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Abstract

:

In this paper, the finite time speed regulation problem is investigated for a dual three-phase hybrid excitation synchronous machine (DTP-HESM) without a torque meter. The electromagnetic torque estimation required in the current coordinative strategy is obtained through the disturbance estimation technology. This method increases fault tolerance and reduces the cost as well as complexity of the DTP-HESM system. In contrast to the existing controllers in the speed loop, the non-singular terminal sliding mode control method is adopted to ensure the finite-time convergence of speed tracking in the whole speed region. To achieve better dynamic performance in the presence of lumped disturbances, including unknown load torque and unmodeled dynamics, the disturbance estimations are introduced into the sliding mode variable to establish a composite speed regulating controller. Simulations and experiments are carried out to validate the feasibility and effectiveness of the proposed control scheme.






Keywords:


dual three-phase hybrid excitation synchronous machine; torque sensorless; speed regulation; non-singular terminal sliding mode controller; finite-time disturbance rejection












1. Introduction


Considering energy reduction and environmental protection, electric vehicles driven by a permanent magnet synchronous machine (PMSM) have been developed with rapid speed [1,2]. To guarantee robust performance in facing the changing conditions of electric vehicles, such as starting, climbing, heavy loading, high-speed overtaking and cruising, the hybrid excitation synchronous machine (HESM) has received much research attention from both mechtronic and control communities [3]. Compared with the traditional PMSM, HESM with organic combinations of permanent magnetic potential and excitation magnetic potential is characterized by a larger loading capacity and wider speed regulation region [4,5].



Dual three-phase PMSM (DTP-PMSM) exhibits several advantages, e.g., strong control flexibility, a small burden on the inverter and great fault tolerance, and can be treated as a machine with two independent three-phase machines [6,7,8,9]. In this way, one of the dual three-phase windings is used as an armature winding, while the other is used as excitation winding. As a result, dual three-phase PMSM can alternatively be referred to as the dual three-phase hybrid excitation synchronous machine (DTP-HESM) and is suitable for the HESM control technique.



A reasonable current coordinative strategy (CCS) is fundamental to ensure the seamless switching operation of HESM [10,11]. The operating states of HESM are generally divided into a low-speed region (LSR) and high-speed region (HSR) for the coordination of the armature and excitation current. In [12], maximum torque control with d-axis current    i d *  = 0   and flux-weakening control are adopted in LSR and HSR, respectively. The study shows a wide speed range under this CCS. In [13], minimum-copper-loss control, combining the copper loss equation with torque and voltage constraints, is established based on the Lagrange multiplier method for both LSR and HSR. Compared with the CCS in [12], the total copper loss significantly decreases. In addition, many CCSs are also investigated, such as maximum torque per ampere control [14], efficiency optimal control [15] and different types of flux-weakening control [16,17,18,19], etc. These algorithms have improved the control performance of HESM from different aspects.



Although HESM was originally designed to provide greater load capacity in LSR and higher speed in HSR, the speed tracking performance also needs to be guaranteed in practical applications. Due to the imperfections in machine design and manufacture, the nonlinearities of the inverter, magnetic circuit saturation, unmodeled dynamics, etc., the DTP-HESM system suffers from strong nonlinearities and multiple disturbances [20,21,22], which increases the difficulty of control design. The above works all utilize a PI regulator in the speed loop. It is reported that this method cannot achieve satisfactory disturbance rejection performance in dealing with fast time-varying disturbances. Moreover, it can only realize the regulation through a feedback measure [23]. Thus, the PI controller cannot guarantee satisfactory capability in the whole speed region.



Among many advanced control methods, sliding mode control (SMC) is a nonlinear control strategy with strong robustness against disturbances and uncertainties [24,25]. However, this superior method is rarely applied in the HESM system. In [26], the sliding mode controllers are adopted in the two independent   d q  -axis current loops, where the desired   i q   values are generated by the conventional speed-loop PI regulator. It is well known that multiple disturbances exist not only in the current loop but also in the speed loop, including the unknown load torque in the speed loop and the inverter nonlinearity in the current loop. Thus, the above control strategy cannot achieve satisfactory speed regulation performance. To obtain better disturbance rejection performance, a non-singular terminal SMC (NTSMC) method is proposed in [27], which can ensure the finite-time convergence of the system in the presence of lumped disturbances.



However, NTSMC suffers from a chattering problem due to a discontinuous control law with overlarge switching gain. An alternatively effective solution is to minimize switching gain while ensuring control performance. In [28], the system disturbances, which include friction and load torque, are estimated by a disturbance observer. The switching gain of the composite controller can be selected to be smaller when the disturbance estimation is compensated into NTSMC. Moreover, in many real applications of HESM, a high-precision torque meter is required to measure the accurate load torque, which greatly increases the cost and design difficulty of the system. The above unknown variable load torque can be considered as a slow time-varying disturbance, which could be estimated by the disturbance estimation technique.



Motivated by the above research works, in this paper, we focus on improving the dynamic performance of DTP-HESM under multiple disturbances based on torque sensorless CCS in the whole speed region. Firstly, a generalized proportional integral observer (GPIO) is developed to estimate the lumped disturbances, which is utilized in the CCS. Then, the NTSMC method is adopted as the speed loop controller. To improve the performance and robustness of the DTP-HESM system, the disturbance estimation is introduced into both the sliding model variable and sliding mode controller. Compared with the PI and NTSMC method, the proposed GPIO-based NTSMC control scheme (NTSMC+GPIO) on the DTP-HESM system achieves a better speed tracking performance. The main contributions of this paper are listed as follows.



	
GPIO is designed to estimate the load torque online, avoiding the use of a traditional hardware sensor. This approach not only increases the fault tolerance but also reduces the cost and complexity of the DTP-HESM system.



	
The speed regulation based on NTSMC+GPIO is proposed in the whole speed region, which improves the rapidity, accuracy and robustness to multiple disturbances.



	
The general idea can also be applied for other CCSs of HESM, such as the minimum copper consumption distribution and the optimal efficiency distribution, etc.






The other parts of this paper are organized as follows. In Section 2, the mathematical model and current coordinative strategy of DTP-HESM are introduced. The main contribution of this paper, i.e., the design of a composite controller based on torque sensorless CCS, is proposed in Section 3. The comparative simulation and experimental results between PI and NTSMC+GPIO are presented in Section 4 and Section 5, respectively. Finally, a conclusion is presented in Section 6.




2. Dynamic Model and Current Coordinative Strategy


2.1. Mathematical Model


The diagram of the whole DTP-HESM control system is shown in Figure 1. As shown in Figure 1, one speed loop and four current loops are involved under the two-individual current control frame. The reference values of the   d ,  q  1 , 2    -axis current loop are obtained through the designed CCS. Armature and excitation winding transform and inverter systems contain an inverse park transform, park transform, Clarke transform and SVPWM-driven inverters.



The ideal mathematical model of DTP-HESM in the rotating   d q   coordinate system under the two-individual current control frame is expressed as [8,9]


       i ˙   d 1      =  1  L s    ( −  R s   i  d 1   +  ω e   L s   i  q 1   +  ω e   M s   i  q 2   +  u  d 1   )  ,        i ˙   q 1      =  1  L s    ( −  R s   i  q 1   −  ω e   ψ m  −  ω e   L s   i  d 1   −  ω e   M s   i  d 2   +  u  q 1   )  ,        i ˙   d 2      =  1  L s    ( −  R s   i  d 2   +  ω e   L s   i  q 2   +  ω e   M s   i  q 1   +  u  d 2   )  ,        i ˙   q 2      =  1  L s    ( −  R s   i  q 2   −  ω e   ψ m  −  ω e   L s   i  d 2   −  ω e   M s   i  d 1   +  u  q 2   )  ,       ω ˙     =  1 J   (  T e  − B ω −  T l  )  ,      



(1)




where  ω  is the mechanical angular velocity,   ω e   is the electrical angular velocity and    ω e  =  n p  ω  ;   R s  ,   n p  , J,   T l  ,   ψ m   and   T e   are the stator resistance, the number of motor pairs, inertia, load torque, rotor flux linkage and electromagnetic torque, respectively; The subscripts “1” and “2” represent the rotating dq coordinate systems of the two-individual current framework.   i  d q 1 , 2    and   u  d q 1 , 2    are   d  q  1 , 2    -axis currents and voltages, respectively.   L s   and   M s   are the phase leakage inductance and mutual inductance, respectively. The electromagnetic torque   T e   is presented as    T e  =  K t    i  q 1   +  i  q 2      with    K t  = 1.5  n p   ψ m   .




2.2. Current Coordinative Strategy


Generally, the low and high speed regions are divided according to the rated speed in the CCS of the DTP-HESM system. The operating region block diagram is presented in Figure 2. As shown in Figure 2, the areas I and II, which are below the rated speed   ω n  , are the LSRs, and the areas III and IV are the HSRs [13,14,15,16,17,18].



The design of CCS in the LSR and HSR is inspired by [13].   d  q  1 , 2    -axis current references   i  d 1  *   and   i  d 2  *   are set to zero in the LSR. When the load torque    T l  <  T n    (the rated load torque), DTP-HESM works in area II. The reference values of the armature and excitation current are given by


      i  d 1  *     = 0 ,       i  q 1  *     =   2   T ^  e    3  n p   ψ m    ,       i  d 2  *     = 0 ,       i  q 2  *     = 0 ,      



(2)




where    T ^  e   is the electromagnetic torque estimation and     T ^  e  =  T l  + B  ω *   . In practical application, the load torque   T l   is acquired by a high-precision torque meter.



When    T l  ≥  T n   , DTP-HESM works in area I. In this case,   i  q 1    reaches the rated current value   i  q 1 n   , and   i  q 2    continues to provide excess torque. The reference values of the armature and excitation current are presented as


      i  d 1  *     = 0 ,       i  q 1  *     =  i  q 1 n   ,       i  d 2  *     = 0 ,       i  q 2  *     =     T ^  e  −  K t   i  q 1 n     K t   .      



(3)







If DTP-HESM runs in area III, which is above the rated speed, the speed cannot continue to rise due to the limits of the bus voltage and current. The flux weakening control strategy is adopted to enlarge the range of motor speed, which reverses   i  d 1    or   i  d 2   . Firstly,    i  d 1  *  = 0   and   i  d 2    is used for field weakening. According to [13], it yields


      i  d 1  *     = 0 ,       i  q 1  *     =    T ^  e   1.5  n p   ψ m    ,       i  d 2  *     =   ψ m   M s      ω n  ω  − 1  ,       i  q 2  *     = 0 .      



(4)







When the motor speed continues to increase and reaches area IV,   i  d 2    reaches the negative rated current value   −  i  d 2 n    .   i  d 1    is used to weaken the field. It yields


      i  d 1  *     =  1  L s     ψ m     ω n  ω  − 1  +  M s   i  d 2 n    ,       i  q 1  *     =   2   T ^  e    3  n p   ψ m    ,       i  d 2  *     = −  i  d 2 n   ,       i  q 2  *     = 0 .      



(5)







The control objective of this study is to design a speed controller for (1) in the whole speed region based on torque sensorless CCS (2)–(5).





3. Controller Design


In this section, a GPIO is firstly designed to estimate the lumped disturbance in DTP-HESM. Secondly, the composite NTSMC method, which is combined with disturbance estimation, is proposed. Then, a rigorous closed-loop stability analysis is presented.



3.1. Design of GPIO


The multiple disturbances existing in the DTP-HESM system are finally reflected in the speed loop, which can depicted as


      ω ˙  =   K t  J    i  q 1   +  i  q 2    +  1 J  d ,     



(6)




where d is the lumped disturbance, including the nonlinearity of the inverter, magnetic circuit saturation, variable load torque and unmodeled dynamics. According to (6), a GPIO can be designed as [29]


       z ˙  1     =   K t  J    i  q 1   +  i  q 2    +   z 2  J  −  p 1   (  z 1  − ω )         z ˙  2     =   z 3   −  p 2   (  z 1  − ω )          ⋮       z ˙  n     =  z  n + 1   −  p n   (  z 1  − ω )         z ˙   n + 1      = −  p  n + 1    (  z 1  − ω )       



(7)




where    p 1  , ⋯ ,  p  n + 1     are the observer gains to be designed.   z 1   is the estimation of the speed  ω .    z 2  , ⋯ ,  z  n + 1     are the estimation of the lumped disturbance and its derivatives.




3.2. Design of the Composite Controller


The Laplace transformation expression of the speed loop (6) and the   q 1  -axis voltage PI regulator equation are expressed as


     s Ω  ( s )  =   K t  J   I  q 1    ( s )  +   K t  J   I  q 2    ( s )  +  1 J  D  ( s )  ,     



(8)






      U  q 1    ( s )  =   K p  +   K i  s    (  I  q 1  *   ( s )  −  I  q 1    ( s )  )  ,     



(9)




where   K p   and   K i   are the PI regulator parameters. Combining (8) and (9), one obtains


     s Ω  ( s )  =   K t  J    I  q 1  *   ( s )  −    U  q 1    ( s )     K p  +   K i  s     +   K t  J   I  q 2    ( s )  +  1 J  D  ( s )  ,     



(10)




and it can be further obtained that


       s 2  +   K i   K p   s  Ω  ( s )  = U  ( s )  −   K t    K p  J   s  U  q 1    ( s )  +  s +   K i   K p       K t  J   I  q 2    ( s )  +  1 J  D  ( s )   ,     



(11)




where


     U  ( s )  =   K t  J   I  q 1  *   ( s )   s +   K i   K p    .     



(12)







The inverse Laplace transform of (11) is presented as follows:


      ω ¨  +   K i   K p    ω ˙  − u +   K t    K p  J     u ˙   q 1   −   K t  J    i ˙   q 2   −   K i   K p     K t  J   i  q 2   −  1 J   d ˙  −   K i    K p  J   d = 0 .     



(13)







The derivative of speed can be realized by a differential in practice, but it can amplify the noise of the DTP-HESM system undoubtedly. Equation (13) can be further expressed as


      ω ¨  +   K i   K p      K t  J   i  q 1   +   K t  J   i  q 2   +  d J   − u −   K t  J    i ˙   q 2   −    K i   K t     K p  J    i  q 2   +   K t    K p  J     u ˙   q 1   −  1 J   d ˙  −   K i    K p  J   d = 0 .     



(14)







The control-oriented model after simplification is written as


      ω ¨  +   K i   K p     K t  J   i  q 1   − u −   K t  J    i ˙   q 2   +   K t    K p  J     u ˙   q 1   −  1 J   d ˙  = 0 ,     



(15)




and according to (12), the actual control law is given by


       i ˙   q 1  *  = −   K i   K p    i  q 1  *  +  J  K t   u .     



(16)







Define the speed tracking error   e =  ω *  − ω  , where   ω *   is the reference speed. With     | x |  τ  < 1 +  | x |    for   0 < τ < 1   in mind, the sliding surface is shown as follows:


    σ    = e +  1 β    ⌊  e ¯  ⌉  α  ,     



(17)




where   1 < α < 2   and   β > 0  . Combining with (6),    e ¯  =   ω ˙  *  −   K t  J   i  q 1   −   K t  J   i  q 2   −   z 2  J   . Differentiating the sliding surface  σ , the composite NTSMC-based GPIO can be designed as follows:


     u =   ω ¨  *  +    K t   K i     K p  J    i  q 1   −   K t  J    i ˙   q 2   +  β α     ⌊  e ¯  ⌉   2 − α   + k sign  ( σ )   +   z 3  J  .     



(18)




where     i ˙   q 2   =  1  L s    ( −  R s   i  q 2   −  ω e   ψ m  −  ω e   L s   i  d 2   −  ω e   M s   i  d 1   +  u  q 2   )    can be found in (1).



The designed controller is shown in Figure 3.




3.3. Stability Analysis


Assumption 1. 

In the DTP-HESM system (6), the first n-order derivatives of the lumped disturbance d exist, and the n-order derivative satisfies    lim  t → ∞     d ˙   ( n )   = 0  .





Assumption 2. 

There exists a positive constant   k d   such that    k d  =   K t    K p  J    D 1  +  1 J   D 2   , where   D 1   and   D 2   are the upper bounds of     u ˙   q 1     and    e 3   , respectively.





Theorem 1. 

Suppose that Assumptions 1 and 2 are satisfied for the DTP-HESM system. The speed tracking error e converges to zero in finite-time under the NTSMC+GPIO composite controller, on condition that the observer gains    p 1  , ⋯ ,  p  n + 1     are properly selected and   k >  k d   , respectively.





Proof of Theorem 1. 

Firstly, the convergence of the disturbance estimation error by GPIO is proven. Here, the disturbance estimation error is defined as


      e 1     =  z 1  − ω ,       e 2     =  z 2  − d ,         ⋮      e  n + 1      =  z  n + 1   −  d  ( n )   ,      



(19)







The estimation error is defined as   e = [  e 1     e 2    ⋯    e  n + 1   ]  . Then, the estimation error system is obtained as


   e ˙  =  Ae +  d ˙    



(20)




where   A =      −  p 1     1   0   ⋯   0     ⋮   ⋮   ⋮   ⋱   ⋮      −  p n     0   0   …   1      −  p  n + 1      0   0   ⋯   0       and    d ˙  =     0     0     ⋮       d   n        .



By choosing the appropriate parameter    p 1  , ⋯ ,  p  n + 1    ,  A  is a Hurwitz matrix. The system (20) naturally satisfies the input-to-state stability. According to the input-to-state stability theorem [30], when Assumption 1 is satisfied, the estimation error of GPIO asymptotically converges to zero.



Then, the stability analysis of the composite controller is given. Choose the energy function as


     V =  1 2   σ 2  .     



(21)







Taking the derivative of V, one obtains


     V ˙     = σ  σ ˙           = σ   e ˙  +  α β    ⌊  e ¯  ⌉   α − 1     e ¯  ˙            =  α β    ⌊  e ¯  ⌉   α − 1     1 J   e 3   | σ |  +   K t    K p  J     u ˙   q 1    | σ |  −  k | σ |            ≤ −  α β    ⌊  e ¯  ⌉   α − 1    σ   ( k −  k d  )      



(22)







From (22), it can be proven that if   k >  k d   , the speed tracking error reaches the sliding mode surface   σ = 0   in finite time. After reaching the sliding mode surface, the dynamic is governed by


      e ˙  = − β  e  1 / α   .     



(23)







For the system (23), the proof in [27] indicates that it is not an attractor. According to Assumption 1 and Theorem 1, the system (23) is finite-time stable. The speed tracking error converges to zero in finite-time. In addition, the output speed  ω  tracks the reference speed   ω *   accurately. □





Remark 1. 

Since the disturbance estimation error converges to zero asymptotically, the upper bound of   e 3   is usually much smaller than the upper bound of   d ˙  . The chattering problem is effectively alleviated.







4. Number Tests Results


In this part, the speed regulation performance and CCS of the proposed NTSMC and NTSMC+GPIO method are verified by simulations. The PI method that exists in most results [13,14,15,16,17,18] is employed for comparison in the speed loop. In the comparative simulation, the four current loops adopt PI controllers with the same control parameters. The parameters of the DTP-HESM system are listed in Table 1.



In the simulations, the disturbance observer gain is set as    p 1  = 300  ,    p 2  = 3 ×  10 4    and    p 3  = 1 ×  10 6   .   K  c p    = 2.8 and   K  c i    = 166 in four current loops. The control parameters in the speed loop are given as   K  s p    = 0.15 and   K  s i    = 0.3 for PI;  α  = 1.5,  β  = 1000, k = 14,000 for NTSMC;  α  = 1.5,  β  = 1000 and k = 12,000 for NTSMC+GPIO. As in the four areas shown in Figure 2, the speed reference   ω *   and load torque   T l   change in step form are considered, which can be expressed as


   T l  =      0  N · m ,       t < 10  s       0.25  N · m ,       10  s ≤ t < 20  s       0.5  N · m ,       20  s ≤ t < 30  s       0  N · m ,       t ≥ 30  s .             a n d         ω *  =      700  rpm ,       t < 30  s       1000  rpm ,       30  s ≤ t < 40  s       1300  rpm ,      t ≥ 40  s .       



(24)







Figure 4a–d are the system responses of  ω ,   i  q 1 , 2  *  ,   i  d 1 , 2  *  ,   d ^   and   e d  , respectively. The performance index includes overshoot (OS), settling time (ST), speed drop (SD) and recovery time (RT) as the comparisons. The results are shown in Table 2. According to Figure 4a and Table 2, the PI method has a greater speed overshoot at each startup, more speed drops and longer recovery times at each loading when compared to the NTSMC and NTSMC+GPIO methods. This indicates that the speed chatting under NTSMC+GPIO is superior to NTSMC in areas I–IV. As shown in Figure 4c, the coordinative values of   i  q 1 , 2  *   and   i  d 1 , 2  *   in the LSR and HSR satisfy (2)–(5). The estimation of load torque and estimation error under DOB are shown in Figure 4d.




5. Experiment Results and Discussion


In this part, the speed regulation performance and CCS of the proposed NTSMC+GPIO method are verified by experiments. The PI method is employed for comparison in the speed loop. As shown in Figure 5, the experimental system includes the real-time digital controller RTU-BOX 201, two sets of three-phase inverters with hall sensors and a drive circuit and switching power supply. Among them, a complete set of three-phase inverter drives, three-phase inverter bridges and acquisition circuits are integrated in RTI-INV 6030. The load of the DTP-HESM system is a magnetic power brake. An incremental encoder with 2048 lines is used to obtain the position and speed information of the motor.



The control parameters are given as    p 1  = 450  ,    p 2  = 6 ×  10 4    and    p 3  = 3.3 ×  10 6    for GPIO (7);   K  c p    = 2.8,   K  c i    = 166 are four current loops;   K  s p    = 0.15 and   K  s i    = 3 for PI;  α  = 1.5,  β  = 1200, k = 12,000 for NTSMC+GPIO. For fair comparisons, the steady state errors of the PI and NTSMC+GPIO controllers are made close by tuning the the control parameters. The change of load torque   T l   and reference speed   ω *   in the experiment are consistent with the simulation settings. The experimental results in the LSR and HSR are presented in the two subsections.



5.1. Results in the LSR


Figure 6a–c shows the system responses of  ω ,   i  q 1 , 2  *   and   d ^   in the LSR, respectively. In the performance index, OS, ST, SD, RT and root-mean-square error (RMSE) are used for comparisons under startup, first step load torque and second step load torque. The results are shown in Table 3.



As shown in Figure 6a and Table 3, the steady-state accuracies for the three cases are close. The speed curve under the NTSMC+GPIO controller has a longer ST, while the OS is almost non-existent at startup. When the load torque   T l   increases, the RT is similar, while the SD is less under the NTSMC+GPIO controller.



Figure 6b shows the response curves of   i  q 1    and   i  q 2    under NTSMC+GPIO and PI. In the LSR,   i  q 2  *   depends on the electromagnetic torque estimation    T ^  e  , which requires disturbance estimation information. As shown in Figure 6b, the coordinative values of   i  q 1  *   and   i  q 2  *   with different load torques satisfy (2) and (3). The estimation of load torque under DOB is shown in Figure 6c.




5.2. Results in the HSR


In this case, the parameters of NTSMC+GPIO and PI controllers in the HSR are selected to be the same as LSR. Figure 7a–c shows the system responses of  ω , control law   i  q 1  *   and   i  d 1 , 2  *   in the HSR, respectively. The performance comparison under the first step speed-up and second step speed-up is shown in Table 4.



As shown in Figure 7a and Table 4, the speed curves under the PI controller have a short ST at each speed-up, while the OS of the NTSMC+GPIO method is smaller.



In the HSR,   i  d 2    is used for field weakening firstly.   i  d 1    is used to continue to weaken the magnetic field until   i  d 2    reaches the limit value. The response curves of   i  d 1    and   i  d 2    are shown in Figure 7c.



Hence, the experimental results verify the effectiveness of the proposed NTSMC+GPIO method. The speed regulation based on torque sensorless CSS is realized, while maintaining satisfying speed tracking performance in the whole speed region.





6. Conclusions


The composite controller NTSMC+GPIO has been proposed in this study to handle the finite-time speed regulation problem of the DTP-HESM system based on torque sensorless CCS. Firstly, a generalized proportional integral observer (GPIO) has been developed to estimate the lumped disturbances, which is utilized in the CCS. Then, the NTSMC method has been adopted as the speed loop controller. To improve the performance and robustness of the DTP-HESM system, the disturbance estimation is introduced into both the sliding model variable and sliding mode controller. Compared with the conventional PI controller, NTSMC+GPIO has largely improved the performance of speed tracking and robustness against multiple sources of disturbances in the whole speed region. Moreover, the idea of obtaining load torque through disturbance observers instead of the precision torque meter equipment can also be used for other current coordinative strategies in the HESM systems, which is extended as a promising future research direction.
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Figure 1. The control diagram of the DTP-HESM system. 
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Figure 2. Operating region block diagram. 
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Figure 3. Block diagram of the designed controller. 
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Figure 4. System responses in the simulations: (a) speed, (b) q-axis current reference, (c) q-axis current reference, (d) disturbance estimation and estimation error. 
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Figure 5. Experimental system. (a) Setup; (b) configuration. 
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Figure 6. System responses under NTSMC+GPIO and PI in the LSR: (a) speed, (b) q-axis current reference, (c) disturbance estimation. 
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Figure 7. System responses under NTSMC+GPIO and PI in the HSR: (a) speed, (b) control law, (c) d-axis current reference. 
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Table 1. Parameters of DTP-HESM system.
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	Symbol
	Value
	Symbol
	Value





	   U N   
	   24  V   
	   M s   
	   0.12  mH   



	   I N   
	   10.9  A   
	   L s   
	   0.31  mH   



	   n N   
	   700  r / min   
	   n p   
	10



	   T N   
	   0.3  N · m   
	   ψ m   
	   0.003  Wb   



	   R s   
	   0.1  Ω   
	J
	   8 ×  10  − 4    kg ·  m 2    



	B
	   6 ×  10  − 4    N · m · s / rad   
	
	










 





Table 2. Performance comparisons in the simulations.
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Test Type

	
Performance Index

	
PI

	
NTSMC

	
NTSMC+GPIO






	
startup

	
OS [rpm]

	
68.53

	
0.02

	
0.01




	
ST [s]

	
0.28

	
0.27

	
0.3




	
First step load torque

	
SD [rpm]

	
270

	
21

	
22




	
RT [s]

	
3.3

	
0.2

	
0.2




	
Second step load torque

	
SD [rpm]

	
72

	
3

	
3




	
RT [s]

	
8.2

	
0.1

	
0.1




	
First step speed-up

	
OS [rpm]

	
489.7

	
0.02

	
0.01




	
ST [s]

	
1.5

	
0.1

	
0.1




	
Second step speed-up

	
OS [rpm]

	
27.5

	
0.02

	
0.01




	
ST [s]

	
1.1

	
0.05

	
0.1











 





Table 3. Performance comparisons in the LSR.
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Test Type

	
Performance Index

	
PI

	
NTSMC+GPIO






	
startup

	
OS [rpm]

	
20.31

	
0.59




	
ST [s]

	
0.050

	
0.086




	
RMSE [rpm]

	
1.01

	
0.99




	
1st step load torque

	
SD [rpm]

	
30.13

	
9.56




	
RT [s]

	
0.069

	
0.072




	
RMSE [rpm]

	
0.82

	
0.83




	
2st step load torque

	
SD [rpm]

	
10.54

	
7.29




	
RT [s]

	
0.105

	
0.106




	
RMSE [rpm]

	
0.96

	
0.99











 





Table 4. Performance comparisons in the HSR.
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Test Type

	
Performance Index

	
PI

	
NTSMC+GPIO






	
1st step speed-up

	
Overshoot [rpm]

	
17.65

	
0.41




	
Setting time [s]

	
0.019

	
0.061




	
Root-mean-square error [rpm]

	
0.92

	
0.95




	
2st step speed-up

	
Overshoot [rpm]

	
21.05

	
0.67




	
Settling time [s]

	
0.022

	
0.052




	
Root-mean-square error [rpm]

	
1.06

	
1.08
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