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Abstract—This paper investigates the operating characteristics 
of two emerging magnetic materials, amorphous magnetic 
material and soft magnetic composite, and aims to address 
specifically the iron losses in inverter-driven high speed electric 
machines for automotive applications. In the paper, a three 
phase brushless axial field permanent magnet machine is 
considered due to its compact shape and its high torque, power 
density and efficiency. 3D finite element analysis (FEA) was 
used to model and analyze axial field machines that utilize such 
magnetic materials. A cut version of amorphous magnetic 
material has been used successfully in the stator, and a direct 
comparison of amorphous magnetic material and soft magnetic 
composite stators are also given. The paper presents detailed test 
results to examine the influence of rotor magnet design, magnet 
type and air gap length, and provides the performance 
characteristics of the motor configuration, including drive and 
motor efficiencies. In addition, a number of motor parameters 
were simulated using the 3D FE analysis tool, including back- 
EMF profile and cogging torque. 

I. INTRODUCTION 
In recent years, the requirements for better performance, 

safety, reliability, and lower cost and emissions in 
automobiles have driven the development of electrical 
machines using innovative materials and design techniques. 
Some of the targeted automotive applications include energy 
storage devices, starter/alternators, wheel traction motors, 
auxiliary machines and superchargers. 

In addition, the introduction of variable-speed motor drives 
in these applications offers higher efficiency over a wide 
range of operating conditions. Furthermore, there is a trend in 
automotive applications to increase the operating speed of 
electric motors for a given output power in order to achieve 
size, weight and cost reductions. Although using 
variable-speed drives (motor and power electronics) can save 
significant amounts of energy, the losses in electrical 
machines constrain the overall efficiency of the drive, 
specifically during high speed operation. Moreover, the 
output characteristics of electrical machines and their 
production cost have also a significant effect on their 
selection. 

Two sources of losses in machines are copper loss in the 
stator winding and iron loss in the magnetic core. Better 
utilization of copper in the magnetic circuit design can reduce 
the copper losses. The iron losses in machines however, are 
strongly affected by the frequency of the excitation, which is 
proportional to the speed of the machine.  In order to reduce 
iron losses it is important to consider using alternative 
magnetic materials in the core of the machines. 

Despite rapid advancements in the areas of power 
electronics and controls, the basic construction of electric 
motors has remained unchanged for over a hundred years. 
Most machines today utilize some form of silicon iron (SI) as 
the core material. Two alternative magnetic materials have 
recently been developed: amorphous magnetic material 
(AMM) and soft magnetic composite (SMC), which can each 
offer unique characteristics which can be utilized to reduce 
the iron losses in electric machines. 

Figures 1 and 2 provide a comparison of SI, AMM and 
SMC materials in terms of their BH curves and iron losses. 
AMM offers extremely low iron loss at high frequencies, and 
has high permeability and good magnetic properties 
compared to SI. Although SMC has higher iron losses than SI 
at 50Hz, it offers lower iron losses at higher frequencies, 
which is important in high-speed motor drive applications. 
Furthermore, SMC is a promising magnetic material 
particularly for small machines.  It has a potential for low cost 
manufacturing and allows the construction of complex 3D 
machine geometries. In addition, SMC has low eddy current 
losses due to its high resistivity, but has relatively low 
permeability and low mechanical strength. Although SMC 
has high hysteresis losses compared to SI, the iron loss of 
SMC becomes comparable to SI at higher frequencies. 

 
Fig. 1:  Measured BH curves of SI (Lycore 230) , SMC (Somaloy 
550+0.6%LB1) and AMM (Metglas, 2605SA1) at 50Hz, B=1T. 

 
Fig. 2:  Measured iron loss versus peak flux density for SI, SMC and AMM 

ring cores at 50Hz. 
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Since the invention of AMM in the 1980s, very few studies 
utilizing AMM in motor applications have been reported in 
the literature. In [2], [3] and [4], stacked AMM laminations 
were used either in the stator or both the stator and rotor of 
radial induction and reluctance motors respectively. Core loss 
reductions of to 50% compared to SI based machines were 
demonstrated. In addition, an AMM based axial field 
brushless permanent magnet (PM) motor was reported in [5], 
which utilized an uncut tape-wound AMM in the stator core. 

Despite the excellent magnetic properties of AMM, the 
difficulty and high cost in material handling and cutting have 
limited its major commercial application to power 
transformers.  This is believed to be due to the lack of a viable, 
accurate and cost effective cutting technology.  Recent 
developments in this area show promising results to 
overcoming this issue [9] which could allow AMM to be more 
widely used in electrical machines. 

In various applications, axial-field permanent magnet 
(AFPM) machines are gaining popularity primarily due to 
their compact shape, higher torque and power density, and 
higher efficiency [6, 7 and 8]. In addition, AFPM machines 
are well suited to the use of AMM due to their suitability to a 
tape-wound structure. 

Therefore, this paper considers a motor design to utilize the 
benefits of an AFPM structure for automotive applications. 
Stators utilizing both AMM and SMC material were 
constructed, and the electrical characteristics of the motor 
configurations were investigated.  

The paper utilized a finite-element package software, 
JMAG, to analyze the motor operation. In addition, a selected 
number of experimental results were given in this paper to 
investigate the influence of rotor magnet design and air gap 
length, and to provide the performance characteristics of the 
motor drives, including drive and motor efficiencies. 

II. AFPM MOTOR AND DRIVE SPECIFICATIONS 
Two identical small three-phase stator cores (a cut AMM 

lamination stator and a SMC stator) have been constructed. 
Their dimensions are as follows:  outer diameter 32mm; inner 
diameter 11mm; and height 13mm. The stator cores used in 
the AFPM motor design are shown in Fig. 3. The AMM core 
was constructed by wrapping AMM ribbon into a coil and the 
three stator teeth were cut using the abrasive water jet 
technique developed in [9]. 

     
                   a                                       b                                     c 

Fig. 3:  The stator cores of the AFPM test motors a) using cut AMM ribbon 
b) using SMC c) a stator with windings (9Ω, 5.2 mH) 

A number of rotor magnet configurations were designed 

and built based on the available commercial magnets as 
shown in Fig. 4. 

   
a         b 

   
c         d 

Fig. 4:  The rotor configurations investigated: 
a) 4 pole (Rotor 1) and 2 pole (Rotor 2) with 12mm Neodymium 

disc magnet rotors. 
b) 2 pole 20x12.5mm block (Rotor 3) and 15mm disc (Rotor 4) 

Neodymium magnet rotors. 
c) 8 pole with back iron (Rotor 5) and 4 pole without back iron 

(Rotor 6) Neodymium ring magnet rotors. 
d) 8 pole with iron (Rotor 7) and without back iron (Rotor 8) 

Ferrite disc magnet rotors. 

Figure 5 shows the custom-built flexible test setup. The 
setup is designed to test a wide range of axial flux stator and 
rotor configurations and to allow easy variation of the air gap 
length. The setup includes a high-speed DC machine (ASTRO 
- 15 Super Ferrite) for loading the AFPM motor configuration 
under test. A special attachment introduced in the test setup 
allows the variation of the axial air gap length of 0.5mm up to 
10mm and within accuracy of 0.1mm. In addition, the setup is 
designed to achieve a good stability and rigidness during high 
speed operation and can accommodate motors up to 80mm in 
diameter. 

 
Fig. 5:  The photo of the custom-built flexible test setup 

Figure 6 shows the block diagram of the brushless AFPM 
motor drive, which was implemented to test the motor 
configurations considered. In the control system, the rotor 
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position was obtained using three Hall-Effect sensors 
separated by 120°, which were excited by a separate 
custom-built PM disk. 

The integrated inverter module (International Rectifier 
IRAMX16UP60A) receives the switching signals from the 
PIC16F877A microcontroller and generates the three-phase 
voltages for the star-connected motor. In the microcontroller, 
pulse-width modulation was implemented both to limit the 
starting current and to control the speed of the motor. 

A power analyzer was also utilized in the setup to measure 
inverter input (dc) and output (ac) power. 
 

 
Fig. 6:  The block diagram of the brushless AFPM motor drive 

III. FINITE ELEMENT MODELING OF THE MOTOR DRIVE 
Due to the complex 3D geometry of axial flux PM 

machines, conventional 2D finite-element methods (FEM) 
cannot be used. Therefore, the 3D FEM software package 
JMAG-Studio 8.0 was employed to simulate and predict the 
characteristics of the test motors.  

At the initial stage of simulation study, as JMAG provided 
built-in SMC material characteristics, the performance of the 
SMC stator core was modeled for verification. Due to the lack 
of symmetry in the test machine, the complete stator and rotor 
needed to be modeled. Figure 7 illustrates a sample 3D mesh 
(with 80,068 elements and 13,937 nodes) and a view of the 
magnetic flux density vectors for the SMC stator and rotor 2. 

   
Fig. 7: 3D FEM models of a AFPM motor configuration, mesh model (left) 

and magnetic flux density vector display (right) 

Figure 8 shows the simulated and measured back-EMF 
waveforms for various air gap lengths for the stator/rotor 
configuration considered in Fig. 7. There is a good 
correspondence between the simulated and measured results 
which gives confidence in the accuracy of the 3D 
finite-element modeling approach used.  The small 
discrepancies in their amplitudes that may be due to slight 
variations in the air gap length in the test setup. 

Figures 9 and 10 were used to verify the measured phase 

voltage and current waveforms of the motor drive. The 
simulation results are from a time-stepping coupled-circuit 
3D finite-element simulation.  The simulation results are in 
good agreement with the measured waveforms. The 
discrepancies in the waveforms may be due to high flux 
leakage and the switching losses of the power module that 
were not considered in the simulation. 

 
Fig. 8: Simulated and measured phase back-EMF waveforms  

 
Fig. 9: Simulated and measured phase voltage waveforms 

 
Fig. 10: Simulated and measured phase current waveforms 
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Figures 11 and 12 provide the simulated plots for the axial 
force and the cogging torque.  These were obtained under 
zero excitation in the 3D FEM tool.  Due to hardware and time 
limitation it was not possible to obtain experimental 
confirmation of these results.  

 

 
Fig. 11: Simulated instantaneous force as a function of rotor angle (top) and 

simulated average force as a function of air gap length (bottom) 

 
Fig. 12: Simulated cogging torque as a function of rotor angle, 1mm air gap 

Figure 11 shows that the single-sided configuration has 
large axial forces (about 15N for a 1mm air gap) which can 
produce large bearing losses. In order to reduce the axial 
force, a double-sided stator design (i.e. two stators, one on 
each side of the disc rotor) can be utilized. The average axial 
force decreases as the air gap length increases due to higher 
flux leakage as shown in Fig. 11 (bottom). 

The predicted cogging torque as a function of rotor position 
is given in Fig. 12, which can be considered acceptable for the 
AFPM motor under test taking into account its salient pole 
structure.  

IV. PERFORMANCE CHARACTERISTIC STUDIES 

A. Influence of Rotor Configurations and Magnet Type 
A number of tests were performed to study the relationship 

between the rotor configurations and the back-EMF 
waveforms. Figure 13 shows the back-EMF waveforms of the 
rotor configurations given in Fig. 4, which are scaled for 
clarity. All the results were obtained under identical operating 
conditions: at a speed of approximately 4000 rpm and an air 
gap of 1mm. 

 
Fig. 13: Phase back-EMF waveforms for various rotor configurations at 

4000rpm and with a1mm air gap. 

The test results revealed that, as expected, the pole-arc of 
the magnets has a direct influence on the dip in the back-EMF 
waveform. A smooth flat top was observed in the back-EMF 
waveform for the rotor configuration having 4 pole ring shape 
magnets which has nearly 180 degrees pole-arc (Rotor 6). 
However, no flat top was observed for the 8 pole ring shape 
magnet with back iron and smaller north and south poles 
continuous sections (Rotor 5). Moreover, it was observed that 
using back iron in the rotor changes the back-EMF shape and 
increases its amplitude. 

The magnitude of the back-EMF waveforms for the rotors 
with ferrite magnets were about 50% less than the neodymium 
magnet rotors. This is also due to the shape of the magnets 
covering small portion of the pole areas of the stator teeth. 

Table I compares the performance for the same output 
torque and speed of the motor configurations with 2 pole 
rotors with neodymium magnets of different size and shape 
(see Fig. 4). The three rotor types have significantly different 
efficiencies due to variations in the iron and copper losses.  
For example Rotor 2 has the smallest back-EMF constant and 
so requires the highest current to generate the same level of 
output torque. This results in the highest copper loss and 
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hence the lowest efficiency. Rotor 4 which has slightly larger 
magnets than Rotor 2, offers 15% greater efficiency due to its 
higher back-EMF constant. Finally, Rotor 3 with the largest 
magnets has the highest back-EMF constant and hence the 
highest efficiency. 

TABLE I 
COMPARISON OF PERFORMANCE USING ROTOR WITH NEODYNIUM MAGNETS 

@ 2500RPM, AMM  STATOR, AIR GAP 1MM 
Rotor EMF 

constant 
V/rad/s 

No load 
loss 
W 

Output 
Power 

W 

Iron 
Loss 
W 

Copper 
Loss 
W 

Efficiency
 

% 
2 0.009 0.58 1.80 0.33 2.78 37 

3 0.016 0.50 1.70 0.30 0.82 61 

4 0.015 0.55 1.80 0.46 1.14 53 

 
It should be noted here that the back-EMF waveform 

together with the current excitation method implemented in 
the brushless PM motor drives directly affect the shaft torque 
ripple. 

B. Influence of Air Gap Length 
The air gap length is an important parameter in axial-field 

PM machines as it affects the machine’s output torque and 
efficiency.  

Measurements of the iron loss, back-EMF voltage and 
efficiency were conducted for both AMM and SMC stators 
and under four different air gap lengths: 1mm, 2mm, 3mm and 
4mm. The selected set of results given in Fig. 14 were 
obtained using the 2 pole rotor configuration shown in Fig. 4b 
(Rotor 3).  This rotor was chosen as it gave the highest 
efficiency. 

The iron loss characteristic shown in Fig. 14 (top) was 
obtained from the measured open-circuit torque loss versus 
speed characteristic of the motor when driven by a DC 
machine.  As can be seen, the iron loss increases with speed 
but decreases with air gap length. 

The phase back-EMF is linearly proportional to speed and 
decreases as the air gap length increases as shown in Fig. 14 
(middle). From these results, the use of a small air gap in 
AFPM motors result in a higher back-EMF but higher iron 
losses. 

Furthermore, as shown in Fig. 14 (bottom), for a constant 
air gap length, increasing the output torque decreases the 
efficiency.  This is because copper losses are dominant in this 
design (see Table 1) and so the losses are proportional to the 
square of the current while the output power is proportional to 
the current. This figure also shows that for a given torque, 
increasing the air gap length reduces the back-EMF which 
increases the required current and hence reduces the 
efficiency. 

It was found that the motor input current was significantly 
affected by the no-load loss torque of the DC load machines 
(low inertia ESCAP34L11 and ASTRO-15 motors). As a 
result of the tests, it was found that the no-load loss of the two 
DC motors was observed to be about 10 times higher for 
ASTRO-15 motor compared to ESCAP motor.  

 

 

 
Fig. 14: Performance characteristics of the motor drive under constant 

voltage and varying air gap lengths: iron loss versus speed (top), phase back 
EMF E versus speed (middle), and efficiency versus output torque (bottom). 

Furthermore, it was found that a given test machine was  
able to achieve a speed of 5500rpm with ESCAP DC motor 
but only a speed of 3500rpm with ASTRO-15 DC motor. 
However, the ESCAP machine was unable to drive the rotor 
shaft as high torque is required to overcome the strong 
cogging torque of the machine. This effect was especially 
important for small air gap lengths and for the AMM stator 
which has high permeability. 

Table II shows the efficiency of the motor drive obtained 
by measuring the input and output powers of the inverter 
using a digital power meter (YOKOGAWA, model WT1600) 
for the AMM stator. An inverter efficiency of 15-16% was 



measured for different rotor configurations and air gap 
lengths. The low inverter efficiency is primarily due to the low 
rated output voltage and power of the test motor compared to 
the inverter rating. Similar efficiencies were also observed for 
SMC stator. 

TABLE II 
INVERTER EFFICIENCY % FOR DIFFERENT ROTOR AND AIR GAP LENGTH 

Air Gap Length Rotor Speed 
(rpm) 
1mm 

1mm 2mm 3mm 4mm 

1 1,900 15.1 15.2 15.2 15.2 

2 3,540 15.5 15.0 15.7 15.7 

3 2,760 15.7 15.8 15.9 15.9 

4 2,930 15.5 15.6 15.7 15.5 

C. Comparisons of AMM and SMC 
The AMM and SMC stators have identical dimensions and 

have identical stator windings.  They were tested with the 
same rotor (Rotor 3) and the measured parameters are given 
in Table III.  This shows that the stators have similar 
back-EMF constants, coil inductances and coil resistances. 
The AMM based motor offers 50% less iron loss than the 
SMC based motor.  It was expected that the AMM stator 
should offer significantly lower iron loss than SMC by at least 
an order of magnitude (see Fig. 2).  The difference may be 
associated with extra losses associated with the 
three-dimension flux distribution in the machine which could 
cause fluxes which are perpendicular to the laminated 
direction.  This issue requires further investigation. 

TABLE III 
COMPARISON OF PARAMETERS AT 3000RPM, AIR GAP 1MM 

Stator EMF  
constant 
V/rad/s 

Coil 
Inductance 

mH 

Coil 
resistance  

Ω 

Iron 
Loss 
W 

AMM 0.016 5.0 9 0.4 

SMC 0.016 4.7 8.9 0.8 

The factors affecting the efficiency of the motors under 
load are summarized in the following figures. Figure 15a 
shows the components of the power losses (copper and iron) 
and the output power. In Fig. 15b, the efficiency versus output 
torque characteristics are given. 

It can be observed in Fig. 15 that as the load increases the 
speed of the motor decreases, and the AMM based motor 
develops slightly higher torque than the SMC motor. In 
addition, the efficiency of the AMM machine is also higher 
but the difference decreases as output torque increases. This 
can also be observed in Fig. 15a from the substantial increase 
of the copper loss as the load increases. 

As shown in Fig. 15a, about 50% higher iron loss was 
measured in the SMC based motor using Rotor 3. However, 
for other rotor configurations, the smaller percentage of iron 
loss was observed in both types of stator. 

 
a 

 
b 

Fig. 15: Load tests for AMM and SMC motors: 
a) Components of power characteristics (output power, iron loss and copper 

loss) versus speed, at constant voltage of 15 V dc and at an air gap of 1mm. 
b) Efficiency versus output torques. 

Similar results to those described above, were observed for 
other rotor configurations, in which the AMM core offers 
slightly higher output torque and lower copper and iron losses 
compared to the SMC core. As a result, significantly higher 
efficiency is achieved in the AMM core. However, the high 
permeability of AMM and the high magnetic flux of the 
neodymium magnets create a strong axial force in the AFPM 
motor. Therefore, a higher no-load loss was observed in the 
AMM stator and Rotor 1 (4 pole Neodymium magnets) 
configurations specifically at smaller air gap lengths as shown 
in Fig. 16a. This results in smaller output torque and higher 
copper loss. 

However, the effect is minor for the SMC core. As seen in 
Fig. 16b, a lower efficiency is observed only at 1mm air gap 
length. Therefore, about 50% higher efficiency is achieved in 
the SMC based motor using Rotor 1. As indicated above, the 
efficiency of the AMM machine was greatly affected by the 
attractive force, which will be addressed in the future studies. 



 
a 

 
b 

Fig. 16: Load tests of the AMM and SMC motors at various air gap lengths: 
a) No load loss versus speed characteristics 
b) Efficiency versus output torque characteristics 

V. CONCLUSION 
This paper investigated the performance of an axial-field 

permanent magnet motor utilizing two emerging magnetic 
materials, cut AMM and machined SMC. 

The motor configurations were modeled by a 3D FE based 
electromagnetic analysis tool and tested using a custom built 
test setup. In the simulation study, the characteristics of the 
motor configurations and the accuracy of the finite-element 
prediction were investigated. The entire motor drive was also 
implemented to study the motor as well as the inverter 
characteristics.  

The key results are: 
• In the motor design, the shape and amplitude of the 

back-EMF waveforms are affected by the magnet type, 
magnet spacing and the presence of rotor back iron. 
Higher efficiency is achievable with higher values of 
back-EMF constant associated with larger magnet pole 
areas. 

• Larger air gap length offers smaller iron loss but smaller 
back-EMF constant. For the test motors considered 
where copper loss is dominant, increasing the air gap 
length decreases efficiency due to the significant increase 
in input current and hence copper losses. 

• Higher torque and efficiency is achievable with the 
AMM stator compared to the SMC stator. However, the 
axial force is significantly larger with the AMM stator 
which has a significant influence on efficiency due to the 
increased no load bearing drag losses. 

• The results from the 3D finite-element analysis modeling 
tool utilized in this study showed good correspondence 
with the measured performance of the axial-field PM 
machines.   
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