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This paper presents a novel 7-phase hybrid excitation permanent magnet (HEPM) machine with three rotors around one stator. Two rotors with PMs axially magnetized and the third rotor with PMs radially magnetized. Thanks to the addition of the third rotor, the inactive end-windings in the configuration with two rotors are then becoming active with a contribution to the torque with an increase of 30%. The impact of the third rotor on the torque density and on the pulsating torques is presented. The fault-tolerant characteristics of the proposed machine are also presented, which proves the interests of this machine for low speed applications.

I. INTRODUCTION

ultiphase machines have been gained increasing focus in critical applications, such as submarine electric propulsion, aerospace and automation traction etc., due to the fault tolerant capability, potential high torque and power density with high quality of torque [START_REF] Barrero | Recent advances in the design, modeling and control of multiphase machines-part 1[END_REF].

The torque density of the multi-phase machine can be increased by injection of higher order of harmonics of currents. The machine in [START_REF] Wang | Torque improvement of five-phase surface-mounted permanent magnet machine using third-order harmonic[END_REF] can obtain 30% more of torque by designing both the shape of PM and the injection of 3 rd harmonic of current. With eleven-phase induction machines, [START_REF] Abdelkhalik | Eleven-phase induction machine: steady-state analysis and performance evaluation with harmonic injection[END_REF] obtains a 14% improvement of torque with a third harmonic injection and up to 27% with an injection of harmonics up to the 9 th harmonic.

Compared to traditional machines, axial flux PM machines (AFPM) have favorable characteristics concerning high torque density for low-speed operation especially suitable for directdrive applications, such as wheel direct-drive application [START_REF] Zhang | Analysis and design of triple-rotor axialflux spoke-array vernier permanent magnet machines[END_REF][START_REF] Geng | Analysis and implementation of new ironless stator axial-flux permanent magnet machine with concentrated nonoverlapping windings[END_REF][START_REF] Mahmoudi | Axial-flux permanent-magnet machine modeling, design, simulation and analysis[END_REF]. A 7-phase AFPM was designed in [START_REF] Locment | Design and study of a multiphase axial-flux machine[END_REF], which proved the effectiveness of both fault-tolerant capability by controlling the harmonics of current and electromagnetic force (EMF). Based on which, a novel 7-phase machine with hybrid excitation of PMs is proposed in this paper in order to increase furtherly the torque density.

This paper is structured in four main parts. In section II, the basic structure and the design considerations of the conventional 2-rotor AFPM machine is presented. In section III, the proposed HEPM machine is presented and compared to the conventional one. In section IV, under the constraints of the voltage and the current imposed by the inverter, the characteristics of the machine in healthy and faulty modes are studied.

II. CONVENTIONAL AXIAL PM (2-ROTOR STRUCTURE)

Among the various existing structures of AFPM machine, the studied prototype is a slotted TORUS AFPM machine. It possesses one torus-shape stator sandwiched between two external rotors as shown in Fig. 1. The slotted stator structure is chosen for the reason of the time constants which impose the carrier frequency of the pulse width modulation VSI, even if the slotless TORUS AFPM machines have not cogging torque and are easier to manufacture. Fig. 2 shows two different topologies depending on the flux paths. They are called NN type and NS type TORUS respectively. The NN type TORUS AFPM machine integrated a Gramm-Ring winding is used here, which allows adding a 3 rd rotor with PMs radially magnetized and presents fewer constraints for end-winding at inner radius than the NS type TORUS-S AFPM machine. Moreover, the wingding factors for both the fundamental and the 3 rd harmonic are of high values, which are related to the generation of output torque.

Fig. 3 presents the stator and the rotor of the prototype, and the main dimensions can be found in Table I. The pole-arc ratio is designed as 0.8 in order to eliminate the 5 th harmonic of back-EMF, which can guarantee the high quality of torque in faulty mode operation without complex reconfiguration control [START_REF] Locment | Vectorial approach-based control of a seven-phase axial flux machine designed for fault operation[END_REF]. The characteristics of the machine are predetermined using 3D-FEM simulation and then validated using the experimental measurements. Figure 4 shows the comparison of back-EMF. There is a relative error of 6% for the first harmonic (experimental first harmonic: 44V for 250rpm). All the harmonics are of the same order as shown in Fig. 4(b). The cancellation of the 5 th harmonic is confirmed. 

A. Air-gap Flux Density and Back EMF

The 3D-FEM is used in the analysis to compare the performance between the conventional AFPM and the proposed HEPM. The magnetic flux density distribution with no-load is given in Fig. 5(b). In the stator core the maximum of flux magnetic density is about 1.2T and 1.6T in rotor core. Fig. 6 presents the comparison of the air gap flux density. In the air gap, the mean value of density is 0.7T with peak values at 1.1T with the conventional 2-rotor structure as shown by the blue curve. After adding the 3 rd rotor in the radial direction, the mean values of densities are reduced to 0.6T for both the axial and the radial air gaps, due to the saturation of the stator iron which is made of soft magnetic material. 

C. Cogging Torque

The cogging torque is firstly predetermined using 3D-FEM, and then the method to reduce it is proposed and validated in this part. The blue curve in Fig. 9(a) is related to the cogging torque predetermined using 3D-FEM, and the peak value of the cogging torque (16 Nm) represents 25% of the nominal torque. A shifting of one slot (mechanical angle 4.3°) has been introduced and the cogging torque drops to 4Nm which represents 6% of the nominal one as shown in Fig. 9(a).

The cogging torque of the prototype is measured and shown in Fig. 9(b). The experimental results consist well with the 3D predeterminations and the effectiveness of the proposed method is therefore validated. One degree of freedom for reducing the cogging torque is obtained thanks to the addition of the 3 rd radial rotor. Fig. 10(a) shows the cogging torque with only the radial rotor, and the peak value of the cogging torque (10Nm) represents 23% of the nominal torque. Without shifting of the two axial rotors, and only the 3 rd rotor is shifted one slot (mechanical angle 4.3°), the same effectiveness for reducing cogging torque can be obtained. Figure 10(b) shows the cogging torque of the complete machine, i.e. HEPM. The cogging torque (5.5Nm) represents 6.7% of the nominal torque and can be acceptable. The losses are calculated with the same rms value of current, therefore the joule losses (stranded losses here) of these two structures are of the same value. The core losses of the 3-rotor structure are higher, because the stator core are more saturated. It can be noted that, the 3-rotor structure can produce much more torque and the efficiency is higher, which proved the interest of the proposed structure.

IV. FAULT-TOLERANT CAPABILITY

In this section, the control of two structures will be presented to highlight the performance of each The used algorithm is the one presented in [START_REF] Vu | Torque optimization of seven-phase BLDC machines in normal and degraded modes with constraints on current and voltage[END_REF] ;
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where ( Current Imax is based on the instantaneous peak currents during a short-time operation and it is related to Voltage Source Inverter (VSI) components. In addition, the determination of Imax also depends on the maximum thermal currents. Based on the characteristics of the 2-axial rotor 7-phase machine given in [START_REF] Locment | Vectorial approach-based control of a seven-phase axial flux machine designed for fault operation[END_REF], it can be assumed that Vmax=100V and Imax=7.5A are considered.

For the sake of simplicity, especially in power constant region, only the fundamental and third harmonic components of back-EMF are considered since the amplitude of the third one is equal to about 20% of the fundamental component. The amplitudes of other higher harmonics can be neglected.

A. Healthy Mode Operation

When the machine operates in healthy condition, the optimization strategy is to calculate current references in d-q frame (id1, iq1, id3, iq3) by using Fmincon function, a nonlinear programming solver to find the minimum of constrained nonlinear multivariable functions in MATLAB. This function aims at obtaining a maximal torque and satisfying the constraints in equations (1-2). In figure 11(a), at low speeds, the torque generated by the 2rotor machine is 74.53 Nm, lower than that of the 3-rotor machine with 94.18 Nm.

The imposed current and voltage are shown in figure 12(a) and figure 13(a) respectively. In constant power region, because of the higher first harmonic component of back-EMF, the 3-rotor machine has a smaller speed range and a lower torque compared to the 2-rotor one. This result confirms that the 3-rotor machine is suitable for low speed applications such as renewable energies. For high speed traction applications, the 3-rotor structure is not interesting. 

Fig. 2

 2 Two different topologies for TORUS-S AFPM machine[START_REF] Locment | Design and study of a multiphase axial-flux machine[END_REF] 

  M (a) stator iron (b) rotor with PMs Fig. 3 NN type TORUS-S AFPM machine

  (a) back-EMF (b) harmonic spectrum of EMF Fig. 4 Comparison of back-EMF of 2 rotor structure III. PROPOSED HEPM (3-ROTOR STRUCTURE) The proposed HEPM machine with TORUS-NN structure is shown in Fig. 5. Based on the conventional structure of the 2rotor AFPM in Fig. 1, by adding a third radial rotor, the upper (a) FEM model (b) flux density distribution Fig. 5 One-sixth of the structure of the proposed AFPM end-windings are becoming active with a significant contribution to the torque. This choice aims to transform in advantage one drawback of the NN-TORUS AFPM in comparison with the NS-TORUS AFPM, i.e. the higher value of stator back-iron.

  Fig.7shows the comparison of back-EMF at no-load. The amplitudes of the back-EMF for the HEPM machine are significantly increased. It can be noticed that an increase of 37.5% for the fundamental harmonic is achieved.

  Fig. 8 (a) shows the comparison of the steady torque and Fig. 8 (b) shows the comparison of the torque and the torque density of mass. Using the MTPA control strategy with the injection of the 1 st and 3 rd harmonic current, the output torque

  (a) FEM results with/without shifting (b) experimental validation Fig. 9. Cogging torque characteristics with conventional 2-rotor AFPM

  (a) with only the radial rotor (b) with 3-rotor HEPM Fig. 10. Cogging torque characteristics with 3 rotor structure D. Losses comparison

  where the objective is to obtain maximum constant torques in healthy mode and single open phase fault. The constraints on current and voltage as shown in equations (1-2) are taken into account.

  v v v v ) are absolute values of instantaneous phase currents and voltages respectively; Imax and Vmax are current and voltage limits according to the converter and machine parameters. Conventionally, voltage Vmax is equal to a half of the DC bus voltage in the Pulse Width Modulation (PWM) technique.

  (a) healthy mode (b) single open phase fault Fig. 11. Generated torques of the machines with 2 and 3 rotors

  (a) healthy mode (b) single open phase fault Fig. 12. Imposed current of the machines with 2 and 3 rotors (a) healthy mode (b) single open phase fault Fig. 13. Voltage per phase with 3-rotor

TABLE I

 I 

	PARAMETERS AND MACHINE DIMENSIONS	
	Number of poles (2p)	6
	Number of phases	7
	Number of slots	42
	Pole-arc-ratio	0.8

Core outer diameter Do (mm) 310 Axial length of stator core (mm) 78.3 Axial length of one rotor core (mm) 18.4 Axial length of one magnet (mm) 2.8 Length of one air-gap (mm) 1
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B. Faulty Mode Operation

When one phase is open-circuited, it is necessary to preserve the system operation with acceptable performances. Without loss of generality, it can be assumed that the opencircuited fault happens in phase a. Thus, the current in phase a is equal to zero. The control strategy can be adapted for other open circuit faults. The relation between currents in d-q frame and natural frame can be expressed as in equations [START_REF] Abdelkhalik | Eleven-phase induction machine: steady-state analysis and performance evaluation with harmonic injection[END_REF][START_REF] Zhang | Analysis and design of triple-rotor axialflux spoke-array vernier permanent magnet machines[END_REF][START_REF] Geng | Analysis and implementation of new ironless stator axial-flux permanent magnet machine with concentrated nonoverlapping windings[END_REF][START_REF] Mahmoudi | Axial-flux permanent-magnet machine modeling, design, simulation and analysis[END_REF]. 

Where (ib', ic', id', ie', if', ig') and (id1', iq1', id3', iq3') are new current references in natural and d-q frames respectively when phase a is opened; δ=2π/7 is the spatial shifting angle between adjacent phases; θ is the electrical angle. Due to wye-connected stator windings, new current references are required to respect equation [START_REF] Locment | Design and study of a multiphase axial-flux machine[END_REF]. There are only five equations (3-7) while six unknown currents (ib', ic', id', ie', if', ig') need to be defined. This leads to a lack of one equation to calculate the new current references. The study proposes a new simple equation as presented in equation ( 8) to find current solutions easily. Equation ( 8) ensures that the sum of each three non-adjacent phase currents is equal to zero. By imposing the current and voltage shown in figure 12(b) and figure 13(b), the torque comparison between the two machines is given where torques of 43.3 Nm and 54.6 Nm are generated by the 2-rotor and 3-rotor machines respectively before the base speed as shown in figure 11(b). With the 3-rotor machine, a torque gain of 26% has been achieved. It should be noticed that the torques of the two machines in single open phase are kept constant but decrease significantly compared to the healthy mode. After the base speed, the same behavior of torque-speed curves as in the healthy mode are obtained. The 2-rotor presents an advantage in this operating region.

V. CONCLUSION

In this paper, a novel 7-phase hybrid excitation permanent magnet (PM) machine has been studied. By adding the 3 rd radial rotor, the torque and the torque density of mass are both improved 30% and 15% respectively. The fault tolerant capability of this machine was also validated under both the voltage and current constraints. A torque gain of 26% with 3rotor structure has been achieved under faulty mode. The proposed HEPM was proved to be interesting in low-speed applications.