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 Currently, attempts are being made to harness wind energy by means of non-

conventional electrical machines such as flux reversal machines (FRM). The 

main advantage of the FRM, when compared with existing synchronous 

generators (SG), is that all the active parts like PMs and armature windings 

are mounted on the stator part, whereas leaving the rotor has simple and 

robust. In this study, the three-phase 6/8-pole flux reversal generators (FRGs) 

are selected, sized, designed, and analyzed using finite element analysis 

(FEA). The working principle, choice of stator and rotor poles, and machine 

design dimensions evaluation (analytical sizing procedure), as well as relevant 

performance details are discussed in this paper. This study is used to analyze, 

a popular 6/8 pole, 0.8 kW, 50 Hz, and examine the suitability for the wind 

energy applications in terms of torque and power density, torque ripple, power 

factor, and cogging torque under 2D finite element analysis (FEA). The 

analysis provides an update on the current state-of-the-art and as well as future 

thrust areas of research necessary to bridge the gap on what is still desired for 

the practical application of FRMs for wind energy. 
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1. INTRODUCTION 

The usage of permanent magnet (PM) type electrical machines significantly growing day by day 

because the advantages of high-power and torque density, and efficiency, especially for variable speed drives 

for wind power generation [1]. The need for increased use of wind power generation is well established, 

because of its accessibility throughout the day and possibility for large megawatts power generation [2]. 

In 2020, the wind energy generation is a rapidly growing, economically practical, and highly efficient mode of 

electric power generation, with a global cumulative capacity of installed wind energy is 743 GW. The new 

installed global wind energy capacity was 93 GW as of 2020 as shown in Figure 1, which was a 53% increase 

when compared to 2019 [3]. The International Energy Agency (IEA) annual growth of global wind energy 

installation capacity forecast is a minimum of 14%. This encourages the researcher’s interest in designing and 

manufacturing wind generators for various power levels. Wind energy generators acquire various types of AC 

generators, such as induction generators, permanent magnet synchronous generators (PMSG), and non-

conventional stator PM generators. The PMSG with PMs on the rotor are attractive for large megawatts of 

https://creativecommons.org/licenses/by-sa/4.0/
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wind energy generation applications because of their high energy yield compared to other conventional 

electrical generators [4]. However, rotor PM structures are not good at high powers and speeds because they 

lead to mechanical instability problems. To this end, stator-mounted PMs have been developed and 

commercialized successfully for various applications. 

Generally, PM machines are classified based on the position of the PMs, rotor PMs, and stator PMs. 

The existing PMSG are not suitable for low-speed and variable-speed applications [5], because it require heavy 

mechanical gears to connect with the wind turbines. Therefore, non-conventional stator-excited PM machines 

(SEPMMs) have been proposed for various applications [6]. SEPMMs are most suitable in commercial 

applications compared to the existing electrical machines due to their many advantages. Compared to the rotor-

excited PM machine, SEPM machines are preferable because rotating PMs may cause irreversible 

demagnetization problems, and limit the power density and mechanical instability [7], [8]. There are two types 

of SEPMMs: flux reversal machines (FRM) and flux switching machine (FSM). The first one is a double salient 

SEPMM called a flux switch alternator. When Rauch and Johnson [8] first introduced it in 1955, the rotor 

volume usage was found to be poor, producing stator vibrations and difficulty in stator assembly. To enhance 

the torque density and to help simplify the manufacturing process, Deodhar et al. [9] invented a single-phase 

FRM to replace the standard claw pole alternator for automobile applications in 1997. Wang et al. [10] 

introduced the three-phase FRM in 2000. The machine design was optimized from one phase to three-phase to 

enhance high PM flux-linkage at the armature winding, good electromagnetic performances, and less cogging 

torque. Although the FRM was not the first double salient PM electrical machine, it has bipolar phase, magnetic 

motive force (MMF), and flux variation with regard to the rotor rotation. It also seems that FRM, inherently 

have low self and mutual inductance with rotor displacement and so, it has a low electrical time constant. All 

these features, incorporated with a simple structure of FRM, make it attractive for low-cost variable speed 

generator design [11]. 

Further, to increase the power density of FRM, full-pitched winding is introduced rather than 

concentrated winding, and it is also compared with PMSG by introducing the "fictitious electrical gear" concept 

[12]. It is claimed that full-pitched flux reversal generator (FRG) stator winding is twice as efficient as 

concentrated FRG winding, but this would result in increases in self-inductance is 2.5 to 3 times depending on 

the saturation of the machine, which leads to poor voltage regulation. It is improved with series capacitive 

compensation and compared power density in terms of PMSG, the full-pitched stator winding of FRG is 

13.75% higher, making this structure a suitable competitive one for low-speed drives [12], [13]. In [14], [15], 

comparisons are made between 6/14 rare earth FRG and 28-pole fractional slot PMSG under similar physical 

dimensions, rated speed, and electrical and magnetic loading. The authors concluded that the power density of 

6/14 FRG is 1.5 times that of the 28-pole fractional slot PMSG and that the power factor and voltage regulation 

of PMSG are slightly better than those of FRM. Further, it is claimed that the constant power speed range of 

FRM is better than PMSG, making it the most suitable for low-speed, low-power applications. 
 

 

 
 

Figure 1. The global installation wind energy market capacity 
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In More et al. [16], an outer rotor 6/14 FRM structure with rare earth PMs for rooftop wind turbine 

generators was introduced, and when compared to a 6/14 inner rotor structure with the same outer dimensions, 

it was stated that the outer rotor FRM has 1.25 times higher power density than the inner rotor and improved 

the machine's performance for direct drives. In [17]-[20], a 10 kW, 50 rpm, 12/64 FRM structure with rare 

earth (Nd-Fe-B) was developed and optimized in terms of mass-to-torque ratio through the finite element 

method for low-speed direct drives. In [20], [22], FRM with a 48/46 structure with rare earth (RE) PMs has 

been developed for gearless direct drive wind power generation applications and compared with PMSG, 

claimed that usage of rare earth PMs is 5 times less than PMSG with magnets on the rotor. Active material cost 

is also 2.3 times less, because the toothed FRM rotor structure is simple and reliable, only made up of laminated 

steel, and overall machine manufacturing is also 1.3 times less than PMSG. Furthermore, it stated that FRM 

maintains high efficiency with a wide speed range and ripple torque is low as with rotor PMs generator [23]. 

The recent studies of FRM designs and abound for various applications clearly show that RE-excited FRMs 

are emerging. Such studies appear that these FRM generators are suitable replacements for RE rotor excited 

brushless type machines [24]. Most of the existing literature has focused on the analysis of small power scale 

(above 1 kW) ratings which are employed for the high-speed (HS) or low-speed (LS) drivetrains, to indicate a 

need to investigate the performance of RE FRMs scaled to the below 1 kW range for medium speed (MS) roof-

top wind energy applications [25]. The MS speed drive trains are popular and good correlation between the 

size and cost of both generator and mechanical drivetrain systems.  

The main contribution of this study is used to explore the potentials of RE FRMs is in the application 

of roof-top wind energy generator modeling and employed to medium-speed wind generator drives at micro 

power scale. The aim of this paper is used to explore the potentials are RE PMs of a 6/8 pole, FRMs topology 

for MS wind power generation applications at micro power-scale. In this study, a 3 phase, 6/8 pole FRM of 

PMs generator is designed with characterization for 0.8 kW power scale is investigated. Thus, an overview of 

the FRM technology including the operating principle, desirable stator-slot and rotor pole combinations is 

discussed with flux distribution under 2D finite element analysis (FEA) in section 2. Therefore, in section 3, 

the design formulation of the FRM, a pseudo-optimal parametric variation procedure to evaluate the design 

dimensions is investigated at 2D FEA for MS drivetrains. Further, the power-generating performances of the 

FRMs are considered in this study in terms of terminal voltage, voltage regulation, torque power density, and 

efficiency at rated load conditions are explained in section 4. The section 5 presents the concluding remarks. 

 

 

2. BASIC PRICIPLE OF FRM 

The FRMs operating principle is explained with the help of a popular 3-phase, 6/8 pole FRM structure. 

Two coils in a series make a phase. Typical 2D and 3D cross-sections of this FRM are illustrated 

in Figure 2. With respect to Faraday’s law of electromagnetic induction, the rotation of the rotor changes the 

permeance in airgap, which leads to a change in the flux linkage 𝜓𝑚  in stator coils by field source at a given 

electrical speed (𝜔𝑒 ). A bipolar induced electromotive force (EMF) appears on the stator terminals 𝑒𝑜  which 

is given as (1). 

 

𝑒𝑜 = −𝜔𝑒 
𝑑𝜓𝑚 

𝑑𝛳
 (1) 

 

 

 
 

Figure 2. A structural view of 2D and 3D view of a 6/8 pole FRM 

 

 

When a prime mover spins the rotor, in the case of a generator, the FRM principle can be demonstrated 

based on 2D static FEA line flux density distribution plots, as depicted in Figure 3. In Figure 3(a), a rotor pole 

is between two PMs at the stator top part and the PMs in the stator bottom pole. This position is called an 
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equilibrium position, in which the rotor poles and stator pole PMs are not aligned; the flux produced by the 

PMs moves wholly in each stator teeth, with there is no flux in the stator core [11]. 

When the rotor is driven by 11.2° in a counter-clockwise direction (CCWD), the rotor poles are aligned 

with the PMs, and the flux passes through coils, stator core, top PMs, and bottom PMs. In this position, as 

depicted in Figure 3(b), the flux is maximum. In Figure 3(c), the rotor is further moved from the initial 

equilibrium position by 22.5°, there is no flux in the stator yoke and no flux linking with the armature winding 

coils. Further, rotor movement of 11.25° in the clockwise direction (CWD) results in the position illustrated in 

Figure 3(d). In this position, the flux is again maximum. However, this position is opposite to that of the first 

alignment in Figure 3(b). From all these, it can be seen that FRM has a bipolar flux variation and MMF 

considering the rotor displacement and it covers all four quadrants. At the positions in Figures 3(a) and 3(c), 

there are zero-flux linkages, while at those in Figures 3(b) and 3(d), the energy transformation occurs, and the 

flux reversal concept is established. 

 

 

  

(a) 

 

(b) 

  
(c) (d) 

 

Figure 3. The working principal of 6/8 of 6/8 stator-slot/rotor-pole FRM (a) a rotor displacement at 0°,  

(b) a rotor displacement at 11.25° CCWD, (c) rotor displacement at 22.5° CCWD, and (d) rotor displacement 

at 11.25° CWD 

 

 

3. DESIGN FORMULATION OF FRM 

A popular, 3-phase, 6/8 pole FRM structure can be chosen, these combinations can achieve 

symmetrical phase EMF with higher torque and power density [13]. The lower number of rotor pole (Nr) and 

stator slot (Ns) count is recommended for the minimization of core losses and manufacturing difficulty, 
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although a lower number of poles leads to a minimization in the amplitude of EMF [13]. Based on all the 

limitations, a negotiation between and frequency (50 Hz) and high amplitude EMF, a 6/8 FRM topology is 

employed. Considering the machine rotor speed (n) and open circuit EMF frequency (fe) as expressed by (2). 
 

𝑓𝑒 =
𝑛∗𝑁𝑟

60
 (2) 

 

The preliminary design dimensions of a 6/8 pole FRM are evaluated, based on the rated power requirement as 

micro-scale (0.8 kW) at @ 375 r/min. As a generator, the electromagnetic power 𝑃𝑒𝑏  at a desired efficiency of 

0.95 and speed of 375 r/min is given by (3). 
 

𝑃𝑒𝑏 =
𝑟𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟

𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
 (3) 

 

Then, the specific electrical and magnetic loading are assumed to evaluate the tangential force density 𝑓𝑡. The 

general output sizing procedure to model the machine is expressed as (4) [13]. 
 

𝐷𝑟 = √
2Pb

πftλωrJη

3
 (4) 

 

Where ωr is rotor speed (rad/sec), 𝜂 is machine efficiency, 𝜆 is machine laminated stack to rotor diameter, and 

the designed FRM structure is needed to operate the machine to meet with wind turbine power rating for a MS 

drivetrain. The key evaluated parameters and dimensional specifications of the FRM machine for MS drives 

are presented in Table 1. 
 

 

Table 1. Key design dimensions and parameters of the FRM 
Parameter/dimension RE-FRG 

Rotor pole span angle (α=β), deg 22.5 

Number turns per coil (Nt) 176 

Stack length (𝑙𝑠𝑡𝑘), mm 200 

Stator outer diameter (Dout), mm 129 

Outer rotor diameter (𝐷𝑟), mm 72 

Stator pole width (𝑤𝑡𝑠), mm 21 

Rotor pole height (ℎ𝑝𝑟), mm 17 

Current density(J) (A mm2⁄ ) 5 

Stator back iron thickness (𝐵𝑐𝑠), mm 11 

Slot opening width (𝑙𝑤𝑖), mm 29 

Shaft diameter (𝐷𝑠ℎ), mm 46 

Rated speed, (r/min) 375 

Magnet thickness (ℎ𝑝𝑚), mm 3 

Rated frequency (Hz) 50 

Fill factor (𝑘𝑓𝑖𝑙𝑙) 0.4 

 

 

Thereafter, tangential force densities from equivalent electric and magnetic loading of the machines 

can be selected based on the literature studies [14], [15] of FRMs. Further, based on the sizing expression in 

(4), the rotor diameter and stack length can be evaluated. After choosing the appropriate residual flux density 

and coercive force parameters etc. for specific PMs, the airgap flux density can be evaluated. A detailed 

structural parameter of rotor and stator can then be derived. FEA is then used to validate the generator design 

specifications. There should be a check to verify that the machine geometry parameters are practical. If not, 

the initial values should be reset. FEA verifications at various operation conditions are then conducted, its 

process is flow charted and presented in Figure 4. With 2D FEA, the power-generating performances such as 

flux linkages, EMF, CT and ripple torque, power and torque density, good smooth average torque, etc., are 

investigated. If desired performances are not achieved, the design flow can be iterated with adjustments made 

to the design parameters. This can be observed in Table 1, that the 2D FEA and analytical results have good 

correlations. Hence, a conclusion can be drawn that the proposed analytical design methodology is effective 

and applicable. 

The 2D geometrical dimensional view of 3-phase FRM can be depicted in Figure 5. From the 

magnetostatic simulation, the open-circuit flux density of FRM is B=1.2 T for rare-earth (Nd-Fe-B) and the 

mesh plot can be depicted in Figure 6 from the 2D FEA. Relative permeability 𝜇𝑟=1.09 and field intensity  

𝐻𝑐= 900 kA/m is considered throughout the machine design. The other design constraints are assumed, that 

are filling factor and current density,  can be chosen based on the cooling mechanism [14]-[17], 5 A/mm2, and 

0.4, respectively. From MS no-load a CT of the FRM is examined under 2D FEA and the peak-to-peak CT is 

2.45 Nm as shown in Figure 7. 
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Specifications: Power, speed, torque,  stator 

outer diameter, torque, efficiency etc. 

Selected initial values: Slot pole combination, 

tangential force density, electrical loading, 

magnetic loading, stack length, machine outer 

diameter, stator pole shoe height etc. 

Use torque equation and set γ value, evaluate the 

rotor diameter (Dr) and stack length (lstk)

Stator geometry design: Aslot, hps,Wts, lwi, Dse,Bcs

Rotor geometry design: α, hpr, Dr, Bcr

Stator outer diameter Dout =Dse +2 Bcs

Total machine length lo =lstk +lend

2D FEA simulation: no-load, rated load, smooth 

torque profile, overload and over speed 

capability, etc.

The calculated result 

match the specifications

Result

N

Y

Y

N

Dout < machine outer diameter

lo < machine length

 
 

Figure 4. Design flow chart of FRM 
 

 

 
 

Figure 5. Geometrical view of the FRM 
 

 

 
 

Figure 6. 2D FEA evaluation of mesh plot and flux density plot 
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Figure 7. The cogging torque variation of FRM at magnetostatic condition 
 

 

4. PERFORMANCE EVALUATION OF FRM 

Many of the studies have developed different FRM topologies for wind turbine applications. Many of 

the studies regarding are high-speed or low-speed wind applications at low power levels only [18]-[21]. In this 

study is used to consider the MS drive train system for FRMs, as like of other drive trains, which are already 

examined for the brushless double salient structures [22]-[24]. In this study, a 6/8 pole, 375 r/min, micro power 

level, Nd-Fe-B excited FRM structure are studied and developed at 2D FEA, for MS wind energy generator 

applications. The power generating performance are analyzed, with respect to torque and power density, 

terminal voltage, efficiency, and power factor at the rated load conditions are analyzed. 

 

4.1.  Open circuit condition (no-load) analysis 

This FRM structure is investigated under the no-load or open circuited condition, under 2D FEA. The 

open-circuited condition, the flux linkages, voltages, and CT are investigated. The phase flux linkages and 

voltages at no-load are presented in Figures 8 and 9. An interesting fact to note about the cogging torque that 

the transient analysis show that the CT is lower at magnetostatic than with transient no-load due to the presence 

of excitations or speed to the FRM, less locking is experienced between the rotor and PMs can be presented in 

Figure 10. The CT is a function of torque ripple at load condition, so, it required to minimize the PM excited 

machines for the safe operation [20]. By considering the optimal design dimensions the cogging torque and 

torque ripple are minimized compared with existing PM machines. 

 

4.2.  On-load analysis 

The electromagnetic performances at load condition are analyzed and the rated load resistance of the 

generator can be evaluated under rated power and voltage of each phase, i.e., Rn is 25.3 Ω. In this section is 

used to examine the power generating performances of the FRM including terminal voltage against phase 

current, voltage regulation, torque ripple, efficiency, and power factor, as well as losses are analyzed by the 

2D FEA. 

In the actual run condition, the torque ripple of the FRM at rate load condition is depicted in 

Figure 11. In the load condition torque ripple is the function of the cogging torque, which leads to vibration 

and noise at load, and it creates negative impact on the machine performance. The torque ripple of FRM can 

be evaluated from the graph that peak-to-peak torque to avg torque under the load.  
 

 

 
 

Figure 8. The transient open-circuited flux linkage plot of FRM 
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Figure 9. The open circuited each phase voltage of FRM @ 375 r/min 
 

 

 
 

Figure 10. The cogging torque effect of FRM under no-load 
 

 

 
 

Figure 11. Torque ripple effect of the FRM 
 

 

The output voltage (rms), current (rms), and power of the machine when operating at resistive load  

@ 375 r/min are analyzed through FEA to investigate the overload capabilities of the machines. The generating 

operating point performances including output voltage against load current, voltage regulation, power curve in 

terms of varying load current and machine speed, as well as loss and efficiency curves of the machine working 

is analyzed by FEA simulation. The transient load condition the output voltage against load current curve is 

plotted to examine the overload capability can be depicted in Figure 12. From Figure 12, observe that as load 

current increases the FRM exhibits good overload capability. The torque density of the RE machine is higher 

because it has higher remanence flux density and coercive forces. Further, the electromagnetic performances 

are of output power, torque density, efficiency, power factor is analyzed, and overall performances are 

summarized from 2D FEA and presented in Table 2. 
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Figure 12. The output voltage vs the phase current @ 375 r/min 

 

 

Table 2. 2D FEA predicted characteristics of the 3-phase, 6/8 pole FRM under the load condition 
Parameter FRM 

Torque ripple under rated load, % 11.46 

Output voltage [RMS] (V) 82 
Rated output power (kW) 0.863 

Voltage regulation (%) 12.75 

Efficiency at rated load % 93 

Torque density (kNm/m3) 38.671 

Total losses at rated load, W 47.49 

Power factor 0.8 

 

 

5. CONCLUSION 

In this paper, the need for investigating the potential of PM excited FRMs for the medium speed wind 

energy applications at the micro scale has been studied. A 3- phase, 6/8 pole rare-earth FRM structure were 

modelled based on analytical design-sizing procedure (pseudo-optimal parametric variation), semi-optimized 

FRMs and simulated under 2D FEA, then considering some other design constraints for medium speed drives 

and implemented in the 2D FEA environment. The peak-to-peak cogging torque and torque ripple (%) are 

examined at transient no-load i.e., 2.31 Nm and 0.1146 respectively. The designed machine exhibits better 

overload capability when the load current is varied up to 1.5 times of the rated load. Further, the torque density 

and power factor are examined, i.e, 38.6 kNm/m3 and 0.8 respectively. Based on the overall performance 

summary of the proposed machine exhibits good overload capability, torque density, efficiency and power 

factor, this structure is best suitable for medium speed wind turbine generator applications. 
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