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Abstract- One of the critical processes is the detailed design computation of the stator slot size of axial flux permanent magnet
machines (AFPMs), which has a significant impact on their performance, particularly their magnetic field distribution. An
algorithm for the precise design of the stator slot sizing is provided in this study. The algorithm is developed by step-by-step
calculation analytics. The authors’ main contribution is to give formulas for computing the Hs; slot height for each type of slot.
The authors of the study make certain recommendations, and one of those recommendations is that the investigation of the flux
density on the stator tooth be accomplished through simulation software using the finite element method. This is done so that the
authors' recommendations may be proven. The analytic calculation makes the tooth flux density assumption, and the results
reveal that the variation from this assumption is not very significant at all.
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1. Introduction electromagnetic design of the slotted stator AFPM machine
progresses through several stages, the first of which involves
AFPM devices are classified as disc machines [3]. It is  determining the main dimensions listed in "Table 1.".
extensively used in machinery equipment requiring high torque
at low speed, particularly gearless direct drive equipment.  Table 1. Main dimensions of AFPM [6]
According to [4], up to 69.05% of announcements about
electric machines in the past five years have been about AFPM

Main dimensions

machines. It demonstrates that such a type of electric machine Outer diameter (D,)
is currently receiving a great deal of interest from scientists i _
In terms of structure, AFPM machines are typically Air-gap (g)

divided into a total of four different types [1, 4, 5], including:
single-sided machine (SSM), double-sided machines with
double-rotor (TORUS), double-sided machines with double- Axial length of the rotor (L,)
stator (AFIR), and multi-disc machines with multi-rotor,
multi-stator (MRMS). These four types are further separated
into the slotted stator and slotless stator groups. The

Axial length of the stator (L)

Axial length of permanent magnet (h,,,)
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Following this stage, the designer must choose the stator
slot type and compute the exact dimensions of the chosen stator
slot type. The tooth and slot design stage of an AFPM machine
has a significant impact on performance, particularly the flux
distribution in the machines [1, 2, 7, 9]. Furthermore, the
design of the tooth and slot is described in articles [5, 7, 8], but
these articles do not mention the re-examination of the
magnetic field distribution results in tooth. This article
proposes a method for designing the dimensions of the stator
slot for AFPM machines. The authors include thorough
computation formulas, and the accuracy of the method is
verified using a finite element method (FEM) simulation

model.

Initial data (A)
Calculate the useful slot area A, (B)
Choose stator tooth flux density B (€
:I
v
Chooseky, calculate the tooth width by (D)
[«
v

Chooseslot openning width, slot

opening thickness and wedge thickness (E)
Calculate the slot sizing (F)

Verification of
slot area

Verification of
stator tooth
flux density

Fig. 1. The design algorithm of stator slot

2. Design Algorithm for Stator Slot of Axial Flux
Permanent Magnet Machine

The algorithm diagram below depicts the precise
computation processes for the design procedure of the stator
slot of the AFPM machine "Fig. 1".

2.1. Detailed Design Procedures of the Algorithm
2.1.1. Initial data (A):

Based on the required parameters of the design problem
and the estimated intermediate values [6]: Rated output power
(Sn), rated output voltage (Un), power factor (cosg) ), linear
current density (Am), number of phases (mj), stator outside
diameter (D), ratio of inside diameter and outside diameter (kq),
current density (j).

Determine the current value of the stator.

. 1
a_\/gun ()

The number of turns per phase of each stator (N1) [1]

_ AmmD(1+kg)

Ny = NG 2
The magnetic wire cross section 4,
1
Ay == 3)

2.1.2. The useful slot area As (B):

The required area of the slot As to fit the number of
conductors per slot, the main wall insulation, the coil separator
insulation, and the occupied area of the wedge may all be
calculated using the preceding computing data.

From there, calculate the useful slot area [2]

A
Ay =2uls ©)
krin

Where: kg, is the slot fill factor.
ng is the number of conductors per slot

_ M
p.q

)

S

Where: p is the number of poles

q is the number of slot per phase per pole
2.1.3. Select of slot type and tooth flux density of stator Bis (C)

Figure 2 depicts the geometry of typical slot shapes used
in rotating machines.

These geometries can be classified into two categories,
one with non-parallel slot side and the other with parallel slot
side. The flux lines in the 2D model of the radial flux
permanent magnet (RFPM) machine are perpendicular to the
rotation shaft "Fig. 3". To assure uniform tooth flux density,
tooth sides must be parallel to one another, which has resulted
in RFPM machine slot designs with non-parallel side
structures. [2].
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For the AFPM machine with a disc structure, the flux lines 2000
are in the surface parallel to the rotation shaft "Fig. 4", which 10
is also an essential distinction from RFPM. To ensure uniform
tooth flux density, the tooth sides must be parallel, resulting in
slot designs for AFPM machines that are frequently oriented
toward parallel side slot structures. [1].

B(Ty=1.3

1.400 H (A/m) = 660

Flux density B(T)

0,000 2000.000 000,000 6000000 8000.000 10000,000 12000000
Magnetizing force H (A/m)

Fig. 5. B-H curve of M800-50A steel

Select the working point of the steel at point a on the
magnetization curve "Fig. 5" when the machine is working at
full load. At this point, the stator tooth flux density has a value
of B = 1.5 (T) and magnetizing force has a value of
His = 660 (A/m).

(a)

2.1.4. The stator tooth width by (D):

(b)  Slot construction with parallel sides

In the main dimension determination [6], the air gap flux

density (Bg) and stator slot pitch (ts) are computed.

Fig. 2. Geometric structure of typical slot shapes L . o .
Considering the d-axis, the majority of the magnetic flux

generated by the magnet passes through the air gap to create
i the flux linkage. A small portion of the magnetic flux that does
not contribute to the flux linkage is the flux leakage, which has
a leakage factor of k.. This coefficient is typically less than one
and is dependent on the stator pole shoes "Fig. 6". Determining
the stator tooth width is accomplished as follows.

/ - 4d

Fig. 3. Slot construction for RFPM machine with non-

parallel sides
£
(@) (b)
/ Fig. 6. Flux leakage in AFPM (a) and d-axis of magnet (b)
KieBots

by = —2= 6

ts BtskFe ( )
Fig. 4. Slot construction for AFPM machine with parallel Where: Kre is the stacking factor of stator steel
sides
The article utilizes M800-50A steel with a B-H curve 21 D?talled calculation of the dimensions of the stator slot
depicted in "Fig. 5". (E):

For parallel-sided slot construction, AFPM machines
typically use the slot depicted in "Fig. 7".
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Fig. 7. Slot construction with parallel sides

Tooth width of the AFPM machine varies along the radial
orientation of the stator, with the smallest width corresponding
to the inner diameter d and the largest width corresponding to
the outer diameter D. According to [1, 6], design parameters
of the 2D model are computed using the surface corresponding
to the average diameter Dy, "Fig. 8".

Fig. 8. Average diameter of stator

In the process of estimating the detailed dimensions of the
stator slot, parameters such as slot opening Bso, slot opening
height Hs, wedge width Bs; and wedge height Hg;, slot body
bottom fillet R are typically pre-selected and adjusted when
calculating the stator leakage inductances of AFPM machine
[1, 2].

From the detailed slot structures shown in "Fig. 7", the
following slot parameters must be determined: Bs; and Hs,.

2.1.6. Determine the slot width Bs, (F):
Bs, stator slot width is determined by the average stator

diameter (Duw), the number of stator slots (Z1), and the stator
tooth width (bs).

D
By =% = b ™)

Where:

2.1.7. Determine the stator slot height Hs, (F cont.):

The authors develope formulas for the stator slot height
"Table 2." based on the initial data and slot width (Bs)
computed above.

3. Simulation and Verifying Design Results

In section 1, apply design algorithms and computation
procedures. The simulation results of the magnetic field
distribution in the tooth of the AFPM generator are as follows:

3.1. Slot type 1 "Fig. 7a"
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. 9. Verification of design results using simulation of flux
density in tooth

In the case of slot type 1, the average stator tooth flux
density is Bavg = 1.5087 (T) (deviation: -0.58%) (See "Fig. 9").

3.2. Slot type 2 "Fig. 7b"
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Fig. 10. Verification of design results using simulation of
flux density in tooth
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In the case of slot type 2, the average stator tooth flux
density is Bayg = 1.5053 (T) (deviation: -0.35%) (See "Fig.
10"

3.3. Slot type 3 "Fig. 7c¢"

Toath_flux_density!
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Fig. 12. Verification of design results using simulation of

flux density in tooth

In the case of slot type 4, the average stator tooth flux

density is Bavg = 1.5038 (T) (deviation: -0.25%). (See "Fig.

12").

000 200 400 600 [ 1000

Fig. 11. Verification of design results using simulation of
flux density in tooth

In the case of slot type 3, the average stator tooth flux
density is Bavg = 1.4936 (T) (deviation: 0.43%). (See "Fig.
11").

3.4. Slot type 4 "Fig. 7d"
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Table 2. Formulas for computation of the stator slot height Hs.
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Slot type 5 "Fig. 7e"
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Fig. 13. Verification of design results using simulation of

flux density in tooth

In the case of slot type 5, the average stator tooth flux

-_m"' density is Bayg = 1,4998 (T) (deviation: 0.06%). (See "Fig. 13")

1853

Slot type The stator slot height Hs,

A _(Bso+Bs2)Hs1

Type 1 "Fig. 7a" Hy,=—"——2

®)
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Type 2 "Fig. 7" I_IS2 — ZAS_(BSZ"'BSO)ZHBSSlz_Hsl(le_Bsz) (9)
" Ag—BgpHg1—Hgq (Bs1—Bs2)
Type 3 "Fig. 7c Hg, = =——%= Bs:1 e (10)
nB2
s n AS_ s2
Type 4 "Fig. 7d H,, = 3524 (11)
e o 4,-TBS2_(Bsa+Bso)Hst
Type 5 "Fig. 7e Hyp = = ——2 12)
Table 3. Design specifications
Slot
Pre-selected parameters Type 1 Type 2 Type 3 Type 4 Type 5
"Fig. 7a" "Fig. 7b" "Fig. 7¢" "Fig. 7d" "Fig. 7e"
Hso (mm) [1, 2] 1 1 1 1 1
Hs (mm) [1, 2] 2 2 2 2 2
Bso (mm) [1, 2] 4 0.5Bs2 Bs 4 4
Type 1 Type 2 Type 3 Type 4 Type 5
"Fig. 7a" "Fig. 7b" "Fig. 7c" "Fig. 7d" "Fig. 7e"
Computation parameters
Use “Eq. (8)” | Use “Eq.(9)” | Use “Eq. (10)” Use “Eq. (11)” Use “Eq. (12)”
Bs1; Bs2 (mm) 14.4 15.2 18.7 14.3 14.3
Hs2 (mm) 19.9 18.5 14.3 10.2 14.5
Table 4. Design specifications (cont.)
Initial data Value Unit Note
Rated power (Sn) 1 kVA
Rated voltage (Uy) 56 \%
Outer diameter (D) 345 mm
Inner diameter (d) 207 mm
Length (L) 39.08 mm
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Number of slots 18 -
Number of poles (p) 16 -
Air gap flux density (Bg) 0.75 T
The linear current density (Am) 32500 A/m
Choose current density (j) 5 A/mm?
Teeth flux density (Bts) 1.5 T

Computation parameters
Stator current (I2) 10.3 A Use “Eq. (1)”
Number of turns per phase of each stator (N1) 163 Turn Use “Eq. (2)”
The magnetic wire cross section (4,,) (including insulation) 2.27 mm? Use “Eq. (3)”
Useful slot area (As) 306.42 mm? Use “Eq. (4)”
The number of conductors per slot (ns) 54 conductor Use “Eq. (5)”

4, Conclusion

The purpose of this article is to provide a complete design
algorithm for the stator slot size of axial flux permanent magnet
machines, with the authors' main contribution being to give
formulae to compute the slot height Hs, (see Table Il). The
detailed computed dimensions are used to apply to several
different slot types of a stator AFPM machine with the same
power while maintaining the required average tooth flux
density of 1.5T. When compared to the average flux density
determined by the software using the finite element method,
the average values computed by analysis in each of the five
cases have a pretty good level of accuracy (the greatest
deviation is -0.58%). The results reveal that the algorithm and
formula for estimating the height of the slot Hg, provided by
the authors have good reliability.
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