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Rim-Driven Superconducting Synchronous Generator
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Abstract—The technology of superconductivity has developed in
many power system devices such as transmission cable, transformer,
current limiter, motor and generator. Superconducting wires can carry
high density current without loss, which is the capability that is used
to design the compact, lightweight and more efficient electrical
machines. Superconducting motors have found applications in marine
and air propulsion systems as well as superconducting generators are
considered in low power hydraulic and wind generators. This paper
presents a rim-driven superconducting synchronous generator for
hydraulic power plant. The rim-driven concept improves the
performance of hydro turbine. Furthermore, high magnetic field that
is produced by superconducting windings allows replacing the rotor
core. As a consequent, the volume and weight of the machine is
decreased significantly. In this paper, a 1 MW coreless rim-driven
superconducting synchronous generator is designed. Main
performance characteristics of the proposed machine are then
evaluated using finite elements method and compared to an ordinary
similar size synchronous generator.

Keywords—Coreless machine, electrical machine design,
hydraulic generator, rim-driven machine, superconducting generator.

I. INTRODUCTION

UPERCONDUCTIVITY is the phenomenon of certain

materials exhibiting zero electrical resistance below a
critical temperature, which was first observed in 1911. The
superconductivity theory is developed as well as the critical
current of new high temperature superconducting (HTS)
materials is increased up to 130 K in recent years. These
developments have extended the applications of
superconductivity in power system and many other industries.
Nowadays, superconducting transmission cables, power
transformers, energy storages, current limiters, motors and
generators are developing in modern power systems.

The superconducting machines are compact, lightweight,
and more efficient in comparison with ordinary machines.
This is due to the capability of HTS coils in carrying high
density electrical current without loss. Furthermore, the
machine weight and size may be reduced significantly by
magnetic core removal, which is possible due to the very high
magnetic field that is produced by a compact HTS coil. The
HTS materials and coils have been used in different structure
of electrical machines such as induction machine [1],
synchronous machine [2], brushless machine [3], hysteresis
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motor [4] and homopolar motor.

In this paper, a superconducting low speed synchronous
generator is designed for a hydraulic power plant. The rim-
driven structure is selected for designing of this generator,
which is the structure that improves the hydrodynamic
performance of the system and has not yet been used in
superconducting generators. Furthermore, a part of rotor
magnetic core is replaced with nonmagnetic material in order
to reduce the size and weight of the generator. The
electromagnetic performance of proposed structure is
evaluated using finite elements method (FEM) and general
specifications of the generator are compared to an ordinary
similar size generator.

II. GENERAL STRUCTURE OF THE MACHINE

The HTS synchronous generators have developed in recent
decade. One of the basic types of these machines was designed
by Siemens Co. in 2002 and was built in 2005 [S]. Later on, a
5-MW, 40 kV HTS synchronous generator was tested in
Russia [6]. The HTS generator recently developed in wind
power plant [7]. These generators usually consist of a salient
pole or round rotor with HTS excitation coils. Since, the HTS
excitation coils can provide a rather high ampere-turn, the air
gap can be larger than conventional machine. Therefore, the
stator teeth of HTS machine are usually removed to reduce the
stator core loss. On the other hand, the performance of HTS
wire is affected by alternative current. Thus, the HTS coils are
not proper choice for stator winding. Generally, the HTS rotor
and slotless ordinary stator is the conventional structure of
HTS synchronous machines [8]-[10].

The coreless structure of HTS synchronous machines is
recently attained [11]. Although the HTS coils can provide
enough flux density in high reluctance circuit, the flux guiding
in desired path is a major problem of coreless machines. In
this issue, using of flux diverters is the much routine approach.

In the present paper, a salient pole iron free rotor core with
HTS excitation coils, beside a slotless copper winding stator is
used to design a 1-MW, 300 rpm HTS synchronous generator
for a hydraulic power plant. A nonmagnetic core is used to
provide the mechanical support of rotor winding, which is
lighter and smaller than an iron core. Furthermore, a U-shape
flux diverter is conceived around each HTS coil to decrease
the perpendicular component of flux density on HTS coil. The
flux diverter is also containing the cooling pipes as shown in
Fig. 1.

The rim-driven machine is a modern structure of electrical
machines in which the turbine placed inside the rotor core and
the machine is embedded in a thin duct around the turbine.
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Fig. 2 shows a general scheme of a rim-driven PM
synchronous machine [12].
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Fig. 1 General structure of new machine
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Fig. 2 General scheme of a rim-driven machine

Several types of electrical machine have made in the form
of rim-driven machines such as PM synchronous [13],
brushless DC [14], induction [15], and axial flux machines
[16]. However, only few works have been reported dealing
with superconducting rim-driven motor [17] for propulsion
system application. The superconducting rim-driven hydraulic
generator is a new case that is presented in this paper.

Designing of a rim-driven machine involves some problems
[18]. Inner diameter of the rotor is given uniquely by outer
diameter of the turbine [19]. The rim driven generator is
placed in contact with fluid flow. So, in order to reduce the
water drag force, the radial thickness of the machine should be
minimized [20]. Furthermore, due to hydrodynamic problems,
the axial length of the generator is limited to 1.5 times larger
than turbine length [13]. These limitations with those are
raised from the HTS coils requirements such as cooling
system, maximum perpendicular flux density, and etc. should
be considered in design algorithm.

III. DESIGN ALGORITHM

The mentioned limitations for a rim-driven machine are a
bit more difficult for an HTS machine. Generally, the radial
thickness of superconducting machine is large due to rather
large air gap. Therefore, it is somewhat difficult to design an
enough thin HTS machine, which can be embedded in a thin
duct.

Here, a 1-MW, 300 rpm Kaplan turbine is selected as case
study [20]. The main specifications of the turbine are shown in
Table I. The rim-driven HTS generator should be matched

with the case study turbine.

A. Arbitrary Parameters
The working temperature of HTS coils (t,) is the first

arbitrary parameter of superconducting machines. Here, the
liquid nitrogen is selected as cooling fluid. Since the boiling
point of this fluid is 77 K, the working temperature is selected
with a safety margin as t, = 75 K.

Electrical loading factor (ac) and air gap flux density
(B,,) are the most effective arbitrary parameters in machine

weight and size. Larger values of these parameters can provide
a smaller size machine. On the other hand, although the active
volume of the machine is decreased by increasing the above
parameters, the machine axial length is increased by any
increment of electrical loading factor or air gap flux density.
This can be related to the existing complications in the
structure of the rim-driven HTS machine compelling some
cautions when assigning values to B, and ac particularly

when the purpose is to obtain a thin and compact machine.
The value of air gap flux density is finally selected as
B,, = 0.9 T via a reasonable trade off. Assigning the value of

electrical loading factor needs more care. This parameter is
defined as:

ac = z Icon
7D ey

is

where Z is total number of conductors of the stator winding,
| is the current of each conductor, and D, is inner

con

diameter of the stator.

TABLEI
MAIN PARAMETERS OF CASE STUDY TURBINE

Values Unit
Rated power 1 MW
Effective line voltage 400 \%

Parameters

Frequency 50 Hz
Rated speed 300 rpm
Rotor inner radius 800 mm
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Since the number of turns of the winding in series is related
to the number of slots per pole per phase proportionally, the
electrical loading factor can be chosen among some individual
values within a limited band (ac, < ac < ac, ). Here, the
initial value of electrical loading factor is selected as
ac, = 50000 A/m and its value is adjusted by an iterative
loop as shown in Fig. 3. In this figure, M is the number of
phases, N o is the number of turns of each phase, and | o 18
the phase current. The final value of electrical loading factor

that was obtained by this algorithm for the case study machine
is ac=48322 A/m.

B. Air gap Design
The air gap of superconducting machine contains of an
electromagnetic damper shield, vacuum vessel isolation layer,

and slotless stator winding. The thickness of damper shield is
selected as %80 of magnetic penetration depth (5, ), which is

thk
calculated as [21]:

0.8

JrzufokK, @)

where £/ is the magnetic permeability, O is the electric

Ay =0.8%6,, =

damp

conductivity at room temperature, and f is the stator
frequency. Parameter K, represents the thermal correction

factor that is calculated as [18]:

234,

T 234+, @)

where t; = 293 K is the room temperature. The thickness of

vacuum vessel and air spaces are selected typically [22].

C.Rotor Design
The number of poles of rotor is selected as p=20

considering the generator rated speed and frequency. An iron
free core provides the mechanical support for other parts of
rotor as shown in Fig. 1. The thickness of rotor core is selected
typically as certain percentage of turbine radius. The pole
pitch angle (&,) and rotor body angle (6,) are then

calculated as:

0, ZZT” =0.314 rad

“4)
0,=0460 =0.144 rad

The ratio of rotor body angle to pole pitch angle is selected
via a care tradeoff between field winding space and machine
radial thickness. The pole height is calculated by an internal
loop, which is started by estimating the pole body flux density
according the following equation.

)

Air-gap Design
Rotor Design
Stator Design

2m.N I, | dec=dc I

ac =
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ac—dac' <& No
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[ Design Continuance ]

Fig. 3. Flowchart of AC adjusting algorithm

where R, is the inner radius of stator yoke and t  is the pole

body arc. Parameter k . represents the leakage flux factor,

leak

which was estimated as:

—1-24 £ 0.09
o,

kleak

(6)

where ¢ and ¢,  are the maximum flux in stator and rotor

yoke respectively. This parameter should be investigated by
finite elements method at the end of design procedure.

The magnetic reluctance of linkage flux path is then
approximated and accordingly the required magneto motive
force per pole is calculated as:

(1 - kleak )Blptp(Ag + hpol + Rirep)

0,+6, Agj
R ——2
ILIO( 2 j( 1S 2

N To= (1=K )P, R, =

(N
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where @, is the pole body flux, R  is the air path

reluctance, Ag is the air gap, h_, is the pole height, and R,

pol
is the rotor inner radius.

The rated current of field winding is selected according to
HTS wire specifications. Here, the Superpower-SCS3050 HTS
wire is selected for HTS coils of field winding. The wire
specifications and its general structure are shown in Table II
and Fig. 4, respectively [23].

According to Table II, the maximum allowable current
value of the superconducting wire is 75 A at 77 K and zero
magnetic field. As shown in Fig. 5, the HTS wire critical
current is decreased by the perpendicular flux density
increment [24]. If the maximum perpendicular flux density on
HTS coil is assumed 0.6 T, the critical current will decrease to
23 A. Here, the design algorithm is performed assuming that
the field current is |, =23 A, but the flux density on HTS

coil should be checked at the end.
The number of turns of field winding is calculated using

equation (7) and assuming |, =23 A. due to winding

limitations of HTS tapes, the HTS coils are usually formed by
an especial shape that is known as pancake coil and is shown

in Fig. 6. The height of each pancake coil is determined by
width of HTS tape that is 3 mm according to Table II. In the
same way, the width of pancake coils should be an integer
coefficient of HTS wire thickness, i.e. 0.1 mm. On the other
hand, the pancake coil width is limited by the space limitation
between rotor poles. Therefore, the required turns of field
winding should be provided by a few series pancakes. The
pole height should be increased gradually until providing
enough space for placing the stack of pancakes. After some try
and error, eleven series pancakes that each of them contains
263 turns, form the winding of each rotor pole. The pancake
formation was performed considering the critical bend
diameter of SCS-3050 HTS wire.

TABLEII

HTS WIRE SPECIFICATIONS

Parameters Values  Unit
Critical current (at 77 K) 75 A

Width 3 mm
Thickness 0.1 mm
Critical tensile stress >550 MPa
Critical bend diameter 11 mm

Copper Stabilizer

Silver Overlayer

(RE)BCO - HTS (epitaxial)

Buffer Stack

20 pm

Fig. 4 HTS wire components and structure
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Fig. 5 Critical current characteristic of HTS wire
The flux diverter is made of magnetic material. The

thickness of flux diverter differs in different parts and selected
experimentally as a percentage of rotor yoke thickness, pole

body arc, and pole shoe height.

Fig. 6 An example of pancake coils

D.Cooling System Consideration

Since the superconductivity occurs at very low temperature,
the HTS coils must be cooled below a critical temperature by a
cooling system. Several cooling systems are utilized for HTS
machines that are mainly include the thermosyphon, open
evaporative and piping evaporative [25]. Among these, the
piping evaporative has better performance for large size and
low speed HTS machines [25]. The cool rotor is isolated
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against heat penetration and any rotor internal heat is collected
by cooling pipes. These pipes carry the working fluid (liquid
nitrogen) that transfers the rotor heat to outside the machine.

Design of complete cooling system in details is a
voluminous work, which is outside the scope of this paper. In
electromagnetic design stage, the cooling system type is
selected, and its main requirements are considered. Here, the
size of cooling pipes and the working fluid volume flow rate
are considered regularly. The cooling pipes position is also
proposed inside the flux diverters as shown in Fig. 7.

Isolation Laver

HTS Coil

Cooling Pipe

Evaporative Space

Working Fluid
Fig. 7 Cooling system structure

E. Stator Design

It is necessary to design the stator winding in few parallel
circuits due to the rather low voltage of armature. The number
of pole pairs of rotor is a typical choice for the number of
armature parallel circuits. By this assumption, the number of
turns of armature winding per circuit is calculated as:

_2r.R,.ac

" oma, ®)

Parameter Nph must be an integer coefficient of the

number of slots per pole per phase, which is selected as 0 =35

for the case study machine. To do this, the electrical loading
factor is adjusted in an iterative loop according to Fig. 3.

Fig. 8 Phasor-diagram of synchronous generator

In the proposed design algorithm, the machine axial length
is calculated in this stage according to the required magnetic
flux per pole (@, ), which is a function of armature induced
voltage (E,). Parameter E, is selected as %3 larger than
terminal voltage (V,) to guarantee the unity power factor

operation of the machine according to Fig. 8. The axial length
of stator and rotor core can be calculated as:

P
(1 - I(Ieak )tp * Bt (9)

p

IV. FINAL DESIGN

The proposed algorithm is developed and run for designing
a 1 MW synchronous generator. All dimensions are
calculated. The rotor core consists of nonmagnetic mechanical
support and U-shape flux diverters as shown in Fig. 9. The
cooling pipes have been embedded in flux diverters, and are
connected to the liaison rings in both sides of rotor core as
shown in Fig. 10. A general scheme of machine’s main part is
shown in Fig. 11.

HTS Caoil

Non-Magnetic
Rotor Core

Fig. 9 Main component of a rotor pole

IITS Coil

Cooling Pipe

Fig. 10 Cooling pipes connection

Fig. 11 General scheme of machine’s main components

V.FE ANALYSIS

A 2D FE model of designed machine is developed to
evaluate the electromagnetic performance of the machine. The
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FE result of flux density distribution for a pairs of poles is
shown in Fig. 12, which exhibits a good agreement with those
results that calculated in design procedure. Furthermore, the
maximum perpendicular flux density on HTS coil is obtained
by FE model as shown in Fig. 13. The value of this parameter
is estimated as B, =0.54 T, which is smaller than its

maximum allowable value with a safety margin. The FE
model is also developed to investigate the correctness of
assumed value for leakage flux factor. This parameter is
calculated as:

k, =1-2e 21220218 _ 5903 (10)
o, 0.0241

which shows a good agreement with assumed value in (6).
Winding loss and stator core loss are other parameters that are
obtained by FE model. The efficiency of new machine is
improved due to the stator core volume and consequently
stator core loss decrement in addition to deletion the field
winding loss. The volume of machine’s active parts is
decreased about %18 comparing to an ordinary similar size
machine [21]. It is clear that the new machine is lighter than
ordinary one.

VI. CONCLUSION

The coreless rim-driven superconducting machine was
developed in this paper as a new structure of superconducting
hydraulic generator. The design algorithm of the new machine
was developed and a 1 MW, 300 rpm rim-driven
superconducting synchronous generator was designed for a
hydraulic power plant, which exhibits superior advantages in
weight, size, and efficiency comparing to an ordinary similar
size synchronous generator. In addition, the rim-driven
structure improves the hydrodynamic performance of the
system. It seems that the new machine can be considered as an
advanced structure of superconducting synchronous
generators.
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Fig. 12 Flux lines and Flux density distribution of a pairs of poles
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Fig. 13 Perpendicular component of flux density distribution over
HTS coil
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