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Generate a model

Magnet 

coil geometry, 
cable parameters, 
iron yoke,…
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Circuit 

power supply, 
energy extraction, 
busbars,…

PSpice

COSIM

LEDET



Main quadrupole circuit
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The LHC main quadrupole 

circuit:

• power converter (PC)

• energy-extraction (EE)

• main quadrupole magnets 

(MQ) and their protection 

system

• earthing circuits (EC)
• redundant system of sub-

modules within the power 
converter

Fig. 7: LHC main quadrupole circuit – simplified schematic [7]



• 2 x 8 circuits within the LHC

• within one mechanical 

structure two electrical 

magnets (RQD/RQF) in two 

separate circuits

• redundant system of sub-

modules within the power 

converter

Main quadrupole circuit
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The LHC main quadrupole 

circuit:

• power converter (PC)

• energy-extraction (EE)

• main quadrupole magnets 

(MQ) and their protection 

system

• earthing circuits (EC)

Fig. 7: LHC main quadrupole circuit – simplified schematic [7]
+ earthing circuit

+ filters 

+ magnets

+ energy extraction



Main quadrupole circuit – modelling
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Main module of the power supply:
• Consist of 5 sub modules, connected in parallel 
• As visible:

• Each sub module consist of 3 sub-sub-
modules 



Main quadrupole circuit – modelling
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Sub-sub module:
• Consist of 4 sub-sub-sub modules 
• As visible:

• Each sub-sub module consist 
of 3 sub-sub-sub modules 
connected in parallel

• Each sub-sub module has an 
additional filter



Main quadrupole circuit – modelling
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Sub-sub-sub module:
• Consist of a power supply signal, 

two diodes in parallel, resistors 
and capacitances 



Main quadrupole circuit – modelling
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Energy-Extraction System:
• Consist of four parallel branches of switches
• Parallel to the branches the energy-extraction-resistor is located

• This resistor takes the whole current during the discharge and 
reduces the time-constant of the discharge. 



Main quadrupole circuit – modelling
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All circuit elements has to be:
• modelled within PSPICE Netlist
• tested independently
• Build-up with other parts and tested

Turning off the power supply

Energy-extraction “active”



Main quadrupole circuit – modelling
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All circuit elements has to be:
• modelled within PSPICE Netlist
• tested independently
• Build-up with other parts and tested

Turning off the power supply

Energy-extraction “active”



LHC Main Quadrupole magnet

6/3/2019 12MQ – Simulation & Validation

Main Quadrupole:
• The quadrupole magnets focus 

the particle beams, controlling 
their width and height

• Nominal current 11870 A
• Operating at 1.9 K
• Length: 3.1 m
• Quench protection based on 

quench heaters (QHs) and cold 
by-pass diodes 



Co-Simulation of the magnet + circuit 

6/3/2019 MQ – Simulation & Validation 13

After the magnet model and the 

circuit model are

• generated 

• tested

• validated

 Co-Simulation of the 

combined circuit and magnet 

model 

What is COSIM?

• Framework based on cooperative 

simulation (co-simulation)

• Common coupling interface for 

information exchange between several 

models

• Advantage:

• complex system is decomposed in 

simpler parts 

• These parts are simulated by 

domain-specific models

• The algorithm ensures consistency 

between simulations

Fig. 8: Exchanging information between two ports [8]



Main quadrupole circuit
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Good agreement with measurement data

Closer look at the test data 
from test campaign in 12.2018:
IA  => Current measured with 1 
kHz
Imeas => Filtered signal of IA 

(100 Hz)
ISim => Simulated current

- Acquisition frequency of 1 
kHz is maybe not “enough”

Time constants at the events:
𝝉𝐅𝐏𝐀 = LM∙NM/Rwarm = 792.28 s
𝝉𝐄𝐄 = LM∙NM/(Rwarm+ REE) = 72.66 s

tFPA

tEE



Main quadrupole circuit
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Closer look at the test data 
from test campaign in 12.2018:
Current through the diode 
- starts developing before FPA
- Due to the coil resistance of 

the quenched magnet

Time constants at the events:
𝝉𝐅𝐏𝐀 = LM∙NM/Rwarm = 792.28 s
𝝉𝐄𝐄 = LM∙NM/(Rwarm+ REE) = 72.66 s
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Closer look at the simulation 
results:
Resistance of the quenched 
magnet

Main quadrupole circuit
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Closer look at the simulation 
results:
Resistance of the quenched 
magnet
- starts developing before FPA
- tquench = - 0.072 s 
- tFPA              = - 0.019 s 
- tQH,trigger = - 0.074 s 
- tQH =  0.031 s 
- tEE  =  0.081 s 

- Due to the coil resistance of 
the quenched magnet

Main quadrupole circuit

tQH,trigger
tEE

tquench
tFPA

tQH
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Bad agreement with measurement data

Closer look at the simulation 
results:
- starts developing before FPA
- Due to the coil resistance of 
the quenched magnet

Main quadrupole circuit

--In progress--



Additional. Include?
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Bad agreement with measurement data

Main quadrupole circuit



6/5/2019 21MQ – Simulation & Validation

Bad agreement with measurement data

Main quadrupole circuit

Comparing old and new diode model



Thank you for your attention! 

6/5/2019 22MQ – Simulation & Validation



References
[1] “Technology Department (TE), 2009 - Present”. Webpage. 
http://library.cern/archives/history_CERN/internal_organisation/TE. Last visit: 20.02.2019, 06.27 
pm.

[2] “TE-MPE Group Page (TE)”. Webpage. https://mpe.web.cern.ch/content/structure/mpe-pe. 
Last visit: 20.02.2019, 06.48 pm.

[3] “Superconductors”. Presentation. L. Bottura. Magnè, 11.2012.

[4] “Optimization of the Electromagnetic Design of the FCC Sextupoles and Octupoles”. Article in 
IEEE Transactions on Applied Superconductivity PP(99):1-1. A. Louzguiti et. al. Geneva, 01.2019.

[5] “SIGMA Documentation”. Geneva, 08.2018.

[6] “CLIQ: A new quench protection technology
for superconducting magnets”. Ph.D. Thesis. E. Ravaioli. Enschede, 2015.

[7] “LHC13kA-18V LHC Main Quadrupole Circuit Power Converter”. Presentation. L. Charnay, V. 
Montabonnet. Geneva, 2010.

[8] “STEAM Co-Sim – User manual”. Documentation. STEAM team. Geneva, 2018.

6/3/2019 23MQ – Simulation & Validation

http://library.cern/archives/history_CERN/internal_organisation/TE
https://mpe.web.cern.ch/content/structure/mpe-pe


Main quadrupole circuit
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Good agreement with measurement data

Closer look at the test data 
of PNO-B3 (10.35 kA test):
Imeas => Current measured 
with 100 Hz
IA  => Current measured 
with 1 kHz
ISim => Simulated current

- Acquisition frequency of 
1 kHz is maybe not 
“enough”

- Oscillation with ~4.4 kHz 
(comes close to the 
frequency of the output 
filter transfer function)

- Searching for the peak at 
tFPA



Main quadrupole circuit
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Closer look at the test data 
of PNO-B3 (10.35 kA test):
- Searching for the peak 

at tFPA

IC => Sum of all currents 
through all parallel 
capacitors  in:
- filter of the Sub Sub

module
- Main filter of the power 

converter

Results in the peak value 
of the simulated circuit 
current



Main quadrupole circuit
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Closer look at the test data 
of PNO-B3 (10.35 kA test):
- Searching for the peak 

at tFPA

Double check: 

IC = C x dUC / dt

- dUC / dt = 14987 V/s
- C = 5202 A /14987 V/s
C = 0.347 F 

In the main diode module: 

2 x 18 uF + 18 x 10 uF

In the sub sub module filter: 

15 x 10 mF + 15 x 10 mF 
+ 15 x 9 x 470 uF

In total => C = 0.364 F
 r.E [%]= -4.67 % 



Main quadrupole circuit
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Closer look at the test data 
of PNO-B3 (10.35 kA test):
Imeas => Current measured 
with 100 Hz
IA  => Current measured 
with 1 kHz
ISim => Simulated current

- Acquisition frequency of 
1 kHz is maybe not 
“enough”

- Searching for the peak at 
tEE



Main quadrupole circuit
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Closer look at the test data 
of PNO-B3 (10.35 kA test):
- Searching for the peak 

at tEE

IC,gnd => Sum of all currents 
through all capacitors  to 
ground in:
- filter of the Sub Sub

module
- Main filter of the power 

converter
- Capacitors to ground in 

the magnet models

Results in the peak value 
of the simulated circuit 
current




