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Abstract: All teeth concentrated winding layouts are popular in 3 – phase PMBLDC Hub motors used for two – wheel EV applications. 

A well-known Cros’ method is often used for determination of winding layouts of 3 – phase BLDC motors, yet this requires an in-depth 

winding layout knowledge to design for more than 3 – phase winding layouts and leads to more complexity as the number of phases, slot 

-pole count increases. This paper proposes a simple direct approach method for design and development of poly phase winding layout for 

high slot – pole count PMBLDC Hub motors. This method reduces the number of iterations to get the proper phase sequence and phase 

offset among the phases. In this paper, first the regular Cros’ method is presented for Six – phase winding layout determination and next 

in the second authors’ simple direct method is presented for the Six – phase winding layout determination. Both methods are compared. 

Discussed which one of the methods is better, and conclusions are drawn. 
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1. Introduction 

The PMBLDC Hub motors are widely used in two – wheel 

electric vehicle applications because of their compact size, 

lesser losses, absence of drive belt or gear, higher efficiency 

and reliability compared to other motors [1] [2]. The 

PMBLDC Hub motors used in EV applications are also due 

to their good torque-speed characteristics, low noise level, 

and simple design [2] [3]. In these Hub motors, all teeth 

concentrated winding layouts are used popularly. Compared 

to traditional distributed double layer winding layouts, all 

teeth concentrated winding layouts have significantly 

reduced overhang portion [4] resulting in compact coil size 

[5] and lowered copper consumption [6] [7]. The PMBLDC 

Hub motors have smaller axial length and a larger diameter 

of the stator, which gives lesser active coil side length [8]. 

Manufacturing of these Hub motors is simple and cost 

saving as the consumption of lamination material and 

copper is lower [9]. A concentrated winding BLPMDC Hub 

motor performance relays on the slot-pole count [10] [12] 

and hence it must be chosen wisely. For low-speed direct 

drive EV applications, concentrated all teeth winding 

layouts usually have SPP in the range of 0.25 – 0.5 [11]. The 

PMBLDC Hub motors have fractional slots per pole per 

phase, causing lower alignment among the stator teeth and 

the rotor pole, resulting in lesser cogging torque [13]. The 

PMBLDC Hub motors are of out-runner topology, have 

their own limitations and In-runner topology PMBLDC 

motors suitable for high-speed applications [14]. 

2. Methodology 

VARCAS, a Hyderabad (India) based automobile pvt. Ltd 

company, which imports the BLDC Hub motor from China 

and uses it in their Electric scooter manufacture, approached 

the authors to design and develop the Hub motor locally 

with some improvements in its performance and reliability. 

This has triggered the work of a poly phase PMBLDC Hub 

motor. The PMBLDC Hub motor specifications are 850 W, 

36V, 550 R.P.M. A 48 slot, 52 pole count is considered for 

the design and development of a Six – Phase BLDC Hub 

motor because this slot-pole count gives a winding factor of 

0.9494 for 3-phase winding layout [15] and 0.9801 for 6-

phase winding layout. A winding factor value greater than 

0.94 gives better performance of the motor as the 

performance is influenced by the winding factor. The Six-

Phase all teeth concentrated winding layout is determined 

first by using Cros’ method [16] and later by a simple 

approach method.  

2.1. Cros’ method 

The following are the Cros’ method steps followed to place 

the coils in the stator slots to obtain a six – phase winding 

layout. 

1. The number of slots per pole per phase reduced to a 

non-divisible fraction given by  
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Spp = 
𝑁𝑠

𝑁𝑚∗𝑁𝑝ℎ
 = 

48

52∗6
 = 

2

13
 = 

𝑎

𝑏
 (1) 

2. Using the Equation 1 a repeatable sequence of 0’s 

and 1’s determined. Here the number of 1’s equals 

to ‘𝑎’ and the number of 0’s equals to ‘𝑎 − 𝑏’ in the 

sequence. That means the number of 1’s are two and 

0’s are eleven. So, the repeatable sequence is  

1 0 0 0 0 0 1 0 0 0 0 0 0  (2) 

3. As per the Cros’ method [16], the most regular 

sequence as possible yields the greatest winding 

factor. The other possible repeatable sequence is  

1 0 0 0 0 0 0 1 0 0 0 0 0   (3) 

4. The repetition of the above sequence for, (Ns / 𝑎) 

times. In this case the sequence repeats 24 times. 

Use either SI (MKS) or C

 

Fig. 1. The optimal sequence repeated for 24 times. 

5. The distribution of whole winding is periodic, if the 

‘𝑏’ is an even number otherwise the distribution is 

antiperiodic. 

6. The above repetitive sequence is associated with the 

phase sequence AD’BE’CF’DA’EB’FA’ of six-

phases. 

 

Fig. 2. Associating the phase sequence to the optimal 

sequence repeated for 24 times. 

7. The phase associated with ‘1’ is selected and these 

will form the first winding layer. A’, B’, C’, D’, E’, 

F’ are return coil conductors of A, B, C, D, E, F 

phases, respectively. 

8. Then by shifting the first layer winding one slot and 

changing the direction of the phase second layer 

winding is obtained. 

  

Fig. 3. Placement of phase coils in the stator slots. 

9. The above phase coils placement in the slots will 

repeat for the remaining slots from the slot no. 25th 

to 48th. 

10. The number of coils per phase obtained is 8. Each 

slot has two coil sides. 

The six – phase winding layout determined for 48 slots, 52 

poles Hub motor using Cros’ method is shown in the table 

11 under results and discussion section. 

2.2. Proposed method 

The assumptions for determining the six - phase balanced 

winding layout for valid pole and slot combinations are: 

1. There are no empty slots in the stator.   

2. Two coil sides are placed in each slot.  

3. A slot – pole count that allows the winding layout 

to get back EMF magnitudes equal in all phases 

and 60 0 E off set from each other are considered. 

4. The number of turns in all the coils and span is the 

same. Hence the resistance and inductance of all 

the phases are equal. 

5. The value of SPP is assumed to be less than one. 

Most low speed BLPM motors having a 

significantly more magnet poles fulfill this 

requirement. 

The above assumptions give a winding layout capable of 

high performance and easy to wound. The coil span should 

be as close to 180 0 E as possible, but seldom exceeds it, 

when the number of magnets is greater than slots. The coil 

pitch value is set to minimum of one slot when the slot pitch 

exceeds 180 0 E. Coil span (CS) determined by 

CS = max (fix ( Ns / Nm ), 1)  (4) 

In a Six – phase motor, each of the six-phase windings 

produce a back EMF of the same amplitude, shape and 

shifted by an angle 600 E from the other. The slot angle (θsl) 

relative to the first slot can be used to determine phase 

difference. 

θsl = (S-1) (Nm / Ns)180 0 E  (5) 

Where S is the slot number. These angles are valid, but they 

extend the range -1800 E ≤ θ ≤ 180 0 E outside. A reminder 

function is used to determine the principle angle related to 

each of these angles. 

θsl = rem {( S -1) ( Nm / Ns)180 0 E, 3600 E}  (6) 

Alternately the Equation 6 can be further modified such that 

it avoids use of the rem function and used to get the phase 

offset. 

Mo = (1/2 +2q) (2Ns/3Nm)    (7) 

Where q is an integer. While laying out a winding, coils with 

a span of ‘S’ are placed in slots such that relative angular 

coil midpoints are as close to 00 E and 1800 E apart. Coils 

close to 00 E are wound in one direction and the coils close 

to 1800 E are wound in the reverse direction since the 

magnetic flux direction reverses at 1800 E. It is not possible 

to align all coils at 00 E or 1800 E separation in motors with 

fractional slot. The coil locations must be chosen that are as 

close as possible to 00 E and 1800 E separation. The number 
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of coils per phase is given by 

Ncph = Ns/Nph     (8) 

For the considered 48 slots and 52 poles Hub motor, the 

nominal coil span S = 1, the Slot angle θsl = 1950 E i.e. Each 

coil offset angle is 1950 E w.r.t the consecutive coil. The 

phase offset Mo = 4 slots and the coils per phase Ncph = 8. 

The total number of coils in the stator is equal to 48. Each 

coil offset angle and associated In and Out slots are listed in 

Table 1. These coils offset angles are valid, but they extend 

the range -1800 E ≤ θ ≤ 1800 E outside. The principle angle 

(θ) related to each of these angles is determined by 

θ = rem (θ + 1800, 3600)    (9) 

Table 2 provides the angle (θ) of each coil with respect to 

the first coil. The coil’s winding direction is modified (inter 

change of In slot & Out slot) whose angle (θ) is greater than 

900 E and their corresponding angle by 1800 E. This will 

provide the prospective coils for phase A. Table 3 shows the 

details along with In and Out slots. Eight coils should be 

selected from Table 3 to lay a valid winding for phase A. 

Coils, which are close to 00 E should be used and its angular 

spread of the winding should be minimum. Since eight coils 

are required per phase for the considered Hub motor, the 

coils numbered 1, 2, 3, 4, 25, 26, 27, and 28 are closest to 00 

E and have a total spread of 450 E are chosen. Table 4 shows 

the phase A winding layout. Since the phase offset of Mo = 

4 slots leads to an angle 600 E offset between phases A and 

B, hence each coil in phase B is shifted by ‘Mo’ slots with 

respect to the corresponding coil in phase A. Table 5 shows 

the prospective coils for phase B, selecting those closest to 

00 E. 

 Selecting coils numbered 5, 6, 7, 8, 29, 30, 31, and 32 

from table 5 to form the phase B winding coils and its layout 

as shown in Table 6. Keeping phase offset of 600 E (4 slots) 

w.r.t the phase B coils, phase C coils can be placed in the 

slots. Selecting coils numbered 9, 10, 11, 12, 33, 34, 35, and 

36 gives the phase C winding coils and its layout is shown 

in Table 7. 

 

Table 1. Each Coil offset angle and its associated In & Out slots 

Coil No 1 2 3 4 5 6 7 8 9 10 11 12 

Coil Angle 0 195 390 585 780 975 1170 1365 1560 1755 1950 2145 

In Slot 1 2 3 4 5 6 7 8 9 10 11 12 

Out Slot 2 3 4 5 6 7 8 9 10 11 12 13 

Coil No 13 14 15 16 17 18 19 20 21 22 23 24 

Coil Angle 2340 2535 2730 2925 3120 3315 3510 3705 3900 4095 4290 4485 

In Slot 13 14 15 16 17 18 19 20 21 22 23 24 

Out Slot 14 15 16 17 18 19 20 21 22 23 24 25 

Coil No 25 26 27 28 29 30 31 32 33 34 35 36 

Coil Angle 4680 4875 5070 5265 5460 5655 5850 6045 6240 6435 6630 6825 

In Slot 25 26 27 28 29 30 31 32 33 34 35 36 

Out Slot 26 27 28 29 30 31 32 33 34 35 36 37 

Coil No 37 38 39 40 41 42 43 44 45 46 47 48 

Coil Angle 7020 7215 7410 7605 7800 7995 8190 8385 8580 8775 8970 9165 

In Slot 37 38 39 40 41 42 43 44 45 46 47 48 

Out Slot 38 39 40 41 42 43 44 45 46 47 48 1 

 

Table 2. Principle angle of each coil with respect to the first coil and its associated In & Out slots 

Coil No 1 2 3 4 5 6 7 8 9 10 11 12 

Principle Angle 0 -165 30 -135 60 -105 90 -75 120 -45 150 -15 

In Slot 1 2 3 4 5 6 7 8 9 10 11 12 

Out Slot 2 3 4 5 6 7 8 9 10 11 12 13 
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Coil No 13 14 15 16 17 18 19 20 21 22 23 24 

Principle Angle -180 15 -150 45 -120 75 -90 105 -60 135 -30 165 

In Slot 13 14 15 16 17 18 19 20 21 22 23 24 

Out Slot 14 15 16 17 18 19 20 21 22 23 24 25 

Coil No 25 26 27 28 29 30 31 32 33 34 35 36 

Principle Angle 0 -165 30 -135 60 -105 90 -75 120 -45 150 -15 

In Slot 25 26 27 28 29 30 31 32 33 34 35 36 

Out Slot 26 27 28 29 30 31 32 33 34 35 36 37 

Coil No 37 38 39 40 41 42 43 44 45 46 47 48 

Principle Angle -180 15 -150 45 -120 75 -90 105 -60 135 -30 165 

In Slot 37 38 39 40 41 42 43 44 45 46 47 48 

Out Slot 38 39 40 41 42 43 44 45 46 47 48 1 

 

Table 3. Changed winding direction of coils whose principle angle > 900 E and its associated In & Out slots 

Coil No 1 2 3 4 5 6 7 8 9 10 11 12 

Principle Angle 0 15 30 45 60 75 90 -75 -60 -45 -30 -15 

In Slot 1 3 3 5 5 7 7 8 10 10 12 12 

Out Slot 2 2 4 4 6 6 8 9 9 11 11 13 

Coil No 13 14 15 16 17 18 19 20 21 22 23 24 

Principle Angle 0 15 30 45 60 75 -90 -75 -60 -45 -30 -15 

In Slot 14 14 16 16 18 18 19 21 21 23 23 25 

Out Slot 13 15 15 17 17 19 20 20 22 22 24 24 

Coil No 25 26 27 28 29 30 31 32 33 34 35 36 

Principle Angle 0 15 30 45 60 75 90 -75 -60 -45 -30 -15 

In Slot 25 27 27 29 29 31 31 32 34 34 36 36 

Out Slot 26 26 28 28 30 30 32 33 33 35 35 37 

Coil No 37 38 39 40 41 42 43 44 45 46 47 48 

Principle Angle 0 15 30 45 60 75 -90 -75 -60 -45 -30 -15 

In Slot 38 38 40 40 42 42 43 45 45 47 47 1 

Out Slot 37 39 39 41 41 43 44 44 46 46 48 48 

 

Similarly, phases D, E and F coils are placed in the slots 

keeping phase offset of 600 E with respect to each phase and 

choosing the coils close to 00 E. The winding layouts of 

phases D, E and F are shown in table 8, table 9 and table 10, 

respectively. 

3. Development Results and Discussion 

The Table 11 gives Six – phase winding layout determined 

for 48 slots, 52 poles Hub motor using Cros’ method and 

Table 12 shows the Six – phase winding layout determined 

using proposed simple direct approach method. The Six – 

phase winding layout designed and developed is depicted 

from figure 5 to figure 10. The copper conductor used in the 

winding has 15 strands and each strand gauge is 25SWG. 

Table 4. Phase A coils with In & Out slots 

Coil No 1 2 3 4 

Coil Angle 0 15 30 45 

In Slot 1 3 3 5 

Out Slot 2 2 4 4 

Coil No 25 26 27 28 

Coil Angle 0 15 30 45 

In Slot 25 27 27 29 

Out Slot 26 26 28 28 
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Table 5. Potential coils of Phase B with phase offset of 600 E 

Coil No 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Coil Angle - - - - 0 15 30 45 60 75 90 -75 -60 -45 -30 -15 

In Slot 1 3 3 5 5 7 7 9 9 11 11 13 13 15 15 17 

Out Slot 2 2 4 4 6 6 8 8 10 10 12 12 14 14 16 16 

Coil No 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 

Coil Angle 0 15 30 45 60 75 -90 -75 -60 -45 -30 -15 0 15 30 45 

In Slot 17 19 19 21 21 23 23 25 25 27 27 29 29 31 31 33 

Out Slot 18 18 20 20 22 22 24 24 26 26 28 28 30 30 32 32 

Coil No 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 

Coil Angle 60 75 90 -75 -60 -45 -30 -15 0 15 30 45 60 75 -90 -75 

In Slot 33 35 35 37 37 39 39 41 41 43 43 45 45 47 47 1 

Out Slot 34 34 36 36 38 38 40 40 42 42 44 44 46 46 48 48 

 

Table 6. Phase B coils with In and Out slots 

Coil No 5 6 7 8 

Coil Angle 0 15 30 45 

In Slot 5 7 7 9 

Out Slot 6 6 8 8 

Coil No 29 30 31 32 

Coil Angle 0 15 30 45 

In Slot 29 31 31 33 

Out Slot 30 30 32 32 

 

Table 7. Phase C coils with In and Out slots 

Coil No 9 10 11 12 

Coil Angle 0 15 30 45 

In Slot 9 11 11 13 

Out Slot 10 10 12 12 

Coil No 33 34 35 36 

Coil Angle 0 15 30 45 

In Slot 33 35 35 37 

Out Slot 34 34 36 36 

 

Table 8. Phase D coils with In and Out slots 

Coil no 13 14 15 16 

Coil angle 0 15 30 45 

In slot 13 15 15 17 

Out slot 14 14 16 16 

Coil no 37 38 39 40 

Coil angle 0 15 30 45 

In slot 37 39 39 41 

Out slot 38 38 40 40 

 

Table 9. Phase E coils with In and Out slots 

Coil No 17 18 19 20 

Coil Angle 0 15 30 45 

In Slot 17 19 19 21 

Out Slot 18 18 20 20 

Coil No 41 42 43 44 

Coil Angle 0 15 30 45 

In Slot 41 43 43 45 

Out Slot 42 42 44 44 

 

Each coil of phase has 6 turns and total coils in phase are 

Eight.  The winding was designed in such a way to keep the 

stator slot fill factor in practical limits. 

Table 10. Phase F coils with In and Out slots 

Coil No 21 22 23 24 

Coil Angle 0 15 30 45 

In Slot 21 23 23 25 
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Out Slot 22 22 24 24 

Coil No 45 46 47 48 

Coil Angle 0 15 30 45 

In Slot 45 47 47 1 

Out Slot 46 46 48 48 

 

 

Fig. 4. Unwound stator slots of Hub motor. 

 

Fig. 5. Winding layout of Phase A. 

 

Fig. 6. Winding layout of Phase A & B. 

Table 11. Six – phase winding layout of 48S – 52P Hub motor using Cros’ method 

Slot 

No. 

Phase 

A 

Phase 

B 

Phase 

C 

Phase 

D 

Phase 

E 

Phase 

F 

Slot 

No. 

Phase 

A 

Phase 

B 

Phase 

C 

Phase 

D 

Phase 

E 

Phase 

F 

1 In 
    

In 25 In     In 

2 Out 
  

In 
  

26 Out   In   

3 
   

Out, 

Out 

  
27    Out, 

Out 

  

4 Out 
  

In 
  

28 Out   In   

5 In In 
    

29 In In     

6 
 

Out 
  

In 
 

30  Out   In  

7 
    

Out, 

Out 

 
31     Out, 

Out 

 

8 
 

Out 
  

In 
 

32  Out   In  

9 
 

In In 
   

33  In In    

10 
  

Out 
  

In 34   Out   In 

11 
     

Out, 

Out 

35      Out, 

Out 

12 
  

Out 
  

In 36   Out   In 

13 
  

In In 
  

37   In In   

14 In 
  

Out 
  

38 In   Out   

15 Out, 

Out 

     
39 Out, 

Out 

     

16 In 
  

Out 
  

40 In   Out   

17 
   

In In 
 

41    In In  

18 
 

In 
  

Out 
 

42  In   Out  

19 
 

Out, 

Out 

    
43  Out, 

Out 

    

20 
 

In 
  

Out 
 

44  In   Out  
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21 
    

In In 45     In In 

22 
  

In 
  

Out 46   In   Out 

23 
  

Out, 

Out 

   
47   Out, 

Out 

   

24 
  

In 
  

Out 48   In   Out 

On observation of two winding layouts, placement of 

coils of phase, in the slots around the stator periphery is not 

symmetric and angular symmetry doesn’t exhibit by the 

Cros’ method winding layout, hence these two winding 

layouts’ flux linkage and back EMF determined [17] differ 

from each. Both the winding layouts result trapezoidal back 

EMF waveforms, but the width of the flat region is less for 

the winding layout determined by Cros’ method due to the 

winding coils disposition.  

Cros’ method creates ambiguity in obtaining the 

possible repeatable sequence (step 3 and step 4 in Cros’ 

method). This may lead to a greater number of iterations to 

get the most regular repeatable sequence with the highest 

winding factor. In Cros’ method determination of the 

distribution of whole winding is periodic or antiperiodic, the 

association of the repetitive sequence with the phase 

sequence becomes complex as the number of phases 

increases in the Hub motor.  

The number of coil groups [19] in a phase of winding 

layout obtained by Cros’ method is 8/5. Which is not an 

integer resulting in unbalanced dynamic radial forces on the 

rotor and leads to the source of vibration and noise. Whereas 

in the proposed method of winding layout, the number of 

coil groups in a phase is 8/4. It gives integer greater than one 

and results in balanced dynamic radial forces on the rotor. 

Table 12. Six – phase winding layout of 48S – 52P Hub motor using simple approach method 

Slot 

No. 

Phase 

A 

Phase 

B 

Phase 

C 

Phase 

D 

Phase 

E 

Phase 

F 

Slot 

No. 

Phase 

A 

Phase 

B 

Phase 

C 

Phase 

D 

Phase 

E 

Phase 

F 

1 In 
    

In 25 In 
    

In 

2 Out, 

Out 

     
26 Out, 

Out 

     

3 In, In 
     

27 In, In 
     

4 Out, 

Out 

     
28 Out, 

Out 

     

5 In In 
    

29 In In 
    

6 
 

Out, 

Out 

    
30 

 
Out, 

Out 

    

7 
 

In, In 
    

31 
 

In, In 
    

8 
 

Out, 

Out 

    
32 

 
Out, 

Out 

    

9 
 

In In 
   

33 
 

In In 
   

10 
  

Out, 

Out 

   
34 

  
Out, 

Out 

   

11 
  

In, In 
   

35 
  

In, In 
   

12 
  

Out, 

Out 

   
36 

  
Out, 

Out 

   

13 
  

In In 
  

37 
  

In In 
  

14 
   

Out, 

Out 

  
38 

   
Out, 

Out 

  

15 
   

In, In 
  

39 
   

In, In 
  

16 
   

Out, 

Out 

  
40 

   
Out, 

Out 

  

17 
   

In In 
 

41 
   

In In 
 

18 
    

Out, 

Out 

 
42 

    
Out, 

Out 

 

19 
    

In, In 
 

43 
    

In, In 
 

20 
    

Out, 

Out 

 
44 

    
Out, 

Out 

 

21 
    

In In 45 
    

In In 
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22 
     

Out, 

Out 

46 
     

Out, 

Out 

23 
     

In, In 47 
     

In, In 

24 
     

Out, 

Out 

48 
     

Out, 

Out 

 

 

Fig. 7. Winding layout of Phase A, B & C. 

 

Fig. 8. Winding layout of Phase A, B, C & D. 

 

Fig. 9. Winding layout of Phase A, B, C, D & E. 

 

Fig. 10. Winding layout of Phase A, B, C, D, E & F. 

4. Conclusion 

 The Six – Phase all teeth concentrated winding layouts 

were determined for 48 slots, 52 poles PMBLDC Hub motor 

using Cros’ method and proposed a simple, direct approach 

method. On comparison, both winding layouts have winding 

factor of 0.98 and the no-load cogging torque pulsations 

over one revolution of the rotor determined is 624. Each slot 

is full and occupied by two coil sides in two winding 

layouts. Cros’ method doesn’t indicate phase offset and 

angular spread of coils around the slots of the stator 

periphery is unsymmetric even though the number of coils 

in a phase is even number. Whereas in the proposed method 

phase offset is clearly indicated and it is symmetric with 

minimum angular spread. This has resulted in varied flux 

linkage and back EMF in these two winding layouts. In 

Cros’ method determination of the distribution of whole 

winding is periodic or antiperiodic, the association of the 

repetitive sequence with the phase sequence of poly phases 

becomes complex as the number of phases increases. Cros’ 

method winding layout produces unbalanced dynamic radial 

forces on the rotor resulting vibration and noise. Hence the 

presented simple, direct approach is a better choice for 

determining the winding layout for high slot-pole count Six 

– phase Hub motors. It is also valid for other poly – phase 

winding layouts of more than three – phases. 
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