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Abstract— In this paper a novel E-Core axial flux machine is 
proposed. The machine has a double stator-single rotor 
configuration with flux concentrating ferrite magnets, and pole 
windings across each leg of an E-Core stator. E-Core stators 
with the proposed flux-concentrating rotor arrangement result 
in better magnet utilization and higher torque density. The 
machine also has a modular structure facilitating simpler 
construction. This paper presents a single phase and a three-
phase version of the E-Core machine. Case study for a 1.1 kW, 
400 rpm machine for both the single phase and three-phase 
axial flux machine is presented. The results are verified 
through 3D finite element analysis. 

I. INTRODUCTION 
  Development of alternative machine topologies with 
reduced rare earth or no permanent magnets is of interest for 
cost sensitive applications. Reluctance machines and 
machines with lower cost ferrite magnets are two such 
alternatives which can attain a torque density similar to rare 
earth PM machines with radial flux machine (RFM) 
configurations but require challenging design innovations 
[1]. On the other hand, axial flux machines (AFM) and 
transverse flux machines (TFM) offer a higher torque 
density in comparison to RFM [2-4]. This paper proposes a 
modular E-Core based axial flux machine with flux 
concentrating ferrite magnets. 
 The uses of E-cores in the stator result in a modular 
structure. Modularity in Switched Flux Permanent Magnet 
Machines (SFPM) with E and C-cores has been reported in 
the literature [5-8]. Rotor modularity was also achieved in 
[9] by the use of segmented rotors, which resulted in lower 
iron losses. Large permanent magnet machines with flux 
concentrating structures were presented in [10-12]. 
However, all these machines are RFMs in nature. 
Modularity in AFMs was presented in [13] where a C-core 
with ring windings were employed. The machine has 
embedded magnets into the in the rotor core and a simple 
modular structure. However, the machine could only be 
multiphase in nature by stacking multiple single-phase 

machines. Modularity in TFMs with E-core stators was 
proposed in TFM [14, 15]. The machines are reluctance 
machines and use ring windings. TFMs generally result in 
high torque density due to transverse flux paths. 

In electric machines, it is necessary for the magnetic flux 
and the torque producing current to be perpendicular to each 
other. Thus the flux lines are either parallel (longitudinal) or 
perpendicular (transversal) to the moving direction of the 
rotor. These can be established through four winding 
variants, Gramme-, Drum-, Pole- and Ring- windings [16]. 
In this paper, the flux lines of the proposed machine are 
transversal in the stator back iron, which is achieved by pole 
windings. 

In machines with rotor PMs, flux-concentrating structures 
have a better performance in terms of torque density [13, 
17]. The flux concentration concept enables a higher air gap 
flux density with magnets having a low remnant flux 
density. The use of C-cores in [13] resulted in incomplete 
magnet utilization. A Z-core with intermediate poles and 
ring windings were investigated in [9]. The use of Z-core 
intermediate poles would improve the magnet utilization in 
[13]. The machine suffer from high leakage and complete 
magnet utilization was still not achieved. 

The proposed E-core machine is a double-stator, single-
rotor machine with ferrite magnets arranged in flux 
concentrating manner in the rotor. E-cores with pole 
windings are used to obtain complete magnet utilization. 
This allows the stator to be modular. The proposed machine 
is different from standard AFM in that it has transverse flux 
flow in the stator back iron compared to radial flux flow in 
the back iron in AFM [4]. Multi-phase versions of the 
proposed machine can be attained on a single stack due to 
the use of pole windings.  Design of both single-phase and 
three- phase E-Core AFM is presented in the paper. The 
design is based on a case study 1.1 kW, 400 rpm machine. 
A crude optimization with RFMs based on the same stator 
outer diameters for comparison is also presented. 
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II. PROPOSED E-CORE AXIAL FLUX MACHINE 

A. Proposed Machine Structure 
A 2D view of one pole is shown in Fig. 1. The 

sandwiched magnets between the rotor cores redirect the 
flux direction produced by the magnet. The flux-focusing 
factor can be adjusted in the axial direction by the height of 
the rotor core (Hry) and it is not confined to the diameter of 
the air gap. The magnet directions are arranged to have the 
north poles of the two magnets either pointing towards each 
other or pointing away from each other. E-core stators with 
pole windings are employed to use the rotor cores at the two 
sides. Pole windings facilitate the short flux path shown in 
Fig 1. The rotor is attached to the rotor shaft and the stator 
windings are located at both sides of the rotor shown in Fig 
2. 
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Figure 1: 2-D Side view of one pole of the proposed AFM. 
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Figure 2: Isometric view of one pole. 

The magnetic polarity of the magnets is focused towards 
the middle rotor core. The coils are arranged so that there is 
clockwise flux flow in the top right window and anti-
clockwise in the top left. The flux flow on the other side is 
the mirror of this. Hence, the flux is leaving through the 
middle core and entering through the outer and inner rotor 
cores. More magnets for leakage flux reduction can also be 
used. These leakage flux reduction magnets can act as flux 
guides to prevent pole-to-pole leakage. 

B. Design Considerations 
The effect of different geometrical parameters on the 

machine performance is presented in this section. The key 

geometric parameters of the rotor and stator are presented in 
Fig. 3. 

 
(a) Rotor (excluding stator) 

 
(b) Stator 

Figure 3: Geometric parameters of the proposed machine. 

 A single phase machine is designed according to the 
case study specification and selected as the base design. The 
machine dimensions are tabulated in Table 1. 

TABLE 1: MAIN DESIGN PARAMETERS OF THE CASE STUDY MACHINE 

Machine Parameter Value 
Stator pole 30 
Rotor pole 30 
Air gap (g) 1 mm 

Magnet Type Ferrite with 0.4 T (Br) 
Magnet length (lm) 10 mm 

Shaft length 73 mm 
Inner core length (li) 4.75 mm 

Center core length (lc) 10 mm 
Outer core length (lo) 4.75 mm 

Pole width (Pw) 8.25 mm 
Pole Pitch (Pp) 15.289 mm 

Height of rotor (Hry) 26 mm 
Height of stator teeth (Hst) 21.25 mm 

Stator back iron (Hsbi) 4.75 mm 
Number of turns 6 
Rated Current 72 A peak 

DC bus voltage 48 V 
Rated Speed 400 rpm 

Rated Current density 5.4 A/mm2  

The airgap flux of the proposed machine is in the axial 
direction. The general sizing equation for estimating the 
power output(𝑃𝑜) for this E-core AFM is [19]: 
 

𝑃𝑜 =
𝜋
2
𝐾𝑒𝐾𝑝𝐾𝑖𝜂𝐵𝑔𝐴

𝑓
𝑃

(1 − 𝜆2)
1 + 𝜆

2
𝐷𝑜3 (1) 

where 𝐾𝑒 is the back-emf factor, 𝐾𝑖 is the current wave form 
factor, 𝐾𝑝 is the power waveform factor, 𝜂 is the efficiency, 
𝐵𝑔 is the airgap flux density, 𝐴 is the electrical loading, 𝑓 is 
converter frequency, 𝑃 is the pole number, 𝐷𝑜 is the rotor 
outer diameter. 𝜆  is the ratio of rotor inner diameter to outer 
diameter given as: 
 𝜆 =

𝐷𝑖
𝐷𝑜

 (2) 

According to Eqn. 1, the machine power level is the most 
sensitive to the outer diameter. As the shaft length increases, 
the outer diameter and as a result the machine’s no load rms 
voltage and average torque increases as shown in Fig. 4. 
The rate of change of average torque is the most when 𝜆 is 
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between 0.56 and 0.66 which is in agreement with the 
published literature [19-21].  

 
Figure 4: Effect of shaft length on machine performance.  

The flux-focusing factor helps determine the airgap flux 
density of the machine. The focusing factor is defined as: 
 𝐾𝑓 =

𝐻𝐻𝐻
𝑙𝑐

 (3) 

The relation between the flux-focusing factor and the airgap 
flux density is be given by: 
 𝐵𝑔 = 𝑘𝑙𝑘𝑓𝐵𝑚 (4) 

where, 𝐵𝑚 is the working flux of the PMs and 𝑘𝑙 is the 
leakage factor of the machine. The 𝐵𝑚 in this machine is 
found from a simple magnetic circuit solution of Fig 1. The 
value of 𝑘𝑙 is picked based on differences between FEA and 
analytical airgap flux density calculation for different pole 
numbers. The effect of increasing the focusing factor 𝐾𝑓 is 
shown in Fig. 5. 
The back-emf factor 𝐾𝑒 can be determined from the airgap 
flux in the center pole of the machine and is given by: 
 

𝐾𝑒 =
𝑘𝑓𝑓𝑖𝑓𝑔𝑁𝑃2𝐵𝑔𝐴𝑐

𝜋
 (5) 

where, the 𝑘𝑓𝑓𝑖𝑓𝑔 is a factor considering the increase in total 
flux due to fringing effects. 𝑁 is the number of turns in a 
slot, 𝑃 is the number of poles and 𝐴𝑐 is the area under the 
center pole. 

(a) No load voltage and torque.  (b) Air gap flux density. 

Figure 5:  Effect of Hry on machine performance. 

The machine can be designed with near sinusoidal back-emf 
voltages; thus, 𝐾𝑖 is selected as √2 and 𝐾𝑝 as 0.5. The core 
length terms (li, lc and lo) are selected based on the flux 
saturation levels in the E-core teeths. The flux through the 
center teeth is almost double to that of the inner and outer 
teeths. Thus, the length of the center teeth is kept at double.  
The electric loading A is given by: 

 
𝐴𝑚 = 𝑃

√2𝐼𝑎𝑁
𝜋𝐷𝑔

 (6) 

where, Ia is the stator armature current, N is the number of 
poles, Dg is the average air gap diameter and P is the 
number of poles. An increase in the number of poles leads 
to higher electric loading. However, the stator MMF needs 
to be decreased for ensuring the same current density due to 
lower winding space. This machine has three air gaps and 
two stators; therefore, Eqn. 1 is modified to take into 
account the three air gaps and the two stator sides. The 
sizing Eqn. for a single phase E-core AFM can thus be 
expressed as: 
 

𝑃𝑜 = 𝜋𝐾𝑒𝐾𝑝𝐾𝑖𝜂 (𝐵𝑔𝑔𝐴
𝑓
𝑃

(1 − 𝜆2)
1 + 𝜆

2 𝐷𝑜3)
3

𝑔=1

 (7) 

where, the subscript k is for the three air gaps. 

C. Material considerations 
Another important factor in the design of this machine is the 
selection of materials. The first consideration is whether to 
use soft magnetic composites (SMC) or laminated steel for 
the rotor and stator cores.  SMC have isotropic magnetic 
properties and can be molded into complex shapes 
facilitating 3-D flux paths. However, SMC has a lower 
magnetic permeability and lower saturation flux density 
compared to laminated steels as presented in Fig. 6a. 

Most laminated cores are made of non-oriented silicon 
steel sheets where individual steel sheets are stacked 
together to form the core to help reduce the eddy current 
losses. 

 
(a) Core material (b) Magnet material 

Figure 6: (a) BH curve of laminated steel and SMC used in 
study. (b) Magnetic characteristic of permanent magnets. 

In rotary electric machines, the stator and rotor segments are 
arc shaped. An example of the stator core with arc-segments 
is shown in Fig 7a. The difficulty with the arc segments in 
the E-core AFM is its fabrication. The arc shape is very 
difficult to obtain with laminated steels, and SMC material 
is the only option. However, a rectangular segment for the 
stator and rotor cores is another option where laminated 
steel can be used. The proposed machine with no arc-
elements is shown in Fig. 7b. The case study 1.1 kW, 400 
rpm 48 V machine is designed and optimized with arc-
shapes and SMC materials, and with rectangles and 
laminated steel. The structure for the two machines is shown 
in Fig. 7, and the design parameters and outputs are given in 
Table 2. 
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(a) Design with arc shapes (b) Design with no arc shape 
Figure 7: Isometric of view of two design structure of E-core 
AFM. 

The machine with arc-shapes provides a better magnetic 
circuit by better utilization of the area. The thinner thickness 
in the outer pole enables the arc-shaped designs to reduce 
the copper weight considerably compared to designs with no 
arcs. Thus, a higher torque density can be achieved. The 
machine with no-arc still produces a high torque density and 
has the added benefit of being simpler in construction. The 
pole-to-pole leakage is also lower in machine with no-arcs 
that helps achieve a higher power factor.  

TABLE 2: DESIGN COMPARISONS WITH ARC AND WITHOUT ARC 
SHAPES 

Parameter Machine with arc 
shapes 

Machine without arc 
shapes 

Rotor/ Stator 
material 

SMC Somaloy-
700 

Laminated Steel 
M800_65A 

Magnet type Ferrite (Br=0.4 T) Ferrite (Br = 0.4 T) 
Machine Weight  6.81 kg 8.6 kg 
Magnet weight 1.36 kg 1.46 kg 
Coil weight 2.57 kg 4.05 kg 
Torque output 26.425 Nm 28.23 Nm 
Torque Density 3.88 Nm/kg 3.28 Nm/Kg 
Efficiency 90.9 % 88.23 % 
Power Factor 0.638 0.676 

The next material of interest is the magnet. Generally three 
classes of magnets that are used for electric motors: Alnicos, 
ferrites and rare earth magnets. The characteristics of the 
three classes of magnets are shown in Fig. 6b. Performance 
of the case study machine with no-arc and different PM 
materials are presented in Table 3. The tests were conducted 
with the same number of turns, phase current and zero 
advance angle. 
It is observed that the use of leakage reduction magnets help 
improve power factor and torque density when using ferrite 
and NdFeB magnets. The performances of Alnico magnets 
are poor due to its low coercive force. The motor needs to 
be redesigned with higher magnet thickness to have a better 
performance with Alnico magnets. The use of rare earth 
magnets improves the performance of the machine 
significantly. For the same magnet volume, the rare earth 
magnets would have a higher mass due to higher mass 
density. The torque with rare earth is 2 times more and the 
power factor is 34% higher compared to those with ferrites. 
This would allow a further downscaling of the machine. 

However, rare earth magnets are considerably more expense 
than Alnico or ferrites. 
TABLE 3: PERFORMANCE OF CASE STUDY E-CORE MACHINE WITH NO-

ARCS WITH DIFFERENT MAGNETS 

Magnet 
type 

Leakage 
reduction 
magnet 

Magnet 
weight 
(kg) 

Torque 
(Nm) 

Torque 
density 
(Nm/kg) 

Power 
factor 

Alnico Yes 2.18 13.78 1.48 0.33 
Alnico  No 0.93 13.17 1.63 0.35 
Ferrite  Yes 1.46 27.92  3.25  0.63 
Ferrite  No 0.63 13.46  1.73 0.39 
NdFeB Yes 2.53 55.73 5.78 0.84 
NdFeB  No 1.08 37.73 4.35 0.76 

D. Phase and pole number selection 
The combination of the stator and rotor poles determines the 
number of phases in the proposed machine. Single-phase 
machines could be constructed where the number of the 
rotor and stator poles is kept the same. Higher pole numbers 
result in an increased electrical loading as given in Eqn. 6. 
Figure 8 shows the effect of changing poles on torque 
density and power with the same current density and design 
ratios with respect to Pw and core length. As the number of 
pole increases, the torque density improves but starts 
decreasing once the poles saturate which occurred around 
42 poles in this machine. The power factor also improves 
but starts decreasing due to increased leakage caused by 
fringing fluxes at high pole numbers.  

 
Figure 8: Effect of pole numbers in a single phase E-core AFM. 

The Pw is crucial in the determination of the machines 
performance. Large Pw lead to increased magnetic loading at 
the cost of lower electric loading due to smaller winding 
area. A trade-off between magnetic loading and electric 
loading needs to be established for attaining the highest 
torque density and power factor. In this case, study, a ratio 
of 0.53 between the Pw and Pp offered the best performance 
for designs with and without arcs. The ratio was the same 
for different pole numbers. 

Multi-phase versions of the proposed AFM can be achieved 
in two ways. One way is to stack multiple single-phase 
modules as proposed in [13]. The second approach is to 
have an uneven number of rotor and stator poles. The 
winding will be short-pitched. The numbers of stator and 
rotor poles can be obtained from: 
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𝑁𝑠 = 2𝑁𝑝ℎ𝑁𝑓𝑒𝑝 (8) 
𝑁𝑓 = 𝑁𝑠 − 2𝑁𝑓𝑒𝑝 (9) 

where, 𝑁𝑠 is the number of stator pole, 𝑁𝑝ℎ   is the number 
of phases, 𝑁𝑓𝑒𝑝 is the number of repetitions, and 𝑁𝑓 is the 
number of rotor poles.  

E. Mechanical Construction 
The modular rotor cores and magnets are cubes, which 
makes the cutting and stacking simpler. The rotor cores are 
made of lamination steel (M19) stacked together. The inner 
and outer rotor core is of the same dimension. Therefore, 
only two lamination cuts are required for the rotor. The rotor 
cores are attached to a non-magnetic disk. The rotor cores 
and the magnets which are sandwiched in between are held 
together using structural adhesives. A non-magnetic 
stainless steel belt could also be strapped around the rotor to 
add further structural integrity.  

 
Figure 9: Exploded view of the complete motor assembly. 

The E-core is also manufactured by stacking lamination 
steel (M19). The stator cores are attached to a supporting 
plate at the two ends as shown in the exploded view of the 
complete motor in Fig. 9. In the proposed design, the top 
and bottom stator cores are aligned with each other. The 
windings in the proposed machine are pole windings, which 
are wound across each leg of the E-core. Therefore, simple 
modular windings using bobbins can be used making the 
winding assembly and production automated. The exposure 
of the stator windings to the air also help in cooling. 

III. ELECTROMAGNETIC ANALYSIS OF E-CORE AFM 

Electromagnetic analysis using 3D finite elements (FE) on 
Flux 3D was carried out on a single phase 30-pole E-Core 
AFM with no arc. The dimensions of the machine are given 
in Table 1.  The FE analysis gives the magnetic flux density 
and flux paths in different parts of the machine. The flux 
lines of a single pole using 2D FEA is shown in Fig. 10; 
leakage flux within the slots is shown. The direction of flux 
paths in one pole pair of the machine is shown in Fig 11. 

The flux path of one pole is shown in Fig. 11b and matches 
with the concept presented in Fig 1.  

 
Figure 10: Flux lines of one pole with 2D FEA. 

 
(a) Flux path in 1 pole pair (b)Flux path in one pole. 

Figure 11: Flux path of single phase E-core AFM at aligned 
position. 

The flux densities at the aligned position with no-load is 
shown in Fig 12. The edges near the air gap have a higher 
flux density of around 1.7 T. The flux density in the stator 
teeth is around 1.3 T. The flux density is higher in the 
central teeth. The rotor has a relatively low flux density with 
highest flux density of 1.3 T near the air gap.  

 
Figure 12: Flux density at aligned position. 

The air gap flux density from the inner airgap to the outer 
stator is shown in Fig. 13a. The density is higher in the 
central airgap due to leakage and different size of leakage 
reduction magnets. The airgap flux density from one pole to 
another along the length of the pole-pitch in the central 
stator length is shown in Fig. 13(b). It is observed that a 
high flux density of 0.80 T peak was achieved at the center 
of middle leg of the E-core stator during aligned position. 
This demonstrates that it is possible to have a high airgap 
flux density through flux concentration when using ferrite 
magnets with low remnant flux density. 
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 (a) Flux density from inner to 
outer stator teeth. 

 (b) Flux density from one pole 
to another. 

Figure 13: Air gap flux density at aligned position. 

The flux linkage of the top stator with no load at 400 rpm is 
shown in Fig 14(a). A near sinusoidal flux linkage is 
observed. The back-emf with no load at 400 rpm is shown 
in Fig. 14(b), which is near sinusoidal, but with some 
harmonic components.  

 
(a) Flux linkage of coil 

 
(b) Back-emf voltage 

Figure 14: No load characteristic of top stator. 

The effect of armature MMF applied through the windings 
is shown in Fig. 15(a). The output torque increases as the 
ampere-turns are increased by increasing the current. The 
machine also produces some reluctance torque due to the 
salient nature of the rotor; this is shown in Fig 15(b). It can 
be observed that as the phase angle is advanced there is an 
increase in torque. A certain optimum phase angle for max 
torque-per-ampere exists.  

 
(a) Effect of armature MMF 

 
(b) Effect of phase advance 

Figure 15: Effect of current in windings. 

A three-phase E-core AFM with a 30-20 pole 
combination with specifications the same as the case study 
machine is also designed. A top view of the machine 
illustrating the windings is shown in Fig 16(a). An isometric 
view illustrating the flux density at different parts of the 
machine is shown in Fig 16(b).  

 
(a) 3D view of the proposed machine 

 
(b) Isometric view of the flux density at max armature 

current. 
Figure 16: FEA model and flux density distribution of three phase 
E-AFM. 

The variation of the airgap flux density at no load at the 
center of one stator pole as the machine rotates is shown in 
Fig. 17(a). The back-emf of the three-phase machine has 
higher third and fifth order harmonics as shown in Fig 
17(b).  

 
(a) Air gap flux density 

 
(b) Back-EMF waveform 

Figure 17: Air gap flux density and back-emf waveform of three 
phase E-Core AFM. 

(a) Single phase (b) Three phase 

Figure 18: Torque and current waveforms at rated speed and 
current. 
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The torque and current waveforms of the single and three 
phase E-core AFM at the rated speed of 400 rpm is shown 
in Fig. 18. The single-phase machine exhibits a much higher 
torque ripple compared to the three-phase machine as 
expected. The three-phase machine also exhibits some 
torque ripple due to the presence of higher order harmonics 
in the back-emf.  

IV. COMPARISION WITH DIFFERENT MACHINES 
A comparison between radial surface PM machines and the 
proposed single-phase (M I) and three-phase (M II) E-core 
AFM is presented in this section. The design guidelines for 
the three RFM (Fig. 19) in the comparison are: 
• All machines have the same outer diameter of 224 mm. 

This allows for a better comparison of volume as 
discussed in [19].  

• A current density between 5 and 6 A/mm2 is maintained at 
peak conditions. 

• The combination of number of turns and currents is set to 
utilize a maximum DC bus of 48 V at the rated speed of 
400 rpm. 

• The same lamination material and thickness is used. 
• At rated condition, the peak flux density is maintained 

below 2 T. 
• The same magnet material is used. 

  
(a) 6-4 Ferrite surface PMSM with concentrated winding. 

  
(a) 24-4 Ferrite surface PMSM with distributed winding. 

  
(a) 24-4 NdFeB surface PMSM with distributed winding. 

Figure 19: Cross section and flux density distribution of comparison 
machines. 

 A 6-4 surface mounted ferrite PM machine with 
concentrated windings (M III) and a 24-4 surface mounted 
ferrite PM synchronous machine (SMPMSM) with 
distributed windings (M IV) is designed. A SMPMSM with 

NdFeB magnet (M V) is also compared with the proposed 
machine. The machines were designed with the mentioned 
restrictions using the method proposed in [22]. The 
optimization procedure is based on particle swarm 
optimization of an analytical model of the surface PM 
machine. The machines are compared with respect to 
efficiency, volume, active weight of materials, losses and 
power factor. The cross section and flux density at 
maximum armature current for the designed RFMs are 
presented in Fig. 19. The key design and performance 
parameters of the machines are given in Table 4. 

TABLE 4: KEY PARAMETERS IN COMPARISONS OF DIFFERENT 
MACHINES 

 
From the comparison among the four machines, it can be 
observed that the E-core single-phase machine attains the 
highest torque density. It is almost 2 to 2.5 times that of 
ferrite RFMs. The three-phase E-core AFM also achieves a 
torque density improvement of 2 times compared to ferrite 
RFMs. The improvement in the torque density is due to a 
reduction of the active weight of the machine. The active 
weight of the E-core machines is comparatively smaller due 
to shorter magnetic flux paths. However, the weight of the 
coils is higher in the E-core machines, which result in higher 
copper loss. In addition, the core losses are higher due to a 
higher fundamental frequency. Thus, the efficiency of the E-
core machine is slightly lower. The difference in the 
rotational frequency is due to the nature of AFMs and 
RFMs. AFMs typically have a higher number of poles 
compared to RFMs. The power factor is lower in the single 

Performance M I M II M III M IV M V 

Speed (rpm) 400 400 400 400 400 

Remnant Flux density Br (T) 0.4 0.4 0.4 0.4 1.1 

Air gap (mm) 1 1 0.7 0.7 0.7 

Outer radius (mm) 112.5 112.5 112.5 112.5 112.5 

Stack length (mm) 80 84.8 90 82 45 

Current density (A/mm2 ) 5.41 5.51 5.34 5.4 5.1 

Torque  (Nm) 28.23 28.2 28.29 29 29.34 

Vrms (V) 17.19 8.66 19.4 19.31 20.32 

Irms (A) 50.91 26.87 31.82 28.28 22.64 

Power mechanical  (W) 1182 1181 1185 1214 1229 

Core Loss (W) 20 15.9 10.6 8.68 12.48 

Copper loss (W) 135 154 95 120 64 

Efficiency (%) 88.23 87.3 91.75 90.36 94 

Power factor 0.676 0.846 0.64 0.74 0.9 

Weight Magnet (kg) 1.46 1.517 1.66 1.52 0.756 

Weight Coil (kg) 4.05 4.01 3.6 2.4 1.56 

Steel Weight (kg) 3.09 4.16 18.28 12.8 8.256 

 Total Weight (kg) 8.6 9.68 23.54 16.72 10.57 

Torque Density (Nm/kg) 3.28 2.91 1.2 1.73 2.78 

Volume (l) 3.18 3.37 3.58 3.26 1.79 

Power density (kW/l) 0.37 0.35 0.33 0.37 0.68 
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phase E-core AFM. A slightly higher power factor was 
observed in the three-phase AFM. The SMPM with 
distributed windings demonstrates the highest power factor. 
The AFM also demonstrated a slightly higher torque density 
compared to NdFeB based SMPM. However, the efficiency 
is lower by a large margin. The comparison demonstrates 
the benefits of the proposed AFM in terms of higher torque 
density. The power factor and efficiency is also comparable 
to ferrite SMPMSMs, slightly lower than NdFeB 
SMPMSMs. 

V. CONCLUSIONS  
The paper presents the design of a novel E-core modular 
axial flux machine. The machine has a double-sided stator 
configuration with flux concentrating ferrite magnets. The 
flux concentrating principle allows the use of low cost 
ferrite magnets while maintaining a high air gap flux 
density. E-core stators with pole windings are proposed to 
ensure maximum core and magnet utilization. The proposed 
machine also has a modular structure making it easier to 
manufacture. An analytical sizing method for machine is 
presented  using which single-phase and three-phase 
variants of the proposed machine is presented for the case 
study application. The proposed machine is compared with 
ferrite and rare earth RFMs. It is observed that the proposed 
machine exhibits a high torque density with similar power 
factor and efficiencies in comparison to RFMs. The 
comparison illustrates the promise this machine holds as an 
alternate topology to rare earth based machines.   
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