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Presenter
Presentation Notes
This is an invited talk given in the session on Large Scale Applications of High Temperature Superconductors (HTS) at the 27th International Symposium on Superconductivity, held from 25-27 November 2014 at Funabori Tower Hall, Tokyo, Japan.

It discusses the range of large scale HTS projects presently being undertaken by the newly-formed Robinson Research Institute of Victoria University of Wellington, New Zealand, in conjunction with its commercial partners HTS-110 Ltd and GCS Ltd.

In terms of HTS product exports, New Zealand is one of the largest global players, leading the world in the commercialisation of HTS products ranging from current leads to cables to magnet systems.
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®
Large scale applications of HTS in New Zealand

* Coil-based
— HTS MRI
— Bench-top NMR
— High-field (20 T) magnets
— Flux pump (rotating machines)
— Superconductor wire characterisation

« Cable-based

— Commercial Roebel cabling
— HTS transformer

Image: Milford Fjord,


Presenter
Presentation Notes
This slide lists the large scale HTS projects presently underway within our Institute. Three of these have been selected for presentation here: our HTS magnetic resonance imaging (MRI) system, the application of a flux pump exciter to superconducting rotating machines, and the construction of an HTS transformer utilising Roebel cabling.
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HTS MRI project

 Demonstration that a YBCO-based MRI
system can meet clinical requirements.

« HTS magnets have attractive features:
— Cryogen-free operation.
— Push-button ramping.
— Fast recovery from power outages.
— Mobile deployment.

* Short-term applications:
— Human extremity MRl at 1.5 T.
— Bench-top pre-clinical MRl at 3 T.
— Research into low-field (hyperpolarized) MRI.



Presenter
Presentation Notes
The aim of our HTS MRI project is to demonstrate that a YBCO-based MRI system has the capability to meet clinical requirements. This is of interest for the reasons listed. We have identified three short-term applications of the technology, and the one focussed on here is human extremity MRI conducted at an imaging field of 1.5 T.


IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), January 2015.
Invited Presentation SA-22-INV given at ISS 2014, Tokyo, November 25 - 27, 2014.

®
1.5 T HTS MRI magnet design

* Dimensions:
— OD 500 mm x 470 mm long.
— & 240 mm bore,
— 120 mm DSV (50 ppm pk-pk).

- 5Gline: 1.8 m axial x 1.5 m radial. E
N
* Superconductor: g
— Design optimised using measured 1(T,B,6). 2
©
— 4.8 km AMSC Amperium® YBCO tape. [
_ X -100.0
— 1.5T at 125 A coil current.
, -150.0
* Cooling:
-200.0
— Conduction cooled by pulse tube refrigerator.
— Coil temperature 20 K. 2200
— AT < 0.2 K over all coils. 30080 1000 2000  300.0
» Magnet designed to minimize eddy currents. radial distance R (m

B J Parkinson, R Slade, M J D Mallett, and V Chamritski
Development of a cryogen free 1.5 T YBCO HTS magnet for MRI
IEEE Transactions on Applied Superconductivity 23, 4400405 (2013).


Presenter
Presentation Notes
This slide summarises the design characteristics of our 1.5 T HTS MRI magnet. Features include a design target of a 120 mm diameter spherical volume for imaging, over which the field homogeneity should be better than 50 ppm peak-to-peak. The design utilises almost 5 km of AMSC 2G wire operating conduction cooled to 20 K. A particular design feature of the magnet is to minimise eddy currents generated during pulsing of the gradient coils, for reasons explained later.
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1.5 T HTS MRI magnet assembly

* Prior to wrapping with multilayer insulation.



Presenter
Presentation Notes
This is an image of our MRI magnet during assembly. The magnet is shown prior to wrapping with multilayer insulation (MLI) so the individual coil packs are visible.
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®
1.8 T HTS MRI system components

Unshielded gradient coils

\

Passive shim cassette
Magnet with yoke removed

RF birdcage resonator
R A Slade, B J Parkinson, and R M Walsh
Test results for a 1.5 T MRI system utilizing a cryogen-free YBCO magnet
IEEE Transactions on Applied Superconductivity 24, 4400705 (2014).



Presenter
Presentation Notes
There are more components to an MRI system than just the magnet. In particular, we will discuss the gradient coils that provide spatial resolution for imaging, and the shim cassette that homogenises the field.
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o
1.9 T HTS MRI unshielded gradient coils

* Gradient coils provide spatial resolution and are
typically shielded to prevent interaction with the
magnet during pulsing.

» Potential benefits of unshielded gradient coils:
— Greatly reduced power consumption.
— Reduced gradient coil and shim heating.
— Simpler construction.
— Reduced magnet bore / reduction in HTS wire cost.

* Increase in heat load to 20 K cold mass
— <1 Kincrease in magnet coil temperature during full day of routine imaging.

* Variations in MR signal phase due to eddy currents in the magnet
— Correct with standard pulse pre-emphasis techniques.


Presenter
Presentation Notes
We made a design decision to use unshielded gradient coils to derive the benefits listed, most important of which is the reduction in magnet bore size this allows and the consequent reduction in the length of wire required and therefore the total wire cost. Disadvantages to this approach include an increase in heat load on the cryocooler when the gradient coils are pulsed, and variations in the phase of the magnetic resonance signal due to eddy currents being formed in the magnet. However, we showed both of these effects to be surmountable, with a less than 1 K increase in coil temperature throughout a full day of imaging and the ability to correct for eddy current variations through standard pulse pre-emphasis techniques (in part due to the specific design characteristics of the magnet).
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»
1.5 T HTS MRI passive shim cassette

* Passive shimming using up to 368 iron plates of varying thickness.

— Measurement — decompose into spherical harmonics — shim calculation — construction.
* Automated using custom software.

* Question over impact of screening currents in YBCO tape.


Presenter
Presentation Notes
Achieving field homogeneity across the imaging volume is an iterative process in which the field profile is first measured, then decomposed into spherical harmonics from which the required iron shim distribution is calculated. Shims are then positioned in the shim cassette accordingly and the process repeated. The images show our shim cassette with slots for up to 368 individual iron plates of varying thickness, and the shim cassette being loaded into the magnet. There has been a long-standing question regarding the impact of screening currents in the YBCO on the ability to produce MR images due to the resulting field hysteresis; however we have shown on this system that this effect is both small and reproducible across both thermal and field cycling, so the magnet is able to be shimmed successfully.
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»)
1.8 T HTS MRI shimming and homogeneity

Field map prior to shimming
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* Scale in ppm relative to 1.5 T. Contours 100 ppm /5 ppm.
» Successfully shimmed to 49 ppm pk-pk over &115 mm sphere.

* Changes in homogeneity immediately following magnet ramp or
thermal cycles are within the correction range of the active shims.


Presenter
Presentation Notes
These plots show the “before and after” field profiles. Note the change in scale on the right hand plot. An initial field inhomogeneity of ±500 ppm is reduced following shimming to the design target of better than ±25 ppm, albeit over a slightly reduced spherical volume. We have further shown that homogeneity changes due to screening currents immediately following the magnet ramp are within the correction range of the active shims.
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®
1.9 T HTS MRI field stability — NMR measurement

« HTS magnet operates in driven mode.
— Magnet current stabilised to <1 ppm by Danfysik 854 power supply.

* Iron yoke temperature stabilised to within 0.1°C.

* Observed long term change in resonant frequency =1 ppm.
— Could be further improved by feeding back NMR signal to power supply.

« Short term oscillations ~40 nT assessed by MR pulse sequences.

1 ppm



Presenter
Presentation Notes
The other important characteristic of the field for MRI is its stability, which has been considered to be an issue for HTS MRI due to the fact that the magnet must operate in driven mode. Using a high-stability power supply, we have stabilised the magnet current to better than 1 ppm, at which point the largest variation arises from temperature fluctuations in the iron yoke. This was actively stabilised to within 0.1°C, resulting in a long-term change in field strength less than 1 ppm. This is already sufficient for MRI, although we expect that it could be further improved by feeding back an NMR field signal to the power supply in an active control loop. In this case, we expect to achieve a field stability at the level of the observed short-term oscillations of around 40 nT (±15 ppb).
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®
1.5 T HTS MRI imaging gallery

* 5 mm slice thickness offset 8 mm from magnet centre.

* Spin-echo sequence with TR =300 ms, TE = 20 ms.

» Quadrature driven birdcage resonator for Tx & Rx (& 165 mm).
* No Faraday cage.



Presenter
Presentation Notes
The next few slides show a gallery of images acquired on the system. This one is an American College of Radiology knee phantom. The finest features are resolved, together with fine variations in contrast. There is some distortion of the image around the edges due to residual field inhomogeneity.
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®
1.5 T HTS MRI imaging gallery

* 5 mm slice thickness.

* Spin-echo sequence with TR = 1000 ms, TE = 20 ms.

* Quadrature driven birdcage resonator for Tx & Rx (& 165 mm).
* No Faraday cage.



Presenter
Presentation Notes
This is a green pepper…
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®
1.5 T HTS MRI imaging gallery

8 mm slice thickness offset 24 mm from magnet centre.
* Spin-echo sequence with TR =500 ms, TE = 16 ms.
» Quadrature driven birdcage resonator for Tx & Rx (& 165 mm).



Presenter
Presentation Notes
…and this is a human hand, with the individual knuckle-bones clearly visible.
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®
HTS MRI project summary

* Clinical-grade MRl is possible using a YBCO
HTS magnet operating in driven mode.

* Future developments:
— NMR field lock to improve field stability.
— “Instant on” ramp and image capability.
— Variable field imaging.
— Transportable whole-body MRI (MgB,).



Presenter
Presentation Notes
In summary, we have shown that clinical-grade MRI is possible using a YBCO HTS magnet operating in driven mode. In the future, we plan to implement some of the features previously described, and we have also drawn up a concept for a transportable whole-body MRI system intended to be located in a shipping container, which for cost reasons we would aim to construct from MgB2.
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B
Flux pump excitation of HTS coils

* No technology presently exists for making an HTS persistent joint.
— HTS magnets need to be operated in driven mode.

» Current leads: Q ., = 40 mWI/A for each lead. 125 A= 10 W.

— Usually the largest single heat load on the cryocooler.

» Cooling cost increases with current and stability requirements.

Magnet power supply Cryocooler compressor Example heat loads (W) on cooling system

Description 100A | 100 A | 500 A
: 77K | 30K | 30K

0 Current lead conduction and
lead * yagistance

0 Cryostat wall conduction and
val - radiation

Qo Ohmic dissipation at joints 01 01 20
Total heat load 16.1 181 52.0
Specific cooling factor 145 818 818

Required cryocooler power 1480 | 4250

8 10 10

05%x05x05m3


Presenter
Presentation Notes
We now turn to the flux pump excitation of HTS coils. The problem we are addressing here is that, due to the unavailability of HTS persistent joints, all HTS magnets must be operated in driven mode. This means that current leads must be permanently connected to the coil, and permanently energised, and these room-temperature-connected heat-generating links typically form the largest single heat load on the cryocooler. As a consequence, we require a larger cryocooler with a bulkier compressor, and in addition the magnet power supply itself is similarly bulky.
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®
Flux pump principle of operation

* Inductively excite the coil without the need for current leads.
* Current accumulator — zero resistance of a superconductor.
* Increasing current results from Faraday’s law of induction.

C Hoffmann, D Pooke, and A D Caplin
Flux pump for HTS magnets
|EEE Transactions on Applied Superconductivity 21, 1628 (2011).



Presenter
Presentation Notes
The aim of the flux pump is therefore to thermally decouple the power source from the system and instead apply an inductive excitation to the coil, building up the coil current through successive excitation pulses.
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HTS flux pump construction
« Q <2 W total heat load at full field (130 A) — factor 4.5 reduction.
— Residual heat load due to “dynamic resistance” and magnetisation losses.
 Much reduced size, weight and power requirement.

Stator
containini
HTS

Rotor inCcORgE 4
permanent magnets

17


Presenter
Presentation Notes
This image shows the flux pump we have constructed, with an HTS wire passing in front of a rotor upon which are mounted permanent magnets. We have shown the heat load on the cryo-system to be strongly reduced compared to conventional current leads, and at the same time the device has a much reduced size, weight and power requirement.
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B
HTS flux pump retrofitted to a 2 T HTS NMR magnet

20 e
E st
mo
o 10|
o |
L.
05+
2 T (130 A) field achieved.
000 """ o 120- L

Time (minutes)

Flux pump

Power
requirement
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Presenter
Presentation Notes
This shows the flux pump retrofitted to a 2 T HTS NMR relaxometry magnet, and shows it successfully charging the magnet to its rated field – a coil current of 130 A. Note the low power requirement at the left side of the image.
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]
HTS flux pump NMR field stability

» Free induction decay (FID) used to track the B, field change.
» Total variation over 1 hour: 30 ppm (60 uT) peak-to-peak.

» Short-term oscillation period ~25 s.

* Result of the available feedback resolution of the Hall probe.
* Improve with additional feedback such as a 2H lock channel.

Long-term drift Short-term oscillation

R M Walsh, R Slade, D Pooke, and C Hoffmann
Characterization of current stability in an HTS NMR system energized by an HTS flux pump
IEEE Transactions on Applied Superconductivity 24, 4600805 (2014).



Presenter
Presentation Notes
We monitored the field stability of the magnet and found it to be at the level of 30 ppm peak-to-peak over a period of 1 hour. This is insufficient for NMR, but we consider that we have demonstrated the efficacy of the flux pump in general in successfully charging an HTS magnet. We have pinned down the source of the short-term oscillation as due to the feedback resolution of the Hall probe used to monitor the field, and expect it could be improved through the implementation of a 2H lock channel, as is standard practice on NMR systems.
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'l
Axial flux pump exciter for a 55 kW HTS generator

* Project aims:

— Develop the knowledge necessary to build a prototype HTS rotor, and demonstrate
current excitation at 77 K and 1500 rpm.

— Demonstrate a novel (axial) flux-pump current excitation concept.
— Design a flux-pump exciter suitable for rotating machine implementation.
* Requires effective operation across practical cryogenic gaps.
— Design and test integrated rotating cryostat, exciter and coils.
* Rotating cryostat and torque tube being built by Fabrum Solutions.



Presenter
Presentation Notes
We now wish to apply our flux pump exciter technology to larger systems such as rotating machines. The image shows our concept for a 55 kW HTS generator incorporating an HTS rotor housed within a rotating cryostat. Our intention would be to place the flux pump outside the cryostat, and the key development required to achieve this is the effective operation of the flux pump across practical cryogenic gaps.


IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), January 2015.
Invited Presentation SA-22-INV given at ISS 2014, Tokyo, November 25 - 27, 2014.

&
Four generations of flux pump design

Motor —>

Coll

\

Coated / T

conductor ~ Magnet

n
consigction

Radial Axial

Z Jiang, K Hamilton, N Amemiya, R A Badcock, and C W Bumby
Dynamic resistance of a high-T, superconducting flux pump
Applied Physics Letters 105, 112601 (2014).



Presenter
Presentation Notes
Here we summarise four generations of flux pump design working towards this aim. On the left is the original cold radial design as applied to the NMR magnet. In the centre, we modified this design to allow for easy variation of the gap between the HTS tape and the rotating magnets. At the top right is our move to an axial design with a warm rotor and we are presently constructing an improved full-scale axial system for the HTS generator.
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®)
Flux pump current status
. . L s B L B L DL IO ML
* Improved performance (achievable coil current) : Next generation
. . . 50 £ .
across the gap from radial to axial design. N !
- . . g “OF b
* Further optimised using finite element modelling. % .- o
3 C 1
* Newest design maximises gap through 3 »- i
minimisation of magnetic reluctance (field shaping). - Radial Axial ™,
— Magnetic field at 16 mm separation expected to be similar to S e s o I
that of previous design at 1 mm. Gap (mm)
— Sufficient to pump across the cryostat wall.
* Improved pumping speed by faster rotation.
0_o . ? Q Voitage (mV)e 8 10
S §-40- 600 Hz
-50 - o 384 hz
192 Hz
-60 v 96 Hz
- 48 Hz
Time (s) NZ provisional patent applied for (628556).
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Presenter
Presentation Notes
In moving from the radial to the axial design we improved the flux pumping effectiveness across the gap and in our new design we have optimised the construction using finite element modelling to maximise the useful gap. We expect to achieve a pumping field at 16 mm separation equivalent to the initial design at 1 mm separation, and this will be sufficient to pump across the cryostat wall. We have also improved the pumping speed, reducing the time required to pump to full field by increasing the flux pump rotation speed.
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Roebel cabling

23


Presenter
Presentation Notes
We now discuss our efforts in the commercialisation of Roebel cabling. Our aim in this regard has been to develop the long-length (automated) manufacture of Roebel cable, independent of the particular wire supplier chosen. We then aim to characterise Roebel cable properties and performance, and prove its applications in high-current and/or ac machines. To date these have included those listed, of which we will focus next on our 1 MVA HTS transformer.
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o
Roebel cabling — punching

. Present deS|gns are a compromlse reflecting the wide range of

Transposition length, 2L 90 mm 300 mm
Strand width, Wg 2.0 mm 5.0 mm
Crossover width, Wy 1.7 mm 6.0 mm

4x5 mm in 40 mm

1x5mmin 12 mm
10%2 mm in 40 mm

3x2mmin 12 mm Automated multi-strand punching machine
24
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Presentation Notes
There are two stages to the production of Roebel cabling, and the first of those is to punch the as-received wire to the meander form required for winding. This image shows our automated punching machine and the range of punch geometries we have adopted on the basis of the range of wire types available.
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Roebel cabling — quality of punched edges

« Some smearing of soft coatings, minimal damage to edges (3-7%).

AMSC Cu-plated RABITS

Cu
RaBITS
Cu

100 pm

Fujikura Ag-stabilised Hastelloy Fujikura Cu-stabilised Hastelloy

Ag capping layer Cu laminate

Ceramic layers

Hastelloy substrate

Ag “smearing” occurs
over punched edge



Presenter
Presentation Notes
The quality of punching has been investigated in detail. While some smearing of soft (silver or copper) coatings occurs, the damage to the punched edges of the tapes is minimal.
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Roebel cabling - testing of punched strands

* Multiple approaches to testing:
— Continuous scanning of remanent field.
— Full wire transport measurement in liquid nitrogen bath.
* Punched strands are moisture sensitive.

Spiral racetrack form
testing strands up to

* Heat in dry nitrogen only.

— Short sample measurement (e.g. transposition section).
0.023T

' 200 mm '
| | 1

o —

N J Long, R ABadcock, K Hamilton, A Wright, Z Jiang, and L S Lakshmi
Development of YBCO Roebel cables for high current transport and low AC loss applications
Journal of Physics: Conference Series 234, 022021 (2010).


Presenter
Presentation Notes
We have also developed quality control processes to allow us to monitor the critical current of the punched strands, either continuously or along a complete strand or along a short sample (such as a transposition section).
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Roebel cabling — winding

* Long length registration of crossovers.

— Need high precision for each transposition length
in the punching process.

— Need tension control on strands in winding.

» Measured I, is close to expected ..
— For short length cables accurate |, measurement is difficult.
— There are strong self-field effects that must be accounted for.

Example I, measurement of assembled cables at 77 K

(0F:10] [
architecture

5/2
9/2
9/2
15/5
15/5
15/5

426
426
1454
1616
2093

Cable I, (A)

trands Calculated
252 220 203

339
359
1033
1109
1372

319
342
1100
1010
1410

Automated planetary winding machines

27
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Presentation Notes
The second stage of production is winding, and the biggest issue to be addressed here is the long length registration of the crossovers, which requires extremely high precision in the punching process. The photographs show our automated winding machines, and tests of the completed cables have shown critical current (Ic) values close to those expected, so long as self-field effects are taken into account. Consequently, a naïve sum of strand Ic’s results in an overestimation of the performance of the complete cable, but if self-field effects are calculated in then a close correspondence is obtained between the calculated and measured values.
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Roebel cabling — perspectives

 Manufacturing process in place for long lengths, supplier neutral.
— Cabling demonstrated with wire from AMSC, SuperPower, Fujikura, STI.

* kA-class conductors (at 77 K) available.
— Cables preserve tape |, performance (~90%).

* Quality control is in hand.
— Measuring magnetic correlation is relatively easy.
— Measuring strand |, is time consuming and adds risk.

* Cables up to 25 metres (15/5) delivered to customers.
— Cables up to 40 metres wound successfully.

» Cost ultimately dominated by wire cost.
+ AC loss well characterised (not discussed here). Semene Comorste
 Demonstration in applications underway.


Presenter
Presentation Notes
The perspectives for Roebel cable manufacture are therefore good, with a manufacturing process in place, demonstrated on wires obtained from several major manufacturers. Cables up to 25 metres in length have been delivered to customers, with cables up to 40 metres in length being produced in-house. The cost of the cables is ultimately dominated by the wire cost, and demonstration in applications is underway.
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®)
1 MVA grid-connected HTS transformer
* Project partners

Robinson Research Institute (development)
PB Power (project management)

Vector & North Power (network owners)
ETEL & Wilson Transformer (manufacturers)
HTS-110 (coil winding)

Fabrum Solutions (cryostats)

Absolut System (cryogenics)

* Project goals
— Apply Roebel cable in ac power systems.
— Design a robust cooling system for HTS transformers.
— Demonstrate behaviour of a grid-connected HTS system.

FABRUM

skillfully engineered with style

29
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Presentation Notes
One of those applications is our 1 MVA grid-connected HTS transformer. This ambitious project is one of our largest industrial collaborations, with a large number of project partners. The goals of the project are to apply Roebel cable in an ac power system, to design a robust cooling system for HTS transformers in general, and to demonstrate the behaviour of a grid-connected HTS system.
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1 MVA HTS transformer = dimensions

1.4m
Nil=|

M ) g g 1] [P]]} ot
! S
| 1.9m - L 0.8m |
Approx. Mass (kg)
Core 2000
Windings + Cryostats 600
Liquid Nitrogen 200
TOTAL 2800

N Glasson, M Staines, R Buckley, M Pannu, and S Kalsi
Development of a 1 MVA 3-phase superconducting transformer using Roebel cable
IEEE Transactions on Applied Superconductivity 21, 1393 (2011).


Presenter
Presentation Notes
This slide just shows some dimensions of the transformer design, to give a sense of scale.
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HTS transformer — design parameters
» 3-phase, 1 MVA rating, 70 K (LN,).

* LV winding (Star connection):
— 415V, 1389 A rms (1964 A peak).

— 19.6 m (20 turns) of GCS 15/5 Roebel cable
single layer solenoid coil, strands not insulated.

— Glass fibre reinforced polymer former.
— Direct liquid nitrogen contact with the cable.

 HV winding (Delta connection):
- 11kV, 30.3 A rms.

— 980 m (918 turns) of SuperPower 4 mm 2G tape
in 24 double pancake coils, kapton wrap.

— No encapsulation:
« Maximise heat transfer.
+ Maintain HV withstand voltage.
M Staines, N Glasson, M Pannu, K P Thakur, R Badcock, N Allpress, P D'Souza, and E Talantsev

The development of a Roebel cable based 1 MVA HTS transformer
Superconductor Science and Technology 25, 014002 (2012).
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This slide details the design parameters of the windings for each phase of the transformer, which is intended to operate at 70 K in order to achieve the required performance of the HTS wire. The low voltage windings comprise about 20 metres of Roebel cable each intended to carry almost 2 kA peak current while the high voltage windings are each constructed from about a kilometre of SuperPower 4 mm 2G wire.
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1 MVA HTS transformer cooling system

» Sized to provide 1100 W cooling power, with maximum
return temperature from the transformer of 70 K.

* Two systems run in parallel:
— Subcooler using vacuum-pumped bulk nitrogen
« Confirmed by experiment to provide 1200 W at 70 K.
— Cryocoolers
* Up to three GM cryocoolers each providing 500 W at 70 K.
+ Allows for removal for servicing without system warmup.

eSOl
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N D Glasson, M Staines, Z Jiang, and N Allpress
Verification testing for a 1 MVA 3-phase demonstration transformer using 2G-HTS Roebel cable
IEEE Transactions on Applied Superconductivity 23, 5500206 (2013).
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Presentation Notes
The cooling system design is a major component of the project and is intended to provide 1100 W of cooling power at 70 K. It comprises two systems run in parallel: a subcooler using vacuum-pumped liquid nitrogen and an electrical cooling system comprising up to three GM cryocoolers each providing 500 W at 70 K to allow for continuous operation through servicing.
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®
HTS transformer efficiency

* 1 MVA transformer Minimum Energy Performance Standard
— 99.27% efficient at half rated load (equates to 3.6 kW loss).

« To match this loss a 1 MVA HTS transformer can have no more than
120 W dissipation in the cryogenic environment.

* Electrical efficiency: 99.95% at full load; 99.997% at half load.

* Accounting for cooling (30:1): 98.6% at full load; 99.91% at half load.

* Cost: ~$40,000.
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N D Glasson, M Staines, Z Jiang, and N Allpress
Verification testing for a 1 MVA 3-phase demonstration transformer using 2G-HTS Roebel cable

IEEE Transactions on Applied Superconductivity 23, 5500206 (2013).
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It was never the expectation that an HTS transformer of this rating could be competitive with a conventional transformer on total efficiency grounds. To do so, it would have to have less than 120 W of dissipation into the cryogenic environment. However, considering only the electrical efficiency (i.e. ac losses) it is seen to compare reasonably well. (Of course, the other aspect in which the HTS transformer cannot compete is in terms of cost, with a conventional transformer of this rating costing around $40,000.)
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o
HTS transformer — scale-up to 40 MVA?

« Conventional 40 MVA transformer losses: 150 kW.
- 99.6% efficient at full load.

* Translates to a 5 kW dissipation limit in the cryostat.
» Cryostat and current lead losses are little changed.

« We expect a sub-proportional increase in ac loss:

— Current in the low voltage winding increases by only 50%.

— Conductor length per turn increases by 260%, but most of the
loss is concentrated in the end turns of the windings.

— ac loss can be further reduced by lowering the operating temperature to 65 K.

* ac loss modelling, validated on the 1 MVA transformer, is underway
to quantify the projected loss.

* Using Roebel cable, ac loss is not a fundamental obstacle to
HTS transformer commercialisation.
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So what are the prospects for scaling up, say to a 40 MVA rating? There, we have a little more headroom, with an allowance for 5 kW of dissipation into the cryostat. We anticipate that our cryostat and current lead losses would be little changed, while we expect a sub-proportional increase in the ac losses on increasing the rating. We are presently performing ac loss modelling, validated using experimental results obtained on the 1 MVA transformer to fully quantify these expected losses, but our interim conclusion is that by utilising Roebel cable, ac loss is not a fundamental obstacle to HTS transformer commercialisation.
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®
Summary

* Clinical-grade MRI is possible using an HTS magnet in driven mode.
* The flux pump can provide low heat leak excitation of HTS coils.

* High-current, low ac-loss Roebel cable is commercially viable.

* ac loss is no impediment to HTS transformer commercialisation.

* Biggest issue affecting all projects is the cost of the wire.

We look forward to working with you on your HTS challenges!
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Presentation Notes
This slide summarises the conclusions from each of the large-scale applications presented and adds the overall summary point that until now has only been stated implicitly, that the biggest issue affecting all of these projects and their prospects for commercialisation is the present cost of the HTS wire.
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