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Abstract

:

The traditional sensorless control system of permanent magnet synchronous motor (PMSM) has the problems of low estimation accuracy and poor anti-interference ability. Moreover, the position estimation performance is subjected to position harmonic ripples caused by inverter nonlinearities and flux spatial harmonics. To optimize the dynamic performance of the PMSM sensorless control system, this paper proposes a sensorless control scheme that combines integral backstepping control with enhanced linear extended state observer (ELESO). The ELESO consists of two linear extended state observers (LESOs), which estimate the internal and external disturbances of the system, to improve the estimation accuracy of rotor position. Then, the integral backstepping controller processes the estimated rotor position and speed information to obtain d and q-axis voltages. The sensorless control scheme is implemented in the Matlab/Simulink and verified by experiments. The simulation and experiment show that the scheme can effectively suppress load interference and improve control accuracy.
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1. Introduction


Permanent magnet synchronous motors (PMSMs) adopt the field-oriented control (FOC) which have the advantages of small size, simple structure, high efficiency, large power density, and wide speed range. Therefore, PMSM can be widely used in aerospace, household appliances, and medical equipment fields [1]. To achieve efficient control of PMSM, a Hall sensor, optical encoder, and resolver are usually used to monitor the rotor position in time. However, this control scheme is highly dependent on the sensor, which increases the control cost. If the connection cable is too long, interference may be introduced into the system. In addition, working in high temperatures, low temperatures dirty air, and other environments will reduce the reliability of the system [2,3]. However, PMSM plays an important role in high-performance control places, so sensorless control technology came into being. The sensorless control technology discards the position sensor. By detecting the electrical signal in the motor winding, a certain control algorithm is used to estimate the rotor position and speed. Sensorless control represents the development trend of the three-phase PMSM control system. The core of sensorless control is the estimation of rotor position. Therefore, selecting an appropriate scheme to accurately estimate the real-time position of the PMSM rotor is an important part of sensorless control.



The sensorless rotor position acquisition of the PMSM mainly depends on the back electromotive force (EMF) estimation of the system [4]. As an effective position estimation method, the sliding-mode observer (SMO) has the advantages of a simple algorithm and strong robustness. In recent years, the SMO has been widely used in sensorless high-performance control of PMSM [5,6]. However, the switching function used by the traditional SMO has the problems of phase delay and speed chattering. Therefore, reducing phase delay and speed chattering is a hot issue in SMO control. In Ref. [7], a new design of SMO was proposed to improve control accuracy. An observer is built according to the back EMF model after the back EMF equivalent signal is obtained. In this way, not only are low-pass filter and phase compensation modules eliminated but also estimation accuracy is improved. In Ref. [8], an SMO based on an adaptive super-twisting algorithm is proposed, in which the nonlinearity of the voltage source inverter (VSI) is considered. The algorithm reduces the error by compensating for the voltage distortion. Some schemes propose using the sigmoid function as a switching function to improve response speed and reduce chattering [9]. In addition, considering the double closed-loop module for processing the estimated parameters, the sliding mode controller (SMC) can replace the classical proportional-integral (PI) control algorithm. The SMC is insensitive to disturbances and parameters. In addition, it also has a fast response speed. Therefore, the SMC has been widely used in motor speed regulation systems and works with other control schemes [10,11,12]. In Ref. [13], a hybrid control strategy combining fuzzy SMC with load torque observer was proposed to accurately estimate load torque and suppress chattering. In Ref. [14], a fuzzy sliding mode speed controller for PMSM is proposed. The scheme combines the continuous terminal SMO, which can reach the balance point in a limited time to ensure the continuity of control and fast-tracking. Moreover, to improve the speed tracking accuracy, a neural network SMC scheme is proposed to optimize the control system [15].



Active disturbance rejection control (ADRC) has the advantages of strong anti-interference ability, weak model dependence, and a simple design process. Therefore, the ADRC has been successfully applied to motor drive systems. Extended state observer (ESO) is the core of ADRC, which was first proposed at the end of the 20th century [16]. The main idea of the ESO is to treat the unknown internal and external disturbances as the lumped disturbances of the system, thus expanding the disturbances into a new state variable [17]. Then, the new state variable can be estimated according to the output of the system. The ESO discards the low-pass filter and sliding mode function and improves the phase delay and chattering of the motor. Therefore, the ESO has extensive application prospects in motor control. In Ref. [18], a control strategy combining the ESO-based position estimation method and high-frequency current injection method was proposed. Compared with the traditional hybrid scheme, the two schemes were integrated into the same control structure, and the position observer was embedded in the current controller. The robustness of the control system is good in the full speed range. In Ref. [19], a linear active disturbance rejection controller (LADRC) design was proposed to reduce overshoot and improve dynamic response when a disturbance occurs. The ESO can effectively reduce the negative effects of phase delay and motor chattering. However, when the interference factors are caused by the system, the ESO cannot filter them out in time.



The SMC can solve the poor adaptability of the PI controller to external disturbances. However, when the state trajectory reaches the sliding mode surface, it is difficult to slide strictly along the sliding mode to the equilibrium point, resulting in chattering. In Ref. [20], using the saturation function instead of the switching function can effectively attenuate chattering. However, the traditional reaching law is difficult to suppress chattering and keep the system stable at the origin. The backstepping control considers both the control law and the adaptive law, which can make the whole closed-loop system meet the desired dynamic and static performance. Therefore, many scholars began to study the double closed-loop control based on the backstepping method to obtain a good load disturbance suppression effect. Different from the conventional feedback control methods, the backstepping control is a cascade design method. The controller aims to decompose the complex system into subsystems that do not exceed the system order. The controller designs the state variables and the Lyapunov functions for each subsystem so that the local and global stability characteristics run through each step [21]. In general, the backstepping controller makes the control process systematic and structured through reverse design. However, keeping the convergence of backstepping control and eliminating the steady-state error still needs to be concerned when the system parameters contain uncertainties.



To solve the above problems, this paper proposes a control scheme that combines an integral backstepping controller with an enhanced linear extended state observer (ELESO). Firstly, the ELESO is composed of two linear extended state observers (LESOs) cascaded, which estimate the rotor lumped interference and the internal interference of the system to eliminate the influence of the higher harmonics on position estimation. Secondly, the new Lyapunov functions are designed by adding integral terms to the backstepping controller. The integral backstepping controller can guarantee convergence and eliminate steady-state error. Moreover, the parameters of PMSM can be estimated by backstepping controller to further eliminate the internal disturbance. Finally, the effectiveness of the control algorithm is proved by simulation and experiment. The remainder of this paper is organized as follows. In Section 2, the ELESO and the integral backstepping controller are designed. In Section 3, the improved control algorithm is verified by simulation and experiment, and the results are analyzed. Finally, in Section 4, the research contents are summarized.




2. Theoretical Analysis of the Integral Backstepping Controller and the ELESO


This section will give the classical mathematical model of PMSM and important transformation formulas. The ELESO and the backstepping controller are designed according to the reference model.



2.1. The Mode of PMSM


To simplify the mathematical model of the three-phase PMSM in the natural coordinate system, the coordinate transformation includes static coordinate transformation (Clark transformation) and synchronous rotation coordinate transformation (Park transformation) [22]. After the Clark transformation and the Park transformation, the mathematical model of PMSM in the d-q synchronous rotation coordinate system is shown as follows [23]:


          d  i d    d t   = −    R S     L d     i d  +    L q     L d     n p  ω  i q  +  1   L d     u d          d  i q    d t   = −    R S     L q     i q  −    L d     L q     n p  ω  i d  −    ψ f   n p     L q    ω +  1   L q     u q          d ω   d t   =  3 2     n p   J     ψ f   i q  + (  L d  −  L q  )  i d   i q    −  1 J   T L  −  B J  ω         d  θ e    d t   =  n p  ω        



(1)




where    u d   ,    u q    are the stator voltages of the d and q-axis.    i d   ,    i q    are the stator currents.    R s    is the stator resistance.    L d   ,    L q    are d and q-axis inductances.  ω  is the mechanical angular speed of the rotor.  J  is rotor inertia.  B  is the viscous friction coefficient.    n p    is the number of pole pairs.    ψ f    is the magnetic flux of the permanent magnet.    T L    is the load torque.




2.2. Design of ELESO


In the static coordinate system, the voltage equation of salient pole PMSM is as follows:


         u α         u β        =        R s  + p  L d       ω e  (  L d  −  L q  )       −  ω e  (  L d  −  L q  )      R s  + p  L d               i α         i β        +        E α         E β         



(2)




where    u α    and    u β    are the stator voltages in the static coordinate system.    i α    and    i β    are α and β-axis stator currents.    ω e  =  n p  ω   is the rotor’s electrical angular speed.    L α   ,    L β    are the stator inductance.  p  is the differential operator.    E α    and    E β    are the extended back EMF, which can be expressed as follows:


         E α         E β        =    ω e       L d  −  L q     i d  +  ψ f    −    L d  −  L q    p  i q          − sin  θ e        cos  θ e         



(3)







It can be seen from Equation (3) that the extended back EMF contains rotor position information. Therefore, the estimation of back EMF in static coordinates will directly affect the estimation accuracy of the rotor position.



The ESO can estimate the lumped disturbance of the system accurately and efficiently. The basic form of the second-order LESO is expressed as:


        ε =  z 1  −  x 1          z ˙  1  =  z 2  + f +  b 0  u −  β 1  ε         z ˙  2  = −  β 2  ε        



(4)




where  ε  is the estimated error.    x 1    is the actual state variable.    z 1    is the estimation of    x 1   .    z 2    is the estimated disturbance.  u  is the system input.  f  is the known disturbance, which contains the known model information of the system.    b 0    is the system parameter.    β 1    and    β 2    are the observer gains. If the α and β-axis back EMF components with non-ideal conditions are considered as external interference, the state equation of stator current is as follows:


  p  i x  =  f   e x    +  f x  +  u x  /  L d  , x = α , β  



(5)




where    f   e x      represents the lumped interference of the system, which is the sum of the external interference and the internal interference.    f x    represents known model information, which can be expressed as follows:


         f α  =   ω ^  e  (  L q  −  L d  )  i β  /  L d  −  R s   i α  /  L d         f β  =   ω ^  e  (  L d  −  L q  )  i α  /  L d  −  R s   i β  /  L d         



(6)




where     ω ^  e    is the estimated value of rotor electrical angular speed. Then, according to the definition of the state equation, the external disturbance state observer LESO1 is designed as follows:


         ε x  =   i ^  x  −  i x        p   i ^  x  =   f ^    e x    +  f x  +  u x  /  L d  −  β  x 1    ε x        p   f ^    e x    = −  β  x 2    ε x         



(7)




where     i ^  x    is the estimated value of the current.    β  x 1     and    β  x 2     are the gains of the LESO1. According to Equations (2) and (5), the estimated back EMF is as follows:


          e ^  α          e ^  β        = −  L d          f ^    e α            f ^    e β           



(8)







Based on the estimated back EMF, the position and the speed of the rotor under sensorless conditions can be obtained through the phase-locked loop (PLL). However, in practice, the inverter nonlinearity will generate different 5th and 7th harmonics in the phase current. As a result, (6k + 1) subharmonics will appear in the back EMF estimation, which results in six harmonic fluctuations in the estimated rotor position and speed [24]. The sixth harmonic will reduce the performance of the control system. The back EMF formula including the sixth harmonic component is as follows:


          e ^  α  = −  E  e x   sin (  ω e  t +  θ e  ) −  E  6 k ± 1   sin ( ( 6 k + 1 )  ω e  t +  θ  6 k ± 1   )         e ^  β  = −  E  e x   sin (  ω e  t +  θ e  ) +  E  6 k ± 1   cos ( ( 6 k + 1 )  ω e  t +  θ  6 k ± 1   )        



(9)







The rotor angle estimation error becomes:


   ε θ  =  θ e  −   θ ^  e  +  E  6 k   sin ( 6 k  ω e  t +  θ  6 k   )  



(10)




where    E  e x   =  ω e  ⋅  ψ f   . In general, there is only the harmonic effect when   k = 1  . Therefore, after the whole FOC control finishes, the output rotor angle error will contain the sixth harmonic component. The ADRC does not require an accurate motor model. According to this characteristic, this paper proposes an internal disturbance observer LESO2 to estimate the internal disturbance of the system. The LESO2 is cascaded with the LESO1. With this scheme, the influence of higher harmonics and motor parameter changes of the system performance can be eliminated as far as possible. At this time, the stator current model is shown as follows:


  p  i x  =  f   e x    +  f x  +  u x  /  L d  +  f   e  h x     , x = α , β  



(11)




where    f   e  h x       represents the internal disturbance in the static coordinate system, which is the high-order harmonic back EMF. According to the current formula, the LESO2 is designed as follows:


         ε  h x   =   i ^   h x   −  i x        p   i ^   h x   =   f ^    e x    +  f x  +   f ^    e  h x     +  u x  /  L d  −  β  x 3    ε  h x         p   f ^    e  h x     = −  β  x 4    ε  h x          



(12)




where     i ^   h x     is the estimated current component under the higher harmonic.    ε  h x     is the estimation error.     f ^    e  h x       is the estimated internal disturbance.    β  x 3     and    β  x 4     are the gains of the LESO2.



According to Equations (3) and (8), the estimated rotor position can be calculated as:


    θ ^  e  = arctan     −   e ^  α      e ^  β       



(13)







In Equation (13), the estimated rotor position can be obtained directly. However, the arctangent function is very sensitive to noise. The position extraction method based on the arctangent function directly brings this noise into the operation, which leads to the error being amplified, thus causing greater angle estimation error. This uncertainty will reduce the accuracy and stability of the control system, especially in the middle and low speed range. Therefore, it is necessary to use the PLL to extract speed and position information from the estimated back EMF [25].



   β  x 1    ,    β  x 2    ,    β  x 3     and    β  x 4     are the gains of the LESO1 and the LESO2. If the gains are not properly selected, it will lead to the loss of position in the process of controller evaluation, which will lead to system instability [26,27]. Therefore, the selection of gains is an important issue. Taking the LESO1 as an example, the tracking error is defined as follows:


  e =         i ^  x  −  i x          f ^    e x    −  f   e x           



(14)







According to Equations (5) and (7), the error state equation can be derived as:


   e ˙  =  C m  e ,  C m  =       −  β  x 1      1      −  β  x 2      0       



(15)







Equation (15) shows that the eigenvalues of    C m    determine the behavior of the LESO1. If and only if    β  x 2   > 0  , Equation (15) is asymptotically stable. Therefore, the gains of the LESO1 can be selected according to the bandwidth of the LESO1 [28]. Specifically, the gains of the LESO1 are designed such that    C m    has a double eigenvalue  λ  that is equal to the bandwidth of the LESO1 [29]. The characteristic equation is as follows:


    λ E −  C m    =       λ +  β  x 1       − 1        β  x 2      λ      =  λ 2  +  β  x 1   λ +  β  x 2   =     λ +  ω 0     2   



(16)




where    ω 0    is the bandwidth of the LESO1.    ω 0    should be large enough to ensure that the system can respond quickly. According to    ω 0   , the gains of the LESO1 can be obtained as follows:


   β  x 1   = 2  ω 0  ,  β  x 2   =  ω 0 2   



(17)







The gains selection of the LESO2 is similar to the LESO1.



Figure 1 is the control diagram of the ELESO.    u x    is the system input, which is represented as the voltage component in the static coordinate system in the PMSM control.    i x    is the current component in the static coordinate system.    f x    can be calculated by combining motor parameters with dynamic components. The three inputs act on the LESO1 and the LESO2, respectively. By subtracting the internal interference from the lumped interference, the back EMF can be obtained in the static coordinate system with high-frequency harmonics filtered. According to the estimated back EMF, the rotor position and the speed are obtained in the PLL. This scheme eliminates the low-pass filter and discrete sliding mode function and improves the phase delay and chattering problems. The ELESO can obtain high-precision estimation parameters.




2.3. Design of Backstepping Control


The backstepping control is used to decompose the complex nonlinear system into subsystems that do not exceed the system order, then design the corresponding Lyapunov function and intermediate virtual control quantity for each subsystem [30]. At each stage, the current Lyapunov function will be based on the state of the previous subsystem, including the current virtual control quantity to ensure system stability [31]. The control steps are mainly divided into the following steps: Firstly, the controller selects some states of the system as subsystems and designs the Lyapunov functions. According to the virtual control quantity of the subsystem, the virtual error variable is designed. A new subsystem is composed of the virtual error variable and the previous subsystem. A new Lyapunov function is designed to stabilize the new system. If the actual control quantity of the system is not obtained, the subsystem shall be designed recursively. Otherwise, the actual control quantity shall be designed to stabilize the whole system [32]. Each new system is designed on the premise that its subsystems are stable, so that the final control system can be stable.



According to the estimated position and the estimated speed of the rotor obtained by the ELESO, this paper proposes an integral backstepping control module with a speed controller and current controller cascaded. The reference values of rotor speed and d and q-axis currents are defined as    ω r   ,    i  d r e f     and    i  q r e f    . First, for the speed loop with a given reference speed, assuming that the control target of the system is speed tracking. Tracking error is constructed as follows:


   e ω  =  ω r  − ω +  e  ω I    



(18)




where    e  ω I     is the integral of the estimation error in the sampling time. This term is added to ensure that the system can converge even if the system parameters contain uncertainties.    e  ω I     is expressed as follows:


   e  ω I   =  K ω     ∫ 0 t   (  ω r  − ω ) d t     



(19)







To make the speed tracking error approaches zero,    i  q r e f     is designed as a virtual control variable. The candidate Lyapunov function is constructed as follows:


   V ω  =  1 2   e ω 2   



(20)







The derivative of    e ω    can be obtained by combining Equations (1) and (18):


    e ˙  ω  =   ω ˙  r  −  3 2     n p   J     ψ f   i  q r e f   + (  L d  −  L q  )  i d   i  q r e f     +  1 J   T L  +  B J  ω +  K ω  (  ω r  − ω )  



(21)







Then, the derivative of the candidate Lyapunov function shown in Equation (20) is:


    V ˙  ω  =  e ω    e ˙  ω  =  e ω      ω ˙  r  −  3 2     n p   J  (  ψ f   i  q r e f   + (  L d  −  L q  )  i d   i  q r e f   ) +  1 J   T L  +  B J  ω +  K ω  (  ω r  − ω )    



(22)







To make Equation (22) negative definite,    i  q r e f     is taken as follows:


   i  q r e f   =  J   3 2   n p  (  ψ f  + (  L d  −  L q  )  i d  )      K 1   e ω  +   ω ˙  r  +  1 J   T L  +  B J  ω +   e ˙   ω I      



(23)







The result of Equation (22) is as follows:


    V ˙  ω  = −  K 1   e ω 2  ,  K 1  > 0  



(24)







   T L    is used in Equation (23).    T L    is unknown in most drive control designs. Therefore, it can be estimated according to the speed information obtained in the ELESO and Equation (1) [33].



At this time, the system has achieved the goal of global progressive speed tracking. To achieve complete decoupling and speed tracking of the PMSM, the current under the synchronous rotating coordinate system can be selected as follows:


         i  q r e f   =  J   3 2   n p  (  ψ f  + (  L d  −  L q  )  i d  )      K 1   e ω  +   ω ˙  r  +  1 J   T L  +  B J  ω +   e ˙   ω I            i  d r e f   = 0        



(25)







The current tracking error is selected as the virtual control variable. The current error is defined as follows:


         e q  =  i  q r e f   −  i q  +  i  q e          e d  =  i  d r e f   −  i d  +  i  d e          



(26)




where    i  d e     and    i  q e     are the integral terms, which are expressed as follows:


   i  x e   =  K x     ∫ 0 t   (  i  x r e f   −  i x  ) d t , x = d , q     



(27)







At this time, a new system is being constructed. Consider the following candidate Lyapunov function:


   V q  =  V ω  +  1 2   e q 2  +  1 2   i  q e  2   



(28)







The derivative of Equation (28) can be obtained by combining Equations (1), (24) and (26):


      V ˙  q  = −  K 1   e ω 2  +  e q      d  i  q r e f     d t   +    R S     L q     i q  +    L d     L q     n p  ω  i d  +    ψ f   n p     L q    ω −  1   L q     u q  +  K q  (  i  q r e f   −  i q  )       +  i  q e    K q  (  i  q r e f   −  i q  )    



(29)







According to Equation (29), the control quantity    u q    is selected as follows:


   u q  =  L q     K 2   e q  +   d  i  q r e f     d t   +    R S     L q     i q  +    L d     L q     n p  ω  i d  +    ψ f   n p     L q    ω    



(30)







Substituting Equation (30) into Equation (29) yields:


      V ˙  q  = −  K 1   e ω 2  −  K 2   e q 2  + (  e q  +  i  q e   )  K q  (  i  q r e f   −  i q  )     = −  K 1   e ω 2  −  K 2   e q 2  + (  e q  +  i  q e   )  K q  (  e q  −  i  q e   )     = −  K 1   e ω 2  − (  K 2  −  K q  )  e q 2  −  K q   i  q e  2     



(31)







The result of Equation (31) is as follows:


    V ˙  q  ≤ −  K Q   V q  ,  K Q  = min    K 1  ; (  K 2  −  K q  ) ;  K q     



(32)







For the d-axis current    i d   , the target    i  d r e f   = 0  . The control value is    u d   . Similar to the previous subsystem construction process, the candidate Lyapunov function is defined as:


   V d  =  1 2   e d 2  +  1 2   i  d e  2   



(33)







The derivative of Equation (33) yields:


      V ˙  d  =  e d      d  i  r e f     d t   −   d  i d    d t   −  K d   i d    +  i  d e    K d  (  i  d r e f   −  i d  )     =  e d       R S     L d     i d  −    L q     L d     n p  ω  i q  −  1   L d     u d    +  K d  (  e d  +  i  d e   ) (  e d  −  i  d e   )    



(34)







According to Equation (34), the control quantity    u d    is selected as follows:


   u d  =  L d     K 3   e d  +    R S     L d     i d  −    L q     L d     n p  ω  i q  −  1   L d     u d     



(35)







Substituting Equation (35) into Equation (34) yields:


    V ˙  d  = − (  K 3  −  K d  )  e d 2  −  K d   i  d e  2   



(36)







Similar to Equation (32),     V ˙  d    is represented as follows:


    V ˙  d  ≤ −  K D   V d  ,  K D  = min   (  K 3  −  K d  ) ;  K d     



(37)







Through the design of the backstepping controllers, the speed controller and current controllers are cascaded to ensure that all virtual control variables will eventually converge to their reference values.



In practice, some parameters of the PMSM are not fixed. Its value changes over time. For example, the stator resistance will change as the temperature changes [34]. However, in sensorless control of using equation model, motor parameters such as resistance and inductance are used in calculation. The system operation is based on the assumption that these parameters are predetermined and conform to actual motor parameters. Therefore, the difference of motor parameters may affect the stability of the sensorless control system. To solve this problem, in [35], the author introduced the on-line parameter identification as a compensation method for motor parameter difference. Specifically, the Recursive Least Squares method (RLS) is used as the core, and the appropriate forgetting matrix is selected to identify. The feasibility of the method is verified by simulation.





3. Simulation and Experimental Analysis


In this section, the PMSM sensorless control diagram based on the combination of the integral backstepping controller and the ELESO is shown in Figure 2. The ELESO calculates the estimated internal and external interference. The estimated rotor position and speed are obtained in PLL. D and q-axis voltages are obtained by the integral backstepping controller. After anti-Park transformation and SVPWM, the PWM signal is output to complete the whole control process. The experimental test platform is shown in Figure 3. Its components mainly include a PMSM, drive module, load, DC power supply, dynamic torque sensor, etc. The experiment uses STM32F407 chip and IR2110S driver chip as the core hardware platform to drive the 24 V on-board motor.



3.1. Simulation Results and Analysis


Table 1 shows the parameters of the PMSM. According to the flow chart of the FOC control of PMSM, a simulation model is built in Matlab/Simulink for experimental verification. The backstepping controllers replace the traditional PI controllers and add an integral term to them. The ELESO obtains back EMF. In this paper, the control scheme combining the backstepping controller and the ESO is regarded as the old scheme, and the control scheme combining the integral backstepping controller and the ELESO is regarded as the new scheme. The new scheme is compared with the old scheme to verify the effectiveness of the new control scheme.



According to the actual situation of the motor parameters, the characteristics of current tracking performance and anti-interference, the bandwidth of the LESO1 is selected as 500 Hz, and the bandwidth of the LESO2 is selected as 3000 Hz in the ELESO. In the backstepping controller,    K 1  = 4000 ,  K ω  = 200 ,  K 2  = 13,000 ,  K q  = 350 ,  K 3  = 8000 ,  k d  = 830  . Set the step size as 1 × 10−5 s. The motor accelerates from the static state to 500 rad/s. The rotor speed is raised to 1000 r/min at 0.5 s, and 6 N·m loads are applied to the rotor. Then, the motor runs at the rated speed.



Figure 4 shows the estimated back EMF under the old scheme. Due to the existence of harmonics, the estimated value of back EMF is not ideal. The influence of high-order harmonics on estimation accuracy is especially obvious at the low speed. According to the definition of the PLL and Equation (13), the back EMF information is finally converted into the estimated position information of the rotor. Therefore, this paper mainly shows the advantages of the new scheme from the position and speed of information.



Figure 5 shows the PMSM three-phase current waveforms of the two control schemes under no-load startup. Comparing the two waveforms, it can be concluded that the scheme based on the integral backstepping controller and the ELESO has a higher sinusoidal current waveform because it filters out the higher harmonics.



Figure 6 shows the waveforms comparison between the estimated rotor position and the actual value under the two schemes. Combined with the rotor position error waveforms shown in Figure 7, it is obvious that the traditional scheme always has an estimation error of about 0.5 rad under no-load startup. The improved scheme will have fewer errors only at the moment of state change. With the stable operation of the motor, the position estimation error under the improved scheme is always stable at about 0 rad.



Figure 8 shows the d and q-axis currents of the two controllers. Due to the existence of higher harmonics, the waveforms in Figure 8a are not smooth. The high-order harmonics are filtered out in Figure 8b, so the d and q-axis currents are more stable. In addition, when the state changes in 0 s and 0.5 s, the jump amplitude of the current in Figure 8b is smaller.



Figure 9 shows the rotor speed waveforms of the two controllers. The standard of rotor stability is that the rotor speed reaches the set value and can be stabilized around the set value. In Figure 9a, it takes about 0.07 s for the rotor speed to reach the set value. In Figure 9b, the waveform converges faster. The new scheme eliminates the influence of internal disturbances such as harmonic components and parameter changes. The speed waveform is smoother. The new scheme is more suitable for places with high requirements for motor speed accuracy.



According to the above waveforms, the control scheme of combining the traditional backstepping controller with the ESO does not eliminate the influence of the high-order harmonics and internal parameter changes of the motor. Therefore, the problem of jitter and poor sinusoidal performance will occur in this control scheme, especially at low speeds. The system always maintains an estimation error of about 0.5 rad, which affects the stable operation of the motor. Compared with the traditional scheme, the control scheme based on the integral backstepping controller and the ELESO has better tracking performance at a low speed. In the second stage of acceleration, the traditional control mode requires 0.06 s of reaction time, and the improved scheme only needs 0.01 s to reach the rated speed, which improves the reaction speed of the system.



The working principle of PMSM is that the magnetic field acts on the current force to make the motor rotate. When the motor is unloaded, the electromagnetic force is far greater than the force required for rotor rotation. When the motor is loaded, the resistance of the load on the rotor requires more force to rotate. Therefore, we need to conduct the motor on load starting test to verify whether the new scheme meets the expectations. Set the motor speed to the rated speed of 1000 r/min and the load to 6 N·m. The two methods are simulated, and the experimental results are analyzed.



Figure 10 shows the waveforms of the PMSM stator three-phase current under load startup test. Both schemes can obtain relatively stable three-phase waveforms under load startup, but the sinusoidal property of Figure 10a is worse than that of Figure 10b due to the existence of harmonics. In Figure 10b, the LESO2 timely estimated the harmonic components, and the external interference of the ELESO output no longer contains high-order harmonics, so the waveform is more sinusoidal.



Figure 11 shows the rotor position estimation waveforms under load startup. As shown in Figure 11, both control schemes can finally achieve the goal of real-time tracking. According to the error waveforms shown in Figure 12, it can be obtained that the new scheme can converge faster. Compared with Figure 12a, the integral backstepping controller eliminates the steady-state error and further improves the system performance.



Figure 13 shows the d and q-axis currents of the two schemes under load startup. The higher harmonics are filtered out in Figure 13b, and the waveforms are smoother than those in Figure 13a. In addition, the currents in Figure 13b have a faster convergence speed and a smaller jump amplitude.



Figure 14 shows the speed-tracking waveforms of the two schemes under load startup. As shown in Figure 14a, the rotor speed reaches the set value of 0.4 s. The rotor can converge to the target speed after 0.2 s under the new system. Since high-frequency harmonics and other internal disturbances are filtered out, the speed can be stabilized at 1000 r/min thereafter. Therefore, the new system has good robustness.



According to the above experimental data, when the motor starts with load, the control scheme based on the combination of the backstepping controller and the ESO, as well as the control scheme based on the combination of the integral backstepping controller and the ELESO, will eventually produce a stable waveform. However, the control scheme based on the integral backstepping controller and the ELESO can accelerate to the rated speed faster in the startup phase, which is 0.2 s faster than the traditional control scheme. The control scheme combining the backstepping controller with the ESO still has a rotor estimation error of 0.2 rad when the system is stable. Due to the estimation of the internal disturbance of the system and the addition of integral terms to the backstepping controller, the control scheme based on the integral backstepping controller and the ELESO can obtain better static stability. Through no-load acceleration and on-load starting experiments, it is verified that the PMSM sensorless control system based on the integral backstepping controller and the ELESO has better performance and stronger robustness. The simulation results realize the PMSM high-precision control without a position sensor.




3.2. Experimental Results and Analysis


The feasibility of the control scheme based on the combination of the integral backstepping controller and the ELESO is preliminarily verified through simulation. On this basis, the motor test bench shown in Figure 3 is used for experimental verification. The magnetic particle brake and tension controller provide load to the PMSM. The dynamic torque sensor can display the change of dynamic parameters such as speed and torque of the PMSM. At zero speed and low speed, the back EMF is very small, and the rotor position cannot be accurately estimated. I-F open-loop startup is usually used to cover the startup from standstill through the low-speed area. After rotor pre-positioning, the method applies a constant q-axis current to drag the speed up to the desired speed, then switches to a medium-high speed angle observer [36].



According to the simulation results, two experiments are designed to verify the superiority of the control scheme based on the integral backstepping controller and the ELESO. These experiments also use the control scheme based on the backstepping controller and the ESO as a comparison. Firstly, PMSM starts at no load and accelerates to 500 r/min. At 0.5 s, the PMSM accelerates to 1000 r/min. When the time reaches 1 s, the load jumps to 6 N·m. Finally, the load drops to 0 N·m at 1.5 s, and the PMSM keeps running at this state. Figure 15 shows the speed waveforms under this experiment. The total duration of the experiment is set to 2 s. The timeline of the experiment is marked in Figure 15, and all the following waveforms are based on this timeline. Figure 15 clearly shows that when the system state changes, the control scheme based on the integral backstepping controller and the ELESO has a faster response speed. Figure 16 shows the actual position and estimated position of the rotor after taking the remainder under the two schemes. In Figure 16, the errors of the two schemes are small, which will be difficult to show the superiority of the improved scheme. In this paper, the position and speed information are quantified in the table for a clearer comparison. Table 2 shows the estimated and actual values of position and speed under the two schemes. According to the design of experiment 1, the appropriate time points are selected for data acquisition. In experiment 1, after the PMSM is started, the system state changes three times at 0.5 s, 1 s and 1.5 s. Table 2 shows that the control scheme based on the integral backstepping controller and the ELESO has better tracking effect in the whole process of experiment 1. The rotor position tracking error is basically stable within 0.1 rad, which is greatly improved compared with the control scheme based on the backstepping controller and the ESO. When the system state changes, the rotor speed jump amplitude of the improved scheme is lower. Moreover, when the system operates stably, especially when the load value is rated, the steady-state error of the control scheme based on the integral backstepping controller and the ELESO is smaller, and its speed can converge to the set value faster.



Figure 17 is the current waveforms diagram of the d and q-axis. Figure 18 shows the electromagnetic torque waveforms. In Figure 17, both schemes have obtained stable current waveforms. However, the jump amplitude of the q-axis current in Figure 17b is smaller when the speed changes. Figure 18a shows that the waveform jitter with internal interference (higher harmonics) will be very obvious. In high performance control occasions, such control performance is not allowed. The reference value of d-axis current is always 0. According to the time point selected in Table 2, the d-axis currents and electromagnetic torques are quantized in Table 3. Comparing the data of the two schemes, the d-axis current error and electromagnetic torque error of the control scheme based on the integral backstepping controller and the ELESO are 1–10% of the error of the comparison scheme. The control scheme based on the integral backstepping controller and the ELESO shows better control performance.



The load startup and speed jump test of PMSM are also essential steps to verify its sensorless control performance. Experiment 2 is designed as PMSM load startup and speed jump experiment. PMSM starts at the set value of 1000 r/min and 6 N·m. Then, the speed jumps to 800 r/min at 1 s.



Figure 19 shows the speed waveforms of Experiment 2. Figure 20 shows the estimated value and actual value of the rotor position after taking the remainder. Similar to experiment 1, the relevant parameters in Figure 19 and Figure 20 are quantified in Table 4. According to the data in Table 4, the speed in Figure 19b can reach the set value in only 0.3 s, which is much faster than the waveform in Figure 19a. Moreover, in Figure 19b, when the speed reaches the set value, PMSM can operate stably at the set value, and the steady-state error is close to 0. During the whole control process, the rotor position estimation error shown in Figure 20b is always stable around 0.4 rad. Comparing with Figure 20a, the estimation error is reduced to 30–40%.



Figure 21 shows the current waveforms of d and q-axis under experiment 2. In Figure 21a, when the rotor speed changes, the current waveforms have a very obvious jump. Moreover, due to the existence of higher harmonics, the electromagnetic torque waveform in Figure 22a has a large fluctuation. In Figure 22b, higher harmonics are filtered, and the waveform is smoother. Table 5 shows the d-axis currents and torques data of the two schemes in Experiment 2. According to the data in Table 5, the steady-state error of d-axis current in Figure 21b is 0.001–0.002. The electromagnetic torque error in Figure 22b is stable at 0.01. Experiment 2 proves that the control scheme based on the integral backstepping controller and the ELESO has a faster response speed, lower parameters jump and smaller steady-state errors when starting and changing speed under the constant load. This is consistent with the results of experiment 1.



In conclusion, the above experiments further verify that the control scheme based on the integral backstepping controller and the ELESO has better performance than the scheme based on the backstepping controller and the ESO. The experimental results show that the simulation results are correct. Compared with the ESO, the ELESO eliminates the interference of the higher harmonics. The backstepping controller can greatly reduce the influence of the parameter changes and the charge disturbances by introducing the integral action in each step to ensure high accuracy speed control. The scheme can be applied to places with high performance.





4. Conclusions


According to the characteristics of the sensorless control system, this paper proposes a sensorless control scheme that combines the integral backstepping controller with the ELESO to improve the performance of the system.



The LESO proposed by the control algorithm has the advantage of estimating the system disturbance without requiring an accurate motor model. On this basis, the algorithm improves the performance of the sensorless system by cascading another new LESO to estimate and compensate for the sixth harmonic component. Moreover, the control system provides the integral speed backstepping controller with the estimation value of the rotor speed obtained by the ELESO. The q-axis current reference value is obtained by designing a Lyapunov function. The current reference values in the synchronous rotating coordinate system are transferred to the integral current backstepping controllers to obtain the d and q-axis voltages. The reference voltages and the estimated rotor position obtained by the ELESO are transmitted to the SVPWM to realize the whole FOC sensorless control process. The acceleration and load startup experiments are carried out on the control model to verify that the improved algorithm has a faster convergence speed and more accurate position estimation. In addition, the control algorithm can effectively eliminate motor chattering and phase delay, which has good stability under static and dynamic conditions. The simulation results show that the PMSM sensorless control system based on the integral backstepping controller and the ELESO is effective and has good load interference suppression capability.
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Figure 1. Block diagram of the plant controlled by the ELESO scheme. 
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Figure 2. Block diagram of the scheme based on the integral backstepping controller and the ELESO. 
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Figure 3. The experimental test platform. 
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Figure 4. PMSM estimated back EMF of the control scheme of combining the backstepping controller with the ESO. 
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Figure 5. PMSM stator three-phase current waveforms under no-load startup of the (a) Control scheme of combining the backstepping controller with the ESO and (b) Control Scheme of combining the integral backstepping controller with the ELESO. 
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Figure 6. PMSM rotor position tracking under no-load startup of the (a) Control scheme of combining the backstepping controller with the ESO and (b) Control Scheme of combining the integral backstepping controller with the ELESO. 
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Figure 7. PMSM rotor position tracking error under no-load startup of the (a) Control scheme of combining the backstepping controller with the ESO and (b) Control Scheme of combining the integral backstepping controller with the ELESO. 
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Figure 8. PMSM d and q-axis currents under no-load startup of the (a) Control scheme of combining the backstepping controller with the ESO and (b) Control Scheme of combining the integral backstepping controller with the ELESO. 
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Figure 9. PMSM rotor speed under no-load startup of the (a) Control scheme of combining the backstepping controller with the ESO and (b) Control Scheme of combining the integral backstepping controller with the ELESO. 
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Figure 10. PMSM stator three-phase current waveforms under load startup of the (a) Control scheme of the combining backstepping controller with the ESO and (b) Control Scheme of combining the integral backstepping controller with the ELESO. 
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Figure 11. PMSM rotor position tracking under load startup of the (a) Control scheme of combining the backstepping controller with the ESO and (b) Control Scheme of combining the integral backstepping controller with the ELESO. 
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Figure 12. PMSM rotor position tracking error under load startup of the (a) Control scheme of combining the backstepping controller with the ESO and (b) Control Scheme of combining the integral backstepping controller with the ELESO. 
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Figure 13. PMSM d and q-axis currents under load startup of the (a) Control scheme of combining the backstepping controller with the ESO and (b) Control Scheme of combining the integral backstepping controller with the ELESO. 
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Figure 14. PMSM rotor speed under load startup of the (a) Control scheme of combining the backstepping controller with the ESO and (b) Control Scheme of combining the integral backstepping controller with the ELESO. 
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Figure 15. Experiment 1 PMSM rotor speed waveforms of the (a) Control scheme of combining the backstepping controller with the ESO and (b) Control Scheme of combining the integral backstepping controller with the ELESO. 
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Figure 16. Experiment 1 PMSM rotor position waveforms of the (a) Control scheme of combining the backstepping controller with the ESO and (b) Control Scheme of combining the integral backstepping controller with the ELESO. 
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Figure 17. Experiment 1 PMSM d and q-axis currents of the (a) Control scheme of combining the backstepping controller with the ESO and (b) Control Scheme of combining the integral backstepping controller with the ELESO. 
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Figure 18. Experiment 1 PMSM electromagnetic torque waveforms of the (a) Control scheme of combining the backstepping controller with the ESO and (b) Control Scheme of combining the integral backstepping controller with the ELESO. 
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Figure 19. Experiment 2 PMSM rotor speed waveforms of the (a) Control scheme of combining the backstepping controller with the ESO and (b) Control Scheme of combining the integral backstepping controller with the ELESO. 






Figure 19. Experiment 2 PMSM rotor speed waveforms of the (a) Control scheme of combining the backstepping controller with the ESO and (b) Control Scheme of combining the integral backstepping controller with the ELESO.



[image: Applsci 13 01680 g019]







[image: Applsci 13 01680 g020 550] 





Figure 20. Experiment 2 PMSM rotor position waveforms of the (a) Control scheme of combining the backstepping controller with the ESO and (b) Control Scheme of combining the integral backstepping controller with the ELESO. 






Figure 20. Experiment 2 PMSM rotor position waveforms of the (a) Control scheme of combining the backstepping controller with the ESO and (b) Control Scheme of combining the integral backstepping controller with the ELESO.



[image: Applsci 13 01680 g020]







[image: Applsci 13 01680 g021 550] 





Figure 21. Experiment 2 PMSM d and q-axis currents of the (a) Control scheme of combining the backstepping controller with the ESO and (b) Control Scheme of combining the integral backstepping controller with the ELESO. 
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Figure 22. Experiment 2 PMSM electromagnetic torque waveforms of the (a) Control scheme of combining the backstepping controller with the ESO and (b) Control Scheme of combining the integral backstepping controller with the ELESO. 
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Table 1. PMSM parameters.






Table 1. PMSM parameters.





	Parameters
	Values





	Stator resistance/ Ω 
	1.5



	Rated torque/N·m
	6



	d-axis inductance/mH
	2.48



	q-axis inductance/mH
	2.95



	Rated speed/rpm
	1000



	Moment of inertia/kg·m2
	0.0014



	Flux linkage/wb
	0.07



	Viscous friction/B
	7.2 × 10−4



	Pole pairs
	4
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Table 2. Position and speed of experiment 1.






Table 2. Position and speed of experiment 1.





	Time (s)
	Speed (a) Act/Est
	Speed (a)

Error
	Speed (b) Act/Est
	Speed (b) Error
	Position (a) Act/Est
	Position (a) Error
	Position (b) Act/Est
	Position (b) Error





	0.01
	363.85/137.69
	226.16
	500.45/501.5
	−1.05
	0.81/0.39
	0.42
	1.69/1.82
	−0.13



	0.05
	470.00/462.84
	7.16
	506.67/505.13
	1.54
	2.16/1.48
	0.68
	4.52/4.61
	−0.09



	0.1
	510.40/524.53
	−14.13
	503.87/502.75
	1.12
	1.72/1.13
	0.59
	4.45/4.51
	−0.06



	0.3
	500.58/497.83
	2.75
	500.15/499.03
	1.12
	3.38/2.75
	0.63
	6.17/6.23
	−0.06



	0.55
	960.06/979.30
	−19.24
	1015.57/1013.61
	1.96
	1.35/0.5
	0.85
	5.80/5.88
	−0.08



	0.6
	1007.67/1005.30
	2.37
	1003.86/1002.66
	1.2
	5.99/4.68
	1.31
	6.14/6.19
	−0.05



	0.8
	1001.32/1006.70
	−5.38
	1000.29/999.41
	0.88
	5.28/4.09
	1.19
	4.14/4.18
	−0.04



	1.05
	873.38/870.16
	3.22
	945.46/945.07
	0.39
	1.05/0.03
	1.02
	4.72/5.14
	−0.42



	1.1
	926.43/921.41
	5.02
	995.04/994.04
	1
	1.43/0.3
	1.13
	2.05/2.44
	−0.39



	1.3
	967.17/931.65
	35.52
	999.82/998.94
	0.88
	1.10/0.08
	1.02
	6.16/6.22
	−0.06



	1.55
	1112.68/1140.04
	−27.36
	1056.01/1053.08
	2.93
	5.98/4.58
	1.4
	1.14/1.21
	−0.07



	1.6
	1110.35/1107.98
	2.37
	1011.21/1010.24
	0.97
	2.79/1.39
	1.4
	1.44/1.48
	−0.04



	1.8
	1042.10/1036.18
	5.92
	1000.99/1000.23
	0.76
	2.71/1.45
	1.26
	3.51/3.55
	−0.04
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Table 3. D-axis current and torque of experiment 1.






Table 3. D-axis current and torque of experiment 1.





	Time (s)
	Id (a)
	Id (b)
	Torque (a)
	Torque (b)





	0.01
	1.20
	0.05
	9.84
	1.31



	0.05
	−0.27
	−0.003
	2.12
	0.04



	0.1
	0.16
	−0.002
	0.78
	0.03



	0.3
	−0.023
	0.001
	−0.60
	0.01



	0.55
	0.50
	0.002
	−2.16
	−0.04



	0.6
	0.013
	−0.001
	−1.57
	−0.01



	0.8
	0.72
	−0.002
	2.02
	0



	1.05
	0.60
	−0.01
	6.03
	6.21



	1.1
	0.25
	0.003
	7.49
	6.08



	1.3
	0.09
	0.002
	6.32
	6.01



	1.55
	0.39
	0.006
	1.68
	−0.19



	1.6
	0.62
	0
	0.64
	−0.09



	1.8
	0.22
	−0.003
	0.81
	−0.01
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Table 4. Position and speed of experiment 2.






Table 4. Position and speed of experiment 2.





	Time (s)
	Speed (a) Act/Est
	Speed (a)

Error
	Speed (b) Act/Est
	Speed (b) Error
	Position (a) Act/Est
	Position (a) Error
	Position (b) Act/Est
	Position (b) Error





	0.1
	812.50/814.99
	−2.49
	965.98/964.67
	1.31
	5.51/4.49
	1.02
	4.76/5.16
	−0.4



	0.3
	939.87/947.73
	−7.86
	998.68/997.78
	0.9
	6.23/5.13
	1.1
	6.01/6.24
	−0.23



	0.5
	970.27/987.90
	−17.63
	999.97/999.06
	0.91
	2.18/0.98
	1.2
	1.79/2.18
	−0.39



	0.7
	985.96/987.44
	−1.48
	1000.01/999.11
	0.9
	1.34/0.08
	1.24
	3.89/4.28
	−0.39



	0.9
	993.17/1010.23
	−17.06
	1000.02/999.08
	0.9
	1.30/0.03
	1.27
	5.81/6.20
	−0.39



	1.1
	859.71/858.22
	1.49
	795.70/794.77
	0.93
	4.73/3.61
	1.12
	5.83/6.27
	−0.44



	1.3
	822.55/803.84
	18.71
	799.83/798.87
	0.96
	1.13/0.2
	0.93
	3.70/4.14
	−0.44



	1.5
	808.29/802.55
	5.74
	799.98/799.03
	0.95
	1.04/0.02
	1.02
	1.60/2.04
	−0.44



	1.7
	799.04/803.83
	−4.79
	799.99/799.03
	0.96
	5.95/4.99
	0.96
	5.80/6.23
	−0.43



	1.9
	805.53/780.67
	24.86
	799.99/799.02
	0.97
	4.05/3.04
	1.01
	3.70/4.14
	−0.44
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Table 5. D-axis current and torque of experiment 2.






Table 5. D-axis current and torque of experiment 2.





	Time (s)
	Id (a)
	Id (b)
	Torque (a)
	Torque (b)





	0.1
	0.35
	−0.002
	8.84
	6.06



	0.3
	0.50
	0.002
	8.49
	6.02



	0.5
	−0.013
	0.002
	6.39
	6.01



	0.7
	0.28
	0.002
	6
	6



	0.9
	0.132
	0.002
	6.72
	6.01



	1.1
	−0.15
	0.002
	3.68
	6.04



	1.3
	−0.011
	−0.001
	6.57
	6.01



	1.5
	−0.12
	−0.001
	6.07
	6



	1.7
	−0.36
	−0.001
	4.74
	6



	1.9
	−0.05
	0
	5.34
	6.01
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