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Abstract

:

This paper focuses on the speed regulation of a permanent-magnet synchronous motor (PMSM) with an uncertain extended load disturbance. A novel super-twisting sliding-mode control (NSTSMC) was proposed via a nonlinear integral sliding surface and a modified reaching law, effectively suppressing the chattering phenomenon. In addition, the NSTSMC can improve the convergence performance with a 0.04 s settling time, satisfying the super-twisting algorithm stability condition. For the novel integral sliding surface, the integral power term of the system state variables was incorporated into the conventional sliding surface to effectively improve the convergence rate and anti-disturbance ability. Moreover, an extended sliding-mode disturbance observer (ESO) was used to estimate the lumped extended disturbance and add the corresponding feedback compensation value from the sliding-mode disturbance observer to the output of the speed controller for the improved robustness of the system. The ESO-NSTSMC was developed to improve the performance of PMSM speed regulation by combining the advantages of the novel integral sliding surface, achieving a settling time of 0.01 s without overshoot. We confirm the performance of the proposed NSTSMC through a PMSM speed simulation and demonstrate that the controller can enhance the dynamic performance and robustness of the system.
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1. Introduction


Permanent-magnet synchronous motors (PMSMs) have received widespread attention among the various types of AC synchronous motors due to their advantages of low acoustic noise, high power density, lofty torque-current ratio, and simple structure [1,2,3]. Due to its advantageous characteristics and wide applications in industry, a PMSM as the control object has become a research hotspot, as introduced in [4,5]. However, the existence of parameter perturbations, system uncertainties, and unavoidable external disturbances in the speed regulation system of the PMSM makes it difficult to simultaneously obtain excellent anti-disturbance properties and achieve high-precision speed-tracking performance using the conventional linear control methods such as the linear proportional-integral control algorithm and linear quadratic-regulator control [6,7]. With the rapid development of modern control theories, various nonlinear advanced control strategies and algorithms have been applied to the PMSM system, including robust control [8], active disturbance rejection control [9,10],   H ∞   control [11], and sliding-mode control (SMC) [12,13].



Due to its insensitivity to uncertainties and disturbances, SMC is considered one of the most effective strategies for dealing with uncertain nonlinear systems among the existing advanced control algorithms, and fast dynamic responses and strong robustness can also be achieved with SMC [14,15,16]. Since conventional SMC cannot converge to the equilibrium point in finite time, terminal SMC was developed [17], where the tracking error can be steered to the equilibrium point in finite time. Furthermore, nonsingular terminal SMC was designed to solve the singularity problem of terminal SMC for the PMSM system [18]. In [19], a new control strategy called the dual-time-scale SMC method for PMSM was proposed. Based on the quasi-steady-state theory, two parallel SMCs were used to control the PMSM rather than the conventional velocity-current dual-loop control.



However, the most prominent drawback of conventional SMC in previous studies was the steady-state inaccuracies and chattering phenomena caused by discontinuous control actions [20]. To reduce this tendency, many control strategies have been proposed [21,22,23]. With the development of SMC theory and the requirement for high-precision control, an effective way to reduce chattering is to use high-order SMC techniques [24]. Since the integrator in the super-twisting algorithm (STA) can smoothen discontinuous signals, super-twisting SMC ensures higher accuracy in tracking performance and the simultaneous damping of chattering phenomena for PMSM for which the STA is best known [25].



However, the SMC algorithm must choose a large control gain to provide adequate control strength and restrain the adverse effects of disturbances [26], which can result in the suboptimal dynamic and steady-state performance of the PMSM system. In addition, the upper limit of the disturbances presented in the control systems of the PMSM cannot be directly measured or estimated in practical applications [27], which worsens the chattering phenomenon when the gain of the sliding-mode controller becomes much larger [28].



To solve these problems, an effective approach to overcome this difficulty is to use composite control techniques [29,30]. Since disturbance observers can handle external disturbances, they can be used to improve the control performance of the system [31]. By using a disturbance observer (DOB) to estimate the unknown incidental disturbances and compensate for the estimates of SMC, better control performance can be achieved without the need for a large control gain [32]. Due to the advantages of the ESO in terms of its ease of application and robustness, many studies have shown that the expected estimation performance is achieved using the interference observer with the sliding-mode technique [33,34].



Based on the above research, in this study, a composite NSTSMC scheme is designed by introducing a DOB and combining it with an NSTSMC algorithm to obtain better performance for the speed-regulation problem of a PMSM system. We design a new finite-time integral sliding surface and calculate its finite time. Moreover, a new reaching law is added to the NSTSMC to improve the chattering phenomenon. The main contributions of this work can be summarized as follows:




	
Since the proposed nonlinear sliding surface makes the state of the control object reach the equilibrium point quickly, we propose a novel nonlinear sliding surface by developing a terminal attractor for SMC.



	
The proposed NSTSMC incorporates the STA to reduce chattering and improve the control performance of the PMSM.



	
The finite time is calculated via the novel sliding surface.



	
The ESO is incorporated into the NSTSMC to suppress overshoot and oscillation for the control precision of the PMSM.








The rest of this study is organized as follows. In Section 2, the mathematical model for the three-phase PMSM and external disturbances is introduced. To estimate the unknown lumped disturbance and compensate for the estimated value of SMC, the ESO is introduced in Section 3. In Section 4, the proposed novel integral sliding surface based on a terminal term is shown, and the adaptive super-twisting algorithm and analysis of system stability using the strong Lyapunov function are discussed. In Section 5, the effectiveness of the proposed methods is verified using simulations. Finally, the conclusions are presented in Section 6.




2. Mathematical Model of PMSM


The mathematical model of the surface-mounted PMSM (SPMSM) in the reference coordination is represented as follows [20]:


      V d  = R  i d  +  L s    d  i d    d t   −  p n   ω m   L s   i q  ,        V q  = R  i q  +  L s    d  i q    d t   +  p n   ω m   L s   i d  +  p n   ω m   ψ f  ,       J   d  ω m    d t   =   3  p n   ψ f   2   i q  −  T L  − B  ω m  ,     



(1)




whose parameters are listed in Table 1.



For SPMSM, good control performance can be achieved using the rotor magnetic field orientation control (FOC) method with    i d  = 0 .   Therefore, Equation (1) can be rewritten into the mathematical model as


       d  i q    d t   =  1  L s    ( − R  i q  −  p n   ψ f   ω m  +  V q  )  ,         d  ω m    d t   =  1 J    − B  ω m   −  T L  +   3  p n   ψ f   2   i q   .     



(2)




To change the dynamical model of rotational speed in Equation (2) into a state-space form, the state variable regarding   ω  c m d    and   ω m   must be defined as follows:


      x 1  =  ω  c m d   −  ω m  ,        x 2  =   x ˙  1  =   ω ˙   c m d   −   ω ˙  m  ,     



(3)




where   ω  c m d    and   ω m   are the reference and actual angular velocities, respectively. In general,     ω ˙   c m d   =   ω ¨   c m d   = 0   as   ω  c m d    is designed to be a constant. By combining Equations (2) and (3),    x ˙  1   and    x ˙  2   can be redefined as follows:


       x ˙  1  =   ω ˙   c m d   −   ω ˙  m  =   ω ˙   c m d   +  1 J    B  ω m   +  T   L   −   3  p n   ψ f   2   i q   ,         x ˙  2  =   ω ¨   c m d   −   ω ¨  m  =   ω ¨   c m d   −   3  p n   ψ f    2 J   ·   d  i q    d t   +  B J    ω ˙  m  +    T ˙  L  J  .     



(4)




Here,   u = d  i q  / d t  ,   a = B / J  , and   b = 3  p n   ψ f  / 2 J   are defined, and Equation (4) is transferred to a state-space form, as in Equation (5).


       x ˙  1  =  x 2  ,         x ˙  2  =  − a  x 2   − b u + d  ( t )  ,     



(5)




where   d  ( t )  =   T ˙  L  / J +   ω ¨   c m d   +  ( B / J )    ω ˙   c m d     is the lumped extended disturbance. During the actual application of a PMSM, it is difficult to effectively measure the load disturbance value. Therefore, we assume that the lumped extended disturbance is globally bounded and define it as    d ¯  = sup  d ( t )    for   t > 0  .




3. Design of Extended Sliding-Mode Disturbance Observer


The extended sliding-mode disturbance observer technique is presented for the PMSM control system [35]. By using the ESO, external load disturbances are subsequently applied as feedback to the NSTSMC after being estimated online. Figure 1 shows the structure of the ESO and the detailed procedure is demonstrated in the following description. Compared to the system state that changes in each sampling cycle of the speed loop, the system perturbations are regarded as considerably slow in a real PMSM-driven system. Therefore, the derivative of   d ( t )   in Equation (2) can be considered    d ˙   ( t )  = 0   with respect to time   ( t )  . The state-space equations of the system can be expressed as in Equation (6), with the mechanical rotor angular velocity   (  ω m  )   and external disturbances   ( d ( t ) )   as state variables, the electromagnetic torque   (  T e  )   as the control input, and the external disturbance as the system output.


          ω ˙  m       d ˙         =      −  B J      −  1 J       0   0          ω m      d     +      1 J      0      T e  ,      y    =     0   1          ω m      d     .     



(6)







The ESO equation can be expressed as in Equation (7), where the mechanical rotor angular velocity   (  ω m  )   and the external load disturbance   d ( t )   are taken as estimates.


            ω ^  ˙  m        d ^  ˙      =      −  B J      −  1 J       0   0           ω ^  m       d ^      +      −  1 J       0      T e  +     1     l     η   e  d o    ,     



(7)




where l is the observer gain. By taking the speed observation error as     e  d o    =   ω m   −    ω ^  m  ,     η   e  d o      is treated as the sliding-mode function. The equation of the observation error via Equations (6) and (7) is given by


          e ˙   d o   = −  B J   e  d o   −  1 J   e  d i s   − η   e  d o    ,         e ˙   d i s   = − l · η   e  d o    ,        



(8)




where    e  d i s    =  d  −   d ^    is the observation error for the external load disturbance. The sliding surface is demonstrated for this ESO as follows:


      σ ω   ( t )  =  e  d o    ( t )  +  λ 1   ∫  0  t    e  d o    ( τ )   d τ     



(9)




where   λ 1   is a positive scalar. The exponential reaching law based on the boundary layer method is adopted to reduce the chattering from using the ESO.


       σ ˙  ω  = −  k ω  sat   σ ω   −  k  t ω    σ ω  ,     



(10)




where    k  t ω    >  0   is the exponential coefficient of the convergence law and    k ω   >  0   is the switching gain. By using   −  e  d i s   / J   as the perturbation term and substituting Equation (10) into Equation (11), the sliding-mode function   η   e  d o      can be written as


     η   e  d o    =    λ 1  −  B J    ·  e  d o   +  k ω  sat   σ ω   +  k  t ω    σ ω  .     



(11)







The following conditions are satisfied when the observer trajectory reaches and stays on the sliding surface    σ ω  = 0   within a finite time.


         σ ω  =   σ ˙  ω  = 0 ,        e  d o   =   e ˙   d o   = 0 .        



(12)




Combining Equations (8) and (12) yields the equation of the observation error, and Equation (13) is as follows:


         e  d i s   = − J · η   e  d o    ,         e ˙   d i s   = − l · η   e  d o    .        



(13)




Therefore, based on Equation (13), the estimation error of the external load disturbance with respect to time is given by


      e  d i s   =  c d    e    l J  t   ,     



(14)




where   c d   is a positive constant. The observer gain should satisfy   l < 0   to guarantee that the observation error of the external load disturbance converges to zero. In addition, the observer gain is related to the convergence speed of the estimation error. The Lyapunov function is defined below to ensure the stability of the ESO.


      V 1  =  1 2   σ  ω  2  .     



(15)




By differentiating   V 1   with respect to time   ( t )   and applying the control law in Equation (11), the following equation can be obtained:


      V ˙  1     =  σ ω  ·   σ ˙  ω                  =  σ ω    −  B J   e  d o   −  1 J   e  d i s   − η   e  d o    + λ  e ω                    =  σ ω    −  1 J   e  d i s   −  k ω  sat   σ ω     −  k  t ω    σ ω 2  .     



(16)







To satisfy the finite-time Lyapunov stability theorem    V ˙  < 0   for Equation (16), the condition of the control gain is chosen as


      k ω  +  k  t ω    ε ω  >  1 J    e  d i s    ,     



(17)




where   ε ω   is the layer thickness of Equation (10). Based on Equation (17), the ESO is asymptotically stable at an appropriate observer gain while the observer trajectory moves and approaches the sliding-mode surface within a finite time. Figure 2 shows how the ESO is embedded in the NSTSMC. Figure 3 illustrates the schematic structure of the entire PMSM system.




4. Design of PMSM Speed Controller


4.1. Design of a Novel Integral Sliding Surface


To improve the convergence speed and robustness, a novel integral sliding surface (NSS) is proposed as follows:


     σ =  λ 2   x 2  +  λ 3   ∫ 0 t   (  x 1  −  q p    +  λ 4   x 1  )  d τ ,     



(18)




where    λ 2  > 0 ,    λ 3  > 0 ,  λ 4  < 0 ,    and   q > p > 0 .   Equation (18) becomes zero when the initial state arrives at the sliding surface ( σ ). Equation (18) can be obtained after rearranging Equation (19) when   σ = 0  , as follows:


       x ˙  1  =   λ 3   λ 2     p  p − q    x 1    ( 0 )   1 −  q p    +   λ 4  2   x 1 2   ( 0 )   .     



(19)







We can obtain   t s   by taking an integral from 0 to the convergence time (  t s  ) and from   x ( 0 )   to   x (  t s  )   for Equation (19), as follows:


      t s  =   2  λ 2    q − p     2 p  λ 3       x 1   ( 0 )      −  q p    +  λ 3   λ 4    p − q      x 1   ( 0 )      .     



(20)








4.2. Design of Novel Reaching Law


To address the chattering phenomenon, the super-twisting algorithm (STA) with a perturbation term is introduced, which can be written as follows [36]:


         σ ˙  = −  k 1   | σ    |   1 2   sgn  ( σ )  −  k 2  σ + z ,        z ˙  = −  k 3  sgn  ( σ )  +  ϑ ˙  ,        



(21)




where    k 1  ,   k 2  ,   and    k 3    represent the positive scalar. Moreover,  σ  stands for the sliding surface calculated using Equation (18). The perturbation term   ϑ =  λ 2   d  t  −  d ^   t     is supposed to be bounded as     ϑ ˙   ≤ ρ   with   ρ > 0 .   Based on the STA, a novel super-twisting algorithm called the NSTA is proposed as follows:


         σ ˙  = −  k 1   | σ    |   1 2   sgn  ( σ )  −  k 2   η 1   ( t )  σ + z        z ˙  = −  k 3   η 2   ( t )  sgn  ( σ )  +  ϑ ˙  ,        



(22)




where,    η 1   t    and    η 2   ( t )    represent the adaptive terms, as in Equations (23) and (24), and   0 < ε < 1 ,   k 0  > 0 .     η 1   t    and    η 2   t    are globally bound and defined as     η ¯  1  = sup  η 1   t    and     η ¯  2  = sup  η 2   t   , respectively, for   t > 0  .


      η 1   ( t )  =  1  ε +   k 0  +  1  | σ |   − ε   e  − | σ |     .     



(23)







The property of    η 1   ( t )   , which was introduced in [37], is that    η 1   ( t )    converges to a value of   1 / ε   greater than 1 if   σ   increases. Therefore,    η 1   ( t )    indicates that faster arrival times can be obtained after joining Equation (22). On the contrary, the denominator term of    η 1   ( t )    converges to    k o   +  1 /  σ    if   σ   decreases and    η 1   ( t )    converges to    σ  /  (  k o   σ  + 1 )   , where the system state   σ   decreases to zero under the control inputs proposed in the subsequent section. This indicates that    η 1   ( t )    decreases to zero to suppress chattering when the system trajectory approaches the sliding surface. By varying    η 1   ( t )    between   1 / ε   and zero, the controller designed based on the proposed convergence law can dynamically adapt to changes in the sliding surface and the system state   σ  .


      η 2   ( t )  =  1  ε +  ( ε − 1 )   e  − | σ |     .     



(24)







Based on [38],  ε  is a strictly positive offset that is less than 1. The parameter function given by Equation (24) does not affect the stability of the control since    η 2   ( t )    is always strictly positive. If   σ   increases,    η 2   ( t )    approaches   1 / ε  ; therefore,   1 /  η 2   ( t )    converges to  ε , which is less than 1 via Equation (24). This means that the convergence speed of the sliding surface will be faster as    η 2   ( t )    increases during the reaching mode. Meanwhile,    η 2   ( t )    approaches 1 if   σ   decreases; thus,    η 2   ( t )    converges to 1. This means that   1 /  η 2   ( t )    is gradually reduced to limit the chattering as the system approaches the sliding surfaces. Consequently, the ERL allows the controller to vary between 1 and   1 / ε   by allowing   1 /  η 2   ( t )    to dynamically adapt to changes in the switching function. By combining the advantages of Equations (23) and (24), if   σ   increases,    k 2   η 1    and    k 3   η 2    converge to    k 2  / ε   and    k 3  ε   in the NSTSMC, respectively. Meanwhile, if   σ   decreases,    k 2   η 1    and    k 3   η 2    converge to   k 2   and 0, respectively. By selecting a small gain of   k 2  , the system control performance can be satisfied, and the divergent influence is removed by the integral term    k 3   η 2  sgn  σ   . By combining Equations (5), (18) and (22), the NSTSMC without a perturbation term is given by


      i q  =  1 b   ∫ 0 t     − a  x 2   +   λ 3   λ 2    (  x 1  −  q p    +  λ 4   x 1  )   + α | σ    |   1 2   sgn  ( σ )            + β  η 1   ( t )  σ +  ∫ 0 t  γ  η 2   ( t )  sgn  ( σ )  d  τ 1    d  τ 2  .     



(25)







Since the performance of the anti-disturbance characteristics of the controller can be improved by combining the estimated values, the performance of the anti-disturbance characteristics of the controller can be improved by combining the estimated values of the ESO and Equation (25). Therefore, the proposed NSTSMC is given by


      i q ∗  =  1 b   ∫ 0 t     − a  x 2   +   λ 3   λ 2    (  x 1  −  q p    +  λ 4   x 1  )   + α | σ    |   1 2   sgn  ( σ )           +  β  η 1   ( t )  σ +  ∫ 0 t  γ  η 2   ( t )  sgn  ( σ )  d  τ 1  +  d ^   ( t )    d  τ 2  .     



(26)








4.3. Stability Analysis of Controller


The candidate Lyapunov function for the speed controller is given by


      V 2  =  ξ T  P ξ ,     



(27)




where the vector    ξ  T   is     ξ 1     ξ 2   =  [    σ    1 2   sgn  ( σ )     z ]   . The NSTA with the disturbance is obtained as


         σ ˙  = −    k 1  +  δ 1   ( t )     | σ    |   1 2   sgn  ( σ )  + z ,        z ˙  = −  δ 2   ( t )  sgn  ( σ )  +  ϑ ˙  .        



(28)







Here,    δ 1   t  =  k 2   η 1   t     σ    1 2   ,   δ 2   t  =  k 3   η 2   t    are globally bound by     δ ¯  1  = sup  δ 1   t    and     δ ¯  2  = sup  δ 2   t    with   t > 0  , respectively. By taking the derivative of the vector    ξ  T  , Equation (29) is given by


      ξ ˙  =  1   ξ 1    A ξ +  1   ξ 1    E     ξ 1    ϑ ˙    ,     



(29)




where matrices A and E are


     A =        k 1  +  δ 1   ( t )   2     1 2       −  δ 2   ( t )     0     ,  E =     0     1     .     



(30)







Matrix P can be obtained via the strong Lyapunov function, which is expressed as


     P =        2  δ 2   ( t )   +        k 1  +  δ 1   ( t )     2  2       −    k 1  +  δ 1   ( t )   2        −    k 1  +  δ 1    ( t )  2   2     1     .     



(31)







Equation (32) is obtained by taking the derivative of Equation (27) as follows:


          V ˙  2  =    ξ ˙   T  P ξ +  ξ T  P  ξ ˙  ,           =  1   ξ 1       ξ T   A T  P ξ +  ξ T  P A ξ     +     ξ 1    ϑ ˙     E T  P ξ +     ξ 1    ϑ ˙     ξ T  P E   .        



(32)







Equation (32) can be rewritten in an inequality form in terms of the assumption on the bounded perturbation as follows:


       V ˙  2  ≤   1   ξ 1       ξ T   A T  P ξ +  ξ T  P A ξ +  ρ 2      ξ 1    2      +  ξ T  P E  E T  P ξ   .     



(33)




   ρ 2     ξ 1   2    can be switched to    ρ 2   ξ T   C T  C ξ   after defining   C =       1   0        . By substituting    ρ 2     ξ 1   2    into Equation (33), Equation (34) is derived as


       V ˙  2  ≤   1   ξ 1       ξ T   A T  P ξ +  ξ T  P A ξ +  ρ 2   ξ T   C T  C ξ     +  ξ T  P E  E T  P ξ   .     



(34)







Using the algebraic Lyapunov equation, Equation (34) can be rewritten as


       V ˙  2  ≤ −  1   ξ 1     ξ T  Q ξ ,     



(35)




where   Q = −    A  T  P + P A +   ρ  2    C  T  C + P E   E  T  P   .    k 1  +  δ  1  ∗    is defined by  λ , where  λ  is an arbitrary positive scalar. Matrices A and P can be rewritten in the following form:


     A =      λ 2     1 2       −  δ 2 ∗     0     ,  P =      2  δ 2 ∗  +   λ 2  2      −  λ 2        −  λ 2     1     .     



(36)







Matrix Q presented in Equation (37) can be calculated using matrices A, E, C, and P as


     Q =      −   λ 3  2  −   λ 2  4  + 3  δ 2 ∗  λ −  ρ 2      λ 2       λ 2      λ 2  − 1      .     



(37)







If   Q > 0  ,    V ˙  < 0  . Using leading principal minors, the conditions to be stable are given by


               k 1  > 2 −  δ 1 ∗  ,         k 3  >   λ 4   2  η 2 ∗   ( 3  λ 2  − 6 λ )    −   λ 3   4  η 2 ∗   (  λ 2  − 2 λ )    +   λ  ρ 2     η 2 ∗   ( 3  λ 2  − 6 λ )    −   2  ρ 2     η 2 ∗   ( 3  λ 2  − 6 λ )     ,               λ > 2  .           



(38)








4.4. Overall Stability Analysis including the Disturbance Observer and Controller


As the disturbance observer and controller are included in this study, the stability of the entire speed loop must be guaranteed, including the ESO and NSTSMC. The candidate Lyapunov function (  V  a l l   ) for the overall system using Equations (15) and (27) is expressed as


      V  a l l   =  ∑  i = 1  n   V i  , n = 1 , 2 .     



(39)







By taking the derivative of Equation (39), Equation (40) is given as follows:


       V ˙   a l l   =  ∑  i = 1  n    V ˙  i  , n = 1 , 2 .     



(40)







By using Equations (16) and (35),     V ˙   a l l   < 0   is satisfied. Therefore, the stability of the entire speed loop can be guaranteed.





5. Simulation


Table 2 summarizes the parameter values of the PMSM. We carried out performance comparison tests to effectively present our proposed ESO-NSMC. In case I, we compared the performance of conventional reaching law (CRL) + conventional sliding surface (CSS) and CRL+NSS, as shown in Figure 4. In Figure 4a, the simulation time was set to 0.3 s and the motor starting load torque was set to 0 N·m. The load torque suddenly increased to 10 N·m at 0.15 s. The simulation results illustrate that CRL+NSS approaches the target speed faster than CRL + CSS for the same control gain, as shown in Figure 4a. The corresponding current change, which represents the change in the control action, is shown in Figure 4b.



In case II, the conventional super-twisting algorithm (CSTA) with NSS was compared to the CRL+NSS, as shown in Figure 5. The simulation times were set to the same as those shown in Figure 4, that is, 0.15 and 0.4 s, respectively. For speed regulation, the comparison of the CSTA+NSS without overshoot and the CRL+NSS is presented in Figure 5a. Figure 5b shows the current change with respect to the speed change. For case III, speed regulation and speed tracking, including the corresponding current (control action) changes, are illustrated in Figure 6 and Figure 7, respectively. In Figure 6a, the performance of the NSTA with NSS and the CSTA with NSS for speed regulation is compared. The NSTA with NSS can track 1000 rpm in 0.01 s, which is faster than the CRL+NSS. Moreover, the current via the NSTA+NSS can change and approach the desired value more quickly compared to the CSTA+NSS, as shown in Figure 6b. Figure 7a shows the speed-tracking results using the same control strategy shown in Figure 6a. Figure 7a illustrates that the NSTA with NSS adapts better to speed changes when the desired speed drops from 800 rpm to 400 rpm in 0.05 s and increases from 400 rpm to 1200 rpm in 0.1 s. Compared to the CSTA+NSS, the current in the NSTA+NSS can change to the desired value quickly and smoothly, as shown in Figure 7b.



In case IV, since the ESO can handle external disturbances and improve the control performance of the system [31], we appended the ESO to the NSTA+NSS and compared it with the NSTA+NSS, as shown in Figure 8 and Figure 9, to illustrate the speed regulation, speed tracking, and corresponding current (control action) changes. The results shown in Figure 8a demonstrate that the NSTA+NSS produced overshoot and oscillation after the disturbance (torque as a disturbance in this study) was added. However, overshoot and oscillation could be greatly reduced when the ESO is involved in the NSTA+NSS. Furthermore, the current changes quickly and smoothly due to the ESO, as shown in Figure 8b. Figure 9a demonstrates that the NSTA+NSS with the ESO adapts better than the NSTA+NSS to speed changes when the desired speed drops from 800 rpm to 400 rpm at 0.04 s and increases again from 400 rpm to 1200 rpm at 0.08 s. The effect observed in Figure 8b is confirmed in Figure 9b due to the ESO.




6. Conclusions


A strategy combining an NSTSMC and ESO was proposed to improve the anti-disturbance capability of a PMSM system. After combining the NSTSMC and ESO, we performed an overall analysis to ensure the stability of the entire speed loop. In the NSTSMC+ESO method, the adaptive law was used to estimate the model uncertainty perturbation, and the ESO was employed to estimate the external perturbation. NSTSMC+ESO can achieve the desired control of a PMSM system in the presence of parameter variations and external disturbances since the estimated values were designed as feedback terms for the NSTSMC controller. The validity of the proposed method was verified by comparing the numerical simulation results with those obtained using conventional control methods on a case-by-case basis. After the comparison of the simulation results, the efficiency of the settling time of the NSTSMC+ESO (NSTA+NSS+ESO) increased by 75% compared to the NSTSMC (NSTA+NSS) and 91% compared to the CSTA+NSS. The proposed method can be applied to PMSM systems with extreme parameter variations, especially in cases where the load disturbance of the motor drive system should be estimated online.
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Figure 1. Block diagram of ESO. 
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Figure 2. ESO-embedded NSTSMC structure diagram. 
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Figure 3. Block diagram of PMSM system based on the NSTSMC with the ESO scheme. 
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Figure 4. Comparison of CRL+NSS and CRL+CSS: (a) speed regulation, (b) control action. 
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Figure 5. Comparison of CSTA+NSS and CRL+NSS: (a) speed regulation, (b) control action. 
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Figure 6. Comparison of NSTA+NSS and CSTA+NSS: (a) speed regulation, (b) control action. 
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Figure 7. Comparison of NSTA+NSS and CSTA+NSS: (a) speed tracking, (b) control action. 
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Figure 8. Comparison of NSTA+NSS+ESO and NSTA+NSS: (a) speed regulation, (b) control action. 
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Figure 9. Comparison of NSTA+NSS+ESO and NSTA+NSS: (a) speed tracking, (b) control action. 
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Table 1. Parameters of the dynamical model of the PMSM.
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	System Parameters
	Unit
	Description





	    V d  ,   V q    
	  V  
	d-axis and q-axis stator voltages



	    i d  ,    i q    
	  A  
	d-axis and q-axis stator currents



	   ω m   
	   rad / sec   
	electrical rotor angular velocity



	   R s   
	  Ω  
	stator resistance



	   L s   
	  H  
	stator inductance



	J
	   kg ·   m  2    
	rotor-equivalent inertia



	B
	   N · m · s / rad   
	viscous friction coefficient



	   ψ f   
	  Wb  
	magnetic flux



	   p n   
	
	number of poles



	   T L   
	   N · m   
	load torque
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Table 2. Parameter values of the PMSM.
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	Parameter
	Value
	Unit





	Resistance      R s     
	2.875
	    [ Ω ]   



	Inductance      L s    
	8.5
	       [    mH    ]      



	Magnetic flux      ψ f    
	0.175
	       [    Wb    ]      



	Inertia   J
	0.0003
	        [    kg ·   m  2     ]      



	Viscous friction coefficient     B   
	0.0008
	       [    N · m · s   / rad  ]   



	Pole pairs      n p     
	4
	



	Reference speed     ω  c m d   
	1000
	       [     r / min     ]      



	Sampling time   T s  
	1   ×    10  − 5    
	[s]
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