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The research about synchronous reluctance machine (SynRM) has been revived in the last decades because of its advantages. But the torque ripple limits the performances of SynRM. Based on the feature of SynRM, this paper proposes a new method in order to calculate the optimal currents which contain many harmonics. Based on the proposed torque function, this method does not use the specific stator inductances to reduce torque ripple. Then, the compensated torques by supplying different orders of optimal currents are compared and analyzed. Besides, the influence of magnetic saturation on the proposed method is also studied. Thirdly, the added current harmonics could increase the losses of the machine. Therefore, the copper losses of the machine are also analyzed. It has shown that the proposed approach can decrease torque ripple effectively.

Introduction

Synchronous reluctance machine has been paid much more attentions from the last decades because of its various advantages. For example, its mechanical structure, no-winding rotor, makes it robust and simple. Its feature of having no permanent magnets reduces the cost greatly and makes it operate at high speed and at high temperature.

However, compared with induction machine and permanent magnet synchronous machine, several factors such as low power factor and higher torque ripple also limit its wide applications [START_REF] Chai | Optimal Design of Wound Field Synchronous Reluctance Machines to Improve Torque by Increasing the Saliency Ratio[END_REF].

Many papers aiming to improve the performances of SynRM have been published. When it comes to torque ripple, many articles study and minimize torque ripple by various methods [START_REF] Fratta | Evaluation of torque ripple in high performance synchronous reluctance machines[END_REF]- [START_REF] Rakgati | Torque performance of optimally designed three and five phase reluctance synchronous machines with two rotor structures[END_REF].The special structure of SynRM makes the inductances of d-axis and q-axis (L d and L q ) change periodically with the rotor position even when there is no saturation. So [START_REF] Fratta | Evaluation of torque ripple in high performance synchronous reluctance machines[END_REF] expresses L d and L q of a SynRM with flux barriers rotor as a function of rotor's position.

The expressions are used to reduce torque ripple by optimizing the design parameters. Other results of reducing torque ripple by various designs such as optimal rotor shapes and various barriers' dimensions can also be found in [START_REF] Bianchi | Rotor flux-barrier design for torque ripple reduction in synchronous reluctance motors[END_REF]- [START_REF] Rakgati | Torque performance of optimally designed three and five phase reluctance synchronous machines with two rotor structures[END_REF]. However, as stated in [START_REF] Fratta | Evaluation of torque ripple in high performance synchronous reluctance machines[END_REF], the flux ripple of SynRM can be reduced instead of being eliminated. It means that torque ripple could be decreased effectively by good design, but torque ripple can still exist.

To reduce the torque ripple further, control method are applied [START_REF] Hamiti | Modeling of a synchronous reluctance machine accounting for space harmonics in view of torque ripple minimization[END_REF]- [START_REF] Nakao | Torque ripple control for synchronous motors using instantaneous torque estimation[END_REF]. Because of the salient structure of SynRM, the stator inductances contain many harmonics. As a result, non-sinusoidal currents can be supplied as the optimal currents for SynRM to produce less torque ripple and get better performances. Several methods have been proposed to obtain the optimal currents. The authors [START_REF] Hamiti | Modeling of a synchronous reluctance machine accounting for space harmonics in view of torque ripple minimization[END_REF] used the winding function method to model the nosinusoidal stator windings to get the inductances of stator. They also calculated the optimal currents with the inductances and designed vector controllers to reduce torque ripple of SynRM. Besides, finite element method (FEM) was applied to get the inductances of stator in [START_REF] Truong | Torque ripple minimization in non-sinusoidal synchronous reluctance motors based on artificial neural networks[END_REF]; the optimal currents were obtained by Lagrange optimization and artificial neural networks. Neural controllers were also designed to decrease torque ripple successfully. However, in the above studies, the self-inductances and mutual inductances of stator [START_REF] Tu | Modeling and experimental validation of internal faults in salient pole synchronous machines including space harmonics[END_REF] should be obtained firstly which needs much effort. Besides, the harmonics of the inductances are just limited to the 3rd harmonic which may lead to insufficient optimal currents and could give different results. Therefore, there still exist several questions. What are the effects of different currents' harmonics? How to define the optimal order of currents' harmonics which can minimize torque ripple sufficiently? It still needs further research and more analysis.

Moreover, saturation can affect the torque ripple reduction seriously because the compensation of torque ripple by control strategy requires the inductances information. But its influence on torque ripple reduction has been little studied.

In this paper, a method which does not need to obtain the stator inductances is proposed to reduce torque ripple.

The suggested method [START_REF] Wu | Analysis and minimization of torque ripple in synchronous reluctance machine by supplying non-sinusoidal currents[END_REF] is realized by defining the torque function which contains all the inductances' information and can be obtained easily. As a result, the optimal currents calculated by the torque function contain enough harmonics to decrease torque ripple. The compensated torque is analyzed in order to define the optimal order of currents' harmonics. Besides, saturation which can deteriorate the proposed approach is studied to give a deep understanding of the proposed method. At last, the currents harmonics could increase the losses. The Joule losses increased by different current harmonics are also analyzed. The paper is organized as follows. The second part presents the general torque equation and introduces the proposed method. The third part gives the results and analysis of torque ripple reduction. The fourth part studies, explains and analyzes the influence of saturation. In the fifth part, copper losses are presented and analyzed. At last, the conclusion summarizes the article. The studied synchronous reluctance machine (SynRM) whose rotor is segmented is shown in Fig. 1. For the application of an e-Clutch, this SynRM is selected and studied. Further information can be found in [15][16].

The proposed method to minimize torque ripple

The general torque expression

As mentioned above, torque ripple in SynRM can be compensated by the optimal non-sinusoidal currents which is shown in Fig. 2 . If the SynRM is supplied by sinusoidal currents, the produced torque is pulsating.

However, adding some proper currents harmonics to the sinusoidal currents could reduce electromagnetic torque ripple greatly. So how to define the optimal currents is very important. There are two methods to get the proper currents harmonics. The first method [17][18] analyzes the torque ripple to find the severe torque harmonics. Based on these harmonics, the corresponding currents harmonics are defined and added to the sinusoidal currents to get the optimal currents and at last the optimal currents are applied to reduce torque ripple. This method needs much effort to analyze the torque harmonics and define the currents harmonics. The second approach [10] [19] calculates the optimal currents which contain all the currents harmonics directly. However, it needs to calculate the inductances of stator which can also need much effort. In this paper, the proposed method which is easier to be applied is similar to the second method, but it does not require the stator inductances.

At first, the Eq. ( 2) presents the electromagnetic torque which is calculated by co-energy as shown by Eq. ( 1).

The matrix of stator inductances which contains harmonics is introduced by Eq. ( 3). The parameter k represents the order of the inductances' harmonics. It's defined in this paper that when k=2 the harmonic is second and k=4 means the fourth harmonic, and so on.

The co-energy can be expressed as

𝑊(𝐼, 𝜃 𝑚 ) = 1 2 ∑ ∑ 𝐿 𝑗𝑠 (𝜃 𝑚 ) 3 𝑠=1 𝐼 𝑗 3 𝑗=1 𝐼 𝑠 (1) 
Where j and s represent the number of three stator windings; L js is the corresponding self-inductance and mutual inductance of stator windings; I is the stator current and θ m is the electrical rotor position.

Then the electrical torque can be calculated by 

𝑇 𝑒 = 𝜕𝑊(𝐼,𝜃 𝑚 ) 𝜕𝜃 𝑚 = 𝑃 𝜕𝑊(𝐼,𝜃) 𝜕𝜃 = 𝑃 2 ∑ ∑ 𝐼 𝑗 𝐼 𝑠 3 𝑠=1 3 𝑗=1 𝜕𝐿 𝑗𝑠 (𝜃) 𝜕𝜃 (2) 𝑳 𝑗𝑠 (𝜃) = [ 𝐿 1 𝐿 1 ′ 𝐿 1 ′ 𝐿 1 ′ 𝐿 1 𝐿 1 ′ 𝐿 1 ′ 𝐿
Where P is the number of pole paires; L 1 and 𝐿 1 ′ are the constant components of self-inductances and mutualinductances; L k and 𝐿 𝑘 ′ are the amplitudes of kth self-inductance and kth mutual-inductance; θ is the electrical rotor position.

On the other hand, the frequently used torque expression can be presented by Eq. ( 4) [START_REF] Louis | Control of non-conventional synchronous motors[END_REF] supposing that the stator inductances only have the constant component and the second harmonic.

𝑇 𝑒 = 3 2 𝑃(𝐿 𝑑 -𝐿 𝑞 )𝐼 𝑑23 𝐼 𝑞23 (4) 
These currents I d23 and I q23 are calculated by power variant Clark and Park transformation. This equation is usually applied to calculate the average torque and to control the synchronous reluctance machine [20][21].

However, with more stator inductance harmonics in SynRM, this equation cannot be used to calculate the instantaneous electromagnetic torque. It cannot depict the variation of torque correctly which implies that the optimal currents cannot be obtained to reduce the torque ripple.

The synchronous reluctance machine is usually controlled by regulating d-axis and q-axis currents. Hence, the torque Eq. ( 2) can be rewritten [START_REF] Wu | Etude de l'influence de la saturation sur la réduction des ondulations de couple d'une machine synchrone à réluctance variable[END_REF] as 

𝑇
In Eq. ( 5), the currents of d-axis and q-axis are calculated from stator currents 𝑰 𝑑𝑞 = 𝑪 32 (𝜃)𝑰 𝑎𝑏𝑐 [START_REF] Sanada | Torque ripple improvement for synchronous reluctance motor using asymmetric flux barrier arrangement[END_REF] The power invariant transformation matrix [START_REF] Doc | Inverter topology comparison for remedial solution in transistor faulty case[END_REF] and the stator currents are represented by 𝑪 32 (𝜃) = √2 3 ⁄ ( cos 𝜃 cos (𝜃 - 

Where I m is the maximal value of stator current and β is the current angle which can represent the relation between

I d and I q 𝐾 𝑑𝑞 = tan 𝛽 = 𝐼 𝑞 𝐼 𝑑 (9) 
Besides, replacing I q in Eq. ( 5) by Eq. ( 9), the torque can be expressed by

𝑇 𝑒 = 𝑃 2 [1 𝐾 𝑑𝑞 ]𝑪 32 𝜕𝑳(𝜃) 𝜕𝜃 𝑪 32 𝑇 [ 1 𝐾 𝑑𝑞 ] 𝐼 𝑑 2 = 𝐾 𝑡 (𝜃)𝐼 𝑑 2 (10) With 𝐾 𝑡 (𝜃) = 𝑃 2 [1 𝐾 𝑑𝑞 ]𝑪 32 𝜕𝑳(𝜃) 𝜕𝜃 𝑪 32 𝑇 [ 1 𝐾 𝑑𝑞 ]
The torque function K t (θ) is defined as the function of the stator inductances and the current angle. On the other hand, K t (θ) can also be calculated by

𝐾 𝑡 (𝜃) = 𝑇 𝑒 𝐼 𝑑 2 (11) 
If the sinusoidal currents are supplied into the SynRM, the electromagnetic torque can be measured. As a result, it does not use the stator inductances to calculate K t (θ). Furthermore, in this paper, it's preferable to apply the maximum torque per ampere (MTPA) control strategy [START_REF] Niazi | Robust maximum torque per ampere (MTPA) control of PM-assisted SynRM for traction applications[END_REF][25] which means I d equals I q and the efficiency of SynRM is maximal. Namely, β is 45° and K dq equals 1. 2) is very close to the torque exported from Flux 2D. However, the torque calculated by Eq. ( 4) is constant. Therefore, the general torque expression which is same to equation ( 10) is confirmed and can be applied to represent the torque ripple and to reduce torque ripple.

Besides, K t (θ) is calculated for different currents (I m =10A, 20A, 30A and 40A), but for the same current angle.

According to Fig. 4, it can be seen that the torque function K t (θ) is a function of the rotor position and for different stator currents, it is independent of stator current (I m ) when saturation is neglected. If the current angle is selected as the optimal value to get maximum torque and if the saturation can be negligible, the relation between electromagnetic torque and stator current is fixed. Therefore, the torque function K t (θ) can be applied to reduce the torque ripple without knowing the stator's inductances.

The reduction of torque ripple

In the last part, for different stator currents, the torque function K t (θ) is nearly the same. Although, K t (θ) is not constant, but at each rotor position, it can be viewed as constant. So the constant torque can be applied to calculate the corresponding optimal currents by Eq. ( 12). c) Furthermore, the constant torque reference T ref which is the average torque produced by the sinusoidal currents and torque function K t (θ) are used to obtain the optimal current of d-axis and q-axis (I dq_opti ) as shown by Eq. ( 12). d) Then, the stator currents (I abc_opti ) can be calculated by the inverse of Park transformation as shown in Eq. ( 13).

e) Supplying the optimal stator currents into the SynRM, the compensated torque (T e_opti ) can be obtained; if the result is not satisfied because of saturation, the torque function should be recalculated.

f) At last, the results are analyzed in the post processing stage.

From Fig. 5 it can be concluded that the proposed method does not need the stator inductances because the torque function K t (θ) contains the stator inductances' information and it can be easily calculated by finite element analysis. According to Eq. ( 10), the optimal currents of dq-axis can be calculated

𝐼 𝑑𝑞_𝑜𝑝𝑡𝑖 = √ T 𝑟𝑒𝑓 𝐾 𝑡 (𝜃) (12) 
The optimal currents of stator can be calculated by the optimal currents of dq-axis reference frame 𝑰 𝑎𝑏𝑐_𝑜𝑝𝑡𝑖 = 𝑪 32 𝑇 (𝜃)𝑰 𝑑𝑞_𝑜𝑝𝑡𝑖 [START_REF] Tu | Modeling and experimental validation of internal faults in salient pole synchronous machines including space harmonics[END_REF] 3 Simulation of torque ripple reduction

The optimal currents

Fig. 6 The optimal currents of d-axis and q-axis Fig. 7 The optimal currents of stator

To test the proposed method, simulation has been implemented in Flux2D.The supplied stator currents are sinusoidal (I m =30A). The constant torque reference is set as 0.2051Nm which is the mean value of the torque obtained by Flux 2D as shown in Fig. 3.

As shown in Fig. 6, the optimal I d_opti is variable, while I d calculated by sinusoidal currents is constant. Fig. 7 presents the optimal currents of three phases of stator which contain many harmonics. To minimize the torque ripple, the optimal currents should be supplied into the SynRM. Therefore, the currents are analyzed by fast Fourier transform (FFT) to obtain their analytical expressions. For example, I a_opti which contains up to the 25th harmonic is given by Eq. ( 14). It can be seen that in addition to the fundamental current, the orders of currents' harmonics 

Where 𝜃 𝑒 is the rotor's electrical position.

To simplify the expressions, the optimal stator currents are defined

𝑰 𝑎𝑏𝑐_𝑜𝑝𝑡𝑖 = [ ∑ 𝐻 𝑖 𝑐𝑜𝑠(𝑖(𝜃 + 𝜑 𝑖 )) 𝑖=1,6𝑛±1 ∑ 𝐻 𝑖 𝑐𝑜𝑠 (𝑖 (𝜃 - 2𝜋 3 + 𝜑 𝑖 )) 𝑖=1,6𝑛±1 ∑ 𝐻 𝑖 𝑐𝑜𝑠 (𝑖 (𝜃 + 2𝜋 3 + 𝜑 𝑖 )) 𝑖=1,6𝑛±1 ] ( 15 
)
Where H is the amplitudes of the harmonics of the stator currents; i is the order of the harmonics and it can be expressed as 6n±1 when i>1 and n is positive integer; 𝜑 𝑖 is the phase of the currents' harmonics.

As stated in [START_REF] Pellerey | Active reduction of electrical machines magnetic noise by the control of low frequency current harmonics[END_REF], the 5th and 7th harmonics of stator currents become the 6th harmonic in the d-q reference frame. It is assumed that there exists the similar relation between the harmonics of stator currents and the harmonics of torque. For example, the 5th and 7th harmonics of stator currents compensate the 6th harmonic of torque. m is defined as the order of torque harmonics. Therefore, to minimize the mth harmonic, the optimal stator currents should contain at least the (m-1)th and the (m+1)th harmonics.

The compensated torque

After having obtained the optimal currents, torque ripple reduction can be analyzed. The optimal currents containing different orders of harmonics are supplied as expressed in Eq. [START_REF] Mah. Rasid | Simple lumped parameter thermal model with practical experimental fitting method for synchronous reluctance machine[END_REF]. In this part, to reduce mth torque harmonic, the optimal current harmonics whose order are not larger than (m+1)th are all supplied. For instance, the optimal currents when i=13 contain the fundamental, 5th, 7th, 11th, 13th harmonics. The analysis of this section does not consider the effect of saturation which will be studied in the fourth part.

The results of the compensated torque are presented in Fig. 8. And with different values of i which means different compensations of torque ripple, the average torque and torque ripple are presented in Fig. 9 and in Fig. 10. Besides, when i=0, the results in Fig. 10 are produced by sinsusoidal currents which means that the torque is uncompensated.

Fig. 8 The results of optimized torque 

Where T max , T min and T mean are the maximal value, minimal value and mean value of torque respectively. Fig. 8 presents that compared with uncompensated torque, the torque ripple is reduced greatly with the optimal currents.

The average torque in Fig. 9 is nearly constant 0.2051Nm which equals the constant torque reference. Moreover, it can be noticed that with more currents' harmonics, the torque ripple is reduced greater from 109.08% to 5.08%

as presented in Fig. 10. When the order of current harmonic is 19, the rest of torque ripple becomes below 10%.

According to the results presented by Fig. 9 and Fig. 10, the torque ripple is minimized and the average torque is not changed. It implies that the currents' harmonics are mainly applied to reduce the torque ripple and have little influence on the average torque. Firstly, it can be concluded that the 6th, 12th, 18th and 24th harmonics of torque are decreased greatly respectively with supplying the corresponding optimal currents (i=7, [START_REF] Tu | Modeling and experimental validation of internal faults in salient pole synchronous machines including space harmonics[END_REF][START_REF] Lee | Torque ripple reduction of interior permanent magnet synchronous motor using harmonic injected current[END_REF][START_REF] Moghaddam | Theoretical and experimental reevaluation of synchronous reluctance machine[END_REF]. For example, compared with the torque without compensation, the 6th torque harmonic of the compensated torque produced by the optimal current when its order i=7, is reduced greatly. It implies that the relation between the harmonics of stator currents and the harmonics of torque really exists. (m-1)th and the (m+1)th currents' harmonics can reduce the mth (m=6,12,...) torque harmonic. Therefore, before selecting the optimal currents, it's better to analyze the original torque to find out the orders of torque harmonics which cause severe ripple and should be compensated. And then the optimal currents with appropriate order of harmonic can be defined ahead. For instance, if the 6th, 12th and18th torque ripple should be reduced (torque ripple is below 10%) for the studied machine, it's better to supply the stator currents with the 5th, 7th, 11th, 13th, 17th and 19th harmonics (i=19).

Furthermore, compared with the 6th harmonic of torque when i=7, the 6th torque harmonic when i=13, 19 and 25 is much reduced. The similar conclusion can also be drawn for the 12th torque harmonic (i=13, 19 and 25) and 18th torque harmonic (i=19 and 25). It means that there exist couplings among the harmonics of currents.

Decreasing mth torque harmonic could also reduce the lower order (<m) torque harmonic further.

In addtition, according to the average torque and torque ripple reduction of the studied machine, the optimal order of the current harmonics is 19. But the frequencies of currents' harmonics are proportional to the rotor's speed. Higher speed will lead to higher frequencies of current harmonics. However, the current's frequencies will be restricted by the frequency of closed loop control and the PWM's frequency. As a result, the seletion of the optimal order will be influenced by control loop's bandwidth and PWM's frequency.

For example, if the frequency of PWM(F PWM ) is set as 10kHz, to get better operation of the machine and for safety, the maximal frequency (F imax =1000Hz) of current hamonic is defined as one tenth of F PWM . So the reduction of torque ripple can be limited by the PWM's frequency because this frequency will limit the frequencies of current harmonics. As presented in Fig. 12, if the rotor speed is below 1200rpm, the 25th current harmonic can be applied to reduce the 24th torque harmonic. When the speed is increased, the maximal order of current harmonics should be decreased which means 24th torque ripple cannot be compensated.

Besides, if high order torque harmonic which causes serious torque ripple exists and the machine is also desired to operate at high speed, F PWM should be increased. For example, in Fig. 12, if F PWM is improved from 10kHz to 20kHz, the 25th current harmonic can be applied and the machine could also operate at higher speed (2400rpm).

Nevertheless, high frequency PWM may result in undesired noise and increase losses. In conclusion, this limit depends on the order of torque ripple which should be minimized. For different machines, the orders could be different. Usually, the lower orders (6th and 12th ) of torque harmonic are more important.

Effect of saturation on the proposed method

Magnetic saturation is not considered in the previous study. However, according to Fig. 7, it can be seen that the amplitude of the optimal current is higher than that of sinusoidal current which means the optimal current can result in saturation easier than the sinusoidal current. Hence, it is necessary to study when and how the proposed method could cause saturation and the effect of saturation on reduction of torque ripple in the synchronous reluctance machine.

The average values of the inductances of dq-axis are calculated by finite element method to represent the variation of saturation [START_REF] Wu | Etude de l'influence de la saturation sur la réduction des ondulations de couple d'une machine synchrone à réluctance variable[END_REF]. As shown in Fig. 13, L d and L q are decreased as the stator current becomes larger. It can be seen that saturation can be negligible when I m is smaller than 50A for the studied machine, small if I m is between 50A and 60A and noticeable when I m is larger than 60A. Therefore, the proposed method is applied when I m equals 50A (sinusoidal currents) to study the influence of saturation. To compare the results of torque ripple reduction with and without magnetic saturation, the maximum current harmonic order is fixed to 25. Torque ripple is then decreased to 5.08% without saturation as illustrated in Fig. 10. Although, the saturation could increase the orders of optimal current harmonics from 25th to 37th, the emerging harmonics (29th and 31th, 35th and 37th) have very small amplitudes and their influence on the torque ripple reduction could be neglected. So the maximal order of optimal current harmonic is considered as 25.

The maximal value of the optimal current (I c50A1 as shown in Fig. 14) of the sinusoidal current I c50A is 68.4A which can result in serious saturation according to Fig. 13. As a result, the compensated torque T e50A1 as shown in Fig. 15 has still high harmonics. The rest of torque ripple (23.84%) is much larger than that obtained when the saturation is negligible in Fig. 8 which is 5.08%. Hence, the saturation resulting from the optimal currents could deteriorate the compensation of torque ripple and reduce the effectiveness of the proposed method. Then the effect of saturation on torque ripple reduction is analyzed. When saturation is not negligible, the inductances of SynRM will be decreased. Since the torque function K t (θ) contains the information of stator inductances, it can be affected by saturation. K t (θ) should be recalculated for the purpose of obtaining new optimal currents to reduce torque ripple and to clarify how the saturation affects the proposed method.

According to the procedures presented in Fig. 5, two more torque functions, K t50A1 and K t50A2 , are calculated and presented in Fig. 17. The process is introduced in Fig. 16. T e50A is the uncompensated torque produced by sinusoidal current (I m =50A, I d50Asin is the current in d-axis). K t50A is the torque function calculated by T e50A and I d50Asin . The torque function K t50A is identical to K t30A in Fig. 17 which means the saturation when I m =50A is negligible. The constant torque reference T ref is the average value of T e50A . K t50A1 and K t50A2 are applied to obtain the optimal currents I d50A2 and I d50A3 .The corresponding optimal stator currents I c50A2 and I c50A3 are presented in Fig. 14. It's obvious that the saturation is worse from I c50A to I c50A3 .

The compensated torques produced by I c50A1 , I c50A2 and I c50A3 are introduced in Fig. 15. The compensated torques have low ripple harmonics at some positions, for example from 20° to 40°. But the torque harmonics in Fig. 15 are still a little high. The minimal values of the compensated torques appear regularly. It's supposed that saturation results in this phenomena. The torque can be viewed as the product of torque function and current of daxis. Therefore, the corresponding optimal currents I d50A1 , I d50A2 and I d50A3 of the optimal stator currents I c50A1 , I c50A2 and I c50A3 are presented in Fig. 18 in order to explain the residual 6th torque harmonic. It's obvious that these optimal currents are periodical and contains harmonics. Consequently, the saturation is changed periodically. For instance, when I d50A1 becomes bigger than 50A, saturation becomes serious. As a result, K t50A1 becomes smaller than K t50A . When I d50A1 becomes smaller than 50A, saturation becomes negligible. Therefore, K t50A1 becomes identical to K t50A .

Taking the most serious position for example, when I d50A1 =61.51A at θ=15.3°, the saturation at the current I d50A1 becomes worse compared with the saturation when I d50A =43.3A at θ=15.3°. The difference between K t50A1 and K t50A is large. But the optimal current I d50A1 is calculated by K t50A . Consequently, the electrical torque (0.4565Nm in Fig. 15 ) produced by I d50A1 and the actual K t50A1 is much smaller than the constant torque reference (0.5669Nm). The similar conclusion can be obtained for the other compensated torques produced by the optimal currents such as I d50A2 and I d50A3 . Hence, when the optimal current is not large enough to cause serious saturation, the torque ripple can be reduced greatly; if the optimal current exceeds a threshold value which causes noticeable saturation, the torque ripple cannot be reduced completely. The residual torque harmonics depend on the difference between the torque function which is applied to calculate the optimal currents and the actual one produced by saturation. According to Fig. 13 the maximal value of the optimal current is limited to 60A which means the saturation is not serious. Based on the proposed method, after several simulations, the maximal value of sinusoidal currents which can avoid saturation is found. Fig. 20 shows the optimal currents for different sinusoidal currents and the results are presented in Table 1. It can be seen that when I m =44A, the maximal value of its corresponding optimal currents is about 60A and the rest torque ripple is 9.73% which is satisfying. So the proposed method can provide the best compensation for the studied machine when I m is not larger than 44A. However, when I m is larger than 44A, torque ripple can also be reduced, but the rest of torque ripple depends on the saturation which is related to the amplitude of the optimal currents.

Copper losses analysis

As presented in the previous section, compared with the sinusoidal current, the corresponding optimal currents are larger and have many harmonics which could increase the losses. It is interesting to evaluate the increased losses and know how the compensation of torque ripple affects the losses. The copper losses are about 96% of the losses of the studied machine and the iron losses are very small. So the iron losses are neglected in this part.

The copper losses consumed by the resistance of a three phases SynRM can be represented

𝑃 𝑐 = 3𝐼 𝑟𝑚𝑠𝑜𝑝𝑡𝑖 2 𝑅 (17) 
The root mean square value 𝐼 𝑟𝑚𝑠𝑜𝑝𝑡𝑖 of the optimal currents which contain many harmonics can be expressed

𝐼 𝑟𝑚𝑠𝑜𝑝𝑡𝑖 = √∑ 𝐼 𝑖 2 2 𝑖=1,5,7… (18) 
Where I i is the maximal value of each current harmonic.

Based on [START_REF] Jia | Torque ripple suppression in flux-switching PM motor by harmonic current injection based on voltage space-vector modulation[END_REF], the increased copper losses resulted by reducing torque ripple can be expressed

∆𝑃 𝑐 = 3 (∑ 𝐼 𝑖 2 2 𝑖=1,5,7… -𝐼 𝑟𝑚𝑠𝑠𝑖𝑛 2 ) 𝑅 (19) 
Where I rmssin is the root mean square value of corresponding sinusoidal current.

Besides, different compensations of torque ripple require different harmonics of the optimal currents which can cause different increased copper losses. Therefore, the torque ripple compensation can affect the losses and it should consider the torque ripple reduction and copper losses together to choose the optimal order of current's harmonics. The copper losses of the studied machine by supplying different current's harmonics are calculated by [START_REF] Jia | Torque ripple suppression in flux-switching PM motor by harmonic current injection based on voltage space-vector modulation[END_REF] and presented in Fig. 21 (a). When i=0, it means the losses caused by sinusoidal current whose amplitude is 30A and there is no compensation of torque ripple. When i=1, it means the losses caused by first harmonic of the optimal currents which is 31.58A and is sinusoidal as presented in [START_REF] Wu | Analysis and minimization of torque ripple in synchronous reluctance machine by supplying non-sinusoidal currents[END_REF]. For the other values of i, the definition can be found in [START_REF] Mah. Rasid | Simple lumped parameter thermal model with practical experimental fitting method for synchronous reluctance machine[END_REF].

It can be concluded that compared with the copper losses produced by sinusoidal currents, the copper losses caused by the optimal currents are much larger. Because it needs current harmonics to reduce torque ripple which results in the increased copper losses. Besides, with more currents' harmonics, the copper losses are increased larger. For instance, the copper losses are increased from 297W to 341.16W when the sinusoidal currents is replaced by the optimal currents which contain 25th harmonic.

What's more, when i=1, the increased copper losses is the largest. Because the first current harmonic (31.58A) of the optimal current (as presented by ( 14)) is a little larger than the original sinusoidal current (30A). Therefore, the copper losses produced by this current harmonic is increased greatly. But the torque ripple produced just by the first current harmonic of the optimal current will not be reduced. The optimal current contains all the harmonics besides the first current component. The other current harmonics (5th, 7th, 11th, 13th…) cannot reduce torque ripple without the first component (31.58A) and vice versa. So the increased copper losses resulted by the first component of the optimal current are also considered to reduce torque ripple. On the other hand, for SynRMs with other rotor topologies such as massive rotor and flux barriers rotor, the amplitudes of the first current harmonics are increased very small and the copper losses produced by this current harmonic are also very small [START_REF] Wu | Comparison of torque ripple reductions and copper losses of thre e synchronous reluctance machines[END_REF].

Considering the torque ripple reduction, the increased copper losses can be analyzed. Torque ripple in Fig. 10 is reduced from 109.08% to 5.08 %, while the increased copper losses by reducing one more torque harmonic are much less increased. For example, the increased copper losses by decreasing the torque ripple from 61.55% to 25.68% are 2.0W (from 41.9W to 43.9W in Fig. 21 (b)); when the increased copper losses by decreasing the torque ripple from 25.68% to 8.55% are even smaller 0.2W. It means that adding higher order current harmonics (i >7), the copper losses are increased slower. And the copper losses increased by adding two more current harmonics can be negligible when torque ripple is decreased to a threshold value which is 25.68% for the studied machine.

The different increased copper losses produced by decreasing different order torque ripple can be explained from the view of the torque ripple reduction. It can be seen that for the harmonics of the torque without compensation in Fig. 11, the 6th harmonic of torque ripple is larger than other torque harmonics and to reduce this harmonic, it needs larger current harmonics. As a result, the increased copper losses (without considering the losses caused by the fundamental current harmonic) are mainly used to decrease the 6th torque ripple. The copper losses consumed to reduce the torque harmonics whose order are higher than 6 are very small and can be neglected.

Therefore, the selection of the order of current's harmonics depends mainly on the requirement of torque ripple reduction.

Conclusion

In this paper, a method to decrease torque ripple of synchronous reluctance machine is proposed. The torque function is defined to calculate the optimal non-sinusoidal currents in order to minimize torque ripple. It does not need to obtain the stator inductances which can save effort. Results of simulation in Flux 2D verified the method.

The torque ripple can be reduced from 109.08% to 5.08%. Besides, it can be found that each pair of current harmonics (6n±1) can be applied to reduce the corresponding torque ripple (6n). To minimize torque ripple below 10%, the optimal current should contain at least the 19th harmonic for the studied machine.

The torque ripple reduction can be efficiently satisfied under the instantaneous current limit of 60A for our machine. However, the saturation can affect the proposed method for higher current. Torque ripple compensation needs then to compute again the torque function in saturation conditions according an iterative process.

Thirdly, the increased copper losses produced by adding different current harmonics are also analyzed. This method increased the fundamental harmonic of the optimal current which could produce most copper losses. It also showed that to decrease the larger torque ripple whose order is low, causes more losses. To reduce the high frequency torque ripple requires little losses.

In the future, several points can be studied. The research will focus on experiment to verify the method further.

Besides, the iron losses, inverter losses produced by the current harmonics should also be analyzed. At last, the torque ripple reduction could influence vibration and acoustic noise of synchronous reluctance machines. It will be studied later.
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 3 Fig. 3 Torques obtained by Flux 2D and calculations Fig. 4 The torque function Kt(θ) for different currents Simulations have been implemented in Flux 2D to verify the general torque equation Eq. (2) and Eq. (10). The maximal value of current is 30A (I m ). As shown in Fig. 3, torque ripple of the studied SynRM is severe and it should be minimized. What's more, the torque obtained by Eq. (2) is very close to the torque exported from Flux
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 5 Fig. 5 The proposed method to reduce torque ripple The method to minimize the torque ripple can be resumed by the following steps and is shown in Fig. 5. a) At first, the sinusoidal currents are supplied into the machine, and the torque with high harmonics T e is obtained. b) Besides, the torque function K t (θ) can be calculated by torque T e and the current of d-axis I d . It should be emphasized that this parameter can be calculated just for one time and then can be used for different input currents if saturation is negligible and current angle is fixed.
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 13 Fig. 13 Variations of Ld and Lq for different Im Fig. 14. The optimal stator current (Im=50A,i=25)
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 17 Fig. 17The torque function Kt(θ) at different saturation Fig. 18 Optimal currents IdWhat's more, the influence of saturation on the compensation of different torque harmonics is also presented in Fig.19. Compared with the reduction of torque ripple when saturation is serious, the compensation without saturation (∆T 30A ) presents less residual torque ripple at each compensation especially for the high torque harmonics. For example, when i=25, the torque harmonics whose order is below 24th are compensated. If saturation is negligible, the residual torque ripple is 5.08% while the residual torque ripple with saturation (∆T 50A1 , ∆T 50A2 and ∆T 50A3 ) is about 20%. Besides, compared the three compensations with saturation, the ∆T 50A1 presents higher residual torque ripple than ∆T 50A2 and ∆T 50A3 . Because the increased saturation from I d50A to I d50A1 is worse than that caused by changing the optimal current from I d50A1 to I d50A2 or from I d50A2 to I d50A3 . The saturation deteriorates the torque ripple reduction.
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 19 Fig. 19 Residual torque ripple Fig. 20 The optimal currents for different sinusoidal currents

  Fig. 21 The copper losses with different current's harmonics (i)

Table 1

 1 Results of three different currents

	Im	35A	42A	44A
	Ioptimax	47.99A	57.56A	60.28A
	Te	7.49%	8.73%	9.73%