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FIELD CONTROLED AXIAL-FLUX PERMANENT-MAGNET 

MACHINE 
 

MASZYNA TARCZOWA Z MAGNESAMI TRWAŁYMI I REGULOWANYM 
WZBUDZENIEM 

 
Abstract: This paper presents the concept of an innovative field-controlled axial-flux surface-mounted perma-
nent-magnet machine. To show the work principle and applicability of a idea of air-gap flux control the dual-
rotor with inner slotted stator machine is investigated and analyzed in detail using tree-dimensional finite-
element analysis (3D-FEA). The control range, back EMF, torque output and cogging torque component have 
been evaluated. 
 
Streszczenie: Artykuł przedstawia koncepcję maszyny tarczowej z magnesami trwałymi mocowanymi po-
wierzchniowo i regulacją wzbudzenia. W celu przedstawienia zasady działania i możliwości zastosowania idea 
regulacji strumienia wzbudzenia opracowano i poddano analizie polowej trójwymiarowy model maszyny 
z wirnikiem dwutarczowym i wewnętrznym żłobkowym stojanem. Wyznaczono zakres regulacji wzbudzenia, 
napięcia indukowanego w uzwojeniach stojana i momentu obrotowego oraz moment zaczepowy. 
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1. Introduction 

Nowadays permanent magnet (PM) machines 
have been used in a wide range of applications. 
Motor efficiency is improved, and higher power 
density is achieved. Although conventional ra-
dial-flux PM machines (RFPM) are the most 
widely used type of PM machines, axial-flux 
(AFPM) machines have been gaining popularity 
in applications where the used conventional 
machines are not appropriate, such as hybrid 
traction motors and generators. They can be de-
signed for higher torque-to-weight ratio, better 
efficiency and lower noise and vibration levels. 
However, the main drawback of AFPM ma-
chines arises from the area of field weakening. 
Advances in material technology have allowed 
to arrive at new machine configurations in order 
to achieve flux weakening in a simple manner. 
There presently exist a number of alternative 
solutions to eliminate this problem in radial and 
axial-flux machines. 
This paper aims to address the field-weakening 
constructions in AFPM machines by suggesting 
an idea of air-gap flux control. The idea can be 
easily applied to any axial-flux machine, in-
cluding multiple structures. 
To show the application  of the idea, the ma-
chine with  flux control dual-rotor and single-

stator (FCAFPM) is chosen and analyzed using 
the finite element analysis (FEA). 

2. Structure and principles of FCAFPM 
machine 

Airgap flux control technique for one pole pair 
section in  a simple PM rotor with the dc con-
trol coil on the stator of  is presented in Fig. 1. 

Unlike the conventional  d-axis current injec-
tion field-weakening technique, dc field 
winding control is used to slight polarization of 
the rotor iron poles . In accordance with the 
magnitude and direction of the excitation cur-
rent, the air-gap flux across the pole section can 

Idc < 0 Idc = 0 Idc > 0 

Fig. 1. Method of field-weakening and 
strengthening in PM machines with positive 
(right) and negative (left) dc fields 
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be increased or reduced. The air-gap flux densi-
ties resulting from different dc excitation acting 
on the double sided machine stator winding, ac-
cording to Fig. 2c, become different and the in-
duced EMF is reduced or increased.     
The stator and rotor structures of the FCAFPM 
machine are shown in Fig. 2. The stator is 
formed by sheet steel toroidal core, circumfe-
rentially wound dc field winding and two sets 
of three-phase windings. The dc field winding 
is placed inside the hole of the slotted stator 
core between the inner stator end-winding. 
The machine rotor is formed by two magnetic 
rotor disks, arc-shaped iron pieces, arc-shaped 
axially magnetized NdFeB magnets mounted on 
the surfaces of the two rotor disks, magnetic 
tube made from SMC material and a shaft. It 
should be pointed out that a rotor pole is formed 
by PM and iron pole piece and there exists 
some space between them in order to lessen the 
leakage. 
The main motor dimensions and parameters are 
presented in Table 1. 

a) 

b) c) 

Fig. 2. 3D FEM model structure of FCAFPM 
machine –a); rotor parts –b); stator parts –c) 

Table 1. The main date of the analyzed 
FCAFPM machine 

Number of poles 12 
Magnet type NdFeB 
Magnet Br 1.2 T 
Magnet permeability 1.05 
Stator outer diameter 240.0 mm 
Stator inner diameter 140.0 mm 
Airgap iron pole/PM 0.5/2.5mm 
PM length 8.0 mm 
Iron pole length 10.0 mm 
Stator axial length 80.0 mm 
Rotor disc axial length 20.0 mm 
Number of slots 36 
Width of the slot opening 2.0 mm 
  

The dc field winding can weaken or strengthen 
the air-gap flux, depending on the direction of 
the field current (Idc). Figures 3 and 4 show the 
air-gap flux density for zero (Idc=0), positive 
(Idc>0) and negative (Idc<0) dc field current cas-
es. As can be seen from the plots, the air-gap 
flux in front of the iron pole changes its direc-
tion and magnitude, depending on the direction 
of the dc field current. Since the PM flux 
change slightly with the field current, the total 
flux in the air-gap alters with the direction of 
the dc field current and the magnitude. 
Figure 3 shows the 2-D flux density distribution 
over one magnet and iron pole section of the 
rotor for three different cases of the dc field 
current and proves the principles of the air-gap 
flux control. It should be pointed out that field 
current Idc≠0 corresponds to dc control coil cur-
rent density equal jdc =5A/mm2. The slotting ef-
fects of the machine stator are monitored from 
the three parts of the figure 4. 

 

Fig. 3. Two-dimensional air gap flux density 
distribution for different values of the dc field 
current over magnet and iron pole  

Moreover it should be noted that the flux boost-
ing is limited both by the current density of the 
dc field and the iron saturation mainly. Figure 5 
shows the magnetic flux distribution within 
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3D-FEM model of FCAFPM machine for dif-
ferent polarities and values of dc field current. 

 

  

Idc < 0 Idc = 0 Idc > 0 

Fig. 4. Air-gap flux density distribution for dif-
ferent values of the dc field current over mag-
net and iron pole 

 

  

Idc < 0 Idc = 0 Idc > 0 

Fig. 5. Rotor and stator magnetic flux distribu-
tion for different dc field current 

3. No-load characteristics 

The air-gap flux can be thought of as the com-
bination of magnet flux and iron flux due to 
dc field winding. Figure 6 shows the air-gap 
flux components: magnet flux, iron pole flux 
and total flux values over one pair of poles at 
no load as the dc field current varies. 

Each component of the airgap flux is obtained 
using 3D-FEA. As can be seen from the Fig. 6, 
the total air-gap flux can be weakened or 
strengthened with respect to the zero dc current 
case. With the variation of ±6500 Ampere-
turns, the air-gap flux control range at no load 
becomes roughly 71% with field-strengthening 
and 93% with field-weakening. This way a rea-
sonable range of field weakening can be ob-
tained with reasonable dc field current. 
Figure 7 shows the back EMF of the model ma-
chine under various field strengths. 

 
Fig. 7. Back EMF waveform for different 
values of the dc field current at 1000 rpm 

A significant field control capability is clearly 
observed. Attention should be drawn to the ra-
tio of the EMF values that are changed from the 
maximum value to the minimum value. Accord-
ing to simulation FEA results contained in table 
2 it can be concluded that the field-weakening 
ratio of 4:1 and higher can be obtained. 

Table 2. Back EMF values in Volts at differ-
ent dc field current 

 Idc < 0 Idc = 0 Idc > 0 
EMF(rms) 163.8 99.5 34.7 
EMF(av) 150.6 91.6 37.1 
    

Electromagnetic torque characteristics of the 
machine as a function of dc field current and 
armature currents are shown in Fig. 8. 

Fig. 8. Electromagnetic torque for different 
values of the dc field current 

As can be seen from these static torque charac-
teristics, machine torque increases as the arma-
ture current increases. Peak torque variation 
against armature current for a given dc field 
current is close to linear.   
With the variation of armature current density 
ja=1÷6 A/mm2, the electromagnetic torque con-
trol range at load becomes roughly 35% with 
strengthening field and 80% with weakening 
field. 
Figure 9 shows the cogging torque which is one 
of the most important sources of torque pulsa-
tions in PM machines. It can be minimized us-
ing various techniques. 

Fig. 6. Air-gap PM, iron and total flux of the 
machine over one pair pole of machine 
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Fig. 9. Cogging torque for different values of 
the dc field current 

The cogging torque has a peak value of 3.0 Nm 
for Idc=0 which is roughly 4 % of the predicted 
machine rated torque 70 Nm. In other cases 
cogging torque has a peak value of 12.7 Nm for 
Idc<0 and 5.0 Nm for Idc>0. 

4. Conclusion 

The novel concept of air-gap flux control in 
both weakening and strengthening regions has 
been introduced for axial-flux surface mounted 
PM machines. 
The 3D FEA of the topology has been illu-
strated for different field currents to prove the 
flux weakening and strengthening concept. It 
was found out that a reasonable range of field 
weakening can be obtained with practical dc 
field currents. The control range, back EMF, 
torque output and cogging torque component 
have also been analyzed. It has been demon-
strated that the idea allows an easy control of 
the axial-gap machine without any negative ef-
fects of current injection. This concept of ma-
chine is one of the PM-machine which is capa-
ble of true field weakening. 
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