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TORQUE AND MAGNET HEATING IN A SURFACE-MOUNTED PM MOTOR:
A COMPARISON BETWEEN SLOTTED AND SLOTLESS STATOR DESIGNS
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The advantages and disadvantages of two permanent magnet motor designs — slotted and slotless — are analyzed. A
commercially available micromotor was adopted as the slotted design. Their performance is compared in terms of
torque production and permanent magnet heating under intensive operating conditions. The rotor geometry was as-
sumed to be identical, the maximum flux density in the magnetic cores was set to 1,7 T, and the rotational speed was
considered constant. Modeling was carried out using COMSOL Multiphysics, with the results for the slotted design
validated using the Simcenter Motorsolve software package. The torque and the amplitude of torque pulsations for both
designs were evaluated, and the differences between them were analyzed. The causes of magnetic flux density pulsa-
tions in the magnets were studied, and their impact on eddy current losses was assessed. Numerical results for the out-
put parameter ratios of the two designs were presented. The possibility of neglecting magnet heating in the slotless de-
sign was emphasized. References 11, figures 8, table 1.
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Introduction. Permanent magnet (PM) motors have found widespread use in many technological
applications due to their high specific power and torque compared to induction and DC machines. The best
performance is usually achieved with conventional slotted stator designs. However, in the field of micro-
machine development, there is a growing interest in slotless designs [1—4]. Despite being generally inferior
to slotted motors in terms of specific power, torque, and weight [5], slotless motors offer key advantages:
simpler construction, lower manufacturing cost, and the absence of cogging torque. These features make
them especially suitable for controlled precision drives, where low torque ripple is critical. Thus, when cost
or torque smoothness is prioritized, the slotless configuration may be preferred, even though it typically re-
sults in reduced torque output.

An important performance-limiting factor in PM motors is the heating of the permanent magnets,
primarily caused by eddy currents induced by magnetic-field pulsations in the air gap. In slotted designs,
these pulsations are significantly affected by the geometry of the stator slots, particularly the width of the slot
opening. In contrast, pulsations in slotless motors arise solely from the space harmonics of the stator wind-
ing. Regardless of the source, these magnetic-field pulsations induce eddy currents in the magnets, leading to
heating and reduced efficiency.

If all other motor parameters are equal, the torque, torque ripples, and heating of magnets determine
whether a slotted or slotless design is preferable. Despite the existence of comprehensive comparative novel
studies of slotted and slotless motors [6, 7], the results presented in those works cannot be easily applied to
the performance comparison of specific motors. Therefore, a particular design requires a more in-depth in-
vestigation of the relevant phenomena and parameters.

This paper is devoted to the preliminary comparative study of torque and magnet heating in a slotless
motor being developed, having the same main dimensions as a commercially available slotted external rotor
motor [8]. The operating requirements include the ability of the motor to operate for a short time (about 60 s)
with a current density of 20 A/mm?. A specific feature of the developed slotless motor is its rotating internal
“stator” yoke. This design requires the stator winding to be implemented as a compound cylindrical structure
(sleeve-shaped), separated from the yoke by an air gap — just as it is separated from the rotor. Although this
adds complexity to the winding design, it significantly simplifies the construction of both the stator and rotor
cores, which can be manufactured as single solid parts using conventional turning machining technology. At
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the same time, the absence of relative motion in the stator yoke
eliminates rotational iron losses, contributing to improved effi-
ciency and potentially reducing overall production costs. There is
significant experience with the development of such motor de-
signs at the Institute of Electrodynamics, NAN of Ukraine [9].
The windings of the sleeve-shaped design and rotor are shown in
Fig. 1. It should be noted that the presented design has magnets
mounted on the inner yoke, whereas the motor under develop-
ment is being designed to have magnets placed on the outer yoke.

Thus, the aim of this study is to analyze the differences
in torque and permanent magnet heating under intensive operat-
ing conditions by comparing two specific alternative motor de-
signs: slotted and slotless.

Designs and simulation software. Cross-sections of the

two investigated designs are shown in Fig. 2, with corre-

0.0257
o02]
0.0157/ ’
0.01
00057
o] " Internal
-0.0057 /
0.01
-0.0157 \\\

0.027

-0.025

— T T T T
-0.02 -0.01 o 0.01 0.02

Fig. 2. Cross section of motors: a) slotless

design; b) slotted design (red — A", dark red —

A", green — B', dark green — B, blue — C",
dark blue — C’, purple — outward magnets,
cyan — inward magnets, light cyan — air,
gray - steel).

" rotating yoke

sponding parts highlighted using matching colors. The
superscript “+” denotes current flowing out of the plane,
while “—” indicates current flowing into the plane. Both
designs feature an external rotor diameter of 40 mm and a
magnetic core stack length of 20 mm. Motors of this size
are typically manufactured with 14 rotor poles [8].

The main dimensions of the compared designs —
namely, the rotor diameter, active length (stack), and air
gap — are assumed to be equal. It is important to note that,
according to the classical theory of electrical machines,
the air gap in a slotless machine is equal to the design air
gap plus the height of the winding. The cross-sectional
areas of the windings are also equal thus current line load-
ing A is equal . The external rotor is surrounded by an air
layer to simulate the external magnetic flux linkage.

The COMSOL Multiphysics software package
was used for magnetic field simulation. To make the
simulation domain more compact while preserving
accuracy, a layer of infinite elements was placed at the
outer boundary of the surrounding air region, which is
not shown in Fig. 2. All necessary dimensions and pa-
rameters, both common and specific to the studied mo-
tors, are shown in Table. Consequently, the current
density in the homogenized windings was equal in
both designs.

As the study is comparative and not a compre-
hensive analysis, the following simulation settings and
constraints were adopted according to the characteris-
tics of the considered designs:

1. In the slotted design, the number of rotor
poles and stator teeth is unequal. Thus, no
symmetry can be identified in the cross sec-
tion, and the magnetic field must be simulated
over the entire cross-sectional domain. In con-
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Common parameters
Rotor speed 6000 rpm
Phase number 3
Rotor poles, p 14
Stator diameter, D (internal stator!) 40 mm
Stack length 20 mm
Air gap (between rotational parts) 0,5 mm
Height of rotor yoke 2,8 mm
Height of magnet, Ay, 2,5 mm
Angular size of magnet 12°
Magnet type N33SH
Remanent flux density, B, ILIT
Winding fill factor 0,5
Recoil magnetic permeability, [, 1,05
Max. effective current density J (= 60s) | 20 A/mm’
Slotted design parameters
Slot number 12
Slot height 8 mm
Tooth width 3,8 mm
Tooth crown head 1 mm
Slot opening width 3 mm
Slot wedge height 0,5 mm
Slotless design parameters
Pole number 14
Internal air gap 0,5 mm
Height of winding, /1y 3,6 mm
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trast, the slotless design is characterized by equal stator and rotor pole pitches, which allows simulat-
ing the magnetic field over just two pole pitches.

Due to the consideration of eddy currents in the conductive parts of the machine (such as permanent
magnets and yokes) and the presence of moving domains, time-dependent magnetic field modeling

The magnetization characteristic was assumed to be nonlinear, and the yoke height and stator tooth
width were chosen to ensure a magnetic flux density of approximately 1.7 T, as ensured by prelimi-

The current in the winding was assumed to be sinusoidal. This assumption is not critical for torque
comparison. It is also not critical for magnet heating, as will be explained in the section devoted to

2.
is required.
3.
nary static magnetic field computations.
4,
heat analysis.
5. The rotational speed of the rotor was assumed to be constant.
6.

The reference temperature 7, of the magnets and windings before the intensive regime is 100 °C.
For the presented settings, the "Rotating Machinery" interface with a time-dependent study was used

in the COMSOL Multiphysics software package. The investigation of permanent magnet heating was carried
out using the "Heat Transfer in Solids and Fluids" interface of the same package [10]. This interface was es-

sential to account for the convective cooling of the rotor's external surface by the surrounding air.

Torque analysis. The electromagnetic torque in ' ' '
COMSOL Multiphysics can be evaluated using two 100 /A AARAs Y WA
main approaches. The first is the Arkkio integration oo %79 1
method, and the second is baseq on the Maxwell stress a0l — Siotted |1
tensor [10]. For the slotless design, torque can also be _ Jol — Slotless | |
calculated by integrating the Lorentz force over the ¥
winding domain. As expected, all methods yield similar g 60 |
results. Nevertheless, it should be noted that the Arkkio £ 39 I
method demonstrates the highest stability, as indicated 401 36.71 .
by the near equality of the positive and negative peaks in 30t §
the evaluated torque. Integration of the Lorentz force 20L _
provides comparable stability, but it is applicable only to 1ol |
the slotless design [10]. . . .

To represent the torque difference between the 0 0 1 2
studied designs, it is convenient to use relative units, Electrical sycle
taking the average torque of the slotted design as the ref- Fig. 3
erence value. The torque simulated over two electrical
periods at effective current densities of 10, 15, and 20 1 ]

A/mm? is shown in Fig. 3, where in each case the aver- 0.08l |'| 0h99ﬁ58.7 |’| r | |'| . |I1 |
age torque of the slotted motor is taken as 100%. Due to 0.96 || I || ||| I ||| |'1| || ob 3:(|38 |
the use of relative units, the curves corresponding to _~ 0.94- | || | || ||| | || I I |'|' I H
each design overlap. To illustrate this, a scaled fragment =  0.92f | | I il
is shown in which the curves are artificially separated. % 0.9
From Fig. 3 it can be seen that the torque of the slotted =, =~ ©:88[
motor is 2,7 times greater than that of the developed g os86r 2
. . T 0.84L — Slotted, /_.# = 10 A/mm

slotless motor. Moreover, torque pulsation in the slotted T 0743741 s

. . . . 3 0.82 — Slotted, /. = 20 A/mm
motor is 7,1 times higher than in the slotless one. = o8l | e ~ s

The impact of this difference cannot be fully 3§ 5| I] f otless, Jerr = 10 Nmmz
evaluated based solely on the ratio of magnetic flux den- & ¢ /6l W .'1 I " —=- Slotless, /¢ = 20 A/mm
sities along the midline of the air gap under steady-state = ¢ 74]] ’l W' N
conditions. As shown in Fig. 4, the ratio of the maxi- 0.72ff | | 'JT U -
mum flux densities is about 1,9, which is significantly 0.7
lower than the torque ratio. It should be noted that in the 0.68{0.741506] 10.677658 .

slotless design, the magnetic flux density is evaluated at
the center of the winding layer, which is valid only for
torque computation using the Lorentz force integration
method. The considerable torque reduction is mainly
caused by the complex flux density distribution resulting

0
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Fig. 4
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from the geometry of the stator tooth tips. Therefore, only integration using one of the aforementioned meth-
ods can provide an accurate estimate of the motor torque.

Evaluation of Permanent Magnet Heating. The heating of magnets is a harmful phenomenon in
high-performance electric motors. The operating temperature limits of neodymium—iron—boron (NdFeB)
magnets require precise evaluation of the heating process. Magnet heating is caused both by heat transfer
through the air gap from the stator and by losses within the magnets themselves. As mentioned earlier, these

losses result from eddy currents induced by magnetic field pulsations.

Fig. 5 presents the distribution of the magnetic flux

1.6 -

1.4} | — slotted (middle of airgap) |4 density norm over seven electrical cycles at an arbitrary point

1.2 | — siotless (middle of winding) | 7 inside the magnet, situated near the surface facing the air gap
_ 0. é P T ;, N - 1 and rotating with the magnet. The number of electrical cycles
E 06k ' ‘II IJI | ‘,| {( " \ | L” | |,. | was chosen to cover a full cycle of the stator field in the ma-
= 04+ / N ‘ ff‘--.,l| N ‘ /‘| 4 chine. The magnetic flux density pulsation was evaluated at 10
g 0.2 ‘ ‘ ‘ T "‘ 1 and 20 A/mm? current densities in the winding.
- g ’ ’ I | [ .J | In the slotted machine, this pulsatiop is caused maiply
= gal ; ’ }'J ,f'| ’ ¥ ’ /|| by the slotted strupture of the.stator magnepc core. The swing

06F N | |{J ) I ! | P‘ L {{ AB of the magnetic flux density B at the winding current den-

08F | \J | Y u[ﬁ Y I‘ U4 sity J=10 and 20 A/mm’ is respectively

L B . T AB,_, =0,9368—0,6777 =0,2591(T); I

0 2 4 6 AB,_,, =0,9976—0,6777 =0,3199 (T).

Spatial I d i
patial angle (rad) As the eddy current losses are proportional to the

square of the magnetic flux density swing, it is natural to esti-
mate the heating and temperature rise ratio of about

T/T,=(0,3199/0,2591)" =1,52. )

The slotless machine has the same number of poles in both the stator winding and the rotor structure.
Thus, magnetic field pulsations are caused solely by the harmonic components of the stator winding magne-
tomotive force (MMF). However, in the magnified fragment of Fig. 5, high-frequency pulsations can also be
observed. These are attributed to discretization errors and decrease with mesh refinement. To eliminate their
influence on loss evaluation in “COMSOL Multiphysics”, the Time to Frequency Losses subnode within the
Study node was used. Losses in this subnode are evaluated through Fourier series decomposition, with the
user specifying the number of harmonics. In this study, six time harmonics were taken into account to evalu-
ate the eddy current losses, which provides the basis for further quantitative analysis. The Non-Ventilated
cooling method was adopted to study. Note that the external rotor design is favorable for cooling.

A relevant question arises: should hysteresis losses be taken into account? The answer can be ob-
tained by analyzing the range of magnetic flux density pulsations together with the demagnetization curve of
the permanent magnet (PM). The demagnetization curve for the N33SH magnet is shown in Fig. 6 [11]. Ow-
ing to the extended linear portion of this curve, the entire flux density swing lies within the linear region.
Therefore, hysteresis losses in the PM can be neglected.

After these preliminary remarks, the results of the investigated heating process can now be consid-

ered. As in the magnetic field simulation, the heat transfer

Fig. 5

12 computation was limited to a two-dimensional problem.

. The temperature distribution was simulated using the Heat
Transfer in Solids and Fluids and Turbulent Flow, Alge-

— 038 braic yPlus interfaces of the “COMSOL Multiphysics”
= software package. Fig. 7 shows the temperature distribution
206 in the rotor cross-section after one minute from the start of
= 04 the intensive regime. The initial temperature 7; was set to
= 100 °C, as mentioned above. In accordance with the previ-
0.2 ously analyzed magnetic flux pulsations (Fig. 5), the tem-
perature rise in the slotted design is significantly more in-

?1000 500 o tensive than in the slotless one. Moreover, in the slotted
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Fig. 6

design, heat is generated both in the solid rotor yoke and in
the magnets themselves. The temperature scale in the leg-
end of Fig. 7, b indicates that the hottest point in the slotted
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design is heated by approximately
9,2 °C after one minute of operation
at a current density of 20 A/mm?. In m
contrast, in the slotless design, heat

Time=60 s, Temperature: (°C)

L 0.025 101.2
sources are concentrated primarily 101
in the magnets, while the yoke does 0.02 igg-g a
not contribute to magnet heating and 100.4

annn

acts as a heat sink (Fig. 7, a).
For verification, the maxi-
mum temperature rise in the mag- 0.02

Time=60 s, Temperature (°C)

nets and winding of the slotted de- 109.2
sign was computed using the Sim- oo
center Motorsolve software pack- 108.6
age. In this software, heat transfer is igg'g
modeled with consideration of both b 108

radial and axial heat flow, but only
approximately. The temperature rise
of the magnets and winding of the Fig. 7

slotted motor at three current den-

sity values (10, 15, and 20 A/mm?) is presented in Fig. 8. The maximum magnet temperature after 60 s, cal-
culated with both software tools (Fig. 7, b, Fig. 8, a), is identical, thereby confirming the reliability of both
models and the obtained results. The winding temperature rise in the slotted design reaches up to 135 °C
(Fig. 8, b) under intensive operation, indicating that the winding insulation of classes F and H can withstand
this regime.
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Fig. 8

In the slotless design, the temperature rise during 60 s is about 1.2 °C at J = 20 A/mm? (Fig. 7, a).
Thus, there is no need to present temperature graphs at current densities below the maximum value. As for
simulation in Simcenter Motorsolve, note that this software does not support designs with a rotated stator.
Since the winding in this configuration is better cooled through two air gaps, it may be assumed that the
winding temperature will remain within the same limits. The “COMSOL Multiphysics” software predicts a
maximum winding temperature of about 40 °C after one minute of the intensive regime, which can be ex-
plained by the absence of axial heat transfer in the two-dimensional model.

Discussion. The slotted design exhibits the highest torque, which is approximately 2,7 times greater
than that of the slotless one. The ratio of magnetic reluctances, considering only the non-steel segments of
the magnetic circuit, is about 1,9, which corresponds to the ratio of the magnetic flux density amplitudes in
the air gap (Fig. 4). The remaining factor of about 1,5 (the ratio between 2,7 and 1,9) can be attributed to the
different geometric features of the windings.

The torque ratio of the two designs does not depend on the current density in the winding (Fig. 3).
The reason is that the MMF of the winding Fy is significantly smaller than that of the magnet, so the mag-
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netic flux is mainly determined by the magnet. More specifically, since the total current in both slotted and
slotless designs is the same by assumption, the expression for the linear current loading 4 can be applied for
either case. In fact, for the slotless design, within one pole pitch t, this expression (taking into account the
three-phase winding) is

=%M=%20-106 :0,0036 = 108000( A/m) , (3)
T

where Ay is the winding height (geometrical and material parameters are given in Table 1). The half MMF of
the winding F, providing the main magnetic flux, is

Fy = -t= a2 108000 = %%

2p 2-14
where D is the stator diameter (noting that the design has an external rotor), p is the number of poles.
On the other hand the MMF of a single magnet F), is

5 _ Bhy _ 11:0,0025
Yoo, 1,05-4m107

where B, is the remanent magnetic flux density, .. is the recoil relative magnetic permeability, and 4, is the
height of magnet. From expressions (4) and (5), it follows that the winding MMF is less than 25% of the
magnet MMF.

The eddy current heating of the magnets is significantly higher in the slotted design. This is caused
by the pronounced pulsation of the magnetic flux density. The swing of the flux density at an arbitrary point
near the magnet surface reaches up to 0,32 T at a current density of 20 A/mm?. The amplitude of this swing
depends on the winding current density; at J= 10 A/mm?, it is approximately 0,26 T. Since the ratio of these
swings (see equation 2) provides an estimate of the magnet temperature rise rate of 1,52, the overheating of
the slotted machine during one minute is given by (Fig. 8, b)

T,/ T,, =(109 — 100)/(104 — 100) = 2,25. (6)

The deviation of this value from 1,52 obtained in the single-harmonic analysis has a clear explana-
tion: the time dependence of the magnetic flux density contains a significant share of higher harmonics (Fig.
5), which contribute additional losses. The remaining factor of about 1,48 (the ratio between 2,25 and 1,5).

Conclusions. Based on the investigations carried out, the torque and permanent magnet heating of a
slotless, surface-mounted PM external-rotor motor can be estimated from the data of a series-produced slot-
ted motor with identical geometric dimensions, within a certain range of comparable micromotor sizes.

The torque of the slotted design is approximately 2.7 times greater than that of the slotless machine
and is independent of the current in the winding. This ratio can be derived from the ratio of the magnetic flux
density amplitudes in the air gaps of the compared designs, using the coefficient defined in this paper.

The torque pulsation in the slotless design is about 7,1 times lower than that of the slotted motor.

In the slotted design, under the intensive regime with a winding current density of around 20 A/mm?,
the magnet temperature rises by approximately 9,2 °C per minute due to eddy currents. In the slotless design,
under the same conditions, eddy current heating of the magnets due to magnetic field pulsations is much
lower, resulting in a temperature rise of only about 1...2 %.

If either manufacturing cost or the minimisation of torque ripple is a primary concern, the slotless
design may be preferred.
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KPYTHUI MOMEHT TA HATPIBAHHSI MATHITIB ¥ IBUI'YHI 3 IOBEPXHEBUM
PO3TAIIIYBAHHSIM MOCTIMHUX MATHITIB: IOPIBHSIHHSI 3YBYACTOI'O
TA BE3ITA30BOI'O CTATOPA.
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Ipoananizosano nepesazu ma HedoiKU 080X KOHCMPYKYIL O8USYHIG i3 NOCMIHUMU MASHIMAamMu — i3 nazamu ma 6esna-
30601, AK 3pazok 0su2yHa 3 NA3aMU BUKOPUCAHO cepilinutl MiKpodeueyH. Ixuio npodykmusnicms nopisnano 3a kpume-
DpiaMU CMBOpEeHH MOMEeHmMY i HASPIBaHHA NOCMIUHUX MACHIMIE 3a YMO8 [HMEHCUBHO20 pedcumy pobomu. Ieomempis
POmMopa 88ax#cacmvcsi OOHAKOBOI0, MAKCUMANbHA THOVKYIS 8 MAZHIMONPo8oodi obmedcena pignem 1,7 Tn, a weuokicmo
obepmanna — cmanor. Moodenosanus gukonano 8 cepedosuwyi COMSOL Multiphysic. 3aona nepegipku pe3yromamis
071 08U2YHA 3 NA3AMU BUKOPUCMAHO npozpamHuil nakem Simcenter Motorsolve. Oyineno momenm i amniaimyoy tio2o
nyrscayii 015 060X KOHCMPYKYIU, NPOAHANI308AHO GIOMIHHOCII Midc HUMU. [[OCTION®CEHO NPUYUHY NYTbCAYil MACHIM-
HOI' iHOYKYIT 8 MaeHimax i oyiHeHo iXHill énaue Ha euxposi empamu. Hasedeno uucnogi pezynomamu cniggioHouieHsb
BUXIOHUX napamempisé 01 080X KOHCmpyKyiu. Haeonoweno na moxicaueocmi HexmyeaHHs HAZPIBAHHAM MASHIMIE )
besznasosiu koncmpykyii. bion. 11, puc. 8, Tabdm. 1.

Keywords: nBuryH 3 IOCTIHHMMH MarHiTaMu, KpyTHHH MOMEHT, BTpaTu Ha BUXPOBI CTPYMH, [1a30Ba KOHCTPYKILisi, Oe3-
1a30Ba KOHCTPYKIIisL.
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