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Abstract—For the requirements of in-wheel traction systems, a 

new motor is proposed based on a specific property of multiphase 

machines: the ability in vector control to develop smooth torque at 

low speeds by using simultaneously the first and third harmonics 

to generate p and 3p polarities. From an initial fault-tolerant 

seven-phase axial–flux machine with two outer axial rotors for 

small vehicles such as moto/scooter is born the proposed motor 

just by adding magnets in the cylinder closing the two 2p-pole 

axial rotors of initial in-wheel motor, this addition creates thus a 

third radial rotor with 3p poles without changing the global 

volume. With an increase by 51% of the torque density, this more 

expensive motor can be considered in comparison with the initial 

in-wheel motor as a modular solution. With the same volume, 

more constraining torque requirements for higher acceleration 

and slopes can be obtained. The possibility to use different 

polarities with quite non-sinusoidal emf but without increase of 

the torque ripples e is verified in 3D-FEM simulation and in a 

manufactured 28 slots prototype with 12/36 poles. Experimental 

results are given to prove the effectiveness of the proposal.  

Index Terms—double polarity, seven-phase machine, in-wheel, 

permanent magnet synchronous machine 

NOMENCLATURE 

FSCW Fractional slot concentrated winding 

ISDW Integrated slot distributed winding 

AFPM Axial flux permanent magnet machine 

HFPM Hybrid (axial-radial) flux permanent magnet 

Machine 

TORUS-S Double-sided axial flux with output rotors and 

internal slotted stator  

SPM Surface-mounted permanent magnet machine 

IPM Interior permanent magnet machine 

FOC Field-oriented control 
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I. INTRODUCTION 

lectric vehicles (EVs), which are quieter, less air polluting

and thus more environmentally friendly than traditional 

internal combustion engine vehicles, are becoming more and 

more popular. As one of the key components of EV traction 

system, the in-wheel electrical machine basically integrates the 

power, transmission and braking devices into the wheel hub, 

thus greatly simplifies the structure of electric vehicles, which 

makes its application more and more widespread [1].  

Permanent magnet machine with outer rotor structure is one 

of the most common in-wheel electrical machine, due to the 

high torque density and simple mechanical structure [2]. 

According to the flux directions, the in-wheel machines with 

outer rotor structure can be mainly classified into two groups, 

i.e. radial and axial flux machines [3].  

Among the radial flux machines with outer rotor, the 

surface-mounted permanent magnet machines (SPM) are the 

most classical and popular for the commercialization. An SPM 

with bar-wound conductors for a tooth-wound configuration in 

stator is studied in [4]. The bar-wound conductor can achieve 

better heat transfer between copper and stator iron than the 

multi-stranded windings, so as to improve the short duty torque 

capability. In [5], V-shaped magnet embedded in the external 

rotor is designed and the enhanced flux concentration is 

achieved, thus high torque and power density can be obtained 

for low-speed electric bicycle applications. Twelve different 

radial flux PM machines are compared in [6]. Machines with 

interior PM rotors have 9%-14% less developed 

torque-per-copper-loss performance than machines with 

surface-mounted PM rotors. On contrary, these machines have 

a much better constant power speed range.  

Flux modulation machines are characterized by high torque 

density and widely studied in literature recent years. In [7], an 

interesting axial-radial but with one internal rotor is proposed. 

Windings achievement is not clearly shown in the virtual 

prototype. In [8] an outside rotor flux switching PM machine 

(OR-FSPM) with wedge-shaped magnets has been optimally 

designed. With flux switching machine, losses in the stator PM 

magnets must be managed. In [9] a novel OR-FSPM with 

segmented PM is proposed and its higher suitability for 

in-wheel light traction application is demonstrated. Vernier 
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V-type and spoke-type PM machines are investigated 

respectively in [10] [11] and proven to be interesting for 

in-wheel application even if PM losses are still sensitive.  

Due to the advantages of fault-tolerant operation and 

capability of operating at high temperature, switched reluctance 

machine (SRM) can also be a viable candidate for in-wheel 

traction application. A new SRM structure of 12/26 pole 

segmented rotor with centralized winding arrangement is 

proposed, which has high specific torque and can replace 

BLDC motor while providing low-cost solution [12]. However, 

the torque fluctuations at low speed and the acoustic noise 

restrict always its applications. In order to overcome this, an 

external-rotor SRM with 6 stator poles and 10 rotor poles is 

designed which improved torque ripple [13]. A new modular 

spoke PM motor was proposed in [14], which can facilitate the 

manufacture. Halbach array structure with the original 

spoke-type PM can also improve the torque density and flux 

weakening capability [15] [16], however, its specific PM 

magnetization can slow down the fabrication and the cost of 

high. 

Compared to radial flux machine, under the constraint of the 

same volume, the same speed and the flux density in the air gap, 

the axial flux machine (AFM) has a good torque density in 

terms of volume and mass [3]. Moreover, AFM are particularly 

studied for in-wheel applications due to the compact structure 

characteristic, especially with the limitation of axial length. 

Nevertheless, axial forces induce mechanical constraints unless 

symmetrical structure is adopted. Then, axial flux used for 

direct drive is usually a sandwich structure with a stator 

sandwiched between two rotors, or a rotor between two stators 

[17] [18]. In [19], a double-stator single-rotor axial flux motor 

embedded with NdFeB magnet was optimized and installed 

directly inside the wheel, providing a promising solution for 

direct drive electric vehicles. By eliminating the back iron of 

the stator, YASA motor can further improve the torque density 

in terms of mass [20] [21]. The reduction of the torque ripple of 

YASA motor is studied by optimizing the skew angle of the 

rotor magnet, with the increase of the skew angle, the torque 

ripple decreases quickly, but the efficiency is slightly reduced 

[22]. Furtherly, for the coreless AFM, the windings can be fixed 

by plastic composite material which not only improve the 

torque density and also reduce the cogging torque [23] [24]. 

However, the resulting larger magnetic air gap and the heat 

dissipation of the windings limit its applications. Yokeless 

stator AFPMs having fractional slot concentrated winding 

(FSCW) and integrated slot distributed winding (ISDW) are 

comparative studied for electrical vehicle traction applications 

[25]. The comparative results shows that the ISDW-AFPM 

machines with IPM structure exhibit better both the 

torque/power capacity and the flux weakening capacity. 

However, FSCW-AFPM machines are characterized by the 

highest torque/power density due to the compact structure.  

Four types of motors are compared in [26]，including one 

3-phase IPM machine with V-shape PMs [5], one 5-phase SPM 

machine [27], one 7-phase AFM of sandwich structure [28] and 

finally one hybrid flux (radial and axial) machine with a third 

rotor with V-shape PMs added to the AFM. The results show 

that the multi-phase AFM have higher torque density and 

higher fault tolerance, and are very suitable for direct drive 

applications. 

In this paper, the practical objective is to find a modular 

solution for in-wheel outer rotor machine for small vehicles 

such as moto, scooter, etc. The modularity must be 

understood as the possibility to propose in a same external 

volume two motors with different torque densities. It can be 

imagined that the motor with the highest torque density is 

more adapted for a traction motor with higher requirements 

for slope, acceleration capacity or mass of load. The initial 

proposed machine with two axial rotors is a seven-phase slotted 

TORUS-S. Three-phase machine TORUS-S presents torque 

ripples (Fig. 11 of [29]) unless pie-shaped winding and with 

skewed magnets. With a seven phase the torque ripples are 

lower [30] with lower constraints for the designer [31], because 

the interaction between harmonics of electromotive force and 

currents are different than for a three-phase machine (paragraph 

IV of [29] ). Moreover, fault tolerance to open-phase is also 

obtained with a seven-phase machine. Based on an initial 

structure of 7-phase AFM with one stator sandwiched between 

two rotors, a third rotor with PM radial magnetized is added to 

make active the end-windings. Thanks to the addition of the 

third rotor, a closed machine is naturally constructed with no 

need of mechanical cover between the two rotors as with the 

initial 7-phase AFM. Therefore, the torque density can be 

furtherly improved if the global volume is kept. A solution with 

a third rotor is already discussed in chapter 2 in [17], but the 

polarity (p pairs of pole) of the third rotor is the same than this 

one of the two other axial rotors. In our case the stator is also 

toroidal type but on contrary it is magnetic with slots inside 

SMC core. In this paper, the specific property of 7-phase 

machine is employed, i.e. the possibility to use third harmonic 

component without increasing torque ripples [30]. With 3p pair 

poles the third rotor is thus more compact. Moreover, the 

operational speed range can be enlarged, due to the harmonic 

decoupling principle of multiphase machine [31].  

The paper is organized as follows. In Section II, the machine 

geometry topology is introduced, and the main preliminary 

dimensions are initially calculated. In Section III, the toroidal 

winding of the stator is designed by using winding shifting 

method, and the considerations for the selection of the slot and 

the rotor poles are given. In section IV, a 7-phase hybrid flux 

PM machine (HFPM) of three rotors with 28 slots 12/36 poles 

is preliminarily designed, the electromagnetic performance 

such as back electromotive force (EMF), cogging torque, and 

output torque are studied using finite element method (FEM). 

In section V, experimental results are performed on a prototype 

in order to validate the ones of FEM. And finally, some remarks 

on the novel machine are given in the conclusion of section VI. 

II. STRUCTURE CONSIDERATION

A.   Geometrical topology of hybrid flux PM machine (HFPM) 

Among various existing structures of AFPM, the NN-type 

TORUS AFPM with toroidal winding [29][32] is selected here 

as initial machine. It possesses one torus-shape stator 



sandwiched between two external rotors as shown in Fig. 1(a) 

with inactive end-windings on axial direction. The addition of a 

3rd rotor with PMs radially magnetized can make active these 

end-winding which is shown in Fig. 1(b). The output torque 

density can thus be improved. The PMs of the two axial rotors 

are surface mounted which is easier for fabrication and saves 

the axial length. The PMs of the radial rotor are V-shaped and 

embedded on it, which can reinforce the flux density in the air 

gap due to the flux focusing effect. The three outer rotors are 

connected together mechanically and contribute to the output 

torque. Fig. 1(c) shows the exploded view of the whole 

machine. A closed form machine is thus defined by the three 

external rotors which can be inserted in the wheel. No more 

additional covers are needed compared to traditional machines. 

(a) one-fourth of the initial AFPM 
without mechanical connection 

between the two rotors  

(b) one-fourth of the new HFPM 

structure 

Rotor1

Axial PM

Axial PM

Rotor2

Rotor3

Stator 

Coil

Radial PM

(c) the exploded view 

Fig. 1. TORUS HFPM with two axial and one radial rotors 

For the requirement of the in-wheel traction system, i.e. high 

torque at low speed and large constant power region, 7-phase 

bi-harmonic machine is preferred. The injection of high order 

harmonic of current improves the output torque density while 

keeping the same level of torque ripple compared to a 3-phase 

sinusoidal machine [33]. Moreover, the wide speed range can 

also be obtained due to the specificity of the multiphase 

bi-harmonic machine [31]. The number of poles of the 3rd rotor 

is designed to be three times of the two axial rotors, and the 

operational speed range can be enlarged through the electronic 

pole changing effect.  

B.   Machine design procedure 

The flowchart of the design process is shown in Fig. 2. 

Firstly, the phase number is selected. The choice of the number 

of phases is linked with three simple constraints[31]: 

Cr1. the ability to work in fault mode without too much 

torque ripple, 

Cr2. the ability to use the third harmonic to increase the 

torque density of the machine, 

Cr3. a minimum number of legs for the VSI which is 

supposed to supply the machine. 

These three constraints eliminate the 5-phase machine for 

which it is difficult to verify simultaneously the constraints Cr1 

and Cr2. Therefore, the seven-phase machine is chosen. Then 

the fractional slot concentrated Wingding (FSCW) is designed 

by using winding shift technique. Secondly, for the required 

performances, the preliminary dimensions are determined. 

Thirdly, the dimension parameters of the third rotor are 

optimized. Fourthly, finite element method is used to validate 

and adjust the preliminary design. Finally, a prototype is made 

and experiment tests are done in order to validate the design. 

Start

Stop

Select phase number, FSCW design

For the required performances, determine the 

preliminary dimension 

 Optimize the dimension parameters of the third 

rotor

FEM validation

Prototype and experiment tests

Fig. 2. Flow chart of design algorithm 

C.   Preliminary sizing equations 

C.1 Torque expression 

Ignoring magnetic saturation and reluctance effects, 7-phase 

machines can be considered as three fictitious two-phase 

machines and one single-phase machine with magnetic 

decoupling [34]. Each fictitious machine is characterized by a 

set of harmonics shown in Table I. The fictitious machines are 

magnetically independent, but mechanically and electrically 

connected, i.e. the total output torque is the sum of the fictitious 

machines. It should be noted that zero-sequence machine is not 

considered when the windings of the machine stator are 

star-connected. 

TABLE I THE HARMONICS CORRESPONDING TO FICTITIOUS MACHINES 

Fictitious machines Associated odd harmonics 

Primary machine called M1 1,13,15,27    …7*k±1 

Secondary machine called M5 5,9,19,23     …7*k±2 

Third machine called M3 3,11,17,25   …7*k±3 

Zero-sequence machine 7, 21, …, 7*k 

Using fictitious machines approach [30], the electromagnetic 

torque of the seven-phase machine is derived with the formula 

(1).  

1 1 3 3 5 5M M M M M M
em

e i e i e i
T

+ +
=
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Rotor

Stator

PM
Coil



where Ω is the rotating speed of the rotor in rad/s; 
Mke  and 

Mki are the back-emf and the current vectors of fictitious 

machine Mk with k=1, 3, 5. They are obtained by vector 

projection of back-emf and current vectors in the associated 

eigenspace of each fictitious machine, defined by the classical 

Concordia transformation. 

In each fictitious machine, because of the main harmonic 

current injection, it can be considered that only the main 

harmonic is contributing significantly to the torque. Thus, the 

expression of the back-emf in each fictitious machine can be 

approximated by: 

( ) ( )( )kkkMk xkpxkpEe   cossin2
2

7
+−=  (2) 

where Ek the RMS value of the harmonic k of back-emf, k=1, 5, 

3 for the fictitious machine M1, M5 and M3, respectively; p is 

the number of poles; θ is angle shown in Fig. 3(a); 
kx , kx are 

the orthonormal unit vector in α-β coordinate system. 

As the adopted control strategy in the design step is 

classically maximum torque per ampere (MTPA), the current 

vector is co-linear with the back-emf vector. The current vector 

can thus be expressed: 

( ) ( )( )kkkMk xkpxkpEKi   cossin2
2

7
0 +−= (3) 

where the value of K0 is related to the linear current density 

chosen for the design of the machine. 

Substitute (2) and (3) into (1), the output torque with three 

injected current harmonics can be obtained as follows: 

( ) ++= /)/()/(17 2

15
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2

10 EEEEEKT (4) 

C.2 Flux formulation 

Fig. 3 (a) shows the permanent magnet of one pole. The 

center of the pole is selected as the polar axis, and the axis of 

one winding is considered as the reference axis. In order to 

describe the air gap flux density distribution in the air gap, a 

point P in the air gap is selected, as shown in Fig. 3 (a). 

Respected to the polar axis and the reference axis of one 

winding, the mechanical angles of the point P are ζR and ζS.  

Neglecting the slot effect, the flux leakage between PMs, the 

saturation of material and the coupling between the two rotors, 

the flux density in the air gap due to PMs is supposed to have 

roughly a rectangular distribution as shown in Fig. 3 (b), in 

which bE1 is the pole-arc coefficient, p is the pole-pair number. 

The flux density in the air gap of the two axial direction can 

be expressed in (5). 

( ) ( )1 1

0

cosE R iE R

i

B ip  


=

=  (5) 

Similarly, the flux density in the radial air gap due to the 3rd 

rotor of 3p pole pairs can be expressed in (6). 

( ) ( )2 2

0

cos 3E R iE R

i

B i p  


=

=  (6) 

Where αiE1 and αiE2 are the coefficients of Fourier series. 

P

(a) (b) 

Fig. 3. Air gap flux density representation of (a) a spatial point P in the air gap 

(b) wave form  

Fig. 4. Flux of two simple coils of the stator due to PMs 

The flux of one coil of the stator due to PMs is shown in Fig. 

4. It can be seen that the flux is composed by three parts, ΦE1,

ΦE2, ΦE3, i.e. two axial and one radial. The flux of one coil can 

then be expressed as follows: 

( )
( ) ( ) ( )1 2 3, , ,

,
2

E s E s E s

s pk
        

  
+ +

= (7) 

Where kp is pitch, ΦE1, ΦE2, ΦE3 are the air gap flux per pole due 

to the PMs of the three rotors, and ΦE1=ΦE2. 

The air gap flux per pole can be expressed as follows: 
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Where R1, R2 are the inner and outer radius of the axial PMs, l is 

effective axial length of the machine, R3 is inner radius of the 

third rotor.  

The flux per phase can then be obtained, 

( ) ( )
phase

2w sk pN   = (10) 

Where kw is the winding factor, Ns is the number of coils per 

slot per phase.  

The back-emf can be obtained through the derive of the flux 

in (10), and expressed as follows, 
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Where kw1, kw3 are the winding factors of the fundamental and 

the third harmonics, ω is the electrical angular frequency, BRE1 

and BRE2 are the average flux density in the axial and radial air 

gap due to PMs, h=2i+1.  

Substitute (11) into (4), the output torque can be calculated 

according to the design parameters, and therefore, the 

preliminary dimensions of the machine can be obtained.  

III. WINDING DESIGN

A.   Fractional slot concentrated winding design 

Fractional slot concentrated winding (FSCW) is easy to 

manufacture, with high slot filling coefficient and thus high 

torque density. It is preferred by the machines with large 

number of poles. Its main challenge is the rich content of 

magnetomotive force (mmf) space harmonics, including both 

sub- or sup-order. These parasitic space harmonics can lead to 

eddy current loss, vibration, noise, local core saturation, and so 

on, thus reducing the performance of the machine. To avoid 

these drawbacks, it is necessary to choose the suitable slot/pole 

combination. 

The choice of slot/pole number combination is the most 

important for FSCW design, which is directly related to the 

performance of the machine [35]. There are many criteria for 

the selection of the pole/slot number combination, two of them 

are considered in this paper. One is the winding coefficient of 

the working harmonic. The higher of the value is, the higher 

torque density can be obtained. For the 7-phase machine of this 

paper, the working current harmonics are the fundamental and 

3rd harmonics. The 5th harmonic is often not taken into account, 

because of the small value of back-emf, i.e., less important to 

the output torque. The second criterion is that the parasitic 

harmonic content of the mmf should be low, in order to reduce 

machine losses both in iron and PMs when the fundamental and 

3rd current harmonics are injected simultaneously. 

Using the winding function theory [36], the winding factor 

corresponding to the vth harmonic of the mmf can be calculated 

as follows, 

0 0
0
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where, Q0 is the number of stator slots of the unit machine, p0 is 

the number of rotor poles of the unit machine, j is the imaginary 

number unit, di,c is the elements of row i and column c in the 

winding distribution matrix. The winding factors of 7-phase 

machines, i.e. k1, k3 and k5, are shown in Table II. 

TABLE II. WINDING FACTORS OF 7-PHASE MACHINES FOR THE FIRST, THIRD AND 

FIFTH HARMONICS 

Q\2p 2 4 6 8 10 12 14 16 18 

7 

0.43  0.78  0.97  0.97  0.78  0.43  

- 

0.43  0.78  

0.97  0.43  0.78  0.78  0.43  0.97  0.97  0.43  

0.78  0.97  0.43  0.43  0.97  0.78  0.78  0.97  

14 

1.00  0.43  0.78  0.78  0.90  0.97  

- 

0.97  0.90  

1.00  0.97  0.43  0.43  0.22  0.78  0.78  0.22  

1.00  0.78  0.97  0.97  0.62  0.43  0.43  0.62  

21 

0.29  0.43  0.56  0.68  0.78  
- 

0.92  0.97  
0.73  0.97  0.91  0.73  0.43  0.41  0.78  

0.82  0.78  0.12  0.46  0.97  0.24  0.43  

28 

0.99  1.00  0.33  0.43  0.53  0.62  
- 

0.78  0.84  
0.94  1.00  0.80  0.97  0.94  0.90  0.43  0.11  

0.85  1.00  0.84  0.78  0.28  0.22  0.97  0.80  

35 

0.24  0.35  0.43  0.49  

- 

0.65  0.70  

0.24  0.76  0.97  0.68  0.78  0.48  
0.51  0.63  0.78  0.13  0.35  0.28  

For the first criterion, the winding factors of slot/pole 

number combination of 7 phases, 14 slots /12 poles can be 

selected. The winding factors of the fundamental and 3rd 

harmonic are 0.97 and 0.78 respectively. The mmf spectrum is 

analyzed, as shown in Fig. 5. It can be seen that the working 

harmonic is the 6th with the fundamental current supplied in Fig. 

5(a), and the 18th with the 3rd harmonic current supplied in Fig. 

5(b). Unfortunately, the parasitic harmonics of mmf are 

abundant, especially those with large amplitudes, such as the 8th, 

the 20th in Fig. 5(a), and the 4th in Fig. 5(b). In order to reduce 

the parasitic harmonics, the stator shift technique is adopted 

[37]. The number of poles is kept to be constant, and the 

number of slots is doubled, i.e., from 14 to 28. The second 14 

slots are shifted by an electrical shift angle from the first 14 

slots. The final amplitude of kth MMF harmonic of the novel 

winding topology is expressed in (13) .  

cos
2

k dk

k
v v

 
=  

 
  (13) 

o360 /j Q =  , 1,2,3...j =  (14) 

Where vdk is the amplitude of the kth MMF harmonic of the 14 

slots /12 poles winding; α is the mechanical shift angle which is 

a discrete number and Q is the number of stator slots. A new 

winding topology of 28 slots /12 poles is realized. It can be 

noted that in Fig. 5, the mmf spectrums under both the 

fundamental and the 3rd harmonic current injection are 

improved, in which the loss-producing harmonics are greatly 

reduced. At the same time, the winding factors are also of the 

same high values, K1=0.97, K3=0.78. As a result, higher torque 

densities and less losses can be achieved. 

(a) (b) 

Fig. 5. mmf harmonic spectrum with injection of (a) fundamental current (b) 

3rd harmonic of current 



Fig. 6. Novel 28-slot/12-pole toroidal winding topology 

B.   Realization using Toroidal 

The new winding topology is shown in Fig. 6. The coils of 

the same phase are represented by the same color, and there are 

seven colors in total. It can be seen that the proposed winding is 

a double layer one, i.e. 2 coils of different colors in each slot. 

Taking two coils in red color as an example. The two adjacent 

coils are of the same phase and separated by one slot. The 

realization of the two coils can be shown in Fig. 7. The two 

coils are wound separately in two different slots with a reverse 

direction, and the ends are connected at the inner radius of the 

stator. Because it is a ring winding, and the non-overlapping 

characteristics can be kept, even with the application of stator 

shift technique.  

S1
E1

Fig. 7. The connection way of the novel toroidal +winding topology  

Fig. 8.  Equivalent magnetic circuit based on Thevenin theorem 

C.   V-shaped PM radial rotor design 

V-shaped PMs are adopted by the radial rotor which can 

enhance the flux density in the air gap and improve the flux 

weakening ability. An equivalent magnetic circuit using 

Thevenin’s theorem [38] is built for the modeling and the 

design of the radial rotor to obtain the desired radial air gap flux 

density and minimum machine radial radius and PM volume, as 

shown in Fig. 8. The optimization objective is to find the 

minimum machine radius and PM volume under air-gap flux 

density, pole-arc coefficient and geometric limits using 

gamultiobj function. 

In Fig. 8, Rtr, Rts, Rys, Ryr are related to the reluctance of stator 

and rotor teeth and yokes; Rg is the reluctance of the air gap; Rb 

is the reluctance of flux barriers; RFe is the reluctance of the 

saturated iron bridges under one pole. Using 

Thevenin-equivalent theory, the following relationship can be 

obtained: 

th m th satF F R= −  (15) 

Where Fth is the equivalent Thevenin mmf; Fm is the mmf 

generated from PMs; Rth is equivalent Thevenin reluctance 

which can be obtained by the sum of PMs reluctance and 

internal airgap around the PMs; Фsat is the flux required to 

saturate the iron bridges which can be calculated as follows,  

=sat sat Fe fB w k L (16) 

Where Bsat is the flux density in saturated iron and Kf is the 

stacking factor for the lamination; L is the axial length of the 

magnet; wFe is the sum of the iron bridge widths under one pole. 

IV. FINITE ELEMENT VERIFICATION FOR THE PROTOTYPE

The 3D-FEM is used to validate the pre-design of the HFPM 

machine. Table III presents the main specifications of the 

7-phase 28-slot 12-pole/36-pole machine.  

TABLE III MAIN SPECIFICATIONS OF THE HFPM 

Parameters Value

Number of phases 7 

Number of slots 28 

Number of pairs of poles (axial rotors) p 6 

Number of pairs of poles (radial rotors) 3p 18 

Stator core outer diameter (mm) 145.9 

Stator core inner diameter (mm) 50.6 

Slot dimension (mm) 4.3*13.1 

Number of coils per slot  22 

Axial length of stator core (mm) 47.6 

Axial length of axial rotor core (mm) 5.3 

Thickness of axial magnet (mm) 1.9 

Thickness of air gaps (mm) 1 

Outer diameter of radial rotor (mm) 183.54 

Inner diameter of radial rotor (mm) 161 

Axial length of the radial rotor (mm) 47.6 

Thickness of V-shape magnet (mm) 2 

Rated speed (rpm) 600 

Rated torque (Nm) 9.5 

Rated phase current (ARMS)  3.15 

DC Voltage (V) 96 

A.   Flux density distribution 

Fig. 9 shows the 1/4 structure of the original double polarity 

fault tolerant machine with 7 phases, 28 slots, 12 poles/36 

poles, and its flux density distribution under no-load condition. 

As can be seen, on the stator core and the two axial rotors, the 

maximum of magnetic flux density is about 1.6T. For the radial 

rotor, the iron bridge is saturated and the maximum value is 2T. 



Fig. 9.  3D FEM predicted flux density distribution 

B.   Air-gap flux density, flux linkage and Back-EMF 

Fig. 10 shows the FEM predicted air-gap flux density 

distribution with 1/4 machine structure. Fig. 10 (a) shows the 

air gap flux density with two axial PM rotors, and Fig. 10 (b) 

shows the one with radial PM rotor. The mean value of the two 

flux density are 0.81T and 0.82T, respectively. It can be noted 

that the number of poles of the radial rotor is 6p instead of 2p 

for the two axial rotors.  

(a) (b) 
Fig. 10. Air-gap flux density of HFPM machine at 600 rpm at (a) axial (b) radial 

direction 

Fig. 11 shows the flux linkage and its harmonic spectrum of 

one phase in no-load condition. It can be noted that the 1st and 

the 3rd harmonic component are dominant and ratio of Φ3/Φ1 is 

equal to 0.41. In order to keep low torque ripples with easy 

control when one phase is opened, the 5th and the 9th harmonics 

of electromotive force are imposed to be small  (see Fig. 12 ) 

and will be neglected [30].  

 (a) (b) 
Fig. 11. FE validation of HFPM machine at 600 rpm with (a)Flux linkage (b) 

harmonics 

Fig. 12 shows the back-EMF and its harmonic spectrum of 

one phase at no-load. The 1st and the 3rd harmonics are of the 

same order of magnitude, which consists well with the 

specificity of the bi-harmonic machine. 

 (a) (b) 
Fig. 12. FE validation of HFPM machine at 600 rpm with (a) back-EMF (b) 

harmonics (E1: 0.4V/rad/s; E3: 0.48 V/rad/s: E3/E1=1.2) 

C.   Electromagnetic Torque 

As it can be considered that the flux linkage contains only 

the first and third harmonic, only the first and third harmonics 

of current are therefore injected. For a given peak value of 

current, a comparison of the torques obtained with MTPA 

strategy as presented in II-C is made considering three kinds of 

supply: with only the first, only the third, and both the first and 

the third sinusoidal currents as shown in Fig. 13. It can be 

remarked that the peak value of the currents is imposed equal. 

The waveforms of the torque at 600 rpm speed are then shown 

in Fig. 14. The torque ripples can be considered as low even 

when two harmonics of close amplitudes are injected (about 6 

%), and the fundamental main frequency of the torque ripple is 

840Hz as expected (14*6*600/60). It confirms that the first and 

third harmonic interactions are weak because of the 

orthogonality of the two “” planes associated to these two 

harmonics. Thanks to (4) and for the considered seven-phase 

machine whose Φ3/Φ1=0.4 (and E3/E1=1.2), the torque under 

bi-harmonic current supply is 53% (resp. 26%) higher than this 

one obtained with only the first (resp. the third) harmonic 

current: the global torque is the sum of the torques produced in 

each “” plane. With a same peak current, the bi-harmonic 

supply is obviously interesting.  

Fig. 13. Phase currents supply of the same peak value  

Fig. 14. Comparison of the torques under three kinds of supply at 600 rpm with 



the same peak current for HFPM (6.2Nm/ 7.5Nm/ 9.5Nm) 

(a) (b) 
Fig. 15. Comparison of back-EMF with (a) curves and (b) spectrum 

D.   Performance Comparison 

The performance of the proposed HFPM machine is 

compared to the initial AFPM machine. Fig. 15 shows the 

comparison of back-EMF at no-load. It can be seen that the 

amplitudes of the 3rd harmonic back-EMF for the HFPM 

machine are significantly increased, 5 times higher than the one 

of AFPM. However, the fundamental component is slightly 

reduced 5%, due to the saturation of the SMC material with the 

addition of the 3rd radial rotor. Table IV shows the machine 

volume, mass, volume of magnet, torque density in volume, 

and the torque density in mass. 

TABLE IV IMPACT OF ADDITION OF MAGNETS IN THE THIRD RADIAL ROTOR 

UNDER SAME PEAK CURRENT (4.45A IN FIG. 13) 

Machine 
Volume 

(dm3) 

Mass 

(kg) 

Volume 

magnet 

(dm3) 

Torque 

 (N.m) 

Torque 

density 

(Nm/m3) 

Torque 

density 

(Nm/kg) 

AFPM 1.693 9.21 0.03 6.3 3721 0.68 

HFPM 1.693 9.01 0.10 9.5 5595 1.05 

Variation 
(%) 

0 -2 +233 +51 +50 +54 

Under the same 4.45A peak current amplitude and 

bi-harmonic current supply, the output torque of the HFPM is 

increased by 51% compared to AFPM with two rotors, as 

shown in Fig. 16. (a). As consequence, the torque densities in 

volume and in mass are both significantly improved by 50% 

and 54%, as shown in Fig. 16. (b). The third rotor can be 

considered as an option to increase easily the torque with 

keeping the same volume of the machine. 

(a) (b) 
Fig. 16. for a given RMS current, performance comparison with (a) torque and 
(b) torque densities of both SMC-stator and PM rotors AFPM and HFPM with 

MTPA strategy 

The cogging torques of the both machines are shown in Fig. 

17. The amplitudes of the cogging torque are similar and are

both of small values, i.e. about 150mNm, and they are 2.3% of 

the rated output torque for the AFPM machine and 1.6% for the 

HFPM machine. 

Fig. 17. The comparison of cogging torque 

Using MTPA control strategy, the losses (copper and iron) 

and efficiency (without considering the mechanical loss) of the 

two machines are compared, i.e. AFPM and HFPM, as shown 

in Table V for a same RMS current and speed. The copper 

losses of AFPM is slightly higher than that of HFPM due to the 

different current supply strategy, i.e. the injection of 3rd 

harmonic current (limiting the peak current of HFPM, as shown 

in Fig. 13). Due to the addition of a third rotor and the injection 

of the 3rd harmonic current, the iron losses of HFPM is about 

three times of the AFPM. This is because the saturation of the 

stator is increased, due to the addition of the third rotor. The 

efficiencies of the both machines are similar, but with 51% 

more torque is obtained. If the same output torque is expected, 

1.5 (9.5/6.3=1.5) times more current are needed according to 

Table IV, and the copper losses are increased to be 96W for the 

AFPM, then the efficiency is 80% instead of 86%. Moreover, 

the losses of VSI are also increased due to the increased current 

for transistors. 

TABLE V THE COMPARISON OF LOSSES (COPPER AND IRON) FOR 3.15ARMS AT 

600RPM  

Machine Copper loss 

(W) 

Core loss (W) Efficiency (-) 

HFPM 40.23 65.41 85% 

AFPM 42.59 21.92 86% 

V.   EXPERIMENTAL RESULTS 

A.   Prototype machine and test bench 

Based on the previous analysis, a prototype of 7-phase, 

28-slot, 12-pole/36-pole machine is designed and fabricated. 

Fig. 18 shows (a) the radial V-shaped rotor iron, (b) modular 

stator core and (c) the stator core with toroidal winding. Fig. 19 

shows the test bench which includes the prototype machine, the 

load (a three-phase servo PM machine), a digital oscilloscope, 

power converter, control system based on DSP and FPGA, and 

DC power supply. The power converter consists in IGBT 

modules (PSS50S71F6) supplied from a DC power source. The 

prototype is controlled by a self-built control system 

(TMS320F28335, XC3S500E-PQ208, AD7606-6). The 

interface on the PC is developed in order to observe the signals, 

such as the speeds, the d-q currents and the torques, etc. The 

7-phase prototype machine is mechanically connected to the 

torque sensor and loaded by the servo pm machine (constant 

torque mode). 



(a) (b) (c) 

Fig. 18. Prototype of 7-phase machine. (a) V-shape radial rotor. (b) modular 

SMC stotor core. (c) stator with toroidal windings 
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Fig. 19. The experimental test bench. 

Based on the field-oriented control (FOC) theory, the control 

block diagram of the whole system is shown in Fig. 20. Using 

MTPA control strategy, the “Torque distribution” block 

generate the reference currents for multi-fictitious machines 

(M1, M3 and M5) as shown in the part II.C.1. The generated 

current waveform is similar to the back-emf waveform. The 

MTPA control strategy in detail for multiphase machine can be 

found in similar form in [30]. It can be found that we have in 

parallel three controls which are each similar to this one of 

3-phase machine. The difference is that we have only one R(θ) 

rotation matrix for a 3-Phase for one dq frame. For a seven 

phase machine whose main harmonics are the first, the third 

and the fifth we have two other rotation matrix R(3θ) and R(5θ) 

which give two supplementary dq frames to be controlled with 

PI. 

B.   Back-EMF 

In this test, the 7-phase machine is open-circuited and driven 

by a 3-phase servo pm machine at 100 rpm. The voltage 

between phase A and neutral point is recorded, and its related 

harmonic analysis is carried out. Fig. 21(a) presents the 

measured and FEM predicted back-emf divided by speed 

(V/rad/s) Ke over one electrical period. The harmonic content 

in Fig. 21(b) can be noted: the third harmonic is about 1.2 times 

the fundamental in numerical predictions and 1.71 for the 

experimental prototype. More precisely the difference is -18% 

for the third harmonic and -43% for the first harmonic. The 

differences may result from the manufacturing uncertainties, 

especially due to the complexity of the machine structure and 

additional mechanical structure in order to fix to the base. 

Moreover, the stator iron core is made by laser cutting which 

can decrease the magnetic saturation by more than 15% [34]. 

Nevertheless, it is possible to test the control by using different 

ratios of harmonics in the currents. 

Fig. 20. FOC control block diagram 



(a) 

(b) 
Fig. 21. (a) Measured back-emf for 1 rad/s  and (b) its harmonic spectrum  

both for experimental and simulated HFPM 

C.   Operation principle 

The specificity of the proposed machine is to develop 

torques of comparable values under three kinds of current 

supply: with only the first, the third or both the first and the 

third harmonics. Fig. 22 shows the injected current 

harmonics with the same load 1.5Nm at 100rpm. Among the 

three kinds of supply, the amplitude of only the first 

harmonic is more important than the other two strategies due 

to the small value of the back-emf. And the needed current 

of the other two strategies are with similar amplitudes.

        1
st

(a)

        3
rd

(b)

        1
st
+3

rd

(c)

Fig. 22. Current supply with (a) only the first (b) only the third (c) both the first 

and the third harmonics with the same load 1.5Nm at 100rpm 

In order to furtherly demonstrate the effectiveness of the 

proposed bi-harmonic machine, the torque-speed 

characteristic is evaluated. The control strategy whose 

objective is to find the maximum torque under voltage and 

current limits. The optimization problem to be solved is 

presented in (17).  

( )( )* arg min emx T x= −

with ( )1 7max ,..., 8VU U 

( )1 7max ,..., 3.15Arms I I 

(17) 

 1max 1 3max 3, , ,x I I =  

Where Tem is the output electromagnetic torque, U1,…,U7 

are the amplitudes of voltage in phase, rms (I1,…,I7) are the 

root mean square values of the current in phase, I1,3max are 

the amplitude of the first and the third harmonic current, φ1,3 

are the phase angle of the first and the third harmonic 

current. 

The obtained torque-speed characteristic curve is shown 

in Fig. 23. Experimental validations are performed and the 

results are marked by the circles. Two typical operation 

points are selected in order to illustrate the working principle, 

i.e. one point in the constant torque region and one in the 

constant power region. The needed current of the first 

operation point and its harmonic spectrum are also shown. 

The waveform is similar to the back-emf and I3/I1=1.8 

compared to the measured E3/E1=1.71.   

In the constant power region, only the third harmonic 

current is injected and the φ3=0.4 rad which is not zero 

anymore compared to the one in the constant torque region. 

Analytical

Experimental

Electrical angle (°)

150rpm/Experimental

Electrical angle (°)

100rpm/Experimental Current Amplitude (A)

Harmonic

Current Amplitude (A)

Harmonic

Fig. 23. Torque speed characteristics 

Fig. 24. Experimental mechanical Torques of the HFPM for different harmonic 

ratio of current at 100 rpm 

TABLE VII THE COMPARISON OF TORQUE CURRENT RATIO 



P1 for H1 P3 for H3 P31 for H1+H3 

Slope 7*Ek/2 

from Fig. 21 

(Nm/A) 

0.225*7/1.414=

1.115 

0.385*7/1.414=

1.9 

0.446*7/1.414=2.2 

Experimental 

slope from Fig. 

24 (Nm/A) 

1.23 2.04 2.47 

Relative error 10% 7% 12% 

D.   Torque-current ratio 

The mechanical torque performance is measured by torque 

sensor with respect to the variation of the current, as shown in 

Fig. 24. In order to validate the specificity of the bi-harmonic 

machine, the torques are measured with three kinds of current 

supply: with the fundamental only, third only or both the first 

and the third currents. With the same load, it can be noted that 

the required RMS value of current is the minimum with both 

the first and the third current supply, and the maximum with the 

fundamental current due to the small value of back-emf. With 

the predicted value obtained by measured of back-emf 

harmonic spectrum (Fig. 21), the slopes of Fig. 24 are 

compared and presented in Table VII. The relative error are less 

than 12%. The double polarity functionality of this machine can 

be considered as validated.  

E.   The operation of the machine in different scenarios 

Fig. 25(a) shows the measured speed with MTPA control. 

The speeds with two conditions are tested, i.e. no-load and 

on-load. The reference speed is set to be 100rpm. The measured 

speed ripple of the both conditions are similar, i.e. ±0.5% of the 

reference speed. Therefore, the measured speed follows well 

with the reference one. Fig. 25 (b) shows the measured torque 

characteristics under no-load and on-load condition. The torque 

is measured by torque sensor and equal to 0.14Nm with no-load 

condition. The reference torque after the speed PI controller 

(shown in 

Fig. 20) is equal to about 1.85Nm in order to overcome the 

mechanical friction and the iron losses of the prototype. It can 

be seen that the torque ripples of the two conditions are always 

of small values.  

The current waveforms and the harmonic spectrums of the 

both conditions are shown in Fig. 26. The ratio between the 

fundamental current and the 3rd harmonic current is 58%, which 

consists well with the ratio between the back-emf distribution 

E1/E3. Therefore, the ability of the machine to provide smooth 

torque with two harmonics of current, the fundamental and the 

3rd, is confirmed. 

(a) 

(b) 

Fig. 25. The speeds (a), the mechanical torques (b) under no-load and on-load 

(a) 

(b) 
Fig. 26.The current waveforms (a) and its spectrum under no-load 

(1.2A/0.7A=1.71=E3/E1) and on-load (4.1A/2.4A=1.71=E3/E1) 

F.   Dynamic response analysis of the machines 

The experimental dynamic response of the machine speed 

and torque, with the changing of the reference speed from 

100rpm to 150rpm, are shown in Fig. 27(a) and Fig. 27 (b) 

respectively. It can be noted that the measured speed can follow 

the reference speed in 0.5 second with 10% overshoot. 

(a) 



(b) 

Fig. 27. The speeds (a) and the torque (b) response by changing speed 

With the changing of load torque, the experimental dynamic 

response of the machine speed and torque are shown in Fig. 28. 

It can be noted in Fig. 28(a) that the measured speed can follow 

the reference speed in 0.3 second with also 10% variation. 

(a) 

(b) 

Fig. 28. The speeds (a) and the torque (b) response by changing load. 

VI. CONCLUSION

This paper shows that a specific harmonic property of 

multi-phase machine can be used to increase the torque density 

by 50% of an initial 7-phase fault-tolerant AFPM. A radial third 

rotor with 3p pair poles has been added to an initial 7-phase 

AFPM with two external axial rotors with p pair poles. With the 

same global volume in the wheel and a same Voltage Source 

Inverter, higher performance are obtained but with an increase 

of the quantity of magnets. With 7-phase machine the torque 

quality is still guaranteed at low speeds by bi-harmonic vector 

control. This solution can be thus considered as a more 

expensive option for initial in-wheel motors with only two 

external axial rotors.  

This fault-tolerant structure has also potential advantages for 

traction drive used for which flux-weakening and are necessary 

to obtain the constant power speed ratio required by the vehicle 

payload. By changing the polarity from 3p to p without 

modification of connection, the requirement for the flux 

–weakening ability is then reduced. The modification of the

polarity is acting as an electromagnetic gearbox. Studies on this 

possibility will be investigated on the prototype in further 

works with adapted control algorithms.  
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