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27km length 

100m underground 

 

 

 

Over1600 

Superconducting 

magnets  

 

 

 

Cryogenics 

Coldest place in 

Universe: 

 -271° C 

(1.9 K) 

LHC Accelerator 

World Largest accelerator 



Industrial Controls 
Engineering Department 

compressor 

stations 

cold boxes 

helium storage 

liquid nitrogen storage 

liquid helium storage 

3.3 km 3.3 km 

CERN - IFAC/CEA, June 2014 Enrique Blanco 4 

LHC Cryogenics 

LHC sector: 3.3 km 



Industrial Controls 
Engineering Department 

LHC cryo standard cell  PI&D (~100 meters) 
LHC Standard cell 
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1.8 K Cooling Loop 
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Objectives 

• Keep the temperature of the superconducting magnets 

as constant as possible within strict operating 

constraints imposed by: 
 

• Allowed maximum temperature (1) for the magnets  

(1.9 K = -271 °C) 

• Cooling capacity of the cryogenic system (2) 

• Disturbances: Dynamic heat loads 

• Instrumentation accuracy 
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Saturation Temperature (2) 

Set point 

Max. Temperature (1) T 
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Challenges 

Highly non-linear process 

• Non-minimum phase system: Inverse response 

• Variable dead time 

• Non-self regulating process 

 

Wide operational conditions  

• Heat loads, Temperature, Pressure 

 

Problematic tuning 

• LHC architecture: multiple controllers 
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Challenges 
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Advanced regulation motivation 

• Reducing temperature variability, 

squeezing the control band and place it 

optimally. 

 

CERN - IFAC/CEA, June 2014 Enrique Blanco 10 

Reliability 
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Basic Control 
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PID Controller
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PID performance 
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Advanced Control 

• What is the right choice? 

 Available process knowledge 
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Superficial Qualitative Quantitative 

Neural Nets Expert Systems Model-based 

PID Fuzzy 

PID 

$ $ $ 

PID 

From Control Engineering 
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Model-Based Predictive Control 
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An Industrial solution 
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MBPC basics 

• Process Model 
 

 

• Internal trajectory 

 

 

• Optimization 

 

 

 

• Constraints Management 

 
CERN - IFAC/CEA, June 2014 Enrique Blanco 16 

2

00

2
])([)](ˆ)([ 





Nu

j

N

j

jtujtyjtwI 

HL

HL

HL

yyy

uuu

uuu









Industrial Controls 
Engineering Department 

MBPC: Modeling 

Various techniques depending mainly on 

objectives, plant availability and knowledge 

• Linear vs. Non-linear models 

• Approaches: 

• Empirical approach: System Identification 
• NARMAX, Neural nets, fuzzy sets, Hammerstein models, Volterra… 

• First principles modelling 
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Black-box                             White-box 

First Principles 
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1.8 K Cooling Process Model 
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• Controlled Variable 
 Magnet Temperature 

 

• Manipulated variable 
 JT valve 

 

• UNMEASURED 

variables 
 He II mass accumulation 

 Dynamic heat load 
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LHC prototypes 
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Model performance 
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First results: GPC vs PID 
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GPC: Generalized Predictive Controller 
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Regulation methodology 

Nonlinear Model-Based Predictive Control (NLPC) 

 

• Process Model 

– DAE solution: DASSL Newton-Raphson 

    (EcosimPro simulation toolbox) 

 

• Nonlinear Optimization (under constraints) 

– Commercial Numerical routines (NAG) 

– SQP: Sequential Quadratic Programming 

 

• State Estimator 

– Un-measurable variables 

– Receding Horizon Estimation (RHE) 
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NLPC Controller
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Trajectory
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State Estimation (RHE) 
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Non measurable states: 

- Helium mas in the HX exchanger 

- Heat load  
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State Estimation: Performance  
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Regulator architecture 
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Controller deployment 

• IPC M7: running a real time operating system 

• PLC S7: “backup” PID control 
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M7 PLC 

NMPC   

Process 

Optimal  

JT valve 

Temperature 

Set point 

Temperature S7 PLC 

PID 
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NLPC vs. PID: heat load change 
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NLPC vs. PID: set point change 
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Present & Future 

• Refining models and algorithms 

• Enriching the model performance 

• Previous tests were performed mainly in the Inner Triplet & 

String prototypes. 

• LHC adjacent cells thermally coupled 

 

• Multi-objective MBPC  

• Full LHC sector vs. single cell 

 

• Implementation feasibility 

• How to smoothly integrate the nonlinear model and 

optimization algorithms in the control system 
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Thanks for your time 
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