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Abstract: This paper presents a new three-layer, five-phase winding configuration theory of unconven-
tional slot-pole combinations by each layer of winding for a phase vector correction,
three layers of winding superimposed together to achieve the results of three-phase symmetry.
Since the single-layer unconventional winding has to have an empty slot to meet its symmetry, based
on the characteristics of single-layer winding, the unconventional winding design is carried out.
Based on the simulation comparison between the single-layer unconventional winding and double-
layer unconventional winding, a three-layer, nine-phase unconventional winding is proposed, which
is based on the theory of single-layer unconventional winding, and three layers are staggered and
stacked to realize nine-phase winding, which not only increases the utilization rate of the winding
slot but also improves the fault tolerance performance. In addition, a 105-slot, 20-pole, three-layer,
five-phase motor is proposed for a winding configuration and performance analysis to achieve both
low torque pulsation and high fault tolerance.

Keywords: winding configuration; five-phase motor; PM-assisted synchronous reluctance motor

1. Introduction

With the advantages of high efficiency, high power density and high torque density,
permanent magnet motors have promising applications in the aerospace, defense and
military industries [1,2]. With the increasingly demanding requirements for safety and
reliability in these applications, strongly fault-tolerant permanent magnet motors have
become a major need [3,4]. In order to meet the need for fault-tolerant operation under
faults, the motor design needs to ensure good electromagnetic isolation between the
different phase windings; therefore, the winding structure is often a single-layer centralized
winding. In order to make the single-layer winding also have the characteristics of low
torque pulsation and to make the three-phase winding meet the high vector symmetry,
this paper improves the number of non-conventional slots based on the slot potential
star diagram method and designs the single-layer non-conventional winding. With the
increasing power level and reliability requirements of motor speed-control systems in
some application fields, the limitations of traditional three-phase motors are gradually
highlighted, and multi-phase motors become an important way to effectively solve this
problem. The high-speed development of power electronics technology and modern control
theory makes power electronic converters widely used in AC drive systems; the number of
motor phases is no longer limited by the number of phases of the grid supply.

The slot potential star diagram is a traditionally used winding configuration
method [5-7]. Drawing a slot potential star diagram means that the sinusoidal electric
potential of each conductor embedded in the stator slot is represented by a vector separately,
and the vectors in the same direction are superimposed together to form a star-shaped radial
vector diagram. Currently, AC conventional windings have a relatively well-developed the-
ory [8], and integer slot windings have been very widely used in permanent magnet-assisted
synchronous reluctance motors [9,10]. Although the configuration of integer slot winding
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is very convenient, the winding produces large torque pulsation; therefore, many scholars
proposed fractional slot winding, which brings both challenges and opportunities [11]. Com-
pared with the integer slot, the fractional slot winding has the advantages of lower winding
losses and lower torque pulsation, and some issues have been proposed for the fractional
slot winding [12]; some scholars specifically discussed the effect of winding form on the
permanent magnet-assisted synchronous reluctance motor [13]. The demagnetization field
of a concentrated winding motor is more concentrated, while the demagnetization field of
a distributed winding motor is more dispersed. Among the existing fractional slot winding
design theories, some scholars have proposed a double-layer winding that requires an odd
number of phases and a fixed pitch of all coils, or a single-layer winding that requires an odd
number of phases and a fixed odd pitch of all coils [14,15]. Obviously, its applicability is very
limited, so there is a great deficiency in the generality of the method. Starting from the pitch,
there exists winding configuration schemes for two pitches of 2 and 3, respectively [16,17], and
the winding coil pitch is not exactly equal, which will have a certain effect on the torque [18].
For unconventional single-layer windings, the application to unconventional slot-pole fits
is very different from the phase-splitting method used for double-layer windings, which
requires the calculation of the slot potential vector for each winding based on the slot potential
star diagram to find the optimal solution and then phase-splitting. An unbalanced winding
has been designed, and the applicability of the slot-pole coordination of the winding has
been investigated [19]. Currently, the applicability of this scheme is only for motors with
integer multiples of the number of slots in the phase, and its torque pulsation is effectively
reduced in terms of performance. Other scholars have also studied unconventional winding
motors with 39 slots specifically [20,21], but there is no generalized theory that can be used for
arbitrary slot-pole fits. In addition, no winding balance structure has been proposed for
multi-phase motors.

In this paper, a 39-slot, 6-pole motor is used as an example to achieve approximate
symmetry of the three-phase windings by redundant sets of vectors with specific slot offsets
to achieve low-torque ripple based on a slot potential star diagram [22]. However, a com-
mon problem with this approach for single-layer windings is the presence of empty slots,
which results in low slot utilization, and the non-conventional windings are connected
in a different way than conventional single-layer chain, crossover and concentric connec-
tions due to their variable pitch. The slot utilization problem can be solved by multi-layer
stacking, which can be stacked into three layers of windings. Therefore, a three-layer,
five-phase winding is proposed, in which each layer is corrected for a phase vector, and
the three layers are stacked together to achieve a three-phase symmetric result. Finally, the
winding configuration and performance analysis of a 105-slot, 20-pole, five-phase motor
are performed to achieve both low-torque pulsation and high fault tolerance performance.
The contribution of this paper is to achieve simultaneous winding balance and high slot
space utilization using multi-layer stacking of single windings and to propose a multiphase
motor structure with balanced windings.

2. Single-Layer Unconventional Winding Configuration Scheme
2.1. Principle of Phase Separation

The slot phase separation principle of single-layer unconventional winding is based
on the slot potential star diagram, and the approximate symmetry of three-phase winding
is realized by the redundancy of a group of vectors and a specific slot offset. Such a winding
configuration scheme needs to know the number of stator slots and rotor poles of the motor,
and then calculates the number of offset slots from the vector. Take a 39-slot, 6-pole motor,
as an example, and draw its slot potential star diagram first. First, take four vectors to
make the three-phase vector difference as 120° as far as possible, as shown in Figure 1a.
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Figure 1. Slot distribution to phases of 39-slot and 6-pole single-layer winding motor. (a) 2-layer
unbalanced winding motor. (b) Single-layer unconventional winding motor.

Take the number corresponding to the remaining vector as the slot number for phase
adjustment. Since the adjacent vectors of the adjustment vector are phase B and phase C,
the appropriate amount of phase A will not be adjusted. Take the vectors on the far side of
the adjacent phase belt of phase B and phase C, respectively, to offset the slot. Assume that
these two vectors are Egs and Ecy, respectively, and the remaining vectors are Epy, Epy, and
Eps, and Ec1, Ecy and Ecs, respectively. Assuming that the offset vector is Egs, if the vector
offset of BC two phases is set to X and Y, respectively, the phase difference relationship
between the vector sums of each phase is required to meet Ex1 + Eq2 + Eas + Eas, Ep1 + Epp
+ Eps + (1 — x)Eps + xEgs and Ecq + Ecp + Ec3 + (1 — y)Eca + yEss. The phase difference of
this three-phase vector is approximately 120°, and it must be a full slot offset. By symmetry,
the equilibrium between the two phases can be achieved when each phase B, C occupies
one third of the offset vector; therefore, the final solution is x = y = 0.3333, that is, BC
two phases are offset by one slot, and the final result is shown in Figure 1b. The results of
the distribution to phases are given in Table 1.

Table 1. Slot distribution to phases of 39-slot and 6-pole single-layer winding motor.

Phase A Phase B Phase C
4 5 11
12 17 18
24 25 30
31 36 37

2.2. Winding Connection Scheme

The winding connection of a 39-slot, 6-pole motor is shown in Figure 2. It can be seen
that the winding connection is much simpler than that of the double-layer winding. The
pitch of this kind of unconventional winding is no longer fixed due to the slot offset, and
its three-phase vector difference is very close to 120°, which is greatly improved compared
with the double-layer unconventional winding.
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Figure 2. Phase-A coil connection and phase vector diagrams of a 39-slot and 6-pole single-layer

unconventional winding motor.

In order to compare the performance, it is compared with the double-layer unconventional
unbalanced winding of 39-slot, 6-pole winding. The winding connection diagram is shown in
Figure 3. Its symmetry is higher than that of the double-layer unconventional winding.

a=119.36°

B =120.32°

Figure 3. Phase-A coil connection and phase vector diagrams of a 39-slot and 6-pole 2-layer unbal-
anced winding motor.

The torque simulation of the two windings under the same stator and embedded
PM rotor structure model of the PM-assisted synchronous reluctance motor verifies the
excellent torque performance of the 39-slot, 6-pole motor compared with the single-layer
motor under the unbalanced winding method. With the same parameters, except for the
winding connection method, the torque waveform is shown in Figure 4. The average torque
and torque ripple of the unbalanced winding connection method and the single-layer
unconventional winding method are 15.1 Nm, 9.57% and 12.7 Nm, 11.83%, respectively.
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It can be seen that the performance of the winding connection mode under the proposed
unbalanced winding method is better.
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Figure 4. Torque waveforms of 39-slot and 6-pole motors. (a) 2-layer unbalanced winding motor.
(b) Single layer unconventional winding motor.

3. Three-Layer Unconventional Winding Configuration Promotion
3.1. Three-Layer, Nine-Phase Unconventional Winding

For the 39-slot, 6-pole, single-phase unconventional winding, after the three-phase
windings are configured, there are three slots without embedded windings, which reduces
the torque performance of the motor and has certain defects. Therefore, on this basis, it is
proposed to configure three-phase windings with the configuration theory of single-layer
winding, so that the three-phase windings are different from each other by a certain angle,
forming an approximately symmetrical nine-phase winding, that is, the torque performance
of the motor is improved, and the fault-tolerant performance is enhanced.

Taking a 105-slot, 20-pole motor as an example, this paper analyzes it in detail. First,
the phase separation is carried out without considering the slot offset. One vector is
redundant. If the slot offset is not carried out, the three-phase vector angles are —20.77°,
—131.53° and 103.84°, respectively, which does not meet the three-phase symmetry. The
solution is the same as that of single-layer unconventional winding. The three-phase
symmetry is best met through slot offset.

However, for the convenience of discussion, phase A is taken as the fixed phase, and
only the BC two-phase slots are offset. Similarly, set the offset of BC two phase as X and Y,
respectively, and each phase vector is superimposed. Calculate X and Y according to the
desired angle so as to offset the corresponding number of slots.

Because phase A is taken as the stationary phase, its vector does not need to be changed.
The vector diagram is shown in Figure 5, and the final synthetic vector angle is —20.77°.

Figure 5. Phase-A vector diagrams of a 105-slot and 20-pole motor.

The angle analysis diagram of the phase B vector is shown in Figure 6. Turn the negative
direction vectors Ep; and Ej,; by 180° to get Ej1» and Ep,*, and each vector contains nine slot
components. When there is no groove offset, that is when x = 0, the synthetic vector angle
of phase B is —131.53°, while the actual angle to be taken is —20.77° — 120° = —140.77°. It
can be seen that it should be offset to the Eg side. Therefore, E,4 can be replaced by the slot
corresponding to Eg so as to realize the angle adjustment, so that it is 120° different from phase
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A. Finally, the vector diagram of phase B is shown in Figure 7, so that the sum angle of its
vectors is equal to —140.77°. Because the angle is between Ep3 vector and Ey,;+, the obtained x
must be greater than 1 — x.

Ess
Figure 6. Phase-B vector angle analysis diagrams of a 105-slot and 20-pole motor.

Ez2

Figure 7. Phase-B vector diagrams of a 105-slot and 20-pole motor.

In order to solve X by angle, the superposition calculation of each vector is shown
in Figure 8. The final synthetic amount is Eg, and the initial length of each amount is 1.
After the slot offset, the final length of Eg and E},4 are x and 1 — X, respectively. For the
convenience of the calculation, a vector with a length of 2x — 1 is introduced, and the
triangle formed with Eg and Ey,+ can be obtained by the sine theorem of formula (1), where
a, b and cis (2x — 1) *Epy Ep and E,+, respectively. X = 0.67 corresponds to 9 slots on each
vector. Therefore, the 6 slots on eb4 are replaced by the slots on Es.

a b c

M

sinA  sinB ~ sinC

Figure 8. Phase-B vector calculation diagrams of a 105-slot and 20-pole motor.
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The angle analysis diagram of the phase C vector is shown in Figure 9. Turn the negative
direction vectors Ec3 and Ecy by 180° to obtain Ec3+ and Ec4*, and each vector contains nine
slot components. When there is no slot offset, that is when y = 0, the synthetic vector angle
of phase C is 103.84°, while the actual angle to be taken is —20.77° + 120° = 99.23°. It can be
seen from the figure that it should be offset to the eb4 reverse vector E, 4 side. Therefore, the
remaining slots after the Epy slot offset can be used to replace Ecy4 so as to realize the angle
adjustment, making it 120° different from phase A. Finally, the vector diagram of phase C is
shown in Figure 10, making the sum of its vectors equal to 99.23°.

\ 103.84° Ea2

Figure 9. Phase-C vector angle analysis diagrams of a 105-slot and 20-pole motor.

Figure 10. Phase-C vector diagrams of a 105-slot and 20-pole motor.

In order to solve y by angle, the superposition calculation of each vector is shown
in Figure 11. The final synthetic appropriate amount is Ec, and the initial length of each
appropriate amount is 1. After the slot offset, the final length of eb4 and Ec4 are y and
1 — y, respectively. For the convenience of the calculation, a vector with a length of 1 — 2y is
introduced, and the triangle formed with Ec and Ec* can be obtained by the sine theorem of
formula (1). Y = 0.33 corresponds to 9 slots on each vector. Therefore, the three slots on Ecy
are replaced by the slots on Ep,.

The above is the phase separation result of the first-layer winding. In order to avoid
empty slots and improve fault tolerance, the second and third layers rotate the phase
vectors of the phase separation result by 27.69°, that is to stagger one vector in turn, and
then form a nine-phase winding. The final vector diagram is shown in Figure 12.
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Figure 11. Phase-C vector calculation diagrams of a 105-slot and 20-pole motor.

Figure 12. Phase vector diagrams of a 105-slot and 36-pole, 9-phase, 3-layer winding motor.

3.2. Three-Layer, Five-Phase Unconventional Winding

The composition principle of three-layer, five-phase unconventional winding is different
from that of the above nine phases. Each layer of winding adjusts the phase of one of the
five phases, and three layers are superimposed to achieve the effect of symmetry. This
configuration scheme will no longer use the method of slot offset, directly select the vector,
and realize phase adjustment through multi-layer winding, which also ensures that there is no
empty slot. Take the 105-slot, 20-pole, five-phase motor for detailed analysis. The three-layer
winding slot potential star diagram and phase separation results are shown in Figure 13. The
first-layer winding is shown in Figure 13a to adjust the phase of b+. The second-layer winding
is shown in Figure 13b to adjust the phase of e+. The third-layer winding group is shown in
Figure 13c to adjust the phase of c+. After the synthesis calculation of three groups of vectors,
symmetry can be achieved after the superposition of three layers.
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Figure 13. Slot distribution to phases of 105-slot and 20-pole, 3-layer winding and 5-phase motor.
(a) The first layer. (b) The second layer. (c) The third layer.

4. 105-Slot, 20-Pole, Triple-Winding, Five-Phase Motor

In order to study the influence of unconventional winding on machine performance,
a triple-winding, 105-slot, 20-pole machine’s schematics are shown in Figure 14. The PM
material is Y30, and the remanent magnetization is 0.4T. Similar to the slot and pole struc-
ture, the motor uses the previous three-layer winding structure instead of the traditional
double-layer winding structure, which provided higher winding utilization and hence
improved motor output performance.

Finally, according to this winding connection mode, a 2D-simulation model is built for
simulation, and its no-load back EMF waveform is shown in Figure 15a, which has good
symmetry. The torque simulation results are shown in Figure 15b with an average torque
of 12.78 Nm and a torque ripple of 3.82%, which meets the feasibility in performance.
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Figure 15. Back EMF and torque waveform of a 105-slot and 20-pole, 5-phase motor. (a) Back EMFE.
(b) Torque.

5. Conclusions

Based on the advantages of single-layer winding with no interlayer insulation and
higher slot utilization, this paper performs an unconventional three-layer, five-phase wind-
ing configuration theory. A set of design methods for single-layer unconventional windings
is finally determined, which involves the calculation and selection of slot offsets. This
method solves the asymmetry between the phase components well, and it is found that its
symmetry is better than that of double-layer unconventional windings; in addition, single-
layer unconventional windings have empty slots. A three-layer, nine-phase unconventional
winding and a three-layer, five-phase unconventional winding are proposed, respectively,
to avoid empty slots and to improve the torque performance for their stacking promo-
tion, through which both the slot utilization rate increases and can have excellent torque
performance, and also improve the fault tolerance performance of the motor winding.
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