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Superconductor Breakthroughs 
Launch a New Era

“Superconductivity, once a 
dead end, becomes the 

hottest thing in physics”
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- Time Magazine
May 11, 1987



Outline

• Superconductivity Basics

• Requirements for Wire Manufacturing

• Wire Manufacturing Practices

3

• Wire Manufacturing Practices

• Second Generation Superconductor Wire

• Applications:  Rotating Machines and Cables

• Conclusions



Superconductors

• Discovered in 1911

• Perfect conductors of electricity

• Require cryogenic cooling
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American Superconductor  (AMSC) formed in 1987 to m anufacture HTS wires

• LTS metallic wires used in MRI

• Ceramic HTS material discovered 
in 1986

• HTS requires less cooling HTS Wires Are Far More Power Dense Than Copper



Superconductors:  Zero Resistance Below A 
Critical Temperature

Tc
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Tc

Liquid Helium 
Operation

Cooling with liquid helium is very expensive

Temperature, Kelvin



1987:  High Temperature Superconductors (HTS)
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HTS materials operate at 5 to 20 times higher tempe rature



Relative Cost of Cooling

Relative 

Commercial 
Cryogenic 

Refrigerators
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Relative 
Cost of
Cooling 

Temperature, Kelvin 
20 40 60 800

LTS HTS

Motors and 
Generators 

Liquid Nitrogen
(Cables, Transformers)



Full Requirements for the Superconductor State 

Tc = f(composition)

Jc = f(processing, composition, microstructure)

Hc= f(processing, composition, microstructure)

Jc (Ic)
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Hc= f(processing, composition, microstructure)

Values of the critical temperature, current and mag netic field determined by processing



By The Way…HTS Materials are Ceramics
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Critical current, Ic, drops 
precipitously at a critical strain

� c = f(wire architecture, comp.)

°
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Ceramics are inherently brittle



Example of HTS Ceramic Superconductors

• (La, Sr) 2 Cu O4

• Y1 Ba2 Cu3 O7

• (Bi, Pb) Sr Ca Cu O (“BSCCO – 2223”: T = 110K)

(“YBCO – 123”: T c = 93K)
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• (Bi, Pb) 2.1 Sr2 Ca2 Cu3 O10

• Tl2 Ca2 Ba2 Cu3 O10

(“BSCCO – 2223”: T c = 110K)

Complex copper oxides, or “cuprates”



Crystal Structures of Anisotropic HTS Materials

c

11

Supercurrent flows preferentially along the a-b cry stal planes

BSCCOBSCCO--22232223

YBCOYBCO--123123
b

a

CuO Tetrahedra or Planes

Oxygen

Sr (BSCCO) or Ba (YBCO)

Bi, Pb

Ca (BSCCO) or Y (YBCO)



Anisotropic HTS Materials

• Growth habit is planar:  platelets grow during heat treatments

• Supercurrents flow along the a-b planes: parallel to platelet surfaces

• Single crystal (one platelet) yields highest Jc

c
HTS Single 
Crystal Platelet
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c

ba

Crystal Platelet

Platelet Growth

Are single crystal wires required??



The HTS Wire Manufacturing Challenge

• High performance (high degree of crystalline orientation)

• High volume, low-cost manufacturing

• Flexible, durable wire
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• Meet customer specifications (application dependent)

Ceramics processing methodologies do not meet these  challenges



The Solution: Metal/Ceramic Composites

Compacted
HTS Powder
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Metal Sheath
(Silver)

Oxygen
Diffusion
Through
Silver 
Sheath

Powder encased in a noble metal sheath, deformed in to a wire by wire drawing



High Performance Requires Crystalline Alignment

c

HTS Single 
Crystal Platelet
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ba

Platelet Growth

Round wire does not yield required alignment of pla telets



Tape-Shaped Wires To Optimize Critical Current

Wire Drawing of HTS 
Powder in Silver Tube

Roll to Tape-Shaped Wire
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Roll to Tape-Shaped Wire

Intermediate heat treatments optimize growth of HTS  platelets parallel to tape surface



“Brick Wall” Model for Current Flow

Current

c axis
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Current

Microstructural Blacksmithing:  very careful “heati ng and beating” to optimize I c



Overcoming the Brittleness Problem
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A single ceramic filament in a silver sheath does n ot overcome the inherent brittleness



Multi-Filamentary Composite to Optimize 
Flexibility and Durability
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Divide and conquer inherently brittle ceramics



Multi-Filamentary Wire Fabrication Process

Deformation

Deformation

Deformation

DeformationPowder Production Sealing in Billet Wire Drawing

Rebundling

Part 1:
Precursor
Fabrication

20

Multi-Die 
Wire Drawing

Heat TreatmentRollingPart 2:
Microstructural
Blacksmithing



Manufacturing (Bi, Pb)2.1 Sr2 Ca2 Cu3 O10 Powder
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Precise control of chemistry on a large scale at De vens wire plant



HTS Powder is Packed into Silver Alloy Tubes
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Tubes are evacuated to remove gaseous impurities



The Rod Mill at AMSC’s Devens Plant
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Packed and evacuated tube is drawn to rod on wire d raw benches



Capstan Drawing of Rods to Wire at Devens
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Multiple capstan draws to reduce diameter and incre ase length



Wire Drawing to Form Monofilament “Hexes”
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Rebundling forms the basis for multi-filamentary co mposite wires



Wire Draw Process Repeated with Hex Bundle
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Next Step:  Roll multi-filamentary round to tape-sh aped wire



Final Manufacturing Steps:  Round to FlatFinal Manufacturing Steps:  Round to Flat
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145 cm X 6.4 cm starting billet ��� � 3,570 m final tape-shaped wire (0.2 x 4 mm)



Wire Lamination Process:  The Last StepWire Lamination Process:  The Last Step
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Wire customization occurs in the final manufacturin g step



Ic Improvements at Devens Plant (ca. 2003)
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148 Amp average performance (77 K–Liquid Nitrogen) was best in class production wire 



Power Density:  A Key HTS Advantage
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AMSC’s HTS wire carries more than 140X the current of copper wire of the same dimensions



What Does It Cost?What Does It Cost?

• Price/Performance Ratio =

• Price = Manufacturing Costs + Other Costs + 
Profit

Ic (in kA at 77K)
Price ($/m) = $/kAm
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Profit

• Ic = f(processing, composition, microstructure)



Price/Performance Ratio of AMSC’s 1G HTS Wire

$/kA-m Electrical Performance 
(Amps) for Production Wires
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Multifilamentary
Composite Wire 

Reduced manufacturing costs and increased wire perf ormance drive broader and 
deeper market penetration



Migration to 2G HTS Wires

• First generation (1G) HTS wires 
now replaced by second generation  
(2G) HTS wires

• American Superconductor's 2G wire 
branded “344 superconductors”

Architecture of 1G Wire
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branded “344 superconductors”

• Lower cost of 2G enables 
commercialization of broader array 
of HTS applications

• Higher performance and lower cost

Architecture of
344 Superconductors



344 Superconductors: Insert and Lamination 

• Low-cost, high performance HTS insert 

• Wide strips: 40mm to 100mm, slit to 
industry standard 4mm, or custom 10mm

• Customized for the application by a low 
cost lamination process

Insert
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Superconductor           Substrate            Lamination/Stabilizer

Slit Wire

Traverse Cross Section of Laminated Wire



Tailoring Practical Conductor for Applications: Tailoring Practical Conductor for Applications: 
Flexible “Wide Strip TechnologyFlexible “Wide Strip Technology”
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Wire is customized for specific application by low- cost lamination technology



Substrate Production
(“RABiTS”)

Buffer Deposition

HTS Wire Fabrication Process
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YBCO FormationYBCO Precursor
Coating

(Metal Organic Deposition)



Nucleation and Growth of MOD-YBCO      
on RABiTS Templates
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Product Pipeline: Superconductor Cables 
Driving to Commercial Adoption
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Over two dozen HTS cable projects globally; AMSC in  more than 70%



HTS Power Cables for Urban Power Grids

Advantages Over Copper-Based Systems Courtesy Southwire Company
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• Higher capacity
� Up to 10x at distribution levels (triax design)
� Up to 5x at transmission voltages (co-axial design)  

• Eliminates choke points in the grid

• Meets growing power demands

• Increases efficiency

With more than a dozen demonstrations complete, HTS  technology is now being 
deployed in urban power grids around the world



American Electric Power Bixby Project

• Location; Columbus, Ohio
• 13.8kV, 3,000A, 300m, 

triaxial cable
• Cable manufactured by 

Ultera (Southwire/NKT)
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Ultera (Southwire/NKT)
• Cooling by Praxair
• In service over 3.5 years, 

99.9% uptime



AMSC’s Superconductor “Smart Grid” Technology 
to be Deployed in New York City

ConEd’s System of Today 

Powered by Copper Cables

ConEd’s System of the Future 

Powered by Secure Super Grids
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Copper power cables HTS power cables

High power capacity and fault current limiting capa bility built into the cable system



Long Island Power Authority Cable System

• Energized in April 2008

• World’s first HTS transmission 
voltage cable system in the grid

• 138kV, 2,400A, 610m coaxial 
cable
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• Able to carry 574 MW of 
power in a one-meter-wide 
right of way

• Will deploy cable made with 
344 superconductors under 
LIPA Phase 2

Delivering the capacity of a large wind farm under the width of a sidewalk



DC Superconductor Cable

10,000 MW in a 1-Meter Gas Pipe 

Courtesy of Electric Power Research Institute
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Superconductor Electricity Pipelines

1,000-Mile, 5 Gigawatt Power Equivalents
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A compelling, cost equivalent long-haul transmissio n solution



Comparison of a 1,000-Mile, 5 GW Run

Metric
200kV DC

Superconductor   
Underground Cable

765kV AC Transmission 
Overhead Lines

Power Loss(1) 3% 9%

Storm/Security Risk Low High

Precise Control for Efficient Markets Yes No

Cost Allocation Method Simple Complicated

Requires Rebuild of Underlying Grid No Yes

“Black Start” Capability Yes No
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“Black Start” Capability Yes No

Required Right of Way(2) 25 ft. 600 ft.

Aesthetics Good Bad

Electromagnetic Field None High

New Land Required No Yes

Efficiency Savings Per Year (3) $170 million n/a

CO2 Emission Savings Per Year(3) 2.5 million tons n/a

Cost Per Mile(4) $8 million for 5 GW pipe
$13 million fully redundant

$7-10 million minimum
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(1) Cooling and converter stations for DC cable; line and substation losses for 765 kV. 765kV estimates based on three lines of 2400MVA SIl 
using 6-bundle conductors. Losses for other 765kV line configurations may vary from 6.6% to 15% depending upon line configuration. 

(2) Overhead AC transmission line right of way based on three lines. 
(3) Based on generation cost of $0.065 per kW-hr and a 100% load factor.
(4) $13 million per mile cable cost based on fully redundant system. 765 kV cost does not include rebuild of underlying grid.



Tres Amigas SuperStation
Location and Key Benefits
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First renewable energy transmission hub in U.S.



AMSC’s Rotating Machine Development History
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Over 18 years and $150M 
of HTS machine 
development has validated 

Prototype Systems Pre-ProductionFeasibility
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HTS Ship Propulsion Motors: Transforming a 
100-year old Industry

• Less than half the size
• Less than one-third the 

weight
• Higher net efficiency
• Inherently quieter
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36.5 MW HTS
(75 tons)

36.5 MW Copper
(300 tons)



36.5MW, 120rpm, HTS Motor 
During Full Load Test:  December 2008
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Equivalent to 3.6MW, 12rpm Wind Generator

Less than half size and weight; higher efficiency; less noise



Unique Approach to the Wind Power Market

• Engineer and license highly 
reliable and efficient wind turbines 
for the global market

• Proprietary wind turbines range in 
rating from 600 kW to 10 MW

• Design wind turbine 
manufacturing plants

50

manufacturing plants

• Provide localization and supply 
chain support

• Sell proprietary turbine electrical 
systems 

– Electrical control systems

– Core components

Fully engaged in all aspects of the wind “value cha in”



Performance and Profitability Solution:
Direct Drive Superconductor Wind Turbines
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Superconductor wind generators are a key enabler of  10 MW-class wind turbines



10 MW-Class HTS Wind Size Comparison

13m

12
m

Generator

Gearbox

Shaft

Hub

Blade 5m

13m

P = 5 MW P = 4.5 - 6 MW   

m

6m

P = 8 - 12 MW

RepowerRepower EnerconEnercon AMSC AMSC 
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mTop~500t

Mass of Nacelle 

+ Hub
+ Blades

mTop~430tmTop~800tExtrapolated for 8MW

12
m

Blade

Nacelle

Tower

mTop~410t

mTop~750t

5m 6m

Size and weight advantages mean construction cost a dvantages



AMSC’s Position in the Power Infrastructure 

Generation Use

� Wind turbine 
designs

� Wind turbine 
electrical 
systems

� Solar farm 
electrical 
systems

� Grid reliability 
solutions

� Grid capacity 
solutions

� Industrial power 
quality solutions

� Electric vehicles

� Fuel cell 
vehicles

� Motor drives

� Defense 
industry

� Wind farm grid 
interconnection 
systems

Delivery
(“the Grid”)

Power Systems
Network Solutions Team

� Battery storage
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� SeaTitanTM wind 
generators

� Power plant 
generators

� Power plant 
transformers

� Superconductor 
cables

� Secure Super 
GridsTM  (smart 
power cables)

� Superconductor 
Electricity 
Pipelines

� Fault current 
limiters

� Transformers

� Degaussing cables

� Ship propulsion 
motors

� Industrial motors

� Magnetic 
processing

� NMR spectroscopy

� MagLev trains

systems
industry

Superconductors

AMSC Focus Today � AMSC Future Opportunity

Primary focus today is on wind and grid markets 

� Battery storage
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Forecasted Revenue Growth Through FY2010 
Based on Existing Product Offerings
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Currently have more than $300 million in backlog sh ippable in FY2010   

Estimates as of 11/19/09
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Non-GAAP Earnings Expected 
to Grow More Than 80% in FY2010
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$0.59-0.64
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Non-GAAP earnings increasing rapidly

Estimates as of 11/19/09
For reconciliation, see: 

http://www.amsc.com/investors/documents/NonGAAPNetIncome.pdf and
http://phx.corporate-ir.net/phoenix.zhtml?c=86422&p=irol-newsArticle_Print&ID=1357289&highlight=

E E
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