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1. INTRODUCTION 

Multiphase generators with more then three phases 
have lately became an interesting solution for many 
applications in the renewable energy generation such as 
small scale wind turbines [1-5] and marine current 
turbines [6], [7], as well as in automotive and aircraft 
industries [8]. 

Investigations showed that the five-phase 
synchronous generators have some specific and 
important benefits over the three-phase topologies 
regarding a reduced torque ripple, a smaller size of the 
DC link capacitor and improved fault tolerance and 
reliability [9-14]. 

In this paper is presented a partial study of a five-
phase generator concerning the influence of the stator 
winding upon output voltage and some other parameters 
as torque ripple and air-gap flux density wave. Both the 
position of the coils (concentrated or distributed) and 
the type of stator slots (straight or skewed) are taken 
into discussion in order to find, from this point of view, 
the proper structure. The machine, which has permanent 
magnet excitation, is a 1.5 kW unit with a rated voltage 
of 400V at 1500 rpm. The study involves FEM-based 
simulations and experimental tests. 

2. FIVE-PHASE PMSG GEOMETRY 

Starting with the above mentioned rated parameters, 
the electromagnetic circuits have been designed. Figure 
1 shows the main dimensions of the stator magnetic 
circuit and Figure 2, the rotor geometry respectively. 

For the rotor excitation system, four NeFeB surface-
mounted permanent magnets, with radial magnetization, 
have been used, characterized by a remanent flux 
density of Br = 1.1 T and a coercive force of Hc = 721 
kA/m. A total volume of 52.8 cm3 magnet material was 
necessary. 

 
Fig. 1. Stator lamination geometry. 
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Fig. 2. Rotor geometry. 

Table 1 gives the main constructive parameters of 
the PMSG.  

The stator winding has four series-connected coils 
per phase. In order to have the possibility of testing 
different connections, each coil has the terminals 
connected to the terminal box (the coils can be also 
series-parallel or full parallel connected in concordance 
with expected output voltage and current). Two distinct 
situations have been taken into discussion: 
“concentrated coils” (Figure 3) where a pair of phase 
coils occupies two stator slots (for example the first 
group of coils from phase A-X is hosted by the slots 
number 1 and 6 only) and “distributed coils” (Figure 4) 
where a pair of phase coils occupies four stator slots 
(the first group of the same phase A-X is hosted now by 
the slots 1, 2 and 6, 7). The main difference between the 
two solutions consists in the fact that the “distributed 
coils” arrangement hosts in the same slot two coil sides 
that belongs to different phases while the “concentrated 
coils” arrangement put in any stator slot only coil sides 
of the same phase. The effect of these arrangements 
will operate upon the shape and magnitude of both 
output voltages and air-gap flux density.  

Table 1 

PMSG constructive parameters 

Symbol Name Value 

L i Axial length of the magnetic circuit 75 mm 

Z1 Number of stator slots 20 

q1 Number of slots per pole and phase 1 

y1 Pitch winding 5 

W1 Number of turns per phase 360 

nc1 Number of turns per slot 180 

dCu Conductor diameter 0.8 mm 

ku Stator winding factor 0.43 

δ Air-gap width 0.3 mm 

p Number of poles  4 

lm Magnet width 3 mm 

αm Radial angle of the magnets  70º 

 
Fig. 3. Stator winding – concentrated coils. 

 

 
Fig. 4. Stator winding – distributed coils. 

 

It has also to be pointed out that there is a skew of 
the stator slots of 18º, which determines a 
supplementary improvement of the air-gap flux density 
wave towards a sinusoidal shape. 

The main particularity of the five-phase system 
consists of two different line voltage coexistence, one 
between phase voltages next to ech other, for example 
UlAB, and the other between two phases that are not 
successive, like UlAC, as it can be seen in Figure 5. 

 
Fig. 5. Voltage phasor diagram for five-phase PMSG. 

 
3. SIMULATION RESULTS 

After the calculation and design process have been 
completed, two simulations were performed in order to 
compare the results for straight and skewed stator slots for 
the first winding type – “concentrated coils”.  

A first set of results shows the field lines (Figure 6) and 
flux density color maps (Figure7) corresponding to the 
analyzed cases. These results put in view the four poles of 
the PMSG and the stator and rotor yoke magnetic load. 

UfA 

UfB 

UfC 
UfD 

UfE 

UlAB 

UlAC 
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As regards the air-gap flux density waveform 
represented in Figure 8, important differences can be 
highlighted for the two analysed cases. For instance, 
high order harmonics (7th, 9th, 17th and 19th) are 
diminished for the skewed geometry (an advantage), 
while the 3rd order harmonic increases (a disadvantage). 

Figure 9 puts in view another major advantage for 
the skewed stator slots model over the straight stator 
slots geometry, which consists of an important 
diminishing of the torque ripple.  

In order to choose the best solution, phase, lines and 
rectified voltages have been ploted for bouth situations 
(Figure 10), the skewed geometry showing waveforms 
closer to the desired sinusoidal shape and a smoother 
rectified voltage.  

For these reasons, for the second stator winding type 
(distributed), simulations have been performed only for 
the skewed geometry, and the voltages waveforms are 
shown in Figure 11. 

                                
(a) straight stator slots                                                                                           (b) skewed stator slots 

Fig. 6. Field lines distributions. 
 

          
 

(a) straight stator slots                                                                                           (b) skewed stator slots 
Fig. 7. Flux density color maps. 

 

                            
(a) straight stator slots                                                                                            (b) skewed stator slots 

Fig. 8. Air-gap flux density waveform. 
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(a) straight stator slots                                                                                            (b) skewed stator slots 

Fig. 9. Torque ripple. 
 

                           
(a) straight stator slots                                                                                     (b) skewed stator slots 

Fig. 10. Phase, lines and rectified voltages. 
 

 
Fig. 11. Phase, lines and rectified voltages – distributed winding. 

 
4. EXPERIMENTAL RESULTS 

After the simulations results analysis, an experimental 
model with skewed stator slots and a previously described 
stator winding has been built (Figure 12). A test bench has 
been set in order to achive the experimental results for 
rated speed of 1500 rpm and no load operation, for the 
beginning, regarding the induced five-phase voltage 
system and the rectified voltage (Figure 13) and the two 
different line voltages (UlAB and UlAC) and rectified 

voltage (Figure 14), for both winding types (concentrated 
and distributed).  

Experimental data shows, as expected, a better 
behaviour of the PMSG with distributed winding. Phase 
and lines voltages have waveforms closer to the desired 
sinusoidal shape, with less high order harmonics content, 
while the rectified voltage is smoother for the second 
proposed solution (distributed windings). A drawback of 
this solution consists in losing a few percent of the voltage 
magnitude. 

 
Fig. 12. Five-phase PMSG experimental model. 
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Urec UfA 

            
(a) concentrated winding                                                                                          (b) distributed windings 

Fig. 13. Phases and rectified voltages. 
 

            
(a) concentrated winding                                                                                          (b) distributed windings 

Fig. 14. Lines and rectified voltages. 
 
5. CONCLUSIONS 

� Better results have been achived for the skewed 
five-phase PMSG with distributed winding for no load 
operation, regarding phase and lines waveforms, as well as 
rectified voltage.  

� The next step aims for the under-load operation and 
the fault tolerance of the five-phase PMSG. After fulfilling 
these tasks more benefits of five-phase generators will be 
highlighted. 
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