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ABSTRACT 

 Energy storage can be used to fill gaps when energy production systems of a variable or 

cyclical nature such as renewable energy sources are offline. This thesis research is the study of 

an energy storage device using high temperature superconducting windings. The device studied 

is designed to store mechanical and electrical energy. Mechanical energy is stored as inertia in 

the mass of the spinning rotor. This rotor inertial energy storage is very similar to the energy 

stored in a flywheel. Magnetic energy is stored in the motor’s rotor windings and possibly in the 

field windings. Current flowing in these windings will create a magnetic field to store energy 

proportional to the current and number of turns in the coils and will also provide the impetus, in 

conjunction with pulses in the field coils, to spin the flywheel / rotor. The proposed device was 

studied to determine the amount of energy that can be stored and to estimate losses incurred to 

keep the mass of the rotor spinning and the losses resulting from operating the peripheral devices 

needed for operation. Feasibility and practicality were also examined for the proposed device. 
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PREFACE 

Energy storage is becoming a critical component of the smart grid as more time varying 

power production sources are integrated into the system. Some renewable energy sources such as 

wind and solar are cyclical or intermittent in nature. Furthermore; demand response and demand 

side management schemes require improved storage capability for the grid.  

A compact energy storage device with a very high energy storage density would be useful 

to overcome the on / off nature of cyclical energy sources. There are several types of energy 

storage systems presently being used to compensate for power sags, transients, brownouts, 

blackouts, and variations in frequency. It is hoped the energy storing motor studied in this 

research would be helpful by creating a single compact device capable of overcoming multiple 

power distribution problems. 

 

 

 

  



ix 

TABLE OF CONTENTS 
 
 
Chapter Page 

1. INTRODUCTION .............................................................................................................. 1 

2. SOME ENERGY STORAGE METHODS ........................................................................ 2 

2.1 Compressed Air Energy Storage ............................................................................. 2 
2.2 Pumped-Hydro Energy Storage .............................................................................. 2 
2.3 Battery Energy Storage ........................................................................................... 3 
2.4 Flywheel Energy Storage ........................................................................................ 3 
2.5 Superconducting Magnetic Energy Storage ............................................................ 5 
2.6 Combined Energy Storage ...................................................................................... 6 

 
3. ENERGY STORAGE METHODS IN THIS PROJECT ................................................... 7 

3.1 FES Energy ............................................................................................................. 7 
3.2 Research Study Flywheel Design ........................................................................... 7 
3.3 Inertial Energy Storage Formula ............................................................................. 8 
3.4 Magnetic Energy Storage Formulas........................................................................ 9 
3.5 Operation of and Losses for This Motor ............................................................... 11 

 
4. NUMERICAL ANALYSIS AND RESULTS .................................................................. 13 

4.1 Inertial Energy Stored in This Motor .................................................................... 13 
4.2 Magnetic Energy Stored in This Motor ................................................................ 13 
4.3 Total Estimated Energy Storage ........................................................................... 14 
4.4 SMES Feasibility .................................................................................................. 14 

 
5. HIGH FIELD MAGNETS ................................................................................................ 16 

5.1 A Brief History of High Field Magnets ................................................................ 16 
5.2 An Approach to High Field Helically Wound Coils ............................................. 17 

 
6. A STUDY PROTOTYPE ................................................................................................. 18 

6.1 Prototype Design Specifications ........................................................................... 18 
6.2 Prototype Functionality ......................................................................................... 18 

 
7. CONCLUSION ................................................................................................................. 20 

8. FUTURE WORK .............................................................................................................. 21 

REFERENCES ............................................................................................................................. 22 



x 

 LIST OF TABLES 
 

Table Page 

1. Comparison of Study Model to Other Devices  ................................................................ 18 

 

 

 

 

  



xi 

LIST OF FIGURES 

Figure Page  

1. High-Speed Beacon Flywheels Used For Frequency Regulation ....................................... 4 

2.  10 MW - 3 Sec. Coil Tested for Transmission Stability ..................................................... 5 

3.  Design Study Prototype ...................................................................................................... 8 

4.  Field Coil to Rotor Coil Induction .................................................................................... 11 

 

 

 

 

 

  



xii 

LIST OF ABBREVIATIONS / NOMENCLATURE 
 

 

cm Centimeter 

CAES Compressed Air Energy Storage 

DoE ARPA-E Department of Energy Advanced Research Projects Agency-Energy 

FES Flywheel Energy Storage 

GW Giga-Watt 

HTS High Temperature Superconductor 

HVDC High Voltage Direct Current 

J Energy in Joules 

K Absolute Temperature in Degrees Kelvin 

kg Kilogram 

kWh Kilo-Watt-Hour 

Li-Ion Lithium Ion Battery Type 

m Meter 

MA Mega-Amperes 

MJ Mega-Joule 

MW Mega-Watt 

nm Nanometer 

NaS Sodium Sulfur Battery Type 

Nb3Sn Niobium Tin 

PH Pumped Hydro 

SMES Superconducting Magnetic Energy Storage 



xiii 

LIST OF SYMBOLS 
 
 

π ≈3.14159, The Ratio of a Circle’s Circumference to its Diameter 

µ0 Permeability of a Vacuum 

µr Relative Permeability 

ω Angular Velocity in Radians Per Second 

A Cross Sectional Area of Flywheel 

B Coil Magnetic Field 

d Coil Diameter 

D Diameter of Flywheel 

Fm Coil Magnetomotive Force 

H Magnetic Field Strength 

i Coil Current 

I Inertia 

KEr Kinetic Energy Stored in Rotor 

L Coil Length 

Lc Coil Inductance 

M Mass of Flywheel 

N Number of Turns in Coil 

Uc Coil Magnetic Energy 

V Volume of Flywheel 

W Width of Flywheel 

 



1 

CHAPTER 1  

INTRODUCTION 

Renewable energy sources are becoming popular in many areas of the world. The 

promise of essentially free energy and very little or no emissions makes renewable resources an 

attractive alternative to non-renewable sources such as gas, oil, coal, or nuclear. One of the main 

drawbacks to many renewable energy sources is their cyclical or intermittent nature. These 

cycles of availability can cause gaps or shortages in production. Energy storage methods can 

help compensate for those gaps. 

This thesis research introduces several methods of energy storage. Two of those methods 

are flywheel energy storage (FES) and superconducting magnetic energy storage (SMES). The 

reference design in this study consists of a combination of these two energy storage methods in 

the hope of creating a more energy dense storage device. A more economical prototype useful 

for studying the methods is also described.  

Formulas are shown to allow calculation of the amount of FES and SMES energy that 

could be stored in the reference design. A numerical analysis was done to determine the energy 

storage capability of the reference design. The results are shown along with a discussion of the 

feasibility of this combined method of energy storage. 

Research in other SMES energy storage devices is discussed along with an introduction 

to high field magnetic energy devices. Finally, possible future research work will be presented 

and a path to a more useful device will be shown. This future work could result in an energy 

storage device capable of overcoming multiple power problems and enhance the use of the 

world’s renewable energy resources. 
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CHAPTER 2  

SOME ENERGY STORAGE METHODS 

2.1 Compressed Air Energy Storage 

Compressed Air Energy Storage (CAES) is cost effective for load leveling and ramping 

of power.  CAES is particularly effective when large underground caverns or other natural 

storage areas are available. The cost is somewhat higher when above ground tanks are needed for 

CAES. 

It is estimated that each extra hour of CAES storage costs about $1/kW. A plant in 

Huntorf, Germany capable of providing 290 MW for 4 hours became operational in December of 

1978. This plant has been used for peak shaving / regulation and as a spinning reserve. The 

reliability of this plant has been 95% to 98% [1].   

2.2 Pumped-Hydro Energy Storage 

A Pumped-Storage Hydro (PH) plant uses excess energy production, perhaps from wind 

or solar farms, to pump water to a higher reservoir. When the energy is needed the water can 

flow back down through a generator to produce power when the renewable source becomes 

inactive. This type of energy storage plant is dependent on the availability of a suitable storage 

area, tank, or reservoir.  

One example is the upper reservoir of the Raccoon Mountain PH Plant run by the 

Tennessee Valley Authority. This PH energy storage plant has been operational since 1979. It 

can generate 1620 MW of power for 22 hours [1]. 

More recently Norway has been constructing a new 700 MW high voltage direct current 

(HVDC) power line across the Skagerrak Strait that separates southern Norway from northern 

Denmark. This power line will transfer power from Danish wind farms to Norway’s hydropower 
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plants for PH storage. When wind power is insufficient energy can be transferred back across an 

HVDC line from the PH storage plants in Norway to be used in Denmark. In addition German 

officials have concluded that an optimal zero-carbon system there would require 40 giga-watts 

(GW) of power connection to Norway [2]. 

2.3 Battery Energy Storage 

Batteries are a proven method to store energy. Lead-acid batteries have been used for 

some time for backup power. Most commercial power plants, for example, have a lead-acid 

battery bank to provide power to initialize and re-start the generators. Newer battery technologies 

using lithium ion (Li-Ion) or sodium sulfide (NaS) materials should provide a longer battery life 

and allow greater storage [1].  

2.4   Flywheel Energy Storage 

Many internal combustion and other types of engines use flywheels to smooth out the 

power fluctuations between the combustion in each cylinder. The engine flywheel is actually 

storing energy from the combustion in each cylinder and releasing that energy until the next 

cylinder fires. 

Some of the more recent work was to design a small 25 kilowatt (kW) composite 

flywheel energy storage system using high temperature superconducting bearings to levitate the 

rotating flywheel [3]. Rotational speeds of 82,000 revolutions per minute (rpm) in air and 

130,400 rpm in a vacuum were achieved in this work. 

Research has been done to investigate the use of 3 different flywheel materials; carbon 

reinforced polymer, chrome molybdenum steel, and magnesium alloy in an energy cache system 

[4]. A prototype design was created using conventional bearings. The total energy accumulated 

in the flywheel was 1.53 mega-joules (MJ). 
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The same researchers developed a prototype FES capable of supplying 5.4 kW with 

losses amounting to 1.16 kW. Most of these losses, 1 kW, were from auxiliary equipment used to 

run an oil pump and blow a vacuum in the case. There were also 160 W of windage and 

mechanical losses [4]. The losses described above were used as a baseline for the losses in the 

energy storing motor described in this paper. Further research is needed to more accurately 

determine the amount of energy that will be lost in this energy storing motor design. 

 The Beacon Power, LLC company in Tyngsboro, MA has developed composite flywheel 

energy storage systems capable of storing 100 kilowatt hours (kWh) of energy [5]. Their design 

uses a "flying ring" and magnetic levitation bearings to deliver much more energy than other 

flywheel energy storage devices. FES systems manufactured by Beacon Power have been 

installed in Tyngsboro Massachusetts, Stephentown New York, and in Hazle Township 

Pennsylvania. These installations provide frequency regulation, help to balance the grid, have a 

very fast response, reduce fuel use, and lower operating costs. The high-speed Beacon flywheels 

are rated at 100 kW for a 15 minute discharge period [1].  An example installation of the Beacon 

flywheels is shown in Figure 1. 

 

Figure 1. High-Speed Beacon Flywheels Used for Frequency Regulation [1]. 
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2.5 Superconducting Magnetic Energy Storage 

Energy storage applications using SMES devices have been installed, tested, and put into 

production. A large 1.4 mega volt-ampere (MVA) / 2.4 MJ SMES is installed at the Brookhaven 

National Laboratory [6]. Particle physics researchers at Brookhaven use this storage device to 

compensate for power sags and momentary power interruptions to prevent beam loss in their 

synchrotron source. The technology uses pancake shaped coils to create sections of magnets. The 

sections are arranged in a toroid configuration to store the magnetic energy. The objective of this 

research is an SMES in the 2 MJ class capable of a 25 Tesla magnetic field when cooled to 4.2 

kelvin (K) [7]. 

Design of a 2.5 MJ SMES for microgrid operations is under development [7]. The intent 

of this research is to improve SMES design methodology and to meet the Army's requirements 

for a tactical microgrid. They also intend to develop robust quench (loss of superconductivity) 

protection and switching components and to investigate the possibility of using superconductor 

tape designs to reduce AC losses. 

Figure 2 shows a test installation for a 10 MW SMES with 3 seconds of storage [1]. 

 

Figure 2. 10 MW - 3 Sec. Coil Tested for Transmission Stability [1]. 
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2.6 Combined Energy Storage 

Research performed in this thesis concerned the combination method of using a flywheel 

to store energy and superconducting coils to store energy. It was hoped this FES / SMES 

combination may result in a more capable and compact energy storage system.  

In this proposed design methods similar to those described in Section 2.4 were used in a 

flywheel / rotor to store inertial energy as an FES. A simplified prototype design as described in 

Section 3.2 could be used to study the techniques. Energy input to the motor will cause the 

flywheel to rotate and enable the storage of magnetic energy. 

The superconducting part of this design described in Section 3.4 is used to store magnetic 

or SMES energy. Preliminary equations using simple coils are shown in Section 4.2 to determine 

the SMES storage capabilities for this motor. 
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CHAPTER 3  

ENERGY STORAGE METHODS IN THIS PROJECT 

3.1 FES Energy 

Research is ongoing to create innovative methods of storing energy in a flywheel. One 

estimate suggests the FES system being developed by Beacon Power, LLC is capable of storing 

400% as much energy as other flywheel systems [5]. Flywheel energy storage is becoming an 

important part of the grid to compensate for the variable nature of wind and solar power 

installations. One important aspect of the Beacon Power FES system is the use of composite 

materials in construction of the flywheel. Composite construction allows more energy to be 

stored at a higher rotational speed without destruction of the flywheel. 

3.2 Research Study Flywheel Design 

The design studied in this research is to be constructed of a steel flywheel to store the 

mechanical or inertial energy for the system. Mechanical bearings would be used to avoid the 

complications of using a control system and the expense of materials for magnetically levitated 

bearings. Composite materials were not suggested for the construction of this FES design to 

avoid the costs involved with creating a composite flywheel. Magnetically levitated bearings and 

composite materials could be added to a more advanced design to improve the efficiency and 

energy storage capability of the design. 

Simple solenoid type coils used to rotate the flywheel / rotor and to transfer energy can be 

seen in the figure. Equations to determine the amount of inertial energy that could be stored in 

the FES can be found in Section 3.3. The flywheel in this prototype design is 1meter (m) in 

diameter (D) and 0.1 m wide (W). Inertia of the flywheel spinning mass is used to find the FES 

energy stored. 
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A possible prototype design useful for studying the techniques is shown in Figure 3. 

 

Figure 3. Design Study Prototype. 

3.3 Inertial Energy Storage Formula 

The inertial energy storage capabilities of this research study can be found by 

determining the flywheel mass and angular velocity. As suggested by the research mentioned in 

Section 2.4 chrome molybdenum steel will be used for construction of the flywheel to allow a 

high rotational speed without destruction of the flywheel [4].  The flywheel mass was found 

using the density of chrome molybdenum steel which is 78 kilogram per meter3 (kg)/m3. At this 

time no calculations were done to determine stresses limiting the maximum speed for the 

flywheel.  Instead it was assumed the flywheel was capable of rotating at 10,000 rpm without 
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destruction since most automobile flywheels are capable of such speeds. The angular velocity 

(ω) then is 1047 radians per second.  

Kinetic energy stored in the flywheel was determined using inertia (I) and ω. Using the 

inertia for the disk type flywheel shown in Figure 3, the kinetic energy that can be stored in the 

rotor is found from the formula below. 

The kinetic energy (KEr) available for use in the flywheel / rotor is 

 KEr = ½ * I * ω 2  (3.1) 

Note the ω2 angular velocity term used in the kinetic energy equation above means the amount of 

energy stored in the spinning flywheel mass is exponentially related to the angular velocity. This 

relationship between energy and angular velocity is the impetus for research into higher speed 

flywheel designs perhaps as high as 1 million revolutions per minute to increase the amount of 

energy stored [3]. To allow increased flywheel rotational speed the use of composite materials 

has been proposed and studied. One such example mentioned in Section 2.4 is the composite 

flywheel design that achieved a rotational speed of 130,400 rpm [3]. The Beacon Power FES 

design mentioned in Section 2.4 also uses composite materials in the construction of its 

flywheels [5]. 

3.4 Magnetic Energy Storage Formulas 

This energy storing motor design uses superconducting coils in the rotor or flywheel to 

store SMES energy. The prototype design shown in Figure 3 could be used to study the 

techniques. This prototype design will be discussed further in Chapter 6.  

A preliminary set of calculations was performed to determine the SMES energy storage 

capacity of this motor. These calculations will use optimistic values for the current capability of 

the superconducting wire and the magnetic field capability of the coils. The rotor coils will be an 
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air / vacuum core design or use a material with relative permeability (µr) approximately the same 

as air to overcome the saturation limitations of using iron or other ferrous material. Using a coil 

size of 0.1 m diameter (d) and 0.2 m long (L) it was found that 40 turns of 4 mm wide high 

temperature superconductor (HTS) wire could be wound on each layer and up to 600 layers will 

fit in this space. The total number of turns (N) that could be wound in this coil is 24,000. Metal 

Oxide Technologies Inc. is working to create advanced HTS materials able to carry two million 

Amperes per square cm [8]. A value of 600 Amperes (i) will be used for the current in this 

estimate.  In addition the calculations done in Section 4.2 will be for a rotor with twelve coils to 

obtain higher energy storage. 

The inductance (Lc) of the coil will be found from 

 Lc = (µ0 * N2 * π * (d/2)2) / L (3.2) 

The magnetic energy (Uc) that can be stored in each rotor coil is  

 Uc = ½ * Lc * i2  (3.3) 

Magnetomotive force (Fm) can be found using 

 Fm = i * N (3.4) 

Magnetic field strength (H) is found using the formula 

 H = Fm / L (3.5) 

The magnetic field (B) is found with the following equation 

 B = µ0 * H (3.6) 

The total amount of energy (KEtot) stored in this example is the sum of the flywheel / 

rotor kinetic energy (KEr) and the electrical or magnetic energy (Uc) stored in all twelve rotor 

coils. In Section 4.2 a numerical example using these equations to determine the magnetic energy 

stored and the magnetic field can be found.  
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3.5 Operation of and Losses for This Motor 

The prototype study design uses mechanical bearings. A more advanced design would use 

HTS magnetically suspended bearings to minimize frictional losses. The greatest source of losses 

in this design will be from the peripheral equipment required to refrigerate and circulate coolant 

needed to keep the HTS wire in an optimum superconducting state. 

The design shown in Figure 3 uses magnetic fields to transfer energy from the field to the 

flywheel coils similarly to a transformer. Current pulses in the field coils will induce currents 

into the flywheel / rotor coils and store it there. Some losses will result from this energy transfer. 

Energy will also be extracted from the rotor using the field coils once again causing losses. The 

final source of energy loss in this design will be external to the motor in the system that converts 

the energy to prepare it to be used on the grid. 

As can be seen in Figure 4, a current pulse flows into the field coil at the top (+) and out 

the bottom (-) of the field coil.  

         

Figure 4. Field Coil to Rotor Coil Induction. 
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This will induce a current into the rotor coil as it passes by each of the five field coils during the 

period of excitation for that particular rotor coil. The field coil pulses also attract the rotor coils 

causing the rotor to turn.  The extra current induced, above that needed to turn the rotor, is stored 

in the rotor coils as they pass by each field coil.  
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CHAPTER 4  

NUMERICAL ANALYSIS AND RESULTS 

The materials, specifications, and formulas in Chapter 3 were used to determine the 

energy storage. Inertial energy from the flywheel FES and magnetic energy from the SMES part 

of the design are found using the equations in Section 3.3 and Section 3.4 respectively. The total 

energy was found by summing the inertial energy and magnetic energy. Results of those 

analytical calculations are shown below. 

4.1 Inertial Energy Stored in This Motor 

 Flywheel cross sectional area (A) is 

 A = π * (D/2)2 = π * (1/2)2 = 0.785 m2 (4.1) 

Flywheel volume (V) is 

 V = A * W = A * 0.1 = 0.0785 m3 (4.2) 

Using the density rho (ρ) of chrome molybdenum steel as 7,800 kg/m3 the flywheel mass (M) is 

 M = V * ρ = 618 kg (4.3) 

Inertia (I) for the disk type flywheel is 

 I = ½ * M * (D/2) 2= ½ * 618 * (1/2)2 = 77.25 kg  ̶m2 (4.4) 

From (3.1) the Kinetic Energy in the flywheel / rotor is 

 KEr = ½ * 77.25 * 10472 = 42.36 MJ (4.5) 

Then the total energy available for use from the flywheel / rotor is 42.36 MJ. 

4.2 Magnetic Energy Stored in This Motor 

Using (3.2) the Coil Inductance (Lc) is 

 Lc = ((4π10-7) * 24,0002 * π * (0.1/2)2) / 0.2 = 28.4H (4.6) 
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From (3.3) the magnetic energy (Uc) in a single coil is 

 Uc = ½ * 28.4 * 6002 = 5.116 MJ (4.7) 

From (3.4) Magnetomotive force (Fm) is 

 Fm = 600 * 24,000= 14.4 * 106 Ampere  ̶turns (4.8) 

Magnetic field strength (H) found using (3.5) is 

 H = 14.4 * 106 / 0.2 = 72 * 106 A / m (4.9) 

Equation (3.6) gives the total coil magnetic field (B) as 

 B = 4 * π * 10-7 * 72 * 106 = 90.5 Tesla (4.10) 

4.3 Total Estimated Energy Storage 

Combining the energy from both storage methods, inertial and magnetic, results in the 

total energy that could be stored in this motor under ideal conditions. Flywheel storage is 42.36 

MJ. The total amount of energy stored in the twelve rotor coils (Uc * 12) is 61.9 MJ. Therefore 

total energy storage is found to be 103.7 MJ. This results in the equivalent energy of 28.8 kWh 

of energy and would be enough to run a 5 horsepower home air conditioning system for nearly 8 

hours. 

4.4 SMES Feasibility  

Admittedly using the two values of 600 Amperes and 90 Tesla in the magnetic energy 

equations may be overly optimistic. Estimates found in the literature show that MetOX 2nd Gen 

HTS will be capable of carrying a current of two mega-amperes (MA) / cm2 [8]. The coil 

winding calculations above were done using insulated HTS wire with a 5 mm by 80 µm cross 

section. This would seem to indicate MetOX 2nd Gen HTS conductors of the same size used in 

this design would be capable of carrying 8000 Amperes of current. At the present time the value 

of 600 Amperes for HTS wire of this size is more likely. 
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The maximum magnetic field of 90 Tesla in the rotor coils will be extremely difficult to 

obtain. Based on a relationship between current flow and magnetic field in a superconductor; 

when either the current or magnetic field reaches a certain level the superconducting properties 

of the HTS material fails or quenches. This is primarily because the critical current value or 

critical magnetic field interferes with the electron pairing needed for superconductivity. At that 

point the superconductor becomes a regular conductor with the resistance and power dissipation 

associated with conductors. All energy stored in the SMES device would dissipate or quench if 

the superconducting property fails. If the HTS wire and system are not designed to handle these 

quench currents the coils could be destroyed. 

A magnetic field of 90 Tesla is extremely high for a coil or solenoid. At this intense 

magnetic field level very high stresses will occur on the coil supporting material or bobbin, 

between adjacent windings, and between coil layers. Designing the coils to support the stresses 

associated with such a high magnetic field will be challenging. Superconducting materials can 

enable extremely strong magnetic fields on the order of tens to hundreds of Tesla [9]. Research 

in 2012 shows that superconducting magnet coils with a field of 19.81 Tesla is possible through 

the model developed [10]. It is hoped that higher field superconducting magnet designs will 

allow greater energy storage in the near future. 
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CHAPTER 5  

HIGH FIELD MAGNETS 

5.1 A Brief History of High Field Magnets 

In 1961 a superconducting wire made of niobium tin (Nb3Sn) became available that 

remained superconducting at an 8 Tesla field while carrying a large current. A couple of years 

later a pulsed magnet capable of an 18 Tesla field was developed. In the late 60’s and early 70’s 

sputtering techniques were developed that enabled deposition of 10 nm film superconductors 

capable of critical fields as high as 45 Tesla. These superconducting films had current densities 

as high as 2 MA/cm2 [11]. 

SuperPower Inc. has been working to improve high field HTS magnets for some time. In 

2007 they developed a HTS magnet that generated a 26.8 Tesla field when operated in a 19 Tesla 

background field and cooled to 4.2K. A year later, in 2008, they manufactured a HTS magnet 

with a 33.6 Tesla field when operating in a 31 Tesla background field and cooled to 4.2K. In 

2009 a HTS magnet was created with a 27.4 Tesla field operating in a 19.89 Tesla background 

field and cooled to 4.2K. A HTS magnet with a 35.4 Tesla field when operated within a 31 Tesla 

resistive magnet field was created [12]. In more recent work they are developing a 25 Tesla field 

SMES device operating at 4.2K consisting of HTS materials only with funding from DoE 

ARPA-E [7]. 

In March of 2012 researchers at the Magnet Lab’s Pulsed Field Facility in Los Alamos 

tested a new design capable of a 100.75 Tesla magnetic field. The magnetic field pulse was 15 

milliseconds long and reached a peak value of over 100 Tesla. A 1.43 GW generator was used to 

power and cool the background field magnet as well as the superconducting magnet [13]. 
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5.2 An Approach to High Field Helically Wound Coils 

Other research in the field of force reduced high field magnets has been done. This 

research studies the possibility of using helical coil windings with a different pitch angle between 

adjacent layers to cancel the forces acting between layers. Superconducting coils using low 

temperature superconductors are limited to fields of around 22 Tesla. HTS superconducting coils 

in the range of 50 Tesla and beyond may be possible in the future when cooled to liquid helium 

temperatures. High field magnets using copper, aluminum, or other conductive materials may be 

capable of reaching 100 Tesla with proper design [14]. 
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CHAPTER 6  

A STUDY PROTOTYPE 

6.1 Prototype Design Specifications 

To research the properties of the proposed FES / SMES device a relatively economical 

prototype motor could be constructed with a configuration similar to that shown in Figure 3. For 

testing purposes a cast steel core would be used for the rotor coils. This would provide a relative 

permeability (µr) of around 100 and allow up to a 1.9 Tesla magnetic field in each of the four 

rotor coils. Performing calculations similar to those in Section 4.2 and using only a single layer 

of HTS material with 28 turns would give a magnetic field of 1.58 Tesla. With a current of 90 A 

in the HTS windings 16 Joules (J) of energy could be stored in each coil or 64 J total in all four.  

6.2 Prototype Functionality 

This 64 J of magnetic energy in the coils would not be enough to rotate the mass of the 

heavy flywheel. In order to spin the flywheel / rotor a motor would be required in addition to the 

peripheral devices needed to cool the HTS windings. A comparison between the analytical 

model, prototype model, and other examples presented in this paper are shown in TABLE 1. 

TABLE 1 
 

COMPARISON OF STUDY MODEL TO OTHER DEVICES 

Type KEr (MJ) 

@10,000 rpm 
Uc(MJ) 

 per coil 
B(Tesla) 

per coil 
Total Energy 

KEtot  (MJ) Power (kWh) 

Analytical Modela 42.364 5.116 90.5 103.7 28.8 
Prototypeb 15.67 1.58 42.365 42.365 11.8 
Flywheelc 360 - - - 100 

SMESd - - 25 2 20 
Notes: a. 12 each 24,000 turn rotor coils @ 600 A 
 b. 4 each 28 turn rotor coils @ 90 A 
 c. Beacon Power, in production, rpm unknown [5] 
 d. Brookhaven Labs synchrotron backup power [7] 
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A review of TABLE 1 shows the more affordable prototype design study model’s total energy 

storage is little more than the energy stored in the 10,000 rpm flywheel rotor. TABLE 1 also lists 

the power storage possible in some of the other flywheel and SMES examples cited in this paper. 

Note the magnetic energy as determined by (2.2) for Lc and (2.3) for Uc are primarily 

governed by the N2 and i2 terms. The lower current and less number of turns in the prototype 

explains the much lower magnetic energy stored in the prototype design. 

While not able to store significant amounts of magnetic energy the prototype design 

would allow the study of energy transfer to the HTS material. Validation of the concepts used to 

put energy into and extract energy from the rotor coil windings could also be done with the 

prototype design. Extracting energy will be done by applying a load on the field coils. Losses 

involved with energy transfer can also be studied using the prototype design. The techniques 

used to transfer energy through the motor, although derived from common electrical machinery, 

could be considered unique in this application and may provide other benefits as well. 
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CHAPTER 7  

CONCLUSION 

Two energy storage methods were researched in this design study. The first method, 

flywheel energy storage, was presented with three examples showing medium to high energy 

storage capabilities. The second method was magnetic energy storage and analytical calculations 

were done showing a very high energy storage capability. The methods used in the examples 

cited are similar to those used for this design study. The objective of this study was to determine 

the feasibility of using a combination of these two methods to increase the energy storage density 

of the example device. 

In research for this thesis no examples of energy storage using both inertial and magnetic 

energy storage have been discovered. The use of HTS materials in flywheel energy storage 

designs has been limited to magnetically levitated bearings. Likewise none of the SMES 

examples researched use inertial energy storage. The analytical calculations done in Section 4.2 

indicate a relatively high energy density could be achieved provided the high values for magnetic 

field and current can be achieved. At this time we have not been able to determine how high a 

current and magnetic field are possible using HTS materials cooled to very low temperatures 

would compare to the 22 Tesla maximum magnetic field mentioned in Section 5.2 for low 

temperature superconductors. 

Based on this study the combined approach of using inertial and magnetic energy storage 

could be of immense benefit. Novel and innovative solutions to help overcome the intermittent 

nature of many renewable energy sources and to lessen our dependence on coal, petroleum 

products, and nuclear energy could be provided by the methods described in this work. 
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CHAPTER 8  

FUTURE WORK 

The reference design discussed in this thesis would require a very large volume of HTS 

wire in order to store a significant amount of SMES power. Such a large quantity of HTS wire 

would be very expensive and could not justify building or use of the device as proposed. At the 

current level of technology high energy magnets cannot be designed to allow such high magnetic 

fields. A more feasible device might store a large amount of FES energy and a smaller amount of 

SMES energy. 

A small model of the prototype could be designed to study the concepts used to transfer 

energy into and out of the motor. This small prototype would also be used to validate operation 

of the flywheel. More research into high field magnet design techniques, perhaps using the 

helical coil winding methods discussed in Section 5.2, may also be needed. 

The possibility of storing SMES power in the field should also be examined. Using this 

approach the flywheel / rotor would only be used to store FES energy. A coil or coils located on 

the flywheel could be inductively coupled via a rotary transformer on the flywheel shaft to 

provide energy to rotate the flywheel. Such a storage device while not able to store nearly as 

much SMES energy as FES energy could be designed and built using today’s technology. This 

more feasible design would have the advantage of providing a very high current via the field 

SMES coils to overcome intense power drops while at the same time supplying FES energy to 

overcome longer duration sags, outages, and provide frequency compensation.  
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