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Abstract

A Modelica library for the thermal and electrical mod-
elling of cryogenic and superconducting systems is pre-
sented. The library design is compatible with the elec-
trical and fluid components from the Modelica Standard
library. At the same time, several typical effects of cryo-
genic systems are modelled that have no equivalent in the
Standard library. Easy usability and extendability of the
components is emphasized. In this paper, the different
parts of the library are explained in more detail. To illus-
trate the capabilities of the library, three showcases are
presented: a simple solenoid magnet system, a current
lead and a current limiter. The results show that many ef-
fects occuring in cryogenic and superconducting systems
can successfully be simulated using this library.
Keywords: cryogenic, superconductivity, magnet, cry-
ocooler, simulation, thermal, electric, HTS

1 Introduction

While the concept of superconductivity is known for over
a century, it took a while for commercial applications to
take root. In 2018, superconducting magnets can be found
in the radiology departments of most first world hospitals.
However, after all this time, the cost per kiloampere-meter
for superconducting cables continues to go down, espe-
cially in the case of high temperature superconductors
(HTS) (Selvamanickam et al., 2011; Rupich et al., 2013).
This makes more and more applications viable. For exam-
ple, cryogenic systems are envisioned for future electric
aircraft projects (Gemin et al., 2015; Berg et al., 2015).

Thermal design makes up a big part of the overall ef-
fort that goes into the development of superconducting
systems. For some applications like nuclear magnetic res-
onance tomography (NMRT) systems this can be done in
Excel. In other applications, the transient behavior of the
overall system is more important. This is especially true
if the superconducting system is coupled to other systems
and the overall system behavior cannot be neglected. In
that case, Modelica is a naturally suited technology to
describe the overall system behavior.

Some work has already been directed towards this
topic: Lanczont (2016) presented a very detailed but also

very specific electrothermal model of second generation
HTS cables. A library for the simulation of supercritical
helium loops is presented by Zanino et al. (2012) and
verified in (Zanino et al., 2014). No general-use library
for the typical aspects of the design of superconducting
systems is available to best knowledge of the author.

This work closes that gap by presenting CryoLib, an
easy-to-use Modelica library that provides components
and interfaces to simulate the transient behavior of super-
conducting systems. The paper is structured as follows:
In Section 2, the library structure is presented and some
components are explained in more detail. Section 3 shows
some examples that have been developed using the Cry-
oLib library. These are used to present both physical
effects and possible use cases of the library. The paper is
discussed in Section 4 and concluded in Section 5.

2 Library

2.1 Library Concept

Based on the nature of the Modelica language, some usage
scenarios for this library are more probable than others.
If highly detailed three-dimensional effects have to be
modelled, finite-element or similar methods should be
used. For design or architecture studies, or for controller
development, Modelica makes fast model development
cycles possible, at the cost of accuracy. For this reason,
the CryoLib is designed to be relatively light-weight and
easy-to-use. Of course, an end-user can always choose to
extend the library to their liking.

The library is divided into several sub-packages, see
Figure 1 for the overall structure. The UserGuide sub-
package contains general meta information about the li-
brary, the Examples package contains simulation models
built from the library to demonstrate use cases. The other
packages are presented in more detail in the following.

All component packages also contain a test-package.
This is not only for validation of the components, but also
serves as a tutorial to end users.
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CryoLib by DLR 2.2 Materials

The Materials package contains several models that esti-
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Figure 1. Structure of the CryoLib

UserGuide mate material properties based on temperature, current
density and magnetic field density. This is especially im-
portant since material properties can change significantly

Examples at low temperatures. For instance, the electric resistivity

P of very pure copper can be 100 to 1000 times smaller than
the resistivity at room temperature.

The library includes technical high temperature super-

: conductors, technical low temperature superconductors

Materials . o

and non-superconductors like austenitic steel or copper.
. . These models are also used as a basis for the components
PartialMaterial .
of the other sub-packages. For the superconducting mate-
rials, users can also change the ratio of superconductor to
Steel304 . .
support medium using parameters.
CopperRRR 100 Each of the mod.els takes temperature, ﬁeld.and current
as inputs, computing volumetric heat capacity, thermal
NbTiCopper conductivity and the electrical resistivity. The resistivity
is set to zero if the material is inside the limits of su-
YBCO-HTS perconductivity, based on field, temperature and current
density. The dependency between these variables is not
Tests trivial and illustrated in Figure 2.
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Figure 2. Illustration of the limits of superconductivity
Radiation
The cryogenic data for the materials is taken from publi-
Conduction cized manufacturer specifications (SuperPower Inc, 2014;
AK Steel Corporation, 2007) and scientific papers (Bot-
DryShield tura, 2000; Manfreda, 2011; Lu et al., 2008; Duthil, 2015).
The data points are linearly interpolated afterwards.
Tests While critical temperature and critical field are usually
determined by the type of superconductor, critical cur-

CryoCoolers rent density is dependent on the manufacturing process.

Therefore, the user can scale the critical surface in the
PulseTubeTwoStage direction of the current density using a parameter.

2.3 Conductors

This package contains several components that simulate
superconductors. As such, it is the main package of the
library.
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The most basic component is called ConductingEle-
ment. It models a cylindrical shape with axial electric
current. The element material can be chosen from the
Materials package. Two Modelica.Electrical. Analog con-
nectors allow using the component similar to a conven-
tional resistor element. Of course, the resistivity of the
element can drop to zero if all requirements for supercon-
ductivity are met. As such, the overall electrical circuit
has to allow for this possibility. Based on the voltage
drop over the element, current, heat dissipation, tempera-
ture and maximum field is simulated. A connector from
Modelica.Thermal . HeatTransfer allows for evacuation of
dissipated heat.

The SimpleCable component models a discretized
cylindrical shape. It behaves similar to multiple Con-
ductingElement models stacked together.

The FluidChannelCable component behaves similar
to the SimpleCable component, but additionally features
Modelica.Fluid connectors. These can be used to model
cable-in-conduit conductors (CICCs) or current leads.

The Magnet and Motor components are specialised
versions of the ConductingElement component with addi-
tionally modelled inductance.

2.4 ThermalBoundaries

This package offers helper components to model typical
thermal transfer effects in cryogenic systems.

In the Radiation component, thermal radiation is mod-
elled based on the temperature on both sides, the area and
the number of layers of used Multi-layer insulation. The
Conduction and DryShield components can be used to
simulate the transient thermal effects of radiation shields
and the suspension.

2.5 CryoCoolers

Cryocoolers as described for instance by Satoh et al.
(1996) are used to cool down small cryogenic systems. In
the CryoCoolers subpackage, simple models representing
several types of cryocoolers are included. These models
offer a certain amount of cooling heat flow base on the
temperature. Also, some amount of thermal inertia is
included. The performance data is taken from Xu et al.
(2008), Radebaugh et al. (2007) and Sunpower (2012).

3 Examples

In this section, several simulation models are shown that
have been built using the Cryolib. Additionally, com-
ponents from the Modelica Standard Library (Modelica-
Association, 2008), HelmholtzMedia (Thorade and Saa-
dat, 2012) and the NoiseLib (Klockner et al., 2014) are
used.

3.1 Magnet System

The first example system represents a standard supercon-
ducting magnet design with low temperature supercon-
ductors, as often used for nuclear magnetic resonance
applications. It is illustrated in Figure 3.

current leads — cryocooler

magnet

T

thermal
intercepts

thermal shield
vacuum vessel suspension rods

Figure 3. Illustration of a simple solenid magnet system

Refrigeration power is more costly at lower tempera-
tures. For that reason, two-stage cryocoolers are used.
These offer a small amount of refrigeration power at the
operating temperature of the magnet (around 4 Kelvin)
and a larger amount of refrigeration power at an interme-
diate temperature (around 80 Kelvin). A thermal shield
is used to protect the cold side of the magnet from heat
radiation and convection. The corresponding Modelica
model is shown in Figure 4.

Conduction and Radiation elements are used to model
the heat loads on both the shield and the actual magnet.
Conduction elements are also used to model the heat
resistance of the thermal intercepts between cryocooler,
shield and magnet.

On the electrical side, a controller measures the magnet
temperature. As soon as the temperature falls below 4.5
Kelvin, a constant voltage is applied until a target current
is reached. The target current is set above the critical
current, to force a quench. The thermal behavior of cur-
rent leads is not modelled. The simulation results for this
system are shown in Figure 5.

It is apparent that the shield side is colder than the
magnet for the longest part of the cooldown. This can
be explained by the smaller cooling power of the second
stage compared to the first stage.

The magnet cooldown accelerates from 70 to 10 K.
This is due to the very small heat capacity of most materi-
als at low temperatures.
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Figure 4. Modelica model of the "magnet system" example
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Figure 5. Simulation results for the "magnet system" example

At roughly 7000 seconds, a quench occurs. The magnet
loses its superconducting property and the energy stored
in the magnets inductivity is dissipated. This results in a
sudden temperature spike.

3.2 Current Lead

The second example represents a current lead. Current
leads are used to feed power from a conventional source
to a cryogenic system. This generates a major engineering
challenge, since electrical conductivity generally comes
with unwanted thermal conductivity (Franz and Wiede-
mann, 1853)!. Also, the warm ends of current leads
cannot be superconducting, generating additional electri-
cal heat dissipation. These thermal loads can overwhelm
most cooling systems, which have very low coefficients
of performance at low temperatures.

IThe original article is written in German. However, a search for
"Wiedemann—Franz law" results in English translations.

A typical approach, which is also modelled here, is to
counter-cool the current lead with helium. At the cold
end, liquid helium is supplied into the current lead. It
absorbs the majority of the dissipated heat and leaves the
current lead at the warm end.

The modelled system is shown in Figure 6.
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Figure 6. Modelica model of the "current lead" example

The current lead itself is modelled as copper with a
residual resistivity ratio (RRR) of 100 and discretized into
6 elements. The system is initialized at room temperature
and the helium source at the left is ramped down from 300
to 4 Kelvin in the first 600 seconds at slight overpressure.
From 700 to 800 seconds, the current is ramped up from
zero to 25.000 amperes. The right side of the current
lead is connected to room temperature and atmospheric
pressure.

The simulation results for this system are presented in
Figure 7.

It can be seen that the temperature distribution in the
current lead is not linear during the cooldown. This can
be explained by the small thermal conductivity at low
temperatures.

When the electrical current is ramped up from 700 to
800 seconds, a significant temperature increase can be
seen throughout the current lead. The effect is much more
pronounced near the warm side of the current lead. At
low temperatures, the electrical conductivity of the used
material is much better resulting in lower heat dissipation.

At 1000 seconds, the system is very near to the steady
state. The axial heat flow in the current lead is 411
Watts at the warm end and 11.2 Watts at the cold end.
That means that the cooling system only has to deliver
11.2Watts at a temperature of 4 Kelvin, in addition to the
re-liquefaction of the boiled-off helium (5.5 grams per
second).

Note that the used parametrization of the system was
not optimized in any way. For benchmark designs, see
for example Buyanov (1985). More advanced supercon-
ducting current lead designs are presented by Wesche and
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Figure 7. Simulation results for the "current lead" example

Fuchs (1994).

3.3 Current Limiter

Superconducting current limiters are used instead of fuses
because they offer fast current shut-off and don’t require
maintenance after each triggering. High temperature su-
perconductors are especially suited to this application.
The modelled example shows a simple electric circuit
with a variable resistor and inductivity. It is shown in
Figure 8.
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Figure 8. Modelica model of the "current limiter" example

A superconducting element is connected in parallel
and cooled down using a cheap stirling-type cryocooler.
A simple bang-bang controller switches on a constant
voltage when the superconducting element is below 45
Kelvin and switches it off when it is above 100 Kelvin.
The variable resistor is controlled by noise such that the
maximum current of the superconducting element - which
is also dependent on the temperature and the self-field - is
sometimes exceeded. The simulation results can be seen
in Figure 9.
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Figure 9. Simulation results for the "current limiter" example

The system reacts as designed. Every time the maxi-
mum current is exceeded, superconductivity is lost. The
resistivity of the current limiter is now dominating the
system and most of the energy stored in the inductivity is
dissipated here. The cooler takes some time to cool the
limiter down again and the cycle starts over.

4 Discussion and Future Work

The library as presented can be used as a basis for quick
optimization studies, controller development or plausibil-
ity considerations. For more involved simulation tasks,
extensions are necessary. For instance, a superconducting
cable can not only be discretized in axial direction, but
also in radial direction. This can be important since the
self-induced magnetic field in an electrical conductor is
linearly dependent on the distance to the central axis. The
conductor can still be superconducting near the central
axis when superconductivity is already lost near the bor-
der. Also at the moment, there is no anisotropy included
for high temperature superconductors. These are often
produced in the form of thin tapes. The field strength lim-
its are much higher if the field vector is in the plane of the
tape (Selvamanickam et al., 2011; Hazelton et al., 2009).
Extensions of the library could include these effects, at
the cost of added complexity.

5 Conclusion

We present a library for the modelling and simulation
of transient cryogenic systems. The library can be used
together with the Modelica Standard Library, while ex-
tending the range of modelled effects significantly.
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