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Outline

Goal: Define and understand normal behavior, detect abnormal behavior of the 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
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f e I e Ct d a ta ‘ /\/\ PM data: 1068 Hz sampling NXCALS data: 10 Hz sampling

Signal: U_diode from nQPS in PM } | 15 EE
Region: Plateaus after energy extraction E s -
Period: :2018, Quench + Snapshot data - ptens
Data size: 731 events x 154 magnets x 400 samples (0.375s) ] — /
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. Unusual behavior (“Wiggle”) in U_diode of RB.A78 B28L8 on 2021-03-28 Smufaton P Smulation NXCALS
. PM data available in high resolution (1068Hz) ] L
. EE is similar to transient measurement 0
. Deviation from data and simulations during plateaus - _P
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*simulations done by Marvin Janitschke with STEAM
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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
Preprocessing FFT
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Frequency Position Maps (FPM

Normal event

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




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

Method

Input

Components Weights
Reconstruction
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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 (489 * 154 = 75306) is minimal

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




NMF Components

Component Dominant .
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Causal Discovery

Understand normal behavior

Causal Discovery
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Frequency f Hz

Normal event

FPM of Components

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

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

. Detection of “normal” frequency components with Non-Negative Matrix 0 v
Factorization 00
. Components allow identification of different frequency sources. -
1073
. Frequency Position Maps allow to find propagation direction B -
T 200 :
. - . ) ) %En %
— Depending on the quench position, a typical FPM would look like this: = 10—4>
100
Components with quench as source, do not occur in snapshot data. 50
Components in 1stand 2" EE plateau are similar. 0 . . . . . . . 10-
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Outlier Detection

Detect abnormal behavior

Causal Discovery
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Approach

Components state frequencies, expected to occur
Normal event: Reconstruction with components possible (low loss)
Outlier event: Unexpected frequencies occur (high loss)

How to find an outlier:

1. Calculate NMF loss for each event (731)
2. Fit distribution to loss

3. Calculate p value for each event (731)

— probability of obtaining results at least as extreme as the observed
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Normal event
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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

Outliers sorted by p-value
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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
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. o PR [ S|P FS
20 40 60 80 100 120 140 - EE2 M s I — EE1 I is I

.
; £1 [| 2 || e76 [| €77 [LEELI| e78 | E78 [T |E153[|E154
El. Position =
MB.B28L8 U_Diode @ 1st EE plateau El. Position ;
152 01 10
150 -
10!
148 -
> £
z > z 10-2
o 146 1 S > 2
E g S e
S 144 E z £
= = 103 =
142 -
-4
140 1 -10 *
]_33 T T T T T T T T T T T
0.25 030 035 0.40 0.45 0.50 0.25 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 1075

Time /s Time /s El. Position




RB.A12 - B11L2

No B11L2 quench before

FPA identifier: RB_RB.A12_1621014819920000000 El. Position Primary
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Max. Current: 11751.0 A NIRRT QUL popSon:
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RB.A34 — B28R3

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




Conclusion Outlier Detection

Outliers are events which cannot be composed out of “normal” frequency components
Several statistically relevant outliers highlighted
. All of them are in 15t EE — closer in time to quench

Ongoing additional measurements, additional safety measures, possible replacement.

Next Steps:

. Creation of a MB metadata repository with relevant features from different studies*
. Goal: Input for making decisions

. Modification of Sigmon FPA plots planned

. Analysis of further events and signals planned
. Secondary quenches of U diode
. U_QS0, U_HDS, |_HDS

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

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




Component O & 1: EM Perturbation
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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)
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* https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=6410389
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RB.A34 - A321L4 — Event before

FPA identifier: RB_RB.A34_1618378572280000000
Date: 2021-04-14 07:36:12.254000
Max. Current: 11654.0 A
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