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Motivation and input parameters

Nominal current Stored energy @
lom [KA] lom (2 ap.) [MJ]

Cos-theta 11.2 37
Block coil 10.0 38
Common coil 16.1 42
Canted cos-theta 18.0 46 Injection Experiment Injection
LHC MB 11.9 7
Sector Sector
Feed / Return Feed / Return
Dipole locations
Length  Number of Collimation and | - &!.Q”Flﬂsk_m' R=13ki“l i Collimation and
Number [km] magnets extraction = MiniAre (L=3.2km, R=13km) extraction
Arc 4 16 876
Mini-arc 4 3.2 180 Sector Sector
Feed / Return Feed / Return
LHC arc 8 3 154

Experiment ' ' Experiment
P Experiment P




PS;

Circuit design strategy

PS,
Power converters (PC) and energy extractors (EE) close PS;

to access points - {
»  Space optimization and easier maintenance !

Subdivide the 16 km long arc in four powering sectors (PS) ...

... and each sector in N circuits (20N circuits in total including mini-arcs)
Locate PC and EE close to access points

Power the circuits through a superconducting link

Equip each circuit with one EE system

a k~ 0N PR

=5

Superconducting link

Example for N




Circuit design targets

1.  Reduce the overall circuits complexity
>  Smaller impact on reliability

2. Limit the number of magnets in series in a circuit
>  Reduce the training time

3.  Limit the energy of a circuit
>  Reduce the consequences of fault scenarios
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Circuit design targets

Number of circuits
per PS (N)

1. Complexity
2. N magnets

3. Energy

4. Ramp-up time

5. PC peak power

6. Voltage to ground

7. FPA discharge

8. Busbar size
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Circult design

Number of circuits

Ser PS (N) 1 2 3 4 5 6 7 8 LHC
Total number of 20 40 60 80 100 120 140 160 8
clrcults

Number of magnets 219 110 73 55 44 37 32 28 154
per circuit

Circuit energy [GJ] 8.1 4.1 2.7 2.0 1.6 1.4 1.2 1.0 1.1




Circuit design
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Number of circuits
per PS (N)

Total number of
circuits

Number of magnets
per circuit

Circuit energy [GJ]

PC max voltage [V]

PC peak power [MW]

20

219

8.1

1202

13.5

40

110

4.1

604

6.8

60

73

2.7

401

4.5

80

55

2.0

302

3.4

100

44

1.6

241

2.7

120

37

1.4

203

2.3

140

32

1.2

176

2.0

160

28

1.0

154

1.7

LHC

154

1.1

150

1.8




Circult design

Number of circuits

ser PS (N) 1 2 3 4 5 6 7 8 LHC
Total number of 20 40 60 80 100 120 140 160 8
clrcults
Number of magnets 19 11 73 55 44 37 32 28 154
per circuit
Circuit energy [GJ] 8.1 4.1 2.7 2.0 1.6 1.4 1.2 1.0 1.1
=
£ pcmaxvoltage[V] 1202 604 401 302 241 203 176 154 150
(q\]
' PC peak power [MW]  13.5 6.8 4.5 3.4 2.7 2.3 2.0 1.7 1.8
€
o
1 0
> Time to 37% of 555 279 185 139 111 94 81 71 100 >
- nominal current [s] 3
Tli MIITs [MA"2*s] 35E+3 18E+3 12E+3 9E+3 7E+3 6E+3 5E+3 5E+3 7E+3 Tlr
5 Busbarcrosssection 455 350 280 240 220 200 180 170 200 =

(AT=300K) [mm"2]




Circuit design

Number of circuits
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Different ramp-up and EE strategies

Ramp-up with constant voltage

Pmax __________________/_7

0 10 20 30 40

rramp [min]

EE with resistor

0.37*1

0 =100 s 200 300 400




Different ramp-up and EE strategies

Ramp-up with constant voltage

P

max |

0 10
t [min]

20

ramp

EE with resistor

0.37*1

30

40

0 =100s 2%

300

400

Ramp-up with constant power

max

0 10 20 30 40
z‘ramp [min]

EE with constant voltage™

0.37*1

i -
v

0 =665 200 300 400

*\/. Karaventzas, TE-MPE-EE




Circuit design

Number of circuits
oer PS (N) 1 2 3 4 5 6 7 8

Total number of

otal 20 40 60 80 100 120 140 160
clrcuits
Number of magnets 19 11 73 55 44 37 32 28
per circuit
Circuit energy [GJ] 8.1 4.1 2.7 2.0 1.6 1.4 1.2 1.0
=
E pcmaxvoltage[V] ~ 2403 1207 801 603 483 406 351 307
(QV
' PC peak power [MW] 7.2 3.6 2.4 1.8 1.5 1.2 1.1 0.93
I
o
1 0
> Time to 37% of 31 176 117 88 70 59 51 45
(—;‘) nominal current [s]
Tli MIITs [MA”2*s] 23.4E+3 11.7E+3 7.8E+3 5.9E+3 4.7E+3 3.9E+3 3.4E+3 3.0E+3
5 Busbarcross-section 55 570 5o 190 170 160 140 130

= (AT=300K) [mm"2]




Circuit design

Number of circuits

oer PS (N) 1 2 3 4 5 6 7 8
Total number of 20 40 60 80 100 120 140 160
circuits
Number of magnets 219 110 73 55 44 37 32 28
per circuit
Circuit energy [GJ] 8.1 4.1 2.7 2.0 1.6 1.4 1.2 1.0
£
E PC max voltage [V] +100%
(QV
I
s
Time to 37% of
> _270
2 nominal curent ]
T MITs WA
2 Busbar cross-section
S _-210
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Circuit design

Number of circuits 4 B
oer PS (N) 1 2 3 4 5 6 7 8
Total number of 20 40 60 80 100 120 140 160
circuits
Number of magnets 219 110 73 55 44 37 32 28
per circuit
Circuit energy [GJ] 8.1 4.1 2.7 2.0 1.6 1.4 1.2 1.0
£
E PC max voltage [V] +100%
(9\] e
1=
S | |
Time to 37% of
> . 0
2 nominal curent ]
IS [MAr2eg
2 Busbar cross-section
5 _7210
> aresooo me) -




9. Avoid spurious triggers of QDS

CLIQ protection QH protection: delays from CoHDA
(T. Salmi)
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Magnet + circuit co-simulation ¢, mode

2800 components

Cadence PSpice

Y
__—— ~~~.
-
-

Electro-thermal magnet model
400 turns



9. Avoid spurious triggers of QDS

CLIQ protection QH protection: delays from CoHDA
(T. Salmi)

Magnets voltage

Magnets voltage

0 =10
T 200 PC off . ‘ S PC off EE inserted
| CLIQfireq ~ EEInserted | s QFifired \ -
/ \ | -40 / : : ' : :
-40 : : ' ' 0 0.1 0.2 0.3 0.4

0 0.1 0.2 0.3 0.4




9. Avoid spurious triggers of QDS

CLIQ protection QH protection: delays from CoHDA
(T. Salmi)
0 . . Magnetsl. voltage | | 0 . . Magnetrln voltage |
OW : OW
E-m : E-IO-
T 200 PC off , ' o) PC off EE inserted _
.| cuQified  EF '”sert{dA _ 30l (?/H fired \ .
-40 / ' ' ' — B 0.1 02 03 04 |
0 0.1 0.2 03 0.4 ’ - ' '
. (1s] ‘ls]
Magnet with {OPS voltage
unbalanced ==s==zz===———oo____ A
apertures TTmm———l
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Conclusion

The subdivision of a 4km sector in multiple circuits is required from
the protection point of view

. 5 to 6 circuits per sector are needed

. 100 to 120 circuits, power converters, energy extractors, ..., for full accelerator

Different strategies are possible to optimize ramp-up and EE
. Less circuits per sector (3 to 4)
. No impact on the circuit design strategy

CLIQ and QH protection systems have the same effect on QDS
signals
. CLIQ can be operated in a long chain of magnets

Transient effects are significant for the FCC circuits due to high
voltages
. Further studies are needed to reduce the impact on QDS
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1.  Simulation conventions: SPICE solvers, netlist format, modular libraries
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STEAM from the circuit point of view

1.  Simulation conventions: SPICE solvers, netlist format, modular libraries
2. Extended modelling capabilities to fit actual needs

Trim PC
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Field-circuit coupling

- Coupling scheme: Waveform Relaxation — Gauss-Siedel scheme

Circuit solver

v

v

Field solver

! |
| |
! I
| |
! |
| |
| |
| I
| |
| |
t

t + At t

end

- Advantages
. Multiple solvers with individual adaptive time stepping
. No assumptions about current decay
. No assumptions about field and inductance evolution
. Convergence error under control

i * Courtesy of M. Maciejewski
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Field-circuit coupling

- Coupling scheme: Waveform Relaxation — Gauss-Siedel scheme
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STEAM architecture

y

WCOMSOL

WCOMS50L

lectrothermal

2D Electrothermal

2D Mechanical

FEM solvers

Network solvers

1

Motivation for simulation
coupling:

Multi-physics
» Multiple coupled physical
domains

Multi-rate
« Time constants ranging from ps
to minutes

Multi-scale
* Geometrical dimensions differ
by several orders of magnitude
MM to km




Lossy inductance model

X 154
- > p
My
R1 R2
Ay Ay
(1-k) L kL (1-k) L kL
I WY A A T S A S - PR S S 'S S W W ' S
—Cn2 C/Zl ‘LC/Z C/2 ——
\I Apy I I Apy I/
-- measurement
5 Filtered voltage across magnet 25 — simulation - Filtered voltage across magnet 25




