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Abstract

:

The main objective of this work revolves around the design of second order sliding mode controllers (SOSMC) based on the super twisting algorithm (STA) for asynchronous permanent magnet motor (PMSM) fed by a direct matrix converter (DMC), in order to improve the effectiveness of the considered drive system. The SOSMC was selected to minimize the chattering phenomenon caused by the conventional sliding mode controller (SMC), as well to decrease the level of total harmonic distortion (THD) produced by the drive system. In addition, the literature has taken a great interest in the STA due to its robustness to modeling errors and to external disturbances. Furthermore, due to its low conduction losses, the space vector approach was designated as a switching law to control the DMC. In addition, the topology and design method of the damped passive filter, which allows improvement of the waveform and attenuation of the harmonics of the input current, have been detailed. Finally, to discover the strengths and weaknesses of the proposed control approach based on SOSMC, a comparative study between the latter and that using the conventional SMC was executed. The results obtained confirm the effectiveness of SOSMC over the conventional SMC under different operating conditions.
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1. Introduction


The direct matrix converter (DMC) is an AC–AC converter that converts electrical energy directly without any intermediate element, by the connection of each phase of the load by any one of three phases in the grid side for each time, according to a suitable switching algorithm [1,2,3]. The DMC requires fully controlled bidirectional switches, which allow operation in four-quadrants, bidirectional power flow, and adjustable power factor (Figure 1) [4,5]. According to the literature, space vector modulation (SVM) is the most popular approach for many researchers to control the DMC, since it exhibits low conduction losses [1,6]. To improve the input current waveform, to therefore reduce the harmonic distortion rate, the DMC must be connected to the grid via a passive filter. There are various topologies that have been proposed in research works [1,2,7,8,9,10]; however, the passive filter with a damping resistor connected in parallel with the inductor has been strongly recommended for DMC [7,8]. Due to it is many previously mentioned advantages, it is estimated that the DMC will become the most popular candidate in the variable speed field, especially in drive and generation systems.



Recently, due to its exceptional advantages—high efficiency and power density, low inertia, operating with a power factor unit, and excellent reliability with low maintenance cost—the permanent magnet synchronous machine (PMSM) has become the most suitable candidate in the academic and industrial sector, for drive and generation applications, especially in the systems where quick torque response without any overshoot is required [11,12,13]. Conventionally, the PMSM is supplied by a back to back converter. Actually, thanks to the development of microelectronics and computer technology, the DMC is becoming the most suitable converter for PMSM, with regard to the excellent performances it provides [1,9,14,15].



Several approaches have been suggested in the literature to control the PMSM. However, it can be mentioned that vector orientation control (VOC) and direct torque control (DTC) are the most used techniques, up to the present time, due to their satisfactory performance [1,9,11,14,15,16]. Exceptionally, other control methods based on the predictive model and on feedback linearization have been introduced in the work [17,18,19]. However, the advantages provided by these methods are not sufficiently significant if taking into account their complexities to implement. Concerning DTC control, the issue of high torque ripple in low speed operation was the major obstacle of this method [14]. Therefore, VOC still remains one of the most preferred techniques, especially with regard to its high performance as well as its simplicity and ease of implementation. However, the use of PI controllers leads to a degradation of the performance of the VOC, with respect to the variation of parameters and operation at high speeds [1,2]. Thus, the use of robust controllers is highly recommended to improve the performance of VOC. According to the literature, it is found that the sliding mode controllers (SMCs) exhibit a very high effectiveness with regard to decoupling, robustness, and insensitivity to parameter variations and external disturbances [1,14,15].



Despite the high performance provided by the conventional so-called first-order SMCs, the presence of the chattering phenomenon (high frequency oscillations due to controller switching) is a major drawback for this type of controller [12,20,21,22]. To overcome this problem, the second order sliding mode controller (SOSMC) based on the super-twisting algorithm (STA) has been strongly suggested as a solution to reduce the impact of chattering. Since, the STA has proven its robustness in terms of precision against the errors of modeling and the disturbances [12,21].



The objective of this work is focused on the design of SOSMCs based on the STA for the vector control of PMSM fed by the DMC, in order to improve the effectiveness and robustness of the considered drive system. In this context, the SOSMC was selected to minimize the chattering phenomenon caused by the conventional SMC, as well to decrease the level of total harmonic distortion (THD). A simple method was chosen among several existing in the literature to design the SOSMC based on STA in an easy way. The vector control was implemented taking into account the orientation of the stator current along the d axis of the synchronous reference frame fixed to the rotor. On the other side, the SVM strategy has also been implemented to control the DMC due to its success with regard to its reduced conduction losses. In addition, the topology and design method of the damped passive filter, which allows the improvement of the waveform and the attenuation of the harmonics of the input current, have been well detailed. Finally, to discover the strengths and weaknesses of the proposed control approach based on SOSMC, a comparative study between the latter and that using the conventional SMC was executed.




2. Modeling and Control Strategy


2.1. Modeling of PMSM


Assuming that the operating conditions are balanced, the distribution of windings is symmetrical, the magnetic circuits are linear, and the magnetic field is sinusoidal in the air gap, the PMSM can be represented in the synchronous reference related to the rotor, as shown by Figure 2 [1,16].



The stator voltage equations are given by


    {     v d  =  R s   i d  +   d  φ d    d t   −  ω  s y n    φ q  ,       v q  =  R s   i q  +   d  φ q    d t   +  ω  s y n    φ d  ,        



(1)




where    φ d  =  L d   i d  +  φ  p f    ,    φ q  =  L q   i q   ,    ω  s y n   =  n p   ω m   .



The development of Equation (1) allows for the writing of


    {      d  i d    d t   = −    R s     L d     i d  +  ω  s y n      L q     L d     i q  +  1   L d     v d  ,        d  i q    d t   = −    R s     L d     i q  −    ω  s y n      L q    (  L d   i d  +  φ  p f   ) +  1   L q     v q  ,         d  ω m    d t   =  1 J  (  T e  −  T L  − B  ω m  ) ,        



(2)







The electromechanical torque is determined by


   T e  =  3 2   n p   [  (  L d  −  L q  )  i d   i q  +  ϕ  p f    i q   ]  ,  



(3)







	
vd, vq, id, iq, φd, φq: d-q components of stator voltages, currents, and flux;



	
φpf: the permanent rotor flux;



	
Rs, Ld, Lq: the resistance, and direct and quadratic inductances of the stator;



	
TL, ωsyn, ωm, np: the load torque, synchronous and rotor speeds, and the number of pole pairs;



	
J, B: the rotor inertia and the viscous friction coefficient.







2.2. Stator Current Orientation Control


The objective of this strategy is to control the PMSM in a way that achieves a behavior similar to that of the DC motor. For that, the current vector of the stator must coincide with the axis q; therefore, its component d is zero [1,14]. In this condition, Equation (3) can be reduced as


   T e  =  3 2   n p   φ  p f    i  q r e f   ,  



(4)







From (2), assuming that


   {     v d  =  v d    1  −  e d  ,      v q  =  v q    1  +  e q  ,      



(5)




where


    {     v  d 1   =  R s   i d  +  L d    d  i d    d t   ,       v   q 1    =  R s   i q  +  L q    d  i q    d t   ,        



(6)




and


    {     e d  =  L q   ω  s y n    i q  ,       e q  =  ω  s y n   (  L d   i d  +  φ  p f   ) ,        



(7)




ed and eq are the terms that must be compensated to have a decoupled control of id and iq.




2.3. Design of Conventional Sliding Mode Controllers (SMC)


To ensure good tracking, timely and accurate response, and insensitivity to changes in drive system parameters, three sliding mode controllers have been designed to control the speed and both components of the stator current.



2.3.1. For the Speed


For the speed, the sliding surface is chosen as


   S ω  =  ω  m r e f   −  ω m  ,  



(8)







The derivative of (8) is deduced by considering (2) and (4)


    S ˙  ω  =   ω ˙   m r e f   −  1 J  (  3 2   n p   φ  p f    i  q r e f   −  T L  − B  ω m  ) ,  



(9)







The reference control variable is expressed as follows:


   i  q r e f   =  i q     e q   +  i q    n  ,  



(10)




iqeq and iqn are the equivalent and switching components of the control variable, respectively.



The equivalent component is deduced in the mode of sliding mode (    S ˙  ω  = 0  ) [1,2,23], which gives


   i q     e q   =  2 3   (    J   ω ˙   m r e f   +  T L  + B  ω m     n p   φ  p f      )  ,  



(11)







The switching component of the controller is expressed by


   i  q n   =  K ω  s i g n (  S ω  ) ,  



(12)







To guarantee the convergence condition, the Lyapunov equation must be verified [1,23]


   V ˙  =  S ω    S ˙  ω  < 0 ,  



(13)







By replacing (12) and (11) in (10), and then in (9), which allows the writing of


    S ˙  ω  = −  3  2 J    n p   φ  p f    K ω  s i g n (  S ω  ) ,  



(14)







Consequently, the condition (12) is verified when


    {    i f     sign ( S  ω  ) > 0 ⇒   S ˙  ω  < 0 ,        i f      sign ( S   ω  ) < 0 ⇒   S ˙  ω  > 0 ,          



(15)




Thus, Kω is a positive constant.




2.3.2. For the id and iq


The id and iq current controllers are designed with the same procedure as that of the speed controller. The sliding mode surfaces are defined by


   {     S d  =  i  d r e f   −  i d  ,      S q  =  i  q r e f   −  i q  ,      



(16)







The derivative of (16) is


   {      S ˙  d  =   i ˙   d r e f   −   i ˙  d  ,       S ˙  q  =   i ˙   q r e f   −   i ˙  q  ,      



(17)







The reference voltages are given by


   {     v  d 1 r e f   =  v d     e q   +  v d    n  ,      v  1 q r e f   =  v q     e q   +  v q    n  ,      



(18)







Taking into account the condition of the sliding mode, the equivalent components of voltage can be deduced from Equations (17) and (2), as following


    {     v d     e q   =  L d    i ˙   d r e f   +  R s   i d  −  ω  s y n    L q   i q  ,       v q     e q   =  L q    i ˙   q r e f   +  R s   i q  +  ω  s y n    L d   i d  +  ω s   φ  p f   ,        



(19)







The switching components have as expressions


   {     v d    n  =  K d  s i g n ( S d ) ,      v q    n  =  K q  s i g n ( S q ) ,      



(20)







Considering the Lyapunov condition, Kd and Kq are positive constants.





2.4. Design of Second Order Sliding Mode Controllers (SOSMC)


The equivalent components of iqref, vdref and vqref are the same obtained by Equations (11) and (19). Only the expressions of the switching components will change.



2.4.1. For the Speed


The second derivative of (9) has the form [12,20,24]


    S ¨  ω  = ψ ( t , x ) + ζ ( t , x )   i ˙   q r e f   ,  



(21)












	
   | ψ |  ≤ Φ  ,   Φ > 0  ,   0 <  Γ m  ≤ ζ ≤  Γ M   .



	
ψ(t,x) and ζ(t,x) are uncertain functions.








According to the STA, the switching component of iqref is defined as [21,23,24]


   i q    n  =  k  ω 1      |   S ω   |    1 / 2   s i g n (  S ω  ) +  k  ω 2     ∫  s i g n (  S ω  )    d t ,  



(22)







Considering the Lyapunov condition (13), Kd and Kq are positive constants.



The conditions of convergence in finite time to the sliding manifold are guaranteed if [12,20]


    {       k  ω 2   >  Φ   Γ m    ,        k  ω 1  2  ≥   4 Φ    Γ m 2       Γ M  ( W + Φ )    Γ m  ( W − Φ )   ,         



(23)







In the literature, there exists a simple formula which was proposed by [21,25], which also ensures the convergence conditions (   S ω  =   S ˙  ω  = 0  ), if the input signal is a measurable locally bounded function, and it has a derivative with Lipschitz’s constant Cω> 0.



This formula is given by


    {       k  ω 2   >  C ω  ,        k     ω 1    2  ≥ 4  C ω     k  ω 2   +  C ω     k  ω 2   −  C ω    ,         



(24)







In addition, the expression (24) can be approximated to [21,23,25]


   {       k  ω 1   = 1.5    C ω    ,        k  ω 2   = 1.1  C ω  ,        



(25)







The approach given by expression (25) makes it possible to obtain rapid convergence and high accuracy. However, it should be noted that this approach is valid only for bounded disturbances, which require a conservative upper limit when designing the controller to maintain the sliding mode regime [21,23].




2.4.2. For the id and iq


The id and iq current controllers are designed with the same procedure as that of the speed controller.



The switching components are defined by


    {     v d    n  =  k  d 1     |  S d  |   1 / 2   s i g n (  S d  ) +  k  d 2     ∫  s i g n (  S d  )    d t ,       v q    n  =  k  q 1      |   S q   |    1 / 2   s i g n (  S q  ) +  k  q 2     ∫  s i g n (  S q  )    d t ,        



(26)




where


   {       k  d 1   = 1.5    C d    ,        k  d 2   = 1.1  C d  ,        



(27)




and


   {       k  q 1   = 1.5    C q    ,        k  q 2   = 1.1  C q  ,        



(28)







To limit overshoot of the speed response, a low pass filter can be inserted for the reference speed [1,2].


   F ω  =  1  1 +  τ f  s   ,  



(29)










3. SVM Switching Algorithm for DMC


Considering that the voltage sources must not be in short circuit and the current sources must not be in open circuit, amongst the 27 possible configurations for DMC, just 21 possible switching states indicated by 18 vectors stationary (±1, ±2, ±3, ±4, ±5, ±6, ±7, ±8, ±9) and 3 null vectors (0a, 0b, 0c), are exploited by the SVM switching algorithm to generate the preferred output voltage vector vo and the input current vector ii for the DMC (See Table 1) [1,2,7]. The projection of the stationary vectors for the output voltage and input current in the plane (α, β) enables the shaping of two regular hexagons of six sectors each, so that the sector is bounded by two consequential vectors (Figure 3).



According to the position of two vectors vo and ii in the two hexagons, the SVM algorithm consists of selecting four stationary vectors which are applied for each modulation period to calculate the switching times (Table 2). In addition, the null vectors are also used to complete the modulation period. The switching times are calculated by the following equations [1,2]:


    {     δ 1  =  2   3     q v  sin  [   α o  − (  k v  − 1 )  π 3   ]  sin  [   π 6  −  (   α i  − (  k i  − 1 )  π 3   )   ]  ,       δ 2  =  2   3     q v  sin  [   α o  − (  k v  − 1 )  π 3   ]  sin  [   π 6  +  (   α i  − (  k i  − 1 )  π 3   )   ]  ,        δ 3  =  2   3     q v  sin  [   k v   π 3  −  α o   ]  sin  [   π 6  −  (   α i  − (  k i  − 1 )  π 3   )   ]  ,        δ 4  =  2   3     q v  sin  [   k v   π 3  −  α o   ]  sin  [   π 6  +  (   α i  − (  k i  − 1 )  π 3   )   ]  ,        δ 0  = 1 − (  δ 1  +  δ 2  +  δ 3  +  δ 4  ) ,        



(30)








	
qv = Vo/Vi is ratio of voltage;



	
αo, αi, kv, and ki are the phase angles and the sector number of     v →  o    and     i →  i   , respectively.









4. Damped Passive Input Filter


To improve the input current waveform, to therefore reduce the harmonic distortion rate, the DMC must be connected to the grid via a passive filter.



In context, the passive filter with a damping resistor connected in parallel with the inductor illustrated by Figure 4 has been strongly recommended for this type of converter [7,8].



Its transfer function is given by the following expressions


    V A  ( s ) =   (  L f  . s +  R d  +  R f  ) .  V  g A   ( s ) −  R d  . (  L f  . s +  R f  ) .  I A  ( s )    R d  .  L f  .  C f  .  s 2  + (  R d  .  R f  .  C f  +  L f  ) . s + (  R d  +  R f  )   ,   



(31)






    I  g A   ( s ) =   [  L f  .  C f  .  s 2  + (  R d  +  R f  ) .  C f  . s ] .  V  g A   ( s ) + [  L f  . s +  R d  +  R f  ] .  I A  ( s )    R d  .  L f  .  C f  .  s 2  + (  R d  .  R f  .  C f  +  L f  ) . s + (  R d  +  R f  )   ,   



(32)







The frequency ωn and damping factor ζ of the denominator are expressed by


    {     ω n  =      R d  +  R f     R d   L f   C f      ,      ξ =    R d   R f   C f  +  L f    2    R d   L f   C f   (  R d  +  R f  )      ,        



(33)







Considering that: Rd >> (Rd→∞) and Rf = few ohms. The expression (33) is simplified to


   {     ω n  =  1     L f   C f      ,      ξ =  1  2  R d         L f     C f      ,       



(34)








5. Results and Discussions


The performance and effectiveness of the current orientation control of the DMC-fed PMSM drive system using the SOSMC based on the STA, compared to that using the conventional SMC, are examined through a simulation study, considering Figure 5. The parameters of the drive system are illustrated in Table 3 [12]. Under the same conditions, the different robustness tests listed below were applied for the two types of controllers:




	
Startup mode (unloaded TL = 0), with a desired speed 100 rd/s (0–0.5 s);



	
From 0.5 to 2 s, the motor is loaded by a load of 10 N m, and after 2 s, the motor is unloaded again;



	
Parameters variation: Stator resistance from the value Rs to 2Rs (at t = 1.5 s) and rotor inertia from J to 2J (at t = 1 s);



	
Rotation direction reversing (2.5–3 s);



	
Under-speed operation (3–3.5 s);



	
Over-speed operation (3.5–4 s).








From the results illustrated in Figure 6, it was clear that the proposed control law (stator current-orientation control) provided good robustness and high performance regarding the excellent reference tracking, rapid response, and the in sensitivity to change of parameters. As well, the small mechanical time constant obtained for the speed is reflected the low inertia which characterizes the PMSM. The comparison study between the two types of sliding mode controllers used by the considered method makes it possible to know the strengths and weaknesses of each type.



The comparative analysis is summarized in the following points:




	
For the conventional SMC: from Figure 6a, it can be seen that the speed has a good tracking of its reference trajectory with a very short response time, with the exception of a negligible exceeding at the moment of application of the load torque (0.5–2 s). As can be seen, no influence was detected from the variation of the parameters (variation of Rs and J at t = 1.5 s and t = 1 s) on the performance of the control. According to the id and iq curves, it can be noted that a decoupled control has been maintained regardless of the operating mode of the drive system. However, the presence of chattering in the torque and current responses, as well as the high harmonic rate (THD = 5.296%; greater than 5%, it is not compliant to IEEE standard) constitute the weak points of the conventional SMC.



	
For the SOSMC: from Figure 6b, the good tracking, rapid response, decoupling between id and iq, and the insensitivity to parameters variation were also obtained by the SOSMC. Besides these advantages, this type of controller allows the attenuation of chattering, as well as it allows the obtainingof a low rate of harmonic distortion (THD = 3.223, compliant with IEEE standard).



To present this study in a more comprehensive way, Table 4, which summarizes all the points mentioned above, has been used.








Therefore, the comparison analysis clearly confirms the effectiveness and high performance of SOSMC over the conventional SMC for the different robustness tests, in terms of chattering attenuation and the low rate of harmonic distortion. Consequently, the SOSMC based on the STA constitutes an interesting solution for the systems, which require a high accuracy of the pursuit to the imposed reference trajectory, with very low chattering. This idea does not preclude exploiting other approaches that exist in the literature to further mitigate chattering; for example, SOSMC with adaptive gains, SOSMC associated with fuzzy logic.



Figure 7 shows the waveforms obtained by using the SOSMC controller.



From Figure 7, one can see that the waveform of stator voltage (vsa, vsab) is deduced from the input voltage and also the waveform of input current of the DMC (iA) is deduced from the output current of this later, by using a switching algorithm established by the SVM strategy. It can also be mentioned that the stator current (isa) has a nearly sinusoidal form.




6. Conclusions


The results obtained by simulation study clearly show the excellent robustness and high performance of the proposed control law for the permanent magnet synchronous motor fed by the direct matrix converter (PMSM-DMC) drive system, regarding good reference tracking, rapid response, and in sensitivity to change of parameters. On the other hand, the comparative study undoubtedly confirms that the second order sliding mode controller (SOSMC) provides interesting improvements over the conventional sliding mode control (SMC) in terms of chattering attenuation and reduction of harmonic distortion rate.



The passive filter with a damping resistor connected in parallel with the inductor is strongly required for the direct matrix converter (DMC). In this work, a simple and easy design method is proposed to calculate the parameters of this filter. This method achieves an almost sinusoidal current waveform in the grid side, which also allows reduction in the rate of harmonic distortion.



The solution proposed in this work is appropriate for all high dynamic performance applications where good tracking without chattering, accuracy, and a low level of harmonic distortion are highly required.



As a prospect for future research, the encouraging results obtained will constitute a solid basis for an experimental implementation of the proposed drive system. As the matrix converter (MC) is not really available for all researchers, this work was verified by simulation.
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Figure 1. Descriptive diagram of DMC fed PMSM drive system. 
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Figure 2. Two-phase representation of PMSM. 
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Figure 3. Vector hexagons formed by (a)     v →  o    and (b)     i →  i   . 
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Figure 4. Single phase presentation of passive filter recommended for the DMC. 
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Figure 5. Synoptic scheme of current-orientation control of the DMC-fed PMSM drive system using the SOSMC based on the STA and conventional SMC. 
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Figure 6. Simulation results of speed, electro-mechanical torque, d–q components of stator current and harmonic spectrum of input current in the grid side for each controller: (a) SMC; (b) SOSMC. 
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Figure 7. Waveforms of stator current, single and phase to phase voltage, and input current of DMC. 
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Table 1. Switching configurations.






Table 1. Switching configurations.











	Switching Configuration
	Switches On
	Switching Configuration
	Switches On





	+1
	SaASbBSbC
	−1
	SbASaBSaC



	+2
	SbAScBScC
	−2
	ScASbBSbC



	+3
	ScASaBSaC
	−3
	SaAScBScC



	+4
	SbASaBSbC
	−4
	SaASbBSaC



	+5
	ScASbBScC
	−5
	SbAScBSbC



	+6
	SaAScBSaC
	−6
	ScASaBScC



	+7
	SbASbBSaC
	−7
	SaASaBSbC



	+8
	ScAScBSbC
	−8
	SbASbBScC



	+9
	SaASaBScC
	−9
	ScAScBSaC



	0a
	SaASaBSaC
	0b
	SbASbBSbC



	0c
	ScAScBScC
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Table 2. Stationary vectors selected by SVM for each     v →  o    and     i →  i    sectors.
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Sector Number of     v →  o   




	

	
1

	
2

	
3

	
4

	
5

	
6




	
Switching Times

	
δ1δ2δ3δ4

	
δ1δ2δ3δ4

	
δ1δ2δ3δ4

	
δ1δ2δ3δ4

	
δ1δ2δ3δ4

	
δ1δ2δ3δ4






	
Sector number ii

	
1

	
−7 +9 +1 −3

	
+4 −6 −7 +9

	
−1 +3 +4 −6

	
+7 −9 −1 +3

	
−4 +6 +7 −9

	
+1 −3 −4 +6




	
2

	
+9 −8 −3 +2

	
−6 +5 +9 −8

	
+3 −2 −6 +5

	
−9 +8 +3 −2

	
+6 −5 −9 +8

	
−3 +2 +6 −5




	
3

	
−8 +7 +2 −1

	
+5 −4 −8 +7

	
−2 +1 +5 −4

	
+8 −7 −2 +1

	
−5 +4 +8 −7

	
+2 −1 −5 +4




	
4

	
+7 −9 −1 +3

	
−4 +6 +7 −9

	
+1 −3 −4 +6

	
−7 +9 +1 −3

	
+4 −6 −7 +9

	
−1 +3 +4 −6




	
5

	
−9 +8 +3 −2

	
+6 −5 −9 +8

	
−3 +2 +6 −5

	
+9 −8 −3 +2

	
−6 +5 +9 −8

	
+3 −2 −6 +5




	
6

	
+8 −7 −2 +1

	
−5 +4 +8 −7

	
+2 −1 −5 +4

	
−8 +7 +2 −1

	
+5 −4 −8 +7

	
−2 +1 +5 −4
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Table 3. Drive system parameters.
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PMSM




	
Pn

	
Rs

	
Ld

	
Lq

	
Φf

	
J

	
B

	
np




	
1.5 kW

	
1.4 Ω

	
0.0066 H

	
0.0058 H

	
0.1546 Wb

	
0.00176 kg m2

	
0.00038 Nm/rd

	
3




	
Passive Filter

	

	

	

	




	
Rd

	
Rf

	
Lf

	
Cf

	

	

	




	
30 Ω

	
0.1 Ω

	
0.1 H

	
47 μF

	

	

	




	
SOSMC

	

	

	

	

	




	
kω1

	
kω2

	
kd1

	
kd2

	
kq1

	
kq2

	




	
4.7434

	
11

	
33.5

	
550

	
23.7

	
275

	




	
SMC




	
kω

	
kd

	
kq

	

	

	

	




	
5

	
100

	
50
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Table 4. Summary table for the comparison study.
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	Controller
	Tracking
	Response Time
	Decoupled Control
	Chattering Existence
	THD





	SMC
	good
	good
	good
	high
	high (>5%)



	SOSMC
	good
	good
	good
	low
	low (<5%)
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