An Integrated Software Framework for
Magnetic Measurements

From Raw Data to Assets

Matthias Bonora
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=» Magnetic measurement requirements

=» FFMM — A Flexible Framework for Magnetic Measurements
— Concept and idea
— Components of a measurement script
— Connection to webservices

— Integration examples

=» Development goals and future plans
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Magnetic Measurements
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Magnetic Measurement:
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A Magnetic Measurenr
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A Magnetic Measurement Bench
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Magnetic Measureme
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The TE-MSC-MM Value Shop
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Magnetic Measurements

=» Operation of many different measurement benches and types

=> Similar, yet different acquisition systems
= Use of different sensors and actuators

=» Resource optimization
— Symbiotic benefit from measurement bench developments
— Keep and reuse development expertise

— Benefit from short term contracts and student contributions

=» Need for an efficient software platform as base of operations

A S)
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S5 . FFMM: a Flexible Software Framework)
Idea for a software framework for magnetic :
for Magnetic Measurements
measurements P Arpaiat!, ML Bernardit, L Bottura, M Buzio, D Della Rattat,
_ L Deniau, G Golluccio!, V Inglese!, G Lucca!, G Spiezial, S Tiso!

> 4 Reusable Contents

— Easy to implement small, independent blocks 2 Speclficain

3 Statg of art
— Blocks are reusable when needed o Iorar
. . 6. Status & prospects

=> Flexible s

— Easy to write measurement applications Unisersia

del SaNMIO. 1 — yniversity of Sannio, Benevento, Italy
B Sti ” fu “ CO ntrOI a n d eXte n d a bi | ity g e AT IMMW;JS Jot Ao = rr::;mu ﬁghibme“maffs: S'"r?z"&'ﬁq'.'bfa"'a"?ﬂeﬂ ;41 24 Aug 2%0‘75" (118) i i«’;-

marco.buzio@cern.ch, “FFMM: a Flexible software Framework for Magnetic Measurements”
IMMW 15, International Magnetic Measurement Workshop, FERMILAB, Batavia, IL, 21-24 Aug 2007

= Framework

— A software framework, in computer programming, is an abstraction in which common code, providing
generic functionality, can be selectively overridden or specialized by user code for providing specific
functionalities.
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A Flexible Framework for M

= Works well with available resources
— R&D with short term contracts

— Implemented components stay integrated in framework

=> Platform Independent, vendor independent
— Build on open source software
— Linux an option

— Driver implementation for commercial devices optional

=» Separation of Users, Test Engineers and Framework Developers

G 2

@Technology Department
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FFMM — Development Hi

First idea in 2007

First implementation for SM18 rotating coil benches

Extension to all rotating coil benches

v ¥ VoV

Extension to wire benches (2011)

2

Coverage all of MM sections platforms
— Around 40 systems for measurements plus R&D
— Increased requirements on functionality and features

— Coverage of functions beyond simple data acquisiton

=» Many contributions from initial idea to current state by staff, students, short-term contracts, collaborations

— Present developers: Matthias Bonora, Lucio Fiscarelli, Carlo Petrone

G 2
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FFMM — Requirements
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Parallel Acquisition
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Measurement Flow
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FFMM — Current State of Imp

/ FFMM Framework \ ﬂ:FMM Applications

Parametrisation| | Script Creation Analysis N
N

\. J \ J \ J ———
A N ( N ([ _ B Measurement B

Data Data Graphical User Script Data Storage
Visualisation Management Interface
| /N /N vy :> v
4 N\ 7 N\ 7 N\
Device Classes, Synchronisation Logging Gl_JI _
5 )L )L ) Description
4 N\ 7 N\ 7 N\

Webservice | | ot Handling| |Fault Detection
Connection - Measurement

CEE 2
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Magnetic Measurements — Devices

= Implementation of many devices
=» Data acquisition

= Multimeters / tesla-meters

=> Motor controls

=» Power converter controls

PI_C863Mercury
OrientalMotorRK
ESP7000

Pcu2000
R

CM10 | Motor Controller

I
DeltaTau_GeobrickLV )

PolluxMotor

Maxon_Epos |

EaglePro

Agillent33120A

Keithley6221
WaveformGenerator

DAQmMx
Hp33120a

PowerControllerHeinzinger

FGC2/FGC3 \Power Converter

FUG )

Actuator

/ FFMM Framework

N

Parametrisation Script Creation Analysis
Data Visualisation Data Management Gralﬁrelmser
Device Classes Synchronisation Logging
\ \'g::::;:: Event Handling Fault Detection /
Keithley2k

Multimeter

HP3457a
HP34970A

MetrolabTeslameterTHM7025

B-Field
PT2025
FDI

Digital Integrators /
DI12036

Adlink8554

KTimer / Counter | DAQmMXx

\_ Timing_Board

AbsoluteEncoderBoard

Encoder
EncoderBoard

Levelmeter Wyler2000

Position Heidenhain ND780
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Parametrisation Script Creation Analysis

FFMM: Graphical User Interface Generation [ rmEmmenok N\

Graphical User
Data Visualisation Data Management e

Device Classes Synchronisation Logging

= Implementation of a GUI generator N il Gl

=» Description of a user interface in a few lines of text

=» Generation of a user interface with parameter settings, plots, and user controls

/ User Interface Generation \

User Interface Model

Description
Element Descriptions

\ 4
'IIII[

Qt Framework

N /
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FFMM: Gui Generation Outp P G N

Parametrisation Script Creation Analysis

<
Graphical User
Interface

Data Visualisation

Data Management

Device Classes Synchronisation Logging

=> Inputs for parametrizing a measurement
— Input fields N | G | il Y/
— Grouping of settings
— Tables
— Cycles

— Device settings (ports, locations, types)
— Measurement parameters
=>» Simple plots
— Time series plots for fluxes/currents/DAQ signals
— Bar plots for histograms and multipoles

— Status signals

= Inputs for measurement control

— Dialogues, status messages, dynamic controls

G 2
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FFMM: Gui Generation Output

'« & Techdemo

Groups

Used to group a list of Parameters in a logical Unit,
[~ checkable Groups

Checkable groups have a checkbox,
Their state is queried via groupname.enabled from the script
Flatgroup
A FlatGroup has no visual borders, but still groups elements within
[~ combo group
Select: Subgroup 1 v

Combo groups store multiple items in the same space.

The chosen subaroup is selected with a combobax,
The name shown is the label of the subaroup

Text input elements

For default value input, the Input element is used.
Input can be defined with 3 different input types:

Additional Input: Fields

There is a variety of other input elements,
depending on the input parameter type needed,
[[] «Checkbox > for boolean inputs

/ FFMM Framework \
Script Creation Analysis

Graphical User
Data Visualisation Data Management

Device Classes Synchronisation Logging

<Combobox:> for multiple items | Item1 |
optional unit by adding UNIT <unit>: | 0.1 V| [mm/s] peerd
Webservice .
Input For Files and directories: \ Connection (=Rl R /

File:

I -
Directory:

-

<Real> (decimal) values: |

Script Tab Parameters Special Elements ‘workorder and Assets

Visualisations 1 Visuglisations 2~ Contrals

<Integer > values: |
<Text>» values (anything): | WLIECEES X=Y Curve plot
An optional Unit info can be added at the end:
Length: | 0. Curve plot signal options 1-
Counts per second: I Frequency: ‘ S ‘ [Hz] E
Simulation time: [ 1] _ 05
Moise level: | 0 | (%] % E
. u}
#Script = Techdemo 2 g
g 05 ]
grouping = Group Groups i
grouping.description = Text "Used to group a 1 43 : .
A " " Bar plot signal options CII 0 IS ]I.
grouping.check = Group "Checkable Groups" chec Range from: | 1] time [s]
grouping.check.description = Text "Checkable g , . . o nge o | 0] Example signal
s _ n n Number of samples: ‘ 100 ‘
grouping.flat = FlatGroup "A flat group ] Cear smpies

grouping.flat.name = Text Flatgroup

grouping.flat.description = Text "A FlatGroup has no visual borders, but still groups element

grouping.select = ComboGroup "Combo group" checkable
grouping.select.subl = FlatGroup "Subgroup 1"

grouping.select.subl.description = Text "Combo groups store multiple items in the same space

grouping.select.sub2 = Group "Subgroup 2" checkable

grouping.select.sub2.description = Text "Any group can be a subitem of combogroup.\nTo read i

InputFields = Group "Text input elements”

InputFields.description = Text "For default value input, the Input element is used.\nInput c:

InputFields.reals = Input "<Real> (decimal) values:" Real

InputFields.ints = Input "<Integer> values:" Integer

InputFields.txt = Input "<Text> values (anything):"

InputFields.desUnit = Text "An optional Unit info can be added at the end:"
InputFields.unit = Input Length: Real mm
InputFields.cps = Input "Counts per second:'

Integer cps

19

Button Signal
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FFMM: Complex Plotting

=> No limit in plotting functionality
=» Simple plots in GUI description

=» Complex plots as code within script

Roll angle: -0.00010464 +- 000039722 rad;

NOTE: system offset used: -1.4e-05 rad

FFMM Framework \
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/ FFMM Framework \

Analysis ‘

=> Provide features to run analysis online during data taking \L %
— Immediate feedback e = s
— Early results
. g - . - §zi
=> Multiple approaches : I Ay
— a) Use Matlab generated code for analysis (compiled C++) ‘ =% ‘ =
. : : : EEEFREARE R SRR E] I NS
* Code sharing between offline post-processing scripts and ol B T m—
online analysis N R

* Quick implementation

— b) Use native C++ implementation
* Use library for common needs (linear algebra, solvers, FFT calculation)

* No dependencies on Matlab

G @
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FFMM: Webservices

>

/—_\
Ne— A
Qﬁ

Oracle

-

/

FFMM Framework \

‘ Parametrisation

H Script Creation H Analysis ‘

a InforEAM N\ ( EebMms ) [ MM Database )
Measurement Processed
Raw Data
Requests Data
Calibration Assets Measurer_nent Released
Information Data
FFMM
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/_ FFMM Framework \

=» Workorders derive from a client measurement request
— Track status of a measurement U )/

— Central point for accessing information and data about a measurement
* Results, data, execution information, used devices
=> Assets represent MM devices and sensors
— 2000 devices registered

— Rotating coil shafts, integrators, coils, probes, measurement benches,...

— Calibration data (including history) lent MM Section
Infrastructure & Support
=> Both integrated into FFMM
Equipment
— Link a measurement to a workorder I i

Expertise

— Track used assets for a measurement SR
o . meggl,?rzsrﬁent Develop tools
— Add devices and equipment by barcode scan >pp£

Metrological
Characterisation

— Access all measurement data through a workorder

Discuss, interpret, Create results and po\é?:)lrdoact:'ss
analyze results reports analyze

@Technology Department
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/_ FFMM Framework \

Parametrisation Script Creation Analysis

FFMM: Data Storage

Graphical User

Data Visualisation Data Management Interface

Device Classes Synchronisation Logging

Event Handling Fault Detection /-

Webservice

=» Combination of InforEAM, EDMS, and custom Oracle database \ B

=» Trade-off between ease of access and ease of implementation
— Simple results into InforEAM
— Complex outputs into Oracle database
— Raw data files and measurement parameters into EDMS
=» Storage of all measurement parameters
— Devicesin use
— Settings
— Calibration data
> No raw data are discarded - reconstruction possible
— In case of incorrect analysis parameters or errors

— Future investigation of measurement results

(@I NG @
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/_ FFMM Framework \

Parametrisation Script Creation Analysis

FFMM: Measurement O

N—
EDMS
Oracle

N—

InforEAM

Client
4 N\ 4 N\ 4

Workorder SIE B AEEEIE Run Measurement : :
——) Sclect Measurement gy === Online Processing

Measurement

™ - N

Creation Parameters Acquire Raw Data
\- J \- / . J \ * J
% N - N
(- EEEN ]

Release Data e—— P 0StProcessing

Finish Measurement

J
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FFMM: Measurement Po

Online

Run Measurement
Acquire Raw Data

FFMM

=gy Online Processing

Retreive
Measurement Data

v

Combine, Merge,
Filter, Clean up

Reanalyze

v

Check and Verify

.IIIIIIIIIIIIIIIIII}-

Measurement
Report

RESUItS NN NN

FFMM
InforEAM
Matlab
SWAN /

Python

Additional Analysis

Mumerical /
Simulation Models

Fits

Compare multiple
measurements

4 N

SWAN / Python
Matlab

Roxie

Ansys

Opera

Compare Magnets
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FFMM: Showcase — Rotating

=» Upcoming measurement campaign for HL-LHC

— High volume in measurements
— Reduction of feedback loop

=» Quality assurance and traceability of measurements

@Technology Department



FFMM: Showcase — Rotating Coils in

b Parametzs  CutentCyde  Acqusion | Andyss  Analyss-Toble  FraResuts

=» Webservice implementation

— Tracking of used devices and rotating coil shaft

— Direct loading of calibration data

— Storage of raw fluxes and processed multipole data

=> All data linked to a measurement request

— Traceability of measurement

=» Online analysis for full system

Multipole Analysis (Turn 10)
bn CMP bn ABS

— Multiple segments, multiple apertures

=> Faster access to results for postprocessing i:_'l T

=> Immediate feedback of measurement L.

an CMP an ABS

— Connection errors show in analysis

— Early possibility to restart measurement §°J—-'- ————————— g{_-l-_l_______-_'

G 2
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FFMM: Showcase — Po

=» Postprocessing with Python/Jupyter scripts

Retrieve data by measurement request

Perform data cleanup and checks on measurements

Generate plots, tables, release data into database
=> Reusable

Generic template with parameters

Customized template for specific magnets

Common core classes for processing, plotting and

database access

=>» Traceable

Common code in version control

Applied transformations stored in script on EDMS

released data linked to EDMS document

&AL

1500

,_.
=)
S S
=]

Current in A
o

=500

—1000

—1500

In [4]:

I [5]:

Postprocessing Rotating Coil Measurements

Postprocessing step to check, clean and Release Rotating Coil Measurements
Parameters

Selection of Run
There are multiple ways of selecting a Measurement

 parentwo: Measurement Request Workorder

« woNumbers Run Workorder numbers (Rotating Coil measurement runs)
« magnethames: Magnet asset names

= edmsldsSel Directly via a list of Run Analysis edms ids

removeinput %

1 display (Markdown("""$## Ve
2 tm analysis tools package
3 "7, format(tm_analysis_tools.

Version information

1m_analysis_tools package version: 2021.8.14.dev19+g6ccde09

parameters %

1 parentWo = 29849814

¢ run_names

L = {1
9 FDI_cal = 1.0000
10 IMagnet = 1.2000

# Lis nt segments, or NONE if all segment:

13 relevant_segments — None

1¢ interested poles = range(2,16)

ride = None

1f segment_lengths_over
19 segment_zpos override — None

s should be kept

. LY
Unit Value
Current Main Field B Main Field A I A 17549999
" loner Co TF Trivka 14593
2 % = Outer Cc
Integrated Strength ™ 25610
—Seg 1
g 1 g 1
= - — Seg2
=2 g
=R =B —Seg3 n bn an
m I Sesd 1 10000.000 -0.039
—Seg 5
2 -0.344 -1.483
-2 =2 — Seg Inte
) -11.075  0.841
2000 4000 6000 8000 2000 4000 6000 8000 2000 4000 6000 8000 4 0074 1032
Time in s Time in s Time in s
5 -6.702 0.656
g 0.021 0459
Int. TF normal Int. TF skew
— inner —— outer T -3475 0456
—— combined(Q1_Q3) 1.88 T —— combined(Q1_Q3)
158 —— combined(Q2_Q4) “ | —— combined(Q2_Q4) 8 -0.207 0043
1.86
9 -0.147 -0.087
1.84
Z -150 k] 10 -0.142 0123
E E 182
2 = 1 1757 -0.340
% E 180
g -145 2 12 0.162 -0.087
9 =
& F178
13 -1.523 0423
1.76
L0 14 -0.026 -0.001
1.74
15 0.147 -0.030
-1500 -1000 -500 0 500 1000 1500 1'72,1500 —-1000 -500 o 500 1000 1500 / |.
Current in A Current in A
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> FFMM now established baseline for magnetic measurement scripts
=» Continuous development of new features and integrations
= Integration of features beyond simple data acquisition
=» An effective way of retaining implementations and R&D
— Growing library of devices, components and features

— R&D effort on a single script automatically integrated in framework

* Mostly from students and short-term personnel

= What’s next?

A
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FFMM: Beyond Measurements ’

=» Extend focus of FFMM beyond magnetic measurements

=» For any workflow using basic data acquisition or object manipulation

=» Framework provides

GUI
Visualisation
Device implementations
Access to InforEAM

* Workorder access

* Asset tracking
Access to EDMS

* Store data

* Load documents

Access to Oracle database

A
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FFMM: Beyond Measure

In-house calibration of coils and arrays

Coils, arrays and PCBs added as assets to system
Operator loads request for calibration in FFMM
Operator performs calibration in FFMM

FFMM uploads calibration values to InforEAM

vV v Vv VvV

FFMM uses uploaded calibration values

2

Example of script using simple dag + webservice features

7

Mutual benefits from FFMM framework implementation

2

Same concept easily adaptable to other domains wherever
needed

— FGC control (Current Cycles, pulsing, degaussing)

A

Caliration

= Calibration Operator

FFMM

[ Start Calibration ]--—----

l

|

Cross-check
IGﬂdEd '-'ﬁll.IE!

|

i

i

LS

Parfgrm Calibration

B’

¥

#

validate Calibration
Rasults

1

Lasd paramebars
from Asset

|

Upload raw data
in EDMS

Y

Cava MM
Equipment Used

¥

Updabe Coil
Custam Fishas

¥

Close Run WO




FFMM: Beyond CI

=2 Increasing Requests for building measurement systems for external entities (INFN, CEA)
— Building and selling measurement systems not within CERN mandate
=» Concept: Measurement platforms based on commercial systems
— Rotating coil platform (PCB coils, commercial motors, commercial DAQ)
— Stretched wire systems (commercial stages, commercial DAQ)
— Measurement bench based on commercial products

— Provide a material list, technical drawings and instructions for setting up measurement benches

= FFMM as measurement software
— Open source libraries
— Base for collaboration and extensions

— No dependencies on platform beyond device choice

=» Provide our expertise as service (collaborations)

GO @
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FFMM: Beyond Acquisitic

Numerical model Magnetic

(FEM/BEM Measurement
Eigenfunctions)

= Combine Models and Measurements

Pri E s
Magnetic flux density rimary Error sources

: Raw signal noise, magnet current,
— . : : n 0 integrated volt t ture, ali t,
Avatar: Measurement,Simulation,Inference ; LR Sl sl
Based on Kirchhoff’s theorem
Magneti; flux density
— Twin: Fusion of measurements, models, i

v

empirical rules, machine learning | Processed signal | Secondary Error Sources
Magnetic flux density | {harg;nslﬁi,)ﬂux integrator dréfrtFOE:Zprmumatlon
=» Track Avatars, Twins and applied algorithms e
in database Postprocessing
=> Improve models with measurement data Yy e « v v
. Avatar Twin
=» Better understanding of the magnet
Inference - ( )
=> Feedback for new transducers ch( ool ) ( : ) ) ( 5 ) Empirical Rules
5 - vae 5 I C : = 4
or measurements = nE ! =

-

Machine Learning

The matrix F can be: Algorithms

- dialgonal (orthogonality)
- square (collocation) =
- over-determined (least-squares)
- under-determined

G @

@Technology Department




=» Universal Magnetic Measurement Platform
— Covers majority of MM needs
— Separation of roles keeps development ongoing and operation simple
— Fully integrates with CERN webservices

— Results stored and ready for further development

=» Potential Extension of Scope
— Use outside CERN

— Use beyond magnetic measurements
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