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Abstract: Fractional slot PMSM motors enable high power density factors to be obtained
provided that their electromagnetic circuit, appropriate mechanical structure and cooling
system are properly designed, as well as when operating at a high frequency of power
supply voltage (400-800 Hz) with high magnetic saturation and high current loads (approx.
12-15 A/mm?). Such operating conditions, especially in the case of fractional slot motors,
may be the reason for excessive rotor losses, mainly in the rotor yoke and permanent
magnets. One of the conditions for obtaining high values of continuous power of the motor
is the reduction of these losses. This paper presents selected design methods for limiting
the value of rotor losses with simultaneous consideration of their influence on other motor
parameters. The analysis was carried out for a PMSM motor with an external rotor weighting
approx. 10 kg and a maximum power of 50 kW at a rotational speed of 4 800 rpm.

Key words: fractional slot motors, high power density motors, rotor losses

1. Introduction

High power density motors (24 kW/kg continuous power) have been of particular interest
in recent years. At the same time, there is a lot of interest and market need for this type of
machine [1-3]. It results mainly from the implementation of electric drives in applications for
which the mass of the drive is of great importance or even constitutes a key access criterion, e.g., in
aviation, the nautical industry or also in selected automotive applications. Fractional slot PMSM
motors allow for obtaining high power density factors, mainly due to the possibility of producing
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machines with a large number of magnetic poles 2p and a relatively small number of stator slots
Q;. In addition, these types of motors, compared to other machines, are characterized by a shorter
length of end connections, thus lower weight and losses in copper, lower cogging torque and
lower torque ripple. Unfortunately, they are also marked by a quite significant disadvantage, i.e.,
a greater content and amplitude of higher harmonics and subharmonics in the distribution of the
MMEF (Magnetomotive Force) [4-9]. When operating with high frequencies of the supply voltage,
high magnetic saturation and a high degree of current load, it causes losses in the rotor elements,
mainly in the rotor yoke and permanent magnets. The value of these losses may cause excessive
heating of the rotor elements and even lead to demagnetization of permanent magnets [10]. Thus,
one of the main conditions for obtaining appropriate values of continuous motor power is effective
reduction of losses in the rotor.

The aim of this study is to present selected design methods of reducing rotor losses simulta-
neously, with particular emphasis on their impact on key operating parameters and technological
aspects of their possible introduction. This is very important because it often happens that the
methods of limiting the negative impact of a given factor suggested in the literature cause a sig-
nificant deterioration of other key parameters or require very costly financial outlays related to
the significant complexity of the technological process. These are then methods that have no
practical application, so they become useless, therefore. In this paper, for the presented methods
of reducing rotor losses, both their influence on the operating parameters of the motor is given
and the degree of possible complexity of the technological process or potential financial outlays
because of their introduction was estimated.

The phenomenon of rotor losses is generally known and quite widely described in the lit-
erature [5-10], as well as the methods allowing to limit their negative impact [5, 6, 11-14].
However, the authors of the above papers present the problem in their publications basically from
the theoretical point of view, without considering the specific application in high power density
motor as the final function of the goal. These types of motors operate under operating conditions
incomparable to other machines. At the same time, there are high supply frequencies (more than
800 Hz), high current loads (12-15 A/mm?) and high saturation induction (approx. 2-2.2 T),
which has a direct impact on both the obtained motor parameters and the high value of rotor
losses. In the authors’ opinion, it is very important to analyze the methods allowing to reduce
rotor losses, considering the specificity of operation of motors with high power density, which
has been presented in this paper.

In the literature, individual methods of reducing rotor losses are usually presented separately,
for example, the problem of the correct selection of slot-pole combination [4,11], segmentation of
permanent magnets [12,13,15,16]. Such an approach, without taking into account the whole spec-
trum of issues also including a problem of a technological nature, may lead to conclusions that are
not practically applicable in the context of high power density motors. In this paper, in a collective
and comprehensive way the most important, in the authors’ opinion, design methods allowing
one to reduce rotor losses at the stage of designing a high-power density motor are presented.

The methods presented in this paper constitute an optimization process as a whole, in the
sense that they ultimately lead to the achievement of the assumed objective function, which is the
minimization of rotor losses with the simultaneous maximization of the motor power obtained.
However, the presented results are not a consequence of the application of the optimization
algorithm, as in works [17-19].
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The analysis was performed using 2-dimensional FEM models. The subject of the analysis is
a PMSM motor with an external rotor weighing approx. 10 kg and an outer diameter of 200 mm,
with a maximum power of 50 kW at a speed of 4800 rpm. In the selected scope, the analysis was
also presented in relation to the results of laboratory tests carried out on the physical model of
the motor.

2. Motor calculation model

The subject of the analysis is a high-pole, fractional slot, PMSM motor with an external rotor.
Figure 1 shows an example of a motor model with the slot — pole combination 2p = 20, Qg = 30.
The computational analysis was performed using the 2D FEM method, therefore the end effects
were not considered. ANSYS electromagnetic software was used for the calculations.

Fig. 1. Model of 20-pole, 30-slots motor

The mathematical model of the motor is described by Egs. (1)—(5) [20]:

¥
Vsd = R - isq + de_w'TSq’ (D

t

o dwy,

VSqZRS'lSq-F?-Fa)'TSd, (2)
Wsa = (Ll + Lm) “isq + ¥Ppum, (3
lIlsq = (Ll + Lm) : isq P 4
T‘IJZP'TPM‘isq, (5

where: Vyq is the phase voltage in the d-axis, Vyq is the phase voltage in the g-axis, isq is the
phase current in the d-axis, isq is the phase current in the g-axis, Wyq is the flux in the d-axis,
Wy is the flux in the g-axis, Wpy is the permanent magnet flux, R is the phase resistance of the
stator winding, L is the leakage inductance, L, is the magnetizing inductance, w is the electrical
angular speed, Ty is the electromagnetic torque, p is the number of pole pairs.
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Table 1 shows the common data and assumptions made for the computational models analyzed

in this article. For all analyzed models, a liquid cooling system was assumed and the permissible

rated current density in the winding would be J = 15 A/mm?.

Table 1. Basic data for the FEM models of motor

Parameter
DC supply voltage (V) 400
Max. rotational speed (rpm/min) 4800
Rated current density (A/mm?) 15
Flux weaking none
Outer diameter of rotor core (mm) 200
Length of core (mm) 50
Number of phases 3
Winding temperature (°C) 120
PM temperature (°C) 80
Stator core material type NO27, 0.27 mm
Type of magnets N45SH

The comparison of the influence of the given methods presented in this paper on the parameters

of the motor always refers to the obtained shaft torque Tihare or shaft power Pgpafe, not the
electromagnetic torque Ty or electromagnetic power Py. It is very important because it should be
considered that the electromagnetic torque/power is ultimately reduced by the losses in the stator
core APFges, mechanical losses APpecn and the losses in the rotor APt — Egs. (6)—(8). Therefore,
when comparing solutions based on electromagnetic torque/power, erroneous conclusions can
be drawn when the share of losses in the rotor and stator core in relation to the total losses is

large [21].

Pghate = Py — APfes — APy — APrech » (6)
30
Tshaft = Pshaft s (7)
nm-n
2-m-n
Py = - Ty . 8
p <0 7 (®)

3. Rotor losses

For the PMSM motor, using the developed calculation model, the total value of losses in the

rotor APt was calculated as the sum of losses in the permanent magnets APpy and rotor

yoke APy;.

APTr = APPM + APYr .

€))
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It is known that the dominant losses in rotor elements are eddy current losses P, [22]. The
eddy current losses strongly depend on the resistivity of the material of a given element. The
conductivity of NdFeB permanent magnets is approx. 0.625 MS/m, while the conductivity of the
materials used in the rotor yoke is approx. 1.95 MS/m, therefore the eddy current losses cannot
be ignored.

The eddy current losses AP, in solid material can be calculated from the expression [22]:

T

o-b 1 dB\?
AP.= —— .. [ [Z2] 4y, 10
“T12fp T /(dr) 10
0

where: o is the electrical conductivity, b is the material thickness, f is the frequency, p is the
mass density, B is the flux density, T is the period.

For the laminated core, power losses in rotor elements APp, can be calculated according to
expression (11), where Py, is the component of hysteresis losses, P. is the component of eddy
current losses, P. is the component of excess losses, K}, is the hysteresis loss coefficient, K is the
eddy current loss coefficient, K, is the excess losses coefficient.

APger = P+ P. + P., (11
Py=Ky-B*-f, (12)
Pc=Kc.- (B ) (13)
P.=K.-(B-f)". (14)

Eddy current loss coefficient from Formula (13) is calculated as:

Ke=n*-0-—. (15)

4. The number of magnetic poles

The choice of the number of magnetic poles of a motor depends on many factors and cannot
be made with the sole aim of reducing rotor losses. First, the maximum possible frequency of the
power supply of the envisaged power electronic system and the required range of motor speed
regulation should be considered. It is known that increasing the number of magnetic poles in
the motor allows one to obtain higher torque values and reduce the mass of the electromagnetic
circuit, while also increasing the frequency and thus power losses. Table 2 shows a comparison
of 3 solution variants, all with the same number of slots per pole and phase g = 0.5 (identical
MMF force distribution), but with a different number of magnetic poles. The solution g = 0.5 was
chosen due to the lack of subharmonics and the relatively small content of higher harmonics in the
MMF magnetomotive force. The FEM calculations assumed a solid rotor core and no permanent
magnet segmentation.

Figure 2 shows a comparison of total losses for the analyzed variants of the solution with
a different number of magnetic poles.



www.czasopisma.pan.pl P N www.journals.pan.pl

IS

POLSKA AKADEMIA NAUK

968 Tomasz Wolnik et al. Arch. Elect. Eng.

Table 2. Comparison of motor parameters for variants ¢ = 0.5 with different number of magnetic poles
(J = 15 A/mm?)

f A Pres APyy APpy Pghatt Tghat n
Hz w w w kW Nm %o
2p =12,0s =18 480 387 978 1164 25.5 50.8 85.0%
2p =10, Qs =27 720 1117 260 342 314 62.5 89.8%
2p =20, Qs =30 800 1263 191 273 32.1 63.9 90.0%
5000
B 2pl12_Qs18

4500
4000 | E2p18_Qs27

3500 | m2p20_Qs30

3000
2500
2000
1500

1000

Total rotor losses [W]

500
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Fig. 2. Total rotor losses as a function of the current load for solutions with g = 0.5
with a different number of magnetic poles (n = 4 800 rpm)

Analyzing the data from Table 2 and Fig. 2, the increase in the number of magnetic poles
reduced the losses in the rotor even by approx. 80%, and at the same time the shaft torque and
shaft power increased by approx. 25%. One of the reasons for this is a reduction of the magnet’s
pole pitch with an increase in the number of magnetic poles, and thus a reduction in the volume
of individual magnets. Additionally, it should be noted that despite the identical dimensions of
the solid rotor core for each variant, along with the increase in the number of magnetic poles, the
losses in the yoke also significantly decrease.

Thus, the increase in the number of magnetic poles contributed to a significant improvement
in the parameters of the motor, despite the increase in the supply frequency. The disadvantageous
effect, however, is the increase in losses in the stator core, mainly due to an increase in the supply
frequency. These losses increased 3 times, so it should be considered whether the selected cooling
system is able to dissipate this value of losses. Two more things should be noted at this point. First,
stator losses are easier to dissipate than rotor losses due to better cooling conditions. The second
point is that despite the 3-times increase in the losses in the stator core, the overall efficiency 7 of the
motor has increased by as much as 5% compared to the solution with a large number of rotor losses.

With reference to the above analysis, a motor with the number of magnetic poles 2p = 20 was
selected as the target variant.
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5. Slot/pole combinations

The previous chapter shows the influence of the selection of the number of magnetic poles
on the rotor losses and the motor operating parameters. This chapter presents the problem of the
correct selection of the number of slot/pole combinations. It is crucial and of prime importance
in limiting the value of eddy current losses in the rotor. The fractional slot motor is characterized
by the content of subharmonics and higher harmonics in the MMF distribution, which is one of
the main causes of losses in the rotor elements. Their content can be limited by the appropriate
selection of slot/pole combinations. This issue was presented in detail, in the work [21].

For the analysis, a motor model with the number of magnetic poles p = 20 and a solid rotor
core was adopted and no permanent magnet segmentation assumed. Solutions characterized by
a high winding factor k., were selected (Table 3).

Table 3. Basic winding parameters for the analyzed slot/pole combinations

2p Os q kw

20 18 0.3 0.945
20 21 0.35 0.953
20 24 0.4 0.933
20 30 0.5 0.866

Table 4 and Fig. 3 present a comparison of the obtained parameters and losses for the
analyzed variants. The obtained results show how important it is to correctly select the slot-pole
combination for the value of rotor losses. For the rated current density of J = 15 A/mm?, the
difference in the value of losses in the rotor between the extreme solutions is 6200 W and it
grows exponentially with a further increase in the current load. In addition, it should be noted that
the solution p = 20, QO = 18 with a much higher value of the winding factor than the solution
2p = 20, Qs = 30, and therefore proportionally to these higher values of the electromagnetic
torque, ultimately has a much lower shaft torque and shaft power, as part of the supply current
covers the increased rotor losses. Therefore, when comparing the presented solutions, it should

Table 4. Comparison of motor parameters for variants p = 20 with different slot/pole combinations
(J =15 A/mm?)

f A Pres APy, APpy Pgpatt Tghatt n

Hz w W w kW Nm %o
2p =20,Qs =18 800 2005 4693 2015 26.5 52.6 71.0%
2p =20,0s =21 800 1480 1706 1214 329 65.4 83.5%
2p =20,Q0s =24 800 923 635 567 33.2 66.0 89.0%
2p =20, Qs =30 800 1263 191 273 32.1 63.9 90.0%
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be stated that the solution p = 20, Qg = 30 with the coefficient g = 0.5 is characterized by both
high operating parameters of the motor and the lowest value of losses in the rotor despite the
lowest value of the winding factor k,,. Moreover, according to [21], solutions with the number
of slots O lower than the number of magnetic poles 2pare characterized by the highest values of
losses in the rotor and should be avoided, especially when operating with high values of supply
frequency and high values of current loads.

20000 —
@ 2p20_Qs18

@ 2p20_Qs21
I 2p20_Qs24

18000
16000

14000
B 2p20_Qs30

12000
10000

8000

6000
4000
2000 |:|:l_|_
0
5 10 15 20

J [A/mm?]

Total rotor losses [W]

25 30

Fig. 3. Total rotor losses as a function of current load for different slot/pole combinations
(2p =20, n =4800 rpm)

The above analysis shows the legitimacy of using two of the analyzed solutions, the variant
2p = 20, Qs = 24 and the variant p = 20, Qg = 30. Finally, to make the physical model, the
variant p = 20, Qs = 24 was selected due to the higher values of shaft power and shaft torque, at
the same time taking into account the possibility of effective dissipation of increased rotor losses.

6. Segmentation of permanent magnets

The segmentation of permanent magnets is a known and described in the literature [12, 13,
15, 16,23] method of reducing losses in magnets. This applies to both circumferential and axial
segmentation. In the case of high-pole motors with high power density, however, the following
practical points should be considered:

— the width of the permanent magnet is already small, therefore additional circumferential
segmentation significantly complicates the technological process of gluing the magnets and
thus increases the cost of producing the rotor. Therefore, it is a rather deprecated method,
unless it is necessary to use magnets with unacceptable dimensions from a technological
point of view,

— axial segmentation also reduces permanent magnet losses and allows for a skew in the rotor
that minimizes cogging torque. Therefore, it is a recommended method, considering the
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number of segments so that the dimensions of the magnet are acceptable in the technological
process.
Ultimately, based on the results of the work described in the literature, a 4-fold axial segmen-
tation was used in the physical model of the motor.

7. Rotor core material type

According to Eq. (10), the eddy current losses in the rotor elements are strongly dependent on
the material properties. The parameters of the motor also closely depend on the materials used
in the electromagnetic circuit [24]. For this analysis, the motor model p = 20, Qg = 24 was used.
The influence of the rotor yoke material properties on the rotor losses and the motor operating
parameters was analyzed. The analysis was performed for the solid rotor core (steel 3555j2),
the laminated core (M400-50A, NO27, Vacoflux48) and SMC (Soft Magnetic Composite) rotors
(Somaloy 700 3p). In the case of a high-power density motor with an external rotor, the production
of the solid rotor core simplifies the technological process and eliminates the need to use additional
fastening elements. These elements increase both the dimensions and weight of the motor, and
thus ultimately lower the power density factor. Table 5 presents the basic properties of the analyzed
material and the loss coefficients Ky, K., and K. used in Egs. (11)—(14).

Table 5. Material properties which analazyed in the rotor

Type of material Conductivity Mass density Ky ‘ K. ‘ K.
in rotor yoke MS/m kg/m> W/m?3
S355j2 1.95 7700 - - -
M400-50A 1.95 7700 163.2 1.28 0
NO27 1.7 7600 115.6 0.34 0.72
Vacoflux48 2.27 8120 46.4 0.014 3.67
Somaloy 700 3p 0.005 7500 579.1 0 14.52

Figure 4 shows a comparison of losses in the rotor yoke for the analyzed cases of the rated
current load as a function of the frequency of the supply voltage. For clarity of the results,
the comparison is shown in two graphs with and without the solid rotor core variant.

Table 6 presents a comparison of the obtained parameters and individual losses for the analyzed
variants. The presented results show that the use of a laminated rotor yoke significantly reduces
the losses in the yoke, regardless of the type of sheet used. In addition, a slight improvement in
the shaft torque and shaft power parameters is also observed due to the reduction of rotor losses.
At this point, however, it should be added that the mere fact of significantly greater losses in the
yoke for the solid rotor core does not eliminate this solution definitively. The use of a solid core in
a motor with an external rotor significantly simplifies the structure and technological process, as
it does not require additional supporting elements, as is the case with a laminated core. For this
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Fig. 4. Comparison of losses in the rotor yoke for different yoke material for the rated current load as
a function of the supply frequency: comparison of the solid core and laminated cores (a); comparison of
laminated cores only (b)

Table 6. Comparison of motor parameters with different materials of rotor yoke for
n =4800 rpm, J = 15 A/mm?

f A Pres APy, APpy Pgpaft Tghat n

Hz A\ W w kW Nm %o
S355j52 800 923 635 567 33.2 66.0 89.0%
M400-50A 800 980 18 513 33.8 67.3 89.8%
NO27 800 962 7 536 33.9 67.4 89.8%
Vacoflux48 800 950 6 631 34.0 67.6 89.8%
Somaloy 700 3p 800 975 15 506 33.6 66.8 89.7%
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reason, after the thermal analysis performed, it was decided that the first physical model of the
motor would be made with a solid rotor core. Nevertheless, the above analysis shows the potential
for reducing losses in the event of thermal problems on the test bench.

8. Slot opening width

Another important design parameter that has a significant impact on the rotor losses’ value is
the stator slot opening width byg. A large slot opening causes additional pulsations in the wave of
magnetic induction in the air gap, while too small size increases the value of slot leakage flux and
causes additional technological problems during winding. The analysis of the influence of the
slot opening width on the rotor losses and the operating parameters of the motor was carried out
for several variants differing in the number of magnetic poles:

a)2p =18,0s=27,4=0.5,

b) p =20, Qs =30, 9 =0.5,

c)2p=24,0,=36,4=0.5,

d)2p =40, Qs =45, g = 0.375.

For each of the variants, the analysis was carried out from the minimal to the full opening
of the stator slot. The computational models assume a laminated rotor core, therefore almost the
entire value of rotor losses are losses in permanent magnets.

Figure 5 shows the characteristics of total rotor losses as a function of the slot opening width
for various slot/pole combinations. Figure 6 shows a comparison of the influence of the slot
opening width on the shaft of the motor.

4000 .
A
3500 Fanas
’t’ Slot opening width
3000 /
B
= 2500 yd
3 ¢
2 2000 pod
o é
- '
5 %4 ;/j)
£ 1500 ;/j/
- d
™ #
g 1000 ,," 4-2p18 Q527 L
= I ==2p20Qs30
= —©-2p24Qs36 b
——2p40Qsd5
0 I

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Slot opening width [mm)]

Fig. 5. Total rotor losses as a function of the slot opening width for different slot/pole combinations
(f =800 Hz, J = 15 A/mm?)

When analysing Figs. 5 and 6, the slot opening width has a significant impact on the value
of losses in the rotor and the torque obtained on the motor shaft. The influence on the rotor
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Fig. 6. Shaft torque as a function of the slot opening width for different slot/pole combinations
(f =800 Hz, J = 15 A/mm?)

losses, however, is different depending on the number of magnetic poles of the motor, and as the
number of magnetic poles increases, the difference between the minimum and maximum value
of rotor losses decreases. The graphs show the most favourable slot opening widths for which
the minimum value of rotor losses and at the same time large values of shaft torque (around the
maximum) are obtained. Finally, the slot opening width in the physical model of the motor was
by = 1.8 mm, because the technological aspects of the winding process were also considered.

9. Physical model and lab tests

Based on the analysis presented in this paper, the final motor solution was designed, and
a FEM simulation was performed for it. Then, the physical model of the motor was developed,
the parameters of which were verified on the test stand. The purpose of the methods described in
the paper was to develop a solution allowing one to obtain a high value of the continuous power
density factor, inseparably linked with the necessity to reduce rotor losses. Figure 7(a) shows the
model of the motor on the test stand. Figure 7(b) shows the scheme of the measurement system.

The basic data of the motor model, considering the results of the analysis presented in the
paper, are presented in Table 7.

The test results for the rated load current as a function of rotational speed are presented in
Table 8. The calculations assumed that the rated current density would be approx. 15 A/mm?.
During the tests it turned out that it is slightly lower, J = 13.7 A/mm?. For such a current load,
the rotor and stator temperatures were at their limit values. The rotor temperature was measured
with the Flir E300 thermal imaging camera, while the stator winding temperature was measured
with the installed Pt100 sensors.
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(@
Fig. 7. Physical model of the motor (a); scheme of the measuring system (b) [12]
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Table 7. Data of the physical model of the motor

Parameter
DC supply voltage (V) 400
Max. rotational speed (rpm/min) 4800
Outer diameter (mm) 200
Length of motor (mm) 105

Stator core material type

NO27, 0.27 mm

Type of magnets N45SH
Motor weight (kg) 10.5
Number of magnetic poles 20
Slot — pole combination 20/24
Circumferential segmentation of PM none
Axial segmentation of PM 4
Rotor core material type S355j52
Slot opening width (mm) 1.8

Figure 8 shows a comparison of the calculation results with the results of laboratory tests for the
shaft torque as a function of the current load for the maximum rotational speed n = 4 800 rpm.
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Table 8. The results of tests bench of a motor for the rated current I

n S Pghaft Tshatt n Trotor Tstator
rpm Hz kW Nm %o °C °C
600 100 3.8 60.5 79.3 60 95
1200 200 7.4 58.9 84.9 83 105
1800 300 11.0 584 87.2 100 111
2400 400 14.5 57.7 89.1 101 116
3000 500 17.3 55.1 89.3 107 120
3600 600 20.0 53.1 89.5 116 123
4200 700 22.8 51.8 90.5 121 126
4800 800 254 50.5 89.9 130 129
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Fig. 8. Comparison of calculations and lab tests for shaft torque
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Figure 9 shows a comparison of the calculation results with the results of laboratory tests of
efficiency as a function of the current load for the maximum rotational speed n = 4800 rpm.
A relatively good convergence of results can be stated.

10. Conclusions

Rotor losses in the case of fractional slot motors are not negligible and must be considered at
the design stage. This paper presents selected design methods limiting the value of rotor losses
in fractional slot motors with high power density. At the same time, attention was focused on the
impact of individual methods on the key operating parameters of the motor and the technological
aspects of their possible introduction. For motors with high power density, it is primarily the
value of the torque on the motor shaft. Five key aspects were noted and discussed: the correct
selection of the number of magnetic poles, the selection of the appropriate slot - pole combination,
permanent magnet segmentation, the type of materials used in the rotor yoke and the slot opening
width. Each of these issues, if not considered at the design stage, may result in excessive losses
in the rotor, resulting in exceeding the allowable temperatures.

On the basis of the presented methods, a physical model of the motor was designed and
laboratory verification was performed. The obtained continuous power factor of the motor is
2.4 kW/kg, so the purpose of the work was achieved. The design of the motor’s electromagnetic
circuit with appropriate consideration of the methods presented in the paper allows one to reduce
rotor losses and thus obtain high values of continuous power.
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