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Abstract: Fractional slot, PMSM motors with a properly designed electromagnetic circuit allow for
obtaining high power density factors (more than 4 kW per 1 kg of total motor weight). The selection
of the number of magnetic poles to the specific dimensions and operating conditions of the motor, as
well as the number of slots for the selected number of magnetic poles is the subject of the analysis in
this article. This issue is extremely important because it affects the mass of the motor, the value of
shaft torque, shaft power and the value of rotor losses. The aim of the work is to select solutions with
the highest values of power density factor and, at the same time, the lowest values of rotor losses.
The object of the study is a fractional slot PMSM motor with an external solid rotor core with surface
permanent magnets (SPM). Motor weight is approximately 10 kg, outer diameter is 200 mm and a
maximum power is 50 kW at 4800 r/min. The article analyzes the selection of magnetic poles in

check for the range from 2p = 12 to 2p = 24 and various slot-pole combinations for individual magnetic poles.
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The target function of the objective was achieved and the calculations results were verified on the
physical model. The best solutions were 20-pole, 30-slots (highest efficiency and lowest rotor loss)
and 24-pole, 27 slots (highest power density).
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1. Introduction

High power density electric motors present a significant challenge in the field of
electric drives. Their basic feature is a relatively low weight in relation to the shaft power.
By using the term “high power density” in this work, we mean motors with a power density
factor of 4 kW and more (maximum power) per 1 kg of total motor weight. Additionally, it

should be noted that the power density in this analysis is not achieved by a high rotational
speed. The maximum rotational speed of the analyzed motors is 4800 r/min. Their
application is needed mainly for the aviation, automotive and marine industries, where
internal combustion engines are being displaced [1-6].

Fractional slot PMSM (Permanent Magnet Synchronous Motor) motors with concen-
trated windings are an interesting solution that allows to limit the overall dimensions and
thus the mass of motor and at the same time are characterized by high power density factor.
In addition, these types of motors have such advantages as: shorter length of end winding
connections, small cogging torque and small torque ripple [7,8]. A significant problem
for this type of machine, is the increased rotor losses due to subharmonics and higher
harmonics in the MMF distribution, which can be limited by the appropriate selection of
the slot-pole combination. Moreover, the choice of slot-pole combination also significantly
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density factor and, at the same time, the lowest values of losses in the rotor elements. Much
attention has been paid to the influence of the slot-pole combinations on rotor losses, as it is
one of the main factors determining the value of these losses. Another key issue analyzed
in this paper is the appropriate selection of the number of magnetic poles 2p to the specific
dimensions and operating conditions of the motor. Increasing the number of magnetic
poles at a constant rotational speed causes an increase in frequency and thus an increase in
power losses in the motor. On the other hand, an increase in the number of poles makes it
possible to reduce the cross sections of the elements of the electromagnetic circuit, and thus
reduce the mass of the motor. The analyzed issues are important for high power density
motor, because they affect the mass of the motor, the value of the shaft torque, as well as
the value of rotor losses (rotor yoke and permanent magnets) [9-21].

The object of the study is a fractional slot PMSM motor with an external solid ro-
tor core with surface permanent magnets (SPM). The basic design assumptions for this
motor are the weight of approximately 10 kg, the outer diameter not greater than 200
mm, the maximum power of approximately 50 kW and the maximum rotational speed
4800 r/min. It should be noted that motors with high power density operate under high
frequency supply conditions, with high magnetic saturation of the magnetic circuit ele-
ments and high current loads. For this reason, the basic, but not the only condition for
obtaining the appropriate motor power density is the appropriate design of the motor’s
electromagnetic circuit.

The article presents a certain method of proceeding that leads to the achievement of
the assumed goal function. The analysis was carried out in two stages: analytical and
based on FEM calculations. In the analytical analysis, the harmonic distribution of the
magnetomotive force MMF was used for the initial pre-selection of solutions. From among
the analyzed 25 cases in the range of 2p = 12 to 2p = 24, 12 solutions were selected for
further FEM analysis. In the second stage, for each slot-pole combination, a FEM model
was developed and calculations were carried out in order to select the best solutions. The
results of the calculations were confirmed by the results of laboratory tests for the selected
20-pole, 24-slotcombination for the model of motor.

The selection of the slot-pole combinations in PMSM fractional-slot motors affects
many operational parameters and therefore is an issue widely described in the literature.
In [22], the authors analyze the effect of the slot-pole combinations on the cogging torque in
the motor with concentrated winding. In the publication [23], the purpose of the presented
analysis is to determine the correct slot-pole combinations due to fault tolerance in a multi-
phase generator with a power of approximately 250 kW. The papers [24-26] present an
analysis of the influence of the slot-pole combinations on magnetic forces and vibrations in
permanent magnet motors. The article [27] describes the influence of slot and pole selection
on the shaft voltage in the motor, and the paper [28] concerns the analysis of the slot-pole
combinations effect on AC Losses in the winding. None of the above works covers the
issues analyzed in this article.

The phenomenon of negative impact on rotor losses due to incorrect selection of the
slot-pole combinations is also known from the literature [15,29]. However, these papers
focus on the theoretical consideration of the issue without taking into account the target
operating conditions and requirements for high power density motors, which significantly
determine the specific values of these losses. The conclusions presented in these works do
not take into account, for example, the dimensions of magnets (surface, volume) depending
on the selected number of motor poles, which is very important for the value of eddy
current losses (even while maintaining the theoretically correct slot-pole combinations
due to the distribution of the magnetomotive force MMF). The presented conclusions are
therefore only general guidelines, but do not provide a complete answer to the objectives
set in this paper. Moreover, none of the papers analyze the selection of the number of
magnetic poles to specific motor operating conditions.

In [18,20,30], the influence of slot-pole selection was analyzed, but for the IPM (Interior
Permanent Magnet) motor with concentrated windings, not SPM motors. In [16], 3-phase,
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5-phase and 7-phase machines with a rotor with embedded magnets are analyzed. The
publication [17] presents the slot-pole combinations analysis for the reluctance motor. The
works [19,31] present an analysis for hybrid excited machines.

The work [32] analyzes the selection of slot-pole combinations for motors with surface
permanent magnets (SPM), but not for high power density motors. The number of magnetic
poles of the motor analyzed in the study is limited to 2p = 4, 2p = 8, 2p = 10, which in
principle does not allow for obtaining high power density factors in the rotational speed
range up to n = 5000 r/min. In this article, the analysis concerns high-pole motors, e.g.,
2p = 20, which works with high values of the supply frequency (800 Hz). In [32], the
motor operating conditions for which the analysis was carried out are not specified, and
they significantly affect the rotor yoke losses and permanent magnet losses. Besides, the
motor analyzed in the work [32] has a power about 750 W, and in this work about 50 kW
(maximum power), so the scale of the problems also in terms of losses in the rotor is
completely different.

2. Calculation Model and Operational Conditions of High Power Density Motor

The subject of the analysis is a high-pole, fractional slot, surface permanent magnet
synchronous motor with high power density and external solid rotor core. The basic design
assumptions for this motor are the weight of approximately 10 kg, the outer diameter
not greater than 200 mm, the maximum power of approximately 50 kW and the range of
rotational speed 0-4800 r/min.

The illustrative (not to scale with actual dimensions) structure of a 20-pole and 24-slot
motor is taken as an example to show the structure of the machine researched in this
paper, which is shown in Figure 1. The mathematical model of the motor in d-g axis can be
described by the Equations (1)-(5) [33]:

Via = Reeg + S0 — 0., 0
Vag = Rsisg + % + w-¥sy (2)
Yoo = (L1 + Lin)-isa + ¥pm ®)
Ysq = (L + Lm)'isq 4)

Ty = p-¥rm-isg @)

where:

Vi, Vsg—phase voltage d-axis and g-axis,
is4, is;—phase current d-axis and g-axis,
¥sa, ¥sg—flux d-axis and g-axis,

Y pp—permanent magnet flux,
Rs—phase resistance of stator winding,
Li—leakage inductance,
L,—magnetizing inductance,
w—electrical angular speed,
Ty—electromagnetic torque,

p—number of pole pairs.

The purpose of the analysis presented in the article is the appropriate selection of both
the number of magnetic poles to the specific operating conditions of the motor and overall
dimensions, as well as the selection of the appropriate slot-pole combinations. The main
function of the target is to obtain a high power density factor as well as to reduce rotor
losses and thus rotor temperature. It should be noted that the assumptions made impose
limited design options for the electromagnetic circuit. Assuming that the maximum supply
frequency f is 1000 Hz, the maximum number of magnetic poles is then 2p = 24 (960 Hz for
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4800 r/min). Moreover, for the analysis to be reliable, the simulations assumed the same
operating conditions and certain features common to all analyzed models (Table 1).

Figure 1. Illustrative structure of a 20-pole, 24-slot motor under analysis.

Table 1. Common data for the analyzed motor models.

Parameter
DC supply voltage (V) 350
Rotational speed (r/min) 4800
Line to line voltage of motor (for 4800 r/min, I = nom.) (V) 220-240 V
Rated current density (A/mm?) 15
Phase advance angle 0
Flux weaking none
Outer diameter of rotor core (mm) 200
Length of core (mm) 50
Phase number 3
Air gap length (mm) 1
Thickness of PM (mm) 3
Pole arc coefficient 0.833
The slot opening width (mm) 1.8
The slot opening height (mm) 1.3
Winding temperature (°C) 120
PM temperature (°C) 80
Flux density in the stator teeth (T) 2.0
Flux density in the stator yoke (T) 1.7
Flux density in the rotor yoke (T) 1.85-1.9
Rotor yoke material type 535552
Stator core material type NO27, 0.27 mm
Type of magnets N45SH

NO27 sheets (0.27 mm) was used in the stator core. The solid rotor core is made of
5355j2 steel with permanent magnets of the N45SH type attached to it. The permissible
operating temperature for this type of magnet is 150 °C.

The motor is powered by a DC source (e.g., battery) through a frequency converter.
The nominal value of the DC supply voltage is 350 V. The analysis carried out as part of this
study assumes the maximum rotor speed of n = 4800 r/min. In order to ensure comparable
operating conditions for each model, it was assumed that for the maximum rotational
speed max, rated current I;, and the selected number of phase turns N, the value of the
line to line voltage of motor Vi, should be 220-240V. The possibility of working with flux
weakening is not assumed for the analyzed variants.
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The factor determining the rated parameters of the motor is mainly the permissible
operating temperature of individual components. For all analyzed models, it was assumed
that the cooling system would be identical (liquid cooling), and the permissible rated
current density in the winding would be ] = 15 A/mm?.

Moreover, it was assumed that the same magnetic materials will be used in the
magnetic circuits, and the maximum value of the flux density in individual elements will
also be the same.

3. Slot-Pole Combinations—Analytical Analysis

The analysis in this paper was carried out in two stages. In the first stage, an analytical
analysis was performed based on the conclusions from the available literature [7,9-12,15]
and developed graphs of MMF harmonic distribution determined for individual slot-pole
combinations. The purpose of this analysis is to pre-select the slot-pole combinations, which
allows to obtain the assumed target function, including, in particular, high electromagnetic
torque and low rotor losses. The analytical analysis was based on the basic coefficients
determined from the following Formulas (6)—(14) [34]:

_ Q9
l’m == GCD{QS/ P} (7)
ts = GCD{Qy 2p} ®
2.71-GCD{Qs,
o — QS{QS P} ©)
__ %P
Xslot = GCD{QSIP} (10)
. Qs ‘Xph
sin X
kg = Q(’”'t‘“‘ “ih) for Qts is odd number (11)
Desin() Mt
. Qs Xph
sin 5
.= Q(Z'm‘t.m aZh) for Qs is even number (12)
Ty sin(F) - Mim
ks = %YS 13)
S

where:

g—number of slots per pole and phase,
Qs—number of stator slots,
2p—number of magnetic poles,
p—number of magnetic pole pairs,
m—number of winding phases,
tm—number of magnetic symmetries,
te—number of geometric symmetries,
Ys—winding pitch,

apn—angle between adjacent phasors in a star of slots,
agor—angle between adjacent slots in the star of slots,
GCD—greatest common divisor,

kg—winding group factor for the fundamental harmonic,
ks—winding factor for the fundamental harmonic,
kw—main winding factor for the fundamental harmonic.
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The star of slots has also an important role in the analysis of fractional slot motors. The
method of determining the star of slots has been presented in publications [7,34]. Figure 2
shows an example of a slot star for 20-pole, 24-slot motor.

4 A=
h,=5

Figure 2. An example of a designated star of slots for structure of a 20-pole, 24-slot motor [35].

The stator slot numbers have been assigned to the appropriate phasors. The number
of the fundamental MMF harmonic hy, is calculated from the quotient of the angle between
adjacent slots agjot and the angle between adjacent phasors ap. Another way to determine
the number of fundamental harmonic /i, is to calculate the number of phasors between
slots 1 and 2 (subharmonics) and then increase it by the value 1. In the case shown in
Figure 2, the number of subharmonics is 4 (slots 6, 11, 4, 9) so by increasing by the value 1,
the number of the fundamental MMF harmonic hy, is equal 5.

The practical aspect of the analysis is of fundamental importance, therefore the vari-
ants of solutions have been narrowed down to those that meet specific motor operating
conditions and allowed to obtain the expected parameters. It was found that in order to
meet the condition of a high power density factor, the number of magnetic poles should
not be lower than 2p = 12. Reducing the number of motor poles increases the cross-sections
of the magnetic circuit elements, and thus increases the mass, therefore the variants 2p < 12
are not considered. On the other hand, increasing the number of magnetic poles increases
the supply frequency. In this case, the supply frequency f = 1000 Hz was adopted as the
limitation. For such assumptions, the frequency of the supply voltage, depending on the
number of magnetic poles, is:
2p=12,f = 480 Hz
2p=14,f =560 Hz
2p=16,f =640 Hz
2p=18,f =720 Hz
2p=20,f =800 Hz
2p=22,f =880 Hz
2p=20,f =960 Hz
The first factor determining the consideration of a given slot-pole combinations in
this analysis was the main winding factor ky,, which has a significant impact on the value
of the obtained electromagnetic torque. For the case where g = 0.5, it is k,, = 0.866 and it
was assumed that the slot-pole combinations for which the winding factor k,, has a lower
value will not be considered. In this way, Table 2 presents possible variants of the slot-pole
combinations, showing also the amplitude values of individual harmonics Ah;—-Ahy1, and
the number of the fundamental harmonic h,.
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Table 2. Data and coefficients for the initially considered slot-pole combinations (color marks the
fundamental harmonic).

2p Qs q kw tm tg hm Ahl Ahz Ah3 Ah4 Ah5 Ah6 Ah7 A”ls Ahg Ath Ahll
12 18 0.5 0.866 6 6 1 0.83 041 0 021 017 0 012 0.1 0 0.08 0.08
14 12 0.286  0.933 1 2 7 0.26 0 0 0 0.71 0 0.51 0 0 0 0.02
14 15 0.357 0951 1 1 7 01 011 0 013 0.16 0 0.65 057 0 0.08 0.05
14 18 0.429  0.902 1 2 7 0.22 0 0 0 0.16 0 0.74 0 0 0 0.47
14 21 0.5 0.866 7 7 1 0.83 0.41 0 021 017 0 012 0.1 0 0.08 0.08
16 15 0313  0.951 1 1 8 01 011 0 0.13 0.16 0 0.65 0.57 0 0.08 0.05
16 18 0375 0945 2 2 4 017 0.2 0 0.68 0.54 0 0.06  0.02 0 0.02 0.04
16 21 0.438 0.89 1 1 8 0.09 019 0 0.09 0.07 0 012 074 0 0.05 0.04
16 24 0.5 0.866 8 8 1 0.83 041 0 021 017 0 012 0.1 0 0.08 0.08
18 27 0.5 0.866 9 9 1 0.83 041 0 021 017 0 012 0.1 0 0.08 0.08
20 15 0.25 0.866 5 5 2 0.83 041 0 021 017 0 012 01 0 0.08 0.08
20 18 0.30 0.945 2 2 5 017 020 0 0.68 0.54 0 0.06 0.02 0 0.02 0.04
20 21 0.35 0.953 1 1 10 007 0.07 0 0.08 0.09 0 012 015 0 0.64 0.8
20 24 0.40 0.933 2 4 5 0.26 0 0 0 0.71 0 0.51 0 0 0 0.02
20 27 0.45 0.877 1 1 10 0.06 0.09 0 019 0.08 0 0.05 0.06 0 075 0.1

20 30 0.50 0.866 10 10 1 0.83 041 0 021 017 0 012 0.1 0 0.08 0.08
22 18 0.273  0.902 1 2 11 0.22 0 0 0 0.16 0 0.74 0 0 0 0.47
22 21 0.318  0.953 1 1 1 007 0.07 0 0.08 0.09 0 012 015 0 0.64  0.58
22 24 0364  0.949 1 2 11 0.13 0 0 0 0.15 0 0.18 0 0 0 0.66
22 27 0.409 0915 1 1 11 019 0.07 0 014 0.05 0 0.06 0.07 0 0.05 072
22 30 0455  0.874 1 2 1 01 0 0 0 0.19 0 0.09 0 0 0 0.76
22 33 0.5 0.866 11 11 1 0.83 041 0 021 017 0 012 0.1 0 0.08 0.08
24 18 0.25 0.866 6 6 2 0.83 041 0 021 017 0 012 0.1 0 0.08 0.08
24 27 0.375  0.945 3 3 4 017 02 0 0.68 054 0 0.06  0.02 0 0.02 0.04
24 36 0.5 0.866 12 12 1 0.83 041 0 021 017 0 012 0.1 0 0.08 0.08

It is well known that fractional slot motors have an increased content of harmonics and
subharmonics of MMF, which significantly affects the rotor eddy current losses. The correct
selection of slot-pole combination allows to limit the content of these harmonics, and thus
the value of losses. Figure 3 shows the determined distribution of MMF harmonics for
the analyzed slot-pole combination, assuming a symmetrical three-phase supply (I =1,
f =50 Hz) described by Equations (15)—(17). The number and value of amplitude of the
fundamental harmonic /iy, determined as described on page 6, is marked in Figure 3 with
a separate color.

ia(t) = I-sin(w-t) (15)
ip(t) = I-sin(w-t + 2?7-[) (16)
ic(t) = I-sin(w-t — 2?71) (17)

where: I =1, t =0.02s, w = 314.16.

From the presented data in Table 2 and Figure 3 it can be seen that the slot-pole
combinations for which the number of stator slots Qs is smaller than the number of magnetic
poles 2p are characterized by a large value of subharmonic amplitude, higher than the
value of the fundamental harmonic amplitude hy,. These solutions were rejected in further
analysis due to the expected high values of eddy-current losses in the rotor elements (except
for one 2p = 20, Qs = 18, which was to confirm the validity of the above thesis). These are
the slot-pole combinations:
2p=14,Qs =12
2p=16,Qs =15
2p=20,Qs=15
2p=20,Qs =18
2p=22,Q:=18
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o 2p=22,Q:=21
o 2p=24,Q:=18

The second group of slot-pole combinations from Table 2 are variants with factor
q = 0.5, for which the number of stator slots Qs is greater than the number of magnetic
poles 2p. For this slot-pole group, theoretically, the value of rotor losses should be the
lowest [9,10], however, the winding factor ky, = 0.866 is also lower compared to other slot-
pole combinations. This may result in a lower power density factor. This group includes
variants of the solution:

o 2p=12,Q:=18
o 2p=14,Qs=21
o 2p=16,Qs=24
o 2p=18,Qs=27
o 2p=20,0Q0:=30
o 2p=22,0,=33
o 2p=24,Q:=36
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Figure 3. Harmonic distribution of the MMF for the analyzed slot-pole combinations (color marks
the fundamental harmonic) (a) 2p = 12, Qs = 18; (b) 2p =14, Qs = 12; (¢) 2p = 14, Qs = 15; (d) 2p = 14,
Qs =18;(e) 2p =14, Qs =21; (f) 2p =16, Qs = 15; (g) 2p =16, Qs = 18; (h) 2p = 16, Qs = 21; (i) 2p = 16,
Qs =24; (j) 2r =18, Qs =27; (k) 2p =20, Qs = 15; (1) 2p = 20, Qs = 18; (m) 2p =20, Qs = 21; (n) 2p = 20,
Qs = 24; (0) 2p = 20, Qs = 27; (p) 2p = 20, Qs = 30; (q) 2p = 22, Qs = 18; (x) 2p = 22, Qs = 21; (5) 2p = 2,
Qs =24; (t) 2p =22, Qs =27; (u) 2p =22, Qs = 30; (v) 2p =22, Qs = 33; (W) 2p =24, Qs = 18; (x) 2p = 24,
Qs =27; (y) 2p = 24, Qs = 36.
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Thus, the last remaining group of slot-pole combinations are the following solution
variants:

o 2p=14,0Q:=15
o 2p=14,Q:=18
o 2p=16,Qs=18
o 2p=16,Qs=21
o 2p=20,Qs=21
o 2p=20,Qs=24
o 2p=20,Qs=27
o 2p=22,Qs=24
o 2p=22,Qs=27
o 2p=22,0Q0,=30
o 2p=24,Qs=27

The solutions 2p = 20, Qs = 27, as well as 2p = 22, Qs = 30 were rejected in further
analysis due to the lowest value of the winding factor k, and at the same time a series of
subharmonics, although with a small amplitude value.

The solution 2p = 14, Qs = 15 is characterized by a high value of the winding factor
kw = 0.951, but due to the relatively high content of subharmonics, high value of the
8th harmonic amplitude and a relatively small number of poles, this solution was also
rejected for further analysis as not promising the possibility of obtaining the assumed
objective function.

4. Slot-Pole Combinations—FEM Analysis

From the variants presented in the previous analytical analysis, the following variants
were adopted for the FEM analysis:
2p=12,Qs=18,q=05
2p =14, Qs =18, q = 0.429
2p=16,Qs =18,q=0.375
2p=16,Qs =21,q=0.438
2p=18,Qs=27,q=0.5
2p=20,Q:=18,q=0.3
2p=20,Qs=21,q=0.35
2p=20,Qs=24,q=04
2p=20,Qs=30,q=0.5
2p=22,Qs =24,q=0.364
2p=22,Qs =27,q=0.409
2p=24,Qs=27,q=0.375
For each of them, FEM models were developed in this stage. From the group of
slot-pole combinations with g = 0.5, 3 variants were selected (2p = 12, Qs = 18; 2p =18,
Qs =27; 2p = 20, Qs = 30) considering that it is sufficient for a comparative statement.

The analysis was performed on the 2-dimensional FEM model of motor using ANSYS
Maxwell software. Therefore, the end effect and the axial segmentation of the magnets
are not included. The calculations were performed for the one full magnetic symmetry
of the given model. The calculation model of the motor for an exemplary combination
of slot-pole 2p = 20, Qs = 24, with a finite element mesh is shown in Figure 4. For each
developed model, the maximum length of the mesh edge of the elements is:

Magnets—0.4 mm,
Rotor yoke—1.2 mm,
Stator core—0.9 mm,
Outer region—0.8 mm,
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Vector potential =0 Wh/m

Master boundary

=>

Slave boundary ﬁ
(a) (b)

Figure 4. FEM model of the motor for 20-pole, 24-slots (a) one full magnetic symmetry; (b) fragment

of the model with an enlarged finite element mesh.

The analysis was carried out using the time-step solver (transient). In order to eliminate
errors in the current waveforms that can be introduced by the simulation, the analysis was
performed with a time step equal 2T /200 (depending on the rotational speed of the rotor),
where T is the full run period. The time-dependent magnetic equation of motor model is
expressed as [36]:

VXH4VXA:]—#§—va+VxHC (18)

where:

A—the magnetic vector potential,
J—the source current density,
V—the electric vector potential,
H.——coercivity of the permanent magnet,
u—permeability,
¢—conductivity.
The divergence-free condition for the magnetic flux density B is ensured by expressing
B in terms of the magnetic vector potential A as [36]:

B=VxA (19)

Magnetic vector potential distribution A is given by the solution of Laplace’s equa-
tion [36]:
VZA=0 (20)

The boundary conditions in the calculation model are defined by the value of the
magnetic potential vector A equal to 0, on the outer edge of the rotor core. The master/slave
boundary is defined at the symmetry edges of the model. Matching this boundaries allow
to take advantage of periodicity in a structure. The field on the master boundary is mapped
to the slave boundary.

The aim of the analytical analysis carried out in the first stage was to pre-select the
slot-pole combinations, which makes it possible to obtain high operating parameters of the
motor and, at the same time, relatively low eddy-current losses in the rotor. The purpose of
the FEM analysis is to determine in detail the values of both the basic operating parameters
of the motor, as well as power losses.

The parameter obtained in the FEM calculations is the electromagnetic torque T. It
should be noted that the value of electromagnetic torque Ty is ultimately different than the
value of the useful shaft torque Tgp,, because the electromagnetic power Py calculated
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in FEM is additionally reduced by rotor losses, mechanical losses and losses in the stator
core APges. A fairly frequent phenomenon found in the literature is the comparison of
motor design solutions based on the obtained value of the electromagnetic torque [31,32].
This is not entirely the correct approach, because this torque does not take into account the
losses associated with the rotor and stator core. Therefore, in some cases, especially when
rotor losses APy, are significant, misleading conclusions may be drawn. In this work, the
comparative criterion for the slot-pole combinations is both the shaft torque Tgpaf;, and the
shaft power Pgp,, calculated using the Formulas (21)—-(22):

Ppatt = Py — APpes — APy — APpech (21)
Tohatt = %’Pshaft (22)
where: S
Py=—3—Ty (23)
APpes =P, +P. + P, (24)
Py = Ky B2 f (25)
P. = K.-(B-f)? (26)
P, = Ko-(B-f)*? (27)
APr. = APpy + APy, (28)

It is well known that the dominant losses in the rotor elements (rotor yoke and
permanent magnets) are eddy-current losses, especially when a solid rotor core is used. In
paper [10-15] the theory of the eddy-current phenomenon are presented. For the PMSM
motor, using FEM model, the total value of rotor losses AP was calculated as the sum
of losses in permanent magnets APpy; and losses in the rotor yoke APy, (Equation (28)).
Magnet losses APpy; were calculated as the sum of the losses in individual magnets within
one full magnetic symmetry, multiplied by the number of magnetic symmetries. The stator
core losses APpes were calculated using the Formula (24). Mechanical losses APy, were
estimated on the basis dimensions of bearing and rotational speed. Additional losses AP,4q
were assumed as 1.5% of the electromagnetic power Py. Finally, the efficiency of the motor
was determined from the Formula (29):

_ P;;Iaft (29)

Py = Py + APcy + APygq (30)
APcy = 3-1%-Rs (31)
AP,qq = 0.015-Py (32)

APpes—power losses in laminated stator core,
P,—component of hysteresis losses,
P.—component of eddy-current losses,
Pe—component of excess losses,
Kyp—hysteresis loss coefficient,
K.—eddy-current loss coefficient,
Ke—excess loss coefficient.

APr,—total rotor losses,

APpy—total losses in permanent magnets,
APy,—total losses in rotor yoke,
APpecn—mechanical losses,
AP,34—additional losses,
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APc,—stator winding Joule losses,

P,—input power,

I—phase RMS current.

Based on the presented model, FEM calculations were carried out for the slot-pole
combinations. The results are presented in Tables 3 and 4. The analysis was carried out for
the rotational speed n = 4800 r/min and the current density in the winding, respectively
J =15 A/mm? (Table 3), as the rated value and | = 30 A/mm? (Table 4), as the maximum
value. The rated value of the current density determines the conditions for the continuous
operation of the motor, while the values above 15 A/mm? relate to transient, temporary
states. The power density factor ¢ calculated in Tables 3 and 4 relates to the actual model
motor weight of 10.5 kg.

Table 3. FEM calculation results for slot-pole combinations for the rotational speed n = 4800 r/min
and the current density in the winding ] = 15 A/mm?.

APcy AP APy, APpym APy APagq APmech Pehast Tshat 1 ¢

Slot-Pole kw =

w W w w w w w kW N-m % kW/kg w
2p=12,Qs =18 1283 387 978 1164 2142 425 260 25.5 50.8 85.0% 24 0.866 0.98
2p=14,Qs=18 1308 589 1835 1287 3122 464 260 27.0 52.8 82.2% 2.6 0.902 0.91
2p=16,Qs=18 1308 1316 2310 1533 3843 587 260 33.7 67.1 82.2% 3.2 0.945 0.87
2p=16,Qs =21 1333 1142 1125 801 1926 506 260 304 60.5 85.5% 29 0.890 0.96
2p=18,Qs =27 1110 1117 260 342 602 501 260 31.4 62.5 89.8% 3.0 0.866 1.04
2p=20,Qs=18 1330 2005 4693 2015 6708 532 260 26.5 52.6 71.0% 2.5 0.945 0.75
2p=20,Qs=21 1289 1480 1706 1214 2920 563 260 329 65.4 83.5% 3.1 0.953 0.88
2p=20,Qs=24 1170 923 635 567 1202 533 260 33.2 66.0 89.0% 3.2 0.933 0.95
2p =20,Qs =30 1091 1263 191 273 464 512 260 32.1 63.9 90.0% 3.1 0.866 1.04
2p=22,Qs=24 1170 1052 762 740 1502 551 260 33.9 67.5 88.2% 3.2 0.949 0.93
2p=22,Qs=27 1109 1144 387 597 984 551 260 34.3 68.3 89.5% 3.3 0.915 0.98
2p=24,Qs =27 1116 1660 774 533 1307 606 260 37.2 74.0 88.3% 3.5 0.945 0.93

Table 4. FEM calculation results for slot-pole combinations for the rotational speed #n = 4800 r/min
and the current density in the winding [ =30 A/ mm?.

APcy APre APy, APpym APt APaaa APpech Pshaft Tshatt 1 ¢ . ,

Slot-Pole w w w w w w w kW Nm % KWikg v K
2p=12,Qs =18 5130 670 275 2616 4891 702 260 410 816  77.9% 39 0866 090
2p=14,Qs=18 5231 1128 5324 3227 8551 768 260 413 821  721% 39 0902  0.80
2p=16,Qs =18 5231 2286 7374 5044 12,418 1012 260 525 1044 712% 50 0945 075
2p=16,Qs =21 5332 1901 4161 2564 6725 831 260 466 9026  756% 44 0890 085
2p =18, Qs =27 4440 1504 852 1191 2043 871 260 542 1079  85.6% 52 0.866 099
2p=20,Qs =18 5318 3603 14,875 5239 20,114 831 260 314 625  51.0% 3.0 0945 054
2p =20, Qs =21 5124 2752 6639 4670 11,309 891 260 45.1 896  68.9% 43 0953  0.72
2p =20, Qs = 24 4679 1095 2933 2280 5213 929 260 55.4 1101 82.0% 53 0933  0.88
2p =20, Qs =30 4364 1618 620 979 1599 897 260 56.3 1121 86.6% 54 0.866  1.00
2p=22,Qs=24 4679 1290 3338 2884 6222 942 260 55.0 1004  80.4% 52 0949 085
2p =22, Qs =27 4437 1611 1909 2266 4175 985 260 59.6 1186  83.9% 57 0915 092
2p =24, Qs =27 4464 2626 3086 2604 5690 1079 260 63.4 1261  81.8% 6.0 0945 087

4.1. Shaft Torque and Shaft Power

For the slot-pole combinations, the shaft power and shaft torque vs. current density
were compared for the assumed maximum rotational speed of = 4800 r/min. This is very
important, because for the maximum rotational speed, both the rotor losses APy, and the sta-
tor core losses APpes reach the highest values, which at the same time reduce the torque and
power on the shaft in relation to the electromagnetic torque Ty (Equations (21) and (22)).
Comparison of the shaft torque for a lower rotational speed, where the share of these losses
is relatively small, could lead to incorrect conclusions. The collective results of the shaft
power are shown in Figure 5.

The 24-pole, 27-slot combination is characterized by the highest values of shaft torque
and shaft power. The combination of 20-pole, 18-slot has by far the worst parameters. The
shaft torque/power value for this combination, especially with high current loads, is almost
50% lower than most other solutions. The reason is the high rotor losses value, especially
high losses in the solid rotor core. It is possible to reduce losses in the rotor yoke by using a
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laminated yoke, however, a solid rotor core has been assumed in this analysis. It simplifies
the construction and technology of the rotor.

70,000
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Figure 5. Shaft power as a function of current density | for the rotational speed n = 4800 r/min for
individual slot-pole combinations.

The main purpose of the analysis was to select solutions with high power density, but
also with a low value of rotor losses. Figure 6 shows a comparison of the shaft torque for the
slot-pole combinations, which are characterized by the lowest values of rotor losses. The
combination 24-pole, 27-slot with a similar winding factor k,, and comparable rotor losses
as 20-pole, 24-slot and 22-pole, 24-slot, is characterized by a higher value (approximately
10%) of shaft torque.

W 2p16_Qs21|
120 02p18_Qs27| M
110 02p20_Qs24| m
100 |®2p20_Qs30
m2p22_Qs24| m
m2p22_Qs27|
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Figure 6. Comparison of the shaft torque vs. current densities ] for various slot-pole combinations
with the lowest value of rotor losses (n = 4800 r/min).

Shaft torque [N'-m]

15 20 25 30

J[A/mm?]

Figure 7 shows a comparison of the shaft torque for the slot-pole combinations for
which g = 0.5. This example shows clearly how important it is to select the number of
magnetic poles for specific dimensions and the assumed operating conditions of the motor.
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The difference in the value of the shaft torque between combinations with the same winding
factors ky, and MMF harmonic distributions is approximately 30%.

120
110 D 2pl2_Qs18
100 02p18_Qs27
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Figure 7. Comparison of the shaft torque vs. current densities ] for various slot-pole combinations
with g = 0.5 (n = 4800 r/min).
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Figure 8 shows a comparison of the shaft torque for the slot-pole combinations with
the number of magnetic poles 2p = 20. This example shows the importance of correctly
selecting the number of slots to the assumed number of magnetic poles. Despite the lower
value of the winding factor k,,, the solution 20-pole, 30-slot has a maximum torque value
higher by approximately 20-45% compared to the solutions 20-pole, 18-slot and 20-pole,
21-slot.
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Figure 8. Comparison of the shaft torque vs. current densities ] for various slot-pole combinations
with 2p = 20 (f = 800 Hz, n = 4800 r/min).

4.2. Rotor Losses

The aim of the analysis carried out in this paper is to select a slot-pole combination
that allows to obtain the maximum motor power density and, at the same time, to have
low losses in the rotor. These losses, especially at high power frequencies and high current
loads, cause the permanent magnets to heat up, which may lead to their damage.
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The collective results of the total rotor losses are shown in Figure 9. Moreover,
Figures 10 and 11 show the division of these losses into losses in the rotor yoke and losses in
permanent magnets. This separation is important because losses can be limited depending
on the source of occurrence e.g., lamination of rotor yoke, magnet segmentation [37]. The
calculation model in this paper does not take into account the axial segmentation of the
magnets and assumes a solid rotor core.
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Total rotor losses [W]

Figure 9. Total rotor losses as a function of current density J for the rotational speed n = 4800 r/min
for individual slot-pole combinations.
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Figure 10. Rotor yoke losses as a function of current density J for the rotational speed n = 4800 r/min
for individual slot-pole combinations.

The lowest value of total rotor losses is characteristic for the combinations of 20-pole,
30-slot and 18-pole, 27-slot. These are solutions for which the coefficient g4 = 0.5. They are
characterized by the lowest content of higher harmonics and the absence of subharmonics
in the distribution of the magnetomotive force MMF. However, it should also be noted that
g factor is not the only determinant. The combination 12-pole, 18-slot also has the same
value of factor q and identical MMF distribution, yet the rotor loss value for this solution
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is much higher. The comparison is shown in Tables 3 and 4 by the % ratio and is also
shown in Figure 12. The reason for this is the much larger (approximately 66%) volume
of a single magnet, which results in a higher value of eddy currents. This example shows
how important it is to choose not only the slot-pole combinations, but also the number
of magnetic poles for the given geometric dimensions and motor operating conditions.
By far the worst solution in terms of the value of rotor losses is the combination 20-pole,
18-slot, which was already envisaged at the analytical analysis stage, due to the large
subharmonic amplitude, greater than the fundamental harmonic. This is the case whenever
the number of slots Qs is smaller than the number of poles 2p. FEM calculations confirmed
the correctness of this thesis.
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Figure 11. Permanent magnet losses as a function of current density | for the rotational speed
n = 4800 r/min for individual slot-pole combinations.
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Figure 12. Comparison of the total rotor losses vs. current densities | for various slot-pole combina-
tions with g = 0.5 (n = 4800 r/min).

The combinations of 20-pole, 24-slot, 22-pole, 24-slot and 24-pole, 27-slot are also
characterized by a relatively low value of rotor losses. These losses are almost twice as high
and more than for the case of 20-pole, 30-slot and 18-pole, 27-slot, but still small compared
to other solutions. A comparison of total rotor losses for the most advantageous solutions
is shown in Figure 13.
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Figure 13. Comparison of total rotor losses vs. current densities | for various slot-pole combinations
with relatively smallest rotor losses and at the same time the highest shaft torque values.

Figure 14 shows the division of the rotor’s total losses into losses in the rotor’s yoke
and losses in permanent magnets. The diagram applies to the assumed nominal current
density in the winding J = 15 A/mm?. It should be noted that the losses in the solid rotor
core almost always exceed 50% of the total rotor losses, and in some cases even more than
60%. This is a very significant share of these losses in the total rotor losses. These rotor
yoke losses can be limited by the use of a laminated rotor core, however, it complicates the
technology of its production.
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Figure 14. Share of losses in the rotor’s yoke and permanent magnets in the total rotor losses for
1 =4800 r/min, ] = 15 A/mm?.

5. Experimental Verification

On the basis of the analysis, the physical model of the motor with 20-pole, 24-slot was
made to verify the calculations. This solution was chosen only to verify the calculation
results and not because it is the best solution. For a 20-pole, 30-slot combination, rotor
losses are smaller at a similar power density factor, but we wanted to verify a solution
other than g = 0.5. The solutions with the number of poles 2p = 22 and 2p = 24 despite the
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favorable parameters were not selected due to the limitations of the available measuring
apparatus (measurement possible up to 800 Hz of the fundamental harmonic).

The physical model of the motor is shown in Figure 15. The rotor core is made as solid,
while the axial segmentation of the magnets (4 segments) and their skew are provided in
order to minimize the cogging torque. This affects both the value of rotor losses and, in
the case of a skew, a slight deterioration of the operating parameters. The use of a solid
rotor simplifies the production technology and reduces the rotor’s weight due to the lack
of additional supporting elements necessary for the laminated core. The total weight of the
motor is 10.5 kg.

Figure 15. Physical model of the motor 20-pole, 24-slot.

Figure 16 shows the motor installed on the test stand and the scheme of the measure-
ment system. The motor was powered by a SEVCON inverter. Wide Band Power Analyzer
LEM D6000 was used to measure electrical quantities. The shaft torque and rotational
speed was measured with a torque meter HBM T20WN 200Nm. The temperature of the
windings was read from the Pt100 sensors installed in the winding and recorded using the
MPI-CL data acquisition system, while the rotor temperature was read using the Flir E300
thermal imaging camera.

Measurement and control unit

A . IIIHIWI Wide Band Power Analyzer
| Wi 0000
o il 0000

Motor current (I,,,)
Motor current (Iy;,)
Motor voltages (U,

Torque
A transducer

(a) (b)

Figure 16. (a) Physical model of the motor on the test stand; (b) scheme of the measuring system.
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Table 5 shows the measured values of the shaft torque and the power consumed by
the motor. Shaft power, efficiency and loss sum AP were directly determined from these
measured quantities. The heating test was carried out for the nominal current density of
J =15 A/mm? and the maximum rotational speed of 7 = 4800 r/min. The rotor temperature
at the end of the test was Trotor = 130 °C, and the stator winding temperature was also
Tstator = 130 °C. The permissible temperatures were therefore not exceeded.

Table 5. The results of tests bench of motor 20-pole, 24-slot for # = 4800 r/min.

J Pin Pshafe Tshaft TAP n

A/mm? kW kW N-m kW %
34 4.6 2.7 5.4 2.0 58.1
45 8.3 6.2 12.3 2.1 75.0
7.1 15.2 12.9 25.6 2.3 85.1
94 20.9 18.4 36.6 25 88.1
11.4 25.5 22.8 454 2.7 89.3
14.3 32.3 28.9 574 34 89.5
16.6 37.1 33.1 65.9 4.0 89.3
18.5 40.9 36.4 72.5 45 89.0
20.8 46.2 40.6 80.8 5.6 87.9

The comparison of the calculated and measured value of the shaft torque as a function
of the current density in the winding is shown in Figure 17. Figure 18 shows the comparison
of the efficiency characteristics of the computational model and the physical model.

Generally, the obtained results are convergent. The smaller value of the obtained shaft
torque in relation to the calculations may result from:

e theintroduced skew of the magnets,
e ahigher actual temperature of the magnets (120 °C) than assumed in the calculations

(80 °C),

e  possible control inaccuracies due to incorrectly read encoder signals.
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Figure 17. Comparison of calculations and lab test of shaft torque for 20-pole, 24-slot motor
(n = 4800 r/min).
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Figure 18. Comparison of calculations and lab test of efficiency for 20-pole, 24-slot motor
(n = 4800 r/min).

6. Conclusions

The article presents studies on the selection of the number of magnetic poles and the
slot-pole combinations for a fractional slot PMSM motor with high power density. This
issue is very significant as it affects the obtained shaft power and shaft torque, as well as the
rotor losses, which are a significant problem for this type of machine. The aim of this study
was to determine the slot-pole combination that allows to obtain the maximum values of
the power density factor and the minimum values of rotor losses. Based on the conducted
analysis, the assumed goal was achieved.

The article presents a certain method of proceeding that leads to the achievement
of the assumed goal function. The analysis was carried out in two stages: analytical
an based on FEM calculations. In the analytical analysis, the harmonic distribution of
the magnetomotive force MMF was used for the initial pre-selection of solutions. In the
second stage, for each slot-pole combination, a FEM model was developed and calculations
were carried out in order to select the best solutions. The results of the calculations were
confirmed by the results of laboratory tests for the selected 20-pole, 24-slot combination for
the model of motor.

The following conclusions can be drawn from the analysis carried out in this paper:
For fractional-slot motors with high power density, the key issue at the design stage
is the correct selection of both the number of magnetic poles to the specific dimen-
sions and operating conditions of the motor, as well as the slot-pole combinations.
This choice significantly determines the parameters of the motor and its operating
capabilities.

e  For the analyzed motor case (approximately 10 kg, max. 4800 r/min, outer diameter
200 mm, solid rotor core) in terms of the power density factor the best solution is
the combination 24-pole, 27-slots, although the power frequency for this case is the
highest and amounts to f = 960 Hz. For this slot-pole combination, the obtained
power density factor is & = 6.0 kW /kg and is much better than the other. Based on
the test results for the motor 20-pole, 24-slots and due to the similar values of the
calculated total rotor losses for the combination 24-pole, 27-slot, it can be assumed
that the rotor temperatures for this configuration will also not exceed the permissible
values. However, difficulties in controlling and powering the motor at a frequency of
960 Hz should be emphasized. This can be difficult, especially for high current loads.
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The best slot-pole combination in terms of efficiency and the lowest rotor losses are
20-pole, 30-slot (g = 0.5). The rotor losses for this solution are 2.6 times smaller in
relation to the 20-pole, 24-slot and 2.8 times lower in relation to the 24-pole, 27-slot.
In fractional-slot motors, special attention should be paid to the distribution of the
magnetomotive force MMF and the winding factor k, for a given slot-pole combina-
tions. These factors largely determine the output parameters of the motor as well as
rotor losses. Especially the slot-pole combinations should be avoided, for which there
are subharmonics with a large amplitude value in the MMF harmonic distribution.
This is the case when the number of stator slots Qs is smaller than the number of
magnetic poles 2p.

The slot-pole combinations for which the coefficient 4 = 0.5 (no subharmonics in the
MMF distribution) are characterized by the lowest value of rotor losses, provided that
the number of magnetic poles of the motor is appropriately selected for its overall
dimensions and operating conditions. The magnet losses depend not only on the
distribution of the MMF, but also on e.g., the actual dimensions and volumes of the
permanent magnets, which may be different for a different number of magnetic poles
2p of the motor.

The selection of the number of magnetic poles to the geometrical dimensions and
operational conditions affects the value of the output motor parameters and the rotor
losses. It should be noted that the target solution cannot be predicted solely on the
basis of the theoretically favorable g value and the winding factor k. This has been
shown in Figures 7 and 12, where we observe different values of shaft torque and
significantly different values of rotor losses, despite the fact that the solutions have
this same g = 0.5 and winding factor ky, = 0.866.

Comparisons of solutions for slot-pole combinations should be made only on the
basis of shaft torque and shaft power, not electromagnetic torque and power. The
electromagnetic power in the PMSM motor is reduced by the losses in the stator core
and losses in rotor components. In the case of a significant share of these losses in the
total losses, it is of key importance, as otherwise the conclusions drawn may be wrong.
The study assumes a solid rotor core and no circumferential segmentation of the
magnets. The main reason was technological and mechanical considerations. However,
these assumptions have a significant impact on the results. Core losses can be limited
by using a laminated core, while magnet losses can be limited by circumferential
segmentation of the magnets [37]. In the case of a solid rotor core, the share of the
rotor yoke losses in the total rotor losses is significant and amounts to approximately
50% or more for most slot-pole combinations.
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