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Abstract 

In this paper, static eccentricity fault is studied for open-circuit characteristics of fractional slot concentrated winding (FSCW) 

permanent magnet (PM) machines. Both series and parallel winding arrangements are analysed separately, and finite element 

and analytical methods are utilized to give full explanations about machine’s performance. It is shown that Back-EMF of the 

surface mounted PM machine is not changed in both series and parallel winding connections after eccentricity fault. 

Compensation effect between phase groups and high ratio of PM to air gap thickness are responsible of such behaviour in series 

and parallel wound machines respectively. It is also shown that the increased cogging torque after eccentricity fault is due to 

interaction between the original field components (without eccentricity) and the additional components due to the eccentricity 

of the same order. Furthermore, it is proven than the unbalanced magnetic pull is generated due to interaction between air gap 

magnetization harmonics and additional eccentricity harmonics of the order differed by 1. The results presented in this paper 

are valid for other FSCW PM machine with various slot-pole combinations which have symmetry order of more than unity.

1 Introduction 

Fractional slot concentrated winding permanent magnet 

(FSCW PM) machines have been widely welcomed due to 

their superior characteristics such as: 1) low copper loss and 

shortened axial length caused by CW arrangement, 2) reduced 

volume mass due to utilization of rare-earth PMs [1]. These 

characteristics have made FSCW PM machines suitable for 

various applications where high efficiency and power density 

are including wind turbines [2], hybrid and electric vehicles [3, 

4], and household applications [5]. 

Widespread application of FSCW PM machines signifies the 

need for their performance assessment under fault conditions. 

Rotor misalignment with respect to the stator also known as 

rotor eccentricity is a type of fault which occurs due to bearing 

and/or bearing housing wear, shaft deformation and 

manufacturing tolerances. This is classified into two types: 

static and dynamic eccentricities. In case of static eccentricity, 

the rotor axis is not aligned with that of the stator bore axis. 

So, the position of smallest air gap is fixed. On the contrary, in 

dynamic eccentricity, the off-centred rotor axis rotates around 

the stator bore axis [6]. Consequently, the smallest air gap 

position varies during the rotor rotation. In machines with 

eccentricity fault, both PM and armature flux density 

distributions in air gap would be distorted. Therefore, 

depending on the machine’s pole-slot combination some 

problems may be resulted, such as back-EMF distortion, 

increased unbalanced magnetic pull (UMP) and cogging 

torque, excessive noise and vibration, etc. [7, 8]. 

Consequently, investigation of rotor eccentricity in FSCW PM 

machines is of great importance which has been addressed to 

some extent in literatures. In [9] rotor eccentricity impact was 

investigated on machine’s terminal voltage. Effect of pole-slot 

combination on machine’s torque and UMP under eccentricity 

fault was analysed in [10, 11]. Performance of a 3-slot-2-pole 

PM machine with rotor eccentricity was discussed in [12]. 

However, the existing literatures on eccentricity analysis of 

FSCW PM machines didn’t fully address the detailed 

mechanism of performance distortion under eccentricity fault. 

Also, the effect of eccentricity fault with parallel winding 

connection has not been studied.   

In this study, effect of static eccentricity on open-circuit 

behaviour of a 12 slot-10 pole surface mounted PM machine 

is investigated. The investigation is thorough which utilizes 

combination of finite element and analytical methods (referred 

as the hybrid method) to find the governing rules and main 

explanations for machine performance under such fault. In 

addition, the effect of series and parallel windings on machines 

performance under static eccentricity fault is addressed. 

Consequently, the results of this study can be extended to other 

FSCW machines with different pole-slot combinations. 

Machine topology and its specifications are presented in 

section 2. In sections 3-5, back-EMF, cogging torque and 

unbalanced magnetic pull are addressed for the series wound 

machine respectively. Next, no-load characteristic of the 

parallel wound machines is discussed in section 6. 
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Fig. 1 Schematic of 12/10 PM machine topology. 

2. FSCW PM Machine 

The PM machine under study is a 10-pole and 12-slot topology 

shown in Fig. 1. As it can be noticed, the winding scheme is 

symmetrical and repeats every 180 mech. degree. Each phase 

is comprised of two phase groups (e.g. A1 and A2) with 

opposite polarity often referred to as “odd symmetry” (180 

electrical degree difference between flux linkages). In this 

machines the relationship between the number of rotor pole 

and stator slots is: 2p=Ns±2, where p and Ns are the number of 

pole pairs and stator slots respectively. Physical parameters of 

the studied PM machine are listed in Table. 1. 

In static eccentricity condition, the rotor rotates around a fixed 

axis different from the stator bore centre. Here, the stator bore 

centre is located at the origin but the rotor is pushed 0.4 mm 

along the x-axis and rotates around it’s centre axis which is (x, 

y) = (0.4mm, 0 mm)). The eccentricity ratio is defined as the 

eccentricity length to air gap length ratio which is 80% in this 

study. 

Table 1 Main specifications of the FSCW PM machine under 

study. 

 

Parameter Value Unit 

 
Pole pairs 5 - 

Stator slot number 12 - 

Stator outer diameter 195 mm 

Stator inner diameter 117 mm 

Stack length 90 mm 

Air gap length 0.5 mm 

Slot opening 5.6 mm 

PM thickness 5 mm 

Rotor pole coverage 88 % 

PM magnetization radial - 

Number of turns per slot 20 - 

Rotational speed 1500 rpm 

Rotor inner diameter 75 mm 

Eccentricity ratio 80 % 

Rotation centre of eccentric rotor (0.4, 0) mm 

3 Back-EMF Waveform 

In this part, the two phase groups of each phase which are 

shown in Fig.1 are assumed to be connected in series. Since 

the two phase groups have 180 degree phase difference, they 

should be connected with reverse polarity. Fig. 2 presents the 

back-EMF waveforms of each phase group (belonging to 

phase A) before and after static eccentricity fault. As it can be 

easily noticed, back-EMF of both phase groups perfectly 

match in normal condition owing to machine’s symmetry. 

However, in the case of eccentricity fault, the two waveforms 

do not match which means that asymmetrical condition is 

introduced. In this situation, since the rotor and its rotation 

centre are pushed along x-axis, the air gap seen by phase group 

A1 is smaller than the normal condition. Consequently, an 

increased induced voltage in phase group A1 is resulted 

compared to the condition without eccentricity. On the other 

hand, the air gap seen by phase group A2 becomes larger than 

the normal condition and therefore a reduced back-EMF is 

noticed. But, when they are connected in series, a 

compensation effect occurs which makes the net back-EMF 

waveforms of the eccentric and non-eccentric machines 

perfectly match according to Fig.3. Harmonic content of the 

back-EMF waveforms before and after eccentricity fault are 

also extracted and presented in Fig. 4. Once again, it is 

confirmed that the eccentricity does not have considerable 

effect on back-EMF of the machine due to compensation effect 

of the phase groups. 

 
Fig. 2 Back-EMF waveform of phase groups with and without 

eccentricity.  

 
Fig. 3 Three-phase back-EMF of the PM machine with and 

without eccentricity fault.  
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Fig. 4 Harmonic content of back-EMF in normal and 

eccentricity conditions.  

 

4 Cogging Torque Profile 

Cogging torque profile of the PM machine before and after 

eccentricity fault is extracted from a FE software and presented 

in Fig. 5. As it can be noticed, on the contrary to the back-

EMF, distortion of the cogging torque waveform is significant. 

It is noticed that the peak cogging torque increased by roughly 

50% after the static eccentricity fault. 

In order to investigate the source of cogging torque distortion 

after eccentricity fault, each field harmonic component need to 

be analysed separately. In this regard, a combined FE and 

analytical analysis is employed which is referred here as 

hybrid method. To do so, radial and circumferential 

components of magnetic flux density in air gap are calculated 

by FE analysis (FEA). Then, discontinues Furrier transform is 

used to extract the harmonic components. At this stage, an 

analytical method based on Maxwell stress tensor is used to 

calculate the contribution of each field harmonic component to 

production of cogging torque. Accordingly, the final analytical 

equation is given as follows. 

2
0(1/ ) cos( )ck a rk k rk k

c ck

k

T l r B B

T T

    = −

=
 

 

(1) 

where, Brk, Bαk are magnitude of kth components of radial and 

circumferential magnetic flux density, and αrk, ααk are their 

corresponding phase angles. Also, μ0, la and r are the absolute 

permeability of air, machine’s effective stack length and the 

radius from rotor centre in which magnetic field is analysed 

respectively. According to this equation, only the flux 

components of the same spatial order can produce cogging 

torque. 

In order to evaluate precision of the hybrid method, cogging 

torque of the PM machine (without eccentricity) is calculated 

by FEA and compared with the hybrid method in Fig. 6. As it 

can be noticed, the results of the two methods are in an 

acceptable agreement. So, the hybrid method is a reliable 

approach to investigate the source of cogging torque before 

and after eccentricity. 

According to Fig. 5, the most noticeable difference between 

the two waveforms is seen at the rotation angle of 26.2 degree. 

 
Fig.5 Machine’s cogging torque waveforms under normal and 

eccentricity conditions. 

 
Fig.6 Comparison of the cogging torque waveforms resulted 

by FEA and hybrid method. 

 

So, the magnetic field distribution in air gap is analysed at this 

position. Fig. 7 presents radial flux density distribution in air 

gap before and after eccentricity. As it could be expected, flux 

density is enhanced at positions around 0 degree after the 

eccentricity fault while it is reduced at positions around 180 

degree. The reason is that due to the static eccentricity, the air 

gap at the position 0 degree is only 0.1 mm while it is 0.9 mm 

at the position 180 degree. So, PM flux has higher magnitude 

at 0 degree position compared to 180 degree position.  

The harmonic spectrum of the radial field is calculated and 

given in Fig. 8. It is noticed that the 5th, 15th and 25th 

components have the highest amplitudes which are due to the 

PM magnetization and are formulated as the follows: n=mp, 

(m=1, 3, 5...). Moreover, it is noticed that the 1st, 3rd, 7th, 17th, 

19th and 21st components have noticeable magnitudes with and 

without eccentricity which are resulted by the stator slotting 

effect with the following formula: n=|mp±μNs|, (μ=1, 2, 3 …). 

In the case of the eccentric machine, the equivalent relative 

permeance of eccentricity (of the order υ), adds spatial 

harmonics to the field spectrum of the order n±υ, (υ=1, 2, 3 …). 

By comparing the field harmonic content before and after the 

eccentricity, it can be noticed that some harmonic components 

such as 2nd, 4th, 6th, 14th, 16th, 18th, 24th and 26th are produced 

by the static eccentricity with the order of n±1. These 

components are not shared by the components resulted by PM 

magnetization and slotting effect. It is also noticed that some 

harmonic components of the order of n±2 are produced due to 

eccentricity (e.g. 1st, 3rd, 5th, 7th …). However, on the contrary 

to the harmonic order n±1, the harmonic order n±2 have 
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Fig.7 Radial component of magnetic flux density in air gap 

with and without eccentricity (r=58.05 mm, rotation angle: 

26.2 mech. degree). 

 
Fig.8 Harmonic spectrum of the radial flux density in air gap 

shown in Fig. 7. 

smaller magnitudes and are mostly shared by the harmonics 

resulted by the PM magnetization and slotting effect. This is 

why small changes occur in PM and slot harmonics after the 

eccentricity fault. Since the cogging torque is proportional to 

the product of radial and circumferential components of the air 

gap field, the waveform and components of the circumferential 

field are presented in Fig. 9 and 10 respectively. As it could be 

noticed, the same discussion on the radial field can be applied 

to the circumferential component too.  

Now that the eccentricity’s effect on air gap field is discussed, 

the contribution of field harmonic components to cogging 

torque is addressed to find an answer to the change in cogging 

torque. In this regard, the two sources contribution to change 

in cogging torque under eccentricity condition are given as the 

followings: 

• Interaction between the air gap flux density 

components of the same order due to the eccentricity. 

• Interaction between the original air gap flux density 

components (without eccentricity) and the additional 

components caused by eccentricity of the same order. 

In this regard, contribution of each field harmonic component 

to cogging torque is calculated using the hybrid method before 

and after the static eccentricity fault and presented in Fig. 11. 

As it can be seen, cogging torque resulted by the 5th, 15th, 25th 

and 35th components experienced noticeable changes. This 

 
Fig.9 Circumferential component of magnetic flux density in 

air gap before and after eccentricity fault (r=58.05 mm, 

rotation angle: 26.2 mech. degree). 

 
Fig.10 Harmonic components of the circumferential flux 

density in air gap shown in Fig. 9. 

is due to the interaction between the original components 

without eccentricity and the additional components resulted by 

the eccentricity which is the second source. For example, let’s 

consider the contribution of 5th harmonic; this harmonic exists 

in the original machine due to the PM magnetization. 

Furthermore, the 7th harmonic exists in the original machine 

due to the slotting effect (n=7). In the case of eccentricity fault, 

an additional 5th harmonic is generated (n-2=5) which interacts 

with the original 5th harmonics. So the contribution of the 5th 

harmonic to cogging torque changed after the eccentricity 

fault. 

 
Fig.11 Cogging torque generated by each harmonic 

component of air gap field with and without eccentricity 
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5 Unbalanced Magnetic Pull 

In this part, UMP of the understudy 12/10 PM machine at no-

load condition is discussed. It is clear that the 12/10 topology 

benefits from a symmetrical arrangement. So, in normal 

condition (without eccentricity) no UMP is produced. 

However, in the case of eccentricity, the symmetrical 

arrangement of the 12/10 PM machine is lost leading to 

production of UPM. This unbalanced force results into ball-

bearing reduced life, noise and vibration and also shaft 

deformation. A parameter to determine the symmetry order of 

PM machines is defined as in follows. 

(2 , )

( , )

DL s

SL s

t GCD p N

t GCD p N

=

=
 

 

(2) 

regarding the two periodicity formulations given in (2), tDL is 

used when determining the periodicity for no-load analysis 

purpose. In the case of on-load analysis, tDL should be used for 

double layer machines while tSL is to be considered for single 

layer ones. According to (2), the 12/10 PM machine has a 

symmetry order of 2 resulting in zero UMP generation at no-

load condition. 

In order to analyse the UMP of the machine under eccentricity 

fault, the hybrid method is adopted. As it was discussed in the 

previous part, in this method, radial and circumferential 

components of magnetic field are calculated by FE software. 

Then, discrete Furrier transform is used to extract the harmonic 

components. Afterwards, analytical formulations based on 

Maxwell stress tensor are used to calculate the x and y-axis 

forces. In this regard, the radial and circumferential 

components of the magnetic flux density in air gap are written 

as in (3). Moreover, based on Maxwell stress tensor, the radial 

and circumferential stresses are written as in (4). 

1,2,3,...

1,2,3,...

cos( )

cos( )

r rk rk

k

k k

k

B B k

B B k  

 

 

=

=

= +

= +




 

 

 

(3) 

2 2
( ) ( )

0 0

1
( ),

2

r
r r

B B
F B B F 

   
 

= − =  
 

(4) 

Furthermore, x and y-axis components of the UMP are 

obtained using (5). 

 
Fig.12 UMP waveforms along x and y-axis resulted by FEA 

and hybrid method. 
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(5) 

By solving the above integral equations, the detailed 

formulations in terms of magnetic flux density components are 

obtained as follows. 
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(6) 

As it can be understood from (6), only the interaction between 

flux components of the order differed by 1 can potentially 

contribute to generation of UMP. In order to verify the 

precision of the hybrid method, x and y-axis magnetic forces 

are calculated using FEA and the hybrid method and presented 

in Fig. 12. The results show that the data driven from the two 

methods are in an acceptable agreement (1% error). It can be 

also noticed from Fig. 12 that the x-axis force has an average 

of 933 N whereas the average of the y-axis force is zero. Since 

the rotor centre has moved from (0, 0) to (0.4mm, 0) after the 

static eccentricity fault, the air gap length is not uniform along 

x-axis while it is uniform along y-axis. So, there is a dc pull 

along x-axis whereas the average pull along y-axis is zero. In 

order to have more insight into the source of UMP in the 

understudy 12/10 machine, the air gap magnetic field 

harmonics are extracted at 27 mech. degree and presented as 

in Fig. 13. Since the radial and circumferential fields have the 

same harmonic content (but with different amplitude and 

phase), only the radial field is analysed. As it was stated in 

previous part, in absence of the eccentricity, only harmonics of 

order n=mp, (m=1, 3, 5...) and n=|mp±μNs|, (μ=1, 2, 3 …) are 

found in the spectrum which are the result of PM 

magnetization and slotting effect respectively. So, as it can be 

seen from Fig. 13, in absence of the eccentricity, the difference 

between the harmonic orders is written as in (7). 

 
Fig.13 Harmonic components of the radial flux density in air 

gap (r=58.05 mm, rotation angle: 27 mech. degree). 
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Fig.14 x-axis magnetic force produced by interaction of each 

field harmonic component and its two adjacent components. 

 
Fig.15 Radial and circumferential magnetic stress distributions 

resulted by hybrid method at 27 mech. degree. 
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(7) 

As it can be clearly concluded from (7), since Ns is an even 

number (Ns=12), the difference between every two order is an 

even number. Consequently, in absence of eccentricity, no 

adjacent harmonics can be found in the field spectrum of the 

12/10 PM machine leading to zero UMP generation. However, 

as discussed in previous section, in the case of eccentricity, the 

equivalent relative permeance of eccentricity (of the order υ), 

adds spatial harmonics to the field spectrum with the order 

n±υ. Consequently, as it could be seen in Fig. 13, there are 

abundant new harmonic components (e.g. 2nd, 4th, 6th, 14th …) 

which are caused by odd values of υ, specially υ=1. The x-axis 

magnetic force produced by interaction of each harmonic 

component with its adjacent components are depicted in Fig. 

14. As it can be seen, the interaction between the harmonics 

adjacent to the PM magnetization harmonics have the main 

contribution. In another word, magnetization harmonics of the 

order n=mp interact with additional eccentricity harmonics of 

the order n=mp±1 and build up the unbalanced force. It is also 

noticed that the main PM magnetization component (5th 

component) has the largest share of magnetic force and the 

contribution of magnetization field components to magnetic 

force decreases as their order increases. 

Radial and circumferential components of magnetic stress 

distributions on the eccentric rotor surface are calculated 

 
Fig.16 First components of radial and circumferential 

magnetic stress distributions at 27 mech. degree. 

 
Fig.17 Vector plot of radial and circumferential magnetic 

stress distributions (first component) at 27 mech. degree. 

 

according to (4) using the hybrid method and presented in Fig. 

15. By looking at (5), it is clear that only the first component 

of the radial and circumferential stress distributions contribute 

to magnetic force. Consequently, their first components are 

extracted using discrete Fourier transform and plotted as in 

Fig. 16.  As it can be seen, the radial stress has significantly 

higher amplitude than the circumferential component, hence it 

has much higher contribution to magnetic force generation. 

Since the two components have different phase angles, it is 

useful to show their distribution in the form of vector plot as 

in Fig. 17. Here, it is evident that the radial stress pushes the 

rotor along x-axis with a large resultant force. It is also noticed 

that even though the circumferential stress is very small 

compared to the radial stress, it also contributes to pushing the 

rotor along the x-axis. In another word, the two components of 

the magnetic stress distribution are additive. 

6 Static Eccentricity with Parallel Windings  

In this section, it is assumed that the two phase groups of each 

phase have parallel connection (e.g. phase groups A1 and A2 

shown in Fig. 18). It should be mentioned that in order to 

maintain the same voltage level as the machine with series 

windings, the number of coil turns is doubled. On the other 

hand, the cross sectional area of wire is halved. So, in normal 

condition (without eccentricity), the voltage, current and 

power ratings of the machines with series and parallel winding 

connections are the same. By connecting each two phase 

groups in parallel, the uneven induced voltages of phase 
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Fig.18 Configuration of the eccentric PM machine and 

corresponding phase and eccentricity axes. 
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Fig.19 Single-phase electrical diagram of (a) Series wound PM 

machine and (b) Parallel wound PM machine. 

groups result in circulation current. To investigate the source 

of uneven voltage in each two phase groups, Fig. 18 is 

presented. In this figure, the origin is the stator bore centre and 

the eccentricity centre is located on the “eccentricity line” 

which is θec degree away from to the x-axis. Moreover, three 

axes are specified in Fig. 18 which represent the phase axes. 

Each phase axis is located in the middle of the slot which has 

two coil arms of the same phase. In this study, axes of phases 

A, B and C are located at θA=15°, θB=75° and θC=135° 

respectively. In order to formulate the open circuit voltage and 

compare it to the induced voltage in the machine with the 

series connection, two corresponding single phase circuits are 

given in Fig. 19. In this regard, the amount of circulating 

current of one arbitrary phase can be calculated as follows. 

1 2

1 22 (2 )
c

E E
I

R jX jX

−
=

 + +



 
 

(8) 

here, E1 and E2 are the induced voltage in each phase groups, 

X1 and X2 are their corresponding armature reactance and R is 

the resistivity (in series connected machine). As it can be seen 

here, the circulating current is proportional to the back-EMF 

different between the two phase groups. Since the air gap seen 

by each phase is different under static eccentricity, the amount 

of this voltage difference is not the same for the three phases. 

Moreover, the amount of the voltage difference depends on the 

angle of eccentricity line. For instance, let’s assume that the 

eccentricity line is aligned with axis of phase A (θec =θA =15°). 

Consequently, the air gap seen by the phase group A1 is 

minimum while it is maximum for phase group A2. So, at this 

eccentricity line angle maximum voltage difference is resulted 

in phase A while it is not maximum in other phases. In this 
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Fig.20 rms of back-EMF difference (fundamental component) 

of the phase groups versus eccentricity line angle at ε=0.4mm. 

regard, the difference in back-EMF fundamental component 

per phase versus θec is calculated at ε=0.4mm (eccentricity axis 

shift) by FE and presented in Fig. 20. As it can be noticed, 

when the eccentricity line angle aligns with a phase axis, the 

back-EMF difference in the corresponding phase becomes 

maximum. It is also noticed that when the eccentricity line is 

90 degree away from a phase axis, the voltage difference in the 

corresponding phase is minimum which results in minimum 

circulating current. In Fig. 21 the three phase circulating 

current at θec =0° and ε=0.4mm is presented. Based on the 

voltage difference in Fig.20, at θec =0°, the rms back-EMF 

difference in phase A is greater than the other phases. So, the 

circulating current in phase A is the highest. On the other hand, 

the circulating current in phase B is the lowest due to having 

the smallest back-EMF difference at θec =0°. 

Based on the circulating current given in (8) and applying 

KVL in Fig. 19 (b), terminal voltage (VAP) is calculated. 

1 2
1 1

1 2

2 ( )
0.5 ( )

AP

E E
V E R jX

R j X X

−
= −  +

+ +




 
 

(9) 

Let’s assume that the rotor is eccentric along the axis of phase 

A (θec=θA). So, the resultant air gap clearance seen by phase 

groups A1 and A2 are: Lg1=Lg-ε, Lg1=Lg+ε respectively, where 

Lg is the air gap clearance before the eccentricity and ε is the 

displacement of rotor centre due to eccentricity. By neglecting 

iron saturation effect, it can be claimed that X1 and X2 are 

inversely proportional to the net air gap length as in (10). 

1 2
1 2

,
pm g pm g

k k
X X

L L L L
= =

+ +
 

 

(10) 

 
Fig.21 Circulating current waveform at θec=0° and ε=0.4mm. 
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Fig.22 Three-phase open circuit terminal voltage of the series 

and parallel wound PM machine. 

here, Lpm is the radial length (thickness) of the PMs and k is a 

constant calculated based on machine dimensions and number 

of coil turns. It is well-known that in PM machines, PM length 

is several times bigger than the air gap clearance. 

Consequently, the terms Lg1 and Lg2 are considerably less than 

Lpm. In this regard, the following approximation can be given. 

𝑋1 ≃
1

2
(𝑋1 + 𝑋2)                (11) 

So, the formulation given in (9) is simplified as follows. 

𝑉𝐴𝑃 ≃ 𝐸1 + 𝐸2               (12) 

The above open circuit terminal voltage is equal to the terminal 

voltage of the series wound machine (VAP=VAS). However, the 

above approximation is valid for surface mounted PM 

machines with large Lpm/Lg. Since in the PM machine 

understudy the air gap clearance is Lg=0.5 mm and the PM 

thickness is Lpm=5 mm, the above mentioned approximation is 

valid. So, based on Fig. 22, the terminal voltage of the parallel 

wound and series wound machines are in agreement. So, 

owing the large PM thickness to air gap clearance ratio, the 

three phase terminal voltage of the parallel wound machine has 

balanced waveforms matching the series wound waveforms. 

7 Conclusion  

In this paper, the influence of static eccentricity on back-EMF, 

cogging torque and UMP of surface mounted PM machines 

with series and parallel CW is investigated. It is shown that 

back-EMF is not distorted in series wound machine owing to 

the compensation effect between phase groups. Also, due to 

large ratio of PM thickness to air gap length, the back-EMF 

distortion in parallel wound machine is negligible. However, 

the cogging torque distortion and the UMP generation are 

significant under eccentricity fault.  A method based on FE and 

analytical method was used to investigate the source of such 

behaviour. It was revealed that the increased cogging torque is 

due to interaction between the air gap field components before 

eccentricity and the additional components caused by the 

eccentricity of the same order (mainly n=mp). Moreover, UMP 

is generated due to interaction between field harmonics of the 

order n=mp and additional eccentricity harmonics of the order 

n=mp±1. The results presented in this study are valid for 

machines with various pole-slot combination having 

symmetry order of more than 1. 
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    X 1 ≃  1 2 (   X 1 +   X 2 )


    V  A P ≃   E 1 +   E 2

