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What Is simulation?




. 1. What is simulation ?
I@mm What is simulation ?

Those who can, do.
Those who can't, simulate.
-- anonymous writer




1. What is simulation ?

What is simulation ?

The CERN Accelerator School

= Simulation Is a procedure to analyse physical
systems

= Simulation Is an imitation of real-world activities
= Simulation Is performed by developing a model

* A model builds a conceptual framing to describe a
physical system
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1. What is simulation ?

What is simulation ?

The CERN Accelerator Scheol

Experiments with Experimenta with models
physical system of physical system

O

Mathematical
model

— >~

Analytical method Simulation
(accurate) (approximate)
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1. What is simulation ?
I What is simulation ?

But please never forget!

A"

Physical system Simulation model

Simulations are gross simplifications of the reality and are only
as good as their underlying assumptions
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Why simulation?
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2. Why simulation ?
I Why simulation ?

A study on the real system could be too dangerous,
too complicated, too expensive

= The real system doesn’t exist yet, isn’'t understood
or Is very complex

= The real system is working too fast / too slow or
can’t be observed directly

= Nowadays the complexity of physical systems in
the power converters world makes the use of
simulation unavoidable
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2. Why simulation ?

Why simulation ?

The CERN Accelerator School

Fields of application

Physics

= Astrophysics
= Chemistry

= Biology

= ecomomics

Simulation [—>[= Engineering —>
= Social science
= Training

* Education

* Video games
= And more...
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= Power accelerators
= Power converters




2. Why simulation ?
I Why simulation ?

Advantages of simulation

= Saving time and money
= Repeatable and optimizable

= Studying the behavior of a system without
building it

= Helps to find un-expected behavior of the
physical system
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2. Why simulation ?
I Why simulation ?

Disadvantages of simulation
= Simulation errors
= Can’t provide easy answers to complex problems
= Can’t solve problems by itself

= Time consuming and expensive
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Principle of simulation




@(A’) Principle of simulation

The CERN Accelerator School

@mulati@
v

3. Principle of simulation

13

* |nput data (Modeling)
= Boundary conditions

= Solution of differential / integral equations

l

l

(1) Analog simulation

(2) Numerical simulation

l

l

= Time precisely controllable
= Space less controllable

= Mainly for circuit simulation

= Space precisely controllable

= Time less controllable

= Mainly for field simulation
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l ‘ ‘ ao 3. Principle of simulation

The CERN Accelerator School

(1) Analog simulation (2) Numerical simulation

120V
~ = 0.
C) 120V _o5n

The current and voltage waveforms Surface current distribution of the coil and
for a pure inductance circuit magnetic field strength along a vertical cut plane

ﬁ HELMHOLTZ
| ASSOCIATION



rmo Principle of simulation T o
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Th CERN Accelerator School

(1) Analog simulation

Modeling .\ Kirchhoff's , | System of
(Schematic) circuit laws DE / IE

1 R1

—— W\ .

Current law

o l.z 1.3

=[]
ot

L

Z ﬁﬁ; — ()  Voltage law
k
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@Avm Principle Of Simulation 3. Principle of simulation

The CERN Accelerator School

(2) Numerical simulation

Modeling Meshing and System of
(Geometric) Boundary conditions DE / IE
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i; Types Of SimUIation 4. Types of simulation
hCERNA elerator School 1

Analog simulation
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The CERN Accelerator School

Some simulation tools

= Pspice

= Psim

= Matlab / Simulink / SimPowerSystems / PLECS
= LTSpice

= CASPOC

= ANSYS Simplorer
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Analog SimUIation 4. Types of simulation

The CERN Accelerator School

Example(1): temperature simulation for European XFEL at DESY

View of the XFEL Tunnel

‘ ' XTL '

Tunnel design

)
-
[ ]
(=1
(=]
3

®

o— 2100m

Total length: about 3.4 km Diameter
Underground tunnels = XTL, XTD1, XTD2 - 5.2 m
Depth : 6 -38 m » XTD2 .. XTD100 - 4.5 m
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Analog simulation

4. Types of simulation
20

The CERN Accelerator School

Example(1): temperature simulation for European XFEL at DESY

= Motivation
— Overview of temperature profile along the XTL-tunnel

— Stable temperature profile (max. AT of +/- 0.5 K) during operation modes

= Goal
— Analyze the transient thermal processes in the XTL tunnel

" |nput parameters

— Heat sources / Heat sinks (dependent on a position)
— Geology of the ground

— Experience and temperature measurement in HERA

ﬁ HELMHOLTZ
| ASSOCIATION




Analog simulation

21
The CERN Accelerator School

4. Types of simulation

Example(1l): temperature simulation for European XFEL at DESY

1) Analyses with Matlab were 2) Analyses with ANSYS CFD .Would
limited to steady state calculation have cost too much computing
time & capacity

Lufterwdrmung langs des XTL-Tunnels

] + s BIMBENE et )
W ' : e : o
‘ i i : ST k i 22 5
a0 1 e ‘ : 3
/ / i e | | | H
B b o S S S e s
/ / / ! / | ! ! ! ; : ! £
: ¥ : ! " " ; #| —+— Haupttunnel s
// / i| —+— Linker Kabelkanal
// e H : 1 1 1 i i| —— Rechter Kabelkanal “
L. : : : : : | i L
| ] | | | | | I I 10
139 134 129 124 19 114 109 104 9 94
Abstand [m]
o
WK Haup! Linker Rechter Kabelkanal —
= < Bogen o Bogen < Boge
12| WK Abdeckung | 03 | Avdeckung | 03 | Abdectung| 05 |
ms Cittat, <» Platte links < Plfte rec
Apdackung | 05 | Abdeckung ’-E‘ biecku _\
< Platte red <> Wand <Wand
sdeckung | g7 | Abdeckung | 08 | Abdeckung| 05 |
< Fliche < Fliche <> Fldche
e Apdzciung g3 | Abdackung | 05 | Abdeckung| 06 |
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Example(1l): temperature simulation for European XFEL at DESY

ANSYS Simplorer als simulation tool

= Complex multiphysics circuit analysis:

electrical, power electronic, electromagnetic, thermal, electromechanical
and hydraulic

* AC, DC and TR analysis

= Based on numerical methods of mathematics
= Non linear Multidomain-System simulation

= Very stable simulation algorithm

= Enough user licenses in our department
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Examplel: temperature simulation for European XFEL at DESY

Ra_3 jrl 1 = Duality principle
= 50 m XTL tunnel section

d
Ry = = w
BT, = Rerarl [ ] Ag = 231 —]
: 1
R, = =
th o> 4T Tixl [W]
< ......... =
< ........
0.5+rix2 " “
R, = 3

Ax (— n-i—b) i W

Chop= CLepreit*r 2+l [Z]

CB= Cgeppeitx (r 2 —1 ) * 1 [1]

Cs1= Cq+ P1* —*(T1 —7"2)*1 []
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Analog Simulation: Simplorer

24
The CERN Accelerator School

4. Types of simulation

Example(1l): temperature simulation for European XFEL at DESY

Haupttunnel

@1 R .’\.-'\v'\: . ) m:‘-sm'r;\:'o.t- ."v'\'f;‘; @
{‘“Eh:m:':- - 1 \-‘ol.‘%.‘o.? ::h.-:.'.'mm
Start values Tiem . -|-

- Ground water: 10°C
- Concrete: 10°C
- Inlet temperature: 23°C

2 a2 S

*
‘WolBgrc
T_Betoni

T_Grundwasser :=283.15

T_Luft := 296.15

T_Beton:=273.15

" >= u > u >=1.8u
TW_1031315 then 2l am b dan ]z )
- -
Twr_21:=203.15 | veimse . . L
JEemm LT y B

Tw 22:=303.15 LD =] SET: Swli=1 SET: Swl:i=1 SET: Swli=1 SET: Swl:i=1

Tina =2 * SET: Sw2:=0 SET: Sw2:=0 SET: Sw2:=0 SET: Sw2:=0

o o

SET: Sw3:=0 SET: Sw3:=0 SET: Sw3:=0 SET: Sw3:=0

DEL: T1##7200 DEL: T2##3600 DEL: T3##7200

ﬁ HELMHOLTZ
| ASSOCIATION




r o
A m Analog Simulation: Simplorer , e e of e

25
The CERN Accelerator School

Example(1l): temperature simulation for European XFEL at DESY

= Tunnel length: 2100 m

| |
43 submodels Outlet: 2150 m
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The CERN Accelerator School
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Example(1l): temperature simulation for European XFEL at DESY

12.03.2013: Temperature in the empty main tunnel

Measurement - Simulation

14

12 \
O 10 \
£ 3
= Simulation could fitting measurements  only after
g 6 » Good understanding of real system
E 4 = Measurements on real system
] : . .
= » Readjustments of your simulation model

0

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Tunnel length [m]
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[A The CERN Accelerator School

Example(1): temperature simulation for European XFEL at DESY

Analog Simulation: Simplorer

Two operating modes of the XFEL

4. Types of simulation
27

233 g | 3
2 5 §
Pulse cables left LK ON | OFF Inlet temperature: 23°C
Pulse cables right RK ON | OFF
MV power cables HT ON | ON .
v Ff)ower cables 'K _ToN| ON Temperatur after 50m in the tunnel?
DC power cables LK ON | OFF
Pulse Transformators HT ON | OFF
mpedance matching network  HT | ON | OFF Temperature after 2100m at the end of the
Magnets HT | ON | OFF tunnel ?
30C water pipe 1 (VL) RL ON | ON
40C water pipe 1 (RL) HT ON | ON . .
20°C water pipe 2 (VL) HT |oN | ON Temperatur behavior in the XTL tunnel after
25C water pipe 2 (RL) HT | ON | ON 10 days of machine operating and a service
20C water pipe 3 (VL) HT ON | ON
20°C water pipe 4 (VL) RKG | ON | ON day(~10 h) ?
20 water pipe 5 (VL) LK ON | ON
Elektronic racks HT ON | ON
Waveguides HT | ON | OFF
Lighting HT | OFF | ON
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Analog Simulation: Simplorer

4. Types of simulation

The CERN Accelerator School

Example(1): temperature simulation for European XFEL at DESY

Rectangular Plot1_1_1_1 Simplorerl &

1.3000E+001 | 2.7595E+001
3000E+001 | 2.7470E+001
1.3000E+001 | 2.5799E+001

alzlalg

Temperature [°C]
[

Temperature after 50 m in the XTL Tunnel

T T T T T T T T T T T T T T T T T T T T T T T T T T T T
2.00 4.00 6.0C 8.00 10.00 12.00

Time [days]
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Analog Simulation: Simplorer

4. Types of simulation

The CERN Accelerator School

Example(1l): temperature simulation for European XFEL at DESY

Name X Rectangular Plot1_1_1_1_1 Simplorerl &
ml .3000E+001 | 2.2830E+001
Curve Info
m2 .3000EH 04E+00: ™
m3 .3000E+ '24E+00. R
= THM:
— — THM:
ml
v
—_— W m2
O —
o
el
(]
L —
3 m3
g -
— ;20.
(]
o
k)

Temperature at the end of XTL Tunnel (2150 m)

T T T T T T T T T T T T T T T T T T T T T T T T T T T T
2.00 4.00 6.0” 8.00 10.00 12.00

Time [days]
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Analog Simulation: Simplorer

4. Types of simulation

30

The CERN Accelerator School

Example(Z): EMI behavior of XFEL modulators with pulse cables

= 29 HV pulse power supplies (modulators) of 10MW
RF station each in a central modulator hall (XHM)

» RF stations(klytrons & pulstransformers) in the
accelerator tunnel (XTL)

= Upto 1.5 km long triaxial cables
between RF stations and modulators

= Analyses of EMI behavior with pulse
cables and modulators
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Analog Simulation: Simplorer

The CERN Accelerator School

Example(2): EMI behavior of XFEL modulators with pulse cables

4. Types of simulation
31

ve LTR&1
z00m b i . P i
I ] o | " L10 = o—
- J_ - @ = |Z":"t| TFR1P2WZ 408 oo
40u H L
9o 48 Y C11 == CTRL = 81 = i v
| p? ¥ e
l L4 L % Dzz ;.[ Trcm e | - Klysiron
M - K Ve WAL v e W ~ B
. * LM=2H R
; LS1 = 0.194 mA=
o R LS2 =0.1uH
Ty Yz RFE :=:.De+013 Ohm
115K W RCU1 =19 mOhm
RCUZ =227 Ohm
i [ KTR =12
i l C7?
: c10T
I LE | THz
-
0ok c4 §
Zm
L7 CTRAL ™=
i -
CS —_
o = T T T4:0.6m T2:1.7m
| |
S1:=0 S1:=1 S1:=0
T1#R0.6m TZ##17m ziindung=0
ziindung:=1 ziindung=1
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Example(2): EMI behavior of XFEL modulators with pulse cables

Measurement Simulation
Tek Run | [ 7 ‘ ] Getrlg__gert B~ [
* i | ch3 position 2858 égf'[k[]‘\]
Vertikale
Position 15000
: 10000
Auf 0 divs
setzen
5000
0 A

— T

5000

-100.00

“'H10.0us A Ch1 \ -560mV.
TwW2540% o] 15000

| I PP : o
Kopplung | Invertier. |[Bandbreite Fﬁi’ng'l;'a\l’. m Offset La:;'t‘&‘,’,: 1@ 1%m  1mm  lem  1&m  LOm  L%m  208mt]g
DC Aus voll g2 o 230mdiv ONILIRY A

[Ch1° 1.00V - ‘Ch2" 200mV
10.0mve - ;
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The CERN Accelerator School

Ansys Simplorer vs LTSpice IV

ANSYS Simplorer LTSpice IV
= Limited student version / not free | = Free & popular

» Analog & digital circuits
simulation

Mainly analog circuits simulation

= |dealized / accurate model of
components

Accurate model of components

= Schematic draw(comfortable) Schematic draw(not comfortable)

= Multiphysics simulation Electrical circuit simulation
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Analog Simulation: Simplorer

4. Types of simulation

The CERN Accelerator School

\ -:. " -.- a_. - :.H‘__';th_*,_.EJM Ratwolf. ’jﬂs > q = . | =
Roundup . :| File Edit VYiew Project Draw Schematic  Simplorer Circuit  Tools I
Window Help _ IZ"E'El
= Basic understanding of physical |f [ W B|&|xaox @z 2
system for a good simulation '@*’ i>0NDOAMN
model 1L I8 o
| Project Manager - x
. . . i B Favortes -
= Simulation model as simple as I o sty |
pOSSibIe © R: Resistor (LIBRAI =
2 MOSFET_BRIDGE
2 M_LEG: MOSFET |
. . 2 M_BD: MOSFET w
= Simulation model as complex as > BUCK_SYNC_2PH
2 Buck4: 4 Phases B
needed @ C:Capacitor (LIBR/

@ L: Inductor (LIBRAF
2 WIRESEGM: Wire
=R ﬂ Simplorer Elements

= Measurement of physical model o 3 Basc Bemerts
to optimize the simulation model

« |_| Sy
Project Components ISEEI-I'd"I I

#4167 mil, Yz 5817 mil
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Numerical simulation




Numerical simulation

4. Types of simulation

36
The CERN Accelerator School

Models Meshing and
(geometric) Boundary conditions

Numerical Simulation splits the problem into smaller pieces, solves those separately
with numerical methods, and finally merges the partial results into the solution for
the entire problem.
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Numerical simulation

4. Types of simulation
37

The CERN Accelerator School

Some numerical methods

= finite difference method

= method of weighted residuals
* moment method

= finite element method

= transmission-line modeling

= Monte Carlo method

= method of lines
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I Numerical simulation ko
hCERNA elerator School 38

Some simulation tools

= ANSYS CFD

= ANSYS HFSS

= CST Microwave studio
= ANSYS Maxwell 2D

= FEKO

= CONCEPT-II

=  Quickfield
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Numerical simulation: Quickfield

4. Types of simulation

39
The CERN Accelerator School

Example: grounding of XFEL modulators for RF stations at DESY

= Motivation

— EMI during the commissioning of Modulators
— Measurement of high inducted current on PE conductor

— Source of high inducted current not clear (50Hz / up to 50App)
= Suspicion

— Insulation fault
— Inducted current from power cables

= Goal

— Theoretical analysis and measurement to confirm the suspicions
— Optimization of the grounding system of modulators
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Numerical simulation: Quickfield

4. Types of simulation

40
The CERN Accelerator School

Example: grounding of XFEL modulators for RF stations at DESY

Quickfield as simulation tool

= Easytolearn/ Easy to use
= Mainly for EM fields simulation
= Coupled multiphysics

= Various analysis types
AC, DC and transient electromagnetics, electrostatics, DC, AC and transient
electric analysis, steady-state and transient heat transfer, Stress analysis)

= Electrical circuit combined with fields simulation

= Only basic components for electrical circuit analysis
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Numerical simulation: Quickfield

4. Types of simulation
41

The CERN Accelerator School

Example: grounding of XFEL modulators for RF stations at DESY

View of modulators hall
= 29 HV pulse power supplies (Modulators) capable of 10MW RF station each

= Modulators in a central modulator hall (XHM)

= RF stations in the accelerator tunnel

T}énsformer HV racks Power & PE cables Modulator

ﬁ HELMHOLTZ
| ASSOCIATION




r o
@i m Numerical simulation: Quickfield eofsir
4. Types of simulation
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The CERN Accelerator School

Example: grounding of XFEL modulators for RF stations at DESY

Technical data of a modulator

Nbr. of modulators 29
Output Voltage 0 - 12kV
Output current 0-2KkA

Ave. Output power max. 380kW
Max. pulse power 16,8 MW
Pulse duration 0,2-1,7ms

Pulse repetition rate 1—-30Hz
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1. What is simulation ?

o
- . " " " 2. Why simulation ?
( 00 Numerical simulation: Quickfield 3. Principle of simulation
4. Types of simulation
43

5. Conclusion
The CERN Accelerator School

Example: grounding of XFEL modulators for RF stations at DESY

View of grounding system in the hall: PE conductor near power cables

S

oe 7
SN

e

++++++++++++++++++++++

(A
,
'r 5 LU . \: “« [ R
i /] / | Modulators 4,5 A
; AT ST L FIEFFETT LTI ELIIIFE s Modulators 5,7
/ S LIIIIEPILLSIIIIIIEIIIIIIIL T
4; Equipotential [/ /7 /s s ss s s s F I LIS LLLSLISLSS S — I Waley pes rl o T
5 bonding plate Vb, . iissrsssssrsss i s ssssssss, o T o ]
g ™~ | Cable trays
‘ S ILIL LIS LIS LSS SIS L ILESSILS \
”
rbrs. ’ Metallic, etc Measure of| 21 Arms / 50Hz
(77
S 3 /!;.-“.r’ Interference current on PE-
OiLl a N eal electrode ]
s conductor
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Numerical simulation: Quickfield

4. Types of simulation
44
The CERN Accelerator School

Example: grounding of XFEL modulators for RF stations at DESY

Simulation results of PE conductor near power cables

H-Field —@ py | p— NNN—
400 L1 e 1.55
' ' V1 R1
N —y AANA
4@ p=120° L C1g214a
400 L2 ' 1.55
V2 R2
) [
4@ 0=240° 7l -18213A ANVN—
400 L3 1.55
V3 R3
| <
PE, | = 18,53 Arms
p—
|_—| | =18,53 Arms
Pritsche

8 1= 0,0094 A
Erdwiderstand
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Numerical simulation: Quickfield

4. Types of simulation
45

The CERN Accelerator School

Example. grounding of XFEL modulators for RF stations at DESY

Simulation results with PE conductor between power cables

l_}l 182,124 VA
L1 1.55
R1
i—:'l 182,09 A h"’- L
L2 1.55
R2
1 182,248 fw\*'—
L3 1.55
R3
| /
I ~
s Conm O
I . I.
|
Pritsche 6 Arms
-.."I"'.-"r .\",r'.‘l.l"'.l.-' = ot
8
Erdwiderstand
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The CERN Accelerator School

Example: grounding of XFEL modulators for RF stations at DESY

Simulation results of PE conductor at ~25cm from power cables

- =]
182,12A

400 p=0° L1 1.55
Vi R1
35 =
[ 7| 182004
400 p=120° L2 1.55
V2 R2
— = |
1822 A
400 p=240° L3 1.55
V3 R3
Current density 2,8 Arms
ﬁ
2,8 Arms
L
Pritsch
0,00056 A
8
Erdwiderstand
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Numerical simulation: Quickfield 3. Principle of simulation
4. Types of simulation
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The CERN Accelerator School

Example. grounding of XFEL modulators for RF stations at DESY

Measurement with PE conductor between power cables
Picture Measurement

1 M o dTig
Lo " L F

i il T

il W

H 14 Jan 2014]

1.54 Y 16041100

Umod =10kV; Pulse repetition =10Hz; Pulse length =1000us
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Numerical simulation: Quickfield 3. Principle of simulation
4. Types of simulation
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The CERN Accelerator School

Example: grounding of XFEL modulators for RF stations at DESY

Measurement with PE conductor at ~25cm from power cables

Picture Measurement

- PE conductor ~ 5.6A pp

1A \R ﬂer cables ~ 1,2A PP

Umod =10kV; Pulse repetition =10Hz; Pulse length =1000us
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Numerical simulation: Quickfield

4. Types of simulation

49
The CERN Accelerator School

Roundup

= Simulation to investigate a Riallic

best solution for modulators | tg: tusa @ e n

grounding system R @3 =3¢ 7= EEL

EJ[!_% t-line.phm - AC magnetic »
..... g Geometry: T-line.mod Al alr[ir;gt;w
. . | Data: T-line.dhe T i
= Simulation for better | Uiyt crone s
. "|.| Circuit: t-ineqer - _ -
understanding of real R l%es
5232
system X G
y ERds =32 | 0
=8 Htest pbm - AC magnetics » A 2616
] . . & Geometry: Testmod il y }gg;
= Simulation to reduce the -gg;ta;e;jhe e g
..... ibrary Data: <none> = 0
1 I I " o) Circuit: <none>
I nStaI I a'tlon tl m e Of phySICaI 4 Wl k T-inemad | t-line.ger | Pastprocessing t-line.pbm | 4 b
Syste m For Help, press Fi QB¢
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5. Conclusion

The CERN Accelerator School

Conclusion
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Conclusion
Th CERN Acceleratol Sh ol 5. Conclusion 51

Expectations for a good simulation tool

= Comfortable, intuitive input of the circuit model
= Correct error messages

= Robust execution of the simulation

= Qutput data to be used in other softwares

= Good user support

= Portablility of models in software update
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5. Conclusion

Challenges in world of simulation

= More Intuitive usage

= Lower simulation time

* Models & results transfer

= Better user support & extended online help

= Various models of components
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|: Conclusmn
5. Conclusion

Checklist to opt for a simulation tool?

1) Investment in time and money

2) Clearly state the problem to solve

3) Determine the general type of simulation tool
4) Check the functional requirements

5) Select the most appropriate Tool
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5. Conclusion

Important points to perform a good simulation

1) Basic understanding of your real system
2) Simulation model as simple as possible
3) Simulation model as complex as necessary

4) Interaction between simulation and physical system
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@m Conclusion

Those who can, do.
Those who can't, simulate.
-- anonymous writer

Those who can, simulate.
Those who can't, don’t simulate.

Thank you for attention!
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