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Abstract— In this paper we present a quick 3D model using
reluctance network (RN) of a radial flux superconducting
inductor dedicated to a synchronous machine. This inductor is
made of two kinds of superconducting materials; two NbTi
coaxial coils fed by currents in opposite directions and four
rectangular YBCO pieces placed between the two coils to
modulate the generated magnetic field. This inductor is fed by
260 A and cooled at 4.2 K. Flux densities computed by the 3D RN
are compared to FE simulations and to experiments.

Keywords—Reluctance network, superconducting inductor,
superconducting synchronous machine.

I. INTRODUCTION

The use of superconducting (SC) materials led to a variety of
inductor topologies dedicated to synchronous machines
(radial, axial, homopolar...). These topologies are proposed to
improve the power density of electrical machines by taking
advantage of SC windings to produce high magnetic fields and
SC bulks for their capability of screening strong magnetic
fields. Based on these two properties of SC materials, two
prototypes of radial flux SC synchronous machines have been
constructed and successfully tested; the first one is based on
“flux concentration” [1]-[2] and the second one is based on
“flux deviation” [3]. The electromagnetic field computation of
these two machines uses 3D finite elements which provide
precise results, but the computation time is high.

We present in this paper a 3D reluctance network (RN) of
the “flux concentration” inductor realized and tested in
GREEN laboratory [1]. The motivation of developing a full
3D RN model is to get more precise results than the simplified
2D model described in [4] and to reduce the cpu time inherent
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to the use of 3D finite elements. The 3D RN approach has
been successfully used for the “flux deviation inductor” [5].

II. DESCRIPTION OF THE SUPERCODNCUTING INDUCTOR

The studied SC inductor is shown in Fig.1. It consists of two
SC solenoids and four rectangular SC bulks which have a
diamagnetic behavior under zero-field cooling. The bulks act
as screens to the magnetic field created by two solenoids
supplied by dc currents in contra-directions. The obtained
airgap field is multipolar as in conventional ac machines. The
flux density is minimal above a SC bulk and maximal above
the bulks interspaces. For the studied inductor, this “flux
concentration” results in 8 poles.

The studied inductor has been realized and tested [1]. It has
been placed in a cryostat and cooled in liquid helium at a
temperature of 4.2 K. The two coils are powered by opposite
dc currents of 260 A. The main parameters and characteristics
of this inductor are shown in Fig.2 and Tab.1.

L Superconducting selenoids
Current direction 3 =

Superconducting bulks
Fig.1. 3D view of the studied superconducting inductor.
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Fig. 2. Inductor geometrical parameters in the (7, z) plan.
Tab.1 Main parameters of the studied inductor.

Symbol Designation Value Units

NbTi Solenoid wire material - -
d, NbTi round wire diameter 0.7 mm
Rou Solenoids outer radius 33 mm
Ry Solenoids inner radius 23 mm
L, Distance between solenoids 25 mm
Ly, Length of the solenoid 45 mm

YBCO SC bulk material - -

Roun SC bulk outer radius 31 -

R SC bulk inner radius 26 -
E Thickness of the SC bulk 5 mm

III. FINITE ELEMENT ANALYSIS

The determination of the magnetic field in the studied
structure is typically a 3D problem. The symmetry of the
problem allows us to reduce the study domain to a pole-pair of
the inductor with periodicity conditions, Fig.3. In addition,
only half the inductor is considered in the axial direction.

Two FE calculation models are developed: the first one uses
a magnetic vector potential formulation and the second one a
magnetic scalar potential formulation. The second one is faster
(one variable V against three for the vector potential A), but
we need to replace the solenoid by an equivalent magnet using
a Coulombian model [6].

If J is the ortho-radial current density in the solenoid, its
equivalent magnet is then characterized by two magnetizations

ZT/IG1 and ZT/IZ in the z direction (Fig.4):
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It has to be noted that a diamagnetic like model is used for the
SC bulk to mimics its shielding properties. Hence, the relative
permeability of the SC bulk is set to 1073,

Periodic condition

Superconducting coil

Fig.3. 3D FE model of 1 pole-pair with the mesh of the active parts
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Fig.4. Representation of a coil by an equivalent magnet.

IV. RELUCTANCE NETWORK MODEL

A meshed reluctance network method is used here to model,
in 3D, the studied SC inductor.

This method consists of meshing the geometry by dividing it
into a set of volume elements with a given geometric form [7]-
[10]. As for the finite element method, each generated volume
element represents a material node characterized by:

e  aconstant permeability

e reluctances in the different directions

e mmfs if the volume element is in the region of field
source.

The different material nodes are then connected through their
reluctances in all directions. The application of Kirchhoff’s
laws to the obtained reluctance network leads to an algebraic
system of equations. The resolution of this system gives the
nodal values of the magnetic potential from which we can
derive the flux density distribution and the fluxes.

A. 3D model of a base element

To mesh the complex geometry of the studied inductor, we
perform a cut in cylindrical coordinates (longitudinal z, radial
r and ortho-radial #). Hence, the volume element has the form
of a hollow cylinder sector shown in Fig. 5. To calculate the
three components of the magnetic field in the volume element
mesh of Fig.6, one must know all the magnetic and geometric
properties of the elements. This element is modeled by six
reluctances (two per direction) leading to six peripheral nodes
connected to the adjacent elements.



Fig. 5. 3D hollow cylinder sector element.
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Fig. 6. 3D model of active element (with mmf).

All reluctances are connected to the central node (material
node) representing this element (Fig.6). In addition, the source
of the magnetic field is represented by an m.m.f in series with
reluctances in the appropriate directions. An element without
mmf is said “passive”, otherwise it is said “active”.

The reluctances R, , R, , R, in radial, ortho-radial and

longitudinal directions respectively are calculated by [5]:
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in the longitudinal direction (z).

Bes &, 5 Fppos Tiyo» | are respectively the permeability, the

opening angle, the outer radius, the inner radius and the axial
length of element. The expression of the MMF in the center of
the mesh element in the coil region is then:
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F:emax =Lso (Rout _Rint ) J (7)
where J , L

density in the coil, the length, the outer and inner radius of the
coil respectively.

R,, and R, are the ortho-radial current

so 2

B. Equations of a 3D element

In the element reluctance network of Fig. 6, the magnetic
potential at the center of the element (material node) is noted
u. and those at the connection nodes with the adjacent
elements are noted (uir, u2r), (110, u20) and (u1z, u2:). These
potentials are directly linked to the branches defined by the
reluctances (Ri,, Ra2), (Ri9, R29) and (Riz, R2:). In a “passive”
element, the relation between the magnetic potentials and the
magnetic fluxes (g1, @2), (@19, @20) and (@12, @2:), can be
written as:

((Rir +Rer)/2)¢:r :ue _u[r l = 1’2 (8)

along the radial direction,

((R,p*+R,,) /2D, =u, —u,, i=12 ©)
along the ortho-radial direction and
((R[z +Rez)/2)¢1z :ue _uiz l = 172 (10)

along the longitudinal direction.

For an “active” element having mmfs given by (6), we can
write:
(R, +R_)/ 2. =u, —u, —mmf, /2 i=12 (11

Moreover, the magnetic flux conservation in the element leads
to:

2
DO, P, +¢. =0 (12)

i=1

C. Global system of equations

Rewriting equations (8)-(11) allows the determination of the
magnetic fluxes (g1, @2r), (P10, P20) and (@iz, @2-) expressions
as a function of the permeances (inverse of the reluctances)
and the mmfs. Replacing these expressions in (12) leads to a
relation between the mmfs (F. for active element and O for
passive one) and the magnetic potential. Furthermore, 6 extra
equations are determined using the continuity of the flux at a
connection node of 2 adjacent elements. From the former
relations, one can establish an algebraic system of equations
whose unknowns are the magnetic potentials at the nodes of
the mesh. This system is written in matrix form as:

[PHU}={E] (13)



where [P], {U} and {E } , are respectively the permeance

matrix, the vector of nodal values of the magnetic potential
and the vector of flux sources.

The matrix [P] is constant as we consider a linear case in this
study. For the resolution of (13), a null potential is imposed in
a reference node.

The resolution of (13) gives the distribution of the magnetic
potential in all material nodes of the 3D mesh. The
electromagnetic characteristics of the studied inductor are then
computed with these nodal values.

For an elements (e) having a cross section S. along a given
direction (radial, orthoradial or longitudinal), the flux density
is determined using the flux through the branch which
connects element (e) to its adjacent element (k) in the
considered direction. It is computed by:

B, (r,e,z):%k (14)

e

where @, the flux through the branches connecting elements

(e) and (k):
%k = (15)

R, is the equivalent reluctance of the considered branch.

V. RESULS

The studied SC inductor having parameters given in Tab.1 is
tested and computed by the developed RN and FE models.
The coils are powered by opposite currents of 260 A.

The SC bulk in the constructed inductor [1] is rectangular
(Fig.7.a.) because it is difficult to practically get a sector
shape. The RN model is developed in cylindrical coordinates,
so it is necessary to replace the rectangular bulk by an
equivalent sector one. In this study, we choose an equivalent
sector bulk with the same cross section and thickness as the
rectangular one (Fig.7.b.).

In order to experimentally check the RN and FE models, 10
Hall probes (S1 to S10) has been glued on the inductor surface
Rout at z=0 to measure the radial flux density (Fig.7.a.).

Bulk

Calculation line

Hall effect probes $2 83 54

(s1tos10) 51

88

(2) (®)
Fig.7. a) 2D cross section view showing the position of Hall probes [1]
b) calculation line and approximative sector shape of the bulks.

Two FE models are developed, one with the actual
rectangular bulk and the other with the equivalent cylindrical
sector bulk.

In Fig.8, the radial flux density component obtained by the
two 3D FE and the RN models are compared to the measured
one (the computations are taken on the circle drawn on
Fig.7.b). As expected, the FE model with rectangular bulk
gives results close to the measurements. The FE and RN
models (with sector bulk) give almost the same results but are
relatively far from the measurements, especially on the bulk
surface (probes S2 to S4).

In Fig.9, the radial flux density waveform is plotted on a
circle whose radius is equal to the inductor surface radius Rou
plus 5Smm at z=La/4 (see Fig.2 for the z location). The results
are very similar as the relative difference doesn’t exceed 5%
between the 3 models in use.

The results of Figs. 8 and 9 show that the RN model
(equivalent sector bulk) fails to accurately evaluate the
magnetic field at the vicinity of the actual rectangular bulk.
However, when the distance from the bulk increases, the RN
model gives reliable results, so the bulk shape has less
influence.

To test the accuracy and rapidity of the RN model, the flux
density waveform is plotted in Fig.10 for 3 mesh densities
consisting of 8640, 5760 and 2880 nodes respectively. FE
computations (sector shape bulk) which use the magnetic
vector and scalar potential formulations are also performed
and give almost the same results. Compared to the FE
simulations, the RN model gives very good results even for the
coarsest mesh.

The corresponding cpu times are shown on Table 2. The RN
model is clearly faster than the FE model with scalar potential
even for the finest mesh of 8640 nodes used in study case 1. It
has to be noted that the FE mesh is refined until convergent
results are obtained.

VI. CONCLUSION

In this work, a 3D accurate and quick mesh-based reluctance
network model is developed to compute the magnetic field
distribution in a superconducting radial flux inductor. The
computation time of this model is very low compared to the
popular FE model. Hence, this model can be used as a fast tool
for rapid scaling and optimization of this superconducting
inductor’s topology.
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Tab.2. Comparison of cpu times

Number of .
nodes cpu time (s)
RN, Case. 1 8640 5.31
RN, Case. 2 5760 1.74
RN, Case. 3 2880 0.47
FE, vector potential 216011 40
FE, scalar potential 216011 10

(1]

(2]

(3]

(4]

(3]

(9]

[10]
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