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Project Purpose

I To establish the technical and economic feasibility and
benefits of HTS Transformers of medium-to-large (>10MVA)
ratings.

1 Phase |— Paper studies, 1-MVA demonstration transformer design, fabrication,
and testing (complete).

1 Phase Il— SPI— 30-MVA conceptual design, material & component verification
testing, 5/10-MVA Alpha prototype design, construction, test.

* ORNL effort in FY0O part of Waukesha SPI project.
1 Phase Illl— 30-MVA Beta prototype design, construction, test.

OaK RIGE NATIONAL LABORATORY
LU, %, DYEPARTMENT OF ENERGY

LIT-AATTFLIF

E ELECTRIE S¥YSTEMS

REE
HTS Transformers offer economic,

operational, and environmental advantages.
I Higher efficiency.

I Better overload capability without
insulation damage.

mupsssanductorg

I Lower impedance and better voltage
regulation.

I Potential for fault current limiting
capability.

I?lhn‘l;llrl..h
. O
I Reduced cost for associated ; : ‘i A A
switchgear, breakers, etc. : i
I Lower environmental hazard due to
lack of oil.

I Lighter and more compact than
conventional units.
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We are initially developing the
Cryo-cooled approach.

I Great design flexibility due to a wide range of operating
temperatures.

REE

I Design can be tailored to the best available conductor

material to optimize the tradeoff between conductor and
refrigeration costs.

I Cryocoolers allow closed-loop operation with no cryogen
replenishment.
1 Onboard LN, can be recondensed.
I Cryocooler technology is advancing rapidly.
1 Pulse tubes; rare-earth regenerators; scroll compressors.

I We believe that with this versatility we will be able to enter
the market sooner with a cost-competitive product.
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Progression:
1-MVA to 5/10-MVA to 30/60-MVA

I Scale of core and windings and overall size of transformer
does not change much.

I Progress from 1 to 3 phases.

REE

I More and better conductor is added into approximately the
same winding space.

I Improved conductor and winding design for lower ac losses
per unit of conductor length.

I Dielectrics and high voltage insulation are improved.

130/60-MVA conceptual design preceded the 5/10-MVA
design.
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Comparison— 1-MVA, 5/10-MVA, 30/60- MVA
Transformers
—LMVA_ —2NVA_ —3J0 MVA
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Statement by WES and IGC-SuperPower
I Much of the 5/10 MVA design is proprietary and
confidential.
I Therefore to convey as much information as
possible for this review:
1Data will be presented, but sometimes with reduced or
arbitrary scale units.
1Design information will be presented, but sometimes in

cartoon-like sketches rather than with drawings.

1 Reference will be made to similar elements of the 1-MVA
transformer, which can be shown.
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5/10-MVA and 30/60-MVA HTS Transformer
Concept

N, Tank

Bushings

LN

Cryocooler

—

Winding
Cryocoolers

Wireless
Data System
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o The 1-MVA
Shield 1 Transformer Core
and Coil Assembly
Demonstrated All
Major Features of the
Conceptual Design.
Support
Leg

Oak RiacGE NATIONAL LABORATORY e
U, %, IYEPARTMENT ©F ENERGY UTEaTTRE




TS SuwerPower | waukesha | —
IGG—" FieVF= REZ

The 1 - MVA Core/Coll
Assembly and Tank
Were Built at
Essentially Full
30-MVA Scale.
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The 5/10 MVA SPI Schedule Covers Three
Years

Schedule, CY’'s
Phase Il (SPI) Program Stages 98 99 00 01 02

Stage A - 30 MVA Conceptual

Design and Critical
Tests ; H

Stage B - 5/10 MVA Alpha
Prototype Detailed
Design and Starting
Construction

Stage C - 5/10 MVA Alpha
Prototype
Construction & Test
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Specification Comparison for 30-MVA and
5/10-MVA Transformers

5/10-MVA 30-MVA

Connection 39, DY 3-g, Dy

Pri/Sec Voltage 249kV /4.2 kV 138 kv / 13.8 kV

Pri/Sec BIL 150 kV / 50 kV 550 kV /110 kV

Pri/Sec Current 67/694 A 72/1255 A

Overload Ratings  |2-sec 10x, 48-hr 2x | 2-sec 10X, 48-hr 2x

3-Day Power Backup Backup

Outage Handling Motor/Generator Motor/Generator

Cooling System Cryocoolers Cryocoolers

Instrumentation Local Remote
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5/10 MVA Conceptual Design

Maddod Fa
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FY 2000 ORNL Plans

I Conduct ac loss tests.

I Conduct high-voltage breakdown tests.

I Further collaboration on the 5/10-MVA design.

I Bushing/downlead development and testing.

I Collaboration on wireless instrumentation design.
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Summary of ORNL Results This Year

I New cryocooled ac loss test system was commissioned.

I Extensive ac loss tests were performed on two test coil sets provided by
IGC (a third coil set is ready for testing).

I Dielectric breakdown tests on solid materials continued.

I Dielectric loss measurement equipment on loan from WES was received
and set up.

I Design collaboration on 5/10-MVA and 30-MVA transformers continued.
I Detailed analysis and design for 5/10-MVA cryogenic system was begun.

Oak RiacGE NATIONAL LABORATORY
L, 5, IYEFARTMENT OF ENERGY

LIT-AATTFIIF




e e o | . REE

ORNL FY 2000 Results

AC Loss Measurements
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Three New Test Coil Sets Have Been
Provided by IGC-SuperPower

I Primary & secondary coils
reproduce transformer geometry.

I Gap between coils is similar to full-
size unit.

I Windings have IGC-SuperPower
proprietary ac loss reduction
features.

120 to 40 turns per caoil.

1 Both Bi-2212 and Bi-2223
conductors are being investigated.

I Instrumented with voltage taps and
carbon resistance thermometers.

I Heater for loss calibration.
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A New Cryocooled AC Loss Test
Apparatus was Commlssmned

I Test coil hangs in vacuum with
good thermal isolation.

I Cryomech GB-37 2-stage Gifford-
McMahon Cryocooler maintains a
very stable thermal environment..

I Test coil cooled only by its leads
and by copper sheets clamped to
structure. Cooldown time ~10 hr.

I Minimum temperatures below
20 K are achievable.

I Cryocooler allows continuous
long-term operation without LHe.
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Detail of Current Lead Heat Sink

I Flat copper leads to improve heat
transfer surface area.

I Leads are insulated with Kapton.

Cryocooler Heat Sink

Leads /
/

Aluminum Tape
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AC Loss Measurements Are Made Calorimetrically
I Data at 20 K, 30 K, and 40 K. Loss sensitivity <0.1 W.

I When desired temperature is established, 60-Hz ac current
is applied in 10-sec pulses and heating rates on
thermometers are observed.

I Pulses are much shorter than thermal time constant of
conductor, allowing resolution of losses on individual turns.
(This could be difficult with an electrical measurement)

I Short pulses also limit sample heating and temperature drift.

I Calibration by comparison of ac data with heating rates for
known dc heat inputs to heater.

I Heater is not in the gap field— no eddy current losses.
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Samples Cool Down Unattended in About 10
Hours

Cooldown Temperatures-- 2/24-25/00

= R1

{H

—+— RuO

Temperature (K)

o) 10000 20000 30000 40000 50000

Time (sec)
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The Superconducting Transition Is
Monitored During Cooldown

Voltages-- 2212 Sample
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Temperature Sensor Voltages vs Time
With AC Current Pulses

30-K Resistor Voltages vs Time
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Calibration Heater Pulses Give Conversion From
Temp Sensor dV/dT to Absolute Power Loss

18K- Calibration

0.108 W 0.436 W
e

Note that turns are
heated uniformly

Voltage (mV)

9] 200 400 600 800

Time (sec)
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AC Losses Rise Rapidly With Current and
Proximity to Coil Ends

30- K AC Losses vs Current
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Measured Losses Are Compared With
Theoretical Models From IGC-SuperPower

I Models bracket the upper and lower limits of losses expected
with a given conductor and winding scheme.

I Conductor critical current is an input.

I Central turns of some coil sets fall in the lower part of the
expected loss range.

I We have a conductor/winding scheme that looks workable
(ac loss will be in the desired range).

I Further test coils are being investigated.
I Frequency will be varied.
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Comparison of Losses With Models
(NOTE: No functional dependence is implied)

Upper Limit Model

Losses (W)

Middle Turns of Best Coil Set

' \Lower Limit Model

Current (A)
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AC Loss Estimate for 5/10-MVA
Transformer

I The 5/10-MVA ac losses are predicted to be similar to those
expected for the 30/60-MVA transformer (with better
conductor).

I The 5-MVA transformer will thus test the cooling system for
the 30/60-MVA unit at full scale.

I The 5/10-MVA ac losses extrapolated from Test Coil data

are low at rated operating current but rise to approach
cryocooler capacity at 2X overload.
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ORNL FY 2000 Results

High-Voltage Electrical Insulation
Studies
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Cryogenic Dielectric Materlals Studies
I Desirable properties -
1 High dielectric strength
1 Low partial discharge
1 Low dissipation factor
1 Thermal compatibility
1 Mechanical strength for solid mater
1 Thermal conduction

I Measurements under way
1 AC breakdown
1 Impulse breakdown
1 Partial discharge and aging
1 Dissipation factor
1 Thermal shock tests
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Temperature Cycling Tests Were Performed
on Selected Epoxy Materials

I Seek materials that are thermally
compatible with electrode materials

I Procedure for dunk tests

1 steel bolt head cast in epoxy using
manufacturer’s curing procedure

1 immersed directly into LN2 (no pre-
cooling) for 5 minutes

1 removed and warmed in ambient air
1 repeated 25 times or until sample cracks

I HV Breakdown tests performed on ) )
those materials that passed the dunk Example of Failed samples
test

I Hardener should be matched with resin
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Breakdown Studies of Selected

I Various electrode geometriesE
1 sphere-sphere, plane-plane
1 0.5and 1.0 mm gap
1 at room temp (in oil bath)
1 at 77 K (in LN2)
I Materials studied

1 Epoxy resins with various
hardeners

1 Filled epoxies
1 Composite materials
1 4 or 5 samples of each
I Results:
1 Room temp AC strength doubles
in LN2

poxy Materials

Plane-plane electrodes
embedded in a solid

1 Impulse to AC ratio in LN2 ~ 2 transparent epoxy
material showing
breakdown track
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Material kVrms/mm kvrms/mil Temp Thermal
Shock

Epoxy A 735 1870 Room Fail 1st
Epoxy B 703 179 Room Pass 25
Epoxy B 1423 362 LN2
Epoxy B (Imp. 1.2/50 us) 274.8 6.98 LN2
Impulse ratio at LN2 2
Epoxy C 825 2100 Room Fail 1st
Epoxy D Va4 1960 Room Fail 1 or 2
Epoxy E 495 126 LN2 Pass
Epoxy F 39.1 0990 LN2 Good; 20
Composite A 157-354 04 -09 LN2 Cracking
Composite B 418 1.060 LN2 Good
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Cast Epoxy HV Withstand Testing

I Setup
1 Electrodes cast in epoxy composite

1 Immersed in LN, and cooled slowly
in LN, vapor

1 Leads spread far apart to avoid
flashover

I Results

1 AC withstand
*65 kV AC rms (2.5x operating) for 30

-7

minutes e
1 Impulse (lightning surge) Electrodes Sample immersed
*1.2 s rise; 50 ns fall embedded in in LN,
« 3 withstands at 153 kV (BIL) epoxy
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Project Status

Sam Mehta
Waukesha Electric Systems
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5/10 MVA Status

I Conceptual Design To Be Finalized Next Week

I Key Tests in Confirmation As Presented and Ongoing
1 AC Losses, Coils per IGC, Testing at ORNL (as presented)
1 Fault to 10x Rated Current, Coils per IGC, Test at ORNL (to be done)
1 Winding scale-up to full size (to be done)
1 Bushing/lead test (to be done)
1 Core cooling test (underway)

I Detailed Design Underway
I Hardware Being Assembled for Manufacturing and Testing
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Vacuum Test Tank & Equipment
(84"x84”"x89", 100 cfm Roots pump)

e T

Oak RiacGE NATIONAL LABORATORY e
U, %, IYEPARTMENT ©F ENERGY UTEaTTRE




icc == FEIES REE
Test Core With Thermocouples
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1.2-MV Impulse Generator & 250-kVac Hi-Pot
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25-kV Bushing Vacuum Test Cell
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IGC- SuperPower Has Procured a Large
Wmder for 5/10 MVA Fabrlcatlon
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The Team’s Overall Goal is to
Maintain Progress, Meet Objectives,
and Keep to Project Schedules.
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Joint Effort - Integrated Team

Approach
Mike Walker
IGC SuperPower
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ORNL Work is an Integral and Important Part of
the Overall Transformer Development Effort

I ** Areas where ORNL has component design/fabrication
responsibility (with respect to next viewgraph)

I * Areas where ORNL has been an integral part of

specification and conceptual design for 30/60-MVA and 5/10-
MVA Transformers

I ORNL has been responsible for component evaluation &
test:

1 HV dielectric testing.

1 Bushing/downlead testing.

1 Test of coils for Fault (1 to be done) and AC Losses (2 done, 2 to go)
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Joint Effort - Integrated Team Approach

1 30/60-MVA, 5/10-MVA Specifications, Objectives - RG&E, WES,
IGC, ORNL*

1 Transients, Dielectric design - to 150 kV BIL for 5-MVA; 550 KV
BIL for 30-MVA - WES, IGC, RPI & ORNL*

I Low AC Loss Conductor and Winding Design - IGC & ORNL*

1 Bushing/Downlead Designs for High Voltage, Low Heat Leak -
WES, IGC & ORNL**

1 Monitoring and Control, Wireless Instrumentation - WES & IGC
1 Cooling of Coils, Leads - IGC & ORNL**
1 Core Cooling - WES

1 Winding Development - IGC
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AC Loss Test Coils Were Supplied to Two
National Laboratories

I Coils supplied to BNL designed to provide generic
information related also to transformers (data
unrestricted)

I Three sets of Primary/Secondary pair coils sent to
ORNL. These closely model the 5/10 MVA
transformer winding options. (Data confidential: as
much as possible presented here)
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Three New AC Loss Test Coil Sets Have
Been Provided by IGC-Superpower

1 Primary & secondary coils reproduce
transformer geometry.

1 Windings have IGC-SuperPower

proprietary ac loss reduction features.

1 These coils and the ORNL tests are
key to establishing viable HTS
transformer design.
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FY 2000 Plans

1 Participate in 5/10 MVA
design.

1 Carry out high-voltage
insulation tests.

1 Carry out ac loss tests.

1 Carry out bushing/downlead
development.

1 Wireless instrumentation
development.

FY 2000

Performance

0 5/10-MVA conceptual design finalized
next week. New ORNL effort on cryo
system module design/fab/test.

u Tests performed on epoxies in several
geometries.

u Cryocooled test rig set up, 2 Coil Sets
tested.

1 Tests on sample bushing/downlead in
fourth quarter FY 2000.

1 Shifted to IGC/WES,; this task replaced
by design/fab/test activities on 5/10-
MVA cooling system.
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ORNL’s FY 2001 Plans Include:

I Further collaboration on the 5/10-MVA design.
I Conduct further high-voltage breakdown tests.
I Conduct further ac loss tests.

I Completion of bushing/downlead tests based on
recently completed conceptual designs.

I Completion of 5/10-MVA cryogenic system
design/fab/test activities.
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Research Integration

1 ORNL is part of a strong research, engineering & manufacturing

team with complementary capabilities (WES, IGC, RPI, RG&E,
ORNL).

1 The team gathered for working meetings and design reviews at
WES and IGC SuperPower.

1 All partners are now working on detail analysis and design for
the 5/10-MVA transformer.

1 Design and materials verification tests are underway at ORNL
and WES, with input from IGC.

1 Brookhaven data will help interpret further ac loss tests.
1 WES continues to work with with its Utility Advisory Committee.
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Integrated Team Effort is Reflected in
the Design

1 Specifications, Objectives - RG&E, WES, IGC, ORNL

1 Transients, Dielectric design —to 150 kV BIL for 5-MVA; 550 KV BIL for
30-MVA- WES, IGC, RPI & ORNL

1 Low AC Loss Conductor and Winding Design— IGC & ORNL

1 Bushing/Downlead Designs for High Voltage, Low Heat Leak— WES,

IGC, & ORNL
Monitoring and Control, Wireless Instrumentation — WES &Ell
Cooling of Coils, Leads — IGC & ORNL S

Core Cooling— WES
Winding Development — IGC
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Joint Presentations and Media
Coverage

1 Presentations:
1 IEEE East Wisconsin Power Engineering Chapter
1 Texas DOS Symposium
1 2000 DOE Wire Workshop
1 1999 Cryogenic Engineering Conference in Montreal, Quebec

1 Joint Technical Papers:
1 IEEE Power Engineering Review
* May cover
*June issue
1 Abstracts to 2000 Applied Superconductivity Conference

1 Newspaper Articles:
1 Oak Ridger
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ORNL Continues to

Support the Team

in Long-Term HTS
Transformer
Development.
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