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Abstract—The magnetic modelling and experimental validation 
of a superconducting degaussing system for maritime vessels is 

discussed. Degaussing coils compensate for the distortion in the 
earths’ magnetic field by the magnetized steel hull of a ship, thus 
rendering it ‘invisible’ for magnetic field sensors. Whereas typical 

power requirements with copper coils are of the order of 100 kW, a 
ReBCO HTS degaussing system in principle allows to reduce this by 
an order of magnitude. In order to validate such efficiency estimates 

and to demonstrate the required hardware, a table-top test setup 
was realized with magnetic ship steel. The vessel-imitating cylindri-
cal demonstrator is equipped with six degaussing coils, grouped in 

three sets that act in two different directions, with each set consisting 
of one copper and one ReBCO coil, the latter one equipped with a 
sub-cooled forced-flow liquid nitrogen system. Static magnetic field 

measurements are reported and compared to both analytical and 
numeric finite element models. The results illustrate how even rela-
tively simple analytical models can be used as a powerful tool to ex-

trapolate design parameters and thus to predict the power require-
ments of large-scale degaussing systems.  
  

Index Terms— 2G HTS Conductors, Finite element methods, 
HTS Cables, HTS coils, modeling 

I.  INTRODUCTION 

egaussing systems are used to compensate the distortion 

of earths’ magnetic field caused by the magnetized steel 

hull of a ship. These systems have been used since the begin-

ning of world war II to reduce the magnetic signature of ships. 

The magnetic signature of naval vessels can be caused by dif-

ferent reasons including the magnetic steel in the hull of the 

ship, roll-induced eddy currents, corrosion-related sources and 

stray fields [1]-[3]. The need for degaussing systems was intro-

duced because of the use of Magnetic Anomaly Detectors 

(MADs) and underwater mines [4]. MADs are usually airborne 

detectors that can detect the presence of a ship while underwater 

mines are mines that are set to go off as soon as a certain mag-

netic signature of disturbance is detected.  

A lot of research was performed to improve the quality of 

degaussing systems by creating models to accurately determine 

magnetic signatures [3], [5], [6] and by improving the accuracy 

of the degaussing systems themselves [4], [7]. 

One major disadvantages of degaussing systems is the high 

power consumption of up to several 100 kW [8]. Many coils are 

needed in three different directions, with currents of up to 1500 

A [4]. To reduce the energy consumption of degaussing 

 
I. Hanse, R. Keijzer, M. Dhallé, H.H.J. ten Kate and H.J.M. ter Brake are with 

the EMS Group, Faculty of Science and Technology, University of Twente, En-
schede, the Netherlands. (Corresponding author: Izak Hanse i.hanse@utwente.nl) 

D.P. Wikkerink is with the Department of Electrical Sustainable Energy, Delft 
University of Technology, Delft, the Netherlands. 

systems, superconductivity can play a role. Kephart and Fitz-

patrick [9], [10] were the first to use HTS cables instead of cop-

per cables on board of a naval vessel. They inserted HTS power 

cables into a flexible cryostat, cooled by gaseous helium. Ac-

cording to them, the main advantage of using HTS system is 

reduction of cost and weight of the system. Using ReBCO ca-

bles instead of copper cables will also reduce the power con-

sumption significantly [8], [11]. 

The power reduction that can be achieved mainly depends on 

the degaussing currents that are needed, since these determine 

the cryogenic heat load and thus the power requirements. To 

estimate values for the degaussing currents, both analytical and 

finite-element models can be used. Analytical models are only 

available for highly symmetric shapes like spheres and ellip-

soids, but they allow for the straightforward evaluation of the 

influence of geometrical and material parameters. These mod-

els can be used to get a first approximation of the current  and 

power requirement of differently-sized degaussing systems, 

which can then later be refined with numerical tools. To vali-

date the various models, a ReBCO degaussing demonstrator 

was build and tested at the University of Twente. This demon-

strator consists of a steel tube surrounded by three ReBCO de-

gaussing coils and three copper degaussing coils. Magnetic 

field measurements were carried out around the demonstrator 

tube and compared to the COMSOL models. 

II. ANALYTICAL MODEL 

The magnetic field around a spherical ferromagnetic shell in 

a constant background field can be described using a series of 

equations as described by Baker and Brown [12].  The magnetic 

field around a spherical shell with current bands outside or in-

side the shell can be described by solving the Laplace equation 

for the vector potential A [12]. Because of the superposition 

principle, the solution for a spherical shell with a constant back-

ground field and the solution for a spherical shell with a current 

band inside or outside of it can be combined into a new solution. 

The magnetic field around a spherical shell with multiple cur-

rent bands can also be found using superposition of the individ-

ual solutions. 

All the variables that are used are illustrated in Fig. 1. The 

left side of the figure schematically shows a spherical shell with 

Color versions of one or more of the figures in this paper are available online at 
http://ieeexplore.ieee.org. 
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a current band outside of it, with the current going inside the 

page. Region I is inside of the sphere, region II is the spherical 

shell region III is between the sphere and the current band and 

region IV is outside of the current band. R1 - R3 and μ1 - μ2 

describe the different regions while α describes the angle or 

width of the current band. The same variables are used on the 

right side of the figure for a spherical shell with a current band 

on the inside. Solving the Laplace equation of the vector poten-

tial A gives a general solution of the form. 

 

𝐴 = ∑ [𝐴𝑝𝑟𝑝 +
𝐵𝑝

𝑟𝑝+1]∞
𝑛=1 𝑃𝑝

1(𝑐𝑜𝑠(𝜃)),   (1) 

The coefficients can be found by applying the boundary con-

ditions that both components of the magnetic field should be 

continuous at r = R1, r = R2 and r = R3. The magnetic vector 

potential A around the ferromagnetic sphere with a current band 

around it can then be described using the following equations: 

 

𝐴𝐼 = ∑ [𝐴𝑝1𝑟𝑝]∞
𝑛=1 𝑃𝑝

1(𝑐𝑜𝑠(𝜃)),    (2) 

𝐴𝐼𝐼 = ∑ [𝐴𝑝2𝑟𝑝 +
𝐵𝑝2

𝑟𝑝+1
]∞

𝑛=1 𝑃𝑝
1(𝑐𝑜𝑠(𝜃)),  (3) 

𝐴𝐼𝐼𝐼 = ∑ [𝐴𝑝3𝑟𝑝 +
𝐵𝑝3

𝑟𝑝+1
]∞

𝑛=1 𝑃𝑝
1(𝑐𝑜𝑠(𝜃)),  (4) 

𝐴𝐼𝑉 = ∑ [
𝐵𝑝4

𝑟𝑝+1
]∞

𝑛=1 𝑃𝑝
1(𝑐𝑜𝑠(𝜃)).   (5) 

The coefficients Ap1, Ap2, Ap3, Bp2 and Bp4 can be expressed in 

terms of Bp3, X, Z, J’
p(θ) and J’’

p(θ): 

 

𝐴𝑝1 = 𝐴𝑝2 + 𝐵𝑝2𝑅1
−(2𝑝+1)

,    (6) 

𝐴𝑝2 = 𝑋 𝐵𝑝2,      (7) 

𝐴𝑝3 = 𝐽𝑝
′ (𝜃),      (8) 

𝐵𝑝2 = 𝐵𝑝3𝑍 + 𝐽𝑝
′′(𝜃),     (9) 

𝐵𝑝4 = 𝐴𝑝3𝑅3
2𝑝+1

+ 𝐵𝑝3.     (10) 

The coefficients Bp3, X, Z, J’
p(θ) and J’’

p(θ) are given by: 

 

𝐵𝑝3 =
−

1

𝜇2
𝐽𝑝

′′(𝜃)[𝑋(𝑝+1)𝑅2
𝑝−1

−(𝑝)𝑅2
−𝑝−2

]+
1

𝜇1
𝐽𝑝

′ (𝜃)(𝑝+1)𝑅2
𝑝−1

1

𝜇1
(𝑝)𝑅2

−𝑝−2
+

1

𝜇2
𝑍𝑋(𝑝+1)𝑅2

𝑝−1
−

1

𝜇2
𝑍(𝑝)𝑅2

−𝑝−2 , 

 (11) 

𝑋 =
−𝑅1

−(2𝑝+1)
[1+

𝑝

𝑝+1
 
𝜇1
𝜇2

] 

1−
𝜇1
𝜇2

,    (12) 

𝑍 =
𝑅2

−(𝑝+1)
 

𝑋𝑅2
𝑝

+𝑅2
−(𝑝+1),     (13) 

𝐽𝑝
′ (𝜃) =

𝜇1𝐽𝑝(𝜃) 

𝑃𝑝
1(𝑐𝑜𝑠(𝜃))𝑅3

𝑝−1(2𝑝+1)
,   (14) 

𝐽𝑝
′′(𝜃) =

𝐽𝑝
′ (𝜃)𝑅2

𝑝
 

𝑋𝑅2
𝑝

+𝑅2
−(𝑝+1),    (15) 

The variables used are the inner radius of the ferromagnetic 

sphere R1, the outer radius of the sphere R2, the radius of the 

current band R3, the relative permeability of the ferromagnetic 

material μ2, the relative permeability of the space around the 

sphere μ1 and the current distribution Jp(θ). The current Jp(θ) 

can be expressed as a series expansion using associated Legen-

dre functions of the first kind:  
 

𝐽𝑝(𝜃) = ∑ 𝐽𝐾𝑝𝑃𝑝
1(𝑐𝑜𝑠(𝜃))∞

𝑝=1 ,   (16) 

where Kp is given as 

 

𝐾𝑝 =
2𝑝+1

𝑝(𝑝+1)
∫ 𝑃𝑝

1(𝑐𝑜𝑠(𝜃)) 𝑠𝑖𝑛(𝜃) 𝑑𝜃
𝜋

2
𝜋

2
−𝑎

.  (17) 

In a similar way, the magnetic field of a spherical shell with 

a current band on the inside of the band can be determined as 

illustrated in Fig. 1. This field is still described by equations 1, 

2, 3 and 4, but the coefficients change. Also the magnetic field 

around a ellipsoid with or without current band can be deter-

mined.  

 
 
Fig. 1.  The variables used in calculating the magnetic field around a hollow 
sphere with a current band outside or inside of it are illustrated. On the left, the 
current band is placed outside of the sphere. On the right, the current band is 
placed on the inside. 

 
 
Fig. 2.  The demonstrator tube is shown. Two sets of coils, each consisting of 
3 coils are placed around the tube. The copper coils (blue cable) consist of 3 
windings, while the ReBCO coils (inside the stainless steel cryostat) consist of 
a single winding. 
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III. FINITE ELEMENT MODEL 

In addition to the analytical model, a COMSOL model was 

created to model the magnetic signature of several objects. Ini-

tially, spheres and ellipsoids with and without current bands 

were modelled to compare the COMSOL model to the analyti-

cal models. Finally, also a cylindrical shape was modelled to 

compare the COMSOL model to the measurements that were 

carried out as described in the next section.  

IV. MAGNETIC MEASUREMENTS 

Magnetic field measurements were performed around a de-

monstrator tube, shown in Fig. 2. A rail is placed on the ground 

on which the cart shown in Fig. 3 is placed. A fluxgate magne-

tometer is placed on the cart which registers the magnetic field 

in three directions as a function of the distance travelled. Both 

the measurement rail and the cart consist solely of nonmagnetic 

materials like aluminum, plastic and brass. The magnetic field 

is measured at several different heights, ranging from 400 mm 

to 600 mm beneath the demonstrator tube.  

In Fig. 2, the different degaussing coils that were placed 

around the demonstrator tube can be seen. In total, 6 coils were 

used, which can be divided into three pairs consisting of one 

copper coil and one ReBCO coil. The first pair is placed around 

the length of the demonstrator tube therefore creating a mag-

netic field in the z-direction, these are called the Main coils (M-

coils). The second pair of coils is placed around the circumfer-

ence of the demonstrator tube, 300 mm away from the middle 

of the tube, these are called the Longitudinal coils (L-coils). The 

third pair of coils is also placed around the circumference of the 

tube, but on the opposite side. The L1 and L2 coils thus create 

a field in the x-direction. The coil locations and measurement 

heights are illustrated in Fig. 4.  

 
 
Fig. 3.  The cart moving over the measurement rail. A magnetometer is placed 
on top of the cart, of which the height can be varied. 

TABLE I 
DEMONSTRATOR PARAMETERS 

 

Parameter 
  

Value Unit 

Length 1.51 m 
Outer diameter 0.32 m 
Wall thickness 5 mm 

μR 270 - 
Background field (Bx) -18.2 μT 
Background field (By) 0 μT 
Background field (Bz) -42.2 μT 

Measuring length 4 m 
Measurement height (h1) -600 mm 
Measurement height (h2) -550 mm 
Measurement height (h3) -500 mm 
Measurement height (h4) -450 mm 
Measurement height (h5) -400 mm 

 

 
 
Fig. 4.  The measurement setup is illustrated, the magnetic field is measured 

at 5 different distances below the central axis of the demonstrator tube, h1-h5. 

 
 
Fig. 5.  The analytical and COMSOL model results are compared for calcu-

lating the magnetic field around a spherical shell with a current band outside 
of it. The solid lines show the result of the COMSOL model while the markers 

show the result of the analytical model. Different colors are used for varying 

measurement heights, namely 0.5 (blue line), 0.75 (orange line) and 1m (green 

line) from the center of the sphere. 
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First, measurements were performed to determine the back-

ground field at the measurement location. The background field 

was determined to be -18.2 μT in the positive x-direction and -

42.2 μT in the positive z-direction, the field in the y-direction 

was negligible, far below a μT. 

A second set consists of measurements with the demonstrator 

tube present. The magnetic field beneath the demonstrator tube 

is measured at several heights. By subtracting the background 

field (as a function of height) from this measurement the con-

tribution from the steel tube to the magnetic field can be found. 

To make sure that the measurements are reproducible, the de-

monstrator tube was demagnetized as well as possible before 

the experiments. This was achieved by placing several addi-

tional coils in different directions around the demonstrator and 

creating a slowly reducing alternating magnetic field. 

For a third set of measurements, the magnetic field was meas-

ured while the current in the different copper and ReBCO coils 

was varied from 0 to 15 A. All the dimensions of the demon-

strator set-up are summarized in Table I.  

V. RESULTS 

The results from the analytical model were first compared to 

the results from the COMSOL model. These match well as can 

be seen in Fig. 5. Fig. 5 shows the magnetic field around a hol-

low sphere with dimensions similar to those given in Table I, 

around the shell a current band is placed with a current of 1 A. 

There is a background field of 50 μT. The analytical model and 

COMSOL model overlap well. A small discontinuity can be 

seen in the analytical model at 0 m. This is because a limit was 

used to prevent problems with dividing by zero. 

Fig. 6 shows the optimum degaussing current as a function 

of the diameter of a spherical shell, this is done for a current 

band on the inside of the sphere. This way the optimal degauss-

ing current, and with this the power requirements for a full-size 

ship can be determined. For each sphere size, the optimal de-

gaussing current is determined at a distance of 1.5 times the 

sphere diameter. The model can be used to determine the opti-

mum degaussing current as a function of a number of variables 

including the number of degaussing coils, placement of de-

gaussing coils, wall thickness, relative permeability and size. 

The ellipsoid model is also compared to a cylindrical COM-

SOL model with the same steel volume and similar dimensions. 

The dimensions used for the cylinder are shown in Table I, 

while for the analytical model an ellipsoid with a length of 1.51 

m and a maximum diameter of 0.4 m is used, with a wall thick-

ness varying between 0.8 and 3 mm. The estimated optimum 

degaussing current for the ellipsoid when using two longitudi-

nal coils is found to be 16 A, i.e. ~ 30 % higher than the opti-

mum current of 12 A derived from the cylindrical COMSOL 

model.  

For the experiments the relative magnetic permeability of the 

demonstrator tube was measured using a VSM. The relative 

magnetic permeability found to be 270 and is used as an input 

for the COMSOL model. The magnitude of the magnetic field 

measured around the demonstrator tube is plotted in Fig. 7, to-

gether with the COMSOL model result. Except for the bump 

that is clearly visible between 0 and 0.5 m in the magnetic field 

measurement, the measured result matches the COMSOL 

model very well. The bump that can be seen in is probably due 

to remnant magnetization in the end plate of the demonstrator 

tube.  

The degaussing coils were used to try and minimize the visi-

ble magnetic signature of the demonstrator tube. Since only 

three coils in two directions were used, the results was not op-

timal. The result of using a current of 10 A in the M-coil, a cur-

rent of 12 A in the L1-coil and a current of 10 A in the L2-coil, 

is shown in Fig. 8. In this case the measurement height is -600 

mm (h1). The dashed lines indicate the measurement result, 

while the solid lines indicated the COMSOL result. The devia-

tion between model and measurement of the signature is quite 

 
Fig. 6.  The analytical solution is used to plot the optimum degaussing cur-

rent as a function of the size of the object with a relative permeability of μR = 

100, for several different wall thicknesses. 

 
 
Fig. 7.  The magnetic signature in terms of total magnetic field is plotted as 

a function of the distance travelled under the tube. The dashed lines show the 

measured data, the solid lines show the finite element model predictions. The 
measurements were carried out from 600 mm (h1) to 400 mm (h5) beneath the 

center of the tube. 
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small, but as soon as the degaussing coils are turned on the de-

viation increases. The lines do have the same peaks and dips, 

yet there is a deviation as large as 1.8 μT. The reason for this 

relatively large deviation is unclear and will subject of further 

study. 

VI. CONCLUSION 

A combination of an analytical model, a finite-element model 

and magnetic field measurements are used to analyze and opti-

mize a ReBCO degaussing system of a tube-shaped demonstra-

tor.  

The two different models and measurement results were 

compared to validate them. The analytical model is as accurate 

as the finite-element model for simple geometries such as 

spheres and ellipsoids. Because of its ease of use it can be a 

powerful tool in evaluating the effect of different parameters 

such as wall thickness, relative magnetic permeability, number 

of coils and coil configuration on the optimum degaussing cur-

rent and, proportional to that, the power consumption of a de-

gaussing system. 

The ellipsoid model is also compared to a cylindrical COM-

SOL model with similar dimensions and the same volume of 

steel, yielding an optimum degaussing current that is about 

30 % different from the analytical one 

Additionally, the analytical equations make it easy to scale 

the degaussing system and give order-of-magnitude values for 

the power consumption of large systems used in frigates and 

larger ships.  

The result of the finite-element model agrees well with the 

measured magnetic field profiles. When the degaussing coils 

are switched off, there is only a small deviation between the 

model results and the measured results. When the degaussing 

coils are turned on, for not clarified reasons the deviation is 

somewhat larger. The model was used successfully to validate 

the analytical model and can thus be used to estimate the power 

requirements of much larger systems when more accurate val-

ues are needed. 
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Fig. 8.  The total magnetic field is plotted with and without the degaussing 
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