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Solar Electric Motor on Superconducting Bearings:
Design and Tests in Liquid Nitrogen

Kévin Berger, Fawzi Boufatah,
Rafael Linares, Hocine Menana, Melika Hinaje, Bruno Douine, and Jean Lévéque

Abstract—The concept of the motor, described here, has been
presented for the first time in 1959. It allows to convert light
energy into mechanical energy, without the need of any brushes
or other power electronics. An original improvement that we
have made to this structure concerns the superconducting
suspension which tends to limit frictions and ensures natural
stability of the rotor. The second major novelty is that we have
designed the entire motor for operating in liquid nitrogen. The
motor structure is detailed in this article, including the
electromagnetic design, the electrical and mechanical equations.
Two different configurations of superconducting bearings are
studied in order to make levitate the rotors. Finally, for the
designed motors, only 10% of the installed onboard power is
converted into mechanical power. All the experimental results,
especially the speed of the motor, are consistent with the
estimated values by the model.

Index Terms—Levitation, liquid nitrogen, Mendocino motor,
motor design, solar electric motor, superconducting bearing.

I. INTRODUCTION

T HERE ARE some types of electric engines whose
industrial future is unclear but deserve nevertheless to be
studied for specific applications or simply by scientific
curiosity. The motor studied in this work belongs to this
category of engines for several reasons. Indeed, solar electric
motors also called “Photovoltaic motors” are little known as
conversion systems. The operating principle is that of a DC
motor where the major disadvantage, i.e. the slip rings no
longer exist. The armature windings are fed by rotary
photovoltaic cells optically commuted when the solar cells
attached to the rotor are switching from high brightness to low
brightness. This allows to convert light energy into mechanical
energy, without the need of any brushes or other power
electronics.

The concept has been described for the first time in 1959 by
W. A. Marrison [1]. It has been patented under various forms
[1]1-[8] but the scientific literature is restricted [9]-[11].

A magnetic suspension of the rotor was added later by
Larry Spring in 1994 [12], and because his experimental
laboratory was located in the Mendocino coast in California,
the engine was named "Larry Spring's Magnetic Levitation
Mendocino Brushless Solar Motor" more commonly
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"Mendocino Motor."

An original improvement that we have made to this
structure concerns the superconducting suspension which
tends to limit frictions and ensures natural stability of the
rotor. The second major novelty is that we have designed the
entire motor for operating in liquid nitrogen LN2.

A description of the structure of the motor is first given,
which will be followed by the developed models to perform
the design of the motor. A section will be dedicated to the
solar cells description and their characterization. Finally, two
configurations of superconducting bearings are presented and
also the results of the realized prototypes functioning at
ambient air or in liquid nitrogen.

Il. MOTOR STRUCTURE AND DESIGN

A. Description

The motor structure is illustrated in Fig.1. The stator
(inductor) consists of a permanent magnet at the base, which
creates a fixed magnetic field. The rotor (armature) is
composed of 2 coils powered by 4 flat photovoltaic cells. The
rotor is held in levitation using bearings that are an association
of a Permanent Magnet (PM) with a High Temperature
Superconducting (HTS) bulk cooled by liquid nitrogen.

Winding
(armature)

Stationnary
Permanent
Magnet
(inductor)

A
\/

Lx

Fig. 1. lllustration of the machine with the labels used to identify the
dimensions. The inductor, a Permanent Magnet (PM) delimited by its corners
{2, 3, 4, 5}. The armature is composed of 2 coils, sketched as 4 wires
labeled {1, 1", 11, 11'}.



B. Electromagnetic Design

A 2D simplified model of the machine is shown in Fig. 1.
The magnetic vector potential A, produced by a magnet
considered as infinitely long along the z axis, on the conductor
labeled “1” of the armature of the machine is given by:
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With Axij=x—X; and Ayij=yi—Vj, X and y; are the
coordinates of the point denoted i in the plan xQOy, and Mg is
the magnetization of the PM. The By and By components of the
magnetic flux density can be determined from (1) and are
shown in [13]. The self-inductance L of the coils is given by
the equation (24) of [14].

The currents flowing in the wires {1, 11} depend on the
angle of incidence of the light source on the solar cell which
feeds them, and therefore, on the position of the rotor 6. The
currents flowing in the wires {1', 11'} are exactly opposite to
those in {1, 11}. Knowing the current in each wire depending
on the position of the rotor, the torque can thus be analytically
calculated.

C. Electrical and Mechanical Equations

A sketch of one coil connected to its 2 corresponding solar
cells is shown on Fig. 2. Thus, from the electric diagram of the
armature shown in Fig. 3, we can write the voltage across each
coil {1, 1 '}, {11, 11} in its conventional form for a DC
motor:

u(t) = ri(t) + L%+ e(t) with e(t) = koo (t) @)

and where the parameters r, L and k. can all be calculated
analytically. The mechanical equation involves a load torque
that corresponds to the friction between the rotor and the
environment:

% = Fintor (1) = Tigeg ) With I, (1) = K, 0 1) (3)

And J the moment of inertia of the rotor. I'motor and Tigaq are
the torques produced by the motor and the load respectively.

D. Simulink Model

Because of the multiphysic and nonlinear nature of the
system, we choose to implement the whole model in Simulink.
The whole diagram is shown in Fig. 4 with some typical
waveforms as illustrations. The block “CEMF calculation” is
used to calculate the Counter-ElectroMotive Force e(t) on the
armature using the dimensions of the system, the number of

Fig. 2. Sketch of one coil connected to its 2 corresponding solar cells. The
other coil is the same, but rotated by 90° around the z-axis.
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Fig. 3. Electric diagram of the armature with an illuminated solar cell on the
left.

turns N and the position of the rotor 6. The number of turns N
is also an input of the system that is chosen in order to
optimize the mechanical power produce by the motor. The
waveform of the CEMF on one coil with the corresponding
illumination “lllum. 1” of one solar cell is shown in Fig. 4 (b).
The “llluminance block” estimates the illuminance submitted
to the solar cells from the position of the rotor. Fig. 4 (c)
shows the illumination of two solar cells on both sides of the
rotor vs time. The “Electrical equation” block gives the
current as an output considering the electrical circuit of Fig. 3
with the estimated |1 —V curves of the solar cells. Then, the
torque “Torque 1” on one coil can be calculated and the torque
“Torque 2” on the second coil is deduced by phase shifting
“Torque 1” by 7/ (2w). Finally, the mechanical equation (3) is
solved using the load torque produced on the whole rotor.

E. Parameters used

By using basic relations of fluid dynamics and some typical
sizes of solar cells shown in Table I, a no-load torque I'icad per
unit length around 6.7x10°«? N at ambient air has been
considered and a moment of inertia J per unit length of
41.7x107° kg-m. In liquid nitrogen, the no-load torque per unit
length increases around 792x10%«? N due to the increase of
the fluid viscosity.
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Fig. 4. (a) Simulink diagram of the whole motor. (b) Hlustration of the counter-electromotive force on “coil 1” (up) with the corresponding illumination
“lllum. 1” of one solar cell. (c) lllumination of two solar cells on both sides of the rotor vs. time. (d) Example of temporal evolution of the speed of the rotor.

The stator is composed of one NdFeB permanent magnet,
using 2xQ-50-50-12.5-N from [15],which leads to an overall
dimensions of 100 mm x 50 mm x 12.5 mm (Lz x Lx x Ly).
The material is referred as N35 with a remanent induction of
1.21T.

Solar cells of 2 V —380 mA were chosen, see Table I. The
optimal rotor designed for operating at ambient air is made of
2 winding coils of 35 turns each, using an enameled copper
wire of 0.7 mm of diameter. The rotor for being used in liquid
nitrogen is made of 2 winding coils of 230 turns each, with a
wire of 0.4 mm of diameter. These choices lead to some
cuboid rotors whose overall dimensions are 85 mm x 85 mm
of square section and an active length of 130 mm.

I1l. SOLAR CELLS

A. Description
Standard polycrystalline solar cells have been bought from
[16]. The dimensions and the characteristics of the solar cells

TABLE |
DIMENSIONS AND CHARACTERISTICS OF THE SOLAR CELLS

(m[;r:;ﬁf;;) Voltage (V) Current (mA) Power (mW)
120 x 60 x 2 6.00 150 900
115x 60 x 2 2.00 380 760
120 x 60 x 2 1.00 850 850
120 x 60 x 2 0.50 1700 850

This table summarized the bought solar cells. The solar cell of 1V —
850 mA is made by using 4 cells 0.5V —425mA (2 in parallel and 2 in
series). The solar cell of 0.5V - 1700 mA is made by using 4 cells 0.5V -
425 mA in parallel.

I-V curves of the solar cell [2V-380mA] @ 304 K (31 °C)
0.5 T T T T T T T
(d) —— 33T Wim? | |
045 402 Wim?
—arrwim* | |
04 —— 566 Wim*
——— 523 Wim?
0.35 710 Wim?
. ——800Wim* | |
< 03 e 888 WIm?
5 025 991 Wim? | |
= — 1084 W/m?
3 o2 4
P =076 W
0.15 1000 W/m? 1
0.1 N
005 b
0 | . . . | | .
0 0.5 1 1.5 25 3 3.5 4

2
Voltage (V)
I-V curves of the solar cell [2V-380mA] @ 77 K (-196 °C)

T T

=509 W/m?
642 Wim?
738 Wim?
— 887 Wim*
983 W/m*
1126 Wim?
— 1161 Wim*

o
n

2

e

@
T

P 1000 W/m?

1.02 W => +34%

=}
'S
T

2

%]

@
T

o
w
T

[ 4

Current (A)
o
B

o
o
T

e
@

o
T

=

=}

a2}
T
L

1 1.5 25 3 3.5 4

[=]
o
oL
3

VoltaSe V)
Fig. 5. 1 = V curves of the solar cell 2 VV — 380 mA for different positions from
the light source, i.e. for different irradiances: (a) at ambient air temperature
304 K and (b) in liquid nitrogen at 77 K. The delivered power by the solar cell
has increased of +34% for the same irradiance of 1000 W/mz2.



are summarized in Table I. Each solar cell leads us to
equivalent estimated maximum speeds of the rotor around
660 + 10 rpm but with different optimal number of turns. In
fact, higher is the solar cell voltage higher is the optimal
number of turns. Moreover, if the cross section of the winding
wire is proportional to the solar cell current, the weight of the
windings is almost the same for all the solar cells given in
Table I.

B. I-V Curves

I -V curves of the solar cells 2 V—380 mA has been
experimentally obtained at ambient air and also in liquid
nitrogen. It is well known that the temperature can affect the
solar cell characteristics, e.g. the power provided by the cell
decreases with increasing temperature. On the contrary, a
decrease of the temperature is also beneficial for the
performances. Excepted the reference [17] which addresses
solar cell experiments down to 140 K, we have not been able
to find some pertinent literatures that deal with solar cells in
liquid nitrogen, at 77 K.

Since we aim to make the motor operates in LN2, an
experimental bench was built to characterize the solar cell
from the room temperature to the LN2 temperature. The
obtained | — V curves at 304K and 77 K of the solar cell 2 V -
380 mA are presented in Fig.5. The experimental bench
allows to vary the distance between the solar cell and the light
source at a constant temperature. Then, the load connected to
the solar cell were varied in order to obtain the | — V curves at
different illuminances. The delivered power by the solar cell at
1000 W/m2 has increased of +34%, from 0.76 W up to
1.02 W. The increase of the maximum power of solar cells
with temperature decrease is already know [18]. However, the
authors were not able to find such experimental | - V curves of
solar cells immersed in LN2.

IV. SUPERCONDUCTING BEARINGS AND FINAL TESTS

There are many studies describing the performance of
superconducting levitation systems or bearings [13], [19]-
[29]. Most of the studies concerns 2D electromagnetic
problems, axisymmetric or infinitely long. Indeed, 3D
problems are very complex to solve and required a large
amount of memory and are time consuming. In the study
detailed here, the problem is 3D by nature, for both the
vertical and the horizontal configuration. We aimed to be

; “transverse

Fig. 6. Pictures of the superconducting bearings. (a) Horizontal configuration: YBaCuO pellet of 30 mm of diameter and 10 mm in height placed in a copper
structure. (a’) Levitation of the rotor in the horizontal configuration with a PM at the end of the shaft. (b) Vertical configuration: the YBaCuO pellet is the same.
(b”) Levitation of the rotor in the vertical configuration of the bearing. A part of the rotor is visible on this picture.

pragmatic, and only experimental measurements have been
made because we know from the literature that a weight of
1 kg is bearable with superconducting bearings. Two YBaCuO
pellets from [30] have been used for the bearings. The
diameter is of 30 mm and the height is almost 12 mm. The
NdFeB permanent magnets used to interact with the HTS
bulks is of 25 mm in diameter and an overall height of 10 mm.

We have built two configurations of bearings shown in
Fig. 6. Both are made with copper blocks in order to
thermalize the YBaCuO pellet independently of the liquid
nitrogen level, Fig. 6 (a) and (b). The blocs are then placed in
a copper casket in order to fill the empty volume with liquid
nitrogen, see Fig. 6 (2’). The horizontal configuration shown
in Fig. 6 (a) allows the shaft of the rotor to levitate above the
HTS bulk, Fig.6(a’). On the contrary, the vertical
configuration, shown in Fig. 6 (b), permits to align the shaft
with the axis of the HTS bulk, Fig. 6 (b”). Both configurations
have been tested using an electronic scale for the weight
measurements. For one single bearing of the horizontal
configuration, Fig. 6 (a)-(a’), the mass supported along the y-
axis strongly depends on the distance between the HTS bulk
and the PM during the field cooling process: 1.5 kg for a
distance of 1 mm, 2mm-18kg, 3mm-2.4kg, 4 mm-
3 kg. Higher is the distance used for the field cooling, lower is
the stability of the system, and particularly the stability in the
x-axis. Consequently, the smallest distance that allows the
levitation of rotor has been chosen, i.e. around 1 mm. For the
vertical configuration, Fig. 6 (b)-(b’), due to the thickness of
the wall of the copper casket, the smallest distance possible for
the field cooling process of the HTS is 0.8 mm. In that
position, the maximum weight that can be supported by one
bearing of the vertical configuration is 0.7 kg.

The weight of the whole rotor, operating at ambient air, is
475 g, including: 4 solar cells (4x30 g), 2 coils (2x50 g), the
mechanical structure (135 g) in Plexiglas to support the solar
cells and the windings, the shaft with the PM at its ends
(120 g). The rotor designed for LN2 weighs 955 g due to the
increase of the number of turns. Therefore, both
configurations of bearings can support the built rotors.
However, the horizontal configuration leads to a poor stability
due to the unbalanced rotors.

Both rotors have been tested successfully at ambient air
with the vertical configuration of superconducting bearings at
900 rpm [31] and 1350 rpm [32], with the horizontal



configurations at 700 rpm [33], and in liquid nitrogen at
75 rpm [34] and 190 rpm by adding a cylinder around the
cubic rotor [35]. The mechanical power produced is about
0.27 W for the rotor designed at ambient air and 0.33 W for
the one dedicated to the LN2. These values have to be
compared to the onboard power of the solar cells of
approximately 2.7 W. That also means that 10% of the
installed onboard power is converted into mechanical power.

V. CONCLUSION

The study of a solar motor on superconducting bearings has
been achieved for the first time. Several aspects of the design
have been detailed in this work. All the experimental results,
especially the speed of the motor, are consistent with the
estimated values by the model. Future works are ongoing on
an onboard measurement system for acquiring the voltage and
the current of the stator. A deeper study will be also conducted
on the potential of such motor as a pump in liquid nitrogen, for
industrial or research applications, i.e. for higher mechanical
powers.
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