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ABSTRACT Multiphase winding configurations have gained significant attention in high-performance 

variable speed drives and wind energy conversion systems (WECS) owing to their myriad advantages. In the 

available literature, various multiphase winding layouts have been designed aiming at boosting the machine 

performance to meet the requirements of the proposed applications. Ultimately, this paper surveyed the state-

of-the-art in the available multiphase winding layouts proposed for various innovative applications. Various 

types of windings were discussed, while investigating their advantages and limitations. This typically 

considers the winding layouts employed in multiphase induction motors (IMs) and permanent magnet (PM) 

machines with prime phase and multiple three-phase orders. This study extensively provides innovative 

winding arrangements that offer better machine characteristics in terms of torque density, efficiency, and 

fault-tolerance capability. Moreover, the construction of multiphase machines with general n-phase using 

standard three-phase stator frames has been elaborated. This latter technique obviates the basic necessity of 

special stator frames with a prime number of phases. Finally, this paper sheds light on the commercial 

applications that include multiphase winding layouts.  

INDEX TERMS Multiphase machines, quadruple three-phase winding, high-power machines, stator winding 

configuration, fault-tolerant operation, optimal slot/pole combination. 

I. INTRODUCTION 

Multiphase machines have been seen as an elegant alternative 

to their three-phase counterparts in high-power safety-critical 

applications [1, 2]. Unlike three-phase machines, multiphase 

machines exhibit reduced per phase current ratings since the 

power is split amongst a higher number of phases and inherent 

fault-tolerance capability [3]. Moreover, when compared to 

three-phase machines, multiphase ones offer a similar high-

quality magnetomotive force (MMF) flux distribution, while 

the number of slots per pole per phase is reduced. Various 

multiphase radial [1, 2] and axial [4-7] flux machines have 

been introduced in the literature. Induction motors (IMs), 

permanent magnet (PM) machines, and synchronous 

reluctance motors (SynRMs) [8-11] constitute the most 

common radial flux machines. This survey considers radial 

flux IMs and PM machines with higher phase orders. IMs are 

cheap and reliable and entail low maintenance requirements. 

Whilst PM machines are more efficient [12, 13].   

In generic, machine windings are categorized according to 

the number of slots/pole/phase 𝑞 into four groups: integral-slot 

distributed winding (ISDW), 𝑞 > 1, integral-slot concentrated 

winding (ISCW), 𝑞 = 1, fractional-slot distributed winding 

(FSDW), 𝑞 > 1, and fractional-slot concentrated winding 

(FSCW), 𝑞 < 1 [14, 15]. PM machines with ISDW 

outperform the FSCW in terms of torque overload and thermal 

capabilities [14]. On the other hand, PM machines when 

equipped with concentrated winding (CW) have various 

advantages in comparison with distributed winding (DW), 

including shorter end turns, higher slot fill factor, and better 

flux weakening capability [16]. In five-phase IMs, the FSCW  

considerably lowers the power density, by approximately 

30%, and thus increases the copper volume when compared to 

conventional DW [17]. However, the machine torque density 

and efficiency are improved when FSCW  are employed in 

five-phase PM machines [18, 19]. The ISCW-based five-

phase IM with a unity winding factor has shown superior 
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performance over its ISDW counterpart under both healthy 

and faulty conditions [20]. 

Several winding layouts, with either a single-, double-, or 

multi-layer, have been introduced in the literature, shedding 

light on the fundamental winding factor, flux distribution, and 

winding simplicity [21-27]. Single-layer winding layouts are 

commonly used for multiphase machines of prime phase 

order, e.g., five-, seven-, and eleven-phase machines. 

However, multiple three-phase machines commonly employ 

double-layer winding configurations, e.g., six-phase 

machines. Single-layer-based stator windings have several 

merits, including high slot fill factor, unpretentious 

construction, and low insulation requirements. For example, 

an interesting single-layer winding topology, i.e., nine-phase 

six-terminal (9P6T), has been corroborated in medium voltage 

high-power [28]. The proposed winding layout achieves a 5% 

gain in the winding factor and efficiently suppresses the 

circulating harmonic currents in comparison with the 

conventional asymmetrical six-phase (A6P) [29]. On the 

contrary, the enhanced air gap flux distribution and machine 

performances constitute the key advantages of double-layer-

based stator windings; albeit with a rise in the stator leakage 

inductance and circulating harmonic currents. For instance, 

double-layer six-phase windings yield substantial circulating 

harmonic currents when fed from a voltage source inverter 

(VSI) owing to the small secondary x-y subspace impedance 

[30]. It is proved in the literature that this issue can be solved 

by employing multilevel inverters [31] and suitable pulse 

width modulation (PWM) techniques [32, 33]. The multilayer 

stator windings are feasible in multiphase machines, e.g., IMs 

and PM machines; however, these winding configurations 

entail the appropriate selection of the utilized slot/pole 

combination [26]. Multilayer stator winding layouts are of 

particular interest, not only for the reduced MMF harmonic 

content but also for the efficiency improvements. The 

performance on an IM with standard and multilayer stator 

windings has been evaluated in [27]. As a result, the efficiency 

is improved for all speed ranges, while achieving a 5.6% 

lessening in the copper volume. 

The modeling of multiphase machines as multiple 

decoupled 𝑑𝑞 planes, that correspond to a specific sequence, 

has been explained using suitable transformations [34]. For 

instance, the multiphase IMs modeling has been presented in 

[35-37]. Generally, the number of planes is (n − 1)/2 with 

one zero sequence and 𝑛/2 for an odd and even number of 

phases 𝑛 respectively. For example, the fundamental 𝛼𝛽, 

secondary 𝑥𝑦, and zero-sequence 0+0− subspaces are the 

orthogonal subspaces of a six-phase system. Each subspace 

yields a significant air gap flux distribution, which mainly 

depends on the utilized winding topology [38]. The 𝛼𝛽 

subspace is considered the fundamental torque-producing 

subspace, while the zero magnetizing flux is produced by the 

secondary 𝑥𝑦 and 0+0−subspaces. This assumption has 

primarily been utilized to ease machine modeling, even though 

applying it to any winding arrangement results in significant 

errors [39]. 

Furthermore, the feasibility of enhancing the multiphase 

machine torque production through current harmonic injection 

(CHI) has been extensively investigated for both the IMs [3, 

40] and PM machines [41-43]. For 𝑛-phase IMs with 

concentrated windings, all odd current harmonics with an 

order less than 𝑛 can be utilized to interact with their 

respective MMF harmonics, resulting in extra torque-

producing components [3]. The same concept is applied to 

FSCW PM machines; however, the injected odd current 

harmonics couple with the corresponding air gap PM flux 

density harmonics [41]. It is worth mentioning that the control 

of multiphase drives has recently been introduced in [44, 45].  

This paper introduces several winding layouts proposed in 

the literature for multiphase machines, as shown in FIGURE 

1. Since multiphase machines are mainly proposed for high-

power applications, improved fundamental winding factor and 

flux distribution and simple winding layout are among the 

main design objectives of such machines. Double-layer 

winding layouts are commonly employed with conventional 

three-phase induction machines thanks to their high-quality 

flux production. However, increasing the number of phases 

stands as a simple technique to ensure a high-quality air gap 

flux distribution, while a single-layer winding layout is 

preserved. This point is first explained in detail, and the most 

suitable winding layouts for different phase orders are also 

presented. Another important aspect related to the multiphase 

system is its high fault tolerance capability. Some other 

innovative winding layouts are introduced to suppress the flux 

components of the secondary subspaces, which degrade the 

machine’s performance. Eventually, a simple technique to 

rewind standard three-phase stator frames with any 𝑛-phase 

symmetrical prime phase order winding is elaborated. 

Section II will cover the conventional multiphase winding 

layouts with a further classification by the number of layers: 

single-layer-based layouts with prime phase orders and 

double-layer-based layouts with composite phase orders. In 

Section III, multiphase winding configurations for IMs are 

reviewed and classified into winding topologies for fault-

tolerance enhancement and those employed for building 

prime-phase-based windings with standard three-phase 

stators. Moreover, multiphase winding topologies for PM 

machines, i.e., configurations for minimum space harmonics, 

special designs, and stator shifting concept, are presented in 

Section IV. Furthermore, multiphase commercial applications 

are introduced in Section V. Finally, conclusions are 

summarized in Section VI. 

II.  CONVENTIONAL MULTIPHASE WINDING LAYOUTS 

The design of multiphase windings constitutes assigning coils 

in the stator slots to several phases, defining the current 

direction in coil sides, selecting coil connection per phase and 

between phases, and measuring the number of turns per coil 

and conductor size [46]. Multiphase winding configurations 
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are classified into single- and double-layer windings with a 

further classification by the spatial phase shift between the 

winding sets 𝛿: dual n-phase (𝛿 = 0°), symmetrical n-phase 

(𝛿 = 2𝜋/𝑛), and asymmetrical n-phase (𝛿 = 𝜋/𝑛) 

configurations. As an illustrative example, several six-phase 

winding arrangements, i.e., dual three-phase (D3P), 

symmetrical six-phase (S6P), and asymmetrical six-phase 

(A6P), are presented in FIGURE 2 [47]. A nine-phase winding 

can be either symmetrical or asymmetrical. Generally, an 

asymmetrical winding layout corresponds to a higher number 

of phase belts per pole, increasing the order of the lowest 

harmonic [48]. Furthermore, multisector stator winding 

configurations, in which the winding sets are placed in several 

stator sectors, have been proposed in the literature [49-52]. 
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FIGURE 1. Multiphase winding layouts. 
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FIGURE 2. Six-phase winding arrangements (a) D3P. (b) S6P. (c) A6P. 
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FIGURE 3. Various five-phase winding connections. (a) Star. (b) Pentagon. (c) Pentacle. 

 

For a multiphase machine with an odd and even number of 

phases 𝑛, there are (𝑛+1)/2 and 𝑛/2 connection alternatives, 

respectively. These winding connections are differentiated 

with respect to the series connection of each pair of phases 

[45].  

For instance, an star (no series connection and single neutral 

point), pentagon (each two consecutive phases are connected 

in series), and pentacle (the phases are connected in series with 

a step  of two phases) represent the three connections of a five-

phase machine, as shown in FIGURE 3 [53]. For a six-phase 

machine, star, hexagon, and double delta constitute the 

available winding connections [54, 55]. For both PM 

machines [56] and IMs [57], the pentagon connection gives 

superb performance in faulty conditions over its star 

counterpart. From the efficiency perspective, the star-

connected machine is the best in healthy cases since it omits 

the induced zero sequence component in the pentagon 

connection. Besides, considerable work proposed winding 

topologies based on combined winding connections, e.g., 

combined star/delta and star/pentagon [58-61].  

Basically, the stators with prime phase order adopt single-

layer winding arrangements; however, stators with composite 

phase orders usually employ double-layer winding layouts. 

The former generally offers a better torque/current production 

and fault-tolerance capability [59, 62, 63]. Whereas the latter 

uses commercial three-phase power converters [64]. 

Moreover, the rewinding of standard three-phase stators with 

multiphase windings has been extensively presented in the 

literature [21, 64]. The main challenge of prime-phase-based 

IMs – besides custom-made power converters – is the special 

stator design, i.e., the number of stator slots should be an 

integer multiple of the phase order. Thus, multiphase IMs with 

composite phase orders, e.g., six-phase, are preferable than 

prime phase orders, e.g., five-phase, in industrial sectors. 

A.  SINGLE-LAYER-BASED CONVENTIONAL WINDING 
DESIGN WITH PRIME PHASE ORDER 

When designing a single-layer-based winding configuration 

for a multiphase IM with a prime phase order, it is crucial to 

determine the number of slots per pole per phase 𝑞: 

𝑞 =  
𝑆

2𝑝 × 𝑛
 (1) 

where 𝑆 and 𝑝 are the number of slots and pole pairs, 

respectively, and 𝑛 is the phase order. The optimal value of 𝑞 

for both five- and seven-phase IMs is 2. However, 𝑞 is 

preferably set to 1 for eleven-phase IM. For example, the 

number of slots for 2-pole five- and seven-phase IM are 20 and 

28, respectively. FIGURE 4 shows the corresponding winding 

configurations. 

Furthermore, the design of several multiphase IMs with 

prime phase order; namely three-, five-, seven-, and eleven-

phase IMs, is presented in [40]. For instance, the three- and 

eleven-phase winding configurations are shown in FIGURE 5. 

The developed torque is enhanced based on the harmonic 

injection, i.e., 3rd harmonic in the five-phase IM and 3rd and 5th 

harmonics in the seven-phase IM. The same rotor design, 

phase current, and flux per pole have been used to assess the 

proposed designs. The rotor design eliminates parasitic torque 

and cogging issues, ensuring proper operation. The rotor 

parameters computation technique, previously presented in 

[65, 66], has been extended to the n-phase case in order to 

evaluate the impact of increasing the number of phases on the 

machine's parameters. The design procedures are similar to 

that described in [46], but with a single-layer stator winding 

and 30 rotor bars. 

Consequently, the n-phase machine offers the same output 

power and average torque production as its equivalent three-

phase machine with identical characteristics. Moreover, the 

four designs give the same magnetic flux density distribution, 

which further highlights that the four machines are equivalent. 

Amongst the proposed designs, the effectiveness of the 

harmonic injection in torque enhancement is significant in the 

five-phase machine, while being limited in other designs with 

phase numbers higher than five. As an illustrative example, a 

five-phase machine is simulated, supplying the stator with a 

fundamental sinusoidal voltage. The machine is assumed to 

run steadily at a constant speed of 1757 rpm, i.e., the full load 

speed. FIGURE 6 shows the simulation results for the phase 

current and motor torque. An acceptable agreement between 

the mathematical and analytical solutions is achieved. 
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FIGURE 4. Conventional prime-phase-based winding layouts. (a) five-phase. (b) seven-phase. 
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FIGURE 5. Several multiphase winding layouts with prime phase order. (a) Three-phase. (b) Eleven-phase 
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FIGURE 6. Transient performance using MATLAB/SIMULINK and an FE-JMAG transient model. (a) phase current. (b) developed torque. 

 

B.  DOUBLE-LAYER-BASED CONVENTIONAL WINDING 
DESIGN WITH COMPOSITE PHASE ORDER   

Multiphase machines with multiple three-phase winding 

designs, e.g., six-, nine-, and twelve-phase IMs, have been 

introduced in the literature for several applications [67-70]. 

Six- and twelve-phase IMs usually adopt a double-layer 

winding layout. However, nine-phase IMs can employ either 

double-layer or preferably single-layer winding topology. 

FIGURE 7 depicts the winding layouts of six- and twelve-

phase IMs. 

Furthermore, a four-layer stator winding design may easily 

convert a three-phase double layer winding into a six-phase 

winding. One three-phase double layer winding is represented 

by two layers. This winding arrangement is known as a 'true' 

six-phase distribution. This sophisticated winding 

arrangement, however, needs an additional coil side insulation 

[71]. The typical double-layer winding distribution is 
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employed in most practical six-phase induction machines by 

splitting the 60° phase belt of a standard three-phase winding 

into two halves, resulting in the employment of a 12-slot/pole 

pair stator or its multiples. A winding pitch of 5/6 is often 

employed to produce a high-quality flux distribution while 

minimizing stator leakage inductance. 

In [47], a six-phase IM with different stator connections has 

been introduced to highlight the effect of the winding 

configuration on the machine parameters. Any six-phase 

winding layout can simply be obtained by rewinding a three-

phase 24-slot/4-pole machine as a 12-phase machine, as 

shown in FIGURE 8. Moreover, various stator connections 

can be obtained, including D3P, S6P, and A6P, as presented 

in FIGURE 9 [47]. These three winding configurations have 

been compared in [47] using the same stator, shedding light on 

the air gap flux distributions and the equivalent machine 

parameters under various excitations. For example, the 

different configurations are experimentally assessed under 

open-loop control while fed at rated voltage and frequency, as 

shown in FIGURE 10. 

In [72], it is concluded that most high-power variable-speed 

drive systems employ the asymmetrical winding layout. But 

the D3P offers the highest efficiency when compared to other 

connections while the A6P has the lowest efficiency. 

Furthermore, the current ripple component is significantly 

reduced when the D3P and S6P connections are employed. 

This is mainly due to the fact that the stator leakage inductance 

of the 𝑥𝑦 subspace of the A6P is quite small. Under D3P, the 

dc-link voltage utilization is maximized since the zero-

sequence impedance is minimized. 
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FIGURE 7. Conventional composite-phase-based winding layouts. (a) six-phase. (b) twelve-phase. 

 
FIGURE 8. The winding layout of the 12-phase 24-slot/4-pole. 
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FIGURE 9. Stator connections of the 12-phase 24-slot/4-pole. (a) D3P. (b) S6P. (c) A6P. 
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(a) (b) (c) 

FIGURE 10. Machine open-loop characteristic curves under different stator connections. 

III.  MULTIPHASE WINDINGS FOR IMS 

This section presents multiphase winding layouts for IMs 

with a further classification into winding layouts for fault-

tolerance enhancement and winding topologies based on 

standard three-phase stators. 

A.  WINDING LAYOUTS FOR FAULT-TOLERANCE 
ENHANCEMENT  

The fault-tolerance capability is a distinct advantage got 

from the multiphase machines. Based on the available 

literature, the employed winding configuration profoundly 

influences the behavior of the multiphase machines in faulty 

cases. Under optimal current control, the five-phase IM is 

better than the six-phase one because it can maintain 70% of 

its rated load [57] compared to 66% by an asymmetrical six-

phase machine [69]. Under open-loop control, these maximum 

allowable loading ratios can be increased [57] albeit with a 

higher torque ripple and unbalanced currents [73]. This section 

presents innovative winding layouts aiming to improve fault-

tolerance capability [20, 22, 28]. 

In [74], a dual three-phase IM for fault-tolerance 

enhancement has been presented. Various winding layouts 

have been compared under open- and short-circuit faults; 

namely, dual three-phase with adjacent, opposite, or 

interleaved series-connected coils. From the MMF harmonics 

perspective, the six-phase machine reduces the harmonic 

content when compared to its three-phase counterpart. 

Compared to the conventional three- and six-phase winding 

layouts, the machine entails a higher current which is 1.8 times 

the no-load current when it is configured with the three 

proposed winding configurations. When a three-phase 

winding set is open-circuited, the machine maintain/ensure a 

proper operation; albeit with a decreased power and a current 

overload of about 50%. The same conclusion can be drawn 

under short-circuit fault, except for the winding configuration 

with interleaved coils since it is not viable.  

The study is extended in [75] to highlight the thermal 

behavior of the proposed winding configurations in healthy 

and faulty cases. It can be noticed that the temperature of the 

conductors for the non-energized subsystem is higher when 

open-circuit fault occurs. Amongst the proposed winding 

layouts, the one with opposite series-connected coils offers the 

best loss distribution in the machine and thus the best thermal 

behavior.     

A recent combined star/pentagon five-phase winding 

configuration has been presented in [20]. The proposed 

winding layout is a split-phase dual five-phase winding that 

can be obtained from conventional five-phase windings, as 

shown in FIGURE 11. FIGURE 12 shows that the five phase 

can be connected either in star, pentagon, or combined 

star/pentagon. The proposed combined star/pentagon winding 

layout consolidates the merits of the star and pentagon in a 

specific manner, in which the number of turns per coil of the 

second five-phase group 𝑁𝑐2 is 1.1756 times the number of 

turns per coil of the first group 𝑁𝑐1. Each winding corresponds 

to a unity winding factor since the number of slots per pole per 

phase is one, 𝑞 = 1. 

The suggested winding not only provides a better flux 

distribution than a traditional single-layer winding, but it also 

cancels out the third-order harmonic flux component created 

by induced third sequence currents. As a result, machine losses 

are reduced, improving total machine efficiency. In addition, 

the proposed winding gives a similar performance to the star 

connection in the healthy case. Whereas the proposed winding 

is more advantageous than its star and pentagon counterparts 

in faulty cases since it can support higher loads under open-

line fault and offers higher stability limit and lower derating 

factor. For example, experimental characteristics curves for 

the three connections are shown in FIGURE 13 to highlight 

the relation between the machine torque and phase currents 

under open-loop control with one line open. The same 

combined star/pentagon connection has been applied to a PM 

machine in [76], showing that the proposed winding 

connection entails only a single five-phase inverter to produce 

the same MMF distribution of a dual five-phase fractional slot 

winding. 

Moreover, The equivalent circuit for a five-phase IM with 

several stator connections; namely, star and pentagon 

connections, has been first derived during open-line faults in 

[77]. These stator connections are shown in FIGURE 3. Under 

open-line condition, the pentagon stator connection gives 

superior performance over the star connection from several 

perspectives. First, the pentagon connection offers higher 

average torque and lower torque ripple in the whole speed 

range. Besides, the impedance of the non-fundamental 

sequence planes is lower when the stator is connected in a 

pentagon. Therefore, the voltage drop is smaller which results 
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in a significant improvement in the fundamental voltage 

component. 

Recent literature introduced the idea of delivering the same 

performance as a higher-order multiphase machine while 

offering a lower number of machine terminals, which is done 

using either static winding transformations [78] or specific 

stator winding connections [20, 76, 79]. 

An innovative single-layer winding arrangement has been 

presented for high-power medium-voltage IM [28]. The IM is 

intrinsically an asymmetrical nine-phase machine with a 

spatial phase shift of 20° between the three three-phase 

winding groups. The nine phases are connected in a specific 

manner to provide six terminals that are tied to three-phase 

inverters, as shown in FIGURE 14. FIGURE 15 shows the 

proposed nine-phase six-terminal (9P6T) winding 

configuration with a unity winding factor. From FIGURE 

14(b), it is clear that the currents of the three three-phase 

winding sets are different in magnitude. Thus, the number of 

turns of the third winding group, i.e., 𝑎𝑏𝑐3, is decreased by 

1.88 to preserve the same ampere-turn from the three winding 

groups. 

The proposed 9P6T winding layout is more advantageous 

than the traditional asymmetrical six-phase (A6P) 

configuration owing to its better flux distribution, higher 

torque density, improved torque/current ratio, and simplified 

winding configuration. As an illustrative example, the MMF 

harmonic spectra and the torque-speed characteristics of both 

9P6T and A6P are given in FIGURE 16 and FIGURE 17, 

respectively. Moreover, the 9P6T winding configuration has 

shown promise in faulty cases, e.g., the machine can achieve 

70% of its rated power when a single three-phase voltage 

source inverter is used. This proves that the machine can 

properly work under the failure of a leg or completer three-

phase inverter. 

  
(a) (b) 

FIGURE 11. A 4-pole five-phase winding layout. (a) conventional five-phase winding. (b) dual five-phase winding. 
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FIGURE 12. Various five-phase winding connections. (a) Star. (b) Pentagon. (c) Combined star/pentagon. 

   
(a) (b) (c) 

FIGURE 13. Experimental characteristic curves under open-loop control for different stator connections. (a) Star. (b) Pentagon. (c) Combined 
star/pentagon. 
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(a) (b) 

FIGURE 14. (a) Conventional asymmetrical nine-phase winding. (b) Six-terminal connection. 

 

 
FIGURE 15. The proposed nine-phase six-terminal winding layout. 

 
FIGURE 16. MMF harmonic spectra of both conventional A6P and 9P6T 
winding layouts. 

 
FIGURE 17. Characteristic curves of both conventional A6P and 9P6T 
winding layouts. 

 

In [80], a novel pseudo six-phase (P6P) winding layout has 

been elaborated employing quadruple three-phase winding 

groups to enhance the performance of a 36-slot/4-pole IM. The 

proposed P6P winding configuration is similar to the 9P6T in 

flux distribution with a slight difference that the third winding 

group 𝑎𝑏𝑐3 is subrogated by two three-phase winding groups, 

i.e., 𝑎𝑏𝑐3 and 𝑎𝑏𝑐4, as depicted in FIGURE 18. The coils of 

𝑎𝑏𝑐3 and 𝑎𝑏𝑐4 are wound together in the same slots to 

preserve the advantages of the single-layer winding 

configuration. Since each two three-phase winding groups are 

connected in series, e.g., 𝑎𝑏𝑐1 and 𝑎𝑏𝑐3, they shared the same 

current magnitude. Therefore, the number of turns of 𝑎𝑏𝑐3 and 

𝑎𝑏𝑐4 is reduced by 0.532 to preserve the same MMF 

production. 

The proposed P6P winding layout seems equivalent to the 

9P6T from the torque and efficiency perspectives, as depicted 

in FIGURE 19. However, it outperforms the 9P6T because it 

allows various neutral arrangements; namely, an isolated or 

connected neutral, as a conventional six-phase machine and 

thus better DC-link voltage utilization. Moreover, the zero-

sequence current component, which affects the performance 

in faulty cases, is avoided. Unlike the conventional 

asymmetrical six-phase winding configuration, the proposed 

P6P enhances the winding factor by 5% and thus the torque 

density. Besides, the copper fill factor is increased, and the 

insulation process is simplified. Eventually, the stator current 

waveform is enhanced due to the rise in secondary subspace 

impedance.   

Finally,  A pseudo six-phase IM with four-layer 

concentrated winding has been recently introduced, as 

depicted in FIGURE 20 [81]. For the proposed winding 

layout, each phase comprises two sets of coils and each set is 

placed around one pole. Unlike conventional CWs, where the 

coils of each set are placed beside each other, the coils of each 

set are laid around each other in the proposed four-layer 

pseudo-CW. The proposed winding layout is compared with 

both conventional two-layer concentrated and one-layer 

distributed windings. Generally, concentrated windings have 

shorter end winding than distributed ones; therefore, the IM 

with concentrated windings are less expensive. However, 

distributed windings offer less distorted air gap flux 

distribution. For fair comparison, the same motor laminations, 

copper fill factor, copper losses, and rated input current are 

used for the three winding layouts. The proposed pseudo 

winding configuration has much higher fundamental 

harmonic content when compared to the conventional 

concentrated one with 0.805 and 0.132, respectively. On the 

other hand, the highest fundamental harmonic content can be 

achieved by the distributed winding layout.  
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(a) (b) 

FIGURE 18. Pseudo six-phase machine. (a) winding layout. (b) connection of different phases. 

 
 

(a) (b) 
FIGURE 19. Comparison between the steady-state characteristic for 9P6T and P6P winding layouts. (a) Torque-current curve. (b) Torque-efficiency curve.  
 

 
FIGURE 20. Pseudo six-phase IM with four-layer concentrated winding 
layout. 
Thus, the proposed winding layout gives superior 

performance of the six-phase IM over the conventional 

concentrated one owing to its smoother harmonic spectra. 

Since the motor laminations were designed for the DW, the 

performance of the machine with pseudo winding can be 

improved by redesigning the motor laminations. This is 

proved from the similar ratio of the output power to the used 

copper volume by both the pseudo and distributed winding 

configurations. Due to the modular structure of the proposed 

pseudo concentrated winding, it is preferred over the DW 

under faulty conditions because the damaged coils can be 

easily repaired. 

B.  BUILDING MULTIPHASE WINDING WITH 
STANDARD THREE-PHASE STATORS  

Due to the fact that multiphase machines with multiple 

three-phase winding groups can be obtained from 

conventional three-phase stators and can utilize commercial 

three-phase inverters, they are considered optimal candidates 

for academic research and industrial applications. On the other 

hand, prime-phase-based multiphase machines that entail a 

special stator design are better concerning the machine torque 

density. Thus, a generic method to construct prime-phase-

based stators through rewinding standard three-phase stators 

while maintaining the copper volume has been introduced in 

[82].  

The proposed methodology is mainly based on the star of 

slots and is limited to symmetrical winding configurations 

[83]. For example, a three-phase 18-slot stator with 20 

electrical degrees between each slot is utilized to construct an 

equivalent five-phase winding with  72 electrical degrees 

between each phase, as depicted in FIGURE 21. The winding 

layout of the five-phase 18-slot machine with two slots per 

pole per phase is shown in FIGURE 22, U is the upper layer, 

L is the lower layer, 𝑁𝑐 is the number of conductors per slot, 

and 𝑁𝑖𝑗 is the number of turns of coil i of phase j. 

The proposed technique is generalized to any phase order 

with various numbers of slots and is extended in [21] to 

highlight the optimum slot/pole combinations for particular 

phase order. For instance, seven- and eleven-phase wining 

configurations are shown in FIGURE 23 and FIGURE 24, 

respectively. It is proven that the nearest slot/pole 

combinations to the ones used for standard n-phase 

symmetrical winding are optimal. For the same number of 

poles, 12 slot/pole stator is the best choice for 11-phase 

winding because 11-phase winding optimally employs 11 

slot/pole stator to ensure a unity winding factor. 
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FIGURE 21. The star of slots for an 18-slot/2-pole stator. 

 
FIGURE 22. (a) MMF harmonic spectra for various windings with 
prime phase orders. 

 

 

 

 
FIGURE 23. Number of Cond./Slot for A Double-layer Five-phase 18-Slot/2-Pole Stator. 

 
FIGURE 24. Seven-Phase Winding Using A 9-Slot/Pole Stator. 

 
FIGURE 25. Eleven-Phase Winding Using A 12-Slot/Pole Stator. 

 

For the proposed windings, the MMF spectra appear to be 

even better than the standard three-phase case, while they yield 

2% and 3% increases in the fundamental component for the 

five- and seven-phase windings, respectively. This is proved 

from FIGURE 22. Furthermore, the five- and seven-phase 

windings provide a torque improvement of 2.3% and 2.8% 

above the normal three-phase scenario, respectively, for a 

sinusoidal input supply. An additional 10% gain is obtained 

when a third harmonic current injection is used, comparable to 

traditional five- and seven-phase windings winding layouts 

[40], resulting in a torque gain of 13.4% and 13.5% over the 

initial three-phase winding for both windings. Although the 

novel winding layouts based on standard three-phase stator 

frames create a high-quality flux distribution, they are more 

expensive and require a more complex winding structure. Due 

to the differences in leaking stator inductances across phases, 

they also produce minor secondary sequence current 

components. This latter issue, on the other hand, can be easily 

mitigated with current control. 

Several multiphase winding configurations for IMs, 

surveyed thus far, have been revisited in this study. A 

comparative insight into different characteristics of each 

layout, including number of phases, winding arrangement, 

winding connection, winding factor, losses, torque ripple, 

and harmonics, has been provided in Table 1. 

IV. MULTIPHASE WINDINGS FOR PM MACHINES 

This section elaborates multiphase winding arrangements for 

PM machines with a further classification into winding 

layouts with minimum space harmonics, special/ 

unconventional winding topologies, and winding 

configurations based on stator shifting concept. 

This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2022.3209372

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



 Author Name: Preparation of Papers for IEEE Access (February 2017) 

2 VOLUME XX, 2017 

TABLE 1. Comparative Insight into Multiphase Winding Configurations for IMs. 

 

Ref. Fig. 
No. of 

phases 

Winding 

arrangement 

Winding 

connection 

No. of 

winding 

layers 

Winding 

factor 
Losses 

Torque 

ripple 

(parasitic) 

Harmonics 

[74] 

[75] 

9 6 
Asymmetrical 

6-phase 
Star Single Unity 

High in 

faulty 

cases 

High   - Reduced harmonic content. 

Fault-tolerance enhancement; however, with a reduced overload of about 50%. 

[20] 

10, 

11 
5 Dual 5-phase 

Combined 

star/pentagon 
Single  Unity  Low  Low - Reduced harmonic content. 

Higher loads under open-line fault, higher stability limit, and lower derating factor. 

[77] 
3 5 

Symmetrical 

5-phase 

Star or 

pentagon 
Single - - Low - 

Lower impedance of the non-fundamental sequence planes, improved fundamental voltage component. 

[28] 

12, 

13 
9 

Asymmetrical 

9-phase 
Star  Single Unity Low  Low  

- 5% gain in the fundamental. 

- lowest order harmonics are the 17th and 

19th. 

A 9P6T single-layer winding layout offers Better flux distribution, higher torque density, improved torque/current ratio, and simplified winding 

configuration. 

[22, 

80] 

14 6 
Pseudo 6-

phase 
Star  Single Unity 

Low 

copper 

loss 

Low 

 (< 5%) 

- 5% gain in the fundamental. 

- lowest order harmonics are the 17th and 

19th under α-β excitation. 

- lowest order harmonics are the 5th and 

7th under x-y excitation. 

Similar to a 9P6T winding while overcoming its operational constraints by configuring the P6P winding with isolated neutrals. Moreover, it 

increases the achievable winding fill factor and simplifies the insulation requirements as well as the winding process. 

[81] 

15 6 
Pseudo 6-

phase 
Star  Four  0.805 

High 

copper 

loss 

- 

- fundamental harmonic content is six 

times greater than conventional CW. 

- fundamental harmonic content is 19.5% 

lower than DW. 

- lowest order harmonics are the 5th and 

7th.  

Proposed concentrated windings have shorter end winding than distributed ones; therefore, the IM with concentrated windings are less expensive. 

However, distributed windings offer less distorted air gap flux distribution. 

[21] 

[82] 

16 Prime  
symmetrical 

n-phase 
- Double  Improved  - 

Low 

 (< 2.3%) 

- 2% and 3% increases in the fundamental 

component for the five- and seven-phase 

windings. 

- additional 10% gain is obtained when a 

third harmonic current injection is used. 

Although the novel winding layouts based on standard three-phase stator frames create a high-quality flux distribution, they are more expensive and 

require a more complex winding structure. 
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(a) (b) 

FIGURE 26. 20-slot/18-pole PM machine. (a) winding layout. (b) winding connection. 

A.  WINDING LAYOUTS WITH MINIMUM SPACE 
HARMONICS   

First, the effect of the winding connection on the 

performance of five-phase PM machines has been investigated 

in [84]. Five-phase machines have several winding 

connections, such as star, pentagon, and pentacle, as shown in 

FIGURE 3. According to the employed winding connection, 

the voltage of the windings varies. The performance of the 

five-phase PM machine when equipped with these winding 

connections has been compared, highlighting the torque-speed 

and efficiency characteristics. The maximum torque is 

obtained with the star connection. While the base speed is 

extended, and highest efficiency is obtained with the pentacle 

connection. Moreover, the dynamic performance has been 

presented based on the winding changeover topology.  

In [76], a generic winding arrangement for an n-phase PM 

machine with double-layer FSCW has been elaborated to omit 

low space harmonics. The reduction in low space harmonics 

yields lower eddy current losses in the rotor core. The 

proposed methodology has been applied to a 12-slot/10-pole 

PM with a combined star-delta stator winding and a 20-

slot/18-pole machine with a combined star/pentagon stator 

winding. As an illustrative example, FIGURE 26 depicts the 

winding layout and connection of the 20-slot/18-pole 

machine. In that case, one five-phase winding set is connected 

as a pentagon, while the other one lies between the pentagon 

connection terminals and the inverter. The proposed technique 

is simple and employs dual n-phase windings to decrease the 

eddy current losses in the rotor. For example, the rotor losses 

are reduced by 60 % and 40% for the 12-slot and 20-slot 

machines, respectively. For both machines, the stator core and 

the magnet losses are considerably lowered. Moreover, it 

improves the machine torque density. For instance, the MMF 

fundamental harmonic is enhanced by 3.5% and 1.2% for the 

12-slot and 20-slot machines, respectively. This is proved by 

the improvements in the torque density for both machines. 

Eventually, all sub-harmonics are cancelled, and the common-

mode voltage [85] is effectively eliminated in both machines. 

Besides, an efficient space harmonics minimization strategy 

for nine-phase 18-slot/14-pole interior permanent magnet 

(IPM) machine has been presented in [86]. In that case, three 

three-phase winding set have been employed with -260 and 20 

phase shifts in space and time, respectively, as shown in 

FIGURE 27. As a result, the proposed methodology omits 

MMF sub-harmonics and some high-order ones since the 

number of slots per phase is two which yields only odd order 

harmonics in the single-phase winding function. Unlike three-

phase configuration, the proposed nine-phase winding layout 

cancels out various odd order harmonics, e.g., 1st, 5th, and 13th 

harmonics. However, the fundamental 7th harmonic is barely 

increased owing to the higher winding distribution factor. The 

proposed MMF harmonic suppression technique offers 

several advantages, including low stator and rotor iron losses, 

low torque ripple, and high reluctance torque. Moreover, it can 

be applied to FSCW slot/pole combinations except when the 

slot number is 1.5 times the pole number.   

In addition, a technique for improving the torque 

performances of a dual three-phase PMSM has been presented 

in [87] based on CHI. Unlike third harmonic injection, the 

proposed method enhances the torque capability by the fifth 

and seventh harmonics injection without hardware 

reconfiguration, extra power switching bridge, and current 

sensors. FIGURE 28 shows the configuration of the dual 

three-phase PMSM. This paper implements the fifth and 

seventh current harmonics injection based on the vector space 

decomposition (VSD) control. Accordingly, the fifth and 

seventh harmonics are injected into the stator currents in the 

𝑥𝑦 subspace. On the other hand, the increase in the voltage 

harmonics may exceed the output voltage limit and thus 

decrease the DC bus utilization, a notable limitation of this 

study. Eventually, an 8.6% improvement in the developed 

torque is obtained, albeit with a slight rise in the torque ripple 

harmonic. 
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FIGURE 27. Nine-phase 18-slot/14-pole winding layout. 
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FIGURE 28. Configuration of the dual three-phase PMSM. 

An innovative heuristic algorithm for designing 

symmetrical multiphase SPM machine has been proposed in 

[41], considering nonfundamental torque producing 

harmonics and without restrictions on the phases’ number. 

Unlike the exiting techniques, the introduced model improves 

the torque density through CHI based on a winding 

performance index (WPI), as follows: 

𝑊𝑃𝐼 = ∑(𝐾𝑤,𝑚 𝐵𝑚𝑎𝑥,𝑚,𝑝𝑢)
2

𝑘

, 𝑚 = (𝑃/2)𝑘, 𝑘 = 1,3,5, … , 𝑛 (2) 

where the number of phases is 𝑛, the number of poles is 𝑃, 

and the winding factor is 𝐾𝑤. Moreover,  𝐵𝑚𝑎𝑥,m is the 𝑚th 

PM flux density spatial harmonic magnitude.  𝐵𝑚𝑎𝑥,𝑚,𝑝𝑢 is the 

per-unit value of  𝐵𝑚𝑎𝑥,m. Precisely, additional odd current 

harmonics can be injected into the multiphase machine to 

increase the average torque production. These harmonics 

interact with their corresponding air gap PM flux density 

harmonics. The higher the number of phases, the higher the 

injected current harmonics. Moreover, the importance of each 

spatial MMF harmonic in producing torque is determined by 

its winding factor. Therefore, various valid winding layouts 

can be generated for a multiphase machine, and the optimal 

ones are defined based on the WPI. The optimal winding 

configurations, the ones with the highest WPIs, offer lower 

torque ripple, radial forces, and core losses. The proposed 

method has been validated by generating optimal winding 

configurations for five-phase 50-slot/48-pole SPM machine. 

Finally, In [88], the performances of a 48-slot/8-pole IPM 

machine with several six-phase winding configurations; 

namely, single-layer full-pitched (presented in Section II. A) 

and double-layer short-pitched (presented in Section II. B)  

windings, have been compared within the overall speed range. 

In the constant torque region, single-layer-based windings are 

more efficient since they offer higher average torque and 

lower torque ripple. However, the double-layer-based 

windings have shown superior performance in the constant 

power region. Besides, the performance of the two winding 

configurations has been assessed under open-circuit fault. The 

double-layer-based winding layouts outperform the single-

layer-based ones under faulty conditions. Thus, the six-phase 

IPM when equipped with double-layer short-pitched windings 

is leading in EV applications. From an efficiency perspective, 

the double-layer winding configuration shows the highest 

efficiency. 

B.  SPECIAL/UNCONVENTIONAL DESIGNS  

In [89], a five-phase PM machine with a single set of half-

coiled winding and an eccentric rotor has been discussed, 

offering a better fault-tolerance capability and simpler 

construction. FIGURE 24 presents the five-phase half-coiled 

winding configuration. The half-coiled winding is the winding 

with coils distributed under a half pole and provides 

simultaneous odd and even harmonics needed by the 

bearingless motors. Accordingly, the proposed winding layout 

eliminates the multiples of the 5th harmonic. Moreover, the 

forward-rotating MMF harmonics, e.g., the 1st and 2nd MMF 

harmonics, are responsible for the torque production and 

suspension force. While, the two backward-rotating ones, e.g., 

the 3rd and 4th MMF harmonics, produce the pulsating torque 

and extra suspension force. It can be noted that the magnitude 

of each space harmonic is highly affected by the employed coil 

pitch. Therefore, the coil pitch is adjusted to minimize the 3rd 

and 4th harmonics. Finally, the machine inductance, which is 

crucial for suspension force, is derived based on the modified 

winding function. The proposed modified winding function 

can be expanded to IMs and reluctance machines. 

Furthermore, a novel six-phase 78-slot/24-pole surface-

mounted permanent magnet (SPM) machine with an 

unconventional stator winding layout has been introduced in 

[90]. Two identical three-phase winding groups are distributed 

in the two stator halves with 180 mechanical degrees, 𝛿 = 0, 

as shown in FIGURE 30(a). Therefore, the phase resistance is 

reduced, and thus the copper losses. Another unconventional 

six-phase 78-slot/12-pole has been presented in [91], at which 

the machine windings are distributed along the stator 

circumference, 𝛿 = 27.7° as shown in FIGURE 30(b). The 

24-pole machine offers 28.3% lower copper loss when 

compared to the 12-pole one because it considerably reduces 

the phase resistance. However, the MMF total harmonic 

distortion for the 12-pole machine is lower than the 24-pole 

one with 30.8% and 36.2%, respectively. The main benefits of 

these unconventional winding configurations – besides low 
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cogging torque – are better torque quality, lower end-winding 

resistance, simple rotor manufacturing, and low torque ripple 

with no rotor skewing. 

 Moreover, an unconventional asymmetrical nine-phase 

SPM machine had been developed in [92] to mitigate the 

drawbacks of the conventional asymmetrical nine-phase 

machines. The detailed machine mathematical model has been 

presented and verified by FE simulations and experiments. 

The proposed winding and the corresponding phasor diagram 

are shown in FIGURE 31. Unlike the 108-slot/36-pole SPM 

machine, this paper proposed a new winding layout based on 

an odd number of slots; namely, 117-slot/36-pole. Moreover, 

the phase angles of each individual three-phase winding set are 

not 120° electrical degrees. The proposed winding layout 

offers better torque quality and lower cogging torque when 

compared to its conventional nine-phase counterparts. 

 

 
FIGURE 29. Five-phase 30-slot/2-pole half-coiled winding layout. 
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FIGURE 30. Representation of unconventional six-phase winding distribution. (a) winding sets are displaced in half of the stator (24-pole machine). (b) 
winding sets are distributed along the stator (12-pole machine). 
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FIGURE 31. Nine-phase 117-slot/36-pole SPM machine. (a) winding placement. (b) phasor diagram. 
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FIGURE 32. Nine-phase winding reconfiguration from asymmetrical to symmetrical. 

A recent winding reconfiguration technique from 

asymmetrical to symmetrical, and vice versa, by rearranging 

the inverter leads in the machine’s terminal box has been 

elaborated in [93]. First, the number of phases determines 

whether the rearrangement is possible or not. The winding 

reconfiguration is only viable for a composite odd number of 

phases, i.e., number of phases 𝑛 ≥ 9. Then, similar rules can 

be followed if an asymmetrical winding layout is converted to 

a symmetrical one or vice versa. Eventually, the proposed 

technique can be efficiently used for both IMs and PM 

machines. Taking the reconfiguration from asymmetrical to 

symmetrical as an illustrative example, the number of 

windings sets and number of phases per set are set, and even 

sets’ phases should be displaced by 1800. The application of 

the proposed reconfiguration method to a nine-phase machine 

is depicted in FIGURE 32. It can be observed that no changes 

in the machine parameters are caused by the winding 

reconfiguration since the machine structure has not been 

physically changed. Thus, both configurations can be 

controlled by the same filed-oriented control (FOC) algorithm.  

Eventually, two combined winding layouts for bearingless 

motors; namely, the multiphase (MP) and dual-purpose no-

voltage (DPNV) configurations, have been thoroughly 

compared in [94]. Both the MP and DPNV winding layouts 

can provide decoupled motor and suspension force operations, 

as shown in FIGURE 33. The former has two balanced groups 

of currents with different phase shifts, i.e., one set to generate 

torque and the other one to produce force. Whereas the latter 

employs two torque and suspension inverters which are 

connected to provide no back electromotive force (EMF) at 

the suspension terminals. For a fair comparison, analogous 

force and torque models, space vector equivalent circuits, and 

a current regulation scheme have been derived. It is proven 

that both configurations offer similar force and torque 

performances for certain design conditions. Moreover, any 

MP winding with an even number of phases can be configured 

as a parallel DPNV winding. On the other hand, MP windings 

are more advantageous than DPNV ones when over half of the 

coil current generates torque rather than force. However, the 

DPNV windings are superior for low torque values and high 

operation speeds. 
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FIGURE 33. Bearingless motor configured as (a) MP winding with two 
neutral points and (b) parallel DPNV winding. 
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C.  STATOR SHIFTING CONCEPT 

The concept of harmonic suppression in FSCW machines 

by stator shifting has been the topic of a significant body of 

literature [95, 96]. Basically, the number of slots is doubled for 

the same pole number. Hence, the number of coils is doubled, 

while the electrical frequency is maintained. The generated 

windings are overlapped fractional slot windings with two-slot 

coil span. Accordingly, various slot/pole combinations have 

been addressed in electrified transportation systems, such as 

24-slot/10-pole [97, 98], 24-slot/14-pole [96, 99], 18-slot/10-

pole [100], and 18-slot/8-pole [101, 102]. These winding 

configurations yield a substantial decrease in the dominant slot 

harmonic and thus the induced rotor losses [95, 103]. As an 

illustrative example, the 18-slot/10-pole  and 24-slot/10-pole 

winding schemes are given in FIGURE 34 and FIGURE 35, 

respectively. Amongst available winding layouts, the 

asymmetrical nine-phase scheme is only viable for the 18-

slot/10-pole machine. Based on the MMF spectra, the slot 

harmonic is cancelled, e.g., the 7th harmonic in the 24-slot/10-

pole machine and 4th harmonic in the 18-slot/10-pole machine 

[70]. It is worth mentioning that both single- and double-layer 

designs are viable; however, the latter is better in terms of the 

efficiency and torque density. 

In [104], dual three-phase SPM machines with various 

slot/pole combinations, where the spatial phase angle between 

the two winding sets is 30°, have been investigated based on 

the stator shifting concept under healthy and three-phase fault 

conditions. This paper presented a comprehensive comparison 

of 24-slot/10-pole and 24-slot/14-pole SPM machines with a 

coil span of two-slot pitch, as shown in FIGURE 36. From a 

torque perspective, the 14-pole machine gives slightly higher 

torque production when compared to the 10-pole machine 

under healthy conditions. Both winding configurations offer 

low torque ripple owing to the cancellation of the 5th and 7th 

MMF harmonics in the healthy mode of operation; however, 

these MMF harmonics appear in the three-phase open circuit 

(OC) condition which yields higher torque ripple. 

Furthermore, the iron losses in the 10-pole machine are 

smaller than the 14-pole one under health conditions since the 

10-pole machine entails a lower frequency for the same rotor 

speed. However, the 14-pole machine gives lower PM losses 

under both the health and faulty conditions. Finally, both the 

10-pole and 14-pole machines have the same short circuit 

currents; however, the PM irreversible demagnetization 

capability is better in the 14-pole machine. 

Similar to Table 1, the summary of multiphase winding 

layouts for PM machines is revealed in Table 2.  

 

 
FIGURE 34. Asymmetric 18-slot/10-pole nine-phase winding layouts. 
 

  
(a) (b) 

FIGURE 35. Several 24-slot/10-pole multiphase winding layouts. (a) dual three-phase. (b) asymmetrical six-phase. 
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FIGURE 36. Winding layouts for dual three-phase SPM machines. (a) 24/10. (b) 24/14. 
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TABLE 2. Comparative Insight into Multiphase Winding Configurations for PM Machines. 

Ref. Fig. 
No. of 

phases 

Winding 

arrangement 

Winding 

connection 

No. of 

winding 

layers 

Winding 

factor 
Losses 

Torque 

ripple 

(parasitic) 

Harmonics 

[84] 

3 5 
Symmetrical 

5-ph 

Star, 

pentagon, 

pentacle 

Double  - Low - - 

The maximum torque is obtained with the star connection. While the base speed is extended, and highest efficiency is obtained with the pentacle 

connection. The losses are lowered by changing the winding connection. 

[76] 

17 n-phase 
Dual 

 n-phase 
Combined  Double  Improved  Low  Low  

- Fundamental MMF harmonic is 

improved by 3.5% for the 12-slot 

machine. 

- Fundamental MMF harmonic is 

improved by 1.2% for the 12-slot 

machine. 

 - All sub-harmonics are cancelled. 

The proposed technique is simple and employs dual n-phase windings to decrease the eddy current losses in the rotor. For example, the rotor losses 

are reduced by 60 % and 40% for the 12-slot and 20-slot machines, respectively. 

[86] 

18 9 
Asymmetrical 

9-ph 
Star  Double High Low Low 

- 1st, 5th, and 13th harmonics are 

cancelled. 

-  Fundamental 7th harmonic is 

increased. 

The proposed MMF harmonic suppression technique offers high reluctance torque. Moreover, it can be applied to FSCW slot/pole combinations 

except when the slot number is 1.5 times the pole number.   

[87] 

19 6 Dual 3-ph Star - - High High 

- 5th and 7th current harmonics 

injection.  

- Fundamental torque producing 

component is improved by 8.6%. 

The fifth and seventh harmonics are injected into the stator currents in the 𝑥𝑦 subspace. On the other hand, the increase in the voltage harmonics 

may exceed the output voltage limit and thus decrease the DC bus utilization, a notable limitation of this study. 

[41] 

- n-phase 
Symmetrical 

n-phase 
- Double 0.982 Low Low 

- Consider all non-fundamental torque 

producing components. 

Additional odd current harmonics can be injected into the multiphase machine to increase the average torque production. The higher the number of 

phases, the higher the injected current harmonics. Moreover, the importance of each spatial MMF harmonic in producing torque is determined by 

its winding factor. 

[88] 

- 6 
Asymmetrical 

6-ph 
Star 

Single 

& 

double 

Unity  

& 

 0.966 

High with 

single-

layer 

Low 

- Fundamental torque producing 

component is improved by 3.5% with 

single-layer layout. 

- 4th and 6th harmonics are cancelled 

with both layouts. 

The single-layer-based configuration produce higher torque. However, the double-layer-based winding layouts outperform the single-layer-based 

ones under faulty conditions. 
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Ref. Fig. 
No. of 

phases 

Winding 

arrangement 

Winding 

connection 

No. of 

winding 

layers 

Winding 

factor 
Losses 

Torque 

ripple 

(parasitic) 

Harmonics 

[89] 

- 5 
Symmetric 

 5-ph 
Star Double - - - 

- the 1st and 2nd harmonics are 

maximized. 

- multiples of the 5th harmonic are 

omitted. 

- the 3rd and 4th harmonics are 

minimized. 

This topology exhibits a better fault-tolerance capability and simpler construction. The proposed modified winding function can be expanded to 

IMs and reluctance machines. 

[90] 

[91] 

20 6 Dual 3-ph Star - - 

Low 

copper 

loss 

Low 

- The fundamental harmonic is 48.5% 

higher with the 12-pole machine. 

- MMF total harmonic distortion for 

the 12-pole machine is 30.8%. 

- MMF total harmonic distortion for 

the 24-pole machine is 36.2%. 

A novel six-phase 78-slot/24-pole SPM machine with unconventional winding layout is proposed. these unconventional winding configurations 

offers low cogging torque, better torque quality, lower end-winding resistance, and simple rotor manufacturing. 

[92] 

21 9 
Asymmetrical 

9-ph 
Star Single  - Low 

Low 

(6.28%) 
- THD level of back EMF is reduced. 

Unconventional nine-phase SPM machine with odd number of slots, i.e., 117-slot/36-pole, is proposed. The proposed winding layout offers better 

torque quality and lower cogging torque when compared to its conventional nine-phase counterparts. 

[93] 

22 n ≥ 9 

asymmetrical 

– 

 symmetrical 

Star Double - - - - 

A recent winding reconfiguration technique from asymmetrical to symmetrical, and vice versa, by rearranging the inverter leads in the machine’s 

terminal box. the proposed technique can be efficiently used for both IMs and PM machines. 

[96-

102] 

24 & 25 Various Various Star Double 
0.925 – 

0.945 
Low Low 

- Inevitable slot harmonic is omitted, 

e.g., the 7th harmonic in the 24-

slot/10-pole machine and 4th 

harmonic in the 18-slot/10-pole. 

The concept of harmonic suppression in FSCW machines by stator shifting has been proposed. Both single- and double-layer designs are viable. 

[104] 

26 6 
Asymmetrical 

6-ph 
Star Double 

0.925 & 

0.759 

Lower 

with 24/10 
Low  

- Inevitable slot harmonic is omitted, 

e.g., the 7th harmonic in the 24-

slot/10-pole machine and 5th 

harmonic in the 24-slot/14-pole. 

The 14-pole machine gives slightly higher torque production when compared to the 10-pole machine under healthy conditions. Moreover, the PM 

irreversible demagnetization capability is better in the 14-pole machine. 
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V.  MULTIPHASE COMMERCIAL APPLICATIONS  

Multiphase machines, e.g., IMs and PM machines, have 

shown promise in various industrial applications, e.g., electric 

vehicles (EVs), owing to their outstanding merits  [105-107]. 

This section sheds light on both current and future applications 

of machines with higher phase orders. First, a multiphase 

synchronous PM machine is utilized in the nine-meter electric 

bus by Tron-e, as shown in FIGURE. 37 [105]. Accordingly, 

the main advantages of the utilized multiphase propulsion 

system are enhanced efficiency and reliability. Another 

example is the advanced IM for electric ships by General 

Electric (GE) [106]. A power-dense IM, i.e., 5-40 MW power 

range, is shown in FIGURE. 38. The IM is developed 

specifically for naval applications and is tested in a harsh 

environment. Moreover, several multiphase motor and 

inverter combinations that play a key role in vehicle 

electrification are adopted by DANA TM4 [107]. Six- and 

nine-phase powertrains for EVs are depicted in FIGURE. 39. 

These multiphase solutions are cost-effective and remarkably 

efficient. It is worth mentioning that these multiphase 

drivetrains are suitable for commercial vehicles and light to 

medium buses. 

 

 
FIGURE 37. Multiphase electric bus by Tron-e [105]. 

 
FIGURE 38. Advanced IM for electric ship propulsion by GE Power 

Conversion [106]. 

  
(a) (b) 

FIGURE 39. Multiphase electric powertrains for vehicle electrification 
by DANA TM4 [107]. (a) six-phase. (b) nine-phase. 

Eventually, multiphase machines are recently being 

introduced as potential candidates for oil and gas pump 

applications [108], wind generators [109], and all-electric 

aircraft [110], as shown in FIGURES. 40-42. Despite the fact 

that these applications might not be utilizing multiphase 

motors, they present the machines for which multiphase 

machines are being considered and thus multiphase winding 

layouts.  

 

 
FIGURE 40. Multiphase pumping system by PCM [108]. 

 
FIGURE 41. Wind turbine generator by SANY [109]. 

 
FIGURE 42. Airbus helicopters [110]. 

This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2022.3209372

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



 Author Name: Preparation of Papers for IEEE Access (February 2017) 

VOLUME XX, 2017 9 

VI. CONCLUSION 

This paper surveyed the state-of-the-art in multiphase 

winding layouts for high-power applications. Various types of 

windings were discussed, while investigating their advantages 

and limitations. Additionally, innovative winding 

arrangements for improving fault-tolerance capability have 

been discussed. Eventually, the construction of multiphase 

machines with general n-phase using standard three-phase 

stator frames has been elaborated. The following conclusions 

can be drawn: 

• Single-layer winding layouts are preferably used with a 

machine with a prime number of phases. These winding 

layouts offer much simpler construction for high-power 

machines, improved fundamental winding factor, low 

insulation requirement, and relatively high secondary 

subspace impedance. 

• Double-layer windings are usually used with multiple 

three-phase machines with even phase numbers. These 

winding layouts have a high-quality flux production. 

However, they require higher insulations and offers low 

secondary subspace impedance.   

• For six-phase-based winding arrangements, the A6P 

gives enhanced fundamental torque producing 

component by approximately 3%. However, it gives a 

lower maximum torque due to its high sequence stator 

leakage inductance. Therefore, the D3P outperforms the 

other six-phase winding layouts from an efficiency 

perspective and under faulty cases. 

• A combined star/pentagon connection is presented for 

better fault-tolerant capability and when compared to the 

star and pentagon ones, it improves the fundamental flux 

component. 

• Clear steps of how to build multiphase winding with 

standard three-phase stators are extensively presented. 
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