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Abstract


This is a draft of the final report on Phase II of an effort to assess the feasibility of the development of a 1 MW Superconductive Magnetic Energy Storage (SMES) system to meet Air Force power storage requirements including an overall efficiency approaching 94 percent, high ac/dc conversion efficiencies, low/minimal power loss during DC storage, low cost, and low density/kW.  The report outlines a conceptual design of a toroid and a solenoid system for implementation of the SMES.  Also, a  for testing to realize The SMES can be constructed with present day technology.  The novel dc-dc converter proposed here need to be tested prior to implementation.
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NOTICE

AIR FORCE SUPERCONDUCTIVE MAGNETIC ENERGY STORAGE (SMES)


REQUIREMENTS

Purpose
Need
Product
Use

A.
OBJECTIVE


The overall objective of the program was the assessment of the feasibility of Superconductive Magnetic Energy Storage (SMES) in meeting the U.S. Air Force stored electricity requirements, taking into consideration different operating constraints and requirements.  The Phase I effort involved definition of the appropriate configuration of Air Force SMES units for minimum weight, high efficiency and low cost.

B.
SUMMARY


This work was initiated at the request of AFCESA/RACO as part of the SBIR program topic AF92-013 to evaluate the SMES use for Air Force, to provide a concept of operation of suggested designs, component specifications, and estimated cost and payback for a 1 MW system, and to carry the program through prototype construction and test for eventual transition to a manufacturing agency. applications.  The use of stored electricity is minimal in today's Air Force, due to low ac/dc conversion efficiencies, and high power loss during dc storage, high cost, and high density per kW.  With an overall efficiency approaching 95 percent, SMES has the potential to meet Air Force power storage requirements.  The benefits and the suitability of SMES units specifically for Air Force applications are numerous providing that concepts compatible with each or most applications can be developed and validated.  In this report candidate configurations are provided and required validation tests are proposed for a new dc/dc converter.  The product is characterized by high efficiency; light-weight components and supporting systems, including the conductor, the structure, the containment vessels and all auxiliary systems; flexible outputs; low heat leak; and tolerance for dynamic loading during take off, landing, or emergency maneuvers.

C.
STAGE OF DEVELOPMENT


A feasible configuration based on a solenoid design was developed and evaluated for a 1 MW system for the Air Force.  Alternative toroid design was described and also evaluated for low losses.  This is a preliminary Phase I effort.


D.
USER/PLANNED ACTION


Recommendations are provided in the report of followup work to be performed by TII for prototyping and demonstration of untested components in Phase II and for transition to commercial production in Phase III.  MAJCOM can use the report to plan future directions of use of SMES in the AIR FORCE. SMES units could be one of the major components in mobile air base energy systems.  A SMES unit can be used as a power supply and can be sized for transportation. e.g., in a C-5 plane and designed to be operational within three days of deployment.  A typical 2000 man Air Force-unit would require about 3 MW of average power.  The SMES would be used to help provide station-keeping energy storage power 24 hours per day on a continuous basis.  Smaller units can be also used for other mobile Air Force base applications.  Applications of the product are numerous, in future Air Force operations, and will have wide range of applications in all Department of Defense (DOD) components, the aviation, aerospace, processing industry as well as other commercial applications in low to medium demand on energy storage.

E.
PATENT OR PROPRIETARY STATUS


A patent is being filed on the uniform magnetic field toroids for SMES.  TII has proprietary rights to this research for a limited time according to SBIR regulations.

F.
APPLICATION TO DOD/GOVT CIVILIAN AGENCIES


Possible use as mobile or airborne energy storage units in both military and civilian environments.

G.
PUBLICATIONS


Abdo A. Husseiny, Zeinab A. Sabri, Air Force Superconductive Magnetic Energy Storage (SMES) Requirements, -----------(unassigned #), April 1993.

H.
ADDITIONAL INFORMATION


Dr. Zeinab A. Sabri, President and COO, Technology International Incorporated, Suite S, 429 West Airline Highway, LaPlace, LA  70068, Telephone 504/653-1127.  Request copies of publication from AFCESA/RACO, Code FY4080, Tyndall AFB, FL  32403.


SUMMARY


A 1 MW Superconductive Magnetic Energy Storage system (SMES) with 100 kWh energy stored is considered as a baseline design for this study.  Design details, component specifications, power conditioning, and estimated cost are included.  The SMES meets the U.S. Air Force power storage requirements with an overall input/output efficiency (ac/dc or dc/dc) better than 95 percent, low/minimal power loss during dc storage, low cost, and high power density.  The design and manufacturing of such a system will increase the use of stored electricity in the Air Force, which is minimal in today's Air Force. In addition these units can be used as highly mobile, rapidly deployable combat forces quickly responding to dynamic battle field situations.


An important part of SMES usage, as high power density source, is the power conditioning component that connects SMES to the required load. In this report, we concentrate on newly developed ideas in dc/dc conversions that have the advantage of high efficiency, flexibility of power control and low cost.
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PRIVATE 
SECTION Itc  \l 1 "SECTION I"

INTRODUCTION

PRIVATE 
A.
OBJECTIVEtc  \l 2 "A.
OBJECTIVE"

The overall objective of the program requirements was the assessment of the feasibility of Superconductive Magnetic Energy Storage (SMES) in meeting the U.S. Air Force (AF) stored electricity requirements through prototype construction and test for eventual transition to a manufacturing agency.  The major product will be a 1 MW SMES system with an overall efficiency approaching 95 percent, and with demonstrated feasibility and commercial viability.  Various concepts will also be provided, which will be appropriate for Air Force use.


The Phase I effort was aimed at evaluation of SMES use for Air Force applications taking into consideration different operating constraints and requirements.  Specifically, the technical objectives were:


(1)
Definition of the energy storage needs of different Air Force units.


(2)
Determination of the appropriate size SMES unit for each application.


(3)
Definition of the appropriate configuration of SMES units for the different applications. 


(4)
Optimization of each SMES unit for minimum weight, high efficiency and low cost.


(5)
Provision of a conceptual design for a given size unit based on the specified stored energy as provided by the Air Force.


(6)
Delivery of a concept of operation to include details on suggested design, component specifications, and estimated cost and payback for a 1 MW system. 


(7)
Assessment of the feasibility of SMES use to meet Air Force stored electricity requirements.


(8)
Recommendation of followup work for design, prototyping, construction, and demonstration to validate the SMES configuration most compatible with Air Force requirements.


In Phase II, Technology International Incorporated (TII) will validate the concept, developed in Phase I, through prototype construction and test of components, which have not been tested or demonstrated before.   The effort will be also directed at detailing the suggested design, providing component specifications, and estimating cost and payback for 1 MW system.  Phase III will transition to a manufacturing agency.

PRIVATE 
B.
BACKGROUNDtc  \l 2 "B.
BACKGROUND"

Future U.S. Air Force 21 concepts envision highly mobile, rapidly deployable combat high power density sources quickly responding to dynamic battle field situations.  The discovery of High Temperature SuperConducting (HTSC) materials renewed interest of using SMES systems preferably operating at temperature near the boiling point of liquid nitrogen.  Such SMES units could replace other energy storage systems, e.g. batteries, and could be issued for C3I items.  As high current density HTSC materials become available, support facilities using simple air liquefiers and any power supply could be available to charge SMES units.  Low temperature superconductors (LTSC) can be used for stationary systems and the use of liquid helium will be logistically permissible.  The use of stored electricity is minimal in today's Air Force, due to low ac/dc conversion efficiencies, and high power loss during dc storage, high cost, and high density per kW.  With an overall efficiency approaching 94 percent, SMES has the potential to meet Air Force power storage requirements.


The benefits and the suitability of SMES units specifically for Air Force applications are numerous providing that concepts compatible with each or most applications can be developed and validated through prototype construction and test for eventual transition to a manufacturing agency.


SMES units could be one of the major components in mobile air base energy systems.  A SMES unit can be used as a power supply and can be sized for transportation. e.g., in a C-5 plane and designed to be operational within three days of deployment.  A typical 2000 man Air Force-unit would require about 3 MW of average power.  The SMES would be used to help provide station-keeping energy storage power 24 hours per day on a continuous basis.  Smaller units can be also used for other mobile Air Force base applications.


Applications of the product developed under this program are numerous, in future Air Force operations, of a high ac/dc conversion efficiencies, minimal power loss during dc storage, relatively low cost, and low density per kW.  A system of the type produced by the program will have wide range of applications in all Department of Defense (DOD) components, the aviation, aerospace, processing industry as well as other commercial applications in low to medium demand on energy storage. 

PRIVATE 
C.
SCOPE/APPROACHtc  \l 2 "C.
SCOPE/APPROACH"
PRIVATE 

1.
Scopetc  \l 3 "
1.
Scope"


In this report, we provide two means of extracting power from SMES systems.  The first method is the conventional Graetz bridge circuit shown in Figure 1a which is used to convert dc into 3 phase ac.  The second method is a new concept to convert dc into dc (Figure 1b) with the flexibility of controlling the load voltage and current.  This concept will be covered in more details as it meets the requirements of using SMES systems as mobile high power density units.

Figure PRIVATE 
1a.Three Phase Graetz Bridge for dc/ac Conversiontc  \f O  \l 9 "1a.Three Phase Graetz Bridge for dc/ac Conversion".

Figure PRIVATE 
1b.High Efficiency dc/dc Converter.tc  \f O  \l 9 "1b.High Efficiency dc/dc Converter."
PRIVATE 

2.
Approachtc  \l 3 "
2.
Approach"


In both of the cases considered here, the power constraint on SMES side is governed by,
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The least current is determined based on the required maximum power since the Vmax for the cooling cryogen and is a conservative fraction of the breakdown voltage of the cryogenic fluid.  Imin is often taken as _Imax.  The use of another storage element such as the capacitor shown in Figure 1b can decouple the load power requirements from the voltage constraint on SMES given by Equation (1) above.  This allows us to extract higher power density pulses.



We may summarize the Air Force Applications requirements as:


1)
Storage of energy for long time with minimum loss,


2)
ac or dc output power, and


3)
Power output at rates from high power pulses to low rate standby power.

PRIVATE 
D.
REPORT OUTLINEtc  \l 2 "D.
REPORT OUTLINE"

The report is organized according to the statement of work of Phase I.  Each Section discusses and presents the results of the corresponding task.  The tasks are:


(Task 1:  Requirements and Specifications (SECTION II).


(Task 2:  Configuration and Optimization Studies (SECTION III).


(Task 3:  Conductor Studies (SECTION IV).


(Task 4:  Structure Studies (SECTION V).


(Task 5:  Magnet Charge and Discharge (SECTION VI).


(Task 6:  Magnet Protection and Task 7: Safety Analysis (SECTION VII).


(Task 8:  Baseline Design (SECTION VIII).


The conclusions drawn from the presentation of Sections I through VIII were summarized in Section IX.  Task 9 "Development of Phase II Plan" was addressed in the recommendations provided in Section X.


The quality factors of the SMES shape are discussed in Appendix A which presents structure requirements for magnetic energy storage devices.  A newly developed uniform field was developed and is discussed in Appendix B.  The great promise of this field in construction of SMES of interest to the Air Force would deserve consideration; however, SBIR budget constraints would prohibit prototyping and testing of such device.  Appendix C provides a detailed description of the dc/dc converter proposed for demonstration in Phase II as a component in the SMES. 


PRIVATE 
SECTION IItc  \l 1 "SECTION II"

REQUIREMENTS AND SPECIFICATIONS

PRIVATE 
A.
SPECIFICATIONStc  \l 2 "A.
SPECIFICATIONS"

The general specifications of the baseline SMES unit, to be fitted in 5 m diameter by    5 m long volume, are summarized in Table 1.

TABLE PRIVATE 
1.
BASELINE SMES UNIT SPECIFICATIONStc  \f P  \l 9 "1.
BASELINE SMES UNIT SPECIFICATIONS"
	PRIVATE 

PARAMETER
	
UNITS
	
VALUES

	Energy stored
	
kWh
	
100.0

	Maximum power
	
MW
	
1.0

	Maximum Field
	
T
	
10.0

	Operating Temperature
	
K
	
4.2-4.3



In addition to the above general specifications, mobile airborne SMES units for Air Force applications should be designed for:


(1)
High efficiency.


(2)
Light-weight components and supporting systems, including the conductor, the structure, the containment vessels and all auxiliary systems.


(3)
Flexible outputs.


(4)
Low heat leak.


(5)
Tolerance for dynamic loading during take off, landing, or emergency maneuvers.


Internally cooled conductors and high strength aluminum alloy structure are used.  Designs using high strength aluminum or composite materials as structure are preferred since the specific strength is very high compared to most metallic structures, see Table 2.


It may be advantageous to transport the magnet system cold with or without an on-board refrigerator.  One option would use a liquid cryogen supply on board.  The heat leak must be absolutely minimum.  It is best to have a small magnet stack, low thermal conductivity supports, and multi-layer superinsulation. 


 Refrigerators are needed on site and possibly on board.  The magnet cold support system accommodates dynamic loading at the expense of more struts and long-term additional heat-leak.  Dynamic loading for conventional magnets does not usually exceed 3g during ground transport.


The Air Force SMES units have unique requirements in terms of weight, dynamic loading, and stray field as well as other factors.  We have assumed that the available cargo space for a SMES unit is a cylindrical space having 5 m diameter and 5 meter long.  We assumed that the operating magnetic field is 10 tesla to maximize the stored magnetic energy.  This requires the use of Nb3Sn.  Lower fields were considered for comparison.


The 100 kWh SMES base line design has the following considerations and requirements.

PRIVATE 
B.
REQUIREMENTStc  \l 2 "B.
REQUIREMENTS"
PRIVATE 

1.
Stored Energytc  \l 3 "
1.
Stored Energy"


The SMES unit weight, a critical design parameter, is proportional to the stored energy.  The frequency of charge and discharge is one of the primary factors in determining the appropriate stored energy of the system.  A small size SMES unit is required as the charge/discharge frequency increases since the unit is used for shorter duration.  We have selected 100 kWh as a baseline value for the energy stored.

TABLE PRIVATE 
2.STRUCTURE MATERIAL PROPERTIEStc  \f P  \l 9 "2.STRUCTURE MATERIAL PROPERTIES"
	PRIVATE 


Material
	
Density


kg/m3
	
Ultimate


Tensile


Strength


MPa
	
Ultimate


Compressive


Strength


MPa
	
Elastic


Modulus


GPa
	
Tensile


Specific


Strengtha

J/gm
	
Compressive


Specific


Strengtha

J/gm
	
Specific


Stiffnessb

kJ/g

	Composites (20K)

	Glass epoxy
	
1,965
	
2,000
	
1,500
	
65
	
1,018
	
763
	
33

	Spectra 1000 epoxyc
	
1,087
	
1,044
	
--
	
127
	
960
	
--
	
117

	High Strength graphite epoxy
	
1,467
	
1,300
	
1,100
	
110
	
886
	
750
	
75

	Boron epoxy
	
1,993
	
1,700
	
3,600
	
230
	
853
	
1,806
	
115

	Kevlar epoxy
	
1,356
	
1,150
	
350
	
100
	
848
	
258
	
74

	High Modulus graphite epoxy
	
1,467
	
700
	
700
	
330
	
477
	
477
	
225

	Boron aluminum
	
2,768
	
1,600
	
3,200
	
225
	
578
	
1,156
	
81

	G10-CR fiberglass epoxy
	
1,850
	
870
	
800
	
35
	
470
	
432
	
19

	Metalsc

	Beryllium sheet & plate
	
1,840
	
1,035
	
--
	
293
	
563
	
563
	
159

	A1 7011-T6
	
2,778
	
518
	
--
	
71
	
186
	
186
	
26

	Stainless steel 304L
	
7,760
	
1,311
	
--
	
200
	
169
	
169
	
26


a specific stiffness = elastic modulus/density, b specific strength = ultimate stress/density, c 300 K

PRIVATE 

2.
Power Requirementstc  \l 3 "
2.
Power Requirements"


The load power requirements need to be defined to characterize the system operation.  High power operation may result in generating excessive ac losses within the windings.  Cable-In-Conduit-Conductors (CICC) will have very small ac loss at 10 MW which we have selected as our power level base line design.

PRIVATE 

3.
Magnet Currenttc  \l 3 "
3.
Magnet Current"


The magnet current determines the highest power which can be delivered to the load on steady state bases.  The maximum allowable voltage is limited to the cryogen break down voltage for bath cooled conductors.  High voltage operation can be achieved using CICC.  Power conditioning circuits such as the circuit shown in Figure 1b can be employed to supply load currents higher than the magnet current.  We have selected a 10 kA as a base line magnet current.

PRIVATE 

4.
Magnet Voltagetc  \l 3 "
4.
Magnet Voltage"


The maximum voltage within the magnet is limited to the break down voltage of the cooling cryogen for bath cooled conductors.  Using CICC permits high voltage operation.  The maximum voltage occurs during a quench and should not exceed 10 kV.  The normal charge/discharge voltage will be less than 100 volt.

PRIVATE 

5.
Efficiencytc  \l 3 "
5.
Efficiency"


System efficiency is an important factor in the design.  Both thermal and electrical losses have been considered.  Thermal losses include heat leak through supports, through current leads, and through super insulations.  Electrical losses include ac losses, power conditioning losses, current lead losses, and switching losses.  The baseline design input output efficiency is more than 95%.  The thermal losses will depend on operation and will be discussed later.

PRIVATE 

6.
Magnet Spacetc  \l 3 "
6.
Magnet Space"


The space available for the SMES unit within the airplane cargo has been specified to be 5 m length and 5 m diameter.

PRIVATE 

7.
SMES Unit Allowable Weighttc  \l 3 "
7.
SMES Unit Allowable Weight"


The overall system weight includes magnet, refrigerator, power supply, protection, and all other auxiliary systems.

PRIVATE 

8.
Dynamic Loadingtc  \l 3 "
8.
Dynamic Loading"


Dynamic loading during take off, cruising and landing are used to determine the size of the support.  This will also have an impact on system thermal load.

PRIVATE 

9.
Structure Requirementstc  \l 3 "
9.
Structure Requirements"


Since the support mass of large SMES units represent most of its weight, we present the Structure requirements for SMES coils as calculated from the virial theorem, 
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where


Mt = amount of structure (mass) in tension


MC = conductor mass


ρ = density


E = stored energy


σ = allowable stress.

Thus, the structure mass, Mst, is
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where


Mst = structure mass


Qc = compressive quality factor


ρst = structure density


σst = average design stress

The compressive quality factor, Qc ranges between 0 and 1 depending on configuration, Qc = 0 for all structure in tension and none in compression.  Equation (3) shows that to minimize structural mass, Qc must be as small as possible leaving the theoretical minimum mass requirement (Qc = 0) as:
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Any attempt to use structural mass less than that shown in Equation (4) is a violation of the laws of nature.  The conductor mass MC is related to the energy E and the field B as:
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where


ρc = conductor mass density


Qis = ampere-meter quality factor


B = a reference magnetic field


J = conductor current density.  

The ampere-meter quality factor, Qis ranges between 600 and 1200 depending on configuration and shape.



Weight optimization is based on total system weight including dewars, power supply and refrigerator.



It is important to emphasize that force free magnetic energy storage is not possible and the amount of structure required to support the magnetic forces is given by the virial theorem as stated in Equation (2).  Our approach is to define quality factors which relate the amount of structure, surface area, conductor length and other physical quantities to the stored magnetic energy and magnetic field.  Several of these quality factors are given below.



The structure mass in compression, Mc, is expressed in terms of the quality factor, Qc(β) as a function of β only, as
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where β is given for solenoids by
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and for simple torus
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The structure mass is then given by
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PRIVATE 

10.
Conductor Requirementstc  \l 3 "
10.
Conductor Requirements"


The ampere-meter (conductor length), IS needed to calculate the conductor mass is expressed as
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where


IS = ampere-meter


BM = magnetic field

PRIVATE 

11.
Vessel Requirementstc  \l 3 "
11.
Vessel Requirements"


The weight of the cryogenic and the vacuum vessel is function of its surface area and dimensions.  The surface area, A is:
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where


A = surface area 


Qa = surface area quality factor.



The solenoid radius or torus outside radius, R is given by:
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where


R = solenoid radius or torus outside radius


G = quality factor related to radius.

PRIVATE 
C.
MEETING REQUIREMENTStc  \l 2 "C.
MEETING REQUIREMENTS"

As shown in the above equations, there is a need to optimize the SMES configuration as function of its aspect ratio and geometry (solenoid ar toroid).  However, the higher the field, the more compact a SMES unit is, but we are practically limited to about 8 T for using NbTi wires and 10 T for using NbSn wires at 4.2 K.  We have selected NbSn at 10 T maximum field as our base line value.


PRIVATE 
SECTION IIItc  \l 1 "SECTION III"

CONFIGURATION


The SMES unit configuration is optimum in terms of weight since mobility is one of the prime factors in the design.  The SMES consists of:


(1)
The structure required to support magnetic forces,


(2)
The SMES conductor, and


(3)
Auxiliary systems such as containment dewars, protection system, charging power supply and refrigerator.


Several configurations were considered, including several types of toroids,



(C, circular



(Constant tension D-shaped with a buckling cylinder



(CD constant tension



(Thin D-shape (TD) elongated torus



(
A new uniform field torus.

Shapes of the above configurations are shown in Figures 2.  In Figure 2a. for the constant tension CD-toroid,


Ri = inner radius


Rm = mean radius


Ro = outer radius.

Figure PRIVATE 
2a.Simple D-Shaped Toroid Magnet.tc  \f O  \l 9 "2a.Simple D-Shaped Toroid Magnet."
Figure PRIVATE 
2b.Simple C-Shaped Toroid Magnet.tc  \f O  \l 9 "2b.Simple C-Shaped Toroid Magnet."
Figure PRIVATE 
2c.Thin D-Shape (TD-Shape) Toroid Magnet.tc  \f O  \l 9 "2c.Thin D-Shape (TD-Shape) Toroid Magnet."
Figure PRIVATE 
2d.A Module of Newly Developed Uniform Magnetic Field Toroid (see appendix B for detail)tc  \f O  \l 9 "2d.A Module of Newly Developed Uniform Magnetic Field Toroid (see appendix B for detail)".

Figure 2d.A Module of Newly Developed Uniform Magnetic Field Toroid (Concluded).


The solenoids configurations, include:



( 
Single solenoid



(Multiple solenoids with opposing current densities.

Shapes of these configurations are shown in Figures 3 for the solenoids.

Figure PRIVATE 
3a.Double Solenoid Concept with Opposing Current Density for External Field Cancellation.tc  \f O  \l 9 "3a.Double Solenoid Concept with Opposing Current Density for External Field Cancellation."
Figure PRIVATE 
3b.Multi Solenoid Arrangement with Opposing Current Density for External Field Cancellation.tc  \f O  \l 9 "3b.Multi Solenoid Arrangement with Opposing Current Density for External Field Cancellation."

The quality factors as defined in structure, conductor and vessel requirements above are needed to help us estimate the structure, conductor, and vessel weight.  These factors are shown in Figures 4 and 5 for the simple toroidal and solenoidal geometries.

Figure PRIVATE 
4a.D-Shape Qis Quality Factor.tc  \f O  \l 9 "4a.D-Shape Qis Quality Factor."
Figure PRIVATE 
4b.D-Shape G Quality Factor.tc  \f O  \l 9 "4b.D-Shape G Quality Factor."
Figure PRIVATE 
4c.D-Shape Qa Quality Factor.tc  \f O  \l 9 "4c.D-Shape Qa Quality Factor."
Figure PRIVATE 
4d.D-shape Qc quality factor.tc  \f O  \l 9 "4d.D-shape Qc quality factor."
Figure PRIVATE 
5a.Solenoid Qis Quality Factor.tc  \f O  \l 9 "5a.Solenoid Qis Quality Factor."
Figure PRIVATE 
5b.Solenoid Qa Quality Factor.tc  \f O  \l 9 "5b.Solenoid Qa Quality Factor."
Figure PRIVATE 
5c.
Solenoid Qc Quality Factor.tc  \f O  \l 9 "5c.
Solenoid Qc Quality Factor."
PRIVATE 
A.
TOROIDAL SMEStc  \l 2 "A.
TOROIDAL SMES"

The advantage of toroids are the extremely low stray field and the disadvantage is that they require twice as much conductor as the single optimized solenoid.  The most favorable configuration among different toroid shapes is the Thin-D shaped toroid shown in Figure 2c.  It is flexible in height/width ratio so it can fit any volume constraint.  The quality factors of this shape are listed in Table 3 as function of α and β, where
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TABLE PRIVATE 
3a.Qis QUALITY FACTOR FOR TD-SHAPE TOROID.tc  \f P  \l 9 "3a.Qis QUALITY FACTOR FOR TD-SHAPE TOROID."
TABLE PRIVATE 
3b.G QUALITY FACTOR FOR TD-SHAPE TOROID.tc  \f P  \l 9 "3b.G QUALITY FACTOR FOR TD-SHAPE TOROID."
TABLE PRIVATE 
3c.Qa QUALITY FACTOR FOR TD-SHAPE TOROID.tc  \f P  \l 9 "3c.Qa QUALITY FACTOR FOR TD-SHAPE TOROID."

The quality factors are discussed in some more details in Appendix A.  A newly developed uniform field but will require more structure is discussed in Appendix B of this report.  This concept will not be used as a baseline design because of the limited time of the scope of this study.


Considering all constraints for a specific application, SMES units can be optimized for maximum specific stored energy per unit mass.  Assuming that SMES unit(s) can be designed to fit within the cargo space of a C-5 plane, the cargo space might contain three or more toroidal magnet systems in one or more dewars but it is always advantageous to have one T-D shape toroid instead of several small ones.  High specific energy designs (>10 J/gm) are possible using Beryllium or composite materials as a structure.  Such materials require further development and should be available in the future.  The bore diameter of the torus depends on the allowed maximum field.  A smaller diameter is possible for higher fields.  The highest magnetic field provides the most efficient stored energy per unit volume of available space.  This is particularly attractive up to the size and weight capacity in C-5 planes.  The T-D shape toroid will be one of our baseline options.

PRIVATE 
B.
SOLENOIDStc  \l 2 "B.
SOLENOIDS"

In the solenoidal configurations, the stray magnetic field can be reduced by arranging the solenoids as shown in Figure 3.  Such system, though will have slightly higher stray field than toroids, will be considered as one of our base line design because of its simplicity, light weight, and ease of fabrications.  The stray field of the double solenoid shown in Figure 3 drops as 1/r4 and should vanish quickly.


PRIVATE 
SECTION IVtc  \l 1 "SECTION IV"

CONDUCTOR STUDIES


The conductor studies include conductor current level, stability and cooling as well as conductor ac losses.  Both cable-in conduit and composite conductors were considered and compared. As will be discussed later in the power conditioning system higher current conductors can be used if the circuit shown in Figure 1b is used to step down the current resulting in lower lead losses.


Different conductor designs has been compared as a part of a trade off study.  The cable-in-conduit conductor is the preferred choice because of the higher stability margin, low ac losses, the no need for helium vessel, and compactness. Because the conductors carry large currents (5 - 20 kA),the lead loss will be high unless we use the converter circuit mentioned above.  High strength aluminum is used as a conduit instead of stainless steel resulting in a light weight SMES.


For a mobile system, it is advantageous to avoid having a dewar so that the windings are self contained.  This limits the conductor choices to:


(1)
Indirectly cooled monolithic conductor, or


(2)
High current CICC.

Two conductors are shown in Figure 6.  The superconducting strands and few cooling channels are cabled together and the cable is then cladded with aluminum.  The cladding process has been used by several manufacturers.  The cooling tubes is replaced by a cooling channel.


Either using a 2000 A indirectly cooled conductor and the Graetz bridge of Figure 1a or 10000 A cable in conductor using the converter circuit of Figure 1b satisfies the charge, discharge, and the internal voltage requirements.

Figure PRIVATE 
6a.Indirectly cooled conductor concept.tc  \f O  \l 9 "6a.Indirectly cooled conductor concept."
Figure PRIVATE 
6b.Cable in conduit conductor concept.tc  \f O  \l 9 "6b.Cable in conduit conductor concept."

We will limit our choice for the base line design to the 10000 A cable in conduit choice because of its large stability margin.


PRIVATE 
SECTION Vtc  \l 1 "SECTION V"

STRUCTURE


The structure mass required for SMES depends on the type of structure loading.  Appendix A of this report is a summary for structural analysis needed for SMES coils in particular, the T-D shape toroid and the biaxially supported solenoid.  Having biaxial loading within the structure reduces the mass of structure required in tension by 50 percent.  We are able to incorporate this feature in the structural design of the solenoidal configuration.  Composite materials are specifically appropriate to reduce ac losses if magnet fast discharge is required.  We have selected 7039-T6 aluminum alloy with maximum tensile stress of 476 MP and yield stress of 431 MP as our choice for structural material.


PRIVATE 
SECTION VItc  \l 1 "SECTION VI"

MAGNET CHARGE AND DISCHARGE


Several discharge schemes utilizing several electrical circuitry arrangements are available to use the SMES as a constant voltage power supply.  The electric circuits used for SMES discharge must produce a constant load voltage over a range of SMES coil currents from full charge to minimum charge conditions.  The SMES is essentially a constant current device and the electrical circuits must act as a high current low voltage to a low current high voltage converter.


SMES coils can use either dc/ac converter to change from dc to ac or dc/dc converters to convert from dc to dc.  The well known Graetz bridges shown in Figure 1a are used for dc to ac conversion.  For dc to dc conversion, the chopper circuit, Figure 7, is among the circuits which have been widely used before.  It consists of few elements and is simple to construct and analyze.  The chopper circuit operates to hold the capacitor voltage constant except for a small high frequency ripple voltage.  With the SMES shorting switch open, the SMES current supplies the load as well as charge the capacitor C to a higher voltage which linearly increases with time.  As the capacitor voltage reaches its higher limit, the switch is closed shorting the SMES coil, the diode blocks, and the capacitor begins to discharge exponentially through the load supplying the load full current.  To maintain a constant output voltage, if desired, requires controlling the time of opening and closing the switch.  The charging time period is a function of the capacitor size, the magnitude of the load current, the magnitude of the ripple voltage desired, and the available SMES current.  As the SMES current decreases during discharge, the capacitor charging time must increase, so the switching frequency must reduce.


It may be pointed out that the shorting switch carries the full SMES current and the type of the appropriate switch to use will depend on frequency.  The use of small capacitor will result in high frequency operation and low frequency operation requires the use of very large capacitor.

Figure PRIVATE 
7.Chopper charging circuit.tc  \f O  \l 9 "7.Chopper charging circuit."

In Appendix C we discuss a newly developed dc/dc converter (shown in Figure 1b) that has the advantage of using slow mechanical switches, very high efficiency and highly flexible in tailoring the output voltage and current to the user needs. The converter as explained in details in Appendix C has very simple elements and significantly outperform the chopper circuit shown in Figure 7.  We will use this circuit as our baseline design for a mobile energy storage system.


PRIVATE 
SECTION VIItc  \l 1 "SECTION VII"

MAGNET PROTECTION AND SAFETY


Two magnet protection schemes has been compared.  The first scheme involves external air, oil, or water cooled dump resistors, which are used for magnets with low "normal-state" resistance.  Practical overall magnet current densities are about 10 to 20 kA/cm2, as based on our previous studies.  The dump resistor method is used for many magnets and requires minimum research and development efforts.  A self protection scheme for high current density coils uses self-supported conductors shunted by an electrical conducting structure.  The structure near a "quenched turn" will thus rise in temperature to absorb heat and spread the normal zone to heat up adjacent conductors.  This triggers the coil to the normal state (non-superconducting) for a safe discharge and more even temperature rise.  Magnet safety during flight is considered in the form of providing enough relief valves to provide the necessary venting in case of cryogen evaporation due to an unexpected quench.


 We have selected an air cooled light weight dump resistor concept for the baseline design. It is very light compared to the magnet weight, reliable and safe.


PRIVATE 
SECTION VIIItc  \l 1 "SECTION VIII"

BASELINE DESIGN

PRIVATE 
A.
SPECIFICATIONStc  \l 2 "A.
SPECIFICATIONS"

We have selected two simple configurations for our baseline design.  They are a thin D-shape toroid (Figure 2c) and the double solenoid with opposite current circulation (Figure 3a).  In both cases, the energy stored is 100 kWh (360 MJ) and the power is 1 MW.  The maximum winding design field is 10 T and the operating temperature is 4.2 K.  Our choice for conductor is 10 kA NbSn CICC and the operating discharge voltage is 50 volts.  Table 4 summarizes the dimensions of both configurations.

TABLE PRIVATE 
4a.
SPECIFICATIONS OF THE T-D SHAPE 360 MJ DESIGNtc  \f P  \l 9 "4a.
SPECIFICATIONS OF THE T-D SHAPE 360 MJ DESIGN"
	PRIVATE 

PARAMETER
	
UNITS
	
VALUE

	Inner radius
	
m
	
0.60

	Outer radius
	
m
	
1.80

	Straight section height
	
m
	
2.13

	Total height
	
m
	
4.00

	Inductance
	
H
	
7.20

	No of turns
	
	
3000

	Winding thickness
	
cm
	
34.50

	Number of modules
	
	
8

	Total conductor length
	
km
	
27.40

	Total conductor weight
	
ton
	
40.00

	Bucking cylinder weight
	
ton
	
1.00

	Vacuum vessel weight
	
ton
	
2.00

	Total estimated weight
	
ton
	
43.00


TABLE PRIVATE 
4b.SPECIFICATIONS OF THE DOUBLE SOLENOID 360 MJ DESIGNtc  \f P  \l 9 "4b.SPECIFICATIONS OF THE DOUBLE SOLENOID 360 MJ DESIGN"
	PRIVATE 

	
	

	Inner Radius
	
m
	
0.53

	Outer Radius
	
m
	
0.875

	Total Height
	
m
	
3.42

	Inductance
	
H
	
7.20

	No of Turns/solenoid
	

	
3000

	Winding Thickness
	
cm
	
34.5

	Number of modules
	
	
2

	Total conductor length
	
km
	
20.0

	Total conductor weight
	
ton
	
30.0

	Vacuum vessel weight
	
ton
	
4.00

	Total estimated weight
	
ton
	
34.00


PRIVATE 
B.
CONDUCTOR DESIGN AND STABILITYtc  \l 2 "B.
CONDUCTOR DESIGN AND STABILITY"

The conductor cross section of the cable in conduit (CIC) conductor is 2.0 cm x 2.0 cm conduit outer dimensions.  The conduit thickness is 2.0 mm thick and made out of high strength aluminum.  It contains supercritical helium at 3 atm.  The cable has 40% helium porosity.  The copper/NbSn cross-section is 0.6 cm2 with a copper ratio of about 60%.  The conductor has a copper current density equal to 10.8 kA/cm2, which translates into 3.7 W/cm of heating if all strands go normal however the strands are in good contact with the helium over large surface area which provide a very large margin of stability.  The outside of the conduit is fully insulated providing winding of excellent electrical and structural integrity.  Stability against fast transient is excellent in this kind of conductors.  The current carrying capability of the NbSn conductors at 4.2 K and 10 T field can be as high as 4.3E9 A/m2. At 10 kA conductor, this requires a NbSn cross section area of only 2.3 mm2.  We plan to have NbSn cross sectional area which is several times that.  This will add to the stability of this conductor.

PRIVATE 
C.
PROTECTIONtc  \l 2 "C.
PROTECTION"

The coil is protected by a light weight air cooled high temperature stainless steel dump resistor operating at maximum discharge voltage of 10 kV.  The weight of this dump resistor is estimated to be 100 kg.

PRIVATE 
D.
POWER CONDITIONINGtc  \l 2 "D.
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The circuits of choice for power transfer is:


(1)
The Graetz bridge shown in Figure 1a in case of ac output is desired.


(2)
The dc/dc converter shown in Figure 1b and discussed in detail in Appendix B of this report in case a dc output is desired.  We believe that such circuit can add to the benefits of using SMES units in such applications.


PRIVATE 
E.
THERMAL LOADStc  \l 2 "E.
THERMAL LOADS"

During stand by operation, the major heat loads to the cryogenic system are:


(1)
thermal radiation,


(2)
heat conduction through support struts, and


(3)
ac and joint losses.

Both one and two can be minimized by using heat intercepts at 77 K.  ac loss are very small for cable in conduit conductor.  Joint losses are also small and can be neglected.


Figure 8a shows the refrigeration energy, ER as percentage of delivered energy, ED for different daily use frequencies, nf without the lead loss included as it is assumed that the lead is connected only during the short charge time.  Figure 8b shows the loss including 1 kA lead coming from the secondary of the charging circuit of Figure 1b.  As shown the use of the SMES coil more frequently every day reduce the thermal load compared to the energy stored.  The study of thermal loads covers energy sizes ranging from 10 to 1000 kWh.

Figure PRIVATE 
8a.Refrigeration power of 4.2 SMES as percentage of delivered energy for different daily use frequencies, lead loss is not included.tc  \f O  \l 9 "8a.Refrigeration power of 4.2 SMES as percentage of delivered energy for different daily use frequencies, lead loss is not included."
Figure PRIVATE 
8b.Refrigeration energy of 4.2 SMES as percentage of delivered energy for different daily use frequencies, a 1000 A lead loss is included.tc  \f O  \l 9 "8b.Refrigeration energy of 4.2 SMES as percentage of delivered energy for different daily use frequencies, a 1000 A lead loss is included."

PRIVATE 
SECTION IXtc  \l 1 "SECTION IX"

CONCLUSIONS


The specific objectives of Phase I of this program have been met.  The outcome of the effort results in providing the bases for the R&D to be carried in Phase II and beyond.  Some of the important conclusions of the Phase I effort are:


(1)
The technology for construction of LTSC do exist for:



(energy density 10-20 J/gm



(power 20-100 W/kg.



This makes the realization of the SMES more practical for Air Force applications.


(2)
The CICC is the best choice for SMES application since there is no need for a helium vessel and CICC has good stability margin.  The large current (5 - 20 kA) reduces quench voltage.


(3)
Thermal losses can be justified if the energy in the coil is cycled.  Cycling at 100 kWh is more than 10 times per day (see Figures 8a & 8b).


(4)
External field can be minimized or eliminated if multiple solenoid with opposing current density or toroid design is used.


(5)
Power conditioning circuit for converting dc to ac exists and is widely used, for example in dc transmission lines and Uninterruptible Power Supply (UPS).


(6)
A new concept for dc-dc conversion has been developed providing high efficiency and power transfer controllability.  However, a proof of principle or a prototype need to be demonstrated.


Basically, SMES systems of sizes and characteristics that meet Air Force requirements (a 1 MW SMES system with an overall efficiency approaching 95 percent) can be readily constructed with present day technology.  The system will have relatively low power loss during dc storage, low cost, and low density per kW.  Considering ac/dc conversion efficiencies, the new converter proposed in Appendix C would assure attaining the appropriate efficiency.  In fact, dc-ac conversion can use more innovative ideas to improve switching performance efficiency.


PRIVATE 
SECTION Xtc  \l 1 "SECTION X"

RECOMMENDATIONS


Based on the conclusions of Section IX, various recommendations are in order:


(1)
Demonstrating the dc-dc converter concept will be invaluable.  The possibility to step up or down the load current at different load voltage enhances SMES usage in some Air Force applications.  This is because mechanical switches are cheaper.


(2)
Components need to be developed and tested together for room temperature (iron core, 25-30 K) or cryogenic temperature (air core, 100 K cryotransformer, using low loss wire, and copper/nickel instead of copper).


(3)
Simulation with real load and real coil would provide information for optimal design.


(4)
Based on the outcome of the simulation we will refine the design, estimate efficiency, verify specifications of detailed design, batteries, instrumentation, A, and V.


(5)
A conceptual engineering design is necessary for production of detailed engineering design for manufacturing.


Further development of the uniform magnetic field toroids should also continue in terms of design refinement and simulation studies.   Design, construction and testing of a prototype for validation of the results of R&D would be appropriate for Phase III.  Limitations on the SBIR funds for Phase II will not allow for experimental studies on the overall system.  Participation of manufacturing agency or the commercial sector would make demonstration of such new concept possible.


Among the several components we addressed in Phase I, we propose that in Phase II we concentrate more on power conditioning.  In particular we would like to construct a circuit based on the new concept for dc/dc converter to demonstrate its efficiency and power controllability when it is used to discharge.
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A.
THE VIRIAL THEOREMtc  \l 2 "A.
THE VIRIAL THEOREM"

Examining simple forms of potential energy storage such as gravitational, magnetic, or electric, one finds it is impossible to configure a form of energy storage that is self-supported and free from stresses.  In the case of magnetic energy storage, current carrying conductors will always have magnetic forces that needs structure to support it.  Parker
 and Levy
, using the maxwell stress tensor, and Eyssa and Boom
, using the virtual work method, show that for magnetic energy storage systems supported by structure carrying uniaxial stresses there is a need for one structure mass is in tension, M​t and another mass is in compression, Mc:
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where
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Here,


Mc = structure mass in compression 


ρ = structure density


σ = working uniaxial stress


Ε = energy stored


Qc = a shape factor


M​t = structure mass in tension

The shape factor, Qc depends on the magnet storage configuration and its aspect ratio, β.  Very short solenoids (low aspect ratio, β = height/diameter << 1) and high aspect ratio toroids (outer radius/inner radius >> 1) have small Qc values and require less structure, but usually on the expense of more conductor length.  This subject was covered in details elsewhere
,
,
.  It can be shown3 that for a thin wall magnet defined by an aspect ratio β and major radius, R, the inductance, L is3
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and, the Qc structure factor is related to the function
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Here, we discuss the structure requirements of some SMES configurations that can be used for small or large energy storage configurations.

PRIVATE 
B.
THIN D-SHAPED (TD SHAPE) TORUStc  \l 2 "B.
THIN D-SHAPED (TD SHAPE) TORUS"

The thin D-shaped toroid shown in Figure A-1 has been recently introduced at the University of Wisconsin for small SMES applications6,
,
.  This shape approaches the known constant tension D-shaped coils used in TOKOMAK magnetic fusion devices when the straight length Hs is removed.  This extra length is added to optimize a module design constrained by transportation limits where the allowed length, Ht can be several times the allowed width, Ro - Ri.  The structure of this toroidal storage magnet consists of several parts:

Figure PRIVATE 
A-1.Thin D-shaped (TD-Shape) Toroidtc  \f O  \l 9 "A-1.Thin D-shaped (TD-Shape) Toroid"

(1)
The bucking cylinder, which is the structure under compression, has three compressive cylinders.  The top and the bottom masses, Mc(D) are supporting the D section net inward compressive force while the middle section, structure mass, Mc(S) is supporting the straight section, HS net compressive force.  They are related to the energy stored ED and ES in both sections (Etotal = ED + ES) as in Equation (A-1) where
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and
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I0(k) and I1(k) are modified Bessel functions8.


(2)
The constant tension tensile structure which consists of several masses:



a-the tensile strap structure mass connecting the two straight sections, HS is equal to Qc(S)ρES/σ.



b-the tensile structure mass along the conductor length covering the two straight sections of length Hs each is ρES/σ


c-the rest of the tensile structure mass covering the conductor length of the D part of the coil is [1 + Qc(D)] [ρED/σ].

The tension in the TD coil is related to the maximum field, Bm at the inner leg as
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Figure A-2 shows how the functions Qc(S) and Qc(D) varies with the choice of aspect ratio,   β = Ro/Ri.  The conductor length requirement of this shape has been previously discussed6.

Figure PRIVATE 
A-2.
The structure mass factor Qc vs aspect ratio β = Ro/Ritc  \f O  \l 9 "A-2.
The structure mass factor Qc vs aspect ratio β = Ro/Ri"
PRIVATE 
C.
DISC SUPPORTED SOLENOIDStc  \l 2 "C.
DISC SUPPORTED SOLENOIDS"

Equation (A-2) shows that the virial theorem requires a minimum tensile structure mass of M > ρE/σ.  This equation is for uniaxially stressed structure such as the hoop stresses from a solenoid are supported by a thin cylindrical structure.  A bi-axially stressed structure can reduce the tensile mass requirement by 50 percent.  A perfect example is a solenoid magnet supported by hoop tension in a cylindrical or ring structure versus by disc type bi-axial structure in the core.


The ring structure is uniaxially stressed and requires a structure mass of
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where


F = the radial magnetic force per unit (circumferential) length of the solenoid


R = the radius.

Discs support the magnetic force through hoop stress σφ, and radial stress, σr,



σr = σφ = F/Δ,

where


Δ = the (total) thickness of the disc(s)


σφ = hoop stress


σr = radial stress.

Equating the Von Mises effective stress to the working stress, we obtain



Δ = F/σ.

The mass of the discs is half of the mass of ring structure.
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Since the disc structure is in the high field region, it should be nonmetallic to eliminate eddy current losses.  Figure A-3 shows a disc support concept for solenoids.

Figure PRIVATE 
A-3Simple Solenoidal geometry supported by disc structuretc  \f O  \l 9 "A-3Simple Solenoidal geometry supported by disc structure"

Figure A-4 shows the structure factor Qt for hollow discs as function of the inner radius a.

Figure PRIVATE 
A-4.
Structure factor Qt for hollow discs as function of the radii ratio b/a.tc  \f O  \l 9 "A-4.
Structure factor Qt for hollow discs as function of the radii ratio b/a."
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Consider the rectangular cross section torus shown in Figure B-1.  The magnetic field, B at a point r is given by
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where


Is = surface current or current at which BM is reached


I(r) = interior current distribution required to have uniform magnetic field


r = field point location.

The interior current distribution, I(r) is the current flowing between the interior surface current and the surface located at r.


We require that the magnetic field is uniform and is equal to the uniform magnetic field, BM.  This gives
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Figure PRIVATE 
B-1.
Uniform Field Magnetic Torus.tc  \f O  \l 9 "B-1.
Uniform Field Magnetic Torus."
Note that
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Combining Equations (B-2) and (B-3) gives




[image: image29.wmf]).

r

-

}(r

/

B

2

{

 

=

 

I(r)

s

0

M

m

p



seq Equation  \* Arabic  \h
(B-4)

The current density is given by
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which gives
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Note that while I(r) increases with r but J(r) decreases with r.

PRIVATE 
B.
MAGNETIC STORED ENERGY AND INDUCTANCEtc  \l 2 "B.
MAGNETIC STORED ENERGY AND INDUCTANCE"

The magnetic stored energy, E, is given by




[image: image32.wmf]},

2

/

B

)(ab){

r

(2

 

=

 

E

0

2

M

c

m

p



seq Equation  \* Arabic  \h
(B-7)

where


rc = the r location of the rectangle center, see Figure B-1


a = the rectangle width


b = the rectangle height.

The total current It is given by
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Employing the above equations, the stored magnetic energy, E can be expressed in the following form
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Note that 2πrt represents the average length of the torus.  The inductance, L of the uniform magnetic field torus is given by
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where


γ = a/rc

β = b/rc. 

L/rc is shown in Figure B-2 as a function of γ.

Figure PRIVATE 
B-2.Inductance as function of rectangle center location.tc  \f O  \l 9 "B-2.Inductance as function of rectangle center location."
PRIVATE 
C.
STRUCTURAL MASS REQUIREMENTStc  \l 2 "C.
STRUCTURAL MASS REQUIREMENTS"

We will consider two cases:


(1)
Uniaxial structure where vertical and radial magnetic forces are structurally supported separately, and


(2)
The two forces are supported by a single structure which is subject to bi-axial stresses.

PRIVATE 

1.Magnetic Forcestc  \l 3 "
1.Magnetic Forces"


The magnetic forces are first calculated.  The radial magnetic forces per unit length can be divided into three groups:



1)
Forces on the inner surface current, Fr,in,



2)
Forces on rectangle interior current , Fr,b, and



3)
Forces on the outer surface current, Fr,out.

Assuming that Fr,in and Fr,b are radially inward, Fr,out is radially outward.  For toroidal geometries, the condition 
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should be satisfied and the net force is always radially inward requiring a separate structure which will be under compressive forces.



The above three forces per unit length are given by
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and
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where


Is = the inner surface current


I = the current flowing through the torus bore


It = the total current.

It is mentioned above that the net force is radially inward.  The force on the inner surface is divided into two parts.  The force on a fraction, f, is assumed to balance the outward force and the force on the remaining fraction represent the compressive force.  The fraction f is obtained by combining the above equations.  The force balance in this case gives
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and the fraction f is given by
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The force distribution, force per unit length at a given r, is given by
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or
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Magnetic forces are exerted on the top and the bottom surfaces of the torus.  The magnetic force on the top surface is pointing upward and on the bottom surface is pointing downward.  The axial magnetic forces, forces on the top and the bottom surfaces, per unit length at a given r is given by
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The above equation can be reduced to
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Given the radial and the axial magnetic forces, the required structure mass can be determined.


PRIVATE 
2.Uniaxial Structure Requirementstc  \l 3 "2.Uniaxial Structure Requirements"


We assume that the radial and the axial forces are independently supported.  A conceptual design of both supports is shown in Figure B-3.  The structure mass for the axial support is given by
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The above equation is integrated using the force distribution given by Equation (B-19) to give
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Note that there is no need to define a quality factor for the axial structure since it is part of the structure which is subject to tension stress.



The radial structural mass in tension calculated below is for the case of supporting net force by the bucking cylinder only.
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Integrating the above equation gives
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Figure PRIVATE 
B-3.

Schematic of Uniaxial Structural Support.tc  \f O  \l 9 "B-3.

Schematic of Uniaxial Structural Support."


The uniaxial radial structure consists of two parts:



1)
Radial structure in tension, and



2)
A Bucking cylinder in compression.

This is the case since the radial inward forces exceed the outward radial forces. The total structure mass in tension, Mt is
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and the quality factor Qt is defined as
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Note that Qt is an increasing function of γ which is equal to 2/3 under the above condition that only the bucking cylinder is subject to compressive loading.            



The compressive load is assumed to be carried by a bucking cylinder located interior to the torus.  The cylinder is subject to magnetic pressure P which is given by
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The fraction (1 - f) represents the fraction of the magnetic forces which is not carried by the radial structure, combining Equation (B-19) and Equation (B-27) gives
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and the total uniaxial structural mass, Mu required is
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As can be seen the mass of the uniaxial loaded structure is more than twice the structure mass required by the virial theorem.

PRIVATE 

3.Bi-axial Structural Requirementstc  \l 3 "
3.Bi-axial Structural Requirements"


The structure can be a pancake type, Figure B-4, or internal type structure, Figure B-5.  As can be seen from these figures, the structure is subject to bi-axial stresses.  We first assume that the bucking cylinder only is subject to compressive load as previously discussed.  The structure is subject to tension, both axially and radially, which results in a maximum sheer stress of
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The maximum tensile stress should be the largest of the radial and axial stress.  Applying the yield failure criteria, the maximum tensile stress should be less than the design stress.



A structure designed to carry the maximum tensile stress in one direction (either radial or axial) is able to carry additional stress up to the same maximum in the other direction and no additional structural mass is required.  The quality factor in this case is given by
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Combining Equations (B-28) and (B-31) gives
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where M is the total structural mass.  The minimum structural mass corresponds to γ = 2/3 and is 1.5 the minimum theoretical value having all the structure subject to tension only.  This represents about 40 percent reduction in the structure mass.

Figure PRIVATE 
B-4.

Pancake Type Structure.tc  \f O  \l 9 "B-4.

Pancake Type Structure."
Figure PRIVATE 
B-5.

Internal Type Structure.tc  \f O  \l 9 "B-5.

Internal Type Structure."
PRIVATE 
D.
CONDUCTOR MASS REQUIREMENTStc  \l 2 "D.
CONDUCTOR MASS REQUIREMENTS"

Light weight SMES requires light weight conductor.  This can be achieved by using low density materials such as aluminum or beryllium, as well as by having optimum configurations which are discussed here.


The conductor ampere turn IL is given by
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The first term represents the ampere turn of the vertical portion of the conductor and the second term is the ampere turn of the radial part.  Combining Equation (B-10) with the above equation gives
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The magnetic stored energy E is given by
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Combining the above two equations gives
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and the quality factor for IL is
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The minimum conductor mass is obtained by differentiating the above equation with respect to β
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PRIVATE 
E.
DISCRETE CURRENT DISTRIBUTIONtc  \l 2 "E.
DISCRETE CURRENT DISTRIBUTION"

It is impractical in many cases to have continuous current distribution to obtain uniform magnetic field within the torus.  A torus having a discrete current distribution is optimized below so that it has the least weight to store a given magnetic energy.  

PRIVATE 

1.
Optimum Current Distributiontc  \l 3 "
1.
Optimum Current Distribution"


Figure B-6 shows a rectangular cross section torus having the discrete current distribution.  We make the assumption that the currents I1 to In flow at the locations r1 to rn.  The magnetic field on the right side of any of the surfaces is assumed to have the same design value.  The magnetic field on the left hand side of the ith surface is given by 
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and the magnetic field between ri-1 and ri is given by
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The stored magnetic energy, Ei, in this region is given by
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Figure PRIVATE 
B-6.
Rectangular Cross-section Torus Having the Discrete Current Distribution.tc  \f O  \l 9 "B-6.
Rectangular Cross-section Torus Having the Discrete Current Distribution."


Combining Equations (B-40) and (B-41) gives
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Integrating Equation (B-42) gives
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The total stored magnetic energy E is
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The radial force on the ith current is given by
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The vertical forces are not uniform along the current and it has the distribution 
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Note that Fv,i has a maximum value which is equal to Fi.  We assume in this analysis that Fv,i is uniform and equal to its maximum value.



The structure thickness required to support these forces , both radial and vertical, is given by
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The above equation is valid as long as the structure is in tension.  The radial forces have a net value which is acting inward.  The magnetic forces acting on the outermost surface are radially outward and are balanced by the inward magnetic forces acting on other surfaces.  We limit this design to the case where the balance is achieved by including a fraction of the magnetic forces, α, acting on the most inner surface.  The remaining fraction produces the net inward radial forces.  The fraction α is obtained from the following force balance equation 
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The magnetic forces F1 and Fout are given by
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and
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where Bo is the magnetic field on the inside of the outer surface.



The fraction α based on the above equations is given by
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The magnetic forces are thus defined.  The structure mass which is required for support is given by




[image: image78.wmf]].

r

  

-

  

(a/2)

  

+

  

r

[

 

 

=

 

M

i

c

i

d

å



seq Equation  \* Arabic  \h
(B-52)

The optimum locations of the currents are determined as a function of the number of the currents.  It is found that the optimum mass does not significantly vary with the number of currents. This is due to the imposed requirements of having the compressive loads acting on the innermost current only.


APPENDIX C


DC-DC CONVERTER FOR DISCHARGING ENERGY STORAGE MAGNETS


APPENDIX PRIVATE 
C


DC-DC CONVERTER FOR DISCHARGING ENERGY STORAGE MAGNETS

DC-DC CONVERTER FOR DISCHARGING ENERGY STORAGE MAGNETS"

PRIVATE 
A.
INTRODUCTIONtc  \l 2 "A.
INTRODUCTION"

DC-DC converters play an important role in many electrical engineering applications such as dc transmission lines, motors and magnetic storage coils.  Of interest to users are the voltage and the current control at the output end, efficiency and cost.  Currently, these circuits us e semiconductor devices, such as power transistors, Silicon Controlled Rectifiers (SCR), and Gate-Turn-Over (GTO) devices to change the dc into ac and back to dc again.  In this Appendix, we present a new dc-dc converter that requires simple elements and has a very high efficiency.


The new converter concept is based on simple elements to step up or down the current of a constant current source such as magnetic energy storage coil into a load.  The circuit consists of:


(1)
highly coupled transformer (air or iron core) with coupling coefficient better than 0.95;


(2)
low frequency mechanical or superconducting switches (0.1 - 10 Hz) or high frequency (10 - 1000 Hz) GTO switches depending on the application;


(3)
small voltage source (capacitor or battery) to control the output voltage.

We start with a simplified circuit to illustrate the function of the converter, then we present a more efficient circuit
.

PRIVATE 
B.
SIMPLIFIED CIRCUITtc  \l 2 "B.
SIMPLIFIED CIRCUIT"

Figure C-1 shows the simplified version of the proposed circuit.  The constant current I0 initially short circuited by the switch S1 is diverted into the primary of the highly coupled transformer through opening the switch S1.  The primary circuit builds up quickly to approximately I0, 
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where , τ,


τ = relaxation time = Lp(1 - k2)/RSW

RSW = the resistance of the SWITCH


SW = SWITCH


k = the transformer coupling coefficient


N = the transformer ratio


LS = the inductance of the secondary of the transformer


Lp = the inductances of the primary of the transformer. 

The inductances of the secondary and primary of the transformer and are related as,



LS = N2Lp.

The mutual inductance, M is



M = k(LSLp)½.

Figure PRIVATE 
C-1.Simple Version of the Proposed Converter.tc  \f O  \l 9 "C-1.Simple Version of the Proposed Converter."

The secondary current, IS,
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For large values of RSW and t > τ, IS becomes,
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where


τC = kI0NLp/V.


The above simple analytical analysis assumes a constant voltage across the load.  This may be true if a battery is used.  In case of a capacitor the voltage V change depends on the value of the capacitance, C.  Numerical analysis shows the voltage variation is small for large values of C.  The initial value of IS = kI0/N is larger than the load current IL = V/R.  The extra current is used to charge the voltage source (battery or capacitor) up to a time, tC when S2 opens.  At this time, the voltage source takes over delivering power to the load up to its initial charge for a time, 



td = RC ln(Vmax/Vmin),

where Vmax and Vmin are the permitted voltage variations across the load.  When the switch S2 opens, the energy stored in the transformer is lost in RSW.  The process is repeated periodically over a cycle of time equal to tC + td.  The efficiency, η of this simple circuit depends on the timing of opening the switch S2 at tC = ατC.
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The maximum efficiency occurs at,
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Figure C-2 shows the simplified circuit efficiency as function of the transformer coupling and th timing of opening the switch S2 at t = tC.

Figure PRIVATE 
C-2.The dc/dc converter efficiency versus time for different values of the coupling coefficient, k for the simple version circuit shown in Figure C-1.tc  \f O  \l 9 "C-2.The dc/dc converter efficiency versus time for different values of the coupling coefficient, k for the simple version circuit shown in Figure C-1."

As shown in the above equations and in Figure C-2, the circuit maximum efficiency is practically a function of the transformer coupling coefficient, k.  Efficiencies as high as 75 percent are possible for k = 0.98 and α 0.1 to 0.4.   The times tC and td can be made long enough with proper choice of Vmax, Vmin and the transformer parameters.

PRIVATE 
C.
PROPOSED DC-DC CONVERTER CIRCUITtc  \l 2 "C.
PROPOSED DC-DC CONVERTER CIRCUIT"

A more efficient converter system is shown in Figure C-3.  The system in Figure C-3 is identical to that of Figure C-1 except that a full bridge of diodes provides a full wave rectified power to the voltage source.  The circuit in Figure C-3 provides a second path for the energy stored at the transformer, when the switch S2 opens, to the voltage source (capacitor); thus eliminating the loss of this energy in the switch S2.

Figure PRIVATE 
C-3.Final Version of the DC/DC Converter.tc  \f O  \l 9 "C-3.Final Version of the DC/DC Converter."

When the switches S1 and S2 open, the energy loss, Eloss in the switch bypass resistance is equal to the stored energy change in the transformer, i.e.,
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where ΔIp is the change in Ip.  The loss is small for large values of k (k > 0.95).  The operational cycle is illustrated in the transformer current and output voltage graphs of Figure C-4a as:


Close S2 and open S1.  Ip jumps from 0.0 to I0 thereafter (Equation (C-1)).  IS initially jumps to kI0/N and then decreases approximately linearly with time until it reaches zero (Equation (C-2)).  The capacitor voltage, V first goes up, peaks at IS = IL, and falls back to Vmin.
The energy loss dissipated in S1 is the initial change in the transformer (ΔIp2 = I02), and the energy delivered equals the initial energy stored in the transformer secondary coil,
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When V falls back to Vmin at t = tS, the switch S1 is closed and S2 opens.  Ip falls exponentially from I0 to zero over very short time constant τ = Lp(1 - k2)/RSW, which pumps IS from zero to - kI0/N starting the second half of the cycle that is exactly the same as the first half except IS is in the opposite direction.  The energy loss and the energy delivered are the same.

Figure PRIVATE 
C-4a.Illustrative example showing the currents and voltage over a complete cycle for the proposed converter shown in Figure C-3.tc  \f O  \l 9 "C-4a.Illustrative example showing the currents and voltage over a complete cycle for the proposed converter shown in Figure C-3."

The total energy loss and energy delivered are,




[image: image86.wmf],

I

)

k

 

-

 

(1

L

 

=

 

E

2

0

2

p

loss



seq Equation  \* Arabic  \h
(C-8)

and
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The efficiency of the converter for tS > τC is
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Figure C-4b plots the efficiency versus k which is much higher than that of the circuit shown in Figure C-1.  Also shown are the efficiencies in the case of opening the switch, S2 before IS drops to zero (tS < τC).  tS should be chosen greater than τC, but the converter can be operated at tS < τC which would be less efficient,
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PRIVATE 
D.
APPLICATIONStc  \l 2 "D.
APPLICATIONS"

Table C-1 lists two examples representing a current step up and a current step down applications.  Figure C-5a shows an example of a current step up from 40 - 100 A to a 1000 A.  The application here is for an uninterruptible power supply (UPS) operating a motor.  A high power current (1000 A) energy storage source is needed to fill in for any power interruption.  Large losses occur due to current leads and the continuous flow of the 1000 A through a GTO switch.  The proposed converter can link more efficiently a low current (100 A) source to the 1000 A load.  As shown in Figure C-5a, the low current small SMES is at cryogenic temperature and is connected through two low current leads to the room temperature converter that provides 1000 A, 700 V at the secondary side to the load.  This results in a significant reduction (about 90 percent) in both the lead and GTO losses.  The converter circuit is designed to drain most of the energy stored in the SMES coil through changing the switching time, tS.  Figure C-5b shows the secondary coil current IS versus time for two different source currents, (I0 = 100 and 40 A).  The smaller the value of I0, the shorter is the switching time, t.  Since the switching time is short, GTOs are the preferred switches for this application.  The voltage variations at the start of the SMES discharge (I0 = 100 A, tS = 0.011 s) is less than 14 volt, and at the end of the discharge (I0 = 40 A, tS = 0.66 s) is less than 2 volts for a capacitor size, C = 4 F.  Using a battery or large capacitor eliminates or reduces the voltage variations.  Figures C-5c through C-5e show the switching time, and the voltage variations and regulation.

Figure PRIVATE 
C-4b.Efficiency of the circuit shown in Figure C-3 versus the transformer coupling coefficient k at different values of tS/τC.tc  \f O  \l 9 "C-4b.Efficiency of the circuit shown in Figure C-3 versus the transformer coupling coefficient k at different values of tS/τC."
TABLE PRIVATE 
C-1.
EXAMPLES SPECIFICATIONStc  \f P  \l 9 "C-1.
EXAMPLES SPECIFICATIONS"
	PRIVATE 

PARAMETER
	
UNIT
	
CURRENT SET UP


APPLICATION
	
CURRENT STEP DOWN


APPLICATION

	Lp
	
H
	
10
	
0.01

	LS
	
H
	
0.001
	
10

	k
	

	
0.97
	
0.97

	EFFICIENCY
	
%
	
94.1
	
94.1

	C
	
F
	
4
	
4

	tS
	
s
	
0.011-0.656
	
1.15-5.06

	I0
	
A
	
40-100
	
140-300

	IL
	
A
	
1000
	
2

	ISmax
	
A
	
100
	
9.2

	VOLT
	
V
	
700
	
40

	POWER
	
kW
	
700
	
0.08


Figure PRIVATE 
C-5a.The Proposed Converter Circuit Connecting Low Current (100 A) small SMES to Supply High Power (1000 A at 700 V) to an Interruptible Power Supply Operating a Motor.tc  \f O  \l 9 "C-5a.The Proposed Converter Circuit Connecting Low Current (100 A) small SMES to Supply High Power (1000 A at 700 V) to an Interruptible Power Supply Operating a Motor."
Figure PRIVATE 
C-5b.Converter secondary current IS versus time for two source current, I0.tc  \f O  \l 9 "C-5b.Converter secondary current IS versus time for two source current, I0."
Figure PRIVATE 
C-5c.Switching time tS versus source magnet current I0.tc  \f O  \l 9 "C-5c.Switching time tS versus source magnet current I0."
Figure PRIVATE 
C-5d.Load voltage, V variation versus time.tc  \f O  \l 9 "C-5d.Load voltage, V variation versus time."
Figure PRIVATE 
C-5e.
Output voltage regulation versus time.tc  \f O  \l 9 "C-5e.
Output voltage regulation versus time."

The second application shown in Figure C-6a is for a large SMES coil delivering low power, low current (2 A) to a load.  Large SMES coils require large current conductors for ease of construction and protection.  The proposed converter provides a current step down from 300 A to 2 A output at 40 volts.  In this case, the source SMES, the transformer, and the low frequency mechanical switches (tS > 1 s) are all at cryogenic temperature with a two 9.2 A maximum current in the leads going to ambient temperature.  Without the proposed circuit a faster lossy GTO switches are required.  The resistors across the switches are located at room temperature and are connected to the switches through small coaxial leads.  The duty factor of these leads is very small, so they need not to be designed for their full current (300 A in this example).

Figure PRIVATE 
C-6a.The proposed converter circuit connecting large current (300 A) larger SMES to supply Low Power (2 A at 40 volts) to a Load.tc  \f O  \l 9 "C-6a.The proposed converter circuit connecting large current (300 A) larger SMES to supply Low Power (2 A at 40 volts) to a Load."

Figure C-6b shows the converter secondary current, IS at two different input currents (300 A and 140 A).  Figure C-6c shows the voltage variations versus time for the same case.  The switching time will change from 1.15 s at 300 A primary current to 5.01 s at 140 A.  Figures C-6c through C-6e show the switching time, and the voltage variations and regulation.

Figure PRIVATE 
C-6b.
Converter secondary current, IS versus time for two source current, I0tc  \f O  \l 9 "C-6b.
Converter secondary current, IS versus time for two source current, I0".

Figure PRIVATE 
C-6c.Switching time tS versus source magnet current I0.tc  \f O  \l 9 "C-6c.Switching time tS versus source magnet current I0."
Figure PRIVATE 
C-6d.Load voltage, V variation versus time.tc  \f O  \l 9 "C-6d.Load voltage, V variation versus time."
Figure PRIVATE 
C-6e.
Output voltage regulation versus time.tc  \f O  \l 9 "C-6e.
Output voltage regulation versus time."
PRIVATE 
E.
CONCLUSIONtc  \l 2 "E.
CONCLUSION"

The described converter circuit in this Appendix appears to have potential applications in the cases where the dc current of a constant current source such as SMES coils needs to be stepped up or down.  The advantages of this circuit can be summarized as follows:


1)
Output voltage and current can be held constant during the operation though the input current from the current source may drop because the input energy source is finite in size.  This can be accomplished by either controlling the switching time or/and changing the transformer ratio, N.


2)
Ease of power control at the output side through changing the capacitor voltage.


3)
High efficiency is possible if the switching time of S1 and S2 is kept above 0.5 τC.  By using highly coupled transformer (k>0.95), the efficiency is always better than 90 percent.  The losses occur in the resistors across the switches.  In case switches are placed at cryogenic temperature, small low duty leads can be used to move these resistors to ambient temperature so that the refrigeration power is kept to a minimum.
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