Jessica Neumann 
email: neumann@laplace.univ-tlse.fr
  
Dany Prieto 
email: dany.prieto@mail.nidec.coml
  
Carole Henaux 
email: henaux@laplace.univ-tlse.fr
  
Etienne Fournier 
email: etienne.fournier@mail.nidec.com
  
Maurice Fadel 
email: fadel@laplace.univ-tlse.fr
  
Mathias Tientcheu Yamdeu 
email: mathias.tientcheuyamdeu@mail.nidec.com
  
Geometrical parameters influence analysis on performance and incremental inductances of a Permanent Magnet Assisted Synchronous Reluctance Motor
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This paper investigates the geometrical parameters effects of a Permanent Magnet Assisted Synchronous Reluctance Motor (PMA-SRM) on its electromagnetic performance and its sensorless control capability in low speed operation. The performance is meanly characterized by electromagnetic torque and power factor. The sensorless control capability is assessed by the incremental saliency level at rated current and above. The geometrical parameters analyzed are the airgap as well as the number, thickness and inclination of the flux-barriers in the rotor. The variation of some of these parameters improved incremental saliency without degrading electromagnetic performance.

INTRODUCTION

The permanent magnet synchronous motors are known for their high efficiency and compact size. Among different structures, the PMA-SRM presents the advantage that its electromagnetic torque is mainly produced by the saliency of the rotor, therefore saving material.

Nowadays sensorless control techniques have been frequently used in industry due to economic and maintenance reasons as it avoids the usage of encoders and cables. There are basically two types of sensorless control methods for synchronous motors. Back-EMF based methods get the rotor position information from the back electromotive force estimation. Saliency based techniques obtain the rotor position from the machine saliency, being one of the strategies the injection of high frequency (HF) signals [START_REF] Zine | HF signal injection and Machine Learning for the sensorless control of IPMSM-based EV drives[END_REF]- [START_REF] Xu | Analysis of parasitic effects in carrier signal injection methods for sensorless control of PM synchronous machines[END_REF], which is applied at standstill and at low speed operation since in this range the back-EMF signal is very small and not exploitable.

The following study has a focus on low speed operation, so the HF signal injection method is the most suitable.

For HF signal injection technique, a significant high incremental saliency is required to ensure that the position of the rotor will be detected [START_REF] Bianchi | Multi-Objective Optimization of a PM Assisted Synchronous Reluctance Machine, including Torque and Sensorless Detection Capability[END_REF], which can be analyzed from the incremental inductances that are defined by [START_REF] Bianchi | Sensorless-Oriented Design of PM Motors[END_REF]. For some industry applications like conveyors, winch and lift, the motor can operate on overload during the starting, and in this case the steel sheets of the machine reach the magnetic saturation. It has a negative impact on performance and on incremental saliency. High saturation level can even result in loss of sensorless control [START_REF] Bianchi | Effect of Stator and Rotor Saturation on Sensorless Rotor Position Detection[END_REF].

To design an electric motor controlled by HF signal injection, it is imperative to know how to determine the geometrical parameters in order to avoid saturation and to guarantee the performance and the incremental saliency required for the sensorless control. Therefore, this article aims to analyze the influence of the following geometrical parameters of a PMA-SRM: number, thickness and inclination of the flux-barriers and airgap thickness.

II. HIGH FREQUENCY SIGNAL INJECTION

Different types of HF signal injection techniques has been described by [START_REF] Xu | Analysis of parasitic effects in carrier signal injection methods for sensorless control of PM synchronous machines[END_REF]. In the case of a pulsating voltage method, a HF voltage signal is injected in the 𝑑 ̃-axis of the estimated frame 𝑑𝑞 ̃, as is shown in [START_REF] Zine | HF signal injection and Machine Learning for the sensorless control of IPMSM-based EV drives[END_REF] 𝑉 ̃𝑑,𝐻𝐹 = 𝑉 sin(𝜔 𝐻𝐹 𝑡) 𝑉 ̃𝑞,𝐻𝐹 = 0

The HF current signal obtained in the estimated 𝑞 ̃-axis can be expressed by the following equation

𝐼 ̃𝑞,𝐻𝐹 = 𝑉 ℎ 𝜔 𝐻𝐹 𝐿 𝑑 𝐿 𝑞 [ 𝐿 𝑞 ′ -𝐿 𝑑 ′ 2 sin 2𝜃 𝑒 ] sin(𝜔 𝐻𝐹 𝑡) (2) 
Where 𝐿 𝑞 ′ and 𝐿 𝑑 ′ are the incremental inductances and 𝜃 𝑒 represents the position error between the actual 𝑑𝑞 frame and the estimated one. In order to avoid losing the error position information, we have to ensure that the term (𝐿 𝑞 ′ -𝐿 𝑑 ′ ) does not become zero.

Reference [START_REF] Bianchi | Influence of Rotor Geometry of an IPM Motor on Sensorless Control Feasibility[END_REF] defines the incremental inductances as the variation of the flux component per the current component, so we can represent them by means of the equation (3). The terms 𝐿 𝑑𝑞 ′ and 𝐿 𝑞𝑑 ′ are the mutual inductances and they are related to the estimation precision. They are not taken into account in this study since they are extremely small compared to the self-inductance values for the studied machines (approximately 9% of the self-inductance).

III. GEOMETRICAL PARAMETERS ANALYSIS

On the following, the motor under study is presented also as the performance computation approach. Then, the parameters variation effects are reported and evaluated.

A. Reference machines

Two PMA-SRM with 4 and 6 poles were simulated. They are both assisted by ferrite magnets and their reference dimensions and structure are shown in table I and "Fig. 1". The simulations are carried out by means of the Finite Elements Analysis (FEA) software FEMM. Only one pole is represented since the entire machine results can be reproduced due periodicity and symmetry conditions.

B. Performances and incremental inductances computation

For one working point of the machine, the FEA input is the current (𝐼) and current angle (𝛼) or directly the dq components of the current (𝐼 𝑑 , 𝐼 𝑞 ). The output is the magnetic flux signal involved by each phase of the stator. As post processing, the Park transform is applied to these signals and then the components of magnetic flux on the d and q axis (𝛷 𝑑 , 𝛷 𝑞 ) are obtained.

The direct-quadrature frame for the following study is chosen by placing the d-axis in the same direction as the resulting flux created by the magnets according to the "Fig. 2.". The electromagnetic torque is the interaction between the current and magnetic flux and can be obtained by the equation ( 4)

𝑇 = 3 2 𝑝(𝛷 𝑑 𝐼 𝑞 -𝛷 𝑞 𝐼 𝑑 ) (4) 
The incremental inductances computation was done by the steps described below:

1) As mentioned before, 𝛷 𝑑 and 𝛷 𝑞 are obtained from post processing of FEA using as input (𝐼 𝑑 , 𝐼 𝑞 ) 2) 𝛷 𝑑𝛥 is computed at the same way, applying (𝐼 𝑑𝛥 , 𝐼 𝑞 ), where 𝐼 𝑑𝛥 = 𝐼 𝑑 + ∆𝐼 and ∆𝐼 = 0.03𝐼

3) 𝛷 𝑞𝛥 is calculated, applying (𝐼 𝑑 , 𝐼 𝑞𝛥 ) , where 𝐼 𝑞𝛥 = 𝐼 𝑞 + ∆𝐼 4) So, the incremental inductances are calculated implementing equation (3) as shown in ( 5)

𝐿 𝑑 ′ = 𝛷 𝑑𝛥 ∆𝐼 | 𝐼 𝑞 =𝑐𝑠𝑡 𝐿 𝑞 ′ = 𝛷 𝑞𝛥 ∆𝐼 | 𝐼 𝑑 =𝑐𝑠𝑡 (5) 

C. Variation of airgap

For this analysis, a four-poles-motor was simulated with two different values of airgap, 0.5 mm (reference value) and 0.60 mm.

The incremental inductances 𝐿 𝑑 ′ and 𝐿 𝑞 ′ in relation to 𝐼 𝑑 and 𝐼 𝑞 respectively are plotted in "Fig. 3 As shown in table II and also in "Fig. 3", for I=15A (rated current) and α=60° (or 𝐼 𝑑 = 13𝐴 and 𝐼 𝑞 = 7.5𝐴 ), 𝐿 𝑞 ′ increases from 20 to 34 mH (+70%). In the other hand, the torque decreases from 21.2 to 17.9 N.m (decrease of 15%), but it can be compensated by filling the flux-barriers with more permanent magnet. Increasing airgap simultaneously with magnet volume allows to keep the same torque, increase the power factor (PF) and improve the sensorless capability by means of the difference (𝐿 𝑞 ′ -𝐿 𝑑 ′ ) .

D. Flux barriers thickness

In this part, the thickness of all flux-barrier was modified from 3.5 to 5 mm, letting the total magnet surface unchanged. The two machines compared are illustrated in "Fig. 4." Fig. 4. Flux barriers thickness variation By means of "Fig. 5.", we notice that the flux-barriers thickness increasing penalizes incremental inductances because the region on the q-axis in the rotor becomes much more saturated since we reduce the area which the flux goes through. The following picture shows the difference of saturation level. We can see that at the point highlighted, the flux density goes from 1.59 to 1.89T when increasing barriers thickness from 3.5 to 5 mm. Therefore, when the flux-barriers thickness increase is independently analyzed, it is not beneficial for the motor, but in the case of an optimization where different parameters change at the same time and the amount of magnet varies according to the thickness, it can have a significant role.

E. Number of flux barriers

The impact of the flux-barriers number was analyzed by simulating the four-poles-motor designs shown in "Fig. 7.". The total sum of flux-barrier thickness is kept constant as well as the total surface area of the permanent magnets. As we are interested in the interval between 𝐼 𝑞 = 7.5𝐴 and 𝐼 𝑞 = 11.5𝐴 with 𝐼 𝑑 = const = 13𝐴 (zone where the machine has the best performance), the structure with one barrier seems to be the most interesting due its higher 𝐿 𝑞 ′ values in this range. The same analysis was carried out with the six-polesmachine to check the behavior of the 𝐿 𝑞 ′ and 𝐿 𝑑 ′ . The designs are shown in the figure below. As can be seen in "Fig. 10.", the three-flux-barriersmotor is again the structure which presents an interesting trade-off between PF and torque. For the purposes of sensorless control, the one-barrier-motor presents larger values of 𝐿 𝑞 ′ for the zone of interest.

F. Flux barrier inclination angle

The variation of the flux-barrier inclination angle (δ) that is illustrated in "Fig. 2." is now analyzed. The simulations were done with one working point where the current and current angle are fixed at 15A and 60°.

At the first moment, the four-poles-motor with three flux barriers is analyzed. Different combinations of angle were intensively tested. So, in order to obtain more effective results and evaluate a wider set of angles, we decided to implement an optimization algorithm with the goal of maximizing the ratio Subject to the following geometrical restrictions 0 ≤ 𝛿 1 ≤ 10, 0 ≤ 𝛿 2 ≤ 14, 0 ≤ 𝛿 3 ≤28 and 𝛿 1 ≤ 𝛿 2 ≤ 𝛿 3 and the initial condition (𝛿 1𝑖 , 𝛿 2𝑖 , 𝛿 3𝑖 ) =( 0, 0, 0) . The total magnet surface is kept constant, so it does not change with the variation of flux-barriers inclination angles.

Table III and "Fig. 11" show the optimization result. We can see that changing the angle of flux-barriers from zero to (25, 12, 0)° provides an improvement of 5% in (𝐿 𝑞 ′ -𝐿 𝑑 ′ ),

without deteriorating the torque. The inclination reduces the saturation of the q-axis. The structure obtained for the six-poles motor is illustrated in "Fig. 12". This paper investigated the influence of the variation of some geometrical parameters of a PMA-SRM on its performance and incremental inductances.

As seen before, airgap increase affects negatively the torque, but it is extremely interesting for the sensorless control, so enlarging the magnets surface on rotor can be an alternative to compensate the torque.

Regarding the thickness of the flux-barrier, its increasing offers no benefit if analyzed separately.

In terms of flux-barriers number, the three-flux-barriers design proved to be more advantageous in relation to performance, but concerning incremental inductances the one-flux-barrier structure presented larger values of 𝐿 𝑞 ′ for wider range of operation.

For last, interesting trade-offs were achieved by means of flux-barriers inclination using an optimization method.

The results presented in this article show us the trend in magnetic performance and incremental inductance for the geometrical parameter variation and they will be used for a future optimization of the entire machine.

Fig. 2 .

 2 Fig. 2. dq frame and flux-barrier inclination angle (δ)
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 5 Fig. 5. Incremental inductances for different flux barriers thickness
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 6 Fig. 6. Flux density level for two structures with different barrier thickness
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 7 Fig. 7. Four-poles-motors with different number of flux barriers "Fig. 8. a." compares the torque and PF obtained with the four structures. For each curve, different points have been simulated with I = 15𝐴 and the current angle α varying from 0 to 90°. It is possible to say that the structure of three fluxbarriers offers the best trade-off in performance. In the other hand, the one-flux-barrier-structure is visibly the worst of the compared designs.
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 8 Variation of flux-barriers number for four-poles-motor
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 9 Fig. 9. Six-poles-motors with different number of flux barriers

  fmincon Matlab's tool was used, which finds a minimum of a constrained nonlinear multivariable problem.So, the algorithm minimizes the expressionthe flux-barriers inclination angles ( 𝛿 1 , 𝛿 2 , 𝛿 3 ) . At each new angle combination, a new FEA is done to obtain the incremental inductances.The optimization problem can be defined as bellow
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 12 Fig. 12. Angle inclination of flux-barrier optimized for the six-poles motor

TABLE I .

 I REFERENCE DIMENSIONS

	Parameter	Symbol	Unit	Polarity
				4	6
	Number of the flux-barriers	nbf	-	3	2
	Thickness of the flux-barriers	ebf	mm	3.5	3
	Inner diameter	Din	mm	95	100
	Number of slots	ns	-	48	36
	Stack length	L	mm	120	
	Air gap	g	mm	0.5	
	Flux-barriers inclination a	δ	°	0	

a. This angle is shown in "Fig.

2

." Fig.

1

. PMASRM with four (left) and six (right) poles

TABLE II .

 II AIR GAP IMPACT AT RATED CURRENT

	Air	Magnet	PF	Torque	𝑳 𝒒 ′	𝑳 𝒅 ′	(𝑳 𝒒 ′ -𝑳 𝒅 ′ )
	gap (mm)	volume (cm 3 )		(N.m)	(mH)	(mH)	(mH)
	0.5	5.86	0.77	21.2	20	9	11
	0.6	5.88	0.73	17.9	34	8	26
	0.6	19.60	0.90	21.0	35	8	27

TABLE III .

 III OPTIMIZATION RESULT: 4-POLES MOTOR

	Performance and incremental inductances Inclination angles (°)	Reference motor 0;0;0	Optimization result 25;12;10	Gain (%)
	Torque (N.m)	23.5	23.5	0
	Power Factor	0.82	0.83	1
	Voltage (V)	346	345	0
	𝑳 𝒒 ′ (mH)	14.83	15.13	2
	′ (mH) 𝑳 𝒅 (𝑳 𝒒 ′ -𝑳 𝒅 ′ ) (mH)	5.82 9.01	5.69 9.44	-2 5
	(𝑳 𝒒 ′ /𝑳 𝒅 ′ )	2.55	2.66	4
	Fig. 11. Angle inclination of flux-barrier optimized for the four-poles
		motor		
	Even better results were found with the six-poles-motor
	as shown in table IV. In this case, we not only improved the
	difference between 𝐿 𝑞 ′ and 𝐿 𝑑 ′ of 28% but also the torque of
	5%. It proves that the performance as well as the sensorless
	capability can be improved just changing the flux-barriers
	inclination angles, without increasing permanent magnet
	volume.			

TABLE IV .

 IV OPTIMIZATION RESULT: 6-POLES MOTOR

	Performance and	Reference	Optimization	
	incremental	motor	result	Gain
	inductances			(%)
	Inclination Angles (°)	0;0	18;16	
	Torque (N.m)	19.7	20.7	5
	Power Factor	0.68	0.72	6
	Voltage (V)	349	346	-1
	𝑳 𝒒 ′ (mH)	8.58	8.48	-1
	′ (mH) 𝑳 𝒅 (𝑳 𝒒 ′ -𝑳 𝒅 ′ ) (mH)	6.23 2.35	5.48 3.00	-12 28
	(𝑳 𝒒 ′ /𝑳 𝒅 ′ )	1.38	1.55	12