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ABSTRACT 

 

The impact of leading machine geometric sizes/dimensions on the performance of a dual-stator permanent magnet 

machine having different rotor pole numbers as well as dual excitation windings is investigated and reported here. The 

considered design parameters include the: split ratio, rotor radial thickness, stator back-iron thickness, and rotor inner 

and outer radial lengths (arcs)/pitch ratios. It is observed that there are optimum values of the design elements needed 

to yield the best performance due to the changing conditions of the electromagnetic reaction; hence, the following 

optimal values exist for the above-mentioned design parameters of the analyzed machine having 7-rotor pole number: 

0.55, 6mm, 3.5mm, 0.4 and 0.45, respectively at back-EMF and core loss values of 2.72V and 0.34W. Comprehensive 

analysis of the effect of design parameters on the fundamental induced-electromotive force (EMF) or back-EMF and 

losses is implemented using ANSOFT/ANSYS 2D software. It is revealed that the machine topology having 7-rotor pole 

number has the best efficiency and also the most promising fundamental induced or back-EMF worth; while the inves-

tigated machine configuration having 5-rotor pole number exhibits the least amount of eddy current and total core 

losses. 
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1. INTRODUCTION 
 

The dawn of high energy rare–earth materials as well as re-

cent trends in power electronics and computer–aided tools 

have given rise to tremendous research on permanent magnet 

(PM) machines. Thus, different PM machine configurations 

which include but not limited to: double stator PM machines, 

double rotor PM machines, magnetically–geared PM ma-

chines, and flux–switching PM machines are readily availa-

ble and are demonstrated in the following literature: Zhao 

and Niu (2017), Liu et al (2014), Zhu (2018) and Su et al 

2019, respectively. Similarly, dual-airgap flux–modulated 

PM machines whose torque creation is based on magnetic 

gearing principles are gaining wide attraction recently, owing 

to its advantages of high output torque and efficiency capa-

bilities compared to the single air-gap machines, as estab-

lished in Zhang et al (2016) and Ren et al (2019). However, 

most of the above-mentioned PM machine topologies are 

confronted with complicated manufacturing problems. More 

so, the flux–modulated PM machines are usually 

characterized by low power factor skill. Then, the need for 

an improved electric machine with high electromagnetic per-

formance obtained by employing appropriate structural ele-

ments and dimensions cannot be underestimated.  

Although, impact of design parameters have been researched 

due to its great influence on the overall performance of elec-

trical machines; nevertheless, no such research has been car-

ried out on the investigated dual-stator switched-flux perma-

nent magnet (DS-SFPM) machine type displayed in Figure 1; 

therefore, an investigation on the effect of structural elements 

on the overall performance of a dual-stator flux–switching 

PM machine is studied and presented in this current work. 

Utilization of optimum geometric variables of any given PM 

machine by engaging either a global or individual parametric 

scanning of the variables in order to achieve the required best 

electromagnetic output is paramount in electric machine de-

sign and analysis; though, research done by Zhu and Liu 

(2011) showed that global optimization which allows for 
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simultaneous simulation of multiple geometric dimensions is 

preferable to the individual parametric optimization ones.        

It is proved in Qu and Lipo (2004) that design parameters 

such as the split ratio, pole number, machine weight, etc. are 

important factors to be considered during electrical machine 

design due to their influences on efficiency, torque density, 

and cost. Additionally, the size of slot opening plays a vital 

role in determining the electromagnetic outcome of perma-

nent magnet machines, as established in Xuan et al (2013).  

More so, the effect of different design elements on the overall 

performance of vernier machine having spoke– structured 

permanent magnets is presented in Kim and Lipo (2016). The 

findings in Kim and Lipo (2016) reveal that design parame-

ters have critical role on the performance of the machine re-

garding the generated EMF, torque and power factor poten-

tials. Thus, an optimal value of the parameters must be used 

to achieve the best result. More so, the adopted spoke–PM 

topology has advantage over the surface–mounted PM ma-

chine type, due to its higher ability to focus the generated flux 

towards the air-gap for enhanced torque production; without 

prejudice to the attendant mechanical issues associated with 

the surface–PM machines, plus the inherent poor power fac-

tor flaws obtainable in vernier PM machines. 

Further, novel two-phase double stator PM machine having 

concentrated windings and spoke–mounted PMs is proposed 

in Zhao et al (2015). The proposed machine in Zhao et al 

(2015), is capable of producing larger torque density com-

pared to that of equivalent traditional PM machine; albeit, 

with higher induced-EMF harmonics. Also, the two-phase 

machine would pose a synchronization danger to the usually 

adopted conventional three-phase systems.   

Furthermore, a time-saving optimization method recently 

presented in Zhu et al (2021) shows that optimal geometric 

design variables, feasible combinations of stator and rotor 

pole numbers coupled with the amount of electric loadings in 

a PM machine are essential factors in predicting the ma-

chine’s output behaviour. However, the analytical method 

presented in Zhu et al (2021) is accompanied with slight nu-

merical inaccuracies owing to the unavoidable assumptions 

that are peculiar to analytical prediction methods. Also, the 

presented machine configuration in Zhu et al (2021) would 

naturally have high record of losses and poor thermal man-

agement due to the conductors that are placed on the rotating 

part.    

In principle, the impact of leading design geometric sizes 

such as split ratio, rotor radial thickness, back-iron thickness, 

etc. on the fundamental back-EMF as well as on electromag-

netic losses of dual-stator PM machine is considered in this 

current study. Moreover, comparison of the obtained results 

on machines that have different rotor pole numbers is also 

presented.  

Figure 1 displays the structural view of the analyzed dual-

stator flux-switching PM machine. In section 1, the back-

ground of study is introduced, the adopted approach is given 

in section 2, while the results and conclusions are discussed 

and presented in sections 3 and 4, respectively. 

 

 
 

Figure 1. Structural view of the investigated DS-SFPM 

machine (Awah and Okoro, 2018). 

 

2. METHODOLOGY 

  

In this study, a two-dimensional finite element analysis (2D-

FEA) method is engaged in calculation of the results. Note 

also that the optimal dimensions of the investigated DS-

SFPM machine are realized using the inherent evolutionary 

optimization technique of the employed ANSOFT/ANSYS 

software. It is worth noting that the investigated machine in 

this current study belongs to both the flux–switching and 

flux–modulating PM machine categories, owing to its 

intrinsic dual operating principle synergy. The investigated 

machine has an outer stator radius of 45mm with stack and 

air-gap lengths of 25mm and 0.5mm, respectively. It is worth 

mentioning that the analyzed three-phase DS-SFPM machine 

is operated here as an integrated system by joining the 

windings in the separate stators in series; however, a parallel 

connection is also feasible for higher reliability, though, with 

inferior output torque and power as sacrifices.  

The induced-electromotive force of the analyzed dual-stator 

machine is given in equation (1), as the rate of flux linkage 

with respect to time. 








d

d
N

dt

d
E −=−=  (1) 

where ψ is flux linkage, φ= flux per pole, N is number of 

turns per phase, θ is the rotor position, and ω is the rotational 

speed.  

Further, the split ratio of the analyzed machine is given as the 
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ratio of the outer air-gap radius to the outer machine radius, 

as given in equation (2). 

out

oag

R
R

R
S =

 
(2) 

where SR is the split or aspect ratio of the machine, Roag= 

the radius of the outer air-gap, and Rout is radius of the 

machine’s outer stator size. 

Furthermore, the predicted losses are calculated using the 

traditional Steinmetz equation given in equation (3). 

𝑃𝑙𝑜𝑠𝑠 = 𝐾ℎ𝐵𝑚
2 𝑓 + 𝐾𝑒(𝐵𝑚𝑓)

1.5 + 𝐾𝑐(𝐵𝑚𝑓)
2 (3) 

where Bm is the peak value of the flux density, f is the 

frequency; Kh, Ke, and Kc are the loss coefficients for 

hysteresis, excess and eddy current loss, respectively. 

 

More so, the relationship between the output torque, Toutput, 

of flux–switching permanent magnet machine and its 

geometric dimensions is expressed in equation (4).  
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where D is the stator diameter, L is the machine’s effective 

axial length, Ks, cs, and Kl are the skew, stator tooth arc and 

leakage factors, respectively, SR is the split ratio, Ae is the 

electric loading, B is the amplitude of the flux-density on 

open circuit condition, Nr and Ns are the rotor and stator pole 

numbers, and η is the overall efficiency (Hua et al, 2006).

 

3. RESULTS AND DISCUSSION 

 

3.1. Leading design parameters with induced-EMF 

An optimal split ratio value of about 0.55 is obtained in most 

of the analyzed machine having different rotor topologies, 

excluding that of 4-rotor pole machine whose optimum split 

ratio value is about 0.67. This is evidenced in Figure 2.  

 

Figure 2. Variation of back-EMF with split ratio, no load.  

 

Figure 3. Variation of back-EMF with rotor radial 

thickness, no load. 

 

As the radial thickness increases, so the time rate of change 

of flux per pole also increases; thus, resulting to high back-

EMF value. This increase will continue until the available 

slot area for the windings begins to decrease due to the 

increasing size of the rotor width. This will finally lead to a 

reduced induced-EMF magnitude as seen in Figure 3.   

The variation of back-EMF with both the rotor outer and 

inner arcs/pitch ratios shown in Figures 4 and 5 increases as 

the rotor arc lengths increase, until it gets to its optimum peak 

value at the range of ~0.4–0.5 (for the different rotor poles), 

before decreasing due to the changing rate of flux linkage at 

each instance. Thus, there is an optimum value of the arcs to 
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yield the maximum fundamental flux linkage and consequent 

EMF values. 

 

Figure 4. Variation of back-EMF with rotor outer arc/pitch 

ratio. 

 

Figure 5. Variation of back-EMF with rotor inner arc/pitch 

ratio. 

 

There is an initial sharp increase in the fundamental value of 

the EMF as the size of the back-iron increases owing to the 

high distribution of the PM flux on the back-iron until about 

3mm before deceasing as the flux leaks away due to the huge 

thickness of the stator yoke. The variation of induced-EMF 

with stator back-iron is depicted in Figure 6. It is worth 

noting that the largest fundamental back-EMF value occurs 

in the 7-rotor pole machine, in all the prescribed conditions, 

owing to its high flux linkage value. 

 

Figure 6. Variation of back-EMF with back-iron thickness, 

no load. 

 

3.2. Design parameters’ effect on losses 

Since the output of electrical machines is dependent on its 

losses; therefore, accurate prediction of losses in electrical 

machines could help to give insight into its thermal/heat 

dissipation design limits. Hence, this section is devoted to the 

investigation of permanent magnet eddy-current loss and 

core loss analyses under a no-load condition and at low speed 

of 400rpm. It is proved in Li et al (2012) that the split ratio 

of flux–switching PM machine would greatly affect its 

output torque density when compared with other PM 

machines. A reconfirmation on the context of split ratio 

which also takes into account the interactive relationship 

between split ratio and losses of a given PM machine is 

detailed in Ma and Zhu (2019), with a clear declaration on 

the critical role of an optimal split ratio in efficient 

electromagnetic result delivery.  

The influence of design parameters on the loss characteristics 

of the developed machine at no-load is displayed in Figure 

7(a)–(e). Depending on the objective(s), the machines could 

be designed to have a minimum loss; though, most likely to 

the detriment of the other machine characteristics. Therefore, 

a concession between different objectives and or aims is 

necessary in the whole design and optimization processes.  
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(a) Loss variation with split ratio 

 

(b) Loss variation with back-iron thickness 

 

 

(c) Loss variation with rotor iron outer arc/pitch ratio 

 

(d) Loss variation with rotor iron inner arc/pitch ratio 

 

(e) Loss variation with rotor radial thickness (mm)  

Figure 7. Variation of total core loss with design parameters 

in DS-SFPM machine on no-load, 400rpm.  

 

It is worthy to mention that the largest amount of total core 

loss is observed in the 4-rotor pole machine while the least 

core loss value occurred in the 5-rotor pole machine, as 

shown in Figures 7 and 8. The loss characteristics of the 7-

and 8-rotor pole machines are almost identical in each 

variation with the leading design parameters; possibly due to 

their near similar operating frequencies. 

In each case, a smaller split ratio will result to increased PM 

length and larger space for the outer stator windings; thus 

giving rise to an increased air-gap flux density which has 

direct relation with the amount of losses in electric machines. 

The reverse condition and corresponding opposite effect is 

also obtainable; thus, giving room for optimum yield 

between the two situations. However, the choice of the least 

loss value would most likely have counter effect on the other 
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machine output results; hence, a compromise is for that 

reason required.    

Note that there is a sharp decrease in the loss variation with 

the back-iron thickness after about 2mm of the yoke size, as 

depicted in Figure 7(b), due to reduced conductor spaces as 

the back-iron increases. Note also that a similar sensitivity 

trend is observed in the variation of total core loss with the 

rotor radial thickness in the compared different rotor pole 

configurations; although with different amplitudes.  

 

Figure 8. Comparison of losses in DS-SFPM machine, 

I=15A, 4000rpm.  

Furthermore, the comparison of both the PM eddy-current 

and core losses of the DS-SFPM machine operated at a 

current of 15A and high speed of 4000rpm are displayed in 

Figure 8. The predicted results reveal that the 8-rotor pole 

machine has the highest value of PM eddy-current loss due 

to its large amount of harmonics as well as relatively high 

electrical frequency; in addition to its large PM usage, since 

the machines were optimized independently. Moreover, the 

4-rotor pole machine exhibits the largest amount of total core 

loss amongst its counterparts. This is possibly due to its 

enormous harmonics which is natural with machines that 

have even rotor pole numbers.  

Figure 9 shows the comparison of efficiency in the analyzed 

machine having different rotor topologies, at different 

operating speed. It is obvious that the machine types having 

 

Figure 9. Comparison of efficiency in DS-FSPM machines, 

copper loss=30W. 

odd rotor pole number could produce better efficiencies, in 

particular, the 7-rotor pole machine compared to their even-

number rotor pole counterparts; the worst case scenario is the 

4-rotor pole machine. The optimal machine values are listed 

in Table 1. 

 

 

 

 

 

 

 

 

 

 

  

Table 1: Optimal machine values 

Parameters Back EMF (V) Core loss (W) 

Number of rotor poles 4 5 7 8 4 5 7 8 

Split ratio, 0.55 1.13 2.01 2.72 2.07 0.29 0.28 0.34 0.34 

Rotor radial thickness, 6mm 1.25 2.07 2.79 2.07 0.40 0.28 0.34 0.34 

Stator back-iron thickness, 3.5mm 1.25 2.02 2.72 2.07 0.39 0.27 0.32 0.31 

Rotor inner radial lengths (arcs)/pitch ratios, 0.4 1.28 2.01 2.74 2.06 0.38 0.28 0.33 0.33 

Rotor outer radial lengths (arcs)/pitch ratios, 0.45 1.26 2.01 2.73 2.06 0.39 0.28 0.33 0.33 
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4. CONCLUSION 
 

The influence of design parameters on the fundamental back-

EMF and losses of dual-stator permanent magnet machine 

which has dual excitation windings is investigated and pre-

sented. The studies reveal that the optimal geometric dimen-

sions of electric machine are vital in its overall electromag-

netic production. It is also noted that the machine topology 

having 7-rotor pole number is the most competent amongst 

the compared machine configurations in contrast with the 4-

rotor pole machine type. The optimal back EMF value and 

core loss magnitude of the machine having 7 rotor poles is 

2.72Volts and 0.34Watts, respectively. Nevertheless, the 5-

rotor pole machine has an admirable quality of low electro-

magnetic losses. 
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