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Abstract

:

In this paper, we propose a sensorless control strategy for permanent magnet synchronous motors (PMSMs) based on an adaptive-gain sliding mode observer (ASMO) with precise compensation. Firstly, the observer adopts a saturation function with a continuous boundary layer as the switching function to avoid the delay effect of the low-pass filter. In addition, the adaptive-gain method is designed based on a conventional sliding mode observer (SMO) with constant-gain and a saturation function. The adaptive-gain mathematical model is simplified by establishing a nonlinear feedback channel of an SMO. Secondly, in order to improve the practicability and facilitate debugging, the explicit stability condition of an ASMO is deduced according to Lyapunov’s second method. According to the proposed adaptive method, the chattering caused by the mismatch of the sliding-mode gain is suppressed, and the observable speed range is also improved. Thirdly, the position estimation delay problem of an SMO with a continuous switching function is analyzed in detail from the perspective of frequency characteristics. Then, a precise compensation method is proposed for the delay problem, which greatly improves the position estimation accuracy and the control performance. Finally, the correctness of the theory and the feasibility of the ASMO with precise compensation for the sensorless control of PMSMs are verified by experiments.
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1. Introduction


With the rapid development of permanent magnet materials, permanent magnet synchronous motors (PMSMs) have gradually entered people’s lives. PMSMs are widely used in transportation, national defense, agricultural production, industrial manufacturing, and many other fields, with the advantages of having a simple structure, high reliability, high power density, and easy control [1,2]. The control system of a PMSM often adopts the vector control strategy. The traditional methods employ the position sensor to provide precise rotor position and speed information for the control system. However, the existence of a position sensor not only greatly increases the cost of the control system, but also has the disadvantages of poor reliability, inconvenient installation, and an inability to be used in harsh working conditions [3]. In order to solve these problems, scholars have carried out a lot of research on sensorless control technology.



At present, sensorless control technology is mainly divided into two categories. One is the low-speed range method based on the saliency effect [4,5,6], which uses the externally injected excitation signal to obtain the rotor position and speed information. One of the main drawbacks of this approach is that complex signal processing is required in both the extraction and estimation of high-frequency currents [7]. Another type is the high-speed range method based on back electromotive force (BEMF) [8,9] or flux linkage [10,11]. This type of method requires the use of an observer to obtain the BEMF or flux linkage which carry the position information of the rotor, and the estimation accuracy is greatly affected by the rotational speed. Commonly used observation methods include the Lomborg observer method, the extended Kalman filter method, the sliding mode observer (SMO) method, and so on [12,13,14,15,16,17]. The SMO method has been widely used in the field of sensorless control because of its strong robustness, fast response speed, and easy engineering implementation.



The accuracy of the SMO is mainly determined by the deviation and chattering of the estimation results. In [18], the switching characteristics of the SMO make the estimated BEMF contain a large number of harmonic components, resulting in serious chattering, so a low-pass filter (LPF) is introduced. However, the delay effect of the LPF causes deviation in the rotor position estimation, which deteriorates the performance of the observer. Therefore, some scholars proposed to replace LPF with other filters to avoid LPF delay, for example, the adaptive second-order generalized integrator proposed by [19] and the synchronous frequency-extract filter proposed by [20]. However, this type of scheme relies on the fast and precise tracking of the fundamental frequency of BEMF, otherwise the phase delay will be increased, so the dynamic performance and reliability are poor. In this case, it is valuable to study SMO without filters, and higher-order sliding modes are seen as a viable option due to their low chattering properties. In [21,22], a high-order terminal SMO and a high-order SMO based on the super-twisting algorithm were used to obtain the rotor position and speed, respectively. This kind of high-order sliding mode scheme sets the sign function in the integral term of the control rate to ensure the continuity of the first derivative of the sliding mode surface, so as to achieve the purpose of effectively suppressing chattering at the root. However, this causes serious damage to the structure of the observer, making it overly complicated. Therefore, the more widely used strategy is to adopt a continuous function with a boundary layer (BL) instead of a discontinuous sign function as the switching function. In [23,24,25,26], the saturation function, the hyperbolic tangent function, and the sigmoid function have all been shown to reduce chattering.



Based on the above research results, Ref. [27] introduced an adaptive SMO for the problem that the constant sliding-mode gain cannot cope with the chattering suppression ability at low speed and the stability at high speed. This method improves the estimation accuracy of the observer over a wide speed range. In [28], an adaptive second-order SMO was employed to suppress the undesired chattering at low speeds by adjusting the sliding mode coefficients online. The adaptive gain will make the original stability condition no longer applicable, but the above articles do not theoretically derive a clear stability condition, and they do not consider the influence of the adaptive-gain on the position estimation accuracy.



In practical applications, changes or mismatches of motor parameters may also cause the deviation of observation results. In [29,30,31], parameter identification technologies were applied to the field of sensorless technology to improve observer accuracy and system robustness. In addition, limited by the operation speed of the digital signal processor, the rotor position estimation result always lags behind the actual position. Considering this problem, Ref. [32] proposed a current compensation method based on the dual-sampling technique, which was used to estimate the actual current at the current moment, suppressing the delay of the position estimation. The above research all focuses on the estimation deviation caused by external factors, and there are few studies on the estimation error of the algorithm itself. In [33], the continuous switching function of SMO exhibits a delay characteristic in position estimation, which means that the contradiction between the chattering and deviation of the observer remains unresolved. Therefore, the full compensation of this position estimate deviation is achieved by constructing a nonlinear equivalent model. However, the accuracy of this model has high requirements on the range of motor stator resistance, and its application is limited.



The main innovative work of this paper is to propose an adaptive-gain sliding mode observer (ASMO) that considers estimation deviation. The adaptive strategy is proposed to suppress position chattering in the wide speed range, which improves the speed observation range. Furthermore, the ASMO is simplified as a nonlinear feedback channel, and then the equivalent model of the adaptive-gain strategy is obtained. The Lyapunov function is constructed according to the equivalent model, and the precise stability conditions of the ASMO are deduced. In addition, the compensation method of position estimation deviation is proposed by analyzing the delay effect of an SMO with saturation function, which significantly improves the estimation accuracy of the sliding mode observer.




2. Conventional SMO


2.1. Mathematical Model of PMSM


The mathematical model of a PMSM in the α-β stationary reference frame can be expressed as the following form:


        d  i α    d t   = −    R S     L S     i α  +    u α     L S    −    e α     L S          d  i β    d t   = −    R S     L S     i β  +    u β     L S    −    e β     L S         



(1)




where RS and LS represent the resistance and inductance of the stator winding, respectively; iα, iβ, uα, uβ, and eα, eβ are the stator current, stator voltage, and BEMF in the α-β coordinate system, respectively.



The BEMF of PMSM in a fixed reference frame is given by


       e α  = −  ω r   ψ f  sin  θ r  = − E sin  θ r       e β  =  ω r   ψ f  cos  θ r  = E cos  θ r       



(2)




where θr, ωr, ψf, and E are the rotor electrical angle, rotor electrical angular velocity, permanent-magnet flux linkage, and amplitude of BEMF, respectively.




2.2. Conventional SMO with Constant Gain and Saturation Function


Based on the PMSM mathematical model shown in (1), the stator current observer can be constructed. The conventional SMO is designed as


        d   i ^  α    d t   = −    R S     L S      i ^  α  +    u α     L S    − k   f (   i ˜  α  )    L S          d   i ^  β    d t   = −    R S     L S      i ^  β  +    u β     L S    − k   f (   i ˜  β  )    L S         



(3)




where     i ^  α    and     i ^  β    represent the estimated value of the current in the α-β-axis.     i ˜  α    and     i ˜  β    are estimated current errors, defined as     i ˜  α  =   i ^  α  −  i α   ,    i ˜  β  =   i ^  β  −  i β   .   f ( ⋅ )   and  k  are the switching function and sliding-mode gain of the SMO, respectively.



According to the introduction, the continuous function has become the most common switching function of a conventional SMO instead of the sign function. The various continuous functions chosen in [23,24,25,26] exhibit properties similar to saturation functions. Therefore, in order to make the research in this paper more general, the most representative saturation function is used as the switching function, namely


  f ( x ) =      1    x ≥ a        x a      − a < x < a       − 1     x ≤ − a        



(4)




where a is a constant used to adjust the thickness of the BL.



Figure 1 shows the structure of the above conventional SMO (the conventional SMO in this paper is the SMO with a constant gain and saturation function). The observation gain must be large enough to ensure that the SMO reaches the sliding mode. So, the value of k needs to satisfy the following inequality conditions:


  k ≥ max (    e α    ,    e β    ) .  



(5)







Based on the equivalent control principle of SMO, the estimated BEMF can be obtained from (3)


        e ^  α  = k f (   i ˜  α  )       e ^  β  = k f (   i ˜  β  ) .      



(6)







Compared with the SMO based on the sign function, although the above SMO no longer needs LPFs, there are still two conspicuous problems to be solved.



	(1)

	
The limitation of the observable speed range caused by constant gain: The most prominent problem with constant gain is that it cannot meet the needs of a wide speed range. If the gain is too large, it will cause severe chattering at low speeds. If the gain is too small, the stability condition cannot be satisfied at high speeds, and the SMO cannot work normally.




	(2)

	
The delay problem caused by the continuous switching function: Using a continuous function as the switching function will inevitably cause a certain phase delay, especially at high speeds. This is unfavorable for realizing high-precision sensorless control.







Consequently, it is valuable to develop an SMO with high accuracy over a wide speed range. This part of the content will be introduced in detail in the next sections (Section 3 and Section 4)





3. Improved SMO with Adaptive-Gain


3.1. Adaptive-Gain SMO


The estimated current errors     i ˜  α    and     i ˜  β    are crucial parameters of an SMO, which can characterize the suppression degree of chattering. When the system is stable, the BEMF obtained by the observer will be clamped, and the SMO can provide a nonlinear feedback channel for the adaptive-gain. Based on this idea, this paper proposes a novel observer with an adaptive-gain strategy with PI regulation. This strategy can be described as follows:


      δ =     i ˜  α    2  +   i ˜  β    2    − σ k ( t )     k ( t ) =  K p  δ +  K i    ∫  δ d t .         



(7)




where Kp and Ki are the proportional and integral coefficients of the adaptive law, respectively. These two parameters determine the bandwidth of the adaptive-gain. A larger bandwidth will make the system have a faster response speed, but it will also introduce more harmonic noise of the BEMF obtained by the SMO. In addition, Ki should be large enough to ensure that δ converges to zero, otherwise it will lead to uncertainty in the stability conditions. σ is the feedback coefficient, which is a positive constant, used to adjust the size of k(t), and its value range should meet the stability conditions (20) derived later.



Substitute k(t) for the constant-gain k in (3) to obtain ASMO:


        d   i ^  α    d t   = −    R S     L S      i ^  α  +    u α     L S    − k ( t )   f (   i ˜  α  )    L S          d   i ^  β    d t   = −    R S     L S      i ^  β  +    u β     L S    − k ( t )   f (   i ˜  β  )    L S    .      



(8)







The structure diagram of ASMO is shown in Figure 2. Subtracting (1) from (8), the dynamic error for the stator current can be written as follows:


        d   i ˜  α    d t   = −    R S     L S      i ˜  α  +    e α     L S    − k ( t )   f (   i ˜  α  )    L S          d   i ˜  β    d t   = −    R S     L S      i ˜  β  +    e β     L S    − k ( t )   f (   i ˜  β  )    L S    .      



(9)







Define the estimated current error as a sliding surface:


  S =      S α       S β      =       i ^  α  −  i α        i ^  β  −  i β      = 0  



(10)




.



When the motion state of the system enters the sliding mode, the estimated BEMF is expressed as follows:


        e ^  α  = k ( t ) f (   i ˜  α  )       e ^  β  = k ( t ) f (   i ˜  β  ) .      



(11)







Due to the existence of nonlinear feedback channels, there are the following relations:


      i ˜  α    2  +   i ˜  β    2    =   a  ω r   ψ f    k ( t )   .  



(12)







Substitute (12) into (7), the equivalent model of adaptive-gain can be obtained, as shown in Figure 3.


      δ =   a  ω r   ψ f    k ( t )   − σ k ( t )     k ( t ) =  K p  δ +  K i    ∫  δ d t .         



(13)







The amplitude of the BEMF is determined by the parameters of the motor and the speed of the rotor, and is independent of the design of the observer. So, it can be regarded as the input of the equivalent model. With this equivalent model, precise stability conditions of ASMO can be derived, which will be analyzed in detail below.




3.2. Stability Analysis of ASMO


An ASMO does not require the artificial selection of the value of the sliding-mode gain, so the stability conditions of the traditional SMO are no longer applicable. Therefore, the stability of the ASMO was reappraised.



In this paper, Lyapunov’s second method is used to obtain the stability condition of an ASMO. According to the sliding-mode variable structure theory and the equivalent model of adaptive-gain, the Lyapunov function is defined as follows:


  V =     1 2   S T  S  ︸   p a r t 1   +     1 2    (   a  ω r   ψ f    k ( t )   − σ k ( t ) )  2   ︸   p a r t 2    



(14)




where part 2 is used to ensure that δ can converge. Obviously, V is positive and definite. According to Lyapunov’s theory, just proving that    V ·    is negative and definite can show that the system is stable and the state variable converges to the vicinity of zero. The time derivative of (14) is shown as follows:


   V ·    =  S T   S ·  + (   a  ω r   ψ f    k ( t )   − σ k ( t ) ) ( −   a  ω r   ψ f    k   ( t )  2    − σ )  k ·  ( t )  



(15)







Substitute (13) into (15)


   V ·  =  S T   S ·  − (   a  ω r   ψ f    k ( t )   − σ k ( t ) ) (   a  ω r   ψ f    k   ( t )  2    + σ ) ∗    K p   k ·  ( t ) ( −   a  ω r   ψ f    k   ( t )  2      − σ   ) +  K i  (   a  ω r   ψ f    k ( t )   − σ k ( t ) )   .  



(16)







From (15) and (16), it can be deduced that


  ( −   a  ω r   ψ f    k   ( t )  2    − σ )  k ·  ( t ) =   −  K i  (   a  ω r   ψ f    k ( t )   − σ k ( t ) ) (   a  ω r   ψ f    k   ( t )  2    + σ )    K p  (   a  ω r   ψ f    k   ( t )  2    + σ ) + 1   .  



(17)







According to (9), (10), and (17), (15) can be rewritten as follows:


     V ·  =     1   L S      (  e α  − k ( t ) f (   i ˜  α  ) )   i ˜  α  + (  e β  − k ( t ) f (   i ˜  β  ) )   i ˜  β     ︸   p a r t 1   +          −  R S     L S    (   i ˜  2    α  +   i ˜  2    β  )  ︸   p a r t 2   +      −  K i    (   a  ω r   ψ f    k ( t )   − σ k ( t ) )  2  (   a  ω r   ψ f    k   ( t )  2    + σ )    K p  (   a  ω r   ψ f    k   ( t )  2    + σ ) + 1    ︸   p a r t 3   .    



(18)







Obviously, part 2 of (18) is less than zero, the denominator of part 3 is greater than zero, and the numerator is less than zero, so it is not difficult to conclude that part 3 is also less than zero. Therefore, δ will approach zero after a period of transient time, which indicates that


  k ( t ) =    a σ  max (    e α    ,    e β    )   .  



(19)







To make    V ·  < 0  , part 1 should also meet the condition of being no greater than zero, so it can be derived that the observer gain also satisfies the following inequality conditions:


  k ( t ) ≥ max (    e α    ,    e β    )  



(20)







Combining (19) and (20), the final stable condition of the ASMO can be obtained as follows:


  a ≥ σ max (    e α    ,    e β    ) .  



(21)







It can be seen from (21) that the stability of the proposed ASMO is jointly determined by a and σ, which is quite different from the traditional stability condition (5). Since the amplitude of BEMF is proportional to the rotor electrical angular velocity when selecting the parameters, it is necessary to reserve a sufficient stability margin to ensure the stability of the observer in a wide speed range.




3.3. Position and Speed Extraction


BEMF-based sensorless control techniques are suitable for calculating rotor position using arctangent functions, such as


    θ ^   eq   = − arctan (     e ^  α      e ^  β    ) .  



(22)







Then, the speed is obtained by the time derivative of the position angle


    ω ^  r  =   d   θ ^   eq     d t   .  



(23)







Nevertheless, the harmonics in BEMF may be amplified by division and differentiation operations, which will cause undesired chattering. PLL has a good suppression effect on high-frequency noise, so it is widely used for rotor position tracking in sensorless control technology. Figure 4 is a block diagram of a common second-order PLL, which is mainly composed of a phase detector (PD), a loop filter (LF), and a voltage-controlled oscillator (VCO). The calculation formula of the speed and rotor position is shown as follows:


      ε = sin ( θ −   θ ^   eq   ) ≈ θ −   θ ^   eq         ω ^  r  =  k p  ε +  k i  ∫ ε d t       θ ^   eq   = ∫   ω ^  r  d t      



(24)




where kp, ki are positive constants and ε is the normalized angle error. Extraction of rotor speed and position through PLL can further eliminate chattering.





4. Delay Effect Analysis and Precise Compensation


As mentioned above, the method of choosing continuous functions as the switching function can avoid the delay of the LPF, but this will bring a new delay to the rotor position calculation, which is not conducive to improving the performance of the observer. Consequently, it is extremely necessary to eliminate the lag of the observation phase to achieve high-precision sensorless control. In this section, the mechanism of position estimation delay is studied in detail, and the corresponding compensation for this delay is refined.



4.1. Delay Effect Analysis


Once the system meets the stability conditions, the amplitude of the estimated current error will be limited within the boundary layer, so (4) can be rewritten as follows:


      f (   i ˜  α  )     f (   i ˜  β  )     =     η   i ˜  α      η   i ˜  β       



(25)




where η is the slope in the BL, η = 1/a.



Substituting (25) into (9), the new current dynamic error can be described as


        d   i ˜  α    d t   = −    R S  + k ( t ) η    L S      i ˜  α  −    e α     L S          d   i ˜  β    d t   = −    R S  + k ( t ) η    L S      i ˜  β  −    e β     L S    .      



(26)







From (11) and (25), it can be obtained that the estimated BEMF is equal to   k ( t ) η   i ˜   α , β    . Therefore, after the Laplace transform is performed on (26), the relationship between the estimated BEMF and the actual BEMF is shown as follows:


        e ^  α  =   μ − γ   s + μ    e α        e ^  β  =   μ − γ   s + μ    e β       



(27)







Where μ = (RS + ηk(t))/LS, γ = R/LS, and μ >> γ. The bode diagram corresponding to (27) is shown in Figure 5. It is not difficult to see from the bode diagram that the SMO actually exhibits characteristics similar to LPF. The cut-off frequency mainly depends on the parameters a and k(t), which are actually the slopes in the BL. Take parameter a as an example. As a increases and the cut-off frequency decreases, the better the suppression effect on chattering and the greater the delay. All in all, the delay of the position estimation comes from the low-pass filter characteristics of the SMO, and the compensation calculation for the delay angle is shown below.




4.2. Compensation Calculation


Substitute (2) into (26) and solve the differential equation as follows:


        i ˜  α   = (   c α  −    ω r  ν    μ 2  +  ω r    2    )  e  − μ t   −  ν      ( μ )  2  +  ω r    2      sin (  θ r  −  θ  e r   )       i ˜  β  =    (  c β  −   μ ν    μ 2  +  ω r    2    )  e  − μ t    ︸   p a r t 1   +     ν     μ 2  +  ω r    2      cos (  θ r  −  θ  e r   )  ︸   p a r t 2   .      



(28)




where cα, cβ are constants. It can be seen that the current error consists of two parts, part 1 is the transient component of fast decay, which can be ignored, so BEMF can be expressed as follows:


        e ^  α  = k ( t ) η   i ˜  α  = −   ν k ( t ) η      μ 2  +  ω r    2      sin (  θ r  −  θ  e r   )       e ^  β  = k ( t ) η   i ˜  β  =   ν k ( t ) η      μ 2  +  ω r    2      cos (  θ r  −  θ  e r   )      



(29)




where ν = ωrψf/LS. Since μ >> ωr and ηk(t) >> RS, (28) can be simplified as follows:


        e ^  α  = −  ω r   ψ f  sin (  θ r  −  θ  e r   ) = − E sin (  θ r  −  θ  e r   )       e ^  β  =  ω r   ψ f  cos (  θ r  −  θ  e r   ) = E cos (  θ r  −  θ  e r   )      



(30)




where θer is the lag angle of the estimated BEMF, given by the following:


   θ  e r   = arctan (    L S   ω r     R S  + k ( t ) η   ) .  



(31)







The position information     θ ^   eq     obtained by the estimated BEMF is equal to    θ r  −  θ  e r    . Therefore, the actual rotor position should be


    θ ^  r  =   θ ^   eq   +  θ  e r   .  



(32)







By using the method proposed in this paper, rotor position information without delay can be obtained while ensuring the effective suppression of chattering, and the contradiction between chattering suppression and position accuracy can be solved.





5. Experimental Results


The superiority and feasibility of the proposed ASMO are verified by experiments. The vector control strategy with id = 0 is used in the experiments, and the second-order PLL is used to extract rotor speed and position information. Figure 6 is a block diagram of the sensorless control system based on an ASMO, where the superscript * represents the reference value. The experiment was carried out on a 4 kW Surface-mounted PMSM and the motor parameters are shown in Table 1. The experimental algorithm was realized using the digital signal processor TMS320F28335, and the motor was driven by the inverter circuit composed of the insulated gate bipolar transistor module SKM75GB12T4. The switching frequency of the inverter was 10 kHz, and the DC bus voltage was powered by a high-power programmable DC power supply produced by ITECH. All calculated waveforms were generated by digital-to-analog converters (DAC) and acquired using an oscilloscope. The waveforms of speed and position angle used for comparison were detected by an incremental encoder. It is worth noting that the dead time of the inverter was set to 0.6 us during the experimental process, and the nonlinearity of the inverter introduced additional harmonics in the BEMF, which could be suppressed through inverter nonlinearity compensation [26] and some other filters [19,20].



(1) Steady-state performance: The steady-state performance tests of a conventional SMO, and the ASMO with precise compensation proposed in this paper, at 500 rpm are shown in Figure 7. It can be seen that, since the ASMO has a more suitable sliding-mode gain than the conventional SMO, it has higher accuracy in the estimation of speed. Furthermore, the uncompensated rotor position estimation error reaches 0.06 rad, while the compensated position error can be kept around zero. It can also be seen from the waveform of the rotor position that the estimated value and the actual value waveform almost completely overlap after compensation. Benefiting from the higher rotor position accuracy, the q-axis current is reduced from 4.2 A to 4.12 A after adopting the proposed ASMO, as shown in Figure 7e,f.



For a more comprehensive analysis of the performance of the proposed method, the speed was increased to 1000 rpm and a steady-state experiment was performed again, as shown in Figure 8. Compared to Figure 7, it can be found that the speed estimation error of the conventional SMO is reduced, while the proposed ASMO has almost no change and maintains high accuracy. This is because the sliding-mode gain of the conventional SMO is set in consideration of high-speed occasions, but the adaptive-gain can cope with different speeds. In addition, as the speed increases, the estimation accuracy of the strategy without compensation decreases, and the position estimation error exceeds 0.1 rad, but the accuracy of the compensation method is hardly affected by the speed. Moreover, the difference between the q-axis current of the two methods is increased from 0.08 A to 0.22 A, which can improve the efficiency of the machine. According to these two steady-state experiments, it can be proved that the proposed improved algorithm has a better steady-state performance.



(2) Dynamic performance: Figure 9 shows a comparative experiment of the influence on the observer’s rotor speed and position estimation when the reference speed is stepped from 300 rpm to 600 rpm. When the speed is changed, the sliding-mode gain of the ASMO adaptively changes with the change in speed, as shown in Figure 9b. Meanwhile, the phenomenon in the steady-state part is the same as that of the steady-state experiment, and the description will not be repeated below. In the transient part, the speed estimation error of the conventional SMO increases to nearly 60 rpm, while the maximum position estimation error reaches 0.16 rad. The ASMO with precise compensation showed a better dynamic performance, and its speed estimation error was less than 40 rpm. In addition, it can be seen from Figure 9f that, since the value of the position compensation will be dynamically adjusted with the speed change, the position estimation error only increases to 0.1 rad and, after a period of time, it recovers to a level close to zero. This demonstrates that the proposed scheme has a higher accuracy in the transient process and can ensure the accuracy of the position information in the actual working conditions with frequent speed changes.



In order to further verify the dynamic performance of the proposed strategy, the deceleration comparison experiment shown in Figure 10 was carried out. The reference speed was reduced from 1100 rpm to 100 rpm. As the speed decreased, the position estimation error of the conventional SMO gradually decreased from 0.165 rad. When the speed decreased to about 200 rpm, the speed and position estimation with the conventional SMO appeared as violent chattering in Figure 10a,c. As shown in Figure 10c, when the speed was reduced to 100 rpm, the speed error with the conventional SMO reached 100 rpm. According to (23), it can be seen that the rotor position is derived from the integral of the speed, and the integral has a certain filtering effect, so the fluctuation of the position error is not as large as that of the speed estimation error. But even so, the amplitude of the chattering was close to 0.5 rad and the waveform of the position angle was severely distorted, as shown in the waveform at the top of the figure. In this case, the motor can only barely run, which means that the observer can no longer replace the position sensor at this time. However, the position estimation of the proposed ASMO with accurate compensation was not affected by the speed change and maintained a high estimation accuracy during the entire deceleration process, as shown in Figure 10b. When the speed was close to 100 rpm, although the speed and position estimation chattering increased, it could still meet the control requirements. The phenomenon of this experiment is completely consistent with the theoretical derivation, which proves that the method proposed in this paper can effectively suppress the position deviation while increasing the speed range.



Finally, the load disturbance performance of an ASMO with accurate compensation is shown in Figure 11. When the speed is 800 rpm, the loads of 4.4 N.m and 8.4 N.m are switched twice at 0.8 s and 3 s, respectively. When the disturbance arrives, the speed will drop or increase by about 60 rpm, but the speed estimation error will never exceed 20 rpm. On the other hand, the position estimation error also remains within 0.1 rad during the transient period. After stabilization, the accuracy of position estimation is almost unaffected by the change in load, and the error of position estimation is negligible. The effectiveness of the ASMO with accurate compensation to cope with load disturbance is verified.




6. Conclusions


In this paper, a novel ASMO with precise compensation for the sensorless control of PMSMs is proposed. The adaptive rate of sliding-mode gain was designed based on the nonlinear feedback channel of an SMO. The stability conditions of the ASMO were obtained using Lyapunov’s second method. Due to the adaptive modulation of sliding-mode gain, the ASMO achieves the effective suppression of chattering at low speeds and ensures stability at high speeds. Secondly, the delay effect of an SMO with a continuous boundary switching function was analyzed, and corresponding compensation schemes were proposed. The experimental results show that, compared to constant gain SMO, the proposed strategy has a wider speed range. In addition, the compensated ASMO has high accuracy in terms of position and speed estimation performance in both dynamic and steady states.



It is worth mentioning that, when other types of continuous functions are used as switching functions, they also exhibit characteristics similar to saturation functions. Therefore, the delay effect analysis in this paper is not limited to an SMO suitable for saturation functions.
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Figure 1. Structure of the conventional SMO. 
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Figure 2. Structure of the proposed ASMO. 
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Figure 3. Equivalent model of adaptive-gain. 
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Figure 4. Block diagram of a second-order PLL. 
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Figure 5. Bode plot of simplified model of SMO with saturation function for different values of a. 
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Figure 6. Block diagram of sensorless control based on the proposed ASMO. 
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Figure 7. Comparative experimental results of steady-state performance at 500 rpm. Conventional SMO: (a,c,e). ASMO with precise compensation: (b,d,f). (a,b) Actual speed, estimated speed, and speed error; (c,d) Actual position, estimated position, and position error; (e,f) id and iq. 
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Figure 8. Comparative experimental results of steady-state performance at 1000 rpm. Conventional SMO: (a,c,e). ASMO with precise compensation: (b,d,f). (a,b) Actual speed, estimated speed, and speed error; (c,d) Actual position, estimated position, and position error; (e,f) id and iq. 
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Figure 9. Comparative experimental results of dynamic performance when the reference speed is suddenly changed from 300 rpm to 600 rpm. Conventional SMO: (a,c,e). ASMO with precise compensation: (b,d,f). (a,b) Actual speed, estimated speed, and sliding-mode gain; (c,d) speed error; (e,f) position compensation, and position error. 
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Figure 10. Comparison experimental results of deceleration process. Conventional SMO: (a,c). ASMO with accurate compensation: (b,d). (a,b) Actual position, estimated position, and position error; (c,d) Actual speed, estimated speed, and speed error. 
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Figure 11. Experimental results of dynamic performance of the proposed ASMO with accurate compensation under torque ripple. (a) Actual position, estimated position, and position error; (b) Actual speed, estimated speed, and speed error. 
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Table 1. Main design parameters of prototype machine.
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	Item
	Value
	Unit





	Rated voltage
	220
	V



	Rated speed
	1000
	rpm



	Efficiency
	91.7%
	/



	Number of pole pairs
	4
	/



	Stator winding resistance Rs
	2
	Ω



	α-axis inductance Lα
	6.5
	mH



	β-axis inductance Lβ
	6.5
	mH



	Switching frequency
	10
	kHz



	Sampling frequency
	10
	kHz



	Dead-time
	0.6
	μs



	Feedback coefficient σ
	0.06
	/
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