


 

 

 

 

IV. FINITE ELEMENT MODELING 

A. Centered rotor UMP in 9 slot 8 pole machine 

The flux wave harmonics are complex in a fractional slot 
machine so that to obtain accurate values for the UMP then 
finite element analysis is used to calculate it. Once a solution 
is obtained then a closed contour of the radial air-gap flux 
density can be obtained and the UMP calculated by 
implementing (3) and (5) in an elemental form. The UMP for 
the 9 slot 8 pole machine when the rotor is centered and open 
circuit and fully loaded are put forward in Fig. 6. On the left 
are flux plots while the the UMP results when fully loaded and 
open-circuit are shown on the right. It can be seen that the 
UMP oscillates twice with 90 mechanical degrees of 
movement which represents one cycle of the current (which 
here is sinusoidal). This is predicted in Table III under the 
stator-stator column. On the right is the UMP on open circuit. 
There are 8ωr vibrations as predicted in Table III. In addition, 
there is a steady pull and a twice supply frequency vibration 
which would be identified with further extension of the table. 
It can be seen that the open-circuit UMP is much less than the 
full load UMP due to the asymmetry. The magnets are ferrite 
magnets and the slot openings are narrow. The UMP under 
full load suggests that the machine is liable to experience high 
bearing wear during full-load operation. There does look to be 
some asymmetry in the flux plot in Fig. 6(c) on open-circuit 

 
(a)                                                      (b) 

Fig. 4.  Phase winding distribution for 18 slots 16 pole machine – (a) double-
layer configuration and (b) single-layer configuration 
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(b) 

Fig. 5.  Mechanical MMF harmonics for 18 slots 16 pole machine – (a) 
double-layer configuration and (b) single-layer configuration. 
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(b) 

Fig. 3.  Mechanical MMF harmonics for 18 slots 12 pole configuration – (a) 
double-layer configuration and (b) single-layer configuration. 

(a)                                                        (b) 
Fig. 2.  Phase winding distribution for 18 slots 12 pole – (a) double-layer
configuration and (b) single-layer configuration 



however the imbalance of flux in the air-gap is much less due 
to ripple flux across the stator teeth tops. This can be observed 
by the even flux in the magnets. 
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(c)                                                            (d) 

Fig. 6. 9 slot 8 pole machine (a) flux plot when fully loaded, (b) UMP in x and 
y directions over 90 mech deg rotor movement at full loading, (c) flux density 
distribution under open-circuit operation and (d) UMP in x and y directions 
under open-circuit conditions over 360 mech deg. 

B. Centered rotor UMP in 9 slot 6 pole machine 
This machine is likely to have much less UMP than the 8 

pole machine due to the fact that the stator winding is 
symmetrical. The open circuit UMP is shown in Fig. 7. It can 
be seen that there is very little UMP in the x (horizontal) 
direction and negligible in the y direction. When loaded, the 
balanced winding leads to similar negligible results so they are 
omitted here. The frequency of the low-level vibration can be 
observed to be equal to the pole number. 

-0.2

-0.1

0

0.1

0.2

0 90 180 270 360
Rotor movement [mech deg]

U
M

P
 [N

]

Fx

Fy

 

Fig. 7. 9 slot 6 pole machine flux density distribution under open-circuit 
operation and UMP in x and y directions. 

C. 10 % eccentricity in 18 slot 16 pole surface-magnet 
machines 
The 9 slot 8 pole machine has inherent asymmetry. The 

other machines do not have this asymmetry when the rotor is 
centered in the stator bore. However, there is always some 
degree of eccentricity due to tolerance variation and also wear 
and here it is examined using the variation of static 
eccentricity. The rotor is displaced in the x direction and the 
simulation carried out. We will investigate 10 % static 
eccentricity in the 18 slot machines to highlight the effect. Fig. 
8 gives the UMP under these conditions under open-circuit (d) 
and full load conditions (b), for the double layer winding. The 
UMP during open circuit operation is almost constant when 
fully-loaded there is a vibration component. The rotation is 45 
mechanical degrees which is movement of 2 rotor poles or one 
cycle of the current. The UMP has a constant pull of 25 to 30 N 
and a 10 N peak-to-peak oscillation. The oscillation is 2 × 8 = 
16 times the rotational frequency which is again equal to the 
pole number (as with the 9/8 and 9/6 machines). 
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(c)                                                             (d) 

Fig. 8. 18 slot 16 pole machine with double-layer winding and 10 % 
eccentricity (a) flux plot when fully loaded, (b) UMP in x and y directions 
over 45 mech deg rotor movement at full loading, (c) flux density distribution 
under open-circuit operation and (d) UMP in x and y directions under open-
circuit conditions over 45 mech deg. 

Since there is 10 % static rotor eccentricity then even with a 
symmetrical rotor/stator arrangement there is still UMP and 
this can be seen in Fig. 8(d). There is a steady pull in the 
direction on minimum air-gap length as would be expected 
since there will be high flux density around this point. 

In Fig. 9 the 18/16 machine is investigated with the single 
layer winding in Fig 4(b). It can be seen that there is now a 
much higher vibration component in the UMP when using the 



If brushless DC control is used then the UMP is shown in Fig. 
16. This can be compared to Fig. 9(b). It can be seen that the 
brushless DC control produces UMP vibration. This is a saw-
tooth waveform therefore it will consist of a harmonic series of 
vibration frequencies. 

H. Effect of 10 % eccentricity on the torque of an 18 slot 16 
pole machine with single layer winding 
Space constrains prevent a full analysis of the effect of 

eccentricity on the torque however it can be seen in Fig. 9 that 
the 18/16 machine with double layer produces UMP vibration. 
Therefore here the change in torque will also be investigated 
using the current – flux linkage (I-Psi) loops. This is an 
effective way to calculate the mean torque and the argument 
will be restricted to this. In Fig. 17 the I-Psi loops are shown 
when the rotor is eccentric and also when centered. From PC-
FEA (rather than PC-BDC as given in Table I) the centered-
rotor torque is 4.3 Nm and the 10 % eccentric value is 3.9 Nm. 
This is a 10 % decrease in torque – this needs further 
investigation through experiment. The loops for phase 1 are 
given in Fig. 17 and the other phases loops do follow the same 
respective orbits. 
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Fig. 17. I-Psi loops for phase 1 when rotor is centered and 10 % eccentric 
(from PC-FEA). 

V. CONCLUSIONS 
This paper has addressed the issue of UMP in fractional slot 

brushless permanent magnet machines. An analytical algorithm 
is first developed which illustrates how it is possible to identify 
the different components in the UMP. After this a more 
detailed approach is taken via the use of finite element analysis 
and this was used under many different machine arrangements. 

The work here is couched in terms of AC operations with 
some DC control briefly addressed (which produced more 
UMP vibration due to switching effects). The work illustrates 
that some machine arrangements will be very susceptible to 
UMP when eccentricity is present and also they may be a 

source of noise and vibration. Different winding configurations 
are inspected and these can produce larger values of UMP. 
Consequent-pole rotors are also addressed and these generally 
produce higher UMP compared to their surface-magnet 
counterpart. Some of the results indicate that for certain motor 
designs eccentricity can cause, apart from UMP, a reduction in 
the average output torque. 
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