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Outline

Goal: Define and understand normal behavior, detect abnormal behavior of the main dipole (RB) circuit

Approach:

1. Extract frequencies in data — Fast Fourier transform (FFT)

2. Group expected frequencies that occur together into components — Non-Negative Matrix Factorization (NMF)

a) Components help to understand normal behavior — Causal Discovery

b) Deviations help to detect abnormal behavior = Outlier detection

Causal Discovery

Souce Impact
FFT NMF Component1l Quench All magnets
Component2 PC 10 magnets
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Select data [\

Signal:
. U diode from nQPS in PM
Region:

. Plateaus after energy extraction
— Similar to transient measurement

Period:

. 2018, Quench + Snapshot data

Data size:

. 731 events x 154 magnets x 400 samples (0.375s)
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Fast Fourier transform

Extract frequencies in data

Causal Discovery
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Fast Fourier transform

Example signal: B21R3 on 2021-04-18 08:44:17

Preprocessing necessary to minimize spectral leakage:

. Subtract offset
. Multiplication with window
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Non-Negative Matrix Factorization (NMF)

Group expected frequencies that occur together into components

a) Components help to understand normal behavior — Causal Discovery
b) Deviations help to detect abnormal behavior = Outlier detection

Causal Discovery
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https://www.nature.com/articles/44565
https://proceedings.neurips.cc/paper/2000/file/f9d1152547c0bde01830b7e8bd60024c-Paper.pdf

Method
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Loss: Xk (IX[k]l — |X[k]|)2

How to define W), & hy?

1. Manually define r

2. Initialize W), & hy, randomly

3. Adjust W), & hy, iterativly until loss over all signals (763 * 154 * 2= 235 004) is minimal

Example signal: B21R3 on 2021-04-18 08:44:17




NMF Components
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Causal Discovery

Understand normal behavior

Causal Discovery
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Normal event

FPA identifier: RB_RB.A78_1617170255140000000
Date: 2021-03-31 07:57:35.120000
Max. Current: 11215.0 A

Causal Discovery

250
Frequency components along all magnets in event 200 Lo-2
z >
> 150 °
g 5 AN
ag)— 100 10—3 g N
50
0 1074
50 100 150
El. Position

Component 0 Component 1 Component 2 Component 3 Component 4 Component 5 Component &

250
w200
T
Z 150
o
% 100 + + + +
&
50
0
50 100 150 50 100 150 50 100 150 50 100 150

50 100 150 50 100 150 50 100 150

El. Position

Electromagnetic
perturbation + FFT
smiring

Source Direction: Quench

Propagation: Physical

El. Position

Electromagnetic
perturbation

Source Direction: Quench

Propagation: Physical

El. Position

Left over of voltage wave
traveling along the chain of
magnets by magnet
inductance

Source Direction: Quench

Propagation: Physical

El. Position

Oscillations caused by
qguench

Source Direction: Quench

Propagation: Electrical

El. Position

Repetitive pattern within
QPS crate, aliasing?

Source Direction: Quench

Propagation: QPS crate
position

El. Position

Oscillations from the
direction of Power
converter in RB.A78,
aliasing?

Source Direction: Power
converter in RB.A78

Propagation: Physical

El. Position

Oscillations caused by
guench

Source Direction: Quench

Propagation: Physical



Outlier Detection

Detect abnormal behavior

Causal Discovery
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Normal event

FPA identifier: RB_RB.A78_1617170255140000000
Date: 2021-03-31 07:57:35.120000
Max. Current: 11215.0 A

Outlier Detection
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1. Calculate NMF loss for each event (763) —= chi2pdf
—— 99% conf, interval
2. Fit gamma distribution to loss = data
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3
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Outliers

Goal: Find outliers robust to assumptions
« Result shows boxplot of 280 different combinations of assumptions
« All outliers occur during 15t EE Plateau — closer in time to quench

TABLE II
LIST OF DETECTED ANOMALIES WITH DERIVED MAINTENANCE ACTIONS.

Q3 + 1.5 * Box length

10_1 B R = = === 31 Quantil (Q3)
T J] I L1 1
—4 Box )
10 - . length Median
g 10—7 | i 15t Quantil (Q1)
[
>
[e3 -
10°F .
10-13 i 95% confidence interval |
— 99% confidence interval
1 1 1 1 L L L L L Q1 -1.5 * Box length

N O N XD o A

Quenched Magnet ID

Anomaly QM ID Median Comp. 7 Maintenance
# p-value at QM Actions
2038 Exchanged 25.04.2021
1 8e-11 24e-1V
Sector 78 ¢ ¢ (Intermittent Short Circuit)
25.04.2021
1225 Add. Measurements
2 Sector 45 7e-5 80e2V Repl. Measurement Unit
12.05.2021 Ev. Repl. Magnet
3 1146 le-3 8.2e4 V Add. Measurements
Sector 34
06.05.2021
1291 Add. Measurements
4 Sector 12 3 2lelV Repl. Measurement Unit
14.05.2021 Ev. Repl. Magnet
2421 Add. Measurements
5 Sector 34 B 1.2e0 v Repl. Measurement Unit
20.04.2021 Ev. Repl. Magnet




Conclusion

U Diode @ 1st EE, El. Quench Position: 1

-2
350 10

Causal Discovery:

. Detection of “normal” frequency components with Non-Negative Matrix 300
Factorization o
. oL . . . -3
— Depending on the quench position, a typical FPM would look like this: 10 N
‘é 200 g
Outlier Detection: g 10 =
107%
. Outliers are events which cannot be composed out of “normal” frequency 10
components .
. Ongoing additional measurements, additional safety measures, possible
rep]acement 0 20 40 60 80 100 120 140 10
El. Position
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Next Steps

Understand where experts can profit from data analysis!

Ongoing ML projects:
. E— 0
. U diode NXCALS data A. CLASSIFY | >0%
. Investigation of secondary quenches 0. “Normal” magnets .
P . “ ” 5—-'\m - 0
: mb-feature-classification - onbalancec magnets o -
2. “Slow unbalanced” magnets a.k.a. “outlier” magnets
. Make decisions: Gather RB machine parameters and analysis results 3. “Sudden offset” magnets )
. Find correlations with ML 4. "Different board A/B" magnets 5"'”N 8%
. . . List of FPA Snapshot tests [by Zinur]
° UQSO S|gna| ClaSS|f|Cat|On htt:c:)s: t;wikmetm.c.h rww’k|”h\n/wewa;:tf;/l:ﬂ%/l:mniifﬁ
or the mos! CLII'IOUF colleagues, all plots are here : 0
. Classify ~35000 UQSO signals from snapshot FPAs similar as experts fcerncmdiiprolectsneemiMPS day 2022 | 2%
. 80% of signals are classified similarly 2
. In the remaining 20%, ML was right in 90% | t—— 5%
° SOH prediction in capacitor banks

. Assisting Timm Baumann SY/EPC



https://gitlab.cern.ch/machine-protection/mb-feature-classification




Backup Slides




[ ] L] e
hGND vis s Vi o
S RGND GND
| 1
2. : = 1 5 o
\ [T 2 L ;| 3-ls
m = 8% 5=
0 = s A REFs Vs ©
et = | > 2 [ =] s 2 Ui bl
s 2 i = A
3 a 5 span | s =
§ | s . o
™ n

High frequency components could potentially cause aliasing in results. C jﬁf e
Anti-aliasing filters in the nQPS crates: : e e :
. Two 1%t order lowpass filters with 1.5 kHz and 1 kHz cutoff frequency*

. Sampling frequency of nQPS crates: 1068 Hz Bode Plot of Two Low-Pass Filters f.; = 1.5kHz, f.; = 1kHz in Series
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*provided by Jens Steckert




Fast Fourier transform




FFT

Fast Fourier transform (..

— The FFT is an algorithm to calculate the discrete Fourier transform (DFT). The DFT is defined as:
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FFT

Detrend data 1.1

— Smearing of DC component interferes with low frequency component

x[n] = 2V + 2V *sin(2m 3Hz * n — 90°) + sin(2mw 20Hz * n)
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Backwards Path

Signal: B21R3 on 2021-04-18 08:44:17
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Non-Negative Matrix Factorization (NMF)



https://www.nature.com/articles/44565
https://proceedings.neurips.cc/paper/2000/file/f9d1152547c0bde01830b7e8bd60024c-Paper.pdf

Objective Function

V'~ WH

m ...number of i events * positions (560 x 154) giiﬂ
n ... number of frequencies (0-360Hz) § 10
r ...number of components (1-5) m;
V € R}*™ ... reconstructed event at position 0

W e R ..
H e R}X™..

components
presence of components

NMF Objective Function:
. _1 2
min fW,H) = |lV - WHIIE, st. W,H >0

7 100
El. Position

T
125

150

=

N+

Voltage v

Voltage [V
Voltage [V

Valtage [V

-

Voltage [V

]

s 5B ~

n

Voltage /V

)
@

o
=

o
N

00

N

.
Voltage { V

010
008
0.06
004
0.02
0.00

AT

.
Voltage / V

010
0.08
0.06
004
002
000

Voltage /V

004

003

0.02

0.01

M
L
J

Voltage | V

-
s
-

D S 100 150 200 250 30 30
Frequency / Hz

0 75 100 125 ]5(1
El. Position

=

&
Il
[y

Frequency / Hz

=]
2

Frequency / Hz Frequency / Hz
=)
g

Frequency / Hz

Frequency [ Hz

=1
=

=]
5

o

<]
=

<1
S

300

20 40 60 B0 100 120 140
El. Position

7

350
300
250

oy
_ a0

g 150

100

75 100
El. Position

125

150



Backwards Path

Signal: B21R3 on 2021-04-18 08:44:17
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Causal Discovery




El. Vs Phys. Position
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U-diode frequencies
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Overview

TABLE I

CHARACTERISTICS OF FREQUENCY COMPONENTS.

Component Dominant Location of Maximum  AYerage l\:[aximum Propagation Possible Physical Process
Frequencies Amplitude
Phys. & el. neighbors 622V Phys. & el. Electromagnetic perturbation
) 1 3 Hz of quenched magnet position
Fig.
- 493V - Preprocessing
. 2 6 Hz Phys. & el. neighbors 3.6e-2 V PhYS-'f?C el. Electromagnetic perturbation
Fig. m of quenched magnet position
Constant across 14e2 V Constant across Diode induced oscillation
3 all magnets all magnets
Fig. 20 Hz .
Phys. & el. neighbors 37e3V Phys. & el. Electromagnetic perturbation
of quenched magnet position
Phys. & el neichbors Phvs. & el Leftover voltage waves traveling along
¥s. - felg 1.2¢-3V ys. & €l the chain of magnets by magnet impedance
of power converter position
- 4 5 16é64 [—I[-lzz fPhYS' I[‘]'Zié%hbom . 73e2V El. position Oscillations caused by quench
ig.(Te of quenched magne
£ 302 Hz d £
5 150 Hz El neighbors 1.0e3V Position in QDS Artifact of the
Fig. m of EE systems measurement unit QDS measurement unit
107 Hz
) 6 220 Hz Phys. & el. neighbors 6.9e-4 V EL position Passive hardware elements of PC
Fig. 260 Hz of PC
370 Hz
478 Hz
Phys. & el. neighbors 393V Phys. & el. Quench heater induced oscillation
7 of quenched magnet position
Fig. Offset .
Phys. & cl. neighbors 99e4 V Phys. Quench dependent oscillations
of quenched magnet position




TABLE 1
CHARACTERISTICS OF FREQUENCY COMPONENTS.

; Z Component Domina:lnt Location of Maximum Average Ma}umum Propagation Possible Physical Process
Frequencies Amplitude
Phys. & el. neighbors 622V Phys. & el. Electromagnetic perturbation
1 3 Hz of quenched magnet position
Flg.
- Qe-3 V. - Preprocessing
10-2 All values of no quench events . All values umench events Peak values of all events
; e iy L R0 10 R
T H gyt 82 e dmnf ‘ P \ I Mo quench (mean: 4.9e-03)
10-1 4 _\ Single guench (mean: 6.2e-02)
\-A Mult. gquench {mean: 1.62-01)
- -
= h=]
E T 10771 \gi
B v E
2 Z 10-1 ] 5 ™
3 E Z 2
E rd 1[]—4 4 IE
" " : A
5 L
107 1 Mult. quench
No quench ‘ Single guench
1D_ﬁ T T T T T T T T 1[]—15 . . ; ; . ; ; 0
o 0 40 &0 ED 100 120 140 180 -150  -100  -50 0 50 100 150 10-3 109
El. Position Phys. Dist. to Quench 3IHz amplitude in ¥
All values of single quench events Peak values of 437 single quench events @ 1st EE plateau
06 Manufacturer_1.0_q 6 Manufacturer_1.0_g {89 events)
*  Manufacturer_2.0_q Manufacturer 2.0 g (37 events)
0.5 1 Manufacturer_3.0_gq : | | Manufacturer 3.0 q (251 events)
= i " = |
= B d i)
= 04 0 [ . =
5 i . = 4
EN i E l
= 3 A [=]
E | ! I ] _E_ 3 4 i I |
o :
T 021 [}
™ 2

i

[ ]

1
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3Hz Examples

Quenched Magnet: C17L5 (Manufacturer 1) Quenched Magnet: A32L4 (Manufacturer 1) Quenched Magnet: B11L2 (Manufacturer 1)
U_Diode @ 1st EE plateau U_Diode @ 1st EE plateau U_Diode @ 1st EE plateau
=] e ~— B3304, E118 e
- —aso]  B33A4, E36 +—— A —azs A1112, E4
B -4.50 /'
] e ) B10L2, E152 v Aoty £3
g-a.s Efs.oo ::, : BIL2, E153 M‘J" "‘ b
g-50 3 -5 g 00 'S AVYA
£ -5.2 g A ‘ \
_5'80_'25 0.30 0.35 0.40 0.45 0.50 B 025 030 0.35 0.40 0.45 0.50 025 030 03 Tm?:/os 042 050
Time /s Time /s
Quenched Magnet: C32L2 (Manufacturer 1) Quenched Magnet: C14L2 (Manufacturer 1) Quenched Magnet: B33R4 (Manufacturer 1)
RB_RB.A12 1619462088820000000_2021-04-26 RB_RB.A12 1619935955860000000_2021-05-02 RB_RB.A45 1620232873800000000_2021-05-05
U_Diode @ 1st EE plateau U_Diode @ 1st EE plateau U_Diode @ 1st EE plateau
-46
-48
2 2 E -5.0
=5.
0.’35 0.:'00 0.:15 O.l50 O.:’:S 0.’60 0.;55 OA'35 0.40 OAZIS 0.’50 0.‘55 OAIGO 0.‘65
Time /s




TABLE 1
CHARACTERISTICS OF FREQUENCY COMPONENTS.

6 Z Component Dominant Location of Maximum Average Maxumlm Propagation Possible Physical Process
Frequencies Amplitude
2 6 Hz Phys. & el. neighbors 3.6e-2 V Phys. & el. Electromagnetic perturbation
Fie. [Tcl of auenched magnet position
0 All values of single & mult. quench events Peak values of all events
10 G
+ Mult. gquench . B No quench (mean: 4. 2e-04)
10-1 4 Simgle guench | Single gquench {mean: 3.6e-02)
. ' 5 0 Mult. guench (mean: 7.2e-02)
-2 =)
> 10 . |
[i=]
g 1073 1 E ]
2 2 3
= £
E 107 % z |
i g ’ " 5]
P ki ™ b | Ll g , c 24
. I " TR : . [Tl
W 1[]—5 i ! : i R R =]
£ LET T Falbsa s 14 1B |
|1l
]_D_-'r T T T T T T T 0 -4 |_3 -2 -1 o
-150  -100  -50 0 50 100 150 10 10 10 10 10
Phys. Dist. to Quench BHz amplitude in ¥
All values of single quench events Peak values of 437 single gquench events @ 1st EE plateau
0.25 1 Manufacturer_1.0 g Manufacturer_1.0_g (89 events)
i «  Manufacturer_2.0 g 5 Manufacturer_2.0_qg (97 events)
0.20 - Manufacturer_3.0 g Manufacturer_3.0_g (251 events)
= " =
E . i
4 015 . E
% I » . i E 34
£ 010+ - ' =
[ i uog
5 : : z°




TABLE 1
CHARACTERISTICS OF FREQUENCY COMPONENTS.

2 O | | Z Component Dominant Location of Maximum Average Maxumlm Propagation Possible Physical Process
Frequencies Amplitude
Phys. & el. neighbors 1263 V Phys. & el. Lettover voltage waves traveling along

of power converter position the chain of magnets by magnet impedance

All values of no quench events @ 1st EE plateau & 11 kA Peak values of no quench events, averag ver circuits Processed data
iy )
= 0.0012 4 .
R * + 10A/s ++ ‘ — 1EE, DA/s ;f:, —— E. Position 0
00008 { Lif - : «  DAfs ) ++#‘:’+¢ = 1EE, 104/s }..a')-f’ - El. Position 61
) b L
0.0010 { —=- 2EE DAfs Leoe” _454 ] — EI Position 77
. - -=- 2EE, 10A/s o
£ 000DE A E
o v 0.0008 1 S
= = Z —4.56
= = g
[=1 [=1
£ 0.0004 1 E 0.0006 1 £
m m =
T L] —4.58 1
(] [=]
™ noooz - e 00004
—4.60 1
0.0002
uumu 1 T T T T T T T
T T T T T T T
5000 6000 7000 8000 9000 10000 11000 0.8 09 10 1}'1 12 1.3 1.4
El. Position 1O M level ime /s
All values of no quench events @ 2nd EE plateau & 11 kA Peak values of all events Unprocessed data
5 A e No quench (mean: 7.1e-04) — F. Position 0
0.0014 Single quench (mean: 3.72-03) 0.004 - — E:- Positipn 61
. —— El. Position 77
0.0012 - 4 0 Mult. guench {mean: 1.0e-02)
= T 0.002 -
= 00010 A H >
[1=]
= E 31 °©
2 00008 - 5 & 0.000-
= = £
£ 0.0006 z ] S
P =
- [
S 0.0004 1 =
0.20

1073
20Hz amplitude in 'V

Time /s



TABLE 1
CHARACTERISTICS OF FREQUENCY COMPONENTS.

2 O | | Z Component FD‘)mj“a"_’t Location of Maximum Aver:%:pll\fjltﬁ:mm Propagation Possible Physical Process
requencies
Constant across l4e-2 V Constant across Diode induced oscillation

all magnets all magnets
3_. N He & &

Peak val of all events

o All values of all events QH '
14 D apen (mead: 1 42-02) 10 | U_Diode @ 1st EE plateau
no O open (mean:=3-62-03) -4.8
12 1 10—2 §
=
A 10 1 E —5.01
[1=] LY -3 4
E s - 4 10 N
5 0.8 § :'; -5.2
-‘E 061 § 1074 4 S
o T -5.4
0 p4 P
10-5 J
2 D_open. 1€E ] 1/0.05=20Hz
no D_open_1EE '
M - " = = , Py ST — Py Py Py 3
10° 10~ 10~ 10° 10° 10° 0 20 40 60 80 100 120 140 160 Time /s
20Hz amplitude in V El. Position

N p154| [P152] [ P4 |[ P2 P |[P3 | ,JP151][P153
El Position e1 [ E2 [P e76 [| €77 [1EE T £78 [T E70 [PlE153[{EM58["




TABLE 1
CHARACTERISTICS OF FREQUENCY COMPONENTS.

6 6 | | Z Component Dominant Location of Maximum  AYErage I\r.laximum Propagation Possible Physical Process
Frequencies Amplitude
4 66 Hz Phys. neighbors 73e-2V El. position Oscillations caused by quench
Fig. :1‘{8}“21 EZ of quenched magnet P v
3 z

Circuit Magnet #Electric_circuit Crybstat

RE.A78 MEB.A18LS 14 LEBRD.18L8
RE.ATS ME.C18L8 15 BRA.18LS
Peak values of all events RB.ATS MBE18LS 14y/ LBARA 18L8
10-1 Peak values | events
Etr:,rﬂ ntazll of D:'-lﬂ 200 35 - No quench m-&4¥
101 oer Lyoce single quench (mean: 7.3e-02)
_ 3.0 Mult. guench {mean: 1 3e-01)
= —
2 08 - N s 5
H I 150 -2 @ |
E o 110 2 & 25
>‘ m
5 06 o g E 20-
= d 100 © £
= = = . ] | I
£ 04 o ;9 £ 15
s : 107> % il
(I c 10 A
| M
05 - I

. 50
DD ""-_Flm T 2 II u.ll.l.l—
103 10~4 10-3 102 10-1 10 0 107° 0.0

| I_3 I—E -1 0
66Hz amplitude in V 50 : _100 150 10 10 10 10 10
El. Position 6E6Hz amplitude in




TABLE 1
CHARACTERISTICS OF FREQUENCY COMPONENTS.

1 5 O | | Z Component Dominant Location of Maximum  AYErage Maximm Propagation Possible Physical Process
Frequencies Amplitude
5 150 Hz El neighbors 1.0e3 V Position in QDS Artifact of the
Fig. |ﬁ] of EE systems measurement unit QDS measurement unit

All values of singl h event tor 78
- g Voles o Siige quench even's @ sedor Peak values of fo qu ench events Peal values of all events @ secto 78,81
0.0014 4 . . = OPskrate Number |0 g
QPS Crate Number |1 I P Circuit RB.A1Z 7 . Mo quénch (1.0e-03)
] . . . . . QPS Crate Mumber|2 | — T Single quenci(I-8e-04)
£.0012 . . | . 0 4| Circuit_RB.AZ3 5 e Mult. quench (2.5e-03)
= ircui —
> 0010 . ' : | . = Circuit_RB.A34 T
n - . : E . B Circuit RBA4S | & °
-l ' ' 5 Circuit RB.ASE | E 4 N
2 00006 ¥ ol w Circuit RBAGT | 3| I
B 5 Circuit_RB.ATS | 2 I
000041 T Circuit_RB.ABL | ©° 21 I
0.0002 w l_. 14 | 0| |l
0.0000 4 - 0 " - , o 1 -lll_n,‘;‘_‘_l-_-—lz
El. Fpsition ]-D_ ]-D_ ]-D_ 107 10° 10°
1%30Hz amplitude in ¥ 130rz amplitude fn ¥
EE switch EE switch EE switch

It actually starts 1 QPS crate after the EE switches
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TABLE I

CHARACTERISTICS OF FREQUENCY COMPONENTS.

AJ8H7  comwmen

Dominant
Frequencies

Location of Maximum

Average Maximum
Amplitude

Propagation Possible Physical Process

Fig.[Tg|

HB ALZ

RB A23

107 Hz
220 Hz
260 Hz
370 Hz
478 Hz

Phys. & el. neighbors

of PC

6.9e-4 V

values of single quench events @ sector 78

RBA34
0.0010 4

EE place QDD
EE place EVEM

RB A45 :Eh 0.00
L1
=
£ H0006
(4]
[}
RBAS6 = 0.0004 -
o
-
=t
0.0002 1
RB A67
0.0000 - T T T T T
80 100 120 140 1a0
El. Position
RBA7TE
" P154| [P152] [ P4 |[ P2 P1 |[P3 | ,P151|[P153
El Position E1 || E2 [T|E76 [|E77 £78 [| 79 [T]E153[|E154
RB AS1

pa) 50 75 100 125 150
Phys. Position

El position Passive hardware elements of PC

Peal values of all events ctor 78
~
17.5 1 Mo quench [6.9e-02)
Single gquench (&.9e-04)
15.0 1 Mult. quench (1.8e-03)
E 12.5 1
N
=
E 10.0
[=]
=
Z 75
i
=
& 50
75 I |
N |
10 103

478Hz amplitude in ¥

No Oscillations
@ Snapshots 11 kA, 10A/s

10-2




Offset

TABLE 1
CHARACTERISTICS OF FREQUENCY COMPONENTS.

Dominant

Average Maximum

Component Location of Maximum A Propagation Possible Physical Process
po Frequencies Amplitude Pag Y
Fig.|7h oA .
™ Phys. & el. neighbors 9.9e-4 V Ph'y_s, Quench dependent oscillations
of auenched maenet position
. All values of single & mult. quench events Peak values of all events
10°
Mult. quench I B No quench (mean: 8.2955:-
Single quench 5 Single gquench {mean: 9.9e-04)
Mult. guench {mean: 2.7e-03)

> 1072 5
£ £ 4
Y =
E E L]
3 1073 £
5 z
3 2 2]
; - | i
o -4

10 1 |4

) JL'[UJM"LI_ d
103 ; : .

-100 =50 0 50 100 150
Phys. Dist. to Quench

-150

10-3 102

offset amplitude in v

103 10-4



TABLE 1
CHARACTERISTICS OF FREQUENCY COMPONENTS.

O ffS et Component Dominant Location of Maximum Aver:i:pﬁﬁ:lmn Propagation Possible Physical Process

Frequencies
Phys. & el. neighbors 393V Phys. & el. Quench heater induced oscillation
7 of quenched magnet position
A Offset
O*IH U_Diode ® 1st EE plateau L All values of mult. quench events Peak values of mult. quench e N
s J QH activation BN QH activation (mean: 3.9e-03)
no QH activation 20 1 no QH activation (mean: 1.2e-03)
-5.0 > 10_2 ) =
£ B 15 A
> 3 =
3 -52 E £
s 3 10731 2
S E < 10 1
-5.4 g f;
a
© 10741 =
0.5 1
-5.6
1/0.05=20Hz
0.25 0.30 0.35 0.40 0.45 0.50 0.55 10-3 . . . . . . . MK
Tamets -150 -100 -50 0 50 100 150 10-4 10-3 10-2 10-t

Phys. Dist. to Quench 478Hz amplitude in V




Outlier Detection




Assumptions N

1. Preprocessing: .
1. Degree of detrend: .

1.
2.
2. Window multiplication:
1.

2. NMF:

1. n_components (2-12)

2. Distance measure*:
1.
2.

NOoO U AW

0 - Offset

sumptions for this plot:
Linear detrend
Hamming window
4 components
Frobenius distance

1 - Linear Trend

none (best reconstruction, high smearing)
hanning (lowest smearing, no reconstruction)
hamming (low smearing , good reconstruction)
barlett

blackman

flattop (high smearing, accurate amplitude)
tukey

# Events

280 x

== chi2 pdf
—— 99% conf. interval
mm data

=d__1 1 |

Frobenius (Eu)
Kullback-Leibler (KL)

0 -
0.000 0.025 0.050

* https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=6410389

T T T T T T
0.075 0.100 0.125 0.150 0.175 0.200

[1IXTK]] = IXTK]]]]




2038 - RB.A78 - B28L8 — Intercoil short

Event with B28L8 quench before:
e 2021-03-28: ,normal“at EE plateaus  bmesorossorssmn EL. Positon Prmary

Max. Current: 11588.0 A Primary quench position: 126

U Diode Signals

Sector: RB.A78

. o R [ FE
20 40 60 80 100 120 140 - EE2 M s I — EE1 I is I

.
; E1 [| 2 [T E7s || E77 [ =210 | E78 [] E79 |7 |E153[|E154
El. Position =
MB.B2ZBLB U_Diode @ 1st EE plateau El. Position
152 - 01
500
150
400
148
= £
=
- 4 by < 300
% 146 g g
S 144 3 E
= L 200
142
100
140 -10 1
138 T T T T T T T T T T T 0 .
0725 030 035 040 045 050 0.25 0.30 0.35 0.40 0.45 0.50 1 10 19 28 37 46 55 64 73 82 91 100 109 118 127 136 145 154

Time /s Time /s El. Position

10°

107!

,_.
o
&

Voltage / V

1073

10~*

10°3



1225 -RB.A45 - C1/L5

Events with C17L5 quench before:
* 2021-05-07: ,normal“ at EE plateaus Date: S031-051 15 07 35.57 769000 20000000 e

y Max. Current: 11701.0 A Primary. quench;position:: 50
e 2021-05-07: ,normal” at EE plateaus

U_Diode Signals

U s AP e
, ' ' r==1[P2][Ps ] Jr152][P154 P153] [P151] [ P3 |[P1
20 40 60 80 100 120 140 PC "I E1 Hil+| E75H HEH H H |—>

E77 E78 || €79 [ |E153[|E154
El. Position
MB.C17LS : s
. U_Diode @ 1st EE plateau El. Position
168 i @ P 100
-4.21
4 -4.4 1
166 10-1
~4.6
N
f_ 164 1 4 —4.8 x 1072 5
wu o & -
3 g ] &
o 37 g g
[=] i > o °
£ 162 oo 2 1033
160
10~*
158 . . ) J : _S.Bo 25 0.30 035 0.40 0.45 0.50 1 10 19 28 37 46 55 64 73 82 91 100 109 118 127 136 145 154
0.25 0.30 0.35 0.40 045 0.50 ’ ’ ’ : ’ ’ 107°

Time /s El. Position
Time / s




1146 - RB.A34 - A32l4

Events with A32L4 quench before:

* 2021-04-04: ,normal“ at EE plateaus Date: 20910506 195573 993000 2200000 El. Position Primary
Max. Current: 11950.0 A Primary quench position: 120

* 2021-04-14: 3 fast sec. quenches

U_Diode Signals

. i P e
T T === P154||P152 P4 P2 | re=211]P1 P3 P151||P153

. = 1
20 40 60 80 100 120 140 *EE' e1 [| €2 ] 76 [| e77 [1EE I ev8 [ e0 #5153 E154["
El. Position o
MB.AZZ2L4 U_Diode @ 1st EE plateau El. Position 109
-4.25
162 A AN B330L4,E118 500
-4.50 1
107!
151 A -4.75 4 400
= T
> = 102
5 160 A = =500 3 300 >
=] 2 S &
£ S -5.25 2 I
= = g s
= 159 | & 200 10-3 >
-5.50
158 A -5.75 100 10-*
—6.00
157 T T T T T ¥ i L % ! x 0 ]
025 030 035 040 045 050 0.25 0.30 0.35 0.40 0.45 0.50 1 10 19 28 37 46 55 64 73 82 91 100 109 118 127 136 145 154 10-5
Time/s El. Position

Time s




1291 - RB.A12 -B11L2

No B11L2 quench before

MB.B11L2
1500

1475 -
1450 -
~ 1425

e 1400 4

Velta

1375

1350 4

1325 1

1300 + T T
0.2 0.40
Time /s

T
035

T
045

Voltage / V

FPA identifier: RB_RB.A12_1621014819920000000
Date: 2021-05-14 19:53:39.901000
Max. Current: 11751.0 A

U_Diode Signals

20 40 60 80 100
El. Position

U_Diode @ 1st EE plateau

120 140

—-4.00 -

—4.25 A

—4.50

-4.75 A

—5.00 A

—-5.25 1

B10L2, E152
BOL2, E153

Y

e —————— ——

A11l2, E4

25 0.30 0.35 0.40 0.45
Time /s

Frequency / Hz

El. Position Primary
Primary quench position: 151

Sector: RB.A12

— pisa|[P152] [ P2 [ P2 | ==
2
1= g1 [| €2 [ e7s [| €77 [LEE!

El. Position

500

400

300

100

0
1 10 19 28 37 ‘46 B85 64 73 82 Bl

El. Position

P1
E78

P3
E79

P151

E153(]

P153

E154

]

100 109 118 127 136 145 154

10°

107!

,_.
o
&

Voltage / V

1073

10~*

10°3



2421 - RB.A34 — B23R3

No B28R3 quench before

FPA identifier: RB_RB.A34_1618896510960000000 El. Position Primary

Most likely scenario of noise from simulations:
» Partially emerging resistor, in parallel to diode Mo Carrent 11863 A -0 P e, e s
* Degraded diode contact?

U_Diode Signals

Sector: RB.A34

_ : . . = pisa][P1s2] 4 P4 |[ P2 P1 |[P3 | [Pi151][P153
.- 2 -
I I R T (2l Pe | = Et53|Etse

El. Position

RB.A34, 2021-04-20 07:28:30.960 U_Diode @ 1st EE plateau El. Position
e 500
175
50 = 400
” !
>
= 125 I 1 5, o
& ‘ S < 300
w @ [9)
& 100 ‘ 2 ]
] ' £ -]
5 > g
Slo7s } & 200
—— MB.B2BR3:U_DIODE RB
0.50 V =~ MB.A29R3:U_DIODE RB

—=— MB.C29R3:U_DIODE RB
—— DQQDS.B29R3.AB.A34:U_REF_N1
025 —— MB.B28R3:U_DIODE_RB
—— MB.AZ9R3:U_DIODE_RB

100

~— MB.C29R3:U_DIODE_RB
0.00 —— DQQDS B29R3.RB.A34:U_REF_N1

T T T T T T T 0 v .
015 0.20 023 030 035 o040 0.35 0.40 0.45 0.50 0.55 0.60 0.65 1 10 19 28 37 46 55 64 73 82 91 100 109 118 127 136 145 154

time, s Time /s El. Position




