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ABSTRACT 

The effect of design variables on the average torque are investigated in this study. The investigated parameters include 
the machine’s aspect ratio, permanent magnet thickness, rotor radial thickness, outer-stator tooth width, inner- and 
outer-rotor iron width / rotor pitch ratio, slot opening / stator pitch ratio, inner-stator back-iron size and outer-stator 

back-iron size. The optimum values of the above mentioned investigated machine parameters are: 0.75, 5mm, 4mm, 
4.22mm,0.35, 0.65, 0.6969, 3.5mm, and 2.785mm, respectively. Finite element analysis (FEA) is used in prediction of 
the results. The simulation is also conducted under different maximum currents of the supplied alternating current (AC) 
stator phase excitation i.e. 0A, 5A, 10A and 15A. The results reveal that the output torque of the analyzed machine is 
dependent on the geometry of the analyzed machine model; hence an optimal value of the geometries is indispensable.    
 

Keywords: Aspect ratio, average torque, double-stator, magnet thickness, and slot opening.

1. INTRODUCTION 
  

Machine geometries are very vital factors to be considered 

during the design of electrical machines, since its effect 

greatly affects the output electromagnetic performance of the 

machine. Therefore, these important design variables are 

considered in this study.  

A detailed study on the influence of design parameters is pre-

sented in Zhu et al (2008) with experimental validation. The 

investigation in Zhu et al (2008) shows that the nature and 

size of design parameters are important determinants of it’s 

output torque. This idea about the effect of the shape and size 

of machine geometry on the overall torque is further high-

lighted in Hao et al (2013). Therefore, there is a need for 

proper selection of the optimum machine geometry, in order 

to yield the required maximum result. More so, it is estab-

lished in Wu et al (2010) that there is an inverse relationship 

between the split-ratio of a given permanent magnet machine 

and its air-gap flux-density ratio. Thus, a higher split-ratio 

will result to a lower air-gap flux-density ratio, which is 

given as the ratio of average air-gap flux density to the max-

imum flux density.  

Further, Chen and Zhu (2010) revealed that that the overall 

output torque obtained by using an optimal rotor pole size of 

single-stator flux-switching PM machine is principally de-

pendent on the feasible combination of its stator and rotor 

poles, whereas the split-ratio of such machine would only 

vary significantly with varying stator poles and slightly with 

the rotor pole variants. It is reconfirmed in Fei et al (2012) 

that besides the great influence on the electromagnetic torque 

of a given flux-switching PM machine by the feasible stator 

and rotor pole combinations, the magnitudes of both the no-

load torque as well as the torque ripple is also affected. The 

situation is further worsened when using rotor-skewed ma-

chine type.  

The machine dimensions such as the magnet thickness, back-

iron thickness, radial thickness of the modulating pieces, etc. 

could influence the output of a machine, as reported in Li et 

al (2011). It is worth noting that the studies in Li et al (2011) 

adopted a flux-focusing technique in order to enhance its 

overall performance. The influence of machine dimensions 

on the induced electromotive force which invariably deter-

mines the output torque is further investigated in Fei et al 

(2012b). The studies in Fei et al (2012b) established that the 

PM thickness as well as the stator tooth size will affect the 

output torque of the machine considerably. Consequently, 

the undesirable effects of cogging torque and torque ripple 

could be reduced by choosing an appropriate or optimal ma-

chine dimension. 

Studies in Li et al (2012) show that the influence of split ratio 

on torque density of flux-switching PM machine is more pro-

nounced compared with its equivalent traditional permanent 

magnet machine. More so, it is noted in Li et al (2012) that 

the product of efficiency and power factor of flux-switching 

PM machine is inversely related to its split-ratio, owing to 

the inverse relationship between the magnet volume and 

split-ratio of a given machine with fixed outer diameter. Also, 

a double-stator PM machine capable of producing large out-

put torque, low torque ripple and low cogging torque is pro-

posed in Diryak et al (2012). It is reported in Diryak et al 

(2012) that the inherent good qualities in such machine is as 

a result of the employed concentrated tooth windings of the 
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machine as well as the optimized machine geometric dimen-

sions. 

Similarly, it is proven in Reichert et al (2013) that the split 

ratio which is a major design factor could be influenced by 

the thermal conditions of the machine. Therefore, the authors 

in Reichert et al (2013) recommend an estimation of these 

thermal restraints as well as adequate provision of heat dissi-

pation system in a given electric machine, for resultant max-

imum output torque. Moreover, the effect of split ratio and 

rotor radial thickness on the electromagnetic output of an in-

tegrated permanent magnet machine could be considerably 

high, as pointed out in Ren et al (2019). 

A double-stator PM machine having multiphase-windings 

with increased reliability capacity due to its improved induct-

ance status is proposed in Zhao et al (2014), however, with 

slight reduction of output torque during fault conditions. 

Similarly, a dual-stator PM machine with enlarged overall 

torque is developed in Li et al (2015), albeit with an inherent 

power factor limitation coupled with the associated thermal 

problems in the inner segment of the machine.  

More so, it is established in Gao et al (2016) that machine 

dimensions such as the slot opening and depth, split ratio etc. 

would have great influence on the performance of a given 

permanent magnet machine. Therefore, optimal values of 

such machine parameters are essential during the design and 

optimization stage of any machine model in order to realize 

the best output. The effect of optimal machine geometries on 

the electromagnetic performance of a switched-flux PM ma-

chine is reconfirmed in Du et al (2016). The report in Du et 

al (2016) also reveals that the machines having full-pitch 

windings exhibit higher torque potential that their non-over-

lapping concentrated tooth-winding counterparts. However, 

experience has shown that machines having concentrated 

windings would have better efficiency due to its lower cop-

per loss content.  

Additionally, a fast and reliable method of optimizing geo-

metric parameters using power flow generation approach is 

introduced in Han et al (2017) in order to minimize the enor-

mous time consumption involved in employing other optimi-

zation techniques such the FEA process. Nevertheless, the 

developed technique in Han et al (2017) may not be very ac-

curate owing to its related working assumptions. 

The torque density and power density as well as the resultant 

efficiency of a two-sided stator-PM machine could be en-

hanced by an appropriate structural arrangement of the ma-

chine parts, as proven in Liu et al (2018).       

Furthermore, the effect of machine dimensions as well as the 

influence of air-gap size on the output torque and power fac-

tor of a permanent magnet (PM) machine is investigated in 

Wang et al (2019). It is noted that a balance between maxim-

izing the power factor and the output torque should be 

reached during the design and optimization process of a 

given electric machine, since these two factors usually have 

counter-effect on each other. 

Overall, the effect of geometric / structural dimensions of a 

double-stator PM machine on the average torque is analyzed 

and quantitatively presented in this paper. The optimum 

value of each of the machine design variable is directly re-

lated to its corresponding peak value inferred from the re-

spective average torque curves, in accordance with the global 

optimized results of the genetic algorithm procedure. The 

sections in this study are as follows: 1. Introduction 2. Meth-

odology 3. Results and discussion and 4. Conclusion. 

2. METHODOLOGY  

Two-dimensional finite element analysis is adopted in the 

prediction of the results. The operating speed of the investi-

gated machine is 400rpm. The inbuilt genetic algorithm of 

the employed MAXWELL-FEA software is used in the 

global optimization of the machine model at fixed copper 

loss of 30Watts. The details of the optimization constraints 

are given in Table 1. Similarly, the maximum number of gen-

erations is 1000; number of parent individuals and that of 

mating pool are 30 each; number of reproduced children is 

30 with 10 possible survivors for the next generation. Note 

that the goal and objective of the optimization is to realize 

the best mean torque. The outer diameter of the analyzed ma-

chine is 90mm with an axial stack-length of 25mm. Note also, 

that the used number of armature turns per phase is 72.  

 

 

 

 

Table 1: The optimization boundaries and values 

Variable Initial 

value 

Mini-

mum 

scan 

value 

Maxi-

mum 

scan 

value 

Opti-

mal 

values 

Slot opening / pitch ra-

tio 

0.5694 0.1 0.9 0.6969 

Rotor radial size (mm) 4.6281 2 8 4 

Aspect ratio (Split ratio) 0.7069 0.5 0.8 0.75 

Permanent magnet 

thickness (mm) 

3.5894 2 6 5 

Outer-stator back-iron 

thickness (mm) 

3.6819 2 5 2.785 

https://www.bayerojet.com/


                                                 ISSN: 2449 – 0539    
BAYERO JOURNAL OF ENGINEERING AND TECHNOLOGY (BJET) VOL.15 NO.2, May, 2020 pp 97-104  

Also available online at https://www.bayerojet.com            99 
 

Inner-stator back-iron 

thickness (mm) 

3.00 1 4 3.5 

Outer stator tooth width 

(mm) 

2.50 2 3.5 4.22 

Outer rotor-iron width / 

pitch ratio 

0.4133 0.3 0.9 0.65 

Inner rotor-iron width / 

pitch ratio 

0.3559 0.3 0.9 0.35 

 

 

The flux-density contours of the analyzed machine at differ-

ent current loading are displayed in Figure 1. It is seen that 

the saturation of the machine parts easily occurs on the stator 

tooth as well as the rotor pieces which are closer to the air-

gap region. Moreover, the intensity of this saturation esca-

lates as the magnitude of the supplied current increases. 

 

 

 

 

 

  

(a) 0A (b) 15A 

  

(c) 30A (d) 60A 
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(e) 90A (f) Scale 

Figure 1. The flux density of the analyzed machine on different loads.

3. RESULTS AND DISCUSSION 

 

The variation of aspect ratio, also known as the split ratio 

with average torque is shown in Figure 2. The average torque 

increases with increasing aspect ratio until an optimum value 

of about 0.75 is reached. Thereafter, the average torque be-

gins to decrease as the aspect ratio increases, because at this 

stage the available space for the windings is reduced. Mean-

while, the average torque is also seen to be directly depend-

ent on the amount of injected AC phase current. Similarly, 

the impact of the permanent magnet thickness on the average 

torque of the analyzed machine is given in Figure 3. It is seen 

that the average torque increases linearly with the magnet 

thickness until saturation sets in due to the consequent reduc-

tion of the inner-stator slot area caused by the increased PM 

size. An optimum PM thickness value of about 5mm yields 

the best average torque result. 

 

 
Figure 2. Torque versus aspect ratio. 
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Figure 3. Torque versus permanent magnet thickness. 

 

 

Also, the rotor radial thickness of the analyzed machine has 

significant influence on the average torque as shown in Fig-

ure 4. The optimal rotor radial size is 4mm. It is worth not-

ing that an oversized rotor radial thickness will adversely 

affect both the length of permanent magnets and the conduc-

tor slot area. This invariably will have negative effect on the 

generated electromagnetic torque, since the injected current 

at fixed copper loss will reduce under this condition. Like-

wise, a small size of the outer-stator tooth may result to a 

low average torque due to the higher saturation level of the 

thin tooth, while a large size of the outer-stator tooth may 

not yield significant increase on the average torque due to 

increased flux-leakages, as inferred from Figure 5.  

 
Figure 4. Torque versus rotor radial thickness. 

 
Figure 5. Torque versus outer-stator tooth size. 

 

Further, the average torque increases and decreases with the 

rotor iron widths / pole pitch ratio according to the amount 

of useful air-gap flux-density that are able to permeate these 

segments at a particular time, as seen in Figure 6. The rec-

orded optimal values of the inner rotor-iron width / rotor 

pitch ratio and outer rotor-iron width / rotor pitch ratio are 

0.35 and 0.65, respectively.   

 

(a) Inner rotor-iron width / rotor pitch ratio 
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(b) Outer rotor-iron width / rotor pitch ratio 

Figure 6. Torque versus inner and outer rotor-iron width / 

rotor pitch ratio. 

 

Furthermore, the effect of stator back-iron thickness on the 

average torque is displayed in Figure 7. Although, there is a 

noticeable rise on the average torque as the back-iron in-

creases; however, beyond 3mm of the outer-stator back-iron 

thickness, the average torque becomes more or less constant, 

as seen from Figure 7(a). It is observed from Figure 7(b) that 

the inner-stator back-iron size has no significant influence on 

the average torque. Therefore, the designer should be able to 

balance the size of inner-stator back iron with the required 

conductor area in order to obtain improved output torque. 

Note that in all the predicted results, the produced average 

torque in each case is directly proportional to the supplied 

stator maximum currents. 

 

(a) Outer-stator back iron size 

 

(b)  Inner-stator back iron size 

Figure 7. Torque versus back-iron size. 

 

Moreover, the influence of the slot opening / tooth pitch ratio 

on the average torque is depicted in Figure 8. The result 

shows that there is a sharp increase on the average torque in 

the neighbourhood of 0.6-0.8 slot opening / tooth pitch ratio. 

 

Figure 8. Torque versus slot opening / tooth pitch ratio. 

The decrease in average torque from the 0.8 slot opening / 

tooth pitch ratio is as a result of the reduced flux-linkage be-

tween the stator and the rotor sectors via the air-gap caused 

by the increased tooth-tip length, which now acts as a flux-

barrier instead of active electromagnetic flux-path. 
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4.  CONCLUSION 

 

The effect of design geometries is analyzed and presented. 

The average torque of the analyzed machine is a function of 

the optimal value of the investigated machine geometries. 

Also, the effect of varying the inner-stator back-iron thick-

ness is observed to be negligible on the resultant average 

torque. The output torque of the machine is also noted to rely 

on the amount of the injected current i.e. the higher the cur-

rent, the larger the output torque.  
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