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 PREFACE     

  On the urging of many colleagues, I undertook this book project with 
the objective of providing   a reference source for designing power 
equipment with the high temperature superconductor (HTS) devel-
oped in the late 1980s. The HTS technology is still in infancy, and both 
the conductor and its applications are still evolving. The design and 
analysis approaches discussed are based on experience gained and 
lessons learned from many coworkers at General Electric Global 
Research, Northrop Grumman, and American Superconductors over a 
period of more than 35 years. My understanding of superconductor 
applications was expanded tremendously during extended assignments 
at the national laboratories (Oak Ridge National Laboratory and 
Brookhaven National Laboratory) through association with fusion and 
accelerator projects. In writing this book, I claim no credit for the origi-
nal inventions or for anything more than a small part in their subse-
quent development. The book is merely an attempt to provide a 
reasonably organized account of the fundamental principles of various 
power equipment, the basics of the   design methodology with example 
designs, a description of prototypes constructed, and encouragement 
for readers working to further the HTS technology. 

 The book presumes a familiarity with the fundamentals of design 
and analysis of conventional power equipment like motors and genera-
tors, transformers, power cables, and electromagnets. The intended 
audience for the book is electrical and mechanical engineers in the 
power industry, government laboratories, and students at the senior/
graduate level in universities. Below is a description of topics covered 
in each chapter. 

 Chapter  1  contains the introduction to HTS technology, HTS   appli-
cations to power equipment, and the price goals necessary for the 
success of this technology. 

 Chapter  2  provides information on the state of the art of 
HTS technology. It covers the most popular HTS applications, the 
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xiv   PREFACE

characteristic data useful for designing superconducting magnets, and 
a simple design of an HTS magnet for illustrating the design process. 

 Chapter  3  describes different types of refrigerators that are neces-
sary to keep HTS coils at their designed cryogenic temperatures 
between 4 and 80   K. It also includes an introduction to the gases neces-
sary to create a cryogenic environment and to designing cryostats (or 
enclosures) to maintain superconductors in the required cryogenic 
environment. An example cryostat design illustrates the design process, 
with an emphasis on the key design drivers. 

 Chapter  4  is the longest and presents the basic analysis equations for 
air - core (no - iron in the magnetic circuit) rotating AC machines. An 
HTS rotating machine design and analysis are used to illustrate the 
application of   these equations. An example generator design, and many 
prototype motors and generators already built and tested, are described. 

 Chapter  5  describes DC homopolar machines, which employ a sta-
tionary HTS magnet for excitation and rotary DC armature operating 
at room temperature. The basic design and analysis equations are pre-
sented along with the tested prototypes. These machines have a great 
potential for application as ship drives. 

 Chapter  6  describes AC switched reluctance machines, which have 
both excitation and AC armature windings in the stationary frame. 
These machines, having the same terminal characteristics as traditional 
fi eld - wound synchronous machines, are usually built for high - frequency, 
high - speed operations. A description of a tested prototype is included. 

 Chapter  7  describes the design and analysis of HTS transformers. 
Transformers are the most widely used equipment in the power indus-
try, and the HTS transformer technology is ready for commercial 
exploitation at this time. An example transformer design is included. 

 Chapter  8  describes various HTS fault current limiter (FCL) con-
cepts. These FCLs have a highly desirable feature of limiting the fault 
current and then resetting automatically without human intervention. 
The design and analysis processes for most types of HTS FCLs are 
included along with the description of the built hardware. 

 Chapter  9  describes design and analysis for high - capacity HTS power 
cables. The increase in power demand in inner cities, along with the lack 
of available space for new cables, is providing incentives for developing 
highly power dense and thermally neutral HTS power cables. The 
design and analysis for most types of HTS cables are discussed, includ-
ing example designs and a description of built cable systems. 

 Chapter  10  describes principles of magnetic levitation employed in 
the two most common types of Maglev train systems. Superconducting 
magnet designs for levitation and propulsion of these trains are included. 
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PREFACE   xv

 Chapter  11  describes many low - fi eld and high - fi eld magnets built 
with HTS conductors. These magnets have been built for operation at 
various temperatures, ranging from 4 to 80   K. Smaller size and weight, 
higher effi ciency, higher fi eld, and better thermal stability than the low 
temperature superconductor (LTS) magnets are some of the attractive 
attributes of the HTS magnets. A description of some of the prototypes 
built around the world is included. 

 I hope that the theory and design presented in this book will help 
engineers in manufacturing and user communities to appreciate the 
benefi ts that the HTS technology can provide to electric power equip-
ment. In light of the current emphasis on renewal of the electric grid, 
with intention of improving grid reliability and raising effi ciency of 
power transfer, as well as higher effi ciency of individual equipment, the 
HTS technology can play a very signifi cant role. The adaptation of new 
technologies, like HTS, is usually diffi cult because the fi rst priority of a 
user is to minimize risk by not opting for technologies with little reli-
ability and availability data. I urge the current and future engineers to 
keep developing the HTS technology as it has the potential for solving 
many vexing problems of the present electric grid and power equip-
ment employed in electric utilities, industry, and ship systems. Currently 
the HTS technology is at the same stage of development as the electric 
copper technology was a century ago, and over the next couple of 
decades, many barriers appearing impregnable will be breached. New 
HTS conductors and applications will emerge and the current HTS 
technology will seem primitive.     
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1

INTRODUCTION       

     High temperature superconductor (HTS) materials, discovered in the 
1986, are now commercially available worldwide. Two categories of 
applications have emerged: (1) low - fi eld applications at 77   K achieved 
with liquid nitrogen, and (2) high - fi eld applications at  > 25   K achieved 
with cryogenic refrigerators. The promise of low - cost HTS conductors 
coupled with reasonably priced refrigeration systems has encouraged 
application of this technology to a variety of magnets and power equip-
ment. Many prototypes have been constructed for electric power appli-
cations such as motors and generators, transformers, power transmission 
cables, fault current limiters, Maglev trains, and magnets for applied 
physics research. 

 According to the US Department of Energy, motors account for 
three - quarters of all energy consumed by the domestic manufacturing 
sector and use over half of the total electric energy generated in 
America. Large electric motors, those greater than 1000 horsepower, 
consume over a third of the total generated electric energy, and three -
 quarters of these motors are suited to utilize HTS technology. With 
some minor exceptions, nearly all cruise ships today employ electrical 
propulsion, and many other types of commercial vessels and warships 
are adopting marine motors as their primary source of motive power. 

Applications of High Temperature Superconductors to Electric Power Equipment, 
by Swarn Singh Kalsi
Copyright © 2011 Institute of Electrical and Electronics Engineers
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2   INTRODUCTION

 Superconducting technologies could also benefi t ancillary equip-
ment for smooth operation of the electric grid; examples of such appli-
cations are superconducting electromagnetic energy storage (SMES) 
and fault current limiters (FCLs). In addition to improving system 
effi ciency, superconductors   reduce size and weight of equipment. 
Transformers are the prime candidates for employment of the HTS 
technology because they are the most widely used equipment in an 
electric grid. Most of the power is generated as AC at relatively low 
voltages and is utilized at even lower voltages, but the bulk of power 
is transmitted from points of generation toward points of consumption 
at very high voltages. Transformers convert electric power from one 
voltage level to another. 

 The electric grid inevitably experiences extreme natural events and 
faults. Fault current limiters, such as fuses, are employed to limit the 
fault current and allow an electric grid to keep operating. However, 
fuses require manual replacement after a fault. The HTS fault current 
limiters are self - acting and resetting devices that allow the grid to 
recover quickly following a fault. 

 Power cable built with HTS wire could carry several times more 
power than the conventional copper cables of similar physical size. The 
space freed by use of HTS cable is available for enhancing power 
transmission or other applications. 

 Large electrical magnets are employed for a variety of industrial, 
research, and military applications. The manufacture of such magnets 
with HTS materials is looking attractive. The HTS magnets possess 
attractive features such as smaller size and weight, higher effi ciency, 
higher fi elds, better stability, longer life, and easier cooling. 

 The four main HTS materials are BSCCO - 2223, YBCO - 123, 
BSCCO - 2212, and MgB 2 . However, only BSCCO - 2223 and YBCO - 123 
wires capable of operation in the temperature range of 20 to 70   K 
have achieved widespread application for manufacturing practical 
electric power equipment. The YBCO - 123 in form of coated 
conductors has also advanced signifi cantly to provide current density 
capability suitable for application in practical devices. Roebel 
cables, made from the coated conductors, could carry currents in kA 
range with minimal losses. The BSCCO - 2212 wire has also been 
utilized for building insert magnets for operation at 4   K in high 
background fi elds. This material in form of bulk rods is also 
employed for building fault current limiters operating in liquid 
nitrogen baths. MgB 2  conductors are also being fabricated, but 
their current - carrying capability is still lower than the other HTS 
materials. 
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INTRODUCTION   3

 Despite   higher fi eld and higher operating temperature capabilities 
than the low - temperature superconductor (LTS) materials (NbTi and 
Nb 3 Sn), the MRI, accelerator, and fusion magnet communities have 
not adopted the HTS materials so far. These applications employing 
LTS materials are purely DC magnets operating at around 4   K and 
are very sensitive to even a small thermal energy injection that could 
raise local temperature suffi ciently to drive the magnet into quench. 
Very low heat capacity of materials at low temperatures (around 4   K) 
causes this phenomenon. Then again  , materials in HTS conductors 
operating at about 30   K have heat capacity hundreds of times higher 
than that at 4   K. Thus any local energy injection causes a much smaller 
temperature rise. HTS materials also transition slowly to their normal 
state because of   a low  N  - value.  *   These two factors, enable the HTS 
magnet to operate successfully in the presence of signifi cant local 
heating. 

 HTS materials have proved to be successful in many applications 
where LTS materials have been unsuccessful especially for industrial 
applications. HTS conductors operating at liquid nitrogen temperature 
are employed for building power cables, fault current limiters (FCL), 
and transformers for applications in AC electric grid. Numerous large 
projects in these areas have been successfully built. The HTS conduc-
tors are also used for building high fi eld DC coils for excitation poles 
of large AC synchronous motors and generators. These coils are 
employed on the rotor and are cooled with a stationary refrigerator 
employing thermo - siphon or gaseous helium loops. The cooling is 
accomplished with an interface gas like He or neon, which transports 
thermal load from coils to the stationary refrigerator. A few examples 
of many large motors and generators successfully built include 8 - MVA 
and 12 - MVAR reactive (MVAR) synchronous condensers, the 4 - MW, 
two - pole generator for marine application, 5 - MW and 36.5 - MW high -
 torque ship propulsion motors, and 1000 - hp and 5000 - hp industrial 
motors. 

 The largest potential market for HTS conductors lies in the electric 
power arena and involves power transmission cables, high - power indus-
trial and ship propulsion motors, utility generators, synchronous con-
densers, fault current limiters, and transformers. The Northeast blackout 
of August 14, 2003, provided incentive to accelerate development of 
such power equipment utilizing HTS wires. 

 This book reviews key properties of HTS materials and their cooling 
systems and discusses their applications in power devices such as 

  *       N  is the exponent of the  V  -  I  curve for the HTS wire. 
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4   INTRODUCTION

rotating machines, transformers, power cables, fault current limiters, 
Maglev trains, and magnet systems. Example device designs are included 
to allow the reader to size a device for his/her application. Ample refer-
ences are provided for exploring a given application in details. 

 So far the high cost of HTS materials has inhibited commercial 
adoptation of HTS power devices. Estimates of the maximum accept-
able price for different applications range from $1 to $100 per kiloamp -
 meter, where kiloamp (kA) refers to the operating current level. In 
particular, NbTi wire typically sells for $1/kAm but is limited to opera-
tion in the liquid helium temperature range. HTS conductors operating 
at 20 to 77   K are expected to be economical for some applications in 
the $10 to $100/kAm range. In power equipment, copper wires typically 
operate in the range of $15 to $25/kAm  ; this sets a benchmark for 
superconducting wire. Thus HTS materials must compete against 
copper in electric power technology where cost pressures are very 
signifi cant. 

 Many synchronous machines prototypes (both generator and motor) 
were developed worldwide between 1995 and 2010. These machines 
included slow - speed machines (100 — 200   RPM) for ship propulsion 
applications and high - speed machines (1800 and 3600   RPM). Since 
most of these prototype machines employed expensive BSCCO - 2223 
HTS material, it was not possible to transition them into products. 
However, currently available YBCO - 123 coated conductors promise 
low - cost and higher current capability. This is encouraging renewed 
interest in developing synchronous generators for central power sta-
tions and wind farms. 

 Underground power transmission HTS cables have been amply 
demonstrated with both BSCCO - 2223 and YBCO - 123 coated conduc-
tors. Many prototypes are currently in operation throughout the world 
at voltage ratings ranging from 11 to 138   kV. Although these prototypes 
demonstrate benefi ts of the HTS technology for the users, high capital 
cost and reliability issues are inhibiting their adoption. 

 Today a number of fault current limiter (FCL) projects are under-
way. Most employ YBCO - 123 in tape or bulk form. Some prototypes 
are already operating in electric grids. FCLs are solving electric utility 
problems that are diffi cult to address with currently available technolo-
gies. However, the success of FCLs will be determined by the capital 
cost and reliability considerations. 

 Many power transformers were also prototyped between 1995 and 
2005 all over the world. Most employed BSCCO - 2223, which was not 
found suitable for this application because of high AC losses. New 
projects are being initiated now with YBCO - 123 coated conductors, as 

c01.indd   4c01.indd   4 1/12/2011   2:25:54 PM1/12/2011   2:25:54 PM



INTRODUCTION   5

these promise to reduce losses in the acceptable range. These conduc-
tors are being considered as wide tapes or in form of Roebel cables. 
Although the HTS transformers offer higher effi ciency and lower 
weight, their future will be determined by the economic viability and 
reliability in operation. 

 To encourage future customers to adopt the HTS technology, it is 
essential that standards be developed on par with those for similar 
conventional equipment. HTS equipment must satisfy all requirements 
imposed by current industry standards (CIGRE  , IEEE, NEMA, 
VAMAS, etc.) on the existing conventional equipment. If a certain 
requirement cannot be met by HTS equipment, then alternate arrange-
ments must be made to ensure that the performance and reliability of 
new equipment are on par with currently available conventional equip-
ment. The standards activity must be started now. Presently, IEEE and 
CIGRE are initiating standards development activity for HTS rotating 
machines and FCLs. 

 Although many niche applications of the HTS technology are fea-
sible, only a widespread adoption will lower the cost of HTS materials 
and the cooling systems. This is a typical chicken - and - egg problem. 
Most applications require lower cost HTS conductors and cooling 
systems, but developers require more demand (orders) for reducing 
cost. By the 2020s some economic products are likely to emerge.  
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 HTS  SUPERCONDUCTORS     

    2.1    INTRODUCTION 

 Some materials become superconductors — meaning they are capable 
of conducting electricity with zero resistance — when cooled to very low 
temperatures. These materials can be applied to a variety of electrical 
equipment with signifi cant benefi ts. For example, in the US electric grid, 
nearly 7% of the total power is wasted in transmission from point of 
generation to the users. A similar amount is lost at points of generation 
and distribution. This is a signifi cant loss with adverse impact on natural 
resources and the environment. System effi ciency could be improved 
signifi cantly by employment of superconductors in power - generating 
and distribution equipment. Power technologies that can benefi t from 
the application of superconductors include large motors and genera-
tors, transformers, and power transmission cables. A related application 
is the magnetically levitated train (Maglev). Superconducting technolo-
gies could also benefi t ancillary equipment for smooth operation of the 
electric grid — examples of such applications are superconducting elec-
tromagnetic energy storage (SMES) and fault current limiters (FCLs). 
In addition to improving system effi ciency, superconductors reduce 
the size and weight of equipment. Compact and lighter motors and 

Applications of High Temperature Superconductors to Electric Power Equipment, 
by Swarn Singh Kalsi
Copyright © 2011 Institute of Electrical and Electronics Engineers
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8   HTS SUPERCONDUCTORS

generators   are welcome for applications on ships and aircraft and on 
both Maglev and conventional trains. 

 Superconductors discovered early on were pure metals like mercury, 
lead, and tin  , which had practically zero current - carrying capability in 
presence of high magnetic fi elds. However, in the late - 1950s and early -
 1960s, new class of high - fi eld alloys like niobium - titanium (Nb - Ti) and 
compounds such as niobium - tin (Nb 3 Sn) were discovered. They are 
employed in commercial devices such as MRI magnets and a variety 
of high - fi eld magnet systems. These materials must be cooled to about 
4   K, where the cost of the cooling system and its reliability are chal-
lenging. As a result these materials have not found wider application. 

 The discovery in 1986 of superconductivity in the range of 35 to 40   K 
and the subsequent increase in critical temperatures to 110   K prompted 
their consideration for a variety of electric power equipment. These 
materials are classifi ed as high temperature superconductors (HTS). 
They can be cooled with liquid nitrogen for applications in low mag-
netic fi elds. They can be used with off - the - shelf cryocoolers for high 
magnetic fi elds in the range of 30 to 40   K. Prerequisite to wide applica-
tion of this technology is the development of innovative techniques for 
improving the performance and reducing the production cost of HTS 
materials and the necessary cooling system. In this chapter a brief 
history of superconductivity is reviewed, followed by discussion of a 
variety of available high temperature superconductors. Primary focus 
is on BSCCO - 2212, BSCCO - 2223, YBCO - 123, and MgB 2  materials. 
These superconductors offer the promise of increased effi ciency and 
lower operating cost for the electrical industry. A much more detailed 
treatise on superconductors is provided elsewhere  [1] . An example 
magnet design is presented later in this chapter for illustrating super-
conducting magnet design process.  

   2.2     HTS  BACKGROUND AND NOMENCLATURE 

   2.2.1    Background 

 Kamerlingh Onnes discovered superconductivity 1911, which followed 
liquefaction of helium at his institute in 1908. This relationship between 
superconductivity and cooling system is discussed by Blaugher  [2] . Two 
commercially available, low temperature superconductors (LTS) are 
Nb - Ti and Nb 3 Sn. Although their critical temperatures are 9 and 18   K, 
respectively, for most applications they must operate below 5   K, which 
often requires expensive refrigerators that are diffi cult to operate in an 
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HTS BACKGROUND AND NOMENCLATURE   9

industrial environment. However, the new ceramic HTS materials 
require less cooling and could operate at temperatures higher than 
77   K, the equilibrium temperature of liquid nitrogen at atmospheric 
pressure, for low - fi eld applications and 30 to 40   K for high - fi eld applica-
tions. The room - temperature electric power required to operate a 77   K 
refrigerator is less than 1/10th that required for a 4   K refrigerator. 

 All superconductors must operate within a regime bounded by three 
inter - related critical meters, current density, operating temperature, and 
magnetic fi eld as shown in Figure  2.1 . The highest temperature at which 
a material possesses no electrical resistivity (exhibits superconductiv-
ity) is called its critical temperature ( T c  ). The upper limit on its current -
 carrying capability is called the critical current density ( J c  ) and critical 
magnetic fi eld ( H c  ) is that above which it ceases to be a superconductor. 
The superconductor will revert to its normal state if any of these limits 
is exceeded. Since their discovery in 1986, HTS materials are beginning 
to see applications in prototype motors and generators, power trans-
mission cables, transformers, fault current limiters, and magnets for 
Maglev trains.   

 The most common HTS conductors are BSCCO - 2212, BSCCO - 2223, 
YBCO - 123, and MgB 2 . These are manufactured by a variety of tech-
niques. The following sections provide a brief description of each con-
ductor, manufacturing processes, and limitations of its use. Readers 

     Figure 2.1     Superconductivity in a 3D space defi ned by current density, tempera-
ture, and magnetic fi eld  
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10   HTS SUPERCONDUCTORS

interested in learning more about these materials should refer to a 
paper by Scanlan et al.  [3]  that also includes an extensive list of 
references.  

   2.2.2    Nomenclature 

 Before proceeding further, it may be useful to defi ne quantities 
used by superconductor manufacturers and users. The ideal physical 
defi nition of critical current ( I c  ) is the current where a material has a 
phase transition from a superconducting phase to a nonsuperconduct-
ing phase. For practical superconducting wires, the transition is not 
infi nitely sharp but gradual. In this case,  I c   is defi ned as the current 
where the voltage drop across the wire becomes greater than a specifi ed 
electric fi eld ( E c  ), usually 1    μ V/cm in self - fi eld at 77   K (liquid nitrogen 
temperature). The trend, however, at the operating fi eld of the device 
is to use the more restrictive value of 0.1    μ V/cm, which is typically 
used for commercial low - temperature superconductors. The self - fi eld 
is the magnetic fi eld that is created by a fi nite current fl owing in the 
wire. During critical current measurements, the self - fi eld is the mag-
netic fi eld that is induced in a straight piece of wire that is being 
measured. 

 A superconductor wire is characterized by a  V  -  I  curve, or the  “ voltage 
drop along the length of wire as a function of its current. ”  A generic 
 V  -  I  curve is shown in Figure  2.2 . The industry accepted practice is to 
defi ne the superconductor ’ s critical current ( I c  ) as the current that 
produces a voltage drop of 1    μ V/cm, as shown in the fi gure. An  N  - value, 
the characteristic of a given superconductor, describes the relationship 
of the voltage drop across the wire to the applied current.   

     Figure 2.2      V  -  I  curve for a superconductor  
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BSCCO-2212 CONDUCTORS   11

 For the transition from zero resistance (zero voltage drop) to a fi nite 
resistance (fi nite voltage drop), the  V  -  I  curve of superconducting wires 
can be fi tted with the power law given in equation  (2.1) .

    E I E
I
I

c
c

N

( ) = ⎛
⎝⎜

⎞
⎠⎟ ,     (2.1)   

 where  E ( I ) is the longitudinal voltage drop across the superconductor, 
 E c   is the electric fi eld criterion at 1.0    μ V/cm,  I  is the current in   the 
conductor,  I c   is the critical current, and  N  is the exponent  . A higher 
 N  - value produces a sharper transition in the  V  -  I  curve and indicates 
the quality of a superconductor. A high - quality superconductor will 
have high  N  - value. The loss per centimeter length is equal to the product 
of  E ( I ) and  I . Generally,  I  is a fraction of  I c   and a higher  N  - value trans-
lates into lower loss. 

 Generally, superconducting materials are compared on the basis 
critical current density ( J c  ), which is the critical current of a supercon-
ductor divided by its cross - sectional area. However, in the design of 
superconducting devices the important quantity is the engineering 
critical current density ( J e  ), which is the critical current of the wire 
divided by the cross - sectional area of the entire wire, including super-
conductor and normal conductor. The value of  J e   is important in the 
manufacture of practical devices as it determines coil cross section, 
which includes additional components of the windings such as supports 
and insulation.   

   2.3     BSCCO  - 2212 CONDUCTORS 

 BSCCO - 2212 has critical temperature ( T c  ) of about 90   K and is inter-
esting primarily for its high - fi eld properties in the temperature range 
between 4.2 and 20   K. This material has a very low current - carrying 
capacity in a magnetic fi eld at 77   K. It was the fi rst HTS material used 
for making superconducting wires and is very versatile. BSCCO - 2212 
can be made in the form of round wire, fl at tape, cast bulk rod, and 
blocks and in a large variety of shapes and dimensions. Its ability to 
melt and recrystallize allows fl exibility in conductor geometry. The criti-
cal current in the round wires shows no anisotropy with respect to an 
applied fi eld. Several successful methods of achieving high current 
density conductors have been demonstrated, including powder - in - tube, 
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12   HTS SUPERCONDUCTORS

dip - coating, tape casting, electrophoretic coating, and spray coating. 
Conductors of this material have been made in long lengths of wire 
with uniform properties without breakage. This versatility of BSCCO -
 2212 principally provides a potential for wide engineering use where 
the operating temperature is lower than 20   K. 

 The critical current density ( J c  ) as a function of magnetic fi eld ( B ) is 
given in Figure  2.3    for different temperatures for an Oxford 
Superconductor Technologies (OST) BSCCO - 2212 conductor mea-
sured by Barzi  [4] . The  I c   was measured for an OST 0.7 - mm diameter 
round conductor. These data were converted to  J c   by dividing the mea-
sured  I c   by the conductor ’ s cross section as shown in Figure  2.3 . The 
 J c   drops dramatically at higher temperatures. Marken  [5,6]  has pub-
lished extensively on the manufacturing and use of BSCCO - 2212 
conductors.   

 Thin tapes of BSCCO - 2212 have achieved  [3]  current densities of 
7100   A/mm in self - fi eld and 3500   A/mm in 10   T parallel to the tape 
plane at 4.2   K. This has enabled this conductor ’ s application in   high 
magnetic fi elds, and so the inserted coils have been used for several 
record - setting   magnetic fi eld levels generated by superconducting 
magnets. At present, BSCCO - 2212 holds the record for producing the 
highest fi eld with a superconducting magnet. Multifi lament tapes have 
been made for application to high - fi eld magnets, and Rutherford cables 

     Figure 2.3     Critical current ( J c  ) for BSCCO - 2212 as a function of magnetic fi eld ( B ) 
at different temperatures  
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BSCCO-2223 OPIT WIRES   13

for accelerator magnets and other high current superconducting 
magnets. This wire can be used as a direct substitute for LTS wires in 
Rutherford - type cables in accelerator magnets. 

 As stated earlier, performance of BSCCO - 2212 is excellent below 
20   K, but at temperatures higher than 20   K its performance is limited. 
It was eclipsed by BSCCO - 2223 wires, as discussed in the next section.  

   2.4     BSCCO  - 2223  OPIT  WIRES 

 BSCCO - 2223 HTS has a critical temperature of about 110   K, which is 
about 20   K higher than BSCCO - 2212. The oxide - powder - in - tube 
(OPIT) method has been used for manufacturing fl exible multifi lamen-
tary composite conductor by many manufacturers  [7]  in what is   named 
fi rst - generation (1G) wire. Highest average  I c   of 150   A in self - fi eld at 
77   K was achieved in 4 - mm - wide tapes. The OPIT manufacturing 
process was successfully implemented in industrial production and 
achieved continuous tape lengths of several hundred meters while 
simultaneously improving tape price and capacity. These 1G HTS tapes 
were a commercial reality, and their electrical, mechanical, and thermal 
performance capabilities allowed introduction into electric machinery, 
power cable, and other applications. However, the lowest cost of this 
material was still roughly 100   $/kAm in 2005, while the cost goal for 
wide industrial use is believed to be $10/kAm. Sumitomo Electric 
Industries (SEI) have projected a price of $20/kAm beyond 2011 
(according to their public news release in 2006). 

   2.4.1    Manufacturing Process 

 This fi rst - generation HTS wire has a tape shape, typically 0.2    ×    4   mm, 
consisting of 55 or more tape - shaped fi laments, each 10    μ m thick and 
up to 200    μ m wide, embedded in a silver alloy matrix. The fi laments 
consist of grains of BSCCO - 2223, up to 20    μ m long, often arranged in 
colonies sharing a common axis. For some applications the wire is lami-
nated to stainless steel tapes on either side for enhanced mechanical 
properties and environmental protection. BSCCO - 2223 wire was man-
ufactured in 2004 by a number of companies, including American 
Superconductor Corporation (Devens, Massachusetts), European 
Advanced Superconductor GmbH (Hanau, Germany), Innova 
Superconductor Technology (Beijing, China), Sumitomo Electric 
Industries Ltd. (Japan), and Trithor GmbH (Rheinbach, Germany). 
Worldwide capacity has exceeded 1000   km per year  . 
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14   HTS SUPERCONDUCTORS

 While precise details of the industrial production process are not 
public, the basic PIT deformation process is schematized in Figure  2.4 . 
A powder consisting of a mixture of Pb - containing BSCCO - 2212, alka-
line earth cuprates, copper oxide, and other oxides is initially prepared 
by an aerosol, spray - dry or simple oxide mixing process; the overall 
cation stoichiometry is chosen to match that of BSCCO - 2223. The 
powder is packed into a silver tube, which is sealed, evacuated, and 
drawn through a series of dies, elongating it into a hexagonal rod. These 
rods are next cut, assembled into a multifi lament bundle (55 – 85 fi la-
ments are typical), and inserted into a second silver or silver alloy tube. 
This tube is sealed, evacuated, and further drawn into a fi ne round wire, 
which is subsequently deformed to a tape shape in a rolling mill, in 
multiple steps of rolling and heat treatment to texture and react the 
powder inside the wire to form BSCCO - 2223. The superconducting fi ll 
factor is typically 30% to 40%.    

   2.4.2    Characteristics — Electrical and Mechanical 

 Until 2006 three signifi cant sources for the BSCCO - 2223 wire 
were American Superconductor (AMSC, USA), Sumitomo Electric 
Industries (SEI, Japan), and European High Temperature 
Superconductor (EHTS, Germany). This section describes charac-
teristics of wires produced by AMSC and Sumitomo — the two 

     Figure 2.4     Schematic of the OPIT process for manufacturing BSCCO - 2223 wire 
(Courtesy of American Superconductor Corporation)  
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manufacturers of this wire. The basic BSCCO - 2223 wire with a rectan-
gular cross - section of 0.2    ×    4   mm is shown in Figure  2.5 , along with 
defi nitions of perpendicular ( B   ⊥  ) and parallel ( B  || ) magnetic fi elds with 
respect to the conductor ’ s cross section. The conductor had typically 85 
superconductor fi laments embedded in silver alloy matrix. The main 
technical issue with this wire was that well - annealed silver, which was 
the state of the conductor sheath after the fi nal thermal process step, 
was mechanically very weak, having a low yield stress, and it had a large 
mechanical mismatch to the BSCCO - 2223 core. To withstand large 
Lorentz forces created in magnet applications, doped silver sheaths 
with higher mechanical strength was considered by some manufactur-
ers. However, American Superconductor created high - strength HTS 
wire by sandwiching the BSCCO - 2223 wire between two stainless 
steel tapes.   

  American Superconductor ( AMSC ) Wire     American Superconduc-
tor supplied BSCCO - 2223 wires in many confi guration; two key con-
fi gurations (high current density and high strength) are detailed in 
Table  2.1 . The superconductor content in the tape cross section was 
typically between 30% and 40%. The high current density wire was for 
use in high - performance coils and magnets, but it had lower mechanical 
strength (rated at 65   MPa.) The high - strength wire was built for applica-
tions where high mechanical strength and tolerance to small bend 
diameters was desired. The high strength was achieved by sandwiching 
bare BSCCO - 2223 wire between two stainless steel tapes — all held 
together with a solder. This wire exhibited very high tensile 
strength — 200   Mpa at room temperature and 250   Mpa at 77   K. It had a 
critical bend diameter of 38   mm. This wire could handle high tensions 
necessary for producing high - quality coils and cables. These wires were 
sold in nominal ratings (at 77   K, self - fi eld) of 125   A, 135   A, 145   A, and 
155   A.   

 The critical current ( I c  ) as a function of fi eld at different tempera-
tures is shown in Figure  2.6  for the 155   A wire — these curves can be 
linearly scaled for wires of different current ratings. The  I c   (data from 

     Figure 2.5     Cross section of a typical BSCCO - 2223 conductor of 0.2   mm    ×    4   mm 
(Courtesy American Superconductor Corporation)  
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16   HTS SUPERCONDUCTORS

the AMSC website in 2006) is provided for two magnetic fi eld orienta-
tions with respect to the conductor: (1) when the magnetic fi eld is 
perpendicular to the plane of conductor tape ( B   ⊥  ) and (2) when the 
magnetic fi eld is llel to the plane of conductor tape ( B  || ). The  I c   is much 
lower for  B   ⊥   than for  B  || . Thus, during a magnet design, it is necessary 
to pay attention to this orientation of the fi eld, lest there would be 
excessive losses in the winding.   

 American Superconductor ceased manufacture of this wire in mid -
 2006 and focused on developing YBCO - 123 coated conductor.  

  Sumitomo Electric Industries ( SEI ) Wire     Sumitomo Electric 
Industries supplied BSCCO - 2223 wire in two confi gurations (high 
current density and high strength) in 2006 as detailed in Table  2.2 . SEI 
developed a solid phase method for combined processing of silver and 
bismuth - based HTS material. Using its innovative process called  “ con-

     Figure 2.6     Critical current as a function of magnetic fi eld at different temperatures 
when ( a ) fi eld is llel to the conductor fl at side ( B  || ) and ( b ) fi eld is perpendicular to 
the conductor fl at side ( B   ⊥  ) for a 155   A wire (Courtesy American Superconductor 
Corporation)  
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  Table 2.1    Characteristics of  BSCCO  - 2223 wire from American 
Superconductor Corporation 

   Parameters     High Current Density     High Strength  

  Current density of 155   A wire, A/cm 2     17,200    13,300  
  Average thickness, mm    0.21 – 0.23    0.255 – 0.285  
  Width, mm    3.9 – 4.3    4.2 – 4.4  
  Minimum double - bend diameter, mm    100    38  
  Maximum rated tensile stress, MPa          

   •  Room temperature    65    200  
   •  Liquid nitrogen temperature (77   K)    65    250  

  Source :   Data from American Superconductor website  www.amsc.com  in 2006. 
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trolled overpressure   (CT - OP), ”  quality and productivity of the wire was 
improved substantially. The critical current was increased 30% and 
mechanical strength was improved by more than 50%. The mechanical 
tensile stress of the SEI high - strength wire was 170   MPa at room tem-
perature and 210   MPa at 77   K. It had a critical bend diameter of 50   mm. 
The wire density was improved to 100% from conventional 85%. This 
wire was still commercially available in 2007. These wires were supplied 
in nominal ratings (at 77   K, self - fi eld) of 110   A, 120   A, 140   A, and 150   A. 
The performance of SEI wire (taken from their website in 2007) is 
shown in Figure  2.7  for  B  ||  and  B   ⊥  .        

   2.5     YBCO  - 123 COATED CONDUCTORS 

 In llel to scaling up production for 1G wire, many manufacturers also 
pursued the development of second - generation (2G) HTS materials 
based on thin fi lms of an yttrium barium copper oxide YBa 2 Cu 3 O 7 , or 

     Figure 2.7     Critical current as a function of magnetic fi eld at different temperatures 
when (left) fi eld is llel to the conductor fl at side ( B  || ) and (right) fi eld is perpendicular 
to the conductor fl at side ( B   ⊥  ) for a 150   A wire (Courtesy of Sumitomo Electric 
Industries)  

  Table 2.2     Characteristics of  BSCCO  - 2223 wire from  SEI  

   Parameters     High Current Density     High Strength  

  Current density of 150   A wire, A/cm 2     15,000    12,000  
  Average thickness, mm    0.22    ±    0.02    0.22    ±    0.02  
  Width, mm    4.2    ±    0.2    4.2    ±    0.2  
  Minimum double - bend diameter, mm    70    50  
  Maximum rated tensile stress, MPa          

   •  Room temperature    100    170  
   •  Liquid nitrogen temperature (77   K)    135    210  

  Source :   Data from Sumitomo Electric Industries website  www.sei.co.jp  in 2007. 
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YBCO - 123. Because of material characteristics of BSCCO - 2223 based 
HTS material, 1G wires were limited to temperatures lower than 40   K 
while operating in magnetic fi elds above 2   T. Relative performance of 
typical 1G (BSCCO - 2223) and 2G (YBCO coated) wires is compared 
in Figure  2.8  at 77   K. As is evident, the 2G wire retains its  J c   at much 
higher magnetic fi elds than the 1G wire.   

 The 2G wire has a signifi cantly different architecture compared to 
1G wire. Unlike the 1G wire, the 2G wire did not employ noble 
metal like silver, which is still the main hurdle to achieving low - cost 1G 
wire. The main benefi ts of 2G wire are a potential for a two to 
three times cost reduction due to the higher critical current ( I c  ), a 
higher throughput, and a lower manufacturing cost with automation. 
The cost and availability in long length with high performance were 
considered to be two key requirements for commercial viability 
of 2G wires. Also as a form - fi t - function replacement for 1G wire, 2G 
wire may require minimum re - engineering of applications already 
developed and commercialized using 1G wire. The 2G wire with its 
greater strain capability was also expected to enlarge the confi guration 
options available to power equipment designers. While many other 
manufacturers are developing 2G conductors worldwide, the two 
technologies MOD/RABiTS process adapted by AMSC and the 
IBAD - MgO process adapted by SuperPower are discussed here 
because they are most developed and represent the two most common 
manufacturing processes in use. Competitively priced 2G wire is avail-
able from several sources worldwide. This section discusses MOD/
RABiTS and IBAD - MgO processes currently in use in the United 
States. 

     Figure 2.8     Performance comparison between typical 1G and 2G wires  
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YBCO-123 COATED CONDUCTORS   19

     American Superconductor Corporation ’ s 2 G  Wire     The architec-
ture of 2G YBCO wire, shown in Figure  2.9 , comprises multiple coat-
ings on a base material, or   a substrate adapted to achieve the highest 
performance and low - cost superconductor material. AMSC selected 
the  “ metal organic deposition (MOD)/rolling assisted biaxially tex-
tured substrate (RABiTS) ”  — or simply  “ MOD/RABiTS ”  — process for 
manufacturing 2G wire. AMSC further chose to laminate a 2G wire 
with two normal metal tapes to create a  “ three - ply ”  architecture —
 consisting of 2G tape sandwiched between thin copper or stainless steel 
tapes — that is similar to their commercial 1G HTS wire. It also lever-
aged technology, manufacturing equipment, and expertise from the 
company ’ s 1G manufacturing operation. AMSC ’ s 2G wire products, 
344 and 348 superconductors, were developed as a drop - in replace-
ments for 1G HTS wire applications for power cable, motor, generator, 
synchronous condenser, transformers, and fault current limiters, for 
example, without costly re - design or re - tooling. Cost models for 2G 
coated conductors, particularly those made by nonvacuum methods, 
predicted costs for future large - scale production well at 77   K, 0   T below 
$10/kAm, the effective price performance of copper  [8] .   

 American Superconductor coated conductor architectures (Figure 
 2.9 ) include a fl exible substrate, preferably of strong and nonmagnetic 
or weakly magnetic metal, typically 50 -  μ m thick. On top of the sub-
strate is a multifunctional oxide barrier or buffer layer, typically less 

     Figure 2.9     American Superconductor Corporation ’ s 2G wire structure  
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20   HTS SUPERCONDUCTORS

than 0.5    μ m thick, on top of which is the superconducting YBCO layer 
1 to 3    μ m thick. A protective silver layer of a few  μ m and a thicker 
copper protection and stabilization layer completed the conductor  [9] . 
Progress on continuous reel - to - reel processes (shown in Figure  2.10 ) 
for making coated conductors progressed rapidly in 2005 to 2006 period. 
Continuous 10 to 100   m lengths of 1 - cm - wide conductor with end - to -
 end critical currents as high as 270   A/cm width (self - fi eld, 77   K) indi-
cated the success of this multiple - step fabrication process. Uniformity 
along the length indicated that kilometer - length wires were possible. 
This process was scaled to producing 40 - mm - wide conductors in 2006. 
The 40 - mm - wide conductor could then be slit into 4   mm, 10   mm, or any 
other width desired by a customer.   

 American Superconductor markets their 2G conductors as 344 
superconductors, which have a three - ply structure as shown in Figure 
 2.11 . The wire ’ s three - ply architecture consists of 2G tape sandwiched 
between thin copper or stainless steel tapes. The key meters of this 

     Figure 2.10     American Superconductor Corporation ’ s reel - to - reel 2G wire manufac-
turing process  
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     Figure 2.11     American Superconductor Corporation 344 conductor — 2G conductor 
sandwiched between copper tapes  
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conductor are summarized in Table  2.3 . Mechanical properties of this 
2G wire exceeded the 1G wire.      

  SuperPower ’ s 2 G  Wire     SuperPower, a subsidiary of Royal Philips 
Electronics N.V. adapted the ion beam assisted deposition (IBAD) 
process for manufacturing 2G conductors. In 2006 SuperPower success-
fully transferred from low - throughput IBAD - YSZ (Yttria - stabilized 
zirconia) technology to high - throughput IBAD - MgO technology  [10] . 
A pilot - scale IBAD system and a pilot - scale buffer deposition system, 
each with capabilities of producing single - piece lengths over 1000   m, 
were established. The layered structure of the 2G conductor is shown 
in Figure  2.12 . The IBAD - MgO buffer stack includes fi ve layers between 
the metal substrate and HTS layer in order to make it robust for HTS 
fi lm deposition. The fi rst - layer alumina mainly serves as diffusion layer 
to prevent elements of metal substrate from diffusing into other buffer 
layers and HTS layer during deposition. The second - layer yttria serves 
as a seed layer to help IBAD - MgO nucleation; the third - layer IBAD -
 MgO is the key layer, which forms biaxial texture by ion beam assisted 

  Table 2.3    Characteristics of 2 G  wire from 
American Superconductor Corporation 
(Copper Laminated) 

   Specifi cation         

  Minimum  I c  , A    90  
  Average thickness, mm    0.20    ±    0.02  
  Width, mm    4.83    ±    0.12  
  Minimum bend diameter, mm    30  
  Maximum tensile stress at RT, MPa    150  
  Maximum tensile strain at 77   K    0.3%  
  Continuous piece length, m    500  

  Source :   Data from American Superconductor website 
 www.amsuper.com  in 2010. 

     Figure 2.12     Structure of Super Power  ®   2G HTS wire  
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22   HTS SUPERCONDUCTORS

     Figure 2.13     SuperPower Helix tape handling  
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  Table 2.4    Characteristics of 2 G  wire from 
SuperPower (Copper Stabilized) 

   Specifi cation         

  Minimum  I c  , A    80 – 140  
  Average thickness, mm    0.1  
  Width, mm    4  
  Minimum bend diameter, mm    11  
  Maximum tensile stress at RT, MPa     > 550  
  Maximum tensile strain at 77   K    0.45%  
  Continuous piece length, m    Up to 500  

  Source :   Data from SuperPower website  www.superpower -
 inc.com  in 2010. 

deposition. The fourth - layer homo - epi MgO makes the IBAD - MgO 
robust and improves the texture, and the fi fth layer is the cap layer to 
provide a good match with the HTS layer. LaMnO 3  (LMO), the cap 
layer, is instrumental in achieving higher  I c  . A Helix tape handling 
approach instead of the wide tape approach (Figure  2.13 ) was chosen 
due to its advantages over wide tape approach such as capability to 
handle longer lengths, shorter process time, and better   uniformity 
across tape width. Both pilot systems were in routine production mode 
in March 2006.   

 SuperPower markets 2G wire in four widths: 3, 4, 6 and 12   mm. A 
surround copper stabilizer (SCS) is applied to completely encase the 
wire. This stabilizer protects the conductor and produces rounded edges 
that are advantageous in high - voltage applications. The key parameters 
of this conductor are summarized in Table  2.4 .   

 The critical current ( I c  ) of the standard 4 - mm - wide 1G and 2G wires 
over a broad range of temperatures   is shown in Figure  2.14 . The 2G 
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wire has superior performance at all temperatures. The major differ-
ence is for applications at 77   K; namely some high fi eld applications 
could employ 2G wire cooled by liquid nitrogen. This is advantageous, 
as the cost of refrigeration system will be substantially reduced. In 2010   
the performance of 2G conductors were still improving, and the reader 
is advised to contact wire manufacturers for the latest capability curves 
for their wires.      

   2.6    MAGNESIUM DIBORIDE ( M  g  B  2 ) 

 In early 2001 the Akimitsu group in Japan discovered that the long ago 
synthesized compound magnesium diboride (MgB 2 ) was a hitherto 
unappreciated 40 - K superconductor  [11] . Since that discovery, Hyper 
Tech Research (USA) has been working on making the compound into 
a high - performing, low - cost superconductor wire. This material essen-
tially has applications at temperatures below 25   K. It can be made by 
the powder - in - tube (PIT) process, and many groups have made proto-
type wires using either prereacted (ex situ  ) MgB 2  powder or mixtures 
of Mg and B powders, which must be reacted to MgB 2  in situ within 
the wire  [12] . Above about 25   K there is neither a current density nor 
an upper critical fi eld barrier to the application of MgB 2 . This wire 
could become a credible competitor to LTS - based wires or to BSCCO -
 based wires used in low - temperature (25   K) applications. An additional 
quality is that the transition appears to be rather sharp, much more 
similar to LTS than to HTS. Thus high values and even persistent mode 

     Figure 2.14     Comparison of 1G and 2G wire performances (Courtesy American 
Superconductor Corporation)  
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magnets appear feasible, making MgB 2  a potential NMR or MRI 
magnet conductor. Another advantage of MgB 2  is that the raw material 
costs of both B and Mg are low, and a commercial conductor is expected 
to cost several times less than the Nb - based superconductors. The prob-
lems of fabricating MgB 2  conductors commercially are being addressed 
by Hyper Tech Research, Columbus, OH; Columbus Superconductors  , 
Genova, Italy; and Hitachi, Hitachi City, Japan. If costs can be kept low, 
competition with Nb - base LTS conductors is likely. Competition with 
either BSCCO - based or YBCO - based 1G and 2G HTS conductors will 
depend on the progress made in expanding the temperature range for 
applications requiring high currents in several tesla fi elds. 

 Hyper Tech Research developed and patented the continuous tube 
forming and fi lling (CTFF) process to make a powder metallurgy - based 
wire of the MgB 2  superconductor. A conceptual layout of the process 
is shown in Figure  2.15 . Wire is started with a metal strip that is formed 
into a tube and is fi lled continuously with powder. This process has 
consistently produced monofi lamentary and multifi lamentary wires of 
up to 4   km in length. This conductor can be supplied in a round or 
rectangular cross sections. MgB 2  is lighter weight and can be produced 
at a lower cost than the high temperature ceramic superconducting 
tape conductors (1G or 2G) when operated in the 20   K range. MgB 2  
wire is versatile in that it can be sized (amperage and  J c  ) for the appro-
priate coil size and performance.   

 A cross section of a typical Hyper Tech wire and its performance in 
magnetic fi eld is shown in Figure  2.16 . This wire is manufactured 1 to 

     Figure 2.15     Hyper Tech MgB2 wire manufacturing process  
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     Figure 2.16      I c   properties of MgB 2  wire (Courtesy of Hyper Tech)  
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4   km in length with 7 and 19 fi laments. More details are provided in 
Table  2.5 . In 2010 the performance of MgB 2  wires was still improving, 
and the reader is advised to contact wire manufacturers for the current 
wire   specifi cations and capability curves.     

 This wire is very versatile and could have many potential applica-
tions in devices that can operate at temperatures below 25   K. Some of 
possible applications include transformers, inductors, reactors, motors, 
generators, fault current limiters, and magnetic resonance imaging 
(MRI) systems.  

   2.7    STATE - OF - THE - ART OF VARIOUS  HTS  CONDUCTORS 

 Currently three HTS materials (BSCCO - 2223, YBCO - 123, and MgB 2 ) 
are commercially available. However, their  J e   as a function of magnetic 
fi eld and operating temperature vary widely. Suitability of an HTS 
material for a given application should be evaluated using data similar 
to that shown in Figure  2.8 . The development of   the three materials in 
decreasing order of maturity was BSCCO - 2223, YBCO - 123, and MgB 2 . 
BSCCO - 2223 is the most developed but mechanically weak in its virgin 
condition. It must be laminated to a stronger material (e.g., stainless 
steel, brass or copper) to withstand mechanical forces experienced 
during the winding operation and in service. Another constraint of this 
material is its limited maximum length due to its manufacturing process. 
Then again, YBCO - 123 coated conductors contain strong material 
(Hastealloy, nickel - tungsten, etc.) and could be available in longer 
lengths necessary for manufacturing commercially viable products. 
Both BSCCO and YBCO materials have homogeneity problems; that 
is,  J e   along the length of a given conductor is not uniform. A section 

  Table 2.5     M  g  B 2 wire from Hyper Tech Research 

   Specifi cation         

  Critical current density at 20   K and 2   T    175   kA/cm 2   
  Superconductor fraction    13 – 18% (in future 30%)  
  Diameter, mm    0.7 – 0.9  
  Number of fi laments    7 and 19  
  Condition    Reacted and unreacted  
  Heat treatment temperature/time    700 ° C for 20   min (nominal)  
  Maximum allowable tensile strain at 77   K    0.35%  
  Continuous piece length, km    1 – 4  

  Source :   Data from Hyper Tech Research website  www.hypertechresearch.com  in 2010. 
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with the lowest  J e   determines the operating current in a coil. Moreover 
 J e   is a strong function of the orientation of the magnetic fi eld with 
respect to the wide face of highly aspected conductors.  J e   is higher when 
the magnetic fi eld is llel to the wider face of a conductor, and lower 
when the magnetic fi eld is perpendicular to it. Thus, in the design of 
coils for a given application, it is essential that this effect be carefully 
accounted for. The MgB 2  conductor is the least developed at the present 
time. It has the most desirable characteristic in that it can be made in 
a round shape and therefore be independent of the magnetic fi eld ori-
entation. Round conductors are also much easier to wind. This material 
is only suitable for applications at temperatures lower than 20   K and 
has low  J e  . Its availability in long lengths is limited.  

   2.8    SUPERCONDUCTING MAGNET DESIGN 

 Several high - fi eld magnets were built in late 1990s using BSCCO - 2223 
wire  [13,14] . An example of designing a superconducting magnet is 
presented in this section. BSCCO - 2223 wire is used in this example as 
it has the most characteristic data available. This magnet is designed to 
the specifi cation in Table  2.6 .   

 The fi rst step in magnet design is to calculate the coil size and ampere 
turns for generating the required magnetic fi eld on the magnet axis. In 
this example the space between the warm bore and the cold magnet 
inside radius is occupied by a metallic room - temperature wall and 
thermal insulation. This space is chosen as 25   mm on the basis of past 
experience of designing thermal insulation systems. Past experience   
determines the inner diameter of the cold magnet coil to be 150   mm. 
The cold coil ’ s outside diameter and axial length are selected iteratively 
to produce the required fi eld on the magnet axis. For an air - core magnet, 
the magnetic fi eld can be calculated with analytical as well as fi nite -
 element codes. For this example a fi nite - element code is used for 

  Table 2.6    Specifi cation for an example magnet 

   Parameter       Value  

  Clear warm - bore diameter, mm    100  
  Field on axis — at midpoint, T    3  
  Ramp time — zero to rated fi eld, s    2  
  Operating temperature, K    35  
  Cooling method    Conduction  
  Cooler type    Cryocooler  
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  Table 2.7    Coil design details 

   Parameter       Value  

  Coil bore diameter, mm    150  
  Radial build of the coil winding, mm    50  
  Axial length of the coil, mm    240  
  Ampere turns required, kA - turns    385  
  AMSC BSCCO - 2223 bare wire dimensions      

   •    Width, mm    4.4  
   •    Thickness, mm    0.29  

  Height of a pancake coil (includes insulations and structural 
support), mm  

  8  

  Number of pancake coils    30  
  Turns/pancake coil    70  
  Thickness of an insulated turn, mm    0.7  
  Total number of turns in the magnet    2100  
  Current per turn, A    185  
  Selected operating temperature, K    35  
  Peak fi eld experienced by the conductor      

   •     B   ||   (T)    3.1  
   •     B   ⊥   (T)    1.1  

  Select AMSC BSCCO - 2223 wire with  I c   (self - fi eld, 77   K), A    145  
   I c   at design  B  ||  at operating temperature from Figure  2.6 , A      280  
   I c   at design  B   ⊥   at operating temperature from Figure  2.6 , A      230  
  Mean - turn length, m    0.63  
  Total wire needed for the coil, m     ∼ 1350  
  Inductance of magnet coil, H    0.83  
  Voltage to charge magnet in required time( =    2   s), V    51  
  Maximum discharge voltage allowed, V    500  
  Minimum discharge time from full fi eld, s      0.31  

  Source :    I c   obtained from Figure  2.6  is scaled by 145/155 to correspond to the selected   
conductor. 

performing magnetic fi eld calculations. After a couple iterations the 
coil ’ s outside diameter, axial length, and ampere turns needed to gener-
ate the required fi eld of 3   T were selected. These values are included in 
Table  2.7 . The coil design is carried out with AMSC BSCCO - 2223 wire 
rated at 145   A (self - fi eld, 77   K). This coil design consists of a set of 
pancake coils. The height of each pancake coil is determined as follows:

    

hpc = + +
= +

wire width electrical insulation axial support

4 4 0 2. . 55 2 35 8+ =. . mm     (2.2)     

 Support is needed to bear axial stress developed in the coil during 
operation. 
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 The radial thickness of each turn is calculated as

    

tturn = + +
=

wire thickness electrical insulation hoop support

0 2. 99 0 25 0 16 0 7+ + =. . . .mm     (2.3)   

 Since the coil radial build is determined to be 50   mm, it is possible to 
accommodate 50/0.7 ( =     t turn  )    ∼    70 turns in each pancake. The number of 
pancakes is calculated by coil length/pancake coil thickness    =    240/8 
( =     h pc  )    ∼    30. Thus the total number of turns in this coil are number of 
pancakes    ×    turns/pancake coil    =    30    ×    70    =    2100 turns. The total number 
of ampere turns required in this coil is 385   kA. From this the current 
per turn is calculated as 385   kA/2100 turns    ∼    185   A/turn. 

 The next step is to determine critical current of the selected conduc-
tor in presence of  B  ||  and  B   ⊥   fi elds at the selected operating tempera-
ture. The fi nite - element fi eld plot in Figure  2.17  shows that the peak  B  ||  

     Figure 2.17     Finite - element fi eld plot for the example coil  
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and  B   ⊥   fi elds experienced by the coils are 3.1 and 1.1   T, respectively. 
From Figure  2.7  the  I c   at these fi elds and the selected operating tem-
perature of 35   K are 300   A and 250   A, respectively. Since the  I c   values 
in Figure  2.7  are for a 155   A wire but the 145   A wire is selected for this 
coil, the  I c   values to be used here should be scaled by factor 145/155. 
So the new values are 280   A and 230   A. The fi nal coil design details are 
shown in Figure  2.18 .   

 The third   step in the magnet design process is to calculate conduction 
losses using equation  (2.1) . The fi nite - element fi eld plot gives  B  ||  and 
 B   ⊥   throughout the winding pack  . It is therefore possible to determine 
the electric fi eld  E ( I ) using the local  B  ||  and  B   ⊥   magnetic fi eld compo-
nents. The  I c   value to be used in equation (2.1  ) should be the lower of 
the two values calculated using local  B  ||  and  B   ⊥  . The total voltage  V e   for 
a local element is the  E ( I ) calculated with local fi eld values times the 
element length. The total coil voltage ( V t  ) is obtained by summing  V e   
values for all elements. The coil conduction loss ( P c  ) is equal to  V t      ×     I     , 
where  I  is the coil current. It should be noted that  V e      ×     I  is the loss in 
a local element, which may be useful for assessing adequacy of cooling 
in a local region. 

 For this example magnet, let us assume that average  B  ||  and  B   ⊥   are 
2.5 and 0.75   T, respectively. The corresponding  I c   values from Figure  2.6  

     Figure 2.18     Example coil design details  
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for  B  ||  and  B   ⊥   are 300   A and 280   A, respectively — these values are 
already scaled by the factor 145/155. The  N  - value for such a coil is 
expected to be around 16. Thus the  E ( I ) value from equation  (2.1)  is

    E
I
I

e
c

N

= × × =
=

⎛
⎝⎜

⎞
⎠⎟ = ×−

=
−10

185
230

3 1 106
16

8V cm
A

V cm. .     (2.4)   

 Since the magnet has 1350   m of wire in it, the total loss in the coil is 
given as

    

P E Ic e= × ×
= × × × × =−

wire length

V cm 185A 1350 m cm m W3 1 10 100 0 88. . .     (2.5)   

 Thus the total conduction loss in this magnet is 0.8   W, which is 
quite low. 

 The inductance is 0.83   H for this example magnet, and the energy 
stored in it is 13.9   kJ when fully charged. To fully charge the magnet in 
2 seconds (as required in Table  2.6 ), a DC voltage ( V dc  ) must be applied 
to the magnet:

    V L dI dtdc = = × =0 83 185
2

77
.

.
H A

s
V     (2.6)   

 In the event of an emergency dump, 500   V DC could be imposed 
on this system. The time ( t d  ) needed to discharge this magnet is calcu-
lated as

    td = × =0 83 185
500

0 31
.

. .
H A

V
s     (2.7)   

 The magnet coil assembly is subjected to hoop and axial forces while 
carrying the current. Total hoop and axial forces in this magnet are 116 
and 110   kN, respectively. These forces are used for calculating stresses 
in the conductor as follows: 

  Hoop stress     Each HTS wire has 0.16   mm of external steel support 
(equation  2.3   ) plus 0.05   mm of steel in the wire as produced by AMSC. 
Thus total steel thickness in the wire is 0.16    +    0.05    =    0.21   mm, and each 
wire is 4.4   mm wide. Assuming that the hoop stress is uniformly distrib-
uted throughout the coil ’ s cross section, the average hoop stress ( ε   h  ) is 
calculated as
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εh = ×(
×
hoop force number of turns in the coil steel thickness

wwire width

kN
mm 4.4 mm

N mm  MPa2

)

=
× ×

= =

116
2100 0 21

60 60

.

.     (2.8)     

 The HTS wire will also experience this stress, from Table  2.1 , this is 
well below the maximum allowable tensile stress in the AMSC 1G 
wire.  

  Axial stress     The maximum compressive force will be borne by the 
pancake at the middle of the coil assembly. The average compressive 
stress in the HTS wire steel is calculated as

    

εc = ×(
×
axial force number of turns mean-turn length

steel thickkness

kN
m mm m 0.21 mm

N mm  MPa2

)

=
× × ×

= =

110
2100 0 63 100

4 4

.

.     (2.9)        

 This compressive stress in the steel and the HTS conductor is well 
within allowable limit. 

 Although the average tensile and compressive stresses calculated 
above are well within HTS conductor capabilities, local stresses could 
be higher because of the non - uniformity of the coil cross section, 
inclusion of nonmetallic components, such as electrical insulation and 
epoxy, that have much lower modulus of elasticity than steel. Local 
stresses and stress risers are critical design issues in all superconducting 
magnet.  

   2.9    SUMMARY 

 This chapter has presented information on the state of the art of high 
temperature superconductor technology. The chapter covered the most 
popular HTS conductor confi gurations, provided characteristic data 
that can be used for designing superconducting magnets, and further 
provided an example magnet design to help those readers who are new 
to this fi eld. There are number of other important issues, such as 
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hysteretic and eddy - current losses, and cryostat heat load, quench 
protection, and current lead performance and losses, that will be dis-
cussed in the later chapters that deal with specifi c device designs.  
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COOLING AND THERMAL 
INSULATION SYSTEMS     

    3.1    INTRODUCTION 

 All currently known superconductors must operate at cryogenic tem-
peratures between 4 and 80   K. The technology of creating low tempera-
tures is quite complex, and a great deal of ingenuity is required to build 
cooling equipment (called refrigerators or simply cryocoolers) capable 
of achieving these low temperatures. Discussion in this chapter is 
limited to the creation and maintenance of this cryogenic environment 
in which superconducting devices function. The discussion includes an 
introduction to gases suitable for the cryogenic environment, design of 
cryostats (or enclosures) for maintaining superconductors in their 
required cryogenic environment, and cryogenic refrigerators used 
for removing thermal load from the cold environment. Also discussed 
is the cryostat design process, including calculations of various heat 
loads. An example cryostat design is included at the end of this chapter 
for illustrating the design process and highlighting the key design 
drivers.  

Applications of High Temperature Superconductors to Electric Power Equipment, 
by Swarn Singh Kalsi
Copyright © 2011 Institute of Electrical and Electronics Engineers
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   3.2    ANATOMY OF A CRYOSTAT 

 A cryostat houses and maintains superconductor magnet coils in an 
environment suitable for their operation. A cryostat assembly to house 
the HTS example magnet described in Chapter  2  is schematically shown 
in Figure  3.1 . This HTS example magnet is epoxy impregnated and is 
conduction cooled with a cryocooler to maintain it at its required oper-
ating temperature of 30   K. The cryostat assembly consists of the follow-
ing components; vacuum vessel, HTS magnet, current leads, cold mass 
support, intermediate temperature radiation shield, multi - layer insula-
tion (MLI), and cryocooler. The vacuum vessel is confi gured to house 
the HTS magnet and to provide a clear 100 - mm - diameter bore. The 
HTS magnet coil assembly (also called the  “ cold mass ” ) is supported 
from the warm vacuum vessel. An intermediate temperature shield 
maintained at 60   K surrounds the magnet assembly. The purpose of this 
shield is to intercept radiated heat from the room - temperature wall of 
the vacuum vessel. A multi - layer insulation (MLI) thermal blanket is 
installed in the space between the radiation shield and room - temperature 
walls of the vacuum vessel. A pair of leads supplies current to the 
magnet. Since current leads represent a big source of heat conduction 

     Figure 3.1     Schematic of a cryostat for the example magnet in Chapter  2   
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from room temperature to the cold mass, they are optimally designed 
to minimize this load. A typical current lead has two parts: a lower part 
(between the magnet and radiation shield) made from an HTS mate-
rial, and an upper part (between the radiation shield and room tem-
perature) made from copper or brass. The thermal load conducted from 
room temperature to the radiation shield is intercepted by the fi rst 
stage of the cryocooler. Likewise the thermal load conducted from the 
radiation shield to the magnet is removed by the second stage of the 
cryocooler. Figure  3.1  shows a two - stage cryocooler employed for 
cooling the magnet assembly. The fi rst - stage cooling   intercepts the 
thermal load radiated from room temperature through the MLI thermal 
insulation, and conduction through the cold mass supports, through 
instrumentation wires, and through current leads at the selected 60   K 
radiation shield. Second - stage cooling   removes thermal load in the 35   K 
region, which includes thermal radiation from the 60   K shield, and 
thermal conduction through cold mass supports, instrumentation wires, 
and conduction down HTS current leads between the fi rst stage of the 
cryocooler and the magnet cold mass. Two - stage cryocoolers have even 
been used to cool a magnet to 4   K, which is necessary for LTS magnets. 
A two - stage cooler is selected for the example magnet to help illustrate 
various features of a cryostat assembly. However, a single - stage 
cryocooler is usually adequate to operate an HTS magnet down to 
about 30   K.   

 Figure  3.1  shows a cryogen free conduction - cooled magnet. It is 
conduction cooled with a cryocooler by providing a low thermal resis-
tance path between the coil and the cryocooler. Cryocoolers cool down 
superconducting magnets from ambient temperature (300   K) to 30   K 
(or even 4   K for LTS coils.) In general, a cryocooler is employed 
for cooling superconducting magnets consisting of potted (epoxied) 
coils. Potted coils are conduction cooled even if they are bathed in a 
cryogen. 

 The design process for various cryostat components is described in 
the following sections.  

   3.3    CRYOGENIC FLUIDS FOR COOLING HTS MAGNETS 

 A superconducting magnet has to be cooled to a temperature suitable 
for its effi cient and reliable operation. The simplest way of cooling a 
magnet is to bathe it in a pool of liquid cryogen, which boils at a tem-
perature suitable for the superconductor materials. A cryogen boils at 
a constant temperature if it is maintained under a constant pressure. 
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The fi ve fl uids of interest (He, H 2 , Ne, N 2 , and O 2 ) are listed in Table 
 3.1 ) along with their key characteristic properties  [1]   . For gas proper-
ties, the reader is referred to the quoted reference in the table and many 
other available data sources. Of these fl uids H 2  and O 2  are not preferred 
due to the fi re hazard associated with them. Liquid O 2  can make materi-
als (like Tefl on or aluminum) explode and burn even though they are 
considered noncombustible. Hydrogen is used in limited high - tech 
applications where its safety can be carefully monitored. The remaining 
fl uids (He, Ne, and N 2 ) are preferred because they are inert and do not 
combine with other fl uids to create explosive mixtures.   

 Since most LTS magnets made with niobium - titanium (Nb - Ti) and 
niobium - tin (Nb 3 Sn) superconductors require operation at close to 
4   K, liquid He (LHe) has been the only fl uid of choice. Almost all 
high - fi eld LTS magnets employ LHe as a coolant. However, HTS con-
ductors (BSCCO - 2223 and YBCO - 123) can operate at LN 2  tempera-
ture (77   K) for low - fi eld applications and at LNe temperature (27   K) 
for high - fi eld applications. LN 2  is preferred as a coolant because it is 
inexpensive, inert, and readily available. LNe is also attractive as a 
coolant for HTS magnets but is expensive and not readily available in 
large quantities. The main disadvantage of all cryogens is that they must 
be replenished or be used in a closed cycle where a cryocooler re -
 condenses boiled - off vapor. Many HTS magnet applications, to be dis-
cussed in the later chapters, have used LNe and LN 2  as coolants. As a 
point of caution, all established safety and control rules must be fol-
lowed while working with cryogens because of the hazards associated 
with them.  

  Table 3.1    Selected properties of cryogens at 1 atmosphere 

   Property     He     H 2      Ne     N 2      O 2   

  Boiling temperature ( T s  ), K    4.22    20.39    27.09    77.39    90.18  
  Triple point, K     —     13.96    24.56    63.16    54.36  
  Heat of vaporization (liquid), 

kJ/kg  
  20.9    443    85.9    199.3    213  

  Heat of vaporization (liquid 
volume), J/cm 3   

  2.6    31.1    104    161    243  

  Density ( T s  , liquid), kg/m 3     125    70.8    1206    807    1141  
  Density ( T s  , vapor), kg/m 3     16.9    1.33    9.37    4.60    4.47  
  Density (293   K), kg/m 3     0.167    0.084    0.840    1.169    1.333  
  Density ( T s  , liquid)/ Density 

(293   K)  
  749    843    1436    690    856  

  Source :   Data taken from Iwasa  [1]   . 
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   3.4    DIRECT COOLING WITH CRYOGENS 

 LTS magnets employing NbTi and Nb 3 Sn superconductors are gener-
ally cooled by submerging them in LHe. Nearly all magnetic resonance 
imaging (MRI) magnets built with NbTi are cooled this way. Since the 
NbTi conductor is bathed in LHe, any heat generated in the conductor 
is transferred to the liquid coolant. This heat load is absorbed by con-
verting LHe into gaseous He (GHe) using the latent heat of vaporiza-
tion. In these magnets, superconductors remain in the superconducting 
state as long as the heat fl ux (heat per unit area) available at the con-
ductor surface is less than what the LHe can remove; this limit is called 
the critical heat fl ux. Once the critical heat fl ux is exceeded, the super-
conductor temperature begins to rise, and eventually the superconduc-
tor transitions to its normal state when its temperature exceeds its 
critical temperature ( T c  ). The majority of MRI and particle accelerator 
magnets fall in this category. 

 Another class of magnets is cooled by a forced fl ow of liquid helium. 
In this method either superconductor strands are contained inside a 
conduit or they are attached to the outside of the conduit. LHe is forced 
through the conduit to cool the superconductor strands. This method 
permits more effective cooling of superconductor strands and in a more 
controlled manner than the pool boiling method. Very large magnets 
have been built using both approaches. For an in - depth study of behav-
ior of LTS superconductors used as magnets, the reader is referred to 
a book by Wilson  [2] . 

 LTS superconductor wires are usually made in small diameter 
because of technical and manufacturing limitations. A typical Nb - Ti 
and Nb 3 Sn wire (or strand) is about 0.5 to 1   mm in diameter. An indi-
vidual wire may only carry about 100   A to 200   A, which in not suitable 
for making large magnets. A large magnet requires many ampere turns. 
If such a magnet were made using a small - diameter wire, then many 
turns would have to be wound. The resulting high inductance of such 
a magnet creates problems like quench protection, long charging time, 
and increased winding cost. A superconducting coil insulation could 
withstand only a limited voltage across its terminals due to confl icting 
electrical and thermal cooling requirements. Usually a maximum of 
about 1000   V   is permitted across terminals of a coil. In order to protect 
a magnet, a shortest possible discharge time is desired to extract magnet 
energy following an abrupt quench. To achieve a lower inductance 
magnet, it is necessary to use high - current conductors, which are created 
by bundling many wires together — appropriately twisted to ensure 
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equal current distribution among all wires. Figure  3.2  shows two such 
conductors: 

  1.     cabled superconductor soldered into a copper conductor for use 
with pool - boiling cooling technique, and  

  2.     cable - in - conduit conductor where many strands are housed in a 
conduit for use with forced - fl ow cooling technique.      

 Many variation of creating large current conductors have been success-
fully built. Cable - in - conduit type conductors are being considered by 
the ITER  [3]  project, which is a joint international research and devel-
opment project that aims to demonstrate the scientifi c and technical 
feasibility of fusion power.  

   3.5    INDIRECT OR CONDUCTION COOLING 

 Many high - fi eld magnets have been built using simple and convenient 
conduction cooling with cryocooler refrigerators. Such magnets exceed-
ing 12   T are commercially available now. Superconducting coils are 
epoxy impregnated to create monolithic structures that are mechani-
cally strong and easy to handle. Such coils are cooled from their outside 
surface by conduction. Two typical conduction cooling schemes are 
shown in Figure  3.3 , where good thermal contact is implemented 
between HTS coils and (1) tubes carrying coolant and (2) directly by 
a cryocooler refrigerator cooler.   

     Figure 3.2     High - current superconductors: ( a ) Pool - boil cooling and ( b ) forced - fl ow 
cooling  
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 The coolant in the cooling tubes could be a cold gas or a liquid 
cryogen. The coolant can operate in a closed cycle, rejecting its heat 
load outside the magnet system in a refrigerator or other equivalent 
cooler. The coolant could also be a cryogen taken from a storage con-
tainer. Additionally a cryocooler refrigerator could be thermally inter-
faced to an HTS coil being cooled. The next section discusses various 
types of cooling devices currently available.  

   3.6    REFRIGERATION SYSTEMS 

 Refrigeration is the process of removing heat from an enclosed space, 
or from a substance, and rejecting it elsewhere for the primary purpose 
of lowering the temperature of the enclosed space or substance and 
then maintaining that lower temperature. Refrigerator systems require 
power to remove the thermal load from the low - temperature region. 
The  effi ciency  ( η ) of cryogenic refrigerators has been improving steadily 
over many years. However, the effi ciency of refrigerators of greatest 
interest in HTS is typically less than 20% of  Carnot effi ciency , with ( η  c ,) 
defi ned as

    ηc
l

h l

T
T T

=
−

.     (3.1)   

 For an ambient temperature ( T h      =    300   K) and an operating tempera-
ture ( T l      =    77   K), the  η   c   is 34.5%. The typical effi ciency of a refrigerator 
is 20% of  η   c  , or  η     =    6.9%. Another way to express this is through the 
 specifi c power  ( =    1/ η ), which is 14.5 in this case. The specifi c power is 
expressed in units of watts per watt, namely the number of watts 
of input power required to remove one watt of heat at the cooling 

     Figure 3.3     Conduction cooling of a superconducting coil: (1) Coolant in tubes and 
(2) coil in contact with a refrigerator cooler  

(2)(1)

Monolithic
Coils Cooler

Coolant
in Tube

c03.indd   41c03.indd   41 1/12/2011   2:26:12 PM1/12/2011   2:26:12 PM



42   COOLING AND THERMAL INSULATION SYSTEMS

temperature. This means that to remove one watt of heat from the 77 - K 
region, it requires 14.5 watts of input power. This requirement is also 
known as the  cryogenic penalty  because it is equivalent to a parasitic 
loss that diminishes the savings achieved with HTS conductors by 
eliminating the  I  2  R  loss of a particular magnet or device. Obviously the 
 η  is lower at lower temperatures — for example, at 30   K,  η   c   is only 11%. 
Hence at lower operating temperatures, the actual operating effi ciency 
is lower, the  specifi c power  of the refrigerator is higher, and the cryo-
genic penalty is more severe. 

 Radebaugh  [4]  has extensively reviewed the state - of - the - art of 
various refrigeration systems available for cooling magnets built with 
HTS and LTS conductors. Most magnets operate at temperatures in the 
range of 4 to 80   K. Refrigerators in this temperature range fall in the 
following two categories: 

   •      Recuperative types (steady fl ow).     Examples are the Joule – Thomson, 
Brayton, and Claude cycles.  

   •      Regenerative types (oscillating fl ow).     Examples are the Stirling, 
Gifford – McMahon  [5] , and pulse - tube cycles.    

 During the US DOE ’ s 1000 - hp motor development program with 
Reliance Electric, American Superconductor built a refrigerator using 
Reverse Brayton Cycle  [6]    for cooling the rotor. It generated a cold 
helium gas (around 24   K) that was used for the conduction cooling of 
the HTS coils in the motor. However, discussion in this section is 
limited to the regenerative - type coolers, which are widely employed for 
cooling HTS magnets. Specifi c refrigerators of interest are Gifford –
 McMahon, Stirling, and pulse tube. 

   3.6.1    Gifford – McMahon (G - M) Cryocoolers 

 The Gifford – McMahon (G - M) cryocooler is the most popular for 
cooling HTS magnets. One of its main advantages is it isolates the 
compressor from the regenerator and displacer, which allows a modi-
fi ed commercial air - conditioning compressor to be used. Maintenance 
is required about every one to three years. A G - M unit can be large 
and heavy, and there is still inherent vibration from the moving dis-
placer. However, placing the compressor and the cold head remotely 
from the device being cooled can mitigate this problem. 

 G - M cryocoolers are widely used for cooling magnets from 2 to 
80   K. These coolers are made as one - , two - , and three - stage devices and 
are made in various sizes in the United States, Europe, and Japan. 
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Three - stage coolers are usually for generating temperatures below 2   K. 
For most magnet applications, one -  and two - stage coolers suffi ce. 
Usually two - stage coolers are employed to achieve cooling down to 
4   K, whereas single - stage coolers are suffi cient for temperatures at 20   K 
and above. Thus HTS magnets usually employ single - stage coolers. A 
large capacity single - stage Cryomech AL600 cryocooler can supply 
cooling power  [7]  as shown in Figure  3.4  when coupled with their 
CP - 1000 compressor. The specifi c data in Table  3.2  is for this cooler and 
its associated compressor (data from the website  www.cryomech.com ). 
A typical cryocooler and its associated compressor are shown in 
Figure  3.5 .     

 Although G - M cryocoolers are popular and are available in very 
small to large capacity rating, they have following drawbacks: 

   •      Effi ciency  
   •      Size and weight  
   •      Noise and vibrations  
   •      Heat rejection  
   •      Cost    

 These issues warrant careful evaluation before selecting a G - M cooler 
for a given application. However, G - M coolers are quite portable and 
versatile for a large variety of applications and have made possible 

     Figure 3.4     AL330 cryocooler ’ s 100 - W cooling power at 30   K  (Courtesy Cryomech, 
Inc.)   
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many HTS based devices. About 20,000 units per year were made 
worldwide during the peak in the semiconductor industry. The G - M 
cryocooler is also used for cooling radiation shields up to 10 to 15   K in 
MRI systems to reduce the boil - off rate of liquid helium or in some 
cases used to re - liquefy the helium at 4.2   K. Single - stage units for tem-
peratures above 30   K are less expensive. Refrigeration powers at 80   K 
generally range from about 10 to 500   W, with input powers ranging from 
about 800   W to 10   kW. The oil - lubricated compressors have lifetimes of 
at least fi ve years, but the absorber cartridge for oil removal must be 
replaced once every year or two. Replacement of seals on the displacer 
must be performed about once a year.  

  Table 3.2    Data for a large capacity cryocooler 

   Parameter         

  Cold head model    AL600  
     Weight, kg    47.6  
     Dimensions — cold fi nger diameter    ×    height, mm    159 ϕ     ×    308  
  Water - cooled compressor    CP1014  
     Weight, kg    222.7  
     Dimensions — L    ×    W    ×    H, mm    610    ×    580    ×    970  
     Cooling type    Water  

  Source :   Data from the Cryomech website,  www.cryomech.com   [7] . 

     Figure 3.5     Cryocooler cold head and its compressor  (Courtesy Cryomech, Inc.)   
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   3.6.2    Stirling Coolers 

 Although the Stirling coolers have higher effi ciency than G - Ms and can 
provide substantial cooling power at 65   K, they are still very heavy and 
cost substantially more. There is considerable manufacturing experi-
ence with such units, but they are prone to vibration, owing to the 
moving displacer. They must be run dry (without lubrication) because 
of the links (via the coolant gas) between cold and warm regions, and 
it is expensive to achieve long lifetimes (3 – 10 years) in these systems. 

 A Stirling cooler works by repeated heating and cooling of a sealed 
amount of working gas, usually helium for cryogenic temperatures. A 
piston varies the working gas volume, and a displacer shuttles the gas 
within the cooler between the warmer components and the cooler 
components. Stirling coolers are available in a wide range of sizes —
 from milli - watts, where they can be very small and relatively inexpen-
sive, to hundreds of watts of cooling capacity. Temperatures down to 
20   K are possible with two - stage units. 

 Stirling Cryogenics and Refrigeration makes three different types of 
coolers (described below) that are suitable for a range of requirements 
and temperature levels. 

  The  re - liquefaction Liquid Power Cooler (R - LPC)  cools down to 65   K 
and re - condenses the boil - off gas returning from the application. This 
power cooler type is the solution for applications where  

   •      the design of the HTS device allows suffi cient cooling by natural 
fl ow, and  

   •      the boil - off gas developed in the application easily collects at the 
top of the application cryostat.    

  The  forced Flow Liquid Power Cooler (LPC)  cools down to 65   K using 
a subcooled liquid gas loop. This LPC type is advantageous for those 
applications where 

    •      the refrigerator cannot be located in the immediate vicinity of the 
application, or  

   •      the HTS device design does not allow suffi cient cooling by sheer 
natural fl ow.    

  The  gas power cooler (GPC)  cools at 20 to 40   K and 80   K simul-
taneously, using a gaseous helium loop to transfer the cold to the 
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application. The GPC is the solution for those applications that demand 
full refrigeration below 65   K.    

 Data for two low - temperature two - stage coolers is summarized in 
Table  3.3 . A two - stage, one - cylinder cooler is shown in Figure  3.6 .      

     Figure 3.6     Large SPC - 1T Stirling cooler  (Courtesy Stirling Cryogenics and 
Refrigeration website)   

  Table 3.3    Data for large capacity Stirling coolers 

   Parameter     SPC - 1T     SPC - 4T  

  Number of cylinders    1    4  
  Cooling capacity at the two stages     —      —   
     20   K stage, W    50    200  
     80   K stage, W    150    600  
  Cooling water requirement, l/hr    750    3000  
  Power input, kW    12    45  
  Installation space requirement, m 3     3    3  
  Total weight, kg    600    1800  
  Maximum ambient temperature,  ° C    45    45  

  Source :   Data from Stirling Cryogenics and Refrigeration website,  www.stirling.nl . 
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   3.6.3    Pulse - Tube Coolers 

 The advantage of a pulse - tube cooler is that the  “ displacer ”  is a 
column of gas, not solid material; it is a gas plug. This eliminates a 
crucial moving part at low temperatures, and greatly enhances reliabil-
ity and reduces vibration. Most pulse - tube cryocoolers built to date 
have had small cooling capacities (50   W or less), but recent advances 
have demonstrated the feasibility of systems with up to 1   kW of cooling 
capacity at 77   K, and much larger capacities are expected in the 
future. 

 Current pulse - tube development efforts are concentrated on the 
basic understanding of the cooling principle, the extension of the tem-
perature range, and the exploration of various cooling arrangements. 
Challenges are related to the increase of the coeffi cient of performance, 
the increase of the operating frequencies for low - temperature applica-
tions, the extension of the temperature range to lower temperatures, to 
long - term stability, and to miniaturization. These pulse - tube coolers are 
made in different cooling capacity ratings — from a few watts to tens of 
watts. Larger rating coolers are beginning to become available. A high -
 capacity commercial single - stage Cryomech pulse - tube cooler is shown 
in Figure  3.7 . Its cooling power is 60   W at 80   K.   

     Figure 3.7     PT60 Cold Head (compressor package not shown) — Courtesy of 
Cryomech Inc.  
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 This PT60 Cryomech cryocooler has low vibrations and provides 
cooling to nearly 30   K. Vibration levels on the cold end have been 
measured as low as 1    μ  when using the low - vibration option. The 
PT60   cooler is suitable for re - condensing liquid nitrogen and for cooling 
HTS devices. It could be supplied with a remote motor for minimizing 
the vibrations. These pulse - tube coolers require virtually no mainte-
nance; merely change the compressor absorber every 20,000 hours. 
A PT60   cooler in single - stage confi guration provides capability of 
0   W at 30   K and 60   W at 80   K. Their compressors are cooled with air 
or liquid.   

   3.7    OPEN LOOP COOLING WITH LIQUID NITROGEN 

 There is a large liquid nitrogen production and supply infrastructure in 
place throughout the world with literally thousands of tons of available 
LN 2 . This can be utilized in HTS applications with very attractive eco-
nomics. Such systems could be simple to install and operate with very 
few complex components. Temperatures in the range of 65 to 77   K can 
be achieved with vacuum pumps. 

 There are many apparent advantages to an open loop system with 
LN 2  evaporating in  pool boiling . The capital costs of such systems are 
low, and operational reliability is signifi cantly higher because no major 
machinery is needed and it is a simple system. Still, while LN 2  costs are 
very competitive and the operating economics look superior to small 
mechanical refrigeration systems, costs can be higher in some remote 
locations. Also geometries of some systems may not favor forced cir-
culation cooling over pool boiling and therefore may need special 
cryostat designs.  

   3.8    MAGNET MATERIALS 

 A magnet system consists of a variety of materials such as copper, brass, 
aluminum, steel, Inconel, Kevlar, Tefl on, Kapton, Nylon, G - 10 fi ber 
glass, glass fabric, lead, Indium, and sapphire. Properties (electrical, 
mechanical, and thermal) are available from the website of National 
Institute of Standards and Technology (NIST), fi le:///C:/Work%20Files/
Book/Chapter - 3 - Cooling%20and%20Thermal%20Ins/Chap_
3 - References/material_properties_NIST.htm. These properties are 
provided as fi tted functions of temperature, which could be useful 
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for integration in automated calculation routines. Iwasa  [1]  has 
included properties (electrical, mechanical, and thermal) of most 
commonly used materials in his book. Material properties are also 
available on the site  http://www.submm.caltech.edu/cso/receivers/
thermal/properties.html .  

   3.9    CURRENT LEADS 

 Current leads convey current from room temperature to cold magnet 
coils. These leads also form a thermal conduction path between warm 
and cold ends. Because of large cryogenic penalty to remove the heat 
load from the low temperature, it becomes mandatory to minimize the 
thermal conduction from high temperature to the low temperature. 
Leads can be divided into three groups (shown in Figure  3.8 ) according 
to cooling techniques employed: 

  1.      Conduction cooled  lead (Figure  3.8  a ) is cooled by removing 
thermal heat load from the cold end.  

  2.      Vapor cooled  lead (Figure  3.8  b ) is constructed by a employing 
porous metal structure through which cold gas vapor fl ows from 
the cold end to the warm end.  

  3.      Forced cooled  lead (Figure  3.8  c ) is also constructed by employing 
a porous metal structure through which gas is forced from the cold 
end to the warm end.      

     Figure 3.8     Current leads cooled by ( a ) conduction, ( b ) vapor, and ( c ) forced fl ow  
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   3.9.1    Current Leads for Low Temperature Magnets 

 To minimize heat conduction further, hybrid leads could be employed 
for magnets operating at very low temperatures. Two possible varia-
tions of such leads are shown in Figure  3.9 . 

  1.     Conduction cooled hybrid lead (Figure  3.9  a ) has two parts. The 
lower part operates between the magnet operating temperature 
( T l      <    60   K) and an intermediate temperature ( T int      ∼    60   K). The 
upper portion operates between  T l   and  T h   ( ∼ 300   K ambient) tem-
peratures. Such leads are usually employed in cryogen - free 
magnets cooled with two - stage cryocoolers as shown in the fi gure. 
The lower portion is made from a suitable HTS material having 
a intrinsically low thermal conductivity and is conduction cooled 
by the second stage of the cryocooler. The upper portion is made 
of copper and is conduction cooled by the fi rst stage of the 
cryocooler.  

  2.     Vapor/forced - fl ow cooled lead (Figure  3.9  b ) also has two parts —
 each part could be vapor or force - fl ow cooled. The lower portion 
is cooled with vapor (helium) from the magnet. The vapor is 
allowed to warm up to the liquid nitrogen temperature. The upper 
portion is cooled with liquid nitrogen, which is allowed to warm 
up to ambient temperature ( T h      =    300   K). It is also possible to build 
the lower portion of the lead from HTS for minimizing the thermal 
load further.      

     Figure 3.9     Hybrid current leads: ( a ) Conduction cooled and ( b ) vapor/forced - fl ow 
cooled  
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 Most of the HTS magnets are built to operate dry and are conduc-
tion cooled with cryocooler. Such magnets cooled with a single cryo-
cooler operate in 30 to 40   K temperature range employ conduction 
cooled leads (Figure  3.8  a ). However, magnets operating at lower tem-
peratures ( < 20   K) employ two - stage cryocoolers and use leads like 
those shown in Figure  3.9  a . 

 HTS leads are commercially available for a range of currents. There 
are two basic technologies for HTS leads — bulk rods of ceramic super-
conductor and metal matrix superconducting composites. There are 
advantages and disadvantages to each. 

  Bulk ceramic leads  are made by a variety of methods and of a 
number of different HTS materials, but the primary objectives are the 
same: to achieve a rugged ceramic structure with high critical current 
and low electrical resistance connections. The advantage of this 
approach is that because the ceramics have intrinsically low thermal 
conductivity, the leads may be made quite short for easier integration 
in the system. The disadvantages are that the ceramic rods are suscep-
tible to breakage during installation, during operation, and during tem-
perature excursions caused by driving the lead normal. In addition it 
has proved diffi cult to provide very low resistance connections between 
the ceramic superconductor and the metallic connections at the ends 
of the leads. These disadvantages have been mitigated by careful system 
design in a number of magnets, and successful systems have been built 
using bulk leads supplied by Nexans Superconductor. 

  Metal matrix composite leads  (Figure  3.10 ) essentially use the 
powder - in - tube technology of   BSCCO - 2223 wire to manufacture a wire 

     Figure 3.10     HTS current leads  (Courtesy of American Superconductor Corporation)   
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or tape incorporating a low thermal conductivity metal or alloy in place 
of the customary silver matrix. The advantages of metallic leads are 
intrinsic ruggedness, high tolerance to thermal excursions, and very low 
contact resistances. These advantages are to be balanced against the 
disadvantage of the somewhat higher thermal conductivity of the com-
posite material, which requires that a longer lead assembly be used to 
achieve heat leaks comparable to bulk leads.    

   3.9.2    Design of Conduction Cooled Leads   

 A conduction cooled lead (Figure  3.8  a  and upper portion of Figure 
 3.9  a ) is employed between 60 and 300   K (ambient temperature) regions. 
This portion is usually made from copper or brass and is designed 
to minimize thermal conduction from the warm end to the cold 
end. Simple equations governing this design are provided below. 
Total thermal conduction ( Q ) from the warm end to the cold end is 
given as  

    Q
LI
A

KA T
L

= +ρ 2 Δ
    (3.2)  

  where
   I         =  current in the lead,  
  L         =  length of the lead,  
  ρ         =  average resistivity of the lead material,  
  K         =  average thermal conductivity of the lead material,  
  A         =  area of cross section of the lead,  
  Δ  T         =  temperature difference between warm and cold ends.    

 Equation  (3.2)  can be rearranged as

    Q
LI
A

KA T
L

I K T= −
⎛

⎝⎜
⎞

⎠⎟
+ρ ρ

2
2

2
Δ Δ     (3.3)   

 To achieve minimum thermal conduction ( Q ), the fi rst bracketed term 
in equation  (3.3)  must be made zero, which makes the thermal conduc-
tion equal to  I  2  R  loss in the lead. With this assumption and upon rear-
rangement of terms, the following equation is achieved:
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L
A I

K
T= 1

ρ
Δ     (3.4)   

 Equation  (3.4)  gives length/cross - sectional ( L / A ) ratio of a conduction 
cooled current lead as a function of lead current, temperature differ-
ence between warn and cold ends, resistivity, and thermal conductivity 
of the lead material. The thermal conduction ( Q ) to the lower end of 
a lead designed with equation  (3.4)  is given as

    Q I K T= 2 ρ Δ     (3.5)   

 The product  ρ  K  is almost identical for a variety of material used for 
manufacturing current leads. Thus selection of lead material is less criti-
cal. Typical conduction heat load for operation between 60 and 300   K 
is about 4   W for a 100   A lead. For more accurate design analysis, using 
material properties as a function of temperature, readers are referred 
to the book by Iwasa  [1] .   

   3.10    EXAMPLE CRYOSTAT DESIGN 

 The design discussion in the previous sections is utilized here for sizing 
the cryostat and refrigeration system for the magnet example of Chapter 
 2 , Section  2.7 . The magnet and its cryostat assembly are shown in Figure 
 3.1 . Design calculations are performed for calculating thermal load 
from various sources, and then this thermal load is used for selecting a 
suitable refrigerator. 

   3.10.1    Confi guration 

 The magnet assembly has a clear warm bore of 100   mm. The HTS 
magnet is supported from the bottom of the vacuum vessel through a 
speaker cone - shaped structure that has many holes in its wall for mini-
mizing the cross section for thermal conduction from the ambient 
temperature vacuum vessel to the cold mass. A two - stage current 
lead is included to supply current from ambient to the cold magnet. A 
radiation shield is included in the space between the warm walls of 
cryostat and the cold surface of the magnet. This radiation shield is 
operated at 60   K, which is also the temperature of intermediate stage 
of the current lead.  
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   3.10.2    Thermal Load Calculations 

 Total thermal load of a conduction cooled cryogen free magnet has the 
following four components: 

  1.     Conduction loss in the HTS wire (in the HTS coils) is 0.8   W   
(already calculated in Section  2.8 , equation  2.5 ).  

  2.     Radiated thermal load through MLI.  
  3.     Thermal conduction through current leads.  
  4.     Thermal conduction through mechanical support components.    

  Radiated Thermal Load through  MLI        Thermal load radiated from 
ambient temperature (300   K) vacuum wall to the radiation shield at 
60   K is calculated in this section. The four components of this thermal 
load are calculated below: 

  1.     Thermal load from the ambient cryostat walls to the radiation 
shield in the bore.     The HTS coil inside diameter is 150   mm, and 
the height of the magnet is 240   mm. The radial gap between warm 
cryostat wall and magnet cold wall is  

    Lgap = ⋅ − =0 5 150 100 25. ( ) .mm  mm     (3.6)  

    For a radiation shield that is located midway in the 25 - mm gap, 
the diameter of the radiation shield is  

    ds = + =100 25 125 mm.     (3.7)   

 The height of the warm bore tube,  h b      =    magnet height 
(240   mm)    +    gap between bottom of cryostat and the magnet 
(75   mm)    +    gap between the top of the magnet and the top plate 
of cryostat (250   mm)    =    565   mm. 

 The mean surface area of the MLI blanket is  

    

A d hb MLJ s b- mm mm

mm  m

= ⋅ ⋅ = ⋅ ⋅
= =

π π 125 565

221762 0 2222 2. .     (3.8)  

    Typically thermal fl ux due to radiation from 300   K warm wall to 
the 60   K radiation shield (through MLI blanket) is about  

    Qr = 3 2 W/m .     (3.9)   
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 This fl ux can vary with number of MLI layers, the packing density, 
and the vacuum level. Typically a packing density of approxi-
mately 1 layer/mm and a vacuum level of 10  − 4  Torr or less are 
required for proper MLI performance. Therefore the total thermal 
load appearing at the radiation shield is  

    Q Q Ab r b MLI= ⋅ = ⋅ =- W3 0 222 0 67. .     (3.10)  

      2.     Thermal radiation from cryostat outer walls to the outer radiation 
shield.     The diameter of the cryostat ’ s outer wall is  

    Do CS- magnet OD mm= + ⋅ =( ) .250 2 75 400     (3.11)  

    The diameter of radiation shield between magnet and the outer 
wall of the cryostat is  

    D Do RS o CS- - - mm mm.= = − =50 400 50 350     (3.12)   

 The surface area of outer radiation shield is  

    A D ho MLI o RS b- - m= ⋅ ⋅ = ⋅ ⋅ =π π 350 565 0 621 2. .     (3.13)  

    The thermal radiation through the MLI blanket in the outside 
radiation shield is  

    Q A Qo o MLI r= ⋅ =- . .1 86 W     (3.14)  

      3.     Thermal radiation from cryostat bottom to the magnet.     The surface 
area of the radiation shield is  

    A D dbot o RS s= ⋅ − = ⋅ − =π π
4 4

350 125 0 0842 2 2 2 2( )  m- ( ) . .     (3.15)  

    The thermal load due to radiation from the bottom of cryostat is  

    Q A Qbot bot r= ⋅ = ⋅ =0 084 3 0 252 2. . .m W/m W     (3.16)  

      4.     Thermal radiation from cryostat top fl ange to the magnet.     To the 
fi rst order, thermal radiation from the top fl ange of cryostat to the 
magnet can be assumed to be equal to the thermal load from 
the bottom:  

    Q Qtop bot=     (3.17)   

c03.indd   55c03.indd   55 1/12/2011   2:26:13 PM1/12/2011   2:26:13 PM



56   COOLING AND THERMAL INSULATION SYSTEMS

 The total thermal load due to radiation is given as  

    

Q Q Q Q Qrad b o bot top= + + +
= + + + =0 67 1 86 0 25 0 25 3 87. . . . . .W     (3.18)   

 Thermal radiation from 60 to 35   K surfaces should be negligible 
for a well - designed shield. However, substantial losses can 
occur in areas where holes in the shield are required for leads, 
instrumentation, supports, and the cryocooler. Care needs to 
be taken in the shield design to mitigate these potential loss 
areas.      

   3.10.3    Current Leads 

 The magnet is supplied with a pair of leads, each carrying 185   A. 
Brass is select as the lead material that has an average resistivity 
( ρ ) of 0.04    μ  Ω  - m and a thermal conductivity (K) of 100   W/m/K. 
Assuming that the lower end of the lead is anchored at the radiation 
shield temperature of 60   K, the temperature difference between the 
ambient end (300   K) and shield end (60   K) is  Δ  T     =    240   K. From equa-
tion  (3.4) , the length/cross - sectional area ( L / A ) ratio for an optimum 
lead is

    

L
A

K T
I

= ⋅( )

= ⋅ ⋅ =
−

Δ /

( /( . ))
/ .

.

.

ρ 0 5

6 0 5100 240 0 04 10
185

4187 l m     (3.19)   

 The length ( L ) of each lead (between 300 and 60   K ends) is about 0.4   m. 
Thus the cross - section ( A ) of each lead is

    A = =0 4
4187

95 52 2.
. ,m mm     (3.20)   

 which translates to a lead diameter of 11   mm. 
 Thermal conducted through both leads to the 60 - K end is calculated 

with equation  (3.5) :

    

Q I K Tlead = ⋅ ⋅ ⋅ ⋅ ⋅
= ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ =−

2 2

2 2 185 0 04 10 100 240 23

0 5

6 0 5

( )

( . )

.

.

ρ Δ
W..     (3.21)   
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 The lead section between the 60 and 35   K magnet employs HTS and is 
supported with a material that has low thermal conductivity. Thermal 
conduction from 60 to 35   K can be neglected.  

   3.10.4    Conduction 

 The magnet is supported from the bottom of the vacuum vessel using 
a speaker - type cone support that has many holes in its wall for reducing 
thermal conduction. This support is made from G - 10 fi berglass material. 
The support cone has an average diameter of  d s      =    250   mm, thickness 
 t s      =    3   mm and height  h s      =    75   mm. The average thermal conductivity of 
 G  - 10 is  K s      =    0.6   W/m/K. Total thermal conduction from ambient (300   K) 
to 60   K shield is

    

Q K d t T hs s s s300

0 6 0 25
3

1000
300 60

7
K-s = ⋅ ⋅ ⋅ ⋅

= ⋅ ⋅ ⋅⎛
⎝

⎞
⎠ ⋅ −

( ) /

. . ( ) /

π

π

Δ
55

1000
4 5⎛

⎝
⎞
⎠ = . ,W     (3.22)  

  and thermal load conducted to 35 - K magnet mass is

    

Q K d t T hs s s ss- K35

0 6 0 25
3

1000
60 35

70
10

= ⋅ ⋅ ⋅ ⋅

= ⋅ ⋅⎛
⎝

⎞
⎠ ⋅ −

( ) /

. . ( ) /

π

π

Δ

000
0 5⎛

⎝
⎞
⎠ = . .W     (3.23)  

    

   3.10.5    Selection of Refrigerator 

 Total thermal loads in 60 and 35   K regions are summarized in Table  3.4 . 
These loads are used for selecting a suitable cryocooler.   

 A two - stage cryocooler with cooling capacity of 2   W at 35   K and 50   W 
at 60   K could be selected for this magnet. However, a two - stage cryo-
cooler cooler is more expensive and less reliable than a single stage 
cryocooler. It is possible to eliminate the radiation shield and remove 

  Table 3.4    Summary of thermal loads 

   Thermal Load Component     35   K Region     60   K Region  

  Conduction loss in HTS, W    0.8      
  Current leads, W     —     23  
  Radiation, W     —     3.87  
  Thermal conduction, W    0.5    4.5  
     Total, W    1.3    31.4  
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all losses from the 35   K region. The total thermal load in the 35   K region 
would be around 35   W. This thermal load could be handled with a 
Cryomech cooler AL230 that provides 60 - W cooling at 30   K and is 
powered with a CP950 compressor, which consumes 5.5   kW of electric 
power.   

   3.11    SUMMARY 

 This chapter has provided a very basic introduction to cryostat design, 
reviewed available coolers, and presented an example of designing a 
cryostat and its cooling system for the magnet discussed in Chapter  2 . 
The performance of the cooling system mainly determines the accep-
tance of the HTS devices in industry. Some of the other important 
factors relating to the cooling system are cost, serviceability, mainte-
nance, compactness, and high refrigerator effi ciency. More details are 
available in the references quoted at the end of this chapter and from 
manufacturer ’ s websites.  
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ROTATING  AC  MACHINES     

    4.1    INTRODUCTION 

 According to the US Department of Energy, motors account for 70% 
of all energy consumed by the domestic manufacturing sector and use 
over 55% of the total electric energy generated in America. Large 
electric motors, those greater than 1000 horsepower, consume over 
30% of the total generated electric energy and 70% of these motors 
are suited to utilize high temperature superconductor (HTS) technol-
ogy. With some minor exceptions, nearly all cruise ships today are being 
built with electrical propulsion, and many other types of commercial 
vessels and warships are adopting marine motors as their primary 
source of motive power. 

 Rotating machines (motors and generators) employ copper windings 
on rotor and stator. Current in these windings create resistive losses, 
which represent signifi cant waste of energy and economic resources. 
Thus any effi ciency improvement is likely to yield huge savings in 
energy use. Superconductivity offers zero to near - zero resistance to 
electrical current fl ow; thus the use of superconducting materials sig-
nifi cantly reduces electrical energy loss as well as producing a reduction 
in size and weight of power components and machinery. The discovery 

Applications of High Temperature Superconductors to Electric Power Equipment, 
by Swarn Singh Kalsi
Copyright © 2011 Institute of Electrical and Electronics Engineers
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of HTSs in 1986 has provided the impetus to develop a variety of 
rotating machines employing superconducting windings. These HTS 
conductors operate at higher temperatures (between 25   K and 77   K) 
that simplify the refrigeration - cooling systems. Recently full - scale 
motors and generators have been demonstrated. This chapter describes 
topologies of ac rotating machines and their theory, design and manu-
facturing issues. Both high - speed and low - speed motors and generators 
are discussed. Finally, machine analysis is presented to enable simula-
tions of these machines in an electric grid using industry standard 
computer codes. 

 HTS motors are ideal for use in pumps, fans, compressors, blowers, 
and belt drives deployed by utility and industrial customers, particu-
larly those requiring continuous operation. They are suitable for large 
process industries such as steel milling, pulp and paper processing, 
chemical, oil and gas refi ning, mining and other heavy - duty applica-
tions. An important and rapidly growing use for HTS motors is in 
transportation applications, particularly naval and commercial ship 
propulsion, where size and weight savings provide a key benefi t by 
increasing design fl exibility and opening up limited space for other uses.  

   4.2    TOPOLOGY 

 Two popular types of electric rotating machines are synchronous and 
induction. A synchronous rotating machine has two windings: an 
AC winding located in the stator and a DC winding located on 
the rotor. This is the most common confi guration, although the two 
winding locations are interchangeable. An induction motor has a squir-
rel cage or three - phase wound winding on the rotor. The rotor winding 
carries AC at slip frequency; the rotor frequency is equal to the line 
frequency when the slip is equal to 1 (rotor stationary) and the slip 
frequency (typically  < 5% of line frequency) when the motor is operat-
ing at its nominal speed. Induction motors are very popular in industry 
for lower ratings ( < 500   hp), but synchronous motors are preferred in   
larger sizes both in industry and on ships. Moreover induction motor 
windings, both on rotor and stator, experience AC currents and are 
therefore not good candidates for superconductor windings. As dis-
cussed in Chapter  2 , superconductor losses are negligible only when 
the motor   carries DC. These losses in the AC environment are quite 
large and are diffi cult to remove economically. Because of current high 
cost of superconductors and cooling systems, the primary applications 
of these motors are in large sizes ( > 1000   hp) for pump and fan drives 
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for utility and industrial markets, particularly applications requiring 
continuous operation, and large ship drives. 

 Figure  4.1  shows a typical AC synchronous machine with supercon-
ducting fi eld winding. The rotating HTS fi eld winding creates a mag-
netic fi eld in the copper armature winding. The magnitude of this fi eld 
is typically twice that of a conventional motor. The HTS motor has an 
air - core (i.e., nonmagnetic) construction on rotor and non - metallic 
teeth in the stator, which enables the air - gap fi eld to be increased 
without the core loss and saturation problems inherent in laminated 
iron stator and rotor cores. The copper armature winding lies just 
outside the air gap — in some applications it is embedded in nonmetallic 
teeth to provide mechanical support.   

 Under steady - state operation, the rotor spins in sync with the rotat-
ing fi eld created by the three - phase armature currents, and the super-
conducting fi eld winding experiences only DC magnetic fi elds. Under 
load or source transients, however, the rotor moves with respect to the 
armature - created fi elds, and it experiences AC fi eld harmonics. An 
electromagnetic (EM) shield located between the HTS coils and the 
stator winding shields the HTS fi eld winding from these AC fi elds. A 
warm (room temperature) EM shield is positioned at the outer most 
surface of the rotor. Inside the warm shield is a thermal insulation space 
(vacuum) that surrounds the rotor cryostat. The cold EM shield (if 
employed) is on the inside surface of this vacuum space and is a high -
 conductivity shell near the operating temperature of the superconduct-
ing coils. The superconducting fi eld coils are located within the inner 
EM shield on a nonmagnetic support structure. The warm EM shield, 

     Figure 4.1     Confi guration of a typical synchronous machine employing supercon-
ducting fi eld winding on the rotor  (Courtesy of American Superconductor Corporation)   
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62   ROTATING AC MACHINES

which directly transfers torque to the warm shaft, is designed to be 
mechanically robust to withstand the large forces generated during 
faults, and is designed to absorb heating caused by negative sequence 
currents and any other harmonic currents generated by a variable 
speed drive (VSD). 

 A refrigeration system, which uses cold circulating helium gas (or 
other suitable gas) in a closed loop, maintains the HTS fi eld winding 
at cryogenic temperature. Helium gas is circulated through cooling 
channels located inside the rotor. The closed cooling loop runs from 
the turning rotor body to externally located, stationary refrigerator 
system utilizing Gifford - McMahon (G - M) cold heads discussed in 
Chapter  3 . 

 The copper stator winding employs no magnetic iron teeth and is 
typically designed with class F (155 ° C maximum operation) insulation 
but is operated at class B (130 ° C maximum   operation) insulation tem-
peratures. To reduce eddy - current losses, the stator coils employ copper 
Litz conductor, which is made up of small - diameter insulated and trans-
posed wire strands. Because the stator winding bore surface experi-
ences a high magnetic fi eld that would saturate the iron teeth of a 
conventional stator, the superconductor motor ’ s stator armature 
winding does not employ iron teeth. With no iron teeth in the winding 
region, the support and cooling of the stator coils require special atten-
tion. The back EMF in air - gap stator winding is nearly a pure sine wave, 
and the harmonic fi eld components are much smaller than those 
observed in the conventional machines.  

   4.3    ANALYSIS AND PARAMETER CALCULATIONS 

 An optimal design of a superconducting machine is based on judicial 
selection among competing and confl icting electrical, mechanical, 
thermal, economic, and reliability requirements. For example, thermal 
performance improves as the operating temperature is increased at the 
expense of reduced electrical performance. Electrical system stability 
and power density increases at the expense of structural stability. 
Thermal isolation improves at the expense of mechanical strength and 
vibration tolerance. The increased complexity of the superconductor 
technology must not compromise reliability. Finally, economic feasibil-
ity trumps all other compromises. Discussion in this section is limited 
to the description of basic theory of AC synchronous machines. Design 
equations developed here are utilized for sizing a synchronous machine 
with superconductor fi eld winding. No distinction is made between 
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     Figure 4.2     Schematic of cross section of a two - pole synchronous machine  
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motor and generator because the design equations are identical for 
both types of machines. 

   4.3.1    Magnetic Circuit and Harmonic Components 

 Although other confi gurations are possible, the synchronous machine 
confi guration selected here has stationary armature winding, and fi eld 
excitation winding and EM shield are on the rotor. Schematic cross 
section of a two - pole synchronous machine is shown in Figure  4.2 . 
Description of various regions is provided in Table  4.1 .     

 Analysis assumes that length of the machine is infi nite along its  z  -
 axis. Thus the end effects of fi nite coils are neglected. It is possible make 
empirical allowance for these effects, which is discussed later. For the 
machine of Figure  4.2 , it possible to describe fi eld due to a two - pole 
fi eld winding by Laplace ’ s equation  (4.1)  in cylindrical coordinates  [1] , 
 [2] . The  z  - axis is along the length (shaft) of the machine.

    
δ
δρ ρ

δ
δρ ρ

δ
δθ

2

2 2

2

2

1 1
0

A A Az z z+ ⋅ + ⋅ = ,     (4.1)  
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64   ROTATING AC MACHINES

where
   A           =    vector potential,  
  ρ           =    radius,  
  θ           =    angle measured from midplane of a pole.    

 The solution of this equation for the vector potential  A  is of the form

    A a b c n p d n pn p n p= ⋅ + ⋅( ) ⋅ ⋅ ⋅ ⋅( ) + ⋅ ⋅ ⋅( )[ ]⋅ − ⋅ρ ρ θ θsin cos .     (4.2)   

 Radial and tangential fi eld components are given by equations  (4.3)  
and  (4.4) , respectively:

    H
A

r =
δ
δρ

,     (4.3)  

    H
A

θ ρ
δ
δθ

= ⋅1
.     (4.4)   

 The Fourier expansion of a current distribution in a thin cylindrical 
shell of the fi eld winding of thickness ( d  ρ ) and radius ( ρ ) has the form

    K
a

a n p b n po
n n

n

ρ θ θ( ) = + ⋅ ⋅( ) + ⋅ ⋅( )[ ]
=

∞

∑2 1

cos sin .     (4.5)   

  Table 4.1    Components in a two - pole machine cross section 

  Symbol    Description  

    F ,  F   −       Field winding, positive and negative current regions  
   A ,  A   −      Armature phase A winding, positive and negative current regions  
   B ,  B   −      Armature phase B winding, positive and negative current regions  
   C ,  C   −      Armature phase C winding, positive and negative current regions  
   R  1     Inside radius of fi eld winding  
   R  2     Outside radius of fi eld winding  
   R  3     Inside radius of armature winding  
   R  4     Outside radius of armature winding  
   R so        Outside radius of EM shield  
   t s      Radial thickness of EM shield  
   R o      Inside radius of yoke  
   R oo        Outside radius of yoke  
   α     half of fi eld winding pole angle in electrical degree  
   β     Maximum fi eld winding breath angle ( ≤ 90 degree electrical)  
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 For a symmetrical distribution, the coeffi cients  a o   and  a n   in equation 
 (4.5)  are zero as shown below in equations  (4.6)  and  (4.7) :

    a J d d p J d d po f f= ⋅ − ⋅ ⋅ ⋅( ) + ⋅ ⋅ ⋅ ⋅( ) =
− +

− −

∫ ∫
1 1

0
π

ρ θ
π

ρ θ
π α

α

α

π α
,     (4.6)      

    

a J n p d d p

J n p d d p

n f

f

= ⋅ − ⋅ ⋅( ) ⋅ ⋅ ⋅( )

+ ⋅ ⋅ ⋅( ) ⋅ ⋅

− +

−

∫
1

1
π

θ ρ θ

π
θ ρ

π α

α
cos

cos ⋅⋅( ) =
−

∫ θ
α

π α
0.     (4.7)       

 The coeffi cient  b n   reduces to

    

b J n p d d p

J n p d d p

n f

f

= ⋅ − ⋅ ⋅( ) ⋅ ⋅ ⋅( )

+ ⋅ ⋅ ⋅( ) ⋅ ⋅

− +

−

∫
1

1
π

θ ρ θ

π
θ ρ

π α

α
sin

sin ⋅⋅( )

=
⋅
⋅

⋅ ⋅( )

−

∫ θ

π
α

α

π α
,

cos ,b
J dr
n

n pn
f4    

   (4.8)  

  and for the fi eld winding, equation  (4.5)  reduces to

    K
J d
n

n p n pf

n

ρ
ρ

π
α θ( ) = ⋅

⋅
⋅ ⋅( ) ⋅ ⋅ ⋅( )⎡

⎣⎢
⎤
⎦⎥∑ 4

cos sin .
_odd

    (4.9)     

 The vector potential (A) is now given by

   A
J d

n
n p n p a bf n p n p

n

=
⋅
⋅

⋅ ⋅( ) ⋅ ⋅ ⋅( ) ⋅ ⋅ + ⋅( )⎡
⎣⎢

⎤
⎦⎥

⋅ − ⋅4 ρ
π

α θ ρ ρcos sin
_oddd
∑ .     (4.10)     

 After equations  (4.3) ,  (4.4)  and  (4.10)  are combined, radial and tangen-
tial fi eld components are given by  

   
H

J d
n

n p n p n p a br
f n p n=
⋅
⋅

⋅ ⋅( )⋅ ⋅ ⋅( )⎡
⎣⎢

⎤
⎦⎥
⋅ ⋅ ⋅ ⋅ − ⋅⋅ − −4 1ρ

π
α θ ρ ρcos sin ⋅⋅ −( )∑ p

n

1

_

,
odd     

   (4.11)    

   
H

J d

n
n p n p n p a bf n p

θ
ρ

π
α θ ρ ρ=

− ⋅
⋅

⋅ ⋅( ) ⋅ ⋅ ⋅( )⎡
⎣⎢

⎤
⎦⎥
⋅ ⋅ ⋅ ⋅ − ⋅⋅ − −4 1cos cos nn p

n

⋅ −( )∑ 1

_

.
odd    

   (4.12)     
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66   ROTATING AC MACHINES

 By applying appropriate boundary conditions for ferrous or conductive 
shields, various coeffi cients in equations  (4.11)  and  (4.12)  can be deter-
mined as reported elsewhere  [1,2] . There are two - sets of equations: one 
for a machine with any number of pole - pairs ( p ) and another for a 
machine with  p     =    2. 

  Field due to Field Winding Current     Below are fi eld components 
for a machine with any number of pole - pairs except 2. 

 Radial and tangential fi eld components in the region at angular loca-
tion  ϕ  and radius ( ρ ) ( ρ     <     R  1 ) of the fi eld winding are given by  (4.13)  
and  (4.14) , respectively. Coeffi cient  C fi    is given by (4.15).

    
B n C

R R
n p

R R
n p

r fi

n p n p n p n p
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⋅ ⋅ ⋅( )

⋅ ⋅

⋅ −

R

n p
o

n p

n p

2

1ρ φcos ,

    (4.13)      
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R R
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R R
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2
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2
2
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22 2

1

( ) ⋅
⎡
⎣⎢

⎤
⎦⎥

⎡
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⎤
⎦⎥

⋅ ⋅ ⋅( )

⋅ ⋅

⋅ −

R
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o

n p

n pρ φsin ,

    (4.14)    

    C
J n p n p

n
fi

f=
⋅ ⋅ ⋅ ⋅( ) − ⋅ ⋅( )[ ]

⋅
μ α β

π
0 2 cos cos

,     (4.15)  

where
   B r            =    radial fi eld component,  
  B   θ            =    tangential fi eld component,  
  J f            =    overall winding current density,  
  n           =    odd harmonic number ( n     =    1, 3, 5,  … ),  
  ϕ           =    angle measured from the pole axis,  
 I          =     + 1 when shield at radius  R  0  is ferrous  ,  
 I          =     − 1 when shield at radius  R  0  is conductive,  
 I          =    0 when no shield is employed.    

 Radial and tangential fi eld components within the winding region 
where ( R  1     <     ρ     <     R  2 ) are given by  (4.16)  and  (4.17) , respectively. 
Coeffi cient  C fw   is given by  (4.18) .
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   C
J n p n p

n n p
fw

f=
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⋅ ⋅ ⋅ +( )
μ α β

π
0 2

2
cos cos

;     (4.18)  

    Radial and tangential fi eld components outside the winding region 
where ( ρ     >     R  2 ) are given by  (4.19)  and  (4.20) , respectively. Coeffi cient 
 C fo   is given by  (4.21) .
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 Below are fi eld components for a machine with pole - pairs equal to 
2 (i.e., number of poles    =    4). Radial and tangential fi eld components in 
the region where radius ( ρ ) is less than the inside radius ( R  1 ) of the 
fi eld winding are given by (4.22) and (4.23), respectively:
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   (4.23)     

 Radial and tangential fi eld components within the winding region 
where ( R  1     <     ρ     <     R  2 ) are given by  (4.24)  and  (4.25) , respectively:
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 Radial and tangential fi eld components outside the winding region 
where ( ρ     >     R  2 ) are given by  (4.26)  and  (4.27) , respectively:
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 These equations (4.13 through 4.27) can be used for calculating fi eld 
components  B r   and  B   θ   due to fi eld winding with a current density  J f   in 
any region of Figure  4.2 . Although the fi gure only shows a two - pole 
machines, the analysis presented in this section is applicable for any 
machine with  p  pole - pairs. The general nature of equations (4.13) 
through (4.27) is also identical for other winding — the only change is 
in the constants C (i.e.,  C  fi  ,  C  fw , and  C fo  ). Field components for each 
harmonic can be calculated by select a value for  n  ( =    1, 3, 5, 7,  … ). 
Components due to different harmonics can be added to obtain total 
fi eld at a desired point. Field components are needed for determining 
current - carrying capability of an HTS wire and for calculating AC 
losses.  

  Field due to Armature Winding Current     The fi eld components due 
to armature current density  J a   are also similar to equations  (4.13)  
through  (4.27)  with the following changes: 

   •      Replace  R  1  and  R  2  with  R  3  and  R  4 , respectively.  
   •      Replace coeffi cients  C fi   ,  C fw  , and  C fo   with  C ai  ,  C aw  , and  C ao  , respec-

tively. Formulas for these coeffi cients are given by  (4.28) ,  (4.29) , 
and  (4.30) :
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    C
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0 2 3cos cos
,     (4.28)    

    C
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    C
J n p n p

n n p
a

ao = ⋅ ⋅ ⋅ ⋅ ⋅( ) − ⋅ ⋅( )[ ]
⋅ ⋅ ⋅ +( )

μ π β
π

0 2 3
2

cos cos
.     (4.30)       

  Field due to Shield Winding Current     The fi eld components due to 
shield current density  J s  , as given by equation  (4.31) , are also similar to 
equations  (4.13)  through  (4.27)  with the following changes: 

   •      Replace  R  1  and  R  2  with  R si   and  R so  , respectively  
   •      Replace coeffi cients  C fi   ,  C fw  , and  C fo   with  C si  ,  C sw  , and  C so  , respec-

tively. Formulas for these coeffi cients are given by  (4.32) ,  (4.33) , 
and  (4.34) .    

 Assuming that the shield winding has turns distributed sinusoidally but 
same current fl ows through each turn, the peak current density is then 
given by (4.21).

    J
N I

R R
s

s s

so si

= ⋅
−2 2

.     (4.31)   

 The coeffi cients for fi eld calculation are

    C
J

si
s= ⋅μ0

2
,     (4.32)  

    C
J

n p
sw

s= ⋅
⋅ ⋅ +( )
μ0

2 2
,     (4.33)  

    C
J

n p
so

s= ⋅
⋅ ⋅ +( )
μ0

2 2
.     (4.34)   

 Equations  (4.13)  through  (4.34)  can be used for calculating radial 
and tangential fi eld components at any location in Figure  4.2  for each 
of the three windings, namely fi eld, armature, and shield. All winding 
fi eld components can be added to get the total radial and tangential 
fi elds at a desired location. Field components are needed for calculating 
current - carrying capability of HTS wire and the losses in it. Most 
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currently available HTS wires are in tape form and have critical cur-
rents that are strongly dependent on the orientation of fi eld with respect 
to the broad or narrow face of the wire. Thus it is necessary to calculate 
radial and tangential fi eld components with respect to the HTS wire.   

   4.3.2    Parameter Calculations 

 Once magnetic fi eld distribution due to all windings is known, each 
winding ’ s self -  and mutual inductances could be calculated with equa-
tions provided in this section. These equations utilize the fi nite radial 
thickness of each winding. 

  Self -  and Mutual Inductances of Windings     Self -  and mutual induc-
tances for various windings can be calculated by following the general 
approach discussed by Bumby  [3] . However, the inductance formulas 
provided below were obtained by integrating fl ux linkages among 
windings of fi nite thickness (not just thin current sheets).  

  Armature Phase Winding Self - inductance (  L A  )     Self - inductance 
( L A  ) of armature winding for  n th space harmonic is given below with 
 N a   turns per phase for  p     ≠    2 by (4.35) and for  p     =    2 by (4.36):

    

LA n
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(4.35)
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   (4.36)      

where
   LA a            =    armature self - inductance for a machine with  p     ≠    2,  
  L 4  a            =    armature self - inductance for a machine with  p     =    2,    
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  x           =     R  3 / R  4 ,  
  N a            =    number of turns/phase,  
  l           =    axial active length of armature winding,  
  μ  0           =    permeability of free space    =    4 π     ×    10  − 7    H/m  ,  
  k w  ( n )          =    winding factor for  n  th  space harmonic as given by  (4.39) .    

 The armature winding may employ coils with short pitch ( < pole - pitch) 
and may have many coils in a phase belt. The pitch factor  k p  ( n ) and 
distribution factor  k d  ( n ) are defi ned below. 

 The pitch factor for a fractional pitch winding is given by (4.39  ) for 
the  n th space harmonic.

    k n np( ) = − ⋅ ⋅⎛
⎝

⎞
⎠cos ,

1
2
ξ π     (4.37)  

where  ξ  is the coil pitch as a fraction of the pole - pitch. The distribution 
factor for a winding is given by

    k n
N n

N n
d

c

c

( ) = ⋅ ⋅( )[ ]
⋅( )

sin
sin

,
ψ
ψ

2
2

    (4.38)  

where
   N c            =    number of coils in a phase belt,  
  ψ           =    phase belt spread in electrical degrees ( =     p  ·  mechanic degrees).    

 The winding factor  k w  ( n ) is given by

    k n k n k nw p d( ) = ( ) ⋅ ( ).     (4.39)    

  Field Winding Self - inductance ( L f  )     Self - inductance ( L f  ) of fi eld 
winding for  n th space harmonic is given below with  N f   turns per pole 
for  p     ≠    2 by (4.40) and for  p     =    2 by (4.41):
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      where
   LA f            =    fi eld winding self - inductance for a machine with  p     ≠    2,  
  L 4  f            =    fi eld winding self - inductance for a machine with  p     =    2,  
  y           =     R  1 / R  2 ,  
  N f            =    number of turns/pole,  
  l           =    axial active length of fi eld winding.     

  Damper (Shield) Winding Self - inductance (  L s  )     The superconduct-
ing fi eld winding is likely to experience an AC fi eld due to armature 
space harmonics, as well as any time harmonics imposed on the arma-
ture winding, when it is connected to an external source. These har-
monic fi elds could induce excessive losses in the superconductor 
winding and its support structure. To minimize AC harmonic fi eld expe-
rienced by the fi eld winding, the superconductor winding   is surrounded 
by a cylinder (shield) made of a conductive material like copper or 
aluminum. In a continuous shell, induced currents are free to fl ow in a 
nonuniform distribution throughout the shield. This shield is treated as 
a Fourier series of sinusoidally distributed damper windings (same as 
in [2  ]). The justifi cation for this is that each space harmonic fi eld will 
excite currents in this shield that are sinusoidally distributed. Self -
 inductance ( L s  ) of rotor electromagnetic shield for  n th space harmonic 
is given below with  N s   turns per pole for  p     ≠    2 by  (4.42)  and for  p     =    2 
by  (4.43) :
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    where
   LA s            =    shield winding self - inductance for a machine with  p     ≠    2,  
  L 4  s            =    shield winding self - inductance for a machine with  p     =    2,  
  R s   1           =    inside radius of shield,  
  R s   2           =    outside radius of shield,  
  N s            =    number of turns/pole ( =    1 assumed).     

  Mutual Inductances     Mutual inductances are needed among all 
windings. Furthermore, if a machine employs shield made of multi-
ple shells of different materials, then each shell should be treated 
separately and mutual inductances among shells should also be 
calculated.  

  Armature Phase/Field Winding Mutual Inductance     The mutual 
inductance between an armature phase and fi eld winding is calculated 
by assuming that the fi eld winding is excited, computing the fl ux link-
ages with one phase of the armature winding due to the magnetomotive 
force in the fi eld winding, and dividing by the fi eld winding current. The 
armature to fi eld winding mutual inductance for  n th space harmonic is 
given by (4.44) for  p     ≠    2 and by (4.45) for  p     =    2:
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   (4.44)      
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   (4.45)  

    where
   LA af            =    mutual between armature and fi eld windings for a machine 

with  p     ≠    2,  
  L 4  af            =    mutual between armature and fi eld windings for a machine 

with  p     =    2.     

  Armature Phase/Shield Mutual Inductance     The mutual induc-
tance between armature phase and shield winding is calculated by 
assuming that the one phase of armature winding is excited, comput-
ing the fl ux linkages with an equivalent shield winding due to the 
magnetomotive force in the armature winding, and dividing by the 
armature winding current. The armature to shield winding mutual 
inductance for  n th space harmonic is given by (4.46) for  p     ≠    2 and by 
(4.47) for  p     =    2:
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    where
   LA as            =    mutual between armature and shield windings for a machine 

with  p     ≠    2,  
  L 4  as            =    mutual between armature and shield windings for a machine 

with  p     =    2.     

  Field Winding/Shield Mutual Inductance     The mutual inductance 
between fi eld and shield windings is calculated by assuming that the 
fi eld winding is excited, computing the fl ux linkages with an equivalent 
shield winding due to the magnetomotive force in the fi eld winding, 
and dividing by the fi eld winding current. The fi eld to shield winding 
mutual inductance for  n th space harmonic is given by  (4.48)  for  p     ≠    2 
and by  (4.49)  for  p     =    2:
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   (4.49)  

  where
   LA fs            =    mutual between fi eld and shield windings for a machine with 

 p     ≠    2,  
  L 4  fs            =    mutual between fi eld and shield windings for a machine with 

 p     =    2.     

  Shield 1 / Shield 2 Mutual Inductance     The mutual inductance 
between any two shield windings is calculated by assuming that shield 
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1 winding is excited, computing the fl ux linkages with an equivalent 
shield 2 winding due to the magnetomotive force in the shield 1 winding, 
and dividing by the shield 1 winding current. The shield 1 to shield 2 
winding mutual inductance for  n th space harmonic is given by  (4.50)  
for  p     ≠    2 and by  (4.51)  for  p     =    2:
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   (4.51)  

  where
   MS           =    mutual inductance between shields for a machine with 

 p     ≠    2,  
  M 4          =    mutual inductance between shields for a machine with 

 p     =    2  ,  
  R s   1 ,  R s   2           =    inside and outside radii of shield 1,  
  R t   1 ,  R t   2           =    inside and outside radii of shield 2.     

  Winding Resistances    
  Field Winding Resistance     The fi eld winding resistance is essentially 
zero. However, there is resistance of current leads and components in 
the exciter system. Typically a resistance of about 0.02    Ω  could be used 
for the fi eld winding.  

  Armature Winding Resistance     Since the armature winding is assumed 
to have an overall current density of  J a  , it is necessary to make an esti-
mate of percent fraction of copper (space factor,  λ ) in the winding 
region. Depending on stator design approach the value of  λ  could vary 
between 0.15 and 0.3:
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    r
N l

R R
a

a a= ⋅ ⋅ ⋅
⋅ ( ) − ( )⎡⎣ ⎤⎦ ⋅

12 2

4
2

3
2

ρ
π λ

,     (4.52)  

where
   r a            =    resistance of armature/phase,  
  ρ   a            =    resistivity of copper at the operating temperature.    

 Resistance  r a   must be increased by any eddy - current losses in the arma-
ture coils.  

  Shield Winding Resistance     Shield winding resistance is calculated 
using an assumption that turns are distributed sinusoidally over a pole -
 pitch. On this basis resistance of a shield winding is given as

    r
N l
R R R

s
s ss

s s s

= ⋅ ⋅ ⋅
⋅ ⋅ −( )

2

2 2 14
π ρ

,     (4.53)  

where
   r as            =    resistance of shield/phase,  
  ρ   ss            =    resistivity of shield material.    

 All resistances and inductances calculated above must be corrected 
for end connection of windings. An estimate of these will be discussed 
later.   

  Armature Shield Sizing     In the analysis above, armature is assumed 
to be shielded with magnetic iron (I    =    1) or with a conductive shell 
(I    =     − 1). This section describes how to calculate thickness of magnetic 
or conductive shields. 

  Magnetic Shield (or Iron Yoke)     This analysis assumes that the iron 
has infi nite permeability. The inner radius of the iron shield is specifi ed 
as  R o   as shown in Figure  4.1 . The outside radius of the iron shield is 
calculated on the basis of carrying all fl ux outside radius  R o   when the 
fi eld winding is excited with a fi eld current necessary to generated rated 
voltage (on open - circuit) at machine terminals. Under load conditions 
the fl ux paths in the machine change signifi cantly because of the arma-
ture reaction. However, to the fi rst order, the total fl ux in the yoke will 
be about equal to the total fl ux on the open circuit (at rated voltage). 
During the open circuit the magnetic fi eld to be carried by the yoke 
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can be calculated by integrating the radial fi eld, at radius  R o  , produced 
by the fi eld winding from the pole - axis to half a pole - pitch. This is 
given by

    Φ = ( )⋅ ⋅( )∑∫ B R n R l dr o o
p , , ,φ φ
π

n_odd
0
2     (4.54)  

where  B r  ( R o  ,  ϕ ,  n ) is the radial fi eld calculated with (4.19) at radius  R o   
and for odd space harmonics. 

 With a known working fi eld ( B  yoke ) in the yoke, the radial thickness 
of the yoke ( t  yoke ) can be calculated from

    t
l B

yoke
yoke

=
⋅
Φ

,     (4.55)  

where  l  is the axial length of the machine. Thus the outside radius of 
the yoke is given by

    R R too o= + yoke.     (4.56)   

 The losses in the iron yoke can be estimated from yoke weight by using 
a loss value typical for laminations employed.  

  Conductive Shield     The inside radius of conductive shield is defi ned 
as  R o  . The conductive shield is assumed to be infi nitely conductive, but 
in reality it is made of a conductive material such as copper or alumi-
num. The purpose of the shield is to attenuate all the magnetic fi eld 
outside of the radius  R o  . Usually a shield thickness ( t s  ) equal to about 
3 times the skin depth of shield material at fundamental frequency (  f  ) 
of the machine is suffi cient. The skin depth ( Δ ) and shield thickness can 
be calculated with (4.57) and (4.58), respectively:

    Δ = ⋅
⋅

2

0

ρ
ω μ

s ,     (4.57)  

where
   ρ  s           =    resistivity of shield material,  
  ω           =    rotation frequency    =    2 π  f ,  
  μ  0           =    permeability of free space,     
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    ts = 3Δ.     (4.58)   

 The maximum tangential fi eld ( B   θ _max ) is obtained by combining 
 (4.20)  and  (4.21)  at  ρ     =     R o   is given in  (4.59) . The  B   θ _max  must be calcu-
lated using  J f   that generated the rated voltage at machine terminals on 
open circuit.

    

B
J n p n p

n n p

R

f

n p

θ
μ α β

π_ max
cos cos

=
⋅ ⋅ ⋅ ⋅ ⋅( ) − ⋅ ⋅( )[ ]

⋅ ⋅ ⋅ +( )
⋅ −+ ⋅

0

2
2

2
2

RR Rn p
o

n p
1
2 12+ ⋅ − ⋅ −( ) ⋅ ⋅( ).     (4.59)   

 The losses in the shield (per unit area) are given by

    p
B

s s= ⋅
⋅

ρ θ_ max .
2

2 Δ
    (4.60)   

 The total loss in the shield is given by

    P B R ls o
o= ( ) ⋅ ⋅ ⋅ ⋅ ⋅ ⋅

θ π ω μ ρ
_ max .2 0

2
    (4.61)        

   4.3.3    Machine Terminal Parameters 

 Like any conventional synchronous machine, the superconducting 
machine must also be characterized with parameters as viewed from 
its terminals. This section calculates these parameters for a supercon-
ducting machine on the same basis as that for a conventional machine. 

  Machine Output Parameters     Machine terminal parameters can be 
calculated from the inductance and resistance values defi ned in previ-
ous sections. Armature phase current is

    I J
R R

N
a a

a

= ⋅
⋅ −( )

⋅
π 4

2
3
2

6
.     (4.62)   

 The fi eld current is a function of the fi eld winding ’ s overall current 
density ( J f  ), which will change as a function of load. For a generator 
operating at a given lagging power factor, the  J f   should be suffi cient to 
support machine ’ s terminal voltage and the voltage drop in resistance 
and synchronous reactance of the machine. With known  J f  , the fi eld 
current can be calculated from
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    I R R
p

Jf f= ⋅ −( ) ⋅ −
⋅( )

⎛
⎝⎜

⎞
⎠⎟
⋅π β α

π2 2
2
2

1
2 .     (4.63)    

  Machine Steady - State Operation     A vector diagram for a generator 
relating terminal voltage with excitation voltage is provided in Figure 
 4.3 . The parameters needed for completing the vector diagram can be 
obtained as explained below. Values of  LA a   and  LA af   are computed for 
the fundamental harmonic ( n     =    1).

   R a            =    resistance of armature winding calculated from (4.52),  
  X s            =    synchronous reactance for a three - phase machine with  X d      =     X q   

is 1.5    ω     ·     LA a  ( n     =    1),    
  f           =    frequency,  
  ω           =    2 π  f ,  
  I a            =    armature current calculated from (4.62),  
  I f            =    fi eld winding current calculated from (4.63),  
  L af            =    mutual inductance between armature and fi eld windings    =   

  LA af   ( n     =    1),  
  E f            =      field winding voltage = ⋅ ⋅ √ω L Iaf f 2,  
  ϕ           =    power factor angle.      

     Figure 4.3     Vector diagram for a generator operating at lagging power factor  
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 The load angle,  δ , can be calculated from  (4.64)  using quantities 
defi ned above:

    sin
cos sin

.δ φ φ( ) = ⋅ ( ) − ( )( )I X R
E

a s a

f

    (4.64)   

 The machine terminal phase voltage is given by

    V E I X I Ra f a s a a= ( ) − ⋅ ( ) − ⋅ ( )cos sin cos .δ φ φ     (4.65)   

 The machine rating at its terminals is given by

    VA V Ia a= 3 ,     (4.66)  

and its output power is given by

    P V Ia a= ( )3 cos .φ     (4.67)    

  Harmonic Components in Field Distribution     The voltage induced 
in the armature winding is directly proportional to the magnetic fl ux 
created by the fi eld winding on the rotor and its interaction with the 
armature winding. If the fi eld created by the fi eld winding in the arma-
ture region has harmonics, then the voltage induced in the armature 
winding will have corresponding harmonic voltages. Usually harmonic 

     Figure 4.4     Harmonic content of fi eld winding radial fi eld at midpoint of armature 
winding  
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components due to a superconducting winding in armature region are 
low, as shown in Figure  4.4  (an example design is discussed later in 
Section 4.3.5.) This fi gure shows that all harmonic components of radial 
fi eld are negligible in the armature region, and as a result the voltage 
induced in the armature will be essentially a pure sine wave. This is far 
superior to that in a conventional machine in which harmonic content 
is usually large and corrective action is often needed (by using short -
 pitch coils) to minimize their effect on the generated voltage.   

 Likewise Figure  4.5  shows harmonic fi eld radial and tangential com-
ponents due to the phase - A armature current at the outer surface of 
the EM shield on the rotor. Again, these fi eld distributions are far 
superior to those encountered in conventional machines. Only the third 
harmonic has a signifi cant fraction. However, when fi elds of all three 
phases are combined, the effect of third harmonic cancels out. Low 
harmonic content of the armature fi eld at the EM shield surface is 
important for the following reasons: 

   •      Lower harmonic content induces less loss in the EM shield.  
   •      Any fi elds due to time harmonic current fl owing in armature coils 

(due to external sources) are also considerably attenuated.      

 For these reasons a superconducting machine with a warm EM shield 
is most suitable for synchronous motors operated from an electric grid 

     Figure 4.5     Harmonic content of armature fi eld at outer surface of EM shield on the 
rotor  
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or electric drive. Such a 5 - MW, six - pole motor has been successfully 
tested [9  ] while fed from a variable speed drive (VSD  ).  

  Parameter Calculations     A superconducting machine must be char-
acterized as a conventional machine in order to employ existing analy-
sis tools for their integration and operation in an electric grid. Equations 
are provided in Section  4.3.2  for calculating resistance and inductance 
of individual circuits and mutual inductances among various circuits. 
Using (d - q) - axis representation, a conventional synchronous machine 
is usually characterized with the following parameters: 

   •      Synchronous ( x d  ), transient (  ′xd) and subtransient (  ′′xd ) reactances 
for  d  - axis.  

   •      Armature short - circuit time constant ( τ   a  ).  
   •      Transient (  ′τd) and subtransient (  ′′τd ) short - circuit time constants 

for  d  - axis.  
   •      Transient (  ′τdo) and subtransient (  ′′τdo) open - circuit time constants 

for  d  - axis.  
   •      Synchronous ( x q  ) and subtransient reactance (  ′′xq ) for  q  - axis.  
   •      Subtransient short - circuit time constants (  ′′τq ) for  q  - axis.  
   •      Subtransient open - circuit time constants (  ′′τqo) for  q  - axis.    

 These parameters could be calculated using individual circuit param-
eters as described below. 

 Synchronous reactance on  d  - axis is given by equation  (4.68)  for a 
 N ph   machine.

    x N Ld ph a= ⋅ ⋅0 5. ,ω     (4.68)  

  where
   N ph            =    number of phases in armature winding,  
  L a            =    self - inductance of phase - A winding from equation  (4.35)  or 

 (4.36) .    

 Transient reactance on  d  - axis (  ′xd ) is given by  *  

    ′ = ⋅ −
⎛
⎝⎜

⎞
⎠⎟

x
N

x
x
x

d
ph

a
af

f

: .
2

2

    (4.69)   

     *         All reactances ( X ) and inductances ( L ) are related as  x     =     ω     ⋅     L , where  ω  is the 
nominal rotational frequency of the machine.  

c04.indd   83c04.indd   83 1/12/2011   2:26:49 PM1/12/2011   2:26:49 PM



84   ROTATING AC MACHINES

 Subtransient reactance on  d  - axis (  ′′xd ) is given by

    ′′ = ⋅ −
⋅ − ⋅ ⋅ ⋅ + ⋅

⋅ −
⎛
⎝⎜

⎞
⎠

x
N

x
x x x x x x x

x x x
d

ph
a

s af af as fs f as

s f fs

:
2

22 2

2 ⎟⎟ .     (4.70)   

 Since there is no saliency in a superconducting machine, synchronous 
reactance on the  q  - axis is the same as that on the  d  - axis:

    x xq d= .     (4.71)   

 Due to absence of fi eld winding on the  q  - axis, transient reactance is not 
defi ned for the  q  - axis. The subtransient reactance (  ′′xq ) on the  q  - axis is 
given by

    ′′ = ⋅ −⎛
⎝⎜

⎞
⎠⎟

x
N

x
x
x

q
ph

a
as

s

: .
2

2

    (4.72)   

 Armature short - circuit time constant ( τ   a  ) is given by

    τ
ωa

a d qr x x
: .=

⋅ ′′( ) + ′′( )
⎡
⎣
⎢

⎤
⎦
⎥

1 2
1 1

    (4.73)     

 The  d  - axis transient open - circuit (  ′τdo) and short - circuit (  ′τd) time con-
stants are given by equation  (4.74)  and equation  (4.75) , respectively:

    ′ =
⋅

τ
ωdo

f

f

x
r

: ,     (4.74)  

    ′ =
⋅

⋅ −⎛
⎝⎜

⎞
⎠⎟

τ
ωd

f
f

af

ar
x

x
x

: .
1 2

    (4.75)   

 The  d  - axis subtransient open - circuit (  ′′τdo) and short - circuit (  ′′τd ) time 
constants are given by equation  (4.76)  and equation  (4.77) , 
respectively:

    ′′ =
⋅

⋅ −
⎛
⎝⎜

⎞
⎠⎟

τ
ωdo

s
s

fs

fr
x

x
x

: ,
1 2

    (4.76)  

    ′′ =
⋅

⋅ −
⋅ − ⋅ ⋅ ⋅ + ⋅

⋅ −
⎛
⎝⎜

⎞
τ

ωd
s

s
f as as af fs a fs

a f afr
x

x x x x x x x
x x x

:
1 22 2

2 ⎠⎠⎟
.     (4.77)   
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 The  q  - axis subtransient open - circuit (  ′′τqo) and short - circuit (  ′′τq ) time 
constants are given by equation  (4.78)  and equation  (4.79) , 
respectively:

    ′′ =
⋅

τ
ωqo

s

s

x
r

: ,     (4.78)  

    ′′ =
⋅

⋅ −⎛
⎝⎜

⎞
⎠⎟

τ
ωq

s
s

as

ar
x

x
x

: .
1 2

    (4.79)    

  Machine Parameters in Per - Unit     Electric machines are generally 
characterized in terms of equivalent circuits, which in turn are used for 
system design and analysis. A most commonly accepted equivalent 
circuit assumes that mutual reactance among armature, fi eld, and EM 
shield circuits are identical. This assumption is nearly accurate for 
conventional iron - core machines but is not valid for superconducting 
machines employing air - core winding for armature, fi eld, and EM shield 
circuits. Still, most commercial computer codes used for rotating 
machine integration with an electric grid or power electronics employ 
a representation of a machine using equivalent circuits with per - unit 
parameters. An equivalent circuit assumes a common mutual reactance 
among all circuits on each axis in a machine. This assumption produces 
results within 5% accuracy which is usually acceptable for most applica-
tions. However, it enables existing design tools to be employed for the 
design and integration of synchronous machines in electrical grid or 
other systems. Figures  4.6  and  4.7  show equivalent circuits for the  d  -  
and  q  - axes  , respectively. Common mutual reactances ( x ad   and  x aq  ) are 
arbitrarily selected as defi ned by  

    
x x x x x

x x
ad d d aq ad

d

= − ′′ =
= ′′

⎫
⎬
⎭

0 5

0 5

. .

.

and

and λ
    (4.80)   

     Figure 4.6     Equivalent circuit on  d  - axis for a synchronous machine    
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 Per - unit (pu) base quantities for stator, fi eld, and EM shield are 
defi ned in equations  (4.81) ,  (4.82)  and  (4.83) , respectively: 

  per - unit base quantities 

   

Base voltage

Base current

Base power

V V

I I

P V

B a

B a

B B

= ⋅

= ⋅
= ⋅ ⋅

2

2

1 5. II

Z
V
I

B

B
B

B

Base impedance =

    

(4.81)

    

   

Base field current

Base field voltage

I
x
x

I

V
P
I

fB
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af
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fB
B

fB

= ⋅

=

BBase impedance Z
V
I

fB
fB

fB

=

   

 (4.82)

  

   

Base EMS current

Base EMS voltage

Base

I
x
x

I

V
P
I

sB
ad

as
B

sB
B

sB

= ⋅

=

  EMS impedance Z
V
I

sB
sB

sB

=

   

 (4.83)

     

 Except for  x ad  , all reactance values in Figure  4.6  are leakage reac-
tances. The per - unit values for various quantities follow. All per - unit 
(pu) quantities are in uppercase letter.    

     Figure 4.7     Equivalent circuit on  q  - axis for a synchronous machine  
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    X X
x
Z

ad aq
ad

B

= = .     (4.84)   

 Per - unit armature winding resistance ( R a  ) and leakage reactance 
( X l  ) are

    R
r

Z
a

a

B

= ,    (4.85)  

    X
x

Z
l

l

B

= .     (4.86)   

 Per - unit fi eld winding resistance ( R f  ) and leakage reactance ( X f  ) are

    R
r

Z
f

f

fB

= ,     (4.87)  

    X
x

Z
Xf

f

fB
ad= − .     (4.88)   

 Per - unit fi eld EM shield resistances ( R s  ) and leakage reactances 
( X s  ) are

    R R
r

Z
sd sq

s

sB

= = ,     (4.89)  

    X X
x

Z
Xsd sq

s

sB
ad= = − .     (4.90)   

 Since there is no saliency in superconducting machines, the armature 
and shield per - unit quantities on the  q  - axis are equal to those on the 
 d  - axis. 

 Machine ’ s transient parameters (per - units) can now be defi ned as 
below using equations from Adkins  [4] . 

  For the  d  - axis synchronous reactance,

    X X Xd ad l: .= +     (4.91)    

  For the  d  - axis transient reactance,

    ′ = +
( ) + ( )X X

X X
d l

ad f

: .
1

1 1
    (4.92)    
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  For the  d  - axis subtransient reactance,

    ′′ = +
( ) + ( ) + ( )

X X
X X X

d l
ad f sd

: .
1

1 1 1
    (4.93)    

  For the  q  - axis transient reactance,

    X X Xq aq l: .= +     (4.94)    

  For the  q  - axis sub - transient reactance,

    ′′ = + ( ) + ( )X X
X X

q l
aq sq

: .
1

1 1
    (4.95)    

  For the  d  - axis transient open - circuit time constant,

    ′ =
+
⋅

τ
ωdo
ad f

f

X X
R

: .     (4.96)    

  For the  d  - axis transient short - circuit time constant,

    ′ =
⋅

+
( ) + ( )

⎡
⎣⎢

⎤
⎦⎥

τ
ωd

f
f

l adR
X

X X
: .

1 1
1 1

    (4.97)    

  For the  d  - axis subtransient open - circuit time constant,

    ′′ =
⋅

+
( ) + ( )

⎡

⎣
⎢

⎤

⎦
⎥τ

ωdo
sd

sd
ad fR

X
X X
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1 1

1 1
    (4.98)    

  For the  d  - axis subtransient short - circuit time constant,

    ′′ =
⋅

⋅ +
( ) + ( ) + ( )

⎡

⎣
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⎤

⎦
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ωd
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l ad fR
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  For the  q  - axis subtransient open - circuit time constant,
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  For the  q  - axis subtransient short - circuit time constant,
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    (4.101)         

   4.4    DESIGN 

 This section discusses machine design issues relating to stator, rotor, 
and EM shield. An example 10 - MW generator design is presented later 
in this section for demonstrating the use of equations developed earlier 
in this chapter. These equations are generic and can be utilized for 
designing a machine of any rating or any number of poles. 

   4.4.1    Stator Winding Design Issues 

  Stator Winding Confi guration     Armature (stator) winding is usually 
quite similar to that for a conventional rotating synchronous or induc-
tion machine. Both single - layer and double - layer winding approaches 
are possible. Usually superconducting machines are designed with air -
 gap armature winding, namely without an iron tooth stator. However, 
it is possible to employ stator windings with magnetic iron teeth in 
superconducting machines. Using an iron - tooth   stator usually limits the 
design of the superconducting fi eld winding to low fi elds to avoid satu-
ration of iron teeth. However, if the iron teeth are replaced with a 
nonmagnetic, nonconductive structure, then it is possible to operate the 
superconducting fi eld winding at much higher magnetic fi eld levels. The 
fi eld level in stator winding region could be considerably higher than 
in an iron tooth stator. It is possible to design a superconducting 
machine with a fi eld in the stator winding region ranging from 1 to 2   T  . 
If iron teeth are employed in such stators, with a slot - width/slot - pitch 
ratio of 0.5, then the theoretical fi eld in the teeth would be in the range 
of 2 to 4   T. A tooth fi eld of this magnitude will cause high iron losses, 
impacting machine effi ciency and presenting serious diffi culties in 
removing heat from local hot spots in the teeth. The iron - teeth satura-
tion will also   result in high fi eld leakage in the slot, and thus in high 
copper loss unless fi nely stranded conductors were used. Clearly, some 
other means and materials (nonconductive, nonmagnetic) must be 
employed to support the stator winding against the steady - state and 
short - circuit forces. 

 Removal of the iron teeth will permit additional copper area in the 
stator region, increasing the stator winding current loading. Since a 

c04.indd   89c04.indd   89 1/12/2011   2:26:50 PM1/12/2011   2:26:50 PM



90   ROTATING AC MACHINES

machine ’ s rating is a direct function of armature loading and the fi eld 
in armature region due to superconducting fi eld winding, a supercon-
ducting machine can be much more compact than a conventional 
machine of similar rating. 

 In a conventional iron - tooth stator, stator winding coils are subjected 
to only cross - slot fi elds (1D). These coils are constructed by employing 
thin copper conductors (thinner part faces the cross - slot fi eld). However, 
when iron teeth are eliminated, the stator coils are subjected to full AC 
fi eld varying in both radial and tangential directions (2D). Thus a coil 
turn in an air - gap winding must be made of small diameter strands for 
two reasons: (1) it is exposed to two components of alternating fi eld 
(or a rotating fl ux wave), and (2) the fi eld levels are higher (in a super-
conducting machine). Small - diameter strands must be individually 
insulated and transposed to limit circulating currents. Such conductors 
are commercially available and are known as  “ Litz ”  wire. However, the 
stator coils comprising a Litz wire yield a poor space factor compared 
to conventional machine coils. To some extent this poor space factor 
negates the advantage of space saving due to removal of iron teeth in 
an air - gap winding. Furthermore armature loading is strongly infl u-
enced by type of winding employed (with or without iron teeth) and 
type of cooling (air or liquid cooled). Synchronous machines have been 
successfully built and operated using both approaches. The design 
equations described in this book are for an air - core stator winding, 
without iron teeth. The machine designs involving iron teeth require 
nonlinear fi nite - element (F - E) analysis tools because of the saturation 
of iron teeth. Such stators are diffi cult to model analytically and are 
outside the scope of this book.  

  Stator Yoke (Shield) Confi guration     The elimination of iron teeth 
from the stator winding region does not remove the necessity of con-
taining the magnetic fi eld of the machine, although it does permit some 
conceptual freedom of choice in the manner in which this is achieved. 
Three possible choices are listed below: 

  1.     No shielding.  
  2.     Laminated iron yoke.  
  3.     Solid conducting yoke.    

 In Section 4.2.1 the magnetic fi eld equations for all machine windings 
contain   a constant I, which essentially defi nes the type of yoke (shield-
ing) selection. The three possible choices for I corresponding to the 
three shielding options are as follows: 
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   •      I    =    0 for no shielding.  
   •      I    =     + 1 for laminated iron yoke.  
   •      I    =     − 1 for solid conducting yoke.    

 The fi rst option (I    =    0) of no shielding is attractive in principle but dif-
fi cult to envision, since a stray fi eld can induce eddy - current heating in 
conductive metallic components around a machine. Also randomly 
distributed metallic components in vicinity of the machine can produce 
asymmetric forces within the machine stator and rotor. The biggest 
appeal of this option is that it can produce the most compact machine 
possible. In some outer   space applications or for off - shore wind turbine 
generator applications this option could be of interest. 

 The second option (I    =     + 1) is used in a majority of the superconduct-
ing machines constructed so far it. The laminated iron yoke that is 
characteristic of this option is manufactured in a manner similar to that 
currently employed in conventional machines, except the teeth are 
removed from punching. The principal disadvantage of this type of 
shield is that it is bulky though it does provide rigidity to the stator 
structure and damping of vibrations, both are major considerations in 
overall stator designs. This shield choice attenuates both AC and DC 
fi elds and enhances fi eld (as is evident in fi eld equations in Section 
4.2.1) in the working region of the machine. Iron yoke thickness can be 
calculated using equation  (4.55)  for a given average fi eld in the yoke. 

 The third option (I    =     − 1) consist of enclosing the outside of the 
armature winding with a solid conductive shell made of copper, alumi-
num, or another high - conductivity metal. In such a shield, the shielding 
currents are skin - depth limited. This shield choice attenuates only the 
AC fi elds (i.e., when the rotor is rotating); no shielding is provided of 
the rotor fi eld when the rotor is stationary. The shield must be remote 
from the stator winding to avoid excessive shield losses and to minimize 
the demagnetizing effect of the shield. The principle advantage of a 
solid conductive shield is that it can be of low weight compared to a 
magnetic yoke. Still some form of nonmetallic structure of high rigidity 
is required to support the stator winding, bear the weight of the machine, 
support short - circuit forces, and transmit the machine torque from the 
stator coils to the foundation. The thickness of the conductive shield 
and the eddy - current losses in it can be calculated using equations 
 (4.57)  and  (4.58) , respectively.  

  Stator Insulation     The elimination of iron teeth between adjacent 
stator coils in a superconducting generator frees up space in the stator. 
This space can be utilized to achieve the following objectives: 
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   •      Thicker insulation to increase voltage capability of the machine.  
   •      Additional copper to increase stator current loading.    

 All air - gap winding also presents a challenge. In air - cooled machines, 
iron teeth on either side of a coil help remove heat from a coil. In 
the absence of iron teeth, this capability is lost. Nonmagnetic thermal 
teeth have been postulated  [5]  to provide the cooling capability lost 
by the absence of iron teeth. Most air - gap windings considered 
for superconducting machines have adopted one of the following 
approaches: 

   •      The coil conductor is cooled with a coolant (e.g  ., water) fl owing in 
tubes buried in a coil cross section. The coolant is at the coil 
voltage, and special techniques are used for interfacing this fl uid 
with cooling equipment at ground potential. These techniques are 
well established in industry because they are used in large conven-
tional generator coils.  

   •      It is possible to embed cooling tubes between adjacent coils. 
Suitable dielectric oil, such as FR3, could fl ow in them to cool coils. 
Several large machines have been built using this approach.    

 For large turbine generators, water - cooled bars are used for the stator 
winding  [6] .   

   4.4.2    Field Winding Design Issues 

 Under steady - state conditions, the superconducting rotor winding 
directly experiences the full - load torque and the centrifugal and inter-
nal magnetic forces. The mechanical design of the rotor must provide 
a structure capable of transmitting large torques but at the same time 
limit thermal conduction to the low - temperature region. In addition 
the differential contraction between the cryogenic -  and ambient -
 temperature components of the rotor must be accommodated. The 
superconducting winding must be adequately cooled and thermally and 
mechanically stabilized. The superconducting winding must be pro-
tected from any AC harmonic fi eld from the stator. These fi elds are 
caused by stator winding space harmonics, unbalanced stator currents, 
and time harmonics fed to the stator from external sources such as 
the grid or a power electronic drive employed to power a motor. 
Normally an electromagnetic (EM) shield in form of a solid cylinder 
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made of a low - conductivity material is applied to enclosed the whole 
superconducting winding region. The design issues relating to this EM 
shield are discussed in the next section. 

 Under certain transient conditions, such as those caused by a fault 
on the grid, the fi eld winding will experience magnetic fi eld, tempera-
ture, and current changes simultaneously or independently. The mag-
netic fi eld, temperature, and current excursions in the superconductor 
must be considered for each operating situation, to ensure that an 
adequate margin of safety is maintained below the critical values and 
to prevent a normal transition in the fi eld winding. 

  Superconducting Field Winding     The superconducting fi eld winding 
is energized with DC and is designed to generate a magnetic fi eld in 
the stator armature region. The stator windings experience this fi eld as 
AC when the rotor rotates. In a generator this AC fi eld produces 
voltage in the stator coils. The fi eld experienced by the stator imposes 
following requirements on the fi eld winding design: 

   •      Only the fundamental component of the fi eld generated by the 
fi eld winding is useful for producing power.  

   •      Any space harmonics created by the fi eld winding will generate 
harmonic voltages in the stator coils and additional eddy - current 
heating in coils and other metallic components. Thus these space 
harmonics must be minimized.  

   •      Field winding must be designed to achieve the highest possible 
current density in order to minimize space used on the rotor and 
to minimize use of expensive superconductor.  

   •      Cooling of superconductor winding must be adequate to minimize 
the temperature rise that can occur under the transient and fault 
conditions that must be sustained by the machine.  

   •      Mechanical stresses within the winding and associated support 
structure must be acceptable during the cool - down from the room 
temperature to the cryogenic operating temperature and during 
the warm - up to the room - temperature. The winding must also be 
capable of withstanding stresses under steady - state and fault 
conditions.    

 Many different approaches have been utilized by manufacturers for 
constructing superconducting fi eld windings. A few major approaches 
are discussed below: 
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   •      Wind superconductor on salient poles directly to form fi eld winding 
poles. In some cases the pole material has been a solid magnetic 
iron.  

   •      Wind many racetrack - shaped coils and then assemble them to form 
poles. The pole body again can be magnetic or nonmagnetic.  

   •      Wind superconductor directly into slots cut out in a solid magnetic 
iron, similar to the rotor of a conventional machine.    

 Almost in all cases, windings are epoxy impregnated for creating a 
monolithic structure to bear magnetic loads and for ease of cooling. 

 Over the 25 - year span of 1970 – 1995, many superconducting machines 
were built  [7]  using low - temperature superconductors (niobium -
 titanium) operating at 4.5   K with liquid helium as a coolant. Most of 
these machines were successful but were not considered practical 
because of the cost of the refrigeration system and reliability issues. 
However, commercial availability of the high temperature supercon-
ductor (HTS) around 1995 changed the paradigm. These new HTS 
materials have the following attractive characteristics: 

   •      HTS materials are superconducting at much higher temperatures, 
so practical devices can be constructed at temperatures ranging 
from 30   K to 77   K.  

   •      The cost of refrigeration systems is lower at higher temperatures.  
   •      HTS materials operating at higher temperatures have higher capa-

bility to absorb transient heating without transitioning to normal 
state.  

   •      Refrigeration systems in modular form are reliable and are easy 
to operate.     

  Torque Tubes     Superconducting windings experience the full rated 
torque of a machine. This torque in superconducting windings must be 
transferred to a warm shaft that interfaces with the power source 
(prime mover) for generators and with loads for motors. The compo-
nent that transfers torque from cryogenic temperature fi eld windings 
to the warm shaft is called a  “ torque tube. ”  The torque tube transfers 
torque while minimizing heat conduction from the room - temperature 
shaft to the cryogenic environment on the rotor. For low - temperature 
machines, helium gas cooled torque tubes were employed to minimize 
the refrigeration load. These torque tubes were very complex. However, 
torque tubes are much simpler for HTS fi eld windings because the 
penalty for removing losses from cryogenic temperature is lower. 
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Torque tubes used successfully in recent HTS machines were made of 
both metallic and nonmetallic composite materials.  

  Current Leads     The superconducting fi eld winding must be supplied 
with DC from room - temperature power sources. The current leads 
that interface between the superconducting windings and the room -
 temperature power source also conduct thermally. Any thermal load 
conducted down leads must be removed by the refrigeration system. 
Usually current leads are made from brass or bronze. The cross section 
of a lead is optimally varied between the room - temperature and the 
cryogenic temperature end points. An optimally designed lead has 
thermal conduction equal to the  I  2  R  loss in it. The process for designing 
such a lead has been discussed in Chapter  3  and is described elsewhere 
 [8,9] .  

  Cryostat     The superconducting fi eld winding in its cryogenic environ-
ment must be protected from the heat radiated and conducted from 
room - temperature environment. The rules discussed in Chapter  3  for 
designing a cryostat also apply for the superconducting fi eld ’ s   winding 
cryostat. Extra care is warranted because the cryostat rotates in a 
machine. Below are key features of a rotating machine cryostat: 

   •      The room - temperature wall of the cryostat is mechanically tied to 
the shaft of the machine.  

   •      The cold mass consisting of the fi eld winding and its support struc-
ture is tied to the warm wall of the cryostat through torque tubes.  

   •      In some cases an intermediate - temperature (between the cryo-
genic and room temperature) EM shield is employed to intercept 
any thermal loads from the stator caused by the harmonic fi elds.  

   •      The space between the warm and cold walls of a cryostat is usually 
evacuated and fi lled with multi - layer insulation (MLI), as is used 
for minimizing the thermal radiation from the warm surfaces to 
cold surfaces.  

   •      Besides torque tubes, any other mechanical connections between 
the cold mass and warm cryogenic wall must be optimally designed 
to minimize any   thermal conduction into the cold environment of 
the fi eld winding.    

 For HTS fi eld windings, the intermediate thermal shield is usually 
not employed because it has only a minor impact on the total thermal 
load. 
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 A superconducting fi eld winding has the following four components of 
thermal load. 

   •      Hysteresis and conduction losses in superconducting winding while 
carrying its rated current.  

   •      Current lead loss.  
   •      Thermal radiation and conduction from warm surfaces.  
   •      Thermal conduction through torque tubes.    

 A good fi eld winding design has these four thermal loads in about equal 
proportions.   

   4.4.3    Electromagnetic ( EM ) Shield Design Issues 

 A superconducting machine needs an EM shield to protect the super-
conducting fi eld winding from the asynchronous fi elds produced by 
armature currents. Besides attenuating the AC fi elds, an EM shield 
must be capable of withstanding very large torques and forces experi-
enced by it during a transient short - circuit fault. Large machines  [10,11]  
built in recent years have utilized a room - temperature EM shield 
employed just outside of the warm wall of the rotor cryostat. The EM 
shield in this location experiences AC fi elds from stator winding and 
attenuates them suffi ciently to minimize the thermal load in the 
cold region. This shield is also subjected to large torque and forces 
during transient faults such as short - circuit on or near machine termi-
nals. An EM shield could be constructed from high - conductivity (HC) 
aluminum or copper to provide needed attenuation of AC fi elds. 
However, these HC metals are not suffi ciently strong to bear fault 
torques and forces. It is also not advisable to increase the thickness of 
the aluminum or copper EM shields for this   mechanical reason because 
a thicker shield lowers the damping torque during the hunting oscilla-
tions that follow a disturbance on the electric grid. Composite shields, 
initially proposed elsewhere  [6] , are better alternatives. A composite 
shield has an outer layer made of HC metal and backed with a stainless 
steel cylinder to provide the mechanical support needed during faults. 
The HC shield thickness is usually optimized to provide an adequate 
attenuation of the AC fi eld and damping torque during the hunting 
oscillations, and the stainless steel cylinder is designed to withstand the 
fault forces. It is necessary to mechanically attach the HC shield to 
the stainless steel cylinder because the fault forces generated in the 
HC shield are borne by the stainless steel shell. The composite EM 
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shield must be fi rmly attached to the shaft for transferring short - circuit 
torques.  

   4.4.4    Loss and Effi ciency Calculations 

 Superconducting machines are usually more effi cient than conventional 
machines. The major loss components of a superconducting machine 
are listed below: 

   •      Usually stator windings are constructed using copper coils and 
therefore represent the largest loss component in the effi ciency 
calculations. This component can be calculated using the armature 
resistance equation (4.52  ).  

   •      The iron yoke loss is usually the next big loss component in a 60   Hz 
machine. This loss component can be estimated from loss/kg 
as a function of fi eld and frequency supplied by lamination 
manufacturers.  

   •      Friction and windage losses could also be signifi cant. It is estimated 
using bearing types and cooling medium in the air gap.  

   •      Superconducting fi eld winding system loss (including input power 
to the refrigerator system) is usually the lowest loss component 
(about 2% of total loss). Losses in the superconducting winding 
itself are negligible. Most of the losses associated with the fi eld 
winding come from input power into refrigeration system.    

 Loss distribution for a typical two - pole, 60 - Hz generator is shown in 
Figure  4.8 . At partial loads, all loss components except the stator loss 

     Figure 4.8     Loss distribution in a two - pole synchronous generator  
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essentially remain unchanged. The stator losses are low under part - load   
conditions because they are directly proportional to square of the load 
current. Thus, unlike conventional machines, a superconducting machine 
retains its high effi ciency during partial loads. The generator repre-
sented in Figure  4.8  has a high effi ciency at full - load (98.6%), and this 
effi ciency is retained at partial loads up to less than a third of the rated 
load.    

   4.4.5    Example Design 

  Specifi cations     Specifi cations are a starting point for the design of a 
motor or generator that must satisfy certain   requirements. The overall 
specifi cations for a 10 - MW generator are listed in Table  4.2 . The genera-
tor was designed with the high temperature superconductor (HTS) of 
BSCCO - 2223 (called 1G conductors). These conductors are currently 
being replaced with YBCO - 123 coated conductors (called 2G condu-
tors), but their engineering properties are not broadly available yet. 
Once YBCO properties become available, it would be a simple matter 
to replace BSCCO with YBCO in the design process.    

  Rating and Dimensions     The output of a synchronous machine is 
based on the specifi c magnetic and electrical loadings, speed, air - gap 
diameter, and axial length. Low - speed machines have a large number 
of poles. Since the effective air gap in superconducting machines is very 
large, the leakage fl ux between adjacent poles increases as the number 
of poles is increased. This reduces the available fl ux that can link with 
the armature coils leading to a reduction in the output of the machine. 
Usually superconducting machines with a large number of poles are 
less attractive.  

  Table 4.2    Specifi cations for a 10   MW generator 

   Parameter     Unit     Value  

  Rating    MW    10  
  Line voltage    kV    13.8  
  Number of phases     —     3  
  Stator connection     —     Star  
  Frequency    Hz    60  
  Power factor at rated load     —     0.85 lagging  
  Speed    RPM    1200  
  Field winding (HTS)     —     Bi - 2223  
  Number of poles     —     6  
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  Specifi c Loading (Armature and Field)     The specifi c loading of an 
armature (A/m along bore perimeter) is a strong function of coil 
cooling. This is especially true for superconducting machines employing 
air - gap winding with thermally nonconductive teeth. An air - cooled 
winding will have a much lower armature - specifi c loading than a 
winding actively cooled with water or oil. 

 For a given superconductor, the fi eld winding specifi c loading is a 
strong function of local magnetic fi eld experienced by the winding and 
its operating temperature. The operating current of the superconduct-
ing wire is selected on the basis of losses in the superconductor and the 
ability to remove them safely during normal operation. The operating 
current is also infl uenced by the ability of the EM shield   to protect the 
superconducting winding during a quench. Moreover, during a sudden 
short - circuit fault at or near machine terminals, the armature reaction 
current raises fi eld current signifi cantly  . The increased fi eld current 
could be equal to   x x xd d d− ′( ) ′{ } times pre - fault fi eld current, and it 
decays with a transient short - circuit time constant (  ′τd) that is usually 
very long in superconducting machines. This enhanced fi eld current 
could continue to fl ow for the duration of fault. The superconducting 
winding must therefore be designed to stay operating safely through 
such faults. As a rule of   thumb, the superconductor operating current 
should be about three - quarters of the critical current of the winding at 
the rated operating temperature and magnetic fi eld.  

  Main Dimensions     Because a superconducting machine air - gap 
winding has a large air - gap length, it is important to select a fi eld 
winding pole pitch as large as possible. Typically a pole - pitch between 
300 and 400   mm works fi ne. While it is possible to combine a conven-
tional stator with magnetic iron teeth with a superconducting fi eld 
winding, this combination requires that the air - gap fi eld be kept below 
a value that does not saturate iron teeth. Such a machine is usually 
larger and heavier than a machine employing an air - gap armature 
winding in which the air - gap magnetic fi eld is not limited by the satura-
tion of iron teeth. A conventional laminated iron yoke is employed 
outside of armature winding to keep the fi eld outside the machine at 
the same level as for nonsuperconducting conventional machines. It is 
also possible to employ a conductive shield (made of copper or alumi-
num) in place of magnetic iron yoke, but this option is normally not 
selected for the following two reasons: 

   •      It increases machine ’ s overall diameter, but the machine ’ s weight 
is less than that of the   iron yoke shielded machine.  
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   •      The fi eld outside the machine is quite high when the excited rotor 
is turning at less than its rated speed.    

 The armature winding ’ s slot depth and slot pitch rules are similar to 
those of a conventional machine. However, in an air - gap winding the 
magnetic fi eld varies in both radial and tangential directions, and this 
forces use of the Litz conductor for the armature coil. A Litz conductor 
is composed of many small diameter strands (insulated and fully trans-
posed) for keeping the eddy - current losses low. 

 A practical design of a superconducting motor or generator has 
many complex engineering issues relating to mechanical, thermal, and 
electromagnetic designs. The process of designing the superconducting 
winding and its cooling system is also complex. It requires a great deal 
of design and analysis iterations before arriving at an acceptable design 
within constraints of material properties and physical limitation of an 
application. The example design described below illustrates the various 
issues that need consideration.  

  End Corrections     The parameter calculations in Section 4.2.2 are 
based on a 2D analysis that does not account for the effect of the coil 
end turns. The end - turn contribution is included by adjusting each 
parameter with certain   empirical correction factors. These factors can 
be determined from 3D fi nite - element magnetic analysis or from mea-
surements of a physical model, or both. The correction factors provided 
below enable reasonable estimates to be made for the example machine 
discussed in this section.  

  Armature Winding Corrections     The armature resistance and induc-
tance are corrected using the following factors: 

  Multiply the resistance calculated using equation  (4.52)  with the fol-
lowing armature resistance correction factor:

    AR
L

l
CF

EndTurn= + ⋅1 2 ,     (4.102)  

where
   l           =    active axial length of the machine,  
  L EndTurn            =    length of an end turn beyond end of a stator slot.     
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  Multiply the inductances calculated using equations  (4.35)  and  (4.36)  
with the following armature inductance correction factor:

    AL
L

l
CF

EndTurn= + −( )
⋅

1
3

EndLoop
,     (4.103)  

where
  EndLoop          =    axial extension of knuckle of an armature coil.        

  Field Winding Corrections     For the fi eld winding there is no correc-
tion factor for the resistance because the resistance of an HTS winding 
is essentially zero. 

 Multiply the fi eld winding inductance calculated using equations 
 (4.40)  and  (4.41)  with the following fi eld winding correction factor:

    FL
R
R

CF = ⎛
⎝⎜

⎞
⎠⎟

2

1

2

.     (4.104)    

  EM Shield Corrections     Multiply the shield resistance calculated 
using equation  (4.53)  with the following shield resistance correction 
factor:

    SR
R

l
CF

so= + ⋅ ⋅ +( )[ ]
1

2 2π α βsin
.     (4.105)   

 The correction factor for the shield inductance is the same as that for 
the armature winding estimated from equation  (4.103) . Multiply the 
shield inductance calculated using equations  (4.42)  and  (4.43)  with the 
following shield winding correction factor:

    SL ALCF CF= .     (4.106)    

  Mutual Inductance between Armature Winding and Field Winding 
Corrections     The correction factor for the armature to fi eld mutual 
inductance is tied by equation  (4.107)  below to the armature ’ s self -
 inductance. Multiply the mutual inductance calculated using equations 
 (4.44)  and  (4.45)  with the following correction factor:

    AF ALCF CF= .     (4.107)    
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  Mutual Inductance between Armature Winding and EM Shield 
Corrections     The correction factor for the armature to shield mutual 
inductance is the same as that for the self - inductance of shield esti-
mated using equation  (4.106) . Multiply the mutual inductance calcu-
lated using equations  (4.46)  and  (4.47)  with the following correction 
factor:

    AS SLCF CF= .     (4.108)    

  Mutual Inductance between Field Winding and EM Shield 
Corrections     The correction factor for the armature to shield mutual 
inductance is the same as that for the self - inductance of the fi eld 
winding found in equation  (4.104) . Multiply the mutual inductance 
calculated using equations  (4.48)  and  (4.49)  with the following correc-
tion factor:

    FS FLCF CF= .     (4.109)    

  Mutual Inductance between EM Shield Shell Corrections     The 
correction factor for the mutual inductance between any two shield 
shells is the same as that for the self - inductance of the shield estimated 
using equation  (4.105) . Multiply the mutual inductance calculated using 
equations  (4.50)  and  (4.51)  with the following correction factor:

    SS SLCF CF= .     (4.110)   

 The purpose of the correction factor defi nitions in this section is to 
illustrate how to use them for correcting various winding parameters. 
However, it is necessary to determine their validity for a given frame 
size of a machine. Once the correction factors are verifi ed, they can be 
utilized for sizing different machine ratings within a given frame size.  

  Design Description     Table  4.3  lists the calculated design parameters 
and component dimensions for the example 10 - MW generator. An 
average current density of 100   A/mm 2  is assumed overall in the fi eld 
winding region. Each fi eld coil ’ s cross section is assumed to span from 
half the pole angle ( α ) of 30 oE    to an angle ( β ) of 86 oE . These are   typical 
values used in designing such generators. In practice, the arch - type fi eld 
winding cross section can be built by stacking individual pancakes or 
directly winding poles on a former. The inside and outside radii of the 
fi eld winding region are 350 and 390   mm, respectively. The active length 
of the machine is 1610   mm. An HTS 1G wire (4.5 - mm width    ×    0.3 - mm 
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  Table 4.3    Calculated design parameters and component dimensions 

   Parameters     Units     Values  

   Field Winding Assumptions and Design   

  Overall current density in fi eld region    A/mm 2     100  
  Half of the pole angle ( α )    deg. Elect.    30  
  Field winding span angle ( β )    deg. Elect.    86  
  Inside radius of fi eld winding (R 1 )    mm    350  
  Outside radius of fi eld winding (R 2 )    mm    390  
  Active length of machine (l)    mm    1610  
  HTS wire type     —     Bi - 2223  
  HTS wire thickness    mm    0.3  
  HTS wire width    mm    4.5  
  HTS coil fi ll factor     —     0.72  
  Operating temperature of HTS coils    K    35  
  HTS coil  N  - value     —     12  
  Expected power loss in HTS coils    W    20  
  Field winding current    A    187.5  
  Turns/pole     —     2572  
  Mean - turn length of a coil    mm    4004  
  Total length of wire for all coils    km    61.8  

   Electromagnetic(EM) Shield (Damper) Design   

  Inside radius of EM shield    mm    430  
  Radial thickness of EM shield    mm    40  
  Air gap length between shield and armature    mm    140  
  EM shield materials (SS inside Cu shell)     —     Copper/SS  
  Thickness of copper in EM shield    mm    24  
  Thickness of stainless steel in EM shield    mm    16  

   Armature Winding Assumptions and Design   

  Overall current density in armature region    A/mm 2     1  
  Inside radius of armature winding ( R  3 )    mm    570  
  Outside radius of armature winding ( R  4 )    mm    647  
  Slots/pole/phase     —     8  
  Turns/coil     —     4  
  Turns in a coil height     —     2  
  Coils/slot     —     2  
  Armature conductor fi ll factor ( λ )     —     0.69  
  Coil pitch ( ξ )     —     5/6  
  Number of circuit     —     2  
  Cooling type     —     Oil  
  Electric stress in insulation    kV/mm    5  
  Total insulation thickness on coils    mm    1.593  
  Insulation thickness on turns    mm    0.319  
  Insulation thickness of ground plane    mm    1.275  
  Litz wire strand diameter    mm    0.5  
  Cooling water temperature     ° C    35  
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  Temperature rise in heat exchanger     ° C    5  
  Temperature rise of coolant through coils     ° C    15  
  Number slots     —     144  
  Armature turns/phase     —     192  
  Winding factor, k w           0.923  
  Mean - turn length of a coil    mm    4773  
  Slot width    mm    15.3  
  Tooth width    mm    9.6  
  Coil height    mm    38.5  
  Conductor width    mm    12.1  
  Conductor height    mm    8.35  
  Copper fraction in a conductor    mm 2     69.9  
  Total length of conductor in whole armature    m    2749  
  Peak temperature of copper     ° C    55  
  Armature resistance/phase    m Ω     0.4  
  Inside radius of iron yoke    mm    652  
  Outside radius of iron yoke    mm    717  
  Average fl ux density in iron yoke    tesla    1.6  

Table 4.3 Continued

Parameters Units Values

Armature Winding Assumptions and Design

thickness) is assumed. The fi eld winding is operated at 35   K in order to 
minimize the wire cost at a moderate refrigeration system cost. The 
operating fi eld current is 187.5   A and is constrained by the local mag-
netic fi eld and temperature experienced by the HTS wire. All the poles 
of the fi eld winding require 61.8   km of the HTS wire. The fi eld winding 
is enclosed in a cryostat that isolates it thermally from the room -
 temperature environment. During operation any asynchronous har-
monic fi elds are likely to induce AC losses in the HTS windings. These 
losses must be removed with a refrigerator, which is costly. To minimize 
these losses, an electromagnetic (EM) conductive shield is placed 
outside the fi eld winding at a radius larger than  R  2 . In principle, the 
following three locations are possible for such an EM shield: 

  1.     Next to the fi eld winding at a radius slightly larger than  R  2 . The 
operating temperature of the shield is about the same or slightly 
higher than the fi eld winding.  

  2.     At an intermediate radius between  R  2  and radius of warm wall of 
the cryostat. The EM shield in this location could be operated at 
a temperature higher than the fi eld winding temperature. Losses 
in the EM shield are thus at a higher temperature and so can 
removed more economically  .  
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  3.     Outside of the room - temperature cryostat wall. The EM shield in 
this location experiences losses at room temperature that are 
easily removed by the air in the air gap.      

 The location 3 is selected for this design because this shield is the most 
robust and has minimal mechanical and cooling risks. The inside and 
outside radii of the EM shield are 430 and 470   mm, respectively. The 
total radial thickness of the EM shield is 40   mm, which consists of 
24 - mm - thick copper shell supported on the inside with a 16 - mm thick 
stainless steel shell. The copper shell attenuates any asynchronous 
fi elds, and the stainless steel shell mechanically supports copper shell 
during short - circuit faults. 

 The stator houses a three - phase armature air - gap type double - layer 
winding. In the simplest terms, the air - gap winding is similar to a 
conventional winding housed in magnetic iron - core slots with one 
difference — the iron core is replaced with a nonmagnetic, nonconduc-
tive material such as G - 10 or an equivalent epoxy structure. This non-
conductive structure must bear all mechanical forces and allow effi cient 
cooling of the copper armature winding. The double - layer armature 
winding is contained in 144 slots (with 8 slots/pole/phase). Each slot 
accommodates two coils and each coil has four turns. The two coils are 
housed in a slot. Coils are cooled with oil fl owing between a coil side 
and a slot wall. The coil insulation thickness is determined on the basis 
of an electric stress of 2.5   kV/mm. The armature winding occupies an 
annular space between radii  R  3  and  R  4  of 570 and 647   mm, respectively. 
Since the air - gap winding is not magnetically shielded by iron teeth, the 
armature conductors are made from multiple 0.5 - mm diameter strands 
confi gured as a Litz wire. An iron yoke encloses armature winding 
outside of radius  R  4 . The iron yoke is designed for an average magnetic 
fi eld of 1.6 tesla and has inside and outside radii of 652 and 717   mm, 
respectively. 

 Table  4.4  provides performance parameters for the generator. Due 
to absence of magnetic iron in the active air - gap region, the mutual 
coupling between the rotor and stator windings is usually quite small. 
This leads to a lower synchronous reactance. However, the fi eld winding 
time constant is very large because the fi eld winding resistance is nor-
mally small. The EM shield (damper) time constants are comparable 
to those of conventional machines. The impact of these parameters on 
machine performance is discussed later. Because of the low synchro-
nous reactance, the load angle at the rated load is also small. A small 
load angle is usually allows for better transient stability of the machine 
while operating on an electric grid.    
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  Operation     A superconducting machine has many advantages and a 
few challenges for its operation on an electric grid. The absence of iron 
in most of the magnetic circuit causes these machines to have a very 
low synchronous reactance (typically 0.2 – 0.5   pu), which provides among 
other benefi ts a much larger dynamic stability limit within its MVA 
rating. A rapid feedback control system is not often required for stabi-
lization of these machines. They also have superior damping during 
small oscillations and require no fi eld forcing for damping these oscil-
lations. Generally, superconducting machines are more robust than 
conventional machines during transient system faults. However, tran-
sient and subtransient reactances are similar to those of conventional 
machines. 

 The lower synchronous reactance permits operation of these 
machines at lower load angles than conventional machines. Additional 
benefi ts of a superconducting machine are summarized below  : 

   •      Supply reactive power (MVARs) up to its full MVA rating (both 
leading and lagging).  

   •      Compact and lighter.  

  Table 4.4    Performance parameters 

   Parameters     Units     Values  

  Stator line voltage    kV    13.8  
  Stator current    A    511  
  Base impedance     Ω     15.6  
  Armature resistance    m Ω     1.6  
  Field current    A    187.5  
  Field circuit resistance    m Ω     0.569  
  EM shield (damper) resistance     μ  Ω     9.24  
  Mutual reactance between armature and fi eld     Ω     67.25  
   d  - Axis synchronous reactance    pu    0.2  
   d  - Axis transient reactance    pu    0.19  
   d  - Axis subtransient reactance    pu    0.140  
   q  - Axis synchronous reactance    pu    0.2  
   q  - Axis subtransient reactance    pu    0.141  
  Armature short - circuit time constant    s    14.3  
   d  - Axis transient short - circuit time constant    s    152,400  
   d  - Axis subtransient short - circuit time constant    ms    18  
   d  - Axis transient open - circuit time constant    s    162,500  
   d  - Axis subtransient open - circuit time constant    ms    24  
   q  - Axis subtransient short - circuit time constant    ms    24  
   q  - Axis subtransient open - circuit time constant    ms    34  
  Load angle at rated load    deg    8.8  
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   •      Virtually no harmonics in the terminal voltage.  
   •      Improved rotor life because of elimination of thermal load cycling 

due to fi eld winding current changes.  
   •      Higher effi ciency, even under partial load conditions leading to 

signifi cant operating cost savings.  
   •      Lower vibrations and noise.    

 When a synchronous machine operates at lagging zero power factor, 
armature current ( I a  ) produces a magnetic fi eld that directly opposes 
fi eld generated by the fi eld winding on the rotor. In other words, fi eld 
winding must generate extra voltage ( V ar  ) to overcome armature reac-
tion. Synchronous reactance ( x d  ), a fi ctitious quantity, is equal  V ar  / I a  . In 
a conventional iron core machine,  x d   is strongly infl uenced by the fi eld 
and armature currents due to the saturation of iron. Because of the 
absence of iron in a superconducting machine,  x d   remains essentially 
constant over the whole operating range of such a synchronous machine. 

 Figure  4.3    shows relationship among generator quantities (terminal 
voltage, armature current at a lagging power factor, armature resis-
tance, synchronous reactance and internal voltage generated by fi eld 
current). When the example generator (described in Table  4.4 ) operates 
at a power factor of 0.85 lagging, its load angle is only 8.8 °  and the 
internally generated voltage is 1.12   pu. Both quantities are very small 
compared to those experienced in a conventional iron - core machine. 
Because of the low  x d   this machine has an excellent voltage regulation 
capability. Such a machine may not need an automatic voltage regula-
tor for its stable operation on an electric grid. 

 A superconducting machine can operate over its whole operating 
range without concern for static or dynamic stability. Figure  4.9  shows 
V - curves for the example machine for 5 load points from no - load to 
full rated load. In this fi gure the normal excitation (i.e., fi eld current) 
is that needed to generate a rated voltage at the machine terminals 
under an open - circuit condition (i.e., armature current is zero). At no -
 load this machine can deliver its rated current (with a leading zero 
power factor) with only 80% of its nominal excitation. At this point the 
generator acts as an inductor and delivers inductive power to a grid 
equal to its MVA rating. This mode is useful during light load condi-
tions (at nights) when underground cables present a capacitive load to 
a generator. This generator will also deliver its rated current (with a 
lagging zero power factor) at only 120% of its nominal excitation. At 
this point the generator acts as a condenser and absorbs inductive load 
from the grid. Other curves in the fi gure show amount of reactive power 
this generator can deliver at various levels of active load. The generator 
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remains stable over the whole range of the V - curve; it is only limited 
by the armature ’ s current. A superconducting generator is an ideal 
synchronous condenser. An 8 - MVAR unit was built and tested  [11]  for 
a year in an electric grid during 2006.    

  Operation with Variable Speed Drive ( VSD )     Many applications of 
large synchronous motors require that they operate with a VSD that 
supplies the motor with power of varying voltage and frequency. A 
superconducting motor with a room - temperature EM shield is an ideal 
device for such applications. Because of the large air gap between the 
armature and EM shield, the space and time harmonics from the arma-
ture winding have a minimal impact on the EM shield and the super-
conducting fi eld winding. A prototype 5 - MW, 230 - RPM superconducting 
synchronous motor for ship propulsion application was successfully 
tested  [10] . A 36.5 - MW, 120 - RPM full - size motor was also successfully 
factory tested with a VSD  [12] .    

   4.5    MANUFACTURING ISSUES 

 The manufacture of a superconducting machine is quite similar to that 
of a conventional machine except for the following components: 

     Figure 4.9      V  curves for various powers ( P )  
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   •      Superconducting fi eld winding and its cooling system.  
   •      Torque transfer from the superconducting fi eld winding to a warm 

shaft.  
   •      Stator winding.    

 Manufacturing issues relating to these areas are discussed below. 

   4.5.1    Superconducting Field Winding and Its Cooling Systems 

 Almost all superconducting machines built through 2010 utilized 1G 
HTS (BSCCO - 2223) material because it was the only material then 
commercially available. Its electrical, mechanical, and thermal capabili-
ties allowed introduction into electric machinery applications. Although, 
2G HTS materials based on thin fi lms of YBCO were introduced com-
mercially in 2007, their performance and cost is still not in par with the 
1G HTS material. 

 Because of the fl at geometry for 1G and 2G wires, pancake -  or layer -
 type coils appear to be the best building block for constructing a fi eld 
winding. The assembly and support of HTS coils in a fi eld winding 
confi guration is challenging. Various manufacturers have developed 
intuitive solutions for the support and cooling of these windings. In 
most cases these windings are cooled by conduction; that is, the winding 
heat load is conducted to a cold member, which in turn is cooled with 
a suitable cryogen that interfaces between rotating fi eld winding and 
stationary refrigerators. 

 In the pancake construction technique, each pancake coil is individu-
ally constructed and epoxy impregnated. Necessary number of coils is 
then assembled to create a fi eld winding pole as shown in Figure  4.10 . 
Layer winding approach for constructing a fi eld winding is shown in 
Figure  4.11  where HTS wire is directly wound into slots in the rotor. 
Once all the poles are assembled on the rotor, they are enclosed in a 
cryostat to maintain the cryogenic environment for their operation. 
When operated in magnetic fi elds above 2   T, 1G wire was limited to 
temperatures lower than 40   K. Although the 2G materials offer a poten-
tial for further cost reduction, mechanically stronger wires, and operat-
ing temperatures closer to 77   K, these features are yet to be demonstrated 
in electrical rotating machines. Both 1G and 2G conductors in their 
standard form carry only about 100   A, which is quite small for con-
structing fi eld winding for a large motor or generator. Many turns are 
required, so this increases coil inductance and makes the task of chang-
ing fi eld current rapidly nearly impossible. It is also not possible to 
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employ industry standard exciters and voltage regulators. Currently 
continuously transposed cable (CTC) conductors are being developed 
wherein a 2G conductor tape is cut in a zigzag fashion to create 
the strand of desired width. These tapes are then assembled to create 
a  “ Roebel ”  type of cable that can carry large current (2000 – 3000   A). 
Field winding produced with such cables will have very few turns. 
This would permit use of industry standard exciters and standard 
voltage regulators. Future machines are expected to utilize such CTC 

     Figure 4.10     Field winding pole constructed by stacking pancake - type coils  (Courtesy 
of American Superconductor Corporation)   

     Figure 4.11     Rotor fi eld winding wound directly in rotor slots  (Courtesy of Siemens)   

c04.indd   110c04.indd   110 1/12/2011   2:26:51 PM1/12/2011   2:26:51 PM



MANUFACTURING ISSUES   111

cables. It might also be possible to build armature AC coils with the 
CTC cable.   

 Most of the HTS machines prototyped so far have employed the 
G - M cryocooler refrigerators discussed in Chapter  3 . A single -
 stage G - M cooler can supply 100   W of cooling power at 30   K. Cooling 
systems for larger machines can be built by using the G - M cryocooler 
as the building block. It employs gaseous helium as a working fl uid 
to transport heat from HTS windings to the cryocoolers. A cooling 
system built by AMSC for the 5 - MW, 230 - RPM motor is shown in 
Figure  4.12 .   

 Field windings are cooled by conduction to a cooling media supplied 
from a stationary refrigerator. Two popular choices for cooling media 
have been liquid neon and gaseous helium. The coolant is passed on to 
the rotor through a rotating coupling, which allows the infl ow and 
outfl ow of coolant. The cooling transfer systems have been successfully 
built and operated by many different companies: fi rst as part of LTS 
projects during the 1970s and 1980s and more recently as part of HTS 
projects. In all cases the technical challenges for the design of this com-
ponent were solved.  

     Figure 4.12     Cooling system for a 5 - MW, 230 - RPM superconducting motor  (Courtesy 
of American Superconductor Corporation)   
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   4.5.2    Torque Transfer from Cold Field Winding to Warm Shaft 

 A mechanical torque is directly experienced by the fi eld winding oper-
ating in a cryogenic environment. The torque must be transferred from 
the cryogenic environment to a warm shaft at room temperature with 
minimal thermal conduction from the warm to cryogenic environment. 
Options and issues relating to the torque transfer are discussed in 
Section  4.3.2 .  

   4.5.3    Stator Winding 

 In the manufacture of the stator, two design options are available  : 

   •      Conventional stator utilizing magnetic teeth for guidance of the 
fl ux ( “ retrofi t ” ).  

   •      Air - core winding without magnetic teeth.    

 In some application areas like large power generation there may be a 
strong desire to keep the machine as compatible with conventional 
designs as possible. This favors the conventional stator concept with 
magnetic teeth. In case of the retrofi t solution, the air gap could be 
increased to limit the reaction from the stator on the superconducting 
rotor winding. An insertion of a HTS rotor in a conventional stator 
could also allow a small upgrade in the capabilities of an existing 
machine. This strategy is of benefi t both for the customer and the manu-
facturer ’ s service and retail business. It helps overcome the barriers to 
the introduction of new machines consisting of novel HTS rotors and 
challenging and expensive stators. 

 The use of a high - performance air - core stator winding calls for a 
more compact design, smaller by a factor of 4 (or better) compared to 
conventional machines. The small synchronous reactance of an HTS 
machine provides better stability, high overload capacity, and improved 
reactive power compensation capability. Such concepts have already 
been developed and successfully tested within LTS generator projects 
and HTS motor programs. 

 Although manufactured from  “ conventional ”  copper, the stator air 
core winding represents a big challenge. The high power density in 
HTS rotating machines is achieved by employing high - performance 
mechanical and electrical components in the stator windings. Forced -
 fl ow cooling systems are usually required for high power density 
machines. An obvious solution is water - cooling, as is widely used in high 
rating machines. This approach was employed by GE  [6]  and Super - GM 
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 [13]  in construction of their air - core stator windings. An alternate 
approach may be to employ fl uids   to function as both heat transfer and 
electrical insulation. Example fl uids are  “ Midel ”  and  “ Silicone Oil. ”  
Heat pipes or thermal siphons could also be employed to address 
extreme design challenges in this area.   

   4.6    SIMULATION 

 Superconducting motors and generators need an analytical model for 
simulation in an electric grid or for control with power electronics. The 
simulation model should be similar to that currently in use by com-
mercially available codes such as PSCAD, EMTP, PSSE, and MATLAB  . 
Most of these codes represent a synchronous machine with Park ’ s two -
 axis ( d  -  q )   equations  [14] . It is possible to model a superconducting 
machine with  d  -  q  axis equations where mutual inductances among 
various coils are not equal. However, almost all commercial codes 
assume a common mutual inductance among all coils on each axis ( d  
and  q  - axes). These codes work with equivalent circuit and per - unit 
system similar to that described in Section 4.2.3. The author has studied 
transient behavior of superconducting machines with and without 
assumption of equal mutual inductance among various coils on each 
axis and has observed that results with the two methods are within 
 ± 5%. For most practical applications, this error is small, and it is prefer-
able to employ commercial codes that come with built - in tools to 
interface with an electric grid or power electronics and with all neces-
sary graphic capability.  

   4.7    GENERATORS 

 Superconductivity has been a hope and vision for large power genera-
tion since the early 1960s and 1970s. At that time the development of 
nuclear power generation pushed the generator ratings to the physical 
size limits, and the superconductivity technology was acknowledged as 
an opportunity to further increase power densities and ratings. The 
additional major technology benefi ts were improved effi ciency, 
increased reactive power capability, and reduced synchronous reac-
tance with a positive impact on power system stability. A number of 
generators using LTS NbTi wire were successfully demonstrated 
all over the world between 1970 and 1990. They were not considered 
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economically attractive because of the complexity of the cryogenic 
system and the poor stability of the LTS windings. 

 However, the invention of HTS in the mid - 1980s provided the incen-
tive to look at rotating machines again. HTS coils can operate at sub-
stantially higher temperatures than those made of LTS materials, and 
can utilize relatively simpler, less costly, and more effi cient refrigeration 
systems. These factors make HTS wire technically suitable and eco-
nomically feasible for use in the development and commercialization 
of motor and generator applications at power ratings much lower than 
could be considered with LTS wire. Two types of generators have been 
prototyped in recent years: 

   •      High - speed generators ( > 10,000   RPM)  
   •      Low - speed – AMSC ( < 3600   RPM)    

   4.7.1    High - Speed Generators 

 Military and commercial applications need 1 to 5   MW capability in a 
portable high power density electric power generation package. One 
approach is to use a high - speed generator directly coupled to a high -
 speed gas turbine, generate power at high frequency, and convert this 
power at desired frequency using solid - state power conversion tech-
niques. Superconducting technology offers the highest power density 
generators, but several engineering challenges remain in making a reli-
able light - weight superconducting machine. To address this need, a 
rugged, high - speed, multi - megawatt, HTS generator was developed 
 [15]  by GE for the Air Force Research Lab (AFRL). The generator 
was load tested up to 1.3   MW at GE ’ s high - speed machine test bed. The 
generator is based on the homopolar inductor alternator (HIA)  [16]  
topology to obtain power densities greater than 4   kW/lb in a robust 
construction suited for high - speed applications. 

 The generator comprises a stationary HTS fi eld excitation coil, a 
solid rotor forging, and an advanced but conventional stator, as shown 
in Figure  4.13 . The armature consists of liquid - cooled air - gap windings 
placed within an advanced iron yoke with laminations oriented in three 
dimensions to carry fl ux from one end of the machine to the other. The 
stationary HTS fi eld coil is placed around the ferromagnetic rotor 
forging and between two sets of salient poles that are offset circumfer-
entially by one pole - pitch at either end. The HTS fi eld coil provides 
MMF capability much higher than a traditional copper coil, enabling 
an  “ air - gap ”  armature winding with high fl ux density in the gap. Key 
features of this generator are listed below: 
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   •      The stationary superconducting fi eld coil does not experience the 
large centrifugal forces that a rotating coil experiences. The thermal 
insulation between the coil and ambient is also improved because 
of lack of centrifugal loads and reduced requirements on the coil 
support.  

   •      The cryostat of the coil is stationary. There is no need for a transfer 
coupling to introduce a cooling medium into the rotating cooling 
circuit.  

   •      There is no need for a  “ slip - ring ”  and brush assembly to transfer 
current to the coil from a stationary exciter.      

 The armature winding employing conventional coils in conventional 
iron - core slots could be used in such machines. However, GE chose to 
employ air - gap winding to achieve higher power density. The air - gap 
armature winding design utilized coils wound with compacted Litz 

     Figure 4.13     Schematic of homopolar inductor alternator with HTS fi eld winding 
 (Courtesy of General Electric)   
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copper wire turns and cooled directly by ordinary water or a dielectric 
fl uid through alumina ceramic cooling tubes. Each coil was wet wound 
in a precision mold with thermally conductive epoxy and cured. The 
coils are then assembled and adhesively bonded to the ceramic cooling 
tubes and G10 cylindrical inner and outer shells using thermally con-
ductive epoxy. The G10 shells on the ID and OD of the armature coil 
sides served as ground wall insulation. The armature winding assembly 
was bonded to the stator yoke to form a rigid structure capable of 
withstanding fault torques, vibration, and shock loads.  

   4.7.2    Medium - Speed Generators 

 Several low - speed machines were attempted by several companies 
during the decade starting the year 2000. Three most notable examples 
are the General Electric 100 - MW generator, the AMSC 8 - MVAR syn-
chronous condenser, and the Siemens 4 - MW generator. These are dis-
cussed below. Very slow speed synchronous machines are also of interest 
for ship propulsion motors, hydroelectric generators, and wind turbine 
generators. 

   GE  100 -  MW  Generator Project     General Electric attempted devel-
opment of a 100 - MW, 3600 - RPM, two - pole generator by combining a 
superconducting rotor winding with a conventional iron - core stator. 
The major benefi t of the adaptation of HTS generators into power 
plants is increased system effi ciency. Generators lose power in the fi eld 
windings and the armature bars. When superconducting wire is used 
for the fi eld windings, the losses in the rotor can be practically elimi-
nated. Other losses   can also be reduced because of increases in power 
density and the reduction in the required cooling capacity. HTS genera-
tors produce electric power with lower losses than their conventional 
equivalents. Even small - effi ciency improvements can produce big dollar 
savings. A half of 1% improvement in generation effi ciency provides a 
utility or independent power producer with additional capacity to sell 
energy with a value of nearly $200,000 a year per 100 - MW generator, 
at electricity prices of fi ve cents per kWh and 8000 operating hours per 
year. The GE 100 - MW generator utilized a conventional stator core 
and frame with its magnetic structures and adds an HTS rotor that 
contains an iron core. This approach completely eliminates any risk 
associated with the design of the stator and provides a magnetic struc-
ture in the rotor to enhance torque transmission. It offers immediate 
effi ciency benefi ts, compatibility with the turbine drive train, and the 
ability to retrofi t HTS rotors into existing generators. Alternatively, 
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 “ air - core ”  designs can eliminate much of the structural and magnetic 
steel, obtaining a generator that can be smaller and lighter than an 
equivalent conventional generator. In applications where size or weight 
reduction is an advantage, such as ships or locomotives, superconduct-
ing generators could increase generating capacity without using addi-
tional space. Construction, shipping, and installation may be simplifi ed 
and perhaps less costly as a result of the smaller dimensions and lighter 
weight. However, the challenges to producing air - core HTS generators 
include the transmission of torque within the generator and the poten-
tial for amplifi cation of fault torques on the turbine - generator drive 
train. 

 Rotor confi guration adapted for the 100 - MW generator  [7]  is shown 
in Figure  4.14 . This program was cancelled just after completing rotor 
design because HTS (1G) wire and refrigeration system costs were too 
high  [17]  to make the generator economically attractive. Future tech-
nologies (2G wire and pulse - tube refrigerators) were not suffi ciently 
developed in 2004 to make an objective decision  .    

   AMSC  Synchronous Condensers     Superconducting generators 
have inherently a low synchronous reactance that enables such a gen-
erator to operate at any power factor (leading or lagging) while con-
nected to an electric grid. AMSC built 8 -  and 12 - MVAR prototype 
synchronous condensers for electric grid applications. An 8 - MVAR 
dynamic synchronous condenser  [18]  (DSC) was operated on Tennessee 
Valley Authority (TVA) grid to supply reactive power to an arc furnace 
in order to limit the fl icker. Although the prototype met all its goals, 
the program did not succeed for economic considerations. In other 
words, this machine was too expensive compared with similar size 

     Figure 4.14     General Electric 100 - MW superconducting generator rotor concept 
 (Courtesy of General Electric)   
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electronic solutions (STATCOM) due to the high cost of HTS materials 
and refrigeration systems. 

 The machine had a high temperature superconductor (HTS) fi eld 
winding and a conventional stator winding. It had a small footprint and 
was readily transportable in a trailerized format, making it easily placed 
in substations. This HTS DSC enhances system utilization through reac-
tive compensation by dynamically injecting leading or lagging VARs as 
needed. At the test site (next to an arc furnace) the testing was intended 
to show not only that the HTS DSC could be a preferred option for 
handling arc furnace fl icker but also that the device can handle hun-
dreds of thousands of transmission transients daily. The machine con-
tinuously absorbed transient disturbances with very high negative 
( > 30%) and zero ( > 15%) sequence current components. The rotor with 
a continuous damper winding in the form of a copper shell absorbed 
heating created by negative and zero sequence currents very effectively 
with an insignifi cant temperature rise. The stator winding also withstood 
these currents while staying within the peak allowable temperature. 

 This HTS machine used less than half of the energy of a conventional 
synchronous condenser and about the same amount of energy as a 
modern fl exible AC transmission system (FACTS) device consumes. 
The machine was fi rst synchronized with the grid in October 2004 and 
was operated for a year per terms of the contract with TVA. The 
8 - MVAR synchronous condenser is shown conceptually in Figure  4.15 . 

     Figure 4.15     Synchronous condenser concept  (Courtesy of American Supercon-
ductor Corporation)   

Cooler 
Module

Support Structure

EM Shield / Vacuum Shell

Brushless Exciter

Torque Tube

Shaft

Helium 
Compressors

Conduction 
Cooling Tube

Field Coils

Stator Coils

Back Iron

Vacuum Chamber

c04.indd   118c04.indd   118 1/12/2011   2:26:52 PM1/12/2011   2:26:52 PM



GENERATORS   119

The fi gure shows various components of the machine. The actual 
machine as tested at the TVA site is shown in Figure  4.16 . The prototype 
version was rated 8MVAR and production version was rated 12   MVAR. 
The line voltage was 13.8   kV and was designed with four - poles for 
operation on a 60 - Hz grid.    

  Siemens Synchronous Generators     Siemens demonstrated two 
machines  [19]  between 1999 and 2006. From 1999 to 2001 a 400 - kW 
model machine was constructed and manufactured in order to demon-
strate the feasibility of the conceptual design for a superconducting 
synchronous machine with HTS. This machine, shown on the left in 
Figure  4.17 , employed a rotating cryostat serving as a vacuum contain-
ment, which accommodated the HTS winding mounted on a four - pole 
iron core. The stator contains an armature winding made of copper and 
designed as an air - gap winding. Magnetic iron teeth were replaced 
by a nonmetallic support structure. The thermal conduction losses of 
the cryostat down to the HTS coils ’  operational temperature of 25   K 
were kept low with a specially designed torque transmission tubes. 
The cooling system consisted of a commercial off - the - shelf Gifford –
 McMahon cryocooler combined with a thermosyphon cooling process 

     Figure 4.16     An 8 - MVAR synchronous condenser as tested  (Courtesy of American 
Superconductor Corporation)   
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using liquid neon as the coolant. During an intensive two - year test 
phase it was shown that all components, like rotating cryostat or HTS 
windings, could be designed and manufactured in a way that they are 
able to operate in a rotating machine reliably. The machine was tested 
in generator operation mode as well as in motor operation.   

 Starting in 2002, Siemens designed and manufactured its second HTS 
synchronous machine shown on the right in Figure  4.17 . This machine 
was designed as a generator for marine vehicle applications rated 
4   MVA at 60   Hz and 3600   RPM. Consequently it was designed and 
tested according to the particular standards for marine vehicle applica-
tions of the  “ Germanischer Lloyd. ”  Figure  4.17  shows the machine in 
the company ’ s test facility in Nuremberg, Germany. 

 The rotor consists of HTS pancake coils manufactured from Bi 2223 -
 tape. The cooling system consisted three cold heads installed as shown 
on the right side in Figure  4.17 . Each of these cold heads offers a 
cooling power of about 45   W at the rated operating temperature of 
about 25   K. 

 For normal operation, two cold heads are suffi cient. The system is 
built in such a way that at least one cold head can be completely 
removed from the system for maintenance without affecting the opera-
tion of the machine.  

  Converteam Hydroelectric Generator     Converteam has also com-
pleted construction of a 1.7 - MW, 28 - pole, 214   RPM hydroelectric gen-
erator  [20]  employing HTS fi eld windings and a conventional stator. 
The generator is to be installed at a hydropower station in Hirschaid, 
Germany, and is intended to be a technology demonstrator for the 

     Figure 4.17     HTS machines built by Siemens  (Courtesy of Siemens)   
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practical application of superconducting technology for sustainable and 
renewable power generation. The generator is intended to replace and 
uprate   an existing conventional generator and will be connected directly 
to the German grid. The HTS fi eld winding uses Bi - 2223 tape conductor 
cooled to about 30   K by high - pressure helium gas, which is transferred 
from the static cryocoolers to the rotor via a bespoke rotating coupling. 
The coils are insulated with multi - layer insulation and positioned over 
laminated iron rotor poles at room temperature. The rotor is enclosed 
within a vacuum chamber, and the complete assembly rotates at 
214   RPM.    

   4.8    MOTORS 

 Industrial motors operating up to 5000 - hp, 1800   RPM have been suc-
cessfully demonstrated, but their introduction into the industrial market 
is awaiting the availability of low - cost 2G (YBCO) conductors. Whereas 
very slow speed synchronous machines for use in ship propulsion and 
wind turbine represent a strong need, their economic viability is strongly 
tied to the cost of 2G HTS materials. Two slow speed ship propulsion 
motors (5   MW, 230   RPM, and 36.5   MW, 120   RPM) built by AMSC have 
been delivered to ONR in the United States.   

   4.8.1    High - Speed Motors 

 Several superconducting machines employing HTS wire were built 
by a variety of manufacturers between 1995 and 2007. Rockwell 
Automation were fi rst to start development of HTS machines  [21]  in 
the United States. Figure  4.18  shows a 200 - hp (tested in 1996) and a 
1000 - hp (tested in 2000), four - pole, 60 - Hz prototypes built by Rockwell 
Automation. American Superconductor (AMSC) supplied the HTS 
fi eld poles made from BSCCO - 2223 and their cooling systems. The 
1000 - hp HTS motor was designed for operation from a VSD. It 
employed an air - core stator winding and HTS fi eld winding operating 
at 1800   RPM. In this topology the HTS coils are located on the rotor, 
and the stator is comprised of a conventional copper winding. The HTS 
coils are mounted on, and the conduction cooled through the support 
structure on which they are mounted. The stator winding was water -
 cooled with embedded cooling tubes. This approach enhances the 
cooling effectiveness and offers the potential for running the HTS 
motor at a higher rating.   
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 AMSC designed, built, and tested a 5000 - hp; four - pole, 1800 - RPM 
machine shown in Figure  4.19  in 2001. The motor employed closed cycle 
Neon heat pipe concept  [22] , which provided very satisfactory perfor-
mance. This 5000 - hp motor accomplished all its objectives: validated 
the design tools, confi rmed the design concepts for the HTS rotor and 
its cooling system, and presented a novel single - layer air - gap winding 
concept  [23] .    

   4.8.2    Low - Speed Motors 

 As was stated earlier, the slow - speed synchronous machines are of 
interest for ship propulsion motors, hydroelectric generators, and wind 

     Figure 4.18     Rockwell Automation ’ s 200 - hp (left) and 1000 - hp (right) synchronous 
motors employing HTS fi eld windings  (Courtesy of Baldor/Rockwell Automation)   

200hp,  1800-RPM Motor 1000hp, 1800-RPM Motor

     Figure 4.19     AMSC ’ s 5000 - hp, 1800 - RPM synchronous motors employing HTS fi eld 
windings tested in 2001  (Courtesy of American Superconductor Corporation)   
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turbine generators. Such machines operate at speeds ranging from 10 
to 200   RPM. Because of their low speed, such machines have the char-
acteristics of very high torque and large size and weight. Their super-
conducting fi eld windings can generate a large magnetic fi eld in the 
armature region, which helps in reducing the size and weight of such 
machines. 

 In late 1990s, the US Navy decided that its future combatant 
ships would be all electric; that is, electric power would be used for 
propulsion motors as well as for other loads. New technologies and 
techniques were considered essential to managing the generation 
and utilization of such electric power on a ship. Moreover lighter and 
more compact subsystems capable of fi tting on ships that have 
very constricted space were sought. HTS propulsion motors were the 
ideal candidate for such ships. In addition these motors are compatible 
with standard variable speed drives (VSDs) and they meet both 
US Navy and commercial electric ship requirements, reducing the 
drive development effort and recurring costs. The range of benefi ts 
and advantages that HTS ship propulsion motors offer are listed 
below: 

   •      Up to four times higher torque density than alternative technolo-
gies, HTS machines are more compact and lighter in weight. The 
size and weight benefi ts make HTS machines easier to transport 
and install, as well as allowing for arrangement fl exibility in the 
ship.  

   •      Absence of iron stator teeth reduces the structure - borne noise.  
   •      High effi ciency from full to low speed can boost the key mission 

parameters for ships, such as fuel economy, sustained speed, and 
mission range.  

   •      Isothermal fi eld windings are well suited for repeated load 
changes.    

 The signifi cant advantages to an HTS motor propulsion system, 
when compared to conventional technology, are provided by the 
absence of iron stator teeth. A large air gap is formed that allows 
designers to maximize the power density while independently tuning 
the machine parameters, such as synchronous and subtransient reac-
tances, to meet the following system needs: 

   •      Operation at unity power factor to lower the electric drive rating 
and cost.  
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   •      Lower capacitance to ground to minimize the impact of the drive 
switching frequency on the motor.  

   •      Manageable fault current (achieved by operating the HTS 
motor at higher voltages, up to 10   kV) to reduce the breaker 
requirements.  

   •      Accommodation of larger harmonic currents than conventional 
machines due to the attenuation of harmonic fi elds in the larger 
air gap and the capability to withstand heating in the conductive 
EM shield on the rotor. This feature also reduces the need for 
harmonic fi lters and their associated weight and volume.    

 AMSC built two prototype motors under contract with the Offi ce of 
Naval Research: 5 - MW, 230 - RPM motor  [24]  and 36.5 - MW, 120 - RPM 
motor  [12] . 

 At the heart of this power - dense technology lies a rotor constructed 
with superconductor wire that permits the generation of much higher 
magnetic fi elds than is practical with conventional copper windings, or 
possible with present permanent magnet technology. To best take 
advantage of this very high rotor fl ux, the teeth holding the stator wind-
ings are nonmagnetic. The stator is liquid cooled with a dielectric insu-
lating oil. The 36.5 - MW motor represents a 14   :   1 increase in torque over 
the 230 - RPM, 5 - MW HTS motor previously built and tested. Both 
motors employed 1G (BSCCO - 2223) fi eld windings cooled with G - M 
cryocoolers. 

 The 5   MW motor coupled to two 2.5 - MW induction motors is shown 
in Figure  4.20  at the CAPS facility. CAPS operated the motor at full 
load (5   MW) and at full speed (230   rpm) for a total of 21 hours, and 
confi rmed that the motor achieved steady - state temperature both in 
the rotor and in the stator. The actual temperatures measured corre-
lated closely to designed values for the machine. This load testing 
demonstrated that the HTS motor meets its specifi ed performance and 
power rating under the stresses of operating conditions.   

 The objective of the HTS 36.5 - MW motor was the development 
of a full - scale, high power density, lightweight, advanced propulsion 
motor suitable for future naval applications. As built, the 36.5 - MW, 
120 - RPM HTS motor is shown in Figure  4.21 . The 36.5 - MW motor is 
a scaled version of the 5 - MW HTS motor. It employs many of the 
technologies developed for the 5 - MW motor, including the HTS fi eld 
winding, a high current density liquid - cooled stator, and the refrigera-
tion, mechanical support, and excitation systems. With an output shaft 
speed of 120   RPM, it generates over 2.9 million Newton - meters (2.2 
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     Figure 4.20     AMSC ’ s 5 - MW motor coupled to two 2.5 - MW induction motors 
 (Courtesy of American Superconductor Corporation)   

     Figure 4.21     AMSC ’ s 36.5 - MW motor undergoing factory testing  (Courtesy of 
American Superconductor Corporation)   
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million ft - lbs) of torque. The design drivers include low system weight; 
other drivers are improved effi ciency and shock capability. The US 
Navy performed the full - load testing of the 36.5 - MW HTS motor 
system at a the Navy - operated land - based test site in Philadelphia in 
late 2008.     

   4.9    SUMMARY 

 Many developers have amply demonstrated the technical feasibility of 
HTS rotating machines at   both high speed and low speed, but their 
economic feasibility is contingent on the availability of low - cost super-
conductors and reliable and affordable cooling systems. The cost of the 
wire and the cooling system must be low to make HTS machines com-
petitive with conventional copper and permanent magnet machines. 
The fact that the HTS machines could be smaller, lighter, and more 
effi cient than the conventional copper and permanent magnet machines 
has been demonstrated by the 36.5 - MW, 120 - RPM ship propulsion 
motor built for the US Navy. Even larger machines are possible with 
this technology. Direct - drive 10 - MW wind turbine generators have 
proved   feasible for the offshore applications. Once the HTS technology 
becomes affordable, the possible applications could include motors and 
generators for central power stations, wind turbine generators, ship 
propulsion motors, industrial motors, and synchronous condensers, for 
example.   
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ROTATING  DC  
HOMOPOLAR MACHINES     

    5.1    INTRODUCTION 

 DC homopolar machines are based on Faraday ’ s disk machine demon-
strated in 1831. Once low - temperature superconductors (LTS) became 
available in 1960s, these were the fi rst machine prototyped  [1] . 
Homopolar machines have characteristics of low voltage and high 
current. The high current is collected from rotating members with 
brushes. Effi cient current collection with brushes is challenging, 
however, and is preventing commercialization of this technology. Some 
of the advantages of a superconducting homopolar motor are that its 
fi eld coil is a simple solenoidal winding located on the stationary part 
and it does not experience motor torque. This simplifi es design of the 
fi eld winding and its cryostat. The US Navy spent many years attempt-
ing to make this technology work  [2] . Large machines, in several con-
fi gurations up to 5   MW, have been built using superconductor fi eld 
windings.  

   5.2    PRINCIPLE 

 The homopolar machine based on Faraday ’ s disk machine is shown in 
Figure  5.1 . The fi gure shows a disk with a vertical shaft. A radially 
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directed current ( I ) is created in the disk by applying a voltage between 
the shaft and rim of the disk. The interaction between the radial current 
and the vertical fi eld makes the disk turn. The voltage induced in the 
disk is given by

    V BN R Ri o i= −( )π 2 2 ,     (5.1)  

where
   R i  ,  R o         =    inner and outer radii of disk (m),  
  N        =    rotational speed (rev/sc)  
  B        =    magnetic fi eld (T).      

 In a disk (with inner and outer diameters of 0.1 and 1   m, respectively) 
rotating at 300   RPM ( =    5 revolutions/second) in a 1 - T   fi eld, voltage 
induced between the shaft and the outer rim of the disk is 15.5   V. 
In a 100 - kW ( =    134 - hp) motor, a current of 6.4   kA has to be collected 
from the disk. For a fi xed size, the machine current increases 
directly proportional to its rating, since the induced voltage is fi xed 
by applied magnetic fi eld and rotational speed of the motor. In a practi-
cal machine, it is desirable to increase the voltage and reduce the 
current. The following section describes a few techniques for achieving 
this goal.  

     Figure 5.1     Faraday ’ s disk motor  
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   5.3    CONFIGURATION 

 One way to increase machine voltage is to connected several disks in 
series. This increases the number of brushes because two brushes or 
brush sets are needed for each disk. A more practical approach selected 
by developers is to employ the drum rotor confi guration shown in 
Figure  5.2 . A fi eld, radial to the rotor ’ s outer surface, is created with 
two cylindrical coils located near the ends of the drum rotor. Figure  5.3  
shows the variation of radial fi eld along the length of a rotor of a typical 
machine. Current is introduced at one end of the rotor and is collected 
on the other end using brushes. The axial distance between the brushes 

     Figure 5.2     Drum rotor homopolar machine  
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     Figure 5.3     Field distribution along half the length of the rotor of an example machine  
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determines the active length of the machine. The voltage induced 
between the brushes is given by

    V RNBli = 2π ,     (5.2)  

where
   R        =    mean radius of drum (conductors),  
  N        =    rotational speed (rev/sc),  
  B        =    magnetic fi eld (T),  
  l        =    axial (active) length (m).      

 In this confi guration the induced voltage is controlled by increasing 
active length ( l ), but an optimum length to diameter ratio can be found 
for a given magnet/rotor confi guration. With an active length of 1   m, an 
average drum radius of 0.5   m, and the same fi eld and rotational speed 
as for the disc motor above, the voltage induced between brushes is 
15.5   V. This is still a very low voltage. However, it is possible to employ 
several concentric drums where each drum experiences a common fi eld 
created by the fi eld winding  [3] . In a 5 - drum machine (shown in Figure 
 5.4 ), it is possible to achieve 5    ×    15.5    =    77.5 volts by connected all 
drums in series. In practice, the longer drums will have higher voltage 
than the shorter drums as they intercept more radial fl ux than the 

     Figure 5.4     Outline of the example machine  
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shorter drums. Each drum requires a separate pair of brushes on each 
end and all brushes carry the same current. Additional drums could be 
added to achieve higher voltage at the expense of more brushes and 
complexity. The axial length occupied by the brush assemblies will 
result in some lost fl ux and lower output voltage per drum.   

 In the example above we assumed an effective fi eld of 1   T  , a value 
that could be reasonably achieved with superconducting coils. The 
maximum practical achievable voltage is usually on order of 300 to 
400   V, which still requires a large current through many brushes. 
Resistive loss in the brushes and the fi eld - induced circulating currents 
in the brushes can reduce effi ciency with added drums and/or higher 
fi elds. As a larger current is pushed through drum conductors, their 
cooling becomes challenging, and active cooling of these conductors 
and brushes becomes necessary.  

   5.4    DESIGN CHALLENGES 

 Drum rotor type of machines are being considered for large ratings 
 [3,4] . Major challenges of such motors are listed below: 

   •      Superconducting fi eld winding  
   •      Magnetic shielding  
   •      Drum rotor  
   •      Brush system    

     Superconducting Field Winding     The design of superconducting 
coils is straightforward, and they can be built with LTS or HTS. Since 
these coils experience no torque, their structural design is greatly sim-
plifi ed. The only major force experienced by the superconducting coils 
is their mutual repelling force directed along the rotational axis of the 
machine. This force can be reacted with axial ties between the coils 
provided that they share a common cryostat. However, it is also pos-
sible to support each coil individually at the expense of an additional 
refrigeration load. 

 The choice of superconductor is straightforward for this motor. LTS 
NbTi coil operating at about 4.5   K could be the most the economical 
choice. Another LTS conductor, Nb3Sn, is also a good   candidate, though 
it is mechanically more challenging to work with. It can also be oper-
ated at 4.5   K but has higher  T c   than NbTi, allowing for higher current. 
The cost of the refrigeration system would be higher than that for HTS 
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coils, but the total system cost could be lower than an HTS system due 
to the much lower cost of LTS and its higher performance as compared 
to HTS. Superconducting motors are normally operated with fi xed 
excitation and motor speed is varied by changing armature voltage. 
However, it is also possible to achieve the speed control by changing 
the fi eld excitation while keeping drum voltage constant. The fi eld coils 
could be constructed using high - current Roebel cable made from HTS 
wire. Such conductors have high current capability, which reduces the 
number of turns and thereby substantially reduces the coil inductance. 
Since HTS coils can easily absorb a small heat load due to fi eld current 
ramping, a homopolar machine built with such HTS coils could be 
controlled by varying its fi eld current. However, resistive loss due to 
the drum current would increase at a reduced fi eld for a given load. 
Some combination of fi eld and drum current variations could yield 
optimum capital cost while enabling the most effi cient operation of a 
machine.  

  Magnetic Shielding     Although the back iron is not required to reduce 
the reluctance of the fl ux path in a superconducting homopolar motor, 
a stray fi eld of superconducting magnets may need to be contained to 
reduce the impact on the surrounding equipment. This shield can be 
easily applied and shape optimized as part of the motor housing, which 
also reacts the shaft torque. The motor housing can be made from a 
solid magnetic iron, since the fi elds are only DC. The degree of mag-
netic shielding required can have a substantial impact on the overall 
motor weight.  

  Drum Rotor     A rotor with many turns could be created by including 
several concentric insulated drum layers on the rotor. Each drum needs 
a brush set on each end for handling the current. On the stator side, a 
brush on the one end of a drum must be connected to the brush on the 
opposite end of the adjacent drum. Copper bus bars are typically 
employed for interconnection between the brush sets at the ends of a 
rotor drum. The copper bus bars are parallel to the machine ’ s rotational 
axis, and each bar is on average equal to the active length of the 
machine. These bus bars must be supported in the machine ’ s frame to 
react rotor torque. In order to achieve maximum compactness of the 
machine, copper in the rotor drums and bus bars must operate at 
highest possible current density consistent with desired effi ciency and 
thermal management. For most compact designs, it is necessary to 
provide active cooling of these copper components. Active cooling of 
the rotor becomes complicated due to introduction and recovery of 
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coolant to the individual rotor drums while maintaining electrical isola-
tion and uniform temperature distribution.  

  Brush System     Brushes are the biggest challenge for DC homopolar 
machines. The brushes are located in the stationary part of the motor 
(stator) and provide the electrical connection to the normally conduct-
ing, liquid - cooled rotor. Solid carbon or metal - graphite brushes were 
found inadequate due to their low current density capability and exces-
sive wear. Graphite fi ber brushes were used with some success in early 
superconducting homopolar motors.  *   Liquid metal brushes were also 
developed and applied to homopolar machines through the 1980s, but 
were not suitable for many applications due to material and life limita-
tions. Currently copper fi ber brushes  [3]  operating in a wet humidifi ed 
CO 2  environment are being considered, and this provides a compro-
mise between current - carrying capability and long - term wear. Such 

     Figure 5.5     GA ’ s 3.7 - MW homopolar machine at General Atomics   †     
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     *      The typical combatant expects to be underway 2750   hr/yr and 6% at full speed 
(approx. motor speed of 12   m/s). For at typical operating profi le of 2750   hr per year, 
the total sliding distance traveled under brushes will be approximately 65 million - miles 
per year.   
  †       ©  Copyright 2008 General Atomics. Reprinted with permission. Further duplication 
without permission is prohibited. All rights reserved. 
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brushes are expected to provide a fi ve - year operational life. For a 
typical operating profi le this equates to motor slipring travel of 
6.5    ×    10 7      m/yr  [1] . A signifi cant challenge is to control the brush losses 
in order to limit their maximum operating temperature. For this reason 
complex means for brush loading and liquid cooling of the rotor and 
stator are necessary.    

   5.5    PROTOTYPES 

 General Atomics (GA) has designed, fabricated, and partially tested a 
3.7 - MW (4960   b - hp) motor  [5] . The 3.7 - MW machine is shown in Figure 
 5.5 . GA has also recently completed the preliminary design of a 36.5 -
 MW low - speed superconducting homopolar motor (shown schemati-
cally in Figure  5.6 ), which is sized for ship propulsion applications. The 
3.7 - MW LTS motor is 3.5 feet in diameter and 6 feet long. The 36.5 - MW 
motor would be approximately 9 feet in diameter, and 12 feet long. The 
reduced diameter of this machine allows for improved hydrodynamics 
of the propulsion system in pod applications.   

     Figure 5.6     GA ’ s 36.5 - MW homopolar motor under development at General Atomics   †     

† © Copyright 2008 General Atomics. Reprinted with permission. Further duplication 
without permission is prohibited. All rights reserved.
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 The DC homopolar motor has a number of potential advantages 
over HTS - AC motors. For one, homopolar motors are expected to be 
extremely quiet as they lack the inherent time and spatially varying 
forces that are a source of noise in AC electric machines. Indeed the 
differences between the two are characterized more by the fact that 
one is DC and the other AC than by the fact that one operates at 4.7   K 
and the other operates at about 30   K. 

 The attractiveness of the homopolar motor system is its relatively 
simple design. The superconducting DC homopolar motor system, 
when combined with future DC link power distribution systems, might 
simplify the ship ’ s integrated power distribution and motor drive 
system, reduce the number of system components, improve effi ciency, 
and lower system acquisition and operating costs. However, the DC 
distribution systems currently being considered are aiming at 3000 -  to 
6000 - V DC, so direct compatibility with the homopolar motor is ques-
tionable. An attractive combination that could eliminate power conver-
sion is to mate the homopolar motor with a generator that has an 
intrinsic low voltage output such as fuels cells and thermoelectric 
generators  

   5.6    SUMMARY 

 Superconducting DC homopolar motors are the simplest in theory but 
have many thorny problems. They have a great potential for application 
as ship drives, contingent on resolution of brush reliability/maintainability 
issues as well as the complexity associated with generation and man-
agement of high DC power levels at low voltage. Another potential 
application could be as wind turbine generators, which have character-
istically of low speeds.   
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SYNCHRONOUS  AC  
HOMOPOLAR MACHINES     

    6.1    INTRODUCTION 

 Synchronous homoploar machines have been in use for a very long 
time, principally for generating power for industrial high - frequency 
loads from 250   Hz to 200   kHz. These machines have the same terminal 
characteristics as traditional fi eld - wound synchronous machines. The 
defi ning feature of these machines is the homopolar  d  - axis magnetic 
fi eld created by a fi eld winding that is fi xed to the stator and encircles 
the rotor rather than being placed on the rotor. The absence of rotor 
windings allows the speed to be raised to the centrifugal stress limit of 
the rotor materials. There are several advantages to having the fi eld 
winding in the stator. Among these are elimination of slip rings and 
greatly simplifi ed rotor construction, making it practical to construct 
the rotor from a single piece of high - strength steel. Solid steel rotors 
make homopolar machines attractive for high - speed operation. A sta-
tionary superconducting fi eld winding also becomes attractive because 
tasks such as mechanical support, cryogenic cooling, and electrical 
interfaces become much simpler. The superconducting fi eld winding 
also allows high fl ux levels to be achieved effi ciently, making a slotless 
stator design feasible. The slotless stator design is similar to that of 
conventional or permanent magnet machines with the exception of 

Applications of High Temperature Superconductors to Electric Power Equipment, 
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challenge of bonding the stator coils to the smooth inner bore of the 
stator iron yoke.  

   6.2    PRINCIPLE 

 The simplest confi guration of a homopolar synchronous machine is 
shown  [1]  in Figure  6.1 , along with magnetizing fl ux path. Such a 
machine has two stators and two rotors forming a single magnetic 
circuit, energized with an annular DC excitation winding. It is a sine -
 wave AC machine and has cylindrical surfaces on both sides of the air 
gap. The stator is a conventional poly - phase AC stator, while the rotor 
has internal fl ux barriers shaped to maximize the ratio of  d  - axis (high -
 inductance axis) to  q  - axis (low - inductance axis) reactance. These 
machines can be designed to produce torque with low ripple and low 
acoustic noise due to its cylindrical construction and sine - wave AC 
operation. By staggering rotor poles by a pole - pitch, it is possible to 
employ a single stator winding with straight coils. GE has developed 
such a machine  [2]  by utilizing superconducting fi eld winding. It is a 
1 - MW, 15,000 - RPM generator and has a solid rotor, a poly - phase stator 
winding and superconducting fi eld winding. It offers advantages such 
as high rotor speeds and stationary armature and fi eld excitation coils. 
The stationary topology of superconducting fi eld coil minimizes risks 
and simplifi es cryogenic cooling system.   

 Figure  6.1  shows a homopolar machine with a solid rotor with four 
salient poles. The fl ux traverses air gap only in radial direction for each 
stator section (i.e., left stator or right stator). For example, in the left 
stator, the fl ux traverses from rotor to stator, and in the right stator, it 
traverses from stator to rotor. Thus at any radial location the voltages 
induced in the stator coils are of opposite polarity in the left and right 

     Figure 6.1     Confi guration of a homopolar AC machine  
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stators. For this reason it is necessary to split the stator into left and 
right sections — just as shown in the fi gure. The fl ux density in the air 
gap under a pole ( d  - axis) is much larger than that at midpoint between 
adjacent poles ( q  - axis). The fl ux densities under a pole and at midpoint 
between adjacent poles are shown in Figure  6.2 . An average fl ux density 
line can be defi ned about which peak of high and low fl ux densities is 
about equal. A four - salient pole fl ux distribution could be viewed as an 
eight - pole distribution about the average line. The induced AC voltage 
in the armature coils corresponds to the eight - pole fl ux density distribu-
tion. The two separate stator coils require an end - turn space between 
them. This space can be reduced if a single coil spans both stator sec-
tions. To achieve this, the left and right set of rotor poles are staggered 
by a pole - pitch as shown in Figure  6.1 . The fl ux density distribution of 
Figure  6.2  can now be applied to the stator coil sections occupying 
active parts of the left and right stators. The excitation fi eld winding is 
sandwiched between the two stator sections and is housed in the sta-
tionary part of the stator as shown in Figure  6.1 . An exploded view of 
a homopolar machine  [2]  consisting of a stator AC winding, a DC fi eld 
excitation winding, and a salient pole rotor is shown in Figure  6.3  (cour-
tesy GE).    

     Figure 6.2     Flux density variation in air gap  
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     Figure 6.3     Homopolar machine confi guration  (Courtesy GE)   
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   6.3    DESIGN ANALYSIS 

 With a known fi eld distribution in the air gap of the machine, the design 
procedures used for a conventional machine (explained elsewhere  [1] ) 
can be employed. Volt - ampere rating of a three - phase machine is given 
below by

    S K B acD L rpsw g a act= 1 11 2 2. ,π     (6.1)  

  where
   K w         =    stator winding distribution factor,  
  B g         =    average air - gap fl ux density (T),  
  ac        =    armature current loadings (A/m),  
  D a         =    air - gap diameter (m),  
  L act         =    active length of stator (m),  
  rps        =    rotational speed of rotor (rev/s).    

 For the staggered rotor pole confi guration,  L act   is the sum of active 
parts of the two stator sections.  B g   is the fi eld in the air gap as shown 
in Figure  6.2 . 

 The stator operating voltage, current, and number of phases are 
determined using approaches used for designing conventional machines, 
as explained in  [1] . The machine ’ s operating parameters could be cal-
culated using the formulations in this reference. However, for more 
accurate results, 2D (or preferably 3D) fi nite - element programs should 
be employed. Once the machine parameters are known, its operational 
characteristics could be calculated using the conventional analysis 
approaches of synchronous machines.  

   6.4    DESIGN CHALLENGES 

 A homopolar machine consists of a superconducting fi eld excitation 
coil and a conventional poly - phase armature winding. The armature 
winding could be housed in iron - tooth laminations as in a conventional 
machine. This allows the employment of conventional conductors for 
constructing armature coils and their cooling by air or liquid as neces-
sary. However, the working fl ux density in the air gap is limited by the 
saturation of the iron teeth. Since the superconducting fi eld winding 
can generate a very high fi eld in the air gap, it is possible to eliminate 
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the iron teeth. When the iron teeth are eliminated, it becomes necessary 
to build stator coils with the fully transposed Litz conductor discussed 
in Chapter  4 . 

 Field winding consists of a single coil sandwiched between two stator 
sections. The fi eld coil generates fl ux lines that enter into the rotor in 
one - half of the stator and return through the other half as shown 
in Figure  6.1 . The fl ux lines enclose the fi eld excitation coil as shown in 
the fi gure. This requires the addition of iron at the outside diameter of 
the excitation coil. The thickness of this iron increases as a higher fi eld 
is generated by the fi eld coil. In addition the space allocated for the 
fi eld coil has an allowance for accommodating the thermal insulation 
to keep the fi eld coil at the cryogenic temperature while the surround-
ing components (stators and iron) are at ambient room temperature. 
This increases the axial separation between the two stator sections, and 
in turn increases the leakage fl ux, namely of   the fl ux that does not 
return through the rotor and stators. Although the superconducting 
fi eld coil does not experience any reaction torque, it must bear hoop 
forces due to self - current and thermal stresses during the cool - down 
and warm - up cycles. Furthermore it must be mechanically supported 
at the cryogenic temperature with the support components having one 
end at the cryogenic temperature and the other end at ambient tem-
perature. These support components must limit the thermal conduction 
from the warm to cold regions. This coil could employ any superconduc-
tor and cooling system discussed in Chapters  2  and  3 , respectively. 

 The maximum rotor speed and its bearing support should be designed 
using best practices for designing high - speed dynamic systems.  

   6.5    PROTOTYPES 

 General Electric has built a 1 - MW homopolar generator for the US 
Air Force  [3] , as shown in Figure  6.3 . Subsequent to this GE conducted 
a feasibility study  [2]  for 36 - MW, 3600 - RPM generator, a 36 - MW, 120 -
 RPM propulsion motor, and a 4 - MW, 7000 - RPM power generation 
module. Many advantages of homopolar machines resulting from 
keeping the coil mechanically separate from the rotor and keeping it 
stationary were noted, as are listed below: 

   •      The stationary coil does not experience the large centrifugal forces. 
The coil can be a simple solenoid around the rotor instead of a 
more complicated racetrack type of coil, so the coil support can be 
much simpler. The thermal insulation between the coil and ambient 
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is improved because of the lack of centrifugal loads and reduced 
requirements on the coil support.  

   •      Without the large forces and resulting strains in the superconduct-
ing coil, more reliable HTS coils can be produced using BSCCO 
or YBCO coated conductor technology. Further, the reduced 
ampere - turns required by this machine design enable considerable 
reduction in the utilization of superconductor compared to air - core 
machine designs.  

   •      The fi eld coil and its cryostat are stationary. Thus there is no need 
for a transfer coupling to introduce a cooling medium into the 
rotating cooling circuit. The coil can be cooled instead by one of 
the established, more reliable ways of cooling, including conduc-
tion cooling. The vacuum or foam insulation, as required for good 
thermal insulation, will be stationary and therefore highly reliable. 
Other parts of the insulation scheme can also be made more reli-
able without the large  g  forces experienced by fi eld coils on rotor.  

   •      There is no need for a  “ slip - ring ”  assembly to transfer current to 
the coil from a stationary exciter.  

   •      There is no need for rotating brushless exciters.    

 This study concluded that superconducting homopolar machines offer 
the highest power density for the high - speed applications.  

   6.6    SUMMARY 

 A synchronous homopolar machine offers high power density for oper-
ation at speeds of 3600   RPM and higher. The penalty for homopolar 
fl ux utilization is compensated by higher air - gap fl ux densities achieved 
with superconducting fi eld winding and higher rotor speed. A conven-
tional synchronous machine employs individual superconducting coils 
for each pole, but a homopolar machine uses only a single fi eld coil 
with much simpler cryogenic requirements. This enhances reliability of 
superconducting homopolar machines.  
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TRANSFORMERS     

    7.1    INTRODUCTION 

 Widespread generation and utilization of electric power would have 
been impossible without transformers. Transformers are the most 
widely used equipment in an electric grid. Most of the power is gener-
ated as AC at relatively low voltages and is utilized at even lower volt-
ages, but the bulk of power is transmitted from points of generation 
toward points of consumption at very high voltages. Transformers 
convert electric power from one voltage level to another. Generally, 
power is transformed almost 5 to 10 times  [1]  between points of genera-
tion and utilization. A conventional transformer employs normal con-
ductor (copper or aluminum) windings, and a small portion of power 
is lost in these windings in form of joule heating. Assuming an average 
effi ciency of a transformer to be about 99% (including all sizes), it is 
possible to lose 5% to 10% of total power in the transformers. This 
represents a huge wastage of power (or energy), especially during the 
current era of high energy costs. It is possible to reduce the energy loss 
in transformers by 60% or more by replacing normal conductor wind-
ings with superconductor windings. The prospect of achieving this is 
looking brighter now because of recent progress in the availability of 

Applications of High Temperature Superconductors to Electric Power Equipment, 
by Swarn Singh Kalsi
Copyright © 2011 Institute of Electrical and Electronics Engineers

c07.indd   147c07.indd   147 1/12/2011   2:27:00 PM1/12/2011   2:27:00 PM



148   TRANSFORMERS

high temperature superconductors (HTS), especially the second -
 generation (2G) YBCO - 123 coated conductors that have nearly attained 
the performance goals necessary for their application in transformers, 
and their cost appears to be approaching the economic viability. 

 Some of the signifi cant benefi ts of HTS transformers are listed below: 

   •      Smaller and lighter.     Due to the high power density of HTS wire, 
an HTS transformer could be about 40% to 60% smaller in size 
and weight than conventional transformers of the same power 
rating. This feature can help reduce manufacturing, shipping, and 
installation costs. In addition it provides fl exibility in siting by 
reducing space requirements — a critical factor in applications like 
overcrowded urban substations, wind turbine nacelle, railroad, and 
shipboard.  

   •      Longer life.     Heat generated by electrical resistance and constant 
changes in temperature (thermal cycling) during operation is one 
of the factors in the degradation of the electrical insulation on the 
copper wire used in conventional transformer coils. This effect is 
eliminated with HTS coils that operate at constant cryogenic tem-
peratures. In addition conventional transformers can be overloaded 
for only short periods (200% for 30 minutes, according to IEEE/
ANSI standards). Thermally independent HTS transformers can 
carry overloads when needed, with no decrease in equipment lifes-
pan and with manageable additional load losses.  

   •      Higher effi ciency.     Energy losses are reduced by eliminating joule 
losses in the windings.  

   •      Environmentally benign.     Inexpensive and environmentally benign 
liquid nitrogen replaces the conventional oil as the electrical insu-
lation (dielectric) and provides the necessary cooling media. Liquid 
nitrogen is safe, nonfl ammable, and environmentally friendly. Using 
it as a dielectric and coolant instead of oil eliminates a potential 
source of explosions and the potential for soil contamination from 
oil leaks. HTS transformers can be designed to meet indoor 
specifi cations.  

   •      System performance.     HTS transformers can be designed to provide 
low reactances that translate to servicing of load downstream 
with minimal voltage drop. This feature could reduce or elimi-
nate the need for tap changers, which are bulky, expensive, and 
unreliable.  

   •      System security.     HTS transformers offer the potential for improv-
ing system security. They can interface directly with underground 
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superconducting cables. With no oil to spill or ignite, HTS trans-
formers present a less explosive target during an attack on a system.  

   •      Fault current limiting.     Material properties of HTS wire provide 
fault current limiting capabilities, as discussed next in Chapter  8 . It 
may be possible to include fault current limiting features in trans-
formers for certain applications.    

 Many transformer development projects  [2,3,4,5]  have been under-
taken and technical success has been demonstrated. The commercial 
introduction of HTS transformers is a function of the availability of 
tailored 2G wire with an acceptable performance and price.  

   7.2    CONFIGURATION 

 The physical basis of the transformer is mutual induction between two 
coils linked by a common magnetic fl ux. For effi cient energy transfer 
between the two coils, a strong mutual magnetic fl ux is desired. An iron 
core is usually employed as a conduit to carry the fl ux between coils. 
Benefi ts of an iron core are as follows: 

   •      Increased mutual fl ux due to lower reluctance of the iron core.  
   •      Lower magnetizing current because fewer   ampere - turns are 

required to establish the needed fl ux in the core.  
   •      Much reduced   leakage fl ux (the fl ux that does not link a coil) due 

to the small cross section of the windings.    

 These benefi ts are possible at the expense of iron - core losses. The con-
fi guration of a typical conventional transformer is shown in Figure  7.1 . 
A conventional transformer employs copper windings with conductor 
current densities around 4 to 5   A/mm 2  and active oil cooling with fans. 
Such low current densities makes the winding ’ s cross section large, 
which in turn increases the weight of copper. For large transformers 
the assembly shown in Figure  7.1  is housed in an oil - fi lled metallic tank. 
The oil cools the windings and enhances their electrical insulation.   

 Conventional distribution type of transformers are usually built with 
wide sheet conductors that are capable of carrying a full rated current. 
Because of the high room - temperature resistivity of copper, the eddy -
 current losses due to the leakage fi eld are minimal. The 2G HTS con-
ductor are also manufactured in widths up to 40   mm that can carry 
signifi cant current. However, because of the nearly zero resistivity of 
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superconductors, large hysteresis and eddy - current losses are caused by 
the leakage fi eld. During the last 10 years many prototype transformers 
were attempted with 1G wire (BSCCO - 2223), which is typically about 
4   mm wide. These attempts were not successful due to the low current -
 carrying capability of the wire and its high AC losses. Most developers 
concluded that a low - loss HTS wire is a prerequisite to the develop-
ment of practical and economically viable transformers. The 2G wire, 
available from sources in the United States, Europe, and Japan, has 
intrinsically low loss when oriented parallel to the local magnetic fi eld 
and is amenable to strategies for reduced perpendicular fi eld losses. The 
available standard 4 - mm - wide wire carries about 100   A and is not suit-
able for manufacturing large transformers. Wider width (10 – 40 - mm) 
conductors available as custom orders have a reduced wire current 
density and generate higher AC losses. They also may not fi t standard 
transformer manufacturing processes. Thus it is necessary to reconfi g-
ure the 2G wire for use in transformers. The continuously transposed 
cable (CTC) technology  [6,7]  makes this feasible. The CTC cable is like 
a Roebel conductor commonly employed in large AC generators and 
large power transformers. Industrial Research Ltd (IRL) of NZ and 
General Cable Superconductors (GCS) are developing manufacturing 
processes for CTC using commercially available 2G wire. 

     Figure 7.1     Typical transformer confi guration  
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 Usually a Roebel cable employs a number of wide copper strands 
bent laterally with a certain periodicity and then assembled such that 
each strand occupies all possible locations over a given length of the 
cable. The 2G wire cannot be bent laterally, but it can be cut to form a 
strand of a Roebel cable. Figure  7.2  shows the steps during construction 
of a CTC. The cable is constructed using the conventional number of 
strands/strand width in millimeters. The necessary number of strands 
can be assembled to achieve a desired current in a CTC. AC losses in 
a CTC are the sum of losses in individual strands plus a small loss due 
to magnetic coupling among the strands.   

 IRL and others are developing formulas for estimation of AC losses 
by conducting measurements on coils built with CTC  [8] . Currently 
General Cable Superconductors is manufacturing CTC using 2 - mm -  
and 5 - mm - wide strands. The transposition pitches for these cables are 
90 and 300   mm, respectively. It is possible to assemble 2 - mm - wide 10 

     Figure 7.2     Winding of CTC. ( a ) Single strand, ( b ) winding in second strand, ( c ) 
winding in third strand, and ( d  ) completed cable  (Courtesy IRL)   
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strand (10/2) and 5 - mm - wide 15 strand (15/5) CTC conductors. 
Other combinations are possible with straightforward changes in 
tooling. 

 HTS transformer windings are contained in nonmetallic vessels and 
are operated at cryogenic temperature by cooling with LN 2  or other 
means. A generic confi guration of an HTS transformer is shown in 
Figure  7.3 . The iron core is operated at room temperature because the 
iron - core losses remain essentially unchanged at the cryogenic tem-
perature and it is not economical to remove them with   a refrigerator. 
The outermost vertical warm wall that encloses the vessels housing the 
windings and their cryogenic coolant can be metallic. The top and 
bottom walls (both warm and cold) must be nonmetallic, or they should 
be segmented to prevent formation of shorted turns around the vertical 
core limbs. These walls must be designed to withstand the vacuum 
inside and the atmospheric pressure outside. A single metallic warm 
wall could enclose windings and iron core to provide protection against 
the environment as shown in Figure  7.4 . A plan view of such a trans-
former is shown in Figure  7.5 .   

 HTS windings contained in a liquid nitrogen (LN 2 ) vessel are oper-
ated at around 70   K under 3 to 4 bar pressure. A system to achieve 
subcooled LN 2  in the winding vessel is shown in Figure  7.6 . The LN 2  is 
cooled in a separate cryostat with cryocoolers, using the arrangement 
shown in the fi gure, and pumped to the winding vessels. One pump can 
be used for pumping LN 2  to all vessels. The temperature of LN 2  is con-
trolled by controlling the temperature of cryocooler cold heads. 

     Figure 7.3     Generic HTS transformer confi guration  
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     Figure 7.4     HTS transformer confi guration with environmental protection  

180180180180 180180180180180180180180

H

L

Iron Core
Environmental
Enclosure

Cryostat
Wall

Warm Wall
of Cryostat

HTS
Coils

     Figure 7.5     Plan view of an HTS transformer  
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Excessive cooling power will lower the temperature of LN 2 , which is 
preferable from the viewpoint of gaining an extra safety margin to carry 
the overload. In an actual system the heaters are installed on the cold 
heads to keep their temperature above the freezing temperature of 
LN 2  to prevent icing. Such systems have been successfully built and 
operated by Oak Ridge National Laboratory and others.    
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     Figure 7.6     Cooling system confi guration  
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   7.3    DESIGN ANALYSIS 

 The basic design process for the HTS transformers is similar to that of 
conventional transformers  [9,10] . A good design is a function of the 
optimal use of active materials such an iron - core, HTS material and 
cryogenic cooling system. Baldwin et al.  [11]  and Berger et al.  [12]  have 
published procedures for optimizing design of HTS transformers. A 
50 - MVA HTS transformer design is presented later in this section for 
demonstrating the design process. This design may not be optimal in 
terms of cost, size, weight, or effi ciency. A large transformer design is 
generally optimized on the basis of customer requirements and manu-
facturer ’ s capabilities. Below are discussed a few key issues that have 
a signifi cant impact on the size, weight, cost, and performance of an 
HTS transformer. 

   •      AC losses in HTS windings.     CTC is used in this design analysis in 
order to minimize the AC losses in the windings. The AC losses 
could represent a signifi cant portion of the total thermal load on 
the refrigeration system, but no reliable analysis is available for 
estimating these losses while a CTC carries the AC and experiences 
the external AC fi eld. IRL and others are in process of developing 
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AC loss analysis formulations. Due to unavailability of good analy-
sis basis, AC losses have not been estimated for the windings.  

   •      Size and weight.     Voltage per turn is a measure of core limb ’ s cross 
section. A larger core cross section may lower HTS consumption 
at the expense of larger weight and size. The larger core will also 
require bigger diameter coils. However, a manufacturer may prefer 
winding diameters no larger than what their existing machinery 
can handle. Thus, by keeping the core diameter similar to that of 
conventional transformers, it is possible to reduce the overall size 
and weight of HTS transformers of similar rating. In other words, 
a transformer manufacturer could produce HTS transformers of 
twice the rating within the capabilities of their existing winding and 
handling equipment, and facility space. However, some customers 
may not mind the larger weight (caused by the larger diameter 
core), provided that the product price is lower. Selection between 
the two approaches is better made by discussion between a cus-
tomer and a manufacturer.  

   •      Operating temperature.     A conventional oil - cooled transformer 
designed for 100 ° C operation can be operated at 50% overload by 
circulating oil in the tank and at 100% overload by providing addi-
tional cooling fans. Similar ratings are also possible with HTS 
transformers. For example, if an HTS transformer is designed for 
operation at 77   K, then it is possible to overload it by 50% and 
100% by operating it at 70   K and 64   K, respectively. Lower tem-
perature operation will require additional cryogenic cooling 
capacity.  

   •      Operational constraints.     Since HTS windings are more compact 
than copper windings of a conventional transformer, the leakage 
reactance of HTS transformers can be designed to be low. A low 
leakage reactance results in lower output voltage variations 
between no - load and rated - load conditions. It might also be pos-
sible to eliminate use of tap changers typically employed to correct 
output voltage as a function of load. However, lower leakage reac-
tance generates higher through fault currents and forces during a 
short - circuit event experienced by a transformer. Thus a compro-
mise is needed between lower leakage reactance and acceptable 
fault current.  

   •      Compliance with industry standards.     Per IEEE  [13]  and IEC  [14]  
standards, a category II transformer is expected to withstand a 
terminal fault for a period of 2 seconds. Once the circuit with fault 
has been isolated, the transformer is required to keep serving the 
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healthy circuits, meaning the circuits without the fault. In order to 
satisfy this requirement in an HTS transformer, it may be necessary 
to co - wind a thick copper (stabilizer) tape with a CTC. However, 
a thicker copper tape occupies more space and impacts the trans-
former ’ s size and weight. This can erase any size and weight advan-
tage with respect to a conventional transformer. AC losses in a 
thicker tape may also be unacceptable. To let a transformer bear 
load following clearance of a fault, it is essential to limit the tem-
perature of the HTS windings to less than 90   K by the end of a 
fault. On the other hand, if the windings temperature is higher than 
90   K, it would be necessary to allow the windings to cool down to 
77   K (normal operating temperature) before letting them bear the 
load. A possible solution is to use a tape thickness that limits 
winding temperature to 90   K at end of a 0.25 - second long fault. This 
approach would require that the HTS transformers be protected 
with circuit breakers or other fast - acting switching devices, includ-
ing faster means for detecting a fault.  

   •      Transient currents during switching.     When a transformer is sud-
denly connected to an electric grid, it can draw a large inrush 
current for magnetization of the iron core. This current could be 
more than 10 ×  the normal current and will persist for a long time 
in an HTS transformer. This high current will defi nitely quench the 
HTS winding, which has then to be cooled back to its supercon-
ducting state before allowing it to carry any load. This will require 
signifi cant downtime before the transformer is available for bearing 
the load. It is possible to minimize the switching current by utilizing 
a point on the wave - switching scheme. With this approach, the 
transient current could be reduced to 1% to 2% of the nominal 
current of HTS windings. This issue has been addressed in the 
literature  [15,16,17] .    

 The basic design equations are presented below. 

   7.3.1    Core Sizing   

 The core cross section is selected on the basis of an assumed voltage 
per turn. The voltage per turn ( e t  ) is given by

    e k r Bt fe c c= ⋅ ⋅ ⋅ ⋅ω π
2

2 ,     (7.1)  

  where
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   ω           =    frequency    =    2 π  f ,  
  r c            =    apparent radius of core,  
  k fe            =    core factor (fraction of iron in the core cross section),  
  B c         =    operating peak fl ux density in the core.      

 Once  e t   is selected, the core radius ( r c  ) can be calculated from equa-
tion  (7.1)  for a selected peak operating fi eld in the core. The core factor 
is available from any transformer design book  [9]  and is equal to 0.75 
for a three - step core shown in Figure  7.7 .   

 Since the HTS transformer must withstand a short - circuit fault for a 
certain period of time, it is necessary to add copper to individual turns. 
This can be accomplished by co - winding a copper braid with the CTC 
turns. A cross section of such a turn is shown in Figure  7.7 . The CTC 
and copper braid are wrapped with turn insulation. Turns in primary 
and secondary windings are determined by dividing phase voltage by 
 e t   for each winding.  

   7.3.2    50 -  MVA  Example Design   

 The conceptual design of a 50 - MVA, 132 - kV/13.8 - kV transformer is 
presented to demonstrate the design process and to identify component 
technology and performance issues. Specifi cations are utilized for a   
magnetic design of the HTS transformer. The primary winding con-
nected in star confi guration operates at 132   kV, and the secondary is 
delta connected for operation at 13.8   kV. This HTS transformer design 
is based on the following major assumptions. 

  1.     Both primary and secondary windings employ CTC made of 2G 
HTS wire. A typical CTC cable is shown in Figure  7.8 . The current 

     Figure 7.7     Cross sections of iron core and a coil turn  
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density of each strand (after stamping) is assumed to be 300   A/cm 
at 77   K.  

  2.     Primary winding employs 2    ×    8 CTC (2   mm wide    ×    8 strands) and 
has a critical current of 480   A_DC in the self - fi eld at 77   K.  

  3.     Secondary winding employs 5    ×    17 CTC (5   mm wide    ×    17 strands) 
and has a critical current of 2550   A_DC in self - fi eld at 77   K.  

  4.     Iron core is similar to that employed in conventional transformers 
and operates at room - temperature.  

  5.     Primary and secondary windings of each phase are housed in 
individual liquid - nitrogen vessels.      

 As shown in Figure  7.4 , concentric winding arrangement around 
each core limb is selected for each phase. In order to minimize the 

     Figure 7.8     Typical CTC made with a 2G HTS conductor  (Courtesy IRL)   

  Table 7.1    Specifi cations for a 50 -  MVA   HTS  
transformer 

   Parameter     50   MVA  

  Rating, MVA    50  
  Primary line voltage, kV    132  
  Primary connection type    Wye  *    
  Secondary line voltage, kV    13.8  
  Secondary connection type    Delta  *    
  Frequency, Hz    60  
  Cooling    Liquid N 2   
  Continuous overload capability    50%  
  Operating temperature, K      
     Normal load    77  
     Overload    70  
  Insulation Qualifi cation      
     AC voltage with stand, kV    230  
     BIL (IEEE Std. C57.12.00 – 2000 

Table 4), kV  
  550  

    *    In the United States it is customery to employ the primary 
with Delta and the secondary with Wye connections.   
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     Figure 7.9     Arrangement of primary and secondary windings  
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leakage fl ux, the secondary winding is divided into two parts that strad-
dle the single primary winding. The arrangement of windings inside a 
core window is shown in Figure  7.9 , and the various dimensions labeled 
in the fi gure are listed in Table  7.2  for the 50 - MVA transformer example.     

 A design summary of the 50 - MVA HTS transformer is provided in 
Tables  7.3  through  7.7 . The typical voltage/turn ( e t  ) for this size trans-
former is around 90   V - rms/turn. An operating fl ux density in the trans-
former is selected to be 1.6   T. On the basis of these two quantities, the 
core limb diameter is determined to be 600   mm  . Based on these volt/
turn values, the number of turns per phase for the star connected 
primary winding is 860 and the number of turns per phase for the delta 
connected secondary winding is 156.   

 Using the symbols and information in Table  7.2 , it is possible to cal-
culate distance between adjacent limbs ( L sp  ) of transformer core:

    L r a tsp L L cso= +( ) +2 0 52 . .     (7.2)     

 Window height ( L h  ) is given using the maximum coil height:

    L l l l lh H L cu cl= ( ) + +max , .     (7.3)   
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  L sp   and  L h   are used for calculating window area and weight of vertical 
limbs of the iron core. 

 The primary winding is arranged in 10 layers and each layer has 86 
turns. This coil employs a CTC cable with 8 strands, and each strand is 
2   mm wide. Each cable is 5   mm wide (bare) and 5.1   mm wide (insu-
lated). A CTC cable example is shown in Figure  7.8 . A copper braid of 
1.6   mm thickness is co - wound with the CTC. Each CTC cable, 5   mm 
wide and 1   mm thick, is insulated with 0.05 - mm - thick insulation. This 
insulation could be applied by wrapping several layers of DuPont 
Nomex or Kapton tapes that have good electrical insulation character-
istics while impregnated with LN 2 . A layer winding confi guration is 
suggested for this winding. A 0.05 - mm - thick solid insulation sheet is 
suggested for use between adjacent layers. The radial build of the 
primary winding is 22   mm, and the mean - turn length is 2.53   m. Each 
primary coil is 516   mm in axial length. The CTC conductor needed for 
all three primary windings is 6.5   km. 

 The secondary winding is split in two parts, and each part has two 
layers. This coil uses a CTC cable with 17 strands, and each strand is 

  Table 7.2    Winding dimensions 

   Description     Symbol     Value (mm)  

  Core radius     r c      300  

   High - Voltage Winding Details   

  Radius to midpoint     r H      402.5  
  Height     l H      516  
  Radial build     a H      21.5  

   Low - Voltage Winding Details   

  Radius to midpoint of inner winding     r L   1     364.5  
  Radius to midpoint of outer winding     r L   2     440.5  
  Height     l L      507  
  Radial build     a L      8.7  
  Gap between adjacent windings     δ     23  

   Clearance between Windings and Core   

  Upper     l cu      300  
  Lower     l cl      300  
  Radial space between inner LV winding and core     t csi      60  
  Radial space between outer LV winding and outside 

of cryostat  
   t cso      40  

  Separation between adjacent phase cryostats     t ph      30  
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5   mm wide. This cable is 12   mm wide and 2   mm thick. A copper braid 
of 3.4   mm thickness is co - wound with the CTC. This cable is insulated 
with 0.05 - mm - thick insulation applied by wrapping two layers of Nomex 
or Kapton tape. A 0.05 - mm - thick solid insulation sheet is use between 
adjacent layers. Each half of the secondary winding has a 9 - mm radial 
build and is 507   mm long in the axial direction. This arrangement of 
turns per layer determines the height of the vertical limbs. The total 
length of the CTC needed for all secondary windings is 1.2   km. 

 Both primary and secondary windings are contained in a single liquid 
nitrogen vessel (also called cryostat). A radial spacing of 23   mm is pro-
vided between adjacent coils. This space includes a 3 - mm - thick winding 
mandrel and four to fi ve layers of a 0.025 - mm - thick solid Kapton sheet. 
The Kapton sheet is included to provide BIL voltage withstand capabil-
ity in conjunction with the LN 2  fi lled gap. One side of the Kapton fi lm 
is coated with a 0.0125 - mm - thick   sticky coating of DuPont ’ s Tefl on FEP. 

  Table 7.3    50 -  MVA   HTS  transformer design summary —  I  

   Design Reference     Book Example Value    

   Nominal Rating   

  Rating, MVA    50  
  Primary line voltages, V    132,000  
  Primary winding connection type    Star  
  Secondary line voltage, V    13,800  
  Secondary winding connection type    Delta  
  Frequency, Hz    60  
  Maximum fl ux density in the core, T    1.6  

   HTS Conductor Characteristics     2G - YBCO  

  Critical currents, A/cm    300  

   primary winding ctc properties   
    

  Number of strands    8  
  Strand width, mm    2  
  Cable width, mm    5  
  Cable thickness, mm    0.1  
  Cable current, A    480  

   secondary winding ctc properties   
    

  Number of strands    17  
  Strand width, mm    5  
  Cable width, mm    12  
  Cable thickness, mm    2  
  Cable currents, A    2,550  
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The radial space between the cold secondary winding and the warm 
core is 60   mm. This space is used for the cryostat cold and warm 
walls and for the thermal insulation between them. A radial space of 
40   mm is allocated between the cold surface of the outer secondary 
winding and the outside wall of the liquid nitrogen vessel. A 30 - mm 
space is allocated between the outer surfaces of the adjacent phase 
liquid nitrogen vessels. On the basis of these space allowances and 
coil radial builds, the center - to - center distance between the adjacent 
limbs of the core is 1000   mm. The overall core width is 3269   mm, and 
the total height of the core is 2800   mm. The total weight of the core is 
17,071   kg. For example, given   a 50% allowance for the weight of 
HTS windings, liquid nitrogen, and environmental enclosure, the total 
weight of the transformer is estimated to be 25,606   kg. Total core loss 
is 12.2   kW. 

 On a per - unit basis, the combined leakage reactance of primary 
and secondary windings is 0.067   pu. The magnetizing reactance is 105   pu. 
If the rated load on the secondary side is served with an 0.8 power -
 factor (lagging) at the rated voltage, then the primary side voltage 
and current will be 1.04   pu and 1.006   pu (at 0.76 power - factor [lagging]), 
respectively. 

  Table 7.4    50 -  MVA  -  HTS  transformer design summary —  II  

   Winding Dimension     Value  

  Radius of core, mm    300  
  Radial thickness of LV winding, mm    9  
  Radial thickness of HV winding, mm    22  
  Axial length of primary winding, mm    516  
  Axial length of secondary winding, mm    507  
  Gap between coils and core on TOP, mm    300  
  Gap between coils and core on BOTTOM, mm    300  
  Gap between adjacent windings, mm    23  
  Cryostat and LN 2  space between inner LV winding and core, mm    60  
  Cryostat and LN 2  space between HV winding and RT surface, mm    40  
  Separation between cryostat of adjacent phases, mm    30  
  Radius to middle of inner LV winding, mm    364  
  Radius to middle of outer LV winding, mm    441  
  Radius to middle of gap between inner LV and HV windings, mm    380  
  Radius to middle of gap between outer LV and HV windings, mm    425  
  Radius to middle of HV winding, mm    402  
  Outside radius of outer HV winding, mm    445  
  Outside radius of a phase cryostat assembly, mm    485  
  Voltage/turn, V    88.5  
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 Although Figure  7.3  shows an optimum arrangement for achieving 
lowest weight and size, it might be advantageous to employ an indi-
vidual cryostat for each phase in the beginning. Such an arrangement 
is shown in Figure  7.10 . In this arrangement, cooling for each phase 
assembly is independent of other phases. This allows each phase to be 
tested separately before installing it in the fi nal assembly. Individual 
phases could be tested using an arrangement  [18]  similar to that shown 
in Figure  7.11 . An arrangement of high voltage bushing and HTS coils 
is shown in Figure  7.12 . Waukesha  [18]  discovered that off - the - shelf 

  Table 7.5    50 -  MVA  HTS  transformer design 
summary —  III  

   Design Detail       Value  

   Primary Winding Details   

  Primary winding current, A    219  
  Cables wound in parallel    1  
  Number of turns    860  
  Width of a turn, mm    6  
  Number of layers    10  
  Separation between adjacent turns, mm    0.05  
  Turns/layer    86  
  Axial length, mm    516  
  Length of mean - turn, m    2.53  
  Total length of cable/phase, m    2175  

   Secondary Winding Details   

  Secondary winding current, A    1208  
  Cables wound in parallel    1  
  Number of turns    156  
  Width of a turn, mm    13  
  Number of Layers    4  
  Separation between adjacent turns, mm    0.025  
  Turns/layer    39  
  Axial length, mm    507  
  Length of mean - turn of inner LV 

windings, m  
  2.29  

  Length of mean - turn of outer LV 
windings, m  

  2.77  

  Total length of cable/phase, m    394  

   Reactance Calculation   

  Base impedance, Ohm    348  
  Total leakage reactance, pu    0.067  
  Magnetizing reactance, pu    105  
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epoxy resin/paper bushing works well in the HTS transformer where 
the lower end of bushing is at a very low temperature. These bushings 
can withstand the LN 2  temperature at the lower end without cracking 
or loss in performance.   

 Instead of the separate cooling arrangement of Figure  7.6 , it may 
be advantageous to employ individual cooling for each phase using a 

  Table 7.6    50 -  MVA   HTS  transformer design 
summary —  IV  

   Iron - Core Detail     Value  

  Flux/limb, Wb    0.34  
  Radius of iron core    300  
  Cross section of vertical limb, m 2     0.21  
  Height of vertical limb, mm    1,116  
  C – C spacing of vertical limbs, mm    1,000  
  Width of windows, mm    400  
  Height of yoke (cross - leg),mm    542  
  Width of yoke, mm    600  
  Overall width of core, mm    2,600  
  Overall height of core, mm    2,200  
  Weight of core, kg    17,071  
  Total weight of transformer, kg    25,606  
  Overall length of transformer, mm    3,269  
  Overall width of transformer, mm    1,570  
  Overall height of transformer, mm    2,800  
  Core losses      

  Limb losses, kW    4  
  Yoke losses, kW    8  
  Total core losses, kW    12  

  Current lead losses, W    238  
  Cryostat losses, W    102  

  Table 7.7    50 -  MVA   HTS  transformer design 
summary —  V  

   Transformer Performance     Value  

  Secondary side VA rating    1  
  Secondary load voltage, pu    1  
  Secondary load current pu    1  
  Secondary load current PF    0.8  
  Magnetizing current, pu    0.010  
  Primary winding voltage, pu    1.042  
  Primary winding current, pu    1.006  
  Primary side VA rating    1.042  
  Primary side PF    0.763  
  Primary winding amp - turns    189,161  
  Secondary winding amp - turns    188,406  
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submerged cooling cage inside the cryostat. However, care should be 
exercised that the cage does not form a closed metallic loop around the 
core limb to prevent a shorted turn from forming. A possible cooling 
cage confi guration is shown in Figure  7.13 . The cage is cooled with a 
cryocooler that is thermally interfaced with the cage with conduction 
straps.     

     Figure 7.10     Transformer with individual phase cryostats  

Nonmetallic
Warm Wall
of Cryostat

Iron Core

Nonmetallic
LN2 Vessel

180 180180 180180 180

     Figure 7.11     A confi guration for testing individual phases  (Courtesy of Waukesha 
Electric Systems)   
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     Figure 7.12     Integration of HV bushing with HTS windings  
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     Figure 7.13     Cooling scheme for individual phase cryostats  
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   7.4    CHALLENGES 

 Transformers of various ratings (few watts to hundreds of MW) are 
employed in an electric grid. However, due to the space needed for 
cryostats (thermal enclosures to keep components at cryogenic tem-
peratures), and the cost of HTS wire and refrigeration equipment, it is 
not economical to build HTS transformers in a smaller rating. The 
lowest economical sizes could to be around 25   MVA. The lowest pos-
sible size is a strong function of costs of cryogenic refrigerator and HTS 
wire. The HTS wire cost has been projected to be US$25/kA - m in the 
near future by various manufacturers. Cryogenic refrigerators currently 
employ G - M cryocoolers (discsssed in Chapter  3 ), each of which costs 
about US$30,000. Usually at least two coolers are needed for a trans-
former. Thus coolers alone add US$60,000 to the cost of an HTS trans-
former. For example, a conventional 1 - MVA transformer priced at 
US$30,000 may not be an economically attractive size for commercial 
exploitation. 

 Most transformer manufacturers prefer to wind coils with a single 
length of wire; in other words, no joints are allowed in a coil. Thus the 
availbility of long wire lengths with uniform properties is critical for 
manufacuring HTS transformers in a factory environment. It is also 
critical that initial attempts for prototyping HTS transformers be 
sucessful, lest the technology is viewed by users to be not ready for 
wide adaptation. 

 Dielectric properties of electric insulation at cryogenic temperature 
are also important as partial dicharge (PD) activity can weaken the 
insulation over time. Repetitive cool - down/warm - up cycles can create 
hidden micro cracks where PD activity initiates and leads to degrada-
tion of the insulation system. It is necessary to build experience with 
an insulation system at cryogenic temperatures. 

 Like conventional transformers, HTS transformer windings are 
subjected to high fault forces that are borne by coil cross sections 
much smaller than those in conventional transformers. Likewise 
normal and fault forces in the iron core are similar to those in a con-
ventional transformer. It is therefore essential to address these issues 
in the early stages of transformer design. Key challenges for manufac-
turing a 50 - MVA transformer are the construction of windings with the 
CTC, LN 2  vessels, cooling system, fault force management, assembly, 
and operation. To minimize the risk presented by these challenges, 
it is suggested that demo transformers be built and operated on the 
distribution grid of a utility. The demonstration transformer should 
be subjected to all factory and customer approved testing per 
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IEEE and IEC standards and other applicable standards of the hosting 
utility.  

   7.5    MANUFACTURING ISSUES 

 The technologies needed for manufacturing HTS transformers have 
already been demonstrated or are in the process of being demon-
strated. Below is the status of key technologies needed for manufactur-
ing HTS transformers: 

   •      HTS wire.     The 2G wire needed for transformers is available com-
mercially from sources in the United States, Europe, and Japan. Its 
current price is high but is expected to drop to about US$25/kA - m 
as demand for the wire increases and wire technology improve-
ments are made.  

   •      CTC conductor.     CTC is available commercially from General 
Cable Superconductors. The piece lengths are limited by the piece 
lengths of wire available, or up to 400   m if splices are acceptable. 
The price and effi ciency of CTC manufacture is likely to improve 
as demand for HTS transformers and other power equipment 
increases. Besides transformers, CTC can be used for motors 
and generators, fault current limiters, and a variety of magnet 
systems.  

   •      Winding construction.     HTS coils have been built and successfully 
tested in a variety of devices consisting of motors and generators, 
transformers, fault current limiters, and magnet systems. Winding 
fabrication technology has been demonstrated in small to medium -
 size devices, but it needs work on its   adaption for manufacturing 
in a factory setting. The HTS tapes must be reinforced by adding 
extra metal to make them robust for withstanding high tension 
during the winding manufacturing process.  

   •      Cryostat.     HTS windings are housed in nonmetallic vessels contain-
ing liquid nitrogen for cooling. Such nonmetallic vessels have been 
successfully built worldwide for many transformers and other 
applications.  

   •      Cooling system.     Liquid nitrogen cooling systems have been dem-
onstrated in many projects. A closed loop liquid nitrogen refrigera-
tion system can be built using available off - the - shelf cryocoolers. 
These are modular devices that can be serviced while the trans-
former remains in operation and keeps serving the load.  
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   •      Iron core.     The iron core to be used in the HTS transformer is the 
same as that for the conventional transformers. For the same size 
unit, the HTS transformer will use about half the iron core than 
that used in conventional transformers.  

   •      Bushings.     The standard paper/epoxy bushings used in conven-
tional transformers can also be used for the HTS transformers.    

 Prior to developing capability to build larger units ( > 50   MVA), it is 
necessary to fi rst demonstrate the technology in smaller units (1 – 5   MVA). 
These smaller units could employ technologies typical of the larger 
units. Considerable market potential also exists for smaller unit appli-
cations in inner city substations, wind generator nacelles, ship systems, 
and high - rise buildings.  

   7.6    PROTOTYPES 

 Waukesha built a full - size HTS transformer under a DOE contract  [19] . 
However, because of a premature dielectric failure, all goals were not 
realized. Subsequent to this, Waukesha initiated a component develop-
ment plan, and a full - scale prototype is planned in the future. No other 
signifi cant prototype development programs are underway at this time.  

   7.7    SUMMARY 

 HTS transformer technology is ready for commercial exploitation at 
this time. HTS wire, CTC, coil construction, and cryogenic cooling 
technologies have suffi ciently matured for practical transformers to be 
built for utility use. The HTS transformer ’ s economic viability is con-
tingent on achieving a low price wire and refrigeration system at half 
their current prices. A number of HTS demonstration projects are cur-
rently underway globally.  
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FAULT CURRENT LIMITERS     

    8.1    INTRODUCTION 

 An electric power grid is an extremely complex system consisting of 
multiple generators, motors, transformers, and switchgear and transmis-
sion lines. The electric grid inevitably experiences extreme natural 
events and faults. For example, an electric short - circuit fault can 
damage equipment at the location of fault, and the resulting large fault 
currents can cause highly dynamic and thermal stresses in all grid com-
ponents. Growth in the generation of electric power and an increased 
interconnection of the network leads to higher fault current levels. 
The fault current level could easily grow beyond a system ’ s short -
 circuit current withstand capability, so it   is controlled with a variety of 
devices. These devices allow equipment to remain in service even if the 
prospective fault current exceeds the rated peak and short - time with-
stand current limits. They permit postponement of equipment replace-
ment to a later date. In case of newly planned networks, fault current 
limiters allow the use of equipment with lower ratings, which render 
considerable cost savings. The two most commonly used devices to 
control fault currents are fuses and inductors, though high - impedance 
transformers also play a major role. Fuses are simple and inexpensive 
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fault current limiting devices, but manual intervention is required to 
replace them following a fault, resulting in a prolonged interruption of 
power. Moreover fuses are not practical at transmission level voltages 
because the time required to interrupt a fault is too long. However, 
passive devices like series inductors connected in series in a line limit 
the fault current by their impedance. This impedance also limits power 
transfer over a line during normal operations. It thus impedes quick 
recovery of a system following a fault and increases the reactance 
over resistance ratio,  X / R , of a transmission or distribution line. The 
latter disadvantage has consequences on the transient recovery 
voltage (TRV) ratings for breakers. The higher the  X / R  ratio will 
produce a higher TRV on the breaker ’ s opening; hence it will require 
more sophisticated and expensive breakers. For this reason in - line 
inductors are employed reluctantly.   The best solution is to have a fault 
current limiting device that reacts very rapidly, resets itself after a 
fault, and has minimal impact on system performance during normal 
operation. 

 A superconducting fault current limiter (S - FCL) appears to satisfy 
these requirements. The principle of the S - FCL is simple. A supercon-
ducting element is inserted in series with a line. During normal opera-
tion the system operates without any limitations because the resistance 
of the superconducting element is essentially zero, and it is possible to 
minimize the inductive impedance. However, during a fault when the 
fault current reaches many times the rated value, the superconducting 
element reverts rapidly to its normal state (i.e., its resistance increases 
to a defi ned value). The increased resistance/impedance limits the fault 
current to the desired level. Once the fault clears, the superconducting 
coil carries the system ’ s normal current with zero resistance. During a 
fault when the superconducting element is in normal state, it warms up 
to a predetermined temperature. The reset time after a fault is a func-
tion of time required to cool the superconducting element to its pre -
 fault temperature. This is a challenging task. 

 S - FCLs based on high temperature superconductors (HTS) have 
been explored since the late 1980s  [1,2,3] , but a cost - effective, practical, 
and reliable concept has remained elusive. Ideally an S - FCL should 
limit the fault current to a desired level during a fault and recover 
quickly after the fault has cleared. An S - FCL that satisfi es the user -
 defi ned requirements  [4,5,6]  has become a holy grail for scientists and 
engineers working in this fi eld. Several small - scale demonstrations have 
been conducted  [7,8,9] , and a few FCL developments have started  [10]  
recently with support from US Department of Energy (DOE). The fi rst 
commercial S - FCLs   have also been shipped recently  [11] .  
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   8.2    PRINCIPLE AND CONFIGURATION 

 As explained earlier in Chapter  2 , a superconductor has the following 
two unique properties: 

   •      Zero resistivity to DC current fl ow below a critical temperature 
( T c  ), critical magnetic fi eld ( B c  ), and a critical current density ( J c  ) 
or critical current ( I c  )  

   •      Once the critical surface spanned by the superconductor ’ s material 
parameters  B c  ,  J c  , and  T c   are exceeded the resistivity of the super-
conducting material increases rapidly    

 Most S - FCL   concepts exploit this sharp transition of HTS from zero 
resistance at normal currents to a fi nite resistance at higher currents. 
The higher resistance of HTS automatically limits the fault currents 
when they experience currents higher than normal circuit currents. 
Thus an S - FCL   is a self - triggering, fail - safe device as long as the super-
conductor portion is capable of handling the fault currents and return-
ing to the superconducting state. However, before reaping the benefi ts 
of S - FCLs  , it is necessary to address the following signifi cant 
challenges: 

   •      The superconductor component of the FCL (in the resistive type 
of design) must be cooled to a cryogenic temperature (LN 2  tem-
perature or below), and refrigeration cost must be minimized.  

   •      A normal bypass element (e.g., stainless steel) in parallel with the 
HTS element is needed to prevent formation of localized hotspots 
and to act as thermal buffer to absorb local heating.  

   •      AC losses (hysteresis and eddy current) in the HTS material, which 
increase the cooling cost, need to be managed.  

   •      The high - voltage design must be managed in a cryogenic 
environment.    

 So far two material options have proved their capability for reliable 
limitation of fault currents. The one is melt cast processed Bi 2 Sr 2 CaCu 2 0 8  
(MCP BSCCO 2212) with a  T c   of 92   K, which can be used as casted 
elements (in form of rods, hollow cylinders, or coils). With this material 
the fi rst technical viable limiter projects on the medium voltage scale 
have been realized  [8,9] . Another attractive material option is thin fi lms 
of YBa 2 Cu 3 O 7 - 8  (YBCO - 123) with the same  T c   of typically 92   K. This 
material preferentially is used as a coating on a tape substrate 
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(commonly known as coated conductors or 2G (second - generation) 
wires.) Chapter  2  describes the properties and manufacturing processes 
for both materials. Some manufacturers also use BSCCO - 2212 material 
typically as cast elements. 

 Actually there are multiple types of FCLs based on HTS. These 
include the S - FCLs described above, based on the superconductor - to -
 resistive transition. They also include several types of FCLs using an 
inductive principle with a coupling to a ferromagnetic yoke. Thus HTS -
 FCLs could be divided into two categories. 

   •       Resistive FCL (R - FCL) .   Current is limited by increased resistance 
of HTS in normal state:    
•      Noninductive coils     
•      Straight wire bundles     
•      Bulk rod or hollow cylindrical elements     
•      Bulk hollow cylinders cut to mono -  or bifi lar coils     

   •       Inductive FCL.    Current is limited by insertion of inductance trig-
gered with an HTS coil:    
•      Shielded iron core
     •      Saturated iron core       

 R - FCLs can be further divided in to those types that limit current by 
virtue of the resistive state of the superconductor after the quenching 
is initiated by a fault, and those types that employ the HTS component 
as a fast switch so that the actual current limiting is mostly provided 
by a parallel reactor or resistor. 

 Prototypes of some of these concepts have been built and tested with 
varying degrees of success  [7,8] . Some large prototypes for high - voltage 
application are currently under construction, and some commercial 
units for distribution voltage have been delivered  [11] . A general 
description of these FCLs follows. 

   8.2.1    Resistive Fault Current Limiters ( R  -  FCL ) 

 HTS elements are inserted in series with the line being protected. 
During a fault,  I c   (i.e.,  J c  ) is surpassed, and FCLs ’    resistance increases 
rapidly, leading to quenching of HTS elements before the fi rst peak of 
short - circuit current is reached. In 50 -  or 60 - Hz AC systems, the HTS 
elements quench within 1 to 2   ms after initiation of a fault, depending 
on the ratio of prospective fault current to normal current. A R - FCL 
requires a pair of current leads for each phase, which connect the HTS 
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elements at cryogenic temperature to room - temperature bushings. The 
leads are usually made of normal conducting metal such as bronze or 
copper, and they generate joule heating as well as conducting thermal 
energy from warm bushings to cold HTS elements. This adds to the 
thermal load of the refrigeration system and increases its size and cost. 
To achieve adequate voltage standoffs, the dimensions of the bushings 
and cryostat are substantial, particularly at transmission voltages. It is 
also preferable to isolate the R - FCL after an irreversible quench by a 
conventional mechanical switch, since the material heats up during the 
limiting phase and it is usually diffi cult to recover the superconductivity 
of HTS elements under load. The need for a mechanical switch com-
promises the fail - safe nature of R - FCL operation, and multiple switches 
may be required to achieve redundancy. However, in a few cases, recov-
ery under load has been reported, in the event of which the mechanical 
switch would not be necessary. 

 After some recovery time (typically in range of many seconds), 
during which cooling system cools HTS elements down to their pre -
 fault operating temperature, the R - FCL is inserted back into the circuit. 
It is possible to trigger the fast switch with the current in the shunt 
inductor. The AC fi eld of the shunt inductor is utilized to repulse a plate. 
This movement in turn is utilized to open the fast switch located in the 
HTS circuit (see Figure  8.9 ). This concept has been demonstrated in 
Japan  [12,13] . High - voltage vacuum circuit breakers have also been 
developed in Japan  [14,15] . These breakers could also be triggered by 
the repulsive force of the shunt inductors.   

 However, HTS elements designed to limit currents within their fl ux 
fl ow resistivity region could recover to normal operating temperature 
while carrying rated load currents. Such designs require a large amount 
of HTS material in order to limit the fault current and enable a quick 
recovery to the superconducting state following a fault clearance. This 
increases the AC losses under normal operation and makes them bulky 
and expensive. 

 The HTS wire could be utilized for making fault current limiting 
elements in the form of the wound noninductive (bifi lar) coils, as shown 
schematically in Figure  8.1 . In a bifi lar coil, the adjacent turns carry 
current in opposite direction. This arrangement minimizes the stored 
fl ux that leads to lower residual inductance and lower standby AC 
losses of the HTS elements. Alternatively, it is possible to achieve a 
similar effect by interleaving solenoid coils such that any two adjacent 
solenoids carry currents in the opposite direction. In addition, pancake 
coils could be arranged such that the fi eld produced by a pancake 
coil opposes the fi eld due to its adjacent neighbors. These alternate 
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arrangements store somewhat more fl ux than the bifi lar coil and there-
fore have somewhat higher inductance and higher AC losses. Voltage 
and current requirements are met by connecting the bifi lar coils in 
series/parallel confi gurations. Individual turns of a coil could employ a 
single HTS tape or the continuously transposed cable (CTC) described 
in Chapter  7 . The total number of coils could be reduced with the use 
of CTC because it can carry a much larger current than a single HTS 
tape. For example, a CTC cable with 15 strands of 5 - mm width could 
carry 1250   A_rms   (steady state), which is suffi cient for many systems. 
However during a fault the CTC will be required to carry 5 ×  ( =    6250   A -
 rms) for about 0.1 second. Ideally the R - FCL must recover to its pre -
 fault state within a few seconds after the fault has been cleared. This is 
a challenging requirement. Figure  8.2  shows a possible arrangement for 
coils for all phases housed in a single cryostat and cooled with a common 
cooling system. It is also possible to house individual phases in a sepa-
rate cryostat per needs of a particular application.   

 Straight R - FCL elements can also be made by stacking necessary 
number of 2G tapes in parallel, as shown in Figure  8.3 . These 
stacks could employ CTC cable, which works better than a simple 2G 
tape stack because individual strands of CTC share the current 
more uniformly. The necessary number of these elements could be 
arranged in series/parallel confi guration to meet voltage and current 
requirements.   

 The straight element could also be a simple solid superconductor 
rod. The necessary number of these bulk rod elements is connected in 
a series/parallel confi guration for a given application. Sometime hollow 
tubes with a double helix cut into their walls  [8]  are employed. The 
current can fl ow through the walls to generate the bifi lar coil effect. 

     Figure 8.1     Bifi lar noninductive coil  
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Such a rod element is shown in Figure  8.4 . All straight rod elements 
could be housed in a single cryostat to create a R - FCL assembly, as 
shown in Figure  8.5 . A practical implementation with bulk rod elements 
is shown in Figure  8.6 .   

 A prototype with bifi lar 2G - coils is under construction in the 
United States and several with bulk coils have been prototyped in 
Europe  [11] .  

     Figure 8.2     FCL assembly with bifi lar noninductive coils  

Bushings
2 per Phase

Cryocooler

LN2

Phase A

Phase B

Phase C

Cryostat

     Figure 8.3     FCL element made from 2G tapes or CTC  
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   8.2.2    Inductive  FCL  with Shielded Iron Core 

 A shielded iron - core FCL consists of an iron core, a primary (normal 
conducting) winding, and a secondary winding   made of a superconduc-
tor cylinder. This device is like a transformer with shorted secondary 
windings made of bulk superconductor. During normal operation, the 
primary winding creates fl ux in the iron core. But this fl ux is opposed 
by the current induced in the secondary winding   made of bulk super-
conductor cylinder. This shields the iron core, and the net fl ux in the 
iron core theoretically remains zero. In this state the effective imped-
ance of the primary winding is very low. In fact the impedance is 
equivalent to the net impedance of a transformer with secondary coil 
short - circuited. This impedance is equal to the combined leakage 
impedance of primary and secondary windings and is about 5% to 10% 
(or 0.05 – 0.1   pu). During a fault the shielding effect of superconductor 
cylinder is lost because the large fault current quenches the supercon-
ductor. The net current in the superconductor elements in the quenched 
state is only a small fraction of the fault current in the primary winding. 
The fl ux is set up in the iron core once the shielding effect of super-
conductor has been lost. A large fl ux linking the primary coil   increases 
its impedance to a predesigned high value, and the fault current is 

     Figure 8.4     Monofi lar coils cutout of bulk BSCCO2212 tubes soldered to a metallic 
shunt  (Courtesy of Nexans Superconductors)   
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     Figure 8.5     FCL assembly employing straight elements  
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     Figure 8.6     FCL assembly employing bulk rod elements  (Courtesy Nexans 
Superconductors)   
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limited to the desired value. The main advantage of this system is that 
the secondary coil is a shorted turn (HTS cylinder) and requires no 
current leads. The drawback of the concept is insertion of a fi nite 
impedance in the line even during normal operation, plus the large size 
and weight of the transformer core. The device design is in fact similar 
to a transformer design where the primary winding must support a 
signifi cant fraction of rated voltage without saturating the iron core. 
Thus it tends to be large, like the transformer shown schematically in 
Figure  8.7 . After some initial technically successful demonstrations, this 
concept was abandoned for the following three reasons: 

   •      The iron core makes the system bulky.  
   •      The challenge of making the superconductor cylinder quench uni-

formly and prevent its failure due to uneven heating and nonuni-
form thermal stresses.  

   •      Acceptably low insertion impedance is achieved only with diffi -
culty during normal operation  .      

 Although it is possible to replace the solid HTS cylindrical secondary 
with a CTC  *   wound coil, but it is still diffi cult to achieve low impedance 
during normal operation using the conventional transformer design 
techniques. The impedance during normal operation is typically similar 
to that of a transformer (i.e., 0.05 – 0.1   pu), which most users are reluc-
tant to accept.  

     Figure 8.7     Inductive FCL with shielded iron core  
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     *      Described in Chapter  7  on transformers.  
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   8.2.3    Inductive  FCL  with Saturated Iron Core 

 The saturated iron - core concept utilizes two iron core per phase as 
shown in Figure  8.8 . A conventional copper coil could be used to satu-
rate the cores during normal operation. However, in order to reduce 
 I  2  R  losses in the copper coil and to make the device acceptable to the 
users, developers have opted to use a superconducting coil for saturat-
ing the core. The most attractive feature of this FCL is simplicity and 
a fail - safe mode of operation. Faults of long durations can be handled 
and recovery from a fault is instantaneous, enabling the device to 
handle multiple successive faults in rapid succession, such as auto -
 recloses on a protected line or circuit breakers with existing reclosing 
logic. Explained below is the principle of operation: 

   •      During normal operation, large ampere - turns created with DC in 
the secondary superconducting HTS coil drive the core into satura-
tion. This lowers impedance of the copper coil in the primary AC 
side near to that of an air - core coil.  

   •      During a fault, a large fault current demagnetizes the core and 
drives it from the saturated to unsaturated state (linear B - H 
region). This increases the primary AC coil impedance. The 
increased impedance limits the fault current to the desired level.      

     Figure 8.8     Inductive FCL concept with saturated iron core  (Courtesy Zenergy 
Power)   
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 Since an AC wave has both positive and negative peaks to magnetize 
the iron core, it becomes necessary to employ two separate cores for 
each phase. Each core has a normal (copper) coil in series with the line 
being protected. One core works with the positive peak of the AC and 
the other with the negative peak. A three - phase arrangement of this 
concept is shown in Figure  8.8 , which has six primary copper coils (two 
for each phase) and a common secondary DC HTS coil for saturating 
all cores simultaneously. This device, installed in the Avanti Circuit of 
Southern California Edison in March 2009, became the fi rst SFCL to 
operate in a US utility system. Abbott  [16]  has described operation of 
such a limiter. 

 Listed below are many desirable attributes of this FCL design: 

   •      Passive and immediate triggering.  
   •      Passive and immediate full recovery after a fault.  
   •      Fail - safe operation.  
   •      Superconductive state maintained at all times.  
   •      Superconductor coil and its associated cryogenics remaining near 

ground voltage.  
   •      Maintained grid selectivity  
   •      High voltage design similar to that of standard transformers. Each 

copper coil nevertheless experiences signifi cant system voltage 
during a fault (determined by the voltage divider effect described 
in Section  8.3 .)    

 However, the saturated core concept has the following drawbacks: 

   •      Signifi cant normal insertion impedance.  
   •      Two copper coils required per phase. This increase the impedance 

inserted in the protected circuit during normal operation. Like a 
transformer, these coils must withstand signifi cant system voltage 
during normal and fault operations.  

   •      Bulkier assembly due to the six iron cores, resulting in large size 
and weight.  

   •      Essentially zero total fl ux experienced by the DC HTS coil when 
currents in all primary AC coils are balanced (i.e., all phases carry 
the same current). When the phase currents are unbalanced, a 
net AC fl ux links the HTS coil and generates AC in it. This creates 
AC voltage across coil terminals and induces losses in the HTS 
coil. The induced AC ripple current and losses are small during 
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normal operation but are signifi cant during a fault (see Section 
 8.3.2 .)    

 An HTS coil built with the CTC cable will experience lower induced 
AC voltage (due to smaller number of turns) and lower AC losses due 
to smaller strands. Still the main disadvantage of this concept is its large 
size and weight.   

   8.3    DESIGN ANALYSIS 

 Typically, in an electric grid application, an FCL   is required to reduce 
the unlimited fault current to a lower limited value that can be handled 
by existing circuit breakers and other ancillary equipment. The unlim-
ited fault current is equal to the bus voltage divided by the grid imped-
ance ( X g  ). To reduce the fault current to a desired limited value, 
additional impedance ( X fcl  ) must be inserted by a FCL in the circuit 
being protected. The impedance added by a FCL is defi ned by the 
equation below.

    X
V

I
Xfcl

ph

lim
g= − ,  

where  V ph   in the phase voltage of the bus at the point of insertion of 
the FCL. During a fault the entire phase voltage is experienced by the 
series combination of  X g   and  X fcl  , which makes the voltage experienced   
across the FCL circuit considerably less than the rated phase voltage 
of the bus. For example, to reduce an unlimited fault current of 8   pu to 
a limited current of 6   pu, the FCL must introduce  X fcl   equal to  X g  /3. In 
this case the voltage drop across the FCL impedance ( X fcl  ) is only 
0.25   pu, where 1   pu voltage equals the phase voltage ( V ph  ). The reduced 
voltage experienced by the FCL leads to a lower HTS material require-
ment and a smaller size FCL assembly. 

 The basic principles for designing all types of R - FCLs are relatively 
straightforward. A R - FCL limits the fault current by its increased resis-
tance when the HTS wire transitions to its normal state during a fault. 
The key parameters of a R - FCL design are fault current ( I lim  ), fault 
duration ( Δ  t ) and permissible temperature rise ( Δ  T ) of the HTS ele-
ments. The following equations relate these variables. To simplify the 
analysis, the heat capacity and resistivity are assumed to be tempera-
ture independent. The limiting resistance ( R ) and limiting current ( I lim  ) 
are given as
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    R
V
I

L
tw

I tw
C T

tlim
lim

p= = =0 ρ
ρ

, ,
Δ
Δ

    (8.1a)       

 and the corresponding maximum electric fi eld allowed during limita-
tion is independent of the cross section:

    E
C T

t
lim

p=
ρ Δ

Δ
,     (8.1b)      

where
   R           =    FCL resistance during fault,  
  V  o           =    system rms voltage,  
  L           =    length of HTS current limiting elements,  
  Δ  T           =    maximum permissible temperature rise,  
  Δ  t           =    maximum fault duration (hold time),  
  ρ ,  t ,  w        =    resistivity, thickness, and width of HTS,  
  C p            =    effective specifi c heat of HTS and stabilizer,  
  I lim            =    maximum current allowed through HTS elements,  
  E lim            =    maximum electric fi eld during limitation.    

 The minimum conductor volume is obtained by solving these equations. 
As pointed out by Tixador  [3] , in the adiabatic approximation the 
required minimum conductor volume (Vol) is independent of conduc-
tor resistivity.

    Vol = I V t
C T
lim

p

0Δ
Δ

.     (8.2)     

 For example, a delta connected, R - FCL sized for 15 - kV - line voltage, 
1250 - A/phase nominal current, 4000 - A/phase limited fault current for 
0.1 second and a 100   K maximum temperature rise during the fault, and 
with the approximate volume specifi c heat of 2    ×    10 6    J/m 3 K, requires 
30,000   cm 3  of material per phase in all cases. In coil environments it 
takes many minutes for the coil to cool back to 77   K after a 100   K tem-
perature rise, which sets a time limit for recovery with this approach. 
Implications of these constraints are discussed below for R - FCLs 
employing bulk rod and wound coil approaches. 
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     Bulk  HTS  Rods     The R - FCL elements made of bulk rods quickly 
attain resistivity of  ≥ 100    μ  Ω cm during a fault if the current surges 
far above the critical current of the material. The minimum HTS 
cross section  tw  ( =    0.44   cm 2 ) is calculated with equation  (8.1a)  (using 
 J c      =    4   kA - dc/cm 2    at an operation temperature of 65   K) to carry steady -
 state current of 1250   A - rms. To prevent hot spots, Nexans employs a 
metallic shunt (of cross section equal to the HTS cross section). During 
the limiting phase, a voltage gradient of 0.5   V/cm is achieved, calculated 
with equation  (8.1b) . These elements limit the fault current to the 
desired limit of 4000   A - rms. The total material requirement is 30,000   cm 3  
but only half of that is the bulk HTS. This design procedure has led to 
the design of technically viable prototypes FCLs employing bulk 
BSCCO 2212.  

  Coil Wound with the 2 G  Coated Conductor     2G (YBCO coated 
conductor) wire could be laminated to a thick (e.g., 100 micron) stain-
less steel or another high - resistivity, high - strength stabilizer. Such wire 
architecture is mechanically robust and electrically and thermally sta-
bilized. During a fault, the fault current shunts to the stabilizer and 
heats it adiabatically. From   the previous equations, the minimum con-
ductor volume needed is 30,000   cm 3 , and with this stabilized confi gura-
tion, most of this material can be stainless steel stabilizer. With the 
0.5    ×    4 - mm 2  stabilizer and 50 -  μ m - thick   substrate, 68   km of 2G wire are 
required. The projected 2G wire cost in the range of $5 to $10/m would 
be $340   K to $680   K. However, as explained earlier in this section, with 
the requirement to reduce the fault current from its current values to 
a slightly lower value, the withstand voltage during a fault is dramati-
cally decreased. This reduces the amount of HTS wire required. 

 Until recently, the lack of availability of 2G HTS wire was the main 
impediment to realizing a practical R - FCL. However, long lengths of 
2G wire are available now. A technology to laminate the needed stabi-
lizer to 2G FCL wire has been developed, and attractive mechanical 
properties  [17]  have been demonstrated.  

  Linear Elements Made with the 2 G  Coated Conductor     Linear 
elements  [18]  could be employed to construct a R - FCL by paralleling 
the necessary number of tapes to carry the required current. An induc-
tor made of normal material (also cooled by LN 2  bath) is connected in 
parallel with each element. Usually once a R - FCL performs a limiting 
action, the HTS elements warm to a temperature much higher that 
their critical temperature. The R - FCL is usually isolated from the load 
until it has cooled down to its nominal operating temperature. However, 
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by judicious choice of inductance, 2G tape properties, and LN 2  bath 
temperature and pressure, the developer aims to achieve recovery 
under load. Nevertheless, the total 2G wire requirement is still similar 
to the coil version, meaning 30,000   cm 3 .   

   8.3.1    Example Design — Resistive  FCL  

 Designing a R - FCL using bulk materials is not simple as it involves 
dimensioning of the HTS elements to suit the needs of a given applica-
tion. However, in designing a wire - type R - FCL, it is possible to separate 
the design functions of the wire and FCL. In principle, a standard 2G 
wire available from manufacturers can be used in as - is condition or 
laminated to a high - resistivity substrate. The design example described 
below is based on a coil type of limiter. The linear element version is 
similar, with a difference that the 2G wire is assembled into linear 
element (several meter long) instead of winding into a coil. 

 The standard 2G wires available from manufacturers are 4   mm or 
12   mm wide, and their current - carrying capability is limited. To carry 
the large current for a real application, it is necessary to parallel many 
wires, which makes the FCL design complex and bulky. The example 
design discussed uses continuously transposed cable (CTC) (described 
in Chapter  7 ) built from 2G wire available from AMSC and SuperPower. 
Table  8.1  lists assumed properties of these wires.   

 R - FCL devices are sized to the specifi cations listed in Table  8.2 . Each 
FCL is sized for a 13.8 - kV distribution grid and carries 3   kA - rms during 
normal operation. During a fault (short - circuit) the grid circuit experi-
ences a fault current of 40   kA. It is desired that this fault current be 

  Table 8.1     HTS  2 G  coated conductor wire properties used in 
the example design 

   Parameter     AMSC     SuperPower  

  Overall thickness of YBCO tape,  μ m          
     YBCO layer,  μ m    1    1  
     Nickel tungsten,  μ m    75    None  
     Hastelloy,  μ m    None    100  
     Silver,  μ m    2.5    2  
     Critical current density, A/cm    300    300  
  Additional material applied for FCL          
     Stainless steel,  μ m    120    127  
     Solder,  μ m    20    None  
  Overall strand thickness,  μ m    218    230  
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limited to 30   kA for a period of 0.1   second. The FCL concept shown in 
Figure  8.9  utilizes an HTS FCL device in parallel with a conventional 
room - temperature inductor.   †    Although most fault durations are less 
than 0.1 second, longer duration faults have been experienced, and the 
system must be capable of handling very long low - level faults, called 
 “ through - faults, ”  without switching. To address faults longer than 0.1 
second, a fast circuit breaker   ‡    is included in series with the HTS FCL 
element to isolate it at the end of 0.1 second and allow it to cool down 
to its pre - fault normal operating temperature before inserting it back 
into the circuit. A CTC consisting of 5 - mm - wide, 17 strands (5    ×    17) is 
assumed in this example design. Other strand confi gurations might be 
available in future.   

 The key analysis assumptions are summarized below: 

  1.     During a fault of very short duration, it is not possible to remove 
signifi cant thermal energy from the conductor ’ s surface. Because 
of this limitation, the analysis is based on the adiabatic tempera-
ture rise of CTC.  

  2.     In practice, a FCL must be able to carry some overload current 
before triggering. An overload factor of  F oc   ( =    1.6) is assumed.  

  3.     HTS elements of the FCL are designed to fully quench at 2    ×     I c  . 
Accordingly, a quench factor ( F q  ) of 2 is assumed. Thus the fault 

  Table 8.2    Specifi cations for a 13.8 - kV, 3 - kA fault 
current limiter 

   Parameter     Value  

  Rating, MVA    72  
  Line voltage, kV    13.8  
  Line current, kA    3  
  Unlimited fault current, kA    40  
  Limited fault current, kA    30  
  Frequency, Hz    60  
  Fault hold - time, s    0.1  
   Conductor type      CTC   
     Number of strands    17  
     Strand width, mm    5  

    †       SuperPower places shunt inductor inside LN 2  bath and claim that their design can 
recover under the load based on the prototype elements tested to AEP reclosure 
sequence.  
    ‡       The fast switch can also be triggered using the AC fi eld of the shunt inductor during 
a fault, as explained earlier in Section  8.2.1 .  

c08.indd   189c08.indd   189 1/12/2011   2:27:10 PM1/12/2011   2:27:10 PM



190   FAULT CURRENT LIMITERS

current in the HTS elements is limited to  I lim      =     F oc      ×     F q      ×     I o  , where 
 I o   is the nominal current of circuit being protected.  

  4.     Maximum temperature of the CTC conductor is limited to 300   K 
in order to avoid damaging FCL coils by thermal stresses. To 
achieve this, it is necessary to include additional material in the 
strands of CTC.    

 The design process described below is based on the SuperPower wire. 
A similar procedure could be used for designing with American 
Superconductor Corporation wire. 

 The fi rst step is to calculate circuit parameters in Figure  8.9 . The grid 
reactance ( X g  ) is calculated using the phase voltage ( V ph  ) and unlimited 
fault current ( I unlim  ) specifi ed in Table  8.2 :

    X
V

I
g

ph

unlim

= .     (8.3)   

 The calculated value of  X g   is 0.199   ohm. 

     Figure 8.9     HTS FCL concept with a shunt inductor  
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 Once the HTS FCL branch has been isolated after limiting the fault 
current for the specifi ed hold period, the total current in the circuit is 
limited to the through - fault value ( I tf      =    30   kA) specifi ed in the Table 
 8.2 . Thus just before the HTS circuit is isolated, the total circuit current 
is  I tf  . To satisfy this condition, the circuit in Figure  8.9  has two unknown 
variables: resistance of the HTS FCL element ( R fcl  ) and reactance of 
shunt inductor ( X sh  ). Values for these variables are obtained by solving 
the following two equations  (8.4) . Calculated values of  R fcl   and  X sh   are 
0.216    Ω  and 0.073    Ω , respectively.

    
V

jX
R jX

R jX

I R I I I Xph

g
fcl sh

fcl sh

tf fcl lim tf lim sh

+
+

= = −, .2 2     (8.4)   

 The HTS FCL coil is designed to provide a resistance of  R fcl   at end of 
fault hold time ( Δ  T hold      =    0.1   s) and at maximum allowable temperature 
( T max      =    300   K). 

 The number of strands ( N par  ) needed in parallel to carry the rated 
current of the circuit being protected is given by

    N round
I

I F
par

sco

op oc

= ( )
⎛
⎝⎜

⎞
⎠⎟

2
θ

,     (8.5)  

  where
   I sco            =    nominal circuit current (A - rms),  
  I ( θ   op  )       =     I c   of an HTS strand ( =    197   A for a 5 - mm - wide strand),  
  θ   op            =    nominal operating temperature ( =    72   K here),  
  F oc            =    overload factor ( =    1.6 here).    

 The total number of strands calculated from the equation above is 34, 
which translates into two CTC cables. Each cable has 17 strands of 
5 - mm width. 

 Each HTS strand consists of many different elements listed in Table 
 8.1 . In addition to these, a stainless steel stabilizer of 127    μ m thickness 
must be used in parallel with each strand. The total effective resistance 
(ohm/m) of a stabilized strand is given by

    R I
R R I

eff
m HTS

,
,

θ
θ θ

( ) =
( )[ ] + ( )[ ]

1
1 1

    (8.6)  
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where
   R eff            =    total effective resistance of stabilized strand,  
  R HTS         =    resistance of HTS layer in a strand,  
  R m            =    resistance of nonsuperconducting elements,  
  I           =    current in the strand,  
  θ           =    strand temperature.    

 Once temperature exceeds  T c   (critical temperature of HTS), the resis-
tance of the HTS element ( R HTS  ) increases to a very high value. It can 
be estimated with

    R I
V I

IL I
HTS

N

, ,θ
θ

( ) = =
( )

⎛
⎝⎜

⎞
⎠⎟

−10
16

cm
    (8.7)  

    IL I
I

csf
csfθ θ( ) = − −⎛

⎝
⎞
⎠2

2
20

70
K

,     (8.8)  

where
   N           =    the exponent of the  V  -  I  curve for HTS wire  ,  
  IL ( θ )       =    critical current of HTS wire at temperature  θ  ( < 90   K)  
  I csf            =    critical current is the self - fi eld at 77   K (A/cm)    

 For all temperatures above 90   K,  IL ( θ ) is set equal to zero. 
 The resistance  R m   (ohm/m) of nonsuperconductor elements is 

given by

    R
R R R R

m
ss ag sol hst

θ
θ θ θ θ

( ) =
( )[ ] + ( )[ ] + ( )[ ] + ( )[ ]

1
1 1 1 1

,     (8.9)  

where
   R m  ( θ )          =    resistance of all nonsuperconductor elements at tempera-

ture  θ ,  
  R ss  ( θ )          =    resistance of stainless steel stabilizer,  
  R ag  ( θ )          =    resistance of silver layer,  
  R sol  ( θ )       =    resistance of solder (set to a large value for SuperPower wire),  
  R hst  ( θ )          =    resistance of hastelloy or equivalent.    
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 These resistance values are functions of temperature dependent resis-
tivity of each material shown in Figure  8.10 . Resistance ( R ) of each 
element at temperature ( θ ) can be calculated with

    R
wt

θ ρ θ( ) = ( )
,     (8.10)  

  where
   ρ           =    resistivity of material,  
  w        =    width of material,  
  t           =    thickness of material.      

 Once the effective resistance of the stabilized HTS strands is known, 
the total length of each strand ( L strand  ) necessary for limiting the fault 
current can be calculated from

    L
R N

R F F I N T
strand

f par

eff oc q o par max

= ( )[ ],
,     (8.11)    

     Figure 8.10     Resistivity of various metals as a function of temperature  
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where
   R f            =    required resistance of HTS FCL element,  
  R eff            =    effective resistance of stabilized strand ( Ω /m) at the maxi-

mum temperature ( T max  ) attained by HTS at end of fault 
hold - time,  

  N par         =    total number of strands in parallel.    

  L strand   is also equal to the piece length of a CTC necessary for winding 
a coil or assembling in linear elements. The total length of strands 
needed for each phase is simply  N par      ×     L strand  .   

 Since a coil turn includes different materials with different resistivity 
and temperature dependences, it is best to calculate coil temperature 
with a step - by - step integration process.At any instant in time, incre-
mental heat load ( Q ) generated in a conductor is given by

    Q I I R t, ,θ θ δ( ) = ( )2     (8.12)  

where
   I           =    current in the conductor,  
  R           =    resistance per meter length of conductor,  
  δ  t        =    time integration step.    

 Incremental temperature rise of the conductor due to  Q  is given by

    ΔTemp I
Q I

V V V

V
hts ss hst hst ss ss

ag ag

,
,θ θ

η θ η θ η θ
η θ

( ) = ( )
( ) + ( ) + ( ) +

( )) + ( )Vsol solη θ

    (8.13)  

where
   V hts  ,  η   ss            =    volume and heat capacity of HTS per metric length of the 

conductor,    
  V hst  ,  η   hst            =    volume and heat capacity of hastelloy per metric length 

of the conductor,  
  V ss  ,  η   ss            =    volume and heat capacity of stainless steel per metric 

length of the conductor,  
  V ag  ,  η   ag            =    volume and heat capacity of silver per metric length of the 

conductor,  
  V sol  ,  η   sol         =    volume and heat capacity of solder per metric length of 

the conductor.    
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 Heat capacity of various metals is shown in Figure  8.11  as a function 
of temperature.   

 During normal steady - state operation, the voltage across the HTS 
element is zero. Suppose that  V ph     is the source voltage of the infi nite 
bus, the voltage drop in the grid reactance (resistance is neglected) is 
 X g I o  , where  X g   is the grid reactance and  I o   is the phase current. The 
voltage drop across load is simply  X l I o  , where  X l   is load reactance. The 
sum of  X g I o   and  X l I o   equals to  V ph  . The instantaneous rate of change of 
line current ( pI t  ) is given by

    pI
L L

V L
R

L
I It

g l
Iph sh

fcl

sh
t sh=

+( ) − −( )⎡
⎣⎢

⎤
⎦⎥{ }1

,     (8.14)  

where
   pI t            =     δ  I t  / δ  t     =    rate of change of current,  
  L g  ,  L l         =    inductances of grid and load, respectively,  
  V Iph            =    instantaneous phase voltage,  
  L sh            =    inductance of shunt reactor,  
  R fcl            =    resistance of HTS FCL element.    

     Figure 8.11     Heat capacity of various metals as a function of temperature  
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196   FAULT CURRENT LIMITERS

 Equations  (8.13)  and  (8.14)  could be integrated simultaneously using 
a step - by - step integration routine. Load inductance ( L l  ) is set to zero 
for simulating a fault. 

 The integration process is performed with an initial guess of steel 
stabilizer thickness ( t ss  ). If temperature of HTS is higher than  T max  , then 
 t ss   is increased, and if it is less than  T max  , then  t ss   is reduced. With a few 
tries, the correct value of  t ss   can be obtained. Integration is performed 
with a Runge – Kutta integration routine. Results (as a function of time) 
of the integration process are presented in Figure  8.12 . The fi gure shows 
a variation of the total line current, HTS FCL element current, and 
shunt inductor current as a function of time. In each plot, the fi rst 0.1 -
 second period represents steady - state normal operation, the next 0.1 -
 second period represents the fault (when the load reactance is set to 
zero), and the last 0.1 - second period represents the point   when the HTS 
FCL has been isolated (i.e., removed from the circuit). As expected, 
during the normal period, the line current is entirely carried by the HTS 
FCL element and the current in the shunt reactor is zero. During the 
fault period, the HTS FCL carries its design current ( ∼ 10   kA) and the 
shunt inductor carries the balance of the current. Also during this fault 
period the HTS FCL current gradually decreases, whereas the shunt 
inductor current increases. Once the HTS FCL is isolated by opening 
the fast switch or circuit breaker (CB), the entire current is carried by 
the shunt inductor. The total current remains at  < 30   kA during the 
entire fault period, as required by the design specifi cations. The resis-
tance of the HTS FCL and its temperature are shown in Figures  8.13  
and  8.14 . The fi nal temperature attained by the HTS element is 300   K, 
as defi ned in the design specifi cations.   

 The SuperPower production wire must be reinforced with a 127 -  μ m -
 thick stainless steel tape for use in the FCL. Since SuperPower does 
not have a process to laminate the thick stabilizer to their wire, it is 
necessary to develop alternate techniques. The design details of the 
FCL utilizing the SuperPower wire are summarized in Table  8.3 . Based 

     Figure 8.12     Total line, FCL, and inductor currents as a function of time  
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     Figure 8.13     Resistance of HTS element as a function of time  
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on the specifi cations in Table  8.2 , the HTS FCL circuit has to generate 
a resistance of 0.22    Ω  at the end of specifi ed fault period of 0.1 second. 
The impedance of the inductor in parallel with the HTS FCL circuit is 
0.073    Ω . The FCL assembly is assumed to have three - phases connected 
in a Y - confi guration. A critical current of 300   A/cm (self - fi eld, 77   K) is 
assumed for the 2G wire. The width of a 5    ×    17 CTC is assumed to be 
12   mm, and the turn - to - turn insulation width is 17   mm. The thickness of 
a CTC with a stabilizer is 2.4   mm for SuperPower strands. The thickness 
of spacer between turns is 3   mm. The spacer is made of crinkled paper 
(currently used in conventional transformers) with a total built of 3   mm. 
The cross section of a bifi lar pancake is shown in Figure  8.15 . A distance 
of 20   mm is maintained between adjacent coils during stacking of 
pancake next to each other. The minimum piece length of CTC used 
in a coil is about 45   m. The coils are of bifi lar construction type wherein 
adjacent turns carry current in opposite direction, as shown in Figure 
 8.1 . The maximum piece length of a CTC could be reduced to about 
22.5   m if two pieces of CTC are joined in the bore of a coil. The total 

     Figure 8.14     HTS FCL element temperature as a function of time  
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  Table 8.3    Example  FCL  design details 

   FCL, 13.8   kV, 3   kA     AMSC     SuperPower  

  Line voltage, kV - rms    13.8    13.8  
  Norma current, kA - rms    3.0    3.0  
  Base impedance, ohm    2.656    2.656  
  System impedance, pu    0.075    0.075  
  System inductor impedance, pu    0.027    0.027  
  Voltage across HTS circuit during fault, pu    0.260    0.260  
  Unlimited fault current, kA    40    40  
  Limited fault current in the whole circuit, kA    29.3    29.3  
  Limited fault current in the HTS circuit, kA    9.6    9.6  
  Basis insulation level (BIL), kV    95    95  
  FCL impedance at the end of fault, ohm    0.22    0.22  
  Fault hold time, s    0.1    0.1  
  Operating temperature, K    72    72  
  Temperature at the end of fault, K    304    300  
  Wire critical current at 77   K (A/cm), A    150    150  
  Wire (strand) width, mm    5    5  

   Wire Layers   

  HTS layer thickness,  μ m    1    1  
  Hastelloy thickness,  μ m    75    100  
  Silver thickness,  μ m    2.5    2  
  Solder thickness,  μ m    20    0.1  
  Stainless steel stabilizer thickness,  μ m    120    127  
  Maximum temperature limit at end of fault period    300    300  
  Effective resisitance of non - HTS at  T max  , ohm/m    0.074    0.079  

   CTC Cable Specifi cation   

  Strand width, mm    5    5  
  Number of strands    17    17  
  Cable width, mm    12    12  
  Cable thickness, mm    2.32    2.43  
  Pancake coil ID, mm    200    200  
  Pancake coil OD, mm    604    591  
  Turns/pancake    38    36  
  CTC length in a pancake, m    48.0    44.7  
  Strand length/phase, km    3.3    3.0  
  Strand length/3 - phase, km    9.8    9.1  
  Number of pancakes/ph    4    4  
  Width of a pancake coil, mm    17    17  
  Separation between pancakes, mm    20    20  
  Axial length of pancake stack/ph, mm    148    148  
  Voltage drop across a pancake, kV    1.04    1.04  
  Pancake in series/phase    2    2  
  Pancake in parallel/phase    2    2  
  FCL resistance at the end of fault, ohm    0.217    0.216  

   Shunt Current   

  Just before the HTS coil is disconnected, kA - rms    28    28  
  After HTS coil is disconnected, kA - rms    29    29  
  Energy dissipated/phase, MJ    2.38    2.34  
  Inside diameter of cryostat, m    1.32    1.30  
  Height of coil stack, m    1.04    1.04  

c08.indd   198c08.indd   198 1/12/2011   2:27:11 PM1/12/2011   2:27:11 PM



DESIGN ANALYSIS   199

lengths of the CTC and the strands required for all three phases are 
roughly 540   m and 93   km, respectively.     

 A R - FCL assembly is shown in Figure  8.16 . It houses the HTS FCL 
components for all three phases only. The external inductor is not 
included in this package. The diameter of the cryostat is 1300   mm, and 

     Figure 8.15     Cross section of a bifi lar pancake  
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it is 2040   mm tall (including the space for the HV bushings.) The top of 
the cryostat has a tight fi tting foam plug that separates the cold LN 2  
region from the warm top fl ange. The top fl ange also houses six 15 - kV 
bushings. These are off - the - shelf conventional bushings. The distance 
between the cold LN 2  region and the top fl ange is about 800   mm, which 
is considered suffi cient to house current leads with one end at LN 2  
temperature and other end at near room temperature. The LN 2  is sub-
cooled using the cooling approach discussed in the Chapter  3 .   

 Each phase assembly consists of four pancake coils: two in series and 
two in parallel. The connection arrangement is shown in Figure  8.17 . A 
corona ring with a minor diameter of 31   mm surrounds each coil. The 
clear distance between the coronal ring and the inside wall of the cryo-
stat is 300   mm, which is considered suffi cient for withstanding BIL 
voltage of 385   kV. The coil arrangement discussed above will work fi ne 
for voltages up to the 15 - kV class devices. More complex arrangements 
would be required for higher voltage applications.   

 The procedure described above for designing an FCL with 
SuperPower wire can also be used for designing with the AMSC wire. 
The design details for an FCL employing AMSC wire are also listed in 
Table  8.3 . 

 A CTC built with 2G wire is a good choice for building fault current 
limiters. It reduces the number of individual coils and thereby reduces 
the total package size. The utilities   are particularly sensitive to the 
overall size of an FCL assembly as it must fi t into a restricted space in 
a substation. The most attractive application is at the subtransmission 
and transmission levels ( > 138   kV), where a CTC - based FCL would be 

     Figure 8.17     FCL HTS coil assembly for one phase  
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most attractive. However, in this case the bushings are large and sig-
nifi cant clearance is required within the cryostat, making the overall 
system large. 

 A point of special concern is the voltage withstand capability between 
the end turns of a bifi lar coil, especially under conditions after a fault 
when the conductor is normal. A lightening strike at this time can apply 
a large voltage between those turns. Fortunately, it can be shown that 
the capacitance between a stack of bifi lar coils will cause a BIL voltage 
to distribute across all the coils evenly. Even so, the voltage can be very 
substantial, and it may be necessary to have voltage arresters to further 
protect the system.  

   8.3.2    Example Design — Saturated Core  FCL  

 A 3 -  Φ  confi guration of a saturated iron - core FCL is shown in Figure 
 8.8 . Although a common HTS coil is employed for saturating all six 
cores for a 3 -  Φ  system, it is possible to study and perform a preliminary 
design with the single phase model shown in Figure  8.18 . This model 
consists of two copper iron - core coils, which are electrically connected, 
in series with the line being protected. The cores are driven into the 
saturation state with a common superconducting coil. The two copper 
coils are wound with opposite polarity such that at any given instant, 
the fl ux in one core demagnetizes (bucks) while the fl ux in the other 
core drives it further into saturation (boosts). The model in Figure  8.18  

     Figure 8.18     Saturated core FCL analysis model  
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is used for calculating the copper coil ’ s inductance as a function of the 
iron - core saturation level and current in the copper coils. The iron core 
employs M - 3 material for inductance calculations (also used by Zenergy 
Power  [19] ).   

 The FCL is sized to meet FCL requirements in Table  8.2 . The system 
impedance (i.e., impedance between the infi nite voltage source and the 
bus) is 0.2    Ω  (or 0.075   pu) is calculated using the unlimited fault current 
(40   kA) specifi ed in Table  8.2   . Once the fault current is limited to 30   kA 
(as specifi ed in the table) with the FCL, the total impedance required 
between the fault point and the infi nite voltage (13.84   kV) source is 
0.266    Ω  (or 0.1   pu). The FCL must supply the additional needed imped-
ance of 0.067    Ω  (or 0.025   pu). The two copper coils connected in series, 
in the line being protected, supply this impedance. The net impedance 
experienced by the line is equal to the impedance of one coil with the 
iron core driven further into the saturation region and the second coil 
with the iron core driven toward the linear unsaturated state. When 
carrying the normal load current, copper coils induce   a constant imped-
ance that is equal to the sum of impedances of the two coils with the 
iron core in the saturated state. The effective copper coils ’  impedance 
increases by about 23% during a fault, once one of the cores transitions 
from the saturation region to the linear region. The analysis below 
estimates the copper coil impedances during normal and fault 
operations. 

 The example design model has each iron core with a 160 - mm diam-
eter. Each core is surrounded with a 300 - mm - tall copper coil with an 
ID and OD of 180 and 260   mm, respectively, and each core has 14 turns  . 
The superconducting coil has a single turn (assumed) and has an ID 
and OD of 400 and 420   mm, respectively. The analysis is performed with 
a fi nite - element program. Table  8.4  lists key assumptions. The super-
conducting coil supplies 800   kA turns of excitation to saturate the iron 
cores during normal operation — the peak fi eld in the iron cores pen-
etrating the superconducting coil is about 10   T. The inductance of each 
copper coil at this saturation level is 0.054   mH (or 0.0077   pu). However, 
if these coils were in air with no iron core and no background fi eld, the 
inductance of each coil would be 0.017   mH (or 0.0245   pu). Thus the 
iron - core copper coils have nearly 3x inductance of their air - core state 
even when the cores are saturated with 10T fi eld. Figure  8.19  shows an 
iron - core copper coil inductance as a function of coil current. The coil 
inductance ratio (iron core/air core) is 3.24 even when the coil current 
is 100   kA and fi eld in the iron core is 21.9   T. This shows that the induc-
tance of the copper coils remains high even at very high saturation 
levels of the iron core.     
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 The inductance of the iron - core copper coil (in presence of 
saturation fl ux from the superconducting coil) is calculated using the 
following steps: 

  1.     Calculate fl ux linkages with the copper coil using the specifi ed 
superconducting coil excitation level.  

     Figure 8.19     Iron - core copper coil inductance as a function of coil current  
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  Table 8.4    Key assumptions for Sat -  FCL  analysis 

   System bus line voltage, kV     13.8  
  Rated current, kA    3  
  Base pu impedance, ohm    2.656  
  Unlimited fault current, kA    40  
  Limited fault current, kA    30  
  System impedance, ohm    0.199  
  Infi nite bus voltage, kV    13.84  
  Impedance supplied by FCL, ohm    0.067  
  System frequency, Hz    60  
  Current in the superconducting (SC) coil, 

kA  
   − 800  

  Magnetic fi eld in the iron core, T     − 10.13  
  SC coil inductance with saturated core,  μ H    0.267  
  Copper coil details      
     Number of turns    14  
     Coil inductance in air, mH    0.017  
     Coil inductance in air, pu    0.002  
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  2.     Add a small current (to produce demagnetizing fl ux) in the copper 
coil and calculate total fl ux linkages with the copper coil.  

  3.     The difference in fl ux linkages with the copper coil in steps 1 and 
2 is that caused by the current in the copper coil. This difference 
in fl ux linkages divided by the copper coil current is the induc-
tance of the copper coil at this copper coil current and iron - core 
saturation level.    

 The calculations above are repeated with small incremental steps 
from a small line current to the maximum 35   kA - rms fault current, and 
the copper coil inductance is calculated at each step. The total copper 
coil inductance as a function of the line current is shown in Figure  8.20 . 
Once the iron core has been driven out of saturation with 45   kA - DC 
(corresponding to 32   kA - rms) fault current, the combined inductance 
of the two copper coils increases to 0.133   mH (or 0.019   pu). This 
increased induction in combination with the system impedance 
(0.075   pu) limits the fault current to 32   kA - rms. With these system and 
FCL impedances used at the 32   kA - rms fault current level, the voltage 
drop in the FCL copper coils is calculated to be only 0.2   pu ( =    0.019/
(0.019    +    0.075)).   

 The insertion impedance as a function of line current is shown in 
Figure  8.20 . The insertion impedance remains constants until about 
25   kA and then increases between 25 and 35   kA. The self - inductances 
of the copper and superconducting coils and their mutual inductances 

     Figure 8.20     Inductance inserted in line as a function of normal AC coil current  
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were calculated for both cases, that is, when the core is fully saturated 
and when it is in linear range. These values are listed in Table  8.5 . 
During normal operation when the core is fully saturated, the coupling 
between the copper and superconducting coils is quite low ( ∼  k     =    0.276) 
but is high ( k     =    0.899) when the core is not saturated.   

 The ripple current induced in the superconducting coil is propor-
tional to the net fl ux linkages with it due to the fl uxes in the two copper 
coil cores penetrating the superconducting coil. The net AC induced in 
the superconducting coil is given by

    I
M
L

M
L

Isc
u

su

s

ss
p= −⎛

⎝⎜
⎞
⎠⎟ ,     (8.15)  

where
   I sc            =    ripple AC induced in the superconducting coil,  
  I p            =    current in the copper coils,  
  L su  ,  M u         =    superconducting coil self - inductance and mutual induc-

tance with copper coils when the iron core is not 
saturated,  

  L ss  ,  M s            =    superconducting coil self - inductance and mutual induc-
tance with copper coils when the iron core is saturated.    

 With 3   kA - rms in the copper coils, the values of  L su   and  M u   are nearly 
equal to  L ss   and  M s  , and therefore the ripple current induced in the 
superconducting coil is nearly zero. However, with a 30 - kA - rms 
fault current in the copper coils (during a single - phase, line - to - ground 
fault), the induced AC in the superconducting coil, as calculated 
using equation  (8.15) , is 28   kA or 3.5% ripple on 800 - kA - DC in the 

  Table 8.5    Inductances of copper and superconducting coils 

   Parameter     Iron Core Saturated     Iron Core Not Saturated  

  Copper coil self - inductance, 
mH  

  0.5787    0.0787  

  Superconducting coil 
self - inductance,  μ H  

  0.2669    0.3347  

  Mutual inductance between 
the coils,  μ H  

  3.427    4.615  

  Coupling coeffi cient 
between coils ( k )  

  0.276    0.899  
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superconducting coil. This ripple current will be smaller if the three -
 phase currents are nearly balanced. If the three - phase currents have an 
unbalance of 10%, then the AC ripple would be about 1/10th (0.35%). 
Nevertheless, the AC ripple current only lasts for the duration of the 
fault, and the superconducting coil can be designed to withstand any 
heat load due to the induced AC ripple. 

 The design procedure above for the saturated core FCL is for an 
illustration purpose only. There is lot of room to optimize the design 
for a specifi c application.   

   8.4    CHALLENGES 

 All HTS fault current limiters have their challenges when integrated 
in an electric grid. There are two types of R - FCLs: 

  1.     An HTS coil in series with the line being protected.  
  2.     A parallel combination of an HTS coil and inductor placed in 

series with the line being protected.   The HTS coil switches the 
fault current to the inductor after a pre - determined period.    

 The challenges of resistive and inductive limiters are discussed below. 

   8.4.1    Challenges of Resistive  FCL  

 The R - FCL shown in Figure  8.9  has a conventional inductor in parallel 
with the HTS FCL element. The purpose of the inductor is to limit the 
current to the desired level when the HTS FCL is not in the circuit. 
During normal operation the resistance of the HTS FCL element is 
zero, and therefore the reactance of the inductor is short - circuited. 
However, when the HTS FCL is not active, the system has to operate 
with the additional reactance of the inductor in series with the line. The 
impact of the this reactance on system performance should be studied 
prior to specifying this type of FCL. Before selecting this FCL option, 
the impact of added inductance on system performance should be 
evaluated. The added inductance may degrade the system performance 
by reducing power transfer capability during an allowable high current 
through fault transients. Normally the high current capability is essen-
tial for handling in - rush currents of transformers and large motors 
during starting, and for providing power transfer between buses 
connected through the high - impedance lines. 
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 The fast circuit breaker (CB) in the HTS FCL loop is designed to 
open if the fault hold - time exceeds 0.1 second (or any other time inter-
val assumed by a designer). However, in case the CB fails to open, the 
temperature of HTS element will keep rising and may permanently 
damage it. Thus backup CBs may be required to ensure high reliability. 
It is also possible to experience faults shorter than the hold - time but 
of suffi ciently long duration to raise temperature of the HTS element 
above its critical temperature. In such events it would be necessary to 
detect the temperature of the HTS element and isolate it to allow 
recovery to its normal operating temperature. What fraction of time a 
FCL is active will depend on its location in a grid.   

 In the FCL design developed by SuperPower, the HTS element is 
permanently short - circuited with an inductor (made of normal conduc-
tor), so any losses occurring in the inductor must also be removed by 
the LN 2  cooling system. Recovery of such an FCL under load is very 
challenging. Any fault of duration shorter than the hold - time could 
trigger the HTS element to its normal state and transfer its current to 
the inductor. Under such situations both the HTS element and the 
inductor will be creating joule heating, so the cooling system must have 
to be of suffi ciently large capacity to handle the thermal load. However, 
the thermal mass of copper inductor connected across the HTS ele-
ments initially absorbs the heat load adiabatically, much like  “ the steel 
tape laminated to HTS tapes ”  approach discussed in the example 
design of Section  8.3.1 . 

 In all the resistive limiters the joule heating created during a fault 
generates a lot of bubbles that degrade the dielectric properties of the 
LN 2  and create a potential for a dielectric failure inside the FCL assem-
bly. The HV insulation coordination of the R - FCL stack in the LN 2  
environment is very critical and must be designed with utmost care. The 
many lessons learned from the HTS transformer ’ s insulation develop-
ment  [20]  could be used in designing R - FCLs. The space required 
to handle high voltages in the cryogenic environment makes these 
systems large.  

   8.4.2    Challenges of Inductive  FCL  

 The inductive limiters discussed in Sections  8.2.2  and  8.2.3  also have 
their own challenges as described below. 

  Shield Iron - Core  FCL      This FCL, shown in Figure  8.7 , has challenges 
similar to those discussed for the R - FCL in Section  8.4.1 . The FCL 
element (a hollow cylinder) made of a bulk HTS is prone to cracking 

c08.indd   207c08.indd   207 1/12/2011   2:27:11 PM1/12/2011   2:27:11 PM



208   FAULT CURRENT LIMITERS

because of the uneven heating of the wall, and therefore its long - term 
reliability in a grid is questionable. This FCL is similar to a transformer 
consisting of an iron core designed with the same fl ux density as that 
used in a conventional transformer. This makes the device bulky and 
heavy.  

  Saturated Iron - Core  FCL      This FCL shown in Figure  8.8  might be 
more reliable. Although the superconducting coil used for saturating 
the iron cores does not experience the AC fi eld created by copper coils 
in series with a line being protected during the normal operation or 
during a three - phase symmetrical faults, it has other challenges as dis-
cussed below. A fi nite AC ripple is created in the superconducting coil 
during a single phase to ground fault (and during line – line faults). The 
superconducting coil must be designed to handle any losses due to the 
ripple currents: 

   •      The FCL could be signifi cantly larger in size and weight than in 
other options.  

   •      Signifi cant inductance and resistance is added in the protected 
circuit even during normal operation    

 Like the R - FCL with an inductor in parallel, the impact of induc-
tance added by the saturated core FCL on the system performance 
should be studied carefully. The added inductance may degrade the 
system performance. Minimization of the added inductance during 
normal operation is a signifi cant challenge  [21] .    

   8.5    MANUFACTURING ISSUES 

 Resistive HTS FCLs based on 2G wire require wire availability in large 
quantity with consistent quality and performance, and at economically 
attractive price. Furthermore the 2G wire must be laminated to a high -
 resistivity stabilizer (e.g., stainless steel) to absorb joule heating adia-
batically during a fault of short duration. The lamination process must 
create a good thermal and mechanical bond with the HTS wire, and 
should be suitable for use in a factory setting. Rapid progress is being 
made on all these requirements. 

 In the case of a bifi lar coil, the maximum coil voltage is experienced 
between the two outermost turns next to the leads. Insulation on these 
turns has to be suffi cient to withstand the BIL voltage. Since a signifi -
cant portion of the BIL voltage is experienced by the fi rst few turns or 

c08.indd   208c08.indd   208 1/12/2011   2:27:11 PM1/12/2011   2:27:11 PM



PROTOTYPES   209

pancakes of a stack of coils, it is necessary to apply extra insulation on 
these turns. However, the extra insulation also impedes cooling. Thus 
the selection of an insulation scheme must be made by balancing insula-
tion and cooling considerations. 

 In bulk material type FCL elements, the impact of an element failure 
and its impact on the FCL unit need to be evaluated beforehand. The 
manufacture of shatter - proof elements is challenging. However, the 
bulky shunt attached in parallel with the HTS contains shattered par-
ticles in the event of a broken element. No arcing is experienced, but 
the AC - losses increase signifi cantly during normal operation. The 
broken element could be replaced later, if necessary. The fi rst commer-
cial units are based on such elements  [11] . 

 If FCLs are applied in remote locations, then their cooling system 
should have suffi cient overhead in built redundancy to keep the FCL 
functioning with a failed cooling system while waiting for a repair crew.  

   8.6    PROTOTYPES 

 Two FCL projects are presently being developed with US - DOE support 
(an earlier program led by SuperPower has been canceled). American 
Superconductor Corporation in collaboration with Siemens and Nexans 
is developing a resistive HV FCL, and Zenergy Power is developing a 
saturated core FCL. Discussion below is based on a US - DOE study 
 [22]  for assessing testing requirements for various FCLs. 

   8.6.1    American Superconductor Corporation ’ s (AMSC) Fault 
Current Limiter 

 American Superconductor Corporation has taken the lead to develop 
and demonstrate in - grid testing of a commercially viable three - phase 
transmission voltage superconducting FCL operating at 115   kV with 
Southern Cal Edison. Figure  8.21  shows the conceptual arrangement 
of pancake coils. Phase 1 of the project involves development of the 
core technology followed by a demonstration of a single phase FCL in 
the beginning of 2010. Phase 2 of the project will include the construc-
tion, test and in - grid operation of a full three - phase 115 - kV FCL by the 
end of 2012.   

 American Superconductor Corporation has already conducted 
testing with their partner, Siemens, on a single - phase device with a 
rated current of 300   A - rms and a rated voltage of 7.6   kV, which corre-
sponds to a nominal apparent power of 2.25   MVA. The testing was 
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completed in January 2007 at the IPH - Berlin test facility. This module 
corresponds to a 13 - kV class three - phase module. The test demon-
strated that the module could reduce a short - circuit current from 28 to 
3   kA. American Superconductor Corporation and Siemens conducted 
R & D testing on the FCL module to validate its design and provide 
data for scaling up to a higher voltage class. To reduce the number of 
coils and hence the system cost, AMSC has developed a wider 12 - mm 
stainless - stabilized wire. Siemens has wound this wire into bifi lar coils 
and has demonstrated a successful single - phase test at distribution 
voltage. 

 At this time the utility - testing requirements for the full - scale FCL 
are still under development. The device rated at 138   kV will operate at 
115   kV in the Southern California Edison (SCE) territory, due to an 
absence of 138 - kV substations. The design criteria for the device is to 
reduce a fault from 63 to 40   kA. The design is also modular so that 

     Figure 8.21     American Superconductor Corporation ’ s FCL concept  (Courtesy 
AMSC)   
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pancake coils may be added or removed in series and in parallel con-
fi gurations. This way the design may be extended to virtually any 
steady - state current or limiting requirement. In addition, by employing 
an external reactor, some fl exibility is retained even in an existing 
installation to respond to system growth or change. This FCL is planned 
to be tested in accordance with IEEE and IEC specifi cations for 138 -
 kV rated cable accessories and transformers.  

   8.6.2    SuperPower ’ s Fault Current Limiter 

 SuperPower was developing a superconducting FCL for operation at 
138   kV. The device utilizes a matrix design consisting of parallel 2G 
HTS elements and conventional shunt coils as shown in Figure  8.22 . 
The program included the fabrication and testing of three prototypes: 
a single - phase proof - of - concept prototype, a single - phase alpha proto-
type, and a three - phase beta prototype. The fi rst prototype unit was 
tested at KEMA Power Test Facility in Philadelphia, Pennsylvania, and 
the second prototype was planned to be tested off grid. The fi nal beta 
prototype was to be installed and operated in the American Electric 
Power (AEP) grid. SuperPower tested two alpha prototype single -
 phase modules from 100 to 400 volts with a 1.2 - kA - rms current and a 
37 - kA peak fault capability. They successfully proved the concept of 

     Figure 8.22     SuperPower ’ s FCL concept  (Courtesy SuperPower)   
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recovery under load for AEP ’ s reclosure sequence. SuperPower was 
optimizing the design to make it is more compact while still having the 
same functionality. Their fi nal design intended to reduce fault currents 
by 20% to 50%. However, the company has terminated the program 
for unexplained reasons.      

   8.6.3    Zenergy Power ’ s Fault Current Limiter 

 Zenergy Power is leading the design, constructions, and testing   of a 
saturable iron - core superconducting FCL. It is a prototype for a com-
mercial product suitable for operation in a typical 138 - kV transmission 
grid substation. One of these devices will operate at distribution voltage 
(less than 69   kV) and another will operate at a transmission voltage of 
at least 138   kV. Zenergy ’ s FCL prototype completed its fi rst R & D tests 
at 480   V and 460   A in October 2007 at Pacifi c Gas and Electric (San 
Ramon, California). They also tested a three - phase 13.1 - kV device at 
10 -  and 16 - kA fault levels at the PowerTech Laboratory in British 
Columbia, Canada, in December 2007. The device was able to reduce 
the 39 - kA perspective peak current to 23   kA. 

 During 2008 Zenergy Power built a second full - scale, distribution -
 voltage FCL, culminating in testing at PowerTech Laboratories in 
October 2008. This device (Figure  8.23 ), which is rated for a nominal 
1200 - ampere steady - state, 15 - kV class, was built in cooperation with the 
CEC and incorporated several improvements compared to the device 
of a year earlier. The October 2008 testing demonstrated a fault current 

     Figure 8.23     Zenergy ’ s FCL concept  (Courtesy Zenergy)   
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reduction of approximately 30%. After completing the tests at 
Powertech, the full - scale FCL was installed in the Avanti  “ Circuit of 
the Future ”  at Southern California Edison ’ s (SCE) Shandin substation 
in San Bernardino, California. The  “ Circuit of the Future ”  is a DOE, 
CEC, SCE cooperative effort to showcase new technologies for the 
 “ smart ”  electric power grid. The Zenergy Power FCL was energized in 
the Avanti circuit on March 6, 2009, becoming the fi rst HTS FCL to be 
operating in the US electricity grid.   

 Zenergy Power is designing a medium voltage device to be built and 
tested with a utility partner by mid 2010. The device is being designed 
to reduce a prospective fault current by 50%. Their fi nal 138 - kV device 
will reduce a 60 -  to 80 - kA fault by 20% to 40%.  

   8.6.4    Nexans ’ s Fault Current Limiter 

 This project was sponsored by the German Ministry of Education and 
Research. The CURL10 FCL is a 10 - kV, 10 - MVA device  [23]  with a 
continuous current rating of 600   A. It was built by Accel using BSCCO -
 2212 bifi lar rods from Nexans. The device shown in Figure  8.24  was the 
fi rst fi eld test of a resistive HTS FCL and was installed in Germany ’ s 
RWE Energie utility grid in 2004. It underwent a series of tests. In the 

     Figure 8.24     CURL - 10 fault current limiter  (Courtesy Nexans Superconductors)   
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laboratory the resistive HTS FCL   limited a prospective short - circuit 
current from 18 to 7.2   kA. It operated in the electric grid for nine 
months, and while it experienced several lesser faults, it did not experi-
ence a design fault. A design fault is the maximum fault level the device 
can limit given its internal characteristics. This is of signifi cance because 
it shows that even if a device is placed in a real - world scenario, it may 
not undergo the worst - case scenario fault during the test period. This 
means that utilities need additional data to prove that the device func-
tions properly. Nexans has supplied a FCL unit (Figure  8.25 ) for appli-
cation in 12 - kV grid with nominal current of 100   A. The FCL  [24]  limits 
the fi rst peak to  < 6   kA in a system with perspective current of 22   kA.     

   8.7    SUMMARY 

 Most of the existing T & D infrastructure in the United States is reaching 
the end of its useful life and, coupled with the steady growth in electric-
ity demand and the addition of a new generation, is increasing the fault 

     Figure 8.25     FCL supplied to Applied Superconductor Ltd., UK  (Courtesy Nexans 
Superconductors)   
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current levels well beyond the capability of existing equipment. Utilities 
always look for ways to get more out of their existing equipment. The 
HTS FCLs present an option to rein in the fault current levels to within 
the capability of existing equipment. To help address these problems, 
with R & D funding from the US Department of Energy, equipment 
manufacturers, electric utilities, and researchers from private industry, 
universities, and national laboratories are teaming up to spur innova-
tion and development of new technologies, tools, and techniques. 
Because of these efforts, the future electric grid will likely incorporate 
technologies very different from those that have been traditionally 
employed. The S - FCL is one of these technologies, and the fi rst units 
are already being deployed commercially. Manufacturers and users are 
already working on developing standards for FCLs under IEEE.   
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POWER CABLES     

    9.1    INTRODUCTION 

 An aging and inadequate power grid is now widely seen as the greatest 
obstacle to restructuring power markets in the United States. Utilities 
and users face several converging pressures brought on by combination 
of steady load growth, stringent barriers to siting new facilities, intro-
duction of new competitive forces, and customer demand for improved 
power quality and reliability. The deregulation of transmission and 
distribution of electricity and the higher power quality requirements of 
a growing digital economy are encouraging utilities to react quickly to 
changing market conditions and offer new solutions to their customers. 
These considerations, in addition to the delay and cost complications 
associated with acquiring new rights - of - way, point to the need for new 
technologies that can increase the electrical capacity and fl exibility of 
the electric grid by replacing the existing cables or overhead lines. The 
high temperature superconductor (HTS) cable is a promising new tech-
nology to address these issues. Listed below are the key benefi ts of 
employing HTS cables: 

   •      Current - carrying capability three to fi ve times that of a conven-
tional cable.  

Applications of High Temperature Superconductors to Electric Power Equipment, 
by Swarn Singh Kalsi
Copyright © 2011 Institute of Electrical and Electronics Engineers

c09.indd   219c09.indd   219 1/12/2011   2:27:17 PM1/12/2011   2:27:17 PM



220   POWER CABLES

   •      Minimum waste heat or electrical losses and no soil heating.  
   •      Possible installation in existing conduit infrastructure for breaking 

urban power bottlenecks.  
   •      Less space than conventional cable, leaving room for new genera-

tion and load growth.  
   •      High - power capacity at lower voltage enabling elimination of one 

or more transformers and associated ancillary equipment.  
   •      Improved cost - effective control of power fl ow across meshed grids.  
   •      Operating life of existing highly loaded infrastructure extended by 

taking some of the load.  
   •      Use of environmentally benign LN 2  for cooling.  
   •      No electromagnetic stray fi eld emissions.  
   •      Lower impedance  [1]  than conventional cables and overhead lines.    

 Since an HTS cable has characteristically lower impedance than an 
overhead transmission line or a conventional underground cable, more 
power could be transferred between the two points it connects. With 
the rapid decline in available underground space for conventional 
cables and the prohibitive cost of real estate for new or expanded sub-
stations, HTS cables are emerging as a solution for electric power in 
densely populated areas such as New York City. The reliability of elec-
tric power   is enhanced by interconnecting substations and by relaxing 
substation space constraints. 

 Over the past decade several HTS cable designs have been devel-
oped and demonstrated all over the world  [2,3,4,5] . All HTS cables 
cooled with LN 2  can be grouped into the following three broad 
categories: 

   •      Single - phase cable with a dielectric at LN 2  temperature.  
   •      Single - phase cable with a dielectric at room temperature.  
   •      Triax ™  cable  *   containing all three - phases in a single cable.    

 Each cold dielectric cable can be housed in an individual cryostat, or a 
set of three - phase cables could share a common cryostat. Both 
approaches have been employed in the United States and abroad. 
Currently medium -  and high - voltage   †    cables are in operation in US 
electric grids. These cables are identifi ed as follows: 

     *      The Triax ™  (trademark of Southwire Company) cold dielectric cable uses the same 
amount of HTS per phase as the warm dielectric because no HTS shield layer is required.  
    †       General voltage classifi cations in the United States are: low    =     < 5   kV, medium    =    15 –
 46   kV, HV    =    69 – 230   kV, EHV    =     > 230   kV.  
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   •      High - voltage cable  [6] .     138 - kV, 2500A built by AMSC and Nexans 
Cables is currently operating on Long Island, New York. One 
coaxial cable with an HTS shield for each phase is housed in an 
individual cryostat.  

   •      Medium - voltage cable  [7] .     34.5 - kV, 800A cable built by SuperPower 
and Sumitomo Electric is operating in Albany, New York. All 
cables for the three phases share a common cryostat.  

   •      Medium - voltage cable  [8] .     13.2 - kV, 3000A cable built by Southwire 
and nkt     Cables is operating in Columbus, Ohio. This Triax cable 
has all three - phases incorporated in a single cable housed in a 
single cryostat.    

 Prior to the current HTS cable programs, high - capacity power cables 
were developed in the 1970s. Two examples are an NbTi cable  [9,10]  
cooled with LHe and a resistive aluminum cable cooled with LN 2  (also 
called Cryocable  [11,12] ). However, these cables were not employed in 
the electric grid because by the late 1970s the demand for electricity 
had slackened. Moreover utilities were reluctant to employ a high -
 capacity link in their grid due to concerns that unplanned outages 
of the high - capacity link could trigger cascading blackouts. Even 
today the HTS cables are economical only when they can carry large 
current (i.e., high capacity). Also, utilities are still concerned about 
employing high - capacity cables, whose abrupt failure could destabilize 
a grid. 

 Moreover HTS cables are prone to quenching   ‡    during high - current 
(40 – 80 - kA) faults. Once a cable warms up following a quench, it takes 
considerable time to cool it back to its pre - fault operating temperature —
 thus contingency plans are needed to keep the grid stable while the 
cable is being cooled down. More HTS tapes (i.e., conductors) in a cable 
could carry higher fault current, but then the cost of the cable goes up 
due to the very high cost of HTSs. The HTS cables capable of limiting 
the fault currents are also envisaged, but the issue of cooling them back 
to their normal temperature in the shortest possible time remains. 

 Then again, cryocables are capable of withstanding high current 
faults like conventional cables, and no downtime is required while they 
are being cooled down to their pre - fault operating temperature. These 
cables offer up to three times the power transmission capability in 
the same space as a conventional cable and present a low capital 
cost option at the expense of an operating cost similar to that of a 

    ‡       As explained in Chapter  2 , in a quench state a superconductor element becomes a 
normal resistive element, and its temperature rises rapidly due to  I  2  R  losses caused by 
the current in it.  
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conventional cable of comparable rating. This cable could also carry 
partial loads when it is above its rated operating temperature. 

 The following section describes the confi guration, design procedure, 
manufacturing, and operational challenges of all cables.  

   9.2    CONFIGURATIONS 

 Four cable confi gurations are discussed in this section: a resistive cryo-
genic cable and three HTS cables. 

   9.2.1    Resistive Cryogenic Cable 

 The resistive cryogenic cable (cryocable) employs an aluminum con-
ductor cooled to the LN 2  temperature. Aluminum is preferred over 
copper because at the LN 2  temperature the resistivity of copper is only 
30% lower than that of aluminum but aluminum is much cheaper and 
lighter. Because the technical feasibility of a cable system depends 
greatly on insulation performance under high - voltage conditions at a 
low temperature, the dielectric properties of various insulation materi-
als were measured as small cable samples in liquid nitrogen  [13] . Figure 
 9.1  shows a prototype system consisting of a set of three - phase cables 
in a single cryostat. A hollow bore permits the internal conductor ’ s 
cooling of the cable. Each cable comprises a hollow former supporting 

     Figure 9.1     Resistive cryogenic cable confi guration  
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a helically wound, stranded, transposed conductor made of aluminum 
(AL6061 - T6). The conductor is lapped with a suitable electrical insula-
tion impregnated with liquid nitrogen. The manufacturing processes of 
conductor and insulation system are the same as for conventional 
cables. A large refrigerator system based on turbo machinery was speci-
fi ed that requires 8   W of refrigerator input power to remove 1   W of 
cable loss. In the 1970s a full - size cable (500 - kV, 1200 - A) prototype was 
successfully built and tested. Concepts for high - voltage terminations 
and splices were also developed and tested. The resistive cryogenic 
cables are much lower in capital cost than superconducting cables, but 
they have a higher operating cost due to need for removing higher 
conductor loss using the refrigerator.   

 GE and Public Service Electric and Gas (PSE & G) of New Jersey 
jointly conducted economic feasibility of this system for a 30 - mile 
application under a US Department of Energy contract  [12] . The study 
concluded that a single cryocable could carry the same 1000 - MW power 
as three oil - cooled conventional cables. Then capital   costs of both 
options were similar if the three conventional cable installation were 
to be time - phased over a 10 - year period. Although the conventional 
solution required more space than the cryogenic cable, the conven-
tional solution offered higher system reliability because one conven-
tional cable failure resulted in the loss of a third capacity compared to 
100% loss of capacity for the cryocable. Even today, utilities are leery 
of large - capacity links due the potentially adverse impact on grid stabil-
ity. However, both resistive cryocable and HTS cables are only eco-
nomical for long - length high - capacity applications. The utility sector ’ s   
concern about sudden loss of a high - power link is inhibiting the adapta-
tion of new cable technologies like cryocables and modern HTS cables.  

   9.2.2     HTS  Cable 

 A variety of cable designs have been prototyped and developed to take 
advantage of the effi ciency and operational benefi ts of superconductiv-
ity, while minimizing the capital and operating costs due to the high 
cost of the HTS wire and refrigeration system. The variations in cable 
architecture have important implications in terms of effi ciency, stray 
electromagnetic fi eld (EMF) generation, and reactive power character-
istics. At present there are two principal type of HTS cables. The simpler 
design has a single conductor, consisting of HTS wires stranded around 
a fl exible core. This cable design (Figure  9.2 ) employs an outer dielec-
tric insulation layer at room temperature and is called a  “ warm dielec-
tric ”  design. The cable subassembly, consisting of HTS layers wrapped 
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around the inner fl exible copper core, is fi rst contained within a thermal 
insulating layer (cryostat). The electrical insulation is applied over the 
outer (room - temperature) wall of the cryostat. It offers high power 
density and uses the least amount of HTS wire (like a Triax cable) for 
a given level of power transfer. The drawbacks of this design relative 
to other superconductor cable designs include higher electrical losses 
(and therefore a requirement for more refrigeration power), higher 
inductance, and a required phase separation for reducing eddy - current 
heating and production of stray electromagnetic fi elds (EMF) in the 
vicinity of the cable.   

 Another option is a cold dielectric cable in which HTS wires 
are stranded around a fl exible copper core (Figure  9.3 ). An electrical 

     Figure 9.2     Single - phase warm dielectric cable confi guration  
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     Figure 9.3     Single - phase cold dielectric cable confi guration  
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insulation is applied over the HTS layer, and a second layer of HTS 
tape is applied over the insulation to act as a cold shield for the single -
 phase cable. Liquid nitrogen coolant fl ows over and between both 
layers of HTS wire, providing both cooling and dielectric insulation 
between the center conductor layer and the outer shield layer. This is 
commonly referred to as a coaxial,  “ cold dielectric ”  design. This option 
uses the maximum amount of HTS wire but offers several important 
advantages, including higher current - carrying capacity, reduced AC 
losses, low inductance, and the complete suppression of any stray elec-
tromagnetic fi eld (EMF) outside of the cable assembly. The reduction 
of AC losses enables wider spacing of the cooling stations and the aux-
iliary power equipment required to ensure their reliable operation. The 
inductance of a cold dielectric cable is also signifi cantly lower than that 
of a conventional cable. Since the power fl ow in a circuit is inversely 
proportional to its impedance, the HTS cable could carry more load.   

 Another confi guration of importance is the  “ Triax ™  ”  design where 
all three - phases are contained in a single cable as shown in Figure  9.4 . 
This cable also has the lowest impedance and uses the least amount of 
HTS wire of all cold dielectric superconducting cable options.   

 The three - phases in a single cable is constructed with three electri-
cally insulated layers of HTS wire built around a hollow former. This 
design reduces the AC losses, which means a lower refrigeration load. 
The concentric phases also lead to the elimination of stray electromag-
netic fi elds. In addition this design requires only about half the super-
conducting materials required by the coaxial cold dielectric design and 
takes up less space, since   a single cable is equal to three separate cables. 
The entire cable assembly is insulated and jacketed to protect it from 
thermal and physical damage. The cold LN 2 , passing through the hollow 

     Figure 9.4     Three - phase  “ Triax ”  cold dielectric cable  
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central former along the length of the cable, cools it. The warm LN 2  is 
returned through a gap between the outer layer of the cable insulation 
and the inside wall of the cryostat.   

   9.3    DESIGN ANALYSIS 

 This section describes preliminary analysis for designing resistive cryo-
cables and HTS cables. The analysis includes designs for the conductor, 
insulation, and cryostat. Readers can explore a specifi c cable design in 
detail by consulting the provided references. 

   9.3.1    Cryogenic Cable Analysis 

 A cryogenic cable consists of an aluminum conductor, dielectric insula-
tion, and a cryostat to house a set of three cables in a single cryostat, 
as shown in Figure  9.5 . Figure  9.6  shows an individual cable concept. 
The conductor bundles are wrapped around a hollow former. The cross 
section of a cryocable consists of a hollow aluminum stranded conduc-
tor, dielectric insulation over the conductor, a ground shield over the 
insulation, and skid wires over the ground shield. The skid wires are 
applied for reducing friction while cables are pulled through the pipe 
during installation. Analyses for designing various parts of the cable 
are discussed below. The cable splice and termination design concepts 
are similar to those employed for conventional cables.   

     Figure 9.5     Cryogenic cable system cooled with LN 2   
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  Conductor Design     The conductors for power cables of large cross 
section are commonly built up from concentrically stranded bundles, 
which may be compacted to trapezoidal or sector shape. The concentric 
stranding does not constitute perfect transposition relative to the non-
uniform self - fi eld of the cable. While coupling losses due to imperfect 
coupling may not be signifi cant at room temperature, they can be large 
at the LN 2  temperature. Figure  9.7  shows the cross section of a typical 
conductor. A method for calculating the AC/DC ratio of a concentri-
cally stranded, compacted bundle is described elsewhere  [14] . A typical 
stranded and compacted conductor has AC to DC resistance ratio of 
around 1.3.    

     Figure 9.6     A LN 2  cooled resistive cable  

     Figure 9.7     Concentric helically stranded compacted cable conductor  
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  Insulation Design     A cable conductor is lapped with a dielectric tape, 
usually about 1 - inch wide. A gap of about 0.05 to 0.1 inch is maintained 
between the adjacent tapes. When a cable is reeled, the tapes in succes-
sive layers slide and prevent wrinkling of tapes on the inside radius of 
the bent cable. A tape in an outer layer bridges the gap with the inner 
layer with a typical 50/50 overlap. Typical tape thickness is about 0.004 
to 0.008 inch. In operation, the liquid nitrogen fi lls gaps among and 
between the tapes, and the dielectric strength of the liquid nitrogen 
fi lled gaps is usually comparable to that of the tape. Measurements 
are normally made on small cable samples where the insulation thick-
ness consists of many layers of dielectric tapes applied in a manner 
similar to that of a fi nal cable. Many dielectric materials were tested 
under a US - DOE program  [15]  between 1972 and 1974 using 10 - ft - long 
samples with a 3 - ft test region. The test samples had up to 200 - kV, 
60 - Hz test voltages and impulse voltages applied to them. The break-
down strength of the cellulose/polypropylene paper laminate was 
determined to be 201   kV in a 0.22 - inch - thick sample at a test length of 
36 inches. The average and peak breakdown strength of this sample was 
913 and 1099   kV/inch. Measurements made on different built - up insula-
tion thicknesses were used to develop the scaling function given in 
equation  (9.1) . The peak strength of this material was projected to be 
around 900   kV/inch (36   kV/mm) for a cable insulation thicknesses of 
about 0.8 inch ( = 20   mm). From the measured data  [15]  constants  A  
and  B  in equation  (9.1)    are estimated to be 47.8   kV/mm and 0.1, respec-
tively. This equation is valid only for insulation thickness less 
than 50   mm:

    E Atm ins
B= − ,     (9.1)  

where
   E m            =    peak electric stress (kV/mm),  
  t ins            =    insulation thickness (mm),  
  A           =    47.8   kV/mm,  
  B           =    0.1.    

 Figure  9.8  shows a generic cable cross section with electric insulation. 
The insulation thickness for a cable can be determined based on a 
selected maximum working stress. The peak stress ( E m  ) normally occurs 
at the surface of the cable conductor and is given by
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    E
V

R R R
m =

( )1 2 1ln /
,     (9.2)  

  where
   E m            =    peak dielectric stress at conductor surface,  
  R  1           =    inside radius of insulation (next to the conductor),  
  R  2           =    outside radius of insulation built,  
  V           =    conductor voltage.      

 The equation above can be re - arranged to provide the radial thick-
ness ( t ins  ) of the insulation:

    t R eins
V E Rm= −( )⋅

1
1 1/( ) .     (9.3)     

 Generally, the peak stress ( E m  ) is selected as half to a third of 
the breakdown strength of the dielectric material. Thus for the 
polypropylene - cellulose paper laminate, a working stress of about 
500   V/mil ( =  20   kV/mm) is considered reasonable. 

 Usually the outside surface of a cable conductor is nonniform, and 
it is customary to cover it with a few layers of a carbon - black paper 
(i.e., semiconductive tape made from cellulose or polyethylene paper 
embedded with carbon particles). Similarly carbon - black layers are   
applied on the outside surface of the cable insulation prior to applica-
tion of copper ground shield. 

 Dielectric materials operating in the high electric stress environment 
of power cables also generate signifi cant thermal load (loss) that must 
be removed by the refrigerator. This loss component is called  “ tan δ  
loss. ”    The tan δ  losses for a variety of materials were measured  [13]  

     Figure 9.8     Generic cross section of a cable  
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while the materials were impregnated with LN 2 . Losses were minimum 
for polyethylene paper (DuPont  “ Tyvek ” ) and highest for cellulose 
paper. However, the polyethylene paper had lower dielectric break-
down strength than the cellulose paper. The polypropylene - cellulose 
paper laminate provides a good compromise between the high break-
down strength and the moderate tan δ  loss  . For this reason this material 
has been widely used in conventional oil - impregnated cables since 1970 
and has been selected by most LN 2  cooled resistive cryogenic and HTS 
cable designers.  

  Cryostat Design     A set of three - phase cables sharing a common 
cryostat is shown in Figure  9.5  (one phase per cable.) The cryostat 
consists of an inner cold wall and outer warm wall. Space between the 
two walls in fi lled with superthermal insulation (MLI). Although the 
balanced three - phase currents in the three cables produce essentially 
a zero leakage fi eld a few meters away from the cable, at the inside 
radius of the cryostat the total fi eld due to the three cables is not zero. 
This fi eld has the frequency of the line current and generates eddy -
 current heating in the cryostat walls. To reduce the eddy - current heating, 
it is preferable to employ aluminum for the inner pipe of the cryostat. 
If a steel pipe is employed as the inner pipe, then it should be shielded 
with a layer of aluminum ( ∼ 5   mm thick). The inner wall of the cryostat 
is designed to withstand a positive pressure of about 16 bar. 

 Listed below are the major components of thermal load of a cryo-
genic cable. 

  1.     Resistive losses in the cable conductor (a function of conductor ’ s 
cross section and current).  

  2.     tan δ  loss in the dielectric insulation.  
  3.     Thermal conduction through cryostat walls (from the room -

 temperature environment to the LN 2  environment). This is gener-
ally a function of quantity of the MLI used and the type of 
mechanical support between the cold and warm pipes; in a good 
design it is possible to achieve a loss (thermal heat load) of 
8W/m length of cryostat with inner pipe diameter of 18 inch 
(450   mm).  

  4.     Eddy - current losses in aluminum shield (a function of line current).  
  5.     LN 2  pumping loss.    

 The sum of these loss components equals the needed refrigerator 
capacity. The separation between adjacent refrigeration stations is 
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determined by inlet and outlet temperatures of the LN 2  and its fl ow 
velocity. 

 It is also possible to employ a nonmetallic pipe  [12]  to carry LN 2 . 
The pipe could be insulated with 8 - inch (200 - mm) - thick foam insula-
tion. In such a system the aluminum eddy - current shield is also elimi-
nated. However, the heat leak through the foam insulation is higher 
than through the MLI. Any saving in the heat load achieved by elimina-
tion of the aluminum shield is erased by the higher heat leak through 
the foam insulation. In the fi nal analysis, the comparison is between 
costs of vacuum insulated metallic pipes versus foam insulated nonme-
tallic pipe.   

   9.3.2     HTS  Cable Analysis 

 This cable analysis is mostly aimed to construct of high voltage conduc-
tor and shield layers using HTS tapes. Since each HTS tape is about 
4   mm wide, many tapes are laid helically around a central former in 
several layers to carry the rated and overload currents specifi ed for a 
design. In the absence of a well - controlled design, all HTS tapes are 
not likely to share the current evenly. This problem is similar to that 
discussed for conventional stranded conductors (Section  9.3.1 ) 
employed in the cryocable, but a different approach is required for 
assembling the HTS tapes. In an HTS cable the number of tapes and 
their pitch must be controlled to ensure nearly even current distribu-
tion among the conductor layers. The analysis in the section below 
addresses this problem. 

  Conductor Design     A generic cross section of an HTS cable is shown 
in Figure  9.9 . It consists of the following components: 

  1.     Former with an outer radius of  R  1 .  
  2.     Layer 1 with inner and outer radii of  R  1  and  R  2 .  
  3.     Layer 2 with inner and outer radii of  R  2  and  R  3 .  
  4.     Layer 3 with inner and outer radii of  R  3  and  R  4 .  
  5.     Outer fi ctitious return conductor radius  R s   used for integration.      

 Each layer consists of HTS tapes wrapped as shown in Figure  9.10 . The 
tapes are wrapped with a defi ned pitch, and the wrapping direction is 
opposite between any adjacent layers.   

 Each conductor layer constructed with helically wrapped tapes has 
a self - inductance and mutual inductances with other concentric layers. 
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Formulas for calculation of these inductances has been published by 
Olsen  [16] . Self - inductance ( L s  ) of a layer is given by
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     Figure 9.9     Cross section of an HTS cable  
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     Figure 9.10     Arrangement of HTS tapes in a conductor layer  
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  where
   L s            =    self - inductance of the layer (H/m),  
  μ  0           =    permeability of free space    =    4 π     ×    10  − 7  (T - m/A  ),  
  R  1 ,  R  2           =    inside and outside radii of the layer (m),  
  R s            =    radius of an outer fi ctitious return conductor for integra-

tion (m),  
  θ           =    twist pitch angle (radians).    

 In the equation above the fi rst term represents the inductance due 
to the helically wrapped tapes around the former, and it is equivalent 
to a cylindrically wound coil. The second term represents inductance 
due to the linear current along the length of the conductor. The third 
term represents the inductance due to the magnetic energy stored 
within the thickness of the conductor layer. This term can be neglected 
(without causing signifi cant errors in the results) because the conductor 
layer thickness is usually very small compared to the layer radius. In a 
practical conductor, the adjacent conductor layers may be separated 
with an insulation layer, and therefore each layer will have a unique 
inner and outer radii. 

 Likewise the mutual inductance ( M  12 ) between any two layers 
(1 and 2) is given by

    M
R R

R R
R
R R

s= ( ) +
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,     (9.5)  

where
   M           =    mutual inductance between layers 1 and 2 (H/m),  
  R  1 ,  R  2           =    mean radii of inner and outer layers, respectively,  
  θ  1 ,  θ  2           =    twist pitch of inner and outer layers, respectively.    

 In the equation above the fi rst term represents coupling due to the 
magnetic fl ux linkages along the length of the cable. The second term 
represents coupling due to the circumferential magnetic fl ux. 

 A practical conductor may have the former built out of a stranded 
copper conductor (Figure  9.3 ) to provide for   a shunt current path 
during a fault. The conductor may also have an outer shield layer con-
sisting of HTS tapes wrapped with copper tapes as shown in Figure  9.3 . 
It is also possible to include cryostat walls in the same manner in the 
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analysis. Self - inductance and mutual inductances can be calculated for 
all layers using the equation  (9.4)  and equation  (9.5) . 

 Since all layers of a cable are shorted together at the ends, it is neces-
sary to specify resistance for each layer for the proper distribution of 
transport current among all the layers. Resistance of a non - HTS tape 
can be calculated using its resistivity at the operating temperature of 
the cable with

    R
R R

Rcu

i o

m
non-hts =

−( )
ρ

π
π

α2 2

2
sin( )

,     (9.6)  

  where
  R non - hts           =    resistance of a non - HTS element ( Ω /m),  
  α           =    twist pitch of tapes,  
  R i  ,  R o            =    inner and outer radii of a layer,  
  R m            =    mean radius of the layer.  
   ρ  cu            =    resistivity of copper ( Ω     ⋅    m).    

 However, the resistance calculations for the HTS layers are more 
complex. The resistance of HTS tapes is a function of the ratio of oper-
ating to   critical currents at the local fi eld and temperature. Since the 
current sharing among layers may not be uniform, it is necessary to 
estimate the resistance of each layer as a function of local fi eld, current, 
and temperature. The procedure for calculating the resistance of HTS 
tapes is similar to that used in Chapter  8  for fault current limiters. The 
specifi c steps for calculation of layer resistances are described below. 

 Since each layer is made of many HTS tapes wrapped around a 
mandrel, each tape experiences two fi eld components: (1) the fi eld 
along the axial length of the cable and (2) the fi eld directed circumfer-
entially around the conductor. The axial ( B a  ) and circumferential ( B c  ) 
fi eld components are given by equation  (9.7)  and equation  (9.8) , 
respectively:

    B
R
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π α
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2 / tan( )
,     (9.7)    

    B
R

Ic = μ
π

0

2
,     (9.8)  

  where
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   I           =    total current in the layer,  
  R           =    mean radius of the layer.    

 The fi eld components are calculated using the current in each layer. 
These components — due to the various layers — can be superimposed 
for obtaining net the fi eld experienced by a specifi c layer. 

 The resistance ( R HTS  ) of an HTS tape is given by equation  (9.9)  using 
the defi nition of a critical   current,  I c   ( =    current carried by the tape that 
produces a voltage drop of 1    μ V/cm in a self - fi eld at 77   K):

    R
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⎞
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1 26 0
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,
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π
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    (9.9)  

    where
   I c            =    critical current at temperature ( θ ) and in fi eld ( B ),  
  I o            =    operating current,  
  N           =    exponent,    
  R           =    radius of layer,  
  α           =    twist pitch angle of HTS tapes    

 The resistance of 1 - m linear length of cable can be obtained from

    R
N R R R R Rc br ag sol NiW HTS

hts =
+ + + +[ ]

1
1 1 1 1 1( / ) ( / ) ( / ) ( / ) ( / )

    (9.10)  

  where
   R br            =    resistance of brass or copper stabilizer,  
  R ag            =    resistance of silver layer,  
  R sol            =    resistance of solder (if used),  
  R NiW            =    resistance of nickel - tungsten (or hastelloy),  
  R HTS         =    resistance of HTS tape,  
  N c            =    number of tapes per layer.    

 Next a circuit model is constructed that includes all resistances and 
self - inductances and mutual inductances. An impedance matrix for a 
coaxial cable with a two - layer HTS HV conductor and a two - layer HTS 
shield is shown in equation  (9.11) . This matrix also includes a former 
(or core conductor) at the cable axis (element 1 – 1) and a non - HTS 
(copper) shield located outside the HTS shield layer 2 (element 6 - 6). 
More HTS and non - HTS layers could be included, if necessary.
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where
   R           =    resistance of a given layer,  
  L           =    self - inductance of a layer,  
  M           =    mutual inductance with other layers,  
  ω           =    system frequency    =    2 π  f .    

 A common AC voltage ( V  0 ) is applied across a 1 - m length of conductor 
as shown in Figure  9.11 . The current in each layer is given by

    I Z V= −1
0 .     (9.12)       

 The resistive loss in each circuit can be calculated using the indi-
vidual layer ’ s current and resistance.  

   HTS  Coaxial Cable — High Voltage     A high - voltage single - phase 
coaxial cable is shown in Figure  9.3 . This cable employs a copper -
 stranded cable as the former, a HV conductor made of two layers of 
HTS tapes, a shield made of two layers of HTS tapes, and a copper 
shield outside of the HTS shielding layer. Current sharing among 
various layers can be calculated with the analysis described above 

     Figure 9.11     Circuit arrangement for calculating individual layer currents  

Cable Axis
Source Voltage

Former or Core Conductor

HV Layer 1

HV Layer 2

Shield Layer 2

Shield Layer 1

Nonsuperconductor
Shield

~

1 m
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(Section  9.3.2 ). This analysis is generic, and different numbers of layers 
for the HV and the shield could be used to suit the needs of a given 
design. The effect of components outside the cable envelope (i.e., cryo-
stat components) could be included as separate layers. Because  R hts   in 
equation  (9.10)  is the effective resistance of a layer (i.e.,   a function of 
current, fi eld, and temperature), the analysis above can be used for 
calculating the current distribution at any transport current level, 
including fault currents. 

 An example design for a 138 - kV, 2500A cable is included in 
Table  9.1 . The HTS conductor employed has brass stabilizer soldered 
to the 2G tapes.   

 The current distribution in various layers is given below in a tabular 
form. The fi rst column indicates the layer number, counting from the 
cable axis. The label for each layer is listed below:

  0          =    cable former  
 1          =    HV HTS layer 1  
 2          =    HV HTS layer 2  
 3          =    HTS shield layer 1  
 4          =    HTS shield layer 2  
 5          =    copper shield  
 6          =    cryostat    

         layer currents (pu)        phase angle of currents   
   n     =      I n  / I o      =     ang( I n  )    =       

  0    0.072    151.372    deg  
  1    0.427     − 84.211      
  2    0.61     − 88.052      
  3    0.434    92.331      
  4    0.573    91.189      
  5    0.024     − 8.491      
  6    6.237    ×    10  − 3        − 24.277      

 where I  n      =    current in the nth layer. 

 The second column lists the per - unit current (a fraction of the trans-
port current) in each layer. The third column lists the phase angle of 
layer currents. The currents in the two - layers of the HV and the shield 
are approximately balanced. The number of tapes and their twist angle 
can be varied for obtaining a more balanced current distribution among 
the layers.  

   HTS  Coaxial Cable — Medium Voltage     A medium voltage, three -
 phase cable in a single cryostat is shown in Figure  9.12  . This cable employs 
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  Table 9.1    Coax high - voltage cable design example 

   Version     Coax - HV  

  Line voltage, kV - rms    138  
  Normal current, kA - rms    2.5  

   Cable Cross - sectional Details   

  Inside radius of former, mm    0.025  
  Outside radius of former, mm    11.1  
  Nominal thickness of HTS layers, mm    1  
  Thickness of electric insulation, mm    14.7  
  Outside radius of HV HTS layer, mm    12.1  
  Inside radius of HTS shield, mm    26.8  
  Outside radius of HTS shield, mm    27.2  
  Outside radius of copper shield, mm    29.2  
  LN 2  space between shield and cryostat wall, 

mm  
  5.1  

  Inside radius of cryostat, mm    34.3  
  Cryostat wall thickness, mm    24.4  

   Layer Characteristics   

   tape twist pitch angles       
  Copper core, deg    2.5  
  HV HTS layer 1, deg     − 10  
  HV HTS layer 2, deg    15  
  Shield HTS layer 1, deg     − 20  
  Shield HTS layer 2, deg    18  
  Copper shield, deg     − 2.5  

   number of hts tapes in a layer       
  HV HTS layer 1    12  
  HV HTS layer 2    12  
  Shield HTS layer 1    12  
  Shield HTS layer 2    12  

   HTS Wire Details   

  Wire critical current at 77   K (A/cm)    300  
  Wire (tape) width, mm    5  
  HTS layer thickness,  μ m    1  
  Substrate thickness,  μ m    75  
  Silver thickness,  μ m    2.5  
  Solder thickness,  μ m    24.8  
  Brass stabilizer thickness,  μ m    100  
  Operating temperature, K    74  

c09.indd   238c09.indd   238 1/12/2011   2:27:19 PM1/12/2011   2:27:19 PM



DESIGN ANALYSIS   239

a copper - stranded conductor as the former, a HV conductor made of 
three layers of HTS tapes, a shield made of two layers of HTS tapes, and 
a copper shield outside of the HTS shielding layer. Current sharing 
among various layers can be calculated using the analysis described 
above (Section  9.3.2 ). This cable was manufactured by Sumitomo Electric 
using SuperPower, Inc. tapes, and it was put in service in mid - 2006.   

 An example design for a 34.5 - kV, 800A cable is included in Table 
 9.2 . The current distribution in the various layers is given below in a 
tabular form. The fi rst column indicates the layer number, counting 
from the cable axis. The label for each layer is listed as follows:

  0          =    cable former  
 1          =    HV HTS layer 1  
 2          =    HV HTS layer 2  
 3          =    HV HTS layer 3  

     Figure 9.12     34.5 - kV, 600   A HTS cable  
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 4          =    HTS shield layer 1  
 5          =    HTS shield layer 2  
 6          =    copper shield    

 The second column lists the per - unit current (a fraction of the transport 
current) in each layer. The third column lists the phase angle of layer 
currents. The currents in the three layers of the HV and the shield are 
approximately balanced. The number of tapes and their twist angle can 
be varied for obtaining a more balanced current distribution among 
the layers. 

   n     =      I n  / I o      =     ang( I n  )    =       

  0    0.075    154.471    deg  
  1    0.195     − 77.826      
  2    0.335     − 89.834      
  3    0.506     − 86.757      
  4    0.471    92.485      
  5    0.566    92.023      
  6    0.053     − 42.775      

  Triax ™   HTS  Cable — Medium Voltage     A low - voltage three - phase 
Triax ™  cable is shown in Figure  9.4 . Such a cable has been in operation 
since 2007, and a few more are under construction. This cable employs 
a hollow former, individual phase HV conductors made of a layer of 
HTS tapes, and a copper shield outside of the last HTS layer. Current -
 sharing among various layers can be calculated using the analysis 
described above (Section  9.3.2 ). Parameters (resistance, self - inductance 
and mutual inductances) are calculated with the formulas used for the 
other example cases. The applied voltages to the three phases are phase 
separated by 120 °  for a balanced three phase system. 

   The current distribution in various phases (layers) for a 13.8 - kV, 
1250A cable is given below in a tabular form. The fi rst column indicates 
layer number counting from the cable axis. Label for each layer is listed 
as follows. 

 0          =    cable former  
 1          =    HV HTS Ph - A layer  
 2          =    HV HTS Ph - B layer  
 3          =    HV HTS Ph - C layer  
 4          =    copper shield layer    

c09.indd   240c09.indd   240 1/12/2011   2:27:19 PM1/12/2011   2:27:19 PM



DESIGN ANALYSIS   241

  Table 9.2    Coax medium voltage cable design 
example 

   Version     Coax - MV  

  Line voltage, kV - rms    34.5  
  Normal current, kA - rms    0.80  

   Cable Cross - sectional Details   

  Inside radius of former, mm    1  
  Outside radius of former, mm    8  
  Nominal thickness of HTS layers, mm    1.5  
  Thickness of electric insulation, mm    4.4  
  Outside radius of HV HTS layer, mm    9.5  
  Inside radius of HTS shield, mm    13.9  
  Outside radius of HTS shield, mm    15.4  
  Outside radius of copper shield, mm    17.4  

  Layer Characteristics  

   tape twist pitch angles       
  Copper core, deg    2  
  HV HTS layer 1, deg    28  
  HV HTS layer 2, deg    10  
  HV HTS layer 3, deg     − 24  
  Shield HTS layer 1, deg    25  
  Shield HTS layer 2, deg     − 20  
  Copper shield, deg    2  

   number of hts tapes in a layer       
  HV HTS layer 1    10  
  HV HTS layer 2    10  
  HV HTS layer 3    10  
  Shield HTS layer 1    18  
  Shield HTS layer 2    18  

   HTS Wire Details   

  Wire critical current at 77   K (A/cm)    250  
  Wire (tape) width, mm    5  
  Substrate thickness,  μ m    75  
  Silver thickness,  μ m    2.5  
  Operating temperature, K    73  

 The second column lists per - unit current (fraction of transport 
current) in each layer. The third column lists the phase angle of layer 
currents. The currents in the three phases are balanced. The tape twist 
angles are varied for obtaining a balanced current distribution among 
layers. 
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  Table 9.3    Triax medium voltage cable design example — Single layer 

   Version     Triax - MV  

  Line voltage, kV - rms    14  
  Normal current, kA - rms    1.26  

  Cable Cross - sectional Details  

  Inside radius of former, mm    10  
  Outside radius of former, mm    11  
  Nominal thickness of HTS layers, mm    1  
  Thickness of electric insulation, mm    2.2  
  Outside radius of HV HTS layer, phase - A, mm    14.2  
  Outside radius of HV HTS layer, phase - B, mm    17.4  
  Outside radius of HV HTS layer, phase - C, mm    20.7  
  Outside radius of copper shield, mm    22.9  
  LN 2  space between shield and cryostat wall, mm    5  
  Inside radius of cryostat, mm    27.9  
  Cryostat wall thickness, mm    25  

  Layer Characteristics  

   tape twist pitch angles       
  Copper core, deg    2  
  HV HTS layer phase - A, deg     − 5.0  
  HV HTS layer phase - B, deg    26.3  
  HV HTS layer phase - C, deg     − 10.0  
  Copper shield, deg     − 2.5  

   number of hts tapes in a layer       
  HV HTS layer phase - A    16  
  HV HTS layer phase - B    16  
  HV HTS layer phase - C    16  

  HTS Wire Details  

  Wire critical current at 77   K (A/cm)    300  
  Wire (tape) width, mm    5  
  HTS layer thickness,  μ m    1  
  Substrate thickness,  μ m    75  
  Silver thickness,  μ m    2.5  
  Solder thickness,  μ m    24.8  
  Brass stabilizer thickness,  μ m    100  
  Operating temperature, K    72  
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         layer currents (pu)        phase angle of currents   
   n     =      I n  / I o      =     ang( I n  )    =       

  0    2.072    ×    10  − 4       61.931    deg  
  1    1.002     − 88.626      
  2    1.003    148.279      
  3    0.994    30.609      
  4    5.243    ×    10  − 3        − 50.216      

 The   number of tapes and their twist angle can also be varied for 
obtaining a more balanced current distribution among the layers. More 
tapes in a phase and a larger former diameter are required to carry the 
larger current.      

   9.4    CHALLENGES 

 Underground transmission cables (69   kV and higher) with cross - linked 
polyethylene (XLPE) insulation have been in use worldwide since the 
1960s. Today, underground XLPE transmission technology is estab-
lished worldwide up to 400   kV, with major projects in Copenhagen, 
Berlin, and other metropolitan areas and up to 500   kV in Japan. 
Underground transmission lines can be built where there is no space 
for overhead lines, thus reinforcing the transmission system where nec-
essary. They can cross cities and bodies of water. They are extremely 
reliable and not vulnerable to ice or wind storms, sagging due to over-
load, tree growth, and similar environmental factors. In the United 
States the power cables are designed, manufactured, and installed using 
XLPE cable technology up to 345 KV. The biggest challenges for both 
cryocable and HTS cable systems are to compete with these highly 
reliable, maintenance free XLPE cable systems. 

 From user ’ s perspective, some of the important considerations for 
product selection are the lowest cost without diminishing the level of 
reliability, the lowest cost solution (including capital and life - cycle 
costs) and the best value for customers, recovery of investments in a 
timely manner, and reliability of the cryogenic system. These challenges 
are addressed below. 

   9.4.1    Resistive Cryogenic Cable 

 Although a cryocable employs a conventional aluminum conductor to 
carry current, the  I  2  R  losses in the conductor are signifi cant. These 
losses must be removed with a refrigerator with a penalty of over 1:8 
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(smaller capacity G - M coolers have the penalty ratio of 1:30). The 
overall operating cost of a cryogenic cable system is similar to that of 
a conventional cable system of equal rating. For example, a 500 - kV, 
1200A cable could be built and installed using conventional cable 
installation techniques. A large dedicated LN 2  refrigerator could cool 
a 30 - mile section of the cryogenic cable. However, three conventional 
force (oil) cooled cables are required to carry the same load, which 
requires a more than three   times wider right of way. The capital and 
operating costs of cryogenic cable and three - conventional cables are 
similar. The only benefi t of cryogenic cable appears to be the one - third 
the right - of - way requirement, which could be an important consider-
ation for many inner city applications. Another signifi cant benefi t 
relates to large fault current - carrying capability, which is diffi cult to 
achieve in HTS cables. A cryogenic cable is a more reliable solution if 
an operating cost similar to that of a conventional cable of similar 
rating is acceptable. This cable, constructed like a conventional cable 
(with both   conductor and insulation) and operating at the LN 2  tem-
perature could have a much longer life than a conventional oil - fi lled 
cable, and therefore its lifetime cost could be signifi cantly lower than 
that of a conventional cable system. To the author ’ s knowledge, this 
concept is not being developed by any organization at the present time. 

  Concern about Large Concentration of  LN  2      Nitrogen is a color-
less, odorless, stable, and nonfl ammable gas that occurs naturally in the 
atmosphere. It constitutes approximately 79% of the earth ’ s atmo-
sphere and, under normal conditions, poses no threat to health or safety. 
When cooled, nitrogen condenses into a liquid at a boiling point of 
 − 195.8 ° C ( − 320.4 ° F, or 77   K); it is abundant in nature and routinely 
made available as a by - product of oxygen liquefaction (the boiling 
point of oxygen is 90   K). Because it is abundant, low - cost, noncorrosive, 
nonfl ammable, and has high electrical insulating properties, liquid 
nitrogen is an ideal coolant and dielectric for electric power applica-
tions of cryogenic and HTS cables. 

 There are two principal risks associated with nitrogen: (1) oxygen 
defi ciency and (2) extreme low temperature. The release of high con-
centrations of nitrogen into the environment, in confi ned spaces, can 
result in asphyxiation by displacement of oxygen. Raised concentra-
tions of nitrogen may cause a variety of respiratory symptoms, and at 
high concentrations, unconsciousness or death may occur. Direct 
contact with liquid nitrogen can cause frostbite - type injuries, and must 
be avoided. The low temperature of liquid nitrogen can also result in a 
temporary fog that will lower temperatures and obscure vision until it 
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dissipates. If a spill or leak occurs in a nonconfi ned space, nitrogen will 
rapidly dissipate into the environment. There is no known adverse 
health effects associated with chronic exposure to this gas. 

 In order for cryocable and HTS cable to be adopted on a widespread 
basis, several design options are available for minimizing the risk of 
accidental exposure to liquid nitrogen or excessive concentrations of 
gaseous nitrogen. These include the following: 

   •      The area above an HTS cable should be protected with some 
means of defl ecting backhoe hits, in much the same way that con-
ventional underground cables and high - pressure gas pipelines are 
protected and marked. Concrete, wood, or steel barriers, with an 
audible and/or visual warning system in case of physical contact, 
would reduce the incidence of accidental dig - ins.  

   •      A system of sensors along the length of a LN 2  - fi lled cable system 
could be employed to detect low temperatures, low concentrations 
of oxygen, or both.  

   •      Careful monitoring of coolant fl ow, temperature, and pressure can 
be used to determine the presence of a leak or fault.    

 Sensor   systems could be employed to detect slow leaks, drops in vacuum 
pressure, or catastrophic failures along the entire length of an HTS 
cable, using low - power remote telemetry capable of being powered by 
solar panels. In the event of a system failure, a signal can be sent to 
issue an alarm and/or shut off the fl ow of liquid nitrogen into the cable 
if this is deemed appropriate.   

   9.4.2     HTS  Cable 

 The most attractive application of HTS cables is in inner cities. For 
widespread adaption by utilities to occur, they must satisfy or address 
the following fi ve criteria: 

  1.     Low capital and operating cost.  
  2.     Refrigeration and cooling system reliability.  
  3.     Performance during normal and fault periods.  
  4.     Availability.  
  5.     Fault current limiting cable (option).    

  Capital and Operating Cost     HTS wire, cryostat, and refrigerator 
costs are currently high. The total capital system cost of an HTS system 
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could be three to four times that of a conventional system of similar 
rating. Despite the compactness of such cables the capital cost could 
be a major deterrent to their applications in an electric grid. 
Manufacturers have set a cost goal of  < $10/kA - m for the second gen-
erator (2G) since 1995, but it has not been achieved yet. For 
commercial success, the HTS wire price must drop to $5 to $10/kA - m 
range. 

 In short - length inner city applications, the heat leak through the 
cable cryostat and the terminations losses present the largest thermal 
loads. The cryogenic refrigerator must operate at nearly its rated capac-
ity regardless of the cable load current. This adds to the cable system ’ s 
operating cost.  

  Refrigeration and Cooling System Reliability     The cooling system 
for an HTS cable is highly critical. In the event of a cooling system 
failure, an HTS cable could carry the nominal load only for a short time. 
Thus the cooling system for HTS cables must be highly reliable at 
affordable cost. Currently the available refrigerator systems are costly, 
and their long - term reliable operation is less than desirable. For smaller 
systems the Gifford - McMahon type of coolers could be employed, but 
their current cost ($30,000 for 300 - W cooling at 77   K) is high. Several 
coolers could be combined to achieve the required cooling power. The 
reliability issue could be addressed by an N - 1 redundancy of coolers, 
but they must be serviced manually when they fail. The cooling system 
is the most critical component of the HTS cable system because the 
cable is unable to carry any signifi cant load unless it operates close to 
the nominal operating temperature. 

 Thus the necessity to maintain the cooling at the cryogenic (liquid 
nitrogen) temperatures presents a failure mode for the HTS cable 
system. This fact requires a highly reliable design for HTS cable cooling 
systems, both at the component level and at the system level. At the 
component level, conventional coolers to achieve liquid nitrogen tem-
peratures have been employed widely for several decades, with a high 
degree of reliability. Cryocooler technology is employed across a 
number of industries. To facilitate broader use of cryocooler technol-
ogy, work is underway to develop lower cost, more reliable, modular 
pulse - tube refrigeration systems with the fewest possible moving 
parts.  

  Performance during Normal and Fault Periods     Because of the 
high cost of HTS wire, its content in a cable is usually minimized. The 
amount of HTS employed is usually suffi cient to carry an overload 
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current (up to about 2 × ) specifi ed by a customer. However, a cable 
system could experience currents levels of 40 to 80   kA. Such high 
current faults cause the HTS wires to quench. Once quenched, the joule 
heating raises the temperature of the wire further and forces a shut-
down of the cable system. A cable in a utility grid may experience many 
faults in the range of 30 to 40   kA. A cable system is expected to keep 
operating during these events. However, an HTS cable designed for 2 ×  
overload may get partially quenched if it experiences even a 35 - kA 
fault, for example. Many such low - fault current events are the result of 
starting large motor loads (like railroad subway cars in inner cities) and 
transformer switching operations. Also the cable may not quench uni-
formly along the length of the cable.   §    A hot spot created by local 
quench could lead to a cable burnout. A long - term operating experi-
ence is needed with these cables to establish their design and opera-
tional rules precisely. 

 Another disadvantage of HTS cables is that they cannot be imme-
diately restored to service after experiencing a high current fault or a 
repair to a circuit because of the need to reach cryogenic temperatures 
to achieve the superconducting state. Higher voltage cables are more 
diffi cult to cool due to the thick covering of the HTS conductor by the 
dielectric, which also has a very poor thermal conduction property. HTS 
cables therefore require contingency backups for such situations. While 
the HTS cable is unable to serve its load, service to customers in the 
vicinity of an HTS cable must be provided through alternate pathways 
until the design operating temperature is achieved.  

  Availability     All HTS cables take a long time to cool down from room 
temperature to their operating temperature. This cool - down period 
could be in the range of several days to several weeks. After experienc-
ing a high current fault, these cables can also warm up suffi ciently to 
force a shutdown for several hours to days. During this period alternate 
routes must be available to carry the load that was previously carried 
by the HTS cable. This has a major impact on the availability of HTS 
cables to the system operators that serve loads during critical periods. 
The utility operators have to provide an alternate route to carry the 
power. Thus, until their reliability is established, an HTS cable can only 
play a supportive role in an electric grid. 

 The HTS cables have also been proposed for tying offshore 
wind farms with HTS cables. This is a bad idea. Wind power output is 

    §       Unlike low - temperature superconductors, a quench of HTS conductor does not prop-
agate well along the length of a conductor.  
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unreliable, and HTS cable reliability is also questionable due to the 
refrigeration and fault current issues that could arise.   Two unreliable 
systems in series will have a huge adverse impact on the reliability and 
availability of the overall system.  

   FCL  Cable     Some HTS cable proponents are proposing to incorpo-
rate fault current limiting capability in the HTS cable. One such cable 
is being prototyped for application in the Con Ed grid in New York 
City. However, such cables are likely to further reduce their availability 
during critical periods. The FCL cables employ a fl ux fl ow resistivity 
region of the HTS wire when the wire resistance goes up. This increased 
resistivity could be used for limiting the fault current. However, a 
minimum length (based on the voltage experienced by the cable during 
a fault and the current limiting requirement) is needed to achieve the 
desired fault current limiting action. Moreover the uniform transition 
of HTS wire to the fl ux fl ow region that is required cannot be guaran-
teed. Thus it is not clear how well such a cable would perform in a grid. 
A cable may develop local hot spots where it could heat uncontrollably 
and become a fuse. Performance of such a system must also be critically 
studied in a grid before adapting it as the primary mode of a power 
carrier. 

 Coaxial HTS cables with HTS shields are also characterized as very 
low impedance (VLI) cables  [1] . This raises the question of whether 
the low impedance characteristic of VLI superconductor cables is main-
tained during high current faults in a grid. For example, during a fault 
the cable current is expected to reach up to 60 to 80   kA. It is a funda-
mental property of HTS conductors that under fault conditions they 
immediately transition to a normal state once the current exceeds the 
critical current. As the current increases, this normal state is initially a 
moderately low resistivity state called the fl ux fl ow state, but once the 
current exceeds several times its rated current, the full normal state 
resistivity of order 100    μ  Ω  - cm is reached. Under fault conditions these 
transformations can occur within milliseconds; that is well within a 
single AC cycle. Then all current is shifted to the copper core (and 
copper shield wires, if necessary). Thus, during a low current fault which 
does not transition HTS to its normal state, the VLI characteristic of 
the cable is maintained. However, during high current faults, the HTS 
cable effectively becomes a normal cable with cryogenic copper and 
has higher impedance similar to that of a conventional cable. Also, as 
stated above, once a cable quenches, a long time is needed to cool it 
back to its normal operating temperature. This requires other means to 
supply the load previously served by the HTS cable.    
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   9.5    MANUFACTURING ISSUES 

 Many HTS cable have been prototypes and tested successfully. Most 
cables were manufactured using conventional cable machines with 
minor modifi cations. Cables with their cryostats, splicing, and termina-
tion techniques have been successfully demonstrated. Even variations 
of ground elevations have been address for inner city applications. This 
section discusses issues relating to manufacturing of cryocable and HTS 
cables. 

   9.5.1    Resistive Cryogenic Cable 

 The cryocable with its aluminum conductor is easiest to manufacture 
as it can use existing cabling machinery. However, it also requires a 
vacuum - insulated pipe to house the cable. This pipe has a cost impact, 
but manufacturability is not an issue. The cable termination and splicing 
techniques are similar to those of conventional cables, with some minor 
modifi cations due to the involvement of LN 2  cooling. 

 A disadvantage of both resistive cryocable and HTS cables is that 
they cannot be immediately restored to service after a repair to a circuit 
because of the need to reach the required cryogenic temperatures. 
Cryogenic coolant reserves and access to the extensive industrial gas 
infrastructure for the supply of cryogenic liquids can reduce the cool -
 down period. 

 The necessity to maintain cooling to cryogenic (liquid nitrogen) 
temperatures introduces a new type of failure mode for the HTS cable. 
This fact requires a highly reliable design for HTS cable cooling systems, 
both at the component level and at the system level. At the component 
level, conventional coolers to achieve liquid nitrogen temperatures 
have been employed by thousands of users for several decades, with a 
high degree of reliability. Many of these coolers are in unattended 
operation at remote locations, in conditions similar to those that would 
typify utility grid operations. Cryocooler technology is employed across 
a number of industries, and widespread utility adoption of HTS cable 
(e.g., several thousand miles of cable) would result in an incremental 
increase in the user base. To facilitate broader use of cryocooler tech-
nology, work is underway to develop lower cost, highly reliable, modular 
pulse - tube refrigeration systems with the fewest possible moving parts. 
At the system level, cooling networks will likely need to be designed 
that incorporate redundancy, refl ecting the same N - 1 type of approach 
that is refl ected in overall transmission system design. Existing business 
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models, for example, involving the outsourcing of reliable cooling 
systems, supported by existing infrastructure and managed by industrial 
gas suppliers, can be used to ensure that HTS cable systems are oper-
ated reliably and at least cost. All in all, cooling technology is suffi -
ciently well developed and widely deployed in industry that this is not 
seen as a major obstacle to achieving a highly reliable transmission 
cable; however, appropriate systems must be designed and tested at the 
fully commercial level.  

   9.5.2     HTS  Cable 

 HTS cable manufacturing issues relate to fabrication of the HV HTS 
conductor, HTS ground shield, wrapping of HV conductor with dielec-
tric insulation, continuous cryostat fabrication, splicing, terminations, 
and cooling system. The cooling system issue has been discussed in the 
previous section in relation with the resistive cryogenic cable. Other 
issues are discussed below. 

   HTS  Conductor     All HTS conductor confi gurations and their 
manufacturing issues have been discussed in Chapter  2 . Both BSCCO -
 2223 and the YBCO - coated HTS conductor are suitable for cable 
manufacturing. HTS conductors sourced from various manufacturers 
have been successfully employed for constructing cable prototypes 
worldwide.  

  Dielectric Applications     The most popular material for insulating 
these cables has been Kapton and Nomex (DuPont Products), or the 
equivalent polypropylene - cellulose paper laminate (PPPL)    . These 
materials are applied by lapping a necessary number of about 1 - inch -
 wide tapes using techniques commonly employed for conventional 
cables.  

  Continuous Cryostat     The fl exible vacuum - insulated cryostat shown 
in Figure  9.13  consists of two fl exible and concentric corrugated tubes 
made of austenitic stainless steel with a reduced carbon content. The 
outer part of the inner tube is covered with layers of super - insulation. 
A spacer with low thermal loss centers the inner tube inside the outer 
tube and prevents contact between the two metallic tubes. A molecular 
sieve guarantees a long - term vacuum. The cryostat is protected with a 
polyethylene jacket. The cryostats, together with their associated ter-
minations and hardware, are assembled, leak tested, and evacuated at 
the factory. This permits a simple and cost - saving site installation. The 
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fl exibility of the cryostat permits handling like conventional cables. 
Flexible cryostats have been successfully built and installed in a number 
of cable prototypes around the world.    

  Terminations     Each cable length has two terminations to connect the 
cold end of the cable to the bushing interface with the room - temperature 
components. Inside the terminations a current lead connects the super-
conducting cable conductor to a normal conducting bushing. The 
current lead handles the transition to room temperature by taking into 
account the dielectric requirements of the cable and of the terminations 
while minimizing thermal conduction from room - temperature end to 
the cold end. The terminations have to handle the fl ow of liquid nitro-
gen going through the cable and back. These terminations have been 
successfully built and installed for prototype HTS cable for voltages up 
to 138   kV.  

  Splicing     Cable splices are needed because only a limited length of 
cable can be shipped from the factory. A splice must accommodate the 
superconductor to superconductor joint with minimal resistance and 
must provide for through and fro movement of the LN 2  coolant. Some 
of the splices would have to accommodate injection and extraction of 
the LN 2  coolant to interface with an intermediate cooling station. Such 
joints could be challenging for Triax ™  type cables where the LN 2  fl ows 
through the bore of the cable. Development of these joints is being 
carried out as part of ongoing development projects.  

  Field Repair     A cable can experience damage for a variety of reasons 
such as earth digging in cable vicinity or damage of the cable due to 
electrical reasons. It would be necessary to develop procedures and 

     Figure 9.13     Continuous cryostat thermal insulation for HTS conductors    
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tools to carry out such repair work in the fi eld. It is not clear how much 
attention has been devoted to this aspect so far.    

   9.6    PROTOTYPES 

 Many HTS power cable projects have been prototyped successfully 
around the world. Three major projects in the United States are the 
13 - kV Triax ™  cable in Columbus, Ohio; the 34.5 - kV, three cables in a 
common cryostat in Albany, New York; and the 138 - kV, coaxial cable 
on Long Island, New York. In addition to these prototypes, two current 
projects are a Triax ™  cable installation in New Orleans and an HTS 
Triax ™  cable with FCL capability in Con Ed system in New York City. 
Besides power - transfer capability, the Con Ed cable includes the fault -
 limiting feature of HTS cable technology  [17] . A high - resistance stabi-
lizer is employed in the HTS wire. Under normal conditions the current 
is carried in the HTS layer, but when a fault occurs, the high - resistance 
layer comes into play, reducing the fault current. Once the fault has 
passed, the normal load current transfers to the HTS layer again. This 
cable is utilized for power transfer between distribution substations. 
Top level   description of these prototypes is provided below. 

   9.6.1    Resistive Cryogenic Cable 

 The resistive cryogenic cable was prototyped and demonstrated in the 
late 1970s. The cable was rated 500   kV, 1200A. A prototype termination 
built by GE for the cable is shown in Figure  9.14 . The cable employed 
an aluminum conductor cooled with LN 2 . A single cable could carry 3 ×  
more power than a conventional oil - cooled cable of similar size (outside 
diameter). Subsequently a joint study was conducted with PSE & G of 
New Jersey for a grid application. The technical and economical feasi-
bility was confi rmed. The present - day capital costs of three conven-
tional cables versus a single cryogenic cable were determined to be 
essentially identical. However, PSE & G felt that it was risky to allocate 
a large chunk of power to a single link because, in the event of a sudden 
interruption of this link, the whole electric grid might get unstable and 
initiate a cascading blackout. This concern is still valid for electric utili-
ties for both cryocable and HTS cables.    

   9.6.2     HTS  Cable — High Voltage 

 American Superconductor and Nexans have built and installed a 138 -
 kV, 2500A HTS cable in the Long Island Power Authority (LIPA) grid 

c09.indd   252c09.indd   252 1/12/2011   2:27:20 PM1/12/2011   2:27:20 PM



PROTOTYPES   253

on Long Island, New York. This cable employs 1 - G HTS conductor in 
a single phase coaxial confi guration. Figure  9.15  shows the cable instal-
lation. The purpose of this project  [6]  is the demonstration of a high 
temperature superconducting (HTS) power cable in the Long Island 
Power grid, spanning nearly half a mile and serving as a permanent link 
in the Long Island Power Authority ’ s (LIPA) grid network. The cable 
represents the world ’ s fi rst installation of an HTS cable in a live grid 

     Figure 9.14     500 - kV termination for the resistive cryogenic cable  
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at transmission voltages. The cable has been installed in an existing 
right - of - way in Lake Ronkonkoma, New York. The 138 - kV cable is 
capable of delivering power to 300,000 homes and is an integral part 
of the LIPA grid. The cable was energized on April 22, 2008. LIPA plans 
to retain this HTS cable as a permanent part of its grid.    

   9.6.3     HTS  Cable — Medium Voltage 

 SuperPower, Inc. and Sumitomo built and installed this 34.5 - kV, 800A 
cable in National Grid in Albany, New York. This cable employs 1G 
HTS conductor over most of its length and has a 2G HTS cable section 
incorporated at a later date. Figure  9.16  shows the cable installation. 
The purpose of this cable project  [7]  is to demonstrate an HTS cable 
in the power grid of Albany, New York, that includes a fi rst - of - a - kind 
application of a cable splice and a section of cable fabricated using 2G 
superconducting wire.   

     Figure 9.15     AMSC/Nexans ’ s high - voltage cable installation on Long Island, New 
York  
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 The cable employs  “ three - core HTS cable technology, ”  meaning that 
the cable had three separate cores (copper) in a single cryogenic pipe 
(the  cryostat ). Each core is surrounded by layers of HTS wire and 
electrical insulation, and the whole assembly is surrounded by liquid 
nitrogen coolant and thermal insulation. The design also uses a  “ cold 
dielectric ”  scheme, in which the cryogenic fl uid and thermal insulation 
surround the electrical insulation in the cable. The cable is designed to 
carry 800 amps at 34.5   kV. The cable is 350 meters long and is installed 
underground in Albany, New York, between two National Grid substa-
tions near the Hudson River and under Interstate 90. The project 
demonstrated the fi rst - ever splice in an HTS cable. In the second phase 
of the project, a 30 - meter section was replaced with a section of cable 
made with 2G HTS wire manufactured by SuperPower. The new wires 
have both performance and cost advantages over earlier HTS wires 
and are expected to hasten HTS technology ’ s entry into the cable 
market. In parallel, a manufacturer of cryogenic systems (Linde) devel-
oped a refrigeration system that meets the stringent reliability and 
effi ciency standards required by the utility industry. 

 The fi rst phase of the project was energized on July 20, 2006. It oper-
ated fl awlessly as an integral part of National Grid ’ s 35 - kV network in 
Albany, serving the equivalent of 25,000 homes. It was taken offl ine 

     Figure 9.16     Medium - voltage SuperPower/Sumitomo ’ s cable installation in Albany, 
New York  
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after nine months to begin phase 2 of the project: replacing a 30 - meter 
section with 2G cable. Phase 2 of the project was energized on January 
8, 2008, and was taken offl ine after approximately 2400   hr of successful 
operation. This was the world ’ s fi rst installation of a device using 2G 
wire in a utility grid.  

   9.6.4    Triax ™   HTS  Cable — Medium Voltage 

 ULTERA (a partnership between US cable manufacturer Southwire 
and nkt cables of Denmark) built and installed this 13.2 - kV, 3000A 
cable in American Electric Power (AEP) grid in Columbus, Ohio. This 
cable employs 1G HTS conductor. Figure  9.17  shows the cable instal-
lation. The purpose of this project  [8]  is to fi eld - test a long - length HTS 
cable under real environmental stresses and real electrical loads. The 
cable system forms an important electrical link in an AEP substation 
in Columbus, Ohio. The HTS cable, carrying three to fi ve times more 
power than conventional cable, can meet increasing power demands in 
urban areas via retrofi t applications, eliminating the need to acquire 
new rights - of - way.   

     Figure 9.17     Low - voltage ULTERA cable installation in Columbus, Ohio  
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 This cable incorporates all three phases of a power line in a single 
cable. This reduces the cooling load of the system, and the concentric 
phases combine to   reduce stray electromagnetic fi elds. In addition this 
design requires only about half the superconducting materials required 
by coaxial designs and takes up less space, since a single cable performs 
the job of three separate cables. 

 This 200 - meter cable was energized August 8, 2006; it has operated 
successfully since, serving the equivalent of 36,000 homes. Most of the 
cable was pulled into conduit underground, and a cable splice was built 
in a man - hole to demonstrate the joining process for   multiple cable 
sections. The cryogenic requirements are met by a base vacuum system, 
while a new pulse - tube cryocooler provides approximately 40% of the 
cooling requirement and demonstrates high reliability and low main-
tenance for future commercial applications. 

 ULTERA is also building a 13.8 - kV, 2000A cable for installation in 
the Entergy grid in New Orleans, Los Angeles. Once energized in 2011, 
the HTS Triax cable located in the New Orleans area will deliver the 
needed power in a growing area while allowing Entergy Louisiana to 
avoid building a new, high - voltage step - down substation in a congested 
city  . The HTS system will allow for a small footprint, environmentally 
friendly, highly effi cient HTS cable system. Entergy Louisiana will 
install 1.1 miles of cable –  - the longest HTS cable system in the world to 
date –  - to connect the Labarre substation to the Metairie substation 
outside of New Orleans to provide power to the growing suburban 
area. 

 This project will attempt to prove that installation and operation of 
HTS cables in lengths greater than 1 mile are possible. Entergy 
Louisiana will implement a  “ virtual substation ”  concept and allow the 
utility to avoid construction of a costly new 230 - kV substation. The 
project will also demonstrate the effi ciency   and cost savings of the 
distribution voltage HTS Triax cable compared to the conventional 
transmission voltage circuit, which it will replace. 

 Another ULTERA project is for the Con Ed grid in Manhattan, New 
York. The plan is to install a 13.8 - kV, 4000A cable that will be opera-
tional by the end of 2010. This cable will incorporate the fault current 
limiting feature. Known as Project Hydra, the installation of 300 meters 
of HTS Triax cable in Con Edison ’ s power grid will demonstrate the 
ability of HTS technology to relieve system congestion and reduce the 
costs of power delivery in densely populated urban areas. This project 
will utilize the highest current rating to date, at 4.0   kA while implement-
ing a  “ substation bus tie ”  application to allow the utility to leverage 
transformer assets between distribution substations. This is to have a 
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low impact to Con Edison and the Manhattan area — that is  , a small 
equipment footprint, no costly new transformers, smaller right - of - way 
requirements, and little disruption of   residential areas. The application 
in one of the most densely populated US cities areas increases the 
potential of HTS cables to help solve the looming electric power chal-
lenges and security risks many cities will face in the near future.   

   9.7    SUMMARY 

 All cables employing LN 2  coolant include a vacuum - insulated cryostat 
and high - cost refrigeration systems. The operating costs of the refrig-
eration and resistive losses in circuits are important components in an 
economic evaluation of HTS cable systems.   Because of high component 
costs, such cables are economically feasible only as high current (power) 
links. Fear of losing a high - power link and initiating grid - wide blackout 
is still a major concern deterring the adaptation of this technology by 
electric utilities worldwide. The initial application of HTS technology 
is expected to be in innercity grids where space limitations and smaller 
power links constitute incentives for their adaptation. Nevertheless, the 
biggest challenge for cryocable and HTS cable systems is in these 
systems ’  capabilities to compete with highly reliable, maintenance free 
XLPE cable systems.   
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MAGLEV TRANSPORT     

    10.1    INTRODUCTION 

 Magnetically levitated (Maglev) trains have the potential to be faster, 
quieter, and smoother than current wheeled mass transit systems. These 
trains have been a popular subject of a future mode of travel for a very 
long time, but it appears that the time for practical implementation is 
near. Economics continues to be the main driver in their ready accep-
tance and implementation. Maglev construction projects face many 
complex issues — fi nancing (public or private), right - of - way, ownership, 
job displacement from current modes of transportation to the future 
Maglev, are but a few. The transformation from horse - pulled buggies 
to railroad was perhaps simpler, but a change from railroad to Maglev 
is proving diffi cult because of entrenched interest of labor in the current 
railroad system and lack of public funding. Of course, the introduction 
of Maglev trains would be capital intensive, yet so was the railroad. 
Railroads were initially funded privately. They were only gradually 
taken over by public funding, as their reliability could not be left at the 
mercy of business profi t/loss logistics. By the same reasoning  , almost all 
major airports were publically funded. Likewise, in modern times, with 
uncertain business and energy markets, it is prudent to consider public 
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sources for deployment of Maglev technology. The same as with air-
ports, public funding could be used to build guideways, and like air-
planes, Maglev vehicles could be privately owned and operated. 

 The purpose of this chapter is to describe magnet technology 
employed in Maglev systems. Maglev trains differ from conventional 
trains in that they are levitated, guided and propelled along a guideway 
by a changing magnetic fi eld rather than by steam, diesel, or electric 
engine. The absence of direct contact between the train and the rail 
allows the Maglev to reach record ground transportation speeds, com-
parable to that of commercial airplanes. Various Maglev train concepts 
have been reviewed by Lee  [1]  and Thornton  [2] . This chapter reviews 
the major Maglev concepts, describes the benefi ts and challenges of 
HTS Maglev technology, and includes a short discussion of the current 
prototypes and demonstration projects.  

   10.2    CONFIGURATIONS 

 There are two primary types of Maglev confi gurations: 

   •      Electrodynamic suspension ( EDS ).     Electromagnets keep the 
vehicle levitated off the track by use of magnets on both track and 
vehicle (pushing the vehicle away from track).  

   •      Electromagnetic suspension ( EMS ).     Actively controlled electro-
magnets keep the   vehicle attracted to a magnetic iron rail fi xed to 
the track.    

 For slow - speed applications a stabilized permanent magnet suspension 
(SPM) employs opposing arrays of permanent magnets to levitate the 
vehicle above the rail. Stabilization is achieved with actively controlled 
trim magnets. EMS systems are also available for slow - speed applica-
tions. These slow speed systems are not discussed in this book. 

 Descriptions of the two main EDS and EMS concepts suitable for 
high - speed applications are provided below. 

   10.2.1    Electrodynamic Suspension ( EDS ) 

 Japan Railways (JR) has been developing the concept of electrody-
namic suspension for a long time and has constructed a nearly 20 - km 
test track. The JR - Maglev levitation train uses the EDS system shown 
in Figure  10.1 . Moving magnetic fi elds create a reactive force repelling 
the currents induced in the conductors or coils in its vicinity. This force 
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holds up the train. The Maglev trains have superconducting magnetic 
coils, and the guideways contain passive levitation coils. When the 
trains run at high speed, the currents induced in levitation coils on the 
guide way produce reactive forces in response to the approach of 
the superconducting magnetic coils onboard the trains.   

 EDS has the advantage of larger gaps ( ∼ 100   mm) but requires support 
wheels during low - speed running. EDS does not produce a large levita-
tion force at low(er) speeds (150   km/h or less in JR - Maglev). However, 
once the train reaches a certain speed, the wheels retract and the train 
levitates. A conceptual arrangement of levitation/guidance and traction 
coils in the guideway is shown in Figure  10.2 .   

     Figure 10.1     Electrodynamic suspension (EDS) Maglev concept  

     Figure 10.2     Conceptual arrangement of levitation/guidance and traction coils  

Twin Beam (TB) (Lb = 12.6 m)
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  Principle of Magnetic Levitation     The 8 - fi gured levitation coils 
installed on the sidewalls of the guideway are shown in Figure  10.3 . 
When the on - board superconducting magnets pass at a high speed 
several centimeters below the center of these coils, an electric current 
is induced in the levitation coils. Interaction between the levitation coils 
and the superconducting magnet push the vehicle upward. During 
stable levitated operation, the upward pulling force of the upper fi gure -
 8 coil is equal to the downward pulling force (plus gravity force) of the 
lower fi gure - 8 coil. The vertical position of the vehicle with respect to 
the center plane of the fi gure - 8 coils automatically maintains the 
levitation.    

  Principle of Lateral Guidance     The levitation coils facing each other 
on the opposite walls of U - shaped guideway are interconnected to 
make a loop. When vehicle moves sideways (e.g., to the right side), 
superconducting magnets induce current in the fi gure - 8 coils such that 
it pushes the vehicle to the left side. However, the same movement 
reduces current in the left side fi gure - 8 coils, which causes the vehicle 
to move to the left. This process automatically keeps the vehicle located 
at the center of the guideway.  

  Principle of Propulsion     Repulsive and attractive forces induced 
between the propulsion coils on the guideway and the superconducting 
magnets on the vehicle are used to propel the vehicle. These forces are 
shown in Figure  10.4 . The propulsion coils fi xed to both sidewalls of the 
guideway are energized by a three - phase alternating current from a 
substation, creating a traveling magnetic fi eld on the guideway. The 
on - board superconducting magnets are locked to this fi eld and are 
dragged by the traveling fi eld to propel the Maglev vehicle.    

     Figure 10.3     Levitation coils in sidewalls of U - shaped track  
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     Figure 10.4     Propulsion coils for EDS Maglev  
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  Superconducting Magnets     The original design of the JR - Maglev 
employed NbTi superconducting magnets  [3,4,5,6] . Each magnet is of 
racetrack confi guration with 570 - mm straight side and 500 - mm diam-
eter arc. The magnets are cooled with LHe pool at 4.2   K. More recently 
magnets with HTS 1G wire have been tested on a vehicle  [7] . An HTS 
magnet systems consisting of four persistent current HTS coils was 
developed. The HTS coils are installed in a cryostat and are cooled to 
approximately 15   K by two - stage GM - type pulse - tube cryocoolers. The 
HTS magnet is operated in a persistent current mode at a rated 
magneto - motive force of 750   kA (the same as on the original NbTi 
coils). The running tests were conducted on the Yamanashi Maglev Test 
Line, with a top speed of 553   km/h achieved on December 2, 2005. The 
test result demonstrated that the HTS coils generated no excessive 
vibration or heat load.   

   10.2.2    Electromagnetic Suspension ( EMS ) 

 Electromagnetic suspension (EMS) employs actively controlled elec-
tromagnets (on the vehicle) attracted to a magnetic iron rail fi xed to 
T - shaped guideway  [8a] . Both levitation and lateral guidance is achieved 
without mechanical contact between the vehicle and guideway. In the 
Transrapid Maglev system, levitation is achieved with attractive forces 
between levitation electromagnets in the vehicle and ferromagnetic 
steel reaction rails attached to the guideway as shown in Figure  10.5 . 
The levitation magnets attract the vehicle to the guideway from below, 
and the guidance magnets keep it centered on the guideway. An elec-
tronic system controls excitation in electromagnets actively assures a 
uniform distance of 10   mm between the magnets and the rails. A syn-
chronous three - phase linear motor, embedded in reaction rails, pro-
vides the propulsion power without contact between the vehicle and 
guideway. Power for levitation, guidance, and hotel loads is transferred 
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266   MAGLEV TRANSPORT

from rails to the vehicles through a linear generator without physical 
contacts.   

  Principle of Magnetic Levitation     Levitation is achieved with a 10 -
 pole assembly shown in Figure  10.6 . These poles employ room -
 temperature copper windings. The gap between magnet poles and the 
rails is monitored constantly. The DC excitation current in the magnet 
poles is actively controlled with an electronic system. The current is 
increased when the gap tends to open and is decreased when the gap 

     Figure 10.5     Transrapid Maglev concept of electromagnetic suspension (EMD) 
 (Courtesy of ThyssenKrupp)   
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     Figure 10.6     Levitation pole assembly of the Transrapid Maglev  (Courtesy of 
ThyssenKrupp)   
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tends to close. This process maintains a constant gap of 10   mm between 
the magnet poles and the rails.    

  Principle of Lateral Guidance     Lateral guidance is achieved by 
attraction between the electromagnets mounted on a vehicle and fer-
romagnetic reaction plates mounted on the side of guideway, as shown 
in Figure  10.5 . Just like the levitation magnets, the current in these 
guidance magnets is also controlled electronically as a function of gap 
length between the magnets and the reaction plate on the guideway.  

  Principle of Propulsion     The rails, to which levitation poles are 
attracted, are made of laminated steel similar to that employed in elec-
tric motors. A linear three - phase propulsion winding is housed in slots 
cut into the rails, as shown in Figure  10.5 . When supplied with a three -
 phase current, a magnetic fi eld is created that travels lengthwise along 
the rail. The combination of levitation poles and propulsion windings 
in the rail form a linear synchronous motor. The poles of the levitation 
magnets lock with this fi eld and are pulled along the rail. The speed of 
the vehicle is proportional to the AC frequency in the traction winding. 
The frequency is varied for achieving the desired speed. The AC wind-
ings are constructed by simply looping a stranded insulated cable in the 
rail slots, as shown Figure  10.7 .    

     Figure 10.7     Traction winding construction for the Transrapid Maglev  (Courtesy of 
ThyssenKrupp)   
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  Role of Superconducting Magnets     The Transrapid system cur-
rently in operation in Shanghai and Emsland, Germany, employs non-
superconducting levitation coils made from copper. This system has the 
following issues: 

   •      The Transrapid is noisy at high speeds because the vehicles follow 
the track with an 8 - mm gap, which transfers the uneven movement 
of the track into vehicle.  

   •      The small gap is fi lled with harmonic fi elds created by the AC 
propulsion winding. The interaction of these fi elds with the levita-
tion magnets creates harmonic forces, which are felt as vibrations. 
However, the harmonic fi elds coupling to the vehicle coils are also 
utilized for powering the on - vehicle systems.  

   •      A secondary suspension system (mechanical and heavy) is 
employed to damp out these vibration, but it is inadequate. The 
Transrapid ride at speed of about 300   km/hr feels like driving 
a car on cobble road. The ride at high speeds is noisy and 
uncomfortable.    

 One solution to all these problems is to employ HTS technology: 

   •      Open the air gap to 50   mm by replacing copper coils with HTS 
coils.  

   •      Reduce the harmonic magnetic fi elds interacting with suspension 
magnets in the gap to a negligible level that generates smaller 
harmonic forces  .  

   •      Guide the vehicle in inertial space by varying current in HTS 
magnets at 1   kHz. This way guideway variations are not transferred 
to the vehicle. The vehicle can operate on a guideway that is not 
perfectly smooth — this has a potential for reducing the guideway 
cost signifi cantly. The guideway cost is the lion share of Maglev 
system.    

   •      Eliminate or simplify signifi cantly the mechanical suspension 
system on the vehicles.  

   •      Reduce signifi cantly the vehicle weight by removal of the 
heavy copper coils, their power supplies, and mechanical 
suspension system. The net result of this would be lighter vehicles, 
reduced fuel consumption, and a lighter and less expensive 
guideway.       
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   10.3    DESIGN ANALYSIS 

 This section describes basic principles for designing the Maglev EDS 
and EMS systems for high - speed applications. 

   10.3.1    Electrodynamic Suspension Maglev 

 Many arrangements have been proposed  [8]  for EDS systems, but the 
one employing the fi gure - 8 coil arrangement used in the JR - Maglev  [3]  
system is discussed here. This EDS Maglev system employs separate 
levitation/guidance and propulsion coils, all mounted on the guideway 
as shown in Figure  10.2 . The superconducting coils are located on the 
vehicle. All coils are of the air - core type, meaning there is no ferromag-
netic material in the magnetic circuit. To calculate interaction among 
these coils, it is necessary to calculate self - inductance and mutual induc-
tance among all coils. Because of the complex nature of the coil arrange-
ment and the diffi culty of calculating parameters without the assistance 
of 3D fi nite - element programs, only the analysis procedures are dis-
cussed in this section for levitation/guidance and propulsion systems. 

  Levitation/Guidance System     An arrangement of levitation/
guidance coils and a superconducting coil is shown in Figure  10.8 . 
Superconducting magnets are employed to levitate, guide, propel, and 

     Figure 10.8     EDS Maglev levitation/guidance magnet arrangement  
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brake the vehicles. Levitation is created by the magnetic repulsion 
between the on - vehicle superconducting coils (racetrack design) and 
the magnetic fi elds induced in the nonsuperconducting track coils 
(fi gure confi guration) located on the sides of the U - shaped track. The 
fi gure - 8 coils provide stability to the vehicle ’ s motion by balancing 
against both up and down motion. At equilibrium, the superconducting 
coils pass the fi gure - 8 coils at the midpoint or crossover of the fi gure 
8. No net circulating current is induced in the fi gure - 8 coils in this 
case. If the vehicle falls below the midpoint, the induced currents are 
set up in the track coils, creating a repelling force from the bottom 
half of the fi gure - 8 loop, and an attractive force from the top half of 
the loop (and vice versa, if the vehicle were to rise above the equilib-
rium point). Currents are induced in the track coils by the moving 
superconducting coils along the guideway, and levitation begins after 
the vehicle reaches a speed of about 100   km/hr. At lower speeds, the 
vehicles travel on wheels. Guidance is provided by the same magnetic 
forces that repel the vehicle from the track coils. Since the track coils 
are located on the sides of the track, the induced currents from the 
sideway motion repel the vehicle if the vehicle moves closer to one of 
the sides.     

 Circuit modeling is one of the ways to analyze this EDS system. This 
requires calculations for the self - inductance   and mutual inductance for 
all the participating coils, including vertical, lateral, and linear (along 
guideway) displacements. It is diffi cult to develop close form formulas 
for the various inductances. However, it is possible to employ 3D fi nite -
 element codes for calculating these quantities. For example, tables of 
the levitation force due to the interaction between a superconducting 
coil and a fi gure - 8 coil could be created as functions of vertical displace-
ment  y  and the lateral gap (Figure  10.8 ), and the linear velocity of the 
vehicle. During a dynamic analysis of the vehicle, the levitation force 
could be read from these tables. Similarly tables for the guidance forces 
could be created. Once design of various coils has been selected, the 
above - said tables could also be created to include   test data on the 
model coils.  

  Superconducting Coil     The initial design of the JR - Maglev employed 
LTS NbTi superconducting magnets cooled with LHe to 4.2   K. These 
DC magnets were designed to operate in persistent mode. However, 
during operation the motions of the vehicle induced low frequency AC 
in the superconducting winding. These AC currents generated losses in 
the superconducting windings and resulted in a decay of the persistent 
current, and some cases caused a magnet quench. 
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 To solve this problem, Japan Railways decided to evaluate the HTS   
magnets employing Bi - 2223 tapes   operating at 20   K. The purpose was 
to take advantage of HTS wire ’ s tolerance to much larger local loss and 
temperature variation than NbTi. Test coils were built and tested as 
described by Igarashi  [3] . Since the objective was to operate the HTS 
coils in persistent mode too, it was important to know how well they 
performed. On testing of an HTS prototype coil, only a small current 
decay rate was observed (0.44%/day while cooled with a cryocooler 
below 20   K.) This was a very encouraging outcome. The HTS coil con-
sisted of 12 single - pancake coils, which were wound with four parallel 
Ag - sheathed Bi2223 tapes. The HTS coil was connected to a persistent 
current switch made of an YBCO thin fi lm, and cooled by a G - M 
(Gifford - McMahon) type two - stage pulse - tube cryocooler. Detachable 
current leads were used to reduce heat leakage to the fi rst stage of the 
cryocooler. These tests confi rmed that the HTS magnets could operate 
in persistent mode for day. In a real - life operation these magnets could 
be recharged to their rated current at the end of each day.  

  Propulsion Coils     Racetrack shape propulsion coils are mounted on 
the sides of the guideway, as shown in Figure  10.1 . Each coil is a full -
 pitch ( λ ) coil, meaning the center - to - center width of a coil is equal to 
the pole - pitch of the superconducting coils on the vehicle. These pro-
pulsion coils are arranged in two layers as shown in Figure  10.9 . A 
magnetic wave traveling along the track is created when the propulsion 
coils are energized with three phase currents. The vehicle is pulled 
along the guideway by linear synchronous motor action created by the 
interlocking action between the traveling wave and the superconduct-
ing coils. The propulsion coils are energized from a power source of 
variable frequency that is available along the length of the guideway. 

     Figure 10.9     Arrangement of propulsion and superconducting coils  
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272   MAGLEV TRANSPORT

The velocity of the vehicle is proportional to the frequency of the 
current in the propulsion coils. To minimize losses, the propulsion coils 
are energized in small sections through which a vehicle is passing at the 
time.   

 The coil cross section and the ampere - turns in each coil are deter-
mined based on the traction power need and the coupling between the 
propulsion coils and superconducting coils. Propulsion coils are made 
from copper or aluminum using conventional coil manufacturing tech-
nology. To minimize AC losses, the coil conductor should be made of 
fully transposed strand construction (i.e., Litz wire). Ambient air cools 
these coils.   

   10.3.2    Electromagnetic Suspension Maglev 

 The EMS Maglev system of the Transrapid (Figure  10.5 ) is used for 
discussion in this section. This system employs only normal conducting 
copper coils and windings with ferromagnetic materials in the magnetic 
circuits. The levitation and propulsion functions are accomplished with 
one set of magnets. Lateral guidance is achieved with a   separate magnet 
system  . An arrangement of these magnets for the Transrapid vehicle is 
shown in Figure  10.10 . The magnetic features of these functions are 
discussed in this section.   

     Figure 10.10     Arrangement of the magnet systems for a Transrapid vehicle  (Courtesy 
of ThyssenKrupp)   
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  Levitation System     An arrangement of levitation magnets facing a 
reaction rail  [8a]  is shown in Figure  10.11   . The Transrapid vehicle is 
levitated by balancing the attractive force between the levitation poles 
and reaction rails against the gravity force. A gap length of 8   mm is 
maintained between the magnet poles and the rail at all times, both in 
the stationary and moving stages. According to Earnshaw ’ s theorem, 
any combination of static magnets cannot be in a stable equilibrium. 
However, it is possible to achieve stable operation by constantly varying 
the magnet excitation. The air - gap length and levitation magnet accel-
eration signals are utilized for controlling the current supplied to the 
magnet windings. The attractive force between magnets and the reac-
tion rails is a function of air - gap fi eld,    B  as shown in Figure  10.11 . This 
levitation force ( F l  )is given  [9]  by

    F w
B

Nl
m

p= ⎛
⎝⎜

⎞
⎠⎟

0 5
2

2

0

. ,τ
μ

    (10.1)  

  where

     Figure 10.11     Transrapid levitation/propulsion magnet system  (Courtesy of 
ThyssenKrupp)   
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   B m          =  peak of the sinusoidal air - gap fi eld,  
  μ  0         =  permeability of free space,  
  N p          =  number of poles,  
  w         =  width of reaction rail,  
  τ         =  pole pitch.      

 Due to the leakage fi eld, the value of  B  is not uniform. A simple 2D 
fi nite - element program could be employed to obtain the fi eld distribu-
tion in the air gap. The total force per pole is obtained by integrating 
equation  (10.1)  over the pole surface area (pole - pitch    ×    pole depth). 

 The Transrapid employs 10 - pole assemblies (Figure  10.6 ) for levita-
tion and propulsion. All poles carry the same current and are controlled 
together as a single assembly.  

  Propulsion System     Once an EMS vehicle is levitated, it could be 
propelled with a linear induction or synchronous motor. However, the 
Transrapid system utilizes levitation magnets for propelling the vehicle 
too. The reaction rails are made of laminated steel and have slots to 
house a three - phase armature winding employing one slot/pole/phase 
 [10] . The combination of levitation magnets and the armature winding 
in the rail creates a linear synchronous   motor as shown in Figure  10.11 . 
The armature winding is created by placing an insulated cable in the 
slots using the wave pattern shown in Figure  10.7 . To the fi rst order, the 
propulsion force (per pole) can be obtained from

    F B I qw k Nt m m d p= 1 5. ,η     (10.2)  

  where
   F t          =  propulsion force,  
  I m          =  peak of the sinusoidal current in propulsion winding,  
  q         =  slots/pole/phase in propulsion winding,  
  k d          =  distribution factor,  
  η         =  effi ciency of propulsion motor ( ∼ 98%).    

 The poles needed to support a vehicle are given by equation  (10.3) , 
which is done by eliminating  B m   from equations  (10.1)  and  (10.2) :

    N
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F I q w k
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2 29
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μ η
.     (10.3)     
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 The fi eld in the air gap is usually not uniform along the rail width 
and the rail length. A more complete treatment of an analytical approach 
for calculating propulsion force is provided by Nasar  [11] . However, for 
a better estimate of the linear force, this calculation should be made 
with a 3D fi nite - element program. 

 The armature winding is divided into sections along the length of the 
guideway. These sections are energized in a leapfrog way in order to 
improve the system ’ s effi ciency; that is, the section containing the 
vehicle and the section following in the direction of travel are ener-
gized. The armature winding is supplied from ground converters capable 
of controlling the voltage, current, and frequency.  

  Guidance System     Lateral guidance is achieved by the attraction 
between the electromagnets and ferromagnetic plates mounted on the 
side of the guideway as shown in Figure  10.10 . A constant air gap is 
maintained between each electromagnet and guideway. However, this 
approach transfers guideway sways into the vehicle, making the ride 
uncomfortable.  

  Secondary Suspension System     A high level of vibrations in the 
Maglev vehicle is experienced because of the variations in the levita-
tion and guidance air gaps and the air - gap harmonic fi eld effects on the 
propulsion force. A secondary mechanical suspension system is incor-
porated in each vehicle to damp out these vibrations. Despite this the 
currently operating Transrapid vehicles are still noisy and uncomfort-
able at high speeds.  

  Superconducting Suspension Magnet System     It is possible to 
eliminate or signifi cantly reduce vibration by increasing the air - gap 
length to between 40 and 50   mm. The large gap essentially decouples 
the vehicles from guideway irregularities and reduces the effect of the 
armature harmonic fi elds on the propulsion force. It is even possible to 
eliminate the mechanical secondary suspension system (bulky and 
heavy). Such a system was developed  [12]  by Northrop Grumman 
during the early 1990s. This system is described in detail in Section  10.6 .    

   10.4    CHALLENGES (TECHNICAL/ECONOMIC) 

 Although both the EDS and EMS Maglev systems look so futuristic 
and environmentally friendly (energy effi cient), they face many techni-
cal and economic challenges. Some of these challenges are listed below: 
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   •      High capital cost, primarily that of the guideway.  
   •      Right - of - way availability.  
   •      Noncompatibility with existing railroad system.  
   •      Lack of public enthusiasm for its introduction.    

 These technical challenges from magnetic point of view are discussed 
here. 

   10.4.1    EDS System Challenges 

 The EDS system employs a U - shaped guideway that carries levitation, 
guidance, and propulsion coils made of copper or aluminum. Because 
the wall of the guideway must bear the vertical and lateral loads of 
vehicles, they tend to be thick. These reinforced concrete walls tend to 
be high in cost due to the long stretch of the guideway. Furthermore   
the heavy U - shape of the guideway requires heavier and closely spaced 
vertical support pillars, which are esthetically not very appealing. Then 
again, the biggest attraction of this Maglev system is its inherent stabil-
ity and fi xed guideway switches. 

 On the magnetic side, the superconducting magnets are located on 
vehicles and usually operate in persistent mode to minimize the need 
for power supply in the   vehicles. Because of the very large air gap 
( ∼ 100   mm) between the superconducting and guideway magnets, the 
superconducting magnets must operate at very high fi eld levels (about 
2.5   T  ). The strong magnetic DC fi elds onboard the vehicles require 
heavy shielding to make them accessible   to passengers with pacemak-
ers or magnetic data storage media such as hard drives and credit cards. 

 The JR - Maglev has employed NbTi magnets cooled to 4.2   K for 
many years and yet always has had magnet stability and other opera-
tional problems. Recently prototype magnets using the 1G HTS wire 
were tested and were found to be suitable for fi xing problems that 
plagued NbTi magnets for a long time. However, HTS wire is currently 
expensive, and it is not clear if the HTS magnets will make economic 
sense until the wire price falls below $5 to $10/kA - m  . However, JR -
 Maglev expects this system with a top speed of 650   km/hr to be com-
mercially available by 2025 for service between Tokyo and Nagoya.  

   10.4.2     EMS  System Challenges 

 An EMS system based on the Transrapid is already in commercial 
service in Shanghai, China. This system employs a T - shaped guideway 
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with an 8 - mm air gap between levitation and guideway reaction rails. 
Because of this small air - gap length, the guideway must be constructed 
with tighter tolerance requirements. This adds to the cost of the guide-
way to make it suffi ciently rigid. The Maglev vehicles are also heavy 
due to the use of iron - core copper magnets and the bulky mechanical 
secondary support system. Since the Maglev vehicle wraps around the 
guideway, it becomes essential to employ movable track switches (with 
limited speed capability,  < 56   m/s), which adds to the cost of the system. 

 However, the EMS system employs iron - core magnets, which elimi-
nates or minimizes stray magnetic fi eld inside a vehicle and in sur-
rounding areas. The vehicles are levitated at all speeds and do not 
require the supplemental wheel support that is necessary for the EDS 
system. 

 The EMS Maglev system developed by Grumman employing HTS 
magnets is similar to the Transrapid system, but it has an air - gap length 
up to 50   mm. This eliminates vibrations and reduces the cost of the 
guideway, which could be built to more relaxed tolerance requirements. 
Furthermore both levitation and guidance functions are performed by 
the same set of HTS magnets. The vehicles are lighter too because the 
HTS magnets are lighter, and the secondary mechanical support system 
has been eliminated or signifi cantly reduced. The lighter vehicles also 
affect the structural design of the guideway in a positive manner. This 
system is described in detail in Section  10.6 .   

   10.5    MANUFACTURING ISSUES 

 The EDS and EMS systems have been under constant development for 
25 years or more. Most of the manufacturing issues related to magnet 
systems have been well addressed. Economic issues relating to the cost 
of the overall system seem to be the major obstacle to their commercial 
applications.  

   10.6    PROTOTYPES 

 Both EDS and EMS systems are in operation. Improvements are being 
considered in the JR - Maglev EDS system by replacing NbTi magnets 
with HTS magnets. It is not clear at what pace the HTS magnets will 
be introduced. 

 The Transrapid based on EMS is also addressing issues relating to 
vibrations at high speeds and fi xes are being considered. It is not known 
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what specifi cally is being planned. However, the author was part of the 
team  [12]  that   developed an the HTS Maglev concept based on the 
EMS system. This system is described below. 

   10.6.1    Northrop Grumman Concept 

 During the early 1990s Northrop Grumman (NG) developed  [12]  an 
EMS Maglev concept with support from the United States Army Corps 
of Engineers. Like the Transrapid system, the NG system employs iron -
 core levitation magnets but has HTS excitation windings. This system 
has the characteristics of a low stray fi eld in the vehicle and surrounding 
areas, a uniform load distribution along the full length of the vehicle, 
and a small pole - pitch for smoother propulsion and ride comfort. It is 
also levitated at all speeds and incorporates a wraparound design 
around the guideway for safer operation. The NG Maglev system has 
all the advantages of an EMS system identifi ed above, while eliminating 
(or signifi cantly improving) drawbacks associated with the normal 
magnet - powered Transrapid system. Improvements include a larger air 
gap, lighter weight (both for vehicles and guideway), a lower number 
of control servos, and higher offl ine switching speeds. The design also 
incorporates a vehicle tilt ( + / −  9 ° ) for a higher coordinated turn and 
turn - out speed capability. 

  Levitation, Guidance, and Propulsion System Design     A vehicle 
with iron - core magnets and reaction rails mounted on the guideway 
is shown in Figure  10.12 . The laminated iron - core magnets and reaction 
iron rails are oriented in an inverted - V confi guration, with the 
attractive forces between the magnets and rail acting through the 
vehicle ’ s center of gravity ( cg ). The vertical control forces are gener-
ated by sensing the air - gap clearance on the left and right side of the 
vehicle and adjusting currents in the control coils to maintain a rela-
tively large air gap (40   mm) between the iron rail and magnet face. 
Lateral control is achieved by the differential measurement of the gap 
clearance between the left and right sides of the vehicle magnets. 
The corresponding magnet control coils are differentially driven for 
lateral guidance control. Through this process, the vehicle control with 
respect to the rails is achieved in the vertical, lateral, pitch, and 
yaw directions  . The control mechanism has been recently described by 
Gran  [13] .   

 Two magnets combined as shown in Figure  10.13 , make up a  “ magnet 
module. ”  Each magnet module is a C - shaped, laminated iron core with 
an HTS coil wrapped around the center body of the magnet, and two 
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copper control coils wrapped around each leg. Vehicle roll control is 
achieved by offsetting the magnets by 20   mm in a module to the left 
and right side of a 200 - mm - wide reaction rail. The control is achieved 
by sensing the vehicle ’ s roll position relative to the rail and differen-
tially driving the offset control coils to correct for roll errors.   

 The reaction rails are also laminated and contain slots for the instal-
lation of a set of three - phase AC linear synchronous motor (LSM) 
propulsion winding. The winding is powered with a variable - frequency, 
variable - amplitude current that is synchronized to the vehicle ’ s speed. 
The speed variations are achieved by increasing or decreasing the fre-
quency of the AC current. The magnet design was optimized using 2D 
and 3D fi nite - element codes to ensure that all levitation, guidance, and 

     Figure 10.12     Cross section of a vehicle showing levitation (lift) magnets, iron rail, 
guideway, and tilt mechanism  (Courtesy of Advanced Energy Systems / Northrop 
Grumman)   
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propulsion control requirements are met simultaneously. The power 
pickup coils (for the HTS coils and the hotel load in the vehicles) 
located in each magnet pole face were designed to operate at all speeds, 
including zero speed, when the vehicle is standing still  [14]   . 

 The low magnetic fi eld in the passenger compartment and surround-
ing areas represents an important characteristic of the Northrop 
Grumman Maglev system. Figure  10.14  identifi es the constant fl ux den-
sities in the vehicle (cabin) and station platform for the NG Maglev 
baseline design. The fl ux density levels above the seat are less than 1 
gauss, which is very close to the earth ’ s 0.5 gauss fi eld level. On the 
platform, the magnetic fi eld level, when the vehicle in the station, does 
not exceed 5 gauss, which is considered acceptable in hospitals using 
magnetic resonant imaging (MRI) equipment. The data in Figure  10.14  
are based on a 3D magnetic fi eld analysis for the case of no shielding. 
With a modest amount of shielding, these levels could be further 
reduced if considered necessary.   

 Iron - core magnets employing an HTS winding can reduce the mag-
netic fi eld experienced by the HTS wire to less than 0.35   T. With a 
reasonable operating current density this would enable operation of 
the HTS 2G wire at 77   K. The HTS coil also experiences only a small 
mechanical load due to the interaction of leakage magnetic fi eld and 
the coil current. The HTS coils were powered with a patented constant 

     Figure 10.13     Confi guration of magnets and control, propulsion, and power pickup 
coils  (Courtesy of Advanced Energy Systems / Northrop Grumman)   
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current loop controller  [15]  that diminishes the rapid current variations 
on the coil and minimizes the AC losses in it. By employing the CTC 
cable in the HTS coils, it might even be possible to eliminate the control 
coils surrounding the iron poles. This possibility should be considered 
in future evaluations of this design concept. 

 Northrop Grumman recommended the guideway confi guration 
shown in Figure  10.15 . This confi guration was determined to be lowest 
in cost and found to be relatively insensitive to span length  [16] . This 
has an important implication for the guideway that must be installed 
in areas such as the US interstate highway system, for which the span 
length would range widely and depend on local road conditions. This 
system is also visually less intrusive because the single column creates 
less shadow and is esthetically pleasing.   

 A 5 - degree - of - freedom analysis of the interactive effects of the 
vehicle traveling over a fl exible guideway was also undertaken  [13,17] . 
The guideway irregularities resulting from random step changes, camber 
variations, a span misalignment, and rail roughness were included in 
the simulation. Also studied were linearized versions of the vehicle 
levitation and lateral control loops. The results indicate that passenger 
comfort levels could be maintained  . 

 In 1995 Northrop Grumman built the test stand shown in Figure 
 10.16  for testing prototype levitation magnets employing LTS and HTS 

     Figure 10.14     Magnetic fi eld in the cabin and surrounding area  (Courtesy of 
Advanced Energy Systems / Northrop Grumman)   
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superconductors. The suspension magnet shown in Figure  10.17  
consisted of a U - shaped laminated iron core, an HTS coil around 
the center body of the core, and two copper control coils wrapped 
around each pole. This magnet faced a slotted rail that was fi tted 
with a three - phase   winding for testing the propulsion force. The rail 
supported from actuators could be moved up and down from very 
slow to high frequency for simulating vibration in an actual operation 
on a guideway. The magnet assembly was simply suspended using 
the attractive force between the magnet poles and the rail. The system 

     Figure 10.15     Baseline spine girder confi guration  (Courtesy of Advanced Energy 
Systems / Northrop Grumman)   
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was designed for a 30 - mm gap between the magnet pole faces and 
the rail.   

 The control system shown in Figure  10.18  is used to achieve levita-
tion with the hybrid superconducting/normal coil magnet system. 
Separate power supplies are provided for the superconducting and 
normal coils. The supply driving the superconducting coil is a constant 
current power supply that automatically adjusts its output voltage to 
maintain a load current constant regardless of its load impedance. The 
normal coils are driven by a conventional regulated supply whose 
output current is set by a gap sensor that drives the gap to the desired 
spacing. A current sensor, included in the normal coil circuit, interfaces 
with the constant current power supply through a low - pass fi lter and 
controls the set point of the constant current power supply driving the 
superconducting coil.   

 The operation of the system is as follows: Upon energizing the 
system, the current set points   of both supplies are set to zero. The gap 

     Figure 10.16     Test apparatus for testing EMS system employing HTS magnet  

c10.indd   283c10.indd   283 1/12/2011   2:27:25 PM1/12/2011   2:27:25 PM



284   MAGLEV TRANSPORT

     Figure 10.17     U - Shaped magnet assembly with an HTS coil cooled with 
cryocooler  

     Figure 10.18     Control system for dynamic control of superconducting and normal 
coils  
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sensor detects a larger than desired gap and starts the current fl ow in 
the normal coils. At the same time the current sensor in the normal coil 
circuit detects a current fl ow, which triggers the   current fl ow in the 
superconducting coil. When suffi cient MMF is generated by the copper 
and superconducting coils the magnet begins to levitate and the gap 
sensor begins to maintain correct gap. At this point the entire MMF 
is supplied by the superconducting coil and no current fl ows in the 
normal coils. Should a disturbance such as an additional weight be 
placed on the levitating magnet, the gap would begin to open and the 
gap sensor would detect the change. This immediate reaction in the 
normal coil current creates   the required levitating force. The current 
sensor instantaneously detects the current change and begins to increase 
the current in the superconducting coil. The increased MMF then begins 
to close the gap, and the detector starts to lower the current in the 
normal coils until equilibrium is restored and no current fl ows in the 
normal coils. 

 This system was successfully demonstrated. The system as shown in 
Figure  10.16  can support two people on a suspended magnet while 
maintaining the design air - gap length of 40   mm. The rail was moved at 
frequencies of a few Hz to 1   kHz and the magnet remained suspended 
throughout. 

 U - shaped magnet assemblies were used for the baseline design of 
the NG Maglev system, but they were found to have an excessive 
leakage fi eld. The multiple poles magnet assemblies as used in the 
Transrapid system have a much lower leakage reactance and can be 
implemented with superconducting coils. In a multi - pole assembly the 
superconducting coils are installed around each pole, and all supercon-
ducting coils are housed in a common cryostat as explained in the US 
Patent  [18]  5,479,145. The normal coils are placed around each pole just 
outside the cryostat. This Maglev project was not carried further because 
of lack of support from the government and company sources.    

   10.7    SUMMARY 

 Both the EDS and EMS systems have been suffi ciently developed and 
are ready for commercial deployment contingent on their economic 
feasibility. Advances in HTS magnet technology will be benefi cial to 
both systems. For the EDS system, it offers more reliable system opera-
tion at expense of extra cost. For the EMS system, it has the potential 
for reducing weight, increasing effi ciency, and providing smoother 
vibration free ride.  
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MAGNET APPLICATIONS     

    11.1    INTRODUCTION 

 Large electrical magnets currently are used in a variety of industrial 
and military settings. The applications range from medical uses to 
process manufacturing and purifi cation to scientifi c research. The man-
ufacture of such magnets with HTS materials is an area of research 
receiving much interest. The properties of HTS materials such as 
BSCCO - 2212, BSCCO - 2223, and YBCO - 123 are very attractive at low 
temperatures ( < 20   K) and YBCO - 123 - coated conductors available 
commercially now are suitable for making useful devices cooled at 
higher temperature of liquid nitrogen ( ∼ 77   K  ). 

 Traditionally these magnets employed copper wire or LTS. However, 
magnets based on HTS wire compare favorably to conventional copper 
magnets for a number of reasons: 

  Smaller and lighter.     The high current density of the HTS wire enables 
designers to reduce the size and weight of coils in magnet applica-
tions by as much as 40% to 80% compared to those made with 
copper wire.  

  More effi cient.     Because HTS wire has virtually no resistance to 
direct currents, HTS coils and magnets have higher energy effi -
ciency and lower operating cost than copper based systems.  

Applications of High Temperature Superconductors to Electric Power Equipment, 
by Swarn Singh Kalsi
Copyright © 2011 Institute of Electrical and Electronics Engineers
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  Higher magnet fi elds.     The high current density in HTS wires enables 
higher magnetic fi eld magnets.  

  Greater thermal stability.     Coils and magnets using HTS wire operate 
in a stable  “ cold environment. ”  These magnets operate within a 
narrow temperature range because of the very low level of heat 
generated by HTS magnets. Conversely, copper coils generate 
high amounts of heat, making it diffi cult to maintain proper tem-
perature when the magnet application requires tight thermal 
control.  

  Longer magnet life.     The  “ cold cryogenic environment ”  within which 
HTS magnets operate eliminates a common source of product 
failure, namely heat. Thermal cycling, which shortens the useful 
lifespan of copper wire coils and magnets, is not a concern with 
HTS magnets.  

  Easier cooling.     The commercial availability of HTS conductors has 
provided an incentive to design and build larger and more ambi-
tious devices with performance advantages when compared to 
low - temperature superconducting (LTS) devices built with NbTi 
and Nb3Sn superconductors operating at liquid helium tempera-
ture. In particular, steady state AC operation is extremely diffi cult 
for conduction - cooled LTS magnets because poor thermal con-
ductivity at low temperatures can lead to unacceptable thermal 
gradients and magnet quenching.    

 Current Gifford – McMahon (G - M) refrigerators can provide only 
about 1   W of refrigeration at 4 to 5   K; devices built with HTS operate 
at higher temperatures (20   K and above), where the increased thermal 
conductivity and specifi c heat mitigate stability issues and where eco-
nomical single stage GM refrigerators can provide tens of watts of 
refrigeration. It is thus possible for HTS magnets to accommodate 
larger heat loads due to AC harmonics or due to faster current ramps. 
The higher temperature operation also simplifi es the cryostat design 
and reduces the cryostat cost. 

 High temperature superconducting magnets are commercially avail-
able today. Experience with the initial applications, which were in the 
military and scientifi c domains, is expected to give rise to expanded 
applications addressing other markets. The continuing development of 
the YBCO - 123 - coated conductor presently provides material with suf-
fi cient critical current density to enable a broad variety of applications. 

 Many HTS magnets have been built using the BSCCO - 2212, BSCCO -
 2223, and YBCO - 123 wires  [1,2,3,4,5,6,7,8,9,10,11] , and more are under 
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construction. Although the feasibility of building HTS magnets has 
been well established, their commercial viability is less attractive due 
to the high cost of HTS wire and the cryogenic cooling system. In the 
sections that follow a few examples are discussed of such magnets 
built in recent past and a few examples of those currently under 
construction.  

   11.2    AIR - CORE MAGNETS   

 AMSC  [1] , Sumitomo  [3] , and a number of other manufacturers have 
built conduction - cooled HTS magnets operating in the 20 to 30   K tem-
perature range. These systems offer the advantages of high operational 
stability and the ability to ramp very quickly. The higher cost and lower 
performance of HTS material at 20   K compared to LTS material at 4   K 
is limiting the commercial exploitation. The commercial availability of 
HTS materials has provided the incentive to design and build larger 
and more ambitious devices with performance advantages when com-
pared to LTS devices built with NbTi and Nb 3 Sn superconductors oper-
ating at the liquid helium temperature. 

 The section below describes 7 to 8   T conduction cooled magnets built 
with the HTS technology. 

   11.2.1    High - Field Magnets 

  AMSC High - Field Magnet     A 7.25 - T laboratory magnet  [1]  utilizing 
the BSCCO - 2223 conductor was built for the Naval Research 
Laboratory in 1998. Operating at 21   K at full fi eld, the magnet provided 
fi eld homogeneity of  ± 1% in a 2 - inch warm bore. The system was con-
duction cooled with a pair of Leybold single - stage cryocoolers that 
allow cool - down in less than 36 hours and allow extended fast - ramp 
operation. The HTS current leads, employed in the magnet, facilitated 
the operation with a total refrigerator input power of 6   kW. The fully 
integrated system consisted of the magnet, cryogenic system, control 
and protection system and power supply. Figure  11.1  shows the magnet 
system.   

 Table  11.1  summarizes the major features of the magnet. It gener-
ated a magnetic fi eld    >    7   T in a 2 - inch warm bore. The fi eld homogene-
ity of 1% was specifi ed within a 2 - inch diameter spherical volume 
(DSV) and 2% within a 2 - inch diameter cylindrical and 2 - inch tall 
volume. The magnet ’ s HTS winding is conduction cooled and operates 
at about 25   K. The magnet employs HTS current leads between the 25   K 
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magnet and a 45   K intercept temperature. The conduction - cooled leads 
are employed between 45   K and room temperature. Two single - stage 
Leybold cryocoolers driven from a single compressor provide refrig-
eration at the two temperatures.   

 The magnet was capable of ramping between zero and full fi eld in 
200 seconds on a continuous basis. It was powered with a 4 - quadrant 
power supply to permit seamless operation between  + 7.25 and  − 7.25   T. 
A suitable protection system protected it against abrupt quenches and 
any other unintended operational modes. All components of the magnet 
system could withstand a shock loading of 6   G in any direction. The 
magnet cryostat supported experimental equipment weighing up to 
250   lbs. 

 This magnet demonstrated that high fi eld magnets operating 
above 20   K could be built using the BSCCO - 2223 conductor. It also 
demonstrated that this material provides signifi cant performance 
advantages for fast - ramp magnets or magnets that require high exter-
nal heat loads.  

     Figure 11.1     Conduction - cooled 7.25 - T magnet built by AMSC  (Courtesy of American 
Superconductor Corporation  )   
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  Sumitomo High - Field Magnet     Sumitomo Electric Industries (SEI) 
of Japan also built an 8 - Ta conduction - cooled magnet with the BSCCO -
 2223 wire as shown in Figure  11.2 . Their proprietary process has 
enhanced the performance of BSCCO - 2223 wire signifi cantly, which is 
called DI - BSCCO (Dynamically Innovative Bismuth - Based HTS wire). 
A conduction - cooled high - fi eld HTS magnet built with DI - BSCCO 
with a room - temperature 200 - mm diameter bore was tested up to 8.1   T. 
The design study showed that the higher magnetic fi eld (15   T) could be 
achieved within about the same envelope of the above - said magnet. 
This magnet could be used in various industries such as biomedicine, 
semiconductor, and environmental industries. Table  11.2  lists the key 
features of this magnet.       

   11.2.2    Low - Field Magnets 

 Many low - fi eld magnets have been built for applications such as mine-
sweeping, magnetic energy storage, and magnetic separation  . Some of 
these applications are described below. 

  Minesweeping Magnets     The US Navy funded AMSC to conduct a 
feasibility study of utilizing HTS conductors in an advanced lightweight 
infl uence sweep system (ALISS) magnet. The study demonstrated the 
feasibility of constructing a 5 - MA - m 2  magnet with HTS conductors. 
This magnet operated at around 20   K and was conduction cooled with 
a cryogen free closed cycle cryocooler. Since the HTS conductors 
exhibit a slow transition from superconducting to normal state, they 

  Table 11.1    AMSC conduction - cooled 7.25 - T   magnet features 

   Parameter     Unit     Value  

  Peak fi eld in the bore    T     > 7  
  Field homogeneity    %    1  
  Useful fi eld volume at room - temp.          

   •  Diameter    inch    2  
   •  Length    inch    2  

  Room - temperature bore diameter    inch    2    
  Operating temperature    K    25  
  Cooling method        Conduction  
  Ramp time, zero to full - fi eld    s    240  
  Experiment weight    lb    250  
  Shock load withstand capability    G    6  
  Power supply        4 quadrarts  
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can tolerate large excursions in local temperatures of the coil without 
causing the abrupt quench normally experienced in the low - temperature 
NbTi and Nb 3 Sn coils. Although a conduction - cooled NbTi magnet 
operating at 5   K could produce the required dipole moments, because 
of the small thermal margin (difference between operating tempera-
ture and critical temperature of the superconductor) it is liable to 
quenching from mechanical shocks or from stress relief in the epoxy. 
These magnets have also practically zero current modulation capability, 

     Figure 11.2     Conduction - cooled 8 - T magnet built by Sumitomo  (Courtesy of 
Sumitomo Electric Industries  )   
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  Table 11.2    Sumitomo conduction - cooled 8 - T magnet features   

   Cooling Method  
   Cryocooler Conduction 

Cooling  
   Cryocooler Conduction 

Cooling  

  Maximum magnetic fi eld    8   T    15   T (example)  
  Bore diameter at room 

temperature  
  200   mm    200   mm  

  Magnet vessel size 
(width    ×    depth    ×    height)  

  900    ×    600    ×    540   mm    1000    ×    700    ×    600   mm  

  Weight    300   kg    500   kg  
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again because of their small thermal margin. Magnets made from Nb 3 Sn 
can operate with a cryocooler and provide an additional thermal margin 
when operated at a moderate current density of 7 to 10   K. However, 
HTS magnets offer the possibility of much higher thermal margins 
(over 2000 times that of LTS materials when operated at 20 to 40   K) 
but are more expensive and less technologically mature than either 
NbTi or Nb 3 Sn. An additional advantage of HTS magnets is the ability 
to operate in an AC fi eld. The ALISS magnet system required small 
current modulations ( ∼ 10% of the nominal current) at frequencies up 
to 10   Hz. An HTS magnet built under this program absorbed losses 
generated by such current oscillations, but this would be impossible for 
a conduction - cooled NbTi coil operating at 5   K. 

 Figure  11.3  shows an AMSC constructed demonstration HTS mine-
sweeping magnet  [11]  for airborne superconducting mine countermea-
sure system in December 1999. The magnet produced a magnet dipole 
moment of 0.015   MA - m 2 . The HTS magnet, 0.46   m in diameter and 
0.9   m in length, operated at a nominal temperature of 35   K. The magnet 

     Figure 11.3     ALISS minesweeping magnet  (Courtesy of American Superconductor 
Corporation)   
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was housed in a 560 - mm - diameter by 1.5 - m - long stainless steel vacuum 
vessel. The HTS magnet delivered to the US Navy was conduction -
 cooled and fully integrated with a cryocooler, cryostat, current leads, 
and ancillary hardware. The magnet was successfully ramped up to 
400   A at around 35   K. The magnet current was kept at 400   A for six 
hours without any voltage runaway. The magnet successfully operated 
with 50% AC modulation (200 to 400   A) with a trapezoidal current 
waveform.    

  Energy Storage     Superconducting magnetic energy storage (SMES) 
magnets are considered for improving the power quality of process 
plants or the electric grid, where a short interruption of power can lead 
to a long and costly shutdown. The poor power quality of a given system 
could be due to voltage fl uctuations, undesirable harmonics introduced 
by other system loads, and momentary interruption or voltage sags due 
to faults in the power system. 

 In the past many developers conceptualized the SMES systems in 
various sizes using NbTi and Nb3Sn superconductors operating at 
around 4.2   K. AMSC offered such NbTi - SMES magnets commercially 
for electric grid stabilization during the 1990s. However, compared to 
simple electronic inverter solutions these systems were uneconomical. 
An ability to charge/discharge rapidly is a key requirement for an 
SMES magnet, but the LTS magnets have only a very limited capability 
in this area  . 

 To understand the capability of an HTS SMES magnet, a 5   kJ 
conduction - cooled magnet  [8]  was built and tested. The magnet system 
shown in Figure  11.4  consisted of a solenoid coil constructed from a 
BSCCO - 2223 conductor. The coil was epoxy impregnated and cooled 
with single - stage G - M cryocooler for operation at 100   A (DC) with a 
substantial AC component created by frequent variation of the current 
(ramp - up and ramp - down). The dominant heat load in the magnet was 
due to eddy - current heating caused by the current - ramping operation. 
The magnet was capable of being charged from zero to full 100   A in 2 
seconds and back to zero current in 2 seconds. One hundred such ramp -
 up/ramp - down cycles could be accommodated before the magnet 
exceeded the allowable temperature rise.   

 The successful operation of this magnet demonstrated the feasibility 
of a conduction - cooled HTS SMES magnet that could withstand rapid 
charge/discharge cycles. However, commercial HTS SMES systems 
never emerged, primarily because of the high cost of the HTS conduc-
tor and the short persistent current mode due to HTS internal conduc-
tion losses.  

c11.indd   296c11.indd   296 1/12/2011   2:27:28 PM1/12/2011   2:27:28 PM



AIR-CORE MAGNETS   297

  Magnetic Separation     A magnetic separator uses magnetic force to 
separate materials of various compositions based on their magnetic 
properties. Usually a magnetic fi eld between 1 and 2   T is preferred. 
Such fi elds are diffi cult to generate with copper coils due to high  I   2  R  
losses. However, HTS coils can easily create high fi elds and larger mag-
netic fi eld gradients, which result in improved performance of the sepa-
rators. Better separator performance enables the separation of larger 
amounts of material in a shorter time span, or the separation of more 
dilute materials. HTS magnetic separators have a variety of industrial 
applications, notably in the pharmaceutical, environmental, and chemi-
cal fi elds. They process ores, solid wastes, waste gases, and isotope sepa-
rations and water treatment. Magnetic separators currently purify 
kaolin clay, a material used in high - quality paper. An HTS separator 
prototype was used for purifying commercial - grade kaolin clay slurries, 
and it performed as well as conventional separators, while using less 
power. 

 AMSC built an HTS magnet for a prototype separator shown in 
Figure  11.5 . The magnet made of BSCCO - 2223 conductor generated a 

     Figure 11.4     HTS SMES magnet  (Courtesy of American Superconductor 
Corporation)   
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1 - T fi eld and had the overall dimensions of 180 - mm outer diameter 
(OD), 155 - mm height, and 50 - mm inner diameter (ID). The HTS 
current leads, with improved shock resistance capability, were employed 
with the warm end at 75   K and the cold end at 27   K. A two - stage 
Gifford - McMahon cryocooler cooled the magnet system. The Los 
Alamos National Laboratory (LANL) successfully tested the separator 
system in early 1997.      

   11.3    IRON - CORE MAGNETS 

 Research in physics and the medical fi eld employs a variety of iron -
 core magnets. The magnetic fi elds applied range from a fraction of a 
tesla to more than 16   T. This section describes a few magnet systems 
where HTS coils have been recently employed or could be good 
candidates  . 

     Figure 11.5     HTS magnet for a separator  (Courtesy of American Superconductor 
Corporation)   

c11.indd   298c11.indd   298 1/12/2011   2:27:28 PM1/12/2011   2:27:28 PM



IRON-CORE MAGNETS   299

   11.3.1    Beam Bending 

 An H - shape magnet, consisting of a room - temperature iron magnetic 
circuit, was built by AMSC  [2]  for generating a uniform magnetic fi eld 
of 0.72   T in the air gap between two iron poles. Figure  11.6  shows the 
magnet system employing BSCCO - 2223 HTS coils conduction cooled 
with a single - stage G - M type cryocooler. The magnet system was 
designed for steady - state operation for long periods. It was factory 
tested in the fall of 1996, prior to shipping to a customer in New 
Zealand. This magnet operated successfully for many years at the 
Institute of Geological and Nuclear Science (IGNS) in New Zealand 
transferring an ion beam among three experiment stations.    

   11.3.2    Induction Heating 

 Conventional AC induction heating has been used in industry since the 
1920s. In 1990 a new concept emerged  [12]  for DC induction heating 
using strong electromagnets. The magnet - wire and motor drive tech-
nologies available at the time, however, did not permit an economical 

     Figure 11.6     Magnet assembly showing major components such as iron core, HTS 
coil cryostat, cryocooler, and power supply  (Courtesy of American Superconductor 
Corporation)   
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embodiment of the concept. With the emergence of both HTS as a 
commercially available conductor and advances in solid - state electric 
motor drive equipment, this almost 20 - year - old concept is now a com-
mercially viable product  [5] . Figure  11.7  shows an induction heater 
concept powered with a DC coil. An HTS coil is employed as the DC 
coil in the induction heaters for heating aluminum or copper extrusion 
billets. The potential for effi ciency improvements is substantial because 
conventional copper coil induction heaters rated for up to around 
1   MW operate with an overall effi ciency of typically only 50% to 60%. 
The effi ciency of a HTS induction heater expected to be signifi cantly 
higher than this.   

     Figure 11.7     Induction heater concept with HTS excitation coil  (Courtesy of Zenergy 
Power)   
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 An HTS induction heaters manufactured by Zenergy  [5]  and its 
technology partner began operation in 2008 and has revolutionized 
both energy effi ciency and process fl exibility in industrial aluminum, 
brass, bronze, and copper processing. In a precision heating process, 
HTS induction heaters soften the raw material billets of nonferrous 
metal in order to improve their ductility. The benefi ts of the HTS induc-
tion heater include the following: 

   •      Energy effi ciency over 90% as opposed to 40% to 50% with con-
ventional systems.  

   •      Electromagnetic induction of eddy currents, thus providing homo-
geneous and precisely controllable temperature levels throughout 
the material.  

   •      No risk of material damage from local overheating.  
   •      Very short startup time, with improved productivity as a result  .  
   •      Highly fl exible and cost effective for just - in - time production and 

manufacturing of high - grade, special - alloy components.  
   •      Economically favorable from day one. Energy cost savings alone 

amortize the purchase price within fi ve years of operation.    

 The HTS induction heaters are now a commercial product.  

   11.3.3    Synchrotron 

 Synchrotron storage rings use a number of very large copper electro-
magnets, consuming millions of dollars of electricity per year and 
requiring substantial amounts of cooling water. HTS magnets can be 
employed to provide signifi cant energy savings: modeling has indicated 
a factor of 20 reduction for complete systemwide installations, with 
equally impressive savings in cooling water demand. The very high 
current density of HTS wire compared with copper allows more 
compact coil geometries, leading to greater design fl exibility for the 
magnet and delivering greater optical access to the magnet working 
area. The HTS magnet advantage is available not just for new facilities: 
in many cases existing copper coils can be retrofi tted with HTS coils 
without modifi cation to the iron yoke. 

 The world ’ s fi rst synchrotron magnet (Figure  11.8 ) fi tted with HTS 
coils was shipped in 2009 from HTS - 110, New Zealand, to the 
Brookhaven National Laboratory in New York. This HTS magnet uses 
less than half the energy of a copper equivalent, along with substan-
tially less cooling water. Currently the copper coils consume 15   kW of 
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electricity and signifi cant amounts of cooling water during operation. 
With each synchrotron operating 50 or more magnets, the energy usage 
for an entire copper ring is up to 1   MW.     

   11.4    SUMMARY 

 The technology for building HTS magnets has been amply tested  . These 
magnets can perform the intended function very effi ciently in many 
industrial and research facilities. However, their initial cost, driven by 
the high cost of HTS and the cooling system, is inhibiting their wider 
adaptation. More real - life applications will emerge once these magnets 
meet the economic goals of their users.  
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ship propulsion motors

homopolar dc 136
permanent magnet 124
synchronous 122, 125

simulation 113
SMES 2, 7, 296
stator 60

insulation 91
magnetic iron teeth 61, 89
non-metallic support 61
winding 89, 105
winding confi guration 89
winding design Issues 89
winding, see armature

steady-state operation 61, 80
superconducting

ac machines 99, 139
cables 219
dc machines 129
fault current limiters 173
generators 59
magnet design 27
motors 59
synchronous machines 59
transformers 147
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superconducting magnet design 27
superconductors 7

1G 13, 17, 18
2G 17, 18, 19, 21
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28
coated conductor 18, 19, 26
cost 8, 15, 18
critical current 10, 11, 15, 17, 18, 
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defi nition 10
low temperature superconductors 
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Nb3Sn 8
NbTi 8
N-value 10, 11
V-I characteristic 10, 11
ybco-123 8, 17, 19, 26

SuperVAR 59
synchrotron 301
synchronous condenser 59
synchronous generators 59
synchronous homopolar 139

design analysis 142
design challenges 142

principle 140
prototype 143

synchronous motors 59

thermal insulation (MLI) 54, 95, 230
time constants (see synchronous 

machines)
torque tube 94
transformers 147
transient recovery voltage 

(TRV) 174
triax Cables 221

vacuum vessel 36
variable speed drive (VSD) 62, 83, 

108, 123
V-I Curve 3, 10, 11, 192

winding resistance
rotor 75
stator 75

XLPE cable 243

ybco coated conductor 18, 19, 26
ybco-123 8, 17, 19, 26

Zenergy 212
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