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Abstract—This paper provides a comprehensive analysis of the
winding factor and winding harmonic distribution in coreless
stator axial flux permanent magnet (AFPM) machines. The
topology of this type of machine and its similarities to conven-
tional cored AFPM machines are discussed. Popular pole/coil
number combinations in coreless stator AFPM machines are
identified and analyzed in detail. It is demonstrated that the
winding factor in these machines varies with radius and can be
expressed as the product of the conductor distribution factor,
pitch factor, and coil group factor. The formulas for each factor
are derived and presented in multiple forms based on different
parameters. The winding factors for the considered pole/coil
combinations are calculated under different conditions, and their
corresponding harmonic distributions are compared. The results
indicate that certain pole/coil combinations yield higher winding
factors, improving torque capability.

Index Terms—Axial flux permanent magnet machine, coreless
stator, winding factor, pole/coil ratio, winding harmonic analysis.

I. INTRODUCTION

According to a forecast by Industry ARC, the axial flux
machine market is projected to grow at an average annual
rate of 11.90% from 2024 to 2030 [1]. Axial flux PM ma-
chines offer several advantages over conventional radial flux
machines, particularly a higher power-to-mass ratio in a more
compact form factor [2]. These machines are well suited for
applications requiring a short axial length relative to the outer
diameter, such as in-wheel drives, and those demanding high
inertia, such as flywheels [3, 4].

These machines can accommodate a high number of poles,
which has been shown to reduce overall mass as the pole
count increases [5], making them well-suited for low-speed
applications such as fans and electric machinery [6]. Their
structure also enables more efficient direct cooling compared
to radial flux machines, as demonstrated in [7, 8], allowing
their use in high-performance applications such as electric
vehicles. Furthermore, their axially compact design facilitates
the integration of multiple AFPM machines on the same shaft,
enhancing both power output and reliability while maintaining
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Fig. 1. Axial flux PM machines with a 10/12 pole-to-coil ratio, illustrating
(a) a yokeless and segmented armature (YASA) topology with ferromagnetic
teeth and (b) a coreless stator configuration, which does not employ any
ferromagnetic material in the stator.

the same outer diameter [9, 10]. This makes them particularly
suitable for aircraft and direct-drive generators.

A variation of AFPM machines is the coreless stator design,
which generates torque based on the Lorentz force theorem
through the interaction between rotor flux density and current-
carrying conductors [11, 12]. An example of a coreless stator
AFPM machine is presented and compared with a conventional
yokeless and segmented armature (YASA) AFPM machine
in Fig. 1. In YASA topology, concentrated coils are wound
around ferromagnetic teeth. Eliminating both these teeth and
the stator core can result in lighter machines with higher
efficiency since the core and tooth-related losses are removed
[13–15].

Given the advantages of coreless AFPM machines, they
have been explored for various applications using different
topologies and materials. For example, the absence of a
stator core allows for the implementation of printed circuit
board (PCB) stators [16–18]. Using PCB stators offers sig-
nificant benefits, including cost-effective and fully automated
manufacturing [19]. This type of winding has been adopted
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Fig. 2. Coreless stator AFPM machines, which may employ ferromagnetic material only in the rotor, illustrating one circumferential symmetry for pole-to-coil
ratios: (a) 2/3, (b) 3/4, (c) 10/12 (and 14/12), and (d) 8/9 (and 10/9).

Table I
BASE POLE-COIL COMBINATIONS FOR CONCENTRATED THREE-PHASE

WINDING CORELESS STATOR AFPM MACHINES. THE SYMMETRY
COEFFICIENT SPECIFIES THE CIRCUMFERENTIAL SECTION REQUIRED FOR

ELECTROMAGNETIC MODELING.

Pole Num.
(P ) [-]

Coil Num.
(Nc) [-]

Sym. Coeff.
[mech. deg.]

Phase Diff.
[elec. deg]

Phase
Grp. [-]

2 3 4π
P

120 1
4 3 8π

P
240 1

10 12 10π
P

120 2
14 12 14π

P
240 2

8 9 16π
P

120 3
10 9 20π

P
240 3

in numerous commercial and research projects for coreless
stator AFPM machines of various sizes and ratings. Examples
include the application in fan and pump systems by Infinitum
Electric, Inc. [20] and E-Circuit Motors, Inc. [21], as well as
large direct-drive generators by Boulder Wind Turbine [22].

The higher power-to-mass ratio of coreless AFPM machines
compared to their cored counterparts makes them strong
candidates for aircraft propulsion systems [23]. For instance,
LaunchPoint Electric Propulsion Solutions, Inc. manufactures
coreless AFPM machines with Halbach PM array rotors for
aerospace propulsion applications [24–26]. Additionally, their
lightweight nature makes them well-suited for direct-drive
wind turbine generators. Their reduced mass, absence of
normal forces between the stator and rotor, and lower normal
forces between rotors minimize the weight of mechanical
components and simplify generator assembly [27, 28]. Several
examples of such implementations can be found in [29–31].

The growing interest in coreless AFPM machines necessi-
tates a thorough analysis of their characteristics. While the
rotor field analysis has been extensively detailed in [11],
research on stator winding factors and harmonic analysis
remains limited. Several studies have focused on calculating
the winding factor for coreless stator linear machines [32–
34]; however, these methods do not account for the curvature
effects present in coreless stator AFPM machines. This paper
introduces a comprehensive method for analyzing the winding
factor and harmonic distribution in coreless stator AFPM
machines across various pole/coil combinations.
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Fig. 3. Illustration of the curvature effect, i.e., radii dependency of rotor and
stator geometries in AFPM machines, demonstrated by three cylindrical cuts
and their unrolled representations as equivalent linear machines.

II. POLE-TO-COIL RATIOS IN CORELESS STATOR AFPM
MACHINES

Coreless stator AFPM machines can utilize pole-coil combi-
nations similar to those of slotted machines. Various pole/coil
configurations were comprehensively analyzed in [35]. The
most popular pole/coil combinations for coreless stator AFPM
machines are summarized in Table I, including a three-coil
design compatible with two or four poles, a nine-coil design
compatible with eight or ten poles, and a twelve-coil design
compatible with ten or fourteen poles.

Different Pole/coil combinations in example designs are
shown in Fig. 2. Since the 14/12 ratio resembles 10/12,
and 10/9 is similar to 8/9, they are omitted to avoid redun-
dancy. Table I provides detailed information on circumferential
symmetry boundaries, phase differences, and the number of
coil groups per phase. The symmetry coefficient specifies the
circumferential section required for electromagnetic modeling,
the phase difference represents the electrical angle between
phases, and the phase group defines the number of adjacent
coils within each phase.

III. HARMONIC ANALYSIS OF WINDINGS

To determine the winding factor for a coreless winding
phase, the process by first calculating the distribution factor for
an individual coil and then summing the contributions of all
coils within the phase. The coil distribution factor is obtained
by multiplying the conductor distribution and the coil pitch (or
chording) factors. Finally, for pole/coil combinations where the
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Fig. 4. Radial cut-out of a coil at two radii: (a) smaller radius and (b) larger
radius, highlighting the impact of radius on the conductor distribution and
pitch factors.

Fig. 5. Two-dimensional visualization of the conductor distribution and pitch
factors in four poles and three coils configuration.

coil group number exceeds one, the coil group factor must be
considered.

This section develops generalized equations for calculating
these factors in coreless stator AFPM machines, considering
the radial variation of coil geometry. The derived formulas
enable the computation of the winding factor at any arbitrary
radius, and the overall winding factor may be determined as
the average of the winding factors across different radii.

A. Conductor Distribution Factor

Single general machine winding consisting of a group of
coils connected in series is equivalent to a series connection
of ideal sinusoidally distributed winding harmonically related
in space distribution. The conductor distribution can then be
expressed as a Fourier expansion with a zero average term:

N =
∞
∑
ν=1

Nν cos (νθ + φν) , (1)

where Nν is the amplitude of the νth harmonic and φν is the
phase angle.

Since the conductor distribution cannot be expressed in
angular coordinates for coreless stator axial flux machines
due to the uniform width of coil sides across all radii, the
Fourier expansion of the conductor distribution can be found
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Fig. 6. Top view of a coil showing geometric parameters.

as a radius-dependent equation as:
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where x and r are the position and radius at which the
conductor distribution is evaluated.

Consider a cut at an arbitrary radius of a coreless stator
AFPM machine, corresponding to the smallest required cir-
cumferential segment described in Table I, and unroll it to form
a linear machine. If a coil side is located at Ws containing Ns

conductors and has a width of Wcs, as illustrated in Fig. 4,
the conductor distribution generated by the coil side over the
total width of one periodicity TM of the considered section is:

Nt =
2

TM
∫

2π
TM
(Ws+Wcs

2 )

2π
TM
(Ws−Wcs

2 )

NsTM

2Wcsπ
e
−j⎛⎝

2πxν

TM

⎞
⎠ dx

=
2Nsj

Wcsπν
e
−j
⎛
⎜
⎝
2Wsπν

TM

⎞
⎟
⎠ sin(

Wcsπν

TM
) .

(4)

The maximum value of Nt is achieved when Wcs approaches
zero:

if: Wcs → 0⇒ [
TM

Wcsπν
sin(

Wcsπν

TM
)] → 1

⇒ Ntmax =
2Ns

TM
e
−j
⎛
⎜
⎝
2Wsπν

TM

⎞
⎟
⎠. (5)

Therefore, the conductor distribution factor is given by:

KT =
TM

Wcsπν
sin(

Wcsπν

TM
)

TM=2πr
ÔÔÔÔ⇒

KT =
2r

Wcsν
sin(

Wcsν

2r
) , (6)

which can be reformulated in a more generalized form through



Table II
WINDING FACTOR FUNDAMENTAL COMPONENTS FOR VARIOUS VALUES

OF K .

K 2/3 4/3 10/12 14/12 8/9 10/9

0.30 0.77 0.96 0.86 0.95 0.88 0.95
0.40 0.74 0.97 0.83 0.94 0.85 0.93
0.50 0.70 0.95 0.79 0.92 0.81 0.90
0.60 0.66 0.93 0.75 0.88 0.77 0.86
0.70 0.62 0.89 0.70 0.84 0.73 0.82
0.80 0.57 0.84 0.65 0.79 0.68 0.77
0.90 0.52 0.78 0.60 0.73 0.62 0.71
1.00 0.48 0.72 0.55 0.66 0.57 0.65
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Fig. 7. Harmonic distribution of the winding factor for K = 0.6.

the following manipulation:

Wc =
2πr

Nc
⇒ τc =

πr

Nc

if K=Wcs
τc

ÔÔÔÔ⇒KT =
2Nc

Kπν
sin(

Kπν

2Nc
) ,

(7)
where Nc denotes the base coil number for each pole-to-
coil ratio, as specified in Table I. The value of the parameter
K varies with the radius at which the distribution factor is
calculated. The effect of radius on coil pitch using a coreless
AFPM machine with a 4/3 pole/coil combination is illustrated
in Fig. 3. As the radius increases, the coil pitch expands while
the coil side width remains constant, reducing the K.

Alternatively, Equation 6 can be reformulated based on the
coil’s inner edge radius, ri, and the calculation radius, r.
Considering the coil geometry illustrated in Fig. 6, KT can
be calculated as:

Wcs = τc −
Wb

2
=
πr

Nc
−
π (r − ri)

Nc
=
πri
Nc

⇒KT =
2Ncr

πriν
sin(

πriν

2Ncr
) . (8)

B. Pitch Factor

In concentrated windings, the coils are short-pitched, lead-
ing to reduced flux linkage compared to fully pitched wind-

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

K = W
cs

/
c
 [-]

-1

-0.5

0

0.5

1

K
w

 [
-]

K
w1

K
w2

K
w4

K
w5

Fig. 8. Winding factor for different values of K in 4/3 configuration.

ings. The coil pitch factor, which quantifies the ratio of the
induced voltage in short-pitched windings to that in fully
pitched, is influenced by the winding configuration and the
pole-to-coil ratio. Additionally, in coreless stator AFPM ma-
chines, the pitch factor is further affected by the curvature
effect, where the coil side-to-pitch ratio depends on the radii.

As the coils extend to larger radii, the ratio of the coil side
width to the coil pitch decreases, limiting the ability to fully
capture the pole flux across the entire coil pitch. The impact
of chording on flux linkage is visually demonstrated in Fig. 5.

As illustrated in Fig. 4, a concentrated coil is composed
of individual conductors, each spanning a pitch of Wc −Wcs.
Consequently, the pitch factor for a single conductor is deter-
mined using:

Kp = sin(
νπ (Wc −Wcs)

TM
)

Wc=TM
Nc

ÔÔÔÔ⇒Kp =

⎧⎪⎪⎪⎪⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

sin(
νπ (2 −K)

2Nc
) , for Wcs =

KWc

2

sin(
νπ (2r − ri)

2rNc
) , for K =

Wcs

τc
=
ri
r

(9)

C. Coil Group Factor

For pole-to-coil ratios of 10/12 and 14/12, two coils of the
same phase are grouped, and in the 10/9 and 8/9 configura-
tions, three coils of the same phase are grouped. Therefore,
the winding factor calculations must incorporate a coil group
factor. The coil group factor equals one for ratios of 2/3 and
4/3, as the coils of different phases are evenly distributed in
the stator. For the 10/12 and 14/12 configurations, this factor
can be determined using:

KNc=12
g =

1

4
(e−j0 − e−j

πν
6 − e−jπν + e−j

7πν
6 ) . (10)



When ν is even, Kg becomes zero, and for an odd value of
ν, it is equal to:

KNc=12
g = sin(

πν

12
) (11)

Similarly, the coil group factor for the 8/9 and 10/9 configu-
rations can be determined using the following equation:

KNc=9
g =

1

3
(e−j0 − e−j

2πν
9 + e−j

4πν
9 ) , (12)

which is equal to:

KNc=9
g =

1

3
(2 cos(

2πν

9
) − 1) . (13)

IV. COMPARISON AND DISCUSSION

The fundamental component of the winding factor for
various pole-to-coil ratios is calculated and compared in Table
II, showing that the 4/3, 14/12, and 10/9 configurations exhibit
higher winding factors than the others, with the 4/3 configu-
ration achieving the highest. The harmonic distribution of the
winding factor for a typical value K = 0.6 at average radius,
for all pole-to-coil combinations, is compared in Fig. 7.

The winding factor for the 4/3 combination, which has
the highest winding factor across all considered pole/coil
combinations, as a function of K for multiple harmonics, is
plotted in Fig. 8. It can be interpreted from the figure that as
the difference between the inner and outer radii increases, the
winding factor decreases at the average radius.

V. CONCLUSION

This paper developed generalized winding factor equations
and conducted a winding harmonic analysis of coreless AFPM
machines across various pole-to-coil combinations. It was
demonstrated that the winding factor in these machines is a
radius function, varying with different radii due to the fixed
coil side width and the changing coil pitch. The conductor
distribution factor, which accounts for the effect of conductor
distribution in the coil sides, and the pitch factor, which
captures the impact of chording in short-pitched windings,
were formulated while incorporating the influence of radius.
Additionally, a coil group factor was introduced and derived
to account for the effect of coil grouping in pole/coil combi-
nations with nine and twelve coils.

The winding factor for commonly used pole/coil combi-
nations in coreless stator AFPM machines was calculated and
compared across different radii and harmonic orders, assuming
injecting pure sinusoid current in the windings. The results in-
dicate that the 4/3, 10/9, and 14/12 pole/coil combinations ex-
hibit higher winding factors and, consequently, greater torque
production potential compared to other configurations, with
the 4/3 configuration achieving the highest winding factor.
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