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A Novel Type of Jointless HTS Induction
Machine—Proof-of-Principle

Roberto Oliveira , Senior Member, IEEE, Tabea Arndt , Andrés Yenes , Matthias Eisele, and Marion Kläser

Abstract—The rotor of a commercial induction machine is re-
placed by a nonmagnetic, nonmetallic cryogenic rotor comprising
bars of stacked 2G-high-temperature superconductors tapes with-
out end rings nor joints, but with some back iron. The machine
underwent initial functional tests with the rotor cooled by liquid
nitrogen, and its operation and working principle were also verified.
First, analytical considerations and finite element method (FEM)
simulations are used to develop a preliminary approach to explain
the machine’s operation.

Index Terms—Induction machine, induced magnetization,
jointless rotor, partially superconducting motor, stacked high-
temperature superconductors (HTS) tapes.

NOMENCLATURE

a Half superconducting layer thickness [m].
f Frequency [Hz].
iss Stator current [A].
iMs Magnetizing current [A].
k Pulses per revolution [-].
l Active rotor length [m].
n Power-law exponent [-].
p Number of pole pairs [-].
sν Slip for harmonic ν [-].
vr Rotor speed [r/min].
w Tape width [m].
x Rotor bar position index [-].
B Magnetic flux density [T].
B⊥ Magnetic field perpendicular to tape [T].
B‖ Magnetic field parallel to tape [T].
B0 Characteristic magnetic field [T].
Ba Applied magnetic field amplitude [T].
Ba,th Threshold magnetic field amplitude [T].
Bc2 Upper critical magnetic field [T].
B̂δν Peak air-gap flux density [T].
Dr Rotor outer diameter [m].
E Electric field [V/m].
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Ec Critical electric field [V/m].
Iν,x(t) Rotor bar current [A].
Ic0 Critical current at zero field [A].
Ic(B) Field-dependent critical current [A].
J Current density [A/m2].
Jc Critical current density [A/m2].
Jc0 Critical current density at zero field [A/m2].
L Tape length [m].
Lbar Rotor bar leakage inductance [H].
Lring End-ring leakage inductance [H].
Lg Geometric inductance [H].
Lk Kinetic inductance [H].
Lt Total inductance [H].
LM Magnetizing inductance [H].
LR Rotor inductance [H].
Lσ Stator leakage inductance [H].
Lpole Pole inductance [H].
Nt Number of HTS tapes per bar [-].
N th Number of counted pulses [-].
Pi,total Electromagnetic power [W].
Qr Number of rotor slots; HTS bars [-].
Rbar Rotor bar resistance [Ω].
Rring End-ring resistance per bar [Ω].
RCu Copper stabilizer resistance [Ω].
RAg Silver layer resistance [Ω].
Rh Hastelloy resistance [Ω].
Rsc Superconducting layer resistance [Ω].
Rac Dynamic AC resistance [Ω].
RR Effective rotor resistance [Ω].
Rs Stator resistance [Ω].
Rrν Rotor resistance [Ω].
Ti,pole Torque per rotor pole [Nm].
Ti,total Total electromagnetic torque [Nm].
uss Stator phase voltage [V].
Zrν Rotor impedance [Ω].
Zν,x Rotor bar impedance [Ω].
β Field dependence exponent [-].
γ Anisotropy factor [-].
λ Penetration depth [m].
μ0 Vacuum permeability [H/m].
ν Harmonic index [-].
ρFF Flux-flow resistivity [Ωm].
ρn Normal-state resistivity [Ωm].
ρsc Superconducting resistivity [Ωm].
ςrν Rotor impedance phase angle [rad].
ϑx Electrical angle at rotor bar position x [rad].
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ωs Stator angular frequency [rad/s].
ωm Mechanical angular velocity [rad/s].
ψs
R Rotor flux linkage [Wb].

Δt Time interval between pulses [s].
A Magnetic vector potential [Wb/m].
Apole Pole area vector [m2].
B Magnetic flux density vector [T].
Bs,pole Magnetic flux density at pole [T].
E Electric field vector [V/m].
J Current density vector [A/m2].
T Current vector potential [A/m].
n Surface normal vector [-].

I. INTRODUCTION

SUPERCONDUCTORS in rotating machines offer higher
efficiency and higher (specific) power density—primarily

when high-temperature superconductors (HTS) are used. The
wide range of studies, spanning theoretical analyses, experi-
mental prototypes, and in-field operations, focus on partially
superconducting machines [1], [2], [3], [4], [5], [6], [7]. In these
machines, the superconducting material is used either in the rotor
or in the stator, while the other component is normal conducting.

Partially superconducting motors stand out for their prac-
ticality, often featuring HTS rotors paired with conventional
copper stators. This hybrid approach mitigates cryogenic re-
quirements by confining cooling to the rotor while leveraging
superconductivity to increase torque and efficiency. Siemens’
work exemplifies this, detailing 380 KW, 4 mega volt-ampere
(MVA) prototypes operating at 3600 r/min with HTS rotor
windings [1], [2], [3]. These machines achieved efficiencies 2%
higher than conventional generators, with successful inverter-
driven operation, highlighting their viability for ship propul-
sion and variable-speed drives. In wind power applications,
1 MW synchronous generator was developed using 2G-HTS
field windings [4], reducing the machine size by 1.75 times
and its mass to 1.5 t. Cryogenic cooling of the rotor via liquid
nitrogen (LN2) allowed for low losses (below 1.6%), making it
ideal for offshore turbines. This approach has been extended
to multi-MW direct-drive generators [8]. More recently, the
Speedy_HTS project demonstrated the replacement of a con-
ventional permanent magnet rotor with a 2G-HTS rotor in a
mid-speed wind power generator, effectively doubling the power
density [7].

For induction/synchronous hybrid machines (HTS-ISMs),
theoretical analyses of yttrium barium copper oxide (YBCO)
squirrel-cage rotors have demonstrated substantial enhance-
ments in starting and accelerating torque, attributed to persistent
current effects and magnetic flux trapping [9], [10], [11]. Ex-
perimental investigations have further confirmed the hysteretic
rotational behavior of HTS-ISMs [5], [12]. More recent elec-
tromechanical studies of HTS cage rotors have identified the
coexistence of slip and synchronous operating modes, arising
from the resistive–superconducting duality inherent to HTS
tapes [6]. Recent advances in axial-flux topologies employing
HTS tapes in the rotor have demonstrated improved flux density
and reduced stator complexity, with detailed core-loss analy-
ses [13]. Compact liquid hydrogen-cooled HTS motors have

also been proposed, featuring disk-up-down assembling coil
configurations suitable for fully and partially superconducting
architectures, optimized for fuel cell-based electric propulsion
systems [14], [15].

Comparative studies indicate that partially superconduct-
ing motors often outperform fully superconducting counter-
parts in terms of reliability, cost, and efficiency, as cryogenic
requirements are localized [16]. Reviews of HTS rotating ma-
chines classify designs by superconductor form—wires, bulks,
or stacks—and highlight the suitability of partially supercon-
ducting configurations for high-torque, low-speed applications,
such as wind turbines and marine propulsion [17], [18]. Fully
superconducting machines continue to lead in specific power, as
exemplified by aerospace. In summary, while fully supercon-
ducting machines push the limits of power density, partially
superconducting systems represent a practical and near-term
pathway, combining the advantages of HTS technology with
the robustness of conventional designs.

Today, there is a considerable market share of very robust
and simple conventional induction machines, and replacing
these machines with HTS-based machines may be attractive
for a broad range of applications (e.g., in industry and locomo-
tives) [19], [20], [21], [22]. The apparent benefit of asynchronous
machines is the simplicity of the rotor, which eliminates the need
for current feeding and control. For superconducting induction
machines, some modeling and experimental verification have
been reported [9]. However, all approaches so far have followed
the concepts of machines based on conventional topologies,
i.e., radial flux machines, axial flux machines, synchronous
machines with either constant magnetization or field windings,
and asynchronous machines that replace the normal conducting
rotor with a cage of soldered HTS wires [10], [11], [12], [13].

This work addresses the question of whether it is possible
to simplify a squirrel-cage machine using appropriate HTS
significantly. The basic idea is to omit the end rings of the
squirrel cage and replace the bars with stacks of HTS rare-earth
barium copper oxide (REBCO) tapes (2G-HTS), eliminating the
need for soldered electrical connections. To some extent, this
approach resembles the operation of an HTS dynamo [23].

This yields a novel type of rotating machine—for simplicity,
it is referred to as a “stacked tape architecture rotor (STAR)-
machine.”

II. METHODOLOGY

To address the research question, the following steps were
carried out: experimental realization of a first-of-its-kind
machine, basic electromagnetic description of the machine,
FEM analysis, and analytical considerations.

A. Experimental Realization of a First STAR-Machine

The STAR-motor incorporates a rotor constructed by the
stacking of 2G-HTS tapes to form the rotor bars. As illustrated in
Fig. 1, these HTS bars are not connected by short-circuiting end
rings but simply stacked metal-on-metal. This realization does
not require any soldering processes. Previous work [7], [24] has
shown that a typical metal-to-metal interface, as processed in
our labs, yields specific contact resistivities on the order of 85
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Fig. 1. Rotor body (FRP, yellow) with stacked HTS tapes (red) and laminated
back iron (gray).

Fig. 2. Measured electric fieldE versus current I characteristic of the 2G-HTS
used for the rotor bars (2014 delivery of 5 mm-wide Fujikura FESC series).

TABLE I
MAIN PARAMETERS OF THE EXPERIMENTAL MACHINE

mΩcm2. Since the impregnation process is expected to preserve
this value, the resulting tape-to-tape resistance is 85 mΩcm2

/ (0.5 · 13.5) cm2 = 13 mΩ. However, because the induced
currents predominantly flow in-plane of the HTS tapes rather
than across the tape-to-tape interfaces, this contact resistance
has no effect on torque production.

To improve the magnetic field profile across the bars, each bar
is backed by a laminated electrical steel assembly, specifically of
the M530 grade. The entire bar (2G-HTS and M530) is epoxy-
impregnated. The bars are aligned parallel to the rotor’s axis.
The rotor body is made out of fiber-reinforced plastics (FRP) and
thus magnetically transparent. The principal design parameters
are detailed in Table I. In Fig. 2, the electric field versus current
characteristic of the used 2G-HTS tapes is presented.

For the sake of simplicity and speed in the realization of
the machine, the (commercially available) stator consists of

Fig. 3. Schematic sketch of the 2G-HTS tape, its layers, and the main dimen-
sions.

three-phase copper windings and a laminated magnetic core
(see Table I). However, this will limit the machine’s operational
regime. The original induction motor has a total mass of 44
Kg (stator of 29.6 Kg, fan and cover are 1.8 Kg, and the rotor
is 12.6 Kg). The STAR-machine configuration, when account-
ing for the LN2-filled assembly, achieves a mass of 36.53 Kg
(29.6 Kg+6.93 Kg).

B. Basic Electromagnetic Description of the STAR-Machine

In a conventional squirrel-cage induction motor, the current
traversing any rotor bar is calculated by dividing the induced
electromotive force (emf) by the rotor impedance, as described
by (1). The parameters are delineated as follows [25]: index ν
indicates the νth harmonic, B̂δν represents the peak magnitude
of the air gap flux density, ϑx = xpϑ denotes the electrical angle
at the mechanical position of the bar x, sν represents the slip
associated with the induced emf, ςrν corresponds to the phase
angle of the rotor impedance, Dr indicates the rotor’s outer
diameter, and l is active rotor length. The impedance of the rotor
is characterized by (2), where ωs is the stator angular frequency,
RRING is the resistance of the end-ring segment per bar, LBAR and
LRING are the leakage inductances of the bar and its associated
end-ring section, respectively, and Qr represents the number of
rotor slots

Îν,x(t) =
sνωs

2pν

πDrl

Zrν
B̂δνe

j[sνωst−νϑx−ςrν(sν)] (1)

Zν,x = Rrν + jωsLrν

=

(
RBAR +

RRING

2 sin2( νπpQr
)

)
+ jωs

(
LBAR +

LRING

2 sin2( νπpQr
)

)
.

(2)

In the present work, the STAR-rotor omits short-circuit rings,
as shown in Fig. 1. Consequently, the complexity of the rotor
impedance model (2) is significantly reduced, as it obviates all
terms associated with the ring. It is imperative to evaluate the per-
bar HTS resistance and inductance during the analytical phase
of the design procedure. Each HTS bar is constructed from tapes
that incorporate a Hastelloy substrate, an active superconducting
layer, a silver layer, and a copper stabilizer—see Fig. 3. Thus,
the total resistance of the bar can be expressed using (3), where
Nt is the number of HTS tapes

RBAR =

(
1

RCu
+

1

RAg
+

1

Rsc
+

1

Rh

)−1

· 1

Nt
≈ Rsc

Nt
. (3)

The current path within the HTS tapes forms a closed loop
that encompasses the surface area of each individual tape, as
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Fig. 4. Rotor current paths are closed within the individual HTS tapes.

illustrated in Fig. 4. Under the magnetoquasistatic (MQS) ap-
proximation, the Ampère–Maxwell law can be written as∮

C

H · dl ≈
∫∫

S

J · dA (4)

with C an Ampère loop that surrounds the tape completely.
In addition, assuming negligible charge accumulation within
the conductor the continuity equation under MQS conditions
is given by

∇ · J = 0 (5)

which implies that current lines cannot originate or terminate
inside the material.

The tape is galvanically isolated because of the stacked-tape
architecture. Consequently, the net current crossing any surface
S that cuts the tape transversely must vanish, meaning that no
net transport current flows through the tape. Equations (5) and
(6) together imply that the currents must circulate within the
tape ∫∫

S

J · dA = 0. (6)

The induced current in the rotor exhibits a component predom-
inantly in the axial direction of the machine, i.e., longitudinally
along the tapes as depicted. In the presence of a radial magnetic
field, this axial current component gives rise to a tangential
Lorentz force, which is responsible for torque production in the
machine. At the same time, the circulation of current within the
rotor necessarily implies the presence of additional transverse
components of current density within the tapes, which may lead
to force components in other directions depending on the local
magnetic-field distribution.

The relatively large resistances of the silver and copper com-
ponents are primarily attributed to their small cross sections.

The current density within the superconducting layer follows
a power–law relationship in (7), with its dependence on the
magnetic field described in (8) [26]. The nonlinear resistivity
in the superconductor, under conditions of trapped flux (ρsc)
and flux flow (ρFF), is described by (9) and (10), respectively,
where ρn represents the resistivity in the normal state [27], [28],
[29]

J = Jc

(
E

Ec

)1/n

(7)

Jc(B⊥, B‖) =
Jc0(

1 +

√
B2

⊥+B2
‖ /γ

2

B0

)β
(8)

ρsc =
Ec

Jc

∣∣∣∣ JJc
∣∣∣∣
n−1

(9)

ρFF ≈ ρn
B

Bc2
. (10)

The electrical resistance exhibited by a type-II superconductor
is described by (11), where Ssc denotes the effective cross
section of current flow and L is the length of the sample. The
dynamic resistance resulting from the losses of the alternating
current (AC)—as defined in (12) [30], [31]—integrates the
active thickness 2a of the superconducting tape (depicted in
Fig. 3), the maximum amplitude of the applied magnetic field
Ba, and the threshold field amplitudeBa,th. This AC loss model
is interconnected with the magnetic field dependence of the
critical current, as described in (13), with the characteristic field
B0. The field-dependent critical current Ic(B) influences the
flux penetration, and therefore the magnitude of the dynamic
resistance as expressed in (12) [32], [33]

Rsc =

∫
L

EcJ
n−1⎡

⎣Jc0/
(
1 +

√
B2

⊥+B2
‖ /γ

2

B0

)β
⎤
⎦
SscdL (11)

Rac =
4afL

Ic0
(Ba −Ba,th) (12)

Ic(B) =
Ic0

1 +Ba/B0
. (13)

In an elongated and narrow superconducting tape character-
ized by its lengthL and widthw, the geometric inductance is in-
fluenced by the external magnetic field. It can be approximately
expressed, assuming that the geometric relations L� w � a
hold, by (14)

Lg ≈ μ0L

2π

[
ln

(
2L

w + 2a

)
+ 0.5

]
. (14)

This formulation is derived from classical current-sheet mod-
els and has been substantiated through various studies [34], [35].
In addition to this, the kinetic inductance, as given by (15),
originates from the inertia of Cooper pairs confined within the
superconducting penetration depth λ [36]

Lk = μ0λ
2 L

2a · w. (15)

For a thin tape that supports current on both surfaces, this has
been rigorously established in the context of 2-D flux-pinning
models. Consequently, the total inductance is simply the arith-
metic sum: Lt = Lg + Lk = 1.2120·10−7H.

The per-phase equivalent circuit representation of the STAR-
machine is illustrated in Fig. 5—based on the work presented
in [9], [37], [38], and [39]. An electrical potential difference,
denoted uss, is introduced at the stator terminal, which energizes
a series configuration that includes the resistance of the stator
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Fig. 5. Simplified per-phase equivalent circuit of the STAR-machine (slip-
mode: RR > 0 and synchronous mode: RR = 0).

Fig. 6. Torque, flux-flow resistance RR, and rotor current of the STAR-
machine versus slip according to the equivalent circuit.

winding Rs and the leakage inductance of the stator Lσ . This
series arrangement is subsequently connected to a parallel mag-
netizing branch characterized by the mutual inductance LM .

The rotor circuit includes the effective HTS resistance RR

and the rotor inductance LR. At slip s = 1 (i.e., at startup), the
induced rotor current reaches its maximum, and the associated
losses are dominated by flux-flow resistance. As the rotor ac-
celerates, the induced rotor current, which is proportional to
slip (∝ s), progressively decreases. During this process, the
superconductor may start trapping the magnetic flux.

Consequently, the effective resistance of the superconductor
varies with current density, field variation rate, and field ampli-
tude (11). This variation of the magnetic field can generate losses
characterized by dynamic resistances (12). The inductance of the
rotor only modifies the phase relationship between the applied
flux and the induced current.

The voltage source jωmψ
s
R

models the magnetized HTS
strips, which exhibit quasi-permanent-magnet behavior. Here,
ωm denotes the mechanical angular velocity, and ψs

R
represents

the rotor magnetic flux linkage referred to the stator.
Fig. 6 illustrates the torque and rotor current, alongside

the rotor effective resistance, as calculated from the equiva-
lent circuit analysis for 50 V at 50 Hz, maximum torque of
7.91 Nm@s =1 to 0.01, synchronous torque of 0.94 Nm and
R2,(s=0.01,0.001) = 5.81·10−4Ω to 1.012·10−4Ω.

Fig. 7. FEM model geometry (electrical steel in blue).

C. Simulation

A computational framework has been formulated to investi-
gate the operational characteristics of a partially HTS motor (see
Fig. 7). This methodology utilizes established electromagnetic
modeling techniques specific to superconductivity, particularly
the T–A formulation [40], [41]. The relationship between the
magnetic vector potential A and the current density J is derived
from the equation

∇×
(∇×A

μ0

)
= J (16)

where μ0 represents the vacuum magnetic permeability and J
is the sheet-like current distribution on the surface of the HTS
tape. This relation is a direct consequence of applying vector
identity to the curl of the magnetic field.

Ampère’s law, in its differential form, establishes the con-
nection between the curl of the magnetic induction B and
the current density J, where B is defined as the curl of the
vector potential: B = ∇×A. The temporal evolution of the
magnetic field is described using the current vector potential
T, through the equation J = ∇×T. The electric field is func-
tionally determined as E = E[J], subject to the boundary con-
dition (∇×E) · n+ (∂tB) · n = 0. To represent the currents
in the STAR-rotor bars, the following restriction was applied:∫
Jbar,k = 0 ∀k = 1, . . . , 36.
FEM was used to precisely determine the maximum permissi-

ble current within the stator winding as a function of the applied
voltage. This threshold is set at 70 V due to increased levels
of magnetic reluctance, as shown in the findings presented in
Fig. 8. A slight discrepancy is observed between the results
obtained from FEM and those from a numerical solution of the
equations using nodal circuits. When a maximum voltage of 50
V at 50 Hz was applied to the primary winding of the model,
with a corresponding slip of 0.02, the resulting rms current
was 8 A, yielding a quasi-synchronous torque of 0.96 Nm. The
configuration of the poles and the distribution of the magnetic
flux density are illustrated in Fig. 9.

The magnetic flux density reached a maximum of 0.4 T within
the air gap and 0.2 T at the surface of the rotor, according to
Fig. 10. The normalized current density, represented as Jz/Jc,
along a central tape of the HTS rotor bar, together with the
electric field distribution, is shown in Fig. 11. The distribution
of induced currents, as illustrated in Fig. 12, reflects uniform
magnetization across the HTS bars, which means an effective
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Fig. 8. Calculated current versus voltage curves of the motor at no-load (Zeq =
1.24Ω + j3.65Ω).

Fig. 9. Magnetic flux density [T] in half of the cross section of the STAR-
machine.

Fig. 10. Magnetic flux density at the rotor outer radius versus circumference.

Fig. 11. Normalized current density in the bars (HTS-stacks) in half of the
cross section.

Fig. 12. Electric field and normalized current density in a bar of the rotor.

redistribution of current under the specified operating condi-
tions.

D. Analytical Considerations

Following the arguments presented in [42], the induc-
tive torque produced by a superconducting rotor pole is
described by

Ti,pole =
(Apole ·Bs,pole)

2

2Lpole
(17)

with the area of the pole Apole, the magnetic field at the pole
Bs,pole, and the inductance of the poleLpole. The inductanceLpole

is calculated following the expression for a rectangular current
loop given by [43]. Area and magnetic field are considered
as vectors to account for the angular variation during rotation.
Integration over full angular scale and summation over all poles
Qr yields for the total torque and corresponding power

Ti,total =
(Apole ·Bs,pole)

2

Lpole
·Qr (18)

Pi,total = Ti,total · vr. (19)

For the realized STAR-rotor, these yields A=0.005 m·0.135 m
= 0.675·10−3 m2; Lpole=5.1184·10−8H; Bs,pole=0.2 T; Qr =
36 and finally

Ti,total = 13 Nm (20)

Pi,total = 121 W. (21)

These values are not too far off from the experimental results.
The analytical formulas assume a homogeneous current distribu-
tion across all tapes, and do not consider the variation in current
distribution as a function of the bar’s position relative to the
rotating magnetic field (cf., J/Jc of the HTS tapes in Fig. 11). It
has to be noted that due to the high operating temperature≥77 K
(and especially in asynchronous operation), there is no torque
contribution by frozen magnetization expected. In asynchronous
operation, due to the relatively high electric fields, an HTS is
operated in the steep regime of the E–I-curve (see Fig. 2). This
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Fig. 13. Schematic cross section of the simple test stand.

AC environment does not allow a frozen magnetization requiring
low electric fields and a quasi-DC situation.

III. EXPERIMENTAL RESULTS

A simple experimental setup was designed for validating the
motor concept, as depicted in Fig. 13. The motor shaft was
vertically oriented to facilitate the basic cooling concept, which
involves filling the LN2 through the hollow central shaft. The
cryogenic enclosure (FRP) houses the HTS rotor bars, and the
inner wall provides holes to exchange LN2 between the central
reservoir and the section enclosing the bars.

The HTS rotor comprises 36 bars, each integrating 15 2G-
HTS tapes (width w = 5 mm) layered over eight electrical steel
laminations (M530-50 A). The rotor is supported by mechanical
bearings situated at both shaft ends to separate from the cold
section as much as possible. The design of the motor focuses on
easy preparation and assembly while proving the concept, and
is far from being optimized in electromagnetic respects.

Fig. 14 illustrates the constructed prototype of the STAR-
machine. Detailed depictions of the conventional stator and the
HTS rotor are provided, along with the fully integrated assembly.
The testing apparatus was enclosed entirely to prevent uncon-
trolled exhaust of cryogenic media and to mount a mechanical
brake.

The motor is operated using a variable frequency drive charac-
terized by the following principal specifications: a rated output
power of 8.7 kVA, efficiency losses of equal to 2.2% within
the load range of 90%–100%, an output voltage span ranging
from 0 to UIN, and an output frequency range of 0–599 Hz. The
device exhibits a nominal output current of 12.5 A, a maximum
output current capacity of 18.75 A, and an overload capacity of
150%. A simplified scalar control strategy, specifically V/Hz,
was employed throughout the experimental procedures. The

Fig. 14. View into the stator (a), the inner rotor body with the bars attached
(silver bandage to be removed after impregnation) (b), the assembled STAR-
machine (c) and the completed test stand (d). (a) Stator. (b) HTS rotor bars.
(c) STAR-motor. (d) Workbench.

onboard instrumentation provides the real-time measurement of
pertinent electrical parameters.

A. Blocked Rotor Test

The rotor was immobilized using a mechanical brake that
directly fixed the shaft. With the slip factor s = 1, a voltage
was applied that corresponded to the supply frequency 50 Hz.
Under these circumstances, the magnetization of the HTS rotor
is achieved exclusively through the primary winding, thereby
inducing maximal currents within the bars. As a result of the
elevated secondary reluctance, which is comparable to that ob-
served in no-load conditions because of the rotor’s composition
of residual ferromagnetic material, the stator current amplitude
reaches significantly elevated magnitudes—Fig. 15 shows a
peak stator current of 9 A and peak voltage of 40 V, accompanied
by an inductive power factor of 0.43 and an active power of
134 W.

Fig. 16 shows the relationship between the stator current
and the applied voltage over a range of low frequencies. The
employment of scalar (V/Hz) control results in the terminal
voltage exhibiting a linear relationship with frequency.

B. Dynamic Test

The initiation of the motor involved the application of volt-
age through a scalar control methodology, where the supply
frequency was incrementally increased from zero to 50 Hz,
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Fig. 15. Voltage and current results in the locked rotor test.

Fig. 16. Stator current versus frequency for slip s = 1.

enabling a controlled acceleration process. Subsequently, the
motor was decelerated to a complete halt. A capacitive sensor,
functioning as a resolver, was utilized to provide quadrature
pulses for feedback on the rotor’s angular position. From these
data the instantaneous angular velocity vr, expressed in revolu-
tions per minute, was calculated according (22)

vr =
Nth

kΔt
(22)

where Nth is the number of pulses counted, k is the number of
pulses per full rotation, and Δt is the time between pulses.

Fig. 17 shows the observed waveforms during the deceleration
phase of the dynamic test, which was executed with an initial
voltage supply of 50 V at a frequency of 50 Hz. The drive
frequency decreases linearly from 50 Hz to approximately 30 Hz
over a duration of 2.4 s, which confirms the controlled V/Hz
scalar deceleration strategy. As the frequency decreases,
both current and voltage amplitudes decrease gradually,
while maintaining quasi-sinusoidal waveforms with minimal
distortion. This observation indicates stable HTS rotor
performance under varying slip conditions.

Fig. 17. Dynamic test results.

Under the nominal operating condition of 50 Hz, the rms value
of the stator current was determined to be approximately 7.1 A.
This resulted in an inductive power factor of 0.31 and an active
power of approximately 128 W. The bottom diagram in Fig. 17
shows the rotor speed, which has been adjusted in time to align
with the time base. The rotor speed exhibited a decrease from
approximately 90 r/min at t =2.6 s to approximately 65 r/min,
which corresponds closely to the anticipated reduction in syn-
chronous speed.

The speed diagram (from t =2.5 s to t =3.7 s, Fig. 17) exhibits
precise alignment with the voltage and current waveforms pre-
sented above, thereby confirming the temporal correspondence
following postprocessing adjustments. The minor oscillations
observed in the velocity curve (±3 r/min) are attributed to
mechanical resonances and variations in the load torque (from
bearings, windage, etc.); however, they do not significantly affect
the overall dynamic response. These findings confirm the stable
operation of the STAR-motor during transient deceleration,
where induced currents in the superconducting bars efficiently
maintain torque production at reduced speeds without exces-
sive thermal heating, thereby preventing a superconducting-to-
normal-conducting transition.

C. Experimental Trials At Room Temperature

When trying to activate the machine without LN2 cooling, no
rotation could be initiated.

IV. DISCUSSION AND CONCLUSION

This work, conducted through experiments and basic anal-
ysis, has demonstrated that it is possible to simplify conven-
tional squirrel cage machines by utilizing appropriate 2G-HTS
stacks without end-rings in a simple rotor architecture (STAR-
machine).
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TABLE II
COMPARISON OF MOTOR PERFORMANCE RESULTS ACROSS DIFFERENT

METHODS

Preliminary tests have successfully demonstrated that this
novel motor type can achieve stable operation. This motor
presents a viable alternative to traditional rare-Earth magnet
or wound-field synchronous machines, as it can achieve sim-
ilar torque performance at synchronous speed without adding
complexity through controlled excitation current. Experimental
trials conducted at ambient temperature indicate that the ohmic
components of only tiny thickness [see (3)] as well as the
ferromagnetic lamination positioned behind the stacks [44] will
not contribute considerably to the initiation torque. A more
sophisticated experiment at controlled temperature just above
Tc (e.g., 95 K) might prove that, but is not feasible with
the present test stand. Table II summarizes the motor perfor-
mance results obtained through experimental measurements,
analytical modeling, finite element simulation, and equivalent
circuit analysis.

The simple construction and the limited sealing of the test
stand triggered considerable issues in thermal stresses in the
bearings and humidity freezing. Bearing shrinkage and ice
formation in the affected region introduce parasitic losses that
compromise overall machine performance. These phenomena
were partially mitigated by the installation of a localized heat
source intended to suppress ice accretion; however, this measure
was likely insufficient to fully counteract the thermally induced
mechanical contraction (shrinkage) of the bearings. Although no
direct evidence of air gap ice accumulation was detected, and
the joule heating within the stator likely inhibits the formation of
obstructive layers in the air gap, the potential for subtle frictional
contributions from localized frost cannot be entirely excluded.

However, the simple construction and the small amount of
heavy structural and magnetic material offer the potential to
achieve high specific power for future machines. Considering
the same rated output power of 4 KW, for instance, the specific
power reaches 0.11 KW/Kg, which represents an increase of
20.4% compared to the original value of 0.091 kW/kg. This
falls within the typical range of modern high-density motors,
such as the SynRM IE5, the lightweight permanent magnet
synchronous machine (PMSM), or compact traction motors.
It should be noted that the commercial stator employed was
not originally designed for high-performance applications, as it
belongs to a standard low-power induction motor. Consequently,
the results indicate that significantly higher gains remain achiev-
able through the adoption of a stator specifically optimized for
elevated performance.

LN2 cooling of the rotor not only maintains the HTS tapes at
77 K but also significantly lowers the stator operating temper-
ature by providing additional passive cooling that can increase
the stator current density by up to a factor of 7.

Despite the prototype exhibiting the expected electromagnetic
behavior as forecasted by design phase simulations, its overall
performance currently cannot compete with commercially avail-
able machines, so far. This gap primarily arises from the reduced
power rating of the laboratory-scale drive; the motor’s electrical
and magnetic circuitry necessitates a higher stator current than
a conventional machine with the identical primary windings.

The chosen number of HTS bars and the configuration of the
back-iron, although operating at the edge of functional design
parameters, confirmed the fundamental concept. Nevertheless,
the secondary ferromagnetic packet requires significant revision
to decrease magnetic reluctance.

The test bench will undergo enhancements that incorporate
closed-loop vector control, an inline torque transducer, and
programmable load emulation to facilitate a comprehensive
characterization of transient and steady-state performance. From
a macroscopic modeling perspective, the operational principle,
particularly with respect to startup dynamics, load transients, and
the potential for four-quadrant operation of the HTS machine,
will stimulate in-depth theoretical and experimental investiga-
tion. Future work will use the test stand to study the performance
of other architectures of the STAR-machine, as well as different
control strategies.
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