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Abstract: In this paper, a type of novel composite structure coil applied in the coreless stator is
proposed and studied to improve the output performance and efficiency of the axial flux permanent
magnet (AFPM) machine. In which the effective conductor is changed to be wedge-shaped by the
rolling technology so that the turns of coils and filling factor can be further increased, and the ends
are kept in the cylinder with a larger diameter to reduce the DC copper loss. Meanwhile, the air
region between the double rotors of the machine is also modified to be wedge-shaped, which fully
matches the proposed coils and shortens the air gap length. The advantages of performance can be
verified by the three-dimensional (3D) finite element analysis (FEA) and analytical method so that
the output characteristics of no-load and load can be improved, and the DC copper loss and eddy
current loss of coils can be reduced. The coreless AFPM machine finally performs a high efficiency of
95.34% according to these valuable optimizations.

Keywords: axial flux permanent magnet machine; coreless stator; composite structure; finite element
analysis; air gap flux density; filling factor; winding loss; efficiency

1. Introduction

Compared with the conventional radial flux permanent magnet (PM) machine, the
axial flux permanent magnet (AFPM) machine can be used in some special applications
such as electric vehicles [1], wind turbine systems [2], and unmanned aerial vehicles [3]
due to its short axial size, compact structure, disk-shaped profile, and high efficiency. The
AFPM machine has a variety of classical structures; wherein, the configuration with double
rotors and a single stator is preferred chiefly [4,5], and the stator core is not necessarily
required to form a closed magnetic circuit in the design. By eliminating the iron core of the
stator, the coreless AFPM machine has the following advantages [6-8]: (1) The quality and
cost of the machine are reduced; (2) The loss of the stator core and the cogging torque of
the machine are eliminated; (3) The inductance of windings is small, and the influence of
the stator current on the air gap flux density is almost negligible; (4) The ability of overload
is greatly improved; (5) The arrangement of coils is more flexible and not constrained by
slots and teeth of the stator.

The improvement of air gap flux density and the reduction of winding losses are
critical issues in the research of AFPM machines with the coreless stator [9]. In general
studies, this type of machine has lower air gap density and power density because the
air gap length is limited by the axial length of the coreless stator (armature). Several
authors have studied that the optimized shape, structure, and parameters of PMs [9-11]
or the special arrangement of Halbach array PMs [1,3,9,11-13] can be used to improve the
amplitude and sinusoidal level of the air gap flux density. In [12], the hybrid PM array is
proposed and applied in a multi-disc AFPM machine to form a series magnetic circuit to
improve the air gap flux density and reduce the rotor mass. The challenges posed by these
complex PM structures and arrangements to the fabrication process cannot be ignored.
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The significant loss of the coreless AFPM machine is the DC copper loss and eddy
current loss in windings, of which the former is generated when the stator current flows
through the conductor, and the latter is generated because the coils are directly exposed
to the air magnetic field [3,14], especially when operated at a high electric frequency. A
number of works have been performed in recent years [15-20], that the trapezoidal coils or
optimized trapezoidal coils are mostly used in the coreless stator [9,16], compared with the
other special shapes such as the circular coils [10] and rhomboidal coils [15], to improve
the winding factor The number of turns and width of the conductor can be synchronously
optimized, and the structure of unequal width winding is proposed and applied in [16]. The
coreless AFPM machine with a type of block coil using 3D printing technology is applied
in the collaborative robot to achieve higher output power and efficiency [17]. In [18], with
a limited outer diameter of the stator, the length of effective conductors is increased by
the improved ends of windings, resulting in the space utilization of the coreless stator and
the efficiency of the machine can be improved. In addition, some design optimization
procedures are proposed to calculate and reduce the winding losses for ordinary copper
wires [19], Litz wires, and PCB traces [20].

However, it is contradictory to improve the air gap flux density and reduce the winding
loss in some cases because if the conductor wire diameter is increased, the axial length of
the coreless stator may be further increased, the size of the air gap and AFPM machine
increased, and the air gap flux density reduced. Furthermore, the difference between the
inner diameter and outer diameter of the AFPM machine is relatively significant, resulting
in more invalid electromagnetic space at the outer diameter, while the arrangement space
at the inner diameter is compact. Therefore, increasing the filling factor of the winding is a
more suitable way to improve the efficiency of the AFPM machine.

This paper proposes a new type of armature structure to further contribute to these
issues. The optimized coil is a composite structure where the effective side is rolled to be
wedge-shaped, which fully matches the space of the wedge-shaped air gap of the coreless
AFPM machine and improves the filling factor of the winding and the air gap flux density.
The spatial redundancy of the ends can be used, and the wire with a larger diameter
can be selected to reduce the phase resistance and DC cooper losses and improve the
efficiency of the machine. An AFPM machine with the optimized coreless stator, which is
applied in electric bicycles, is designed and studied. The flux density of the non-uniform
wedge-shaped air gap and the standard air gap, the filling factor, resistance, and loss of
coils with different structures and parameters are calculated and further studied by an
analytical method and three-dimensional (3D) finite element analysis (FEA). The distinctive
advantages of high air gap flux density and efficiency of the proposed winding structure
are confirmed by calculation results.

2. Structure and Parameters
2.1. AFPM Machine with Coreless Stator

The topological structure of the proposed AFPM machine with a coreless stator is
shown in Figure 1, which consists of two outer rotor cores made of steel with high mechan-
ical strength and magnetic conductivity, the PMs made of the neodymium iron boron with
high coercivity and remanence density, one calendered and encapsulated stator armature
in the middle, and the shell made of non-magnetic materials with high mechanical strength.
Additionally, the stator support used to provide stable support and heat dissipation for the
windings can be made by 3D printing technology. The filled reinforcement sheets are made
of rigid materials such as aluminum alloy, stainless steel, ceramic pieces, powder sintering,
and thermosetting materials, and are molded and then BMC encapsulated. In order to
minimize the cost in the application of electric bicycles, the PMs are only installed on one
side of the rotor core, and the other side of the rotor core faces the PMs at a wedge-shaped
angle to reduce the length of the air gap and the magnetic circuit. Therefore, the air gap
of the AFPM machine with the coreless stator forms a wedge-shaped structure, and the
distance between two rotors at the outer diameter is less than that at the inner diameter,
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as clearly shown in the zoomed view. The flux line starts from the N pole of the PM on
one side, flows through the air gap to the rotor core on the other side, then returns to the S
pole of the PM from the air gap, finally forming a closed magnetic circuit through the rotor
core on the PMs side. The fundamental parameters of the AFPM machine are displayed
in Table 1.

hﬂO
2

hai

Figure 1. Basic structure of proposed AFPM machine with a coreless stator: (1) stator armature;
(2) shell; (3) bearing; (4) rotor core; (5) PMs; (6) reinforcement sheet; (7) stator support.

Table 1. Fundamental parameters of coreless AFPM machine.

Parameter Value
Rated output power 200 W
Rated speed 3000 r/min
Torque 0.64 N-m
Number of poles 12
Outer diameter of rotor 100 mm
Inner diameter of rotor 70 mm
Physical length of air gap 0.3 mm
Radial length of PMs 14.2 mm
Axial length of PMs 5 mm
Axial length of rotor core 3 mm

2.2. Novel Composite Structure Coils

The axial length of the armature disc is generally related to the parameters of con-
ductors and the number of coil turns. Especially when the number of turns is constant,
the increase in wire diameter can improve the filling factor, reduce the resistance, current
density, and DC copper loss of the conductor, and further improve the efficiency of the
AFPM machine, but affect the axial length of the coreless stator and machine, which is
strictly limited by the application, as described in Section 1. In this section, to solve these
technical contradictions, a type of novel composite structure coil applied in the coreless
stator is proposed and designed.

The original coils are wound by the round conductors to form the wave winding, as
shown in Figure 2a. Both the effective side and the end of the coils are the same cylinder
structure in Figure 2(c1). Additionally, each conductor in the winding is fixed to the
stator support to maintain stability and heat dissipation. The end conductors are extended
out of the stator support and can be soldered, connected in series or parallel outside the
housing, making the process simple and reducing production costs as much as possible,
and connecting to the controller easily.
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Figure 2. (a) Original coils; (b) optimized coils; (c) different wire types: (1) round conductor;
(2) rectangular conductor; (3) wedge-shaped conductor.

Compared with the original coils, the novel composite structure coils are processed by
the rolling technology, which is a process that can apply pressure to the metal to extend
and reshape it into a specific shape according to the malleability of the metal. The round
wire with a larger diameter is rolled in multiple directions on the effective side. The
circular section of the conductor is finally extruded into a rectangular section by the rolling
technology, die extrusion, or other processes, and all effective conductors can be close to
each other without any gaps. Figure 2b shows that the final optimized structure of coils is
the novel composite type, in which the effective conductor is rolled to be a wedge-shaped
structure as in Figure 2(c3), and the ends of coils keep round wire with the same structure
as the original coils. Different from the conventional rectangular wire of Figure 2(c2), the
width of the wedge-shaped effective conductor becomes larger in the radial direction, and
the redundant space of the coreless stator at the outer diameter is fully utilized, while the
axial length of that decreases in the radial direction, resulting in a shorter air gap at the
outer diameter of a machine than at the inner diameter, as previously displayed in Figure 1.
Therefore, the proposed design always satisfies the following dimensional equations:

anZ > wohy > wihy
wy > Wq (1)
hl > hy

where d is the diameter of the round wire, w; and /; are the width and axial length of the
wedge-shaped wire at the inner diameter cross-section, respectively, w, and h; are the width
and axial length of the wedge-shaped wire at the outer diameter cross-section, respectively.

2.3. Filling Factor

The coreless stator of the AFPM machine is composed of armature windings without
any cogging structure. The concept of slot area does not exist in the actual design. Therefore,
in this case, the filling factor { of a coreless stator is the space utilization rate of effective
conductors in the stator region, which can be expressed as follows:

Sc

= §S 2)

¢

where S is the sum of cross-sectional areas of effective conductors at any radius position,
and S; is the cross-sectional areas of the stator region at the same position.

The distribution of effective conductors with different structures in the stator region is

shown in Figure 3. Conductors in the coreless stator are arranged more closely at the radial

inner region, while the utilization of conductor space at the radial outer region has a great
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margin. The filling factor at the inner diameter cross-section is the main factor that restricts
the current carrying capacity.

Do > L mDo o
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Figure 3. Distribution of effective conductors: (a) round conductors; (b) wedge-shaped conductors.

For the circular cross-sectional conductors in Figure 3a, the filling factor {; at the
inner diameter cross-section and {, at the outer diameter cross-section can be expressed
as follows:

~ NNd*>  NgNd*
% = onD;’ °° T 2n.D,

where N is the total number of turns, Ns is the number of branch strands per turn, ks is the
axial length of the armature disc, Dj is the inner diameter, and D, is the outer diameter of
the rotor. For the rectangular cross-sectional conductors displayed in Figure 3b, Equation (2)
can be further expressed as follows:

®)

_ ONNwihy  2NgNwohy

e = 4
o thei D; o thso Do @)

The filling factor of several types of conductors with different structures, turns, strands,
and parameters is analytically calculated by Equations (3) and (4), and the results are listed
in Table 2. To ensure a large filling factor of pure copper, most of the wire types are not
designed into multiple strands except for the wire F, so the branch strands of each turn of
the wires from A to E are one. The {; of the round wires C and E has been as high as 133.7%
and 126.8%, which means that the configuration of these two types of wires at the inner
diameter cross-section of the AFPM machine is saturated. The wire D, which is applied
in the original coreless stator, has the same structure and parameters as the wire C, but
the number of turns N is half of that, thus having a reasonable filling factor at the inner
diameter cross-section, which is 66.9%. The branch stands of the wire F are designed as
two so that the value of {, at the outer diameter is the minimum. Most of the effective
electromagnetic space of a stator is not utilized. The wire B is the traditional rectangular
structure, in which the value of ; at the inner diameter cross-section can be the maximum,
which is 99.5%, but the effective electromagnetic space at the outer diameter cross-section
is also not utilized. Both the {; and {, of proposed wire A with a wedge structure are
maximum and greater than 95%, which can fully match the coreless stator space.
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Table 2. Calculation results of filling factor of different effective conductors.
Type Structure Wire Parameters (mm) hs (mm) N Ns G Co
A Wedge 0.76 x 1.25 (wy x hy);1.05 x 1 (wy x hy) 2.5 (hg); 2 (hso) 288 1 0.995 0.963
B Rectangle 0.76 x 1.25 (w x h) 25 288 1 0.995 0.697
C Round 13 2.6 288 1 1.337 0.936
D Round 1.3 2.6 144 1 0.669 0.468
E Round 1.25 25 288 1 1.286 0.9
F Round 0.625 2.5 288 2 0.643 0.45
Compared to the round wire, the cross-section of the effective conductor is designed
as a rectangle, which can improve the filling factor so that the effective electromagnetic
space of the coreless stator is fully utilized. The original and optimized parameters of the
coreless stator are further listed in Table 3.
Table 3. Original and optimized parameters of the coreless stator.
Parameter Original Stator Final Optimized Design
Total number of turns 144 288
Axial length of stator 2.6 mm 2.5 mm (inner)/2 mm (outer)
Distance between double rotors 3.2mm 3.1 mm (inner)/2.6 mm (outer)
Structure of effective conductors round wedge-shaped
Parameters of effective conductor 1.3 mm 0.76 mm x 1.25 mm (w1 x h1)/1.05 mm x 1 mm (wy X hy)
Structure of ends round round
Parameters of ends 1.3 mm 1.3 mm
Rated current 8 A 38A

- - wedge-shaped

3. Electromagnetic Analysis

To verify the performance advantages of the coreless AFPM machine with the novel
composite structure coils, in this section, the air gap flux density, no-load back EMF, and
torque are analyzed by 3D FEA.

3.1. FEA Model

Figure 4a shows the 3D FEA model of the designed coreless AFPM machine. Since
the field distribution of the AFPM machine is periodic, to simplify the calculation, the 3D
element model can be constructed with detailed properties and meshed in FEA software,
as shown in Figure 4b. The quality and number of meshes of the wedge-shaped air region
are more precise and larger. In this paper, under the limited calculation conditions, the total
number of mesh elements is 900 k to ensure the calculation accuracy as much as possible.
The 3D FEA is calculated by a high-performance computing (HPC) workstation with two
CPUs of 14 cores and 64 G memory.

air region

@ (b)

Figure 4. (a) 3D FEA model of designed AFPM machine with coreless stator; (b) Meshes of rotors
and wedge-shaped air region.
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3.2. Air Gap Flux Density

The total air gap length of the coreless AFPM machine with double rotors and a single
stator is related to the axial length of the coreless stator, which is the following;:

ha = hs + 2hp ©)

where I, is the physical length of the air gap.

It is noted that the axial component B, of air flux density contributes to inducing
the back EMF and electromagnetic torque by the interaction with the current of effective
conductors uniquely [9]. Considering the actual magnetic field distribution of the coreless
AFPM machine is complex, 3D flux linkage and leakage flux paths cannot be ignored; the
3D FEA is particularly important for accurate calculation.

The air gap flux density distribution of the AFPM machine with an optimized coreless
stator is analyzed at the mean axial length of the axial position of the air gap by FEA
and illustrated in Figure 5a. The magnetic field distribution of rotor cores is also shown
in Figure 5b.

B [tesla]

Bltesla]

0.67
0.54
0.40
0.27
0.13
0.00
-0.13
-0.27
-0.40

22102
. 19454

1.7690

15925
14160

12395
1.0630
08865
07101
05336
0.3571
0.1806
0.0041

Figure 5. (a) 3D no-load air gap flux density distribution by FEA; (b) magnetic flux density distribu-
tion of the AFPM machine.

-0.67
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Figure 6 shows the comparison of the axial component of the air gap flux density of
two coreless stator structures at different circumferential and radial positions.

0.75 T T T 0.75 T T
0.50 - Stator with original coils| |
Stator with novel coils
0.25 0.50 |- —
£ 0.00 =
B =
-0.25 0.25 |-
Stator with original coils
-0.50 Stator with novel coils
-0.75 L L . 0.00 . y
0 90 180 270 360 35 40 45 50
Circumferential position (elec.deg) Radial length (mm)
(a) (b)

Figure 6. Axial component of the air gap flux density: (a) at different circumferential positions; (b) at

different radial length.

According to FEA results, the peak value of the air gap flux density of the AFPM
machine with the optimized coreless stator is changed from 0.63 T to 0.67 T, which is an
increase of 6.35%. The value of B, is the highest at the average radial position, while the air



Energies 2022, 15, 5162

8 of 14

gap flux density near the inner diameter and outer diameter of the rotor is less affected by
the edge effect. The air gap flux density at the outer diameter location of the rotor is less
than that at the inner diameter. The main reason is that the trapezoidal PMs are applied
in this case, in which the outer diameter difference between the PMs and the rotor core
is 0.8 mm. For the coreless AFPM machine with the optimized winding, the air gap flux
density at the outer diameter of PMs is 0.37 T, which is 15.6% higher than that of 0.32 T
at the inner diameter location and 8.8% higher than that of the original coreless stator.
Therefore, it is verified that the optimized coreless stator can improve the air gap flux
density a little by shortening the distance between double rotors, and further make the
coreless AFPM machine obtain better performance when the number of PMs is the same.

3.3. No-Load Characteristics
For the AFPM machine, the axial flux per pole can be expressed as follows [21]:

o= %txiBm<Dg - D}) ©)

where p is the number of pole pairs, «; is the effective pole arc coefficient that its value is
2/m when the waveform of air gap flux density is completely sinusoidal [9], Bm and B,y is
the peak and average value of the air gap flux density.

The rms value of the no-load back EMF per phase is as follows:

Ephase = V27T f Nikyw¢ = ﬁn%leW%aiBm(Dg — D?)
2
— V27 N, kB (D2 — D?)

@)

where f is the frequency, n is the rated speed, N1 = N/ma is the number of turns in series
per phase, m is the number of phases, a is the number of parallel branches, and ki is the
winding factor.

According to Equation (6), the no-load back EMF of the AFPM machine is directly
related to the number of turns N and the air gap flux density B, both of which have been
improved by using the novel composite structure coils. The waveform comparison of the
no-load line back EMF between the original coreless stator and the optimized coreless
stator is shown in Figure 7. It can be seen that the RMS value of the no-load line back EMF
of the coreless AFPM with the novel optimized coils is increased to 30.97 V from 14.62 V at
the rated speed of 3000 r/min by the increase in the turns and air flux density.

50 T T T T T T

—=&— Stator with original coils
—— Stator with novel coils

No-load line back EMF (V)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time (ms)

Figure 7. Comparison of no-load line back EMF of the coreless stator with different coils.

Figure 8 shows the harmonic decomposition result of the no-load line back EMF of the
AFPM machine with these two types of coreless stator. The harmonic distortion rates of the
machine with the original coreless stator and the optimized coreless stator are 5.3% and
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5.86%, respectively. The most significant difference between the stators with the original
and novel coils is still the amplitude value of the fundamental wave of back EMF.

50
43.72 - Stator with original coils
S 40 - Stator with novel coils i
=]
=
=]
~4 30 4
S
0
7]
5 20 1
o]
[+°]
=
S 10 i
Z
2.34
1.02
0 : : 1 m—— .
3 5 7 9

Harmonic order
Figure 8. Harmonic decomposition results of the no-load line back EMF.

3.4. Load Characteristics

When the waveform of phase current is completely sinusoidal and the AFPM machine
is operated at the rated condition, the torque of the machine can be expressed as follows:

T = 5pNikw¢ln = 5pikwgsaiBm (D3 — Df) Im

8)
— V27 Nk ;B (D2 — D?) Iy

where I, is the amplitude of phase current, and Iy is the RMS value of the rated phase
current. Because of the variation of turns and air gap flux density, the rated phase current
of the AFPM machine with the novel coreless stator has been modified to generate the
same rated torque such that the value of Iy is 8 A for the coreless AFPM machine with the
original coils and 3.8 A for the machine with the novel composite structure coils, as shown
in Figure 9. Figure 10 shows that the relationship between the torque and phase current is
linear because the inductance of windings is small and the influence of the stator current
on the air gap flux density is almost negligible, which are the significant characteristics of
the AFPM machine with a coreless stator.

0.70 T T T T T T

0.65 .

Original coreless stator (N=144, I\=8A)

Novel coreless stator (N=288, I,=3.8A)
0.55 - -

Torque (N-m)
e
D
S
T

0'50 1 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Time (ms)

Figure 9. Rated torque of the machine with different coreless stator.
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Figure 10. Torque variation with different phase current.

4. Winding Loss and Efficiency

The main loss of the coreless AFPM machine is the winding loss from the stator. It is
mainly related to the phase current and electric frequency, in which the former generates
the DC copper loss and the latter generates the eddy current loss.

4.1. DC Copper Loss

The effect of varied temperature on the conductivity of conductors is ignored, and the
expression of winding resistance per phase can be determined by the following;:

N; L N (21 lend)
Ry= Apz = N1y 20 4 end 9
! aPS ap Seff  Send ©)

where p is the resistivity of the conductor, L is the length of the coil per turn, and S is the
cross-sectional area of the coil per turn. For the AFPM machine with the designed coreless
stator, [ is the length of the single effective conductor, S is the cross-sectional area of the
effective conductor, and lo,q and Senqg are the length and cross-sectional area of the end of
the coil per turn, respectively.

The resistance results of windings with different structures and parameters are dif-
ferent under the same path. In this section, based on the position of the conductor in the
entire coil, the resistance is divided into the resistance of the ends, the resistance of the
effective conductors, and the resistance of the entire coils, as shown in Figure 11. The round
wires C and E validate that the configuration at the inner diameter of the AFPM machine
is saturated in Section 2.3. The resistance results of these two wire types are for reference
only. These three resistance calculation results of effective sides, ends, and the entirety
of the novel composite coils A are 0.0495 ohm, 0.0706 ohm, and 0.1201 ohm, respectively,
compared with the normal rectangular coils B, which are reduced by about 6.6%, 28.69%,
and 20.99%. The most significant difference between these two coil types is the resistance
of their ends. Although the phase resistance of the original coreless AFPM machine with
coils D is 0.0543 ohm, the number of turns N is only half of that of the machine with the
novel coreless stator, which has been explained previously.
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Figure 11. Resistance distribution results with different wire types.

The DC copper loss is the main component of winding losses and the main source of
temperature rise, especially when operated at a lower electric frequency, which is calculated
according to the square of phase current, as follows:

Py = mI*R; (10)

Figure 12 shows the DC copper loss of the coreless stator with different coil types
under different phase currents. Obviously, the DC copper loss of coils A is less than that
of coils B and F under the approximate phase current, which is 5.2 W at the rated state.
The main loss difference between the rectangular coils B and the novel composite coils A
is at the end of the windings. Meanwhile, compared to the original coils D, in which the
turns are less, and the wire size is larger, the DC copper loss is reduced by 50% due to the
difference in the designed rated current.

50 T T T
¥— Coils A (Iy=3.8A)

40} —E— Coils B (Iy=4A)
S —6— Coils D (Iy=8A)
W)
EE —%— Coils F (Iy=4A) !
3
o
g20 5
v
%)
a

10

0 1

0.0 0.5 1.0 15 2.0
Current Ratio (I/I)

Figure 12. DC copper loss of coreless stator with different coil types under different phase current.

4.2. Eddy Current Loss

The eddy current loss of windings applied in the coreless AFPM machine is generated
by exposure to the alternating air gap magnetic field, especially at a high frequency. The
analytical expression for estimating the eddy current loss has been summarized in a
large number of the literature. It is assumed that the waveform of air gap flux density is
completely sinusoidal, and the eddy current loss of the coil ends is neglected; the eddy
current loss can be expressed as follows [14,20]:

For round wires:

moINNiNsw?B2d*  m3cINN;f*B2 d*
Peady = 128 - 16 (1
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For rectangular wires:

0IN.NiNsw? (B3, w?* + B2 h*)wh ~ m?0INNf? (B, w? + B%,h?)wh
Peady = o1 = 3 (12)

where o is the conductivity of the conductor, N is the number of coil sides, N is the
number of turns per coil, NcN¢ = 2 N, and B, and By are the peak values of the axial and
tangential components of the air gap flux density.

However, the summarized analytical method is only suitable for the initial fast design
and optimization of the machine. In fact, the air gap flux density of the designed coreless
AFPM machine in this paper is a trapezoidal wave, and there are a large number of
harmonics in the magnetic field. In addition, the magnetic fields in the conductors at
different positions in the coreless stator are different. In this paper, the more accurate eddy
current loss estimation result is still calculated by the 3D FEA; the comparison of eddy
current loss between the original and novel coils is shown in Figure 13. It can be seen that
the average value of the eddy current loss of the coreless AFPM machine with the novel
optimized coils is reduced to 4.75 W from 6.89 W at the rated speed of 3000 r/min, which is
reduced by 31%. The reason for this decrease is that although the coil turns and air gap
flux density of the AFPM machine with the novel coreless stator are increased as compared
with the original motor, the parameters of the effective conductor are decreased, and the
latter has a more significant influence on the eddy current loss of windings.

16 T T T T T T

14 L Original coils J
- Novel coils
Z 12+ 4
2
8 10 B
E
g 6 4
>
3 4} _
23]

2 J

0 1 1 | 1 1 1

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Time (ms)

Figure 13. Comparison of eddy current loss between the original and novel coils.

4.3. Efficiency

The significant loss of the designed machine is the winding loss, which consists of
the DC copper loss and eddy current loss. Assuming that the other losses, such as the
mechanical loss and stray loss, can be neglected, the efficiency of the coreless AFPM
machine is expressed as follows:

Pwinding = Pyc + Peddy (13)

P, out

=_ ot (14)
7 Pout + P winding

where Pyinding is the total loss of windings and Pout is the output power.

Figure 14 shows the efficiency variation of these two types of coreless AFPM machines
with different phase currents at the rated speed of 3000 r/min. It can be seen that the
efficiency of the coreless AFPM machine with the original coils and the novel composite
structure coils is 92.13% and 95.34%, respectively, under the rated condition. Both the DC
copper loss and eddy current loss of windings are reduced, as previously verified; thus, the
efficiency is finally improved by 3.21%. The efficiency advantages of the coreless AFPM
machine with the novel composite structure coils are fully verified in this section.
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Figure 14. Efficiency variation with different current.

5. Conclusions

The high-efficiency AFPM machine, which is applied to the electric bicycle, can not
only save the energy of lithium batteries but also reduce long-term operating costs. In
this paper, a coreless stator with the novel composite structure coils is proposed, in which
each effective side of coils is reshaped from the round wire to the wedge-shaped wire
by the rolling technology, while the ends of coils are kept in the cylinder with a larger
diameter. According to this valuable optimization, both the electromagnetic performance
and efficiency of the machine can be improved. The number of turns of coils and the
filling factor can be increased due to the variety of effective conductor cross-sections. The
designed and optimized coils are compared with several typical wire types, and the filling
factors are 99.5% at the inner cross-section and 96.3% at the outer diameter cross-section.
Both of which are close to the same and the effective electromagnetic space of the stator
region is fully utilized. Moreover, the air gap length of the AFPM machine, especially
located at the outer diameter, is further shortened by the structure optimization of coils,
resulting in the air gap flux density of the machine being increased by 6.35%. Accordingly,
several relevant output performances, such as the load torque and no-load back EMF,
can be further calculated and analyzed with the 3D FEA simulation. Finally, the phase
resistance of various feasible coils is calculated by the analytical method and discussed, and
the proposed one is 0.1201 ohm. The research results indicate that the DC copper loss and
eddy current loss can be reduced by 50% and 31%, respectively, under the rated operating
condition. The coreless AFPM machine with the novel composite structure coils performs
at a high efficiency of 95.34%, which is 3.21% higher than the original one. Therefore, the
advantages of optimized windings are verified, which can offer reference value for the
design of the coreless AFPM machine.

In future work, the eddy current loss of windings at a higher speed and the improve-
ment of the inflexibility of conductors by rolling technology will be studied.
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