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Checklist for this presentation

1. Goals and Motivation for the project
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Motivation

What is the final goal?
- To have a circuit library for all LHC circuits (RB, RQX, RQF/RQD,...)
To have more magnet models within STEAM

To constantly optimize STEAM-SIGMA for semi-automatic model
generation

My task within the STEAM team

1. |Develop the MQ magnet model
1.  SIGMA-COMSOL
2. LEDET

Develop the RQD/RQF circuit model in PSPICE
Combine point (1) and (2) within COSIM
Validate points (1), (2) and (3)

Document the models and the results
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LHC Main Quadrupole magnet

Surface: Magnetic flux density norm (T) Arrow Surface: Magnetic flux density
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Main Quadrupole:

* The quadrupole magnets focus
the particle beams, controlling
their width and height

* Nominal current: 11870 A

* QOperatingat 1.9K

* Length:3.1m

* Quench protection based on
guench heaters (QHs) and cold
by-pass diodes
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Checklist for this presentation

2. Validation of the magnet model (LEDET, COMSOL) at |, ; = 11.69 kA
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— COMSOL
— SMI8

Current in the quenched magnet [kA]
I~ o o0 =

)
T

0 | | | 1 | 1
9 9.1 92 9.3 94 9.5 9.6

Time ¢ [s]

Bad agreement with measurement data

9.7

LHC Main Quadrupole magnet

Parameters from the

measurement:

= 11.69 kA
= 7.554 kA

Itest,l _
Itest,2

COMSOL® Parameters:

- Quenching 1 HT at
tquench,HT= Os
frac He =5.5%
RRR =209

Ve 2 infinite

- Quench Heaters
implemented

Heat exchange between layers
and poles implemented
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Good agreement with measurement data
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9.5

9.6

9.7

LHC Main Quadrupole magnet

Parameters from the
measurement:

lest1 = 11.69 kA
lest, = 7.554 kA

COMSOL® Parameters:
- Quenching 1 HT at
tquench,HT= Os

frac He =3.5%

RRR =100

- Quench Heaters

implemented

- Heat exchange between
layers and poles implemented

- Simplified (adiabatic) velocity
of quench propagation used
from the first timestep

Vgp = 25 m/s

MQ — Simulation & Validation 8



LHC I\/Iam Quadrupole maghnet

_.
S oy o0 o

Current in the quenched magnet [kA]
o

——COMSOL
——LEDET
——SMI3
0 | | | | | -_- ——
9 9.1 9.2 93 94 9.5 9.6 9.7
Time ¢ [s]

Good agreement with measurement data™

* Thanks to Emmanuele for implementing all these changes in LEDET within 1 (!) day

)] | SYERN

4/11/2019

Parameters from the

measurement:
lests = 11.69 kA
lesty = 7-554 kA

LEDET® Parameters:

- Quenching 1 HT at

tquench HT =0s
frac He =3.5%

RRR =100

- Quench Heaters
implemented

- Heat exchange between
layers and poles implemented

- Simplified (adiabatic) velocity
of quench propagation used
from the first timestep

Vgp = 25 m/s
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LHC Main Quadrupole magnet

LL75 7 | ——coMsoL]| |
—— LEDET
g e |

11.65

[—

p— ok

EJ] —_

Lh o
T

11.5F

11.45

11.4

Current in the quenched magnet [kKA
s
n

11.3 ¢

11.25 1

9 9.02 9.04 9.06 9.08 9.1
Time ¢ [s]

Fair agreement with measurement data
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LHC Main Quadrupole magnet

0.14

0.12

e
—
T

Coil resistance [Ohm ]
=
=

Parameters from the
measurement:

0.04 - 7
0.02 - 7
0 ——COMSOL-MQ-110| -
——LEDET-MQ-157
——SMIS
_0‘02 | | | | |
9 9.1 9.2 93 94
Time ¢ [s]

Fair agreement with measurement data

\\_/
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9.5

lests = 11.69 kA
lesty = 7-554 kA

COMSOL® and LEDET®
Parameters:

- Quenching 1 HT at
tquench,HT= Os

frac He =3.5%

RRR =100

- Quench Heaters

implemented

- Heat exchange between
layers and poles implemented

- Simplified (adiabatic) velocity
of quench propagation used
from the first timestep™

Vgp = 25 m/s
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Checklist for this presentation

3. \Validation of the magnet model (LEDET, COMSOL) at I, , = 7.554 kA
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LHC Main Quadrupole maghnet

oo
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s
T

Current in the quenched magnet [kA]
-2 Ln

[

9 9.1 9.2 93 94 9.5 9.6 9.7

Time ¢ [s]

Bad agreement with measurement data

Parameters from the
measurement:

lest: = 11.69 kA
lest» = 7.554 KA

COMSOL® Parameters:
- Quenching 1 HT at
tquench HT — O S
frac He =5.5%

RRR =209

- Quench Heaters
implemented

Heat exchange between layers
and poles implemented

Ve 2 infinite
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LHC I\/Iam Quadrupole maghnet

8

Vop > 11.45 m/s

2
T

—  COMSOL Parameters from the
- —SMIB measurement:
i lest1 = 11.69 kA
Do Itest,2 = 7.554 kA
2
= COMSOL® Parameters:
E - Quenching 1 HT at
% 4r tquench HT — =0s
= frac. He=3.5%
S3f RRR =100
k=
|5
=
O

- Quench Heaters
implemented

[S—
T

0 ' ' | | ' ' | Heat exchange between layers

9 9.1 9.2 9.3 9.4 9.5 9.6 9.7 )
Time ¢ [s] and poles implemented

Bad agreement with measurement data
CERN . . . .
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LHC Main Quadrupole magnet

Vop > 11.45 m/s

2
T

8
Parameters from the
—— COMSOL

7L ——LEDET 1 measurement:
g ——SMIB lests = 11.69 kA
S 6F ltest2 = 7.554 kA
2
E 5t LEDET® Parameters:
2 - Quenching 1 HT at
]
§ 4r tquench,HT= Os
S frac He =3.5%
=37 RRR =100
=
|5
=
&

- Quench Heaters
implemented

—
T

0 | | | | | | - Heat exchange between

9 9.1 9.2 9.3 9.4 9.5 9.6 9.7 layers and poles implemented
Time ¢ [s]

Bad agreement with measurement data
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LHC Main Quadrupole magnet

0.06 | Parameters from the
. measurement:
| lest1 = 11.69 kA
o lest, = 7-554 kA
e 003 LEDET® Parameters:
g : - Quenching 1 HT at
z 0ol —comsoLMQ-127] | tguenchur=0'S
£ CherMede frac He=3.5%
= RRR =100
© 001}
Vgp > 11.45 m/s
0 e 1 - Quench Heaters
implemented
0.01 | ' | | |
9 9.1 9.2 9.3 9.4 9.5 _ Heat exchange between

Time ¢ [s]

Bad agreement with measurement data
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Checklist for this presentation

4. Discussing the influence parameters within the model
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LHC Main Quadrupole magnet

Fist guess
1. vge =2 infinite = Halfturn is quenched immediately over the complete length
2. RRR =209

3. Fraction of helium (frac_He) =5.5%
1. Changing RRR

2. Changing frac_He
3. Changing v
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LHC Main Quadrupole magnet

— 1roerl | Parameters from the
—_SMI3 measurement:

10 ] Itest,l = M
RRR Variation:

8 1 - RRR=100
- RRR =209

1 frac He Variation:
- frac_He =3.5%,
- frac He=5.5%

™

Current in the quenched magnet [kA |

4 i
V QP (adiabatic) Variation:
- 25 m/s

2
- 0.5x25m/s

0 | | | | - —
9 9.1 9.2 9.3 94 9.5 9.6 9.7

Time ¢ [s]
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Current in the quenched magnet [kA]
(] s HEN wn N ~1
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LHC Main Quadrupole magnet

Parameters from the

measurement:

lesty = 7-554 kA

RRR Variation:
- RRR =100
- RRR =209

frac He Variation:

- frac_He =3.5%,
- frac He=5.5%

V QP (adiabatic) Variation:

- 11.45m/s
- 0.5x11.45m/s

——LEDET
——SMIR
9 9.1 9.2 9.3 94 9.5 9.6
Time ¢ [s]
4/11/2019 MQ — Simulation & Validation 20



LHC Main Quadrupole magnet

14 T . ;
— L tDET Parameters from the
. ——SMI8 measurement:
512 - 1 lests = 12.80 kA
g 10 - 4+ RRR Variation:
g - RRR =100
T gl 1 - RRR=209
'c:J frac_He Variation:
L
= ol | - frac_He=3.5%,
2 - frac_He=55%
g
= 4f 1 V_QP (adiabatic) Variation:
E - 45 m/s
O 5l 1 - 0.5x45m/s
0 | | I ——— .
9 9.1 9.2 9.3 94 9.5 9.6 9.7
Time ¢ [s]
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LHC Main Quadrupole magnet

x Parameters from the

measurement:

1.9 1

Itest,4 = M
1.8 2

RRR Variation:
1.7+ 1 - RRR=100

- RRR =209

frac He Variation:
- frac_He =3.5%,
- frac He=5.5%

—
@)}
T
I

[—
tn
T
I

Current in the quenched magnet [kA |

14+ 1 V_QP (adiabatic) Variation:
- 1.8 m/s
137 - 0.5x1.8m/s
12+ | | : | | |
9 9.1 9.2 9.3 94 9.5 9.6 9.7
Time ¢ [s]

CERN
\j_)l ‘ m 4/11/2019 MQ — Simulation & Validation 22



LHC Main Quadrupole magnet

35 : . ! . . Parameters from the
s measurement:
i g * 1 lega = 11.69KA
& ests = 7-554 kA
. # lest3 = 12.80 kA
= ) 1 lesta = 2.0 kA
< i . .
520 I 5 | colors => simulation
o . results
O (]
]
S 15r 7 X =>quench load
§ calculated from SM18
o 1ok 1 data
Distribution of test
ST | signals from in SM18
even at identical current
0 & | I I I I Ievel

-2000 0 2000 4000 6000 8000 10000 12000 14000
Test current [A]
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Checklist for this presentation

5. Validation of the circuit model (PSPICE)
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Main quadrupole circuit

The LHC main quadrupole
LHC13kA-18V Ry R circuit:
Power Converter |Remes [ -1 [0 - power converter (PC)
' Luacuer Luacner « energy-extraction (EE)
o Dioderw £ 51 Dlode, Dlode, * main quadrupole magnets
2 Ry Ry (MQ) and their protection
?"_'fj_'"ﬂ;__' _____ L system
Earthing & | Luacner Luacner » earthing circuits (EC)
Cireult I Enersy  ieder Daae, * redundant system of sub-
Veoooerwo  0.25V Resistor modules within the power
R biooe Fwn 20u0hms converter

Fig. 7: LHC main quadrupole circuit — simplified schematic [1]
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Main quadrupole circuit

;HC 13?- 18v ‘ | Main module ..
ower Converter /

[M[ *| Sub module Submadula ISuhmudule Suh m-ndula ,'

. (T8
Diodegy =]
() A S |mm - =
] | [
- I
=ub =ab fub faib Sub Suh sk sub ik Suik Suib Sk Saib Siiks Sub Suike Ruds fah Saih Suik Auh fab ER TN 5u|:5u|: Luhluh

— R
Earthing I ! :
Circuit ! peet /: Sub Sub modul [
- e = === — = = = I

V& biooe Fwo 0.25V # e Y -\ ,?\’\ 7

- i~ - - e - e A - e
R DIODE FWD 20u0hms f____.a-" ._-___,.-" -'_.___..-" | ___..-"""
= g - T

Sub Sub Sub module  Sub Sub Sub module  Sub Sub Sub moedule Sub Sub Sub module

+ earthing circuit

+ filters

+ magnets

+ energy extraction

Fig. 7: LHC main quadrupole circuit — simplified schematic [1]
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Main quadrupole circuit

LHC13kA-18V . —
b C . ] R Signals for the validation:
ower converter b . .
_fRsemes e | e « Circuit current (Iyess la)
Luncuer Luacner * \oltage across the power
= =
® Dioderw £ 51 Diode, Diode, converter output (U,)
< . R R * \Voltage across the energy
EE b b . .
A m_‘_ e | el extraction resistor (Ug)
Earthing Liacner Luacwer « Current to ground (l..)
Circuit _! IA Energy o 1}
= Extraction Diodey Diode,
Vi niobe Bw ).25V Resistor
R biooe rwo 20uOhm:s

Fig. 7: LHC main quadrupole circuit — simplified schematic [1]
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Main quadrupole circuit

LHC13kA-18V . .
b C . R R Signals for the validation:
ower converter b . .
Reeres | ey | oo | o » Circuit current (lyeas )
Luncuer Luacner * \oltage across the power
= =
® "°“x 51|u.. Diode, Diode, converter output (Upc)
< . R R * \Voltage across the energy
EE b b . .
A0 Qj_‘__rﬂ-r\__- _____ L extraction resistor (Ug)
Earthing g | Liacner Luacwer « Current to ground (l..)
Circuit peet Energy . -
= Extraction Diodey Diode,
Vi niobe Bw 0.25V Resistor
R biooe rwo 20uOhm:s

Fig. 7: LHC main quadrupole circuit — simplified schematic [1]
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Main quadrupole circuit

LHC13kA-18V : L
5 c . R R Signals for the validation:
ower converter i ; ]
_fReemes e oo «  Circuit current (lyeas In)
Luacner Luacner « \oltage across the power
= =
® Dioderw £ 51 Diode, Diode, converter output (U,)
8T | Yee
- - Ry Ry  \oltage across the energy
o (@O'-—"""——- _____ L extraction resistor (Ug)
Earthing ¢ ' Luacner Luacner « Current to ground (lg.)
Circuit pect Energy i 47
= Extraction Diodey Diode,
YE biobe Fwo 0.25V Resistor
R biooe rwo 20uOhm:s

Fig. 7: LHC main quadrupole circuit — simplified schematic [1]
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Main quadrupole circuit

LHC13kA-18V . .
b C . R R Signals for the validation:
ower converter b . .
_fRsemes e | e » Circuit current (lyeas )
Luncuer Luacner * \oltage across the power
= =
® Dioderw £ 51 Diode, Diode, converter output (U,)
< . R R * \Voltage across the energy
EE b b . .
A m_‘_ e | el extraction resistor (Ug)
e |§ tocer Luoner Luaoner » Current to ground ()
EC Energy L 1
= Extraction Diodey Diode,
Vi niobe Bw 0.25V Resistor
R biooe rwo 20uOhm:s

Fig. 7: LHC main quadrupole circuit — simplified schematic [1]
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Main quadrupole circuit

B3:EE discharge
12000 AB:Current cycle
Hardwar
—PCC+PQC+PIC2 ard a e i _
o —PLI1 AS : Current cycle Commissioning Tests :
—PLI2 1 Homer proioked « Circuit has to pass
_EHE" several tests with
0 pL3 h | different criteria
—_ _PNO 52 : Splice mapping ® For the CIrCUIt
<L . .
. validation:
§ B2 : EE Discharge Slml.“atlng the teStS [2]
« PLI2-B3 (2 kA)
4000 « PLIM-B2 (5 kA)
e EE tsenage . PNO-B3 (10.35 kA)
E2: Slow Power Abort
F1 : Heater provoked
. 1 L Lr _,J I

(CERN&
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Main quadrupole circuit

B3:EE discharge
12000 AB:Current cycle
Hardwar
—PCC+PQC+PIC2 ard a e . ]
o —PLI1 25 - Current cyce Commissioning Tests :
—pLi2] 1 Homer proioked « Circuit has to pass
—PLM several tests with
—PLIS . . :
0 b3 h I different criteria
—_ _PNO 52 : Splice mapping ® For the CIrCUIt
<L . .
. validation:
§ B2 : EE Discharge Slml.“atlng the teStS [2]
I « PLI2-B3 (2 kA)
00 « PLIM-B2 (5 kA)
T ,J «  PNO-B3 (10.35 kA)
E2: Slow Power Abort
F1 : Heater provoked
.nﬂ | L roo|
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Main quadrupole circuit

B3:EE discharge

17000 - AB:Current cycle
Hardwar
—PCC+PQC+PIC2 ard are _
o —PLI1 25 - Current cyce Commissioning Tests :
—PLI2 SR  Circuit has to pass
—PLIM several tests with
—PLIS . L
e R S I different criteria
—_ _PNO 52 : Splice mapping I ® For the CIrCUIt
=9 . .
o validation:
§ I B2 : EE Dischargel Slml.“atlng the teStS [2]
« PLI2-B3 (2 kA)
oo | SR S . — B | I I H I | « PLIM-B2 (5 kA)
e EE tsenage . PNO-B3 (10.35 kA)

E2: Slow Power Abort
F1 : Heater provoked
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Main quadrupole circuit

12000 AB:Current cycle
Hardwar

—PCC+PQC+PIC2 ard ‘?‘ e. . _

o —PLI1 25 Current cyele Commissioning Tests :
—PLI2 1 Homer proioked « Circuit has to pass
—PLIM several tests with
—PLIS : L

w0 b3 | I different criteria

—_ _PNO 52 : Splice mapping ® For the CerUIt

< . .

. validation:

§ B2 : EE Discharge Slml.“atlng the teStS [2]

I « PLI2-B3 (2 kA)

2000 « PLIM-B2 (5 kA)
s splce v ,J . PNO-B3 (10.35 kA)
E2: Slow Power Abort
F1 : Heater provoked

M | L roo

(CERN&
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Main quadrupole circuit

Parameters from the

. . . . . . . . . measurement:
————— Measurement| | - _
10000 —— Simulation tFPA 20 ms
9000 f 1 tge = 82ms
—. 8000 : :
< PSpice® Parameters:
= 7000 - 2 -
5 Ryarm = 0.664404 mQ
‘S 6000 1 Rg =6.85mQ
2 PLIM-B2
= 5000
2 2000 Maximum difference
D) . . .
2 within the test PNO-B3 is
O 3000
PLI2-B3 300 A
2000
1000
(= | | | | | | | | 3

0 10 20 30 40 50 60 70 80
Time ¢ [s]

Fair agreement with measurement data
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Main quadrupole circuit

Parameters from the
----- Measurement measurement:

—— Simulation

~
o
T

tepa=-20 ms
0 tee = 82ms
50 .
PSpice® Parameters:
40 Ryarrm = 0.664404 mQ
Ree =6.85m0

(8]
o

Voltage over the EE resistor [V]
b
S

._.
=

Time ¢ [s]

Good agreement with measurement data
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Main quadrupole circuit

10.37 | | | T Closer look at the test data of
10365 - .1, || PNO-B3(10.35 KA test):
— I lheas => Current measured
— 1036 | with 100 Hz
i I, => Current measured with
£ 10.355 1 kHz
= ls;,, => Simulated current
2 103519
A= - Acquisition frequency of 1
5 10.345 kHz is maybe not
= “enough”
© 10.340 . .
Time constants at the events:
10335 TFpA = LM'NM/Rwarm =792.28 s
] Tgg = LM.NM/(Rwarm-l- REE) =72.66s
10‘33 1 1 1 1 1
-0.025 0 0.025 0.05 0.075 0.1 0.125
Time ¢ [s]

Good agreement with measurement data

Q
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Main quadrupole circuit

10.37 | | | | — Closer look at the test data
10365 - l .1, || ©of PNO-B3(10.35 KA test):
— 1 leas => Current measured
— 1036 - | with 100 Hz
i |, => Current measured
S 10.355 SO0RARRRAREE 1 with 1 kHz
Q I * .
5 94 lg;y => Simulated current
L 1 _
2 1035 »T« | o
g | - Acquisition frequency of
510345 i 1 kHz is maybe not
5 “enough”
10.340 ’ 1 - Oscillation with ~4.4 kHz
10335 | \\ (comes close to the
frequency of the output
10.33 | | | | | T filter transfer function)
-0.025 0 0.025 0.05 0.075 0.1 0.125 - Searching for the peak at
Time ¢ [s] t
FPA
Good agreement with measurement data
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Main quadrupole circuit

1000 Closer look at the test data
of PNO-B3 (10.35 kA test):
o+ - Searching for the peak
at tepy
%'1000 | 1 => Sum of all currents
g through all parallel
‘5 2000 1 _. |7 capacitors in:
O cFilter i
= - filter of the Sub Sub
53000 module
E - Main filter of the power
3 -4000 converter
-5000 | Results in the peak value
of the simulated circuit
6000 | | current
-0.02 -0.015 -0.01 -0.005
Time ¢ [s]
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Main quadrupole circuit

Closer look at the test data

Time derivative of the power supply voltage [V/s]

2000 of PNO-B3 (10.35 KA test):
OF AWM AAAAA - Searching for the peak
at tepp
2000 | .
Double check:
4000 | 2
Ic=CxdU. /dt
-6000 _ 3
-dU, / dt = 14987 V/s
-8000 | i -C=5202 A /14987 /s
C=0.347F
-10000 | T -
In the main diode module:
-12000T 1 2x18uF+18x 10 uF
-14000 1 In the sub sub module filter:
16000 | | 15 x 10 mF + 15 x 10 mF
0.02 -0.015 -0.01 -0.005 +15x 9 x 470 uF

Time ¢ [s]
In total =>C=0.364 F
-2 r.E [%]=-4.67 %
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Main quadrupole circuit

10.37 | | | | | - Closer look at the test data
10365 - .1, || ©of PNO-B3(10.35 KA test):
— I leas => Current measured
— 10.36 | | with 100 Hz
i |, => Current measured
510355 { with 1 kHz
= l.... => Simulated current
O Sim
2 1035 — | ]
= w - Acquisition frequency of
5 10.345 \‘*‘T kY ] 1 kHz is maybe not
= “enough”
©10.340 :
- Searching for the peak at
10.335 R
10‘33 | | 1 | |
-0.025 0 0.025 0.05 0.075 0.1 0.125
Time ¢ [s]
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Main quadrupole circuit

25 - Closer look at the test data
ol |  of PNO-B3 (10.35 kA test):
- Searching for the peak
15} . at te
=
= ok | lggna => Sum of all currents
g= through all capacitors to
E 5| | groundin:
g - filter of the Sub Sub
£ 0 ' module
= \ - Main filter of the power
< st I . converter
- Capacitors to ground in
-0 T the magnet models
G083 0.084 0.085 0.086 Results in the peak value
Time ¢ [s] of the simulated circuit
current
CERN
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Main quadrupole circuit

0.04 .
Closer look at the test data
of PNO-B3 (10.35 kA test):
0.03 [ => Current to

EC,meas
ground measured with 50

Hz
lec sim => Simulated
current to ground

=

=

I~
T

- Acquisition frequency
of 50 Hz is too low, to
see all the oscillations

Current to ground [A]
=
=
(o] —_—

-0.01 |

-0.02 | ' |
-0.1 0 0.1 0.2 0.3

Time ¢ [s]
Good agreement with measurement data
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Main quadrupole circuit

2500 — Carrent > Closer look at the test data
2250 —Voltage[714.5  of PLI2-B3 (2 kA test):
2000 Upcsim => Voltage across the
1750 PC . o
lg;,, => Simulated circuit
15007 current
< 12501 >
E 1000 F ( 50
=
S 750 } 2
500 F
250 F
0
2250 F
_500 i | | | | | | | | _1
2700 -600 -500 -400 -300 -200 -100 0 100 200

Time [s]

<CERN&
\j_)l ‘ m 4/11/2019 MQ — Simulation & Validation 44



Main quadrupole circuit

4.5 I I

meas

4+ — U _

sim

35F B

b9
n
T
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._.
n
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NN

Circuit Voltage [V]
g
I
|

05 i .
0 |J |
_05 | | | | | | | | | | | | | |
-700 -650 -600 -550 -500 -450 -400 -350 -300 -250 -200 -150 -100 -50 O 50

Time ¢ [s]

Good agreement with measurement data
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Main quadrupole circuit

4.5 | | | | U Closer look at the test data
4l ™| of PLI2-B3 (2 kA test):
- Discrepancy between
3571 1 measurement and
3l | simulation ( ~20%):

- due to magnetization
effects in the

| superconductor [3]
‘ I; ~ - Which is not present in
T~ 1 the simulation

- effect observed during

measurements in the LHC
main dipole circuit [3]

(g
Ln
T
I

[—
Lh
T

Circuit Voltage [V]
2

[—
T
1

o
Lh
T
|

oo |

|

_0-5 1 1 1

-800 -700 -600 -500 -400 -300 -200 -100 O 100 200

Good agreement with measurement data

Time 7 [s]
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Main quadrup0|e Circuit FPA* tests done 12.2018

w107 at 2 kA and 6 kA [5]:

— . Within this test all nQPS
and iQPS data storage is

read:

- Sector 2-3

- Sector 4-5

- Sector 7-8

[S—
=]

'
T
|

[S—
2
T
|

[S—
=
T
|

Data is stored as
U_QDSO0 in the PM

Browser**

= unbalanced quadrupoles
in those circuits

= But: the transients don't

s‘z T N . have a critical effects on
the LHC quench
m‘?T CT [ 1als cos 11 CTT detection system

(signals below threshold
) ' ' ' | =100 mV)

20 30 40 50 = Different from LHC RB
Electrical order of the magnets [#] circuit

N o0
T T
o
I |

~
T
3]
9]
|

= ()
T

o
|
o
——o
—e
———=o
—o
P
Lo

Maximum value of the voltage across the magnets [V

-
—
=

* Fast Power Abort
** Thanks to Zinur for helping me with the QPS data!
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Main quadrupole circuit
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FPA tests done 12.2018

at 2 kA and 6 kA [5]:

Within this test all nQPS
and iQPS data storage is
read:

- Sector 2-3

- Sector 4-5

- Sector 7-8

Data is stored as
U_QDSO0 in the PM

Browser

= unbalanced quadrupoles
in those circuits

= But: the transients don't
have a critical effects on

7 ° °? the LHC quench
detection system
. . | . ! (signals below threshold
0 10 20 30 40 50 60 =100 mV)
Electrical order of the magnets [#] — Different from LHC RB
circuit
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~ Main quadrupole circuit
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Maximum-Minimum of the voltage across the magnets [V
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CE’RW
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40
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FPA tests done 12.2018

at 2 kA and 6 kA [5]:

Within this test all nQPS
and iQPS data storage is
read:

- Sector 2-3

- Sector 4-5

- Sector 7-8

Data is stored as
U_QDSO0 in the PM

Browser

= unbalanced quadrupoles
in those circuits

= But: the transients don't
have a critical effects on
the LHC quench
detection system
(signals below threshold
=100 mV)

= Different from LHC RB
circuit
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Main quadrupole circuit
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FPA tests done 12.2018

at 2 kA and 6 kA [5]:

Within this test all nQPS
and iQPS data storage is
read:

- Sector 2-3

- Sector 4-5

1- Sector 7-8

Data is stored as
U_QDSO0 in the PM
Browser

1 = unbalanced quadrupoles

in those circuits

= But: the transients don't
have a critical effects on
the LHC quench
detection system
(signals below threshold

=100 mV)
60— Different from LHC RB
circuit
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Main quadrupole circuit
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FPA tests done 12.2018

at 2 kA and 6 kA [5]:

Within this test all nQPS
and iQPS data storage is
read:

- Sector 2-3

- Sector 4-5

- Sector 7-8

Data is stored as
U_QDSO0 in the PM

Browser

= unbalanced quadrupoles
in those circuits

= But: the transients don't
have a critical effects on

7 ° °? the LHC quench
detection system
. . | . ! (signals below threshold
0 10 20 30 40 50 60 =100 mV)
Electrical order of the magnets [#] — Different from LHC RB
circuit
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_ Main quadrupole circuit
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0.015

0.01

Maximum-Minimum of the voltage across the magnets [V
=
o
=
h

I

o171

0

TTTJT@T ITJ T‘rﬂ TTTTTIT j H

20 30
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40

50
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FPA tests done 12.2018

at 2 kA and 6 kA [5]:

Within this test all nQPS
and iQPS data storage is
read:

- Sector 2-3

- Sector 4-5

- Sector 7-8

Data is stored as
U_QDSO0 in the PM

Browser

= unbalanced quadrupoles
in those circuits

= But: the transients don't
have a critical effects on
the LHC quench
detection system
(signals below threshold
=100 mV)

= Different from LHC RB
circuit

MQ — Simulation & Validation 52



Checklist for this presentation

6. Progress checklist for this project
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Progress checklist — outlook

Validation of the LHC main quadrupole magnet model
(COMSOL®) using the test data from SM18 at 11.69 kA

Validation of the LHC main quadrupole magnet model
(COMSOL®) using the test data from SM18 at 7.554 kA

Validation of the LHC main quadrupole magnet model
(LEDET®) using the test data from SM18 at 11.69 kA

Validation of the LHC main quadrupole magnet model
(LEDET®) using the test data from SM18 at 7.554 kA

Validation of the LHC main quadrupole circuit model
(PSpice®) using the test data from HWC

v

Co-simulation of both models (LEDET, PSPICE) using COSIM

CE/RW
S
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Thesis — progress checklist — outlook

What we want to have in the end?

Validated LHC main quadrupole circuit model within PSPICE
Validated LHC main quadrupole magnet model within COMSOL
Validated LHC main quadrupole magnet model within LEDET
Validated Co-Simulation of circuit and magnet model within COSIM
Everything documented within the thesis

LnhwneE

Future Improvement for the LHC main quadrupole circuit model:
1. Rg as a function of quench load, not a constant anymore
2. Cold diodes as a function of temperature [4]
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) | SYERN

Thank you for your attention!
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Main quadrupole circuit

12000
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Current in the circuit [A]

-2000 '

D,main,Module

Closer look at the test data

of PNO-B3 (10.35 KA test):

- Current through the
diodes in at tgp,

The 3" diode branch
doesn’t get any current

The 1t diode branch gets
~90 % of the test current
- Ip,1branch = 9-315 kA

After the simulation:

-0.02 -0.015

\\_/

-0.01
Time ¢ [s]
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-10.0 kA (= 96.6 %)
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