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Abstract

The temperature of the superconducting magnets for the 27 km LHC particle accelerator
under construction at CERN is a control parameter with strict operating constraints
imposed by (a) the maximum temperature at which the magnets can operate, (b) the
cooling capacity of the cryogenic system, (c) the variability of applied heat loads and (d)
the accuracy of the instrumentation. A pilot plant for studying aspects beyond single
magnet testing has been constructed. This magnet test string is a 35-m full-scale model if
the LHC and consists of four superconducting cryogmagnets operating in a static bath of
He llat 1.9 K.

An experimental investigation of the properties dynamic characteristics of the 1.9 K

cooling loop of the magnet test string has been carried out. A first principle model of the
system has been created. A series of experiments designed for system identification
purposes have been carried out, and black box models of the system have been created on
the basis on the recorded data. A Model Predictive Controller has been implemented for
controlling the temperature of the 1.9 K level, using models obtained in the system
identification. A temperature control with a narrower control band can in principle be
achieved with an MPC-type controller than when using a PID controller. Experiments

show that the controller has promising properties for tackling the dynamic challenges
posed by the design of the 1.9 K cooling loop.

Through the experimental investigation it has been found that:

- the amount of pressurised He Il in the cold mass is 180 kg

- the thermal conductance of the heat exchanger tube is 74 W/Km

- the velocity of the advancing liquid in the heat exchanger is in the order of 10 cm/s.
The interaction between the gas and liquid phase is weak

- longitudinal and transverse heat transfer capability is very high

The system is found to be:

- strongly non-linear primarily through He Il and the density of the helium gas
- non-minimum phase and exhibiting inverse response

- open loop unstable, also denoted non self-regulating

- containing variable transport delay

The first principle model is capable of reproducing steady state and transient
characteristics of the system. Of particular importance the pressure drop calculation in the
heat exchanger is verified to be in good agreement with observed behaviour. Linear black
box models are verified to satisfactory represent the system around the working point.
Using linear models the performance of the MPC controller was found to be as good as or
better than the classical PID control structure used up to date. Results indicate that
improved performance will offset the increased initial cost and technical complexity of

the control system and add to a robust and fault tolerant operation of the system.
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1 Introduction

1.1 Motivation for the Thesis

[1] [2] In high-energy physics the particle accelerator is the most important tool for
performing experiments. The size and power of these accelerators have been steadily
growing over the years in search of new physics at ever-higher energy levels. Key
components of a particle accelerator are the magnets used for guiding and focusing the
particle beam. The present demand for high magnetic field can only be met by
superconducting magnet technology operating at liquid helium temperature. This has led
to the introduction of cryogenic systems as an integrated and vital part of accelerator
design, and is one of the limiting factors both from a performance and economical point
of view.

The next accelerator planned at the European Laboratory for Particle Physics (CERN) is
the Large Hadron Collider (LHC). It is planned to be operational in 2005 and will then be
the largest scientific instrument in the world. The LHC will bring protons and later heavy
ions into head-on collisions at higher energies than ever achieved before (2x7 TeV for the
proton beams). This will allow scientists to penetrate further into the structure of matter
and recreate the conditions prevailing in the early universg 46conds after the Big

Bang when the temperature was-1&. The LHC will make use of superconducting
magnets operating at 1.9 K along the whole circumference of 27 kilometres. The
refrigeration system will have a capacity equivalent of 144 kW @ 4.5 K, the largest part
of which is consumed at the 1.9 K level. With an effect factor (COP) of about 1:250 at
4.5 K the required energy input to the cooling system of 36 MW.

The temperature of the superconducting magnets is a control parameter with strict
operating constraints imposed by (a) the maximum temperature at which the magnets can
operate, (b) the cooling capacity of the cryogenic system, (c) the variability of applied

heat loads and (d) the accuracy of the instrumentation.

Good control and smooth operation of the LHC machine will limit the cost of running the
cryogenic system. It will ease demand on accuracy and calibration of the several
thousand temperature sensors. Operating the magnets at higher field closer to their
transition limit ultimately lead to better physics.

A thorough understanding of the characteristics and processes involved at the 1.9 K level
of the LHC cooling system is necessary for addressing the constraints and obtain the
benefits. When understanding the challenges of 1.9 K cooling loop, a control strategy can
be sought.

The aim of the work presented in this thesis is to investigate the 1.9 K cooling loop as a
basis for developing a control structure capable of handling the challenges imposed by
the process characteristics.
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1.2 Previous work

Superfluid helium cryogenic has been subject to a decade of dedicated R&D program at
CERN. It has resulted in development in fields such as thermo-hydraulics, two-phase
saturated superfluid helium, large capacity refrigeration at 1.9 K and industrial precision
thermometry below 4 K.

In the superfluid helium test rigs the flow of liquid helium into the 1.9 K level has been
regulated by a standard industrial PID controller. The performance of this controller has
itself been subject to dedicated study [my thesis]. A need has been recognized in more
detail to study the possibility of improving the control of liquid flow into the 1.9 K level.
This flow governs the temperature of the superconducting magnets in presence of
variations of the heat load. A possible improvement in controlling the magnet
temperature can be gained by using a controller better adapted for handling the
challenges posed by the dynamic characteristics of the 1.9 K cooling loop. In particular
the class of Model Predictive Control (MPC), a so-called modern control technique,
offers prospects of improved control compared with standard PID controllers.

The MPC technology is today a mature field and there are several commercial products.
From industry there are more than two thousand reported applications as well several
made in-house but not well known due to proprietary reasons. The majority of
applications are reported in refining and petrochemical industry [44]. Apart from five
applications in air separation industry no report has been found where MPC technology
has been implemented on a cryogenic process and in particular not for a process
involving He Il as a coolant, which inherently makes the process highly non-linear.

The MPC technique involves developing a model to be used as an integral part of the
control structure for predicting future plant behaviour. By far the majority of reported
applications are using linear models. The field of non-linear MPC control has not yet
reached the stage of a mature technique with a solid theoretical foundation. Several
aspects concerning both local and global stability become much more complex when
using non-linear models. As a result linear approximations of more or less non-linear
processes are being used.

System ldentification is the most widely employed method for creating a model intended
to be used in an MPC control structure. System identification and parameter estimation
has for more than 30 years been one of the most active fields of control engineering [R.
Henriksen.].
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1.3 Present Contribution

Steady state properties of the cooling loop have been verified to be satisfactory. However
subject to a decade of research, the aspect of the dynamic properties of the 1.9 K cooling
loop has not been properly addressed. Plant design determines the dynamic
characteristics of the process as well as the operability of the plant. In extreme situations
the plant may be uncontrollable even though the process design appears satisfactory from
a steady-state point of view. In recent years there has been a growing recognition of the
importance of considering dynamics and control issues early in the plant design.

The presented work is addressing this concern. A study is undertaken to understand the
dynamic characteristics of the cooling loop. The main tool for investigating the 1.9 K
cooling loop is a 35-meter full-scale prototype of the future accelerator. The Magnet Test
String consists of three ten-meter dipole bending magnets and one short straight section
housing a quadrupole focusing magnet.

A first principle model of the system has been developed. This model is useful for
investigating and understanding the cooling loop. First principle models can also be used
to study control aspects.

An MPC controller on the 1.9 K cooling loop has been implemented. This regulator
shows promising properties for tackling the challenges posed by the dynamic properties
identified in the study of the system.

Benefits of using MPC technology instead of a standard PID controller have been
verified. The implemented software is a prototype developed at the University in
Valladolid, Spain, intended for use in the sugar industry. It is not a commercially
available product in its present form. A future implementation on the LHC will demand a
product that also addresses needs not related to the mathematics of the algorithms;
including software and hardware compatibility, user interface requirements, personnel
training and configuration and maintenance issues. These aspects are not treated in this
study.

Following a recent simplification of the cryogenic system, executed after this work was
performed, the local cooling loops are now fixed to be 107-meter, twice that of the
previous configuration and three times that of the Magnet Test String used for this study.
This further increases the requirement of a controller capable of handling the dynamic
challenges of the system. It has been shown that using a linear identified model the MPC
controller shows characteristics superior to that of a PID controller. A study to investigate
the possibility of using a non-linear model in the MPC implementation is being carried
out.

The changing slope with a maximum gradient of 1.4 % of the tunnel of the future
machine imply that the model to be used in an MPC controller for each local cooling loop
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should be custom made for that specific location. A satisfactory first principle model can
be used to generate date for identifying black box model for the various locations. This
would facilitate the implementation of MPC control loops for the future machine, as it
would by-pass the general procedure where recorded plant data is used for generating
such models.

1.4 Survey of the Thesis

The work presented in this thesis is based on technology and equipment employing
superconductivity and He 1l as a technical coolant. Chapter 2 and Chapter 3 give an
introduction to these aspects.

In particular the work is based on the Magnet Test String, normally referred to as the
String, which is a prototype half-cell of the LHC layout before the simplification of the
cryogenic system. Chapter 4 gives an overview of the layout of the LHC machine, and
describes in more detail the cryogenic aspects of the 1.9 K level of the Magnet Test
String.

One of motivations for the work is to investigate control aspects of the 1.9 K cooling
loop. Chapter 5 describes the present layout of the control scheme and treats the
advantages and disadvantages of the employed strategy. It then treats the possible
benefits, advantages and disadvantages of using a Model Predictive Control for the
regulation of the cooling loop.

Chapter 6 treats the experimental investigation of the 1.9 K cooling loop that has been
carried out. It describes a series of experiments that were performed in order to gain
knowledge about the characteristics and dominant features of the system.

Chapter 7 deals with first principle modelling of the cooling loop. The chapter is
concluded by a sensitivity study of the parameters and validation of the model against
String behaviour.

Chapter 8 deals with system identification and the construction of black box models of
the system. Several structures of models are investigated and the structure best describing
the system is identified.

Black box models are an integrated part of the MPC control structure presented in
Chapter 9. The MPC technology and a description of the design parameter are presented.
The chapter is concluded by the MPC controlled implemented on the 1.9 K cooling loop
of the Magnet Test String.

Chapter 10 contains discussion and conclusion of experimental investigation described in
chapter 6, the first principle developed in chapter 7, the black box modelling in treated in
chapter 8 and the MPC control structure presented in Chapter 9.



17

2 Superconductivity

First an introduction to superconductivity is presented. This leads to relevant aspects of
superconducting magnets for the LHC. [3] and [4] are the main sources cited.

Superconductivity is the ability to transfer electricity without loss of energy. A
superconductor is material that exhibits two unusual properties when cooled down to low
temperature:

- it has no resistance to electrical current

- it expels magnetic fields

When the Dutch physicist H. K. Onnes in 1911 cooled down a sample of Hg to 4.2 K he
observed that the resistively went to zero. He was the first to discover the effect of
superconductivity. In 1933 the German physicists Meissner and Oscenfeld found that
superconductors repulse magnetic fields. This effect was explained in 1957 when J.
Bardeen, L. N. Cooper and J. R Schrieffer produced the BCS theory of superconductivity.
This theory is based on quantum mechanical effects acting to completely eliminate
electrical resistance.

In 1987 for the first time a compound was found that became superconducting at 94 K.
Then standard liquid nitrogen technology could be used instead of expensive liquid
helium technology in superconducting applications. It spurred a surge of research into so-
called High Temperature Superconductors (HTS) and has resulted in increasing number
of commercial applications involving superconductivity.

2.1 Theory of superconductivity

In a normal conductor the electrons are bumping into impurities and imperfections in the
vibrating lattice and fly off in all directions losing energy in the form of heat; resistance.

In the superconducting state the conduction electrons are ordered and do not experience
this resistance.

Cooper argued that in a superconductor the electrons form pairs, now called Cooper pairs
that are able to move unimpeded through the material. As one negatively charged
electron passes by positively charged ions, the lattice of the superconductor becomes
distorted, which causes packets of sound waves (phonons) to be emitted. This forms a
positive charge around the electron and before the lattice springs back into place, a
second electron is drawn towards it. The force exerted by the phonons overcomes the
electrons natural repulsion, and they move along separated by some distance and
screened by the phonons. When one of the electrons forming the pair passes a positively
charged ion a vibration starts which passes from ion to ion until the second electron
comes along and absorbs the vibration. The net effect is that one electron has emitted a
phonon and the other one has absorbed it. It is this exchange that keeps the Cooper pairs
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together. This electron pairing is favorable because it puts the material into a lower

energy state, the electrons are condensed into a macroscopic quantum ground state. When
a superconductor is heated up the vibrations of the lattice become more violent and start
breaking up the Cooper pairs and destroy the superconducting capability.

2.2 Superconducting magnets

The electromagnetic field theory described by Maxwell’'s equations relates the electric
field density and intensity to the magnetic field density and intensity. It states that an
electrical current in a conductor produces a magnet field. The capability of
superconducting materials to carry large currents enables them to form powerful magnets,
and to do so without the electrical losses associated with ordinary resistive
electromagnets.

The superconducting state exists below a phase surface that is delimited by the three
critical parameters of temperatufg magnetic fieldB. and current density.. Figure 2.1

[5] shows the phase diagram for niobium-titanium (NbTi) alloy which is used in the LHC
magnets.
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Figure 2.1  The phase diagram of the NbTi superconductor.
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For a given temperature a phase plane and critical magnetic field and current density is
defined as illustrated by the hatched surface in the figure.

When a superconductor is placed in a magnetic field it will ‘push’ the field out of itself. It
does this by creating a current in a very thin outer shell of the body that exactly counters
the external field, canceling magnetic flux in its interior. This flux exclusion is what is
referred to as the Meissner effect, and can be demonstrated by placing a magnet over it.
This magnet will then hover over the superconductor. It is this effect that is utilized in
e.g. magnetically levitated trains.

-M Type | -M Type Il

poB

poB

PoBep PoBc1 PoBc2

Figure 2.2 Magnetization curves for Type | and Type Il superconductor.

Superconductors are of type | or type Il illustrated in Figure 2.2 [6]. The type |
superconductors are perfect diamagnets and have no magnetization at all below the
transition fieldB.. They show a complete Meissner Effect until the superconducting
property disappears, but have very low valueBg@nd are not applicable as magnets for
high field applications. Type Il superconductors have two critical fiddsandB., and a
vortex state between them. They behave as type | Batik reached. Then the field

starts to penetrate, part of the Meissner Effect is lost, and the superconducting property
decreases gradually and is disappeared vhers reached. Type Il conductors can

reach much higher magnetic fields than type | conductors, and are ones used for most
applications.

2.3 Resistive transition, quenching

If any of the three critical values are exceeded anywhere within a superconductor the
material looses its superconducting property and goes into the normal conducting phase
with its associated resistance. The high current that goes through the normal conduction
area of the material produces a high voltage and power release in form of heat. This
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resistive transition is commonly known as quenching, and is an important source of
concern in magnet design.

A quench in a magnet is initiated because of a local energy release. This might be due to
movements of magnet coils under electromagnetic forces. It spreads along the magnet
wire with velocities of typically 20-100 m/s. The energy that is stored in the magnet is
released during a quench and must be absorbed by the magnet in the form of heat. If all
the energy is deposited in a small volume the magnet might melt or be mechanically
deformed due to the expansion of the coil.

To avoid local peak temperatures the whole volume of the magnet can be made resistive
when a quench is detected. Some of the energy might also be extracted by a discharge
resistance. A quench detection system involving detecting and triggering devices is very
important in the design of devices involving superconducting magnets with high fields.

2.4 Superconducting magnets for the LHC

The LHC will reuse the existing 27-km circular tunnel existing at CERN, and make use
of the well-proven fabrication method of cables and coils made of NbTi superconductor,
a type Il superconductor. In order to obtain the desired field of 8.7 T with sufficient
margin the magnets will have to be operated below 2 K. Specific heat of metallic parts at
this temperature is very low (an order of magnitude lower then at 4.2 K), with a
consequent faster temperature rise for a given deposit of energy. Special care must be
taken to limit temperature excursions and the motion of the superconductor to avoid
guenching the magnets. Temperature stability is obtained by immersing the
superconducting magnets in a static bath of pressurized He II.

The design of the collider require two separate beam tubes with field of equal strength
but in opposite direction. To reduce cost and total complexity of the machine these two
sets if coils have been put into the same structure. This two-in-one configuration has
demanded special care in magnet design since the two fields operate close to each other.

Producing the dipole magnets for the LHC will require 1200 tons of NbTi
superconducting cable. This equals more than six years production with today’s available
production capacity. In total the LHC will require more than 8000 superconducting
magnets for bending, focusing and correcting the particle beams [7].
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3 Helium and Low Temperature Heat Transfer

Helium is the only cryogenic fluid that can be used for cooling strings of superconducting
magnets at 1.9 K. The theory presented in this chapter is unless otherwise noted compiled
from [8] and [9]. [8] gives a broad overview of the present state of helium cryogenic and
contains extensive references to more detailed work.

3.1 Isotopes of helium

Two stable isotopes of helium exist: Heith boiling point 4.21 K, and the much rarer
(1:10°%in atmospheric helium) Heboiling at 3.19 K. In addition two unstable isotopes
He® and H& have lifetimes just under one second.

He® has one less neutron in the nucleus and thus an odd number of hadrons with a
resulting nuclear spit=1/2, and is therefore a fermion. Flith an even number of
hadrons resulting in zero nuclear spin, is a boson. The two isotopes therefore obey
different kind of statistics causing substantial differences in their low temperature
behavior. Only the Heisotope is relevant for this work and will in the continuation be
termed simply helium and He.

3.2 Liquid and gaseous helium

When liquid helium at atmospheric pressure is cooled below its boiling point it remains
liquid, and will do so down to absolute zero. It takes a pressure of more than 25 bars to
make it solidify as can be seen from the phase diagram, Figure 3.1. This behavior arises
from the low mass of the helium atom and weak interatomic forces.

The interatomic (van der Waals) binding forces are weak due to the simplicity of the
atom and closed electronic s-shell, giving no static dipole moment. The quantum-
mechanical uncertainty relation states that a particle has an uncertainty in the momentum:

h
Ap ~— 3.1
e (3.1)
which results in a kinetic energy of localization (zero-point energy):
2
E, ~ (2p) (3.2)
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wheremis the mass of the atorh,is Planck’s constant arldis the radius of the volume
within which the atom is contained. From the relation we see that the low mass of the
helium atom gives a high zero-point energy.

For the formation of solid helium, the zero-point energy is so large that the lattice is
unstable unless large external pressure is applied, and helium remains liquid below this
pressure. In hydrogen the polarized molecules yield van der Waals force that outweighs
the zero-point energy, and the solid state is the stable one. Since all other substances are
heavier than hydrogen and have stronger van der Waals forces, helium is unique in
remaining liquid at indefinitely low temperatures.

Solid He

30r
Melting

20

Pressure [atm]

Liquid He Il Liquid He |

10 Critical point
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EvapM He gas
| |

0 1.0 2.0 3.0 4.0 5.0
Temperature [K]

Figure 3.1 Phase diagram of helium [10].

Gaseous helium behaves more like an ideal gas than any other commonly known
substance. This is brought on by the weak inter-atomic potential and the spherically
symmetric molecular configuration. It is often most beneficial to consider properties of
gaseous helium in terms of extensions from the ideal gas mode.

3.3 The two-fluid model of He Il

Immediately below the boiling point helium essentially behaves like a classical fluid with
small viscosity and low density. When the temperature is decreased by lowering the
vapor pressure above the bath, the liquid boils and bubbles of vapor form within the bulk.
At T=2.17 Ka transition occurs and the liquid becomes quite still and no more bubbles
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are formed when the liquid is cooled further. This transition is signaled by a specific heat
anomaly whose shape has given the narpeint (lambda) to the temperatufgwhere it
occurs, Figure 3.2. Thetransition is a second-order phase transition and the two phases
cannot coexist in equilibrium. Specific heat of liquid helium is very large compared to
other materials at low temperatures e.q’ llBger than that of copper at 1.5 K. Further it

is highly non-linear with temperature.

Spesific heat [J/gK]

Temperature [K]

Figure 3.2 Specific heat of helium at 1 bar. Figure based on data from Hepak [11]

AboveT, helium is termed He |, whereas below it is termed He II. Belowxhe

temperature the state and transport properties of helium can only be explained using a
guantum mechanical description. The Landua theory (1940) of excitations in He I,
although semiempirical has considerable physical basis and is successful in describing
state properties such as specific heat and entropy. However the transport properties such
as heat and mass transport cannot be interpreted easily in terms of this theory. The
transport of the properties of He Il are better understood througtwihviuid model

suggested by Tsiza (1938). This theory takes the state properties of He Il as empirically
determined quantities.

According to this model, He Il is thought to consist of a mixture of two interpenetrating
liquids; the normal fluid and the superfluid. This picture is not to be taken too literally. It
is only a model and the existence of superfluid and normal fluid is a hypothesis. The
normal fluid is assumed to behave as an ordinary fluid possessing vispaségptropys,

and density,. The superfluid has densipy, no entropys,=0 and no viscosity.s=0. The
properties of the liquid are a linear combination of the properties of the two components.
Hence the density is given as:
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Since the superfluid has no entropy, the He Il entropy becomes:

HUS= UnSy (3.4)

It is assumed that,=s, the entropy at the lambda point, and that the strong temperature
dependence of the entropy, > enters through the variation of the normal fluid density.
It follows that:

.6
£ %i for T<T, (35)
A

Pozi o for ToeT,
0

Because of this strong temperature dependence He Il is 99 % superfluid at 1 K.

Two points are worth noting concerning terminology:

- The two fluids cannot be separated, and it is not permissible to regard atoms as
belonging to either normal or superfluid, as all helium atoms are identical.

- He Il might sometimes be termetperfluid as it was before the introduction of the
two-fluid model. It is now more correct to refer to helium beldywas He Il, and the
component in the model as superfluid.

3.4 Transport properties of He Il

Heat- and mass-transport properties of He Il can be understood through the two-fluid
model.

Experiments to determine viscosity might be divided in two classes: (1) measuring
viscous resistance to flow, (2) detecting viscous drag on a body moving in the liquid.
Normally these two methods yield essentially the same result for liquids, whereas for He
Il the two methods give very different values. A virtually zero value for the viscosity is
measured using a capillary channel flow experiment. Experiments using a rotating-disc
record ‘normal’ values of viscous drag, and He Il seems to be capable being both viscous
and non-viscous at the same time.

This apparent contradiction might be explained through the two-fluid model. For the
capillary type experiments the normal component is clamped in the tube but the

superfluid component may flow without friction. In the rotating-disc experiments the
normal component is forced to flow against its own viscous drag and a value for the
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viscosity is recorded. Such a setup is used to measure the variagign a$ a function of
temperature.

This explains the property of film-flow observed in He Il, where an empty container
partially submerged in He Il is seen to fill until the level in the container equals that of
the surrounding bath. There exists a film of He Il (~100 atomic layers) on the surface
exposed to the saturated helium vapor. This film acts as a siphon and the superfluid
component flows under the force of gravity into the container.

Thermal conductivity of He Il is found to be very high, tending to infinity for small heat
currents, and it is impossible to establish a temperature gradient in the bulk liquid. This
accounts for why boiling suddenly stops when passing througp-time: vaporization

only occurs at the free surface since the absence of a temperature within the bulk fluid
prohibits the formation of bubbles.

A temperature gradient can be set up between two vessels of He 1l connected by a
superleak A superleak is a channel which clamps the normal component but allows the
superfluid component to flow e.g. a porous plug of fine powder. If heat is supplied to one
side of the superleak, a temperature gradient is set up along with a pressure head giving a
higher level in the vessel on the side where heat is supplied. giacecrease with

decreasing temperature it can be inferred that the superfluid flows to the region of higher
temperature in order to reduce the temperature gradient and conserve the overall density
of the liquid.

In He Il heat is not transferred by the normal processes of conduction and convection.
Instead heat is transferred by an internal convection where the normal fluid flows from
the heat source and the superfluid in the opposite direction, while preserving constant
density everywhere in the fluid. This is illustrated in figure Figure 3.3.

T+AT T
E— K-

Normal Superfluid
component component

Figure 3.3 Internal convection of superfluid and normal fluid in a channel of He Il
[12].
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The maximum heat flug is that can be carried through the channel is characterized by
the point where the helium adjacent to the interface of the heat source exceeds the local
boiling point.q is strongly geometry and helium state dependent.

3.5 Steady state heat transport

The temperature differencfT in He 1l occurs because of two mechanisms: normal fluid
viscous interaction with the boundaries and mutual friction between the two turbulent
fluid components. Normal fluid viscous interaction is dominant for small diameters, but
for most practical applications the mutual friction is the limiting factor.

The turbulent heat transport equation in one dimension is written in the form:

dT _ m
3= (M (3.6)

Wheref(T)=Aa/(0°s*T%) andmis a numerical coefficient which theory indicates should

be equal to 3 but which experimentally has been shown to vary from below 3 to nearly 4
as temperature approaches A is the Gorter-Mellink mutual friction parameter ajpgl

and s are the normal and superfluid densities respectively. The qudfl{(Ty behaves

much like a thermal conductivity, determining the temperature gradient in the presence of
a heat flux. Figure 3.4 illustrates this quantity as a function of temperature and pressure.
It shows strong temperature dependence with a maximum at about 1.9 K at 1bar.
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Figure 3.4  Heat conductivity function for turbulent He Il. Symbols indicate the
location of the peak value [13].

Heat transport in a channel of finite lendtftcan be determined by integration of
equation 3.6. The maximum heat flux along a channel is found by integrating from the
bath temperaturé, to T, , the maximum allowable temperature difference:

ol LdT

3.6 Kapitza Conductance

At low AT no boiling occurs and the heat transfer is controlled by a phenomenon called
Kapitza conductance. This thermal boundary conductance was first discovered by
Kapitza in 1941 [14] when he observed a sizable temperature difference between the
surface of a copper block and the bath of He Il in which it was He II. In contrast the
temperature in the bulk liquid was almost homogenous.
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Kapitza conductance now refers to the interfacial thermal boundary conductance that
occurs between any two dissimilar materials where electronic transport does not
contribute. Since the effect is strongly temperature dependent it makes a negligible
contribution to heat transfer except at low temperature. However, it is of great interest
since at low temperature it can cause the largest temperature difference. To illustrate, a
0.1 W/cnf heat flux can lead to a temperature difference of 100 mK across a surface due
to the Kapitza resitance. To achieve the same temperature difference in heat transfer in a
channel of He Il would require the channel to 1000 meters long.

Ideally Kapitza conductance is defined as

lim
h = d

= 3.8
° AT -0 AT (3.8)

where the subscript O refers to the limit&8;— 0. A more general and practical
definition relates the finite values gfandAT

-9
h = — 3.9
“ AT, (39

Theories trying to explain this phenomenon are rather complex. Their basis is that the
difference in the wavelength of the quantizized lattice vibrations, phonons, between the
helium and the solid constitutes a resistance to conduction. On the interface a large part
of the phonons are reflected, and only a few with the right angle of attack might pass
energy across.

Predictions made by the different models may vary by more than two orders of
magnitude, and furthermore it is clear that Kapitza conductance is strongly affected by
the nature of the surface, whether it is dirty, clean or treated in some way. For practical
applications it is therefore important to obtain the Kapitza conductance of the surfaces
involved preferably by measurement. Theories predict the conductance to be proportional
to T3, while experimental data show valuestpf T" wheren is varying from 2 to 4. It is
generally agreed to be 3 ahdlis then given as:

he= 80P [W/mPK] (3.10)

wherefis constant which literature gives as 900 for clean surface and 400 for dirty
surface.

Heat that is transferred between two baths of He Il separated by a wall, will encounter the
Kaptiza resistance on warm side, the solid resistance in the wall and at last the kaptiza
resistance on the cold side. The resulting temperature profile will qualitatively be as in
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Figure 3.5.
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Figure 3.5  Temperature profile (bold line) over a wall separating two bodies of He II.

Heat flux is given by:

q == (3.11)

T.0andT,; are the temperatures of the two baths as there is no temperature gradient
within bulk He Il. The total resistanc&q, is

1 1 1
el 1, 3.12
RtOt ¥ k hko ( )

wall

wherekya is the thermal conductance of the wall material.
For the heat exchanger at the 1.8 K level of the String the following has been found [15]:

d=0.9 mm
kwaII:5 W/Km
[=860+30 W/niK

Using the same temperature of 1.8 K to calculate the Kapiza conductance on the inner
and outer wall, the Kapiza resistance stand for 70 % of the total resistance to heat
transfer.



30

4 The LHC Layout and Cryogenic System

The CERN Council approved the Large Hadron Collider (LHC) project in December
1994. Upon its completion in 2005 it will be the largest scientific instrument in the world.
Recreating the conditions prevailing in the early univers&s@conds after the Big

Bang when the temperature was-d@egrees, it will be used to study the structure of
matter and basic forces of nature.

This circular particle accelerator will be built in a 27-km tunnel presently occupied by the
Large Electron Positron (LEP) Collider. It will accelerate and bring into collision two
counter rotating beams of protons and later also ions. In order to focus and bend these
two beams into a circular path at a sufficiently high energy level of 7 TeV per proton
beam, it will make use high-field superconducting magnets. The magnets will be
constructed using NbTi conductor and operate in a static bath of pressurized superfluid
helium at 1.9 K throughout the circumference. The presented description of the LHC is
based on the conceptual design study of the LHC Study Group [16].

4.1 Plant layout

The LHC will mirror the layout of the existing LEP with its eight identical sectors of 2.9

km separated by straight sections used for the four experiments and utilities, Figure 4.1.
Due to geological constraints the tunnel is constructed at an angle of 1.4 % and at a depth
ranging from 60 to 140 meters.

Figure 4.1  The layout of the Large Hadron Collider with experiments [17].

4.1.1 The arc cells

The building block of the arcs are the 106.9 meter long independent cells each consisting
of two times three bending dipoles (MB) and a focusing quadrupole (SSS), Figure 4.2. In
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addition there are several types of smaller higher order magnets for various kinds of
correction of the circulation particle beams. The cells are fed with cryogenic liquid by the
cryogenic distribution line.

Cryogenic Distribution Line

e o e e — — p— p— —

g MEB MB MB 883 ME ME MEBE

Figure 4.2 The layout of the 106.9 meter full cells of the LHC consisting of two times
three dipoles and a short straight section housing the quadrupole bending magnet [18].

4.1.2 Dipole bending magnets and quadrupole focusing magnets

The particle beams are kept in a circular path by the dipole bending magnets. There will
be 1232 twin-aperture dipoles, with a magnetic length of 14.2 meters. Figure 4.3 shows
the cross section of the bending dipoles.

HEAT ENCHANGER PIFE
-
,
_8C BUS-BARS

. IRON YORE (COLD MASS, 1.9K)
- SUPERCONDUCTING COILS

Figure 4.3  The cross section of the cold mass containing the dipole bending magnets.
The outer diameter of the cold mass is 57 cm [19].
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The two beam pipes are surrounded by two sets of superconducting dipole magnets. They
are held in place by aluminum non-magnetic collars, which in turn are encapsulated by an
iron yoke with the purpose of stabilizing the magnetic fields. The heat exchanger pipe is
threading its way through all the six magnets of the cell. The iron yoke has holes for
providing a longitudinal thermal bridge within the cold mass. A beam screen is located
inside the beam tube. It is cooled to 5-20 K and will intercept stray particles from the

beam to reduce the heat load on the 1.9 K level. The cold mass at 1.9 K is placed inside a
closed shrinking cylinder/He ll-vessel with a diameter of 58 cm. The iron yoke and non-
magnetic collars consist of longitudinally stacked elements, illustrated in Figure 4.4.

Iron Yoke Laminators
Shrinking Cylinder

Stainless Steel Lamination

Heat Exchanger Tube

Bus Bars

Figure 4.4  Assembly of the dipole cold mass showing the longitudinally stacked
elements [20].

Static pressurized superfluid helium is filling the longitudinal holes and also penetrates
into the transverse minute spacing between the yoke and collar elements, ensuring good
transversal heat transfer and making the cold mass into a continuous body of He II.

To minimize heat inleak the cold mass is covered with layers of radiative insulation
outside the shrinking cylinder. In the vacuum outside the shrinking cylinder there is an
actively cooled thermal shield at 55-75 K and the whole assembly is sitting inside a
vacuum vessel with an outer diameter of just under one meter.
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Two support post made of composite per magnet are designed to minimize heat inleak
and have a heat intercept connected to the thermal shield.

The cross section and design of the 3.1-meter focusing quadrupoles is essentially the
same as for the dipoles except for the layout of the superconducting coils. The
guadrupole is mounted in a short straight section that also can house smaller correction
magnets.

4.2 The LHC Cryogenic System

The superconducting magnets to be used throughout the circumference of the LHC will
require very stable operating conditions around 1.9 K. The cryogenic system must be able
to transfer cooling power over long distance (3.3 km) and small temperature difference
(~100mK). As a basis the cryogenic system will reuse the present infrastructure and
cryoplants in operation at the present LEP accelerator. The cryogenic system must also
handle the static head in the cryogenic transfer lines resulting from the 1.4% slope of the
tunnel and the 100 height difference from the lowest to the highest point of the ring.

In view of the high thermodynamic cost of refrigeration at low temperature, actively
cooled thermal shields will intercept most of the system heat loads at higher temperature
than 1.9 K. As a result the LHC requires a mix of refrigeration duties at different levels of
temperature.

4.2.1 The General Layout

Refrigeration will be produced by eight cryogenic helium plants evenly distributed

around the ring. Each cryoplant will have an equivalent capacity of 18 kW at 4.5 K and a
total capacity of 144 kW at 4.5 K. The major part of the cryoplants will be located on the
surface in order to reduce the requirement for underground space. Pressurized liquid at 20
Kis led down through a vertical transfer line to the underground area where the rest of

the cryoplant is located. Each cryoplant will supply two adjacent sectors of 3.3 kilometers
with cryogenic liquid at different required temperatures through a cryogenic distribution
line.

The large requirement, low saturation pressure of helium at 1.9 K and the limited space in
the underground areas imposes the use of cold hydrodynamic compressors. The heat of
compression deposited at low temperature demands high efficiency in these cold
compressors for the technological and economical aspects of the project to be feasible.
This technology was not available from industry when the LHC was approved
constructed. Efficient and reliable solution has been developed by CERN in close
collaboration with industry. The cold compressor units (CCU) will provide a pumping
capacity of eight times 120 g/s at 16 mbar.
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A major component of the cryogenic system is the cryogenic distribution line running
alongside the magnets. The 106.9 meter long cells are fed cryogenic helium at several
temperature levels through jumper connections from this line. The cells have individual
cooling loops.

In case of a resistive transition (quench) in one or more of the superconducting magnets
the pressurized liquid He Il in the cold mass will be ejected from the magnets and into the
distribution line. The ejected liquid and gas will be led to surface storage tanks and
reintroduced into the system from there.

4.2.2 Magnet Cooling Scheme

The thermal conductivity of static pressurized superfluid is large but not infinite, and
cannot be used to transfer the heat loads involved over the distance required for the LHC.
Cooling schemes based on forced flow of pressurized He Il are hampered by pressure
drop and Joule-Thomson heating and are also not applicable for the LHC.

The LHC cooling scheme is based on a quasi-isothermal heat sink running through the
magnets in a bayonet heat exchanger [ref], the location of which can be seen in Figure
4.3. A flow of stratified two-phase saturated He Il advances in the heat exchanger absorbs
the heat loads as it evaporates. This scheme will be implemented as individual cooling
loops for each cell as shown in Figure 4.5.
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Pressurized helium at 4.6 K and 3 bar is taken from header C, and cooled against the out-
flowing low-pressure helium vapor to 2.2 K in a heat exchanger (HX). It is then

expanded to 1.9 K and 18 mbar by Joule Thompson throttling (TCV1) and fed into the
bayonet heat exchanger. The liquid and flash gas from the throttling flow in co-current
along the heat exchanger and the liquid is completely vaporized before it can reach the
far end of the heat exchanger. In normal operation the liquid is vaporized after advancing
about 1/3 of the length. The slightly superheated 1.9 K gas is then returned through the
sub-cooling heat exchanger (HX) into header B which runs back to the helium plant.

The cooling loop for the thermal shield and support posts is fed from header E. The
cooling loop for the beam screen is fed from line C.

4.3 Heat Loads

In normal operation of the machine there will be steady state heat load on the system as
well some heat load that will occur as transients.

4.3.1 Steady state heat loads

The steady state heat load in normal operating conditions are grouped in three categories
according to their origin:

-Natural heat inleak from ambient temperature.

This is heat conducted through the support posts, radiative insulation, quench valves and
instrumentation feed-throughs, as well as radiation through the insulation vacuum. The
natural heat inleak is foreseen to be about 0.5 W/m for the LHC machine. The natural
heat inleak is larger for the Magnet Test String and measured to be about 1 W/m.

-Resistive heating.
This heat comes from the non-superconducting sections, like current feed-throughs and
splices in the superconducting magnet.

-Beam induced heating.
This is heat load brought on by the circulating proton beams and arising from synchrotron
radiation, image currents, longitudinal impedance and beam gas scattering.

Heat will be intercepted at 50-75 K, at 4.5-20 K and at 1.9 K as described in the previous
section.
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4.3.2 Transient Heat Loads

The transient heat loads during the operation of the machine come from:

-Losses during ramping and de-ramping of the magnet current.

These losses are due to hystresis in the filaments, interfilament coupling, interstrand
coupling- and eddy currents. The loss has two components. The hystresis loss which is
proportional with the current, and the coupling loss which is proportional to the ramping
rate (dl/dt). For nominal magnet current and ramping rate of 12.4 kA and 10 A/s
respectively, this produces a heat load in the order of 0.2 W/m.

-Halo loss.

The halo is the outermost part of the circulating beam. At all times this part of the beam
hits the wall and produces heat. The location in the machine where this happens is
changing with the tuning of the machine. Although a continuos process it must be
regarded as a transient heat load since its location changes arbitrary. The halo loss is
estimated to be about 1 W/m over a section of 30 meters. It is the largest of the transient
heat load and is the greatest cause of concern from a temperature-control point of view.

-Introduction of the proton beam.
The beam induced heating described under steady state heat loads will appear as a
transient when the proton beams are fed into the beam pipes.

4.4 Magnet Test String

[22] The accelerator magnet test string is a 35-
meter working model of a LHC half-cell such as
was before the simplification of the cryogenic
scheme. It is assembled from three prototype
dipole cryomagnets of 10 meters and one
guadrupole cryomagnet housed in a short straig
section of 5 meters according to the foreseen
layout for the LHC at the time of its construction. :
In the present layout the LHC a half-cell is 53.45 S
meters. =

Figure 4.6 shows the String viewed from on top
the String Feed Box (SFB) with the short straigh
section as the closest part. Among others the
pneumatic motor of the Joule-Thomson valve ce
be seen in front. It is mounted with a 1.4 %
gradient sloping towards the camera. This
corresponds to the maximum slope of the LHC.
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Figure 4.6  The Magnet Test String viewed from on top of the String Feed Box. The
short straight section housing the quadrupole is the first section of the String in this
picture.

The String was constructed to investigate aspects beyond single-magnet tests such as
cryogenic transients, control aspects, electrical and thermohydraulic quench propagation
effects, beam and insulation vacuum performances as well as installation and quality
assurance procedures. In its five years of operation until its decommissioning in
December 1998 it has operated 12 600 hours below 2 K for studying these aspects.

Apart from the apparent difference in length between the LHC and this String layout, a
major difference is that the String has incorporated all of the cryogenic piping into the
main cryostat and consequently does not have a separate cryogenic distribution line.
Figure 4.7 shows the cryogenic flow scheme for the LHC Test String.

:
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Figure 4.7  Cryogenic flow-scheme for the LHC Test String. The String Feed Box
(SFB) is on the left and the String Return Box (SRB) is on the right hand side [23].
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Liquid He | is taken from the main cryostat and subcooled in a very-low-pressure-heat-
exchanger against the outflowing gas. It is then distributed through line A and expanded
to saturation through a Joule-Thomson valve and fed to the far end of the heat exchanger
tube. Saturation pressure is maintained by pumping the vapour through line B and the
very-low-pressure-heat-exchanger. Line C supplies supercritical helium for cooling the
magnet support post at 4.5 K. Line E and F are supplying liquid nitrogen to the thermal
shield and magnet support to intercept heat at the 90 K level. After a magnet resistive
transition the resulting pressure rise is kept below the 2 MPa maximum design pressure
of the cold mass by opening the quench relief valve on the quench trigger and
discharging helium in line D which leads to the Quench Buffer Vessel (QBF).

4.4.1 Liquid Supply and Flow Measurement

The normal liquid He at 4.2 K in the main cryostat is separated from the superfluid
helium in the cold mass by the lambda-plate, indicating the point where the temperature
drops below the lambda point.

Liquid from the main cryostat goes into line A through a flow valve. This flow valve is

fitted with a venturi flow meter. In line A additionally a thermal mass flow measurement
can be done by means of two temperature sensors mounted on either side of an electrical
heater. Measured temperature increase for the applied heat load and conservation of
energy gives the mass flow. Conservation of energy gives:

, o o q
Mr.CplT, )+g=mT.CplT2) < m= 4.1
.Cp(T,) +q=mT,Cp(T2) TGP -T.Co) (4.1)

This type of mass flow measurement has the disadvantage of adding to the heat load on
the system. It is therefore not continuously in use.

The thermal mass flow measurement gives relatively better results at lower mass flow
rate since the observed temperature rise increases. Contrary the venturi flow meter
performs better at high flow rates. Below 0.5 g/s it is not considered to give a reliable
reading and the value is set to zero. Consequently attempting to measure liquid
consumption integrated over a period of time will yield a result with a degree of
uncertainty.
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4.4.2 Very-Low-Pressure Heat Exchanger

This is a vital part of the cryogenic system where the helium is cooled to a temperature
inside the inversion curve where it can undergo Joule-Thomson expansion into the liquid
phase.

The pressure drop for the gas directly affects suction pressure hence the work required
from the pumping system. The efficiency of the heat exchange affects the overall mass-
flow requirement since liquid fraction after expansion depends on the temperature of
liquid upstream.

Knowing the pressures and having no vapor before the valve, conservation of enthalpy
gives vapor fractionx, after expansion as:

h]Jiz - h2liq

e (4.2)

hlliq = (1_ X)hzliq + Xthas = X=

2gas - 2liq

wherel and?2 indicates before and after expansion. At design-pressures 1.15 bar and 18
mbar the vapor fraction will bg=0.12with 2.2 K before the valve. A temperature of 3 K
before expansions increases the flask=0.21

4.4.3 Joule-Thomson Valve

The Joule-Thompson (JT) valve supplies saturated liquid and flash gas to the heat
exchanger through a small supply line resting at the bottom inside the heat exchanger.
According to the characteristic from the supplier it is linear up to 80 % opening where it
supplies 6 g/s, and logarithmic thereafter supplying 12 g/s at 100 % opening. It is
operated by a pneumatic motor.

4.4.4 The Bayonet Heat exchanger

The liquid that has been expanded through the JT valve is fed to the far end of the
bayonet heat exchanger [24] by a small tube resting on the bottom of the HX tube. The
HX threads its way through all the magnets, and the liquid flows back by the force of
gravity as it vaporizes. The helium gas is pumped out of the system at the far end. The
heat exchanger is a corrugated copper tube with dimensions as shown in
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Table 4.1
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Table 4.1 Dimensions of the 1.9 K heat exchanger.
Wall thickness (e) 0.9 mm
Outer radius (Juy) 2.53 cm
Inner radius () 2.10 cm
Length of pattern () 1.50 cm
Pitch 1.22 cm

Figure 4.8 show a schematic view of the 1.9 K heat exchanger tube.

B Sk
e I .

Figure 4.8  Schematic view of a section of the 1.9 K heat exchanger tube.

4.4.5 Electrical Heaters

The magnets are equipped with electrical heaters for simulating heat loads. They are
capable of producing heat-loads up to 40 W per magnet, well above any foreseen heat-
loads for the LHC.

4.4.6 Temperature sensors

The most important part of the instrumentation are the eight temperature sensors, one on
each end of the four magnets, mounted at the vacuum side at the end plate of the pressure
vessel.

They are CERNOX Model CX-1050-SD resistive temperature sensors with negative
temperature coefficient (high resistance at low temperature and vice versa) manufactured
by the LAKE SHORE company.
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They are calibrated in-situ using the saturation pressure in the heat exchanger pipe as the
temperature reference. This pressure measurement is the most accurate means of
providing a reference.

The calibration is inserted into the PLC as a table deduced from the calibration function
which is corrected according to the in-situ measurements.

The resulting accuracy 810 mK below 4.2 K for the sensor. The electronic
components have an accuracytofO mK below 4.2 K. The resulting accuracy for the
temperature reading #s20 mK. The relative accuracy of the temperature sensors is an
order of magnitude better and estimatedtb mK [25].

4.4.7 Disturbances

The LHC Test String is subject to disturbances that will not be present in the future LHC.

The gas out of the heat exchanger tube is let into a central suction line leading to the
pumping group of the facility. The central cryogenic system has several users injecting
helium gas into this pumping line according to their need of refrigeration. Consequently
the pressure in this line is not stable. A stable pumping pressure in the String system is
maintained by a pressure controlled valve regulating on the pressure in the overflowing
pot and with the back pressure in the central line as a disturbance. This control loop is
always active and has a sampling time of one second, and the pumping pressure
constantly exhibits 1-2 mK oscillations. The pressure in the return line of the Cryogenic
Distribution Line of the LHC is foreseen to be more stable than what is the case for the
String, and the control of the 1.9 K cooling loop will not be subject to this disturbance.

Nitrogen cooling loop for the thermal shield and magnet support posts exhibits
oscillations with a time constant in the order of several hours. The heat inleak to the 1.9
K level varies accordingly. This can be observed as a increase in liquid consumption in
steady state condition where the JT valve opening will oscillate wR%6 opening and

the same time constant as the nitrogen loop to match the variation in heat inleak. The
corresponding variation in heat inleak is aba.5 W, which is non-neglectable
compared with the overall heat inleak of about 1 W/m = 35 W. This disturbance is also
not foreseen to be present in the LHC machine.
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5 Control Aspects for the 1.8 K Cooling Loop

[26] [27]A processmight be described as an object where variables interact to produce
observable signals. Observable signals are callgputsalso denoted controlled

variables of the system. External signals that can be manipulated by the observer are
calledinputsalso denoted manipulated variables of the system. External signals that
cannot be manipulated by the observer are callstiirbancesDisturbances are
distinguished according to whether they might be measured directly or if their influence
only can be observed on the output. Systems having a single input and single output are
called a SISO system. Systems with multiple inputs and outputs are denoted MIMO
system.

There is a fundamental difference betwéeadbackandfeedforwardcontrol of a

process.

Feedback controller takes corrective action when the controlled variable deviates from

the set point, regardless of the source and type of disturbance. An implicit disadvantage is
that no control action can be taken until after a deviation is observed. The concept of
feedforward control is to measure the disturbance and take corrective action before it
upsets the system. Achieving this presumes the disturbance can be measure online, also a
relationship between control action and effect must be established. The accuracy of the
relationship impacts on the performance of the feedforward action.

Selection of the controlled, manipulated and measured variables represents a major

decision in control system design. Relevant guidelines for this selection include:

- Controlled variable: select variables that are not self-regulating. Variable that may
exceed
equipment and operating constraints, and variables that seriously interact with other
controlled variables (MIMO system).

- Manipulated variables: select inputs that have large effect on the controlled variables,
and inputs that rapidly affect the controlled variables.

- Measured variables: reliable, accurate measurements are essential for good control.
Measurement points should be selected to minimize time delays and time constants.

5.1 Present control strategy for the 1.8 K cooling loop

The control strategy for the 1.8 K cooling loop of the LHC Test String has evolved
through an R&D program over many years involving several test benches. The process
and control strategy for the accelerator itself will be a further refinement or alteration
based on the experience gained through the String and the ongoing R&D program.

The present control strategy is an industrial PID feedback control applied on a SISO
system. The manipulated variable is the Joule Thomson valve and the controlled and
measured variable is the magnet temperatures as illustrated in Figure 5.1. None of the
imaginable disturbances in steady state operation are measurable. Disturbances during
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ramping, de-ramping of magnet current and introduction of the particle beams can be
anticipated and their magnitude estimated. They can be regarded as measurable
disturbances.

Figure 5.1  Control scheme for the 1.8 K Cooling Loop showing the eight temperature
sensors (TT), the temperature controller (TC) and the Joule-Thomson valve.

The highest of the measurements from the eight temperature transmitters (TT) is at every
sampling interval chosen and fed to the temperature controller (TC). The reference
temperature (T_ref) given to the controller is the saturation temperature measured in the
volume of the overflow pot at the end of the heat exchanger. The set point temperature,
which is the temperature the controller seeks to keep the magnets on, is a fixed offset
from T_ref to allow a temperature margin for heat transfer in the system. The set point is
an adjustable parameter of the controller along with the proportional, derivative and
integral action.

5.2 Process Characteristics

From a control point of view there are several features that are important to identify since
they affect the dynamic behaviour of the cooling loop of the system and impact on the
control system design. For the 1.8 K cooling loop of the Magnet Test String the following
has been identified.

-Integrating process

also denoted non-self regulating or open loop unstable process in literature. For an
integrating process in steady state submitted to a step in the manipulated variable, the
controlled variable will either increase or decrease with time, and no new steady state

will be attained. The temperature control of the cooling loop is an integrating process as a
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change in either the manipulated variable (JT-valve) or the heat inleak (unmeasurable
disturbance) will not lead to a new steady state of the system.

- Non linear

The process contains several non-linear physical parameters. Most importantly the

specific heat of He Il more than doubles its value between 1.8 to 2.2 K. In addition heat
transfer in superfluid helium is a strongly non-linear process. The gas density varies
noticeably in the temperature region. This change impacts on the pressure drop hence the
saturation temperature in the heat exchanger and consequently the temperature margin for
heat transfer.

- Variable dead time

The heat exchanger is operated with a partial wetting of the
length of the tube. The degree of wetting varies according to
the heat load, the temperature difference between the
saturation temperature along the tube and the magnet
temperature and the history of the liquid flow from the JT-
valve still stored in the wetted profile. This constitutes a
variable time delay in the process.

- Non minimum phase

A process is hon-minimum phase when competing dynamic
effects operate on two different time scales. When increasing
the JT valve opening to increase the cooling power, also the
amount of flash gas and consequently the pressure drop along
the Hx-tube increases. This leads to a higher saturation
pressure profile along the tube consequently decreasing the
actual cooling power provided by the wetted length and the
temperature will increase during a transient period. This
inverse response makes the system non-minimum phase.

5.3 Temperature Margins and Control Band

The temperature of the superconducting magnets is a control parameter with strict
operating constraints imposed by (a) the maximum temperature at which the magnets can
operate, (b) the cooling capacity of the cryogenic system, (c) the variability of applied

heat loads and d) the accuracy of the instrumentation.
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A temperature regulation with a narrow control band will ease the demands on these
constraints as illustrated in Figure 5.2. Less frequent recalibration of the temperature
sensors and less accurate sensors and electronic equipment can be tolerated. Higher
suction temperature at the compressors will ease the required work of compression. The
magnets can be operated at a lower temperature and higher magnetic fields.

A T(K)
Maximum temp. for magnets

Sensors & Electronics Accuracy ~:|~ +10 mK

CONTROL BAND 25 mK

Temp. margin for heat transfer I 15 mK

»
»

Figure 5.2 Temperature margins for the process (indicative numbers).

5.4 Classical versus advanced control

Possible choices for control structure for the 1.8 K cooling loop can be categorized in two
broad classes: (a) conventional or classical control, normally a PID type controller, (b)
advanced also denoted modern control.

A narrower control band can in principle be achieved by implementing a modern control.
[28]. The class of modern control now hosts a variety of different approaches such as
pole placement (RST), adaptive control, fuzzy logig,ddntrol, Linear Quadratic

control, and an array of predictive controllers.

A unified approach to Model Predictive Control (MPC) has been developed [29]. This
approach unifies a number of well known predictive controllers and is also set in
reference to approaches such as pole placement and. Adaptive control can be an
extension to MPC control. MPC is the most frequently applied advanced control
methodology and works satisfactory in the majority of the applications. This is the class
of advanced control that is investigated for implementation on the 1.9 K cooling loop.
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5.4.1 PID control

Standard PID controllers are of the form [31]:
> 1. deX

t)=p, +K t) +—>e(t)dt+7, — 51

PO = Py + K. EO =l R (5.1)

p(t) is the controller outputpy is the nominal actiork. [-] is the controller gaine(t) is
the error signaly [s] is the integral time antp [s] is the derivative time. The error signal
e(t)is given by:

e(t) = R(t) - B(t) (5.2)

whereR(t) is the set point an8(t) is the measured value of the controlled variable.

Advantages of the PID controller are that they are simple, cheap and readily available off
the shelf. They do not require a model of the process, and can be tuned with only a very
limited knowledge about the process that they shall regulate. It is the most well known,
widely applied and recognized control structure.

PID regulators are not optimal when one or more of the following characteristics are
present: non-linearities, long time delay, or non-minimum phase. Feed forward action

from measurable disturbances is not a structured part of the controller, but can be
incorporated if required. Handling constraints in the process is also not incorporated in

the structure. A drawback compared to MPC controllers is that there is not a clear
connection between the tuning parameters and the response of the controller; the tuning is
not performance oriented.

5.4.2 MPC control

[30] Predictive control belongs to the class of model-based controller design concepts.
The success of MPC technology as a process control paradigm can be attributed to three
important factors. Firstly the incorporation of an explicit process model into the control
calculation. This allows the controller, in principle, to deal directly with all significant
features of the process dynamics. Secondly the MPC algorithm considers plant behaviour
over a future horizon in time. This means that the effects of feedforward and feedback
disturbances can be anticipated and removed, allowing the controller to drive the plant
more closely along a desired future trajectory. Finally the MPC controller considers
process input, state and output constraints directly in the control calculation. This means
that constraint violations are far less likely, resulting in tighter control at the optimal
constrained steady state for the process.
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5.4.2.1 The predictive control concept

The way predictive controller operates for a SISO system is illustrated in Figure 5.3. The
time scale is discrete and relative to the sankplehich denotes the presentis the

controller outputy is the process outpuiv is the desired output called reference
trajectory.H, is the prediction horizon and the symbol * denotes estimation.

Illj|=l|||l1l IlikTT!IrTT
I I [
k—1 k41 k—1 k41

Figure 5.3  The concept of receding horizon predictive control. At the next sampling
interval updated values for the used [32].

A predictive controller calculates a future controller output sequerstesh that the

predicted output of the process is ‘close’ to the desired owtpuhich can be an arbitrary
sequence. Only the first element of the controller output sequence is used to control the
process. At the next sample tirael the whole procedure is repeated using the latest
measured information. This is what is referred to as the receding horizon principle.
Receding horizon approach allows compensating for future disturbances or modelling
errors. The process output is predicted by a model of the process to be controlled. In
order to define how well the predicted process output tracks the reference trajectory, a
criterion function is used. A more detailed description of the predictive control concept is
given in chapter 7.

5.4.2.2 Advantages and drawbacks of MPC

Three factors were mentioned as the basis for the success of the MPC technology: (1)
incorporation of an explicit process model, (2) considering plant behaviour over a future
horizon in time and (3) considering input, state and output constraints directly in the
control algorithm. These factors give rise to several attractive features.

MPC can be used to control a wide variety of processes without the designer having to
take special precautions. | can be used to control ‘simple’ processes as well as ‘difficult’
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processes containing time delay, being non-minimum phase and processes that are open
loop unstable.

MPC has automatic dead time compensation and it makes a clear distinction between

reference tracking (feedforward) and noise rejection (feedback). In a natural way feed-
forward action can be introduced, and pre-scheduled reference trajectories or set point
can be dealt with.

The methodology is the only that can handle process constraints in a systematic way
during the design of the controller. This is what most clearly distinguishes MPC from
other process control paradigms.

It is not restricted to SISO processes, and extending the predictive controller to a MIMO
process is straightforward. Non-linear models can also be introduced, with potential
improved performance over linear MPC controllers for highly non-linear processes.
However there still remains significant work before the field of non-linear MPC control
can be considered a mature technology.

MPC controllers are relatively easy to tune, making them attractive to a wider class of
control engineers and even people that are not control engineers. The tuning parameters
are closely linked to the performance of the process. The tuning parameters are more
decoupled than what is the case for the PID tuning parameters.

Finally as an advantage MPC is an open methodology, meaning that within the
framework of predictive control there are many ways to design the controller.

This point is also a drawback of the MPC. Since it is an open methodology many
different controllers can be derived having different properties, differences that can yield
very different behaviour of the closed loop system. As a result it can be quite difficult to
select which predictive controller that should be used to solve a particular control
problem.

Perhaps the biggest drawback compared with PID control is that a model of the process
must be available. In developing a controller two phases can be distinguished: modelling
and controller design. Predictive control methodology provides only a solution for the
controller design part. The process of deriving an appropriate model for an MPC

controller has not been addressed in the same structured manner as has the control design.
This obstacle has been recognized and more effort is now being put into the field of
modelling for MPC controllers. However it still is a major drawback, and it has been
reported that as much as 90 % of the effort of designing an MPC controller goes into
creating the process model.

The disadvantage of predictive control being much more demanding from a
computational point of view is becoming less important as computers steadily become
less expensive and more powerfNbnetheless the cost of developing a predictive
controller is significantly higher than using a classical controller. The benefits in process
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control must be offset by the increased cost of development and hardware for a predictive
controller to be attractive.

In view of the advantages and drawbacks of MPC and PID control and the challenges
posed by the dynamic properties of the system there is a strong motivation to investigate
the use of a predictive controller for the 1.8 K cooling loop of the Magnet Test String and
the future LHC.
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6 Experimental Investigation

For properly being able to model and control a system a thorough understanding of the
characteristic features and dominant parameters of that system is required. In this chapter
a series of experiments are described. They were performed prior to and during the

course of the modelling of the system and design of the MPC controller described in
chapter 8. They identify and demonstrate fundamental features and have been an essential
part of the development of the model and the MPC controller.

The experiments have two purposes: obtaining data required for building the first
principle described in chapter 7, and experiments performed in order to identify and
understand fundamental features of the system.

6.1 Liquid velocity in the heat exchanger tube

The velocity of the advancing saturated He 1l liquid from the Joule Thomson valve in the
heat exchanger tube was realized to be an important feature. This velocity governs how
fast liquid can be transported to the dry area of the heat exchanger and increase the
cooling of the system. A set of measurements to determine the characteristic of this flow
were performed as follows:

The temperature of the system was lowered to the temperature where the whole length of
the heat exchanger is needed to extract the heat inleak. This is the lowest achievable
temperature for a given saturation pressure. This was achieved by opening the valve in
manual slightly more than the steady state opening observed with the regulator in
automatic mode and the system in steady state conditions. Eventually the heat exchanger
is totally wetted and slightly overflowing which was detected by observing a

continuously increasing level in the overflowing pot located at the outlet of the heat
exchanger tube.

The valve was then in manual mode set to a higher opening, thereby increasing the liquid
flow and creating a wave of liquid travelling along the already totally wetted heat
exchanger tube.

The arrival of this wave in the overflowing pot was detected by a sharp increase in the

rate of filling of the pot. The flow velocity is calculated as the ratio of the length of the

tube over the recorded time for the wave front to arrive. The frequency of the logging
system and uncertainty in detecting the transition in rate of filling makes the timing
measurement accurate to within 10 seconds. In addition there might be an uncertainty in
whether the tube and the corrugations at the end of the tube are completely wetted
continuously. This because the flow of liquid in the supply line to the JT valve as

observed by reading the FT 9202 (located before the Very Low Pressure Heat Exchanger)
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is sometimes observed to fluctuate. These factors give an uncertainty in the results of 10
%.

With a steady state opening of 25 % this procedure was carried out for valve opening
between 40 to 80 %, and at two different pressures, 10 and 21 mbar. 21 mbar is around
nominal operating conditions while 10 mbar was the lowest pressure allowed by the
cryogenic system. The results with 10 % error bars are shown in the left graph of
Figure 6.1. On the right side in the figure is shows the same data with valve opening
converted to liquid flow according to the valve characteristic described in section 4.4.4.
At 10 mbar the flash over the expansiorxi0.1441 and at 21 mbax=0.1182 an 18 %
increase. Data from these experiments are found in Section A-1.
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Figure 6.1  Liquid velocity in the heat exchanger tube. On the left hand figure shown
as a function of valve opening, and on the right hand figure as a function of liquid flow.

The velocity of the advancing liquid is in the order of 10 cm/s. It is showing a fairly

linear dependence of the valve opening with a minimum of about 6 cm/s. The lower flow
velocity at low opening of the valve is thought to arise because some of the liquid of the
advancing wave-front is retained in the tube. At high opening relatively less of the wave
front is retained.

Within the error of measurement the velocity of the advancing liquid is independent of

the pressure in the tube as can be seen on the left-hand side of

Figure6.1 There is a doubling of the density of the gas from 10 to 21 mbar, furthermore
the increase in flash over the valve results in more than twice the velocity of the gas for
the same valve opening. This leads to the conclusion that there is only a feeble interaction
between the liquid and the gas states.
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6.2 Amount of pressurized He Il in the magnets/cold-mass

The pressurized He Il present in the cold mass dominates the heat capacity of the system
at 1.9 K in spite of constituting less than one percent of the total weight at this
temperature level. This is due to the extreme specific heat of He Il at this temperature and
the decrease of specific heat of metals at low temperature. Clearly a good estimate of the
amount of He Il in the pressure vessel is important.

Various estimates of the He Il content of the cold mass exist. These estimates are based
on geometrical considerations, measurement of the He Il expelled from the following a
guench and measurement of the helium inserted during filling of the cold mass. However
the values from these vary with more than a factor of two, and moreover it is difficult to
assess the nature and magnitude of the factors giving rise to these diverging figures.
Consequently a reliable estimate of the amount of He Il in the cold mass can not be
derived from these results.

This was the motivation for devising an experiment intended to estimate the amount of
He Il by observing the rate of temperature increase of the system when no cooling was
provided.

Starting in normal operating conditions, the supply of cooling liquid was stopped and the
system was allowed to warm up by the steady state natural heat inleak. When the
temperature had risen half the way up to a maximum temperature imposed by security
considerations, an additional 34.75 W was added evenly along the length by the heaters
in the magnets thereby increasing the of rate warming up. The outcome of the experiment
is shown in Figure 6.2.
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Figure 6.2  Thermal measurement of the He Il content of the String, derived from the
observed change in rate of warming when extra heat load is applied.
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The specific heat of the system and the magnitude of the natural heat inleak can be
deducted from this data by the following reasoning:

The rate of temperature increase is described by:

dT _ q@)
dt ~ Cp(T)

(6.1)

Assuming that the specific heat of the system arises solely form the He Il and that the
heat inleak is time independent the equation becomes

q
AT, , = ——5 (6.2)
e Mye CPen (T12)
where
1 7
CPen (T122) = Ep(T)dT (6.3)
AT, , £

denotes the average specific heat between temperatyaes T,.

Knowing the temperature dependencepfor He Il allows finding the values famye,
andQnatwral Y solving the matrix:

zqnatural z
j— D T
1 %p(THZ)ZZZA 22

My Z—% > T3q4
3eP(T, )%

(6.4)

whereg,=QnaturartQinput- # T1, 2 aNdu T3, 4 indicate that the temperature increase is
evaluated during the two steady ramp rates observed in Figure 6.2

The apparent content of He Il was found to be 180.6 kg. The natural steady state heat
inleak was found to bgnawra=38.6 W = 1.10 W/mData underlying these figures is
found in Section A-2.

Some aspects concerning the uncertainty of these results should be addressed. Firstly it is
apparent to question the temperature measurements, as cryogenic temperatures are
reputedly difficult to measure. The temperature used in the calculations is taken as the
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average of the reading of the eight temperature sensors. The sensors have a relative
accuracy of: 1 mK and the measured temperature increases during the two ramps
similarly accurate. The sensors have an absolute accuracf@®@mK which must be

taken into account when evaluating the specific heat used in the calculations. The value
of cp changes 6 % per 20 mK in the temperature range.

Secondly is the question of uncertainty of the pressure at which specific heat is evaluated.
At 1.9 K the change in cp from 1 to 2 bar is about one percent. The pressure is measured
to be 1.2 bar well within that interval, hence the uncertainty related to the pressure is of
second order compared to that of the temperature sensors.

Thirdly it is natural to ask whether the heat exchanger is completely free of liquid and the
temperature allowed to rise freely. Examining the derivative of the average temperature it
is observed to exhibit the same behaviour as the inverse of the derivative of the cp over
the corresponding temperature intervals. A 10 % and 15 % increase of the cp is observed
as comparatively similar decreases in ramp rate during the two ramps respectively. This
is also a verification of the procedure.

6.3 Thermal conductivity of the 1.9 K heat exchanger tube

The heat load at the 1.9 K level is transferred from the static He I, through the copper
wall of the heat exchanger tube and to the saturated He Il in the 1.9 K. An experiment
was carried out to measure the thermal conductance of the 1.9 K heat exchanger.

Starting in steady state at normal operating temperature and pumping pressure, the valve
was opened in manual mode 10 % above the steady state opening previously observed in
automatic mode. The temperature decreased and eventually reached a new steady state

with the heat exchanger tube wetted along all the length. This was verified by observing a
continuously slowly rising level in the overflowing pot.

An additional heat load of 0.2 W/m was then added by the electrical heaters, and the
system was allowed to warm up and reach a new steady state temperature. The heat load
was increased in steps of 0.2 W/m up to a maximum of 2 W/m, at each step allowing the
system to reach steady state. Heat load was then decreased to 1.3, 0.9 and 0.5 W/m, at
each level reaching steady state, to test against hysteresis effects. Valve opening was for
each step adjusted to ensure fully wetted conditions. Data from this experiment is found
in Section A-3.

The temperature increases observed by all the sensors have been averaged and least
square estimate method applied to the trend of the data. The result of the experiment is
shown in Figure 6.3.
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Figure 6.3  Thermal conductivity measurement of the 1.9 K heat exchanger.

No hysteresis effects are observed. The data recorded while decreasing the heat load falls
in line with the data recorded while increasing the heat load.

The global heat transfer coefficient for the tube can be calculated from the observed
temperature increase as a function of applied heat load according to the relation:

d
hglobal = d_-(l:l- [W/Km] (65)

where the values fatganddT come from the trend line of the averaged data.
Global heat transfer coefficient calculates to be:

Note that the coefficient is given per unit length and not as the normal convention in
literature per unit area. This is based on the assumption that the part of the circumference
of the tube that is wetted is constant during the measurement.

This is partly justified by the corrugated geometry of the tube, which provides good
wetting with little liquid. Literature suggests, without giving correlations, that liquid
might creep up the wall, also that entrapment of liquid droplets in the gas enhance heat
transfer of a partly wetted geometry.

Separate experiment [15] has found the thermal conductance of this tube to be 304 W/mK
when totally wetted. This indicates a wetted perimeter of 25 % during normal operating
conditions of the tube.
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To assess the effect of the liquid flow on the wetting of the tube, the following reasoning
can apply. An overflowing corrugated tube has all the corrugations filled. Liquid in the
corrugations does not contribute to advance liquid other than providing a base over which
additional liquid can flow. A straight tube would not have this static liquid present. It
would require a higher overall liquid flow for the tube to contain the same amount of

liquid as its corrugated equivalent as illustrated in Figure 6.4.

With static amount of liquid 10.6 g/m and flow velocity 10 cm/s this higher liquid flow
equals 1.06 g/s.
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Figure 6.4  The liquid in the corrugated tube is shown together with the amount
needed in a straight tube to obtain the same amount of wetted surface.

Assuming the liquid vaporizes evenly along the straight tube the average amount of
liquid corresponds to half of that coming from the valve. Adding the amount arising from
the corrugated equivalent gives an apparent average liquid flow in a straight tube. In
Table 6.1 the resulting wetted circumference for liquid flows encompassing 10 % - 65 %
valve opening is calculated.

Table 6.1 Wetted circumference for a straight tube equivalent
Liquid flow Apparent average Apparent average wetting
[g/s] liquid flow [g/s] of circumference [%)]
0.5 1.31 20.5
1 1.56 21.9
2 2.01 24.2
4 3.06 28.0

Note that there is only a 35 % increase in apparent wetted circumference following an
eight-time increase in liquid supply. This supports giving the thermal conductivity with
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dimensionW/Km The numbers are in good agreement with the 25 % proportion
calculated from the thermal conductance.

Sources of uncertainty relating to the calculated thermal conductivity stem from the
relative accuracy of the temperature sensors and whether the heat exchanger is fully
wetted throughout the experiment. There are also uncertainties related to the effect of the
pressure on the saturation temperature along the heat exchanger and to the fact that the
wetted circumference is not constant for different mass flows.

6.4 Heat Transfer in the Interconnections

An experiment was devised to gain knowledge about the longitudinal heat transfer taking
place in the pressure vessels and over the interconnections. The object of the experiment
was to observe the longitudinal temperature profile when heat was added to only one part
of the heat exchanger.

The experiment was set up with a lary€ for heat transfer to operate with a short wetted
length, hence a large part of the heat exchanger providing no cooling. The maximum heat
load allowed by the resistive heater was then added to the quadrupole, the magnet
furthest away from the wetted part of the heat exchanger. This ensured that all of the
added heat plus the static heat on the quadruple load had to be transferred through the
interconnection between the quadrupole and the first dipole, to be extracted higher up in
the heat exchanger.

The experiment proved very difficult to perform. As the applied heat load more than five
times exceeded the maximum foreseen heat load on the system, it turned out impossible
to tune the automatic controller to operate the system in steady state. The valve exhibited
persistent and large oscillations in opening with a corresponding oscillating behaviour in
magnet temperature. Consequently the controller had to be operated in manual mode, a
procedure which is delicate when a constant temperature is sought. It required adjusting
both valve opening and applied heat load for a prolonged period to obtain steady state
temperature at an absolute temperature correspondence to the temperature before extra
heat was applied.

Data was recorded at two heat loads, and can be found in Section A-4. In Table 6.2 is
shown the increase, from the state of no extra heat applied, in temperature splits that was
observed.

Table 6.2 Increase in temperature splits from zero applied heat.
Applied heat AT quadrupole AT interconnection AT first dipole
[W] [mK] [mK] [MK]
20 0.34 0.78 2.65
28.5 1.46 1.38 3.70
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Recorded temperature increases are surprisingly small and in order of magnitude in the
same range as the relative accuracy of the temperature sensors. A quantitative analysis of
the results is therefore pointless. However a qualitative considerations still yield valuable
insight.

The increased temperature split over the interconnection is smaller than over the first
dipole. Hence the interconnection does not constitute a considerable thermal resistance
compared the to the cold masses. This also applies for the transient period of the
experiment where the largest temperature split was observed over the length of the first
magnet and not over the interconnection.

An order of magnitude analysis of the heat transfer over the interconnection is based on
the theory of superfluid heat transfer:

4= A%%F(T)i (6.7)

whereA [cnf] and I\_N[qcnﬂ are the cross section and length of the interconnection
respectivelyF(T) [W¥/cnTK] is the conductivity function for He Il. Calculated from
designer drawings the efficient cross section for heat transfer is about%3énchthe
length is 52 cm. The interconnection has a cross section of 86utien unobstructed.
At the relevant temperature the conductivity functiofr{§)=1500 W/cntK

Neglecting the static heat inleak gives a conservative estimate. The calculated
temperature split at 28.5 W should be about 30 mK. Or reversed; a 1.38 mK temperature
split requires a cross section of over 80°cifhe static heat inleak is about 5 W for the

short straight section and will further increase the numbers. This discrepancy is still
unaccounted for, though subject of several discussions with competent personnel.

The conclusion of the experiment and analysis is that the heat transfer through the
interconnections is very efficient and not a source of concern for the performance of the
cooling system.

6.5 Inverse response

When the JT valve opening is increased to cool down the system, there is a time delay for
the temperature to start decreasing to be expected due to the time it takes for the increase
in liquid flow to advance and reach the dry part of the heat exchanger. The time delay
should be proportional to the wetted length and the velocity with which the liquid is
advancing:
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At = Loetea g1 (6.8)

Vquuid

This time delay was sometimes observed to be unexpectedly long. It was also observed
that not only did it take long for the temperatures to start decreasing but that the
temperature could increase in the period following an opening of the valve. This was
especially evident at large jumps in valve opening.

An experiment was devised to investigate this behaviour. The magnet temperature was
increased above saturation temperature to allow for large liquid flow without risk of
overflowing the heat exchanger. In manual mode the valve was opened from the steady
state setting of 32 % to 90 %. The heat exchange started overflowing at 10:26. The
resulting behaviour is shown in Figure 6.5. Valve opening is shown in bold line and the
temperature of the system in normal line. The marked line is the saturation temperature at
the end of the system.
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Figure 6.5 Inverse response when opening the JT valve.

The system warms up for five minutes following the opening of the valve, and it takes a
full ten minutes for the temperature to start decreasing below the starting temperature.
This is a non-desirable characteristic, which upon investigation was found to originate
from the flash gas over the valve.

When the overall mass flow over the valve increases, so does the total amount of gas
formed in the expansion. This increased gas flow produces higher pressure drop along the
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heat exchanger, subsequently increasing the saturation temperature along the tube. This
can be observed in the figure where the saturation temperature increases 29 mK
following the opening of the valve. The available temperature margin for heat transfer for
the wetted part decreases which in turn reduces the cooling power given by:

wett Lwet

Q= SAT(L)thydL= T - T (L)) hydL (6.9)

0

wherehy [W/Kn is the global heat transfer coefficient as described in sectionTg.d.)

is the profile of the saturation temperature along the tube. This reduced cooling leads to
the observed warming up of the magnets. Only when liquid advances and covers a long
enough part of the HX can the temperature start decreasing.

The dynamics involved in the process is complex. With gas velocity of about 1 m/s at 90
% valve opening the new profile of the saturation temperature develops in about 30
seconds. The increased liquid flow has not yet reached the dry part of the heat exchanger
having advanced about 3 meters in this time. However the original liquid front will also
start advancing slowly since it is vaporized at a slower rate following the increase in
saturation temperature along the tube. At the same time the increasing magnet
temperature favourably affects heat transfer.

This inverse response is also present in the opposite case however not so distinct. When
the valve is closed a larger temperature difference for heat transfer is created by the
reduced saturation pressure resulting from the lesser pressure drop. Cooling power is
increased leading to a lowering of the temperature of the system. The liquid front will
then vaporize at a faster rate causing the front to retreat and also increasing the gas-flow
and consequently the pressure drop. Both these effects counteract the initial cooling
down. This is a complex aspect to be taken into consideration.
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7 First principle modelling the LHC test string

A mathematical model, or simply model, is any complete and consistent set of
mathematical equations, which corresponds to some prototype or system. The terms
‘model’ and ‘system’ will be used in the continuation.

There are two main approaches for obtaining a mathematical model of a process. They
are commonly known awhite boxandblack boxmodelling [26].

White box modelling involves building up a model from equations that express the
physical laws or conservation principle, those of mass, momentum and energy. This class
is also referred to as first principle models.

Black box models seek to describe the relationship between recorded input and output
signals of a system. The term black box model refers to the fact that they do not contain
any information about the structure of the system rather than focusing entirely on its
observed behaviour. The term grey box model is sometimes used for a model where some
physical insight is combined with the black box approach.

The process of modelling might be illustrated by the cycle:

1 Specify the 2Setup a 3 Formulate the
— > -
real problem model "l mathematical
7Y problem
6 Compare with 5 Interpret the | 4 Solve the
reality, N solution D mathematical
verification problem

\—P{ 7 Write a report

Figure 7.1 Flow chart of the process of modelling [27].

The flow of work follows the arrows but it is usual to return to some boxes several times,
in particular from box six to one. Usually the optimum way of working will involve
frequent reference forwards and backwards between phases of the modelling cycle, but
with focus at any given time more on one rather than the other. The activity of validation
should be shown with multiple return paths to all previous stages, thus being regarded as
a continuous activity.

Modelling is normally an iterative process, starting from a crude model and gradually
improving it until it is solves the task. With a simple model at hand it is easier to identify
other important aspects, rather than to incorporate a comprehensive list of features from
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the start. Revision of ideas is not necessarily towards greater complexity, but might also
be towards simplification.

For properly understanding the system to be modelled the first stage should be to collect
data and gain experience. This enables the modeller to make sensible assumptions,
approximations and estimates and not to be too committed to preconceptions of the
problem.

Validation is carried out by comparing predictions from the model with real results. It is
sought for the model to be in good agreement with actual data, and not have this
purchased at the price of a too complex model. If parameters are determined
independently and fed into the model as fixed constants not to be further adjusted, we can
have a fair degree of confidence in the data and the model. Both a first principle model
and black box models of the 1.9 K cooling loop have been developed.

There are several motivations for creating a first principle model of the 1.9 K cooling
loop. Performing experiments on the String is expensive and time consuming with hours
required for a single test. Experimental time on the String was limited following the high
demand from a number of users since the String was built to investigate a series of
aspects beyond single magnet testing as described in section 4.4. The String is subject to
a number of disturbances that will not be present in the LHC. In particular the regulation
of the suction pressure and the cooling of the thermal shield and magnet support posts.
With a reliable model at hand preliminary tests can be carried out in order to utilise the
actual experimental time at the String more effectively. Aspects involving very high heat
loads, large liquid supply and high temperature can be investigated without jeopardising
the system. Stable conditions are easily obtained in simulation and disturbances, both
measurable and non-measurable, can be introduced in controlled manner. Also control
aspects can be investigated.

Black box models of the system were created to be used as an integrated part of the MPC
control structure that has been implemented.

The modelling process of the LHC Test String has followed the above-described
methodology. Experiments to gain knowledge and obtain parameters for the model were
described in chapter 6 and were performed prior to and during the phase of the modelling.
The formulation and structure of the first principle model along with assumptions,
simplifications and the validation procedure are presented in section 7.1 through 7.4. The
concept of black box modelling is presented in section 7.5 along with candidate models

to be used in the MPC implementation.
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7.1 Assumptions and simplifications

In order for the model not to be of unnecessary high degree of complexity, reasonable
assumptions and simplifications must be made. The first principle model of the 1.8 K
cooling loop is based on these assumptions:

The velocity of the advancing liquid in the heat exchanger is assumed to be constant
10 cm/s according to the experiment described in section 6.1, and not a function of valve
opening. The reason for this is explained in section 7.3.

All magnets are considered to have equal temperature, that of the pressurized superfluid
helium. The heat transfer calculation through the interconnections has been suppressed
following the argument described in section 6.4.

The friction factor for the gas in the HX is assumed to be 0.077. This value has been
measured for the pipe that has been used. The value is consistent with tabulated value in
literature for a pipe with the given dimensions.

The thermal conductance of the heat exchanger is considered to be constant 74 W/Km.
The degree of wetting of the circumference is neglected according to the argument in
section 6.3.

The corrugations of the heat exchanger tube are assumed to constitute a volume that has
to be completely filled for the liquid to advance further in the tube. A threshold per unit
length has to be exceeded in the calculation for liquid to flow further.

Pressure drop in the heat exchanger pipe is calculated in increments. Gas-flow in each
increment is taken as an average of gas-flow in and out of that increment.

Specific heat of the system is assumed to arise solely from the He Il. The amount of He Il
is found to be 180 kg, as described in section 6.2.

The flash over the JT valve is assumed to be constaiit,12 corresponding to the
design condition for system.

Figure 7.2 illustrates parameters of the system such as it is regarded when building the
first principle model.
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Figure 7.2 [llustration of the parameters used in the first principle modelling of the
system.

Helium is sub-cooled from 4.5 K to about 2.2 K by the out-flowing helium gas before it

is expanded over the JT-valve and fed to the heat exchanger. The degree of sub-cooling
might vary according to the mass-flows on the high- and low-pressure side. Since this
will affect the amount of flash over the JT-valve, an attempt was made to include this
heat exchanger in the model. Details about this HX were scarce, therefore only a crude
model could be established. Inlet conditions on the high-pressure side are assumed
constant. Outlet temperature on the low-pressure side is assumed constant and pressure
drop on low-pressure and high-pressure side is ignored. An inlet condition on the low-
pressure side is given by the pumping pressure and assuming saturated condition.

T,=const

P, =P,
T,=const Very low pressurg T,
P,=const heat exchanger P, =P,

T T3:Tsat
P3:Psat
Figure 7.3  Simple model for the very-low-pressure heat exchanger.

There is no measurement of the mass flow on the low-pressure side, and mass flow is
assumed to be equal for the two streams. Energy balance over the heat exchanger gives
the inlet temperature to the JT-valve. The transfer line from this heat exchanger to the JT-
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valve is rather long (several minutes). Time delay from this heat exchanger to the valve is
a function of future mass-flow, necessitating the implementation of a variable buffer for
storing the temperature history. Heat transfer in the transfer line will smooth out the
temperature profile.

Using a fixed time delay and no smoothing of temperature did not improve the model,
and further refinement was not given priority. The sub-model was therefore abandoned,
and the flash over the JT-valve assumed to be constant in the model and according to
design conditions.

7.2 The sub-models

The behaviour of the gas and liquid in the 1.8 K heat exchanger was identified to be the
most important and challenging aspects of the modelling. This arises from the fact that
the flow in the heat exchanger is two-phase, and that the saturated liquid might cover any
part of the length of the tube.

Calculation of pressure drop must be incorporated as this affects the local saturation
temperature and hence the available temperature margin for heat transfer.

To achieve these goals a strategy was implemented where the heat exchanger tube was
discretized along the length. For each length increment the mass-balance and pressure
drop is calculated, producing a longitudinal profile of pressure, saturation temperature
and liquid distribution.

7.2.1 The Joule-Thomson Valve

The state of the helium at the inlet of the JT valve is assumed to be constant at the design
value of the machine: 2.2 K at 1.2 bar. The design state after the expansion of 1.9 K at 19
mbar gives a vapour fraction @F0.114 The flow of saturated liquid and gas after the

valve is then given by:

Miquia = m(Vy, ) {1 - X)

) (7.2)
mgas = m(V%) [x

Wherem(w) is the characteristic of the JT valve relating the percentual opewingof

the valve to a corresponding mass flow. This characteristic is encumbered with quite
some uncertainty. The specification from the valve supplier states that the mass flow is
linear up to 80 % opening where it supplies 6 g/s. From there it is logarithmic up to 100
% where it supplies 12 g/s as illustrated in Figure 7.4. In the figure also data recorded
from a calibration of the valve is shown. There is a considerable mismatch between the
data. The third line in the figure is the function:
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m(v,,) = 0.00044%2 +0.04V,,  [g/s] (7.2)

This function is partly a compromise between the two sets of data, but more importantly
based on experience through operation of the valve. The fit function is to some extent
supported by correlating heat inleak measurements with observed valve opening in long
duration steady state operation where data has been logged over several nights. It gives
confidence that the function gives reasonable results over the most significant range,
typically 20-40 %, of valve opening.
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Figure 7.4 Characteristics for the JT valve. Three lines are shown: one is the
specification from the supplier of the valve, one is based on measurements in an attempt
to calibrate the valve and a fit function based on experience using the valve.

7.2.2 Liquid flow in the Heat Exchanger

From the JT valve saturated liquid is fed into the first cell increment at the end of the heat
exchanger. Liquid will continue to flow into subsequent cells until the liquid front is
completely vaporized. Where this will happen is a function the supply of liquid, heat
inleak and available temperature margin for heat transfer. It will typically occur after 1/3
of the length in steady state nhominal operating conditions.

Conservation of liquid for one cell increment gives:

dm

E = mn - r“nout - r“rl/aporized [g/S] (73)



68

wheremy, equalsmy: from the upstream cell. For the first cetl, is the mass flow from
the JT valve. The mass contained in one cell is assumed to be evenly distributed, and the
mass flow out of a cell is given by the relation:

rhout = (m_ rnthreshold) Ij/qu / I-cell [g/S] (74)

wherem s the mass present in the cedl [ viq andLce are velocity of the advancing

liquid and length of the cell increments respectivehyeshoiarepresents the liquid which

is needed to fill the corrugations of the tube. After filling the corrugations this liquid does
not contribute in bringing liquid into the subsequent cell and is therefore subtracted from
the total amount when calculating the liquid flowing out of the cell.

The amount of liquid that is needed to fill one corrugation can be estimated when
knowing the dimensions and the shape of the tube. It is assumed that the longitudinal
corrugations have the shape of a sine function. The surface of the liquid in a corrugation
will be described by an ellipse with dimensions determined by the circular cross section,
longitudinal sinus pattern and degree of filling of the corrugation as illustrated in Figure
7.5.
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Figure 7.5 lllustration of the parameters used for calculating the volume of one
corrugation of the heat exchanger.

The measurea andb are given by:

b=2,r?-h? = ﬂarcs.ir?i (7.5)
T o ri

whereh is the distance from the center of the tube to the surface of the liquid, antthe
length of the pattern (pitch). The area of an ellipse with dimensaaansdb is given by
A=uabl/4and the volume of the liquid is then given by the integral:
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V=2L Z/roz -h? arcsir??h (7.6)
I o _ri

With dimensions as given in section 4.4.4 the volume of one corrugation is 0.8842 cm
The density of He Il is quite constamt0.1456 g/cm. The length of one corrugation is
1.22 cm and the amount of liquid stored in the corrugations per meter tube isytgen
1=10.55 g/m

7.2.3 Gas flow in the Heat Exchanger, Pressure Drop

In each cell increment of the heat exchanger there will be a pressure drop associated with
the gas flow. The Reynolds number of the flow determines whether the flow is laminar,
turbulent or in the transition zone between them. Reynolds number is defined as:

(7.7)

Whereu is the densityyy, is the mean gas velocitid = 5 cmis the diameter of the tube

andu is the viscosity. With a gas velocity in the ordergf- 1 m/s after the Joule-

Thomson valve in normal conditions the Reynolds number is in the order of 60 000

which is well inside the regime of fully turbulent flow (Re 10 000). For turbulent flow

the hydrodynamic entrance length is approximately independent of Reynolds number and
can be assumed fully developed #@r> 10D [33]. Thus the flow condition in the pipe is

fully turbulent after about 50 cm which is less than 1.5 % of the tube length. Pressure
drop correlation for fully developed turbulent flow can be applied and the entrance effect
neglected.

For turbulent flow the friction factor is defined as:

_ —(dp/dX)D

f
ou? 2

(7.8)

whereD is the diameter of the tubg,is the density of the gas antthe velocity of the

gas.

Assuming that the flow is fully developed, the friction factor is constant and the pressure
drop may be expressed as:
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Ap=f—Ndx=f"—L 7.9
p ZD? (7.9)

whereL is the length of the cell, integrating from to x..

The mass flow of gas is related to the velocity of the gas through:

u :% (7.10)

WhereA is the cross section of the tube. Introducing this relation/Amt/4uD? the
pressure drop is expressed as:

L 2
Ap=f HT L:Cm—L , where sz—fs (7.11)
,o—D P n°D

The friction factorf for this tube has been measured to be 0.077. This number is
consistent with the Moody chart friction factor for pipe with rough walls for a tube with
relative roughness:

)/2-e

i = (Douter - inner
D D,

inner

=0.08 (7.12)

wheree s the wall thickness.

For rough tubes the pressure drop is evaluated using the diameter to the base of the
roughness: 50.5 mm [34]. This gives a valueiaf2.00-10° and the pressure drop given
in Pascal [g/mm-4. Operating with density im/cnt (10° g/mn? ), length of cells irm
(10* mm) and pressure drop imbar (102 Pa) yields a factor o€=2.00-10° , which are
the dimensions.

The length is introduced as variable in the pressure drop calculation to facilitate varying
degree of discretization of the heat exchanger tube.

The density of the gas is calculated by:

o(T) = 2.32110°T +7.53010° (7.13)
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This is a fit developed using data produced by Hepak. In the 1.78 — 1.96 K region it
matches with an error of less than 0.5 %, and is accurate to within 2.5 % between 1.76 —
2.1 K, see Section B-1.

7.2.4 Cooling by the Heat Exchanger

The cooling provided by the heat exchanger is calculated by summation of the liquid that
is vaporized from each cell of the discretized heat exchanger during a time increment:

h,L

= hfg Z (Tmag _Tsat,i )G;’]—CGH (714)
i=1 fg

aQ
dt

wheren is the number of incrementsy is the global heat transfer coefficielt, is the

length of each cellTsa,iis the local saturation temperature in each cell, lagpcs the

latent heat of vaporisation of He Il. Latent heat of vaporisation is taken to be constant at
23 J/g. According to data taken from Hepak this represents an error of less than 0.5 % in
the temperature range 1.74 - 2.08 K.

7.2.5 Magnet Temperatures

The longitudinal and transversal heat transfer in the system is goo. Assuming that the
magnets are isoterm the model for the magnet temperatures takes the form:

dT _ qss + qtrans - qcooling

dt mHeII |]:p(-r) Hell

wheregssanddrans Models the steady state and transient heat loads respectively. The
cooling, Geooling IS described in the previous chapter, and the amount of pressurized He |l
is constant. The temperature dependent specific heat of He Il is implemented as
mathematical fit to date taken from Hepak:

cp(T) =14.7778%7 [J/kgK] (7.15)

This fit has an error of less than 1.25% in the temperature range of 1.7 - 2.07 K, see
Section B-2.
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7.3 Implementation of the Model

The model has been implemented using the graphical interface programming facility of
the simulink toolbox of Matlab. Section C constitutes a user manual describing the
implementation in more detail

The inputs required for running a simulation are.

- pumping pressure at the outlet of the heat exchanger
- heat load on the system during the simulation
- Supply of helium through the JT valve during the simulation

The program calculates:

- pressure profile in the HX

- saturated temperature profile

- liquid distribution in the HX

- cooling power provided by the HX

- temperature development for the He Il of the cold mass hence the magnets
- liquid supply in the case of using a control structure for the valve

- liquid supply as a function of supplied valve-opening.

- specific heat of the pressurized He Il in the cold-mass

- density of the helium gas

The calculation of the pressure drop and cooling provided by the heat exchanger contains
an algebraic loop. The pressure drop caused by the gas flow determines the profile of the
saturation temperature. The saturation temperature in term determines the amount of
liquid that is vaporized hence to calculation of the pressure profile. An algebraic loop
must be solved by iteration. Alternatively a holding element can be introduced to break
the loop. Using an iterative solution proved very time consuming, and a holding element
was introduces. The gas velocity from the previous time step is used in the calculations to
break the algebraic loop. The error introduced by a holding element will decrease with
shorter time increments, and in steady state it does not introduce an error. A time
increment of five seconds was verified as being well within a limit where differences in
behaviour could be detected. This is the time increment used in the simulations.

The calculation of the mass flow out of a cell does not contain an algebraic loop. If
however the liquid velocity were to be implemented as a function of the overall mass
present the cell, an algebraic loop would be introduced. This would necessitate either
resorting to an iterative solution, or introducing another holding element. A constant
liquid velocity in the heat exchanger was initially introduces, and no refinement of this
assumption was pursued. The possible improvement by introducing liquid flow as a
function of overall mass in a cell increment has not been investigated.

There are several possible methods for solving the differential equations of the
simulation. In particular there is the choice of using fixed or variable step length. Solvers
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based on variable step length are calculating the required step length needed based on
specified tolerances. The variable step length routines tended to use extremely short time
increments in transients. This however did not alter the simulated behaviour compared to
using fixed step length of five seconds as described above. A fixed step length routine
was therefore used.

7.3.1 Length increments of the heat exchanger tube

The calculations involved in modelling the two-phase flow in the heat exchanger are by
far the most demanding. Deciding the degree of discretisation of the heat exchanger was
a trial and error procedure. It was sought to be sufficient to avoid unnecessary errors, but
as coarse as possible to minimize the computation burden. Series of simulations were
performed with increasingly fine descretisation. When no detectable improvements could
be observed it was regarded as sufficient. It was found sufficient to divide the length into
24 parts of 1.46 meters, giving a resolution of about 4 % along the geometry.

7.4 Sensitivity Study of Design Parameters

There are a number of parameters used in the model that have been obtained through the
experimental investigation of the system. The parameter and their nominal value are
listed in Table 7.1.
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Table 7.1 The parameter used in the model and their nominal value.

Parameter Nominal valueg  Dimensian Attained by
MHe Il 175 [kqg] Experiment
hy 74 [W/Km] Experiment
Viig 0.10 [cm/s] Experiment
Threshold 10.55 [g/m] Geometric valuation
Flash 0.12 [-] Thermodynamic valuation
f 0.077 [-] Measurement and fluid-
dynamic valuation

It is natural to question how the uncertainty related to these parameters affects the
performance of the model. In this section the sensitivity of parameters is studied. The
parameters are varied around their nominal value according to the uncertainty related to
them, and the corresponding effect on the model behavior is analysed.

The input signal that is used is shown in Figure 7.6.
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Figure 7.6 The movement of the valve and expected response in magnet temperature.

The changedmin the input signal and the duration of the change is such that it
produces &T in the order of 15 mK. Between steps the steady state opening is allowed
to persist until a new steady state condition has been attained. The response is
gualitatively shown in the Figure 7.6.

The characteristics of the response that are investigated are listed in Table 7.2:
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Table 7.2 Characteristics of the response of the temperature.

AT [mK] | Overall change in temperature between steady states
T, T2 [s] Delay from step until inverse response is over
Apsat1, Apsaz | [Mbar] | Change in saturation pressure in the return box

Inverse response is defined to be over when the temperature reaches the temperature
before the step was applied. Change in saturation pressure is evaluated in the two steady
states at the instants before steps are applied, indicated as time 1 and 2 in Figure 7.6.

The simulations are performed using the same pumping pressure throughout. The initial
conditions are set such that the temperature before the first change in the input signal is
the same for all the simulations. The conditions are:

Pumping pressure: 18 mbar (1.827 K)
Temperature before step: 1.877 K
Heat inleak: 23 W

The sensitivity is presented as the observed percentual change of the characteristics
described in Table 7.1.

7.4.1 Heat Transfer Coefficient

The heat transfer coefficient affects the part of the heat exchanger that is needed to
transfer a given amount of heat for a given amount of temperature drop. A larger
coefficient requires a shorter length of the HX to transfer the same amount of heat. This
in turn affects how much time additional liquid needs to flow over the already wetted part
of the HX to reach the dry area an contribute to increased cooling. Also for a larger value
the overall pressure drop will be larger as the mass travels a longer part of the HX as gas
thus contributing to the pressure drop.

The effect of a change in this parameter should thus be observed during transients and by
observing the pressure drop over the HX. It is not expected to contribute significantly in
changing the temperature increase of a step.

The heat transfer coefficient from the saturated to the pressurized He Il was measured
during an experiment described in section 6.3 It was found to be 74 W/Km with 15 %
uncertainty. The resulting relative sensitivity is given in
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Table 7.3 Sensitivity of the heat transfer coefficient

AT T1 T2 Apy Ap>
+15% 0.0 -4.2 0.6 2.7 1.6
-15% 0.0 6.2 -0.6 -3.2 2.7

7.4.2 Amount of helium in the cold mass

The amount of helium in the cold mass dominates the specific heat of the system and thus
the thermal impedance. A change in this parameter is expected to affect to temperature
excursion to a change in heat load.

The amount of helium in the cold mass was found to be 175 kg with 15 % uncertainty.
The resulting relative sensitivity is given in Table 7.4

Table 7.4 Sensitivity of amount of helium in the cold mass.
AT T1 12 Ap1 Ap»
+15 % -9.3 -0.3 -4.6 0.0 -1.0
-15% 12.4 0.0 -5.71 0.0 1.61

7.4.3 Liquid velocity in heat exchanger.

The liquid velocity in the heat exchanger was found to be 10 cm/s with 25 % uncertainty.
The resulting relative sensitivity is given in Table 7.5

Table 7.5 Sensitivity of liquid velocity in the heat exchanger.

+25% AT T1 T2 Apy Ap,
0.12 1.55 -9.3 -13.1 0.0 0.3
0.08 -0.8 11.3 14.6 0.0 -0.3

The liquid velocity has the strongest impact in transient mode affecting how fast liquid
can advance in the heat exchanger. In steady state it has almost no impact on the overall
temperature difference and saturation pressure in the beginning of the tube.
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7.4.4 Amount of flash over JT-valve

The flash over the JT valve is calculated to be 0.12 according to design specifications.
The variation in this parameter can be in the order of 20 %. The resulting relative
sensitivity is given in Table 7.6.

Table 7.6 Sensitivity of the flash over the Joule-Thomson valve.
+20 % AT T1 T Ap1 Ap,
0.144 -4.7 12.4 12.6 2.7 3.0
0.96 2.3 -1.4 -17.4 -2.3 -2.4

The flash has an impact on all of the investigated characteristics. The strong impact on
the time delay arises from the larger inverse response due to the gas flow and its impact
on the saturation temperature along the pipe. Also in steady state the pressure drop is
affected however not more than10-15 % relative.

7.4.5 Friction factor

The friction factor is measured to be 0.077. This agrees with tabulated value with an
uncertainty of about 20 %. The resulting sensitivity is given in

Table 7.7 Sensitivity of friction factor.

+20 % AT 11 T2 Ap1 Ap,
0.924 -0.8 16.0 15.7 6.6 9.2
0.616 3.1 -18.8 1.1 -7.8 -10.0

The friction factor directly affects the pressure drop over the heat exchanger. It has an
important impact on both saturation pressure in steady state and the time delay during
transients. Overall temperature difference is only moderately affected by the friction
factor through the change in saturation pressure in the heat exchanger.
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7.4.6 Threshold of mass in corrugation

The threshold for liquid to advance was from geometrical valuation found to be 10.55
g/m. The uncertainty in this parameter is difficult to estimate, and the sensitivity is
controlled with 50 % change.

Table 7.8 Sensitivity of threshold of helium needed to fill the corrugation.
+50 % AT T1 To Ap1 Ap>
4.7 -4.7 27.8 10.9 0.0 0.7
3.9 7.8 -19.7 -10.0 0.0 -1.1

As the threshold is the amount of liquid needed to fill the corrugations of the tube it
governs how fast the liquid front can advance and retreat in transient mode. As expected
it has a noticeable effect on the time delay in transient and only very weak impact on the
saturation pressure and overall temperature change.

7.5 Validation of first principle model

Validation of the first principle model is performed by comparing simulated behaviour
with data logged on the system. Three experiments that emphasise different aspects of the
system are used in the validation.

7.5.1 Varying the heat load

In the first experiments the electrical heater in the quadrupole is the manipulated variable.
The starting condition of the experiment is steady state temperature and valve opening
with 10 W of heat added to the quadrupole. The liquid supply is in manual mode. Steady
state opening without added heat is 31 %. An additional opening is required to achieve
steady state with the heater activated. This opening is calculated using the fit function
described in section 7.2.1. Flash over expansion is assumektDhE?

m(31 %) = 1.463 g/s

Latent heat of vaporisation of He Il @ 1.9 K is 23 J/g, consequently 10 W of added heat
load requires an increase in liquid supplyo£0.435 g/sand a total mass flow of

m=1.898 g/40 be in steady state. The steady state valve opening with the heater
activated is:

Vos(1.898 g/s) = 38 %
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The experiment then proceeds by applying a pseudo random binary signal for the heat
load. It is set to 20 W for 30 minutes followed by 30 of zero added heat load. This signal
is then repeatedly applied with the period of the signal halved for every repetition. The
last cycle has a period of 112 seconds. The steady state heat load in the simulation is
adjusted such that the overall temperature change during the course of the experiment is
the same as what is observed in the recorded data. Figure 7.7 shows simulation and
measured temperature evolution.

— Measured temperature —— Simulated temperature -
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Figure 7.7  The simulated response to changes in heat load compared with measured
temperature response of the system.

The transient response of the simulation is similar to that of the measured response. No
time delay in the temperature response is observed following a change in heat load. The
below table shows the measured and simulated changes in temperature during the first

cycle of the experiment.

Table 7.9 Measured and simulated temperature development in first cycle.
First temperature rise First temperature decrease
[mK] [MK]
Measured 17.5 21.6
Simulated 16.7 21.3
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The measured and simulated changes in temperature are within 5 % for the temperature
rise and within 1 % for the temperature decrease. The magnitude of the temperature
change is primarily governed by the specific heat of the system, hence the amount of He
Il'in the cold mass. The good agreement between simulation and measurement
substantiates the experimentally found value of the amount of He Il as described in
section 6.2.

There is an overall temperature decrease of 7 mK in absolute temperature during the 130
minutes of the experiment. This is because the applied valve opening and supplied mass
flow is too high by:

Am - AT I]nHeII |1p(-l-)
AtTh,

=0.027 [g/g]

wherecp=3850 J/kgKis evaluated at 1.895 K and the amount of He Il is 180 kg. The
adjustment in mass flow equals a change in the valve opening from 38 % to 37.6 %. This
is a small change and substantiates the fit function used for the JT-valve at this valve
opening.

7.5.2 Manipulating the Joule-Thomson valve

The manipulated variable in this experiment is the Joule-Thomson valve. The experiment
starts with the valve in automatic mode and the system in steady state. It then proceeds
with the valve in manual mode applying a pseudo random binary signal similar to that of
the heat load in the previous section, followed by an additional opening and closing of the
valve. The first movement of the PRBS sequence was accidentally set 10 % too low, but
this is of no importance for the validation procedure. The steady state heat load in the
simulation is adjusted such that the overall temperature change during the course of the
experiment is the same as what is observed in the recorded data. Figure 7.8 and Figure
7.9 show simulated and measured temperature evolution. Simulated behaviour is shown
in bold lines and the recorded behaviour in normal lines.
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Figure 7.8  Verification | experiment with JT-valve as manipulated variable. The
simulated response is shown in bold lines and the measured response in normal lines.
The lower set of lines are the pressure measured in the start of the heat exchanger
furthest away from the outlet of the system.
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Figure 7.9  Verification Il experiment with JT-valve as manipulated variable.

The transient response of the in simulation shows a similar time delay after a change in
valve opening as the recorded response.
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The development of the saturation pressure in simulation is crucial for the validation of
the model. The relative change in pressure in the return box following the changes in
valve opening corresponds well with the measured pressure in the return box. However
the simulated change in saturation pressure from 10 % to 46 % valve opening is slightly
larger that the recorded one. This might be due to a too large value of the friction factor,
but not necessarily. The discrepancy might also originate from other dynamic features
occurring in the heat exchanger such as the velocity of advance or retreat of the liquid
front. The transient behaviour shows a similar development as the recorded one giving
confidence that the pressure drop calculation in the model is corresponding well to the
characteristics of the real pressure drop.
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8 Black box modeling of the LHC test string

The theory presented in this chapter is mainly extracted from [35]. It is consistent with
other references such as [36] and [37], which have also been consulted.

A model whose parameters are adjusted to fit to data and do not reflect physical
considerations in the system is calledlack box modelThe idea of their structure is to
have flexible model sets that can accommodate a variety of systems.

The method of obtaining black box models is caléggtem identificationThe procedure
of system identification involves three basic components:

1. asetof recorded input-output data from a system
2. aset of candidate model structures
3. arule to assess the candidate models

The input output data might be logged through normal operation of the system. The
preferred way is however to record the data during specifically designed identification
experiments. The experiment design is such that the recorded data contains a maximum
of information about the system. Tlegperiment desigwill be treated in section 8.2.

Selecting candidate model structures is an important and difficult choice. Knowledge
about the system and engineering insight should be combined with the properties of the
models to select sensible candidate structures. This will be treated in section 8.3.

The best model within a set is determined when examining how the models reproduce
measured data.

Having arrived at the model that best describes the data according to the chosen criterion,
this model must be validated to see if it is adequate for its purpdsdel validation

involves various procedures to assess how the model relates to observed data, prior
knowledge and to its intended use.

System Identification involves a lot of numerical calculation, and a natural evolution of
this field is the development of interactive software packages. The next section illustrates

the procedure of system identification such as it is implemented in the System
Identification Toolbox with Matlab.

8.1 The Procedure of System Identification

System Identification using an interactive tool will follow the sequence:

- Specify a model structure
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- The computer delivers the best model in this structure
- Evaluate the properties of this model
- Testanew structure

The following flowchart illustrates by rectangles what the software handles, and by ovals
what the user must do [38].

Construct the
experiment and
collect data

Should data Polish and
be filtered present data
i Data

i Model i
Fit the model Validate the

Choice of

model structure to the data model
Data Model structure 4
not ok not OK No Canthe model| Y€S
—»

be accepted?

Figure 8.1 Procedure for interactive system identification. Ovals indicate what the
user must do, and the squares indicate what is handled by the software.

8.2 Design of Experiments for System Identification

As arule it is wise to let the experiment resemble the situation for which the model will
be used. For a non-linear system it is advised that the experiments be performed around
the operating point.

The first choices are what to measure and where; which signals to consider as inputs and
which as outputs, and which signal to manipulate to excite the system. For the String the
inputs and manipulated signals were chosen to be the opening of the JT valve and the
heat load to the system provided by the electrical heaters. The output was naturally
chosen to be the magnet temperatures.

The next choices are the sampling interVaand how many data poindé, that should be
collected for each experiment. The situation for the String was that available experiment
time was limited, but that data might be sampled at a high rate. From a theoretical point
of view it is then advantageous to sample as fast as possible. It is possible later to
decimate the date if the sampling rate proves to be too high. When a model is to be used
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for control application, the sampling interval should be the same as for the control
application. This avoids having to use many sample periods to model time delay in
systems with dead time, as this can cause problems in the control design. For model
building the optimum choice of lies in the range of the time constant of the system. For

the String the time constant associated with manipulation of the JT-valve is in the order

of minutes and is considerably larger than that of manipulation of the heat load where the
response can be argued as being instantaneous due to the heat transfer capability of He II.
The sampling time was chosen to be 10 seconds, well within the time constant for
manipulation of the valve, yet acceptable regarding the demand for disk space for storage
of the data.

Within the constraints of limited experiment time and sampling rate, the number of data
points were inherently limited. The experiments were sought kept as long as possible to
contain maximum information. Sub-sets of the collected the data can later be chosen if

required.

The frequency, amplitude and shape of the input signal are essential choices to make for
the experiment to be informative. A binary symmetric signé)= +x, is a common and
informative signal. However a binary signal will not allow validation against non-
linearities.

Another common choice of input signal, which does not have this disadvantage, is the
PsedueRandom-Binary-Signal, PRBS$his is a periodic, deterministic signal with white
noise properties. The frequency of the signal should include the interesting frequencies of
the system. The amplitude of the signals was constrained by the need to keep the magnet
temperature safely around the operating conditions and to adequately excite the system.
Steady state opening of the valve was in the area of 25-30 %, and it was desired to keep
the JT-opening above 10 %. Choosing the longest period for the system to 30 minutes
was assumed long enough to include the desired system dynamics. Figure 8.2 shows a
typical experiment where the period of the signal is halved after each subsequent step up
and down in valve opening. The shortest period for such an experiment was less than 2
minutes, which does not produce a signal detectable above the noise for the output.
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Figure 8.2  Binary input signal for the JT valve and temperature response. The
identification experiment | has a duration of 3 hours.
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8.3 Selection of Model Structure and Order

When the experiments have been performed and the data collected, the first step is to pre-
process the data to remove drifts, trends, outliers in the data, pre-filter and to examine the
data and if necessary choose useful subsets.

The next major step is to choose the structure and order of the model to be identified.
This is the most crucial step in identification procedure, since the wrong structure cannot
yield a ‘good’ model no matter what the amount and quality of the experiments and the
data. The next sections describe the family of model structures and the choices made
when identifying the model for the String.

8.3.1 Models of Linear Time Invariant (LTI) Systems

A system with scalar inpui(t) and outputy(t) is time invariant if its response does not
depend on absolute time. It is linear if its output response to a linear combination of
inputs is the same as the linear combination of output responses of the individual inputs.
It has the property of being causal if output at a certain time depends on input up to that
time only. With these assumptions the linear theory for dynamic systems can be applied.
An LTI system subject to disturbance is shown in Figure 8.3

i v(t)

———» system —>»

u(t) y(t)

Figure 8.3  An LTI system subject to disturbance.

The disturbancey(t), can be measurement noise or some uncontrollable input to the
system. The impulse response for such a system in discrete time is described by:

y(t) = i g(K)u(t - k) +Vv(t) where v(t) = i h(k)e(t - k) (8.1)
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the noise ternv(t) is assumed to be driven by white noesg).

Introducing the backward shift operaptu(t)=u(t-1) and the notations
G(g) =) 9(k)g™ and H(q) =) h(k)q™ (8.2)
k=1 k=0

the description for an LTI system can then be written:
y(t) = G(aq)u(t) + H (a)e(t) (8.3)

whereG(q) andH(q) are the transfer functions for the input and the noise respectively.

A particular model for the system corresponds to finding the two functi®asdH.

Working with infinite sequencesgy(k) and h(k)s impractical, ands andH should be
parameterized using a finite number of numerical values. Determining these parameters is
done in the estimation procedure. A common way is to représamdH as rational

functions and let the parameters be the numerator and denominator coefficients. A
generalized model structure, which may give rise to 32 different model sets, is:

_ B() C(a)
Ayt = ¢ @ um+3 @ e(t) (8.4)

where the five polynomials have either of the forms:
AQ)=1+aq™ +0Fa, g™ B(a) =b,q™ +3b, g™

whereA, C, DandF have leading 1's. The structure is illustrated in Figure 8.4.

u y
—>» BIF + > 1A [—»

Figure 8.4 A generalized model structure for an LTI system.
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The polynomialA corresponds to poles that are common between the dynamic model and
the noise model. This polynomial is appropriate if the noise enters system "close to" the
input. LikewiseF determines the poles that are unique for the dynamics from input, and

D the poles that are unique for the noise. This structure is too generalized for most
purposes, and one or several of the polynomials can be set to unity. This gives rise to
more common special black box SISO models listed in Table 8.1.

Table 8.1 Some common Black Box SISO models.

Polynomials used Name of Model Structure
AB ARX
ABC ARMAX
BF OE (Output Error)
BFCD BJ (Box-Jenkins)

8.3.2 LTI Models for the String

The choice of model structure is closely linked to the nature of the noise that enters the
system.

The ARX structure does not allow the noise to have an effect on the system different than
the effect coming from of the input. This could correspond to noise on the reading of the
position of the JT-valve, or from effects such as hystresis in the valve movement or
uneven flow of liquid through the valve for some reason.

If one suspects that the measurement of the output is burdened with white noise, this
would come as a direct addition to the signal from the process, and the polyn@nials
andA would be set to unity, thus yielding the OE model structure. This situation would
correspond to a disturbance affecting the temperature sensor or noise generated by the
processing of the signal from the temperature sensors.

If the noise has the nature of some uncontrollable input to the system, it will be filtered
by the same dynamics as the contribution from the input. This implies using the same
denominatodA for the input signal as for the disturbance, thus makingndF

redundant. This corresponds to the ARMAX model. Variation of the heat inleak to the
String would have this effect.

If the uncontrollable input to the system not only filters through as the input signal, but
has a more complex affect it would have to be described by the polyno@aaisiD,
yielding the BJ model structure. This could be envisaged to happen because of some
disturbance affecting the temperature sensor itself as well acting as an uncontrollable
variation of the heat inleak.
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For the String all of the above-indicated sources of disturbance can be imagined to occur
to a greater or lesser extent. As there are no measurements or sensible prediction of either
of the disturbances, the only way to go about it was to try all the structures and interpret
which disturbance has the dominating effect. This procedure is also in compliance with
recommendations in literature which advises a generous attitude to the choice of model
structure [L.Ljung]

8.4 LTI models and validation

Three experiments were used in the system identification and model validation
procedure. The experiment used for creating the modes is shown in Figure 8.2. Two
experiments were used for model validation. They are shown in Figure 8.5 and Figure
8.6 below. The working point in the identification experiment is 1.87 K compared to the
working points of 1.88 K and 1.895 K for the validation experiments. This allows for
testing against the non-linearity of cp(T) which experiences a 7.5 % increase from 1.87 K
t0 1.895K.
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| [ | ; 425
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Figure 8.5  Validation experiment I, 2 ¥2 hours duration.
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Figure 8.6  Validation experiment II, 4 %2 hours duration.

The four model structures in Table 8.1 have been investigated. The orders of the
polynomials in the structures have been varied to identify the best model in each
structure. The best candidate from each structure is then compared in the validation
procedure.

Several aspects of the models are examined.

The simulatednodel output®f the models are compared with the actually measured
output. The comparison is performed against the data used to create the model.

The autocorrelation of the modedsiduak (prediction errors) and the crosscorrelation
between inputs and residuals are examined to test if they are contained within a specified
confidence interval.

Transient responsef the models resulting from a step in the input signal is examined.

Frequency responsa the models, known as Bode plots, is examined. The bandwidth of
the model decreases according to how fast the phase of the model drops. A lower
bandwidth means that the system is slower, and higher frequency inputs will be smoothed
out in the response of the model.

Thepoles and zerosf the models are examined. The poles of the system are the zeros of
the denominator polynomial in the transfer function from the input to the output.
Operating with the g-transform the criterion for the stability is that the unit circle must lie
inside the region of convergence (ROC) shown in Figure 8.7. One of the properties of the
ROC is that it does not contain any poles (property 2 p635 signals and system).
Consequently the poles of the system must lie inside or on the unit circle, otherwise the
system is unstable. The zeros of the numerator polynomial are the zeros of the system. If
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a zero is located positively on the outside of the unit circle, it indicates that the system is
non-minimum phase. [seborg 132]The presence of complex conjugate poles indicates that
the response will contain sine and cosine modes, that is, it will exhibit oscillatory modes.
Zeros in the numerator are said to exhimerator dynamicdrocesses with a higher

degree in the denominator than in the numerator exhibit some sort of inertia, and no jump
in the output will be observed.

im

Figure 8.7 Region of convergence in the g-plane indicated by the dashed area. The
unit circle must lie in the ROC for the model to be stable.

The sampling time used in the identification that is presented here is 20 seconds.

8.4.1 Parameter estimation

[37] A system described by an ARX model is written:
A(Q)y(t) = B(qu(t) + et) (8.5)

It is assumed to be no time delay in the model. The polynomi&d andB(q) are given
by:

A(Q) =1+a,q" +a,q* +...+a,,q"™
B(q) =b,g* +b,q* +...+b,q"™

wheren, andn, are the order of th& andB polynomials respectively. By defining:

Y, = [— Vit = Yiepee— yt_mﬂut_lut_l...ut_nb_l]T - regressor vector (8.6)
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6=[a,a,..a,,bb,.b, ] -parameter vector (8.7)
the model is expressed as:

y(t) =" (D8 +e(t) (8.8)

The goal of the estimation procedure is to find the estimate fbat best describes the
data. A loss function that sums up the square of the error between the estimated output
and the measured output is introduced:

(6)=3 o -v" ©d] (8.9

where the superscript * denotes estimbites the number of data samples. Derivation of
the loss function gives:

S 6)= 2> velo-v wé (8.10)

By setting the derivative to zero and solving for the estimated parameter vector the
estimate becomes:

éz%iw(t)w (t)% E%w(t)y(t)g 8.11)

which is the least square estimate of the model that is solved in the estimation procedure.
The least square model of other structures proceeds along similar lines starting with the
relevant model structure.

8.4.2 ARX and IV models

The regular ARX model with time delay has the structure:

A@)y(t) = B(q)u(t - nk) + &(t) (8.12)
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wheree(t)is white noise. In a case where the noise is coloured the ARX structure will not
give an unbiased estimate [37]. An alternative form for achieving an unbiased estimate
in the presence of coloured noise is called instrumental variables method has the form:

A@) y(t) = B(q)u(t - nk) +v(t) wherev(t) = H (q)e(t) (8.13)

andH(q) is a rational transfer function. The idea of the IV structure is to find consistent
estimates foA(q) andB(q) while not regarding the coloured noise and its transfer
function in the estimation procedure. This is achieved by defining a set of alternative
regression variables which are denoteditistrumental variables

Figure 8.8 Shows the simulated output compared with measured output for three models

in the classes of ARX and IV models. The orders of the polynomials are indicated as
ARXnangN,

Measured and simulated model output
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Figure 8.8  Model outputs. Blue: ARX221, red: ARX10 10 1, green: IV221

The ARX model of order 2 does not even remotely reproduce the data, and only a model
of high order (>10) is moderately successful in describing the dynamics of the data. This
is an unacceptably high order for a model. The IV model of order 2 (green line) does a
much better job of reproducing the data. It is clear that the noise in the system is not
white, and a simple ARX model will not be satisfactory. The IV structure is sensitive to
the order of delay, and 1V223 gives an diverging output. Higher order oAthe
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polynomial give poles in origo signalling that the order is too high, and also give a
degradation in the model output. IV221 is thus the only order of the structure with
satisfactory properties

8.4.3 Output error (OE) models
The output error structure has the form:

B,

t) =
y() F(a)

(t—nk) +e(t) (8.14)

Figure 8.9 shows the simulated output of three OE-models. The orders of the polynomials
are indicated as Okngny.

Measured and simulated model output
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Figure 8.9 Model outputs. Blue: OE331 , red: OE221, green: OE121

The model OE221 does a moderately good job in describing the data. It has two stable
poles and a zero outside the unit circle, indicating a non-minimum phase system as would
be expected. A model order 3 does a better job in reproducing data, however it has an
additional negative zero outside the unit circle as well as a pole in minus 1. Higher order
models yield totally unacceptable high frequency oscillation around the output trajectory
produced by complex poles. The structure is also sensitive to the order ofngeBoth

OE331 and OE221 shows a degradation in performance if increasing the order of delay
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by one. This does not inspire confidence in the structure, and no acceptable model is
identified.

8.4.4 ARMAX models

The ARMAX structure has the form:
A(9) y(t) = B(q)u(t —nk) + C(q)e(t) (8.15)

Figure 8.10 shows the simulated output of three ARMAX-models. The orders of the
polynomials are indicated as ARMAXngnchk.

Measured and simulated model output
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Figure 8.10 Model outputs. Red: ARMAX2211, green: ARMAX1211, blue:
ARMAX2111

Assuming second order for all parameters in an ARMAX model yields a much better
response. Reducing parameters until a noticeable degradation in behaviour occurs gives
the simplest acceptable model in the class: AMX2211 (red line). Increasing any of the
model parameters does not noticeable improve the model output. Increasing the order of
the A polynomial give additional poles close to origo signal that the order is too high.
Reducing either the polynomial (green line) oB (blue line) gives a noticeable

degradation in performance. Decreasing@hgolynomial yields an unacceptable
performance.
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Increasing the time delay in the ARMAX22dmodel does not significantly alter the
simulated output. A delay of 8 samples moves the zero inside the unit circle to indicating
minimum phase system. It is hence the delay identified as necessary to account for the
combined effect of the system being non-minimum phase and a transport delay.
Additionally the 8-sample delay smooth out the higher frequencies, and signals with a
time constant of less than five minutes are filtered out. The model AMX2211 is the best
model in the structure.

8.4.5 Box-Jenkins (BJ) models

The Box-Jenkins structure has the form:

_B() C(a)
t) = ——u(t - nk) + ——¢(t 8.16
y() F(q)u( n)+D(O|)e() (8.16)

Figure 8.11 shows the simulated output of three Box-Jenkins-models. The orders of the
polynomials are indicated as Bshaenpngnk.

Measured and simulated model output
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Figure 8.11 Model outputs. Red: BJ21121, blue: BJ11121, green: BJ21111
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Assuming second order for all parameters (BJ22221) gives a response very similar to that
of the ARMAX model. Reducing model parameters until the behaviour noticeably
degrades gives the simplest model in the class: BJ21121. Increasing any of the model
parameters does not noticeably improve the model output. Reducing either the
polynomialA (green line) oB (blue line) gives an unacceptable performance. Decreasing
the C or D polynomials does not noticeably change the model output, however the
autocorrolation is significantly outside the confidence interval.

Increasing the time delay in the BJ21%2nodel does not significantly alter the simulated
output. A delay of 15 samples moves the zero inside the unit circle indicating minimum

phase system. The phase margin decreases with increasing specified dead time. The
model BJ21121 is the best model in the structure.

8.4.6 Verification of the models

The model output of the best models plotted against the identification data set in

Measured and simulated model output
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Figure 8.12 Model outputs of the best model in each structure. blue:IV221, green:
ARMAX2211,red: BJ21121
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All the models have real and stable poles and a zero outside the unit circle indicating a
non-minimum phase system. One of the poles is practically at the unit circle signalling an
integrating system. The models also have second pole close to the unit circle indicating
that the system is close to being unstable. Table 8.2 shows the zeros and poles for the
three models. The duration of the inverse response is also shown. All the models have a
phase of - 180° at 0.5 Hz.

Table 8.2 Zeros and poles and duration of step response for V221, ARMAX2211
and BJ21121.

Pole | Pole Il Zero Step response
ARMAX 0.998 0.975 1.098 6 m 30s
BJ 0.999 0.974 1.096 6m40s
\Y 0.992 0.985 1.076 8m 20 s

Figure 8.13 and Figure 8.14 shows the performance of the best model in each structure
plotted against the two verification experiments shown in Figure 8.5 and Figure 8.6.
Measured and simulated model output
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Figure 8.13 Model outputs shown against verification experiment I. Blue: 1V221,
green: ARMAX2211, red: BJ21121.
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Measured and simulated model output
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Figure 8.14 Model outputs shown against verification experiment Il. Blue: V221,
green: ARMAX2211, red: BJ21121.

The transfer function of the three models are:

_1 _5 _1_ _2
ARMAX2211: 2(0) _ 10 (L2119 -1.33092)

: i ) (8.17)
A(Q?)  1-1.97264" +0.9726

- B(g™) _10° (1.230q_—1 —1.348q‘f) (8.18)
F(q™) 1-1.9723™+0.9723

v B(q™) _ 10°(1.2289 -132157?) (8.19)

AQ™) 1-1.97700"+0.97717?

The performance of the BJ model is very similar to that of the ARMAX model indicating
that no improvement is gained by using a separate polynomial for describing the nature of
the noise. This indicates that the dominant factor in the noise is the variation in the heat
inleak to the system.



100

9 MPC control of the 1.8 K cooling loop

In chapter 5 the concept of Model Predictive Control was introduced. An MPC controller
has been implemented on the 1.8 K cooling loop of the Magnet Test String. This chapter
describes in more detail the concept of MPC and the implementation on the String.
Figure 9.1 shows schematically how an MPC is functioning. The theory presented in this
chapter is consistent with literature e.g. [39], [40] and [41].

PREDICTIVE CONTROLLER

Constraint .

i Management :
Temperature usp by v
reference Reference Optimizer Temperature
— ¥ trajectory i !

! i (criterion  —t+——» >

: generation function) ! Valvg

: v 'y | opening

»| PROCESS
MODEL Predictions

Figure 9.1  The parts that constitute a model based predictive controller.

At each sample time first a reference trajectory is created according to the present state of
the system and a predefined rule for the shape of the trajectory. Then an optimized
sequence of movements of the manipulated variable is found according to a predefined
criterion function. This is the sequence that drives the process ‘as close as possible’ along
the reference trajectory. The optimization might be subject to a set of predefined
constraints which would have to be taken into consideration. The process output used in
the optimization is calculated according to a process model which is embedded in the
controller.

The first value of the sequence of movements of the manipulated variable, the valve
opening in the case of the String, is fed to the process. The whole procedure is then
repeated at the next sample time using updated information recorded from the process.
The concept of predicting the process output at each sample time using updated
information is referred to as receding horizon control.
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Reference trajectory Predicted temperature
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Valve movement

k
k-1 k+1

Figure 9.2 The reference trajectory, valve sequence and predicted temperature
response of the MPC. Receding horizon control: process output at each sample time
using updated information.

Three design parameters are marked in Figure 9.2 and Table 9.1 shows the range in
which the parameter must lie.

Table 9.1 Ranges where to choose design parameters [42].
Hp Prediction horizon >Hn
Hm Minimum cost horizon d+1<Hn<Hp
Hc Control horizon 1<H:<Hd

The control horizorHc is the number of allowed movements of the manipulated

variables that can be used to create the predicted temperature development. The
discrepancy between the reference trajectory and the predicted temperature is evaluated
between minimum cost horizdf, and the prediction horizoHp. d is the dead time of

the process. It can be argued that the lower limitigfshould be 1 and not d + 1 as listed.
This is indeed the case
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9.1 Reference trajectory

The reference trajectory defines how the process should move from one set point to
another and is an arbitrary sequence of point. However for many processes a simple first
order trajectory can be used. The trajectory can be created according to:

w(k +i) = (1-a)Sp+aw(k +i -1 (9.1)

whereaq is a factor defining the gradient of the reference trajectory. The set §pist
the desired temperature of the magnets. The starting poimt(fdiis chosen as either(k)
or the initial value ofw(k) as illustrated in Figure 9.3.

Sp Sp

e
\
| &/
2

Figure 9.3  Two ways of initiating the reference trajectory: either at the measured
output or at the previous value of the reference trajectory [43].

By usingy(k) an extra feed-back loop is activated, as an updated value of the starting
point of the trajectory is fed back to the controller from the process. This is the reference
trajectory used in the String implementation.

Choosing a reference trajectory is a way of defining the desired closed-loop response. In
the String implementation this was a matter of choosing the valoe A no satisfactory
guideline was found this was a matter of trial and ercowas chosen such that the
reference trajectory was in order of the maximum gradient attainable for the process.

9.2 Criterion function

In predictive controllers, minimization of a criterion function yields the predictive control
law. The choice of the criterion function is therefore important.
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The simplest form of criterion function is:
HP
3= [9(k+i) - w(k +i)]? (9.2)
i=1
It can be shown [Soeterboek, R, p49] that this criterion will yield a minimum variance

controller. This type of controller might give a badly damped or unstable control system.

This is improved by putting the output in the criterion function, and the criterion
becomes:

J :i[y(k+i)—w(k+i)]2+pu(k+i—1)2 (9.3)

i=1

The weighting factop is used to make a trade-off between the conflicting objectives of
minimizing the tracking error and minimizing the controller output. Increasipgts

more weight on the controller output and gives a less active output and a slower process
output.

Using this weighting factor has two major disadvantages:

1. choosing: such that the system behaves as desired. Sidepends on the
process, the choice must be done either based on simulation or by trial and error.
2. For processes with a constant nonag(ig in steady state conditions , the useuof

will give a steady state error when set point and disturbances are constant. Since
u(k)is nonzero in steady state conditions it affects the criterion function in steady
state and hence the steady state controller output.

Weighing the controller increment instead of the output itself will avoid steady state
errors since the control increments in steady state are zero. It does not however make the
choice ofu any easier.

If a minimum value of the dead time is know or the process is non minimum phase, the
minimum cost horizon should be equal to or larger than the dead time or inverse
response. The criterion function that is used in the MPC implemented on the String then
becomes:

J= Hzp:[y(kﬁ) ~w(k +i)J? +piAu(k+i ~1)2 (9.4)

i=H,, i=1
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9.3 The predictive control law

The optimal control law is derived by minimization of the criterion function with respect

to the controller output sequence over the control horizon. When there are no constraints
and the process model is linear, the minimization can be done analytically. Subject to
constraints the minimization is done by an iterative method.

If the criterion function J is optimized with respect to the veeigthen any local
optimumu satisfies:

g=—=0 (9-5)

where g denotes the gradient asidenotes the partial derivative. A local optimum is
global minimum if the Hessiad

J-9 (9.6)

is positive definite. This is the optimization that yields the predictive control law.

9.4 Constraints

Constraints are classified as either soft or hard constraints. Soft constraints might be
violated temporarily to satisfy other criteria. These can usually be taken care of by the
minimization of the criterion function. The weighting faciocan be selected such that

the soft constraint is satisfied most of the time. For the String the magnet temperature is a
soft constraint: it might temporarily be allowed to exceed a defined maximum. For the
results presented later in this chapter the upper limit for the temperature is set such that
this constraint is never violated.

Hard constraints on the other hand cannot be violated at any time. Typically there are
hard constraints on the input of the process. For the MPC implantation at the String the
valve has constraint with a lower limit of 5 % opening and an upper limit of 100%
opening. Hard constraints must be taken into account explicitly and an unconstrained
minimization is no longer possible. This results in an optimization solution that must be
found iteratively at each sample time by quadratic programming (QP).

In addition to level constraints there might also be constraint on the rate of change
The control of a process subject level constraints might become rather bad, and if rate of
change constraints are present even unstable. Taking into account the effect of constraints
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has been shown to result in much better system performance: the controller anticipates
the constraints becoming active in the future.

The optimal operation point for a process often lies at the intersection of constraints. The
control must avoid violations and still operate close to the constraints. This is one of the
strong points of predictive controllers, since they can incorporate the handling of
constraints in a systematic way. Hence a predictive controller which takes hard
constraints into account allows to operate closer to the physical limitations of the process
safely. Up until now, predictive control is the only controller design concept that can
handle hard constraints in a natural and systematic way.

9.5 System model for the MPC

In Chapter 8 the concept of black box models was discussed. The models that were
implemented in the MPC algorithm were developed in the system identification
procedure. The ARMAX model was identified as the structure that best describes the
system. The BJ structure performed very similar to the ARMAX structure was
implemented in the algorithm. No difference in performance between the two structures
was detected. An OE model was also tested giving an unstable closed loop performance.
The ARMAX model that was developed is:

B(g™) _ 10°(L.2113™ ~1.3305°2)
AQY)  1-1.9726y" +0.972672

(9.7)

9.6 Design parameters

Model Predictive Control is an open methodology that can contain a number of design
parameters according to the desired properties and the implementation at hand. A unified
approach to MPC involves ten design parameters. However not all parameters are
relevant for each implementation. This chapter treats the relevant design parameters for
the String implementation. Also treated are guidelines how to choose them and their
effect on the robustness and stability of the controller.

To investigate the effect of the design parameters the MPC controller was run off line
without temperature feedback from the system. The temperature observed by the
controller was constant throughout the procedure. However for a period of about five
minutes a real temperature evolution is not expected deviate much from the initial
temperature due to the inverse response. Consequently the predictions made by the
controller and the applied valve sequence corresponds reasonably well with a real
situation for this period. As time advances the discrepancy will increase. From steady
state condition with 28 % valve opening a step down in the temperature reference of 15
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mK was introduced. The subsequent valve response with different settings of the design
parameters was studied. The sampling time for the simulations is 10 seconds.

9.6.1 Controller output weighting

The criterion function, equation (9.4), shows that the weighting faetand the filter4

realize the controller output weighting. A rule of thumb on how to chgmdees not

exist. However a large value gfresults in an unstable closed-loop system because there
is no longer any feedback. The valuemiust therefore be chosen with care. The below
figure shows the evolution of the valve opening following the procedure described above.
The three parametekém, HpandHc are constant in each of the two figures respectively.
The weighting factopis varied.

Hm=30, Hp=40, Hc=3 Hm=30, Hp=40, He=10
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Figure 9.4  Valve response using different values for the weighting factor

Values up tgo = 0.02 give reasonable limitation of valve movement. For larger values
the restriction in the valve movement becomes increasingly severe, and this value was
considered as an upper limit.

In discrete timed is expressed:
Qw=1-g* (9.8)

The use o4 eliminates steady state offset and does not influence the steady-state
behavior if the reference trajectory and disturbances are constant. This is the reason for
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the use ofdin many predictive controllers. However there is a danger that weighting the
controller increment the closed-loop can lead to a badly damped or even unstable system.
Since the criterion function is minimized over a finite number of samples the controller is
still optimal with respect to the criterions function. Low frequency oscillations result in
small values of the controller increments hence the corresponding part of the criterion
function remain small. However the system will exhibit low frequency oscillations
corresponding to the disturbance. If the criterion function is minimized over a larger
horizon the situation improves. This effect will not occur when weighting the controller
output directly since both parts of the criterion function go to infinity if the closed-loop
system is unstable.

The situation can be improved by introducing in additiodtthe filter:
Qu=1/(1-uq™) (9.9)

whereu=0.95 is a typical value. Now still satisfies the steady-state requirements for
constant set points and disturbances, while the dynamic behavior is approximately equal
to that when the controller output is weighted directly.

For the MPC implementation of the String, battand4 as well as the describegy have
been used. Zero steady state offset was achieved as well as low variance of the controller
output. The results of usinQq were inconclusive.

9.6.2 Prediction, minimum cost and control horizon

In this section the influence of the prediction horizéfp), the minimum cost horizon
(Hm) and the control horizorH) is examined.

They parameters can be used to select different well-known controllers Ao&¢ith
choosingH, = 1 yields a minimum variance controller, alg — p yields a mean-level
controller. A large value ofl, is normally chosen for robustness reasons, and it can then
no longer be considered as a tuning parameter. However the behavior of the closed-loop
system can be influenced Ib{ in a similar way to that when usingp. If Hc.=n,+ 1 a
dead-beat controller is approximated, while = H, - d a minimum-variance

controller is obtained. Normally however predictive controllers are not used as pole
placement controller and the parameters are chosen differently.

For a stable process the prediction horizon can be chosen according to the settling time of
the closed-loop system:

Hp= int(ts,/Ts) (9.10)
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Where int(.) is a function that converts real value to an integer,Tamslthe sampling
time. For badly damped or unstable processes such as the string this rule of thumb cannot
be used, and instead Hp can be related to the bandwidth of the open-loop process:

Hp = int(2u Ju b) (9.11)

Wherewu p is the bandwidth of the open-loop system ands the sampling frequency.

The bandwidth of the String is about, = 0.003 Hz(333 sec). This value has been

identified by examining the filtered output of the identification and validation

experiments presented in Chapter 8. Input signals with frequencies higher jlaae not
detectable above the noise of the output signal Sampling period should as a rule of thumb
be chosen 10 — 20 times smaller than the settling time. Combining equations (9.9) and
(9.10) the sampling period should be chosen 5 - 10 times smaller than the inverse of the
bandwidth e.g. 33 — 66 seconds. According to equation (9.10) the prediction horizon
should be chosen &$, = 20 — 40. If the sampling time of the system is chosen different
from this rule, then Hp should be adjusted accordingly for to apply. With this value the
sensitivity of the closed-loop system to changeslins small, and consequenthy, can

no longer be used as a tuning parameter. In the simulations presented here the sampling
time is ten seconds the prediction horizon should be chbigen 67 — 133 (11 — 22

minutes).

Figure 9.5 shows the valve response in simulated according to the procedure described
above.
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Figure 9.5  Valve response using different values for the prediction horizon.
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On the left graph wittHy, = 35 there is a small difference when increasing the prediction
horizon from 60 to 75 and the lower value of the rule of thumb seems appropriate.
However withH,, = 20 there is still a considerable change in valve response when
increasing the prediction horizon from 60 to 100. A larger value than 67 should be
chosen to eliminatel, as a tuning parameter.

Figure 9.6 shows the response of the valve using different values of the control horizon
Hec.
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Figure 9.6  Valve response using different values for the control horizon.

Tuning rules states that in general increadthgvith H, — p makes the controller more
active. Figure 9.6 shows that the valve becomes less active when increasing the control
horizon. This is contrary to the general tuning rule making the choit& afiore

difficult. Increasing the control horizon from 5 to 10 has a limited effect. On the right
hand figure it is seen that introducing the weighting fagtoeduces the effect of

changing the control horizon.

Tuning rules states that for a minimum phase process, incredgingakes the closed-
loop system respond more slowly to set point changes. [68] When controlling a non-
minimum phase process, increastgyields a faster closed loop system. Figure 9.7
shows the response of the valve using different values of the minimum cost hbkjzon
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Figure 9.7  Valve response using different values for the minimum cost horizon.

Decreasing the minimum cost horizon makes the controller more active. Again this is
contrary to the tuning rules making the choiceHaf more difficult.

A possible choice i$im= Hp. In this case the tracking error is considered at only one

point in the future. However assumiitly = 1 then choosingf, is quite difficult when the
system is non-minimum phase. This setting was attempted and as expected did not yield a
satisfactory performance.

9.6.3 The disturbance model

Tuning rules states that the disturbance model is a powerful tool for tuning the regulator
behaviour. When the model is different from the process the choice of the disturbance
model is essential for obtaining a stable closed-loop system. The disturbance model:

T=(01-g™)"™ (9.12)

can be used for unstable processes. The order & gi@ynomial isn, = 2. The choice

of u depends on the sampling periad= 0.8 yield acceptable results in most cases.
Increasing: makes the closed-loop system react more slowly to set point changes if the
model is different from the process. This is not the case when the model is correctly
modelled. Using a small value farusually results in unacceptable regulator performance
because the controller output variance is very large. Usir(d.- uq™*)" the response to a
load change will be smooth.

Another choice for the disturbance model is:
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TZA (9.13)

However this is not advised when the model has badly damped poles, as is the case for
the model of the String. It has

9.7 Performance of the MPC controller

In view of the poor agreement between tuning rules and the behaviour of the valve
obtained in simulation the tuning of the MPC controller was not straightforward. A trail
and error approach was employed using both the tuning rules and the experience from
simulation as guidelines. The sampling time used in the controller was varied between 20
seconds and 2 minutes.

The results presented here are extracts from the tuning procedure. The first three figures
show the response of the valve and the temperature following a 15 mK step up and down
in the reference with a steady state between. This is compared to a similar step when the
PID controls the system which is show in Figure 9.11. If should be noted that for the
MPC implementation the temperature reference is a constant temperature, while for the
PID implementation the reference is based on the saturation pressure in the overflowing
pot, as described in section 5.1. The last two figures show the response of the system
when 7 W heat load was applied and using 20 seconds and 2 minutes as sampling time.
In the figures the temperature is shown in red, the valve response in blue and the
reference black line.
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Figure 9.8 MPC performance following a 15 mK step up and down in the reference.
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The controller output is quite active and reaches the hard constraint at 5 % valve opening
after eight samples. The valve starts opening again even before the inverse response is
over and the temperature starts increasing beyond the starting temperature. Such a
behaviour cannot be obtained by a PID controller. The temperature is within 5 mK of the
set point after 15 minutes, however the valve is opened too much and it takes 35 minutes
to fully reach the set point. The step down induces an inverse response lasting for 10

minutes with a maximum temperature increase of 2 mK. The temperature reaches the set
point after 32 minutes.
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Figure 9.9 MPC performance following a 15 mK step up and down in the reference.

With this setting the valve output is less active and the adjusting movements of the valve
last for a longer period than in the previous figure. The temperature is within 5 mK of the
set point after 21 minutes and reaches the set point in 30 minutes. In the step down the
valve is opened more than in the previous figure inducing an inverse response lasting for
11 minutes with a maximum temperature increase of 3 mK. It takes 40 minutes for the
temperature to reach the set point since the final valve adjustment towards the set point
are not well performed. In general the performance of the controller to a step down in
temperature is poorer than for a step up.
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Figure 9.10 MPC performance following a 15 mK step up and down in the reference.

The temperature is within five mK of the set point after 20 minutes and reaches the set
point in 25 minutes which is the fastest of the three performances. However the
temperature overshoots with five mK and is not stable at the set point until 50 minutes.
The step down induces an inverse response lasting for 13 minutes with a maximum
temperature increase of 2 mK. This long inverse response is induced by the temperature
being slowly increasing prior to the step. The maximum valve opening is 10 % smaller
than in the previous figure. But again the final valve adjustment towards the set point are
not well performed and the temperature passes the set point after 25 minutes and
undershoots with 5 mK before being stable at the set point after one hour.

The performance observed by the MPC controller in the previous three figures can be
compared with the performance of the PID controller to a similar step in the reference as
shown in Figure 9.11.
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Figure 9.11 D performance following a 15 mK step up and down in the reference.

The temperature is within 5 mK after 19 minutes and reaches the set point in 26 minutes
which is the same as the fastest MPC response. However the temperature overshoots the
set point with 4 mK and then shows an oscillatory behaviour. The step does not produce
an inverse response and the temperature starts decreasing after 6 minutes. The absence of
inverse response induced by the temperature being slowly decreasing prior to the step.
The maximum valve opening is similar to the maximum valve opening of the MPC
controller in the previous figure. The undershoot for the PID is significantly larger than
what is observed with the MPC controller. The temperature is at the set point after 20
minutes but is followed by an undershoot of 14 mK. As is the case for the MPC controller
also the performance of the PID controller to a step down in temperature is poorer than
for a step up.

The next two figures show the MPC performance subject to an added heat load of 7 W
which is equivalent to the heat load expected when ramping the magnet current. The
sampling time is 20 seconds in Figure 9.12 and 2 minutes Figure 9.13.
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Steady state valve opening is 25 % before and 30 % after the heat load is applied. The
maximum temperature excursion is 10 mK after 15 minutes. The temperature is back at
the set point after 37 minutes and undershoots
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10 Discussion and Conclusion

The Large Hadron Collider is the next generation particle accelerator presently under
construction at CERN. It will make use of superconducting cryomagnets operating in
pressurised He Il at 1.9 K throughout its circumference of 27 kilometres. The scope of
this work was to investigate the properties of the 1.9 K level of the 35-m full-scale model
of the LHC, and initiate the process of designing a control scheme adapted to the
challenges posed by the system.

On the basis of this investigation a first principle simulation program is constructed and
validated. Black box models of the system are developed, and used as an integral part of a
model predictive controller implemented at the magnet test string for controller the

magnet temperature.

10.1 Investigation of the 1.9 K level

The 1.9 K level of the Magnet Test String has been subject to series of experiments
determine the process characteristics. It is found to be an integrating (non self-regulating)
process since a new steady state will not be reached following a change in either the
manipulated variable (Joule-Thomson valve) or the disturbance (heat inleak). The process
is strongly non-linear in particular governed by the change in specific heat of He Il and
density of helium gas with temperature. The process has a variable transport delay (dead
time) in the flow of helium to reach the dry part of the heat exchanger. The process is
non-minimum phase (inverse response) due to the competing dynamic effects of pressure
drop and advance of liquid in the heat exchanger.

Classical control such as PID in the case of the String, are not optimal when one or more
of the above mentioned characteristics are present in a process. A narrower control band
can in principle be achieved when using an advanced, also denoted modern, control
technique. The MPC methodology has been identified as the most promising for tackling
the challenges present in the process of the 1.9 K level of the Magnet Test String. MPC is
an open methodology in the class of predictive control algorithms. MPC can be used to
control a variety of processes.

A series of experiment to gain knowledge about the properties and dynamic
characteristics of the 1.9 K cooling loop of the magnet test string has been carried out.
The velocity of the advancing liquid in the heat exchanger pipe is measured to be in the
order of 10 cm/s. There is an increase in the velocity observed with increasing mass flow.
The interaction between the liquid and gas phase is found to be weak, and the two phases
are considered to flow independent of each other.

The mass of He Il present in the cold mass is the determining factor of the thermal
property of the system. Although the helium constitutes less than one percent of the total
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weight at this temperature level it still dominates the heat capacity of the system owing to
the extreme specific heat of He Il. The amount of He Il is measured to be 185 kg. The
accordance of results in simulation with the observed behaviour supports this measured
guantity.

Heat transfer at low temperature is governed by the Kapitza conductance between the He
Il and surrounding parts. The total thermal conductance of the 1.9 K heat exchanger tube
has been measure in an experiment involving heat loads from 0 - 2 W/m. The
conductance was measured to be 74 W/Km. The degree of wetting of the circumference
of the tube was not taken into account in the calculation, and the heat transfer coefficient
is assumed to be a function of length only. This assumption is justified by the corrugated
geometry of the tube, which ensures good wetting at low mass flow. Separate work has
found the Kapiza conductance of the tube to be 304 W/Km, indicating a wetted perimeter
of 25 %. The numbers agree well with a geometrical consideration of the liquid in the
tube, and indicate that liquid entrainment and creeping of liquid up the wall does not
contribute significantly in improving heat transfer.

The vessels of the cold masses are connected by interconnection tubes with a length of 52
cm and having a cross section of 66%ciBue to instrumentation feed through the

efficient cross section of helium for heat transfer is about 3@ @ine heat transfer

through them magnet interconnections has been measured to be very good. The measured
temperature difference measure a cross section of the tube larger than the cross section of
the unobstructed tube. This discrepancy is unaccounted for, but it is concluded that the
heat transfer capability of the interconnections is not a limiting factor in the temperature
control of the system.

An inverse response is observed during temperature transients. Opening the Joule-
Thomson valve from steady state opening of about 30 % to 90 % will provoke an inverse
response lasting for about eight minutes and the magnet temperature will increase about 5
mK before the system starts to cool down. This undesirable behaviour is inherent in the
system and not a characteristic that can be eliminated by the control system. The inverse
response is originating from the pressure drop characteristic of the heat exchanger tube.
When the amount of flash gas increases following the opening of the valve, the pressure
drop along the heat exchanger increases with a resulting lower temperature margin
available for heat transfer. Consequently the cooling power of the heat exchanger
decreases until a longer part of the tube is wetted.

10.2 First principle modelling

A first principle model of the 1.9 K level of the magnet test string has been constructed.
The assumptions underlying the model are:

- friction factor of the heat exchanger tubd i 0.077

- thermal conductance of the heat exchangéy s 74 W/m
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- amount of He Il in the cold massm = 180 kg
- the characteristic of the Joule-Thomson valve is assumed to be:

M(V,,) = 0.000440V2 +0.04[¥,,

wherem is the mass flow as a function of valve opening

The simplifications are:

- the velocity of the advancing liquid in the heat exchanger tube is regarded as being
constant 10 cm/s

- all magnets are assumed to be of equal temperature, thus neglecting the longitudinal
heat transfer in the mode

- the corrugations of the tube are assumed to constitute a volume that has to be filled in
order for the liquid to advance further. An amount of 10.55 g/m is assumed required
to fill the corrugations

- pressure drop over a part of the tube is calculated on basis of the average of the gas
flow in and out of that part of the tube

- the flash created during the expansion over the Joule-Thomson valve is assumed to be
constanix = 0.12

- the latent heat of vaporisation of He Il is regarded as constant 23 J/g

The heat exchanger is divided into length increments in order to obtain a longitudinal
profile of the liquid distribution along the tube, and to calculate the pressure drop
resulting from the increase in gas flow as the liquid absorbs the heat load and vaporises.

The characteristic of the Joule-Thomson valve is a compromise between the specification
from the supplier of the valve, results obtained in a calibration procedure on site and
experience obtained through operation of the valve. Most emphasis is placed on
experience gained through operation of the valve. For the most significant range of
opening of the valve, 20 - 40 %, the characteristic agree well with results calculated from
long duration observation of steady state liquid consumption compared with measured
heat inleak. Operation of the valve in manual mode is based on this characteristic. The
experience of using this fit function supports its validity.

The volume of one corrugation of the tube has through a geometrical consideration been
calculated to be 0.8842 cnilhis equals a stored mass in the corrugation of 10.55 g/m.

The consideration is based on the assumption that the circumference of the tube is that of
a circle, and the longitudinal pattern is that of a sine curve.

The pressure drop calculation is assuming the tube to be a pipe with a relative roughness
of 0.08 and using the outer diameter of the corrugation in the calculations. The density of
the helium gas is calculated using a fit function accurate to within 0.5 % of tabulated
values in the 1.78 K —1.96 K region.
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Cooling provided by the heat exchanger is calculated for each length increment and
summed up over the length. Assuming constant latent heat of vaporisation of He Il
represents an error of less than 0.5 % in the 1.74 K - 2.08 K region.

When all the magnets are assumed to be isotherm only one differential equation is needed
for the overall energy balance. The specific heat of He Il is implemented as a fit function
with an error less than 1.25 % in the 1.7 K -2.07 K region.

The model has been implemented using the mathematical program Matlab. The inputs
required for running a simulation are:

- pumping pressure at the outlet of the heat exchanger

- heat load on the system during the simulation

- supply of helium through the JT valve during the simulation.

The program calculates:

- pressure profile in the HX

- saturated temperature profile

- liquid distribution in the HX

- cooling power provided by the HX

- temperature development for the He Il of the cold mass hence the magnets
- liquid supply in the case of using a control structure for the valve

- liquid supply as a function of supplied valve-opening

- specific heat of the pressurised He Il in the cold-mass

- density of the helium gas

The degree of discretisation of the heat exchanger was a trial and error procedure. It was
sought to be sufficient to avoid unnecessary errors, but as coarse as possible to minimise
the computation burden. Series of simulations were performed with increasingly fine
descretisation. When no detectable improvements could be observed it was regarded as
sufficient. It was found sufficient to divide the length into 24 parts of 1.46 meters, giving

a resolution of about 4 % along the geometry.

A sensitivity study of the design parameters is performed. The parameters were varied
according the uncertainties related to the respective parameter. The effect was evaluated
by examining the response of the system following a step down and up in the valve
producing a 15 mK step up and down in temperature. Three characteristics of the
response were evaluated: the overall change in temperature, the time delays associated
with the inverse response and the pressure drop during the steady states between the
steps.

The temperature excursion following a pulse input in the manipulated variable is affected
the most by the uncertainty related to the amount of He Il in the cold mass. About 10 %
uncertainty in the magnitude of the excursion is introduced by the 15 % uncertainty of
this parameter. Also the threshold of mass in the corrugations has moderate effect on the
temperature excursion. This is due to the amount of cooling power ‘stored’ in the liquid
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in the heat exchanger. The other parameters only weakly affect the overall temperature
excursion between steady states.

The time delay associated with changes in the manipulated variable is noticeably affected
by several parameters. The threshold of mass in the corrugations has the most significant
effect with up to 30 % increase in time delay observed after reducing the valve opening.
The friction factor introduces 15 - 20 % uncertainty in the time delay, and an increase of
the flash over the valve lead to 10 % increase in delay time.

The pressure drop in steady states is affected only by the friction factor, which causes a
10 % uncertainty. All the other parameters have a neglectable effect on the pressure drop.

Model validation:

The first principle model is validated against data recorded from dedicated experiments

on the real system. For a situation with actively applied heat load on the system the
performance of the model is in good agreement with recorded behaviour. The transient
response shows no time delay to a change in the heat load, and the simulated temperature
excursions are within 5 % of the real response. This supports the value used in the
simulation program for the amount of He Il in the cold mass, and is within the 10 %
uncertainty found in the sensitivity analysis.

For simulations where the Joule-Thomson valve is the manipulated variable the results
are more complex. Both time delay following changes in valve opening and temperature
excursions in general agree well.

The pressure drop is identified as playing a vital part of transient behaviour of the system.
A good agreement of the changes in pressure drop, both in transient and steady state
conditions, is therefore of fundamental importance for the validation of the simulation
program. The pressure measurement in the real system is plagued by noise arising from
the active control of the pumping pressure in the overflow pot. In addition there is a

cyclic disturbance occurring at 2 — 3 minutes interval and lasting for some tens of
seconds, and whose origin has not been determined. These disturbances are not present in
the simulated behaviour of the pressure. When neglecting the effect of these disturbances
the simulated and measured temperature behaviours correspond well, and gives
confidence in the implemented pressure drop model. Both overall changes in pressure
drop between steady states and the transient behaviour between them shows a good
correlation.

10.3 Black box modelling

Linear time invariant (LTI) black box models of the system have been identified on the
basis of data recorded on the real system through specially designed experiments. A
pseudo random binary signal with signals ranging from 30 to 2 minutes in period of the
valve opening around the steady state opening have been used. This includes all
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foreseeable significant frequencies for the system. Models have been identified in
several structures and compared. The ARMAX structure is found to be the structure best
suited for describing the system. Judging from which model structure that best describes
the behaviour of the system the disturbance affecting the system is variations of the heat
inleak.

10.4 Model predictive control of the system

An model predictive control (MPC) has been implemented to control the temperature of
the 1.9 K cooling loop of the Magnet Test String. Models obtained through the black box
modelling have been used in the controller. The code of the controller is developed at the
University of Valladolid in Spain and intended for use in the sugar industry. The code is
used in agreement with the licence holder, and for proprietary reasons this code cannot be
published. The controller allows specifying the reference trajectory as any mathematical
expression and using the feedback of the output or the previous value of the reference
trajectory. The criterion function can include controller output weighting and polynomial
filtering of the output sequence. It allows implementation of polynomial models for the
disturbance. The prediction horizoHd), the minimum cost horizorH;,) and the control
horizon H,) are all allowed as tuning parameters. In addition controller output weighting
and polynomial filtering of the output is allowed.

In the String implementation the following settings have been used. The reference
trajectory is implemented as a first order filter from the feedback of the output and the set
point temperature. The generation of the trajectory includes a tuning parameter to decide
the slope of the curve. This parameter is in simulation chosen such that the shape of the
trajectory corresponds as close as possible with the free response of the system. A more
active controller can be achieved by choosing a steeper reference trajectory.

To avoid steady state errors the controller weights the increments rather than the
controller output itself. A polynomial filter for the controller increments is used in
addition to avoid low frequency oscillations through the system. The results of using this
polynomial are inconclusive.

Rules of thumb how to choose the weighting factor of the controller output do not exist.
Literature states that this must be done through trial and error or in simulation.

A value ofp = 0.02 has in simulation been found to give reasonable restriction in the
valve movement. This value is used in the controller and observed to give reasonable
results. The weighting factor must be used with caution since it affects the robustness of
the closed loop system, and a larger value is not advisable.

The choices of prediction horizokig), minimum cost horizonH,,) and control horizon

(Hc) are based on rules of thumb and adjusted in simulation and through experiments.
Rules of thumbs are based on system that are open loop stable, have no dead time and are
minimum phase or systems containing one of the negative of these three features. Rules
that apply to open loop unstable, non-minimum phase are not specified. There is not a
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good agreement between tuning rules and results obtained in simulation. Consequently a
degree of adjustment and trial and error is involved in tuning the controller for the String.
The result of choosing these parameters is not completely conclusive, but sets of
parameters giving acceptable performance have been identified.

The use of the disturbance model for tuning the MPC controller has only been subject to
preliminary investigation. The disturbance model is a powerful tool for tuning predictive
controllers and should be studied more in detail. An improvement in regulator
performance is expected using a properly tuned noise model

The introduction of a first principle model that takes into account the non-linearity of the
system, and specially the behaviour of the two phase flow in the heat exchanger tube,
should improve the performance of a MPC controller.

Sampling time of 2 minutes is too long and allows disturbances to have an unnecessarily
large effect. Since heat load on the system has practically an immediate effect it will be
advantageous to operate with a much shorter sampling time. The use of a sampling time
of 20 seconds was well within the capability of the implemented hardware and software.
A sampling interval shorter than 20 seconds will not be an improvement since none of the
foreseeable heat load will have a detectable effect over such a short time span. A heat
load of 30 W will need 24 seconds to produce a temperature increase of 1 mK at 1.9 K

The study of the implemented MPC controller performed during about one month is
incomplete, and the results are partly inconclusive. Nevertheless the performance of the
MPC controller is observed to be as good or better than the PID control structure

presently implemented. This in spite of the PID having been in operation and subject to
tuning for a period of three years. The MPC controller shows promising properties for
tackling the dynamic challenges of the system. The response of the MPC to set point
changes is observed to be good, and the controller possesses properties superior to that of
the PID. The results regarding noise rejection are less well documented. The increased
challenges imposed by increasing the length of the geometry from 35 meters to 100
meters will enhance the advantages of predictive control over classical control.

In view of the incomplete development and tuning of the controller that has been
undertaken, it is the conviction that the performance of a predictive controller that has
been dedicatedly developed for this process will offset the increased initial cost and add
to a robust and fault tolerant operation of the LHC machine.
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12 A-1 Data and measurement for calculating liquid velocity

The measurement used to calculate the velocity of the advancing liquid in the heat
exchanger tube was performed when the String consisted of two dipoles and one
quadrupole. The flash is calculated on the basis of conservation of enthalpy over the
expansion. The liquid flow is calculated on the basis of the fit for the characteristic of the
Joule-Thomson valve:

m(v,,) = 0.00044V;, +0.04[V,, [g/s]

Length of heat exchanger tube: 27.5 m

Steady state valve opening: 25%

State of the liquid before expansion: 2.2 K at 1.2 bar

Amount of flash over the valve: x =0.1182 at 21 mbar, x = 0.1441 at 10 mbar

Table A-2  Measurements of time for the liquid to flow through the heat exchanger at
different valve opening and saturation pressure.

Opening | Saturation | Saturation | Delay for | Velocity of | Liquid

of JT valve | pressure |temperature| wave to liquid flow

[%] [mbar] K] arrive [cm/s] [a/s]

[s]

21 mbar 40 21 1.873 457 6.02 2.08
50 21 1.873 287 9.58 2.75

60 21 1.873 284 9.68 3.48

70 21 1.873 257 10.70 4.27

10 mbar 50 10 1.670 274 10.04 2.73
80 10 1.670 224 12.28 5.06

=
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g 124 i: ,,,,, 3 ,,,,, ilombér, N S 12

S 104 10

b I I

S 81 o -8
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Valve opening [%] Liquid flow [g/s]

Figure A-1  Measurement in Table A-1 represented graphically.
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13 A-2 Amount of helium in the cold mass

Table A-3
Temperature measurements and the average cp for temperature intevals used to calculate
the amount of helium in the cold mass.

Time |Tempera|Time |Temperat Temperature range  Average cp
ture [K] ure [K] K] at 1.2 bar
17:15| 1.8867 [17:46] 1.9258 [J/kgK]
17:16] 1.8860 |17:47| 1.9288 1.888-1.940 4.0986
17:17| 1.8856 [17:48| 1.9315 1.906-1.940 4.2024
17:18| 1.8849 [17:49| 1.9346 1.948-2.005 4.9127
17:19| 1.8844 |17:50] 1.9373 1.953-2.003 4.9256

17:20] 1.8842 |17:51] 1.9399
17:21] 1.8841 |17:52] 1.9431
17:22] 1.8844 |17:53| 1.9478
17:23| 1.8847 |17:54| 1.9535
17:24| 1.8850 |17:55] 1.9589
17:25| 1.8852 |17:56| 1.9639
17:26] 1.8855 |17:57| 1.9692
17:27] 1.8850 |17:58| 1.9742
17:28| 1.8843 [17:59| 1.9794
17:29| 1.8838 |18:00] 1.9843
17:30|] 1.8837 |18:01] 1.9887
17:31] 1.8839 |18:02] 1.9933
17:32] 1.8852 |18:03] 1.9983
17:33] 1.8875 |18:04| 2.0025
17:34| 1.8905 |18:05| 2.0064
17:35| 1.8929 |18:06] 2.0053
17:36] 1.8956 |18:07| 2.0033
17:37] 1.8977 |18:08] 2.0047
17:38] 1.9000 [18:09| 2.0060
17:39| 1.9029 118:10] 2.0064
17:40] 1.9063 |18:11] 2.0065
17:41] 1.9095 |18:12] 2.0059
17:42| 1.9129 |18:13] 2.0060
17:43| 1.9161 |18:14| 2.0056
17:44] 1.9191 |18:15] 2.0052
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14 A-3 Data for the thermal conductivity of the heat exchanger

Table A-4 Temperature measurements as a function of heat load for calculating the
thermal conductivity of the heat exchanger.

Applied Measured temperature for the six sensors
heat load | TTCM01 | TTCM02 | TTCM11 | TTCM12 | TTCM12 | TTCM22
[W/m] [K] [K] [K] [K] [K] [K]
0 1.862 1.862 1.861 1.859 1.861 1.862
0.2 1.863 1.863 1.863 1.861 1.862 1.864
0.4 1.865 1.864 1.864 1.863 1.863 1.866
0.5 1.867 1.867 1.866 1.865 1.866 1.867
0.6 1.867 1.867 1.866 1.865 1.866 1.867
0.8 1.869 1.869 1.868 1.866 1.867 1.869
0.9 1.872 1.871 1.871 1.869 1.870 1.872
1 1.874 1.873 1.873 1.871 1.872 1.874
1.2 1.877 1.876 1.875 1.873 1.875 1.876
1.3 1.878 1.877 1.876 1.874 1.876 1.878
1.4 1.879 1.878 1.878 1.876 1.877 1.879
1.6 1.881 1.881 1.880 1.878 1.880 1.882
1.8 1.885 1.884 1.884 1.881 1.883 1.885
2 1.889 1.889 1.888 1.886 1.888 1.890
Table 5 Temperature deviations in mK from a chosen temperayseT1.861 K.

The average temperature deviation for the six sensors is shown in the last column.

Applied Temperature deviation from 1.861 K
heat load| TTCMO1 | TTCMO02 | TTCM11 | TTCM12 | TTCM12 | TTCM22 | Average

[Wim] | [mK] [mK]_ | [mK] [mK] [mK] [mK] [mK]

1.8 24 23 23 22 24 22.67

0 1 1 0 -2 0 1 0.17
0.2 2 2 2 0 1 3 1.67
0.4 4 3 3 2 2 5 3.17
0.5 6 6 5 4 5 6 5.33
0.6 6 6 5 4 5 6 5.33
0.8 8 8 7 5 6 8 7.00
0.9 11 10 10 8 9 11 9.83

1 13 12 12 10 11 13 11.83
1.2 16 15 14 12 14 15 14.33
1.3 17 16 15 13 15 17 15.50
1.4 18 17 17 15 16 18 16.83
1.6 20 20 19 17 19 21 19.33

20
25

2 28 28 27 27 29 27.33
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15 A-4 Heat transfer in the interconnections

The figure and table show the recorded temperature splits between the two temperature
sensors mounted on either side of the interconnection.

1.896 — 350

1.894 -

1.892 - - 30.0

1.89 -

1.888 - L 250 =
< 1.886 - %
e 1.884 1 200 3
% 1.882 | ] &
L 1.881 - 15.0 <
£ 1878 | | 3
: £

1.876 - 100 &

1.874 - !

1.872 - 5.0

1.87 - ‘
1.868 0.0

15:00 | -
15:10 | -
15:20 | -
15:30 | -
16:10 | -

Figure A-2  Recorded temperature splits between the two temperature sensors

Table A-6 Recorded temperature splits between the two temperature sensors

Time TT02-TT11 Time TT02-TT11

15:50 1.330 16:10 0.430 16:22 0.930
15:51 1.330 16:11 0.930 16:23 0.430
15:52 1.330 16:12 0.430 16:24 0.930
15:53 0.930 16:13 0.930 16:25 0.930
15:54 1.530 16:14 0.930 16:26 0.930
15:55 1.330 16:15 0.930 16:27 0.930
15:56 1.330 16:16 0.430 16:28 0.930
15:57 1.530 16:17 0.930 16:29 0.930
15:58 1.530 16:18 0.930 16:30 0.930
15:59 1.330 16:19 0.430 16:31 0.430
16:00 1.530 16:20 0.930 16:32 0.930
16:01 1.030 16:21 0.430 16:33 0.930
16:02 1.530

16:03 0.930

16:04 1.330
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16 B-1 Fit function for density of helium gas

The below figure shows the value of the density such that it is given by Hepak. This data
is compared with data generated by the fit function:

o(T)=2.32100°T +7.5310°

The error between the fit function and the data from Hepak is also shown.
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Figure B-1  The density of the saturated helium gas and error between data from
Hepak and values by the fit function
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17 B-2 Fit function for specific heat of He |l

The below figure shows the value of the specific heat of pressurized He Il at 1.2 bar such

as itis given by Hepak. This data is compared with data generated by the fit function:
cp(T) =14.7778°°"

The error between the fit function and the data from Hepak is also shown.

7000 ‘ ‘ ‘ ‘ 1.5
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Temperature [K]

Figure B-2  The specific heat of pressurised He Il at 1.2 bar and error between data
from Hepak and values by the fit function
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18 C-1 Manual for Simulation Program

This is a manual described how to open, edit, run and present results from The 1.8 K
Cooling Loop Simulation Program.

The program is written using the Matlab Simulink Toolbox. This is a graphical interface
to the functionality of the Matlab programming language. Editing and running the
program is done through the Simulink interface. Presenting results is done through the
Matlab Command Line.

To be able to use the program the user need to have Matlab and the Simulink Toolbox
installed. Running the program requires only a basic knowledge of Matlab. Editing the
program requires some knowledge and experience using Simulink.

18.1 C-1.1 Opening and Understanding the Program

Start Matlab, and go to the right directory where the program files are stored.

Type ‘start’ at the command line and press <enter>. This command calls an .m file called
‘initialconditions’ which sets the constants used by the simulation program. It then starts
the main program.

18.1.1 The Main Window

The main window of the program is constructed to mimic the design of the LHC Magnet
Test String. It has three main components, which can bee seen in Figure C.1.

JT-valve
Magnets (pressure vessel)
Heat exchanger

In addition it contains four more block:

Pumping pressure

Heat inleak

Output file (with a multiplexer to gather the data into one matrix)
Clock
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File Edit “iew Simulation Format Tools

(D& sae< ] =

10 Fumping pressure Clock

e

To wotsp ace

gas from JT ful [ratacutput

liquid form JT
mass from JT —
Jtwalve _\ Heat exchanger |
|:| hagnets (pressura vassel) Heat inleak

Temperature

Figure C.1  Main window of simulation program.

18.1.2 Pumping Pressure

This block represents the pressure in the pumping line of the system, i.e. the saturation
pressure at the end of the heat exchanger.

The input can be any of the blocks in ‘sources’ library. The output from this block must
have dimensionmbai. The block has one output that goes to the ‘heat exchanger’ block.

The input is in Figure C.1 shown as a constant 19 mbar corresponding to a saturation
temperature of 1.85 K.

18.1.3 Heat Inleak

This block represents the total heat inleak to the system. The input can be any of the
blocks in ‘sources’ library. The output from this block must have dimensidn This
block has one output that goes to the ‘Magnet (pressure vessel)’ block.

The input is in Figure C.1 shown as a step input. Heat inleak is in the order of 1 W/m in

normal operating conditions. This requigsm-1Wr1/23Jg'=1.5217 g/sof saturated
liquid for the system to be in steady state.

18.1.4 JT Valve
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This block represents the Joule Thomson valve supplying liquid and flash gas to the heat
exchanger. The input can be any of the blocks in ‘sources’ library. The outputs from this
block must have dimensiogfg. This block has three outputggas from JT'and‘liquid

from JT that goes to theMeat exchangerblock. The mass from JTthat goes to the
‘Dataoutput’block.

The input is split into two parts simulating the formation of saturated liquid and gas over
the JT-valve. This is done by the two gain-blockash’ and ‘1-flash. Flash is by default

set to 0.12 corresponding the nominal operation conditions (2.3 K @1.15 bar before and
19 mbar @ 1.85 K after the valve).

In Figure C.2 the input is a block that reads data in the workspace of Matlab. [T,U] can
be a matrix of logged data from a String experiméhnts a vector of recorded values of

JT valve opening in %T is the corresponding time vector where time is given in seconds.
Since the output must be gisthe value of the valve opening must be converted to mass
flow. This is done by the function blockalve characteristiciwhich contains the

function [00044*u”2+.04*u] corresponding to the valve characteristic
m(%)=0.00044%+0.04%

The block is also equipped with Manual Switch, which when double-clicked on
switches to a step input (this is only done to enable the user to easily change the mode of
input).

Eile Edit “iew Simulation Format Tools

gas

JT Hiee] fiu) —= flash }—H: 1
From Walve gas from JT
e desp a e Characteristic

Manual Switch liquid form JT

liquid

T |

T+ >3)
E—.""' mass fram JT
T+

T+

Figure C.2  The JT valve-block
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18.1.5

18.1.6 Magnet (Pressure Vessel)

This block represents the magnets and the cold mass at 1.8 K. The whole cold mass is
considered to be isotherm.

The block does not have any input controlled by the user. It has the two inpotéinG

from HX’ coming from the Heat exchangermlock, and Heat inleak’coming from the

block with the same name. Both have dimensiaik [The string of commands
corresponds to the differential equation describing the magnet temperatures:

d_T - (qin - qcooling)

dt rnHeII Cp(T)
The ‘Magnet Temperaturas fed back to the multiplexer (Mux) and used to calculate
cp(T)

The output is the temperature of the cold mass and has dimendidhdoes tothe
‘Magnet (pressure vesseblock and to the Dataoutput’block.

Figure C.3  The block representing the magnet temperature.

18.1.7 Heat Exchanger

This block represents the inside of the heat exchanger.
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The block does not have any input controlled by the user. It has four inputs and four
outputs.

Inputs:

‘Pumping pressurecoming from the block with the same name. Dimensiar i
‘gas in’coming from the JT valve’block. Dimension ¢/9

‘liquid in’ coming from the JT valve’block. Dimension ¢/9

‘Tmag’coming from the Magnet (pressure vessdlock. Dimension K]

Outputs:

‘Pressure in return boxgoing to the Dataoutput’block. This is the calculated pressure
in the return box of the system. Dimensianijar

‘gas out’going to the Dataoutput’block. This is the amount of gas that is being pumped
out of the system. Dimensiog/d

‘liquid out’ going to the Dataoutput’block. This is the amount of liquid flowing through
the system without evaporating. Dimensiaig

‘cooling’ goes to the Dataoutput’block and the Magnet (pressure vessdijock. This is

the cooling power provided by the heat exchanger. Dimendidn [

Figure C.4  The Heat exchanger

The heat exchanger is discretized into a number of cells (of which only the first three and
the last two are shown in Figure C.4). The last cell represents the part of the heat
exchanger closest to the end where the vapor is pumped out. The first cell represents the
first part of the heat exchanger where liquid and gas is fed in from the JT valve.

Each cell has four inputs and four outputs with dimensions as described above. All the
cells are identical.
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The ‘Pumping pressurehput goes into the last cell. At each time step this pressure plus
the calculated pressure drop over this cell is the input pressure to the previous cell. This
procedure is repeated backwards through all the cells resulting iRPthssure in return

box in the start of the heat exchanger, thus the total pressure drop over the length of the
heat exchanger.

The ‘gas in’and liquid in’ from the JT-valve goes into the first cell. If an amount of

liquid is calculated to evaporate from this cell, tigas$ out’and fiquid out from this cell

are incremented and decremented by that amount respectively. They then fogashe

in” and liquid in’ to the next cell, and this procedure is calculated forward through all the
cells. ‘gas out’and fliquid out from the last cell forms the corresponding outputs from

the ‘Heat exchangerblock and goes to thddataoutput’block as described.

The amount vaporized from all the cells is summed up and multiplied by the latent heat
of vaporization g, to give the cooling provided by the heat exchanger.

The magnet temperature is an input to all of the cells in order to calculate the local
saturation pressure and density of the gas.

18.1.7.1 Inside a Cell

Each cell might be regarded as divided in two parts: one dealing with the liquid phase and
one with the gas phase.

The gas part has as input the pressure in the downstream (nexthbell pnd the gas
coming from the upstream (previous) cajl§. Pressure drop is calculated by tlugp*-
function according to:

.2
dp = Cm— I-ceII
p(T)

whereC andLe; [m] are constants. The mass flow used in the pressure drop calculation
is the mass flow from the previous cell plus half of the vaporized amount in this cell.
There is an algebraic loop in the equation as the pressure drop depends on the density of
the gas and vice versa. To break this algebraic loop the dersitfp), is calculated

using the pressure from the previous time step.

Instabilities in the pressure drop calculations necessitated averaging the present value
with the previous value. This can be seen following th&s from previous celinput.
Conservation of mass is preserved during simulation.
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Figure C.5 A cell of the heat exchanger

The part dealing with the liquid phase has two inputs: the magnet temperdinag”,

and the liquid flowing from the previous celinass from previous celllt contains an
integrator, which calculates the amount of liquid present in the cell. The amount of liquid
that is being vaporized is calculated according to:

r’n\/ap = (Tmag - sat) mg |:I]-cell / hfg

A saturation block is needed to avoid a negative vaporized amount in the case that the
saturation temperature exceeds the magnet temperature. Conservation of mass is
preserved by the limited integrator:

dm _

E =My, =My, _rnvap
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The integrator has a lower bound equal to zero since there cannot be negative mass in the
cell. The dead zone block accounts for the amount of liquid needed to fill the
corrugations before any liquid can flow out of the cell.

The lower part of the cell involving theSwitch’block is needed in the case when the cell
is about to dry out or is just starting to fill. In these cases the calculation of the amount
that should vaporize might yield a larger value then what is actually present in the cell.
The switch-routine ensure that this value is not applied by only allowing what is in the
cell and flowing into it to vaporize.

18.1.8 Output File and Clock

This block stores the result of the simulation. It produces a 7x’length of simulation’
matrix by the name ofDataoutput’in the Matlab workspace. Its consists of seven
columns vectors containing:

Time: the time in seconds when the row was created

Temperature: the magnet temperature

Pressure in return box: Saturation pressure at the start of the HX

Gas out: the gas flow out of the system

Liquid out: the liquid flow out of the system

Cooling power: the total cooling power provided by the heat exchanger [W]
Mass from JT valve: the mass that was supplied by the JT valve.

One row is added to the matrix at every time step during the simulation. How many rows
that are created depend on the simulated time and the method of integration that is
chosen.

18.2 C-1.2 Editing the Program

There are three inputs that the user would want manipulate in order to use the program
under different conditions:

The input to the JT-valve
The heat inleak to the system
The pumping pressure

All of these three can get their values from either of the blocks in tber&:s library of
Simulink.



141

The Simulinkis stared by entering the command <simulink> on the command line in
Matlab. This opens the simulink libraries, of which one is tBeurceslibrary. This is
opened by double-clicking its icon. The desired block can be transferred either by copy-
paste or drag-and-drop to the desired page in the program. The block is attached by
dragging the mouse from the output port of the block to the desired input port of another
block.

18.3 C-1.3 Running the Program

Selecting the <Start> option in the <Simulation> pull-down menu in Simulink starts the
program. By selecting the <Parameters> option of the same menu some choices might be
made:

Simulation Time: a start time and a stop time can be specified. The unit is seconds.
Normally a period of ~2000 seconds is required to obtain steady state conditions in the
heat exchanger tube. This is needed for the profile of liquid and pressure drop to develop.

Solver options: this concerns the way the differential equations are solved. Either a fixed
step length or a variable step length can be selected and several options for solvers exits
for both choices. It is advised to choose the ‘Fixed-step’ option with a step length of 10
seconds. This has proven sufficiently short, and no improvement is obtained by choosing
it shorter. Longer step length (~30 seconds) can be used for initial investigations. No
significant difference is observed using the different option for solver and the fastest (and
simples) is the Euler.

When choosing the ‘Variable-step’ option, the program is in danger of running
very slowly due to the solver requiring very short time increments.
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18.4 C-1.4 Viewing the simulation result

The result from a simulation is stored as a matrix in the Matlat L]
workspace. The name of the matrix is specified in the <To  Fie Edit indow Help
workspace> block of the main window (called ‘Dataoutput’ in = which data da you want ta see
Figure C.1).

Temperature

By typing ‘show’ on the Matlab command line and pressing _
<Enter> the menu shown to the right is opened. Selecting a Fressure in refurn box
button in the menu a figure with the desired data is created.

The data-matrix must have the name ‘aa’ for this script to fGias oul
recognize it. (to create a matrix called ‘aa’ simply type .
. Ligquid ot
aa=dataoutput; on the command line).
Cooling pover

The data that can be shown in a figure as a function of time is:

b azzflaw from JT wavle

1. temperature of the system

2. saturation pressure in the return box (corresponding to b assflow out of cells
pressure drop through the heat exchanger)

3. flow of helium gas out of the system 'wietted length

4, flow of helium liquid out of the system (overflow)

5. cooling power provided by the heat exchanger 3D plat of massdistribution

6. mass flow from the Joule Thomson valve : :

7. mass flow out of each individual cell ST [ 5 (25

8. the wetted length of the heat exchanger (as an integer :
number of cells) u“'t

9. a 3-D plot of distribution of liquid in the heat exchanger

over length and time
10.  saturation temperature in the return box (corresponding to the saturation
pressure).
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18.5D-1 Paper submitted to ICEC 17

The following paper was submitted to and presented abthenteenth International
Cryogenic Engineering Conference and Exhibitibald 14 — 17 July 1998 in
Bournemouth, England.

The only change that has been made to the originally submitted paper is the inclusion of
page numbers.
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18.6 Applying Advanced Control Techniques for

18.7 Temperature Regulation of the LHC Superconducting Magnets

Bjorn flemseetet Enrique Blancd Juan Casas-CabillgsSteinar Seelil

Y HC Division, CERN, Geneva (Switzerland)
’SIA Uiversidad de Valladolid, Valladolid (Spain)
3ITK Norwegian University of Science and Technology (Norway)

The temperature of the superconducting magnets for the future LHC
accelerator is a control parameter with strict operation constraints
imposed by (a) the maximum temperature at which the magnets can
operate, (b) the cooling capacity of the cryogenic system, (c) the
variability of applied heat loads and (d) the accuracy of the
instrumentation. A temperature regulation with narrow control band
can in principle be achieved by implementing a Model Predictive
Control (MPC)-type controller.  For this purpose, and for
investigating the behavior of the cooling system, a simulation
program has been developed. A prototype MPC controller has been
installed and completed its first run.

1 INTRODUCTION

The Large Hadron Collider (LHC) [1] project will be the next major research facility for
high-energy physics. It will provide proton-proton collisions based on a 27-km ring of
high field superconducting magnets operating in superfluid helium at about 1.9 K. It
represents a major challenge in applied superconductivity and cryogenics, and imposes
hard constraints and a strict range of the temperature for operation of the machine.

2 SYSTEM DESCRIPTION AND PROCESS CHARACTEREISTICS

2.1 The 1.9 K cooling loop

The superconducting magnets operate in static baths of pressurized Hell at 1.9 K and 1
bar. The generated or deposited heat is transported by conduction to a heat exchanger
tube (Hx) threading its way along the magnet string, thus constituting a linear cold
source. Inside the tube, a flow of saturated Hell absorbs the heat load by gradual
vaporization [2].
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The superfluid helium cooling scheme for the future LHC will be implemented in
independent cooling loops (cell), each constituted of eight separated but thermally linked
magnets totaling 107 meters. The configuration of the present test facility roughly
represents a half-cell, consisting of four slightly shorter magnets with a total length of 35
meters, but with the basic cryogenic cooling concept being identical (see figure 1). It is
mounted on a 1.4 % slope, representing the maximum slope inside the LHC tunnel [3].

. Jouls Thomson valve
tf-;elmm gas 4@ : 1.2 K heat axchanger

o ¢ Quadtopcly | Dokt Dpoea [ Dt
42K 1.18bar | I I l ]l' | ]@é
3z 31K ' '
® .
]
14K N
7/ ]
.7 ‘ Pressurized Me Il at 1.9 K & 1.1 bar '
Subcooling” £ Lambdaplate-------------- Coldmag™ """ !

heat axchangat

Figurel The 1.9 K cooling loop

Subcooled helium I (1) is expanded to saturation by throttling through a Joule Thomson
valve (2) and fed to the far end of the corrugated heat exchanger tube (3). The liquid
gathers heat and vaporizes as it flows back in co-current flow with the vapor, and is then
pumped out (4).

2.2 Process characteristics

The mass of pressurized Hell in the cold mass is about 160 kg compared to the several
tons of metal, but sit still constitutes 99 % of the specific heat (Cp) at 1.9 K. Most
physical parameters are highly nonlinear in the temperature range of interest, for example
Cp more than doubles its value from 18 to 2.1 K

The Hx-tube is only partly wetted over its length during normal operation. When more
cooling power is required, the JT valve opens and the additional liquid will have to flow
over the already wetted length to participate in the cooling. At the same time both the
amount of flash gas from the JT-valve and the pressure drop along the Hx-tube increase,
leading to a higher saturation temperature. This effect lead to an inverse response where
the coolingdecrease# a transient period (typically 5-10 min).

3 MODELLING & SIMULATION

Models of real systems are based on hypotheses and approximations and are therefore
never perfect. Models are helpful in process analysis and control by improving the
understanding the process, to design the control law, and finally to optimize the process
operation conditions.

There are in principle two main approaches of obtaining mathematical models of a
system. (a) First principle models (white box) constructed from fundamental physical
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laws such as conservation of mass, balance of energy and momentum. They are able to
explain process behavior under different operation conditions, but are in general difficult
to embed in a linear model based controller. (b) Identified models (black box), describing
the relationship between input and output measurements of a plant. They are obtained
from experiments on the plant, and can only describe the operational band and the
dynamics that are present during the observation period.

3.1 Assumptions and simplifications

The velocity with which the liquid flows in the Hx-tube has been observed to be fairly
constant and in the model taken as constant. The latent heat of vaporization of helium, the
percentage of flash over the JT-valve and the heat transfer coeffidigst)( from
saturated to pressurized Hell along the wetted perimeter inside the Hx-tube are assumed
constant. Cooling is thus a function f wetted length &Tdfrom saturated to pressurized
helium. Kgoba includes the solid conduction through the Hx-wall and Kapitza
conductance

s on the two solid-liquid interfaces. The magnets are assumed to be isothermal thanks to
the good heat transfer along the half-cell.

3.2 Challenges and solutions

The dynamic behavior of the saturate liquid helium flow along the Hx-pipe has proved to
be one of the most complex parameters to model. A good understanding of liquid
guantity and location and the pressure profile along the Hx-pipe is important, as this
determines the cooling provided to the system. For this the Hx-pipe is discretized
longitudinally and in each element mass and energy balance and pressure drop is
calculated. A tradeoff between accuracy and complexity has to be made. When the
cooling provided by the Hx is known, the calculation of the magnet-temperature is
straightforward. The differential equations for pressure drop, magnet temperature and
mass balance respectively:

% — IO(T) Ijlgas ﬁncr dx d_T — Oheatioads ~ z qcooling
dt 20 Gt My, [Cp(T)
dm_ . .
E =M, My, = qcooling / hfg

The cooling power, mass and gas flow out of each element are found from these
relationships respectively:

=AT D-inc:rement U(global r’.nout = (m - rT‘Ithreshold) Ij/”q / Lincrement

gout = gin + qcooling / hfg

qcooling

During each time step, these calculations are performed for each length increment, except
dT/dtas the geometry is assumed isothernfafriction factor,d-tube diameteryyas-gas
velocity, Oneatioads -heat loads,m —mass of helium in incrementy, —latent heat of
vaporization, Lincrement —l€ngth of discretization incrementSYihreshoids accounts for
corrugations in the Hx-tube).
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Figure 2 First principle model simulation (bold lines) versus measurement (thin lines)

Figure 2 shows the comparison between simulation with a first principle model and
experimental data, and a good agreement is obtained. To calculate magnet temperatures
and pressure profile along the Hx-pipe the model requires the JT-valve position, pressure
in the overflow pot and the heat load on the system.

4 PROCESS REGULATION

The process is characterized by being non-self regulating (integrating process), having a
variable dead time (transport lag in the Hx-pipe), exhibiting inverse response (as the
temperature initially rises when the valve is opened and vice versa) and being non-linear
(particularly in Cp). These are all complicating factor from a control point of view.

The prototype half-cell has been regulated by a PID (Proportional, Integral, Derivative)
regulator. PID regulators are not optimal when non-linearities, long dead time and inverse

Valve-opening [%]

response are present in the process, and it is interesting to assess the advantages of using

another control technique.

The MPC approach refers to a class of algorithms that compute a sequence of
manipulated variable (MV) adjustmentdl) in order to optimize the future behavior of a
plant /) over a time interval known as thprediction horizon.The algorithm has
imbedded a model of the plant, and the optimization is achieved by minimizing a cost
function of the form:

J= me[ya + ) -wit+ )] +8 ijl[Au(t + DI

where N and N bonds the prediction horizons, where the MPC will try to follow an
internally calculated reference trajectow(t) [4]. NU is the control horizon where
different MV adjustments are calculated, gbds the weight factor for the adjustments.

The prediction horizon is a basic tuning parameter, and should be set long enough to
capture the steady state effect of all computed MV adjustments. Advantages of the MPC
methodology are that it incorporates treatment of constraints, has dead time compensation
and permits solution of control problems with unusual dynamics. On the other hand it is
computationally complex and requiring a suitable process model able to predict future
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outputs. In principle a narrower control band can be obtained with MPC when comparing
with PID algorithms.

5 FIRST RESULTS AND FURTHER WORK

A first principle model of the LHC test 1.90 :
String facility has been developed and Valve openin
tested. It is capable of simulating the
plant behavior over a prolonged period,
and is useful for developing and testing
control aspects. An MPC control
algorithm has been implemented on the IS DR UL N S S
prototype half-cell. This algorithm is » f 1
working with an identified plant model, peivit e S
but it is the goal to develop an implement 187 S R S o
a suitable first principle model. Figure 3 "0 10 20 30 40 50 60 70
shows a real response obtained from a Time [min]

step in the reference. Note that the Figure 1 Measured step response with MPC
regulator is anticipating the rise in control

temperature, and starts closing the valve

even before the actual temperature-rise

starts. Such a response cannot be

obtained with a PID-
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algorithm. Potential benefits of implementing an advanced controller versus PID are
expected to offset the increased initial cost an technical complexity. Considering the plant
characteristics and control challenges this represents, also taking into account the future
107-m layout, we believe that the improvements will be noticeable, and it will add to a
robust and fault tolerant operation of the system.
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