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The sliding mode observer (SMO)–based sensorless control is essentially a discontinuous switching control algorithm. Therefore, there is large speed or torque chattering in the permanent magnet synchronous motor (PMSM) with existing sliding mode observer–based control methods. In order to solve this problem well, an algorithm based on an improved sliding mode observer is proposed. In detail, the piecewise power function approach is used to replace the traditional ones, that is, the sgn function or the sigmoid function approach. Simulation verifications are conducted to validate the effectiveness of the proposed observer. It shows that the piecewise power function–based sliding mode observer algorithm has obvious advantages in the stability of the three-phase current, namely, it improves the estimation accuracy of the rotor position, rotor speed, and dynamic response to various loads. For further verification, the proposed sliding mode observer algorithm is implemented and verified in a marine electric propulsion motor with a DSP chip of TMS320F28377D. Experimental results validate that the piecewise power function–based sliding mode observer algorithm has high control accuracy and fewer fluctuations, which are all vital in marine engineering.
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INTRODUCTION
In order to implement a real-time closed-loop vector control in a PMSM, it usually needs some feedback parameters such as the position and speed by installing position or speed sensors in the motor rotor shaft. However, the sensors are vulnerable and easily damaged. Meanwhile, the measurement precision of the sensors easily interferes with temperature, humidity, and rotor vibration (Xing et al., 2020). Since the mechanical sensors will lead to stability problems in the control system, sensorless control technology has become a research hotspot for scholars and engineers in recent years (Song et al., 2018; Li et al., 2019; Liu et al., 2021).
At present, the main methods used in PMSM sensorless control include the model reference adaptive system (MRAS) method (Chenxing and Chen, 2018), extended Kalman filter (EKF) method (Cao et al., 2019), high-frequency signal injection method (Wang et al., 2019), and SMO method (Ye and Yao, 2021). Therein, SMO has the advantage of sliding motion invariance; the SMO is insensitive to external interferences or parameter perturbations (Gong et al., 2020). This advantage makes the SMO algorithm have strong robustness and is widely used in sensorless motor control. However, the SMO has an obvious disadvantage, that is, the chattering problem, which affects the accuracy of the observation. To reduce the effect of chattering on position estimation in SMO, scholars and engineers have proposed some methods. In Ma and Zhang (2018), a sgn function of current error in the feedback correction is adopted. However, by using the step sgn function, the SMO demands higher requirements of the low-pass filter. This will reduce the estimation precision of the rotor position due to the larger phase delay of the filter. In Iqbal and Memon (2019), a sigmoid function–based SMO is used for rotor position estimation. Meanwhile, the SMO is cascaded with an extended high gain observer (EHGO) to obtain a robust speed estimation. In Ye (2019), an iterative SMO for sensorless control is proposed. The iterative SMO enables the system to have a stronger anti-interference ability and adapt to changes in motor parameters. However, iterative SMO runs longer than traditional SMO. In Zhang and Jiang (2021), a fuzzy control algorithm is applied to SMO to reduce chattering and improve observation accuracy. The fuzzy sliding mode gain is designed to vary adaptively according to the system state, but the combination of fuzzy control and SMO increases the complexity of the algorithm. In Lu et al. (2021a), a global nonlinear piecewise function based on the SMO algorithm was proposed. Therein the current equation of the SMO was reconstructed to optimize the control system’s performance. In Ding et al. (2022), a second-order sliding mode controller based on a disturbance observer is proposed, and the disturbance observer can optimize the disturbance rejection performance of the PMSM system to a certain extent. However, the system becomes complicated as the order increases. In addition, in Liu and Chen (2022), the arcsine saturation function is used in the latter and stable stages of sliding mode motion. In Yi et al. (2022), combining the backstepping method and the sliding mode control, a new reaching law SMO is designed. Although the introduction of the backstepping method can improve the performance of the SMO, the design process is cumbersome.
As shown in the aforementioned SMOs, the estimated value will oscillate up and down around the actual value. Although chattering is inevitable, it can be limited to a certain range (Lu et al., 2021b; Ren et al., 2021). Therefore, in this study, an improved SMO algorithm is proposed by using a piecewise power function instead of the ideal switching function. Studies show that, beyond the boundary layer, the piecewise power function has the ability to saturate the error of the rotor current; within the boundary layer, the piecewise power function changes in the form of a power function. This property makes the back electromotive force (BEMF) more stable when switching the system. This article is organized as follows: first, the SMO model based on the piecewise power functions is derived in this study. Then the sliding mode gain [image: image] of the proposed SMO algorithm is obtained, and its stability is evaluated using the Lyapunov method. Finally, the simulation and experimental results show that the piecewise power function–based SMO algorithm can eliminate the chattering phenomenon better than the traditional SMO algorithms.
THE TRADITIONAL SLIDING MODE OBSERVER
Generally, the mathematical model of the surface-mounted PMSM in the [image: image] static coordinate system can be explicitly expressed as follows (Lu et al., 2021a):
[image: image]
where [image: image] and [image: image] are the [image: image] and [image: image] axis stator currents in the [image: image] coordinate system, respectively; [image: image] is the phase resistance; [image: image] is the phase inductance; [image: image] is the rotor position information; [image: image] and [image: image] are the BEMF of the motor in the [image: image] coordinate system; [image: image] and [image: image] are the [image: image] and [image: image] axis stator voltages, respectively; [image: image] is the flux amplitude of the permanent magnet; and [image: image] is the rotor speed.
In general, the response of the stator current is much faster than the rotor speed in a motor. Let the derivation of [image: image] equal 0, then taking the derivation of [image: image] and [image: image], Eq. 2 can be obtained as follows:
[image: image]
According to Eqs 1, 2, the conventional SMO can be described as Eq. 3 (An et al., 2020):
[image: image]
where sgn () is the sgn function; [image: image] and [image: image] are the estimated values of the stator current on the [image: image] axis and [image: image] axis in the [image: image] stationary coordinate system; and [image: image] is the SMO gain coefficient.
The stator current error between the estimated value and the actual value can be obtained by subtracting Eq. 1 from Eq. 3. The corresponding Eq. 4 is obtained.
[image: image]
In Eq. 4, according to the sliding mode dynamic condition, if [image: image] and [image: image] are equal to zero, Eq. 5 can be obtained.
[image: image]
Since the actual control signal of the SMO is a high-frequency discontinuous switching signal, it is necessary to add a low-pass filter to extract the continuous estimated value of the extended BEMF from the control signal. The corresponding equation is shown as Eq. 6:
[image: image]
where [image: image] is the time constant of the low-pass filter.
The arctangent function is used to extract the rotor position information from the estimated value of the extended BEMF. Hence, the rotor position information is obtained as Eq. 7.
[image: image]
Since Eq. 6 indicated a low-pass filter with a cutoff frequency [image: image], the phase delay inevitably leads to an angular deviation of the rotor position estimation angle. In this case, an angle compensation should be applied to the estimated rotor position angle (Park and Lee, 2019), and the compensation equation can be shown as Eq. 8.
[image: image]
Then the estimated speed of the three-phase PMSM is expressed as Eq. 9:
[image: image]
To sum up, the block diagram of the conventional SMO algorithm can be depicted as the diagram shown in Figure 1.
[image: Figure 1]FIGURE 1 | Block diagram of the conventional SMO algorithm.
THE IMPROVED SLIDING MODE OBSERVER PROPOSED IN THIS STUDY
Design of the improved sliding mode observer
The traditional SMO sliding mode surface uses a symbolic function (sgn function). Figure 2 shows the sgn function curve used in traditional SMO. It can be seen in Figure 2 that the output value is saturated to 1 when the sgn function is [image: image], whereas the system saturation equals [image: image] when [image: image].
[image: Figure 2]FIGURE 2 | Sgn function curve.
Figure 3 shows the sigmoid function curve expressed by Eq. 10.
[image: image]
where [image: image] is a positive constant, and its value affects the convergence characteristics of the function.
[image: Figure 3]FIGURE 3 | Sigmoid function curve.
By using saturation functions or other types of continuous functions instead of the sgn function, the system will achieve a continuous feedback control when the points in the state space enter the boundary layer adjacent to the sliding mode switching surface, thereby effectively suppressing system chattering (Chen and Zhao, 2016). In order to suppress the system chattering in SMO, we use a piecewise power function to replace the sgn function and design an improved SMO as follows. Within the boundary layer, the piecewise power function varies in the form of the power function, as shown in Eq. 11. This change can make the BEMF more stable when the system is switching. Meanwhile, beyond the boundary layer, the piecewise power function has the property of saturating the current value error.
[image: image]
where [image: image] is the thickness of the boundary layer; [image: image] is the rotational speed error of the PMSM in the [image: image] stationary coordinate system.
Figure 4 shows that [image: image] is in the boundary layer when [image: image] and [image: image] changes in the form of the power function, and this change makes the extracted extended BEMF smoother; meanwhile, [image: image] is outside the boundary layer when [image: image] and [image: image], this makes [image: image] has the property of saturating the value of current error; the saturation value is equal to 1 when [image: image]; otherwise, the value equals [image: image] when [image: image].
[image: Figure 4]FIGURE 4 | Piecewise power function curve.
According to Eqs 4, 11, the stator current error equation of the proposed SMO is calculated as Eq. 12.
[image: image]
Then the structural block diagram of the improved SMO is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Block diagram of the improved SMO.
Stability evaluation of the proposed sliding mode observer
The Lyapunov stability criterion is used to analyze the stability of the control system with the proposed SMO. First, subtract Eq. 1 from Eq. 12 to obtain Eq. 13.
[image: image]
where [image: image] is the proposed SMO function; [image: image] is the sliding surface; [image: image]; [image: image]; [image: image] is the BEMF of the motor.
Then the Lyapunov stability equation is established as Eq. 14.
[image: image]
where [image: image] is the Lyapunov function; [image: image] is the derivation of the Lyapunov function.
Hence, the stability condition is satisfied if
[image: image]
Combining Eqs 14, 15, Eqs 16, 17 can be derived.
[image: image]
[image: image]
Since [image: image] is negative definite, the system will meet the stability condition if Eq. 17 is satisfied, that is, Eq. 18 is satisfied.
[image: image]
SIMULATION ANALYSIS
The boundary layer thickness ‘[image: image]’ of the improved SMO is taken as 1. The system adopts a vector control strategy with [image: image]. The total simulation time is 0.1 s, and a 10 Nm load is instantaneously applied to the system at the simulation time of 0.06 s. The target speed is 1,000 r/min, and other control system parameters are shown in Table 1.
TABLE 1 | Related parameters of the simulation model.
[image: Table 1]Figures 6A–C shows the rotational speed estimated by SMO based on the sgn, sigmoid, and piecewise power functions, respectively. The simulation results show that the estimated speed is chattered seriously and significantly deviates from the actual speed of about ±3 r/min in Figure 6A with the sgn function. Meanwhile, Figure 6B shows that the chattering of the estimated speed is slight, but there is a particular error with the actual speed with the sigmoid function. Figure 6C displays that the estimated speed is only ±1 r/min deviating from the actual speed, and the system chattering is significantly suppressed. By comparison, the speed estimated by the SMO algorithm based on the piecewise power function is closest to the actual value, and the speed estimation accuracy is higher than others.
[image: Figure 6]FIGURE 6 | (A) Changes of rotational speed estimated by SMO based on sgn function; (B) changes of rotational speed estimated by SMO based on sigmoid function; (C) changes of rotational speed estimated by SMO based on piecewise power function.
Figures 7A–C shows the differences in rotor speed error of the SMO algorithm based on sgn, sigmoid, and piecewise power functions, respectively. Figure 7A displays that, with the sgn function, the rotor speed error of the control system varies at −2 to 2 r/min with serious chattering. Figure 7B shows that, with the sigmoid function, the error is about 1 r/min with a bit of chattering. Figure 7C shows that the error is stable at about 0.5r/min with a real slight chattering. By comparison, the chattering can be effectively suppressed when the proposed SMO algorithm is adopted in the control system.
[image: Figure 7]FIGURE 7 | (A) Rotational speed error of the SMO based on the sgn function; (B) rotational speed error of the SMO based on the sigmoid function; (C) rotational speed error of the SMO based on the piecewise power function.
Figures 8A–C shows the harmonic analysis results A-phase stator current of the motor with the SMO algorithm based on the sgn, sigmoid, and piecewise power functions, respectively. The harmonic analysis ranges from 0.03 s to the end of the following cycle with a fundamental frequency of 67 Hz. Figure 8A displays that the current has many burrs, and the total harmonic distortion (THD) of the current is 19.84%. According to Figure 8B, the THD value of the current is 17.04%. Figure 8C shows that the THD value is 15.66%. The results show that the THD value of the output current with the SMO based on the piecewise power function is the smallest. Moreover, when the torque changes suddenly at 0.06 s, the phase current can quickly recover to a stable value, which indicates that the proposed SMO has a good dynamic performance against load fluctuation.
[image: Figure 8]FIGURE 8 | (A) Harmonic analysis of the motor stator A-phase current with the SMO based on the sgn function; (B) harmonic analysis of the motor stator A-phase current with the SMO based on the sigmoid function; (C) harmonic analysis of the motor stator A-phase current with the SMO based on the piecewise power function.
Figures 9A–C shows the output torque of the sensorless motor control system with the SMO based on sgn, sigmoid, and piecewise power functions, respectively. With the sgn function, the output torque chatters seriously, as is shown in Figure 9A, and the fluctuation range is as extensive as ±3 Nm. According to Figure 9B, the torque chattering of the system is relatively stable with the sigmoid function. Meanwhile, the torque chattering is very slight with the piecewise power function since the torque fluctuation is in the range of ±1 Nm in Figure 9C.
[image: Figure 9]FIGURE 9 | (A) Output torque changes of the sensorless motor control system with the SMO based on the sgn function; (B) output torque changes of the sensorless motor control system with the SMO based on the sigmoid function; (C) output torque changes of the sensorless motor control system with the SMO based on the piecewise power function.
The aforementioned simulation results show that compared with the SMO algorithm based on the sgn function and sigmoid function, respectively, the SMO algorithm based on the piecewise power function has obvious advantages in terms of estimation accuracy, suppression of torque chattering, maintaining the three-phase current stable, and responding to dynamic loads changes.
EXPERIMENT ANALYSIS
To verify the effectiveness and feasibility of the proposed SMO algorithm, we conducted experiments with a sensorless control platform of a marine electric propulsion motor, as shown in Figures 10, 11.
[image: Figure 10]FIGURE 10 | Inverter experiment platform.
[image: Figure 11]FIGURE 11 | Ship electric propulsion motor.
Figure 12 shows the motor’s three-phase stator current from stationary to a stable rotating speed. At the time of 0.5 s, the current switches from the low-speed I/F control to the high-speed SMO control. It is noticed in the picture that the motor responds quickly in the whole startup stage, and the current is stable in the startup process without large distortion. The whole switching process is smooth, and the current has no large fluctuations.
[image: Figure 12]FIGURE 12 | Stator three-phase current is from stationary to stable operation.
Figure 13 shows the three-phase stator current when the motor runs steadily at a speed of 300 r/min. The figure shows that the three-phase current is 75 A, and the current has no large pulse vibration, indicating the rotor position information is accurately estimated with the SMO in the steady state.
[image: Figure 13]FIGURE 13 | Stator three-phase current is under steady-state operation.
CONCLUSION
To achieve a higher degree of control accuracy for the marine electric propulsion motor, we tried to suppress the speed and torque chattering phenomenon of the traditional SMOs by replacing the sgn function or the sigmoid function with a piecewise power function. In the study, the stability of the piecewise power function–based SMO is verified by the Lyapunov method. After that, simulations and experiments are conducted to ascertain the feasibility of the proposed SMO. The results show that the proposed SMO can better suppress chattering by improving the speed estimation precision from 0.2% to 0.05% compared with traditional SMOs. Meanwhile, the torque chattering problem is resolved more effectively by improving the THD value of the stator current from 19.84% to 17.04% to 15.66%. The piecewise power function–based SMO is feasible for all situations where the senseless control algorithm is used. Moreover, the proposed SMO will perform better on estimation precision if the observer gain can be automatically adjusted using intelligent algorithms.
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