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Abstract 

Development of the superconducting transformer is arguably the most difficult of the ac power applications of 
superconductivity - this is because of the need for verylow ac losses, adequate fault and surge performance, and the 
rigors of the application environment. This paper briefly summarizes the history of superconducting transformer 
projects, reviews the key issues for superconducting transformers, and examines the status of HTS transformer 
development. Both 630-kVA, three-phase and 1-MVA single phase demonstration units are expected to operate in 
late 1996. Both efforts will further progress toward the development of economical and performance competitive 
superconducting transformers. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
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INTRODUCTION 

This paper first presents a brief review of the history of low 
temperature superconducting (LTS) transformers from 1960- 
1980. It then examines the state-of-the-art in LTS transformer 
development during the last decade and the status of high 
temperature superconducting (HTS) transformer and conductor 
development. Finally, the HTS transformer's advantages in 
solving the classical LTS transformer problem areas are 
discussed. 

Power transfonners appear to have changed little over the last 50 
years. While the basic design principles and general conshuction 
techniques have changed little, today's utility power transformer 
has losses of less than 1% of total rating. Modem power 
transformers are highly reliable, robust devices which operate 
undex less thao per fa  environmental conditions fiom near zero 
load to greater than 150% of nameplate for over thirty years 
under Limited human surveillance. Though protected externally 
by overcment relays, transformer windings must be designed 
to survive significant current overloads of 10-20 times normal 
full load for 1-2 seconds. The performance of power 
transformers represents one of the 20th century's major 
technological achievements. 

Why a Superconducting Transformer? 

Existing transformer technology would appear to leave little 
room for improvement. However, electric energy consumption 
continues to increase at about 2% per year nationally with most 
growth occuning in urban areas. This suggests a growth in the 

small to medium power range (10-100 MVA). Furthermore, this 
urban growth a h  implies limited new siting availability, and 
the need to uprate existing sites with higher volt-ampere 
capability. Indeed, many of these existing sites are indoors or 
adjacenttobuikiqp which restricts the use ofmost liquid filled 
transformers. In addition, the increasing competitive nature of 
the utility market leads to a desire to further reduce losses and 
maintenance costs while holding capital expenditures at or near 
present levels. 

Momvm, evert the very limited losses of existing transfmers 
represent a significant cost over the expected life of the 
transformer. The desire to reduce these losses in existing 
transformers has driven end-users to purchase units having the 
lowest Total Owning Cost (TOC). TOC is defined as the initial 
capital cost plus capitalization of both no load and load losses 
over the transformers effective life. The specific capitalization 
of losses is customer dependent but the value is generally 
comparable to the initial capital cost of the Unit. Reduction in 
TOC has resulted from many small steps in essentially every 
stage of transformer design and construction; thus, it can be said 
that transformer loss reduction has been evolutioaary rather than 
revolutionary. 

Tramformer losses consist of those losses which are independent 
of load, the no laad losses (NLL) or core losses, and those losses 
which are load dependent, the load losses (LL). No-load losses 
represent some 10-20% of total losses and are the result of two 
major factors, hystersis losses in the iron core (30-50% of NLL) 
and eddy current losses in the core, coil, tank and supporting 
structure (50-70% of NLL). Major research efforts over the last 
50 years have reduced NLL by a factor of three while increasing 
core costs by a factor of two. Recent application of amorphous 
metals to wound transformer cores further reduce NLL for 
distribution transformers but this material has not been used in 
power transformer cores which are made of high field, graiu 
oriented, cold rolled, laser-scribed, silicon steel. At full load 
some 8O-Wh of transformer losses are load losses which consist 
of 12R or conductor resistive losses (typically 800/0 of LL) and 
eddy c w n t  plus stray losses (typically 20'% of LL). AU 
significant reduction in transformer load losses has occurred in 
the eddy and stray component. The use of superconducting 
windings offers a means of reducing the major component of 
transformer losses (12R) and the volume and weight of power 
transformers. Meeting, the dual challenge of reduced losses and 
improved performance will require innovative research and 
development efforts. 

Potential Advantages of Superconducting Transformers 
The application of superconducting materials to reduce PR 



'losses has been pursued since 191 1 when Onnes imagined that 
machines made fiom metals that showed the ability to 
" s u v n d u c t "  would be super-efhient. Over the last 30 years 
research efforts to produce a superconducting transformer have 
been driven by the indicated potential economic benefits of 
reduced losses rather than significant perfixmance improvement. 
tf accomplished, success would indeed represent a revolution in 
transformer design and wnstructim rather than the slow 
evolutionary results of the past. However, the progress towards 
the superconducting transformer has also been very slow with 
prospects ranging fiom the impossible in 1966 to what now 
appears to be a reasonable probability of success. 

Superconductivity is not presently a room temperature 
phenomenon. Hence, any superconducting system must be 
cooied and remain cooled below a critical temperature to 
functioo as a superconductor. In addition, the superconducting 
state is present only below critical magnetic field and current 
limits. Hence superconducting materials are generally operated 
well below critical temperature, field, and current limits to 
provide safety margins and improve other required conductor 
characteristics. In addition, while superconductors do have zero 
resistance (no losses) under direct current conditions, they have 
hysterisis-like losses under ac fields. Thus, to be economically 
competitive with conventional transformers, the added capital 
cost of the refrigerator, cryostat and conductor and the operating 
costs of refrigeration required to remove the ac losses and and 
the heat transported into the system must be made small enough 
to economically offset the existing PR looses of a conventional 
transformer. The advantages of reduced size and weight will be 
an evaluation advantage. 

LTS TRANSFORMER DEVELQPMENT BEFORE 1980 

Prior to 1960 the development of a superconducting power 
transformer was not seriously considered because of the 
limitations of available superconducting materials. The ultimate 
development of niobium based superconducting wire (NbTi and 
Nb,Sn) in the early 1960's opened the possibility of ac 
applications including the transformer. 

In 1961, McFee' suggested that a viable superconducting 
transformer could be developed by interleaving the low and high 
voltage windings to minimize flux jumps and by operating the 
core at near room temperature to minimize cryogenic load. The 
resulting transformer design was uneconomic because of the 
large transformer volume. A general scoping design in 1966 by 
Wilkinsod cast great doubt on any potential application of 
superconductors to transformers. This work examined a 570 
MVA generator-step-up (GSU) transformer using interleaved 
windings of superconducting tapes and conventional auxiliary 
windings to limit fault cments. While almost complete 
elimination of losses was possible, the resulting transformers 
were again found to be too large and to present too great a 

refrigeration load to be of economic interest. la additioa, the 
small volume of superconducting materials were considered 
prone to failure by burnout under fault conditions. 

While subsequent work by Lorch' in 1969 and Harrowell' in 
1970 again established the potential benefits and more clearly 
defined the problems to be solved, the superconducting 
transformer was still considered to be uneconomic, again 
primarily because of large total volume and high refrigaation 
loads. Lurch concluded that for the superconducting transformer 
to become economical the cost of refrigeration had to be 
drastically reduced either by a major development in 
refrigeration technology or by the development of 
superconductors with sigaificantiy higher opaatiag 
temperatures. Practical fault current duty required significaatly 
higher superconductor critical current density at opaating 
temperatures. 

In the mid-19703, Westinghouse Electric Corporations and the 
U.S. Department of Energy undertook a major program to 
develop a superconducting transformer. The results of this 
research established that a lOOO-MVA, 550/22 kilovolt, 
generator-step-up unit, low temperature superconducting 
transformer enjoyed a 30% cost advantage when evaluated using 
a life cycle cost methodology. The break-even size was 350 
MVA. The research included the following key results: 

0 

0 

a 

The use of auxiliary superconducting windings to 
handle fault or other overcurrent conditions presented 
a major critical problem in the Westinghouse design; 
viz., the failure of the current to transfer back to the 
main superconducting windings following an 
overcurrent event. The superconducting auxiliary 
windings continued to cany current because, following 
the transient, the main windings were resistive and 
produced IZR heating which exceeded the available heat 
removal capability. 

The electrical design used a multi-winding con- 
figuration of main and auxiliary windings to reduce ac 
losses and add current limiting capability. 'The core 
was kept at room temperature. 

The conductor was a cable of multi-filamentary Nb$n 
or NbTi conductor strands. The strands were twisted 
and transposed to reduce eddy current and hystersis- 
like losses. These operated in supercritical helium at 8 
degrees Kelvin and a pressure of 6 atmospheres. The 
helium served as both coolant and electrical insulation. 
Specific details of the conductor were not presented. 

No major mechanical, thermal, reliability or 
environmental problems were encountered. Stainless 
steel straps were used to provide support for the 



superconducting windings. To reduce losses, the 
cryostat was to be made of a non-conducting fiberglass 
reinforced plastic (FRP). 

A concept for a high voltage bushing was presented but 
the concept was not developed. 

The current transfa problem was not solved at the end of the 
research effort and in general, overcurrent operation and 
protection remain key problems for LTS transformers. Except 
for small laboratory scale apparatus, no transformers of realistic 
size and dimensions were built during this period, 

LTS TRANSFORMER DEVELOPMENT 19WDATE 

Since 1980, LTS transformer development has proceeded mainly 
in Europe and Japan. The predominant work m Europe has been 
at GEC-Alstrom and ABB, while Japanese work has been 
conducted broadly by utilities, industries, and universities. 

Results in France6 at the Laboratoires du Marcousis and Alstrom 
build upon successful development of long length, ultra-fine 
multi-filamentary NbTi conductor that has been successhlly 
used in several ac applications. A single-phase 30-LVA 
transformer was built which demonstrated the feasibility of 
considerable weight reduction and higher efficiency for designs 
above 1-WA. Current under fault conditions was limited by 
the resistivity of the conductor matrix material consisting of 
a CuNi alloy. Further development work was indicated for 
composite materials for complex vessel structures, increased 
current transport, and high voltage insulation. 

A superconducting coaxial turn transformer was designed and 
evaluated conceptually by Schauer’ in Austria. He concluded 
that “The optimal choice for a practical superconducting 
transformer will be determined by considering investment, 
transportation and cost of losses as well as network 
characteristics and requirements.” He further concluded that an 
actively protected transformer with very low losses and short 
circuit limiting capability was best for economic reasons. The 
use of new lower loss LTS was potentially favorable but “the 
situation would be altered significantly if a LN2 cooled high T, 
superconductor became available.” 

Using Alstrom conductor, a 330 LVA, single phase, power 
transformer was constructed and tested at ABB’. It performed as 
projected at rated power. The total input low temperature heat 
load was 9.4 watts, with ac losses from the %Ti conductor 
contributing about 1 watt per winding. A fault current limiting 
abiity was reported which could be used to limit currents for 10- 
50 ms. A quench protection device that interrupted power in 10- 
25 ms was designed and incorporated into the test circuit. Ihe 
report of this research concluded that “A power transfonner with 
superconducting windings has some attractive properties and 

will be very favorable when high temperature superconductors 
with ac properties comparable to those of the conductor we used 
in the transformer windings becomes available.” 

Since 1980, Japanese development of superconducting 
transformer techno-logy has been rather extensive. Particular 
attention was afforded the quench protection problem. A 72 
LVA, four winding Superconducting transformer using 
NbTdCuNi strands was built and teste@. Quench performance 
was studied both experimentally and theoretically. It was found 
that an unusual transition from superconducting to the normal 
state was attributable to a peculiar aspect of the superconducting 
cable used in this transformer. It was suggested that such 
abnonnal transitions d be useful fot self pmtccth and to 
aid in preventing conductor burnout. Theoretically, the effective 
use of the abnormal transitions required values of volts/turn 
much lower than normally found in conventional transformers. 
This seems to imply a larger transformer. No discussion of 
losses was provided. 

A 30 kVA, single-phase transformer using ultra-fine multi- 
filamentary NbTi superconductor was built and tested at 
Toshiba’O. To test performance under fault conditions, the unit 
was designed to have very low leakage impedance. Again fault 
limiting action was demonstrated. “Training” of the 
superconducting winding was required; i.e., several quenches of 
the superconductor to the normal state &om operating conditions 
were required to obtain predictable performance. 

A 100-kA secondary conductor superconducting transformer 
was fabricated at the Japan Atomic Energy Research Institute, as 
a current amplifier to supply current to a high field supercon- 
ducting magnet used to test large scale superconductors”. This 
design suggests methods of designing LTS transformers for 
transient conditions. 

Investigations of LTS air core autotransformers as both 
transformers and reactors have also been performed in Japani2. 
As expected, the air core results in increased excitation current 
and larger leakage reactance. The transtimer would provide an 
excellent reactive power source. Additional work is expected. 

A small LTS transfmerhaying a cryocooled amorphous core 
has also been developed”. At liquid helium temperature, the 
amorphous metal core has a higher saturation flux density and 
retains its low loss perfonnance relative to grain oriented silicon 
steel. Both weight and volume were reduced considerably using 
this design feature. This type of transfonner is “especially 
promising” for HTS applications. 

The Japanese have also investigated the parallel operation of a 
LTS transformer and a conventional copper wound 
trans for me^'^. The unit evaluated was a 40 kVA, three phase, 
4/1 step down, iron core transformer using NbTi superconductor. 



'Fast quench detection allowed this LTS transformer to be 
disconnected and reconnected fallowing fault clearing with the 
conventional unit carrying the l a d  during the transient. Further 
study to establish a more eficient design was suggested. 

Kansai Electric Power Company reported the development of a 
LTS transformer using Nb,Sn conductorI5. The conductor 
development goal of 5,OOO Nmm' and an ac loss of half that of 
copper was not achieved (specific conductor details were not 
reported) but performance was good enough to proceed with the 
design and fabration of a 667 kVA, single phase ( one phase of 
a 2000 kVA, three phase design) demonstration. The 
transformer's characteristics include: 1) an external iron core and 
multiple grouping of the core windings to reduce losses, 2) 
parallel connection of the coil groups to increase the 
transfmer's capacity, 3) physical stabilization of the windings 
by use of epoxy impregnation, and 4) reduction of eddy currents 
in the transformer tank by the use of a FRP. The unit operated 
at 1379 kVA without quench and transferred fault current to 
parallel coils under quench conditions. No problems with quench 
recovery were mentioned. 

HTS TRANSFORMER DEVELOPMENTS 

Several HTS transformer studies were initiated immediately 
following the discovery of high temperature superconductivity. 
A survey of the impact of HTS on major applications included 
a review of which indicated economic advantages 
including an additional 35% saving in total owning cost for HTS 
transfmers over Nb$n based designs. Ac losses were noted as 
the major unknown in HTS transformer design. 

A performance, cost and market evaluation of both GSU and 
autotransformers in the 30- 1 OOO MVA size range was conducted 
for the U. S. Department of Energy by Dirks et al. at Pacific 
Northwest Laboratory". When optimized for lifecycle cost, the 
HTS transformer on average was found to have about half the 
life cycle cost of a conventional unit. As expected, the HTS 
transformer was smaller and lighter; however, because of the 
unknown chamteristics of the HTS cable and detailed cryogenic 
designs, size and performance projection are valid only for 
scoping purposes. Of the two major design approaches 
considered, the cryostable design, was more cost effective than 
the ultra-stable design because less was required. There 
were no major problems found in considering direct substitution 
of HTS transformers for conventional transformers, although 
some concern for maintenance and cost of the LN2 cryogenic 
system was noted. National savings from HTS transformers was 
estimated to be about $25 billion dollar through 2030. 

Mumford" of GEC Alstrom describes the technical and 
economic benefits of HTS pow& transformers operating at 77 K. 
His lifecycle cost analysis iadicates HTS transformer costs 
should be 30-60% of conventional transformer costs over the 

size range of 30-1500 MVA. Transformer weight was calculated 
to be about 60% of conventional; however, this reduction was 
due only to the change in conductor, and greater reduction may 
be possible. Comparisons with LTS designs also show an 
advantage for HTS transfbnners. While HTS wire is likely to be 
more stable against thermal disturbgnces than LTS wire, the low 
propagation velocity of the normal zone in HTS wires may r e d  
h a  localquencb and bumout problem. An inductive HTS fault 
current limiter was suggested as a means of protecting the 
windings from excessive current. The low strain tolerance of 
HTS wire was also a point of concern. 

ABB and American Superconductor in collaboration with 
Electrick de France d !kwices Iadusbiels de Gtneve with 
financial support h m  the U. S. Department of Energy and the 
Swiss Utilities Study Fund have been conducting research on 
HTS transformers. This group is presently building a 3-phase, 
630 kVA, 13.720.42 kV, 50 H z ,  4.6% impedance, Delta-Wye 
demonstration unit. The unit is scheduled for test later this year 
in Geneva. A summary of this project was presented at the 1995 
Munich Conference on Superconductivity. Private commu- 
nication with ABB's Ove Alberts~on'~ indicates that further 
information will not be published until the transformer is built 
and tested. 

As part of an inkgrated team involving the resources of our four 
organizations, the authors are engaged in an extensive program2o 
to evaiuate HTS transformers and to build a I-MVA HTS 
demonstration unit. To date we have: 

e Evaluated the utility need for HTS transformers and 
conducted a market survey that indicated both need and 
market. 

e Examined many HT!3 designs in the 10-50 MVA size 
range assuming presently available BSCCO-2223 
conductor and conductor expected to be available m 
commercial lengths by the year 2000. 

0 Obtained the optimal performance operating range for 

In parallel with these efforts, developed a low cost (in 

ternpatuns h 20-77 K using the above conductors 

0 

the range of $10-SOW-m at 25 K and 0.1 T), surface 
coated BSCCO-22 1 2 conductor and installed kilometer 
scale production apparatus for it. 

e Completed the conceptual design and began the 
detailed design of a I-MVA demonstration unit. 

As a result of the evaluations, design alternatives were 
developed for several appropriate types of conductor. The 
technical and economic feasibility of HTS transformers 10 MVA 
and larger size was established. 



’ We have developed two conceptual reference designs. Both are 
18/24/30 MVA, 138113.8 kV, 60 Hz, 10% impedance at 18 
MVA, Delta-Wye. Design I uses LN2 in an open-cycle system. 
Design I1 is based on a cryogen fkee cooling concept. The 
designs are competitive with conventional transformers for 
capital cost and TOC in the year2000 and both offer significant 
benefits in the year 2005. For k i g n  I, shipping weight is 66% 
of a conventional transforma and the transformer space 
requirement is considerably reduced. Installed weight is less 
than half that of a conventional transformer. These transformers 
operate without a substantial amount of material that may 
present a fire or environmental hazard. These factors and their 
reduced weight and size may dow their use in areas of mtrkted 
space and also alleviate shipping problems. 

Tbe following issues have been resolved during our studies: fault 
recovery fiom a 10 times load fault, low loss reliable 
refigeration, 550 kV BE, use of low cost near term conductors, 
utility system compatible reactance, low loss leads and bushings, 
loss reducing winding design, and low dielectric losses. 

To finalize and confirm key parameters in these designs, three 
major experiments will be conducted. First, electrical insulation 
performance must be confirmed. Second, ac losses must 
measured and finally, behavior under fault conditions must be 
examined. Data fiom these experiments will be used to design 
a 1-MVA demonstration transformer. This single-phase, 13.8 
kV unit is scheduled to be constructed this summer and to begin 
testing in the fall of 1996. It is sized as one leg of a 138 kV, 30- 
MVA unit initially operating at 1/10 th voltage and is designed 
as a test bed for various conductor and cryogenic system 
combinations in realistic configurations. 

It should be noted that cryocooled Design I1 can operate at 
temperature less than 77 K. This allows for optimal use of the 
conductors performance where the critical current density, J, , is 
higher and cost measured in $ M - m  lower. Thus, any 
transformer which requires a certain ampere turns of conductor 
at a given average coil diameter can be made less expensive in 
terms of superconductor. Countering this drive toward lower 
temperature operation is the increased cost of refiigeration. 
Being a test bed, the demonstration will be used to test various 
performance envelopes and to establish the best trade-off of 
losses, cost and refrigeration. 

SUMMARY 

Development of the superconducting transformer is arguably the 
most dificutt of the ac power applications of superconductivity - 
this is because of the need for very low ac losses, adequate fault 
and surge performance, and the rigors of the application 
environment. 

This paper has briefly summerized the history of 
superconducting transformer projects, reviewed key issues for 
superconducting trannsfmers, and examined the status of HTS 
transformer development. Both 630-kVA, three-phase and 1- 
MVA single phase demonstration units are expected to operate 
in late 1996. Both efforts will further progress toward the 
development of economical and performance competitive 
superconducting transformers. 
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