
Energy	  Efficiency	  and	  Availability	  Improvement	  in	  
Control	  and	  Opera8on	  of	  Superconduc8ng	  Cavi8es	  

Rihua	  Zeng,	  Olof	  Troeng	  
RF	  Group,	  Accelerator	  Division,	  ESS	  ERIC	  

Automa@c	  Control	  Department,	  Lund	  University	  	  
HB	  2016,	  Malmö,	  July	  7,	  2016	  



Outline	  

•  Energy	  Efficiency	  and	  Availability	  in	  Accelerator	  

•  Challenges	  to	  Achieve	  Higher	  Efficiency	  and	  Availability	  

•  Advanced	  Technologies	  makes	  it	  possible	  

•  Some	  considera8on/progress	  at	  ESS	  
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Efficiency  
SRF Cavity at SNS(Sang-ho Kim) 

Grid power 
73 kW 

HVCM input 
71.6 kW 

HVCM output 
67 kW 

HVCM output  
for RF gate 61.5 kW 

Transformer, switch, etc. 
1.4 kW 

HVCM loss 
4.6 kW 

HVCM settling time 
5.5 kW 

Available RF 
40 kW 

Klystron efficiency 
21.5 kW 

Filling and LLRF settling 9.0 kW 
Copper loss 0 kW 
Mismatching (detuning, Qex, etc.) 1.4 kW 
Control margin or unused 6.9 kW 

To beam 22.5 kW 

Grid power input: 
HVCM 73 kW 
Electricity for cooling system 5 kW 
Cryogenic plant 38.3 kW 

Efficiency 
19.5 % 



Availability	  

Dis8nguish	  in	  two	  aspects:	  	  

–  Enhance	  reliability	  in	  design	  and	  development	  stage(careful	  
design,	  redundancy,	  high	  reliable	  key	  components,	  flexibility)	  

–  Fault	   tolerance	   in	   opera8on	   stage:	   a	  mi8ga8on	   strategy	   to	  
the	  failures	  	  
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Future	  Large	  Scale	  Accelerators	  
(Erk	  Jensen,	  CWRF2016)	  
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ILC	  e+e-‐:	  Pulsed,	  1.3	  GHz,	  	  PRF	  total=	  88	  MW	  

CLIC	  e+e-‐:	  Pulsed,	  1.0	  GHz,	  	  PRF	  total=	  180	  MW	  FCC	  ee:	  CW,	  0.8	  GHz,	  	  PRF	  total=	  110	  MW	  



To	  Achieve	  Higher	  Efficiency	  and	  
Availability	  

Break	  through	  opera8on	  limita8ons:	  
	  	  
–  to	  work	  at	  nonlineari8es	  

–  to	  work	  close	  to	  limita8on	  

–  to	  change	  opera8on	  point	  quickly	  and	  correctly.	  	  
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The	  Challenges	  

•  System	  is	  usually	  op8mized	  at	  designed	  opera8ng	  point,	  while	  	  

•  RF	  dynamics	  and	  cavity	  dynamics	  were/are	  oQen	  black	  box	  
–  Cavity	  pass	  band	  modes	  	  
–  Lorentz	  force	  detuning	  at	  different	  cavity	  field	  levels	  
–  Lorentz	  force	  to	  cavity	  tuning	  transfer	  func@on	  	  
–  Piezo	  tuner	  to	  cavity	  tuning	  transfer	  func@on	  (@me	  domain,	  or	  frequency	  domain)	  
–  Moto	  tuner	  to	  cavity	  tuning	  transfer	  func@on	  	  
–  Microphonics	  spectrum	  
–  System	  open	  loop	  matrix	  
–  System	  closed	  loop	  matrix	  
–  Cavity	  field	  behaviour	  close	  to	  and	  at	  quench	  
–  Mul@pac@ng	  in	  cavity	  and	  power	  coupler	  
–  Fast	  fault	  detec@on	  and	  fault	  recovery	  
–  Power	  amplifier	  input-‐output	  characteris@cs	  (power	  and	  phase)	  at	  different	  modulator	  voltage	  
–  Modulator	  ripple	  frequency	  and	  amplitude	  
–  Circulator	  characteris@cs	  (return	  loss,	  frequency)	  under	  different	  power	  consump@on,	  different	  reflec@on	  power,	  and	  working	  

temperature	  
–  Power	  amplifier	  bandwidth	  varia@on	  at	  different	  output	  power	  level	  
–  Driver	  amplifier	  and	  power	  amplifier	  delay,	  rise	  @me	  and	  falling	  @me	  under	  different	  power	  level	  
–  Phase	  drie	  in	  cables	  due	  to	  temperature	  or	  humidity	  changes	  
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Insight	  into	  RF	  &	  Cavity	  Dynamics	  

•  Rely	  heavily	  on	  high	  precision	  and	  online	  diagnos8c	  of	  basic	  
cavity	  parameters:	  	  
–  Cavity	  voltage	  
–  Synchronous	  phase	  
–  Ql	  
–  Detuning	  
–  R/Q	  

•  Rely	  heavily	  on	  high	  precision	  and	  online	  diagnos8c	  of	  cri8cal	  
parameters	  in	  RF	  power	  chain	  	  
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Advanced	  Technologies	  Makes	  It	  Possible	  
(Anders	  Johansson)	  

LLRF	  system	  (FPGA	  based):
PI-‐controller

Master	  Oscillator
(Not	  part	  of	  LLRF)

Phase	  Reference
352.21	  or	  704.42	  MHz

Klystron
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LLRF	  system:
Motion	  control

LLRF	  system	  (FPGA	  based):
Monitoring	  &	  Storing
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Warning/Errors

U

LLRF	  system	  (Standalone	  HW):
Local	  oscillator

LO

Potential
Inner	  loop

LLRF	  system	  (CPU	  based):
IOC	  

Circulator



The	  Goal	  at	  ESS	  
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The	  Last	  Thing	  to	  Overcome	  

Online	  beam	  phase	  measurement	  
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Phase	  Scan	  vs.	  Transient	  Beam	  Loading	  	  
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Phase	  Scan	  vs.	  Transient	  Beam	  Loading	  

13	  



Improved	  Transient	  Beam	  Loading	  
Method	  at	  DESY	  

•  Rather	  than	  suffering	  from	  poor	  signal	  to	  noise	  ra8o	  (SNR	  in	  some	  case	  
<10dB),	  strong	  signal	  and	  clear	  informa8on	  is	  observed	  
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Build	  constant	  cavity	  
field	  without	  beam:	  
Vcav,1=	  Vg	  
	  
Pulse	  beam	  comes:	  	  
Vcav,2=Vg+Vb	  
	  
Vb	  =	  Vb,r	  +	  jVb,i	  



Online	  Beam	  Phase	  Measurement	  
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Vcav,1=	  Vg	  
	  
During	  beam	  pulse:	  
Vcav,2=Vg+Vb	  
	  
Vb	  =	  Vb,r	  +	  jVb,i	  



Online	  Beam	  Phase	  Measurement	  
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MOPL025	  



Opportuni8es	  and	  Challenges	  
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S.	  Simrock	  

•  Build	  upon	  Exis8ng	  High	  precision	  and	  online	  RF	  measurement:	  	  
Ql,	  detuning,	  klystron,	  circulator	  characteris8cs,	  etc..	  



Opportuni8es	  and	  Challenges	  

•  Build	  upon	  Advanced	  Hardware:	  
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Opportuni8es	  and	  Challenges	  

•  It	  is	  promising	  

•  Uncertain8es	  in	  reality.	  	  

•  Interac8ve	  learn	  from	  prac8ce(data,	  experiment)	  

•  Guided	  by	  modeling	  (expressing	  uncertainty	  in	  a	  
precise,	  quan8ta8ve	  and	  controlled	  way)	  
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Learning	  from	  Prac8ce:	  
Integrate	  Data,	  Modeling	  and	  Tests	  	  

•  A	  methodology	  to	  integrate	  RF	  measurement,	  modeling	  and	  data/database,	  to	  
really	  iden8fy	  detailed	  dynamics	  
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Thanks!	  
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