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ABSTRACT 
 

Comparative study of loss and inductance features of different permanent magnet synchronous machine topologies are 
presented in this paper. Moreover, the efficiency characteristics of the compared machines are also given. The results 
show that the machine having twelve stator poles and eleven rotor poles i.e. PS-SFPM 12/11 has very large amount of 

total core loss, which would eventually reduce the overall efficiency of the machine. Moreover, it has the largest value 
of mutual inductance which is an undesirable quality for fault-tolerant applications. It is also observed that, the ma-
chine type having E-core stator structures exhibit the lowest amount of permanent magnet eddy current losses and total 
core losses. Essentially, the investigated machine having single-stator configurations have higher self-inductance and 
lower mutual-inductance values, relative to the other compared machines.  

Keywords:  Double-stator; inductance; loss; machines; and single-stator.

1. INTRODUCTION 
 

The efficiency of electrical machines is determined by the 

amount of losses obtainable from the machines which in-

clude the conductor losses, the permanent magnet (PM) eddy 

current losses, core losses, frictional losses and many more. 

In particular, for permanent magnet machines, these losses if 

not minimized could generate heat and may consequently 

lead to demagnetization of the PMs. Similarly, the 

knowledge of the machine’s winding inductance values is de-

sirable in critical applications such as the aerospace and mil-

itary propulsion systems for fault-tolerant purposes. Hence, 

this paper is devoted to the analysis of losses and inductances 

of different permanent magnet machines having single- and 

double-stator structures.  

Detailed comparison of switched flux PM machines having 

different number of phases is given in (Thomas et al., 2009). 

The results in (Thomas et al., 2009) show that magnetic sat-

uration of the machines decreases with an increasing number 

of phases. Hence, the higher the phase number, the better its 

saturation withstand capacity. Further, it also revealed that 

the machines having single-layer windings are promising 

candidates for fault-tolerant applications owing to their high 

possession of self-inductance, in addition to the physical iso-

lation of their windings from each other compared to the dou-

ble-layer wound configuration. However, it is also noted that 

the double-layer wound machine topology enjoys less mag-

netic saturation due to lower armature reaction compared to 

their single-layer wound counterparts.  

Similarly, in addition to multi-phasing of permanent magnet 

machines, low values of cogging torque also attributes to 

good fault-tolerant potentials as noted in (Zhang et al., 2016). 

Further, analysis of machine performance on different open-

circuit fault-conditions are simulated and validated in (Zhang 

et al., 2016). 

Furthermore, it is proven in (Lee et al., 2008) that the core 

loss of permanent magnet machines could be well reduced 

especially on load condition by adopting optimal stator ge-

ometry; however, with a little penalty of torque reduction. 

Hence, depending on the design objective (s) and or target 

(s), a compromise could be reached. Similarly, both the rotor 

and stator geometries are also important parameters in esti-

mating the loss profile of a given PM machine. This assertion 

is investigated and validated with experiment in (Yamazaki 

et al., 2009a; 2010). Furthermore, the studies in (Yamazaki 

et al., 2009a) also shows that the PM machines equipped with 

distributed winding could offer lower eddy current losses 

than their equivalent machine that is wound with concen-

trated coils. Although, from experience, electrical machines 

having distributed windings would have larger amount of 

copper loss which is a dominant loss component in most elec-

tric machines, due to the employed longer conductors and it 

may also be more expensive too.  

The simultaneous effect of winding layers on stator core loss 

and torque ripple reductions of interior permanent magnet 

(IPM) machines is considered in (Han et al., 2010). The stud-

ies in (Han et al., 2010) show that machines with two-layer-

PM rotor are preferable to the ones with single-layer-PM ro-

tor in terms of loss reduction. However, an appropriate slot 

and rotor pole combination is required for successive torque 
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ripple reduction in such machines. The above claim about the 

rotor-PM arrangement presented in (Han et al., 2010) is fur-

ther confirmed in studies conducted by (Zhang et al., 2018) 

where a developed IPM machine having two-layer-PM rotor 

structure has not just lower loss and higher efficiency capa-

bilities, but also, improved field-weakening and better fault-

tolerant abilities than their corresponding single-layer-PM 

counterparts.  

In the same vein, significant core loss reduction could be re-

alized from a wound-rotor synchronous machine by reducing 

the rotor pole height as pointed out in (Fukami et al., 2012), 

and this would customarily enhance the efficiency of the ma-

chine. Also, the kind of steel material used in a given electri-

cal machine could influence the level of its loss contents as 

well as the efficiency curve of the machine. Studies in (Liu 

et al., 2017) shows that the use of soft magnetic composite 

(SMC) core material is ideal relative to the laminated-sheet 

ones, since they offer lower eddy current losses compared to 

the machines with conventional laminated sheets; significant 

difference between these two kinds of material usage is no-

ticeable at high operating speeds (Liu et al., 2017).  

Since, it is established that permanent magnet material with 

relative permeability greater than integer value of 1 is sus-

ceptible to hysteresis loss, therefore, the effect of three dif-

ferent PM materials such as ferrite, samarium cobalt, and ne-

odymium are investigated in (Petrov et al., 2017) with refer-

ence to their hysteresis losses. It is found that, ferrite magnets 

are most liable to high hysteresis loss followed by the samar-

ium cobalt magnets. Although, the studies in (Petrov et al., 

2017) did not take into account, the grades of the magnets. 

Moreover, it is noted that the resultant hysteresis loss could 

also cause additional AC losses on the machines. Above all, 

the efficiencies of these machines presented in (Petrov et al., 

2017) are also directly affected by the respective amounts of 

their hysteresis losses with ferrite magnets on the most dis-

advantaged side.  

As noted in (Thomas et al., 2012), the use of segmented rotor 

in switched flux PM machine yields lower losses, although 

with some sacrifice of its average torque. Moreover, this seg-

mented type of switched flux PM machine is found to have 

larger self-inductance values than the conventional ones, and 

this is desirable for fault-tolerant applications. Similarly, it is 

shown in (Wang et al., 2016) that the total losses in switched 

flux PM machines are influenced by its number of winding 

layers. Thus, the machines having higher winding layer ex-

hibit lower overall losses and hence, better efficiency.  

The sections in this paper include: Introduction, methodol-

ogy, inductance characteristics, losses and efficiency profiles, 

as well as conclusion. The flux density profile of the com-

pared machines, on no-load is shown in Figure 1. For ease of 

discussion, the compared machines as displayed in Figure 1 

are: 1. Single-stator switched flux permanent magnet ma-

chine having C-core stator structure (C-core SFPM 6/13) i.e. 

Figure 1(a); 2. Double-stator switched flux permanent mag-

net machine (DS-SFPM 6/13) i.e. Figure 1(b); 3. Single-sta-

tor switched flux permanent magnet machine having E-core 

stator structure (E-core SFPM 6/11) i.e. Figure 1(c); 4. Parti-

tioned-stator switched flux permanent magnet machine hav-

ing E-core outer-stator structure (PS-SFPM 6/11 (E-core)) i.e. 

Figure 1(d); 5. Partitioned-stator switched flux permanent 

magnet machine having C-core outer-stator structure (PS-

SFPM 6/11 (C-core)) i.e. Figure 1(e); and 6. Partitioned-sta-

tor switched flux permanent magnet machine having twelve 

stator poles and eleven rotor poles (PS-SFPM12/11) i.e. Fig-

ure 1(f).

 

   

(a) C-core SFPM 6/13 (b) DS-SFPM 6/13 (c) E-core SFPM 6/11 
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(d) PS-SFPM 6/11 (E-core) (e) PS-SFPM 6/11 (C-core) (f) PS-SFPM 12/11 

Figure 1: Flux density distributions of the compared machines operated at 400rpm, rotor at d-axis position. 

2. METHODOLOGY  

 

It is worth mentioning, that MAXWELL 2D software is 

employed in this work using the finite element analysis 

(FEA) models of Figure 1.  

Note that the self-inductance and mutual-inductance of the 

investigated machines are estimated by running the FEA 

models over one electric cycle under two different conditions 

which are (a) open-circuit and (b) load current condition of 

15A, injected in Phase A winding. Then, the obtained FEA 

flux-linkages under these two conditions at different rotor 

positions are utilized in the calculation of the self-inductance 

and mutual-inductance. First, the predicted open-circuit flux-

linkage of Phase A is subtracted from Phase A excited flux-

linkage values and divided by the supplied current to realize 

the Phase A self-inductance. While the open-circuit flux-

linkage of Phase B is subtracted from Phase B excited flux-

linkage, owing to Phase A excitation and divided by the 

supplied current to obtain the mutual inductance between 

Phase A and B windings, a method adopted in (Du et al., 

2016).        

Similarly, predicted direct- and quadrature-axis inductances 

are computed using equations (1) and (2), respectively. 
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where Ld , Lq; λq, λd; id, iq are the d-and q-axis inductances, 

flux-linkages, and currents, respectively; and λmag is the per-

manent magnet flux-linkage. 

 

More so, the traditional core loss equation given in (3) is 

adopted in this present analysis. 

5.15.1222 BfkBfkfBkP aehT 
 

(3) 

where PT is the total core loss, B is the maximum value of the 

magnetic flux density, f is the frequency; kh, ke, and ka are the 

loss coefficients for hysteresis loss, eddy current loss, and 

anomalous loss, respectively (Lee et al., 2008).   

 

Similarly, the copper loss of the compared machines is pre-

dicted using (4) 
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where Irms = the root mean square value of phase current, Rph= 

the phase resistance, ρcu = copper resistivity,  La = the active 

stack length of the machine, Le = the length of end-winding, 

Nt = the phase number of turns, kpf = the packing factor, Aslot 

= the total slot area per phase and J = the current density 

(Chen et al., 2010). 
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3. INDUCTANCE CHARACTERISTICS 
 

Figure 2 and 3 shows the self- and mutual-inductance wave-

forms of the compared machines, respectively. It can be seen 

that, the largest value of self-inductance is obtained in the 

conventional single-stator E-core SFPM machine, which is a 

good fault-tolerant characteristic. The analyzed machines 

have similar low mutual-inductance values except for that of 

the PS-SFPM machine having 12PMs, whose mutual-induct-

ance value is the largest. The mutual inductance values of a 

given electrical machine can be zero or either positive or neg-

ative, since it depends on the polarity of the coil connection 

of the mutually-coupled coils. Further, the d- and q-axis in-

ductance variation with rotor position of the compared ma-

chines is depicted in Figure 4. It can be observed that, the 

single-stator C-core and single-stator E-core SFPM machines 

have similar axes inductance values which are higher than 

those of the other compared machines. Also, it should be 

noted that the least value of the winding inductances oc-

curred in the DS-SFPM machine. It is worth noting, that the 

values of the quadrature-axis (q) and direct-axis (d) induct-

ances of each of the analyzed machine, are quite similar in 

the compared double-stator machines. Similarly, the largest 

values of both quadrature-axis and direct-axis inductances 

are seen in the investigated single-stator ones; nevertheless, 

with identical inductance waveforms. Therefore, their sali-

ency ratios are approximately equal to one as seen in Table 

1. Hence, it indicates that the analyzed machines would have 

negligible reluctance torque. It is noted in (Bianchi et al., 

2008) that in order to obtain a wide speed range in flux-weak-

ening region for a given fractional slot PM machine, then, its 

self-inductance value should be high with negligible or zero 

mutual inductance values.

 
Figure 2: Variation of self-inductance with rotor position,   I=15A. 

 

 
Figure 3: Variation of mutual-inductance with rotor position, I=15A. 

 

 
(a) D-axis inductances 

 
(b) Q-axis inductances 

Figure 4: Variation of winding inductances with rotor position, (Id=-1A or 

Iq=15A). 
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Table 1:  Machine Parameters of the Compared Machines

Item Value 

Machine topology 
C-core 

SFPM 6/13 
DS-SFPM 6/13 

E-core 

SFPM 6/11 

PS-SFPM 

6/11 (E-core) 

PS-SFPM 

6/11 (C-core) 

PS-SFPM 

12/11 

Stator pole number, Ps 6 6 6 6 6 12 

Rotor pole number, Pr 13 13 11 11 11 11 

Number of turn/phase 72 

Outer stator diameter (mm) 90 

Axial length (mm) 25 

PM remanence (T) 1.2 

Relative permeability 1.05 

Airgap length (mm) 0.5 

Self-inductance, Laa (mH)** 0.373 0.220 0.445 0.289 0.280 0.364 

Mutual-inductance, Mab (mH)** -0.163 -0.097 -0.110 -0.065 -0.108 0.024 

Mab /Laa -0.439 -0.439 -0.248 -0.226 -0.386 0.067 

Ld 0.49 0.30 0.48 0.34 0.38 0.32 

Lq 0.57 0.33 0.57 0.37 0.40 0.36 

Lq/Ld 1.17 1.11 1.17 1.07 1.03 1.12 

Efficiency (%)* 91.91 93.94 92.01 93.62 93.62 93.54 

*: Efficiency at fixed copper loss of 30Watts, **: Inductance at 15Amperes. 

4. LOSS AND EFFICIENCY PROFILES 
 

The estimation of losses in the design and analysis of electri-

cal machines is very crucial since the overall efficiency of 

the machines largely depends on it. Also, the thermal effect 

which includes the temperature distribution of the machine is 

dependent on losses. Furthermore, studies on the reduction 

of iron losses in PM machines by optimization of the ma-

chine geometry are given in (Mi et al., 2005; Lee et al., 2008; 

Fukami et al., 2012 and Yamakazi et al., 2013). However, it 

should be noted that the average torque may be compromised 

a bit by the above procedures. Also, (Okamoto et al., 2016) 

has shown that the use of appropriate material could reduce 

the iron loss of a given synchronous machine significantly. 

Similarly, the permanent magnet eddy current loss of the an-

alyzed machines can be minimized by several techniques, for 

example PM segmentation (Yamazaki et al., 2009b; Chong 

et al., 2011 and Thomas et al., 2014).  

It is worth noting, that the end-winding, Le, is neglected in 

this calculation; since we employed the 2D-FEA approach. 

The permanent magnet eddy current and total core losses of  

the analyzed machines are depicted in Figure 5 and 6, respec-

tively. It is obvious, that the largest eddy current loss is ob-

tained in the DS-SFPM machine, perhaps due to its high  

electrical frequency emanating from the 13-rotor pole num-

ber. Moreover, the highest amount of total core loss is recog-

nized in the PS-SFPM machine having 12PMs i.e.  

 

 

 

(PS-SFPM 12/11). Also, the analyzed E-core machines have 

lower loss values than their compared counterparts. The FEA 

predicted efficiencies of the compared machines are shown 

in Figure 7. Moreover, the DS-SFPM machine and the PS-

SFPM machines have comparable efficiency values as 

shown in Figure 8, which is relatively higher than those of 

the conventional single-stator machines i.e. (E-core SFPM 

6/11) and (C-core SFPM 6/13) machines. Their efficiency 

values are also listed in Table 1.  
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Figure 5: Variation of PM eddy current loss with speed, copper loss = 

30W. 

 

 
Figure 6: Variation of total core loss with speed, coper loss =30W. 

 

Although we realized reasonable efficiency values in this 

analysis; however, it is worth noting that, the efficiency of 

investigated machines in this paper could still be enhanced 

further and better by the use of mechanical flux-adjusters to 

regulate the resultant flux-linkage around the air-gap of the 

machine, in particular at high operating speed range. This 

method has an advantage of avoiding the introduction of ad-

ditional losses to the machine during the flux-weakening op-

eration at constant power region of the driving cycle, as 

pointed out in (Deodhar et al., 2014). However, we did not 

consider the impact of these flux-adjusters in this paper due 

to scope-limitation.  

 
Figure 7: Comparison of efficiency, copper loss=30W 

 
Figure 8: Predicted maximum efficiency, 1600rpm. 

 
5. CONCLUSION 

 
A comparative study of losses and inductances of different 

PM machines having single-stator and double-stator machine 

topologies are presented. The best efficiency is obtained in 

the analyzed DS-SFPM 6/13 machine while the worst is seen 

in its equivalent single-stator machine, i.e. C-core SFPM 

6/13. Also, the single-stator C-core SFPM machine has the 

least magnitude of mutual inductance which is good for fault-

tolerant applications. Moreover, the compared machines hav-

ing single-stator configuration, have the largest amount of d- 

and q-axis inductances amongst all. The single-stator ma-

chine topologies also have similar saliency values, since they 

have identical winding inductances. Overall, the analyzed 

single-stator permanent magnet machines are the best candi-

dates for fault-tolerant applications. 
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