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Abstract: In this paper, a nonlinear observer of the thermal loads applied to the helium bath
of a cryogenic refrigerator is proposed. The thermal loads represents a time-varying thermal
disturbance expected to take place in future tokamak refrigerators such as those used in the
cooling systems for the International Thermonuclear Experimental Reactor (ITER) or the Japan
Torus-60 Super Advanced (JT-60SA). The proposed observer can serve as monitoring tool for
cryogenic operators and/or in observer-based advanced control strategies. The observer is based
on a part of the nonlinear model of the refrigerator. The paper details the structure of the
observer and validates its performance using experimental data.
Mots Clés: Cryogenic Helium Refrigerator, Nonlinear Load Observer.
1. INTRODUCTION
Large superconducting tokamak devices produce significant pulsed heat loads due to huge eddy currents encountered in the magnetic system, to AC losses and to
neutron flux radiations coming from the plasma. Such
high pulsed loads disturb the cryogenic plant and make
it necessary to use appropriate control strategies. The aim
is to maintain the stability of the overall process subject
to the variable thermal load and to satisfy operational and
safety constraints (turbine operational temperature range,
maximum capacity of the helium tank, compressor suction
and discharge pressures, etc.).
Currently, technological solutions (such as thermal bu↵ers,
as described in Hoa et al. (2012), by-pass valves, etc.) are
studied to smooth the e↵ect of the thermal disturbance
on the cryoplant and to avoid the over-dimensioning of
the process. These solutions have to be combined with
specific control algorithms, resulting in optimally designed
closed-loop systems that can operate near their maximum
capacity without the need for too conservative security
margins.
The recent interest in advanced control methodologies
has motivated many studies on modeling and control of
cryogenic plants. In particular, several dynamic simulators
have been proposed Bradu et al. (2008); Maekawa et al.
(2005); Bradu et al. (2009); Deschildre et al. (2008); Regier

et al. (2010) for operators training, dimensioning and/or
control design. Based on a better dynamic modeling of
the underlying process, advanced control schemes have
been proposed which were often dedicated to a particular
key variable. For instance, scalar Model Predictive Control
(MPC) of helium bath temperature at 1.8 K using JouleThomson expansion valve has been proposed in Vinuela
et al. (1999). In Maekawa et al. (2008), the problem of
control of the bath pressure is addressed, while in Ganni
and Knudsen (2010) the high pressure level is monitored in
order to control the bath level. In Clavel et al. (2011), the
optimal multivariable control of a refrigerator is proposed,
considering pulsed heat loads.
One of the key quantities that a↵ect the behavior of the
cryogenic plant is the thermal loads that are applied to
the circuits to be cooled. These loads are unpredictable
from the cryogenic plant side and have to be considered as
an unmeasured disturbance that has to be reconstructed
using appropriate observers.
In the present contribution, a nonlinear observer is developed for an experimental helium refrigerator facility
(available at CEA 1 -INAC 2 -SBT 3 , Grenoble, France) to
estimate the thermal loads applied to the helium bath.
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This estimation can be used for supervision task and/or
to be incorporated into advanced control strategies.
The paper is organized as follows: the cryogenic plant is
first presented in details in section 2. Section 3 introduces
the dynamical model of the Joule-Thompson cycle, the
subsystem where helium is liquefied in a bath and vaporised by a thermal load. Section 4 shows the validity of
the model by comparing simulation results with experimental data. Section 5 details the design of the nonlinear
observer. Finally, experimental validation of the observer
design is proposed in section 6 using the cryogenic facility
mentioned above. The paper ends with a conclusion that
summarizes the contribution and gives ideas for future
work.
In the following, every physical quantities are expressed
with the international system of units (SI) except for
pressure which is expressed in bars.
2. OVERVIEW OF THE CRYOGENIC PLANT
Figure 1 shows an overview of the cryogenic plant of the
CEA-INAC-SBT, Grenoble. This plant provides a nominal
cooling capacity of 800 W at 4.4 K. It is dedicated
to physical experiments (cryogenic component testing,
turbulence and pulsed heat load studies, etc.).
Fig. 2. Functional overview of the 800W at 4K helium
refrigerator available at CEA-INAC-SBT, Grenoble.

Fig. 1. Views of the cryogenic plant of CEA-INAC-SBT,
Grenoble. (a) The screw compressor of the warm
compression station. (b) The cold box. (c) Internal
details of the cold box.
The process flow diagram of the cryoplant is shown in
Figure 2. One may notice the following main elements:
- Two volumetric screw compressors, a set of control
valves and a water cooler,
- Several counterflow heat exchangers, a liquid nitrogen
pre-cooler,
- A cold turbine expander which extracts work from
the circulating gas,
- A Joule-Thomson expansion valve for helium liquefaction (referred as CV155 ),
- A liquid-vapour helium phase separator, connected
to the loads (simulated here by the heating device
referred as N CR22 ).
Note that the plant can be viewed as the interconnection
of four elementary subsystems: the warm compression
station, the pre-cooler, the Brayton Cycle and the JT cycle
(delimited by dotted lines in Figure 2). In order to observe
the heat deposited in the helium bath, attention is focused
on the fourth subsystem, namely the JT cycle.
3. MODEL OF THE JOULE-THOMPSON CYCLE
In order to model the Joule-Thompson cycle, three elementary subsystems have to be modelled: the Joule-Thompson

valve, the heat exchanger and the phase separator. Note
that all helium properties (such as density, specific heat,
etc.) used by models are given by HEPAK c , an Excel
macro which calculate them thanks to fundamental state
equation according to the literature referenced in CRYODATA (1999).
3.1 Joule-Thompson valve
Since the gas is cooled enough by the cryogenic turbine and
the heat exchangers, the liquefaction of the gas consists
of an isenthalpic expansion, through the Joule-Thompson
H
H
valve. Depending on the boundary conditions Tin
, Pin
and
C
Pin depicted in Figure 3, liquid helium is produced.

Fig. 3. Synoptic view of a Joule Thompson valve
The control of the JT valve expresses the flowrate M into
the valve and the mixture quality . The command of
the valve is called CV155 . Like any other control valve, the
flow M through the JT valve can be expressed as (Thomas
(1999)):
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where is the heat capacity ratio and ⇢ the density of the
H
H
fluid, both under pressure Pin
and temperature Tin
. Xt is
a constant given by the manufacturer. Rv and Cvmax are
valve sizing constants, respectively the rangeability and
the flow coefficient.
A part of the gas flow expressed in eq. (1) is liquefied
during the expansion. Assuming isenthalpic expansion into
equilibrate gas-vapour mixture, one can write:
G
L
Hin = Hout = · Hout
+ (1
) · Hout
(2)
where Hin and Hout denote enthalpies before and after
G
L
the expansion; Hout
and Hout
denote the saturated gas
and liquid enthalpies. Therefore, the mixture quality can
be written as:
L
Hin Hout
= G
(3)
L
Hout Hout
Finally, the output gas and liquid flows can be written as:
Ṁ G = (1
) · Ṁ , Ṁ L = · Ṁ
(4)
In the following, the model of the JT valve is written in
the following compact form:
y vjt = f (uvjt , wvjt )
(5)
where computed outputs, control and boundary conditions
are:
0
1
0 H1
Ṁ
Tin
HA
y vjt = @Ṁ G A ,
uvjt = CV155 ,
wvjt = @Pin
(6)
C
L
Pin
Ṁ
3.2 Phase separator
After helium liquefaction, the behaviour of the liquid accumulation into the phase separator needs to be expressed.
This component will be modelled assuming liquid-vapour
thermodynamic equilibrium.

The quantity of vaporized helium by heating is equal to:
Q̇
(10)
Lv
where Q̇ (simulated here by N CR22 ) and Lv denotes the
thermal loads applied to the bath and the liquid helium
latent heat. Considering that density variation could be
omitted as negligible in the case of a small pressure
deviation, combining (8), (9), (10) leads to:
Ṁ vap =

Q̇
Lv
ḣ =
(11)
⇢L · S
with the similar approach, the quantity of gas in the tank
can be expressed as:
M G = ⇢G · S · (hmax h)
(12)
in which hmax denotes the height tank. By di↵erentiation
of (12) w.r.t. time:
L
Ṁin

Ṁ G = ⇢˙ G · S · (hmax h) ⇢G · S · ḣ
and according to the mass conservation law:

(13)

G
G
Ṁ G = Ṁin
+ Ṁ vap Ṁout
Finally, combining (12), (13) and (14) gives:

(14)

!
Q̇
=
⇢˙ · S · (h
Lv
(15)
The temperature of the outflow, assuming saturated
vapour, is algebraically given by Hepack:
Tout = f (Pin )
(16)
In what follows, the dynamical model of the phase separator is written in the following condensed form:
ẋps = f ps (xps , wps )
(17a)
y ps = g ps (xps , wps )
(17b)
where states, computed outputs and boundary conditions
are:
0
1
0 L1
h
Ṁin
G A
GA
xps = h, y ps = @Ṁout
, wps = @Ṁin
(18)
Tout
Pin
G
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G
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3.3 heat exchanger
Fig. 4. Synoptic view of a phase separator
Using the notations of figure 4 regarding the boundary
L
G
conditions Ṁin
Ṁin
and Pin , the phase separator model
expresses the behavior of the liquid level h, the outflow
G
rate Ṁout
and temperature Tout .
Assuming cylindrical tank, the quantity of liquid in the
bath can be written as:
M L = ⇢L · S · h
(7)
L
where ⇢ , S and h respectively denotes the density of the
liquid, the cross-section of the tank and the height of liquid
helium in the tank. By di↵erentiation of (7) w.r.t. time, one
can obtain:
Ṁ L ⇢˙ L · S · h
ḣ =
(8)
⇢L · S
and according to the mass conservation law:
L
Ṁ L = Ṁin

Ṁ vap

(9)

The counter flow heat exchanger is the subsystem which
allows to recover the enthalpy of the evaporated cold gas,
in order to cool down a warmer gas. Since the system
is transferring heat along each heat exchanger channel,
partial di↵erential equation (PDE) based modeling is the
appropriate choice. In such a model, the temperature is to
di↵erentiate w.r.t. time and the x coordinate, as described
in LI (2009)

Fig. 5. Synoptic view of a counter flow heat exchanger
Depending on the boundary conditions T0H , T0C , M0H , M0C ,
P0H and P0C presented in figure 5 the model expresses the

output temperature TNH and TNC , pressure PNH and PNC ,
H
C
flowrates ṀN
and ṀN
. The model is derived using the
following assumptions:
- Pressures are assumed to be linearly decreasing along
the channels,
- Flowrates are assumed homogeneous all along the
channels,
- Aluminium longitudinal conductivity and specific
heat are assumed to be negligible.
In order to express the derivative of the temperature only
w.r.t. time, a spacial discretisation has to be done. Using
a finite number N of elementary zones (see figure 6).
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3.4 Complete Joule-Thompson cycle model
Now that the three components of the JT cycle have
been modeled, the only thing which remains to be done
is to assemble them to obtain the complete model. The
resulting model takes the following form:
ẋJT = f (xJT , uJT , wJT , y BR!JT )

(24a)

y JT = g(xJT , uJT , wJT , y BR!JT )

(24b)

where xJT gathers the state vectors, uJT gathers the
actuator vectors, y JT gathers the measured outputs, wJT
denotes the thermal loads (simulated by a heating device,
to be estimated) while y BR >JT represents the signals
coming from the previous subsystem (the Brayton cycle).
Fig. 6. Spatially discretised heat exchanger. TiH and TjC
denote the temprature at the edges of zone i and Q̇i
represents the heat flux from hot flow to cold flow.

Each zone is crossed by two flows, in thermal contact with
each other. The dynamical behaviour of zone i can be
expressed by the following couple of di↵erential equations:
H H
⇢H
i Cpi V
H
ṪiH = Ṁ H CpH
TiH ) Q̇i
(19a)
i (Ti 1
N
C
C C
⇢j Cpj V
C
ṪjC = Ṁ C CpC
TjC ) + Q̇i
(19b)
j (Tj 1
N
kS TM
Q̇i =
,
j =N i+1
(19c)
N
where ⇢ and Cp are helium properties, V denotes the volume of gas contained in the heat exchanger, S the exchange
surface and k the overall heat transfer coefficient. TM
denotes the mean di↵erence in temperature between the
hot fluid and the cold fluid.

According to the modeling assumptions stated above,
outflows are equal to inflows:
H
ṀN
= Ṁ0H = Ṁ H ,

C
ṀN
= Ṁ0C = Ṁ C

(20)

Pressures output can be modelled by:
PNH

=

P0H

K

H

· Ṁ

H2

,

PNC

=

P0C

C

+ K · Ṁ

C2

(21)

where K denotes the pressure drop due to friction.
In the following, the dynamical model of the heat exchanger is expressed using the compact form:
ẋex = f ex (xex , wex )
y ex = g ex (xex , wex )

(22a)
(22b)

In which states, computed output and boundary conditions are:

4. MODEL VALIDATION
Before the model derived in the preceding section is used
for observer design, it needs to be validated by comparing
the model-based prediction to experimentally measured
signals. The validation is done while focusing on the
following key variables (see Figure 7):
-

The
The
The
The

helium bath pressure y5ex
inlet temperature of the JT valve w1vjt
output temperature of the JT cycle y2ex
bath level derivative ẋps (filtered)

The number of elementary zones N = 4 is used for the
model of the heat exchanger (see equation (19a)) while the
temperature mean TM (see equation (19c)) is chosen to
be the algebraic mean.
A careful look at Figure 7 shows that the main dynamics
of the real system are quite faithfully captured by the
nonlinear model (24). Note also that that even filtered,
the bath derivative is very noisy, due to the measurement
method. This leads to a specific problem to be examined
later on.
5. OBSERVER DESIGN
In this section, the nonlinear observer is derived based
on the nonlinear state space dynamic model (24). The
heating power wJT is assumed to be unknown. Since some
of the boundary conditions are not available from existing
instrumentation, they will be considered as unknown as
well. Transforming these signals into disturbances in (24)
leads to a dynamic model of the form:
JT
JT
ẋJT = f 0 (xJT , uJT , wm
, wum
)
(25a)
JT
JT
y JT = g 0 (xJT , uJT , wm
, wum
)

(25b)

JT
JT
where wm
and wum
respectively denote measured and
unmeasured (including wJT ) disturbances. In order to

The linear correction gain matrix L is then used in the
following nonlinear observer equation that is given by:
ˆ
ˆ µexp ) L(yexp g 0 (⇠,
ˆ µexp ))
⇠˙ = f¯(⇠,
(29)
0
where f¯ is the extended version of the function f involved
in (25) using the extended state definition, precisely:
✓ JT ◆ ✓ 0 JT JT JT JT ◆
ẋ
f (x , u , wm , wum )
f¯ =
=
(30)
0
0
and yexp and µexp denote vectors coming from the experiment, according to their previous definitions.
6. EXPERIMENTAL VALIDATION
Figure 8 shows two scenarios where the evolution of the
estimated heat ŵJT is compared to the measurement. Note
while these measurements are available on our test-bed,
the heat pulses are rather unmeasured on the targeted applications such as the ITER or the JT60SA installations. It
is also worth mentioning that the quality of the observation
is not a↵ected by the large excursion of the thermal load,
moving the system far from the linearisation point.
Some spikes that could be seen at times 1hour, 1h1/4 ,
1h3/4 and 2h1/2 on figure 8b are due to discontinuities
on the control of the JT valve.
Fig. 7. Model validation result. Red Lines represent computed values when black lines represent the measured
ouputs. (a) Pressure inside the phase separator. (b)
Inlet temperature of the JT valve. (c) Output temperature of the JT cycle. (d) Filtered bath level derivative
synthesize the observer gain, the model has been linearized around the steady state operating point of interest,
namely:
JT
JT
JT
ẋJT = f 0 (xJT
(26a)
0 , u0 , wm0 , wum0 ) = 0
JT
JT
JT
y0JT = g 0 (xJT
(26b)
0 , u0 , wm0 , wum0 )
According to the Taylor’s series, limited to the first order:
0 JT 1
ũ
JT A
ẋJT = Ax̃JT + [B Bm Bum ] @ w̃m
(27a)
JT
w̃um

ỹ JT = C x̃JT
(27b)
where x̃, ũ, w̃m , w̃um , ỹ respectively denotes the deviations
from the linearization point. Considering the linearized
state space model, the extended system is defined including the unmeasured disturbances as components of the
extended state vector (Kwakernaak and Sivan (1972)):
✓ JT ◆ 
✓ JT ◆ 
✓ JT ◆
ẋ
A Bum
x̃
B Bm
ũ
=
+
(28a)
JT
JT
JT
0 0
0 0
ẇum
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w̃m
| {z } | {z } | {z } | {z }
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ỹ JT

✓

JT
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= [C 0]
JT
| {z } w̃um
Caug

◆

⇠

Baug

µ

(28b)

which is a Linear Time Invariant dynamical system for
which a standard optimal Kalman state estimator can
be derived by solving the standard infinite time Riccati
equations 4 .
4

In Matlab formalism, one can use the following command L =
T
T
lqr(AT
aug , Caug , Q, R) where Q and R are weighting matrices.

7. CONCLUSION ANS PERSPECTIVES
A nonlinear observer of the thermal load applied on a
helium bath of a cryogenic refrigerator has been proposed.
The approach is based on physical modelling of a JouleThompson cycle. This provides a tool that could be used
by operators to monitor the process. The observer can also
be used in order to improve the control strategy of the
refrigerator. The quality of the observer could be improved
by using 2 or 3D models to describe the phase separator
and heat exchangers behaviour or by having more variables available for measurement (especially flowrates and
boundary conditions). Furthermore, it have been seen in
figure 7d that our level measurement method is very noisy.
Since the bath level is the integral of the thermal loads
(see eq.(11)), it would have been useful to have a better
measurement method to improve convergence time.
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