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 
Abstract—For modular permanent magnet (PM) machines 

with overlapping (OLP) windings widely employed in wind power 

generation, the large torque ripple and long end winding are 

major issues. In order to solve these problems, PM machines with 

non-overlapping (NOLP) windings and redundant teeth for easy 

modularity are proposed in this paper. The comparative study 

between modular machines with these two kinds of windings is 

necessary and the major focus of this paper. For the sake of 

clarity, two modular dual 3-phase machines with 42-slots/32-poles 

(42S/32P) and 192S/32P combinations are chosen as examples to 

show the differences in terms of the machine performance. The 

proposed 42S/32P modular machine adopts NOLP winding, while 

the conventional 192S/32P one uses OLP type. Based on the 

results, it is found that the modular machine with NOLP winding 

has comparable average torque and efficiency. In the meantime, 

much lower torque ripple exists for the proposed modular 

machine regardless of the current value. The shorter and simpler 

end windings are beneficial to manufacturability. Moreover, the 

proposed modular machine with NOLP winding will be more 

fault-tolerant due to smaller mutual inductances between phases 

and larger d-axis inductance. Finally, the proposed 42S/32P 

modular machine is prototyped and the experiments validate the 

correctness of the analyses in this paper. Despite two specific 

examples being used, the conclusion should be generic and can be 

employed to modular machines with other slot and pole number 

combinations. 

 
Index Terms— Dual 3-phase machine, modular machine, 

non-overlapping winding, overlapping winding, permanent 

magnet machine. 

 

I. INTRODUCTION 

ith the development of power converter techniques and 
higher requirement for system reliability, multi-phase 

electrical machines have become the research hot spot in recent 
years [1]. The advantages of adopting multi-phase electrical 
machines include low power rating of each phase, high 
redundancy of the electrical machine system and decent torque 
performance, etc. Besides, the fault-tolerant capability is good 
as well [2]. 

Among all of the multi-phase electrical machines, those 
adopting dual 3-phase integer slot overlapping (OLP) windings 
have gained increasing attention over the past few decades 
[3]-[11]. Authors in [3] tried to build up the dual 3-phase 
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electrical machine models with any displaced angle between 
two sets of windings. However, the mutual coupling was still 
not fully avoided. The redundancy of multi-phase electrical 
machines with independent inverter supplied has been 
addressed in [4] where dual 3-phase electrical machines being 
used as the example. The definition of phase number was 
clarified in [5] and the merit of dual 3-phase winding that more 
harmonics are eliminated compared with single 3-phase 
winding can be clearly seen. The detailed analysis of induction 
motors with dual 3-phase windings in [6] further shows the 
advantage of loss reduction for this kind of winding. When dual 
3-phase windings are used, there will be more space voltage 
vectors being selected to improve the torque performance [7]. 
To more easily employ the space vector pulse width modulation 
(SVPWM) technique, a decoupled orthogonal transformation 
was developed in [8]. More design details about dual 3-phase 
electrical machines and the application of SVPWM technique 
to reduce torque ripple were investigated in [9] and [10]. The 
comparison between dual 3-phase electrical machines with 
thirty and zero degree phase shift between two sets of windings 
(named as “Thirty Type” and “Zero Type”) was executed in 
[11] from a variety of aspects. Each type has its own 
characteristics and should be applied according to the different 
requirements. 

Since the non-overlapping (NOLP) fractional slot windings 
were proposed for permanent magnet (PM) machines [12], the 
investigation of dual 3-phase electrical machines with this kind 
of winding is increasingly popular [13]-[16]. In [13], a specific 
dual 3-phase electrical machine with 12-slots/10-poles 
(12S/10P) was fully investigated in terms of the torque 
performance. The faulty operation with only one set of winding 
operation was further analyzed and the fault-tolerant capability 
was identified in [14]. From a more general point of view, the 
available slot/pole number combinations for constructing dual 
3-phase windings were summarized in [15], which provides a 
quite clear guidance. Authors in [16] emphasized the benefit of 
harmonic reduction by using Thirty Type dual 3-phase NOLP 
fractional-slot windings. Since the electrical machines with 
such kind of winding are inherently semi twelve phase ones, 
more phase number gives rise to less harmonics and better 
torque performance. Although a specific PM machine was 
analyzed, the conclusion is generic. When the phase shift 
between two sets of windings is different from thirty and zero 
degrees, more possible configurations can be proposed, as the 
one shown in [17]-[18]. Moreover, if the suitable harmonic 
currents are injected into dual 3-phase windings, the torque 
performance will be improved because of the more flexible 
current waveform selection [19]-[20]. 
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When it comes to wind power generation, large size 
direct-drive low speed PM machines have been widely applied 
[21]-[22]. Usually, these PM machines adopt either Thirty or 
Zero Type dual 3-phase modular OLP windings because of the 
merits mentioned above. Thus, they have larger torque density 
and higher efficiency compared with doubly-fed induction 
generators [23]. However, the long stator end winding due to 
OLP winding and large torque ripple are still troublesome. In 
order to cope with these issues, NOLP winding may be 
employed. As has been stated above, the NOLP windings can 
satisfy the requirement of wind power generators in terms of 
reducing the end winding and torque ripple. However, the 
losses could be higher and the efficiency may be reduced if 
special care is not taken [24]. Furthermore, the stator cores of 
large size electrical machines cannot be manufactured as the 
small size ones due to the mechanical restrict on thin 
laminations. Modularity is always necessary, whereas the 
conventional all teeth wound NOLP windings will leave the 
coil sides at the end part of each segment exposed to the air. 
This increases the potential of winding insulation failure to a 
large extent during the stator segment transportation and 
assembly process. Based on this point and enlightened by the 
idea in [25], the modular machines with NOLP windings and 
redundant teeth for modularity are proposed. 

For more in-depth understanding, this paper extends the 
analysis of Thirty Type dual 3-phase modular electrical 
machines with OLP/NOLP windings in [26]. Two specific 
slot/pole number combinations are chosen as examples to better 
explain the differences on machine performance. The phase 
shift is 30 degrees between two sets of windings for both 
electrical machines and the end parts of stator segments are 
made of unwound teeth. With the help of finite element analysis 
(FEA), the electromagnetic performances are compared and the 
analyses are validated by the experiments. 

II. PROTOTYPE MACHINES 

The two prototype machines to be comparatively analyzed in 
this paper have the same rotor pole number, while the stator 
numbers are different to allow the accommodation of 
OLP/NOLP windings. The cross-sections are shown in Fig. 1. 

From Fig. 1, it can be seen that the modular machines with 
OLP/NOLP windings have 42-slots/32-poles (42S/32P) and 
192S/32P combinations, respectively. Both of their stators can 
be cut into segments in tooth center, thus the coil sides located 
at the end parts of each segment can be effectively protected 
during transportation and assembly process. This is one of the 
major advantages for the proposed modular machine with 
NOLP winding. Moreover, the PMs with simple arc shape, viz. 
without utilizing shaping technique, are adopted for both 
modular machines to make the comparison easier. It can be 
foreseen that the modular machine with OLP winding will have 
much larger torque ripple with such kind of PMs due to quite 
large cogging torque, which is the major drawback for this kind 
of PM machine. On the contrary, the modular machine with 
NOLP winding inherently has quite small cogging torque in 
usual. For the stator part, the maximal stator segment number is 
different for two electrical machines (6 and 16 for the 42S/32P 

and 192S/32P modular machines, respectively), as shown in 
Fig. 1. 

 
(a) 

 
(b) 

Fig. 1. Cross-sections of two prototype machines. (a) NOLP winding 
(42S/32P-6 stator segments). (b) OLP winding (192S/32P-16 stator segments). 

 
Besides the stator core structures, the winding layouts of two 

machines are quite different and should be paid more attention. 
The star of slots method is used to arrange 36 and 96 winding 
coils for two modular machines, as shown in Fig. 2. 

Fig. 2(a) shows that the phase shifts between adjacent coil 
EMF vectors within each segment (αe) are 150 and 30 degrees 
for two modular machines, respectively. The phase shift 
between two adjacent end coils (αr) is the same for two 
electrical machines, viz. 210 degrees. Three phases within one 
set of winding have 120 degrees shift between each other (αph) 
and two sets of windings differ 30 degrees in space (αset). 
However, the winding set 2 is 30 degrees ahead referring to the 
winding set 1 for the 42S/32P modular machine and vice versa 
for the 192S/32P one, as shown in Fig. 2(b). The minus symbol 
before the coil number means the wound direction is inward. 
Although the coil numbers are different for two electrical 
machines, the turns per phase and rated current are kept the 
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same to guarantee the similar armature excitation. 

42S/32P 192S/32P 

 

 

(a) 

  
(b) 

Fig. 2. Windings of two modular machines. (a) Coil electromotive force (EMF) 
vectors. (b) Winding arrangements. 

 
Before the detailed analysis of the two electrical machines, 

there are some limitations on structures for the sake of 
reasonable comparison. Both modular machines have the same 
stator inner diameter, stator outer diameter, effective slot area, 
air-gap length, PM thickness, rotor yoke thickness and axial 
length. The major parameters are listed in TABLE I. 

TABLE I. MAJOR STRUCTURE PARAMETERS 

Item 
Slot number/Pole number 

42S/32P 192S/32P 

Stator inner diameter (mm) 319.4 
Stator outer diameter (mm) 390.4 
Stator yoke thickness (mm) 13.2 16.6 

Stator tooth width (mm) 17.52a and 7.9b 2.98 
Air-gap length (mm) 2 
PM thickness (mm) 6 

PM pole arc to pole pitch ratio 0.9 
PM remanence (T) 1.24 

Relative permeability 1.02 
Rotor yoke thickness (mm) 10 

Axial length (mm) 110 
Turns per phase 408 

Phase resistance (Ω) 3.32 4.42 
Rated current (A) 3 
Rated speed (rpm) 170 

a the teeth with coils. 
b the teeth without coils. 

III. ELECTROMAGNETIC PERFORMANCE COMPARISON 

A. Field Distribution 

When the rotor d-axes of two electrical machines coincide 
with the phase-A1 winding positive direction, the open-circuit 
flux line distributions at this position are shown in Fig. 3, while 
the corresponding air-gap flux densities are also compared. 

  

 

(a) (b)  

 
(c) 

 
(d) 

Fig. 3. Open-circuit PM field distributions. (a) Flux line distribution of the 
42S/32P modular machine. (b) Flux line distribution of the 192S/32P modular 
machine. (c) Air-gap flux density waveforms. (d) Air-gap flux density spectra.  

 
In Fig. 3(a) and (b), the minimal repetition unit is highlighted 

with the dashed lines. There are 2 and 16 repetition units for the 
42S/32P and the 192S/32P modular machines, respectively. 
Since the minimal repetition unit is lower than the rotor pole 
pair number, the 42S/32P modular machine possesses 
fractional slot winding which contains much more abundant 
harmonics than the 192S/32P modular machine whose winding 
is integer slot type. According to [27], the harmonics for 
open-circuit field are 2|8n±21k| and 16|n±12k| (n=1,3,5… and 
k=0,1,2…) for the 42S/32P and 192S/32P machines, 
respectively. From this point of view, the 192S/32P modular 
machine should have better performance. However, the 
saturation is severer for this machine as well. Fig. 3(b) implies 
that quite a few number of stator teeth will be more saturated 
for the 192S/32P modular machine compared with the 42S/32P 
one. The redundant teeth of the 42S/32P modular machine are 
more saturated than effective teeth within each segment due to 
their narrow width and their influence on machine performance 
will be seen in the following part. Fig. 3(c) shows that the two 
electrical machines have non-sinusoidal waveforms but similar 
peak values in air-gap flux density. In order to clearly see the 
influence of slot opening, Fig. 3(d) compares their spectra. 
There is only one working harmonic component, viz. rotor pole 
pair number, for the 192S/32P modular machine within 20 
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orders. In contrast, all of the even order harmonics exist in the 
42S/32P machine. Due to the larger slot openings in the 
42S/32P modular machine, its equivalent air-gap length will be 
larger and the corresponding working harmonic magnitude will 
be lower than that of the 192S/32P one. 

If two sets of windings are fed with rated current having 30 
degree phase shift, the electrical machine runs under rated 
condition. Since the difference of winding layouts affects the 
armature field which determines the on-load performance, the 
armature field distributions with rated current only are shown in 
Fig. 4. The air-gap flux densities are also given and the results 
are obtained at the same time instant as the open-circuit 
situation. 

  

 

(a) (b)  

 
(c) 

 
(d) 

Fig. 4. Field distributions due to armature current only. (a) Flux line distribution 
of the 42S/32P modular machine. (b) Flux line distribution of the 192S/32P 
modular machine. (c) Air-gap flux density waveforms. (d) Air-gap flux density 
spectra. 

 
Since the current of two machines are relatively low, the 

armature field shown in Fig. 4 is much weaker compared with 
the PM field shown in Fig. 3. However, the repetition units of 
armature field are still the same as the PM field. Comparing 
these two figures, it can also be found that the saturation under 
armature field only condition is much lower than that under PM 
field only situation. Thus, the saturation of two electrical 
machines is still mainly determined by the PM field under rated 
operation. Fig. 4(c) shows that the armature field waveform of 
the 42S/32P modular machine is far from the sinusoidal shape 

in working harmonic order. This is owing to the adoption of 
fractional slot dual 3-phase winding. The 192S/32P modular 
machine still keeps 16 repetition units, which is the specialty of 
integer slot winding. According to [27], the harmonic orders 
due to armature field are 2|1±3k| and 16|1±12k| (k=0,1,2…) for 
the 42S/32P and 192S/32P modular machines, respectively. 
From the detailed spectra shown in Fig. 4(d) and above 
equations, the existence of more harmonics in the 42S/32P 
modular machine verifies the distortion of its waveform. In 
contrast, the 192S/32P modular machine has only one 
component with the same order as the rotor pole pair number. 
Besides, its magnitude is also higher than that of the 42S/32P 
one, which is due to smaller slot opening and higher winding 
factor (0.9659 and 1 for the 42S/32P and 192S/32P modular 
machines, respectively). 

B. Open-circuit back-EMF and cogging torque 

When the rotors of two machines rotate under open-circuit 
condition, the back electromotive force (back-EMF) will be 
induced in windings and the cogging torque will also be 
generated. Since the three phases within each set of winding are 
balanced, only phase-A1 and A2 are chosen as representatives. 
Their phase back-EMFs are shown in Fig. 5. 

 
(a) 

 
(b) 

Fig. 5. Open-circuit phase back-EMFs (170 rpm). (a) Waveforms. (b) Spectra. 

 
According to the waveforms shown in Fig. 5(a), the only 

difference between phase-A1 and A2 back-EMFs is the phase 
shift direction. Phase-A1 is 30 electrical degrees lag compared 
with phase-A2 in time for the 42S/32P modular machine and 
vice versa for the 192S/32P one. This coincides with the phase 
shift shown in Fig. 2 though the phase shift exhibits in space. 
Comparing the waveforms of two machines, the 192S/32P 
modular machine has more trapezoidal back-EMF, which can 
be more clearly observed in Fig. 5(b). Since all of the 
harmonics have the same magnitude for phase-A1 and A2, this 
again verifies that two sets of windings are balanced. The 
higher fundamental component of the 192S/32P modular 
machine will contribute to a higher average torque under 
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on-load condition if the saturation is not heavy. The reason for 
more sinusoidal back-EMF in the 42S/32P modular machine is 
due to lower harmonics. 

Because of the fully open slots, the non-uniformed air-gap 
permeance results in the variation of the machine stored energy, 
which generates cogging torque under open-circuit condition. 
The results of two electrical machines over one electrical period 
are shown in Fig. 6. 

 
(a) 

 
(b) 

Fig. 6. Cogging torque. (a) Waveforms. (b) Spectra. 

 
It is quite clear that the modular machine with OLP winding 

has much larger cogging torque compared with the proposed 
modular machine with NOLP winding. Fig. 6(a) shows that  the 
12th harmonic component is predominant in the modular 
machine with OLP winding, while the lowest cogging torque 
period number is 6 for the proposed modular machine with 
NOLP winding. Based on the spectra in Fig. 6(b), the 
differences between two machines can be more obviously 
observed. Fig. 6(b) also shows that both 6th and 12th harmonic 
components exist in the 42S/32P modular machine although 
they are quite small. Because of the different machine 
topologies, the minimal cogging torque period over one 
electrical period (Ncogpp) can be obtained as follows: 

( ,2 ) ,   

( ,2 ) ,   
trNOLP

cogpp

sOLP

LCM N p p for NOLP windings
N

LCM N p p for OLP windings


 


 (1) 

where LCM means the least common multiple of two numbers; 
NtrNOLP is the redundant tooth number of the proposed modular 
machines with NOLP windings; p is the rotor pole pair number 
and NsLOP is the stator slot number of the conventional modular 
machines with OLP windings. For the two electrical machines 
analyzed here, Ncogpp is 6 and 12, respectively. This is the same 
as the results shown in Fig. 6. 

C. On-load torque 

The average torque will be generated when two sets of 
winding are fed with currents, as shown in Fig. 7. Since there 

are negligible magnetic reluctance differences between d-and 
q-axis, Id=0 (Id is d-axis current) control strategy is used. As 
expected, the average torque of the 192S/32P modular machine 
is higher than that of the 42S/32P one, which is the same as the 
magnitude of phase back-EMF fundamental component. The 
torque fluctuation under rated condition shown in Fig. 7(a) 
seems quite similar to cogging torque and the corresponding 
spectra shown in Fig. 7(b) can more clearly demonstrate this. 
The zeroth component represents the average torque and the 
other harmonic orders are the same as the cogging torque. 
However, the magnitudes of harmonics have changed, although 
the increase of magnitude is small. This can be explained by the 
PM and armature field flux density distributions in Fig. 3 and 4, 
where the armature field is much weaker than the PM field. 
That is why the armature field has such negligible influence on 
torque ripple under rated condition. Since the armature field is 
related with the current value, the influence of armature field on 
torque ripple can be seen when the current is high enough. 

 
(a) 

 
(b) 

Fig. 7. On-load torque under rated condition. (a) Waveforms. (b) Spectra. 

 
The complete average and peak-to-peak (PP) torque 

ripple-current characteristics are shown in Fig. 8. In order to 
clearly see the influence of armature field on performance, the 
maximal current is increased up to 15 times of the rated value. 
Inputting such high current into windings is unrealistic for the 
real situation and it is only applicable in simulation. Such 
impractical value is used here only for exaggerating the 
phenomena for better investigation. It shows that the average 
torques of both machines gradually increase with the current 
and show the saturation trend. Although the average torques of 
two machines are quite close in Fig. 8(a), gradually reduced 
difference between two machines with the increasing current 
can still be observed. This is owing to the more saturated stator 
for the 192S/32P modular machine with higher current. It is the 
thinner stator teeth that contribute to this. For PP torque ripple, 
the overall trend is the increase, while the fluctuations can also 
be observed, especially for the 192S/32P modular machine. 
The PP torque ripple mainly consists of two components. One 
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is due to the interaction between PMs and slots and the other is 
from armature reaction. With the increase of current, these two 
different components could enhance or weaken each other 
because of the variation of saturation level. Thus, the PP torque 
ripple will show the fluctuation. Since the saturation of the 
192S/32P modular machine is more sensitive than that of the 
42S/32P one, the PP torque fluctuation is more obvious for this 
electrical machine. No matter the current is low or high, the PP 
torque ripple is always lower for the 42S/32P modular machine, 
as shown in Fig. 8(b). This is one of the most important merits 
for NOLP windings. 

 
(a) 

 
(b) 

Fig. 8. Influence of current on torque performance. (a) Average torque. (b) PP 
torque ripple. 

D. Losses and Efficiency 

Due to the change of electrical machine topology, the losses 
of two electrical machines will show different performances. 
Laminated stator core iron loss (PFe), solid PM and solid rotor 
yoke eddy current losses (PPM and Pry, respectively) are three 
major losses components to be concerned. They can be 
predicted based on the following equations in the post process 
of FEA: 

2 2

2
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where kh and ke are the hysteresis and eddy current loss 
coefficients of stator lamination; Bm is the magnitude of flux 
density; f is the frequency; Kf1, Kf2 and Kf3 are determined by the 
material property; ωe is the angular frequency in rad/s; SPMi and 
Sry are the area of the ith PM and rotor yoke; JPMi and Jry are the 
current density of the ith PM and rotor yok; σPM and σry (740000 
and 6000000 S/m for PMs and rotor cores of the machines in 
this paper) are the rotor yoke conductivity of PM and rotor 

yoke. Since all of them are also closely related to the armature 
field, the variations of these losses with current are shown in 
Fig. 9. Again, the current is increased to unrealistic 15 times of 
the rated value for clearer demonstration. 

 
(a) 

 
(b) 

 
(c) 

Fig. 9. Variation of losses with the current (170 rpm). (a) Stator iron loss. (b) 
PM eddy current loss. (c) Rotor yoke eddy current loss. 

 
Fig. 9(a) shows that the dual 3-phase modular machine with 

NOLP winding has lower stator iron loss compared with the 
one with OLP winding. This comes from the lower stator core 
saturation, although the difference between two machines will 
increasingly low with the increase of current. Fig. 9(b) and (c) 
demonstrate that the other two kinds of losses are almost 
negligible for the 192S/32P machine compared with the 
relative huge value for the 42S/32P one. As it can be clearly 
observed in Fig. 3 and 4, the harmonics are really more 
abundant for the 42S/32P modular machine no matter for the 
PM or armature field. Because of extremely low harmonic 
contents, the PM and rotor yoke eddy current losses are pretty 
small for the dual 3-phase machine with OLP winding, even if 
the current is high. However, the difference of two loss 
components can be found in the 42S/32P modular machine. 
Since the PMs are separated with each other, some lower order 
harmonics having longer wavelength will be suppressed. For 
the rotor yoke, there are no interruptions in the yoke body; and 
therefore all of the harmonics except the synchronous one will 
generate eddy current loss. That is why this component will be 
larger than the PM eddy current loss and the difference will 
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become larger and larger with the increase of current. For the 
real applications, other measures must be adopted to reduce 
these two losses. It should be mentioned that the skin effect of 
flux density with high frequency variation is hard to be 
accurately considered; therefore the accuracy of the eddy 
current loss for integer slot machine needs more mesh 
elements. The step number must be high enough to account for 
higher order harmonics, especially for the high speed 
operations. 

Besides these three iron loss components, the stator copper 
loss (Pcop) is one of the major losses in PM machines, which can 
be predicted by: 

2
cop ph phP mI R  (5) 

where m is the phase number; Iph is the phase current in root 
mean square (RMS) value and Rph is the phase resistance. For 
the two machines analyzed in this paper, the phase resistances 
are shown in TABLE I. Thus, the corresponding copper losses 
are obtained.  

For other losses, such as mechanical friction loss, winding 
loss, etc., they are much less than above four types of losses and 
are not considered for simplicity. Finally, the efficiency (η) can 
be calculated by: 

( ) ( ) 100%em PM ry em Fe cop

em em r

P P P P P P

P T

      

 
 (6) 

where Pem and Tem are the electromagnetic power and torque, 
respectively; .Ωr is the rotor mechanical speed in rad/s. The 
calculation results are listed in TABLE II for rated condition. 

TABLE II. LOSSES AND EFFICIENCY 

Item 
Slot number/Pole number 

42S/32P 192S/32P 

Stator copper loss (W) 179.28 238.68 
Stator iron loss (W) 67.91 130.82 

PM eddy current loss (W) 20.68 0.13 
Rotor yoke eddy current loss (W) 108.43 0.06 

Electromagnetic power (W) 3762.35 4035.79 
Efficiency (%) 90.61 91.61 

It shows that the proposed modular machine with NOLP 
winding has lower copper loss and stator iron loss, while the 
modular machine with OLP winding has negligible PM and 
rotor yoke losses. The reason for these differences has been 
illustrated above, and the efficiencies of both machines are 
similar. From TABLE II, it can be seen that these two modular 
machines do not have very high efficiency which should be 
achieved for the PM machines in this size. The dimensional 
constraints given by the customer are the major reasons. On one 
hand, the air-gap, viz. 2mm, is too large for these two machines, 
which will reduce the machine performance and increase the 
losses. On the other hand, the stator core is not fully utilized due 
to the restriction on the slot area, which leads to the use of very 
thin wire for the winding and large copper loss is generated. 

E. Inductance characteristic 

Since two prototype machines have different winding 
topologies, the corresponding inductances will show different 

characteristics as well. Phase inductances can show the 
coupling between different phases, which is the criteria to judge 
the mutual influence under faulty conditions. For d- and q-axis 
inductances, they can reflect the saliency and the short-circuit 
fault withstand capability. The frozen permeability method is 
used to predict these inductances [28]: 

 ( )

 , 1,  2,  1,  2,  1,  2     

ij ij F jL I

i j A A B B C C or d and q axis



  
 (7) 

where Lij represents the inductance between i and j; ψij(F) is the 
flux linkage obtained under the specific operation condition by 
frozen permeability method. Ij is the current used to calculate 
the inductance. The inductance waveforms are shown in Fig. 10 
and the average values are summarized in TABLE III. 

 
(a) 

 
(b) 

 
(c) 

Fig. 10. Inductance waveforms under rated condition. (a) Phase inductance of 
42S/32P modular machine. (b) Phase inductance of 192S/32P modular 
machine. (c) d- and q-axis inductances. 

TABLE III. INDUCTANCES 

Item 
Slot number/Pole number 

42S/32P 192S/32P 

LA1A1 (|LA1A1/LA1A1| X 100%) 17.2147 (100%) 11.0144 (100%) 
LB1A1 (|LB1A1/LA1A1| X 100%) 0.0411 (2.39%) -1.1506 (10.45%) 
LC1A1 (|LC1A1/LA1A1| X 100%) 0.0411 (2.39%) -1.1502 (10.44%) 
LA2A1 (|LA2A1/LA1A1| X 100%) 2.7338 (15.88%) 2.6093 (23.69%) 
LB2A1 (|LB2A1/LA1A1| X 100%) 0.1164 (6.76%) -2.6090 (23.69%) 
LC2A1 (|LC2A1/LA1A1| X 100%) -1.5252 (8.86%) 0.0003 (0.00%) 

Ld 20.8778 14.0492 
Lq 20.8478 14.4702 
Ldq -0.0070 0.1828 
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From Fig. 10 and TABLE III, it can be seen that the mutual 
phase coupling is more evident for the 192S/32P modular 
machine due to the adoption of OLP winding. Furthermore, the 
overlapped end windings will more obviously affect other 
phases under faulty conditions. The negligible difference 
between d- and q-axis inductances shows that there is no 
reluctance torque for both machines. The larger d-axis 
inductance is better for impede the short-circuit current. This is 
another advantage for the proposed modular machine with 
NOLP winding. 

IV. EXPERIMENTAL VALIDATION 

The proposed 42S/32P modular machine with redundant 
teeth has been prototyped to validate the analyses in this paper. 
The photo of this electrical machine and the corresponding test 
rig are shown in Fig. 11. In Fig. 11(a), the air-gap of the 
prototype is maintained by a single-sided bearing at the back 
and its front part of the stator is fixed with the shaft via the end 
plate. The shaft center leaves the space for the torque transducer 
and the shaft front part supporter. Several thermocouples are 
inserted into the slot for the future thermal study. PMs are stick 
to the rotor yoke which is made of solid steel. A zoomed view 
of the stator core segment connection part is shown in Fig. 
11(b). It can be seen that stator segments are fixed together by 
the end plate as well and there is an additional air-gap between 
adjacent stator core segments. This assembly tolerance is 
unavoidable and its value is found to be about 1mm in this 
prototyped machine. The side effect of this additional air-gap 
will be observed in the following results. Fig. 11(c) shows the 
complete test platform with the installed prototype machine. 
The dynamometer is a direct current (DC) machine and it can 
be supplied by the DC source. The control cabinet integrates the 
converters and their controllers and protects the prototype 
machine. 

  
(a) (b) 

 
(c) 

Fig. 11. Experimental facilities. (a) Prototyped modular machine. (b) Zoomed 
view for the additional air-gap between adjacent segments. (c) Test rig. 

 
The measured open-circuit back-EMFs of phase-A1 and -A2 

are compared in Figs. 12(a) and (b) at the rated speed. It shows 
that both waveforms and spectra match quite well with the FEA 
predicted results. The matched back-EMFs demonstrate that 
the winding connections of the prototype machine are correct. 
The open-circuit cogging torque is also measured and the 
results are plotted in Figs. 12(c) and (d). 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 12. Comparison of predicted and measured back-EMF and cogging torque. 
(a) Back-EMF waveforms (170 rpm). (b) Back-EMF harmonics. (c) Cogging 
torque waveforms. (d) Cogging torque spectra. 

 
It can be seen that the differences between measured and 

ideal FE predicted results are significant. It is found that the 
additional air-gaps between six stator segments are the reason 
for such difference. As shown in Fig. 11(b), the influence of 
1mm additional gap between segments should be taken into 
account for the accurate performance prediction. Fig. 12(c) and 
(d) validate that the good agreement can be seen between 
prediction and measurement when manufacture tolerances are 
considered. It must be acknowledged that 1mm additional 
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air-gap length is a bit large for this prototype machine, since the 
mechanical air-gap length is just 2mm. The reason for such 
large manufacture tolerance is owing to the lack of experience 
in producing such kind of PM machine. Although there are 
some side effects causing by this manufacture tolerance, the 
efficacy of the analysis is still trustworthy. 

The on-load torque and torque-current characteristic again 
match well between the predicted and measured results, as 
shown in Fig. 13. Fig. 13(a) and (b) show that the difference 
between the measured torque waveform and the ideal FE result 
arises from the additional air-gap side effect as well. A bit 
lower average torque should be the consequence of axial end 
leakage effect. Because of the additional air-gaps, the 
equivalent air-gap length will be larger, which reduces the 
predicted average torque. The almost linear variation of on-load 
torque with current in Fig. 13(c) verifies that the armature 
reaction is not strong enough to make the prototype machine 
very saturated. 

 
(a) 

 
(b) 

 
(c) 

Fig. 13. Comparison of predicted and measured torques. (a) Waveforms 
(170rpm). (b) Harmonics. (c) Torque-current characteristics. 

 
Before measuring the efficiency-speed characteristic, the 

corresponding torque-speed characteristic is firstly identified. 
Then the efficiency-speed characteristic can be obtained from 
those sample points on the torque-speed curve. Both half load 
and full load situations are considered and compared in Fig. 14. 
Since the prototyped modular machine is surface-mounted PM 
type and is used for low speed direct drive situations, the 
flux-weakening capability is limited and usually not required, 

as shown in Fig. 14(a). For those measured efficiencies, relative 
larger errors can be seen in Fig. 14(b), because the additional 
losses due to manufacture tolerances and the mechanical 
friction are not included in predictions. The reason for not high 
efficiency is the unreasonable dimension restricts as previously 
explained. 

 
(a) 

 
(b) 

Fig. 14. Comparison of predicted and measured torque and efficiency vs speed. 
(a) Torque-speed characteristics. (b) Efficiency-speed characteristics. 

 
The measured phase inductances are compared with the 

predicted ones, as shown in TABLE IV. The relative difference 

(RD), viz. (1-Measured/Predicted) x 100%, is used to show the 
difference. For the self-inductance, the RD is lower due its 
larger value compared with the mutual inductances. Some 
mutual inductances are too small to be accurately measured, 
which shows a larger RD in TABLE IV. 

Overall, the experimental results can validate the efficacy of 
the analyses in this paper. 

TABLE IV. COMPARISON OF MEASURED AND PREDICTED INDUCTANCES 

Item Predicted Measured RD(%) Item Predicted Measured RD(%) 

LA1A1 17.2147 17.8511 3.7 LA2A1 2.7338 2.3522 14.0 
LB1A1 0.0411 0.0535 30.2 LB2A1 0.1164 0.1300 11.7 
LC1A1 0.0411 0.0512 24.6 LC2A1 -1.5252 -1.3325 12.6 

V. CONCLUSION 

This paper presents two specific modular machines with 
different stator topologies but the same major dimensions to 
show the differences by using OLP and NOLP windings. A 
42S/32P modular dual 3-phase PM machine with NOLP 
winding and redundant teeth for easy modularity has been 
proposed for wind power generation. It is compared with a 
conventional 192S/32P one having OLP winding. The analyses 
show that the proposed 42S/32P modular machine has 
comparable electromagnetic performance in terms of average 
torque and efficiency. The PP torque ripple of the 192S/32P 
machine with OLP winding is always much larger compared 
with the one with NOLP winding regardless of the current 
value. When it comes to the fault-tolerant capability, the 
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42S/32P modular machine has much weaker mutual coupling 
between different phases and the larger d-axis inductance 
which is beneficial to reducing short-circuit current. Besides 
these merits, the proposed modular PM machines with NOLP 
windings will generate larger PM and rotor yoke eddy current 
losses, which reduces the machine efficiency and increases the 
potential thermal demagnetization. This must be considered for 
the real applications. For clarity, the pros and cons by using 
OLP and NOLP windings in modular PM machines are 
summarized in TABLE V, together with the reasons. 

TABLE V. PROS AND CONS OF OLP AND NOLP WINDINGS 

Item 
OLP 

windings 
NOLP 

windings 
Reasons 

Average torque 
A bit 
larger 

A bit 
smaller 

(1) Larger winding factors for OLP 
windings; 
(2) Smaller slot openings for modular 
machines with OLP windings. 

Torque ripple 
Much 
larger 

Much 
smaller 

(1) Lower cogging torque for modular 
machines with NOLP windings; 
(2) Lower saturation for the stators 
with NOLP windings. 

End winding 
length 

Much 
longer 

Much 
shorter 

Slot pitch is only one for NOLP 
windings. 

Efficiency Similar 
Lower copper loss and stator iron loss 
but higher rotor loss for modular 
machines with NOLP windings.  

Fault-tolerance Lower Higher 
Lower mutual inductances among 
phases and higher d-axis inductance 
for NOLP windings; 

Manufacturability 
More 

complex 
Simpler 

(1) Fewer stator segments for modular 
machines with NOLP windings; 
(2) Lower volume for modular 
machines with NOLP windings. 
(3) Simple coil shape for NOLP 
windings. 

Beyond the discussion in this paper, several tasks could be 
the future work, such as faulty operation with the failure 
segment, unbalanced voltage caused by different end winding 
leakage inductance and vibration characteristics. In summary, 
both modular machines have their own merits and demerits. 
Although two specific modular machines are analyzed, the 
conclusions could be effective to other modular machines with 
different slot and pole number combinations. 
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