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 

Abstract— In this paper, the effect of the stator winding connection 

on the performance of a six-phase Switched Reluctance Machine 

(SRM) is investigated. Five winding connection types are proposed 

for the machine. Finite element analyses (FEAs) of flux 

distribution and output torque are presented under single phase 

and multiphase excitation for each connection and the results are 

used to compare the average torque and torque ripple ratio 

characteristics and to develop understanding of the respective 

contributions of mutual inductance in torque development. 

Experimental tests on a six-phase conventional SRM verify the 

torque performance and mutual inductance effects of the different 

winding connections. An optimum winding configuration for a six-

phase SRM is proposed. 

 
Index Terms— Current distortion, Mutual inductance, Stator 

windings, Switched Reluctance Machine (SRM), Torque ripple 

I. INTRODUCTION 

witched Reluctance Machines (SRMs) and their drive 

systems have the advantages of simple structure, low 

manufacturing cost, high system reliability, high efficiency 

and a wide speed range, and are contenders for electric vehicle 

traction drives [1-3]. In recent years they have also been 

developed for the aviation industry [4, 5].  

However, torque development in SRMs is fundamentally 

prone to high ripple giving rise to vibration and acoustic noise, 

and this characteristic is a significant drawback [6]. The 

reduction of torque ripple is an active research topic and 

improvement strategies include machine design optimization 

[7-11] and advanced control techniques [12-15]. 

In the wake of power electronics development, increasing the 

phase number is a simple and generally accepted way to reduce 

torque ripple. In the last two decades, machines with higher 

phase numbers have become popular due to the potential for 

higher capacity, lower torque ripple, less phase current for a 

given power rating and better fault-tolerant ability compared 

with traditional machines [16, 17]. In addition, the choice of 

winding configuration in multi-phase machines has been 

investigated with a view to achieving a better torque 

performance and more flexible control [18, 19]. 
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The performance evaluation and the high performance control 

of SRMs require accurate flux linkage and torque information 

[12-15], both of which are nonlinear functions of phase current 

and rotor position. The flux linkage characteristic is usually 

obtained across the range of rotor positions and operating 

current values, and this information can then be used to 

facilitate advanced control techniques [20-22]. This approach is 

based on single-phase excitation, and can be accurate under 

multiphase excitation in situations where mutual inductance 

effects can be ignored.  

As the phase number of an SRM increases, so too does the 

overlap between adjacent phases. This can give rise to 

considerable interaction between phases; in this case, the 

common analysis based on superposition of single phase, self-

inductance characteristics is of limited application and it 

becomes necessary to consider mutual inductance effects. 

Winding connections for a 12/8 dual channel three-phase SRM 

have previously been investigated, and it has been suggested 

that connections giving rise to long flux paths exhibit better 

magnetic decoupling than those with short flux-paths [23]. 

Single-phase and two-phase excitation modes have been 

researched with a four-phase SRM [24, 25]; in this case, 

alternative winding connections can cause asymmetric 

instantaneous torque waveforms with high torque ripple. 

Although regulation of the asymmetric torque by increasing the 

chopping current was demonstrated in simulation, this is not an 

advanced control method and would be difficult to implement 

experimentally. It is clear that the mutual inductance cannot be 

ignored in multi-phase excitation mode unless a decoupling 

winding connection is employed [25]. 

More recently, a configuration has been proposed which 

enables a six-phase SRM to be driven with a three-phase full 

bridge inverter, thus reducing torque ripple without recourse to 

a non-standard converter [26]. Alternative winding connection 

types were investigated for this drive and a symmetric winding 

pattern was proposed whereby phase windings are 

unconventionally connected with opposing polarities, giving 

rise to significant phase interaction [27]. This drive has 

demonstrated high torque density and is proving to be a strong 
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candidate in electric vehicles applications [28]. 

In this paper, winding connections are investigated in a six-

phase 12/10 SRM driven by an asymmetric half bridge 

converter. The distinction between reverse and forward series 

windings is introduced through Finite Element Analysis (FEA) 

under single-phase excitation. Furthermore, five different 

winding connection types are investigated through FEA, and 

comparisons are made on the bases of average torque and torque 

ripple. Flux density fields are analyzed at various rotor 

positions in order to illustrate variations of torque development 

between winding types. Finally, the analyses are verified 

through experimental tests on a 4kW prototype; measurements 

of instantaneous current and torque are presented for the 

different winding connections under single-phase and multi-

phase excitation.  

II. WINDING CONFIGURATIONS FOR A SIX-PHASE SRM 

In order to investigate output torque and mutual inductance 

effects, five winding connection types are proposed as 

illustrated in Fig. 1. Owing to the greater potential for phase 

interaction at higher phase numbers, the long/short flux path 

terminology is not appropriate and so a simplified classification 

is proposed here. Where the coil polarities of a given phase are 

magnetically in opposition, this is defined as N-S (North- 

South) connection type. Conversely, reinforcing phase coil 

polarities are defined as N-N (North-North) connection type. 

For the six-phase 12/10 SRM under consideration there are 

five winding configurations which preserve an equal number of 

north and south polarity coils, as presented in Fig. 1. These 

comprise two N-N types (1 and 4) and three N-S types (2, 3, 

and 5). 

  
(a) (b) 

  
(c) (d) 

 
(e) 

Fig. 1. The winding connections: (a) Type 1: NSNSNSNSNSNS  
(b) Type 2: NSNSNSSNSNSN  (c) Type 3: NNSSNNSSNNSS  
(d) Type 4: NNNSSSNNNSSS  (e) Type 5: NNNNNNSSSSSS 

III. FINITE ELEMENT ANALYSIS 

Fig. 2 shows the rotor and stator of the six-phase 12/10 SRM 

prototype, and Table I gives the design parameters for this 

machine. 

 
(a) 

 
(b) 

Fig. 2. Six-phase 12/10 SRM prototype: (a) wound stator  (b) rotor 

TABLE I 
DESIGN PARAMETERS OF THE SIX-PHASE SRM PROTOTYPE 

Number of Stator Teeth 12 

Number of Rotor Teeth 10 

Axial Length 150.0mm 

Stator Outer Diameter 150.0mm 

Stator Inner Diameter 91.4mm 

Stator Core-Back Depth 11.0mm 

Stator Tooth Width 11.4mm 

Airgap Length 0.3mm 

Rotor Outside Diameter 90.8mm 

Rotor Insider Diameter 36.0mm 

Rotor Core back Depth 18.0mm 

Rotor Tooth Width 11.4mm 

Turns per Phase 100 

A. Single-Phase FEM analysis 

The six-phase 12/10 SRM under consideration has two coils 

per phase which may be connected in N-S or N-N type as 

previously defined. Single phase static FEA of the flux 

distributions arising from the two options are shown in Fig. 3. 

As has previously been described [28], the N-S polarities of 
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the single-phase connection give rise to long flux paths via the 

full stator and rotor core (Fig. 3 (a)), whilst the N-N polarities 

of the single-phase connection give rise to shorter flux paths 

which link adjacent teeth (Fig. 3(b)).  

N-S

 

N-N

 
(a) (b) 

Fig. 3. 2D FEA flux distribution under single phase excitation for: 

(a) N-N connection type (b) N-S connection type 

Fig. 4 compares the phase flux linkages from 2D FEA for the 

N-N and N-S connections under single-phase excitation. As can 

be appreciated from inspection of Fig. 3, the single-phase N-S 

connection gives rise to large self-inductance and negligible 

mutual inductance, whereas the single-phase N-N connection 

gives rise to a slightly reduced self-inductance but considerable 

mutual inductance. 

 
(a) 

 
(b) 

Fig. 4. Six phase flux linkages of N-N and N-S connection with single-phase 

excitation: (a) N-S connection type (b) N-N connection type 

Fig. 5 presents instantaneous motoring torque waveforms 

under ideal current control from 2D FEA. The single phase 

torque for the forward and reverse series connections is 

compared with equivalent six-phase waveforms obtained by 

phase-shifted superposition. It is obvious that the N-S 

connection develops higher torque with both single phase 

excitation and six-phase superposition. 

 
Fig. 5. Single phase torque output and six phase torque summation of N-S and 

N-N connection for a six-phase SRM 

However, it should be noted that this approach neglects the 

torque contribution arising from the variation of mutual 

inductance in adjacent phases, which may be considerable in 

the N-S connection type as suggested by the flux linkage 

characteristics of Fig. 4. 

B. Multi-phase FEM analysis 

Fig. 6 presents instantaneous motoring torque waveforms 

under ideal current control with full six-phase excitation for the 

five winding connections, obtained from 2D FEA. Table II 

compares average torque and torque ripple ratio (TRR) of 

them.Type1 has the largest torque and type3 has the smallest 

torque ripple ratio in all the five configurations. 
TABLE II 

2D FEA AVERAGE TORQUE AND TRR COMPARISON  

 Type1 Type2 Type3 Type4 Type5 

Tav(Nm) 24.4 23.9 23.2 14.2 20.4 

TRR(%) 27.2 29.2 16.7 243.0 58.8 

 

 
Fig. 6.FEM torque output of five winding configurations. 

Picking out three typical conduction combinations, with 

which there are obvious instantaneous torque distinctions in 

Fig. 6, the torque relationships between these five types are 

summarized by (1).  

1 2 3 5 4, , ,

1 4 2 3 5, , ,

2 1 3 5 4, , ,

Type Type Type Type Type active phases A E F

Type Type Type Type Type active phases A B F

Type Type Type Type Type active phases A B C

    


    
     

 (1) 
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Regardless of the presence of short or long flux paths arising 

from a given winding connection, there are two fundamental 

factors act to reduce the mean torque and increase the torque 

ripple: 1) saturation in the stator core back; and 2) unwanted 

flux giving rise to negative torque in a particular phase.  

Negative torque production is unavoidable to some extent in 

all of the winding connections under consideration owing to the 

phase overlap and prevalence of at least some mutual coupling. 

However, the impact of stator core back saturation can readily 

be illustrated, to which end the FEA described at the start of 

section B is repeated here with the stator core back depth 

increased sufficiently to prevent performance limitation in any 

of the winding connection types.  

The results are illustrated in Fig. 7 which shows that, in the 

absence of stator core back saturation, types 1-3 and 5 develop 

very similar torque waveforms with type 4 being the notably 

inferior exception. Furthermore, comparison with Fig. 6 

suggests that, in the absence of stator core back saturation, the 

torque characteristics converge on that of type 1. Thus, with the 

actual stator core back limitation, it is obvious that type 1 is 

preferable in that it develops greater torque, and that types 4 and 

5 are clearly inferior. 

 
Fig. 7. FEM torque output of five winding configurations. 

In order to further explain the reasons causing different 

instantaneous torques in Fig. 6, flux linkage distribution of three 

typical conduction combinations are observed. 
Type1 Type2 Type3

Type4 Type5

 
Fig. 8. Comparison of flux distribution when phase A,E,F are active. 

When phases A, E and F are conducting as shown in Fig. 8, 

the majority of the torque is produced by phases A and E whilst 

phase F is nearly aligned. 

Producing the largest instantaneous torque, type1 has six short 

flux-paths, and the majority of flux goes through the proximate 

four teeth and a quarter of the stator and rotor cores. Producing 

second largest torque, the majority of the flux of type2 

comprises only two short paths. Types 3 and 5 have the same 

flux distribution, comprising two long flux-paths with the 

majority of flux passing through the full stator and rotor core, 

and producing the same instantaneous torque as type2. Type4 

has four short flux-paths, but unlike the other four types it has 

less flux in the conducting phases than the non-conducting 

phases and therefore produces more negative torque at this 

position.  

In addition, it is clear that, by comparison with type1, more 

energy is stored in the stator core back in types 2, 3 and 5. 

Furthermore, type1 exhibits more energy in the teeth which is 

indicative of a higher torque contribution. 

When, phases A, B and F are conducting as shown in Fig. 9, 

the majority of the torque is produced by phases A and B whilst 

phase F is nearly aligned. 

Type1 keeps six short flux-paths and type4 has two short and 

two long flux-paths, and they produce the same and the largest 

torque at this position. Types 3 and 5 have the same flux 

distribution again, and produce less torque than types 1 and 4. 

Having two short flux-paths, type2 has the same torque as types 

3 and 5.  

Furthermore, compared with other three types, types 1 and 4 

have less flux density in stator core back, exhibiting more 

energy in the teeth, which is indicative of a higher torque 

contribution. 
Type1 Type2 Type3

Type4 Type5

  
Fig. 9. Comparison of flux distribution when phase A,B,F are active. 

When phases A, B and C are conducting as shown in Fig. 10, 

the majority of the torque is produced by phases B and C whilst 

phase A is nearly aligned. 

Type2 in Fig. 10 has similar flux distribution to type4 in Fig. 

9. All the flux links the three conducting phases, thus no extra 

negative torque is produced, which results in type2 developing 

the largest torque in Fig. 10. With only short flux-path in type1 

and only long flux-paths in type3, these develop the second and 

third greatest torque respectively at this position. Type4 

develops a reduced torque at this position owing to the negative 

contribution from mutual flux linking inactive phases with 
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reducing inductance. Unlike the previous two positions, the flux 

distribution of type5 is not exactly the same as type3. A higher 

flux density appears in stator core back and lower flux density 

appears in conducting teeth of type5, which reduces 

instantaneous torque. 

In conclusion, the majority of flux linkage distributes in 

conducting teeth in types 1, 2, 3 and 5 at any rotor position. 

Slight flux linkage appears in non-conducting teeth of types 1, 

2, 3 and 5 gives rise to negative torque. The different flux 

density in non-conducting teeth primarily depends on polarities 

arrangement and is affected by stator core back saturation.  

However, the situation of types 4 is different with other four 

types. At some rotor position, non-conducting teeth of type4 has 

pronounced higher flux density compared with types 1, 2, 3 and 

5. This unexpected flux distribution is even worse when 

adjacent three conducting phases have the same polarity (Type4 

in Fig. 10).   

IV. MUTUAL INDUCTANCE IN A SIX-PHASE SRM 

Under idealized current excitation with 180° conduction, up 

to three phases may be energized at any instant. This situation 

can be summarized by referring to the out-going phase, 

intermediate phase and in-coming phase as illustrated in Fig. 

11. 

 
Fig. 11. Definition of three conducting phases 

For a six-phase SRM, phase flux linkages can be expressed: 

A AB AC AD AE AFA A

AB B BC BD BE BFB B

AC BC C CD CE CFC C

AD BD CD D DE DFD D

E EAE BE CE DE E EF

F FAF BF CF DF EF F

L M M M M M i

M L M M M M i

M M L M M M i

M M M L M M i

iM M M M L M

iM M M M M L













    
    
    
    

     
    
    
    

          

 

 

(2) 

 

Mutual inductances between non-conducting phases may be 

ignored, giving: 

Where 𝑀(k−1)k , 𝑀(k−1)(k+1) and 𝑀k(k+1) are mutual 

inductances between three adjacent, conducting phases. 

Assuming fixed phase current (I) in each phase, the mutual 

inductances are given: 

1 1 1 1
(k 1)k

( ) ( )

2

k k k k k kI L L L
M

I

     


    
  (4) 

1 1 1 1
(k 1)(k 1)

( ) ( )

2

k k k k k kI L L L
M

I

     
 

    
  (5) 

1 1 1 1
(k 1)

( ) ( )

2

k k k k k k
k

I L L L
M

I

     


    
  (6) 

Mutual inductance of inactive phase can be calculated by: 

mM
I


  (7) 

The variation of mutual inductance in each phase across an 

electrical cycle was obtained from 2D FEA with phase current 

I = 15A for winding connection types 1, 2, and 3 (4 and 5 being 

clearly inferior as described in section III). The results are 

shown in Fig. 12. 

As expected, types 1 to 3 have very similar and small mutual 

inductance value during the active period, all being between -

1mH to 1mH. However, the mutual inductance in the inactive 

period has clear distinctions. Phase mutual inductances are 

close to 3mH or -2mH for type1 in the inactive period, whilst 

type3 exhibits a maximum of 1.6mH as the maximum value; 

only three phases have obvious mutual inductance in type2 with 

a maximum value less than 1.8mH.  

Combining these observations with the output torque results 

of Fig. 6, is clear that the asymmetric mutual inductances result 

in a larger torque ripple in type2. In addition, the large positive 

mutual inductance after the active period could delay the 

demagnetization time at low speed and cause current distortion 

in a real-time system especially at high speed. 

S S S

R R R

out-going phase (phase k-1)

ωm

intermediate phase (phase k)

in-coming phase (phase k+1)

Type1 Type2 Type3

Type4 Type5

 
Fig. 10. Comparison of flux distribution when phase A,B,C are active. 

1 ( 1) (k 1)(k 1)1 1

(k 1)k (k 1)

1 1(k 1)(k 1) (k 1) 1

k k kk k

k k k k

k kk k

L M M i

M L M i

iM M L






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 

    

    
    

     
          

 

 

(3) 
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(a) 

 
(b) 

 
(c) 

Fig. 12. Six phase mutual inductances of three different winding connection 

types excited by 180° 15A square wave current: (a) type1 (b) type2 (c) type3 

V. EXPERIMENTAL VERIFICATION 

In order to compare the characteristics of the five winding 

connection types, and verify the simulation results and 

conclusions of the preceding sections, experimental work was 

undertaken. The test rig consists of: the prototype six-phase 

SRM; a Permanent Magnet Synchronous Machine (PMSM) 

acting as a load; and a six-phase asymmetric half bridge 

converter and controller as shown in Fig. 13. 

 

 
Fig. 13. Photos of test rig. 

A. Single-phase excitation experimental results 

Table III compares single-phase excitation torque 

measurement with the predictions of FEA. In this test, the 

conduction width is 180º, the advance angle is 0º, the current 

reference is 15A, the DC link voltage is 100V, the switching 

frequency is 10kHz, and the rotational speed is 200r/min. The 

experimental results verify that the N-S connection can produce 

greater mean torque from single phase excitation. Variation 

between FEA and measured results is mainly due to the 2D FEA 

approach which neglects end leakage and thus over predicts 

torque. 
TABLE III  

SINGLE PHASE AVERAGE TORQUE COMPARISON BETWEEN FEA AND 

EXPERIMENTAL TEST 

 N-

S(FEA) 

N-

S(Test) 

N-

N(FEA) 

N-

N(Test) 

Tav(Nm) 3.75 3.55 3.30 3.15 

B. Multi-phase excitation experimental results  

1) Current control mode 

Fig. 14 presents the instantaneous torque and phase A current 

waveforms for the five different winding configurations. The 

same current reference values are applied to all six phase 

windings, and all the other parameters are the same as those for 

single-phase excitation. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 14. Torque output waveforms of multi-phase excitation tests at 

200r/min: (a) type1 (b) type2 (c) type3 (d) type4 (e) type5 

TABLE IV 
EXPERIMENTAL AVERAGE TORQUE AND TRR COMPARISON  

 Type1 Type2 Type3 Type4 Type5 

Tav(Nm) 22.6 20.8 19.7 10.2 12.5 

TRR(%) 29.2 36.7 25.6 126.3 52.1 

The measurements show that type1 has the largest average 

torque, and type3 has the smallest torque ripple as predicted by 

FEA. It is clear that the phase current of type1 in Fig. 14(a) 

exhibits some noise which arises from the presence of a high 

level of mutual coupling throughout this period as observed in 

the analysis of Fig. 12(a). 

In order to illustrate the effects of mutual inductance, the full 

six phase current waveforms of type3 are shown in Fig. 15. 

With reference to the reducing current at the point of 

commutation, two different characteristics can be observed: 

phases A, C and E (encircled red) and phases B, D and F 

(encircled black). This compares well with the binary phase 

groupings of mutual inductance observed in Fig. 12(c). 

 
Fig. 15. Six phase current waveforms of type3 by current control 

Fig. 16 presents the average output torque and torque ripple 

with excitation current varying from 0 to 20A. Types 1 to 3 

exhibit greater average output torque (Fig. 16(a)), and type2 

exhibits the smallest torque ripple (Fig. 16(b)) over the range of 

current. 

 
(a) 

 
(b) 

Fig. 16. Average output torque and torque ripple ratio with current control: 

(a)average torque (b) torque ripple ratio 

2) Voltage control mode 

In order to further investigate the mutual inductance effect on 

torque performance at higher speed, the Angle Position Control 

Phase A current(10A/div)

Phase B current(10A/div)

Phase C current(10A/div)

Phase D current(10A/div)

Phase A current(10A/div)

Phase B current(10A/div)

Phase E current(10A/div)

Phase F current(10A/div)
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(APC) method is employed. In this test, current is not controlled 

by chopping and is now a function of the applied voltage and 

machine impedance. Hence this test brings further insight into 

the effects mutual inductance. Fig. 17 shows measured phase 

currents for multi-phase excitation under voltage control at 

800r/min. The conduction period is 140º, and the advance angle 

is 10º. Again, more pronounced current distortion is evidence 

of greater mutual coupling in type1 by comparison with types 2 

and 3.  

 
(a) 

 
(b) 

 
(c) 

Fig. 17. Six phase current waveforms of multi-phase excitation tests at 

800r/min: (a) type1 (b) type2 (c) type3 

 

 
Fig. 18.  Experimental results of average torque with voltage control. 

Fig. 18 shows experimental results for average output torque 

with different conduction angles for the five winding 

connection types at 800r/min. Types 2 and 3 are generally 

superior above 120 degrees of conduction owing to better 

decoupling which means more current coincides with 

increasing inductance (more torque) and the shorter tail on the 

current waveform gives a reduced negative torque contribution, 

as shown in Fig. 17. Type 1 exhibits greater torque at lower 

conduction angles, but at higher angles the current distortion is 

considerable as shown in Fig. 17(a), and this compromises the 

torque output. 

VI. CONCLUSION 

In this paper, five different winding connection types for a 

six-phase SRM are investigated and compared on the bases of 

torque performance and mutual inductance effects. The 

predictions of FEA and the results of experimental tests 

including single-phase excitation and multi-phase excitation are 

examined and compared.  Owing to the considerable mutual 

inductances in type1, phase currents are more difficult to 

control and exhibit serious distortion at high speed; therefore, 

although type1 has the biggest average torque at low speed, it 

not an ideal winding connection type for the six-phase SRM. 

Types 4 and 5 have inferior performances throughout the whole 

speed range, they are obviously not suitable for the six-phase 

SRM. The proposed types 2 and 3 have reasonable average 

torque and less mutual inductance throughout the whole speed 

range. However, type3 has large torque ripple due to its 

asymmetric connection type. Consequently type2 is selected to 

be the optimum winding connection type for the six-phase SRM 

prototype.  
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