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Abstract. The paper presents a design of an axial-flux surface-mounted permanent-magnet generator with flux-regulation capability. Based on three-

dimensional finite-element analysis (3D-FEA), the no-load air-gap magnetic flux density, flux-control characteristics, cogging torque and electromagnetic 
torque of the machine have been predicted. Simulation results of no-load back-EMF waveforms performed at different DC control coil excitations have 

been compared with experimental results. 
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GENERATOR TARCZOWY Z MAGNESAMI TRWAŁYMI Z ELEKTRYCZNIE 

KONTROLOWANYM WZBUDZENIEM 

Streszczenie. W artykule przedstawiono projekt generatora tarczowego z powierzchniowo mocowanymi magnesami trwałymi z możliwością regulacji 

strumienia wzbudzenia. Na podstawie trójwymiarowej analizy polowej metodą elementów skończonych (3D-MES) wyznaczono rozkład indukcji 

magnetycznej w szczelinie powietrznej, charakterystykę regulacji strumienia, moment zaczepowy oraz moment elektromagnetyczny maszyny. Symulowany 
przebieg napięcia indukowanego w uzwojeniach stojana w funkcji prądu DC dodatkowego uzwojenia wzbudzeniu maszyny porównano z wynikami 

eksperymentalnymi. 

Słowa kluczowe: maszyna tarczowa, generator z magnesami trwałymi, wzbudzenie hybrydowe, regulacja strumienia, regulacja napięcia 

Introduction 

Nowadays, development in the field of unconventional 

permanent magnet (PM) synchronous generators with adjustable 

flux capabilities is clearly observed. They can effectively regulate 

terminal voltage with an inverter control technique or a hybrid-

excitation technique with a flux-control (FC) capability, and they 

can be used in propulsion applications with frequent rotational 

speed variations such as generators in small wind turbines 

mounted at low altitudes. 

In order to control the air-gap flux of a PM machine 

successfully, many different novel machine concepts have been 

recently designed [1–7, 9, 11–15]. This increased attention is 

mainly due to their wide speed-control range with flux-weakening 

(FW) or field-strengthening (FS) operation.  

It should be noted that although PM machines have limits, 

e.g the risk of demagnetization of the PMs, they are still the most 

used type of machines in variable speed drive applications. 

Ensuring the effective air-gap flux control of the machine in FW 

operation is also a challenge. 

The paper shows a design and the preliminary results 

of a Field-controlled Axial-flux PM machine (FCAFPM-machine) 

with the FC feature. A field control range (FCR) factor was 

introduced and used in the study as a measure of the effectiveness 

of the machine flux control. The FCR factor is calculated as the 

ratio of the linked flux Ψs of the machine, taken from the FS 

operation, occurring under a positive DC control coil current 

(IDC+), to the FW operation, arising under the negative value of the 

DC control coil current (IDC-). 

1. Structure of FCAFPM-machine design 

1.1. FCAFPM-machine topology description 

The base model of the FCAFPM machine is a PM axial flux 

machine consisting of an inner double-wound stator and two outer 

rotors. Additional elements of the FCAFPM are a metal bushing 

(7) connecting the rotors and an additional DC control coil (5) 

fitted inside the stator, as shown in Figure 1. It should be pointed 

out that the presented machine design has been previously 

investigated and partially described in [8, 10]. 

The stator of the FCAFPM machine can be made of one 

or two toroidal cores (1), around which the phase windings (6) 

are wound. An additional DC coil (5) with 500 turns is mounted 

on the inner surface of the stator. The coil resistance is 4.8 Ω. 

The DC coil, as an additional excitation of the constant field 

together with the stator, is stationary, thanks to which there are no 

brushes and slip rings for it. The rotor’s magnetic circuit consists 

of two disc yokes (2) and a connecting metal bushing (7). Six iron 

(4) and PM (3) poles are mounted alternately facing each other on 

each disc. All magnets are axially polarized in the same direction. 

The rotor disks (yokes), iron poles (IP) and the bushing are made 

of magnetic steel and rotate on a non-magnetic shaft (8). 

 

Fig. 1. Structural model (a) and 3D fine element method (FEM) model 

(b) of FCAFPM-machine 

The selected dimensions of the proposed machine are listed 

in Table 1. Each disc has 6 pairs of poles, which gives a total 

of 12 pairs of poles. The machine does not have additional 

cooling, so it was assumed that the current density in the stator 

and DC coil windings would not exceed 5 A/mm2. It should be 

noted that the presented machine design is not optimized yet, and 

is intended for low speed generator design. 

Table 1. Dimensions of proposed FCAFPM-machine 

Parameters value 

External radius of the stator 300 mm 

Internal radius of the stator 180 mm 

Thickness of the stator 100 mm 

Number of stator slots 36 (double sided) 

Axial length of the rotor disk 20 mm 

Thickness of the IP 15 mm 

Dimensions of the PM 50x50x12 mm 

Height of the air gap above the IP 1 mm 

External radius of the rotor bushing 50 mm 
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1.2. FCAFPM-machine prototype 

Figure 2a shows a FCAFPM-machine prototype which has 

been developed and assembled for validation purposes. Figure 2b 

shows the stator and rotor components before machine assembly, 

where the PMs are protected against mechanical damage 

and centrifugal forces with special 3D-printed shields. The DC 

control coil is located between the front terminals of the stator 

coils and is sealed with epoxy resin. 

 

Fig. 2. FCAFPM-machine prototype (a) and stator and rotor components before 

assembly (b) 

Figure 3 shows the manufactured rotor disc with IPs already 

mounted, along with its main dimensions. The IP base has 

the shape of an isosceles trapezoid with arms inclined to each 

other at an angle of 45°. This IP shape was used to reduce 

the cogging torque of the PM machines. The primary excitation 

field of the generator is from the cuboid-shaped PMs that 

are mounted between the IPs. The PMs are made of N-38SH 

material with the following basic parameters: remanence = 1.23 T, 

coercivity = 907 kA/m at 20°C, and (BH)max ≈ 300 kJ/m3. Both 

the IPs and PMs are mounted on the rotor in a special groove with 

a depth of 1 mm. The IPs are bolted to the rotor yoke with screws, 

while the PMs are glued and surrounded by a 3D-printed shield. 

The thickness of each PM is 12 mm and the thickness of each IP 

is 15 mm, which results in an air gap above the magnets of 4 mm, 

and over IPs of 1 mm. 

 

Fig. 3. Design of disc type rotor yoke with IPs 

2. Results of FEM simulation and experimental 

tests 

This part of the article presents the 3D-FEA results including 

magnetic flux density distribution, air-gap flux density, no-load 

flux linkage, cogging torque, phase winding back-EMF 

waveforms, and experimental validation. 

2.1. Magnetic field test results 

The magnetic flux from the PMs and the additional constant 

magnetic field generated by the DC coil current (IDC) together 

constitute the total flux of the machine tot. Air-gap flux 

regulation is achieved by increasing the current IDC. In other 

words, magnetic flux generated by the DC excitation windings 

DC interacts with the magnetic flux excited by the PMs (PM). 

In the FW operation, the magnetic flux produced by the DC 

excitation coil reduces the total air-gap flux. When the DC current 

reverses its direction, the total air-gap flux is increased. 

This relation can be express by the following equations: 

 tot = tot/PM+tot/DC (1) 

 tot/PM = PM/PM+IP/PM (2) 

 tot/DC = PM/DC+IP/DC (3) 

where: tot – total air-gap flux; tot/PM – air-gap flux component 

created by a PM over one pole; tot/DC – air-gap flux component 

created by the DC excitation field over one pole; PM/PM – air-gap 

flux component created by a PM in front of the PM pole; 

IP/PM – air-gap flux component created by a PM in front of the IP; 

PM/DC – air-gap flux component created by the DC excitation field 

in front of the PM pole; and IP/DC – air-gap flux component 

created by the DC excitation field in front of the IP. 

In order to evaluate the performance and air-gap flux control 

of the machine concept, a simulation study was carried out. 

The simulation study was performed by using 3D finite element 

analysis (3D-FEA) at various levels of magnetomotive force 

(MMF) excited by the DC control coil. In this study, the MMF, 

expressed as ampere-turns (AT), is defined as the product of the 

DC control coil current IDC and the number of turns of the coil. 

Figure 4 shows the no-load magnetic flux density distribution 

on the rotor and stator cores of the machine (left) and the magnetic 

flux density in the middle of the air-gap (right). The 3D-FEA 

model of the FCAFPM machine was developed in the ANSYS 

software package and was limited to one sixth of the whole 

machine. 

Figure 5 shows the air-gap flux distribution under three 

different MMFs, for comparison, meaning under no-load (IDC = 0) 

and IDC = ±5A (MMF ±2500 AT) loading conditions. 

 

Fig. 4. Magnetic field distribution in the machine (left) and the two-dimensional 

air-gap flux density distribution over one pole pair under different MMF excitations 

– 0 and ±2500 AT (right). 

 

Fig. 5. Air-gap flux density distribution over one pole pair under different MMF 

excitations – 0 and ±2500 AT 
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In order to predict the no-load FC characteristics of the 

machine, 3D-FEA investigations were carried out. 

Figure 6 shows phase magnetic flux linkage waveforms 

produced by the rotor permanent magnets, and the DC excitation 

field for three different MMFs. 

The results in Figures 4 and 5 show that the MMF generated 

by the DC in the extra coil changes the air-gap flux distribution, 

and consequently, the stator flux linkage (s) is effectively 

changed. The result can be seen in Figure 6, where the maximum 

values of flux linkage sm under different MMF excitation levels 

operations are changed (under FS-operation, it is 780 mWb, 

no-load = 232 mWb, and FW-operation = 114 mWb). The results 

confirmed that controlling the DC field excitation successfully 

changes the stator flux linkage. The results also show that the FW 

operation is less effective than the FS operation, under the same 

MMF condition. 

 

Fig. 6. 3D-FEA effect of no-load stator flux linkage (s) waveforms at different MMF 

excitation levels 

2.2. Electromagnetic torque test results 

Low torque ripple is mostly required in generators to reduce 

acoustic noise and mechanical vibration. The effect of the shapes 

of the IP and PM poles on the cogging torque of the machine was 

investigated by a 3D-FEA time-stepping analysis. 

The cogging torque simulation results are shown in Figure 7, 

where it can be seen that the maximum value of cogging torque is 

approximately 2.2 Nm, and this is observed during FS operation. 

During FW operation, the cogging torque waveform is slightly 

different from the waveform obtained under the no-load DC 

excitation field. 

 

Fig. 7. 3D-FEA predictions of cogging torque waveforms at three different values 

of DC control coil current 

The results show that the maximum value of cogging torque is 

significantly increasing during FS operation, and it should be 

reduced, e.g. by considering the skewed stator or rotor method. 

In order to analyse the influence of the DC excitation field on 

the optimum current phase angle for the purposes of maximum 

torque determination, the electromagnetic torque versus angle 

rotor position characteristics were calculated and are shown 

in Figure 8. The electromagnetic torque waveforms including 

cogging torque were analysed for three different MMF conditions 

and at a constant DC armature current (Is) of 100 A for phase 

A and 50 A for phases B and C. 

 

Fig. 8. 3D-FEA results of torque angle characteristics at three different values 

of the DC control coil currents 

The maximum steady torque of the machine is 69.3 Nm 

(for FS operation), 60.4 Nm (no-load MMF) and 46.0 Nm 

(for FW operation). 

3. Experimental validation 

This section compares the simulation and experimental results 

of the back-EMF waveforms obtained under three different 

MMFs. 

3.1. Experimental setup 

To verify the FCR of the machine, an experimental setup for 

the proposed FCAFPM-machine as a generator was built and is 

shown in Figure 9. The machine prototype is mechanically 

connected to a 10-kW PMSM machine. In order to control current 

IDC of the DC control coil, a controllable AC/DC power supply 

unit was used. 

 
 a) b) 

Fig. 9. Experimental setup (a) and oscilloscope screen showing back-EMF 

waveforms (b) for the FCAFPM-machine at a rotor speed of 200 rpm measured 

at two MMF excitations under FW (upper) and FS operation 

3.2. No-load back-EMF control validation 

No-load tests were performed using the PMSM drive machine. 

The tests were carried out at a rotor speed of 200 rpm, 

under different DC excitation fields, where the current IDC was 

varied between positive and negative values. Figure 9 shows the 

terminal voltage achieved at two different MMF excitation levels 

of ±2500 AT. As seen on the oscilloscope screen, the root-mean-

square (RMS) value of the terminal voltage increased from 15.0 V 

to 22.5 V as the excitation of the MMF increased from 0 AT to 

2500 AT (by IDC = ±5.0 A).  

It can be seen that the FW operation does not affect the 

induced voltage waveform, which is trapezoidal. On the other 

hand, the field amplification operation caused the appearance 

of additional harmonics that distorted this waveform. Optimizing 

the geometry of the IPs can reduce or even eliminate this problem. 

Figure 10 compares the no-load terminal voltage 

and the simulation of back-EMF. As can be seen in the figure, 

the measured results match the 3D-FEA predictions well. 
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Fig. 10. Comparison of simulation and experimental results of no-load back-EMF 

waveforms of the FCAFPM-machine at a rotor speed of n = 200 rpm, at three 

different MMF excitation levels 

Table 2 shows the effective values of the electromotive force 

induced in the stator windings at a rotor speed of 200 rpm for 

different magnetomotive forces in the DC coil. It can be seen that 

the results for both MMF = -2500 AT and MMF = 2500 AT are 

very similar, which confirms the correctness of the theoretical 

assumptions and the models. 

Table 2. Phase-induced voltage 

 Simulation Experiment 

MMF = 2500 AT 14.6 V 15.0 V 

MMF = 0 AT 16.0 V 16.2 V 

MMF = -2500 AT 23.5 V 22.5 V 

4. Conclusion 

Both the simulation and experimental results confirm that the 

FCAFPM-machine design concept can be effectively used as a 

generator with regulated output voltage. 

Moreover, the developed FCAFPM-machine concept with air-

gap flux boosting capability has an important feature that allows 

the control of the power energy for several electric machines and 

applications, for example in electric vehicles, where constant 

power operation across a wide range of speeds is required. In the 

same way, the output power of a wind turbine varies in a way 

which is highly correlated to wind speed. It is a challenging task to 

generate the required output power regardless of the wind 

conditions, within a certain range of wind speeds.  

The presented machine prototype can be used as a low-speed 

3 kW power generator with hybrid excitation to overcome the 

variation of output power on wind speed in the range of 50%. 

The full experimental results for both load and fault conditions 

will be presented in future papers. 
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