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(57) ABSTRACT 

The invention relates to a method for estimating a heat load 
imposed on a cryogenic refrigerator, to an associated com 
puter program product, and to a method for controlling the 
cooling power output by said refrigerator. As the refrigerator 
(1, 1') includes a phase separator (40, 40') comprising a bath 
(41. 41') of refrigerant, the method for estimating the heat 
load imposed on said refrigerator includes a step in which said 
heat load is estimated using a program executed by a com 
puter, said program being based on a mass balance carried out 
on the phase separator for expressing variations in the time 
drift of the height of the bath of refrigerant in the phase 
separator. 
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METHOD FORESTMLATING THE HEAT 
LOAD IMPOSED ON A CRYOGENIC 

REFRIGERATOR, ASSOCIATED PROGRAM 
PRODUCT, AND METHOD FOR 

CONTROLLING THE REFRGERATOR 

0001. The present invention relates to the field of plant 
refrigeration. 
0002 The present invention in particular relates to the 
cryogenic refrigeration of plants. 
0003. The present invention also relates to the cryogenic 
refrigeration of plants capable of operating in a variable 
regime. 
0004. A variable operating regime may be encountered in 
many applications. 
0005. This is for example the case in plants using strong 
magnetic fields. 
0006 An example of a plant using strong magnetic fields 

is a tokamak. Atokamak is a magnetic confinement chamber 
intended to control a plasma in order to study the possibility 
of power generation by nuclear fusion. 
0007. In tokamaks, a variable, pulsed operating regime 
may be employed. In this case, although the overall profile of 
the pulsed loads applied to the refrigerator is known, it is not 
exactly known when a pulse of load will occur. In addition, 
other unforeseeable perturbations may occur, which pertur 
bations are related to the operation of the tokamak. 
0008 To generate strong magnetic fields without destroy 
ing the electromagnets, Superconducting electromagnets are 
used. For an electromagnetto operate as a Superconductor, its 
temperature must be kept below its critical temperature. 
0009. This is achieved by virtue of a cryogenic refrigera 

tor, for example cooled by helium. 
0010 FIG. 1 is a schematic showing the operation of such 
a cryogenic refrigerator. 
0011. The cryogenic refrigerator 1 comprises a compres 
Sor 10 allowing a gas, in this case helium, at room temperature 
(T-300 K) to be compressed from atmospheric pressure P. 
to a pressure P of about 20 bar. 
0012. A number of heat exchangers 20, 21, 22, 23, 24 are 
placed in parallel upstream of a phase separator 40 compris 
ing a bath of liquid helium at a temperature T-4.5 K. In this 
case, five heat exchangers have been provided. 
0013 These countercurrent heat exchangers allow the 
temperature of the helium flowing in the various circuits of 
these heat exchangers to be gradually decreased. Moreover, 
for each heat exchanger, the pressure in the two exchange 
circuits of the exchanger differ, so that the “upstream circuit 
is a hot, high-pressure circuit and the “downstream circuit is 
a colder, low-pressure circuit. Between the “upstream circuit 
of the first heat exchange 20 and the “downstream circuit of 
the last heat exchanger 24, the pressure thus increases from 
P-20 bar at the outlet of the compressor to a pressure slightly 
higher than atmospheric pressure, to prevent problems with 
low-pressure cavitation. 
0014. The bath 41 of liquid helium is therefore at atmo 
spheric pressure. 
0015 The cryogenic refrigerator 1 also comprises a num 
ber of means for extracting work. 
0016. In the present case, these means consist of two tur 
bines 30, 31. 
0017. The first turbine 30 has work done on it at the outlet 
of the low-pressure circuit of the first heat exchanger 20 and 
reinjects this work at the low-pressure inlet of the second heat 
exchanger 21. The second turbine 31 has work done on it at 
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the outlet of the low-pressure circuit of the third heat 
exchanger 22 and reinjects this work at the low-pressure inlet 
of the fourth heat exchanger 23. 
0018. These turbines 30, 31 are complementary to the heat 
exchangers and participate, via the work done on them, to the 
cooling of the helium. 
00.19 Lastly, the cryogenic refrigerator 1 comprises a 
Joule-Thomson valve 50, placed between the outlet of the 
low-pressure circuit of the last heat exchanger 24 and the bath 
41 of liquid helium at 4.5 K and atmospheric pressure. This 
valve 50 liquefies the gaseous helium obtained at the outlet of 
the low-pressure circuit of the last heat exchanger 24 via an 
expansion which is accompanied by a drop in the temperature 
of the helium. 
0020. The bath 41 of liquid helium then allows cooling 
power to be delivered in order to keep the electromagnets of 
the plant employing strong magnetic fields, for example a 
tokamak, operating as Superconductors, on account of the 
heating power applied by the plant to this bath 41 of liquid 
helium. 
0021. The heating power applied by the plant to the bath 
41 of liquid helium is also called the thermal load. 
0022. The design and dimensions of this type of refrigera 
tor are tailored to operating regimes in which the strong 
magnetic field generated by the plant is stable or varies 
slowly, i.e. to a regime of permanent or almost permanent 
thermal operation of the refrigerator. 
0023 Specifically, these plant operating regimes lead to a 
stable thermal load on the cryogenic refrigerator. Operating 
the cryogenic refrigerator in a permanent or almost perma 
nent thermal regime makes it possible to provide adequate 
cooling of the electromagnets, stably and reliably. 
0024 However, future plants intended for studying the 
possibility of generating power by nuclearfusion activated by 
strong magnetic fields plan to employ pulsed magnetic fields. 
(0025. This is the case for the ITER (France) and JT60 SA 
(Japan) tokamak projects. 
0026 Variations in the magnetic field in the tokamak then 
cause similar variations in the thermal load applied to the 
cryogenic refrigerator. 
0027. An example of the variation in the thermal load 
applied to the cryogenic refrigerator of the future Japanese 
tokamak JT60 SA, intended to operate in a pulsed regime, is 
shown in FIG. 2. It will be noted that the pulses are a priori 
periodic, in this instance having a period of 3000s, the dura 
tion of a pulse being about 100 s. Nevertheless, random 
processes may change this variation, as was mentioned 
above. 
0028. In FIG. 2, it may be seen that operating the tokamak 
inapulsed regime leads to the operating regime of the thermal 
load applied to the cryogenic refrigerator also being pulsed 
(curve 100). FIG. 2 also shows (curve 101) the average ther 
mal load applied by the tokamak to the refrigerator. 
0029. However, cryogenic refrigerators used in existing 
plants are not designed to provide adequate cooling under 
Such a pulsed regime. 
0030 Specifically, increasing the thermal load leads to an 
increase in the flow rate of the cooled helium, returned to the 
electromagnets of the plant. 
0031. This cools the entire refrigerator, because the cool 
ing engendered by the thermal load unbalances the exchang 
ers 20, 21, 22, 23 and 24 between the high-pressure section 
and low-pressure section. In addition, the evaporation caused 
by the load on the helium bath instantaneously increases the 
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return flow rate on the low-pressure side of each heat 
exchanger, thereby unbalancing the entire cryogenic refrig 
erator. A Substantial increase in the thermal load may even 
cause the cryogenic refrigerator to shut down. 
0032 To overcome this problem, it has already been sug 
gested to Smooth the impact of the pulsed magnetic field on 
the variation of the thermal load applied to the cryogenic 
refrigerator. 
0033. This smoothing consists in limiting variations in the 
thermal load actually applied to the cryogenic refrigerator, in 
order to ensure the nominal operation of the cryogenic refrig 
erator and therefore especially to prevent the refrigerator 
from shutting down. 
0034) For this purpose, it has been suggested to implement 
mechanical and/orthermal methods, either by installing dedi 
cated means inside the cryogenic refrigerator, or by installing 
an additional device between the plant employing strong 
magnetic fields and its cryogenic refrigerator. 
0035. For example, the document by Dauguet et al., 
“Advances in Cryogenic Engineering. Transactions of the 
Cryogenic Engineering Conference”, CEC Vol. 53, edited by 
J. G. Weisend II, pp. 564-569 proposes keeping the thermal 
load on the cryogenic refrigerator constant. 
0036. To do this, the cryogenic refrigerator comprises 
many heat exchangers and cryogenic valves, these valves 
being activated in order to keep the cooling power delivered 
by the refrigerator stable at a value corresponding to the 
average thermal load applied by the tokamak. Thus, the cryo 
genic refrigerator operates in a permanent or almost perma 
nent regime, even when the tokamak is operating in a pulsed 
regime. 
0037. A similar solution is proposed in document WO 
2009/O24705. 
0038 According to another example, document “Design 
of the ITER-FEAT cryoplant to achieve stable operation over 
a wide range of experimental parameters and operation sce 
narios', by Claudet et al., Fusion Engineering and Design, 
58-59 (2001), pp. 205-209, suggests installing an intermedi 
ate device between the tokamak and the cryogenic refrigera 
tOr. 

0039. This device allows some of the additional helium 
flow obtained during a peak in the thermal load applied to the 
cryogenic refrigerator to be diverted upstream of the refrig 
erator. Thus, the cryogenic refrigerator does not see the 
increased helium flow related to the pulsed operating regime 
of the tokamak. 
0040. These proposed solutions are based on mechanical 
and/or thermal devices intended to smooth the variation in the 
thermal load liable to be applied to the cryogenic refrigerator. 
0041. These solutions work correctly. 
0042. However, they require additional parts (heat 
exchangers, valves, etc.) which may quickly prove to be 
expensive and they are, sometimes, difficult to implement. 
0043. One objective of the invention is to solve at least one 
of the drawbacks of existing cryogenic refrigerators. 
0044 Another objective is to solve at least one of the 
drawbacks of existing cryogenic refrigerators when the plant 
to be cooled operates in a variable regime. 
0045. As was mentioned above, a variable regime may be 
encountered in many fields. Therefore, use of the invention is 
not limited to plants generating strong pulsed magnetic fields, 
Such as a tokamak, but extends to any plant requiring cryo 
genic refrigeration. 
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0046. To achieve at least one of these objectives, the inven 
tion provides a method for estimating a thermal load applied 
to a cryogenic refrigerator comprising a phase separator con 
taining a bath of liquid refrigerant, in which this thermal load 
is estimated using a computer program, said program being 
based on a mass balance performed on the phase separator 
allowing the variation in the time derivative of the height of 
the bath of liquid refrigerant in the phase separator to be 
expressed. 
0047. The method according to the invention will possibly 
have other technical features, whether alone or in combina 
tion: 

0.048 the thermal load applied to the cryogenic refrig 
erator is a variable thermal load; 

0049 the variable thermal load applied to the cryogenic 
refrigerator is pulsed; 

0050 a step is provided for determining appropriate 
variables of the cryogenic refrigerator, representing the 
variation in the time derivative of the height of the bath 
of liquid refrigerant in the phase separator, before the 
step of estimating the thermal load using the computer 
program; 

0051 the cryogenic refrigerator comprising a valve at 
the inlet of the phase separator, said appropriate vari 
ables comprise at least the degree of opening of the 
valve, the temperature upstream of the valve and their 
respective time derivatives, and the thermal load; and 

0.052 the computer program comprises a step in which 
the data relating to the variation in the time derivative of 
the height of the bath of liquid refrigerant in the phase 
separator are filtered. 

0053 To achieve at least one of these objectives, the inven 
tion also provides a method for regulating the cryogenic 
refrigerator subjected to a thermal load, in which the thermal 
load applied to the refrigerator is estimated using the method 
for estimating a thermal load applied to this refrigerator, 
according to the invention, and then at least one operating 
parameter of the refrigerator is regulated depending on the 
value of the thermal load estimated beforehand. 
0054 The regulating method according to the invention 
will possibly have other technical features, in particular: 

0.055 a step in which the regulation is implemented by 
modifying the degree of opening of the valve of the 
refrigerator, said valve being located at the inlet of the 
phase separator. 

0056 To achieve at least one of these objectives, the inven 
tion also provides a computer program product comprising 
programming code instructions for implementing the method 
for estimating a thermal load applied to a cryogenic refrig 
erator, according to the invention. 
0057. Other features, aims and advantages of the invention 
will become apparent from the following detailed descrip 
tion, given with reference to the following figures: 
0.058 FIG. 3 is a schematic showing a mass balance per 
formed on the phase separator of the cryogenic refrigerator, 
for example as illustrated in FIG. 1 or 4: 
0059 FIG. 4 is a schematic of the cryogenic refrigerator 
named “station 800W(a)4.5K' and installed at the Commis 
sariata l'énergie atomique, on which the method according to 
the invention was tested and validated; 
0060 FIG. 5 is a graph showing, on the one hand, the 
variation in the thermal load actually applied to the cryogenic 
refrigerator shown in FIG. 4 during a trial, and on the other 
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hand, the variation of the thermal load estimated using the 
method according to the invention. 
0061 The method especially comprises a step of estimat 
ing the thermal load w applied to the cryogenic refrigerator 1, 
1' using a computer program. 
0062) Details of the development of this program are given 
below. 
0063. This program especially operates on a mass conser 
vation balance performed on the phase separator 40, 40' of the 
cryogenic refrigerator 1, 1'. 
0064. This mass balance performed on the phase separator 
40, 40' is shown schematically in FIG. 3. Typically, it is a 
phase separator 40, 40' such as shown in FIGS. 1 and 4, 
respectively, which comprises a bath 41. 41' of liquid refrig 
erant, for example of helium. 
0065. The mass conservation equation for the phase sepa 
rator 40, 40' is written: 

ch Ed. 1 T = m, -m. = f(u, PT)- (Eq. 1) 

0066 where: 
0067 his the height of the bath 41. 41' of liquid refrigerant 
in the phase separator 40, 40' (% of the maximum attainable 
heighth of the bath); 
0068 m, is the flow rate of gas entering into the phase 
separator (g/s); 
0069 m is the flow rate of gas leaving the phase separator 
(g/s); 
0070 w is the thermal load applied to the phase separator, 

i.e. to the refrigerator, by the plant (W); 
(0071 u is the degree of opening of the valve 50, 50' (%); 
0072 L is the latent vaporisation heat (J/g); and 
0073 f(u, PT) is a function depending on the degree of 
openingu of the value 50, 50', on the pressure Pupstream of 
the valve and on the temperature Tupstream of this value. 
0074 The function f(u, PT) may take various developed 
forms depending on the precision desired for the estimation 
of the time derivative 

ch 
tf 

of the heighth of the liquid refrigerant in the phase separator 
40, 40', which is denoted h in the following. 
(0075) In the example given below, the quantity h depends 
on the following parameters: ul, Tu, ü, Tand w, where 1, 
and T are the time derivatives of the degree of opening of the 
valve 50, 50' and of the temperature upstream of this valve, 
respectively. These parameters represent the main parameters 
influencing the mass balance performed on the phase separa 
tor 40, 40'. 
0076. In this example, the influence of the pressure P in the 
function f is not taken into consideration. 
0077. Different parameters may be chosen, depending on 
the desired precision of the model, in particular parameters 
relating to the pressure P could be incorporated. 
I0078. According to another example, the model takes into 
account, in order to define the quantity h, the following 
parameters: u. T. and their respective time derivatives, and 
the thermal load w. 
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0079. It is then sought to express the equation (Eq. 1) in a 
linear form, i.e. in the form of (Eq. 2): 

h = (u, (Tul), iii, T, w) as 

0080 where: a, a, as a and as are coefficients to be 
determined. 

I0081. The equation (Eq. 2) may be written in the form of 
the equation (Eq. 3): 

I0082 on account of the following notations: 

(...) 4 : T ) 

(2) 3. 
T 

Lg (a1, a2); 

I0083) To estimate the thermal load w applied to the cryo 
genic refrigerator 1, 1' by the plant, the quantity of interest is 
the filtered time derivative h of the height h of liquid refrig 
erant in the phase separator, which is expressed in a Laplace 
field. 

I0084 Filtering allows any “noise” that is capable of influ 
encing the determination of the variable h to be removed. 
I0085. Thus, if the time derivative h of this height h is 
denoted H(s) in the Laplace field, and the function obtained 
after first-order filtering of the quantity H(s) is denoted Y(s), 
then a prioritheir relationship can be expressed in the form of 
the equation (Eq. 4): 

Y(s) = - H(s) 1 + ifs 

I0086) wheret,is the time constant of this first-order filter, 
which must be defined. 

I0087. The time constant is defined in the following way. 
The valve 50, 50' is opened with a given opening profile, a 
stepped profile for example. Then, the variation of the time 
derivative of the height of the bath of liquid is monitored. It is 
then possible to determine the time constant in a way known 
perse to those skilled in the art. 
I0088. Equation (Eq. 4) then corresponds, in the real field, 
to the following differential equation (Eq. 5): 



US 2013/O 1395.25 A1 

0089 where: y is the real variable associated with the 
filtered function Y(s) of equation (Eq. 4) in the Laplace field, 
and y is the real integrated value of the variable y. 
0090. By inserting the relationship given by equation (Eq. 
3) obtained from the mass conservation balance performed on 
the phase separator 40, 40' into equation (Eq. 5) above, equa 
tion (Eq. 6) is obtained: 

0091. It will be understood that this differential equation 
expresses the mass conservation balance performed on the 
phase separator after first-order filtering has been carried out 
on the variable h. 

0092 Next, the state vector x is introduced in the form of 
the equality (Eq. 7): 

0093. This notation then allows equation (Eq. 6) to be 
written in the form of the following equation (Eq. 8): 

x=-y+Lq+asw 

0094. Next, by replacing the variable y with the variable 

-x + L2. 

the following equation is obtained: 

1 
is = - x + L2+ Lq + as w 

f 

0095 which finally gives the following state representa 
tion (Eq.9): 

= X (i. ) + as w f if \ z, 

y = x +(0, ) f if V a. 

0096 where x is the state and q, Z and w the inputs and y 
the output. 
0097. For the sake of clarity, the state representation (Eq. 
9) may also be expressed in the following form (Eq. 10): 

... = As, + i); Gw 
y = C, + p. 2. 

on account of the following matrix notations: 
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(0098. The state representation (Eq. 9/Eq. 10) finally 
allows the filtered variable y representative of the heighth of 
the liquid refrigerant in the phase separator to be expressed as 
a function of q, Z, W and the coefficients a1, a2, as a, as and 
T 

roo99) This state representation can be easily implemented 
in a programmable controller. 
This state representation may be extended to estimate the 
thermal load applied to the cryogenic refrigerator. 
0100. To do this, the extended state of the state represen 
tation (Eq.9) is defined by the following matrix, (Eq. 11): 

I0101 where the second state vectors, represents the ther 
mal load W. 
0102 Then, the state representation (Eq. 10) can be 
expressed in the following form, denoted (Eq. 12): 

f :-)-(E)-() () 

0103) This representation assumes that s=0, i.e. that the 
variables representative of the thermal load w applied to the 
refrigerator has a constant profile. This assumption is correct 
when the perturbation that arrives at the bath of liquid takes a 
step form. This is especially the case for a tokamak. 
0104. Of course, other assumptions could be made. For 
example, it may be assumed that the perturbation arrives in 
the form of a ramp or a sinusoidal variation. This could be the 
case for cryogenic refrigerators used in plants other than 
tokamaks. 
0105. If (Eq. 13) is written: 

0106 then the state representation of (Eq. 12) can be writ 
ten in the form of (Eq. 14): 
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(01.07 Next, if discrete matrices representative of the 
matrices A and B for a sampling period T are denoted A and 
B respectively, the above relationships can be written: 

0108 where 5" is the discrete form of the matrix S. 
0109. It will be recalled that when the continuous matrices 
A, B, C, D, of a state representation are known, the associated 
discrete matrices A, B, C and D are written: 
I0110 Ae'; where T is the sampling period; 

T B = e'. B. dis; 
O 

0111 CC; and 
0112 D.D. 
0113. The relationships expressing Sandy can be written 
in shortened form. 
0114. To do this, the observer equation will be recalled, 
namely: 

0115 where L is a two-row column matrix comprising real 
values called the observer gain. The observer gain only 
depends on the response time t chosen for the observer. 
0116. Next, the relationship expressing y is used for the 
variable y. In this case y can be written: 

0117. By replacing y with the latter expression in the 
observer equation, the shortened form mentioned above is 
finally obtained, namely equation (Eq. 15): 

0118 
eigenvalues of the matrix A-LC are in part real and strictly 
negative. As should be understood with ease by those skilled 
in the art, the eigenvalues of the matrix A-LC correspond to 
the poles of the corresponding transfer function. 
0119 These poles are especially related to the time con 
stant ta insofar as this parameter appears in the expression of 
this matrix. Thus, these poles are related to the response time 
t chosen for the observer. 
0120 However, it must be noted that the variable y is not 
present in equation (Eq. 15). It must therefore be determined 
in some other way. To do this, the differential equation (Eq. 5) 
is used, namely: 

in which the observergain L is chosen so that the 

- y = i-y -- h). 

0121 

0122) is defined and equation (Eq. 5) is rewritten in the 
following form: 

Next, the vector: 
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n = -y = In + h) 

y = In + h) 

I0123 which may be expressed in the form of the following 
state representation: 

0.124. This state representation may then be expressed in 
discrete form, for a sampling periodT, in the following way 
(Eq. 16): 

(0.125 where m" is the discrete form of the variable in, the 
matrices Rand E being the discrete matrices of the state 
representation of equation (Eq. 5). These matrices are 
defined, as a function of the continuous matrices R-I-1?t, 
and E=-1/t), by the following relationships: 
I0126 Re'' where T is the sampling period; and 

Te E = ?. e. E. d.s. 
O 

I0127. By then grouping equations (Eq. 15) and (Eq. 16), a 
set of equations (Eq. 17) may be written: 

n" = Rd. n + Ed h 

& = (A - LC& + (B-LD). U(T, u) + L( l n + th) f f 

6 = (0, 1)& 

I0128. This set of equations may be expressed in the fol 
lowing form (Eq. 18): 

R O O E. 
d x2 x4 d U(T, u1) 

X = 1 IX + 1 ( 
- L A-LC B - LD - L. h 
f f 

= (0, 0, 1)X 

I0129 if the following notation 



US 2013/O 1395.25 A1 

is used; or, more simply (Eq. 19): 

obs 

with the following matrices: 

Rd 01x2 
A = 1 -s * - L A-LC 

f 

| 0x4 Ed 
Bobs = 1 ; 

B - LD - L 
f 

Cops = (0, 0, 1); 
and 

ii 

Tit 
Ubs (T, ul, h) = | u1 

T 

h 

0130. Equation (Eq. 19) thus allows the thermal load w 
applied to the refrigerator to be estimated, in a form that can 
be easily implemented in a programmable controller. 
0131 However the thermal load w can be estimated, using 
(Eq. 19), only once the matrices A and B, have been 
completely defined, which requires that the coefficients a to 
as be identified, the values of the matrix L be determined and 
the time constantt, of the first-order filter be chosen. 
0132) The coefficients a to as are identified in the follow 
ing way. 
0133. The equation (Eq. 2) is integrated between a refer 
ence time t and the time t, and then filtered. 
0134. The integration returns equation (Eq. 20): 

h(t)-h(t)=M(t)* a 

0135 where M(t) is the line matrix given by: 

M(t) = 

i i i 

0.136 and a is the column vector of the coefficients a to as. 
0.137 Equation (Eq. 20) is then filtered with the following 

filter: 

F(s) = 1 + ifs 

0.138. The coefficients a to as are then determined by 
minimizing, using the least squares method, the relationships 
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forming a system of equations (Eq. 21), the unknowns of 
which are the coefficients of the matrix a: 

F(M)(t) O 

F(M)(t) F(h)(1) - h(t) 
- 

F(M)(iv) F(h)(iv) - h(t) 

0.139 which allows equation (Eq. 20) to be solved in its 
filtered form between the initial time t and the final time t. 
where N=5 in this instance. 

0140. To do this, it is necessary to measure the values of 
the coefficients of the other matrices. 

0.141. These measurements were carried out on the refrig 
erator 1' shown schematically in FIG. 4. 
0142. This refrigerator 1' is similar to the refrigerator 1 
described with reference to FIG. 1, especially as regards the 
phase separator 40'. This refrigerator 1" however differs 
slightly from the refrigerator described with reference to FIG. 
1 in various ways. 
0.143 Specifically, it only has four heat exchangers 20', 
21", 22, 23' for lowering the temperature of the refrigerant, in 
this case helium, from 300K to 4.5 K. The pressure delivered 
by the compressor is 16 bar. Moreover, only one turbine 31' is 
provided and the first heat exchanger 20' contains an addi 
tional heat exchanger 60' (nitrogen, 80 K). 
0144. The coefficients of the matrix a were calculated for 
a compressor outlet pressure P of 16 bar. Moreover, the tem 
perature upstream of this valve 50' is T-7 K. The time t 
considered is t-1 S. at which point data recording begins. The 
interval between measurements is 3 s, i.e. dt t-t, 3 s, for i 
ranging from 1 to N. 
0145 Under these conditions, solving the system of equa 
tions (Eq. 21) returns the coefficients in table 1 below: 

TABLE 1 

Coefficient of the matrix a value 

al O.OO3710768747845 
a2 -OOOO396506514909 
a 3 O.O246173OS83263S 
84 O.286747643082885 
as -OOOO240828O4S189 

I0146) Once the coefficients a to as have been obtained, 
they are entered into the program, as are the time constant t, 
and the coefficients of the observer gain L. 
0147 A 5% response time, denoted triS%, was chosen for 
the observation. In this instance, tris%=60s. This indicates 
that the observer is delayed in order to obtain a 5% estimate of 
the thermal load w in 60s. 

10148. The time constant t, is determined using the rela 
tionship trS%–3t, Thus, the time constantt, has a valuet, 20 
S. 

10149 Moreover, to determine the eigenvalues of the 
matrix A-LC, the poles Z of the corresponding transfer func 
tion are determined, i.e. 
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3. it (0.8607 
3 = e trS% = (C) 

insofar as dt 3 s, as mentioned above. 
0150. These data especially allow the matrices A and 
B to be defined. 
0151. The thermal load w can then be estimated with this 
program using the system of equations (Eq. 19). 
0152 FIG. 5 shows the estimation of the thermal load 
obtained by the program described above and the actual varia 
tion in the thermal load applied to the refrigerator shown in 
FIG. 4. 
0153. As may be seen in said FIG. 5, although the thermal 
load applied to the refrigerator 1' is highly variable, and even 
random, the estimation is of a very high quality. The estima 
tion follows the actual variation in the thermal load during the 
peaks in power. 
0154) This estimation is also very good in an equilibrium 
regime, for example between the time t—0s and the time 
t=3x10's in FIG. 5. 
0155 Finally, it is possible to correctly estimate, in real 
time, the variation in the thermal load applied to the cryogenic 
refrigerator. 
0156 This estimation is very good whether the operating 
regime is a variable or equilibrium regime. 
0157. This is particularly advantageous because it is then 
possible to regulate one or more operating parameters of the 
cryogenic refrigerator. 
0158. It may for example be envisioned to regulate the 
temperature at the outlet of the turbine 31', the height of the 
bath of liquid in the separator, or other parameters. 
0159 Considering the above example, it will then be pos 
sible to physically adjust variables Such as the degree of 
opening of the valve, the temperature and/or the pressure 
upstream of this valve, etc. in order to regulate the or each 
operating parameter considered. 
0160. In particular, in the case of pulsed tokamak regimes, 

it is possible to estimate, in real time, the value of the thermal 
load applied to the cryogenic refrigerator, without knowledge 
of events outside of the refrigerator. 
0161 This regulation then allows adequate cooling of the 
plant to be ensured, avoiding the risk of the refrigerator shut 
ting down and consequently the plant itself shutting down. 
0162 This regulation is inexpensive because it requires no 
major hardware. 
0163. It should be noted that the coefficients identified for 
the matrix a are valid for the refrigerator 1' shown in FIG. 4, 
taking account of the parameters chosen for equation (Eq. 2). 
(0164. Different values would have to be identified for the 
matrix a if other parameters were to be included in equations 
(Eq. 2). For example, if it were desired to have an even more 
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precise model, it could be envisioned to furthermore take into 
account the pressure Pupstream of the valve 50', and the time 
derivative of this pressure P. 
(0165 Different values would also have to be identified for 
the matrix a for the same refrigerator operating under differ 
ent conditions, for example if the outlet pressure of the com 
pressor were different. 

1. A method for estimating a thermal load applied to a 
cryogenic refrigerator comprising a phase separator contain 
ing a bath of liquid refrigerant, in which this thermal load is 
estimated using a computer program, said program being 
based on a mass balance performed on the phase separator 
allowing the variation in the time derivative of the height of 
the bath of liquid refrigerant in the phase separator to be 
expressed. 

2. The method as claimed in claim 1, in which the thermal 
load applied to the cryogenic refrigerator is a variable thermal 
load. 

3. The method as claimed in claim 1, in which the variable 
thermal load applied to the cryogenic refrigerator is pulsed. 

4. The method as claimed in claim 1, in which a step is 
provided for determining appropriate variables of the cryo 
genic refrigerator, representing the variation in the time 
derivative of the height of the bath of liquid refrigerant in the 
phase separator, before the step of estimating the thermal load 
using the computer program. 

5. The method as claimed in claim 1, in which, the cryo 
genic refrigerator comprising a valve at the inlet of the phase 
separator, said appropriate variables comprise at least the 
degree of opening of the valve, the temperature upstream of 
the valve and their respective time derivatives, and the ther 
mal load. 

6. The method as claimed in claim 4, in which the computer 
program comprises a step in which the data relating to the 
variation in the time derivative of the height of the bath of 
liquid refrigerant in the phase separator are filtered. 

7. A method for regulating the cryogenic refrigerator Sub 
jected to a thermal load, in which the thermal load applied to 
the refrigerator is estimated using the method as claimed in 
claim 1, and then at least one operating parameter of the 
refrigeratoris regulated depending on the value of the thermal 
load estimated beforehand. 

8. The method as claimed in claim 7, in which the regulat 
ing step is implemented by modifying the degree of opening 
of the valve of the refrigerator, said valve being located at the 
inlet of the phase separator. 

9. A computer program product comprising programming 
code instructions for implementing a method as claimed in 
claim 1. 


