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Abstract—In this paper, a permanent magnet synchronous 
machine with fractional-slot and 5-phase winding is studied. 
By superposing of the back EMF (electro-motive force) 
phasors of all coil-sides in a phase winding, the winding 
factor of the machine is calculated. The idea of this 
calculation method is a clear, and operation is easy and fast. 
In normal working, one-phase open-circuit fault, open-
circuit fault of two adjacent phases, and open-circuit fault of 
two non adjacent phases states, the armature MMFs 
(electro-motive forces) are calculated, and the contents of 
their harmonics are analyzed, the forward and reverse 
rotating MMFs are discussed. The drawn results can be 
applied to analyze the running states of the machines, guide 
machine design and control.  
 
Index Terms—winding factor, magnetic-motive force, 
fractional-slot, 5-phase winding, fault state 
 

I.  INTRODUCTION 

Fractional-slot PMSMs (permanent magnet 
synchronous machines) have been gaining wide interest 
over the past decade [1-5]. The literature [1] has done a 
very good job in summarizing the features, recent 
researches and developments, applications, challenges of 
fractional-slot PMSMs. The machines own the some 
advantages such as high-power density, high efficiency, 
low cogging torque, short end winding, low copper loss, 
high flux-weakening capability. At present，the research 
works mainly concentrate on the combination of slot and 
pole number, torque ripple reduction, rotor loss [2], 
unbalanced magnetic pull, space harmonic analysis of the 
MMFs, optimization design, etc. Fractional-slot PMSMs 
may have many poles and low speed, so, are suitable for 
direct drive systems, such as electric bikes, hybrid vehicle, 
hoists, etc. 

Multiphase motor drives possess many advantages 
over the traditional 3-phase motor drives [6-10], these 
include fault tolerant and reducing the amplitude of 
torque pulsation, reducing the stator current per phase 
without increasing the voltage per phase. So, Multiphase 
motor drives are in applications where high reliability is 

demanded such as electric/hybrid vehicles, aerospace 
applications, ship propulsion and high power applications.  
The research works mainly concentrate on machine 
optimization design and performance control in the fault 
states.  

 This paper will discuss a fractional-slot PMSM with 4 
poles, 15 slots, and 5-phase double-layer winding. The 
surface-mounted permanent magnet poles are radially 
magnetized. Firstly, this paper drew the star of slots of 
the prototype, on the basis, obtained the three layouts of 
5-phase windings, the coils are 4-solt span, 3-solt span, 
and 2-solt span respectively, and calculated the winding 
factors of the different coil spans. Then, in the normal 
work condition, the MMFs of per phase winding and the 
resultant MMF of 5-phase windings were calculated, and 
the harmonic contents of the resultant MMF were 
analyzed. Thirdly, in the cases of one-phase open-circuit 
fault, open-circuit fault of two adjacent phases, and open-
circuit fault of two non adjacent phases states, the 
armature resultant MMFs were analyzed, the rotating 
MMFs were discussed.  

II.  STAR OF SLOTS AND WINDING LAYOUT 

In order to draw the slot star of the analyzed prototype, 
first of all, according to the given specification, the 
electrical angle between adjacent two stator slots is 
obtained 

°=
°

=
°⋅

= 48
15

720360
Q

pα  

Where, p is the number of pole pairs, Q is the number 
of the stator slots. 

Then, the EMF phasors of coil side in per stator slot 
can be shown as Fig.1.  

The slot number of per pole per phase (SNPP) 
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SNPP is a fractional number less than one, so, the 
winding is fractional slot winding.  

According to the law to get the maximum resultant 
EMFs, the coil sides in 15 stator slots are assigned to five 
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phases. Each phase winding includes six coil sides, they 
can form 3 coils. 
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Figure.1   Star of slots 
The three kinds of coil spans adopted are respectively 

4, 3, and 2 slot-pitchs. By the star of slots, winding 
layouts are determined in Fig.2. 
 

 
 

(a) Coil span = 4 
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(b) Coil span = 3 
 

 
 

(c) Coil span = 2 
Figure.2    Winding layouts of 5-phase PMSMs with 15 stator slots 

III.  CALCULATION OF WINDING FACTOR 

Winding factor depends on three sub factors (pitch 
factor, distribution factor and skewing factor). Each of 
the sub factors can be easily calculated for conventional 
integer slot distributed windings with well-known 
formulas. However, these factors are hard to visualize in 
fractional-slot windings. In this paper, the method to 
calculate winding factor by the back EMF of each coil-
side from the star of slots has some advantages such as 
ideas are clear, calculation easy. 

A.  Winding Factor Calculation of 4-Solt Span Coil 
According to the each coil layout of A-phase winding 

shown in Fig.2(a), the upper coil side in slot-1 and the 
lower coil side in slot-5 form the first coil of A-phase 
winding, the upper coil side in slot-5 and the lower coil 
side in slot-9 form the second coil, the upper coil side in 
slot-12 and the lower coil side in slot-1 form the third coil. 
It is shown the phase angle difference between the two 
sides of each coil is 192° electrical degree 
(4α=4×48º=192º). The three coils of each phase winding 
are in series. The back EMF phasors of six coil sides of 
A- phase winding are shown in Fig.3(a). The back EMF 
of the first coil is the resultant of 

1AE +
& and

5AE −
& . The back 

EMF of the second coil is the resultant of 
5AE −
& and

9AE +
& . 

The back EMF of the third coil is the resultant of 
12AE −
& and

1AE +
& . The phase angle differences of the back 

EMF of the coils are 12° electrical degree, not in the 
same phase. So, it isn’t feasible that the three coils are in 
parallel.  

          
 

(a) Coil span = 4                                           (b) Coil span = 3 
 

 
 

(c ) Coil span = 2 
 

Figure.3     Back EMF phasors of the coil sides in A-phase winding 
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The back EMF phasor of i-th coil side is expressed 
with

iE& . According to phasor diagram Fig.3(a), the 
relutant EMF and the winding factor of A-phase winding 
can be calculated (the three coils of each phase winding 
in series). 
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B.    Winding Factor Calculation of 3-Solt Span Coil 
According to Fig. 2 (b), the upper coil side in slot-1 

and the lower coil side in slot-4 form the first coil of A-
phase winding. The upper coil side in slot-5 and the lower 
coil side in slot-8 form the second coil. The upper coil 
side in slot-12 and the lower coil side in slot-15 form the 
third coil. It is shown the phase angle difference between 
the two sides of each coil is 144 ° electrical degree 
(3α=3×48º=144º). The back EMF phasors of the six coil 
sides in A-phase winding is shown in Fig. 3(b). The back 
EMF of the first coil is the resultant of 1AE +

& and
4 AE −
& . The 

back EMF of the second coil is the resultant of 
5 AE −
& and

8 AE +
& . The back EMF of the third coil is the 

resultant of 
12 AE −
& and

15 AE +
& . In Fig.3 (b), the phase angle 

differences of the back EMF of the coils are 12° electrical 
degree. 

Winding factor of A-phase winding can be obtained. 
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C.  Winding Factor Calculation of 2-Solt Span Coil 
According to Fig. 2 (c), the upper coil side in slot-1 

and the lower coil side in slot-3 form the first coil. The 
upper coil side in slot-5 and the lower coil side in slot-7 
form the second coil. The upper coil side in slot-12 and 
the lower coil side in slot-14 form the third coil. It is 
shown the phase angle difference between the two sides 
of each coil is 96° electrical degree (2α=2×48º=96º). The 
back EMF phasors of the coil sides of A-phase winding 
are shown in Fig.3(c). The back EMF of the first coil is 
the resultant of 1AE +

& and
3AE −
& . The back EMF of the 

second coil is the resultant of 
5 AE −
& and

7 AE +
& . The back 

EMF of the third coil is the resultant of 
12 AE −
& and

14 AE +
& . In 

Fig.3(c), the phase angle differences of the back EMF of 
the coils are 12° electrical degree. 

Winding factor of A-phase winding can be obtained. 
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    The highest winding factor can be obtained with 4-solt 
span coil (the coil span is closest to pole pitch, 3.75 times 
the slot pitch), the lowest with 2-solt span coil.   

IV.  MMF OF ARMATURE 

A.  Armature Currents and MMF of 5-Phase Machine 
The armature currents of 5-phase machine can be 

expressed with formula (1). 
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                             (1) 

 
The armature MMF of a 5-phase machine is the 

resultant MMF of the 5 phase windings. The MMF is a 
function of time variable t and space variable θ. 

 
( ) ( ) ( ) ( ) ( ) ( )EEDDCCBBAA ifififififif ,,,,,, θθθθθθ ++++=    (2) 

 
The MMF of M-phase winding (M is A, B, C, D, and 

E) can be expressed with formula (3). 

( ) ( )
1

, ,
n

M M M i M
i

f i f iθ θ
=

= ∑                    (3) 

where, ( ),Mi Mf iθ  is the MMF of ith-coil in M-phase 
winding, n is the number of the coils in per phase 
winding. 

( ) ( )1 2~
( , )

M c i i
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Q S
i N

Qf i
S i N other
Q

θ θ θ
θ

−⎧
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⎪
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            (4) 

where, 
cN  is the turn number of per coil, S is coil span in 

number of slots, iM is the current of M-phase winding. 
Angle 1iθ and 2iθ  express positions of the two sides of  
ith-coil.  

B. MMF of a Phase Winding 
At / 2tω π= , A-phase current reaches the biggest value. 

A mi I= , 0.309B mi I= , 0.809C mi I= − , 0.809D mi I= − , 
0.309E mi I= . 

When the 4-solt span coils are used, the MMFs of the 
three coils in A-phase winding are expressed respectively 
in Fig.4(a) ~ (c). The resultant MMF of the three coils is 
expressed in Fig.4 (d). 

By similar way, the MMFs of the other four phase 
windings can be obtained. 
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 (a) Coil-1 
 

 
 

(b) Coil-2 
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(c) Coil-3 
 

 
 

(d) Resultant MMF 
Figure.4   MMF of A-phase winding 

C.  Resultant Armature MMF of the 5 Phase Windings 
Fig.5 (a) and (b) show respectively the resultant 

armature MMF and its harmonics. Per unit of vertical 
axis expresses NcIm/15 ampere-turns, the followings are 
the same. 

The first order harmonic varies one period along the 
air-gap circumference, and the main harmonic has two 
periods (4-pole machine). The main harmonic is the 
component to develop effective electro-magnetic torque. 
But the main harmonic, there are other influential 
harmonics, such as thirteenth harmonic, seventeen 
harmonic, and twenty-eighth harmonic. Fig.5 shows the 
amplitude of the first order harmonic is very small. 

The main harmonic of the MMF develops a round 
rotating magnetic field. 

 

π2

 
(a) Armature MMF 

 
(b)  Harmonic contents 

Figure.5   Resultant MMF and its harmonic contents of 5- phase 
winding 

D.   Armature MMF at One-Phase Winding Open-Circuit 
Fault 

In this section, let us suppose that the A-phase winding 
is permanently open, i.e., iA =0. The MMFs of 5 phase 
windings are expressed with formula (5). 
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    (5)  

The resultant MMF is calculated.  
11111 EDCB fffff +++=                   (6)  

Since the MMFs of 5 phase windings are asymmetric, 
the main harmonic of the resultant MMF develops an 
elliptic rotating magnetic field. The elliptic rotating 
magnetic field can be decomposed into the forward 
rotating magnetic field and reverse rotating magnetic 
field.  

The forward round rotating MMF is calculated. 
( )tFfffff mEDCB ωθ −=+++= +++++ cos2 111111

         (7) 

The reverse round rotating MMF is calculated. 
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At / 2tω π= , the resultant MMF of 5 phase windings is 
expressed in Fig.6 (a). 
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(a) Armature MMF 
 

 
(b)  Harmonic content 

 
Figure.6   Armature MMF and its harmonic contents at  

A-phase open-circuit fault 
 
Fig.6 (b) shows that the amplitude of the main 

harmonic decreases from 34.8 to 21.05 and the amplitude 
of the first order harmonic increases significantly. 

E.  Improvement of the Armature MMF at One-Phase 
Open-Circuit Fault 

According to literature [7], each healthy phase 
maintains the same current amplitude, and the current 
phases of the B-phase and the E-phase are regulated, as 
shown in Fig.7. 5β π= , 0δ γ= = , 5ε π= − . 

 
 

Figure.7. Current phasor diagram of open-circuit fault of A-phase 

Then, the resultant MMFs of 5 phase windings are 
given in formula (9). 
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The forward round rotating MMF is calculated. 
+++++ +++= 11111 EDCB fffff  
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The reverse round rotating MMF is calculated. 
011111 =+++= −−−−−

EDCB fffff            (11) 
So, the main harmonic of the MMF develops a forward 

round rotating MMF only.  
At / 2tω π= , the resultant armature MMF of the other 

4 phase windings is expressed in Fig. 8.  
Fig.8 (b) shows the amplitude of main harmonic 

increases to 25.392 from 21.05, the improved result is 
visible. The amplitude of the first order harmonic 
increases significantly. 

π2

 
(a) Resultant MMF 

 
(b)  Harmonic contents 

 
Figure.8. Armature MMF and its harmonic contents after improvement 
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F.   Armature MMF at Two-Phase Winding Open-Circuit 
Fault 
1) open-circuit fault of two adjacent phases 

In this section, let us suppose that the A-phase and B-
phase windings are permanently open, i.e., iA= iB =0. 

The resultant MMF of other three phase windings is 
calculated. 
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The forward round rotating MMF is calculated. 
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The reverse round rotating MMF is calculated. 
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At / 2tω π= , the resultant armature MMF of C-phase, 
D-phase, and E-phase windings is expressed in Fig. 9(a).  

Fig.9 (b) shows the amplitude of main harmonic is 
20.15, the amplitude of the first order harmonic is 6.62. 
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(a) Resultant MMF 
 

 
(b)  Harmonic content 

Figure.9   Armature MMF and its harmonic contents 
(open-circuit fault of A and B-phase windings) 

 
2) open-circuit fault of two nonadjacent phases. 

In this section, let us suppose that the A-phase and C-
phase windings are permanently open, i.e., iA= iC =0. 

The resultant MMF of other three phase windings is 
calculated. 
                                 

1111 EDB ffff ++=                         (15) 
The forward round rotating MMF is calculated. 
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The reverse round rotating MMF is calculated. 
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At / 2tω π= , the resultant armature MMF of B-phase, 
D-phase, and E-phase windings is expressed in Fig. 10 (a).  

Fig.10 (b) shows the amplitude of main harmonic is 
13.62, the amplitude of the first order harmonic is 9.22.  
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(a) Resultant MMF 
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   (b)  Harmonic content 
Figure.10   Armature MMF and its harmonic contents 

(open-circuit fault of A and C-phase windings) 
 

By analysis and comparison, open-circuit fault of two 
non adjacent phase windings is more serious, the main 
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harmonic is smaller, the operation state of the motor is 
worse.  

V. FLUX  DENSITY DISTRIBUTION OF THE ARMATURE  
REACTION MAGNETIC FIELD 

In Fig.11, Fig.12, and Fig.13, with different coil spans, 
the air gap flux density distributions of the armature 
reaction fields and their harmonic contents are shown, 
without permanent magnets.  

When the coils are 4-solt span, the amplitude of main 
harmonic is the largest. The coils are 2-solt span, and the 
amplitude of main harmonic is the smallest. The 
amplitude of the main harmonic of 3-solt span coils is 
close to that of 4-solt span coils. When the coils are 3-solt 
span, the end windings are short and material and energy 
loss can be reduced, so, should be given priority in the 
application.  
 

π2

 
(a)  Flux density distribution  

 
(b)  Harmonic contents 

 
Figure.11  Flux density and its harmonic contents 

(coil span = 4) 
 

π2

 
(a)  Flux density distribution  

 
(b)  Harmonic contents 

 
Figure.12  Flux density and its harmonic contents 

(coil span = 3) 

π2

 
(a)  Flux density distribution  

 
(b)  Harmonic contents 

 
Figure.13  Flux densities and its harmonic contents 

(coil span = 2) 
 

At / 2tω π= , under one-phase winding open-circuit 
fault conditions and after improvement, the flux density 
distributions of the armature reaction magnetic fields are 
shown in Fig.14 and Fig.15.  

 

π2B
(T

)

 
 

Figure.14  Flux density distribution 
( A-phase winding open-circuit fault) 

 

π2

 
Figure.15  Flux density distribution 

(after improvement) 
At 2/πω =t , under open-circuit faults of two adjacent 

phase windings and two nonadjacent phase windings 
conditions, the flux density distributions of the armature 
reaction magnetic fields are shown in Fig.16 and Fig.17.  
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Figure.16   Flux density distribution 
 (open-circuit fault of A and B-phase windings) 
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Figure.17. Flux density distribution 
 (open-circuit fault of A and C-phase windings) 

 

VI. CONCLUSION 

The method to calculate the winding factor proposed in 
this paper is convenient. The armature reaction MMFs of 
a permanent magnet machine with 4 poles, 15 slots, and 
5-phase double-layer winding are calculated. In normal 
working, open-circuit fault states of one-phase winding, 
two adjacent phase windings, and non-adjacent phase 
windings, the armature MMFs are calculated, and the 
contents of their harmonics are analyzed. In fault states, 
the amplitudes of the forward and reverse round rotating 
MMFs are calculated, discussed, and compared. The 
research work will contribute to understand the 
phenomenon of the armature winding open-faults, design 
fault-tolerant PMSMs, and control PMSMs in fault state. 
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