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ABSTRACT Three different radial flux ironless brushless dc (BLdc) motor types (motors without inner
back-iron of the rotor, with inner back-iron of the rotor, and with dual-rotor) are investigated and compared
in this paper. The magnetic field distribution, back electromagnetic force (EMF), axial end effect, and torque
characteristics are investigated. First, the relationship between the magnetic field distribution and the motor
size and pole pairs is investigated. It shows that the two parameters are not independent of each other and the
magnetic field distribution is mainly related with the arc length of the permanent magnets. Second, the radial
magnetic flux density in the coil regions of the three ironless BLdc motors is calculated and an evaluation
factor is proposed to show the quality of the magnetic field distribution. Third, the influence of the winding
configuration and the combination of slot and pole number on EMF is analyzed, and the corresponding
evaluation factors are calculated and tabulated. Then, the axial end effect of the three ironless BLdc motors
considering the fringe effect is investigated and compared. Next, the torque characteristics at full load and
rated speed are studied for the three types of motors. Finally, the ironless BLdc motor without back-iron of
the rotor is manufactured and tested. The experimental results are in good agreement with the finite-element

method.

INDEX TERMS Ironless BLDC motor, magnetic field, axial end effect, back EMF, torque characteristics.

I. INTRODUCTION

Due to high efficiency, compactness, long life, small vol-
ume and high power/weight ratio, the brushless dc (BLDC)
motors have become the obvious and most popular choice for
industrial applications [1]-[7]. Compared to ordinary BLDC
motors, the stator of an ironless BLDC motor is made not
of iron but of a nonmagnetic plastic material, which makes
the flux linkage harmonics caused by iron stator slots and
magnetic saturation absent, and the cogging and reluctance
torque ripples greatly reduced [8]-[12]. Three main ironless
BLDC motor topologies, which are motors without inner
back-iron of the rotor [8], [10], [12], with inner back-iron
of the rotor [13] and with dual-rotor [4], [14], as shown
in Fig. 1, have received widespread acceptance in various
industrial applications. Fig. 1 (a) to (c) illustrate the above
mentioned three different ironless BLDC motor topologies
with Type I, Type II and Type 111, respectively. As shown in

Fig. 1, the stator parts of the three ironless BLDC motors
mainly include the phase windings, and the nonmagnetic
stator frame which is not showing and can be instead by
air. For Type I, the rotor parts include the outer PMs and
the outer back-iron. For Type II, the rotor parts include the
outer PMs, outer and inner back-irons. And for Type III,
the rotor parts include the outer and inner PMs, the outer and
inner back-irons. Furthermore, as for Type I, the outer rotor
of the motor is made of a thin cup-shaped cylindrical steel
drum, the permanent magnets (PMs) are mounted on the inner
surface of the outer rotor’s back-iron. And for Types Il and III,
the rotor core consists of outer and inner back-irons, the outer
PMs are mounted on the inner surface of the outer back-irons
of Types II and III, and the inner PMs are mounted only on
the outer surface of the rotors’ inner back-iron of Type III.
Some researchers have done some studies on each of
the presented three ironless BLDC motor types. In [8], the
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FIGURE 1. The models of the three different ironless BLDC motor types (14P12S). (a) Type I. (b) Type II. (c) Type Il

magnetic field of the motor, which adopted an “inside-out”
construction with an internal ironless stator (i.e. Type I in
this paper), is analyzed with the end effects neglected. How-
ever, as a result of the inside-out design, this type motors
invariably have a high number of pole pairs and high rotor
inertia. In [10], the machine with an outer-rotor and a core-
less stator (i.e. Type I in this paper) is investigated to suit
applications in clean energy generation and storage systems.
Correspondingly, its rotational torque and back EMF are
computed to meet the maximum torque. In [13], an ironless
BLDC motor with an inner back-iron on the rotor and with
PMs mounted only on the corresponding outer back-iron
(i.e. Type II in this paper) is studied to achieve a high effi-
ciency. The air gap magnetic field distribution and back EMF
were investigated by FEM, and the impedances of the end
part are taken into account in the circulating current losses
calculation. Studies have been found that Halbach array PM
machines can provide unilateral magnetic flux and obtain
high magnetic flux density in the air gap [15], [17]. Hence,
as for the ironless PM machines, the Halbach array PMs
are widely used to obtain a high and smooth torque and
high efficiency [18], [20]. An ironless BLDC motor with
enclosed-rotor and Halbach-array PMs mounted on both the
outer and inner beck-irons of the rotor (i.e. Type III in this
paper) is investigated [4], and the air gap flux density along
the radius is studied without taking the axial end effect
into consideration. In [14], a kind of ironless dual-rotor,
radial-flux PM machine (similar to Type III) is proposed, and
the end-winding effects to motors is just simply described.
Also, the outer and inner portion of the rotor core are con-
nected together by an end disc, which can work as a cooling
fan. So, this class of machines (Type III) is found to be
suitable for moderately high, even higher speed critical space
applications, which warrants the utmost accuracy and least
value of cogging torque, due to its high torque density, high
efficiency and the ironless stator. However, to the authors’
knowledge, no published paper has compared the electromag-
netic characteristics of the presented three ironless BLDC
motors with the same volume and similar configurations.
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All the above papers have proven the ironless BLDC
motors can provide the best all-around performance for
aerospace and industrial applications. For different applica-
tions and performance requirements, the structures of the
BLDC motors are different. However, almost all published
papers focused only on one kind of motor. In general, the sta-
tor parts of the ironless BLDC motors are similar, e.g. the
same concentrated windings and non-magnetic stator frame.
Hence, the main structural difference lies in the rotor part.
In view of the rotors’ structural differences of the presented
three ironless BLDC motor types, the magnetic field distri-
bution, electromagnetic force (EMF), axial end effect and
torque characteristics will be different for each type. More-
over, considering the stators of the presented three different
ironless BLDC motor types made of nonmagnetic materials,
there is no stator iron to guide magnetic flux paths. Then,
the ironless BLDC motors will suffer from a general lower
magnetic flux crossing the air gap, which will result in a
lower power output in the stator’s ironless design compared
to the equivalent stator iron design. In order to distinguish
the electromagnetic properties and provide some selection
bases, the electromagnetic characteristics of the presented
three different ironless BLDC motor types are studied and
compared in this paper.

In this paper, the magnetic field distribution of the pre-
sented three different ironless BLDC motors is achieved
firstly. The waveform quality of the radial magnetic flux
density with the motor size and pole pairs is evaluated and
compared. Meanwhile, an evaluation factor is introduced to
evaluate the radial component of the flux density. Secondly,
the proposed evaluation factors of the back EMFs of the
three motor types are calculated, with the consideration of the
winding configurations of overlapping and non-overlapping
types. Thirdly, the axial end effect with different axial lengths
of the presented three motors is investigated by the intro-
duced correction factor. Fourthly, the torque characteristics
at full load and rated rotational speed are investigated and
compared. Finally, a prototype of the ironless BLDC motor
without the inner back-iron of the rotor (i.e. Type I in this
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paper) is designed, manufactured and tested to validate the
simulation results.

Il. COMPARISON OF THE MAGNETIC FIELD
CHARACTERISTICS

The magnetic field distribution of the ironless BLDC motors
is not only related to the pole pairs, but also to the motor size
(viz. the outer PMs’ inner diameter of the rotor). However,
the pole pairs and the motor size are not completely inde-
pendent of each other. In order to reduce the number of the
variables, the arc-length of the PM Lpy, is introduced, which
is defined as

2R

Lpy = ()
where R; is the inner radius of the outer PM, which can
represent the motor size, and p is the pole pairs.

In order to compare the electromagnetic properties of the
three ironless BLDC motors under the same PM magnetiza-
tion, the magnetization types of the PMs are of parallel in this
paper, which is easy to impose both in FEM simulation and in
real machine manufacturing process. Other magnetizations,
such as radial, sinusoidal, Halbach array, etc., can be studied
in the same way, which are not included in this paper.

The magnetic flux lines distribution of the three ironless
BLDC motor types with the same R of 25mm, are illustrated
in Fig. 2. As it can be seen, the distribution of the magnetic
flux lines in the air gap of Type III is more uniform and denser
than that of the other two types. In addition, the amplitude of
the magnetic field of Type Il is about 6% and 8% higher than
that of Type II and Type I, respectively.

As for the models of the presented three different ironless
BLDC motor types shown in Fig. 1, the magnetic character-
istics (i.e. the radial and tangential magnetic flux densities)
of each motor type are compared with different motor sizes.
In order to investigate and synthetically compare the mag-
netic field distribution in the coil regions of the presented
three motor types, the arc-lengths of the outer PMs maintain
constant through changing the proportionally both number of
pole pairs p and the inner radius of the outer PMs R;. The
main parameters of the presented three motor types with the
same Lpyy are listed in Table 1.

TABLE 1. Parameters of the presented three ironless BLDC motor types.

Parameter Type I Type 11 Type III

25/50/75/100 mm
2/4/6/8

Inner radius of outer PM, R,
Pole pairs, p

Outer radius of outer PM, R, R+4mm

Outer radius of inner PM, R, - - R\-5mm
Outer radius of Back-iron, R; - R-5mm R>-3mm
Relative permeability of the PMs, s, 1.043

Residual flux density of the PMs, B, 1.28T

Effective axial length of the motor, L, 12mm

The corresponding waveforms of the radial magnetic flux
density B,1 and the tangential magnetic flux density Byy in
Region II (i.e. the coil and air-gap regions as shown in Fig. 1)
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FIGURE 2. Magnetic flux lines distribution of the three ironless BLDC
motor types with R; = 25mm. (a) Type . (b) Type II. (c) Type III.

of the presented three ironless BLDC motor types are shown
in Fig. 3. The calculated positions of the magnetic flux den-
sity of the three motor types are r = (R; — 1) mm. It can be
seen that the magnetic flux densities of each of the ironless
BLDC motor types are identical with the same Lpys. The
small discrepancy may be attributed to the influence of the
motor curvature.

As is known, the radial magnetic flux density is closely
related to the back EMF of radial flux motors. In order
to show the space distribution of the radial magnetic flux
density B,y in Region II of the presented three motor types,
the waveforms of the B,y with different radii in the coil region
for the three motor types with p = 8 and Ry = 60mm
are shown in Fig. 4. Ar means the radius difference of the
calculation position r to the inner radius of external PMs R;.
It can be seen from the above results that the amplitude of the
magnetic flux density of Type III is bigger than that of the
other two types, and that Type I is the smallest. Besides, the
radial magnetic flux density B,y in the coil region of Type I
changes greater than that of the other two types.

As the 120° commutation control is generally used for the
BLDC motors, the ideal back EMF should be trapezoidal.
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FIGURE 3. The magnetic flux density waveforms with the same Lpy,; of
the presented three ironless BLDC motor types. (a) Type I. (b) Type II.
(c) Type Il

Furthermore, because the waveform of the back EMF mainly
depends on the shape of B,, the ideal shape of B,y also
should be trapezoidal with a flat-top width larger than 120°
elec. deg. However, as it can be seen from Fig. 4, the shapes
of the waveforms are not trapezoidal.

InFig. 5, the waveforms of B,y at ¥ = 59mm of the studied
three motor types with p = 8 and R| = 60mm are presented.
Meanwhile, the waveforms during the 120° elec. deg. period
are cut out and normalized considering the 120° commutation
control. During the normalization process of B, of the three
motor types, the values of B,y at 90° elec. deg. (B,11-90° for
short) of each the motor type are chosen as the base values,
correspondingly. It can be seen from Fig. 5 that the fitting
degree between the normalized real shape and the ideal shape
of the B,y of the presented three motor types are different.
In order to better evaluate the quality of B,yj, an evaluation

VOLUME 6, 2018
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FIGURE 4. The waveforms of B, of the three different ironless BLDC
motor types with p = 8 and R; = 60mm.
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FIGURE 5. The normalized radial magnetic flux densities at r = 59mm
during the 120° elec. deg. of the three different ironless BLDC motor
types with p = 8 and R; = 60mm.

factor ¢, is proposed and this approach indicates that the
smaller the value of ¢, is, the better will be the shape of the
trapezoidal waveform. The evaluation factor ¢, is defined as

[e.¢]

L= | D (an—p)? @)

n=1,2,3,...

where «, is the nth harmonics of the normalized radial mag-
netic flux density, and 8, is the nth harmonics of the ideal
waveform.

In order to compare the magnetic flux density and evaluate
the quality of the waveforms, in this work, the pole pairs is set
to 8 and the inner radius of the outer PMs R; is varying from
20mm to 100mm with the step size of 20mm. The amplitude
of B,11-90° with different R| and the corresponding evaluation
factor ¢, of the three ironless BLDC motor types are shown
in Fig. 6. From the amplitude comparison, it can be seen
that: (i) corresponding to Fig. 4, the variations of the B, -
90° of Type I values are larger along with the motor size
changing compared with those of the other two types, and
this is attributed mainly to the lack of the inner back-iron
of the rotor. (ii) with a certain Ry, B,1-90° of Type III is
the largest, the next is Type II, and the smallest is Type I,
which is consistent with Fig. 4. Moreover, Fig. 4 indicates
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that the ironless BLDC motor with dual-rotor has the highest
power density. (iii) for Type II and Type III, when R; is
bigger than 40mm, the magnitude of B,1-90° along different
radii for a certain R; shows negligible changes. This results
in circulating current reduction when the windings are in
parallel. In addition, from the comparison of ¢, it can be
seen that: (i) for Type II and Type III, the ¢, decreases with
increasing motor size and for positions close to the PMs’
surface. (ii) As for Type I, the ¢, increases with the motor
size when the position is close to the inner surface of the
outer PMs. However, it decreases with increasing motor size
when the position is far away from the inner surface of the
outer PMs.
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FIGURE 6. The B,;;-90° and ¢ of the pr ted three ironless BLDC
motor types at different radii with p = 8. (a) B,;;-90° of Type I. (b) ¢e of
Type I. (c) B,;-90° of Type Il (d) ¢e of Type Il. (e) B,;-90° of Type Il
(f) ¢e of Type IIL.

On one hand, it can be said conclusively that, with the same
arc-length of the PMs of the three motor types, the magnitude
of the radial magnetic flux density of Type III is bigger
than Type II, and that Type I is the smallest. On the other
hand, the radial magnetic flux density waveforms’ trape-
zoidal degree of both Type II and Type III are bigger than
Type 1. However, when the number of pole pairs is fixed,
the trapezoidal degree of the radial magnetic flux waveforms
of the three motors are different with the variations of motor
size and the distance to the PMs, as is clearly indicated in
Fig. 6, withp = 8.
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IIl. COMPARISON OF THE WINDING CONFIGURATIONS
AND THE AXIAL END EFFECT ON BACK EMF

A. EFFECT OF WINDING CONFIGURATION ON BACK EMF
Windings are one of the important components of motor,
the wire gauge (i.e. the wire diameter) and winding con-
figurations (e.g. single/double layer windings, concentrated
winding, over/non-overlapping windings, etc.) influence the
motor performance greatly. For the non-overlapping wind-
ings, either all the teeth or only the alternate teeth carry the
coils. While for the overlapping windings, the short-pitch
winding will make the shape of the back EMF closer to a sine
wave, so only the full-pitch winding (i.e. the winding pitch
equals to the PMs’ polar distance) is considered. Three differ-
ent winding configurations, named Winding I, Winding II and
Winding III, respectively, are shown in Fig. 7. Table 2 shows
the winding parameters when Ry = 25mm.

FIGURE 7. The three different winding configurations.

(a) Non-overlapping winding with alternate teeth wound (Winding I).
(b) Non-overlapping winding with all teeth wound (Winding I1).

(c) Overlapping winding with full-pitch (Winding I11).

TABLE 2. Parameters of the three different winding configurations.

Parameter Winding I Winding I1 Winding 111
Outer radius of coil region, R, 24.5mm
Inner radius of coil region, R, 20.5mm
Slot pitch, 6, 21/ Qs

QO is the number of virtual slots.

The magnetic linkage linked with a coil package ¥, can
be expressed as

R(‘O 9L‘0 6(‘/2
Vep = / / De [Ll / By (r,0) rd9:| rdO.dr (3)
Rei Oci _9(;/2

where p, is coil density; dr, df, are the differentiation ele-
ments of the coil package’s radius and angle, respectively.

The back EMF depends on the distribution of the magnetic
flux density in the air-gap region and the winding type.
So, the evaluation factor has to be applied on the back EMF.
According to Faraday’s law, the back EMF induced in each
coil package e., can be obtained by

dep
0 “

Since the amplitude of the back EMF is dominated by the
amplitude of B, 1, only the evaluation factor of the back EMF

ecp =
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TABLE 3. ¢e of the presented ironless BLDC motor of Type I.

0 2r 2 4 6 8 10 12 14 16 18 20 22 24 26 28
3 0.546 0.371
6 0.563*  0.374 0.169
9 0.321 0.114 0.062 0.053
" _0.189 0032
12 0.380 0.337 0o 0105 0033
15 0.349 0.131 0.084 0.106
18 0.253" 0.354 0.257 0.172 0.107 0.117 0.107
21 0.356 0.273 0.160 0.137 0.145 0.129
" 0221 018 0.148 | 0.142
24 0.160 0.354 0.113°  0.142° 0.174°  0.186"
TABLE 4. e of the presented ironless BLDC motor of Type II.
2p
0, 2 4 6 8 10 12 14 16 18 20 22 24 26 28
3 0.328 0.013
6 0.005" 0.332 0.043
9 0.339 0.174 0.092 0.078
" __ 0216 _.0.108
12 0.017 0.344  — ocs 0150" 0108
15 0.341 0.176 0.142 0.131
18 0.033" 0.336 0.259 0.201 0.152 0.157 0.147
21 0.332 0.269 0.189 0.171 0.172 0.160
# 0232 0204 0175 | 0.169
24 0.050 0.328 0.156°  0.174" 0.194°  0.199"
TABLE 5. (e of the presented ironless BLDC motor of Type IIl.
0 w 2 4 6 8 10 12 14 16 18 20 22 24 26 28
3 0.328 0.008
6 0.003*  0.330 0.025
9 0.333 0.165 0.070 0.049
" 0210 0.078
12 0.010 0.338  — Ter 0.140° 0075
15 0.342 0.160 0.118 0.100
18 0.020" 0.343 0.257 0.188 0.126 0.132 0.121
21 0.341 0.270 0.173 0.150 0.153 0.137
4 0226 om1 0.157 | 0.149
24 0.031 0.338 0.132°  0.155" 0.180°  0.186

Values with superscript of * and # represent the ¢, with Winding I and Winding III, respectively. Values without superscript represent the ¢, with Winding II.

is analyzed. The evaluation factor ¢, with different winding
configurations and combinations of slot and pole numbers are
calculated and listed in Tables 3 to 5. It can be observed from
the tables that: (i) for Type II and Type III, the ¢, of Wind-
ing III is smaller than that of both Winding I and Winding II,
with the same pole pairs or with the same slot numbers for a
certain motor of Type II or Type III. (ii) for each motor type,
the ¢, of Winding I is smaller than that of Winding II when
the pole number is smaller than slot number, and vice versa.
(iii) the ¢, of Winding I increases with the increasing of the
pole number for a certain slot number of each motor type. (iv)
Type III has the smallest ¢, for Winding II and Winding III
when the pole number is smaller than 6. While for Winding II,
Type I has the smallest ¢,, when the pole number is larger
than 20.

VOLUME 6, 2018

B. EFFECT OF THE AXIAL END ON THE BACK EMF
Considering the fringe effect of the PMs in ironless BLDC
motors, the axial end effect cannot be ignored [21], [23].
In order to evaluate the axial end effect and account for the
influence of the end windings on the back EMF, a correction
factor Ke is introduced by carrying out a 3-D static FEM. The
calculation factor Ke is defined as [12]

foLgf Bys-p (r,0,2)
Bym-p (r,0) - Ly
where B,12—p(r, 6) is the radial component obtained by the
2-D FEM calculation and B,q3—p(r, 6, z) is obtained by
the 3-D static FEM method. L, and L; are defined as the
effective and actual axial lengths of the motor, respectively.
Owing to the effective axial length L. is different for

K. (r, L) = x 100% 3)
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different motor types, K, is determined under the assumption
that L, = L.

Considering the motor of Type I with the pole pairs of 7
had been manufactured, and the other dimension parameters
are the same with the models investigated in this paper.
Hence, in order to make full use of the existing experimental
equipment in the laboratory. In the following results, the pole
pair number of the three ironless BLDC motor types is set
to 7, an R; is set to 25mm.

(@

(®)

(©

FIGURE 8. The 2-D and 3-D models of the three ironless BLDC motor
types. (a) Type I. (b) Type II. (c) Type III.

The three different ironless BLDC motor types containing
both 2-D and 3-D models are shown in Fig. 8. In order to
simplify the analytical models in the magnetostatic simula-
tion, the established models include only PMs (the pole-arc
to pole-pitch ratio equals to 1) and the back-irons. Moreover,
6 = 0 (as it shows in Fig. 8) is selected as the position for the
estimation of the parameter K.

The radial component of the flux density at position r =
22.5mm in the middle of the coil region with L; = 12mm,
30mm and 60mm of the three ironless BLDC motor types are
shown in Fig. 9. The results include both 3-D and 2-D FEM
results. It can be seen that, with the PMs distributed on
both sides of the outer and inner back-irons of Type III,

64976

the magnetic flux density in Type III is about 50% higher
than that of Type II. This indicates that there is more magnetic
flux passing through the coil region in Type III. In addition,
the waveforms of the radial magnetic flux density of the three
ironless BLDC motor types show good agreement between
the 2-D and 3-D FEM results along the axial length L.

(b)

(©)
FIGURE 9. Radial component of flux density of the three different

ironless BLDC motor types at r = 22.5mm. (a) L; = 12mm.
(b) L; = 30mm. (c) L; = 60mm.

In view of the axial end effect on the three different ironless
BLDC motor types, it can be seen from Fig.. 9 that, (i) for
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the three motor types used in this part, the axial end effect
of the both ends are symmetrical, (ii) the radial magnetic flux
density at the axial end of Type III decreases much faster than
the other two types, which may be because the magnetic flux
density is higher than the other two types, so that more energy
is needed to magnetize the air-gap, (iii) the axial end effect
cannot be ignored in all the three ironless BLDC motor types,
however, it can be ignored in very long machine with thin
air-gap length, even if in Fig. 9 (c) good results are obtained.
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FIGURE 10. Correction factor K. with different radial radii and axial
lengths of the ironless BLDC motor. (a) Type I. (b) Type II. (c) Type Il

Fig. 10 shows the factor K, for the three different iron-
less BLDC motor types with cloud diagrams. By adopting
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the interpolation method, the other K, values with other
axial lengths and radial radii can be obtained. It can be
observed from the comprehensive analysis and comparison
of Fig. 10 that: (i) for a certain motor of the three investigated
ironless BLDC motors in this paper, the correction factor K,
is getting close to 100% with increasing of the axial length
and the radial radius, and (ii) the variation range of K, for
Type III is smaller than that of the other two types, which
means the axial end effect of Type III is less sensitive to the
axial length and radial length.

FIGURE 11. The no-load back EMF of 2-D and 3-D FEM of the three
different ironless BLDC motor types.

Fig. 11 shows the 2-D and 3-D no-load back EMFs for
the three different ironless BLDC motor types using an axial
length of 12mm. In this case, the axial end effect was taken
into consideration in the 3-D FEM computation. It can be
obtained from Fig. 11 that, with the same PMs’ magneti-
zation and winding configurations, the 2-D and 3-D FEM
results show differences. The back EMFs’ amplitude of the
three ironless BLDC motors calculated by 2-D FEM at the
speed of 6000rpm, are 7.14V, 10.6V and 14.5V, respectively.
Correspondingly, the amplitude of the back EMFs calculated
by 3-D FEM are 6.28V, 7.9V and 9V. From these differences,
it can be inferred that the axial end effect of the presented
three ironless BLDC motors should be taken into considera-
tions in the back EMF’s calculation.

IV. COMPARISON OF THE TORQUE CHARACTERISTICS

The ironless stator BLDC motors possess zero cogging torque
in theory. Besides, the ironless-stator eliminates the stator
core loss, and the inner back-irons used in Type Il and Type III
make the magnetic flux density in Region II bigger than that
of in Type 1. However, the magnetic field distribution (as it
shows in Fig. 9) and back EMF (as it shows in Fig. 11) of
the three motor types are much different when considering
the axial end effect. The electromagnetic torque and the back
EMF are two basic elements in the electromechanical energy
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conversion of motors, and considering the law of energy
conservation, the output torque is related with the back EMF.
Therefore, the torque characteristics of the three ironless
BLDC motor types are further studied and compare in this
part.
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FIGURE 12. The simulated phase current waveforms of ironless BLDC
motor of type I at full load and rated speed.

FIGURE 13. The torque with rated input current and speed of the three
different ironless BLDC motor types with parallel magnetization.

As is well-known, the electromagnetic torque is generated
from the interaction of the phase current and the back EMF.
The phase current of the investigated three ironless BLDC
motor types is shown in Fig. 12. For BLDC motors’ control,
the back EMF should be trapezoidal. However, as illustrated
in Fig. 11, the back EMF waveforms of the three iron-
less BLDC motors are sinusoidal, rather than trapezoidal.
Fig. 13 shows the torques with rated input current and rated
rotational speed of the presented three motor types. It shows
that the average torque of Type III is about 3 times bigger than
that of type II, owing to extra PMs used on the inner back-
iron of the rotor as it shows in Fig. 1 (c), and 17 times bigger
than that of Type I. The phase current and non-ideal back
EMEF will result in critical torque ripple. Besides, the torque
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FIGURE 14. The no-load and load back EMF of the presented three
different ironless BLDC motors.

ripple of ironless BLDC motors is also related with the phase
exchange and the armature reaction. Due to the inductance of
the phase windings, the lag of current change during the phase
exchange (as illustrated in Fig. 12) will result in torque ripple
too. The armature reactions of the presented three ironless
BLDC motor types can be reflected by Fig. 14, the little
difference between the load and no-load back EMFs may
caused by the scale. It shows that the armature reactions
are not heavy enough to influence the main magnetic field.
Therefore, the serious torque ripples, as shown in Fig. 13,
is mainly related to the phase exchange.

V. EXPERIMENT

A prototype of the ironless BLDC motor of Type I with
parallel magnetized PMs is manufactured and tested. The
stand platform with test and load ironless BLDC motors of
Type I is shown in Fig. 15. The stators used for the load
and test ironless BLDC motors are made of epoxy resin
(a kind of nonmagnetic plastic materials used for motors).
The experimental test system is shown in Fig. 16.

FIGURE 15. The stand platform with test and load ironless BLDC motor of
type L.

The no-load back EMF waveform is obtained at the speed
of 3800rpm and compared with the FEM computation results,
and are shown in Fig. 17. It can be seen that the results
obtained from the 2-D FEM computation are higher than
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FIGURE 16. Experimental test system.

FIGURE 17. The FEM and experimental back EMFs of phase A of Type I.

those from the 3-D FEM computation which accounts for the
axial end effect and end windings. The difference between the
measured and the calculated by 3-D FEM is about 4%, which
thought to be caused by the deficiency of the PMs’ magnetic
field intensity in real motor topology and the position error of
the coils.

VI. CONCLUSION

In this paper, three different ironless BLDC motor types,
which are motors without inner back-iron of the rotor
(Type 1), with inner back-iron of the rotor (Type II) and with
dual-rotor (Type III), are investigated. The magnetic charac-
teristics of the three motor types are investigated by FEM. The
results show that Type III motor has the largest magnetic load
and the most trapezoidal waveform of the radial magnetic
flux density. The influence of both the winding configuration
and the combination of slot and pole numbers on the back
EMF is studied. The evaluation factor &, is proposed to show
the influence extent in a quantitative way. The axial end
effect of the three motor types are different under the same
axial length, and the corresponding correction factor K, is
calculated and compared. As for the torque characteristics,
it shows the average torque of Type III is about 3 times bigger
than that of type II, and 17 times bigger than that of Type 1.
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Finally, the motor of Type I was manufactured and tested. The
results indicate that the axial end effect should not be ignored
in the ironless BLDC motors with a short axial length.
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