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Abstract. Axial ﬂux machines (AFM) have inherent non-uniform ﬂux density distribution in radial direction
leading to improper utilisation of iron part. The objective of this paper is to shape the edges of tooth lamination
along radial direction to achieve uniformity in radial ﬂux density distribution using multi-slice analytical
approach. The machine considered is an axial ﬂux induction machine (AFIM) with single stator and single rotor.
The machine’s core and tooth are laminated perpendicular to each other and the approach makes use of multiple
2-D non-linear lumped parameter ﬂux models along the radial direction representing each tooth lamination. For
a given magneto-motive force, the laminations provide many parallel paths. Effective air gap length which is a
function of tooth opening is adjusted to level air-gap ﬂux density. The process results in further improvement in
net ﬂux per pole. The results of performance enhancement are validated through analytical equations, quasi 3-D
FEA, 3-D FEA and a 3 kVA laboratory prototype machine.
Keywords. AFIM; ﬂux density leveling; stator core and tooth laminations; varying slot openings; net ﬂux
improvement.

1. Introduction
Axial ﬂux machines (AFM’s) are disc type machines with
axial ﬂux ﬂow and radially placed conductors. AFM
machines are mostly preferred in electric vehicle application as a direct drive due to their shape and high torque
capability.
Proper design of AFM should account for the radially
varying geometry, which is actually the length of AFM.
Optimum inner to outer diameter ratio for AFM is shown to
be 1/H3 to achieve high torque to weight ratio compared to
its radial counterpart [1–4]. Disc type construction warrants
special lamination sections of varying geometry for the
tooth. To reduce the complexity, the tooth is made of either
solid iron structure or compact insulated iron powder type
material and punched into axially laminated stator and rotor
core [5, 6].
Cylindrical radial machines can be easily analyzed by
2-D models [7] while AFM requires 3-D Finite Element
Analysis (3-D FEA) which is computationally intensive.
This drawback is overcome by quasi 3-D FEA where twodimensional slices of varying geometry are analyzed using
FEA [8]. The ﬁeld solution of AFM provides prediction of
magnetic energy density in the airgap, torque harmonics,
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cogging torque, etc. The effect of cogging torque leads to
modiﬁcation of slot shape, pole arcs and skewing the slots
[9, 10]. The multi-slice analytical approach given in [11]
with reduced computational complexity is useful to determine the air gap ﬁeld accurately.
Efﬁcient determination of iron losses of the segmented
armature using one-sixth electrical period of ﬂux density
wave is shown in [12]. Measurements of magnetizing
inductance with reduced iron loss effect is presented in
[13]. The performance of AFIM is shown to improve by
placing semi-magnetic wedges in the open rotor slots which
increases both the leakage as well as magnetizing reactances [14]. Elimination of asynchronous torque with special winding function based multi-layer concentrated
winding is reported in [15].
Though many studies are conducted to improve the
performance of the axial ﬂux machines, unequal ﬂux density distribution leads to saturation at inner portion and
improper utilization of outer portion. Leveling of ﬂux
density along radial direction is addressed in [16] where, a
varied air gap length is proposed along radial direction, and
reduction in net ﬂux is compensated by increases in magnetic arc length to level the ﬂux density distribution. The
sub-domain analytical method for magnetic ﬂux distribution determination for induction motor is explained in
[17, 18]. The higher torque requirement in a permanent
magnet motor is achieved using a magnetically geared
permanent magnet machine [19]. The partial
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demagnetization of permanent magnets in axial ﬂux permanent magnet machines and rotor overhang effect using
magnetic equivalent circuit model are explained in [20, 21].
The objective of this paper is to vary effective air gap
length by shaping the edge of tooth lamination to level the
ﬂux density distribution. Slot shaping is achieved with the
help of multi-slice analytical approach. In the laminated
AFIM each tooth lamination is considered as a slice. The
radial variation in the slot opening is adjusted using analytical representation of the effective airgap. Magnetic
circuit parameters are determined and compared with
AFIM having open type slot as well as semi-closed slot.
The enhancement in performance is validated through quasi
3-D, 3-DFEA and a laboratory prototype machine of 3.0
kVA.

2. Description of the machine
The chosen AFIM design has single stator and rotor as
shown in ﬁgure 1. The prototype model has 24 stator slots
and an active conductor length of 40 mm. The core portion
is made of axial laminations in the form of discs with
punched out cavity for holding the teeth as shown in ﬁgure 2. Teeth are made of lamination of desired shape to
meet the design requirements. Basic dimensions of AFIM
are chosen as per table 1.
Laminations are made of steel sheets of thickness 1mm.
The core laminations are stacked one over the other. Unlike
a radial ﬂux machine, the tooth laminations in AFIM are
stacked in the perpendicular direction to the core laminations. Each tooth portion is laminated into 40 sheets of
thickness 1 mm. A typical tooth lamination is shown in
ﬁgure 3. The width of the tooth edge l1 is kept as a variable
to obtain the required slot opening/effective airgap length.

Figure 2. Stator core lamination.

Table 1. AFIM Speciﬁcations.
Parameter
Outer diameter (mm)
Inner diameter (mm)
Airgap length (mm)
Inner to outer diameter ratio ‘k’
Turns per phase
Voltage (V)
Poles
Stator slots
Rotor slots
Phase connection
Power
Frequency
Rated speed

Value
200
120
1.44
0.6
600
400
4
24
34
Delta connected
3kVA
50 Hz
1440 rpm

3. Analytical model for radial slices

Figure 1. Elevated view of single stator single rotor AFIM.

To obtain an analytical model to determine the variation in
ﬂux density in radial direction of AFIM, the machine is
segmented into many slices. So that the average diameter of
the slice is almost close to the inner and outer diameter of
the slice and length of the slice is almost equal to thickness
of the lamination. Figure 4 shows the stretched view of a
single slice. Each slice contains a radially laminated tooth
and includes all the axially laminated core portions as the
core laminations are perpendicular to tooth laminations. Let
us deﬁne the reluctances of stator tooth (Rts), rotor tooth
(Rtr), stator tooth to core air gap (Rscg), stator to rotor airgap
(Rg) and stator core (Rsc), as functions of mechanical
dimensional parameters and the corresponding B-H characteristics when associated with the iron portion. The
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Figure 3. Stator tooth.
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circuit in detail. The determined ﬂux in all the slices is used
to determine the magnetic circuit parameter of the machine.
Flux entering or leaving the ﬁrst node A1 will be half of the
total ﬂux per pole (ag). Considering the magnetic symmetry, half of the pole pitch is considered in the magnetic
circuit analysis. MMF requirement at each section can then
be determined using BH curve of the material for a given or
assumed slice ﬂux. Let us deﬁne the relationship between
magneto-motive force (MMF) and ﬂuxes (a) in the paths as
shown in ﬁgure 5 and its relationship with tooth parameters
as given by equations.
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where
Figure 4. Stretched single-slice linear model of AFIM.

insertion air gap (introduced due to tooth laminations into
core cavity) is considered to be uniform and kept at 0.05
mm.
The slices actually represent a stretched 2-D model of the
magnetic circuit. The length of the stretched 2-D model is
equal to the circumferential length of corresponding slice.
Let i represent the tooth number under a pole pitch. Let Ai,
B, C and Di be the node points at stator core, stator tooth
end, rotor tooth end and rotor core, respectively as shown in
ﬁgure 4. Sufﬁxes are not used for B and C nodes, as they
are considered to be at equipotential. The core laminations
further provide many parallel paths for the ﬂux to ﬂow from
one tooth lamination to the other. The reluctance of these
parallel paths, which contains iron portion and two air-gaps,
has equal reluctance (Rtsc) for a given slice, but vary from
slice to slice. The rotor is kept as non-laminated structure
for simplifying the analysis and discussions. Figure 5
illustrates the parallel paths of the magnetic equivalent

F - Magneto-motive force
lag- length of effective magnetic path in air gap
ltr- length of rotor tooth
lscg- length of magnetic path in stator tooth – core insertion
gap
lrc- length of magnetic path in rotor core
Ssp- Stator slots per pole
Srp- Rotor slots per pole
Nc- Number of stator core laminations.
These equations are used in the analytical calculations. In
stator, there is no useful ﬂux ﬂow between the node points
(1 ? Ssp/2) and (1 ? (Ssp/2) ? 1). Similarly rotor node
points (1 ? Srp/2) and (1 ? (Srp/2) ? 1) there is no ﬂux.
The prediction of magnetic circuit parameters in each slice
give more accurate results than magnetic circuit parameters
determined using the averaged radius model. Equations (1)
to (7) are useful to determine the average ﬂux ﬂow through
a pole through the slice for a given MMF. Two cases of
tooth opening are considered for analysis.
(i). Open type with radially varying slot open

134

Page 4 of 12

Sådhanå (2020)45:134

Figure 5. Half pole Magnetic equivalent circuit model of quasi 3D AFIM with stator laminations.

(ii). Semi-closed with parallel slot opening
The determined airgap ﬂux density for the two slot
shapes shows radial variation. The obtained ﬂux density
values for different number of slices using the multi-slice
analytical approach is provided in table 2. The proposed
method to level the airgap ﬂux density variation is
explained in section 4.

4. Levelling of air-gap ﬂux density
The airgap ﬂux density (Bavg) variation of open type slot
AFIM from inner to outer portion of the machine can be
made equal in two methods.

(i). Varying the air gap length from inner to outer portion
of the open type slot machine by design
(ii). Indirect variation of effective airgap length by
shaping the slot opening.
The former results in net reduction of overall air gap ﬂux,
whereas the latter approach will result in improvement.
Hence, shaping of slot opening is considered in this paper.
Effective air gap length (Lgefﬁ) of slice ‘‘i’’ is increased by
stator and rotor slots represented by gap contraction factor.
The stator slot shaping is considered to improve and level
the airgap ﬂux density while the rotor slot shaping is kept as
a constant. An expression for Lgeff relating the Carter’s
coefﬁcient is given in equations (8) and (9).

Table 2. Multi-slice analytical method based comparison of ﬂux and ﬂux density values between open type and semi-closed slot AFIM
with different number of slices.
Parameter

1 slice

Flux in open type slot machine (mwb)
Flux in semi-closed slot type machine (mwb)
Air gap ﬂux density variation in open type slot
machine (T)
Air gap ﬂux density variation in semi-closed
slot type machine (T)

1.808
1.7991
1.7969
1.7948
1.7962
2.000
2.013
2.015
2.018
2.017
0.48918 0.52715–0.45536 0.54812–0.43974 0.5591–0.43228 0.56814–0.42629
0.54

2 slice

0.596–0.501

4 slice

0.6–0.495

8 slice

0.615–0.4912

40 slice

0.623–0.4848
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Lgeffi ¼ Kgsi  Kgri  Lg

ð8Þ

ysi
ysi  Kcsi ðW0i ÞW0i

ð9Þ

Kgsi ¼
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Where
Lg – Airgap length
Kgsi – Stator gap contraction factor
Kgri – Rotor gap contraction factor
ysi - Stator slot pitch
Kcsi – Carter’s co-efﬁcient
The Carter’s co-efﬁcient and its empirical relationship
with the slot opening width (Woi) is shown in ﬁgure 6 and
equation 10a [19]. The The slot opening width Woi is a
function of width of tooth edge (l1i) of slot ‘i’ and is given
by equation 10b.
2
3
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 2ﬃ
2 4 1 woi
1
Woi 5
tan ð Þ  ln 1 þ
Kcsi ¼
ð10aÞ
p
p
2Lg
2Lg
Woi ¼ ysi  l1i

Figure 7. Unrolled single slice view of open type slot AFIM.

ð10bÞ

The plot of Carter’s co-efﬁcient and ratio of slot opening
to air gap length is shown in ﬁgure 6. The inner portion of
the stator slot has larger slot opening width and the outer
portion of the slot has smaller slot opening width. Each
stator slice has to be designed with appropriate value of
Carter’s co-efﬁcient, which results in providing the referred
air gap ﬂux density in each slice. Improper selection of
reference ﬂux density may lead to slot opening width less
than the conductor diameter and conductors cannot be
inserted into the slots. Hence there is a limitation on the
selection of reference ﬂux density.
The range of such reference can be obtained from slices
of open slot machine calculations. The process of leveling
of ﬂux density leads to speciﬁc choice of effective air gap
length and hence the Carter’s coefﬁcient at each slice.
Figure 8. Unrolled single slice view of varying slot opening
AFIM.

Figure 6. Plot of Carter’s co-efﬁcient and ratio of slot opening
(W0i) to air gap length (Lg).

Figures 7 and 8 illustrate transformation of open type slot
to varying slot opening type AFIM (ﬁgure 9). The process
of airgap ﬂux density leveling is also explained with the
help of ﬂow chart shown in ﬁgure 10. The new slot type
AFIM has different slot opening along radial direction
unlike semi-closed slot machine. The effect of semi-closed
slot on air gap ﬂux density is also analyzed in order to
differentiate the varying slot opening from semi-closed slot.
The considered slot opening width of semi-closed slot is
similar to slot opening width value of varying slot opening
AFIM located at its averaged radius portion. The obtained
effective airgap length for three slot shapes and leveled ﬂux
density results obtained from varying slot opening for the
slices are tabulated in tables 3, and 4, respectively. The
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variable slot type AFIM has improved overall ﬂux than
open type slot machine.

5. Validation using ﬁnite element analysis

Figure 9. Slot opening to make equal airgap ﬂux density.

Figure 10. Flow Chart to determine the slot opening.

The unequal airgap ﬂux density level of open type slot
AFIM is minimized by transforming the open type slot
machine into a varying slot opening type AFIM. The difference among the varying slot type AFIM, semi-closed slot
type AFIM, and open type slot AFIM is also analyzed using
ﬁnite element analysis. The ﬂux density distribution in
various parts of the AFIM can be obtained from all the FEA
models (2-D, quasi 3-D and 3-D) to verify the objective of
this work and the ﬂux in individual slices can be analyzed
from multi-slice analytical approach and 2-D FEA linear
model (quasi 3-D model). Figures 11 and 12 show the ﬂux
density distribution obtained from a quasi 3-D model at
innermost and outermost portion of the varying slot opening
AFIM. The 3-D FEA based comparison of ﬂux density
distribution among the varying slot opening, semi-closed
slot and open type slot machines is illustrated in ﬁgure 13.
The BH data of prototype machine is included in FEA
model. The air gap ﬂux densities of the machines are veriﬁed by comparing the peak values of spatial ﬂux density
wave at different slices. The open type slot and semi-closed
slot AFIM show variations in the air gap ﬂux density (Bag)
along radial direction. But this air gap ﬂux density variation
is levelled in varying slot opening AFIM. The ﬂux in each
slices and airgap ﬂux density depends on the effective airgap
length and dimensional based iron portion reluctance. The
effective airgap reluctance and iron portion reluctance are
increasing from inner to outer slices in open type slot
machine which increases the ﬂux and airgap ﬂux density of
open type slot AFIM from outer to inner slices. The effective airgap length is the function of stator slot gap contraction factor as well as rotor slot gap contraction factor.
The stator gap contraction factor is only adjusted in varying
slot type as well as semi- closed slot AFIM. In varying slot
type AFIM, the stator slot opening is decreased from inner
to outer portion of the machine resulting in reduction of
effective air gap length from inner to outer portion through
the increment in rotor gap contraction factor from inner to
outer slice of the machine. The effect of varying effective
airgap length in varying slot opening AFIM levels the airgap
ﬂux density from inner to outer slice of the machine. In
semi-closed slot AFIM however the stator slot opening is
kept equal from inner to outer portion of the machine. This
slot opening value is similar to the value located at average
radius portion of varying slot type AFIM. The equal slot
opening in semi-closed slot makes the effective airgap
length decrease from inner to middle portion of the machine
and increase from middle to outer portion of the machine
when compared to varying slot type AFIM. This variation
increases the ﬂux level for the same MMF in each slice
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Table 3. Values of effective airgap length and slot opening of AFIM with open type, semi-closed slot and varying slot opening.
Slice no
Lg_eff (mm)
Open type slot
Lg_eff (mm)
Semi-closed slot
Lg_eff (mm) Varying stator slot opening
Slot_open (mm)
Open type slot
Slot_open (mm)
Semi-closed slot
Slot_open (mm)
Varying stator slot opening

1

2

3

4

5

6

7

8

2.5

2.5

2.6

2.7

2.7

2.8

2.8

2.9

2.2
2.5

2.3
2.4

2.36
2.4

2.4
2.4

2.33
2.3

2.37
2.3

2.4
2.3

2.45
2.2

8.2

8.8

9.5

10.1

10.8

11.5

12.1

12.8

4

4

4

4

4

4

4

4

5.6

4.5

4.2

4

3.1

3

2.8

2

Table 4. Multi-slice analytical method based comparison of ﬂux and ﬂux density values in varying slot opening AFIM with different
number of slices.
Parameter

1 slice

2 slice

4 slice

8 slice

40 slice

Flux in varying slot type machine (mwb)
Air gap ﬂux density variation in varying slot type machine (T)

2.1
2.012
1.99
1.9852
1.9835
0.525 0.54–0.528 0.549–0.52 0.55522–0.51557 0.55903–0.50965

Figure 11. Inner slice quasi 3-D ﬁeld model of varying slot
opening. AFIM.
Figure 13. 3-D FEA based Comparison of stator tooth ﬂux
density distribution in AFIM (a) varying slot opening, (b) semiclosed and (c) open type slot.

Figure 12. Outer slice quasi 3-D ﬁeld model of varying slot
opening AFIM.

when compared to varying slot type AFIM. Thus the airgap
ﬂux density of semi-closed slot AFIM shows variation from
inner to outer portion. The ﬂux linkages of inner and outer
most slices of both the machines are depicted in ﬁgures 14
and 15 and the machine with varying slot opening shows
increased ﬂux linkage value than the open type slot
machine. The ﬂux linkage is calculated for each slice of the
machine by exciting it through a current source of its
magnitude obtained from the machine’s no load steady state
current. The total ﬂux in the machine is determined by

Figure 14. Inner slice ﬂux linkage comparison of both the
AFIM’S.

dividing the ﬂux linkage by number of turns of a coil. The
obtained ﬂux values in different slices from analytical
approach and ﬁnite element analysis are tabulated in table 5.
The air gap ﬂux density comparison at different slices based
on different approaches is tabulated in table 6.
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Figure 15. Outer slice ﬂux linkage comparison of both the
AFIM’S.

In FEA, the comparison is carried out for 8 slices to
reduce computational time. In order to determine the performance of all the three slot type machines, the developed
torque values of all the machines are found out for particular load by exciting the machines with its rated supply
voltage. Figures 16 and 17 show the torque comparison
between different slot type machines. The comparison
shows that the varying slot opening AFIM has less torque
ripple and noise which results in improved performance in
varying slot opening AFIM. The improved ﬂux linkage (or
ﬂux) and reduced torque ripple are obtained from the
reduced effective air gap length and decrease in harmonic
content in the air gap ﬂux density, respectively. From the
multi-slice analytical approach and ﬁnite element analysis,
it is concluded that the varying slot opening type AFIM
shows better performance and leveled airgap ﬂux density.
For mentioned reasons, the prototype model of open type
slot AFIM and varying slot type AFIM are fabricated to
validate the magnetic circuit parameters experimentally.

6. Assembling and measurements of prototype
model
The prototype model has laminated stator core and teeth
portions and the rotor iron is made up of solid iron structure
without laminations. In the initial assembling process, the
punched stator core lamination is stacked together until

designed stator core thickness is reached. Each tooth lamination of radial varying tooth width and tooth shoe width are
grouped together in a manner similar to gaps provided in the
stator core laminations. The ﬁnal stator structure is obtained
by pressing each grouped tooth portion into the tooth gaps of
stator core laminations perpendicularly. Figures 18 and 19
show the stator core lamination and stator tooth laminations,
respectively. The assembled stator portion of AFIM is
illustrated in Figure 20. In order to determine the iron loss in
laminated (stator) varying slot type AFIM and open type slot
AFIM (with solid rotor and stator), the rotor of the two
machines is coupled to a dc motor. The dc motor acts as a
prime mover. The rotor of the two machines is made to run
at its synchronous speed by varying the armature voltage of
the dc motor. During this period, the induction motor is
excited by a particular voltage and the power drawn from
the supply is noted. The difference between the power
drawn and stator copper loss is the stator iron loss. The
obtained results from this test are tabulated and compared in
table 7. From the results, the laminated varying slot type
AFIM has lower iron loss than the open type slot AFIM.
The no load test, performance test, and various other tests
to determine the equivalent circuit parameters are conducted to validate the prototype varying stator slot opening
AFIM. The results obtained from no load test for both the
open type slot AFIM without laminations and varying slot
opening AFIM with laminated stator are tabulated in
table 7 and the results are compared. The results show that
the AFIM with varying slot opening has improved no load
speed and reduced core losses than the open type slot AFIM
without laminations. The open type slot AFIM shows
improved no load power factor compared to the varying slot
type AFIM because of increased iron losses. The prototype
machine is coupled with the dc generator as a prime mover
and the generator is loaded to determine the performance of
the prototype model. The results obtained from performance test are tabulated in table 8. Since the open type slot
AFIM (without lamination) has higher iron losses, the
performance test is conducted only for varying slot opening
type AFIM (Table 9).

Table 5. Flux comparison of both the AFIMs based on different approaches.
AFIM with open type slot
Slice no. (From inner to
outer portion)
1
2
3
4
5
6
7
8
Total

AFIM with varying slot opening

Multi-slice
approach (mWb)

Quasi 3-D FEA
(mWb)

3-D FEA
(mWb)

Multi-slice
approach (mWb)

Quasi 3-D FEA
(mWb)

3-D FEA
(mWb)

0.201
0.209
0.216
0.223
0.228
0.234
0.239
0.243
1.793

0.202
0.213
0.219
0.2237
0.224
0.2325
0.236
0.241
1.7912

1.79

0.2004
0.2196
0.2311
0.2416
0.259
0.2677
0.2755
0.2903
1.985

0.205
0.2209
0.237
0.2435
0.257
0.265
0.273
0.2863
1.9877

1.98
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Table 6. Flux density comparison of both the AFIMs based on different approaches.
AFIM with open type slot
Slice no.
(From
inner to
outer
portion)
1
2
3
4
5
6
7
8

AFIM with varying slot opening

AFIM with semi-closed slot

Air gap ﬂux density
determined using
multi-slice approach
(Wb/m2)

Airgap Flux
density
determined
using FEA
(Wb/m2)

Airgap Flux density
determined using
multi-slice approach
(Wb/m2)

Airgap Flux
density
determined
using FEA
(Wb/m2)

Airgap Flux density
determined using
multi-slice approach
(Wb/m2)

Airgap Flux
density
determined
using FEA
(Wb/m2)

0.55
0.53
0.51
0.49
0.48
0.46
0.44
0.43

0.56
0.55
0.52
0.5
0.475
0.47
0.465
0.44

0.5552
0.5633
0.552
0.5398
0.5436
0.5298
0.5157
0.5156

0.5571
0.5666
0.56
0.5335
0.539
0.5244
0.511
0.51

0.578
0.5597
0.5419
0.5398
0.5245
0.5076
0.4912
0.489

0.581
0.568
0.543
0.5335
0.528
0.51
0.498
0.487

Figure 16. 3-D FEA based Torque comparison of open type and
varying slot opening type the AFIM.

Figure 17. 3-D FEA based Torque comparison between varying
slot type AFIM and semi-closed AFIM.

Figure 18. Stator core lamination of varying slot opening AFIM.

The ﬂux density distribution of open type slot AFIM and
varying slot type AFIM is determined by measuring the
induced voltage in small slip coils kept at different stator
tooth positions of the machine. The ﬂux density in the
airgap is computed from the slip coil voltage using Faraday’s law of induction (table 9).
d/
dðNBA cos hÞ
dðNBmax A cos xtÞ
¼
¼
dt
dt
dt
¼ NxBmax A sin xt

e ¼

E ¼ NxBmax A;
where,
N – is the number of turns of the slip coil

ð11Þ
ð12Þ
Figure 19. Stator tooth laminations of varying slot opening
AFIM.
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A–area of cross section of the slip coil
r- the radius of the coil
The rotor of both the machines is removed and a circular
solid iron disc is used instead which serves as a ﬂux closing
path. The actual airgap ﬂux density distribution can not be
determined without the rotor of the machine. The slip coil
test without the rotor is used to identify the ﬂux density
distribution. The stator of the machine is excited with the
various voltage level and voltages in different slip coils are
measured when conducting the slip coil test without rotor.
The obtained voltage wave forms from slip coils kept at
inner and outer portion of the open type slot machine for a
particular stator voltage are shown in ﬁgures 21 and 22.
The slip coil voltage represents the sinusoidal ﬂux density
distribution in airgap. The variations in the slip coil voltage
show that the inner portion of open type slot machine has
higher ﬂux density value. The voltage wave form obtained
from slip coils at different stator tooth portion of the
varying slot opening AFIM shown in ﬁgure 23 looks similar to wave form shown in ﬁgure 21. It shows that the
machine with varying slot opening has similar ﬂux density

Figure 20. Stator of varying slot opening AFIM.

Table 7. Iron loss comparison between open type slot machine and varying slot type machine.
Parameter

AFIM without lamination (open type slot machine)

Phase voltage (V)
Phase current (A)
Iron loss per phase (W)

AFIM with lamination (varying slot type machine)

140
3.3
220

140
2.19
75

Table 8. Comparison of no load test for both the AFIMs.
AFIM without lamination (open type slot machine)

AFIM with lamination (varying slot type machine)

Sl.No

Phase Voltage
(V)

Current
(A)

No load power
factor

Speed
(rpm)

Phase Voltage
(V)

Current
(A)

No load power
factor

Speed
(rpm)

1
2
3
4
5
6

75
100
120
140
170
210

1.7
2.5
2.8
3.3
3.8
4.2

0.7
0.7
0.65
0.63
0.62
0.62

1020
1115
1180
1250
1320
1360

75
100
120
140
170
210

1.44
1.67
1.9
2.19
2.59
3.17

0.267
0.318
0.34
0.347
0.42
0.45

1260
1375
1422
1441
1458
1469

Table 9. Performance test results.
Parameter
Phase voltage (V)
Supply frequency (Hz)
Phase current(A)
Torque (Nm)
Speed (rpm)
Power factor
Efﬁciency(%)

Multi-slice approach (Varying slot)
210
50
2.1
4.3
1480
0.8
81

FEA (Varying slot)
210
50
2.25
4.4
1470
0.79
80

Measured (Varying slot)
210
50
2.25
4.4
1460
0.78
79
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Figure 21. Voltage wave form of slip coil kept at outer portion
(Position D) of open slot AFIM for a given stator supply voltage.

Figure 22. Voltage wave form of slip coil kept at inner portion
(Position A) of open slot AFIM.

Figure 25. Slip coils kept at different positions of open type slot
AFIM.

ﬂux density variation from inner to outer portion (A to D)
and ﬁgure 25 shows the corresponding set-up of the slip
coils kept at different positions of the stator teeth.

7. Conclusion
Figure 23. Slip coil voltage waveform of varying slot type
AFIM.

Figure 24. Experimental set-up to determine the performance of
varying slot opening AFIM.
Table 10. Measured air gap ﬂux density using slip coil.
Slice number
Parameter
2

Open type slot Bag (Wb/m )
Varying slot opening Bag (Wb/m2)

1

2

3

4

0.45
0.557

0.43
0.53

0.42
0.52

0.4
0.51

distribution in all the portions (ﬁgure 24). The slip coil test
is also conducted for both the AFIM’s with rotor connected
to ﬁnd out actual airgap ﬂux density. Table 10 shows the

The problem of non-uniform ﬂux density distribution in
axial ﬂux induction machine is addressed in this paper. The
core and tooth laminations are viewed as multiple 2-D
slices and non-linear lumped parameter ﬂux models are
developed for each slice. Leveling of air-gap ﬂux density is
achieved through appropriate choice of effective air-gap
length and by shaping of slot opening for each slice of
tooth. Improvement in performance is shown through
analytical calculations as well as 2-D and 3-D FEA. A
laboratory prototype validates the effectiveness of the
proposed design through improved no load speed and
resulting in no-load losses. The improvement in the no load
speed of the machine is achieved from the reduced iron loss
of the laminated machine.
The variation of slot opening from inner to outer portion
changes the effective air gap length. This radially varying
effective air gap length makes the air gap ﬂux density
similar in all the slices from inner to outer portion. The new
varying stator slot opening AFIM shows improved performance when compared to open type slot and semi-closed
slot AFIM. The analytical method based multi-slice
approach is used to accurately determine the ﬂux in all the
slices which is used to calculate the airgap ﬂux density in
all the slices. The air gap ﬂux density and ﬂux of the
machine with open type slot semi-closed slot and varying
slot opening are compared in analytical method, quasi 3-D
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(2-D linear) and 3-D FEA. The torque comparison based on
3-D FEA is also made for all the three machines.
The new slot machine shows the following results:
• The variation of air gap ﬂux density from inner to outer
portion of the machine is less when compared to other
two slot shapes.
• There is an improvement in the net ﬂux produced by
the machine compared to open type slot machine.
• The varying slot opening AFIM shows improved
performance and reduced torque ripple than the open
type slot AFIM and semi-closed slot type machine.
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