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Via Current Redistribution Monitoring
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Recap + Motivation

* Phase 2 FES SBIR on Hall Probe based quench detection with ACT CORC" cable terminations with Quench detection using
_ ) ) ) ] o integrated Hall arrays for quench s:p;zgz‘;fc't?ng'%;:g _i:’st::‘e
— Have previously shown redistribution measurements for individual detection cabledin-conduicanductorsdariusion

applications

CORC wires and CORC CICC e
— We have a deliverable of “Development of algorithms for producing T
guench signals” which motivated todays work

J D Weiss'2, R Teyber’®, M Marchevsky®® and D C van der Laan'>

e MDP Collaboration meeting 2022

— Outlined need for extracting cable parameters in context of quality
control Slide from 2022 MDP Meeting

* “REBCO magnet tests are operating blind” A long-term opportunity

— Outlined potential model-based quench detection

* (1) Can we develop diagnostics to extract detailed CORC
cable parameters before testing?

o Suite of scanner-like characterization tools to identify
parameters — “pre-mortem”

* Tod ay e hametors (17wt adequate seeuraa e A
o Based on positive experience to date with network models %L’;‘;’s‘é:if:2?12‘:2‘25”';;“?:
— Outline results of a methodology that can provide quality control, test " (3) Can we develop minimally-invasive CORC
. . . . . . i ? 3) Improved diagnostics 2) Improved
planning and real-time protection in cables with poor current sharing tme TN
. . * If so, can we develop quench detection schemes based
° 1.e. 6'a roun d - 1, Il b bO n, aes on discrepancies between real-time prediction and

novel measurements of CORC cables?
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Cables with Poor Current Sharing

* QOur research focus (and funding)
is CORC CICC cables for fusion

— However, “Cable-of-cable”
concepts apply to HEP magnets

Xiaorong — 2 wire STAR ribbon cable CCT
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Previously Published Study

e Jeremy published data using 3-wire CORC ribbon cable — “triplet”

— Comprehensive 77 K dataset with various I-V curves, ramp rate studies, heater-
induced quenches

— This is the cable & data todays work
 Manuscript focused on changing Hall probe signals

— Fast and promising for slow ramp rates / static cases
e But how to interpret the signals to make “smart” decisions?
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Sub-Methods

 Need to introduce two topics before getting into research method

* Predict dynamic current distributions
— Dynamic SPICE model to simulate current distributions

e Measure current distributions
— Inverse Biot-Savart




CORC Network Model - Methods

* Developed a static CORC network model with focus on simulating current
distributions around defects

— 10/19/2021 MDP modeling group

— 2022 MDP collaboration

— 04/24/2022 MDP REBCO group

— Recently submitted manuscript, under review

* Here, thousands of differential superconductors for cable o] = 22
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CICC Network Model - Methods

— Remove current sharing
e Allows lumping each wire as single I-V transition

— Add dynamic capabilities correction erm or . (4 Lyire /ST
 Neumann Integral

* Evaluates inductance matrix for any input of discrete lines

* Develop model for CORC CICC ;o // dx; - d;(j
Y Ag

% — x|

Hall 0 (e] Terminal sc @ L+M Table 3: Inductance Matrix [micro-Henry] of 6-Around-1 cable.
N
4/\/\/\/\/_@)_&_/?{\0’7{\_ |Wo Wi w2 W3 w4 W
fie O QQ P WO | 837 585 528 513 528 585
oot w1 837 585 5.28 513 5.28
CeJHall 01 + 1MO1 w2 837 585 528 513 . CORC-of-
o ; w3 837 585 5.28 409 Ccables
il W4 837 5.85
W5 8.37

— 5_1 6-around-1

Table 2: Inductance Matrix [micro-Henry] of ribbon cable.

‘WO w1 w2 W3 W4 W5
W0 | 834 579 51 4.69 441 4.19

Transport Current

W1 834 579 51 469 441
: ; W2 834 579 51 4.69
w3 834 579 5.1
W4 8.34 5.79
W5 8.34
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CICC Network Model - Results

* Example dynamic simulation with a non-transposed cable

— 5m long, 6 wire ribbon cable, wire 0 I = 900 A, remaining 1 kA
— Synthetic properties here

Ribbon Ribbon
1000 0.000100
= 7501 0.000075 - Table 2: Inductance Matrix [micro-Henry] of ribbon cable.
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Sub-Methods

 Need to introduce two topics before getting into research method

e Predict current distributions
— Dynamic SPICE model to simulate current distributions

e Measure current distributions
— Inverse Biot-Savart




Inverse Biot-Savart - Background

e Cables with no current sharing can be globally described with few variables
— Need to recreate wire currents from terminal Hall probe arrays!
 We previously had worked on methods to design magnet cross sections for arbitrary desired field distributions

— Biot-Savart inversion was solved as constrained optimization problem
* Dense, ill-conditioned matrices

 |TER used Hall probes to recreate current distributions in short sample tests
— Used Singular Value Decomposition

— High current sharing did not allow methodology introduced shortly

IEEE TRANSACTIONS ON MAGNETICS. VOL. 57, NO. 9, SEPTEMBER 2021

Inverse Biot-Savart Optimization for Superconducting
Accelerator Magnets
Reed Teyber™, Luc: e, Ji Qiang, and Soren Prestemon
Lawrence Berkeley National Laboratory (LBNL). Berkeley. CA 94720 USA [EEETRANSACTIONS ‘.)N APPLIED SUPERCONDUCTIVITY: VOL 7.0 i"M lmlj . e — 1 2 00 600
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Inverse Biot-Savart - Methods

e 4 Hall probe measurements to recreate 3 wire currents

0.00 . § 0. 0.05 0.0

* Matrix system here is rectangular — solve normal equations
— Many possibilities for solution, depend on cable in question

— ATAx = ATh

* Field at each Hall sensor is sum of wire Biot-Savart e r—
— Repeat for each Hall sensor - linear system Ax=b
* Ais “unitary Biot-Savart”, x are currents, b are Hall probe measurements -\ =
— Matrix is 100% dense and ill-conditioned S | ’)))@ )

Each CORC Wire

. _ - - - _ -
1ol . . 3 1 00 o Ano Lo, By
B = ol Simple Biot-Savart evaluated along S_mgle Hall sensor is sum of & * N A T o B
\ @ hall sensor axis, unit current field from all currents ;c: 0k ik n; k 1,2 - k
= * * *
116 N § il Ong Aink Anz Nk Inz yZ Bnk
Api = 2|72 < TTikys Tika 2> 0 < Mz, ey > B, = E AI: z'Iz',z — Currents Field
: ’ Repeating for each Hall sensor Measurements
i

J— * .
By = Ak,ilz,z yields matrix
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Inverse Biot-Savart - Methods

* Each entry in matrix is a sensor-current line

shown
— Solving for current in triplet takes ~ 10 ms
without optimization, potential for real-time

— Focus today is on triplet, but we have applied
techniques successfully on 12 wire samples

Each CORC Wire
[ B = = - — -
% ASO A:O A:LzO IO,z BO
;::2 Sk :k A:’(Lz k I 1,2 = | B k
E B Snk A:nk A’lenk_ | ni,Z_ _Bnk_
Repeating for each Hall sensor ~ CUrrents Field
Measurements

yields matrix
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The Methodology

Phase 1: Develop Predictive Capabilities

e Methods shown to:

— Simulate current distributions

— Recreate experimental current distributions

 How do we utilize this to advance magnet
diagnostics?

— fit model to recreated currents, use fit model to inform

Office of
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The Methodology — Parameter Extraction

* Single I-V curve with Hall probe measurements

— Current through each wire is calculated
. . . .. eSS oo Decdictive Capabilities
— Extract all termination resistances, critical currents! — —
[ Experiment 1: I-V [Experlment 2: Low Current]
. . . . . curve Ramp Rate Studies
* Note — QA/QC purpose satisfied with 77 K measurement, model fitting 7 ]
purpose should be performed at magnet operating temp = — =
[Extract Termination | |
Resistances Inductance Matrix
4 = Vaampie o« ” 0.08 o
— Ho Raw Measurements v |
S 006 Extract Ic and }_) Polish inductance
E. 34 H2 0.04 E n value matrix
% 0.02 g +
§ 27 0.00 % - Trained Current
- g _002T g Distribution Model
S|°,. | 00 . I v, Optional
é L _0.06 E‘ Regressor / ‘E
P 0l operacion | Surrogare Model |
B 5(‘)0 lOIOO 15‘00 20‘00 ZSbO 30‘00 35‘00 40‘00
E Measured Transport Current [A]
L r
§ T— a‘l) “Processed Measurements” / V| Phase 2: Magnet Protection v
é v 44 —— W2 P EXtraCted termlnatlon New Measurement Predict current }
-~ N = Fit - . P Point distribution
£ resistances and critical currents ¢ ¢
g (Inverse Biot-Savart Co@paré CuFrent
3 2 Distributions
/ Wire | Io[4] n[-] Wire | Iinresh[A] Rzl Rpom[n9)
- Wire 0 963 5.0 Wire 0 320 1.63 1.93 Do errors show Quench
0 Wire 1 | 1146 4.8 Wire 1 377 1.30 1.64 redistribution? trigger
0 200 400 600 800 1000 1200 1400 1600 Wire2 | 1385 164 Wire 2 313 2.07 2.50
Recreated Wire Currents [A]
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The Methodology — Quality Control

* This could be very useful for quality control

— Single measurement yields entire distribution of
termination resistances, critical currents in “final
configuration”

* A low quality joint can be identified and fixed
before operating the magnet in a dangerous regime

A damaged wire from bending can be identified and
used to re-define safe operating limits

* This information gives insight into how test can be
safely performed

* This can be repeated on a periodic schedule to track
changes in performance over time

Office of

‘*'3& U.S. DEPARTMENT OF
ENERGY | science




The Methodology — Dynamic Treatment

* Need to feed inductance matrix into fit predictive model
— Difficult to extract all elements of inductance matrix from experiments
— Line treatment of CORC wires makes analytical calculation “imperfect”

* Proposed methodology:
— Calculate inductance matrix analytically

— Run optimization problem to “polish” values to low-current ramp rate
experiments
* Optimization variables: allow wire locations and wire lengths to vary by ~ 10 percent
* Optimization objective: L, norm of error between spice model and experiment

— Was found to make small difference here, but will help with larger
inductance magnets

* Also helps tune the L/R decay when the “R” doesn’t fully capture induced current
paths through bus bars

| Wo W1 W2

W0 | 0.53 037 0.29

W1 0.52 0.35 [micro-Henry]
W2 0.51
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Phase 1: Develop Predictive Capabilities
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Extract Termination Calculate
Resistances \ Inductance Matrix
v \

n value

Polish inductance
matrix

¥

Trained Curren t
Distribution Model

; Optional
O S .
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The Methodology — Test Planning

* We now have all the parameters required to simulate the actual sample!

Trained model below shows when I criterion in each wire is reached at fast
ra m p rate Of 2’ OOO A/S Experiment 1: I-V [Experiment 2: Low Current
curve Ramp Rate Studies
— Defines safe operating parameters and limits before operating magnet S !
. . . . . . Inverse Biot-Savart [Inverse Biot-Savart ]
Note — none of this information is typically available to magnet operators! T
p
Trained Triplet Trained Triplet EXtr;:zizz':iZ:ti""
1500 4 ‘ i — Wire 0 \
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The Methodology — Quench Detection

 Compare simulated current distributions with inverse
Biot-Savart recreated current distributions in real time

— Generate quench trigger when they disagree
— i.e. “current redistribution monitoring”

* False positive quenches greatly reduced by:

— Look for error rates — rapid departures between
measurements and prediction

— Look for signatures of redistribution — if threshold is hit in one
wire, require increasing current in remaining wires

— Require violation to occur for several data points in a row

* Work today applies to magnets with pre-defined current
waveforms
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Quench Detection - Results

* Static case ] E—
. . . —— Sim = 0 Rate—| v
 Heater applied to middle wire g 1% 3 50 2
— Vertical lines = quench trigger, even though sample = 0 g so R 200 5
recovered o . e — —
20 40 60 80 20 40 60 80
— Blue = error rate, black = absolute error | 100 oo
. . . . . 1 g 50 i -
* None of this (current) information is typically R — : o] 2
available to magnet operators today S 5001 o : 200 5
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Quench Detection - Results

e Dynamic case — 2,000 A/s ] m—P

* No heater, no quench — correct prediction of 5" o :

no quench ) A N S S N—
— Note quality of current distribution prediction! |

Sim | € 50 F200 G
] . . g 1000 A § o4 WM Lo _E_f_
* Thresholds will be specific to magnet g :
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Quench Detection - Results

e Dynamic case — 2,000 A/s —=l. Tl gl
* Heater applied to middle wire 2 e [ 1o
0+ . . . . —100 +— . T . .
1 2 3 4 5 1 2 3 4 5
— Early quench signal produced! o0 /
. Sim % 50 200 g
e 2,000 A/s is tricky case for quench protection 5™ - Do o 3
500 A S _so - —200 @
T 3 & 35 7T 3 3 i 3
100
13001 :;xr: T 50 \ ::zz .
10 :-00 % 10007 g 0 W-O %
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5.0 1 0- l I - —400
e N T S S S
S _ome. .
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e oooo =" P =
1.0 15 2.0 25 3.0 35 4.0 45 5.0
Time [s]
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Quench Detection - Results

e
* Dynami — 2 A —] —
4 1500 A Bxp | o Error [ 400
. sim | < 200 %
< 1000 1 5 <
o 1% S o- o T
° ° ° s @ S
* Heater applied to right wire 2 o \
\/ | 400
o a T T T T |7 _100 T T T T
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Discussion

e Cons & comments:
— Requires pre-defined current waveforms at this time

Phase 1: Develop Predictive Capabilities

* | think this only rules out relatively niche cases, and can likely be addressed — this is textbook case of Frperinent i 47V [E"pe;aim“f";af; on cuement ]
machine learning ) 1 g 7
— In limit of very high inductance and very high ramp rates, current does not redistribute — [rrverse siot-savart | [1 Biot-Savart ]
technique won’t work ) /
* Methodology can still provide valuable information in regards to quality control and test planning (evtract Termination | T
Stages Resistances Inductance Matrix
— Only applies to “cable-of-cable” geometries with poor current sharing
* The main limitation of this work, cannot be universally adopted | [E"“:Cjaiﬁ:“d ]-»[ P““Lt‘;‘j:”ame
* Possible to modify cables to adopt structure found in “CORC CICC” — ongoing work
* Possible to apply to “baseline cables” with low/moderate current sharing with new experimental [ Trained Current ]
methods & elaborate parameter extraction steps — ongoing work bistribution Model

— Is all the calculation fast enough? E : "";;e;g;;;s‘s;;;"/ """ ;

* The results so far suggest that on the order of 10 ms is quite feasible and there are many ways to operation | Surrogate lodel |
improve this.

* This will supplement temperature (fiber, acoustic) and voltage measurements, not replace them

Phase 2: Magnet Protection

 Methodology outlined today gives cable-of-cable magnet operators the tools to e Meieteibution
make informed decisions with their magnets, from fabrication to planning to ¢ ~ ‘L
real time protection [

Do errors show Quench

trigger

redistribution?
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Conclusion

e Questions? — ——— o

Phase 1: Develop Predictive Capabilities 1500 4 ' —
_ — Sim < 50 1200
Experiment 1: I-V Experiment 2: Low Current < 1000 1 § 04 o <
curve Ramp Rate Studies g @ :D
h 7 g ) 500 S _so - —200 @
f 4 ) . “ / - —400
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< i s <
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0.00 015 ; ; . ; -100 : . ;
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10.0 Distribution Model
754 L L oo o 100 | 400
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st [N AP NP\ | | T [ <1000 , - l, =
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E ool 2 N £
N 500 A = _s0 F—200 @
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Point distribution
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Distributions
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