eq. (6.10) [166]-[168], 

   2 2 2cos sinf u     (6.10)

where the origin of the angle θ is for an applied field parallel to the ab planes.  

Integrated the elliptical angular dependence into the generalized Kim model without taking 

the temperature into consideration, the angular dependence influence on the critical current 

can be derived as  
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(6.11)

where I0, B0, β are parameters.  

To describe the regular dependence on the orientation of the magnetic field, with the max-

imal critical current when the magnetic field is parallel to the tape and minimal critical 

current when the magnetic field is perpendicular to the tape, eq. (6.10) and (6.11) is used. 

However, for more complicated angular dependence, for instance, the angular dependence 

of Superpower tape with advanced pinning, eq. (6.10) and (6.11) is not enough. In that case, 

three overlapping elliptical dependences based on the observed peaks in the angular de-

pendences of critical current are proposed [146],[166] with up to 15 parameters. Even 

though it is true that all the parameters can be extracted from experimental results at low 

field (up to 400 mT) [146],[166],[169], it is impossible to use the same parameters to de-

scribe angular dependence of the critical current for the whole field range of 0-5 T. For 

engineering application, magnetic field can be classified to different range cases and within 

each case the same angular dependence parameters are employed.  
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6.2 Test of the iron materials 

The silicon lamination sheets help to reduce the reluctance in the magnetic circuit and con-

fine the flux in the generator. The amount of superconducting tapes can be decreased sig-

nificantly by employing iron rotor core and stator core. Moreover, the force acting on the 

superconducting coil is reduced if an iron pole is used. To simplify the cryogenic cooling 

system and supports structure of the superconducting coils, iron cores can be designed at 

the same working temperature as superconducting coils. There are two iron core topologies 

for superconducting coils of the superconducting wind generators, cold iron and warm iron 

topology [91]. The cold iron design offers a more stable cryogenic temperature as the cold 

iron contributes to the cold mass and enhances the thermal capability of the system. How-

ever, the iron has higher losses to harmonics. Hence, cold iron needs higher cooling power 

and longer cool down time [96]. Whether to have cold iron or warm iron concept for a 

certain design requires a trade-off study on superconducting cost and losses at cryogenic 

temperature. To start this study, the data of the ferromagnetic materials are necessary not 

only at room temperature but also at cryogenic temperature. However, few cryogenic data 

of the magnetic materials are available for designers to use. In order to fill this gap, coop-

erating with Institute of Electrical Engineering (ETI), Hybrid Electric Vehicles (HEV), we 

carried out the measurement to study the magnetic properties at room temperature and liq-

uid nitrogen temperature (77 K). 

6.2.1 Measurement system 

Toroidal cores are used to identify the magnetic properties based on the international stand-

ard IEC 60404. A ring specimen is chosen to simplify the structure at 77 K. The ring spec-

imen of the lamination sheets is 45 mm in inner diameter and 55 mm in outer dia-meter. 

The structure is shown in Fig. 6.11. The samples tested are M330-35A, M330-50A, M235-

35A, and VACODUR 49 (cobalt iron), which covers different grades, thicknesses and sat-

uration points. The detailed information of the tested samples is summarized in Table 6.2. 

Please note that 2.35 T is the saturation point of Vacodur49. 

The system overview is shown in Fig. 6.12. The excitation of the primary winding of the 

ring specimen is powered by a high performance linear amplifier that consists of multiple 

parallel amplifier modules. A field programmable gate array (FPGA) based high speed 

control algorithm is used to maintain equal output current for each module. The algorithm 

calculates individual input voltages for the amplifier modules, which are supplied by a 

digital-analog-converter. In order to precisely measure the power loss of the test specimen, 

the secondary induced voltage us,ind has to be controlled to a sinusoidal waveform with a 

total harmonic content as low as possible. This controller is also implemented on FPGA to 

realize fast sample rates and control times with quality through an analog-digital-converter. 
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Detailed system introduction is shown in [170]. Based on Ohm’s law and Faraday’s induc-

tion law, the power is absorbed by the toroidal core is a composition of the ohmic losses in 

the primary windings and the core losses in the toroidal core, as expressed in eq. (6.12). 

Table 6.2: Specification of magnetic materials tested at cold temperature 

 M330-35A M330-50A M235-35A Vacodur49 

Density 7620kg/m3 7650kg/m3 7600kg/m3 8120 kg/m3 

Thickness 0.35 mm 0.50 mm 0.35mm 0.27 mm 

Conductivity at room tempera-

ture 

2.29  106 S/m 2.33 106 S/m 1.92 106 S/m 2.35 106 

S/m 

Conductivity at 77 K 2.90 106 S/m 2.93 106 S/m 2.11 106 S/m 2.59 106 

S/m 

Min.Polarisation (10,000 A/m) 1.7 T 1.7 T 1.7 T 2.35 T 

 

Fig. 6.11: Toroidal cores of the measurement. 

 

Fig. 6.12: Sketch of measurement system. 
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(6.12)

where, uamp(t) is the amplifier voltage, ip(t) is the primary winding current, Rp is the re-

sistance of the primary winding, us,ind(t) is the induced voltage of the primary winding, Ns 

is number of turns of secondary winding, Np is the number of turns of primary winding, 

term A is the input power to the toroidal core, term B is the ohmic losses in the primary 

winding, and term C is core magnetization and losses. From term C it can be seen that the 

core magnetization and losses can be determined by observing the secondary voltage and 

the primary current over time. The reactive power of term C is the magnetization of the 

core and the active power of it is the core losses. 

6.2.2 Measurement results 

The magnetic properties of the samples are measured over a frequency range from 50 Hz 

to 1000 Hz and and a flux densities range from 0.1 T to 2.1 T for the Vacodur49, 0.1T to 

1.5 T for the other three materials.. The relative permeability curves of all the samples are 

illustrated in Fig. 6.13. The cobalt iron, Vacodur49, has the highest relative permeability, 

followed by the M330, and the relative permeability of M235 is lowest at room tempera-

ture (RT). From Fig. 6.13 it can be seen that the relative permeability is increased with 

higher flux densities when the samples are immersed in liquid nitrogen. From the design 

point of view of the superconducting generators, this is an advantage, as less volume of 

superconductors is used to produce the same air gap flux density. The increase of the rela-

tive permeability of the different samples at 77 K compared with room temperature at 

50 Hz is also shown in Fig. 6.13. The M235 material has the largest temperature depend-

ence on relative permeability and cobalt iron has the smallest. The maximum increase of 

the relative permeability of M235 is 63%, 48% of the M330 and 10% of Vacodur49. More-

over, the maximum increase seems to be around the saturation point of the materials at 

room temperature, which leads to higher saturation point at 77 K than at room temperature. 
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Fig. 6.13: Relative permeability of the four different samples at 50 Hz. 

Besides the permeability, iron losses of the samples are also investigated. The iron loss of 

the four samples at 50 Hz is shown in Fig. 6.14. Different materials have a different loss 

behavior when cooled down to 77 K. In general, the lower the temperature, the higher the 

losses. The iron loss of the materials consists of hysteresis loss, classical eddy current loss 

and excess loss, according to Bertotti [171],[172]. Below 400 Hz the dominant part of the 

iron losses are expected to be hysteresis loss and excess loss for M235-35A, M330-35A, 

and Vacodur49. Hysteresis loss and excess loss are related to the statistical distribution of 

the local coercive fields and the grain size, as well as flux density and frequency [173]. As 

for the M330-50A, the dominant losses should be hysteresis loss and eddy current loss, 

which is caused by a larger thickness. The increase of iron losses of the four materials at 

50 Hz over flux density range are also summarized in Fig. 6.14. The M235 sample has 

negative temperature dependence on iron loss when the flux density is lower and positive 

temperature dependence with higher flux density, whereas the other samples all has posi-

tive temperature dependence on iron loss. 
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Fig. 6.14: Iron loss of the four different samples at 50 Hz. 

Iron losses over a range of frequency are compared with the four materials at flux density 

at 1.5 T, as illustrated in Fig. 6.15. At higher frequency, the dominant losses are excess loss 

and eddy current loss. The relative increase of iron losses of the four materials at 1.5 T over 

frequency are shown in Fig. 6.15 too. Over the frequency range, the temperature depend-

ency is positive. After 200 Hz, the loss increase from room temperature to 77 K is relatively 

steady. The average increase of iron loss when frequency is higher than 200 Hz at 1.5 T is 

11% for M235-35A, 18% for M330-35A, 20% for M330-50A, and 9% for Vacodur49. 
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Fig. 6.15: Iron loss of the four different samples at 1.0 T. 

6.2.3 Iron loss model 

Statistically, the fundamental frequency of the direct-drive superconducting wind genera-

tors is low, usually less than 10 Hz. Generally, in a three phased generator with air gap 

armature winding, the main spatial magnetomotive force harmonics are of order 5 and 7, 

11 and 13. Hence, we can investigate the fitting curve of the iron loss between 50 Hz and 

400 Hz to carry out the initial design of the rotor iron topology and decide whether to locate 

the iron at cryogenic or room temperature. 

When the skin effect is negligible, usually less than 400 Hz [174], Bertotti developed an 

iron loss model as expressed in eq. (6.13) to describe the loss behaviour with flux density, 

frequency and empirical factors. These fitting factors to describe the frequency range of 

50 Hz to 400 Hz are listed in Table 6.3. From Table 6.3 it can be seen that the temperature 

mainly has an influence on the eddy current and excess coefficients, and hysteresis coeffi-

cients remain almost the same. The reason is that the coefficients of the eddy current loss 
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and excess loss are related to the conductivity which changes with temperature. To reach 

relatively higher accuracy the fitting coefficients with different flux density and frequency 

are different and Table 6.3 uses the average value of all the fitting factors to obtain a gen-

eral model to describe loss behavior within the range of 0-1.5 T and 50-400 Hz of the four 

materials. The fitting loss curves of M235-35A at 77 K are shown as an example in 

Fig. 6.16 and Fig. 6.17. From the figures we can know that the loss curves can be used in 

the initial design process to decide the iron topology. 

 
2 2 2 1.5 1.5

Fe hyst p ec p exc pp C fB C f B C f B    (6.13)

where ���  is the iron loss, � is the frequency, ��  is the amplitude of flux density, and 

�����, ��� ,and ����  are the coefficients of hysteresis,eddy current and excess loss.  

Table 6.3: Fitting coefficients of iron loss model 

 M330-35A M330-50A M235-35A Vacodur49 

����� RT 2.62E-2 2.89E-2 2.00E-2 2.03E-2 

���  RT 6.06E-5 1.25E-4 5.09E-5 2.84E-5 

���� RT 1.24E-3 1.18E-3 1.46E-3 9.08E-4 

����� 77K 2.64E-2 2.89E-2 2.09E-2 2.07E-2 

��� 77K 7.67E-5 1.58E-4 5.59E-5 3.12E-5 

���� 77K 1.62E-3 1.56E-3 1.73E-3 1.04E-3 

 

Fig. 6.16: Iron loss model of M235-35A at 100 Hz and 77 K (hec is the eddy current loss, hys is the hysteresis 

loss, and hexc is the excess loss ). 
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Fig. 6.17: Iron loss model compared with experiment data of M235-35A at 1.0 T and at liquid nitrogen tempera-

ture (hec is the eddy current loss, hys is the hysteresis loss, and hexc is the excess loss). 

6.3 Test of the superconducting coil 

The superconducting coils in the demonstrator are located in the stator and generate the 

main flux density in the air gap, which is significantly important for the energy conversion. 

The performance of the superconducting coils plays an essential role in determining the 

generator performance. Hence, in-depth investigations on the superconducting coils are 

necessary before manufacturing the demonstrator. For a preliminary study, we tested the 

coil in liquid nitrogen instead of 30 K to investigate its performance. 

6.3.1 Measurement result 

Based on the design of the demonstrator, a double pancake superconducting coil was built. 

The structure of the coil is shown in Fig. 6.18 and the specification of the coil is summa-

rized in Table 6.4. The double pancake coil consists of 244 turns of GdBaCuO tapes. The 

top and bottom coil are insulated by a 3 mm-thick Nomex-Kapton-Nomex. The turn to turn 

insulation is cowound with the YBCO tapes on a coilformer, which is used for mechanical 

stabilization. The layer to layer connection is achieved by soldering a piece of 12 mm 

GdBaCuO tape. Afterwards, the coil is wrapped by the resin. Two copper plates are placed 

at the top and bottom to enhance the thermal conductivity. 
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Fig. 6.18: Structure of the superconducting double pancake coil. 

The coil was manufactured by Theva company in Germany, and tested at the company in 

liquid nitrogen. To measure the critical current of the coil, the four point measurement 

technique is employed. The current is slowly ramped up at the terminals of the coil, and 

the voltage between the terminals are recorded. When the voltage reached the given value 

of the electrical field(1 μVcm−1), the corresponding current is the so-called critical current. 

Hence, to measure the voltage of the double pancake coil, we soldered three voltage taps: 

two in the terminals and one in the middle of the whole coil. The tested V-I curve of the 

superconducting double pancake coil in liquid nitrogen is illustrated in Fig. 6.19. The crit-

ical current is 48.6 A, by neglecting the offset voltage of the end to end connection. It can 

be seen from Fig. 6.19 that when the top coil reaches the critical current, the bottom coil is 

still under superconducting state, that is, the top coil decides the critical current. 

Table 6.4: Specification of the superconducting double pancake coil 

Parameter Value 

Tape GdBaCuO 

Tape thickness 0.22 mm 

Tape width 4 mm 

Copper stabilizer 100 um 

Number of turns 2×122 

Thickness of copper plate 2 mm 

Height of the coil 19 mm 

Inner/outer radius of the coil 45/83 mm 

Turn to turn insulation 16 um PET Polyester insulation foil 

Layer to layer insulation Nomex-Kapton-Nomex 

Layer to layer connection 100 mm long 12 mm width tape 

Number of tape pieces  10 

Joint resistance < 30nOhm per joint 

Total length of tapes 218 m 
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Fig. 6.19: Tested V-I curve of the superconducting double pancake coil in liquid nitrogen. 

6.3.2 Simulation and discussion 

To understand the measurement result, simulation models are employed. By integrating the 

critical current of the superconducting tape and the flux density into the E-J power law, the 

electric field Ej of the jth turn is calculated as eq. (6.14)  [175]. Hence, the averaged electric 

field Eavg measured from end to end of the coil is as expressed in eq. (6.15). When the 

averaged electric field Eavg reached the critical electric field Ec, the current is defined as the 

critical current. To calculate this critical current, 2D analysis in Comsol is used. To obtain 

the critical current, it is necessary to know the the angular and field dependence of the 

superconductor. Hence, the angular and field dependence of the superconducting tape at 

77 K is measured as shown in Fig. 6.20. From Fig. 6.20 it can be seen that the highest 

critical current is obtained at the angle of 150°and 330° instead of parallel field (0°, 180°, 

360°). The lift factor is defined as the ratio of the critical current at a certain orientation 

and amplitude as well as temperature to the critical current at 77 K with self field. The 

minimal critical current of the tape at 77 K self field is 100 A. 
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c c

J J
E E

J J




B B

 (6.14)

where, Ej is the electric field of jth turn, B is the magnetic field vector to the superconductor, 

J is the suppled current density due to operating current, Ec is the critical electric field, n 

indicates the transaction sharpness from superconducting state to the normal state. 
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where, Eavg is the averaged electric field of the coil, m is the number of turns in one coil, lj 

is the length of the jth turn. 

 

Fig. 6.20: Measured lift factor of the superconducting tape used in the coil in liquid nitrogen. 

Through simulation, the critical current is 45.9 A, as shown in Fig. 6.21, which is consistent 

with the experiment result (5% difference). Generally, for a double pancake coil, the two 

pancake coils are symmetrical in dimensions, magnetic flux density and current density 

distribution. Moreover, the innermost turns of the two pancake coils experience the peak 

magnetic flux density and this region will develop a critical electrical field (1 μVcm−1) first. 

However, when the exact angular dependence of the tape is considered, this critical region 

may differ.The current density distribution of the coil is shown in Fig. 6.22. Through 

Fig. 6.22 it can be seen that the two coils have an unsymmetrical current density over crit-

ical current density distribution due to the field and angular dependence of the tape. In 

addition, the innermost turns of the top coil reaches the critical current first, consistent with 

the measurement result in Fig. 6.19, which indicates the top coil reaches the criterion ear-

lier than the bottom coil.  
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Fig. 6.21: Simulated average electric field as a function of the supply current. 

 

Fig. 6.22: Current density distribution of one superconducting coil side under critical current of 45.9 A. 

Due to the average effect of the electric field of all turns in the superconducting coils, as 

illustrated in eq. (6.15), when the voltage between the terminals are used to measure the 

critical current, the innermost turn of the top coil has already run at over-critical state, as 

highlighted in Fig. 6.22.This is dangerous to the coil to run at even slight lower than the 

critical current of 45.9 A. Hence, to decide the maximum current the coil can carry without 

risk, it is essential to define this limit by the voltage of the innermost turn of the top 

coil.Consequently, the critical current is reduced to be 42.3 A. The flux density and current 

density distribution is presented as in Fig. 6.23. It can be seen that the maximum flux den-

sityis 0.2 T and the flux density distribution is symmetrical. However, the consequenting 

current density over critical current density distribution is unsymmetrical due to the tape 

characteristics. Moreover, with current of 42.3 A, each turn of the whole coil is under crit-

ical-state. Therefore, it is highly recommended to operate this coil under the current defined 

by the innermost turn of the top coil to avoid any quench or risk. To conclude it more 
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generally, the maximum current of the coil is defined as at which current there is a least 

one turn reaches the criterion and the rest turns are under critical-state.  

 

Fig. 6.23: Flux and current density distribution of one superconducting coil side under critical current of 42.3 A. 
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7 Design of 10 MW generators 

To study the feasibility of a superconducting DC generator, a 10 MW generator is designed 

and compared to a permanent magnet and copper coil excited synchronous generator with 

the same rating. The main items to be investigated are torque to volume ratio, torque to 

weight ratio, efficiency, technology availability, reliability, installation and transportation 

cost and lifetime cost. This chapter will cover the first three and then the influence of the 

main design parameters, such as pole pair number, air gap diameter, and excitation material 

consumption, are discussed. 

7.1 Design of a superconducting DC generator 

After integrating the electromagnetic design model with mechanical design model, the su-

perconducting DC generator is designed and optimized in an analytical way. By using nor-

malization and weighting factors, the optimization objective function is built as shown in 

equation (2.34). This design and optimization method can calculate and evaluate hundreds 

of designs and find out the optimized design within hours, which is much faster than FE 

analysis software.  

The DC generator employs radial flux structure and the rated power is 10 MW at 

10 (1/min). The rated voltage of the DC generator is 1.0 kV. The air gap of the generator 

is selected to be 10 mm, taking into consideration the mechanical constraint and manufac-

ture tolerance. The ranges of the six control parameters are listed in Table 7.1. To make 

each design of the generator reasonable, more constraints are needed. The maximum and 

minimum length of the superconducting tapes, mass, volume, and efficiency are limited to 

1200 km, 26 km, 300 ton, 60 ton, 120 m3, 20 m3, 94% and 99.  

Table 7.1: Design control parameters of a 10 MW superconducting DC generator 

Symbol Explanation Range 

Da Outer diameter of rotor 4-10 m 

hsc Height of the superconducting coil 4-200 mm 

hry Height of rotor core 50-600 mm 

hsy Height of stator core 50-600 mm 

Aa Electrical loading of armature winding 20-100 kA/m  

p Pole pairs number 10-40 
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The optimization process runs in terms of the objective function, minimal superconducting 

wire length, minimal mass, minimal volume and maximum efficiency. The parameters of 

the five designs are underlined in Table 7.2, where wsc is the width of one superconducting 

coil side, and the design results are illustrated in Fig. 7.1. Each optimal process analyzed 

1500 designs before the optimized one is chosen. The average time to locate one optimal 

design is 43 minutes. 

 

                                                (a)                                                                                   (b) 

 

                                                (c)                                                                                   (d) 

Fig. 7.1 Optimization results based on different objectives, (a) minimal superconducting wire length, (b) mini-

mal mass, (c) minimal volume, and (d) maximum efficiency. 

After the optimal design is located by analytical methods based on the objective function, 

the detailed design by FE analysis is made to validate and investigate its performance. 

According to the design results above, a two-dimension FE model is built. The no-load 

flux density distribution of one pole pair model is illustrated in Fig. 7.2. The flux density 
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of the armature winding in the middle radial position is shown in Fig. 7.3, as well as the 

harmonic spectrum. The magnitude of the fundamental flux density is 2.3 T and the aver-

age flux density is 1.5 T. In this model, YBCO is used to make the superconducting field 

coils. The critical current of the superconducting tapes is 130 A @ 77 K/self-field. The 

working temperature of the superconducting coils is 30 K. The maximum perpendicular 

field in the superconducting coil is 2.63 T, which decides the operating current of the coil. 

A lift factor of 2.54 at this magnetic field can be assumed from [176]. With a safety factor 

of 0.65, the operating current is selected to be 214 A. The design parameters and specifi-

cations of the generator are listed in Table 7.3 . 

Table 7.2: Optimal designs of the superconducting DC generator 

Parameter 
Objective 

function 

Min. supercon-

ductor length 
Min. mass Min. Volume Max. eff. 

Da 5.49 m 8.79 m 5.40 m 4.03 m 8.80 m 

hsc 9 mm 4 mm 47 mm 63 mm 102 mm 

wsc 101 mm 77 mm 59 mm 76 mm 39 mm 

hry 195 mm 545 mm 244 mm 388 mm 600 mm 

hsy 194 mm 181 mm 278 mm 414 mm 409 mm 

Aa 97.3kA/m 91.2kA/m 99.0kA/m 99.5kA/m 45.6kA/m 

isc 214 A 282 A 125 A 105 A 131 A 

p 14 24 21 14 36 

Table 7.3: Design specifications and parameters of the 10 MW superconducting DC generator 

Parameter Value Unit 

Rated power 10 MW 

Rated speed 10 1/min 

Rated voltage 1 kV 

Number of poles 28 - 

Number of coils 1176 - 

Stator outer diameter 6034 mm 

Stator inner diameter 5513 mm 

Stator core thickness 194 mm 

Physical air gap 10 mm 

Rotor outer diameter 5493 mm 

Rotor inner diameter 4908 mm 

Rotor core thickness 195 mm 

Stack length 1450 mm 

Electrical loading 97.3 A/mm 

Average flux density  1.5 T 

Number of turns per superconducting coil  1857 - 

Operating current 214 A 

Superconducting tapes 230 km 
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Fig. 7.2: Flux density distribution of the one pole pair model of the superconducting DC generator. 

 

Fig. 7.3: Flux density distribution of the armature winding (in the middle position in radial direction) and its 

harmonic spectrum of the superconducting DC generator. 

To analyze the generator performance, the FE model is coupled with a commutation drive 

model and the rated load in the simulation is considered as a DC current source with rated 

current 10 kA. The calculated torque and branch voltage is presented in Fig. 7.4. The peak 

to peak ripple of the torque and voltage is 0.7% and 1.1%, respectively, which are much 

smaller compared to the conventional machine. To limit the voltage between the two com-

mutator bars not to exceed a maximum value, typically 30 to 40 V [9], 1176 commutator 

bars are employed. The coil current and induced voltage is demonstrated in Fig. 7.5. A 

three-dimensional view of the generator is shown in Fig. 7.6. 
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Fig. 7.4: Torque and branch voltage at rated load of the superconducting DC generator. 

 

Fig. 7.5: Current and induced voltage of one coil of the superconducting DC generator. 

 

Fig. 7.6: 3D view of the superconducting DC generator (excluding commutator bars and brushes). 
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7.2 Design of a permanent magnet generator 

By combining the electromagnetic design model of the permanent magnet generator, as 

illustrated in A 3, with mechanical design model in Chapter 4, a 10 MW permanent magnet 

synchronous generator is designed and optimized in an analytical way. By using the same 

objective function as the superconducting generator, the optimized design is located.  

Table 7.4: Design control parameters of a 10 MW permanent magnet synchronous generator 

Symbol Explanation Range 

Da Inner diameter of stator 4-10 m 

hm Height of the permanent magnets 4-200 mm 

hry Height of rotor core 10-500 mm 

hsy Height of stator core 10-500 mm 

Aa Electrical loading of armature winding 20-115 kA/m  

p Pole pairs number 10-240 

Table 7.5: Design specifications and parameters of the 10 MW permanent magnet generator 

Parameter Value Unit 

Rated power 10 MW 

Rated speed 10 1/min 

Phase number 3 - 

Rated voltage 3.3 kV 

Number of poles 240 - 

Slot number  1440 - 

Stator outer diameter 7370 mm 

Stator inner diameter 7267 mm 

Stator core thickness 16 mm 

Physical air gap 10 mm 

Rotor outer diameter 7247 mm 

Rotor inner diameter 7165 mm 

Rotor core thickness 20 mm 

Stack length 2150 mm 

Electrical loading 110.3 A/mm 

Fundermental flux density  0.81 T 

Ratio of pole width to pole pitch  0.7 - 

Height of permanent magnet 21.4 mm 

PM consuption 5.7 ton 

The permanent magnet synchronous generator also employs radial flux structure and the 

rated speed is 10 (1/min). Surface-mounted PM structure is used, since the fabrication is 

easier than the interior permanent magnet structure [177]. Three-phase double-layer lap 

copper windings with iron teeth are adopted in the stator. To make a fair comparison, the 
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air gap length is the same as the superconducting DC generator, which is 10 mm. The rated 

voltage of the permanent magnet generator is 3.3 kV [97]. The permanent magnets em-

ployed are NdFe35 with a remanent flux of 1.2 T. The ranges of the six control parameters 

are listed in Table 7.4. The constraints of permanent consumption, mass, volume, and ef-

ficiency are 1-40 ton, 60-400 ton, 20-200 m3, 90-99%, respectively.  

To investigate the electro-magnetic performance of the permanent magnet generator, a 2D 

FE model is setup. The design specifications are summarized in Table 7.5. The no-load 

flux density distribution of one pole model is shown in Fig. 7.7. The flux density of the air 

gap and its harmonic spectrum are shown in Fig. 7.8. The induced voltage at no-load and 

electromagnetic torque at rated load are drawn in Fig. 7.9. The peak to peak ripple of the 

torque is 1.3%, which is higher compared to the superconducting DC generator. A 3D view 

of the permanent magnet generator is shown in Fig. 7.10. 

 

Fig. 7.7: Flux density distribution of the one pole model of the PM generator. 

 

Fig. 7.8: Flux density distribution of the air gap and its harmonic spectrum of the PM generator. 
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Fig. 7.9: No-load induced voltage and rated torque of the PM generator. 

 

Fig. 7.10: Three-dimensional view of the PM generator. 

7.3 Design of a copper coil excited generator 

Applying equations in A 4 to the optimization method, the copper coil excited synchronous 

generator is optimized. This generator also employs radial flux structure three-phase dou-

ble-layer lap copper windings with iron teeth in the stator. To make a fair comparison, the 

air gap length is the same as the other two generators. The rated voltage is 3.3 kV, and the 

ranges of the six control parameters are listed in Table 7.4, same as the permanent magnet 

generator. Constraints of the copper consumption, mass, volume, and efficiency are 1-

40 ton, 60-400 ton, 20-200 m3, 90-99%. The optimal design specifications are summarized 

in Table 7.6 and validated by the FE model. The Fig. 7.11 illustrates the no-load flux den-

sity distribution of one pole model. The flux density of the air gap is shown in Fig. 7.8, as 

well as the harmonic spectrum. The induced voltage at no-load and electromagnetic torque 
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at rated load is drawn in Fig. 7.13. The torque peak to peak ripple is 0.8%, which is lower 

compared to the permanent magnet generator, as its slot number per pole and phase is 

higher. A 3D view of the permanent magnet generator is shown in Fig. 7.14.  

Table 7.6: Design specifications and parameters of the 10 MW copper coil excited generator 

Parameter Value Unit 

Rated power 10 MW 

Rated speed 10 1/min 

Phase number 3 - 

Rated voltage 3.3 kV 

Number of poles 96 - 

Slot number  1440 - 

Stator outer diameter 7224 mm 

Stator inner diameter 7044 mm 

Stator core thickness 54 mm 

Physical air gap 10 mm 

Rotor outer diameter 7024 mm 

Rotor inner diameter 6672 mm 

Rotor core thickness 68 mm 

Rotor pole height  89 mm 

Rotor pole width 115 mm 

Pole shoe height 20 mm 

Pole shoe width 161 mm 

Stack length 1850 mm 

Electrical loading 113.9 A/mm 

Fundermental flux density  1.02 T 

Ratio of pole width to pole pitch  0.7 - 

Copper consumption 31.8 ton 

 

Fig. 7.11: Flux density distribution of the one pole model of the copper coil excited synchronous generator. 



7 Design of 10 MW generators 

144 

 

Fig. 7.12: Flux density distribution of the air gap and its harmonic spectrum of the copper coil excited generator. 

 

Fig. 7.13: Induced voltage at no load and torque at rated load of the copper coil excited generator. 

 

Fig. 7.14: Three-dimensional view of the copper coil excited generator. 
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7.4 Comparison of the three generators 

The torque to volume ratio of the superconducting DC, permanent magnet and copper coil 

excited synchronous generators are 133 kNm/m3, 84 kNm/m3, 92 kNm/m3, respectively. It 

is obvious that the torque density of the superconducting DC generator is much higher than 

the PM and copper coil excited generator. The reason lies in the higher flux density gener-

ated by the superconductor. It should be noted that the torque density discussed in this 

section excludes the outer-casing and air cooling system. The peak to peak torque ripples 

of the superconducting DC, permanent magnet and copper coil excited synchronous gen-

erators are 0.7%, 1.3%, and 0.8%, respectively. The superconducting DC generator has the 

lowest torque ripple and the permanent magnet generator has the highest. One reason is 

that in the SC generators the effective electromagnetic air gap is much larger, the armature 

reaction is relatively small [178]. Moreover, there are no iron teeth in the stator. Corre-

spondingly, the air gap flux density is more sinusoidal and torque ripple is small, as illus-

trated in Fig. 7.3, Fig. 7.8, Fig. 7.13. One way to decrease the torque ripple of conventional 

generators is to increase the slot number per pole and phase. However, the tooth width will 

be reduced. As iron teeth act as mechanical support for the armature winding, there is a 

upper limit to that number. Furthermore, too many slots also increase the insulation and 

decrease the slot filling factor. Consequently, copper losses are increased. Another way to 

decrease cogging torque is to skew stator slots or permanent magnets, making the manu-

facturing process more complicated. In addition, the drop of the average torque and torque 

density is another drawback.  

The component masses of the three generators are listed in Fig. 7.15, when the inactive 

materials of the generators are calculated based on rated torque and 3 times rated torque, 

respectively. The mass of the inactive materials excludes shaft and bearings. To have 

enough safety margins, the structural supports are calculated according to 3 times the rated 

torque [61]. The torque to weight ratio of the three generators is 48.6 Nm/kg, 40.8 Nm/kg, 

and 36.1 Nm/kg, respectively. As no weight reduction method is employed for the struc-

tural materials, the masses of the inactive materials are heavier compared to the data in 

reference [101],[179], to which the structural materials with rated torque calculation are 

similar without weight reduction method. In other words, the structural supports calculated 

with rated torque can be used to estimate the total mass with effective weight reduction 

method as introduced in [54],[180]. It can be seen from Fig. 7.15 that the total weight of 

the superconducting DC generator is lighter than the permanent magnet and copper coil 

excited generator. The dominant mass of the superconducting DC generator is the mass of 

the stator and rotor iron cores, while the mass of the inactive materials dominates in the 

permanent magnet and copper coil excited generator, if lightweight structure is employed. 

In this case, torque to weight ratio of the three generators is 78.5 Nm/kg, 61.3 Nm/kg, and 

50.4 Nm/kg, respectively. To further reduce the total masses of the superconducting DC 
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generator, the electrical loading can be increased and water cooling of the armature wind-

ing is needed instead of air cooling.  

 

Fig. 7.15: Component masses of the three generators when the inactive materials of the generators are calculated 

based on rated torque and 3 times rated torque, respectively. 

Table 7.7: Component losses of the three generators 

Parameter SC DC PM Copper 

Copper winding 240 kW 367 kW 347 kW 

Iron losses 13 kW 18 kW 13 kW 

Copper field winding -- -- 312 kW 

Permanent magnets -- 0.2 kW -- 

Refrigerator consumption 27 kW -- -- 

Brushes losses 24 kW -- -- 

Additional losses 100 kW 20 kW 20 kW 

Total 404 kW 405 kW 692 kW 

The losses of the three generators at rated wind speed are listed in Table 7.7. According 

to [181], we can assume the losses in the cryostat to be 296 W and the coefficient of per-

formance is assumed to be 1.06% [182]. Then the refrigerator power consumption is 

27 kW. To decrease the losses of the permanent magnets, the permanent magnets are made 

into segments. The efficiency of the superconducting DC, permanent magnet and copper 

coil excited generator is 96.1%, 96.1% and 93.5%, respectively. The efficiency of the su-

perconducting DC and permanent magnet generator is much higher than the copper coil 

excited generator, due to the high losses of the copper field winding. Compared to the 

permanent magnet generator, the superconducting DC generator almost has no advantages 

in efficiency, due to the high additional losses, brush losses and refrigerator loss.  However, 
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the estimation of the additional losses is calculated based on the worst case of the conven-

tional DC machines, which has no compensation winding (if compensation winding is 

used, the additional losses are halved), whereas the armature reaction to distort the flux 

density distribution in the superconducting generator is smaller than conventional DC ma-

chines, as larger effective air gap is caused by the air gap armature winding and cryostat 

walls. As a result, the additional losses may be lower than the calculated value. Moreover, 

smaller resistance brushes can lead to lower brush losses. Consequently, the efficiency of 

the superconducting DC generator can be higher than the value calculated in Table 7.7. 

7.5 Discussion of superconductor consumption 

To realize a 10 MW superconducting DC wind generator, the cost of the generator is a big 

challenge. It has been studied that the levelized cost of energy (LCOE) is linear related to 

the generator cost [183], and the cost of the superconducting tapes is the main portion of 

the generator cost. The usage of the superconducting tapes can be minimized by changing 

the generator design. Fig. 7.16(a) depicts the relation between the amount of the supercon-

ducting tapes and outer rotor diameter, while the other parameters such as the flux density 

in the airgap winding, pole pair number, and electrical loading are the same as the optimal 

design. By increasing the outer rotor diameter from 4 m to 6 m, the length of the 4 mm 

width superconducting tapes can be decreased by 150 km. One reason is that the effective 

length of the generator is reduced by increasing the outer rotor diameter. Another reason is 

that the maximum parallel and perpendicular flux density in the superconducting coils is 

also decreased, when the outer rotor diameter is increased. Then the operating current of 

the superconducting coils is also increased and the number of turns per coil is decreased. 

As a result, the length of the superconducting tapes is decreased. However, when the outer 

diameter is over 6 m, the usage of the superconducting tapes is increased, instead of de-

creased, with the larger outer diameter. Because the pole number is the same, the larger the 

outer rotor diameter, the longer the ending of the superconducting field coils. In this case, 

the merits gained by the larger diameter are deteriorated by the increased ending winding 

length. It is notable that the mass of the generator, including structural and active materials, 

volume and losses are also increased with the outer rotor diameter, as shown in Fig. 7.16.  
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                                                (a)                                                                                   (b) 

 

                                                (c)                                                                                   (d) 

Fig. 7.16: Superconducting tape length, efficiency, mass and volume as a function of outer rotor diameter. 

The influence of the pole pair number on the superconducting tape length in case of the 

other parameters are kept the same as the optimal design is illustrated in Fig. 7.17(a). By 

decreasing the pole pair number, the superconducting tape length is reduced sharply. When 

the pole pair number increases, pole pitch is decreased and if the magnetomotive 

force (MMF) is constant of a superconducting coil, the radial flux density in the air gap is 

smaller. In order to maintain the same radial flux density in the air gap when pole number 

changes, the MMF per coil should be enlarged. In addition, more MMF will lead to higher 

flux density in the superconducting coil and the operating current of the superconducting 

coil will be decreased, which means more turns are required per coil. Hence, the supercon-

ducting tape length is increased greatly when pole number increases. One the contrary, the 

losses are reduced by increasing pole pair number as shown in Fig. 7.17. The mass and 

volume of the generator is initially decreased and then increased.  
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                                                (a)                                                                                   (b) 

 

                                                (c)                                                                                   (d) 

Fig. 7.17: Superconducting tape length, efficiency, mass and volume as a function of pole pair number. 

Fig. 7.18 describes the influence of the superconducting coil height on the length of the 

superconducting tapes, mass, volume and efficiency. With higher superconducting coil, the 

radial flux density in the air gap is larger. The weight, volume and losses slowly decreased 

with larger height of superconducting coils, while the superconducting tapes increase 

sharply. The main reason is that higher superconducting coils not only result in higher flux 

density in the superconducting coil but also larger effective electromagnetic air gap. Con-

sequently, more MMF per coil is required to achieve the air gap flux density needed. As a 

result, the superconducting tapes decrease sharply with decreased coil height, that is, 

smaller flux density. 

In summary, to decrease the usage of superconducting tapes, the outer rotor diameter can 

be increased (to some extent), the pole pair number and the superconducting coil height 
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(flux density) can be decreased. It should be taken into consideration that the parameters 

for optimal consumption of the superconducting tapes are not the best for weight, size and 

efficiency. In this case a trade-off study is necessary to obtain an optimal design. 

 

                                                (a)                                                                                   (b) 

 

                                                (c)                                                                                   (d) 

Fig. 7.18: Superconducting tape length, efficiency, mass and volume as a function of superconducting height. 
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8 Conclusion and outlook 

Rapid increase in wind energy asks for new technical solutions in energy conversion sys-

tem. One key component of the conversion system is the generator which is required to 

produce higher power with lower cost, lighter weight, smaller size, and higher reliability. 

In conventional generators, the maximum power is limited by the circumferential current 

per unit length and the air gap flux density. In order increase the parameters, superconduc-

tors are proposed in wind generators. As the superconductor has no DC loss and a high 

current carrying ability, superconducting generators have advantages in torque density, 

weight and size. It is found that the average torque to mass ratio of the superconducting 

generators is 64.5 Nm/kg, which is about double that of permanent magnet generators and 

tripple that of copper coil excited generators. The average torque to volume ratio of the 

superconducting generator is 222.2 kNm/m3, which is around five times that of the perma-

nent magnet generators. Suprapower project designed a 10 MW superconducting generator 

and successfully built a scaled down demonstrator to validate the technology. Ecoswing 

project will operate the first superconducting wind turbine at a real wind tower in the near 

future. It is also predicted that the price of the superconductor will drop to be below 

25 $/kA-m in 2030 and with this price, the cost of the superconducting generator can be 

comparable to the permanent magnet generator. It is believed that more large-scale super-

conducting wind generators will be seen in a long run. 

This work proposes and investigates superconducting DC generators as a way of power 

generation for wind energy. The main advantages of superconducting DC generators and 

their integration into the power grid are: high efficiency of energy generation and transpor-

tatation and high reliability.  

To design a superconducting DC generator all necessary equations were derived and for-

mulated to connect the geometry, properties of the superconducting tapes and iron materi-

als with electrical parameters. The equations were integrated in a design process to auto-

matically find the optimal design with main variables. The design method of the 

superconducting DC generator can be summarized into five phases: input parameters with 

control variables and generator specifications, electromagnetic design model for the elec-

trical parameters, mechanical design for structural materials, optimization for locating op-

timal design by evaluating superconducting tape length, mass, volume, and efficiency, and 

output parameters with all design parameters of the optimal generator. By this analytical 

design, a good computational efficiency was obtained. 
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To accurately calculate the electrical parameters of the superconducting DC generator, as 

well as to determine the operating current in the superconducting coils, magnetic flux den-

sity distribution in the generator is essential.  An analytical model based on Poisson and 

Laplace Equation has been developed to calculate the flux density, which was generated 

by both superconducting coils and airgap armature winding. Furthermore, the model al-

lowed for the nonlinearity of the ferromagnetic materials and operating relative permeabil-

ity was determined by an iterative algorithm. Compared with finite element results, it is 

shown the analytical model to calculate the flux density distribution in the superconducting 

DC generator is appropriate. 

Mass and size of the generator influence the cost of transportation, foundation, and instal-

lation. When direct drive generator is increased to larger capacity, the weight of structural 

materials increases sharply, and even become the dominant weight. It is of significance to 

include the mechanical structure in the optimization process. Hence, an analytical mechan-

ical model was employed and equations derived based on allowable deflection of stator 

and rotor support. The stresses on the rotor and stator considered in the model were radial 

stress, tangential stress and gravity. Finite element software was used to validate the ana-

lytical equations and results show that the analytical equations can roughly estimate the 

structural weight with an accuracy of more than 80%.  

Basd on the equations and the design method, a 10 kW superconducting DC generator de-

monstrator was designed to validate this technology. Superconducting tapes from compa-

nies, such as Sunam, Superox, Theva and Superpower, were compared for the demonstrator 

design and finally Theva tape was chosen for the demonstrator design. The demonstrator 

has a voltage output of 230 V and six superconducting coils were chosen in the stator. The 

working temperature of the superconducting coils was designed as 30 K and the operating 

current is 147 A (0.52 of the critical current). The total superconducting tapes used will be 

3.2 km. The total losses in room temperature at rated speed were 1008.6 W, 36.7 W at 

80 K, 10.5 W at 30 K. A brush shift of 2.4° was used to smooth the commutation.  

Before building the demonstrator the experiments on the key components of the demon-

strator have been made, such as the superconducting properties of the HTS tape and the 

magnetic properties of the iron materials. Superconducting tape has been characterized and 

tested for the suitability for the application, including angular, magnetic field and temper-

ature dependence with a pulsed current supply. As different manufacurers have their own 

production techniques, it is impossible to use the same parameters and equations to de-

scribe angular, magnetic field and temperature of the critical current for the whole field 

range of 0-5 T, 30-77 K. Four different iron materials were tested in terms of B-H curves 

and losses at both room and liquid nitrogen temperature. The results show that the perme-

ability of silicon sheets and losses are higher at 77 K than room temperature. Based on the 

iron loss model it can be concluded that the temperature mainly has an influence on the 
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eddy current and excess coefficients, while the hysteresis coefficient does not change too 

much. Moreover, a superconducting double pancake racetrack coil is built and tested. The 

critical current measured in the coil is consistent with the simulation, which is 48.5 A at 

77 K self-field. To run the coil without any risk or quench, it is highly recommended to 

operate this coil under the current defined by the innermost turn of the top coil, which is 

42.3 A at 77 K self-field. 

To study the feasibility of the superconducting DC generator with large scale wind energy, 

a 10 MW superconducting DC generator was designed and compared to a permanent mag-

net and copper coil excited synchronous generator, from the view of torque density, weight, 

and efficiency. The torque to volume ratio of the superconducting DC, permanent magnet 

and copper coil excited synchronous generators are 133 kNm/m3, 84 kNm/m3, 92 kNm/m3; 

the torque to weight ratio of the three generators is 48.6 Nm/kg, 40.8 Nm/kg, and 

36.1 Nm/kg; the efficiency of the three generators is 96.1%, 96.1% and 93.5%, respec-

tively. In order to reduce the superconducting tape consumption so as to reduce the cost, 

the outer rotor diameter can be increased, the pole pair number and the superconducting 

coil height can be decreased. However, a trade-off study is necessary to obtain an optimal 

design based on overall design goal. 

From the studies in the thesis, it can be seen that superconducting DC wind generators are 

highly efficient and compact, but more work needs to be done to realize a first demonstra-

tor. The results presented and experience gained in this work can be seen as a solid base 

for future development. The major prospect in this thesis is to study the feasibility of su-

perconducting DC generator, design the superconducting coil and demonstrator, and pre-

liminary tests on the key components in the demonstrator. Further investigation will be on 

the manufacturing process and test of the demonstrator. Emphasis should hereby be given 

on the cryostat design and manufacture, winding technique of the superconducting coil, 

thermal, mechanical and electrical tests of the superconducting coil. Detailed quench be-

havior of the superconducting coil will be performed. Quench model which will provide 

theoretical analysis of quench and build the basis for quench protection during a fault in 

the generator will be further investigated. Besides, future studies will be also on how to 

connect the DC superconducting generator to the grid, what the whole system looks like, 

and what advantages of the system can have. In this case, power hardware-in-the-loop sys-

tem could be used to further investigation on the operational behavior of the superconduct-

ing DC demonstrator. 
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Appendix 

A.1  Analytic hierarchy process (AHP) to deter-
mine the weighting factors 

To determine the weighting factors in the objective function (2.31), analytic hierarchy pro-

cess (AHP) is employed. AHP is a mathematics-based and psychology-based technique for 

organizing and analysing complex decisions, which was proposed by Thomas L. Saaty in 

the 1970s. The hierarchy of the problem is shown as in Fig. A.1.1.  

 

Fig. A.1.1: Hierarchy to determine the weighting factors of the objective function. 

To determine the weighting factors in the objective function, the judgement matrix of the 

alternatives to each criterion is decided by pairwise comparisons based on the im-

portance [184]. The judgement matrix for each criterion is shown from Table A.1.1 to Ta-

ble A.1.5, respectively. To derive the weighting factors from alternatives to the crite-

ria,equation (A.1.1) is used. The derived weighting factors from alternatives to the criteria 

are summarized as Table A.1.6. The judgement of matrix from the criteria to the goal is 

listed in Table A.1.7. Its derived weighting factors and constancy are in Table A.1.8.  

Hence, the final normalized weighting factors wtl, wtm, wtv, and we from the alternatives to 

the goal are calculated by synthesising Table A.1.6 and Table A.1.8, as shown in equa-

tion (A.1.2), which is underlined in Table A.1.9.  

      





n

j
n

k
kj

ij

i

a

a

n 1

1

1
      1, 2, ,i n                             (A.1.1) 



Appendix 

156 

where, aij is the element of the pairwise comparison matrix in i row j column, n is the matrix 

order, and wi is the weighting factor from i alternatives with respect to a criterion.   

                                                          g a cW W W                                                  (A.1.2) 

where, Wg is the weighting factor matrix from alternatives to the goal, Wa is the weighting 

factor matrix from alternatives to the criteria, and Wc is the weighting factor matrix from 

criteria to the goal.  

Table A.1.1: Pairwise comparison matrix for the alternatives with respect to outer diameter of rotor 

 Length Mass Volume Efficiency 

Length 1 3 3 5 

Mass 1/3 1 1 3 

Volume 1/3 1 1 3 

Efficiency 1/5 1/3 1/3 1 

Table A.1.2: Pairwise comparison matrix for the alternatives with respect to height of superconducting coil 

 Length Mass Volume Efficiency 

Length 1 3 3 5 

Mass 1/3 1 1 3 

Volume 1/3 1 1 3 

Efficiency 1/5 1/3 1/3 1 

Table A.1.3: Pairwise comparison matrix for the alternatives with respect to height of rotor core 

 Length Mass Volume Efficiency 

Length 1 1/3 1/3 3 

Mass 3 1 1 3 

Volume 3 1 1 3 

Efficiency 1/3 1/3 1/3 1 

Table A.1.4: Pairwise comparison matrix for the alternatives with respect to height of stator core 

 Length Mass Volume Efficiency 

Length 1 1/3 1/3 3 

Mass 3 1 1 3 

Volume 3 1 1 3 

Efficiency 1/3 1/3 1/3 1 
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Table A.1.5: Pairwise comparison matrix for the alternatives with respect to electrical loading 

 Length Mass Volume Efficiency 

Length 1 5 5 3 

Mass 1/5 1 1 1/3 

Volume 1/5 1 1 1/3 

Efficiency 1/3 3 3 1 

Table A.1.6: Derived weighting factors from alternatives to the criteria 

 Outer diameter SC coil height 
Rotor coil 

height 

Stator coil 

height 

Electrical 

loading 

Length 0.5222 0.5222 0.1686 0.1686 0.5595 

Mass 0.1998 0.1998 0.3679 0.3679 0.0955 

Volume 0.1998 0.1998 0.3679 0.3679 0.0955 

Efficiency 0.0781 0.0781 0.0956 0.0956 0.2495 

Consistancy 0.0161 0.0161 0.0572 0.0572 0.0161 

Table A.1.7: Pairwise comparison matrix of the criteria with respect to the goal 

 Outer diameter SC coil height 
Rotor coil 

height 

Stator coil 

height 

Electrical 

loading 

Outer diame-

ter 
1 3 8 8 3 

SC coil height 1/3 1 6 6 1 

Rotor coil 

height 
1/8 1/6 1 1 1/6 

Stator coil 

height 
1/8 1/6 1 1 1/6 

Electrical 

loading 
1/3 1 6 6 1 

Table A.1.8: Derived weighting factors from the criteria to the goal 

 
Outer di-

ameter 

SC coil 

height 

Rotor coil 

height 

Stator coil 

height 

Electrical 

loading 
Consistency 

Goal 0.4821 0.2163 0.0426 0.0426 0.2163 0.0237 

Table A.1.9: Derived weighting factors from alternatives to the goal 

 Length wtl Mass wtm Volume wtv Efficiency we 

Goal 0.5001 0.1915 0.1915 0.1167 
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A.2  Equations to calculate flux density  

Table A.2.1: Equations to calculate flux density with stator iron core 
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Table A.2.2: Equations to calculate flux density with rotor iron core 
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Table A.2.3: Equations to calculate flux density with stator and rotor iron cores 
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A.3  Equations to design permanent magnet syn-
chronous generator 

If the saturation of the ferromagnetic material is neglected, the magnetic flux of a pole is 

expressed as 
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where Dδ is the air gap diameter, p is the pole pair number, ls is the stack length of the 

stator, Bg is the average value of the magnetic flux density in the airgap,  gB is the ampli-

tude of the flux density.  

By employing carter factor c , the slot opening can be taken into consideration.  
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where δ is air gap length, c is the Carter factor, τs is the slot pitch, bt is teeth width. 

The magnetic flux density above a magnet in the air gap


,g rB  is  
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(A.3.4)

where hm is the height of the permanent magnet, and δeff is the effective air gap length, Brm 

is the remanent flux density, urm is the relative permeability of the permanent magnet. 

By Fourier analysis, the fundamental harmonic amplitude 


gB is  
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(A.3.5)

where bp is the width of the pole, τp is the pole pitch.
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Assuming the flux density, flux linkage and current linkage of the armature winding are 

sinusoidal, the multiple-phase winding magnetizing inductance is calculated as [33]. 
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where Lsm is the magnetizing inductance, Ns is the total number of the stator turns per phase, 

m is the phase number, kw is the winding factor, which can be calculated as 
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where kd is the distribution factor, kp is the pitch factor, q is the number of slot per pole and 

phase, W is the coil width, τp is the pole pitch. 

To calculate the d-axis and q-axis inductance, Ldm and Lqm, it is estimated as [185] 

 dm qm smL L L 
 (A.3.8)

The stator leakage inductance is calculated as[33]. 

 s sq u d wL L L L L L     
 (A.3.9)

where Lsσ is the stator leakage inductance, Lsq is the skew leakage inductance, Lδ is the air 

gap leakage inductance, Lu is the slot leakage inductance, Ld is the tooth tip leakage induct-

ance, Lw is the end winding leakage inductance. 

The induced voltage by airgap magnetomotive force in a stator winding, Eg is 
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where, ωm is the mechanical angular frequency. 

In general phasor diagram, as illustrated in Fig. A.3.1(a), the inner power factor angle is  
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where   is the power factor angle, which is angle between Ua and Ia; Ua is the terminal 

phase voltage, Ia is the terminal phase current. 
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                                                (a)                                                                                   (b) 

Fig. A.3.1: Phasor diagram, (a) general phasor diagram, and (b) phasor diagram with Ia and Eg in-phase. 

The electromagnetic power, Pe, which is the power into the stator is calculated as 
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In order to have maximum power into the stator, the Ia and Eg need to be in-phase, that is, 

0 is equal to 0. 

When Ia and Eg are in-phase, the phasor diagram is shown in Fig. A.3.1(b), the angle be-

tween E0 and Ia,  , which is the inner power factor angle is  
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where cosa g a aU E I R   . The output terminal power, Pout, and the back-EMF of the no-

load condition are 
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 cosout a aP mI U   (A.3.14)
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The flux density in the stator iron teeth is calculated as 
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where Bt is the flux density in the stator iron teeth, τs is the slot pitch, bt is the teeth width. 

The average value of  gB and  ,g rB is taken because the amplitude of rectangular flux wave-

form would underestimate the flux density in the stator iron teeth, while the amplitude of 

the sinusoidal flux waveform would overestimate the flux density in the iron teeth. 

Another way to calculate the flux density in the stator iron teeth is as follow. 

  ( )gt s s s t s u t t sB l b l B Bbl       (A.3.17)

where t is the flux into the stator iron tooth, and Bu is the flux density in the slot area 

Hence,  
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Since the tangential component of the field strength is continuous at the interface of the 

iron and the air, that is t uH H , 

Then, the Bt equation (A.3.18) can be rewritten as  

 
0

s s t
gt t

t t

b
B B H

b b

 



   (A.3.19)

The crossing point of this Bt in eq. (A.3.19) with B-H curve is the operating Bt, Ht, and μt. 

The flux of one pole,


,in the air gap and the flux density in the stator yoke, Bsy, are  
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where, hsy is the height of the stator yoke 

From the phasor diagram with Ia and Eg in-phase, as shown in Fig. A.3.1(b), it can be seen 

that the main flux in the air gap generated by the pole   can be calculated by flux in the 

air gap at no-load condition, which is f .  
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Hence, the flux density in the rotor yoke, Bry, is calculated as 
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where hry is the height of the rotor yoke. 

By using the flux density and B-H curve, the relative permeability of rotor core, stator teeth 

and stator core, μry, μt, μsy, and magnetic strength of rotor core, stator teeth and stator core, 

Hry, Ht, Hsy can be calculated. Hence, the total ampere-turns (magnetomotive force) is 
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By comparing mh  and '
rmh , eff  is iterated to take the saturation into consideration. For ex-

ample, if '
rm mh h , which means the setting MMF is not enough for the machine as iron 

cores are highly saturated, and the effective airgap is larger than the value used before. If 

mh  is equal to '
rmh , iteration calculation stops. Otherwise the iteration loop. Hg is the mag-

netic strength of the air gap and calculated according to the rectangular flux density. Note: 

0

rm rm

rm

B h

 
 is the equivalent to the MMF produced by f fN I .  
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A.4  Equations to design copper coil excited syn-
chronous generator 

The magnetomotive force of one pole pair in the air gap is shown in Fig A.4.1, the Fourier 

transform of the amplitude of the fundamental component is expressed as 
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where Fairgap1 is the average value of the fundamental component of the magnetomotive 

force of one pole pair in the air gap,  1airgapF the amplitude of the fundamental component of

the magnetomotive force, Nf is the number of field winding, If is the current in the field 

winding, bp is the width of the pole, τp is the pole pitch. 
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Fig. A.4.1  Magnetomotive force of one pole pair in the air gap. 

If the saturation of the ferromagnetic material is neglected, the magnetic flux of a pole is 

1airgapF G   (A.4.2)

where   is the magnetic flux of a pole through the air gap, G is the permeance of the air 

gap and calculated by  

0
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 (A.4.3) 
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where Dδ is the air gap diameter, p is the pole pair number, ls is the stack length of the 

stator, and δeff is the effective air gap length. 

The magnetic flux can be also expressed as a function of the magnetic flux density, as 

shown in eq.(A.4.4), where Bg is the average value of the magnetic flux density in the 

airgap, 


gB is the amplitude of the flux density.  
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By combining all the equations, it can be derived that the magnetic flux density is  
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The rectangular flux density (before the Fourier transform) is  

  0
,

f f
g r

eff

N I
B






 
(A.4.6)

By employing carter factor the initial effective airgap eff can be calculated as 

 eff c    (A.4.7)

where δ is the air gap length, c is the Carter factor which is 
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Assuming the flux density, flux linkage and current linkage of the armature winding are 

sinusoidal, the multiple-phase winding magnetizing inductance is calculated as  
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where Lsm is the magnetizing inductance, kw is the winding factor, Ns is the total number of 

the stator turns per phase, m is the phase number[33].The winding factor, kw,  is the product 

of distribution factor and short pitch factor 

 

sin( )
2 sin

2
sin

2

w d p

p

Wmk k k

q
mq






 
       

 
   
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where kd is the distribution factor, kp is the pitch factor, q is the number of slot per pole and 

phase, W is the coil width, τp is the pole pitch, m is the number of phase. 

To calculate the d-axis and q-axis inductance, Ldm and Lqm, it is estimated as[185] 

 0.95dm smL L
 (A.4.12) 

 0.5qm smL L
 (A.4.13) 

The stator leakage inductance is calculated as [33]. 

 s sq u d wL L L L L L     
 (A.4.14)

where Lsσ is the stator leakage inductance, Lsq is the skew leakage inductance, Lδ is the air 

gap leakage inductance, Lu is the slot leakage inductance, Ld is the tooth tip leakage induct-

ance, Lw is the end winding leakage inductance.  

The maximum value of the flux linkage of the stator winding is 
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Then the maximum value of the mutual inductance between stator and rotor is 

 


04
sin

2

w s f s ps
sf

f eff p

k N N l D b
M

I p

 

  

 
    

 
 (A.4.16) 

The induced voltage by airgap magnetomotive force in a stator winding, Eg (rms value) is 
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where, ωm is the mechanical angular frequency. In general phasor diagram, as illustrated 

in Fig. A.4.2(a), the inner power factor angle is  
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where   is the power factor angle, which is angle between Ua and Ia; Ua is the terminal 

phase voltage, Ia is the terminal phase current. 
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Fig. A.4.2: Phasor diagram, (a) general phasor diagram, and (b) phasor diagram with Ia and Eg in-phase. 

The electromagnetic power which is the power into the stator is calculated as 
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To have maximum power into the stator, the Ia and Eg need to be in-phase, that is, 0 is 

equal to 0. 

When Ia and Eg are in-phase, the phasor diagram is shown in Fig. A.4.2(b), the angle be-

tween E0 and Ia,  , which is the inner power factor angle is  
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 (A.4.20)

where cosa g a aU E I R   . The output terminal power, Pout, and the back-EMF (rms 

value) of the no-load condition is calculated as eq.(A.4.21) and (A.4.22). 

 cosout a aP mI U   (A.4.21)
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The flux density in the stator iron teeth is calculated as 
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where Bt is the flux density in the stator iron teeth, τs is the slot pitch, bt is the teeth width. 

The average value of  gB and  ,g rB is taken because the amplitude of rectangular flux wave-

form would underestimate the flux density in the iron teeth, while the amplitude of the 

sinusoidal flux waveform would overestimate the flux density in the iron teeth. 

Another way to calculate the flux density in the stator iron teeth is as follow. 

  ( )gt s s s t s u t t sB l b l B Bbl       (A.4.24)

where t is the flux into the stator iron tooth, and Bu is the flux density in the slot area 

Hence,  
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Since the tangential component of the field strength is continuous at the interface of the 

iron and the air, that is t uH H , 

Then, the Bt equation (A.4.25) can be rewritten as  
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The crossing point of this Bt in eq. (A.4.26) with B-H curve is the operating Bt, Ht, and μt. 

The flux of one pole,


, in the air gap and the flux density in the stator yoke, Bsy, are  
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where, hsy is the height of the stator yoke 

The flux leakage of the rotor pole, pu , is calculated as [33].  
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From the phasor diagram Fig. A. 4.2 it can be seen that the main flux in the air gap gener-

ated by the pole   can be calculated by flux in the air gap at no-load condition f . 
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The total flux in the pole core pc is the sum of the pole leakage flux pu  and flux in the 

air gap at no-load condition f , which is 
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The flux density in the pole body, Bpc, is calculated as (A.4.32) and the flux density in the 

rotor yoke, Bry, is calculated as (A.4.33), where hry is the height of the rotor yoke. 
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By using the flux density and B-H curve, the relative permeability of rotor core, rotor pole, 

stator teeth, and stator core, μry, μpc, μt, μsy, and magnetic strength of each component Hry, 

Hpc, Ht, Hsy can be calculated. Hence, the total ampere-turns (magnetomotive force) is  

   'costotal ry ry pc pc ps g eff t t sy sy f fF H h H h h H H b H h N I         (A.4.34)

By comparing fI  and '
fI , eff  is iterated to take the saturation into consideration. For ex-

ample, if '
f fI I , which means the setting MMF is not enough for the machine as iron 

cores are highly saturated, and the effective airgap is larger than the value used before. Hg 

is air gap magnetic strength which is calculated according to the rectangular flux density. 
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Index of symbols 

A Input power to the toroidal core (W) 

Aa Electrical loading of armature winding (A/m) 

Al Cross section of the current leads (m2) 

Anm Coefficient to express φz due to the nth harmonic in region m 

Arod Cross section per rod (m2) 

a Number of branch pairs in armature winding 

B A term represents ohmic losses in the primary winding, 

B0(T) Coefficients with temperature T in lift factor caculation 

B� Magnitude of fundamental radial flux density (T) 

Bδ Average radial flux density in the middle of air-gap (T) 

Bδmax Magnitude of the radial flux density in the middle of air gap (T) 

Bδn(x) Airgap radial flux of n-conductor in x position (T) 

Ba Applied field to the superconducting coils (T) 

Ban Applied field to the superconducting coils (H//ab) (T) 

Bap Applied field to the superconducting coils (H//c) (T) 

Bc0(T) Coefficients with temperature T in lift factor caculation 

Bm Flux density in region m (T) 

Bmp Maximum flux density in field coil (H//ab) (T) 

Bmp1 Maximum flux density in field coil (H//ab) due to a given current (T) 

Bmp2 Crossing point of load line and 60% Ic(Ba, Tsc) line (H//ab) (T) 

Bmn Maximum flux density in superconducting field coil (H//c) (T) 

Bmn1 Maximum flux density in field coil (H//c) due to a given current (T) 

Bmn2 Crossing point of load line and 60% Ic(Ba, Tsc) line (H//c) (T) 

Br Radial component of flux density (T) 

Brm Radial component of flux density of region m (T) 

Brmj Radial component of flux density in region m due to slot pair (j/j’) (T) 

Bry Magnetic flux density in the rotor yoke (T) 

Bsc(T) Coefficient related to the irreversibility field in calculation of Ics(B,T) 

Bsy Magnetic flux density in the stator yoke (T) 

Bt Tangential component of flux density (T) 

Btm Tangential component of flux density of region m (T) 

Btmj Tangential component of flux density in region m due to slot (j/j’) (T) 

Bx Parallel field component applied to the superconducting tapes (T) 

By Perpendicular field component applied to the superconducting tapes (T) 

b(T) Coefficients with temperature T in lift factor caculation 

C A term represents core magnetization and losses 
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Ca Temperature coefficient of resistance (0.00393/◦C) 

Cec Coefficient of eddy current loss 

Cexc Coefficient of excess loss 

Chyst Coefficient of hysteresis loss 

Cnm Coefficient  to express φz due to the nth harmonic in region m 

Cp Rotor power coefficient 

Da Outer diameter of the rotor (m), also called as armature diameter  

Dr Rotor diameter (m) 

dec Copper mass density (kg/m3) 

desc Mass density of SC wires (kg/m3) 

dy Mass density of silicon lamination (kg/m3) 

E Coefficient  in flux density calculation 

Ec Corresponds to the critical electric field , which is 10-4 V/m 

Esteel Young’s modulus for steel (Pa) 

f Frequency of the generator (Hz) 

f(θ) Elliptical angular dependence equation of superconductor 

fe Normalized efficiency 

frd Outward radial pressure (N/m2) 

ftl Normalized ratio of output torque to the length of tapes 

ftm Normalized ratio of output torque to mass of active materials 

ftv Normalized ratio of output torque to the volume 

fobjective Objective function to be optimized 

frdisc Uniform outward radial force per unit length of rotor disc (N/m) 

fsdisc Uniform inward radial force per unit length of stator disc (N/m) 

fsd Inward radial pressure (N/m2) 

ggravity Gravity acceleration (N/kg) 

Htm Tangential component of magnetic strength of region m (A/m) 

hsc Height of one side of superconducting field coil (m) 

hscd Height of superconducting coil to stator core (m) 

hsl Height of slot (m) 

hry Height of rotor core (m) 

hsy Height of stator core (m) 

IaN Rated current of armature winding (A) 

Ic Critical current of the superconducting tapes (A) 

Ic(B,T) Critical current as a function of temperature T and applied field B  

Ics(B,T) Critical current due to strong linked current path (A) 

Icw(B,T) Critical current due to weak linked current path (A) 

ip(t) Primary winding current (A) 

Iscp Critical current due to maximum flux density (H//ab) (A) 

Iscn Critical current due to maximum flux density (H//c) (A) 
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Isc Current of the superconducting field coils (A) 

Islot Current in a slot (A) 

ia Current per turn in armature winding (A) 

Jaj Current density distribution of the armature in j/j’ slot pair (A/m2) 

Jc Critical current density with applied field B and temperature T (A/m2) 

Jc(77K, sf) Critical current density at 77 K and only self field is considered (A/m2) 

Jscz Circumferential current density of the superconducting winding (A/m2) 

j/j’ Slot pair number in the rotor 

ja Current density in armature winding  (A/m2) 

jc0(T) Coefficients with temperature T in lift factor caculation 

k Thermal conductivity of the titanium alloy (W/(K·m)) 

kcu Thermal conductivity of the copper (W/(K·m)) 

ke Coefficient to express φz due to the nth harmonic in region III  

keaj Coefficient to calculate flux density generated by slot pair j/j’ 

kFe Space factor of the core 

km1 
An experimental factor in calculation of the sum of bearing friction 

losses, windage losses, and ventilator losses 

km2 An friction coeficient for brush friction loss calculation 

kry Correction coefficient for iron losses calculation  in rotor iron core 

ksy Correction coefficient for iron losses calculation  in stator iron core 

k(T) Coefficients with temperature T in lift factor caculation 

L0 Lorenz number, 2.45×10-8 WΩ/K2 

L0(T) Coefficients with temperature T in lift factor caculation 

L(B,T) Lift factor with applied magnetic field B and temperature T 

Lrod Length of the support rod (m) 

Lsc Length of superconducting tapes (m) 

Lscw Length of the superconducting coil per turn (m) 

law Length of armature winding per coil (m) 

lend Axial length of the end armature winding per turn in one side (m) 

lendsc Axial length of one end of superconducting coil (m) 

lext Extension length of armature winding per coil in direction part (m) 

lextsc Extension length of a SC coil in direction part (m) 

lr Rotor length (m) 

m Number of region 

mCu  Active material weight of copper winding (kg) 

mg Active material weight of generator (kg) 

mry Active material weight of rotor core (kg) 

msc Active material weight of  superconducting winding (kg) 

msy Active material weight of stator core (kg) 

mframe structural material weight of the generator frame (kg) 
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n Harmonic order 

n-value Indicating the sharpness of the E-J characteristic 

Na Number of turns per armature coil 

Ncond Number of conductors in series 

Nsc  Number of turns per superconducting coil 

Ns Number of turns of secondary winding 

Np Number of turns of primary winding 

nN Rated rotation speed (1/min) 

P Mechanical power (W) 

P15 Losses of ferromagnetic materials per mass at 1.5 T, 50 Hz (W/kg) 

Padd Additional losses (W) 

Pb Brushes losses (W) 

Pcu  Copper losses (W) 

PFe  Iron losses (W) 

Pfw Friction and windage loss (W) 

Pm1 Sum of the bearing friction, windage, and ventilator losses (W) 

Pm2 Brush friction losses (W) 

PN  Output power  (W) 

PrB Brush average pressure density (N/m2) 

Pac1 Ramping current loss (W) 

Pac2 Ripple current loss (W) 

Pc Conduction heat leakage of current leads (W) 

Pcl1 Heat load of current leads between 30 K and 80 K (W) 

Pcl2 Heat load of current leads between 300 K and 80 K (W) 

PJ Ohmic losses of current leads (W) 

Pm Heat load due to measurement wires (W) 

Pr1 Radiative load from the Dewar to the thermal shield (W) 

Pr2 Radiative load to the coil (W) 

Prod Heat leakage of support rods (W) 

Prod1 Heat leakage of support rods between 80 K and 300 K (W) 

Prod2 Heat leakage of support rods between 80 K and 30 K (W) 

Ps1 Total heat load to 80 K (W) 

Ps2 Total heat load to 30 K (W) 

p Number of pole pairs 

pg Electromagnetic power(W) 

q Pole pair number 

�� Normal stress (N/m2) 

qNstress Uniform normal stress (N/m2) 

R Radius of the rotor balde (m) 

Ra Resistance of armature winding (Ω) 
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Rat Resistance of an armature coil per turn (Ω) 

Rp Resistance of the primary winding (Ω) 

Rry Radius of the rotor structure (m) 

Rsy Radius of the stator structure (m) 

r Radius of the calculated point (m) 

rsci Inner radius of the superconducting coils (m) 

rsco Outer radius of the superconducting coils 

rshaft Radius of the rotor’s shaft (m) 

rri Inner radius of the rotor core (m) 

rro Outer radius of the rotor core (m) 

rsi Inner radius of the stator core (m) 

rsli Inner radius of the slots (m) 

rslo Outer radius of the slots (m) 

rso Outer radius of the stator core (m) 

S Number of slot pair per pole pair in the rotor 

Ssc Cross section area of SC tape (m2) 

t An integer 

T Rated torque (Nm) 

T* parameter in calculation of Ic(B,T) 

T1 Temperature of one of the rod or current lead (K) 

T2 Temperature of one of the rod or current lead (K) 

Ta Working temperature of armature winding (◦C) 

Tc Critical temperature of the superconductor (K) 

Tda0 Winding turn density in each slot  (turn/m2) 

Tdaj(pθ) Circumferential distribution of the winding turn density of slot pair j/j’ 

Tdsc0 Winding turn density of the superconducting coil  (turn/m2) 

Tdsc(pθ) 
Circumferential distribution of the winding turn density of the supercon-

ducting coils per pole pair 

Thigh  High temperature side (K) 

Tlow Low temperature side (K) 

Tsc 
Temperature of superconducting coils (K);  

A parameter to calculate Ics(0,T) 

trdisc Thickness of the rotor disc (m) 

tsdisc Thickness of the stator disc (m) 

Ub Voltage of brushes (V) 

UN Rated voltage (V) 

u Number of coils per slot 

uadflr Axial deflection of the rotor due to the gravity (m) 

urdflr Maximum radial deflection at both ends of the rotor (m) 

urdfls Radial deflection of the stator structure due to the normal stress  
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uadfls Axial deflection of the stator disc due to the gravity (m) 

uamp(t) Amplifier voltage (V) 

us,ind(t) Induced voltage of the primary winding (V) 

VaN Back-EMF of armature winding (V) 

v Velocity the conductor cuts through the magnetic field (m/s) 

νr Surface speed of the rotor (m/s) 

νrB Surface speed of the brush (m/s) 

vw Wind velocity (m/s) 

Wry Line load due to the weight of the rotor back yoke 

Wsy line load due to the weight of the stator back yoke 

we Weighting factor of normalized efficiency 

wrdisc Uniformly distributed pressure due to the weight of the rotor disc 

wsc Width of one side of superconducting field coil (m) 

wsdisc Uniformly distributed pressure due to the weight of the stator disc 

wsl  Width of slot (m) 

wtl  Weighting factor of normalized ratio of the torque to length of tapes 

wtm Weighting factor of normalized ratio of the torque to active mass 

wtv Weighting factor of normalized ratio of the torque to volume 

X Original value of the dataset 

X’ Normalized value of the dataset 

Xmax Maximum value of the dataset to be normalized 

Xmin Minimum value of the dataset to be normalized 

y1 Coil span as the number of coil sides 

Zu Number of slots in the generator 

α parameter in calculation of Ic(B,T) 

α1 Half angles between two adjacent coil sides from different coils (◦) 

α2 Half angles between two adjacent coil sides of one coil (◦) 

αf1 Safety margin for SC coils 

αf2 Packing factor for SC coils 

αDC Relative pole width for DC machines 

αsl Slot spreading angle (◦) 

αu Slot filling factor 

αp Pole arc coefficient 

α(T) Coefficient related to thermally activated flux creep  

β Coefficients with junction geometry in lift factor caculation 

βaend Bending angle of the armature end winding to the coil span (◦) 

βj Mechanical angle of slot pair j/j’ shifting from slot pair(1/1’) (◦) 

δ Physical air-gap length (m) 

δem Effective air-gap length (m) 

δte Air gap that takes the iron teeth into account (m) 
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η Assumed efficiency of the generator 

ηc Carnot efficiency 

ηg Calculated generator efficiency 

θ 

Mechanical angle (◦) 

In terms of applied field to tape, the origin of the angle θ is for an ap-

plied field parallel to the ab planes (◦) 

κ Coefficient in Carter factor calculation 

κc Carter factor 

μrr Relative permeability of rotor core 

μrr0 Initial relative permeability of rotor core 

μrr1 Calculated relative permeability of rotor core 

μrs Relative permeability of stator core 

μrs0 Initial relative permeability of stator core 

μrs1 Calculated relative permeability of stator core 

μ0 Permeability of air (Vs/Am) 

ρ20 Resistivity of copper in 20 Celsius,  1.724E-08 Ωm 

ρ Resistivity of the material 

air Air density (kg/m3) 

ρcu Electrical resistivity of the copper (Ωm) 

ρsc Resistivity of the superconductor (Ωm) 

ρsteel Mass density of the steel (kg/m3) 

τp pole pitch (m) 

τu Slot pitch (m) 

τy Distance of the coil span (m) 

φ Tilted angle of the axis of the rotor blades and generator (◦) 

φm Flux linkage per pole (Wb) 

φz Magnetic vector potential in z-direction (Vm/s) 

φzm  Magnetic vector potential of region m (Vm/s) 

ΩN Rated mechanical angular speed  (rad/s) 

σ� Shear stress (N/m2) 

νsteel Poisson’s ratio 

 Tip speed ratio 

λti Thermal conductivity of titanium alloy (W/(K·m)) 

p Pitch angle 

γ Parameter in calculation of Ics(0,T) 
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