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This paper proposes a new sensorless control strategy based on a Sliding Mode Observer (SMO) for a non-sinusoidal sevenphase PMSMs. This strategy, based on all harmonics contained in the back-EMF, is compared to the classical sensorless control strategy using only the fundamental of back-EMF signal. As the novel sensorless control strategy estimate the rotor position by using different harmonics, it can lead to a good torque response compared to the classical strategy, specially in transient states. Therefore, in order to define the appropriate sensorless control strategy for the non-sinusoidal seven-phase PMSM, each sensorless control strategy will be highlighted in terms of robustness to the speed variation and torque ripple. Simulation results will be shown to verify the feasibility of the proposed methods.

Introduction

Multiphase machines have been used in integrated motor drives with the power inverter inside the machine [START_REF] Burkhardt | Design and analysis of a highly integrated 9-phase drivetrain for EV applications[END_REF]. They present some advantages compared to conventional threephase machines, such as reliability (operating under the loss of one or more phases) and compactness (reducing the total volume and weight of the integrated motor without electromagnetic compatibility phenomena) [START_REF] Burkhardt | Design and analysis of a highly integrated 9-phase drivetrain for EV applications[END_REF]. In this context, the replacement of the position encoder mounted at the end of the rotor shaft by a "soft" position sensor using only electrical sensors (current) or integrated magnetic sensors (Hall effect sensors) appears relevant. For that, an accurate sensorless control algorithm to substitute the encoder, essential for the vector control, can improve significantly the reliability and the compactness of integrated drives.

In the literature we can find several methods which propose the sensorless control of permanent magnet synchronous machines (PMSM) [START_REF] Vas | Sensorless Vector and Direct Torque Control[END_REF]. These methods are based mostly on the observers, such as Model Reference Adaptive System (MRAS) [START_REF] Mei | A 2-D fuzzy logic based MRAS scheme for sensorless control of interior permanent magnet synchronous motor drives with cyclic fluctuating loads[END_REF], Extended Kalman Filter (EKF) [START_REF] Michalski | Sensorless control of five phase PMSM based on extended Kalman filter[END_REF], Luenberger Observer (LO) [START_REF] Zhang | A Comparative Study of PMSM Sensorless Control Algorithms: Model Based vs Luenberger Observer[END_REF] and Sliding Mode Observer (SMO) [START_REF] Yang | Iterative sliding mode observer for sensorless control of five-phase permanent magnet synchronous motor[END_REF]. Among these methods, SMO will be chosen to achieve the sensorless control of the seven-phase PMSM due to its simple implementation compared to EKF, which requires an important computation time especially in the case of multiphase machines. Furthermore, in terms of robustness, the SMO presents a robust structure against the variations of machine parameters and noise compared to the MRAS and LO [START_REF] Yang | Iterative sliding mode observer for sensorless control of five-phase permanent magnet synchronous motor[END_REF].

The main contribution of this paper is to compare two sensorless control strategies for three diferent non-sinusoidal seven-phase PMSM. The first strategy, based only on the fundamental of the back-EMF (main fictitious machine signals), is developed in some papers [START_REF] Yang | Iterative sliding mode observer for sensorless control of five-phase permanent magnet synchronous motor[END_REF]- [START_REF] Zhang | Fault-Tolerant Sensorless Control of a Five-Phase FTFSCW-IPM Motor Based on a Wide-Speed Strong-Robustness Sliding Mode Observer[END_REF]. The second strategy, which is totally original, uses the harmonics contained in the back-EMF signal in order to estimate the rotor position. These two sensorless control strategies will be tested on three differents seven-phase PMSMs, in ordrer to identify the robust and efficient strategy against the speed variation and torque ripple.

Seven-phase PMSM modelling

The machine model in the natural frame, assuming no magnetic saturation and no saliency, can be described by [START_REF] Locment | Vectorial Approach-Based Control of a Seven-Phase Axial Flux Machine Designed for Fault Operation[END_REF]:
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Where v is the 7-dimension stator voltage vector, i is the 7dimension stator current vector and e is the 7-dimension of the back-EMF vector. R and L are respectively the stator resistance and the stator inductance matrix.

Applying the Concordia matrix [START_REF] Locment | Vectorial Approach-Based Control of a Seven-Phase Axial Flux Machine Designed for Fault Operation[END_REF], the seven-phase PMSM can be decomposed to several fictitious machines. The real seven-phase PMSM is equivalent to 3 fictitious two-phase machines associated to the different harmonics as shown in Fig. 1. The homopolar fictitious machine is not considered with a wye connection [START_REF] Locment | Vectorial Approach-Based Control of a Seven-Phase Axial Flux Machine Designed for Fault Operation[END_REF].

Fig. 1 Fictitious machines and associated harmonics of seven-phase PMSM [START_REF] Locment | Vectorial Approach-Based Control of a Seven-Phase Axial Flux Machine Designed for Fault Operation[END_REF] (even harmonics are negliged)

The model of the 7-phase PMSM in the stationary reference frame ( )  -, considering the 1 st harmonic in the Main Machine (MM), the 9 th harmonic in the Secondary Machine (SM) and the 3 rd harmonic in Tertiary Machine (TM) , is given by following equations: As the fictitious machines are mechanically coupled, the electromagnetic torque of the 7-phase PMSM can be obtained by the sum of torques provided by each fictitious machine. Therefore, the torque is equal to:
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, with  the mechanical speed.

The back-EMF in stationary reference frame ( )

 -

of each fictitious machine is expressed as (only the 1 st , 9 th and 3 rd harmonics are considered): 

( ) ( ) ( ) 11 
                = - -   = - -    = - -  (4) where 1  , 9
 and 3  are respectively the first, the ninth and the third harmonic of the flux linkage of the permanent magnets, r  is the electrical angular velocity and  the electrical rotor position.

To perform an accurate vector control, the rotor position and speed informations are required to compute the Park transformation in the rotor reference frame. In this context, it can be seen (4) that the back-EMF signal contains these two informations. For that, an observer based on Sliding Mode will be designed, in order to estimate with high accuracy the back-EMF signals necessary to extract the rotor position and speed informations.

Sliding Mode Observer design for the sensorless control

The Sliding Mode Observer (SMO) can be designed in the stationary reference frame. ( )  -. Measured currents and references of voltage are used as input of the algorithm [START_REF] Yang | Iterative sliding mode observer for sensorless control of five-phase permanent magnet synchronous motor[END_REF].

The estimation process by the SMO through each fictitious machine can be described in Fig. 2. The estimated currents by the SMO of each fictitious machine can be expressed as [START_REF] Yang | Iterative sliding mode observer for sensorless control of five-phase permanent magnet synchronous motor[END_REF]:
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() Fxis the sigmoid function [START_REF] Yang | Iterative sliding mode observer for sensorless control of five-phase permanent magnet synchronous motor[END_REF]. We assume that: 

1 1 1 1 1 1 1 1 () () z k F i i z k F i i        =-    =-  (6)
z k F i i z k F i i        =-    =-  (7) 3 3 3 3 3 3 3 3 () () z k F i i z k F i i        =-    =-  (8) ( ) 1 2 3 
,, k k k represent the current observer gains.

Back-EMF Estimation

Current

Observer (SMO)

Sigmoid Function

Rotor position and speed estimation

v  v  i  i  î î z  z  ê ê ˆr  
The back-EMF observer of each fictitious machine is built as [START_REF] Yang | Iterative sliding mode observer for sensorless control of five-phase permanent magnet synchronous motor[END_REF]- [START_REF] Zhang | Fault-Tolerant Sensorless Control of a Five-Phase FTFSCW-IPM Motor Based on a Wide-Speed Strong-Robustness Sliding Mode Observer[END_REF]: ,, l l l represent the observer gains.
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,, l l l , are chosen in order to verify the stability of the SMO [6]- [START_REF] Zhang | Fault-Tolerant Sensorless Control of a Five-Phase FTFSCW-IPM Motor Based on a Wide-Speed Strong-Robustness Sliding Mode Observer[END_REF].

As aforementioned in section 1, two sensorless control strategies will be compared. From the back-EMF estimation [START_REF] Vu | Control strategies for non-sinusoidal multiphase PMSM drives in faulty modes under constraints on copper losses and peak phase voltage[END_REF], we can define the first strategy using only the estimated back-EMF signals of MM (1 st harmonic). And the second strategy, which is based on all estimated back-EMF signals (1 st ,9 th and 3 rd harmonics).

Sensorless control of seven-phase PMSM using only the main fictitious machine (MM)

This sensorless control strategy uses only the main fictitious machine for SMO algorithm. The rotor position  is estimated from the MM, and then will be multiplied by 9 and 3 to compute respectively the 9 and 3 . These angles are necessary for the control of the SM (9 th harmonic) and the TM (3 rd harmonic). This strategy, described in Fig. 4, is named as S1.

Based on the relationship between the back-EMF and the rotor position as shown in (4), the estimated values of the rotor position and speed can be expressed as: From (11) and the Fig. 3, the 9 and 3 can be expressed as:
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( ) It can be seen from ( 12) and ( 13) that multiplying  by 9 and 3 to construct respectively the 9 and 3 , increases significaltly the error estimation. The estimated angle, required to control SM, will contain an error 9 times bigger than err  (resulting from the estimation process of  by the MM signals). The error estimation contained in 3 , required to control TM, will be 3 times bigger than err  . Thus, the currents regulation of the SM and TM will be affected by the error estimation value resulted during the operation to find the rotor position. It can be noticed that such operation leads to imprecise and unefficient sensorless control, especially when the err  is important.
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Sensorless control of seven-phase PMSM using all fictitious machines

The proposed sensorless control strategy is described in Fig. 4 as: S2. The voltages and currents signals of all fictitious machines are used as inputs of the SMO algorithm. This is in order to estimate separately  from the MM signlas, the 9 from the SM signals and the 3 from the TM signals. Unlike the strategy aforementioned (S1), the 9 and 3 are estimated separately and do not depend of the  (estimated from the

MM signals).

Based on (4), the rotor position and speed required to control each fictitious machine can be expressed as: In the following section, these two sensorless control strategies will be tested on three differents seven-phase PMSMs. Each sensorless control strategy will be compared to the behaviour of the machine using an encoder (to provide the rotor position) for the control. This is in order to highlight the efficiency and robustess in terms of torque ripple and torque response of each strategy. 

Simulation results

We aim by simulations is to verify the effectiveness of the proposed sensorless control strategy (S2) compared to the classical sensorless control strategy (S1), described in Fig. 4. These two sensorless control strategies of the seven-phase PMSM have been implemented in the MATLAB/Simulink. The PWM switching frequency is 10kHz. We consider a torque control (Fig. 4) with the torque reference equal to 15Nm for all three seven-phase PMSMs, and the 0 = d i control strategy is carried out. The rotor speed is not required for the torque control, but it is still estimated to verify the feasibility of proposed SMO. It can be noticed that the low and zero speed region. is not considered in this study. In the sensorless control simulations, the SMO parameters are provided in Table 2. 

Seven-phase PMSM (M1)

The characteristics of the seven-phase PMSM (M1) are provided in the table 1. It presents a quasi-trapezoidal back-EMF as shown in Fig. 5 [START_REF] Locment | Vectorial Approach-Based Control of a Seven-Phase Axial Flux Machine Designed for Fault Operation[END_REF]. We consider in the back-EMF signal only two harmonics (1 st and 3 rd harmonic), and the 3 rd harmonic presents 20% of the fundamental of back-EMF. It can be seen from the Fig. 6 (a) that the SMO ensure a precise estimation of the rotor speed. The Fig. 6 (b) shows clearly that the difference between the measured torque using an encoder (to provide the rotor position) and the measured torque using sensorless control (whether this is strategy S1 or S2) is not significant in the transient states and steady states. Then in Fig. 6 (c), the error between the measured torque using an encoder and the one using sensorless control strategy (S1 or S2) is less than 2.5%

Seven-phase PMSM with non-sinusoidal back-EMF (M2)

The seven-phase PMSM (M2) has the same stator of machine (M1), but not the same rotor. The characteristics of the machine M2 are provided in the table 1. It presents a nonsinusoidal back-EMF as shown in Fig. 5 [START_REF] Vu | Control strategies for non-sinusoidal multiphase PMSM drives in faulty modes under constraints on copper losses and peak phase voltage[END_REF]. The back-EMF signal contains three harmonics (1 st ,9 th and 3 rd harmonic). The 9 th harmonic presents 12% of the fundamental, and the 3 rd harmonic is 32% of the fundamental of back-EMF. Fig. 7 :(a) Reference and estimated rotor speed, (b) measured torque (using an encoder, using strategy S1 and using strategy S2), (c) error between the measured torque (using an encoder) and the measured torque (using strategy S1 or S2)

Unlike the simulation results of the seven-phase PMSM (M1), it can be seen in Fig. 7 (b) that the strategy S2 ensure a precise sensorless control in terms of torque ripple compared to the strategy S1, specially in transient states Then, it can be seen in Fig. 7 (c) that in transient state the measured torque using strategy S1 present a torque ripple which double the one obtained in the strategy S2. However, the two strategies present the same level of accuracy and efficiency in the steady state.

As the back-EMF of the machine (M2) contains the 9 th and 3 rd harmonics, and based on (12) and ( 13), it can be verified that the effect of multiplying  by 9 and 3 increase significantly the err  , and lead to a torque ripple in transient state.

Seven-phase bi-harmonic PMSM (M3)

The seven-phase PMSM (M3) is a bi-harmonic machine, and it is during the manufacture. The characteristics of the biharmonic machine (M3) are provided in the table 1. The back-EMF signal is shown in Fig. 5 [10], and contains two harmonics (1 st and 3 rd harmonic). The 3 rd harmonic is 121% of the fundamental of back-EMF.

The most important part of torque of the bi-harmonic machine (M3) is procuded by the 3 rd harmonic of the back-EMF (associated to TM). Therefore, the estimated rotor position 3 required to control the TM of the real seven-phase PMSM should be precise in order to ensure an accurate currents regulation leading to an efficient vector control. As the sensorless control strategy S1 multiplies the  by 3 to compute the 3 , the resulting error position 3 err  incrases directly (three times bigger than err  ). Thus, it can be seen in Fig. 8 (b) and (c) that the measured torque using strategy S1 is impacted in both transient state and steady state. However, in the same aformentionned figures, it can be noticed that the measured torque using the strategy S2 presents a low torque ripple and good torque response in the transient and steady states. The error between the measured torque using an encoder and the one using the sensorless control strategy S2 is less than 4%.

Conclusion

This paper presents two sensorless control strategies based on sliding mode observer for seven-phase PMSM. Based on the simulation results, it can be concluded that for multiphase machines producing mainly the torque by only the fundamental back-EMF and currents (MM), the two sensorless control strategies (S1 and S2) present the same level of robustness against the speed variations and torque ripple. However, for the sensorless control of multiphase machines which produce the torque through not only the MM, but also the MM, SM and TM, the proposed strategy S2 (using all hamonics contained in the back-EMF) presents a good control performance in terms of robustness and torque ripple compared to the strategy S1. Furthermore, the proposed sensorless control strategy S2 doesn't s ddition l hardwares to be implemented in the real time since the algorithm is quite similar as S1, but the number of observer is multiplied by three.
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 8 Fig.8: (a) Reference and estimated rotor speed, (b) measured torque (using an encoder, using strategy S1 and using strategy S2), (c) error between the measured torque (using anencoder) and the measured torque (using strategy S1 or S2)

Table 1

 1 Seven-phase PMSMs characteristics

		M1	M2	M3
	Stator Resistance R [Ω]	1.4	1.4	0.2668
	Phase inductance L [mH]	14.7	14.7	3
	Number of pole pairs p	3	3	6
	Speed-normalized			
	amplitude of 1 st harmonic	2.38	1.2650 0.3877
	back-EMF [V/rad/s]			
	Speed-normalized			
	amplitude of 9 th harmonic	0	0.1569	0
	back-EMF [V/rad/s]			
	Speed-normalized			
	amplitude of 3 rd harmonic	0.4760	0.4073 0.4696
	back-EMF [V/rad/s]			
	DC bus voltage [V]	200	200	100

Table 2

 2 Sliding mode observer parameters
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