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Abstract: A high-temperature superconducting (HTS) axial flux permanent magnet (AFPM) machine was
designed, using superconducting bulks over the rotor surface and rare-earth magnets in the middle of the stator
teeth. Because of diamagnetic behavior of the HTS bulks and zero field cooling, leakage flux significantly reduces
in the proposed machine compared to the existing machine with mounting rare-earth magnets. Three-dimensional
finite element (FE) modelling was used to validate the design performance. The magnetic flux distribution,
induced electromotive force (EMF), inductance, PM flux, losses, total harmonic distribution and cogging torque
are computed and compared in two structures. The results show that the proposed machine structure is more
efficient than the existing one.
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1. Introduction

The axial flux permanent magnet machines (AFPMs) exhibit many advantages compared to other more
conventional structures such as robust structure, low cogging torque, adjustable air gap, lighter weight, fault
tolerance capability, higher efficiency and torque/power density [1-3]. Although, these machines suffer from
unavoidable issues such as fabrication difficulties, demagnetization and high manufacturing cost. The literature
reports various types of AFPMs, based on different principles, often using special materials for improving the
performances. The soft magnetic composite (SMC), due to the low eddy currents loss, is a practical way to solve
thermal problems, although their permeability is low and the hysteresis loss is higher. Authors in [4-6] used a
SMC core to improve the performance of the machines in terms of thermal behavior. Also using HTS materials,
can improve the performance of AFPMs, because of their high conductivity and flux trapping capability. HTS is
applied in electric machines as Bulks [7, 8], Coils [9, 10], Tapes [11, 12], Magnets [13] and hybrid [14] for
reducing leakage flux and magnetic saturation as well as increasing the overall electric load. Superconductors can
be divided into two main categories: Type-I and type-Il. The type-I superconductors lose their superconductivity
very easily or suddenly when exposed to external magnetic fields. In superconducting state, this type of
superconductors are completely diamagnetic. This phenomenon is known as the Meissner effect and it means
magnetic susceptibility is equal to -1 [15, 16]. Type Il superconductors such as BSCCO, YBCO, and GdBCO lose
its superconductivity phase only if very intense fields are applied. Fig. 1 illustrates the operation of superconductor
materials in all states. As can be seen, the type | superconductor after Hc completely will become the normal
conductor and lose shielding feature. On the other hand, type 11 after Hea lose shielding feature gradually and turn
into normal conductor after Hcz. Using type-11 superconductors as bulk in electric machine construction can reduce
flux leakage and improve the magnetic flux distribution, which further increase both power density and efficiency
of machine [17-19]. Recently, some innovative structures of axial flux-switching permanent magnet machines
(AFSPMMs) were developed to provide very high torque-densities [20, 21]. Starting from these structures, this
paper presents a superconducting HTS axial flux-switching machine (AFSM) using the HTS-Bulk among the
rotor poles and also, rare-earth permanent magnets (PMs) in the middle of the stator teeth, resulting in a acceptable
improvement in its performances. The rest of the paper is organized as follows: in Section 2, the topology of the
proposed HTS AFSM, its operation principle and cooling system will be discussed. Section 3 is dedicated to using
the FE modeling for machine performance analysis and discussions on the results.

2. Proposed Machine Topology and Operation

The structures of the existing AFSPMMSs [20, 21] and the proposed HTS AFSM are shown in Fig. 2. The
existing AFSPMM s a doubly salient machine with circumferentially magnetized PMs placed in the middle of
the stator teeth. The salient rotor poles shunt the flux paths, providing the EMF in the stator windings.
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Fig. 1. Superconducting state. (a) Type I, (b) Type II.
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To reduce the axial length and the rotor inertia, the saliency of the rotor is limited in the axial-flux machines.
Exploiting the flux-shielding property of HTS-Bulk YBCO used between two consecutive rotor teeth, helps to
increase the saliency and performance. The compared machines have a same dimensions, one rotor and one stator
with the three-phase concentrated winding located on the stator as illustrated in Fig. 3. The main idea is that
shielding the flux reduces the leakage and increases the reluctance ratio. Regardless of the stator resistance and
leakage inductance the apparent power of an electric machine is given by [22]:
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where Pj, is the load input power, cos(¢) is the power factor, e is the ratio of the EMF induced by the rotor Ep, and
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with € <1 in motoring operation and € > 1 in generator operation. The output power for both models can be
calculated as:
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where T is the period of one EMF cycle, m is the number of machine phases, 1 is the efficiency, epn(t) is the phase
induced EMF, is(t) is the phase current, eph is the peak value of the phase induced EMF and 1, is the peak value of
the phase current. The maximum value of phase induced EMF for a generic flux-switching machine can be
obtained by:
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Fig. 2. Comparison of machine structures. (a) The proposed HTS AFSM, (b) The existing AFSPMM.
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Fig. 3. Winding arrangement. (a) Winding connections, (b) Stator layout schematic.

where N is the rotor pole number, ® is the angular speed of the rotor, N is the number of machine stages, Npn is
the number of stator turns per phase per stator, dmax is the phase PM flux per turn which can be computed as:
1z 5
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where Ns is the number of stator teeth, K, is the leakage flux factor, Kg is the air-gap flux density distribution

factor, Cs is the pole arc coefficient, By is the air gap flux density (average value), Doy is the outer diameter and

kq is the diameter ratio. The latter is an important design parameter which has a remarkable impact on the

performance of the machine and is defined as:

- Do (6)

To optimize the torque density of the machine, the value of Kq has to be selected carefully. The definitions of the
design dimensions of the proposed HTS AFSM are illustrated in Fig. 4 and the design specifications are written
in Table 1.

Table 1

Design specifications of the AFSPMM and the HTS AFSM.
Design data Unite Initial
Pout KW 1
g mm 1
Rate of speed rpm 750
Current A 8
Number of coil turns - 184
Stator outer diameter mm 182
Stator inner diameter mm 100
Coil span mm 6.5
|pm mm 6.5
lyr mm 8.3
lor mm 125
Isiot mm 575
Ist mm 14.5
Woeoil mm 12
low mm 10
lys mm 9.2
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Fig. 4. Design dimensions of proposed HTS AFSM.

It should be noted that, cooling is very vital factor, as HTS-Bulks keep this unique feature of flux shielding only
at very low temperature at below 77 K. There are two main methods for the cooling HTS-Bulk. Cooling before
placing the HTS-Bulk in the rotor slot by helium vapors [23, 24] or cooling the HTS-Bulk after placing HTS-Bulk
in the rotor slot by liquid nitrogen (LN2) [25, 26]. It is crucial to keep PMs away from the LN2, because if PMs
are cooled to below 135 K their magnetization will no longer be uniaxial [27]. Therefore, the cooling system with
a multi-layer damper tube or super insulation is considered for PMs avoid direct contact with the LN2 and HTS-
Bulk [25, 26]. Fig. 5 shows conceptual cooling system of proposed HTS AFSM. The cooler pipe is mounted along
the HTS bulks in the rotor and LN2 is realized and circulated by cooler pipe for reducing temperature at around
77 Kk to ensure that the HTS-bulks work properly. Considering the rotating movement of the rotor, the cooler pipes
should be connected to the cooling system by the soft tube to tolerate rotor vibration.

3. FE modelling, simulation results and discussions

Due to the two-dimensional FE method does not yield satisfactory accuracy in computations for axial flux
machines, especially in the case of high saturation levels, as usually happens for flux-switching machines, the
three-dimensional FE modeling is chosen by Maxwell Ansys software. However, the three-dimensional FE
method is time-consuming but necessary to achieve accurate analysis. The mesh for the proposed HTS AFSM is
shown in Fig. 6. All properties, full geometric explanations and macroscopic behavior can be considered and
applied to the superconducting material using non-linear resistivity which is related to the local current and defined
as power-law [28]:



formulation uses the magnetic vector potential A (B = V x A)
and the electric scalar potential V' . The electric field 1s
expressed as:
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In the superconducting regions, ¢ 1s a non-linear
conductivity describing the transition from superconducting to
normal state. These regions are described by a non-linear
resistivity derived by the power-law E — | relation:
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where J¢ is critical current density and E¢ is the critical electrical field of superconductor. Maxwell's equation and
(7) can be formulated in diversity of formulation namely A-V, T-Q, E and H formulations. These formulas are
basically the same, but the solutions for the relevant partial differential equation (PDE) are different by finite

element [29, 30]. Maxwell Ansys software solve these equation as A-V method [31].
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Fig. 5. Conceptual cooling system of proposed HTS AFSM.



Fig. 6. Mesh operation for the proposed HTS AFSM (three coils are removed to show the slots mesh).

3.1. Magnetic flux-density distribution

Both models were simulated at the same condition. The only difference between the AFSPMM and HTS AFSM
is the Bulk-HTS YBCO, which is located in the slot of the rotor. PMs and coils at full load state produce field
density distribution. The magnetic field distribution of both machines at full load is shown in Fig. 7 and compared
at the same speed and conditions. The peak of magnetic field in the two structures is fewer than 2 T, which,
according to Fig. 7, suggests that the iron is not saturated and is still in the standard range and saturation effect in
the HTS AFSM is lower than AFSPMM and, so the, magnetic reluctance is very high and does not allow the flux
to penetrate in the HTS-Bulk.
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Fig. 7. Magnetic field distribution for both models. (a) Existing AFSPMM, (b) Proposed HTS AFSM.
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Fig. 8 shows the flux-lines of the proposed HTS AFSM and the existing AFSPMM at no load and full load
conditions. As can be seen, not only HTS-Bulk reduced leakage flux, but also protected flux linkage at the no load
and full load states. The magnetic circuit for the leakage flux contour was modeled in Fig. 9. Leakage flux path
of two machines can be given by:

F 8
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where Rxand Fm are the variable magnetic reluctance and magneto motive force (MMF) respectively and Rem is
the magnetic reluctance of the PM. According to Eq.(8), if Ry is assumed as a magnetic reluctance of HTS, because
of the very low relative permeability of the HTS-Bulk, the magnetic reluctance of the HTS is extreme, which
makes a significant reduction in leakage flux. Also, when Ry is assumed as a magnetic reluctance of airgap because
the relative permeability of the air is higher than HTS the leakage flux in the proposed machine is lower than in
the existing machine.

AlWb/n

Fig. 8. Magnetic flux-lines distribution. (a) No-load state for existing AFSPMM, (b) No-load state for the
proposed HTS AFSM, (c) Full-load state for existing AFSPMM, (d) Full-load state for the proposed HTS
AFSM.
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Fig. 9. The model of magnetic circuit for leakage flux contour.

3.2. Induced EMF and rotor flux-density

Fig. 10 illustrates the induced EMF of all coils belonging to the same phase in a mechanical period of 36
degrees. It can be concluded that the induced EMF in the HTS AFSM is higher than in the AFSPMM and the
maximum value of the voltage is 81 V and 74 V, respectively. This increase is due to the decrease of leakage flux
in the air gap. It is important to note that the induced voltage is the derivation of the PMs flux and these are
proportional to each other, so that the magnetic flux increases as the induced voltage increases. Utilizing HTS-
Bulk in the HTS AFSM makes total harmonic distribution (THD) diminish because THD depends on the geometry
of the structure and adding HTS-Bulk changes air gap of the rotor's slot and the magnetic reluctance of machine.



The THD of EMF in the HTS AFSM and AFSPMM are 0.074 and 0.25, respectively. Fig. 11 compares the THD
of EMF in the HTS AFSM and the AFSPMM. PM flux for both models is compared in Fig. 12 and it is obviously
clear that the peak of PM flux in the HTS AFSM is higher than in the AFSPMM machine. The RMS values of
PM flux for the HTS AFSM and the AFSPMM are 0.069 Wb and 0.047 Wb, respectively.

3.3. Self and mutual inductances

The quantity of self-inductance is related to the rotor position and the kind of coil, which has a considerable effect
on the performance of the electrical machine. Since, the relative permeability of HTS-Bulk is lower than air [32],
the effective air gap increases and as a result, the self-inductance reduces. The self-inductance value for each
structure is shown in Fig. 13. The average self-inductances in the HTS AFSM and the AFSPMM are 4 mH and
4.9 mH respectively. The quantity of mutual-inductance for both structures is almost -2 mH which is shown in
Fig. 14.

3.4. Cogging torque

Cogging torque is one of the fundamental concerns of any electrical machine design, as it has a remarkable impact
on the performance of the electrical machine. Noise and vibration in electric PM machines have been created by
high cogging torque [33]. Cogging torque in PM machine is due to the interaction between the magnets and the
teeth. There are many ways to reduce cogging torque such as: correct selection of air gap, thickness of the magnets
and teeth [34]. Fig. 16 shows the cogging torque for both models. As can be seen, the cogging torque in the
proposed HTS AFSM is a little lower than AFSPMM, because by mounting HTS-Bulk the air gap of the slot of
the rotor is reduced. The peak-to-peak value of the cogging torque for the HTS AFSM and the AFSPMM is 6.16
N and 6.36 N, respectively.
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Fig. 10. Comparison of EMF for both models.
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Fig. 15. Comparison of cogging torque for both models.

Losses in the back cores of both machines can be computed as follows [35]:

P
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where Py is the total loss, n is the hysteresis coefficient, B is the magnetic flux density, K is the eddy current loss
factor and f is the frequency. When losses increase, the performance of the machine such as efficiency and cooling
worsen. Higher losses consequently will increase heat production, especially in the coils, and if the cooling system
cannot coup with this extra heat load effectively, it will cause a temperature change in superconducting material,
and result in running the risk of a possible quench. Eddy and hysteresis losses are undesirable, so by reducing
them, the machine performance improves. In PM electric machines, a major part of eddy losses is due to slot
effects and space harmonics. Also, the reaction of the armature and the time harmonics are the main reasons for
the heating and demagnetization of the magnets. The comparison of total loss for both models is in Fig. 16. It is
clear that total loss for both machines is approximately the same. To achieve a better comparison and a fair
analysis, all investigations of main parameters were made in the same condition and are shown in Tab. 2.
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Fig. 16. Comparison of loss for both models.
Table 2
Performance comparison of the AFSPMM and the HTS AFSM.
Items Unit Proposed AFPM Existing AFPM
PM flux Wb 0.069 0.047
Induced-EMF \% 81 74
Inductance mH 4 49
Cogging torque N 6.16 6.36
Loss w 14.17 14.15
THD - 0.074 0.25
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4. Conclusion

In this paper, a new structure for an axial flux-switching machine was proposed and compared with existing
machine. The main novelty of the proposed machine is the use of HTS-Bulk YBCO. The YBCO material is located
between the slots of the rotor as a bulk and circumferentially-magnetized rare-earth magnets are located inside
the stator teeth. A significant reduction in leakage flux was achieved in the proposed machine because of zero
field cooling and diamagnetic behavior of the HTS bulks. This unique feature forbids the flux to penetrate into
the HTS-Bulk and therefore the air-gap leakage flux reduces while linkage flux in the yoke increases. The results
of the FE modeling analyses demonstrate that the proposed HTS AFSM has a better performance compared to
existing AFPM. The induced voltage and PM flux increase, while the inductance and cogging torque values
reduce. Moreover, utilizing HTS-Bulk YBCO decreases the THD and magnetic saturation of the proposed
machine. RMS of PM flux for proposed HTS AFSM and existing AFPM is 0.069 Wb and 0.047 Wb, respectively.
The peak value of induced EMF for proposed HTS AFSM and existing AFPM is 81 V and 74V, respectively. The
average self-inductance for proposed HTS AFSM and existing AFPM is 4 mH and 4.9 mH, respectively. The
peak to peak value of cogging torque for proposed HTS AFSM and existing AFPM is 6.16 N and 6.36 N,
respectively.
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