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Introduction to the European XFEL and the Low-Level RF
(LLRF) system
Introduction to the Systems Modeling Language (SysML)

Requirements engineering processes for the LLRF system
Conclusion and outlook
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Introduction to the European XFE
and the LLRF System
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Dan Réntgenlaserprojekt Ewropean XFEL
Tha K-ray lisee project Ewropaan XFEL

European XFEL is a 4t
generation light source
under construction at
Hamburg, Germany

A 2.1km-long
superconducting linear
accelerator based on

TESLA technology
Beam energy 17.5GeV

SASE wavelength
0.1~6nm

Reference: hitp:/iwww . xfel.eu/
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RF Subsystems for European XFEL

. . r ;)

injector linac booster linac main linac 7%

e

r

[

_m

e

n

i

.8
O rf gun laser U Jrd harmonic rf module V¥ 3.9 GHz klystron rf station with 4 x B a collimator O undulator
) rf gun U vertical deflecting rl vV 3 GHz Klystron 1.3 GHz cavities @ beam dump @ seed laser
Dame!emling module % 1.3 GHz klystron I bending magnet g@8y bunch compressor (D SASE undulator e modulator

~ 30 RF stations

High field stability required: up to 0.003% for amplitude
and 0.005 deg. for phase

LLRF control systems are necessary to maintain the field
stability!

W,

ICALEPCS 2009, kobe, Japan, 2009 Lhegiao Geng, DESY, zhegiao. gengi@desy.de



European

High field stability requirements

Large scale

~ 30 RF stations
Up to 32 cavities per RF station

~ 300 physical signals and
~ 3000 digital signalsto be
processed per RF station

Complex context with multiple
closely interacting subsystems

High Power RF system, Cavities,
Control System, Beam Diagnostic
System, ...

International context

Many technological domains +
methods + tools

Researching + engineering

XFEL | Features of the LLRF System

Operator Console |

» Control System |

Cavity ~130 X 1 Klystron
Signals Drive

32X
Interlock ~10 X | Cavity Tuner
Signals 32 X fast and slow

LLRF
Beam =10x | 64 x | RF Power
Diagnostics transmission
~3 X

~3

HPRF "— HPRF

[~3000x(derived signals)

Database

Formal requirements / systems engineering

methods will be used for handling the
complexity of the LLRF system

SysML will be used for system description
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Introduction to the SysML
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The System Modeling Language (SysML) =

A graphical modeling language for Systems Engineering developed by
the OMG, INCOSE, and AP233

Basedon UML2.0

Supports the specification, analysis, design, verification, and validation

of systems that include hardware, software, data, personnel, procedures,
and faclilities

|s a visual modeling language but not a methodology or a tool
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XFEL | Diagrams of SysML

SysML Diagram

A
I
Behavior Requirement Structure
Diagram Diagram Diagram
B 7
I
Sequence Use Case Block Definition Package
Diagram Diagram Diagram Diagram
Activity State Machine Internal Block
Diagram Diagram Diagram
Parametric
Diagram
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XFEL | Benefits of Using SysML in LLRF System Design

Shared understanding of system requirements and design
= All collaborators speak the same language!

Validation of requirements
Common basis for analysis and design

» Facilitates identification ofrisks

Assists in managing complex system development

= Separation of concerns via multiple views of integrated model
= Supports traceability through hierarchical system models

= Facilitates impact analysis of requirements and design changes
= Supports incremental development

Enhances knowledge capture
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Requirements Engineering Processes
for the LLRF System
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Goals of LLRF Requirements Engineering =

Create LLRF system specification and documentation for
collaboration contract with international development
teams and for project reviews

Establish methods for requirements elicitation,
documentation and tracking within LLRF team
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XFEL | Strategy: Staged & Recursive Development

oy

LLRF White Box

LLRF Black Box

4 milestones
= MO- XFEL - System” (out of scope)
= M1- LLRF System"”
= M2—- LLRF Subsystems"
= M3— LLRF Components®
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e rcpass LLRF Requirements Engineering Processes for
XFEL | Black Box Analysis

Stakeholder analysis
Requirements collection and analysis

|dentify external interfaces and model interactions
LLRF functional structure break down
Requirements verification
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XFEL | Stakeholder Analysis

Which persons are involved in the project?
Which roles can be differentiated?
Which are the most important stakeholders (priorization)?
How can external stakeholder be involved 7

External

Stakeholder

Affiliation

Influence to LLRF

Importance Influence Key

Rationale for ranking

Kay Rehlich

Reinhard Bacher

Stefan Choroba

Controls group / DOOCS
/ controls data timing
system

Controls group / DOOCS
/ timing system (Head)

WP01 RF WPL & DESY
Group Leader for high
power group

provides framework,
tools, editors, timing,
interface reviews

provides framework,
tools, editors, timing.
LLRF needs to define
interface with control
group, interface reviews

essential connection, high
and low power RF are
highly integrated: LLRF is
fallback for HLRF -=
machine protection, LLRF

Rank Rank
4 2 CG1
3 2 CG2
4 4 HPG1

LLRF interfaces with
DOOCS, therefore the
interface requirements
both influence
development and need t
be priortized

LLRF interfaces with
DOOCS, therefore the
interface requirements
both influence
development and need t
be priortized

High power system
limitations and
characteristics (including
machine safety interlock
must be considered in



Context of LLRF System

bdd LLRF _Context [LLRF _Context Simple] /

Inteslock

Segnal

Intelock
nhelodk o Inbexiock
Signal Sgna

«Extemal Blode
External Systems:Machine

3

zExternal Blocks
Extemal Systems::Special
Diagnostic System

«Extemal Blodks
Extemal Systems::AC
Power Supply System

«Extemal Blodks
Extemal Systems::Timing
System

«Extemal Blodks
External Systems:Hgh
Power RF System

— Interlock System
ed ork iy
e nidock (70T
Inlesbodk Sedimgs Data
Sgnal Operalion Specal
intexiock
«Extemal Blocks Dok Commands / [Nagnosic
Extenal Systems:RF G|  pF Gun DI & AC Power Data
Sellings
«Extemal Blodks
R Extemal Systems::Control
Daka System
zExtemal Blode
External Systems:Low Cang
Conductivity Water Cooling
System .
Sydlemn
«Edtemal Blode
Extemnal Systems::Laser HPREF
Synchronization System Sydem

& 3VEEMs:
LLRF System

«Extemal Blocks
External Systems::
Accelerating Modul e

zExtemal Blodke
Extemal Systems::Beam
Diagnostc System

Include:

1. Temperature of the tunal
and gallery
2. Radiation
2. Mechanical diguhance
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XFEL | Requirements Collection and Analysis

pkg LLRF_Requirements [LLRF_Requirements] /

XFEL source requirements
are needed as input for
LLRF specification ool

LLRF goals present the «trace>
objective of the system - 7 -

User requirements are - / rage»

gtraces

collected from stakeholders, TR e m—
- = ierna vireme

which concern to the LLRF S

external visible services e

«traces
System requirements are
derived from the user S 7
atraces «trace»

requirements, which concern " /
to the system design System_Requirments

External requirements
present the requirements to
external subsystems by
LLRF

XFEL_Source Reguirements | Goals
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User Requirements Examples
[USER REQUIREMENTS]

1D Name Text
UR1 Set RF field voltage and The user should be able to set the RF field voltage and phase to defined working point for
phase for each RF station | each RF station with the LLRF system
" URIL.1 Change rate of the RF field | The change rate of the RF field voltage and phase in different linac sections are:
voltage and phase * Gun, LO: Once per day
* L1, L2: Once per shift
* L3: Frequently, +/- 1.5% within pulse train, larger voltage and phase change may
happens within 1 minute
URI1.2 RF field voltage setting The required range for RF field voltage settings of an RF station is:
range *0
*V min to V_max
The V_max is defined by the cavity limits and klystron power limits experimentally
URI1.3 | Time available for RF field | Changing the RF field voltage for beam energy adjustment in the main linad should take
voltage change less than 1 minute
UR2 Maintain RF field stability | Maintain stability of voltage and phase of the RF field of individual RF stations within
given tolerances for the range of useable operating parameters
UR2.1 Phase and amplitude The stability of the RF field is defined by the amplitude and phase error referred to the set
stability definition point (may be time varying)
UR3 | Provide RF reference signals | Provide highly stable RF references at specified frequencies at selected locations,

ICALEPCS 2009, Kobe, Japan, 2003
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XFEL | System Requirements Examples

[SYSTEM REQUIREMENTS]
D Name Text Derived From
SR1 Control the Provide HW/SW for field control of the vector-sum of 8~32 cavities driven by one klystron UR2
vector sum in pulsed mode.

1. Detect the RF field phase and amplitude
2. Provide a controller for real time vector sum control
3. Provide RF actuators
4. Provide computation powers for performing the measurement and control
[PERFORMANCE]
1. RF gun: dA/A < 5%104, dep < 0.01° @1.3GHz
2 dA/A <3*107,de <0.01° @1.3GHz
3. 3rd harmonic: dA/A<1*107, de <0.03° @3.9GHz
4. 11 dA/A<3*104, do <0.03° @1.3GHz
- T U7 dA/A<3*104,de <0.03° @1.3GHz
6. L3: dA/A<1*103,dp<0.1° @1.3GHz

SR2 RF gradient and | Provide necessary applications and procedures for setting the RF gradient and phase for URI1

phase setting

each RF station

[PERFORMANCE]

1. RF gradient and phase setting should happen within 1 minute

2. RF gradient setting should be able to up to the klystron peak power output level of
0.9*P sat
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XFEL | External Visible Interfaces of LLRF System

The external visible interfaces define the boundary of the LLRF system
as a black box

Define the interfaces between the LLRF system and the external
systems

= High Power RF System

= Accelerating Module

= Control System

= Beam Diagnostic System

= Timing System

= | aser Synchronization System

= Machine Interlock System

= Special Diagnostic System

Define the signal / data types through the interfaces
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— ] External Interfaces - Example —

ibd LLRF System Externl Interfaces [Interfaces Accelerating Module Conceptual] ..

aSydem Contexts
LLRF System Externl Interfaces

«BlockPropertys interl ock out

ACC interlock ‘SIG_INTERLOCK [0..7] |*Machine Interlock System| SIG_INTERLOCK [1.7]
_}

_}
1 0.1
; «BlockPrope ty»

«BlockProperys
:ﬂc{:elgratil_lg Module «Electrical Connectors #Hieckicat Cahn cxs LLRF System
ACﬂC inferlock: g - —| interlockin
SIG_INTERLOCK [0..7] | 0.1 1 SIG_ INTERLOCK [1.7]
Cavity probe agnals:S1G_RF [0..7] |—= : — | Cavity probe signals:S1G_RF [0, 7]
| 0 1 gElectrical Connectors 1
Cavity forvard signals ‘SIG_RF [0.7 [ _ 53| Gavity forward sgnals SIG. RE[0.1
| 0 1 gElectrical Connectors 1 ] ¥
Cavity reflected signals SIG_RF [0.°][= _ 5] Cavity reflected signals SIG_RF[0.7]
_ _ | 0 1 gElectrical Connectors 1 i : =
Fiezo ssnsoragnals: Fiezo sensor sgnals:
SIG PIEZO SEMSOR [0.7] = 01 T P e 1 =4 SiG_PIEZO_SENSOR [0.4
Fiezo driver agnals 53 . 2 FPiezo dnver signals:
SIG_PIEZO_DRIVER [0.7] 0 1 «Electrical Connectors 1 SIG_PIEZD_DRIVER[0..7]
o ACCData ACCControl ]__ ACC cont
C ACCData ) «Analog Signals
I O ACCControl L SIG RF

«Logcal Connectors

«Logical Connectors - |D: Stning

- Carrier. Frequency

- maxLevel: Power

ACCControl ) —| ACCData - minLevel: Power

ACCData () —— ALC gl ACC control 7 ACcCantel . Source: String

- Destination: String
historyPath: String

«BlockPrope tyx
:Control System




Model the Interactions at the Interfaces
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Use cases describe the interaction between the LLRF system and the external systems and
perform a defined task concern to the services provided by the LLRF system

— Use Cases and Sequence Diagram

weIRE Tolasen]l 198 Yse Comas) / sd Optimize and set the cavity loaded... /

sum _
st cavity Q)

L]
\ —:_ adjust_Ql()
Operator c I - LI
{from Lsers) < %3 ‘:‘ |
\ |
|

% «BlockProperty» a«BlockPropetys «BlockPropertys
Configure the LLRF Control System LLEF Sygtem ‘Accelerating
firmware Operalor Module
Adjustthe RF sig | | | |
evel to be meas | — : : :
0
: = = | |
I I
i |
I
optimize _Ql() |
j“— Rl L
Calibrate the vector [ |
I
I
I
I
I

Dptimize and set the
cavity loaded Q

|
confirm_Ql{} |
- I
satus()
- - |
I
|__,|"| I
|
|
|
|
|

{irorm Users)

Estimate the cavity
operation limitation




Functlonal Structure of the LLRF System =

bdd LLRF Functional Structure [temp]

[ aSydems
¥
Friority = high : basc functions LLRF Context:LLRF System
Friority = medium : advanced functions Reference:
Priarity = law: nice to have http: fwofwibi 10 de sy dedfeliindex php/LLRF _Catalog
| W = Tialoemein T TR T | |
: k: _ :
_ : 3 «Functional Blocks ‘Functional Blo aFunctional Blocks
(Functional Blocks ;
{Linal: RE Global 1 RF System Calibration “\l RF Field Control Cav ity Resonance
Cantal Control
tags i — i = tags
tags Complexity = difficult Complexity = dificult tags )
Complexity = difficult ID.— I:UNE | ||:|.: I:LINE . Complexity = medium
ID = FUN10 Priarity = high Pronty = high ID_= I:LIN-'I |
Prionty = high /III Prionty = high
; I
I .- . a«Functional Blocks
I «Functional Blocks General_Functionality :
| Subsystem | «Functional Blo..
aFunctional Blocks | | Characterization | Exception Handling
LLRF Diagnostic I @ags |
| Complexity = Difficult |
L o s D= FUN11 | tags
tags : Complexity = medium Priofity = high I Complexity = medium
Complexity = medium | ID_= I:I‘II"IE : : | IC = FLING
ID= FUNY , | Prnonty = medium : Priarity = high
Priority = high | | | |
o T R o it e i ] |
/III I ' | I gFunctional Bloc.. = _ |
«Functional Blo... |'1' | : | | =] RF Measurements «Functional Blocks :
Subsystem Control | | : | :_ Exception Detection |
I L TR DO
I
- | tags
b peecon e O R | N B | S J
tags | = = Complexity = difficult ags [
Complexity = medium | | | 1D = FUN1 Complexity = medium
1D = FUUMNS ————————— - Priority = high ID=FUNT
Priority = high | L —————— ] Priority = high
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Requirements

Verify High-Level Models against High Level

Are all the use casesto refine the functional requirements?

Are all the Interfaces and signal/data types are necessary to satisfy the
system requirements”?

Canthe functional blocks satisfy all functional requirements??

sc LLRF Use Cases LLIF Use Cases refine] /

«Functional Blocks
RF Measurements::
GL and Detuning Meas.

aFunctional Blocks
Subsystem Control::
Adjust Loaded Q

tags
Com plexity = medium
ID = FUNS.5
Pnority = high

tags
Com pl exity = difficult
1D = FUN1.4
Prornty = medium

Optimize and set the cavity
loaded G

<<Funcional Requirements==

Optimize andfor limit operational and sysem intemal parameters

tags
id =
obligation =
neks =
stablility =

SOOMZe andyo

{#om fonchomal)
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XFEL ] Conclusion and Outlook

New physics projects like European XFEL have reached a complexity
comparable to large industrial projects

Conventional engineering methods (start with simple goal, prototype, evaluate
and evolution) are not very efficient for large projects

Requirements / systems engineering methodology with description language
(SysML) and tools provide systematic approaches for good documentation
and enabling communication within the international collaboration

Requirements engineering approach is successful for LLRF requirements
capture and analysis

LLRF black box analysis is ready for the Conceptual Desigh Review (CDR)
Future plan

= Grey box (subsystem level) analysis

=  Finish the full requirements specification for the LLRF system
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Thank you!
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