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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 [7]
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Main quadrupole circuit
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+ earthing circuit

+ filters

+ magnets

+ energy extraction

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

Main module of the power supply: _—— ’
e Consist of 5 sub modules, connected in parallel i A
. Asvisible: g1 11011 S
* Each sub module consist of 3 sub-sub-
modules
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Sub-sub module:
e Consist of 4 sub-sub-sub modules
e Asvisible:

e Each sub-sub module consist
of 3 sub-sub-sub modules
connected in parallel
Each sub-sub module has an
additional filter
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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

Energy-Extraction System:
e Consist of four parallel branches of switches
* Parallel to the branches the energy-extraction-resistor is located
e This resistor takes the whole current during the discharge and
reduces the time-constant of the discharge.




Main quadrupole circuit — modelling

All circuit elements has to be:
 modelled within PSPICE Netlist

* tested independently

e Build-up with other parts and tested

as 50s 188s
o I{L_test) a I{x_R_EE.x1_Switches.x_SW1.S1) o I{x R_EE.15_2_ para)

1505

.subckt PC_Sub Sub Sub 1_pIn 1_plut

+ PARAMS:
+ t_PS off = {0}
+ I_walus = {0}

v_monitorl {1_pIn 100) 0

*i_ PS5 on (100 101 PULSE 1004 0& {t_PS off} 0.000001=s 10000= 10000=
= i_signal {100 101) RQ PC_Signal

+ FPARAMS:
+ t_PS off = {t_P5 off}
+ I_wvalue = {I_walu=}

#thi= Switch i= in parallel to the voltage source and the additional resistance
*I goesz trough it, when I_PS on i= OFF

®_Switch3 (100 101 control) EQ PS Sub Sub Sub Switch _off_ crowbar
+ PARAMS:
+ t_PS off = {t_PS off}

*Sxxxxxxx reference to the used diocdes:
Saxxnxxx S LHCWRQD ROF~Circuit documentationDatashests-249ngl35-150. FDF
D1 (101 102) 249HO150_test

o
1 (101 202) 6.8
1 (202 102) 22e-9

£101 302) 6.8
£302 100) 159

2
2

3 (100 401) 6.8

3 {401 102) 222-9

[T ]

= D2 (100 102) 249HQ150_test
w_monitor?2 (102 1_pOut) 0
.ends

.subckt RO_PS_Sub Sub_Sub Switch_off crowbar 1 2 control

+ PARAMS:

+ t_PS off={0}

v_Switch PS_test {control 0) PULSE OV S5V {t_PS off} 0.000001=s 10000= 10000=
(1 2 control 0) =Smod

.model xSmod Vswitch WVoff=0.0¥ Yon=5.0Y Roff=100=6 Ron=10s-06

.ends




Main quadrupole circuit — modelling

#Inner Bushar

All circuit elements has to be: w1 BbIn PH (1 pIn 100) 0
* modelled within PSPICE Netlist x01.Seln (100 101) S0=—
. =0 _Parasitic (102 107} {C parasitic parallell
« tested independently i ) e
e Build-up with other parts and tested eBranch 1
11_1 Swiln {102 103) {L Branch 17}
rl_Swin {103 104) {FE Branch?}

11 2 Swln {104 105) {L_Branch 2}
11_3_SwIn {105 106) {L_Branch_ 3}

1l _Switches (106 107) RO_EESwitch_ Branch
+ PARAMS:

+ Delay Branch = {Delay_Branchll}

+ t_EE = {t_EE}

*#Branch 2

12_1 Swin {102 203) {L_Branch 1}
rZ_Swln (203 204) {E _Branch}

12_2 Syln {204 205) {L_Branch 2}

12_3 Swln {205 208) {L_Branch 3}

e _Switche=s (206 1073 REQ_EESwitch_ Branch
+ PARAMS:

+ Delay Branch={D=lay BEranch?}

+ t_EE = {t_EE}

#Branch 3

13_1 SwOut (102 303) {IL _Branch_ 1}
r3_Swlut (303 304) {FE Branch?}

13_2_ SwOut (304 305) {IL_Branch_ 2}
13_3_SwOut (305 306) {IL_Branch_ 3}
®i_Switches (206 107) RO_EESwitch_ Branch
+ PARAMS:

+ Delay Branch={Delay BEranchi}

+ t_EE = {t_EE}

*Branch 4

14_1_ SyOut (102 403) {IL_EBranch_ 1}
rd_Swlut (403 404) {FE _Branch?}

14 2 SyOut (404 405) {I_Branch 2}

14 3 SwOut (405 406) {I_Branch_ 3}
wd_Switche= (406 107) RO_EESwitch_Branch
+ PARAMS:

+ Delay Branch={Delay Eranchi}

+ t_EE = {t_EE}

as 50s 188s
o I{L_test) a I{x_R_EE.x1_Switches.x_SW1.S1) o I{x R_EE.15_2_ para)

1585 *para. Inductance in =eries to E_EE
15 1 para (102 503) {IL _parasitic =series)

*R_EE
FE_EE 1Half (503 1_MP GHD}) {E_EE-2}




LHC Main Quadrupole magnet

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

Main Quadrupole:

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

W—W R L * Nom|n§I current 11870 A
;‘“""“""’ T | e Operating at 1.9 K
— R || length:3.1m
( :»mmm\\ | TE TN 7 * Quench protection based on
- -4‘ g . .Y guench heaters (QHs) and cold

by-pass diodes




Co-Simulation of the magnet + circuit

After the magnet model and the
circuit model are

« generated

« tested

« validated

- Co-Simulation of the
combined circuit and magnet
model

Thermal Field Model Electrical Network Model

Input: I "PortName"

Output: R

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

MQ — Simulation & Validation 13




Main quadrupole circuit

x10°*
10875 = | | | | | | Closer look at the test data
1087 . 1| from test campaign in 12.2018:
. A
—1_|| Iy =>Current measured with 1
1.0865 f 1 kHz
< | ose |...c => Filtered signal of I,
= tepa (100 Hz)
Q
‘2 1 0855 lg;,, => Simulated current
L
< L
g 1085 - Acquisition frequency of 1
E | 0845 kHz is maybe not “enough”
S ' Time constants at the events:
1.084 Trpa = Ly'Ny/Ryarm = 792.28 s
Tgg = LM'NM/(Rwarm-I- REE) =72.66s
1.0835
1083 1 I 1 I I I I 1 "

-0.02 0 0.02 0.04 0.06 0.08 0.1 0.12
Time ¢ [s]

Good agreement with measurement data
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Main quadrupole circuit

10000 [

8000

6000

4000

Current in the circuit [A]

2000

circuit

R—

diode

magnet

0.2

)] | SYERN

0.4
Time ¢ [s]

6/5/2019

0.6

0.8

Closer look at the test data

from test campaignin 12.2018:

Current through the diode

- starts developing before FPA

- Due to the coil resistance of
the quenched magnet

Time constants at the events:
TFpA = LM'NM/Rwarm =792.28 s
Tgg = LM'NM/(Rwarm+ REE) =72.665s
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Main quadrupole circuit

0.06 T T T T T T

Closer look at the simulation
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Coil resistance of the quenched magnet [€2]
=
o
(1%

A T

-0.2 0 0.2 0.4 0.6 0.8
Time 7 [s]

@W)
N g

results:

Resistance of the quenched
magnet
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Main quadrupole circuit

%107

18 . . . . . . . Closer look at the simulation
— results:
= 161 Resistance of the quenched
am - magnet
2 - starts developing before FPA
g 127 - tguench =-0.072s
o —
§ 10F - tepn =-0.019s
g - tQH,trigger =-0.074s
S 8 - tau = 0.031s
G
o - =
S 6l tom trigger tee 0.081s
5 I
Z 4t . ] - Due to the coil resistance of
= Lquench FPA\ : the quenched magnet
S 2r | 1
7
0 A | | I I I I I I | i

-0.08 -0.06 -0.04 -0.02 0 002 004 006 008 0.1
Time ¢ [s]
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Main quadrupole circuit

_

o
T

S

D.meas

D.sim

42 + N
T T T

Voltage across the diode [V]
2

Closer look at the simulation
results:

- starts developing before FPA
- Due to the coil resistance of
the quenched magnet

1 --In progress--
J

- |

0 0.5 1 1.5 2 2.5
Time ¢ [s]

agreement with measurement data
CERN
(@) | SYERN
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Additional. Include?

6/3/2019
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Main quadrupole circuit

Opening voltage of the diode [V]
A I
('S] NN Ln ) ~J o0 O

h
(W
T

th
—_—

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
Time ¢ [s]

agreement with measurement data
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Main quadrupole circuit

Comparing old and new diode model

agreement with measurement data
(C\@;\ ‘ m 6/5/2019 MQ — Simulation & Validation
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Thank you for your attention!

6/5/2019 MQ — Simulation & Validation

22



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. Magne, 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.

‘CERN&
\j_)l ‘ m 6/3/2019 MQ — Simulation & Validation 23


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

Main quadrupole circuit

10.37 | | | | o 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
E 10.355 | 7 with 1 kHz
5 | lg;y => Simulated current
2 10.35-»T«
A= | - Acquisition frequency of
£10.345¢ 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 | | | | | filter transfer function)
-0.025 0 0.025 0.05 0.075 0.1 0.125 - Searching for the peak at

Time ¢ [s]

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 tepy
2000 | .
Double check:
4000 1 :
lc=CxdU. /dt
-6000 _— 2
-dU, / dt = 14987 V/s
-8000 | i -C=5202 A /14987 V/s
C=0.347F
-10000 r T -
In the main diode module:
-12000T 1 2x18uF+18x 10 uF
-14000 1 In the sub sub module filter:
-16000 | | 15x 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 1 with 100 Hz
i |, => Current measured
5103551 4 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 i
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
S0l |  of PNO-B3 (10.35 kA test):
- Searching for the peak
_ 15t ] at T
=
= ok | lggna => Sum of all currents
k= through all capacitors to
E 51 | groundin:
= - filter of the Sub Sub
£ 0 ' module
= \ - Main filter of the power
< st I . converter
- Capacitors to ground in
-10 1 1 the magnet models
G083 0.084 0.085 0.08¢ Resultsin the peak value
Time ¢ [s] of the simulated circuit
current
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