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Abstract

The first permanent magnet electric machines appeared in the first half of the last century and their
evolution was continuous as magnets with high magnetic energies appeared and magnetic circuits
were created that allowed for efficient use of the magnets. The solution of the asynchronous motor
with two stators with a massive rotor described in previous work opened the way to a synchronous
variant of the machine with two stators, using rare earth permanent magnets, which are arranged on
both cylindrical surfaces of the rotor. In this way, the volume of the magnets and the flux of the
machine can be increased. The rotor construction made of solid steel, mechanically robust, does not
disturb from an electromagnetic point of view, because it rotates synchronously with the
fundamental of the stator field, so it will no longer induce eddy currents in the rotor iron in a
permanent regime. In the synchronous variant, part of the inductor flux is closed through the rotor,
which can be an advantage for the optimal use of the active surfaces of the machine.

Keywords: NdFeB permanent magnets; double stator; electromagnetic performance;
double active surfaces

1. Introduction

The greatest developments in the field of permanent magnet integration have been achieved in
the last 20 years, with the intensive use of rare earth magnets, especially after the discovery of the
NdFeB alloy [1-5], which has the highest magnetic energy.

In the field of synchronous machines, permanent magnets have been used to replace
electromagnetic excitation. The advantages that arise from this are the following: simplification of
construction by eliminating excitation windings, the absence of any sliding contacts, greater
operational reliability, reduced overall dimensions and higher efficiency due to the elimination of
excitation losses [6-10].

If in the construction of generators the use of magnets is limited, due to the impossibility of
regulating the excitation flux, synchronous motors with permanent magnets are widely used, in
numerous constructive variants. By properly calculating the magnetic circuit, it is possible to operate
at unit or even capacitive power factor, a fact unachievable in another type of motor [11]. The lack of
sliding contacts, therefore of sparks, recommends these motors in drives intended to work in
explosive environments. Powered by static frequency converters, synchronous motors with
permanent magnets are used in applications where good speed regulation within wide limits is
required [12-15]. A decisive advantage is the property of these motors to maintain their speed
unchanged during network voltage disturbances.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The discovery of the NdFeB alloy, due to its high magnetic energy, places permanent magnet
synchronous motors at the top of the hierarchy in terms of energy parameters and torque/mass ratio,
but the currently quite high price of these magnets makes their use limited in the medium and low
power range.

Below are some examples of permanent magnet synchronous motor (PMSM) constructions with
radial air gap.

The stator of these motors is structurally identical to that of induction motors, being made of
electrical steel sheets, with notches in which the stator winding is distributed. Figure 1 shows the
general construction of a radial air gap MSPM.
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Figure 1. Permanent magnet synchronous motor with radial electromagnetic field.

There is a wide variety of constructive solutions for the cylindrical rotor, some of which are
presented below.

The cylindrical rotor of these machines can be made in normal construction (Figure 2a) or with
salient poles and squirrel cage into a common construction (Figure 2b).
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Figure 2. Various rotor designs of permanent magnet motors. (a) Normal design; (b) With salient poles and

squirrel cage.
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Figure 3a shows a constructive solution that uses permanent magnets, placed radially and
circularly to increase the magnet surface area per pole and achieve the greatest possible concentration
of the induction field.

The constructive solution presented in Figure 3b, with the magnets arranged in a zig-zag pattern,
achieves the highest concentration ratio (the ratio between the active magnet surface area and the
surface area of a pole) for a four-pole construction, but has the disadvantage of a relatively high rotor
leakage coefficient.

1
& | Non-magnetic
e Permanent Material
"N XS, Magnet
) g ! = Ferromagnetic
. Material
Non-magnetic
Material
Permanent
Magnet
S N Ferromagnetic
' Material
(@) (b)

Figure 3. Permanent magnet rotor. (a) Circular arrangement; (b) Zig-zag arrangement.

Figure 4a and Figure 4b show two rotor designs derived from variable reluctance motor rotors
with flux barriers, where permanent magnets were introduced instead of the barriers.
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Figure 4. Rotor with permanent magnets. (a) Positioned on the chord; (b) In the form of circular segments; (c) In

polygonal form, with field weakening.

It is observed that the pole area is larger than the magnet area and the magnet height is smaller,
which suggests that the solution is only suitable for the use of rare earth magnets, which, having
relatively high remanent inductions and coercive field intensities, are suitable for relatively small
magnet areas and heights, as can be seen from the figure.

Another constructive solution that uses high-energy permanent magnets, based on samarium or
neodymium, is the one in Figure 4c, for a four-pole motor.

The constructive solutions shown in Figures 4a, 4b and 4c also have a cage placed radially over
the permanent magnets. This cage has a starting role, if the motor is used as a synchronous motor
with permanent magnets powered by the 50 Hz network, operating at constant speed [16-19].

In the case of motors intended to operate in variable speed drive systems, systems that also
control the internal angle, the presence of the cage for starting is no longer necessary. If permanent
magnets with a high coercive magnetic field intensity value are used in these motors, such as those
based on samarium or neodymium, then the presence of the cage is no longer necessary for its
shielding role and can be dispensed with.
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AC motors with double stators or rotors and permanent magnets are known in the literature,
but their construction is quite complicated and they are generally made for use in the field of electric
vehicles. [20-22].

In the paper [23] presented by Aymen Flah et al. it is shown that the use of AC motors for EVs
allows the creation of advanced circuit topologies to suit machines with two rotors or two stators. In
the paper, two control configurations of electric machines for EVs are presented and their advantages
and disadvantages are discussed, and the corresponding mathematical models were developed to
improve a Field-Oriented Control (FOC) strategy.

Jiacheng Wu et al. in [24] conduct a comparative study between the single-stator permanent
magnet synchronous motor (55-PMSM) and the double-stator permanent magnet synchronous motor
(DS-PMSM), which can make maximum use of the space in the motor cavity to have a higher torque
density, thus being more suitable for direct drive situations with low speed and high torque.

In [25] Kwang-Il Jeong et al. present a new double-gap surface-mounted permanent magnet
synchronous motor (DAG-SPMSM) and investigate its electromagnetic characteristics. The motor
consists of two stators (inner and outer) and a single rotor with permanent magnets on both sides
(inner and outer). The magnets are arranged in a zig-zag configuration to isolate the inner and outer
magnets of the stator and rotor.

Minchen Zhu et al. consider in [26] that the double stator permanent magnet machine (DSPM)
has been shown to have high space utilization and redundant structure, which can be beneficial for
improving fault tolerance and torque density performance. In the paper, three configurations of
double stator machines are proposed and compared, for which two sets of armature windings are
wound in both stators, inner and outer, producing a higher torque component compared to single
stator PM machines.

In the study presented in [27] Zhitong Ran et al. compare the electromagnetic performance of
radial flux, double rotor, permanent magnet machines (DRPM) with series (S) and parallel (P)
magnetic circuits for two rotors, i.e. SDRPM and PDRPM, considering different combinations of
slot/pole numbers, stator winding configurations and machine dimensions. The machines are
optimized using finite element analysis (FEA) based on genetic algorithms.

The object of the study presented in this paper is the validation of a new structure of an
alternating current machine in the synchronous version, characterized by a double stator and a single
rotor with radial air gap. The rotor has high specific energy permanent magnets of the NdFeB type
glued on both surfaces.

Initially, in a previous work published in Energies [28], we dealt with the asynchronous variant,
for which, between the two stators with series-connected windings, a rotor consisting of a cage made
of copper bars or cast aluminum rotates. The active surface of a classical asynchronous machine is
made up of the notches-gap-bars area, the armature yokes serving to close the flux. In the new
structure, the reunion of two active areas of different diameters in a single construction was
considered. This machine could be equivalent to two elementary machines coupled on the same shaft
if the dimensions of the active areas and their operation were not affected by the reunion.

The flanged construction of the rotor, along with its reduced radial thickness, ensures reduced
inertia. However, its mechanical construction must be very carefully studied to ensure perfect
concentricity. Finally, given that the flux in the machine is dictated by the total cross-sectional area
of the teeth in the inner stator, it can be stated that the asynchronous motor with two stators develops
double the torque compared to a standard motor in reverse construction, consisting of the inner stator
and the rotor cage.

The synchronous structure we propose in this paper is equivalent to two classical permanent
magnet synchronous machines, electrically connected in series and coupled on the same shaft. These
elementary machines operate at the same autopilot angle, but their power factors and internal angles
differ. Overall, however, the structure with the two stators behaves like a classical permanent magnet
synchronous machine.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Materials and Methods

Although the solution of the asynchronous motor with two stators and a massive rotor is
inefficient compared to a standard motor (the efficiency does not exceed 70% due to the high
resistivity of the massive rotor), it paved the way for a synchronous variant of the machine with two
stators and a single rotor, using rare-earth permanent magnets, which are arranged on both
cylindrical surfaces of the rotor.

In this way, the volume of the magnets and the flux of the machine can be increased.

The rotor construction, by massive steel, mechanically robust, does not pose any problems in
terms of electromagnetic aspects, because it rotates synchronously with the component of the
fundamental stator field, which no longer induces eddy currents in the rotor iron in a permanent
manner.

The stator windings are of the classic type, with a shortened pitch, in two layers. They represent
the inductor for the asynchronous version and the induced one for the synchronous version. The
number of turns is imposed by the voltage applied to the terminals and by the flux determined by
the total section of the inner teeth.

Regarding the connection method of the coils of the two stators, several variants were studied,
finally being preferred those in Figure 5.
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Figure 5. Connection diagram of the stator windings. (a) Asynchronous version; (b) Synchronous version.

For the asynchronous version, a series connection of the windings of the two stators and a star
connection (Y) of the three phases was adopted. The coils are distributed equally on the two stators,
but a distribution different from 50% is also possible (for example 40% in the inner armature and 60%
in the outer one) without influencing the machine's performance decisively.

In the synchronous version, the fluxes are more important, for the same stator construction, and
the e.m.f. exceeds 220 V per phase in the case of the connections in Figure 5a.

This is important for operation as a synchronous motor, when the supply voltages cannot exceed
this value.

Therefore, for this case, the connection in Figure 5b was chosen, with the parallel connection of
the series coil groups of the two stators on each phase. The possibility of parallel connection between
the two stators is excluded due to the circulating currents that could appear due to differences
between the induced e.m.f.

In Figure 6 the lines of the inductor magnetic field, at no-load operation, are represented for the
two variants, asynchronous and synchronous

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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(a) (b)

Figure 6. Magnetic flux during no-load operation in the double-stator machine. (a) Asynchronous variant; (b)

Synchronous variant.

As can be seen, in the synchronous version, part of the inductor flux is closed through the rotor,
which can be advantageous for the optimal use of the machine's active surfaces.

2.1. Technological and Constructive Problems of the Tubular Rotor with Permanent Magnets

2.1.1. Choosing the Type and Number of Magnets

The choice of the type and number of magnets to be fixed on the two bores must take into
account:

¢ Obtaining an e.m.f. as sinusoidal as possible.

¢ Avoiding saturation of the stator magnetic circuits, so that iron losses remain at acceptable
values.

Rare earth magnets capable of providing a value of 0.8 — 0.81 T for the fundamental induction in
the air gap were considered.

The radial thickness of these permanent magnets is around 3.5 mm, being made of plates
measuring 20 x 15 mm.

With this structure, 6 x 3 magnets per pole are obtained for the outer surface of the rotor and 5 x
3 magnets for the inner surface, representing a pole coverage factor of approximately 2/3 for each
rotor surface.

The permanent magnets are fixed to the rotor cylinder by gluing.

At each pole, the six outer magnets are coaxial with the five inner poles.

As can be seen from Figure 7, the outer diameters ® 224.4 mm and the inner diameter ® 180 mm
must be respected to avoid friction of the rotor against the two stators.

If necessary, the machining of the rotor cylinder can be corrected.

Additionally, the outer magnets can also be fixed with a layer of "polyglass" (glass fibre tape)
having a thickness of 0.1 mm.

The construction allows the synchronous machine to be characterized as having sunken poles
(smooth rotor). The fluxes that cross the two air gaps are different, part of the field lines closing
through the massive rotor.

As can be seen from Figure 6b, part of the flux links both stators, another part only the outer
stator.

The construction details of the rotor subassembly are shown in Figure 8a and in the following
Figure 8b.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 8. Construction details of the rotor subassembly. (a) Milled cylinder rotor; (b) Rotor subassembly
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The distribution of the flux depends on the opening (extension) of the permanent magnets on
the inside and outside, the width of the teeth of the two stators, the radial thickness of the rotor, and,
of course, the saturation of each portion of the magnetic circuit.

2.1.2. Cogging Torque

Due to the high flux and the reduced air gap, permanent magnet synchronous machines exhibit
significant tooth torques, their amplitude reaching in some cases up to 30% of the nominal torque.

The periodicity of these torques, which are exerted between the rotor poles and the teeth, is of
one tooth pitch, and their shape is asymmetrical in relation to the tooth axis.

Several methods are indicated in the specialized literature for reducing these torques [29-32],
the best known being the inclination of the stator notches with a tooth pitch.

In a two-dimensional calculation (using a calculation program based on the finite element
method), the inclination of the notches cannot be taken into account directly, and things become
complicated.

The rotor should be rotated discretely, the tooth torques determined at each point, and an
average over a tooth pitch calculated using the virtual things method.

During the simulations (with Flux 2D and Flux 3D software, developed by CEDRAT, which are
FEM commercial software simulating electromagnetics and thermal physical phenomena), it was
found that the determinations are sensitive to the discretization network used during rotor rotation,
as well as the connection of nodes at the air gap level.

Thus, for certain networks, the tooth torque was no longer asymmetric.

To solve this problem, for each pair of points placed symmetrically with respect to the tooth axis,
the networks were rebuilt until equal and opposite tooth torque values were obtained (differences
below 3%).

In the case of the structure studied in this paper, the results are presented in Figure 9, separately
for the inner and outer poles in Figure 9a and the resulting tooth torque in Figure 9b.
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Figure 9. Cogging torque. (a) For inner and outer poles; (b) Resultant torque.

In a synchronous machine with permanent magnets arranged on the rotor surface, the cogging
torque at no-load operation results solely from forces exerted at the pole edges. One tooth is
positioned in the middle of the pole and, due to the symmetry of the magnetic field lines at no-load,
exerts no tangential force on the rotor. Therefore, the tooth torque depends on the distance between
the pole edges, that is, the magnet extension, as well as on the ratio between the width of the tooth
and the notch, and on the shape of the induction in the air gap.

A significant reduction in the cogging torque is achieved by setting the opening of the permanent
magnet slightly more than an integer multiple of tooth pitches. One solution is to use a rotor consisting of

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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N sectors (in the longitudinal direction) offset from each other by td/N, where td is the tooth pitch. This
way, all the harmonics of the tooth torque are cancelled, except for the harmonics that are multiples of N.

Another solution proposes a progressive air gap to make the induction in the air gap as
sinusoidal as possible. The sudden, stepwise variation of the induction is completely unfavorable.
About the above, the inclination of the notches with a stator tooth pitch, in the opposite direction for
the two stators, was provided, a solution easier to achieve for a series production. This solution allows
at the same time to improve the e.m.f. curve by reducing the tooth harmonics.

The considerations presented allow the establishment of a transversal geometry presented in
Figure 10, for the two variants: asynchronous (a) and synchronous (b).

(b)

Figure 10. Proposed transverse geometry. (a) Asynchronous variant; (b) Synchronous variant.

The idea of the new structure consists in combining two machines with different air gap
diameters, each consisting of classical active zones (notches — air gap — bars, for the asynchronous
version and notches — air gap — permanent magnets, for the synchronous one) into a single machine,
keeping the two active zones and a single pair of yokes for closing the flux.

To the extent that neither the dimensions of the active zones nor the operation of each classical
machine are affected by this combination, it can be said, theoretically, that the proposed machine is
equivalent to the two simple machines coupled on the same shaft. In practice, however, certain
complications arise.

2.2. Numerical Characterization of the Permanent Magnet Synchronous Version of the Double Stator Machine

2.2.1. Generalities

In the synchronous version, the inductor is represented by the rotor with permanent magnets
fixed on both sides of a solid steel cylinder, and the induced current is produced by the two stators
with connected windings. By grouping the series coils of the two stators in parallel, the e.m.f. of the
machine is halved and the current is doubled, which suits the usual voltages of inverters.

It was considered an interchangeability of the two rotors, for asynchronous and synchronous
versions, to facilitate experimentation and to make possible a series of comparisons of the results
obtained.

The transition from an asynchronous to a synchronous version can be done by replacing the
squirrel cage rotor with a permanent magnet rotor and modifying the stator winding connections.

The machine's characterization was carried out by constructing its vector diagram and
calculating its parameters. This calculation can be done by simulations using the finite element
method or by analytical methods.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.2.2. Vector Diagram and Operation Under Load

The permanent magnets are fixed on the cylindrical surfaces of the rotor, and their relative
permeability being close to unity (ur = 1.05), the machine can be considered with sunken poles (with
a smooth rotor). In the hypothesis of a linear magnetic circuit, the equation of voltages per phase is
written:

U=Ri+R) 1+jXoi + Xpe) I +Epi + Ere =
. M
= (Ri+Re) "I+ j(Xg; + Xse) " L+ Epi + Epe

where R denotes the stator winding resistances, Xo the leakage reactance, Er the resultant e.m.f. per
phase, Xs the synchronous reactance and Eo the no-load e.m.f,, the indices "i" and "e" signifying
internal and external stators, respectively.

The phase phasor diagram, neglecting the ohmic voltage drops (R << Xs), is represented in Figure
11. The no-load operating electromotive voltages of the two stators, Eoi and, respectively, Eo., are
clearly in phase. Both equation (1) and the phasor diagram viewed from the terminals allow us to see
that the machine is equivalent to a classical permanent magnet machine.

It can be considered that the double stator machine is the result of the series connection to the
network of two classical machines, which are coupled on the same shaft. If the magnetic circuit of the
rotor is not saturated, the two classical machines can be physically separated by a cylindrical cut at
the median level of the rotor and studied each one separately.

Through this separation, we will allow the superposition of 4 fluxes existing simultaneously in
the machine, 2 inductors produced by the external and internal magnets, respectively, and 2 intrinsic
fluxes of each stator winding.

The two elementary machines in which we have sectioned the machine with double stator and
magnets fixed on both rotor surfaces operate with the same autopilot angle ‘P, but their power factors
and internal angles will be different, because the ratio between the electro motive forces at no-load
operation and the synchronous reactances of the two machines is not the same.

Figure 11. Phasor diagram for load operating.

2.2.3. Synchronous Reactance of the Machine

The three-phase stator windings, fed with a balanced system of currents, produce a rotating field
that induces e.m.f. in their own phases. The voltages are proportional to the currents I that flow
through each phase and can be interpreted as an inductive voltage drop Xar at the terminals of a
reactance, which is the useful cyclic reactance on phase Xa. The synchronous reactance is the sum of
Xa and the leakage reactance on phase Xc (due mainly to the coil ends).

Figure 12 shows the distribution of the induced reaction flux, in the d-axis, in the absence of the
inductor flux.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 12. Distribution of the induced reaction flux in the d-axis, in the absence of the inductive flux.

Because of the very high reluctance of the magnets, the induced reactance is lower than in the
electromagnetically excited synchronous machine, in which the air gap reluctance constitutes the
predominant term in the total reactance of the circuit.

Therefore, the synchronous reactance of permanent magnet machines is lower and the
assumption of neglecting resistances in addition to the synchronous reactances must be made with
some caution. In fact, the phase resistance of the stator winding can reach 10% of the synchronous
reactance.

2.3. Analytical Model

Analytical models do not require the calculation of the field distribution in the studied structures
and allow a flexible, rapid, and sufficiently precise analysis of the influence of various geometric or
material parameters on the machine characteristics. Obviously, they suffer from a lack of information
about what is happening at local levels.

An analytical model adapted to the proposed construction, with magnets fixed on the rotor
surface, reduces the calculation to the active area of the machine, consisting of magnets, air gap and
the tooth-notch regions. The yokes are considered to have infinite permeability, but the finite
permeability of the stator teeth is taken into account. The permanent magnets are represented by a
surface charge density, placed in front of the magnet, according to the Coulombian model. The
principle of the model consists in the analytical calculation of the field created by the stator.

The electromagnetic torque results from the interaction between this field and the representative
magnetic charges of the permanent magnets. The calculation of the stator field is performed in a
simplified geometry, obtained by homogenizing the magnet-air gap region on the one hand and the
tooth-notch region on the other hand.

The discrete distribution of the current density in the notches is taken into account. The
permeability homogenization of the magnet-gap zone and the tooth-notch zone is performed for an
elementary cell equal to one tooth pitch, comprising a stator notch framed by two tooth halves and
placed under the rotor magnet.

After homogenization, the rotor becomes smooth.

The calculations are performed under the following simplifying assumptions (in addition to the
above):

e Firstly, it is a two-dimensional analysis in which we consider the area of interest to be straight;
therefore, the curvature of the bore, as well as end effects, are neglected.

* Secondly, we consider permanent magnets rigid and magnetized in a single direction; their
magnetization does not vary in space and remains equal to the remanent one, whatever the
demagnetizing fields, if it remains below its critical value Her. Each magnet is replaced by superficial
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magnetic masses, whose density ¢ at each point on the magnet surface is defined by being the
external normal to the magnet surface.

e Thirdly, the field in the air gap has the same amplitude in no-load and load conditions; the
stator tooth material then has a fixed permeability, determined by the chosen operating point.

2.4. Thermal Considerations

The existence of the two air gaps as heat barriers by interposing the inner stator instead of the
rotor yoke of standard asynchronous motors creates the possibility of producing significant local
heating. That is why it seemed necessary to develop an appropriate thermal model for the new
proposed structure.

An analogy with an electrical diagram with concentrated parameters was used: the current
sources correspond to the power dissipated in various parts in contact; then the electrical voltages
correspond to the temperature differences, respectively the heating.

The calculations confirmed the fear that, under conditions of similar current densities, the
heating of the inner stator winding exceeds that of the outer winding by about 20°C, which imposed
some measures related to the ventilation of the machine.

2.5. Simulation Results for the Two-Stator and One-Tubular-Rotor Permanent Magnet Synchronous Motor

The simulation results of the three-phase permanent magnet synchronous motor with two
stators and a single rotor are presented below. The cross-sectional geometry and the discretization
mesh, with approximately 46,000 nodes, are also presented.

(a) (b)

Figure 13. Three-phase synchronous motor with two stators and a single rotor, with permanent magnets. (a)

Transverse geometry; (b) Discretization network.
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224464000 : >2.362e+000
2.126e+000 : 2.244e+000
2.007e+000 : 2.126e+000
1.889+000 : 2.007¢+000
1.771e+000 : 1.839e+000
1.653e+000 : 1.771e+000
1.635e+000 : 1.653e+000
1.417+4000 : 1.535¢+000
1.299e+000 : 1.4172+000
11814000 : 1.299¢+000
1.063e+000 : 1.1812+000
9.448¢-001 : 1.063e+000
8.267¢-001 : 9.448e-001
7.087¢-001 : 8.267e-001
5.906¢-001 : 7.087-001
4.725¢-001 ; 5.906e-001
3.545¢-001 : 4.725e-001
2.3640-001 ; 3.545¢-001
1.183e-001 ; 2.364e-001
<2584¢-004 - 1.183¢-001
Density Plot: [BI. Tesla

(a)

(b)

Figure 14. Three-phase synchronous motor with two stators and a single rotor, with permanent magnets. (a)

Magnetic flux paths at no-load operation; (b) Magnetic induction values at no-load operation.

14

il

(a)

(b

)

Figure 15. Three-phase synchronous motor with two stators and a single rotor, with permanent magnets. (a)

Magnetic induction in the outer air gap; (b) Magnetic induction in the inner air gap.

Thus, previously, we present some of the simulation results for the two-stator tubular-rotor
permanent magnet synchronous motor using QuickField™ 6.0 software, which is an efficient finite
element analysis package for electromagnetic, thermal, and stress design simulation with a multi-

analysis coupled field.
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3. Execution and Certification of the Experimental Prototype
3.1. Certification of the Prototype of a Permanent Magnet Synchronous Motor with a Tubular Rotor

After preliminary calculations, and computer simulations, an execution project for the prototype
of an asynchronous motor with double stator and tubular rotor in cage were carried out and then the
prototype of the motor with double stator and tubular rotor in asynchronous version, with double
cage with round bars, was built in collaboration with the prototype workshop at S.C. UMEB S.A,,
following what was shown in this paper, it emerged that a synchronous version with permanent
magnets would be even more efficient than the asynchronous one under the conditions in which, in
any case, the stator subassembly remains unchanged.

Consequently, an interchangeable rotor was executed composed of a massive steel tube on
which were glued, on both the outer and inner bore, plates of high magnetic energy permanent
magnets, produced at S.C. ICPE S.A. (laboratory of Dr. W. Kappel).

3.2. Carrying Out Tests in the Laboratory of Prototypes from S.C. UMEB S.A. and Test Reports with
Experimental Results

As for the asynchronous version, the laboratory tests and trials for the synchronous version were
also carried out in the prototype laboratory of S.C. UMEB S.A. The test program and the results
obtained are presented below:

SAMPLES PROGRAM

1. Coupling the synchronous machine with a DC motor.

2. Testing the synchronous machine as a generator with no-load operation.

3. Gradually rotating at a speed of 1000 rpm, the voltages at the terminals of the synchronous
machine operating in no-load mode will be measured for different types of connections and between
various points.

Use
U X Bac Connecting terminals A and U and
Y B U measuring voltages:
AX
tlJBY
w Z cz
STATOR STATOR Uiy Uav Usw Uev
INTERIOR EXTERIOR UVW
(conex Y) (conex Y) UWB UBW UBV UCW
(a) (b)

Connecting terminals A Connecting terminals A Connecting terminals B
and V and measuring and W and measuring and V and measuring

voltages: voltages: voltages:
Uav  Uav
U U U
o o o Ucv  Uew Uaw
U, U, U, Ucv  Ucwv Ucu
() (d) (e)
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Connecting terminals B and W and Connecting terminals C and U and

measuring voltages: measuring voltages:
Uau Uav Uav Uaw
Ucu Ucv Usv Usw
§9) (g

Figure 16. Measurement of voltages at the terminals of the synchronous machine operating in no-load mode for
different types of connections. (a) Schematic diagram; (b) Connection of terminals A and U; (c¢) Connection of
terminals A and V; (d) Connection of terminals A and W; (e) Connection of terminals B and V; (f) Connection of

terminals B and W; (g) Connection of terminals C and U.

4. Testing the synchronous machine as a generator in no-load operation.

u X A U
V Y B
UEC
W Z C
Uex
5. Spinning at 1000 RPM and with the 6. Spinning at 1000 RPM and with the
connection: connection:
u X A U U X A U
Y B Y B
Wz c = Z Uee
CA UCA

DOUBLE STATOR PERMANENT MAGNET SYNCHRONOUS MOTOR MEASUREMENT

Interior Stator Exterior Stator
u % A Uas 88,5 x 8 708 V
—_—TYYY Y r——f\/ YYY
@ Ugc 88,5x 8 708 V
\ AJ.‘NYV\_i v ‘ B Uca 88,5 x 8 708 V
| [:::_  Uw 82x5 410V
w .,_/\"f\'\’\_J z C UBY 82 x 5 410 V
Ucz 82x5 410V
Right-hand axis Y - Y Connection Uyy 125x 2 250V
N = 100 r/min Uyw 125 x 2 250 V
(33.33 Hz) Uuw 125x 2 250V
(@)
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U, —>102x8=816V
U, — 102x8=816V
U,, — 71 x8=568 V

Uqy = 119 x8=952 V

U,, — 112x8=896V
Uy, — 1185 x8=948V
U, — 84,8 x8=6784V

Ugy — 112x8=89 V

(b)

(c)

U,y — 932,5 x 5=466 V

U, — 136 x5=680 V
U, — 93,5 x5=465V

U, — 1355 x5=677,5V

U,, > 1135x5=565V
U, —932x5=466V
U, — 93,5 x5=465V

U,y — 1355 x5=676,5V

(d)

(e)

U
U AU
B X

SV L/ BV,

WA
T WL—NY\"Y\—] ‘_W?YYW\—O W,
> C

U,,—>112x8=896V
U,,—> 1185x8=948 V
U, — 1135 x5=567,5V

U, —102x8=816V

U,, > 135x5=675V
U, — 93,5x5=4675V

U,, — 93,5x5=4675V

(f)

(g)
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rernR Y oA U | R Y XU oA U,
L~ S S v B Y, | L e S YN Ve oB V,
W 2
el S e oC W, —IYWV'\T—XV——g W oC W,

U,, > 111,5x8=892V
U,, > 113x5=565V
U,.—>101,5x8=812V
U,. > 113x5=565V
U, — 93 x5=465V
U, > 113x5=565V

(h) @)
R s U, YYYY oA U,
U,, > 935x5=467,5V
"Y'YW\S /.4 Vs oB V,
wW/\z w U, > 112x8=8%V

Yy oC W,
U, —101,5x8=812V

§)

Figure 17. Schemes for measuring voltages at no-load in generator mode. (a) + (j) Different types of connections

and their corresponding voltages.

Below, the complete results of the measurements contained in the test reports prepared by the
Laboratory of the Research Center of SC UMEB SA are presented.
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THREE-PHASE PERMANENT MAGNETS SYNCHRONOUS MACHINE
THREE-PHASE PERMANENT MAGNETS SYNCHRONOUS MACHINE WITH DOUBLE STATOR
WITH DOUBLE STATOR TEST BULLETIN NO. 2
TEST BULLETIN NO. 1 NO-LOAD TEST AS A GENERATOR
Winding connection
MEASUREMENT OF OHMIC RESISTANCE R u1 uw
The determination was carried out at an ambient temperature of 19 °C. The S vi v2
meaning of the marking of the terminals between which the measurements were
made is specified in the diagram below. L) wi L
Speed n=1000RPM
Frequency  f=50Hz
Voltage values at the various 1
Outer stator Inner stator Vol:age Petween Unit of Value
erminals measurement
" - - U1-U2 03] 410
_E_ V1-V2 V] 410
vi v2 s l l W1-W2 vl 410
V1-W1 V1 708
w L '_:}_ W1-U1 wl 708
W1-W2 v 708
R-S V1 250
S-T v 250
T-R V] 250
MEASUREMENT RESULTS Ul-R 1
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, U1-S V]
| The terminals between which Resistance UL-T ™
the measurements were made value [Q] ! VIR ™1
R ' * S B s 5 Yi5 ]
Vi-V2 ‘ 14211 i V1T \J
,,,,,,,,,,,,,, WiW2 e WLR v
H W1-S vl
R-S i 1.0542 i WI-T vl
ST i 1.0591 i U2v2 ™ 0
T'R VVVVVVVVVVVV VVVVVVVVVV 1.0502 VVVVVVVVV V2-W2 [V] 0
i W2-U2 vl 0
THREE-PHASE PERMANENT MAGNETS SYNCHRONOUS MACHINE THREE-PHASE PERMANENT MAGNETS SYNCHRONOUS MACHINE
WITH DOUBLE STATOR WITH DOUBLE STATOR
TEST BULLETIN NO. 3 TEST BULLETIN NO. 4
*NO-LOAD TEST AS A GENERATOR NO-LOAD TEST AS A GENERATOR
Winding connection Winding connection
R U1 I l u2 ﬁ R Ut u2
. — L I
—_ = = = = v
T w1 w2
| wi_ [ w
Speed n=1000RPM | S—| | S
Frequency  f=50Hz Speed n =1000RPM
i Voltage values at the various 1 Frequency _{=50Hz -
" Voltage values at the various 1
Voltage between Unit of —
P measurement Value Voltage Petween Unit of Value
terminals measurement
e e R P Wt
V1-V2 V] 410
WI1-W2 Ay 410 WLw2 ™ m
- o
W1UL v 708 YLWL & i
W1-Ul vl 708
R-S vl 250 RS ™ 250
S-T 8] 250 ST ™ 250
T-R V] 250 TR ™1 250
ULR il 0 ULR 9] 250
U1-S vl 250 1S ™ 0
Ul-T vl 250 ULt ™1 250
V1-R [3J] 708 VIR ™ 396
Vi1-S AY] 568 V1S ™1 708
V1-T Ay 816 Vi-T ™ 948
WI-R v 708 WI-R vl 679
W1-S Ay 816 Wi-S ™1 708
W1-T vl 452 WLT ™ 396
U2-v2 A4} 0 U2-V2 [\l 0
V2-W2 vl 0 V2-W2 vl 0
W2-U2 A4 0 W2-U2 vl 0
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THREE-PHASE PERMANENT MAGNETS SYNCHRONOUS MACHINE
WITH DOUBLE STATOR

TEST BULLETIN NO. 5

NO-LOAD TEST AS A GENERATOR

Winding connection

 L_=®r U1 L

| S| | S— |

 1_s vi  1Lv

| — | | S— |

| | T w1 W2

{1 =
Speed n=1000RPM

Voltage values at the various terminals

v v ni
01:25;:’:33 o me:s!:rte:em Value
U1-U2 vl 410
V1-V2 vl 410
W1-W2 vl 410
U1-V1 vl 708
V1-W1 V] 708
W1-Ul vl 708
R-S vl 250
S-T V] 250
T-R vl 250
UL-R vl 250
U1-S vl 250
UL-T vl 0
ViR vl 680
V1-S V] 466
V1-T vl 708
W1R vl 465
W1-S V] 568
WI1-T vl 708
U2-V2 vl 0
V2-W2 vl 0
W2-U2 V] 0

THREE-PHASE PERMANENT MAGNETS SYNCHRONOUS MACHINE
WITH DOUBLE STATOR
TEST BULLETIN NO. 6
NO-LOAD TEST AS A GENERATOR
Winding connection
{ — —
| |
| I — vi M
| S| | S—|
I L wi I Lw
| | | S—|
Speed n=1000RPM
Frequency f=50Hz
Voltage values at the various terminals
Voltage between Unit of
telg'minals measurement Value
U1-U2 V] 410
V1-V2 V] 410
W1-W2 V] 410
U1-V1 V] 708
V1-W1 V1 708
Wi1-Ul vl 708
R-S V] 250
S-T vl 250
T-R V] 250
Ul-R vl 565
U1-S V] 708
Ul-T vl 466
V1-R V] 250
V1-S V] 0
V1-T V] 250
WI1-R V] 468
W1-S V] 708
W1-T V] 678
U2-V2 V1 0
V2-W2 V] 0
W2-U2 V] 0

THREE-PHASE PERMANENT MAGNETS SYNCHRONOUS MACHINE
WITH DOUBLE STATOR

TEST BULLETIN NO. 7

NO-LOAD TEST AS A GENERATOR

Winding connection

[ |—=r u1 | I —_—

| S— | | S|

| I — vi | I

| S | S— |

| I wi_ [ w2

| — | | S—
Speed n=1000RPM

Frequency  f=50Hz i i
Voltage values at the various terminals

Voltage between Unit of
tefminals measurement Value
U1-U2 A% 410
V1-V2 V] 410
W1-W2 vl 410
Ul1-V1 V] 708
V1-W1 V] 708
W1-Ul V] 708
R-S V] 250
S-T vl 250
T-R [Vl 250
Ul-R V] 816
U1-S V] 948
Ul-T A% 708
V1-R V] 250
V1-S vl 250
V1-T V] 0
WI1-R [v] 568
W1-S V] 816
WI-T V] 678
U2-V2 vl 0
V2-W2 V] 0
W2-U2 V] 0

THREE-PHASE PERMANENT MAGNETS SYNCHRONOUS MACHINE
WITH DOUBLE STATOR
TEST BULLETIN NO. 8
NO-LOAD TEST AS A GENERATOR
Winding connection
I e N B
| S|
O
| S— |
| R - wi [ w2
| | | S |
Speed n=1000RPM
Frequency  f=50Hz
Voltage values at the various terminals
\’oltnge Pet:veen Unit of Value
Ul-U2 V] 410
V1-V2 V] 410
W1-W2 vl 410
U1-V1 V1 708
V1-w1 V] 708
Wi1-Ul V] 708
R-S V] 250
S-T vl 250
T-R V1 250
Ul-R V] 708
U1-S V] 675
Ul-T vl 468
V1-R [Vl 708
V1-S V1 468
V1-T V] 565
W1-R V] 0
Wi1-S vl 250
W1-T [Vl 250
U2-V2 V1 0
V2-W2 V] 0
W2-U2 V] 0
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THREE-PHASE PERMANENT MAGNETS SYNCHRONOUS MACHINE
WITH DOUBLE STATOR

THREE-PHASE PERMANENT MAGNETS SYNCHRONOUS MACHINE
WITH DOUBLE STATOR

TEST BULLETIN NO. 9

TEST BULLETIN NO. 10

NO-LOAD TEST AS A GENERATOR

Winding connection
1 R u2 |: l U1
| S—|
 1_s v2 L
| S— L
| O - w2  L_w
| S— |
Speed n=1000 RPM
Frequency f=50Hz
i Voltage values at the various t 1
Voltage between Unit of
(efminals measurement Value
U1-U2 V1 410
V1-V2 V] 410
W1-W2 V1 410
U1-V1 V] 892
Vi-w1 V1 812
Wi1-Ul V] 465
R-S ] 250
S-T V] 250
T-R V] 250
Ul-R V1 410
U1-S V] 410
Ul-T V1 410
VIR [Vl
V1-S V1 410
V1-T vl
W1-R vl
W1-S vl
W1-T V] 410
U2-V2 V] 250
V2-W2 V] 250
W2-U2 V1 250

TEST OPERATION AS A GENERATOR ON LOAD

Parameters Unit of Value
measurement
U ab vl 960 944 932 640
U be, V] 960 944 932 648
Uca vl 960 944 932 640
U med vl 960 944 932 642.6667
Ia [A] 0 115 2.1 3.16
1b [A] 0 1.15 2.1 3.22
Ic [A] 0 115 21 3.18
I med [A] 0 115 2.1 3.186667
f [Hz] 50 50 50 50
oS @ - 1 1 1 1
P W] 0 1880 3390 3542

1200

§

g8 &8 & 8

Average line voltage [V]

=)

o

1 2 3 4
Average current delivered [A]

THREE-PHASE PERMANENT MAGNETS SYNCHRONOUS MACHINE
WITH DOUBLE STATOR

THREE-PHASE PERMANENT MAGNETS SYNCHRONOUS MACHINE WITH
DOUBLE STATOR

TEST BULLETIN NO. 11

TEST BULLETIN NO. 12

HEATING TEST IN GENERATOR MODE

HEATING TEST IN GENERATOR MODE

Heating test results
Winding connection Service load $2-30 min
T w2 U1 a Voltage 932 m
Resistive Current 21 [A]
s w2 Vi b Power 3391 | W]
Frequency 50 [Hz]
load
I l R Ml 1 W1 (3
1 J 1 J D: ining the heating values of the outer windi
Quantiti Ucc 1.674 1.67 1.667 1.666 1665 | V1
Service load S2-30 min iof ) Icc 11 11 11 11 11 [A]
determining | Resistance | 1.521818 | 1.518182 | 1.515455 | 1.514545 | 1.513636 | [Q]
heating
Winding heating 15.54325 | 14.8944 | 14.40776 | 14.24555 | 14.08334 | [°C]
Time since shutdown 50 76 115 130 145 [s]
Winding interruption characteristic after load interruption
MEASURED PARAMETERS .
185 — "
Parameters Unit of Value g 15 e = -
measurement 145 - :
Uab v 937 937 936 935 £ 933 932 g 14 21 B 6 5 R S S I o .
Ubs vl 957 937 936 935 e 933 932 0 50 100 150 200
Uaa v 957 937 936 935 £ 933 932 Time [s]
Umed V1 97 957 hnd b 34 hnd a2 Determination of internal winding heating values
13 a1 212 212 an 2107 2105 2102 2102 Q iti Ucc 1.25 1.239 1237 1.235 1.234 w1
b (Al 2.06 206 2.06 206 2058 2082 205 for Tcc 1.103 1.103 1.103 1.103 1103 | [A]
Te ™ 216 236 216 2357 2355 | 2152 215 determining | Resistance | 1.133273 | 1.1233 | 1.121487 | 1.119674 | 1.118767 | [Q]
Imed (Al 2113333 | 2113333 m 2108|2307 | 2302 | 2300867 | heating
- - - - - Winding heating 17.0519 | 14.64904 | 14.21216 | 13.77528 | 13.55684 | [°C]
! b 2 2 2 ® i I Time since shutdown 65 105 120 138 155 | [s)
o9 - 1 1 1 1 1 1 1
3 w] 3620795 | 3420795 | 3a20731 | 3aasses | seourss | 33sesas | zasoes ;‘:;mdmg P h afterload P
Time =] ° s 10 15 20 P 0 — ¥ = - 2
g 10 e — —-
£ s -
£ 0
3 0 50 100 150 200
S
Time [s]
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THREE-PHASE PERMANENT MAGNETS SYNCHRONOUS MACHINE WITH
THREE-PHASE PERMANENT MAGNETS SYNCHRONOUS MACHINE DOUBLE STATOR
WITH DOUBLE STATOR TEST BULLETIN NO. 14
TEST BULLETIN NO. 13 HEATING TEST IN GENERATOR MODE
Heating test results
Service load $2-105 min_ |
Voltage 628 m
HEATING TEST IN GENERATOR MODE
Current 3.16 [A]
Power 3437 | W1
Frequency 50 [Hz]
Winding connection D ining the heating values of the outer windi
T w Ut a Quantiti Ucc 1.798 1.794 1792 179 1787 | V]
for Tcc 11 11 11 11 11 [Al
Resistive determining | Resistance | 1.634545 | 1.630909 | 1.629091 | 1.627273 | 1.624545 | [Q]
S V2 Vi ] heatin:
load Winding heating 35.65756 | 35.00872 | 34.68429 | 34.35987 | 33.87323 | [°C]
R_wW2 w1 < Time since shutdown 36 55 70 80 105 [s]
. Winding i ption ch istic after load i p
; ; £ ooe I T
Service load S2-105 min % 355 HEEEEE " et T
] T LT
S IHEEBEEN
MEASURED PARAMETERS 40 80 100 120
Time [s]
Paramaters Unit of Value D, ination of internal winding heating values
measurement — -
b ™ 0 = ey P~ P = ot Q Ucc 1.356 1.355 1354 1353 1352 | V]
for Icc 11 11 11 11 11 [Al
Ubs ™ c3s0769 | e37.0su1 | 6360513 | 6350385 |e3aozse | ezaozs| ez . s n
- - Resist, 1.232727 | 1.231818 | 1.230909 | 1.23 | 1.229091 | [Q]
Ua ™ e3a03ss | e33o3n | 6320256 | 6310192 | 630.0025 | 6290084 | 628 heatin
Umad ™ S3.0385 | 6330321 | €32025 | 6310192 | 630028 | 629008 | 628 Winding heating 41.01454 | 40.7955 | 40.57646 | 40.35743 | 40.13839 | [°C]
13 [a] 3210577 | 32084s1 | 3200385 | 3a9s2ss | 3asensz | 3assoss | 3as Time since shutdown 47 62 75 95 115 [s]
1b 23] 3370192 316316 3360125 | 325509 | 3350088 | 3345032 | 3
Te ™ Tisores | saseam | samozse | samsier | saronss | saesoss | e Winding interruption characteristic after load interruption
Imed 1Al 3as038s | 3assan | 3asezse | sarmisz | 3avonzs | sassess | 3as g 412 3 TTTIII
f [Hz) s0 s0 s0 50 s0 s0 s0 :. 40‘ ; . 11 N i
g 408 1 2
1) - 1 1 1 1 1 1 1 £ 04 . EEE 3 g
- < - - LD NERNN ~ |
13 wm 3503638 | 92525 | :s1as 347035 | 3459289 | 3aas285 | T2 g 40“2, 1 Tt ﬂ»
Time [sl 15 30 45 0 7S %0 105 0 20 0 60 80 100 120 140
Time [s]
THREE-PHASE PERMANENT MAGNETS SYNCHRONOUS MACHINE WITH
THREE-PHASE PERMANENT MAGNETS SYNCHRONOUS MACHINE DOUBLE STATOR
WITH DOUBLE STATOR TEST BULLETIN NO. 16
TEST BULLETIN NO. 15 HEATING TEST IN GENERATOR MODE
Heating test results
Service load S1-
HEATING TEST IN GENERATOR MODE 510
Voltage m
Current 31 [A]
Power 3325 | W]
Winding connection | Erequency 50 [Hz]
T v U1 a D ining the heating values of the outer windin;
- Quantiti Ucc 1.868 1.864 1.86 1.857 1855 | V]
N . Resistive for Tcc 11 11 11 11 11| 1Al
| } | S—| load determining | Resistance | 1.698182 | 1.694545 | 1.690909 | 1.688182 | 1.686364 | [Q]
0a heatin;
eal g
II Il = ‘”’Il ll = - Winding heating | 47.01242 | 46.36357 | 45.71472 | 45.22808 | 44.90366 | [:C]
Time since shutdown 30 50 70 90 110 [s]
Service load S1- continuously Winding interruption characteristic after load interruption
g s AN ERNEN
MEASURED PARAMETERS % e = T
E = _# 1
Parameters Unit of Value H] ‘5‘: 1] 1
messurement & ws IREREE
Uab m 22 2 620 a1 s ar 6 0 20 40 60 80 100 120
Ubs m 6300779 | 629.06e9 | 6280519 | e27.039 | 626026 | e25.003 624 Time [s]
Ua m 624.0195 623.0162 622.013 6210097 | 620.0065 | 619.0032 as Det. PRy of internal \vinding heating values
Umed m 625.3658 6243603 623355 6223396 | 6213342 | 6203387 | 6193333 O ™ Ucc 1.428 1.4265 1.424 1.422 1.421 [v]
I w 3079708 | 207476 | 3069505 | 30K | 305%3 | 01| 308 for Icc 11 11 1099 | 1.098 | 1.098 | [A]
L w 3220007 | 331508 | 31006 | 3305000 | 22002 | 36006 | 309 determining | Resistance | 1.298182 | 1.296818 | 1.295723 | 1.295082 | 1.295082 | [Q]
Ie Y] 3190779 | 3assess | sasosie | 3a7sas | zavozs | zaesis | sas heating
ey 7Y e T T T o Winding heating 56.78522 | 56.45666 | 56.19288 | 56.03834 | 55.8180 | [:C]
n =] 30 50 0 ry ry ry ry Time since shutdown 40 60 80 100 120 [s]
] - 1 1 1 1 1 1 1
Winding i ption ch istic after load i p
'3 w1 3390519 | 3379625 | 336875 | 33578, | 3n70s | 333628 | 332san
Time ts] 30 60 50 120 130 %0 0 Qo  s7
& ~
g ses - S=any
£ % =
g 555 -
o 20 40 60 80 100 120 140
Time [s]

4. Conclusions

As we have shown throughout this presentation, the proposed structure is equivalent to two
classical permanent magnet synchronous machines, electrically connected in series and coupled on
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the same shaft. These elementary machines operate at the same autopilot angle, but the power factors
and internal angles are different. Overall, however, the structure with the two stators behaves like a
classical permanent magnet synchronous machine.

The two elementary machines can be separated by a cylindrical sectioning at the rotor level and
studied separately. The analytical calculation model leads to slightly superior results to those
obtained by numerical simulation (within the range of 5%).

By using a double surface of interaction of the rotor with the two stators, the electromagnetic
torque and the active power are significantly superior to a classic machine with the same volume of
active materials, even going as far as doubling the respective sizes. In addition, the cantilever rotor
has a reduced inertia and is more robust in terms of mechanical construction, only the fixing of the
magnets posing some technological problems.

The synchronous variant makes better use of the new structure, the reunion of the two machines
being possible without modifying their transverse geometry. By fixing rare earth permanent magnets
on both the outer and inner face of the rotor - made of solid steel pipe - significant fluxes are ensured
that can be closed independently of each other. In this way, each active area of notches - air gap -
permanent magnets can be used optimally.

In the synchronous version, the specific torques (Nm/kg of active material) increase impressively
compared to synchronous motors with permanent magnets of normal construction. From a
mechanical point of view, the rotor is more robust than in the asynchronous version, also benefiting
from a reduced inertia.

The results of simulations using numerical methods and analytical calculations justify the
conclusion that the proposed structure is of theoretical and practical interest, and the execution of a
prototype with two interchangeable rotors will be able to confirm the technical and economic
advantages of this solution.
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