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Where do your superconducting magnets quench?
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Two magnets, their quench protection, what is the margin of safety for

them, how to further improve?

« Known and existing: cRIO + FPGA/PXI,

RC7n8is a common-coil HTS LBNL MTF developed for LTS magnets

(Bi-2212) dipole magnet BIN5c1 is a canted-cosine-theta
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« RMS noises in 102 V.
 Quench detection at 50 - 100 mV.
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Quench protection and the MIITS method for estimating the margin of safety,

applied as if it was a LTS magnet

MIITs, 17-strand Bi-2212 subscale magnet cable
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A revised MIITS method for HTS magnets and implications

Revised MIITS = [((I;nag(t) — I.())? dt + MIITS(t = tp, T = Tp).

Use Revised MIITS to find T,,,, from T(MIITS) plot.
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NZPV = normal zone propagation velocity.
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Back to the margin of safety question

* LTS =NDbs;Sn CCT in this case. + HTS -Bi-2212 RC7n8 in this case.

LBNL Nb3Sn CCT sub4 CTD701x magnet, 4 K, A2, 5200 A LBNL RC7n8 magnet, 4 K, A18,30A/s, MVMS data

Stability o« (T, — T,)
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The |lack of speed is
compensated by a higher
guench detection
temperature and a reduced
time for protection and
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Benefit of early detection — increased margin of safety — the question is how?

RC7n8, experimentally proved,
Quench detection at current sharing region. A os large as 2500 ms.

T

17-strand RC7n8 Bi-2212 cable. Assumptions: (1) linear Ic(T). (2) Hot zone =1 cm.
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Quench detection of HTS magnets beyond the methods established for LTS

magnets —what do we need?

®  For HTS magnets, human brains can tell that a thermal runaway
guench is coming if the magnet current continues to rise.

A fast (discrimination at every 1 ms or smaller) quench detection
method capable of reducing the rms noise to 100 uV or less based
on real-time digital signal processing algorithms or others simple to
implement.

® Such method should be reliable and can be implement on a
hardware-in-the-loop platform like FPGA.

®  Such method should work with all magnet operating scenarios
including current ramps up and down and holds.

® Such method should have a low rate of false alarms.

® Such method should be able to raise the margin of safety for
25 20 s o 5 o protecting HTS magnets against thermal runaway quenches above
Time (sec) the dogma established for LTS magnets.

® Such method should be verified with practical HTS magnets with
local voltage or temperature measurements at or near quench
spots.

LBNL RC7n8 magnet, 4 K, A18
[ + RC7n8 magnet processed)|

1.59

Magnet voltage (milli-volt)
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Step #1: Noise spectrum and real time noise reduction applied to a test case

A18 of the RC7n8 magnet

6000- RC7n8 magnet, 4 K, A18 « Front-end electronics: Programmable gain amplifier and
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Step #2: Generating quench detection logic with a simple algorithm operating

real-time (per ms) on the processed data of A18

LBNL RC7n8 magnet, 4 K, A18, 30A/s

Old MIITS predicts 180 ms is what we have.
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Two other cases —ramp | at 30 A/s, ramp Il at 200 A/s
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The case of CCT magnet BIN5c1, a more difficult to handle magnet

BIN5c1,4K,2021/06/29
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Quench detection logic as the result of a simple algorithm operating real time

on the processed signal on CCT BIN5c1 dipole magnet — 10A/s case

LBNL CCT BIN5c1 magnet, 4 K, A20, 10A/s
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Machine learning potentially enables automatic and smart learning
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Section summary

* Introduced a revised MIITS method for HTS magnets.

o The time budget for quench protection of HTS magnets can be either higher or lower than
that predicted with the conventional MIITS method used for LTS magnets.

o It shows the uncertainty with estimating the maximum hot spot temperature and thus the
margin of safety.

* Provided a wish-list of quench detection for HTS magnets and verification of a
quench detection method in two HTS HEP-type magnets.

o 2500 ms (experimental demonstrated) quench detection ahead of quenches possible.
o Versus

o 180 ms predicted by old MIITS.

* Exploration of machine learning.
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However, things do not entirely add up, do they? Then why?

RC7n8, experimentally proved,

A as large as 2500 ms.

T

Revised MIITS method, 17-strand RC7n8 Bi-2212 cable. |o=5700 A.
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Let’s examine an 1D superconductor quench simulation of an HTS conductor

Il (A) Variation n-value | Variation No. of | Length of Cooling
average inl; (A) average inN Section | a section power
cm kW/m?2

2 15 2 25 3
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Let’s look at a longer piece (18 m)

I, (A) Variation n-value | Variation No.of | Length of Cooling
average inl; (A) average | inn-value | Section | a section

- T,=4.2K.

s T.=72K.
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« di/dt=1A/s.

0.2 T T T T 01
0.08f
0.15f .
<
T S So.06f
‘5 Q Q
- g 0.1F L o
© S S
o = =
o 9 S 0.04f
£ > So.
2
0.05F -
100 0.02f
50
0 0 A L 4—1/ N )
0 d 20 25 30 35 40 45 30 35 40 45 50 55 60
0 100 200 300 400 500 600 time (s) Current (A)
Section
-3
. r T 10 x10 T T T T 25 x 10-3
14} -
st 1 2}
12 1
3 % 6F 1 S1.5F
o & P
E1of : §
g g 4F 1 ; 1}
o
£ 8} 4
2 2r ] 0.5f
6F o
0 . o g . . . ,
20 25 o 35 40 45 30 35 40 45 50 55 60
4F 1 2 2 ] time (s) Current (A)
30 35 40 45 50

U.S. DEPARTMENT OF
Y “
PROGRAM 3, 15:{c) 4

‘ Office of

Science



Verification of the simulation provided by an experiment - sample

Mean=60 A; STV=2 A; max=64 A; min=57 A - Ic
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Verification of the simulation provided by an experiment - results

(o]
o
J

Each of these voltage taps is 31 mm long. Coated conductor
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Then back at this question and add a bit statistics in.

60

Normal Distribution

58 1
34.1% 34.1%
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54
52 |

50
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40 : :
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® Statistical model (Monte-Carlo Simulation, 1000 runs for each sample and operation conditions)

1 ' Rcy = peul/wt
fle) = exp —( e aver) ] I, R cu = peul/Weey
277 | c dev / — :lcu n
c_dev , — | Rsc = EOL(Isc/Ic) /Isc
1 [ (I —n ) —>|—|_
f(n) = ——=exp| - . R ; A
2mni,, - dev j(lZR — cooling)dt = j CdT

to Ty

Science

U.S. MAGNET 5. DEPARTMENT OF ‘ Office of

) DEVELOPMENT
' ProGRAM ENERGY



Monte Carlo experiment:

Screening and sensitivity analysis that shows the effect of n-value

I. (A) Variationin /I (A) n-value Variation in n-value No. of Section Length of a Cooling power
section (cm) (kW/m?)
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What have we learned?

* Before entering into a thermal-runaway quench, HTS magnets/conductors have
small but detectable voltages that last multiple even tens of seconds.

* They provide an opportunity with quench detection and perhaps even
prevention.
o Such opportunity rarely exists for LTS magnets.

e Missing this opportunity comes with a high cost: The margin of safety for quench
protection drops to nearly zero, especially for large HTS magnets.
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Apply the same perspective with another angle — the short sample limit of your

HTS magnets

A schematics for determining short sample limit (Qquench current) for a superconducting magnet.
Now it comes with an uncertainty band for HTS magnets.
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1000 - s The quench current of your HTS magnet doesn’t
come with an absolute value like LTS magnets.
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u 6007 I band.
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Practical magnets — can you guess which coil qguenched?

Bi-2212 RC7n8, inductive signals removed

REBCO CORC C2 by staircase run.
Coil 1 Coil 2 Co-wound voltage taps
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L‘(WVYWVYWWVYWVY\TfVWWYYVWYWYVWWL - ‘ ‘ ‘ | :22;"8
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A revised MIITS method — what it implies for margin of safety and uncertainty.

A surprise shown by “experiments” — the protection time budget for quench
protection is raised by ~10 and why.

 An opportunity window for quench detection for HTS magnets (which rarely
exists for LTS magnets) and how the margin of safety of quench protection of HTS
magnets drops to nearly zero if it were missed for large HTS magnets.

* SSL for HTS magnets — no longer a point.

* The resistive voltage limit of an HTS magnet — not so simple to call it — where
statistics plays a role.

Thank you for your attention.
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