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Abstract: This paper presents a detailed analysis and design guidelines for advanced nonoverlap-
ping winding induction machines (AIMs) with coil-pitch of two slot-pitches by considering some
vital empirical rules and flux-weakening characteristics. The aim of the study is to develop a type
of new winding and stator topology for induction machines (IMs) that will lead to a decrease in total
axial length without sacrificing torque, power, and efficiency. The key performance characteristics
of the improved AIMs are investigated by 2D time-stepping finite element analysis (FEA) and com-
pared with those of IMs having fractional and conventional overlapping and nonoverlapping wind-
ings. Compared with the conventional overlapping winding counterpart of the AIM, a ~25% shorter
axial length without sacrificing torque, output power, and efficiency is achieved. In addition, the
influences of major design parameters, such as stator slot, rotor slot and pole numbers, stack length,
number of turns per phase, machine geometric parameters, etc., on the flux-weakening characteris-
tics are investigated. It has been concluded that the major design parameters have a considerable
effect on the electromagnetic performance. However, among those parameters, the influences of
pole number and stack length together with the number of turns on flux-weakening characteristics
are significant.

Keywords: flux-weakening; induction machine; machine losses; major design parameters; MMF
harmonics; parametric analysis; winding topologies

1. Introduction

In an effort to improve public health and prevent climate change, the global restricted
emissions of CO: for new passengers’ cars, controlled by the International Council on
Clean Transportation, are increasing every year [1]. Thus, the emphasis on automotive
electrification has increased considerably in the previous decade to improve the environ-
mental performance and energy efficiency of transportation. Since electrical machines are
the core of electric vehicle (EV) propulsion systems, their advancement, combined with
power electronics and energy storage devices have garnered considerable attention. In
conventional electrical machines, the windings are arranged to achieve maximum funda-
mental winding factor to maximize the torque.

However, fractional slot concentrated windings (FSCWs) and conventional short-
pitch windings with 2 or 3 slot-pitches have significant MMF harmonics resulting in a rise
in various parasitic effects such as eddy current [2-5], bar losses (in induction machines
(IMs) and machines with damper windings) [5,6], torque ripple, acoustic noise and vibra-
tion [2-6]. In addition, in the previous publication [5] by the authors of this paper, the
influence of different winding arrangements having short- and long-pitch windings on
the performance characteristics of squirrel cage IMs has been investigated in detail, and it
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has been concluded that even short-pitch windings, i.e., y. = 2, are not good enough for
electric vehicle/hybrid electric vehicle (EV/HEV) applications in terms of volume, power
density, and efficiency.

To reduce or eliminate the undesirable impacts of the magnetomotive force (MMF)
harmonics on alternative current (AC) machines, a series of alternative solutions such as
multi-layer windings [7-11], dual stator constructions or dual-layer windings [7,12], hy-
brid star-delta connections [13,14], flux repeller (conductive solid bar that reduces the
leakage flux) in the rotor/stator slot openings [15], different numbers of turns per coil side
[16], and the recently investigated 2 slot-pitch fractional winding topologies [7,17,18] were
developed.

It has been demonstrated that to use multi-layer windings instead of single-layer
windings may suppress the torque ripple and bar copper loss and reduce the average
torque slightly [6,7]. In addition, it is shown that although the multi-layer windings have
no effect on the amplitudes of the MMF super-harmonics, they may cause a significant
reduction in the amplitudes of sub-harmonics [9]. Furthermore, the similar result has been
addressed by using flux barriers and different numbers of turns per coil sides [16]. The
results of these research are, however, not very satisfactory. Hybrid Wye-Delta phase con-
nection technique, requiring three additional phase windings according conventional 3-
phase windings, has also been examined as another method to reduce the MMF harmon-
ics. It has been concluded that only the amplitudes of some low-order harmonics have
been reduced via this technique [19].

To be able to mitigate or eliminate some MMF harmonics induced in the rotor wind-
ings, a double-fed (wound-rotor) IM with multi-layer FSCWs is introduced in Reference
[20]. In order to improve the performance of the IMs with FSCWs, some other different
methods, such as single- and multi-phase FSCWs [19,21], outer-rotor topology with mod-
ular stator windings [22], outer rotor IM with multi-layer FSCWs wound around two and
three layers of stator slots [10], multi-layer toroidal windings [8,11], stator cage windings
[17], combination of different numbers of turns per one coil side and combined star-delta
phase connection [16], and two sets of FSCWs with a dual slot-layer stator structure [23]
have been investigated in the last decade. However, although the MMF harmonics are
relatively reduced using different above-mentioned methods, new drawbacks, such as
low torque-per-flux due to the relatively low-winding factor and increased total axial
length and consequently increased copper loss due to the requirement of the additional
number of turns have been arisen. Moreover, to improve some performance characteris-
tics, such as slot fill factor, fault tolerant, and simplicity, etc., FSCW technique is utilized
for linear IMs, and some feasible MMF reduction methods such as multi-layer modu-
lar/planar windings, dual stator structure, etc. have been examined in References [24,25].

In Reference [17], the stator cage winding technique, consisting of solid cage wind-
ings whose one-end side has been short-circuited and the other end-side is implemented
in an IM, it has been reported that the number of stator slots can be doubled to reduce the
MMEF sub- and super-harmonics, simultaneously. However, the fundamental harmonic
winding factor and hence the output torque reduces when compared to the integer-slot
distributed winding (ISDW) counterpart. Moreover, in recently published papers, it has
been demonstrated that winding factor and performance improvement of IMs can also be
achieved by implementing ring windings [26], pole-changing windings [27], and auxiliary
windings [28].

The closer the winding slot pitch to the pole pitch, the higher the fundamental wind-
ing factor and the lower the MMF harmonics have been reported in Reference [8]. It is
concluded in Reference [8] that in terms of lower parasitic effects and rotor power losses,
stator slot/pole/phase number q = 1 combinations are the best for squirrel cage IMs. The
increase in the slot pitch number will cause an increase in the length of end-windings and
hence the total axial length, resulting in an increase in the level of stator copper loss. Since
the space left for the electrical machines in EVs, especially in HEV applications, is very
limited, compactness is a crucial issue. A new methodology should therefore be improved
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to increase the winding slot pitch number without increasing the end-winding length of
the stator windings.

In this study, it is intended to adopt the winding topology proposed in Reference [29]
for high-temperature superconductor synchronous machine into an advanced nonover-
lapping winding IM (AIM). In Reference [29], it is exposed that the MMF harmonic con-
tent of the double-layer nonoverlapping windings is low. Adaptation of this winding to-
pology and development of the new stator structure for more compact IMs is introduced.
A new method, consisting of a combination of the phase shift and auxiliary stator teeth
methods, has been developed to improve the performance characteristics of IMs. Further-
more, the unfilled stator slots are utilized to reduce the levels of saturation and leakage
flux. The performance improvement steps are elaborated, and a detailed performance
comparison of IMs designed with the proposed advanced nonoverlapping windings
(ANWs), FSCWs, and ISDWs with short- and long-pitch windings are presented. Moreo-
ver, the influences of the major design parameters on the steady-state electromagnetic and
flux-weakening performance characteristics are investigated by FEA.

The paper is organized as follows. The theoretical background, structure and key
properties of conventional and proposed winding topologies are presented in Section 2.
In Section 3, performance improvement method and performance comparison of IMs hav-
ing different winding arrangements are presented. Section 4 deals with the influence of
design parameters on steady-state and flux-weakening characteristics of AIM. Some dis-
cussion on the validation of FEA results and the key findings of the study and the conclu-
sion are presented in Sections 5 and 6, respectively.

2. Proposed Advanced Nonoverlapping Windings (ANW) Method
2.1. Theoretical Backgroun of the Proposed Winding Topology

As stated previously, reducing the end-winding length without deteriorating the per-
formance is of great importance in every way. In order to overcome overhanging end-
windings of ISDWs, one of the best ways is to change the overlapping winding structure
into the nonoverlapping structure.

Consequently, to accomplish the aforementioned objective, an advanced topology
with nonoverlapping winding technique, whose basic schematic is shown in Figure 1, has
been developed. In essence, the proposed topology shows quite similar characteristics in
terms of winding arrangement and consequently winding factor and MMF harmonics
with 2-slot pitch overlapping winding. However, it has quite short end-winding lengths
thanks to the proposed ANW arrangement. For more details on how to achieve the afore-
mentioned winding structure, see Section 2.3.
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Figure 1. Schematic of the proposed winding improvement method.

2.2. Conventional Phase Shifting Method

The FSCWs are characterized by a high MMF harmonic content due to the unity slot
pitch number and fractional number of slots per pole per phase q [3,6] and the multi-
layer winding method is extensively used to reduce or eliminate these unwanted harmon-
ics [7-9]. In this part, to reveal the influence of phase shifting method on the winding
harmonic factors and averaged torque, torque ripple, and rotor bar copper loss character-
istics, IM having FSCWs with 95/6P-DL (y, = 1) will be studied. The winding arrange-
ment and phase shifting method are illustrated in Figure 2. Each slot has 4-layers wind-
ings and the 1st set (bottom layer) is selected as reference (fixed) frame while the 2nd set
of winding is selected as to be shifted frame. Since there are 9 slots in the stator, the shifting

angle a is calculated as 30F — 120% (electrical degree) per slot. The polarities of all
s 2

windings are initially set as positive (+), and they are fixed throughout the end of the
shifting progress. After 1080°e of the shift angle is completed, the polarity of the second
set of winding has been changed from positive (+) to negative (—), and the shifting process
is re-started. Consequently, the variations of key performance characteristics obtained
from the above-mentioned phase shifting process are observed as follows. Note that the
key design specifications of studied IMs are given in Appendix—Table Al.

The new winding factor k,p fing;, which is subjected to the initial winding fac-
tor kyp_initiqr, the harmonic order h, the shift angle a in °e, and the pole number P, can
be calculated by Equation (1). The variation in the low- and high-order winding harmonic
factors with a is shown in Figure 3. Since the winding harmonic factors of the 9S/6P com-
bination have only sequential harmonics, whose amplitudes are 0.866, many of the har-
monics vary with the same pattern, i.e., the first group 3rd, 15th, 21st and the second group
6th, 12nd, and 24th harmonics have the same pattern. The same phenomenon is valid for
the higher-order harmonics. Alternatively, even if the direction of the 2nd winding set
becomes negative (—), the same waveform shown in Figure 4b is obtained.

cos (h%)| (1)

As shown for both cases (+,+) and (+,—), the rotor bar copper loss, torque and torque
ripple have the similar waveform (see Figure 4). Considering Figure 3, it can be deduced
that the working winding harmonic is shifted from 3rd to 6th. That is why the torque is
maximized at 360°e. Once the polarity of 2nd set of winding is alternated from (+) to (-),

kwh,finaz = kwh,initial
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the obtained performance characteristics are shown in Figure 4b. As seen in Figure 4b,
because changing the winding polarization causes the formation of dead-slots, the zero-
torque values are obtained at 0°e, 360°¢, 720°¢, and 1080°e of the shift angle. Furthermore,
changing the direction of windings results in a slight reduction in the average torque,
torque ripple, and rotor bar copper loss. Considering the obtained results in this part, it
can be concluded that the winding harmonics cannot be cancelled or mitigated suffi-
ciently. Consequently, it is revealed that reduction of the MMF harmonic content of the
95/6P combination is not possible by the conventional phase shifting method.

| shifting

1. Set

Bottom Layer ! Direction
(Ref. Frame)
/2. 5et
/" Top Layer

- (shifted Frame)
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<§ 0.6 506 1
— Q
20 0.4 S 0.4 -
E 2
~§ 0.2 -g 0.2 1 ‘
0 — —— ) ——————— %
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Figure 3. Variation of winding harmonics with a: (a) low-order and (b) high-order.
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Figure 4. Variation of torque, torque ripple and rotor bar copper loss with a: (a) while the both of the winding sets are in
(+) polarization and (b) while the 1.set is in (+) and 2.set is in (—) polarization.

2.3. Phase Shifting with Auxiliary Teeth Method

In this part, an advanced phase shifting method to reduce the MMF harmonics is
proposed. In order to provide an extra shifting angle which may cause a reduction in the
MMEF harmonic content, the stator slot number of the 95/6P-4L. combination has been dou-
bled. As a result of the stator slot number being doubled, @ became 60°e per slot. The
winding layout and shifting scheme of the new combination are shown in Figure 5. Since
the windings do not physically overlap each other, each coil can be considered as a single
lap-coil as in the FSCW topology even if y. = 2. With this technique, lap-coil windings
can therefore be designed with a range of slot pitches without reducing the fundamental
winding factor. However, this method cannot be utilized for each S/P combination. There
are certain rules for appropriate combinations as defined in Equations (2) and (3). To uti-
lize the lap-coils with multiple overlays (n.), Equation (3) should be satisfied. In Equation
(3), k isapositive integer and k,,,, indicates the fundamental winding factor of any com-
bination with p pole-pair number and gcd{S, P} indicates the greatest common divisor
of S and P. For this type of windings, n; is consistently equal to y. and the fundamental
harmonic of the winding factor needs to be different from unity. On the other hand, Equa-
tion (4) can be used for y, = 1 combinations. The same phase shifting method, detailed
in the previous part, has been utilized for the 2x95/6P with the halved shift angle.

ne=y (kwp#1) 2

5 =3k d ky,+1 3
gcd{S,P} an wp )
n,=y—1Iif k,, =1 4)

Once the winding directions are (+,+), variation of the winding harmonic factors with
a is shown in Figure 6. It is deduced that compared to the 95/6P, adding auxiliary teeth
leads further reduction of the winding harmonics. Depending on «, some of the low- and
high-order harmonics have been reduced and some have completely been eliminated i.e.,
6th, 30th, 42nd, 63rd, and so on harmonics are cancelled at the 180°e. But, the fundamental
winding factor has decreased at this shift angle. Once the winding directions are (+,—),
the variation of the winding harmonic factors with shift angle is shown in Figure 7. By
adopting the negative polarity of the 2nd set of windings, the 6th and all the multiples of
the 6th harmonics are eliminated at 180°. In addition, the fundamental winding factor is
maximized at 180°e and hence the optimum shifting angle is found as 180°e for 2x95/6P
combination. After shifting 180°e (3 slot-pitches) of the 2nd winding set and assigning the
correct polarizations, the final winding arrangement of the 2x95/6P is illustrated in Figure
8.
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Figure 8. Final winding layout for 2x9S/6P combination.

As a natural consequence of the proposed phase shifting technique, the half of each
slot remains unfilled. Nevertheless, these unfilled slots will be utilized, and its influence
on the performance characteristics will be investigated in Section 3. An index has been
defined as expressed in Equation (5) to determine the distortion level of the winding fac-
tor.

s,
hsp; = k ®)

~wp
p

As shown in the comparison of initial and final winding harmonic factors and calcu-
lated harmonic interaction indices (see Figure 9), the winding harmonics are significantly
reduced, particularly at 180°e shifting angle, whereas the winding sets are polarized as
(+,—). It may therefore be predicted that the rotor bar copper loss of 2x95/6P combination
will be substantially low in comparison to the 95/6P combination. Moreover, since the
magnitude of the fundamental winding factor has not changed, no average torque will be
sacrificed. Variations of time-averaged torque, torque ripple, and rotor bar copper loss
with a are shown in Figure 10 for both of the winding set polarizations. Figure 10b re-
veals that by doubling the stator slot number and arranging the winding polarizations as
(+,—), a more than 50% reduction in rotor bar copper loss can be achieved. In addition, a
slight reduction in torque ripple at maximum torque is also achieved. The amount of rotor
bar copper loss may be predicted by observing the winding factor harmonics. For 2x9S/6P
combination, the dominant harmonics causing an increase in the bar copper loss are re-
vealed as listed in Table 1. Note that the results listed in Table 1 are obtained from the
shifting angles delivering the maximum torque. From Table 1, it can be observed that if
the 6th or/and 12th harmonics are eliminated, the reduction in the amount of bar copper
loss will be substantial.
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Table 1. Normalized performance characteristic comparisons.

Winding Harmonic Average Torque

Configure Reduction/Elimination Torque Ripple Bar Copper Loss
95/6P Not reduced/eliminated 1 1 1
3rd—reduced
2X_|9_S_/I_6P 6th—eliminated 0.778 0.68 0.403
(++) 15th—reduced
2x95/6P 6th—eliminated
874 A4 1
(+,-) 12th—eliminated 08 0493 0-166

It has been found that if the 6th harmonic is eliminated, the bar copper loss decreases
by ~2.5 times, or if the 6th and 12th harmonics are eliminated simultaneously, the rotor
bar copper loss decreases by ~6 times. Hence, it can be predicted that the reduction or
elimination of low order harmonics has a major impact on the rotor bar copper loss. The
decrease in the amplitudes of these harmonics also causes the torque ripple to reduce. On
the other hand, once the slot number is doubled, the average torque drops. The underlying
reason might be explained for 2x9S/6P (+,+) and 2x9S/6P (+,—), separately. For the
2x9S/6P (+,—), the saturation level increases because of the doubled stator slots, and it
causes a decrease in torque. Yet, for the 2x9S/6P (+,+), in addition to the increase in the
saturation level, the fundamental winding factor decreases slightly due to the phase shift-
ing (see Figure 9b).
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3. Performance Improvement of AIMs

After the phase-shifting operation, half of each stator slot has been left unfilled in
order to prevent overlapping the phase windings as seen in Figure 11a. These incom-
pletely filled slots cause an increase in the saturation level of the stator teeth parts (see
Figure 12). On the other hand, partially filled slots are useful in terms of thermal issues,
i.e., they help to reduce the temperature inside the slot, leading to more overloading of
the machine. By utilizing these partially filled slots as illustrated in Figure 11b, some per-
formance characteristics of the IM can be further improved. The development phases of
the stator slots are illustrated in Figure 11. The main advantage of the proposed method
is that it leads to a reduction in the total axial length of the machine without sacrificing
the winding factor, and hence the torque and power density.

o g &

(a)
¢ v @
PS o | suurtn A
P
(b) ‘ .

Saturation
Reduction a4

o g &
‘ 560 l Leakage Flux ‘

. ‘ Z.Stepl ool ‘

(©)
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o a VW

(d)
o *
4 PN

Figure 11. Improvement sequence of AIM. (a) Yoke saturation reduction; (b) tooth saturation re-
duction; (c) leakage flux reduction and slot utilization; (d) final configuration.
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Figure 12. Flux density and line distributions of the AIMs. (a) 1. Step; (b) 2. Step; (c) 3. Step; (d)
final configuration.

3.1. Improvement by Utilizing the Stator Slots

It is intended to improve the magnetic characteristics, such as electromagnetic circuit,
saturation level, flux leakage, etc. by reshaping the stator slots. By utilizing slots with the
sequence shown in Figure 11, the saturation level of the stator yoke and tooth parts are
reduced noticeably as seen in Figure 12. From the flux line and flux density distributions
corresponding to each step, shown in Figure 12, the reduction of saturation levels can be
easily observed. A reduction in yoke and stator tooth saturation, and a further reduction
in tooth saturation by avoiding the short-circuited flux, have been achieved from atob, b
to ¢, and c to d, respectively.

The influence of each performance improvement step on the performance character-
istics has been numerically calculated and compared as illustrated in Figure 13. The same
geometric (144mm outer diameter, 0.35 mm air-gap length, and 70 mm average stack
length) and operational parameters (48 Vrms inverter voltage, 500 Arms excitation current
and 2 krpm synchronous speed) have been assigned for a fair comparison (see other major
specifications given in Appendix—Table A1). Note that since the key geometrical and op-
erating specifications, including the rated power levels and pole numbers, are the same,
all IMs are designed with the same air-gap length. As seen in Figure 13, the time-averaged
torque is increased remarkably from the initial (a) to the final design (d). Moreover, alt-
hough the time-averaged torque is increased by ~19%, the torque ripple percentage is kept
constant.

The major power losses including the stator copper loss Ps, rotor bar copper loss Pres,
and total iron core loss P. have been compared in Figure 13b. Thanks to the proposed
method, Psew and Pc decreased by 15% and ~28%, respectively. Comparison of the total
power loss Pit, output power Pou, and efficiency are shown in Figure 13c. Since Pou is
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increased by ~19%, whilst Pt is decreased by 8.8%, the efficiency is increased by 7.3%,
consequently.

As a result, the key performance characteristics of the AIM have been improved sig-
nificantly thanks to developed method, which allows better slot utilization. Although
there still some partially filled slots left consistently in the stator, they can help the short-
circuited flux to be reduced and, also, the thermal characteristics of the AIM to be im-

proved for much heavy overloading operations.
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Figure 13. Electromagnetic performance comparison: (a) average torque and torque ripple; (b) power losses Py, Prey,
and P,,; and (c) output power P, total loss P, and efficiency.

3.2. Comparison between FSCW, ANW, and ISDW IMs with Short and Long Slot-Pitches

In order to reveal the merits and demerits of the proposed method, the characteristics
of IMs having FSCWs and ISDWs with short- and long-slot pitches have been compared
to those of the ANW topology.

For a fair comparison, the improved AIM (indicated as “D” in the previous subsec-
tion) and the other machines have been optimized globally by using the multi-objective
optimization method presented in Reference [30]. All IMs are designed by using the same
geometry specifications specified in Appendix—Table A1, and their 2D cross-sectional
views together with the numbers of turns per phase N, are illustrated in Figure 14. The
winding arrangement of (a) and (b) consists of nonoverlapping double-layer windings,
while (c) and (d) consist of overlapping double-layer windings. In fact, the topology (c) is
the overlapped winding version of the topology (b). In terms of g, (a) belongs to the FSCW
family, whereas the others belong to the ISDW family. In addition, it is worth noting that,
in terms of winding slot pitches, winding polarizations, and hence, winding harmonic
factors, the 185/6P/20R-DL (y, = 2) is the overlapping version of the 185/6P/20R-DL
(ANW).

The optimal rotor slot numbers R have been estimated by R = § + 2q and some
basic rules used to avoid excessive torque ripple, unbalanced magnetic force, etc. The de-
tails related to this subject can be found in Section 4 and References [31-35].
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Induced Voltage (V)

(a)

(b) (c) (d)

Figure 14. Two-dimensional views of IMs designed with FSCW, ANW, and ISDW topologies. (a) 9S/6P/14R-DL (y, = 1);
(b) 185/6P/20R-DL (ANW); (c) 185/6P/20R-DL (y. = 2); (d) 365/6P/38R-DL (y, = 5).

Induced voltage waveforms for stator phase “A” winding are illustrated in Figure
15a. Since the 9S/6P IM has the greatest N, its induced voltage amplitude is the highest,
as seen in Figure 15b. However, the 9S/6P IM’s waveform contains a large number of high-
frequency harmonics with high amplitudes as a consequence of the combined effect of
slotting and a highly distorted MMF waveform. Thus, its induced voltage THD is larger
than that of the other IMs. The same phenomenon is valid for other electromagnetic char-
acteristics, such as the air gap flux density and bar current, as shown in Figures 16 and 17,
respectively. Note that, in order to calculate the bar current waveforms with high accu-
racy, the skin effect is taken into account by the FEA. In addition, all the FEA results were
obtained under steady-state operating conditions at the pull-out torque slip.
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Figure 15. Induced voltage in phase ‘A’: (a) waveforms and (b) harmonic spectra.
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Figure 16. Air gap flux density: (a) waveforms and (b) harmonic spectra.
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Figure 17. Rotor bar current: (a) waveforms, (b) harmonic spectra, and (c) low-order harmonics.

o T T

Even if the 95/6P IM has the highest N, due to the increased saturation level of the
stator teeth (see Figure 18), the magnitude of the air gap flux density is lower than those
of other IMs, as seen in Figure 16b. On the other hand, since the space harmonic index of
36S/6P is the lowest, the distortion level of maximum and minimum for the bar current
waveforms of 95/6P FSCW and 365/6P ISDW can be predicted, respectively. This is due to



Energies 2021, 14, 6849

15 of 35

(a)

the recursive induction phenomenon that occurs on the rotor bars: the air gap flux density
induces a voltage in the rotor bars, and hence, the bar current occurs due to the short-
circuited conductor bars. As seen in Figure 17a, the waveforms of the 185/6P and 365/6P
IMs seem to be trapezoidal or flat-tapped. Under the health operation conditions, the bar
current waveform of an IM is usually assumed to be sinusoidal. Yet, as seen in the figures,
the obtained bar current waveforms are non-sinusoidal. The underlying reasons of this
phenomenon have been expiated in detail in References [5,31-35].

(b) (c)

Figure 18. Flux line and density distributions. (a) 95/6P/14R-DL; (b) 18S/6P/20R-DL (ANW); (c) 18S/6P/20R-DL; (d)

365/6P/38R-DL.

The resistance and leakage reactance have been calculated and presented in Table 2.
Note that the subscripts s and r indicate the stator and rotor; R indicates the resistance;
and X, X, and X , indicate the leakage reactance values belonging to the slot, end
winding, and differential, respectively. Considering Figure 18 and Table 2, it can be con-
cluded that there is a linear correlation between the space harmonics and magnetic satu-
ration and, hence, leakage reactance. The 95/6P IM has the highest leakage reactance pa-
rameters, while the 365/6P has the lowest. In addition, the IMs with 185/6P combinations
have a medium leakage reactance values compared to the other IMs.

Table 2. Comparison of the resistance and reactance data at a rated operation.

Parameter 9S/6P/14R-DL  18S/6P/20R-DL  18S/6P/20R-DL  36S/6P/38R-DL

(mQ) y.=1 (ANW) (y. =2) (y.=5)
R, 2.391 2.367 2.5094 2.0836
R, 1.995 1.81 1.813 1.075
Xy 2.376 2.19 2.172 1.294
X 1.52 1314 1.174 0.559
Xop 2215 1.54 1.89 0511
X, 3.142 22 2.298 1.602
X 0.586 0.334 0.337 0.245
Xon 1172 0.928 0.944 0.861

Other calculated electromagnetic performance characteristics, namely ¢,, T, AT,
Pecuins Pscuenar Brew Peorer Pourr S, My, M, Js, and ], representing the total axial length,
time-averaged torque at pull-out speed, torque ripple, total copper loss in stator slots, total
copper loss of end windings, rotor bar copper loss, total core loss, output power, slip, rotor
speed, efficiency, and stator and rotor current densities, respectively, are summarized in
Table 3. Compared to the 9S/6P/14R IM, the 185/6P/20R-DL (ANW) IM offers better per-
formance characteristics, particularly in terms of parasitic effects, machine losses, and
temperature (current density). It is found that, thanks to the ANW topology, a ~27% re-
duction in the total axial length has been achieved without sacrificing the torque, power,
and efficiency, according to its overlapping counterpart (y. = 2). On the other hand,
365/6P/38R IM possesses the best overall performance characteristics because of its the
lowest MMF harmonic content, except for the total length. However, 185/6P/20R-DL
(ANW) has the potential to offer better performance characteristics because of its ~25%
shorter total length than that of 365/6P/38R IM. It is worth noting that, considering the
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very limited space left for electrical machines in HEV applications, since compactness is
of great importance, a ~25% reduction in the total axial length would be a great advantage.

Table 3. Comparison of some parameters and key characteristics.

9S/6P/14R-DL 18S/6P/20R-DL  18S/6P/20R-DL 36S/6P/38R-DL
Parameter

y.=1) (ANW) (y.=2) (y.=5)
N, 14 12 12 9
Ky 0.866 0.866 0.866 0.933
£, (mm) 94.02 83.28 114.24 111
T (Nm) 43.613 52.31 52.33 54.1
AT (%) 28.8 18.8 9.11 3.88
Py in (KW) 1.195 1.09 1.0145 0.7614
Pscuena (KW) 0.598 0.684 0.8657 0.801
Py (kW) 2.788 0.86 1.026 0.506
P.ore (W) 60.7 20.937 62.25 134.6
P oyt (KW) 8.54 10.353 10.357 10.79
s (%) 6.5 5.5 5.5 4.75
n, (rpm) 1870 1890 1890 1905
1 (%) 64.621 78.96 77.127 83.13
Js (A/mm?) 23.42 23.5 23.44 23.45
Jr (A/mm?) 27.25 16.21 17.06 13.66

Having a high torque ripple is the main disadvantage of the proposed topology.
However, it can be reduced significantly by changing the rotor slot shape, as will be pre-
sented in future works.

4. Comprehensive Design Guidelines for AIMs

As known, the electrical machine performance is heavily dependent on the stator slot
number S, pole number P, and rotor slot number R combinations. Determination of the
accurate S/P/R combination becomes a very critical issue when there exist very strict re-
straints on the flux-weakening capability, torque quality, acoustic noise, vibration, and
efficiency characteristics. Therefore, determination of the accurate S/P/R combination is
crucial for applications such as EV/HEV, aerospace, wind turbines, etc., which require
high performances with low parasitic effects.

In this section, useful design guidelines for IMs with ANWs are presented. The influ-
ences of the major design parameters on the electromagnetic and flux-weakening perfor-
mance characteristics are also investigated by FEM. The considered design parameters
and their ranges are summarized as follows:

e S/P combination: 185/6P, 24S/8P, 30S/10P, and 365/12P;

e  Rotor slot number: from 14 to 62;

e  Stack length: from 70 mm to 110 mm;

e  Number of turns per phase: from 7 to 13;

e  Geometric parameter: split ratio, slot and slot opening widths and heights.

In order to maintain the torque in the constant torque region, IMs having higher pole
numbers or shorter stack lengths require a greater number of serial turns per phase. Note
that the stack lengths considered in this study are the averaged values determined by
considering the lamination thickness and stacking factor given in Appendix—Table Al.
In addition, both the rotor and the stator have the same stack lengths. Since there exists a
linear correlation between the phase inductance and turns number, an increase in the
turns number causes an increase in the terminal voltage requirement, as seen from Equa-
tions (6) and (7), where i4s and i, are the d- and g-axis components of the stator current,
igr and iy, are the d- and g-axis components of the rotor current, R, is the equivalent
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stator winding resistance, p is the pole pair number, L is the equivalent stator winding
inductance, and L,, is the mutual inductance between the stator windings and rotor bars
or magnetizing inductance.

Vas = igs(Rs + pLs) + iqr(me) (6)

Vqs = iqs(Rs +pLg) + iqr(me) @)

As seen in Figure 19, the amount of torque depends on the inverter’s current limit,
whilst the range of the corner speed (A point in the curve) depends on the voltage limit.
Considering the limited voltage output of an inverter driving the IM, increased voltage
requirement cannot be met by inverter if it exceeds its maximum value. Therefore, the
corner speed of the IM will be moved from a high-speed to a low-speed region in cases of
an increased number of turns. Consequently, a poorer flux-weakening performance is in-
evitable for IMs having a higher pole number or shorter stack lengths.

T

Constant
Torque !

Constant Power

High Speed
(Deep Flux-Weakening)
B,

I

I

!
Dy wp w
Voltage Limit

Figure 19. Torque-speed curve of an IM showing the inverter voltage and current limits.

4.1. Stator Slot and Pole Number Combination

In the previous section and Reference [8], it has been shown that the minimum har-
monic interaction index can be achieved in case of ¢ = 0.5 for slot-pitch y, =1 and q =
1 for y. = 2 winding topologies. For the different combinations that satisfy these condi-
tions, it can be deduced that the higher the stator slot number, the lower harmonic inter-
action index. It is also worth noting that the higher the pole number, the higher the syn-
chronous frequency requirement and, consequently, the increased core losses at high-
speed region. Therefore, a balance between the rotor bar copper loss and total core losses
should be established. The flux-weakening characteristic is another critical characteristic
that needs to be considered carefully before determining the S/P/R combination. It well-
known that the lower the pole number, the better the flux-weakening capability.

The AIMs having different S/R/P numbers with the same geometric and operating
specifications were designed, and their flux-weakening characteristics were calculated as
shown in Figure 20. As expected, the 6P AIM has the best flux-weakening performance.
Moreover, as seen in Figure 20b, there was a big reduction in power once P increased
from 10 to 12. This is because of the different serial number of turns per phase and, con-
sequently, the different phase inductances. The serial number of turns per phase were 7,
8,9, and 13 for 6P, 8P, 10P, and 12P, respectively. These turn numbers were parametrically
determined to maintain the averaged torque at ~54Nm in the constant torque region. Alt-
hough all considered IMs have the same fundamental winding factor, since their satura-
tion levels are different, they require different numbers of turns. In particular, the 12P has
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the highest saturation level and, consequently, requires more turns to maintain the re-
quired torque. Thus, because of the large serial number of turns per phase differences
between 10P and 12P IMs, there has been a big reduction in torque and, hence, power. The
efficiency maps of the considered AIMs are also calculated and compared in Figure 21. As
expected, the 6P, 8P, and 10P IMs have a similar efficiency map, whilst the 12P IM has a
worse efficiency map because of the higher power losses, particularly core losses, versus

lower output power.
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Figure 20. Flux-weakening performance comparison for 80 mm AIMs designed with different stator slot/rotor slot/pole

number combinations: (a) torque-speed curve and (b) power-speed curve.
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Figure 21. Efficiency map comparison for 80 mm AIMs designed with different stator slot/rotor slot/pole number combi-
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The essential factors are described as follows in the accurate selection of the S/P com-
bination of the squirrel cage IMs.

(a) Minimized harmonic interaction index for minimum rotor bar copper loss (g = 0.5
for y, =1 and q =1 fory, = 2 combinations);

(b) High pole number for lower rotor bar copper loss;

(c) Demanded torque-speed curve;

(d) Low pole number for higher torque and, hence, power at the constant power region;

(e) Low pole number for lower core losses.

4.2. Rotor Slot Number

The selection of the number of rotor slots R and their geometric parameters are criti-
cal in terms of acoustic noise, vibration, torque density and torque ripple, and rotor losses.
Some empirical rules were reported in References [34-37] to determine the optimal rotor
slot number of an IM. Based on the conducted parametric analysis in this study, more
comprehensive empirical rules to determine R were provided as follows:

(a) To avoid a high torque ripple, acoustic noise, and unbalanced magnetic pull (UMP),
R should not be:

e multiples of the phase number (m) > R # a-m;

e  multiples of the pole number (P) > R # a- P;

e  multiples of the stator slot number (S)> R # a-S;
e  odd numbers.

(b) To avoid the high rotor bar copper loss and bar current density, R should be low;

(c) R close to the stator slot numbers are good candidates;

(d) In terms of the average torque, torque ripple, bar copper loss, and current density,
the optimum R can be determined as R = S + 2q.

Numerous parametric analyses for AIMs with 185/6P, 24S/8P, 30S/10P, and 36S/12P
combinations were performed in order to reveal the influence of R on the performance
and, also, to determine the best rotor slot number. To be able to conduct a reasonable
comparison, all parameters were kept constant, and the ratio of rotor slot width b,;, to
rotor slot pitch (t,1, + b,15) was also kept constant (see Equation (8) and Figure 22). Un-
der these analysis conditions, the influence of the rotor slot number on the electromagnetic
performance characteristics is investigated as follows.

Figure 22. Rotor geometry.
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For the 185/6P combination, variations of the averaged torque, torque ripple, bar cop-
per loss, and bar current density with the rotor slot number are illustrated in Figure 23.
As expected, the torque ripple percentage is tremendously high for multiples of the phase,
pole, and stator slot numbers. It was also revealed that the rotor slot number has a trivial
effect on the average torque (see Figure 23a). Considering Figure 23a, it can be concluded
that the above-mentioned empirical rules for determining the optimal rotor slot number
have been validated. In addition, the rotor bar copper loss and bar current density increase
excessively as R increases (see Figure 23b). Consequently, the optimal rotor slot number
offering the maximum torque with the minimum torque ripple and a relatively low bar
copper loss and bar current density for the 185/6P AIM is determined as 20. In the same
manner, the same performance characteristics are calculated for 24S/8P, 305/10P, and
365/12P, as illustrated in Figure 24, Figure 25, and Figure 26, respectively. The optimal
rotor slot numbers for the 24S/8P, 30S/10P, and 36S/12P AIMs are selected as 26, 32, and
38, respectively.
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Figure 23. Influence of the rotor slot number on the performance characteristics of 18S/6P AIM: (a) torque and torque
ripple and (b) bar copper loss and bar current density.
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Figure 24. Influence of the rotor slot number on the performance characteristics of 245/8P AIM: (a) torque and torque
ripple and (b) bar copper loss and bar current density.
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Figure 25. Influence of the rotor slot number on the performance characteristics of 305/10P AIM: (a) torque and torque
ripple and (b) bar copper loss and bar current density.
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Figure 26. Influence of rotor slot number on the performance characteristics of 36S/12P AIM: (a) torque and torque ripple
and (b) bar copper loss and bar current density.

The parametric analysis results conducted to determine the optimal rotor slot num-
ber also showed that increasing the rotor slot number causes an increase in the pull-out
torque slip (see Figure 27). Therefore, the low power factor for IMs having higher rotor
slot numbers can be predicted. Some other key findings obtained from the analyses are
summarized as follows:

(@) The higher the S/P combination, the lower the bar copper loss, current density, and
torque ripple;

(b) For combinations R < S, alower torque is achieved, but for R > S combinations, the
torque does not change considerably;

(c) Higher rotor slot numbers result in an increased pull-out torque slip and, hence,
lower power factor.
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Figure 27. Variation of the pull-out torque slip with a rotor slot number for various S/P combina-
tions.

4.3. Stack Length

One of the most critical design parameters of IMs for EV/HEV application is the stack
length. Apart from the basic sizing equation (see Equation (9)) [38], where ¢, is a coeffi-
cient depending on the electric and magnetic loadings and D, is the outer diameter of
the stator, the stack length of an IM can simply be determined by taking into account the
number of turns, stator winding current density, and desired flux-weakening characteris-
tics.

Tout = gODgésga ©)

In this part, the influences of the stack length together with the constant and variable
number of turns on the steady-state and flux-weakening characteristics will be investi-
gated together.

4.3.1. Constant Number of Turns per Phase Case

A scenario to alter the stack length by keeping a number of turns constant for the
365/12P/38R design with 8, 9, and 13 turns per phase was developed in order to identify
the ideal combination of stack length and number of turns. Variations of the averaged
torque and efficiency with the stack length for different stator current density values
(ranging from 25 A/mm? to 32 A/mm?) are illustrated in Figure 28 for the above-mentioned
number of turns. Considering these figures, some key findings have been summarized as
follows. Note that the efficiency percentages are calculated for values only between 54
Nm and 56 Nm.

(a) As expected, there is a linear correlation between the torque and stack length.

(b) For high values of stator current densities and, also, number of turns, it is possible to
achieve a higher torque with shorter stack length but lower efficiency.

(c) There is an inverse correlation between the efficiency and current density and, also,
efficiency and current density.

(d) Increasing the stack length always helps to improve the electromagnetic performance
characteristics.
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per phase, and (e f) 13

turns per phase.

4.3.2. Variable Number of Turns per Phase Case

The variations of the number of turns per phase (N,) and pull-out torque slips were
investigated for the 365/38R/12P AIM and shown in Figure 29. Note that the parametric
analyses were conducted under the pull-out torque condition. As seen, in order to main-
tain the torque, a lower number of turns was required for a longer stack length. In addi-
tion, it has been revealed that a reduction in the slip at the pull-out torque can be achieved
with a longer stack length. Thus, a higher power factor and efficiency can be predicted for

longer stack lengths.

The variations of the key performance characteristics as a function of the stack length
are illustrated in Figures 30 and 31. It has been revealed that, for the variable number of
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turns case, there existed an optimum number of turns for a specific stack length, allowing
the AIM to provide the maximum torque and power. In addition, it can also be seen that
the stator /5 and rotor current densities J,4, canbe reduced simultaneously with increas-
ing the stack length. Since the number of turns per phase is decreased with the increasing
stack length, the total winding resistance and, hence, the stator copper loss Ps,, decreases
with the increasing stack length, and consequently, the efficiency 71 increases. Since the
number of turns per phase is decreased with the increasing stack length, the total winding
resistance and, hence, the stator copper loss Ps., decreases with the increasing stack
length, and consequently, the efficiency 7 increases. The steady-state analyses are insuf-
ficient to determine the optimal number of turns and stack length parameters. The influ-
ence of these parameters on the flux-weakening characteristics should also be investigated
for particularly adjustable speed applications, such as EV/HEV.
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Figure 29. Variation of number of turns per phase and slip-to-stack length.

4 35
=cosSfposssRessss ===- o Po==ecgl
| =——Avg. —=—Ripple 3 g ;O §§§ﬂ“§'°§§.ﬂ, ===== &
1 =--<©--Power g i > ]
| L2 20 A =E&kF-Js
T E 15— O Jbar

i = & 10 B

12210
_T 5 5 -
T T T T T O g O
70 8 90 100 110 < 70 8 90 100 110

Stack length (mm) Stack length (mm)

(@) (b)

Figure 30. Variation of some key performance characteristics with the stack length: (a) time-averaged torque, torque ripple,
and power and (b) stator and rotor bar current densities.



Energies 2021, 14, 6849

25 of 35

—X—Pscu Prcu ——

3 62
Z 59 RS
©n >
2 K 2
é 58 §
= 1 =
2 . 56 @
o
o
O

O T T T T 54

70 80 90 100 110
Stack length (mm)

Figure 31. Variation of copper loss and efficiency with the stack length.

4.3.3. Flux-Weakening Characteristics

In this part, the influence of stack length on the flux-weakening characteristics was
investigated. Note that the number of turns was optimized according to the maximum
torque at a nominal speed. The torque-speed and power-speed characteristics of the
365/38R/12P AIM are calculated and illustrated in Figure 32. As can be seen, since AIMs
with longer stack lengths require fewer turns, they offer a better flux-weakening perfor-
mance, particularly at high-speed regions. The reason behind this phenomenon is simply
the number of turns corresponding to the phase inductance, as explained previously. It
can be deduced that, for applications requiring a high torque at high speeds, the AIMs can
be designed to have a longer stack length with a fewer number of turns.

Torque (Nm)
w2
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20
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\\ i
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Figure 32. Flux-weakening characteristics of 36S/38R/12P AIM for various stack lengths and number of turns. (a)
Torque-speed curve; (b) power-speed curve.

4.4. Number of Turns

Considering the previous analyses related to the number of turns, it can be deduced
that it is one of the other most critical design parameters, having a vital impact on the
electromagnetic characteristics. To find out the optimal number of turns, in addition to
the S/P combinations, the maximum allowable stator current density, stack length, and
flux-weakening characteristics should be considered. Particularly for EV/HEV applica-
tions, the desired torque/power—speed characteristics were specified before the prelimi-
nary design, and the electrical machines were optimized so as to meet the desired
torque/power—speed characteristics.

In this part, 70 mm and 90 mm stack lengths were considered, and all the calculated
curves were compared to the specified (Spec.) torque/power—speed curves. Note that the
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Torque (Nm)

torque and power—speed curves of the AIMs have numerous S/P combinations, and the
number of turns is calculated by maintaining the stator current density at 31 A/mm?. In
addition, the previously given current and voltage limits were not exceeded during the
calculations. The calculated torque/power-speed curves are illustrated in Figure 33 and
Figure 34 for 70 mm and 90 mm, respectively. It can be observed from the figures that the
AlIMs with a lower number of turns offer a higher torque in the high-speed region but low
torque in the constant-torque region. In addition, AIMs with longer stack lengths have
better field-weakening potential. Moreover, as a natural behavior of a squirrel cage IM,
the power in the constant power region decreases more rapidly than those of synchronous
machines [39]. In both the 70 mm and 90 mm stack length cases, the 185/20R/6P combina-
tions with 12 turns and 9 turns, respectively, are the best candidates meeting the specified
torque/power—speed characteristics.

- = Spec. -~ = Spec. ~——10-tam “==-11-tam - = Spec. e 10-turn —==-1l-tam
Lesrzsnier] ] e 2tum " I3t 2

o u

i/ 5
185/20R/6P 245/ 26R/8P
3 0
0 2 4 6 8 10 12 14 15 18 0 2 6 8 10 12 14 16 18
0 2 4 6 8 10 12 14 16 18
0 2 4 & Swsed (kigm 12 14 16 18 LI Speed (kipm) Speed (kipm)
60 — & — 30 T Spee. —Ilmm - 1Zhm
305/32R/10P pec. 365/38R/12P pec. [ | e l2om —13tm | ooe ] o 13-tam 1d-tam
—10-tam —1l-tam
E 40 --=12-tam g2
g S
A RN T R S :
& 20 E 10 % I
5 s
30S/32R/10P) 365/38R/12P
. = o 0
0 2 4 6_8 10 12 4 16 18 0 02 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 1 18 0 2 4 6 8 10 12 14 16 18
Speed (apan) Speed (lapm) § peed (lrpmi) S peed (krpm)
(a) (b)
Figure 33. Flux-weakening characteristics of 70-mm AIMs with different S/P combinations and number of turns: (a) torque-
speed and (b) power-speed.
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Figure 34. Flux-weakening characteristics of 90-mm AIMs with different S/P combinations and number of turns: (a) torque-
speed and (b) power-speed.

4.5. Stator and Rotor Geometric Parameters

Following the determination of the major specifications, such as the S/P/R combina-
tion, number of turns, and stack length, the influences of the key machine geometric pa-
rameters on the steady-state electromagnetic performance characteristics were investi-
gated. In this part, the individual influence of each parameter, indicated in Figure 34, was
parametrically analyzed for 365/38R/12P AIM with a 110 mm stack length. Note that the
operating conditions, stator outer diameter, and air gap length parameters were kept con-
stant during the analyses (see Appendix—Table A1 for the other specifications).
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The definitions of the geometric parameters, illustrated in Figure 35, are given as fol-
lows. A is the split ratio, identified as the ratio of the stator inner diameter Dg; to the
stator outer diameter Dg,, as given in Equation (10). The by, stator slot width, and, as
expressed in Equation (11), b, is a function of by, since the slot fill factor is kept con-
stant for all the stator slots. Furthermore, since the winding topology is a nonoverlapping
type, a ratio between the top and bottom layers, viz, stator slot heights, is defined as given
in Equation (12). Moreover, since the rotor teeth are designed to have parallel shapes, the
rotor slot parameters are correlated to each other as expressed in Equation (13).

_ Dsi

A= (10)

b1z = bgy = f(bs2) = bsy = ks * by, (11)
hgy 1

R 12

h, 2 (12)

briz = byy = f(br2) = by = ky " byy (13)

Figure 35. Stator slot and rotor geometry parameters.

4.5.1. Split Ratio

The influence of the split ratio on the averaged torque and torque ripple is shown in
Figure 36. The maximum torque at the pull-out slip is obtained at 0.753. In addition, it can
be deduced that the split ratio has a trivial effect on the torque ripple within the selected
split ratio range.
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4.5.2. Stator Slot

The influence of the stator geometric parameters, shown in Figure 35, on some major
performance characteristics is parametrically investigated in this part. Note that the de-
termined individual optimum values of each stator slot parameter are indicated in the
related figures. Figure 37 shows the effect of the stator slot opening parameter by, on the
torque, torque ripple, stator copper loss, and current density. The peak torque is achieved
at 1.8 mm of byy, and the torque ripple reduces remarkably as b, is increased. On the
other hand, since by, has no effect on the stator slot area, no considerable change in the
stator copper loss and current density is observed. The insignificant reduction in the stator
copper loss is due to the slightly reduced harmonic content of the stator current.
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Figure 37. Variations of some key performance characteristics with bg: (a) torque and torque ripple and (b) stator copper

loss and current density.

Similarly, the effects of the stator slot width by, stator slot-opening height hgy, and
stator slot height hgy, on torque, torque ripple, stator copper loss P, and current den-
sity Js are investigated parametrically, and the obtained results are shown in Figures 38—
40, respectively. As for bgy,, because of the reduction of the saturation level of the stator
tooth parts, as seen in Figure 41, the narrower the stator slot, the higher the average torque
(see Figure 38a). In addition, as the slot area is increased with the increasing by, ,, the cop-
per loss and current density decrease remarkably, as seen in Figure 38b. Considering Fig-
ure 39, it can be concluded that hy, also has a considerable effect on the torque and torque
ripple but has no effect on the copper loss and current density. As for the dimensions
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larger than 5 mm of hyy,, the average torque starts to decrease due to an increase in the
saturation level of stator yoke while the torque ripple starts to increase, as seen Figure 40a.
In addition, an increase in hg;, results with an increased slot area and, hence, decreased
copper loss and current density.
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Figure 38. Variation of some key performance characteristics with bs;,: (a) torque and torque ripple and (b) stator copper
loss and current density.
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Figure 40. Variation of some key performance characteristics with hgy,: (a) torque and torque ripple and (b) stator copper

loss and current density.
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Figure 41. Variation of the flux density amplitudes in stator teeth and yokes due to bs;;.

4.5.3. Rotor Slot

In a similar manner, the influence of the rotor slot parameters indicated in Figure 35
has been investigated, and the parametric analysis results are illustrated in Figure 42. It
has been observed that each rotor slot parameter has a significant effect on the torque,
torque density, rotor bar copper loss, and current density, individually. It has been re-
vealed that the torque is quite sensitive to all rotor parameters, while torque ripple is more
sensitive to the rotor slot width b,;, and rotor slot height h,; parameters. The rotor cop-
per loss B, on the other hand, is very sensitive to the rotor slot opening width b, and
the rotor slot opening height h,,, whereas the current density J, is more sensitive to the
b1, and h,, parameters. It has been revealed that the larger the rotor slot opening width
by, the higher the P, and the J,.. The underlying causes of this phenomenon have been
explained in References [32,33] in detail, as follows. Since the rotor teeth function as a low-
pass filter, the smaller the slot-opening width, the more the higher-order harmonics are
eliminated.
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Figure 42. Variation of some key performance characteristics with rotor parameters: (a) torque and torque ripple with

byo; (b) rotor bar copper loss and current density with b,; (¢) torque and torque ripple with b,,; (d) rotor bar copper
loss and cur-rent density with b,;,; (e) torque and torque ripple with h,; (f) rotor bar copper loss and current density
with h,; (g) torque and torque ripple with h,;; (h) rotor bar copper loss and current density with h,.;.

On the other hand, since a smaller slot opening causes an increase of the magnitude
of the short-circuited flux, the level of the average torque decreases, as seen in Figure 42a.
Therefore, b,q=2.2 mm can be chosen as the individual optimum by considering P,, and
the J,. It has been observed from Figure 42c that the larger the b,,,, the lower the torque
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ripple and J,. Although J, decreases as b4, is increased, P, does not change consid-
erably, since the amount of induced bar current does not change (see Figure 42d). Conse-
quently, the individual optimum of b, is determined as 3.8 mm. To increase hy, causes
an increase in the amount of short-circuited and, also, leakage fluxes. Therefore, as seen
in Figure 42e, the average torque drops. Therefore, the individual optimum of hg, is cho-
sen as 0.3 mm. As for the h,; parameter, the maximum torque is achieved at a 9.5-mm
slot depth with a relatively low torque ripple (see Figure 42g). As seen in Figure 42h, as
the h,, isincreased, J, decreases, since the slot area is increased. However, P, is kept
constant, since the leakage flux level and, hence, the current harmonic content of the bar
current are increased significantly, even if the bar diameter is increased.

In this section, the influence of the geometric design parameters on the major perfor-
mance characteristics have been investigated, and the individual optimum values are ob-
tained. However, to maximize the desired performance characteristics, a multi-objective
global optimization treatment is required to take into account the cross-correlation be-
tween the different design parameters.

5. Discussion on the Validation of the FEA Results

As mentioned previously, all the results presented in this paper are based on simu-
lations performed by 2D time-stepping FEA. Although FEA predictions are considered
fairly reliable today, its results might be inaccurate due to the human errors in the model-
ing and analysis. Therefore, experimental validation of numerical results for at least one
model could be required. In essence, in the previous publication [5] by the authors of this
paper, the numerically calculated steady-state and flux-weakening performances and
electric loading characteristics of a conventional IM with 545/44R/6P-DL long-pitch
ISDWs (y. = 9), which has the same major design and operating parameters as its pro-
posed AIM counterpart presented in this paper, are verified by measurements. Conse-
quently, considering the well-agreed predicted and measured performance characteris-
tics, such as torque, efficiency, torque/power-speed curves, etc., obtained from conven-
tional IM [5], it can be predicted that the analysis results presented in this paper are relia-
ble.

6. Conclusions

In this paper, an ANW topology for squirrel cage IMs has been developed to mini-
mize the total axial length while concurrently improving the performance characteristics.
It has been revealed that in combination with the auxiliary slot approach, the multi-layer
phase winding shifting method results in a more uniform distribution of a winding layout
with a greatly reduced MMF harmonic content. Thanks to the proposed method, a ~43%
reduction in THD of MMF and a more than 25% reduction in the total axial length are
achieved. Furthermore, very useful design guidelines are offered to establish the principal
design parameters for squirrel cage IMs. The influence of major machine design parame-
ters on the average torque, torque ripple, current density, machine losses, efficiency, and
flux-weakening performance were also examined. Moreover, a comprehensive literature
review on the performance improvement of IMs, with particular emphasis on MMF har-
monic reduction methods, was presented. The following is a summary of some notewor-
thy results in this study.

e  Compact IMs with high efficiency can be designed thanks to ANW topology;

e  There s a critical rotor slot number for any S/P combination providing the maximum
average torque with the minimum torque ripple;

e  Poor performance characteristics such as a high bar current density, high slip and
losses, and consequently, low efficiency are unavoidable in combinations where the
number of rotor slots is significantly greater than the number of stator slots (R > S);

e  Selection of a high stack length results in a lower number of turns required to main-
tain the torque and, hence, a better flux-weakening capability.
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e By keeping the pole number as low as possible, a wider constant power region can
be achieved;

e Although each design parameter has a considerable effect on the performance char-
acteristics individually, slot dimensions have a significant effect on the torque and
current density, whereas slot opening dimensions have a remarkable effect on torque
ripple and losses, particularly bar copper loss.

Multi-objective design optimization of AIMs, performance comparison with IPM ma-
chines and further performance improvement methods for AIMs will be presented in fu-
ture works.
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Appendix

Table Al. Major specifications of the studied IMs.

9S/14R/6P-DL 2x9S/20R/6P- 18S/6P/20R- 18S/6P/20R- 36S/6P/38R- 36S/12P/38R-

P
arameter (=1 DL(y.=2) DL(ANW) DL(y,=2) DL(y,=5) DL(y =5)
Number of coils per phase 3 6 6 6 12 12
Number of turns per coil 14 9 12 12 9 8
Number of parallel branch 3 6 6 6 12 12
Stator outer diameter (mm) 144
Stator inner diameter (mm) 96.48 99.36 99.072 95.04 93.312 108.432
Split ratio 0.67 0.69 0.688 0.66 0.648 0.753
Air-gap length (mm) 0.35
Rotor outer diameter (mm) 95.78 98.66 98.372 94.34 92.612 107.732
Stator tooilgnﬁ)dthﬂ‘elght 156/11.7  873/103  8.96/12.2 9/12.8 4.26/10 43/10
1 .
Stator/rotor slot opening 8/5.5 4/1.4 4502 4/4 1.75/1.5 1.7/1.35
width (mm)
Rotor tOOt?m‘ﬁ‘;th/ height 1113119 826714 867/145  88/122 5.5/11.9 5.3/11.7
Stack length (mm) 70 110
Core lamination Material: M270-35A. Lamination stacking factor: 0.95. Lamination thickness: 0.305 mm.
Bar material Copper 75°C
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