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In an electrical power system, power is generated far away
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from the consuming areas. The electric power is transmitted
from generating locations to consuming locations through Figure 2. Flux linkage between primary and secondary with iron
transmission lines. A high voltage is desirable for transmit- core.
ting large amounts of power in order to minimize the current
and the associated I2R losses, and reduce the amount of con-
ductor used in transmission lines. A much lower voltage, on

of even a small loss could be significant. In addition, mostthe other hand, is required for distribution, for various rea-
larger transformers employ oil for cooling the windings andsons connected with safety and convenience. The transformer
the iron core. Although the oil is an excellent cooling mediummakes the reduction in voltage easy and economically possi-
and is a good high voltage insulator, it has attracted the ireble. Generally, electricity is transformed three or four times
of environmentalists and fire departments due to the possibil-between the location of generation and the location of con-
ity of oil spills and fire hazards. Moreover, larger units are toosumption making transformers one of the basic elements of
heavy and bulky for normal transportation channels. Space inan electric power system.
an urban environment is quite valuable. A more compact,The physical basis of the transformer is mutual induction
light-weight transformer could more easily be sited, possiblybetween two circuits linked by a common magnetic field, as
even above the ground floor or basement levels. This could beshown in Fig. 1. The power transformer transfers electrical
a significant advantage. Some utilities have indicated thatenergy from one circuit to another, via the medium of the
they might be willing to pay a premium for such an advan-pulsating mutual magnetic field. Magnetic iron enhances the
tage. These difficulties have inspired designers and users toflux linkage between the circuits. The transformer coils are
look for alternative transformer solutions. Superconductingtherefore made to embrace an iron core, which serves as a
transformers appear to offer a solution to most of theseconduit for the mutual magnetic flux, ensuring that the flux
problems.links each coil fairly completely. The use of an iron core per-

A superconductor only operates within a space bounded bymits greater freedom in shape and relative position of the pri-
three parameters: current density in the superconductor,mary and secondary coils (Fig. 2), since the majority of the
magnetic field experienced by the superconductor, and its op-mutual flux is conveyed by the core regardless of the relative
erating temperature. The maximum operating current of apositions of the two sets of coils—primary and secondary.
given superconducting wire is a function of these parameters.Since transformers are employed extensively in a power
If any of these parameters is violated, the superconductingsystem, their efficiency and losses are considered a serious
wire loses its superconducting property and becomes re-issue. The transformer design selection is normally made on
sistive. Once in the resistive state, it generates joule heating.the basis of its lifetime cost which consists of the initial cost
This heating must be limited to a safe value in order to pre-plus the cost of operating it over its lifetime. The lifetime cost
vent permanent damage to the windings. The circuit breaker
feeding the transformer could be used to disconnect it if the
winding temperature exceeds a given upper limit. Since su-
perconductors can sustain large current densities with poten-
tially low losses, a superconducting transformer is expected
to be smaller, lighter, and more efficient. In addition, since
the superconducting transformer uses cryogenic liquids as di-
electric and coolant, it is also free of environmentally unac-
ceptable oil. During the eighties, several groups designed,
built, and tested small transformers employing low tempera-
ture superconductors (LTS) Niobium–Titanium (NbTi) super-
conducting windings (1–6) cooled with liquid helium to
around 4 K. Several problems were observed:

• First, the superconductor must operate in the presence
of fluctuating ac currents in a moderately high magnetic
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field resulting in decreased stability and increased ac
losses.Figure 1. Flux linkage between primary and secondary in air.
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• Second, under system fault conditions, if the critical cur- ers but a dielectric break must be included in the circumfer-
encial direction to prevent flow of current in the containerrent of the conductor is exceeded, recovery to the super-

conducting state is too slow to allow automatic circuit walls. The dielectric break makes these metallic cryogen con-
tainers more expensive and less reliable. The superconduct-reclosure.
ing windings must be cooled with suitable cryogen (liquid• Third, the need to cool with liquid helium reduces eco-
helium for NbTi windings, liquid nitrogen for HTS BiPbSrCa-nomic benefits of such a device.
CuO-2223 (BSCCO-2223) windings, or an intermediate tem-
perature for Nb3Sn or BSCCO-2212 windings). Reference 13The discovery of high temperature superconductors (HTS)
describes the status of the HTS conductor technology and (14)has revived interest in superconducting transformers. Pres-
discusses coils made from BSCCO-2212 material. Since theseently, attempts are being made to design, build, and test
containers hold windings at low temperatures, their wallstransformers with HTS windings cooled with liquid nitrogen
must be thermally insulating. For low temperature operationat 77 K. These HTS transformers are less likely to have the
at around 4 K, a double wall construction is employed withproblems associated with NbTi transformers. For example,
multi-layer-insulation (MLI) insulation in the vacuum spacethe use of HTS material greatly improves stability; the trans-
between the walls. Additionally, an intermediate temperatureformer could be designed to prevent quenching (i.e., transi-
(77 K) shield is also inserted between warm and cold walls oftioning to the normal state), and the consequences of ac losses
the cryostat. This makes the container design complex andcould be potentially overcome by developing low-ac-loss HTS
expensive. On the other hand, if the windings operate at 77conductors and operating it at 77 K. References 7–9 have
K then single wall construction could be used for these con-summarized the evolution of the superconducting transform-
tainers. This makes design and construction simpler and theers. Recently two HTS prototype transformers have been
cost is substantially lower as compared to those of the lowtested—a 630 kVA, three-phase transformer by ABB (10) and
temperature coils. The cost of refrigerator (both capital anda 500 kVA, one-phase transformer by Kyushu University (11).
lifetime) is also much lower for devices operating at 20 K toThis article discusses potential system benefits associated
77 K than those operating at 4 K.with superconducting transformers, and reviews and summa-

rizes the design requirements for such a device. It also com-
pares and contrasts the requirements for transformers utiliz- TRANSFORMER DESIGN AND ANALYSIS
ing LTS and HTS conductors.

The transformer design is obtained with an optimization pro-
cess which involves varying several significant parameters

SUPERCONDUCTING TRANSFORMER CONFIGURATION which are interrelated in complex ways. A transformer is
sized on the basis of its power rating, voltage, number of

A superconducting transformer operates using the same prin- phases, frequency, and short-circuit reactance. It is also nec-
ciples and constituent parts as found in a conventional trans- essary to pay close attention to transformer type, service con-
former. Both employ an iron core to contain magnetic flux, ditions, cost of losses, and the relative costs of conductor, iron,
and primary and secondary windings to exchange power. insulation, labor, machinery, and configuration. All these fac-
However, the construction of the two types of transformers tors are considered when designing a superconducting as well
is quite different. For example, in conventional transformers as normal transformer.
primary and secondary coils are directly wound on the iron
core and both iron core and coil assemblies are immersed in Design Issues
a tank filled with oil that cools both the iron core and the

It is possible in principle to construct a superconductingcoils. On the other hand, in superconducting transformers,
transformer without an iron core. Such transformers arethe iron core is usually maintained at room-temperature
characterized by a larger reduction in losses, size, and weightwhile the superconducting coils operate at cryogenic tempera-
than those employing iron core but they require much largertures. The decision to maintain the iron core at room temper-
excitation current (15–16). On the other hand, an iron coreature is dictated by the fact that the iron core losses, due to
offers the following benefits:hysteresis and eddy-currents, are substantial (almost 1 watt

per pound) and they go up when the iron core is operated at
• The core contains the mutual flux between the windings,cryogenic temperatures (12). The iron core permeability also

and thus, reduces stray field which has adverse impactsgoes down at low temperature which means more iron core is
on people and other equipment in the vicinity of therequired to carry the same flux at low temperature than at
transformerroom-temperature. The core losses would represent a major

• The magnetic field experienced by the superconductingload on the refrigerator if the iron core were operated at cryo-
windings is reduced, thus reducing the amount of super-genic temperature. On the other hand, the superconducting
conductor requiredwindings must be cooled to cryogenic temperatures (between

4.5 K and 77 K) which necessitates that these windings be • The ac losses in the windings are reduced, which reduces
enclosed in containers which could hold vacuum or cryogen or the size of the refrigeration system
both. These containers surround the iron core limbs and take
the shape of hollow donuts. Since they surround the iron core, Since losses in the iron core are large, it is normally prefera-

ble to keep the iron core at room-temperature. This require-they must be constructed from nonmetallic material lest they
form a closed circuit around the iron core and thus form a ment to operate the iron core at room-temperature forces su-

perconducting transformer configurations which differ fromshorted secondary for the transformer, making the trans-
former unworkable. It is possible to employ metallic contain- those of conventional transformers.
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damage (20). Moreover, the protection of ac windings is more
critical than of dc windings, because of high matrix resistiv-
ity—it is not permissible for wire to carry its nominal current
longer than a few milliseconds, otherwise permanent damage
could occur. Thus, transformers employing NbTi windings
must be designed carefully to avoid these problems. Similar
design approaches must be used for Nb3Sn conductors. These
conductors have higher critical temperature than NbTi and it
is therefore possible to operate them at higher temperatures
(�10 K) as compared to 4 K for NbTi. Nevertheless, most
problems associated with low temperature persist. The lack
of economic feasibility and high cost of refrigeration stopped
LTS transformer activities.

Iron core

Outer wall of
cryostat

Cold wall of
cryostat

Superconducting
windings

BSCCO Conductors. Although BSCCO conductors have aFigure 3. HTS transformer configuration.
potential of operating at �77 K and being cooled with envi-
ronmentally friendly liquid nitrogen, no suitable design of an
ac conductor exists at this time. The major problem is posed

A generic three-phase superconducting transformer is
by high aspect ratios (1 : 10) of such conductors as shown in

shown in Fig. 3. It has a set of concentric primary and second-
Fig. 4. Since hysteresis losses are directly proportional to fil-ary windings surrounding each leg of a three-leg transformer
ament diameter (17), losses induced by magnetic field perpen-core. Since the windings operate at cryogenic temperatures,
dicular to the wide surface of the conductor are high and theyprimary/secondary winding pairs are enclosed in individual
pose coil cooling and overall transformer efficiency challenges.cold containers (identified as cold wall of cryostat in Fig. 3).
Furthermore, since a single strand of BSCCO wire could onlyThis cold wall must be made of nonconductive materials in
carry limited current, it is necessary to wind several strandsorder to prevent a shorted turn. A common warm wall en-
in parallel. If these strands are not transposed they can causecloses all three cold walls—this wall could be metallic.
significant coupling losses. Iwakuma (21) has proposed a
transposition scheme to minimize these coupling losses.Conductor Concepts
Losses due to field parallel to the wide face of the conductor

Superconductors being considered for transformers could be are likely to become acceptable.
divided into two broad categories on the basis of their op- The perpendicular field losses only occur in the end regions
erating temperatures. LTS operate at liquid helium tempera- (10% of the coil axial length) of coils and with clever winding
ture (�4.2 K) and HTS operate at temperatures ranging from schemes, it might be possible to minimize these losses. Re-
20 K to 77 K (the temperature of liquid nitrogen). Two LTS search is continuing at ASC and other places around the
conductor options are available; Niobium–Titanium (NbTi) world but no one has yet published a credible conductor de-
and Niobium–Tin (NB3Sn). Likewise, two HTS conductor sign. Until a credible HTS conductor is developed for ac appli-
choices are available in long lengths; BSCCO-2212 for opera- cation, the HTS transformer will remain elusive.
tion at �20 K to 30 K, and BSCCO-2223 for operation �50 K Since the specific heat of metals is high at higher tempera-
to 77 K. This section discusses characteristics of these conduc- tures, it is possible to absorb larger amount of heat at the
tors and their pros and cons for application in a superconduct- higher operating temperatures of HTS for a modest tempera-
ing transformer. ture rise of the conductor. Nevertheless, ac losses in presently

available conductors are still unacceptable due to cost/effi-
Niobium-Titanium Conductors. Superconducting NbTi wires ciency considerations. ABB has made a 630 kVA transformer

for 50 Hz to 60 Hz applications require very small diameters (10,22) which employed BSCCO-2223 wire from ASC but its
in order to minimize ac losses and improve intrinsic stability

ac losses are unacceptably high for commercial deployment.(17–19). These NbTi wires are characterized by very fine fil-
On the other hand, this device has demonstrated that if aaments (0.1 �m or less), high resistance CuNi matrix, and
suitable HTS wire was available then it would be possible tosmall wire diameter (�0.2 mm). A practical size conductor,

capable of carrying hundreds of amperes, consists of many
such wires.

Primary and secondary coils made with this conductor are
generally housed in a common container filled with liquid he-
lium. Since it is expensive to remove heat generated at liquid
helium temperature (4 K) with a refrigerator, designs are al-
ways optimized to minimize heat generated at low tempera-
tures. Since the specific heat of metals is very low at the liq-
uid helium temperatures, a small heat input forces the
conductor into its normal conducting state. Protection against
the consequences of an unexpected quench is one of the most
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significant challenges for superconducting coils—the inten-
sive and localized Joule heating can produce catastrophic Figure 4. Highly aspected HTS conductor.
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a � radius of filament (m)
f � frequency (Hz)

The largest loss component is usually hysteresis loss in the
superconductor filaments. One way to reduce these losses is
to make the superconducting filament diameter (2 a) as small
as possible.

Another component of ac losses is due to coupling between
filaments. This coupling takes place when the electric field
between adjacent filaments is sufficiently large to cause a cur-
rent flow between filaments through the matrix. Filaments
are tightly twisted in a helical fashion and are surrounded by
high resistivity matrix in order to reduce these coupling cur-
rents and the associated losses. The coupling losses are given
by the following equations taken from (25):

Figure 5. Model coil made by ABB, from wire provided by American
Superconductor Corporation, for the 630 kVA transformer project in
Geneva, Switzerland.
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22) shows a Model coil made by ABB, from wire provided by
American Superconductor Corporation, for the 630-kVA

wheretransformer project in Geneva, Switzerland.
Coated conductors employing YBCO films on a substrate

Pc � loss per unit volume of the conductor (W/m3)are emerging as an alternative to BSCCO conductors. High
c and d � conductor cross-sectional dimensions (width andcritical current in HTS films deposited on crystellographically

thickness) (m)oriented substrates has been demonstrated recently by Los
lt � twist pitch length (m)Alamos National Laboratory (LANL) (23) and independently
B � rate of change of magnetic field (T/s)by Oak Ridge National Laboratory (ORNL). Joint industry-
�e � matrix resistivity (��-m)laboratory programs are underway to scale up this coated

conductor technology. A number of technological problems
Equation (1) is used when the field is parallel to the widermust be solved before a practical conductor could emerge. Pro-
face Eq. 2 of the conductor d � c. Eq. (2) is for the case whenduction conductors are expected by a 2002 time frame.
c � d.The coated conductor promises significantly higher perfor-

It has been shown (26,27) that NbTi coils operating at liq-mance than the BSCCO, with projected cost/performance be-
uid helium temperature must have a filament diameter onlow the much discussed $10/kA-m commercialization bench-
the order of 0.1 �m or less to make these coupling losses com-mark. Overall strand current densities of up to 50,000 A/cm2

parable to the losses in copper windings of a conventionalare expected to be achievable. In addition, the coated conduc-
transformer.tor films may ultimately be engineered to optimize filament

Both of these ac loss phenomena also apply to HTS conduc-dimensions and to eliminate filament coupling through the
tors. HTS conductors are currently made in highly aspectedcareful selection of layers within the conductor architecture.
tape shapes (1 : 10) as shown in Fig. 4. The hysteresis losses
due to magnetic field parallel to the broad face of the conduc-Ac Losses
tor are acceptable since the dimension transverse to the field

Losses in a superconducting coil are quite small under dc op- is small, but losses due to magnetic field perpendicular to the
eration. However, these losses become significant if the coil broad face of the conductor are excessively large. Although
current is ramped rapidly or if it carries ac as in a trans- several industrial groups are attacking this problem, no
former. The ac losses are generally quite small, but the re- method has yet been published for making a conductor capa-
frigeration penalty amplifies their effect. When the applied ble of carrying large currents (comparable to those of LTS)
field is low, superconductor tends to screen penetration of while keeping hysteresis and coupling losses low. HTS con-
field into interior of the conductor. However, higher fields ductors, however, have a couple of significant advantages over
fully penetrate a conductor. Under such a condition, hystere- the LTS conductors—the temperature rise due to a transient
sis loss (watt) is given by the following formula (17,24) for heat input (i.e., by conductor movement) is lower at the
decoupled filaments: higher HTS operating temperatures than when operating at

liquid helium temperature, and they have a slow transitionQh = �BJcaf
from superconducting to normal state which makes them in-
herently more stable. This advantage may translate into re-where
laxed requirements on the acceptable filament size and other
conductor configuration parameters. However, the ac losses in�B � field variation (peak-to-peak) (T)

Jc � critical current density of superconducting filament these wires must be low in order to make HTS transformers
economically acceptable.(A/m2)
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Another significant loss component is the heat conduction uified in a refrigerator and returned to the cryostat. A num-
ber of conduction cooled magnets which use no liquid cryogenthrough current leads. One end of a current lead is at room

temperature and the other end is at low temperature, and the have been built for operation at 4 K and higher temperatures
using both HTS and LTS wires.heat is conducted along the length of the lead from warm to

cold regions. In case of LTS transformers, conduction heat can
be intercepted at the intermediate thermal shield, which is Economic Considerations
usually kept at �70 K. The heat conduction between the 70

From a utility perspective, a transformer must have low ini-
K and 4 K winding regions could be controlled by employing

tial and operating costs, and be light weight, compact, and
HTS current leads. However, in case of HTS transformers op-

environmentally benign with a lifetime of typically 30 years.
erating at the liquid nitrogen temperature (77 K), all of the

To a great extent, a HTS transformer does have a potential
lead conduction must be cooled by the liquid nitrogen coolant.

to offer these advantages.
A typical 100 A pair of leads conducts 8 W of heat load into

Conventional transformers are highly reliable and flexible
the cold region.

in terms of their use in an electrical system. However, the
dominant component of losses is the I2R loss in the windings.

Cryostat
The capitalized cost of these losses over the life of a trans-
former could easily exceed its initial cost. The superconduct-To maintain the low temperature environment essential for

operation of LTS and HTS magnets, they must be placed in ing transformers are attractive because of the potentially
lower winding losses. However, there is an energy penalty as-special vessels or cryostats. These are vacuum insulated con-

tainers. Designs for LTS and HTS could be widely different; sociated with the input power consumed by the refrigeration
system. This energy penalty can be substantial. To remove 1HTS cryostats are likely to be easier to design and fabricate

than LTS cryostats. Since the cost of removing losses from W of losses at 4 K, 500 W of refrigeration power is required.
However, only 20 W is required to remove 1 W from 77 K.low temperatures (4.2 K) is very high, usually a double or

triple wall construction is employed. The innermost space This reduction in the refrigeration power has generated a lot
of interest in transformers employing HTS conductors. An op-contains the liquid helium and outermost wall operates at

room temperature. An intermediate wall is normally em- timally designed HTS transformer is likely to have lower
losses and lower life cycle cost than a conventional unit.ployed which operates at an intermediate temperature such

as liquid nitrogen temperature (77 K). In some applications, The higher current density capacity of superconductors
compared to copper leads to a more compact and lighter de-even another wall is introduced at 20 K to 30 K in order to

minimize total refrigeration load. sign of transformers. Even for the identical core diameters,
the core window width (space between iron legs) could be re-On the other hand, a HTS cryostat operating at 77 K could

employ a simple double wall construction. The outer wall is duced in proportion to the space saving due to the utilization
of superconducting windings. This reduces the iron coreat room-temperature and the inner wall is at liquid nitrogen

temperature. The space between the two walls is filled with weight. Lighter core size also leads to lower core losses. A
compact and light weight transformer might see new applica-multi-layer-insulation (MLI) or some other suitable thermal

insulation such as various types of foam. Normally this sim- tions which were not feasible with the conventional trans-
formers. Lower weight and compact size would make themple construction reduces heat leak to an acceptable level.
acceptable for more urban applications. Smaller core windows
also lead to lower leakage inductance which helps to improveCooling System
dynamic stability of a power system. The low leakage induc-

Superconducting magnets can be cooled with a pool of liquid
tance also improves the voltage regulation to the load, and

cryogen or cooled by conduction with a cryocooler. The major-
therefore, it might eliminate complex and expensive tap

ity of LTS magnets are cooled with liquid helium. Helium has
changers.

the lowest boiling point (4.2 K) at atmospheric pressure of
The environmentally friendly aspect of a superconducting

any known cryogen and has been the cryogenic fluid used in
transformer gives additional impetus to application of these

the LTS magnets. On the other hand, cost of helium is very
devices. They do not have environmental, health, and safety

high (� $5/liter). Because of its cost, most facilities install
concerns associated with conventional transformers. In urban

a recovery and reliquefying system. A variety of devices are
settings, most transformers are installed in the basement of

available worldwide. The choice of device is application spe-
high rise buildings. Environmental concerns are forcing utilit-

cific as the designer must evaluate trade-offs. Primary among
ies to employ oil free transformers. In a superconducting

these are first-cost versus operating cost; first-cost versus re-
transformer, oil is replaced with liquid helium or liquid nitro-

liability and ease-of-use, and dollar per watt of cooling re-
gen. They are much more benign—nontoxic, nonflammable,

quired. Devices are basically two types; open-cycle or closed-
and noncarcinogenic. However, in the event of a quench, a

cycle. The former are the simplest, lowest cost form of re-
large quantity of helium or nitrogen gas could be released

frigeration available today and are quite simply open top
which could displace oxygen in the surrounding air and pres-

‘‘bucket’’ dewars. Closed-cycle systems do not require use of
ent a personnel risk. This risk can be mitigated by controlled

liquefied cryogens but rely on the refrigeration capacities of
release and installation of exhaust fans.

the gas and the cycle design to achieve the cryogenic tempera-
tures desired. Helium is the predominant gas used in these
devices. For larger applications such as a transformer, a STATE-OF-THE-ART OF SUPERCONDUCTING TRANSFORMERS
closed cycle helium system is substantially more economical
in long run than purchased liquid helium. With a closed cycle With the advent of HTS conductors, the low temperature

transformer design efforts have essentially been abandoned.system, the warm helium returning from the cryostat is reliq-
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