[image: image1]Design of single neuron super-twisting sliding mode controller for permanent magnet synchronous servo motor

		ORIGINAL RESEARCH
published: 25 January 2023
doi: 10.3389/fenrg.2023.1130646


[image: image2]
Design of single neuron super-twisting sliding mode controller for permanent magnet synchronous servo motor
Lei Yuan1, Hu Chen1, Pan Wang1*, Yi Liu2* and Anfei Xu1
1Hubei Collaborative Innovation Center for High-Efficiency Utilization of Solar Energy, Hubei University of Technology, Wuhan, China
2School of Electrical and Automation, Wuhan University, Wuhan, China
Edited by:
Tao Xu, Shandong University, China
Reviewed by:
Hanyu Wang, Hefei University of Technology, China
Weiqi Wang, Shandong University of Science and Technology, China
* Correspondence: Pan Wang, wp20210018@hbut.edu.cn; Yi Liu, aaronlau@whu.edu.cn
Specialty section: This article was submitted to Smart Grids, a section of the journal Frontiers in Energy Research
Received: 23 December 2022
Accepted: 16 January 2023
Published: 25 January 2023
Citation: Yuan L, Chen H, Wang P, Liu Y and Xu A (2023) Design of single neuron super-twisting sliding mode controller for permanent magnet synchronous servo motor. Front. Energy Res. 11:1130646. doi: 10.3389/fenrg.2023.1130646

Aiming at the control system of permanent magnet synchronous servo motor which is easily affected by external disturbance and parameter uncertainty, a single neuron sliding mode combining single neuron adaptive algorithm and super-twisting sliding mode (STSM) control is proposed. The STSM control is used to overcome the chattering problem in the traditional sliding mode control, and the proportional control and the STSM control are combined to enhance the robustness of the control system. In order to improve the dynamic performance of the system and enhance the anti-disturbance ability of the system, the single neuron adaptive control adopted can adjust the relevant parameters of the designed sliding mode controller online. The simulation and experimental results show that the designed improved sliding mode controller can effectively suppress the chattering of the control system, realize the fast following and no overshoot of the control system, and enhance the robustness of the system.
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INTRODUCTION
In recent years, permanent magnet synchronous motor (PMSM) has received more and more attention with the continuous research and development of the performance of permanent magnet materials and the progress of power electronics technology (Zhang et al., 2019). It is also more widely used in various aspects of national defense, military industry and daily life owing to its high efficiency, simple and reliable structure, small size and low losses (Du et al., 2016; Wang et al., 2019). The control performance of PMSM drive system is greatly influenced by uncertainties such as load variations and parameter perturbations in actual control. Therefore, suitable controllers need to be designed to reduce the impact of these uncertain external factors on the control system while enhancing the system robustness and improving the system control performance.
Some literatures have proposed various control methods for motor control system, such as sliding mode control (Ali et al., 2019; ZHANG and WANG, 2021), neural network control (Wang and Kang, 2019; Wang et al., 2021), adaptive control (Zhao et al., 2017; Asiain and Garrido, 2021), and fuzzy logic control (Wang and Zhu, 2018; Mesloub et al., 2020), et al. Among them, sliding mode control is widely used in PMSM control system due to its advantages of fast response, insensitivity to parameter changes and perturbations, no need for online system identification, and simple physical implementation (Li et al., 2019; Xia and Zhang, 2019). However, in the actual control system, the sliding mode control cannot achieve the ideal switching and when the system is in the sliding mode surface, it will repeatedly cross the sliding mode surface and so on, resulting in the system chattering and making the control system unstable (Wang et al., 2018). The idea of higher-order sliding mode control algorithm has been proposed to solve this problem. super-twisting sliding mode (STSM) control algorithm is a kind of second-order sliding mode control algorithm, and its control signal is continuous and vibration free, which can suppress the system chattering well. However, since it does not give an estimate of the convergence time and the uncertainty bound of the system is difficult to obtain (Sadeghi et al., 2018; Wan et al., 2018), we need to improve it. In (Zhou et al., 2022), a modified sliding mode self-anti-disturbance control is used to improve the dynamic stability performance of the control system. In (Zhou et al., 2019), the overshoot-free fast following of the control system is achieved using internal mode control. The literature (Abdul Zahra and Abdalla, 2021) combines Super-twisting sliding mode control with fuzzy control to weaken the chattering problem and improve the system robustness.
In this paper, a single-neuron control strategy was combined with super-twisting sliding mode control. In addition to the advantages of strong robustness and fast response of sliding mode control, STSM control can achieve high accuracy and fast following of the reference trajectory as well as suppressing the chattering problem of the control system. The single-neuron algorithm is simple and easy to implement for digital controllers. A single-neuron control strategy is combined with STSM control to reduce system chattering problem, improve system robustness and weaken the effect of uncertainties on the system. The controller can also adjust the parameters of the sliding mode controller online to obtain better control effect. The proposed idea was verified by simulation and experiment, and the results show that the proposed method has good control performance.
SUPER-TWISTING SLIDING MODE CONTROLLER DESIGN
Sliding mode controller design
The following first-order non-linear uncertainty system is considered.
[image: image]
In Formula. 1, The x, u, d(t) are the state variables, controller and uncertain perturbation terms of the system, respectively, and d(t) satisfies d(t) = ∆a∙x+∆b∙u + g(t), where ∆a, ∆b and g(t) are each uncertain terms and external perturbations of the parameters.
The super-twisting algorithm was applied to design a second-order sliding mode controller to improve the robustness of the control system to load and parameter variations and to reduce the system chattering problem. A sliding surface, s, is defined as follows
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Where xref is the system reference value.
Super-twisting slide controller was used to ensure that the system reaches the slide surface in a finite amount of time, where the equation is as follows
[image: image]
Where k1, k2 are the gains of the sliding mode controller and satisfy k1 > 0, k2 > 0. Where sgn(s) is a symbolic function and satisfies as follows
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The derivative of (2) for the slip surface function and substitution of (1) and (3) can be obtained as follows
[image: image]
To facilitate stability analysis, (5) can be further simplified as follows
[image: image]
where, [image: image], [image: image] and [image: image].
Stability analysis
Drawing on the Lyapunov function method constructed in (Moreno and Osorio, 2008), the stability analysis of the system shown in Formula. 6 is carried out. Define the state variables as follows
[image: image]
The state variable ξ is derived as follows
[image: image]
The Formula. 8 is further simplified as follows
[image: image]
Where, [image: image], [image: image]
For the stability analysis of the control system, the Lyapunov function is defined as follows
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where P is a real symmetric positive definite matrix and P is designed as follows.
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In order to analyze the system stability, the derivative of Formula. 9 is obtained as follows.
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Assume that [image: image] is bounded and satisfies [image: image]. Then Formula 11 can be expressed as follows.
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Where,
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According to Lyapunov stability theorem, if the control system is stable, then (12) should satisfy [image: image] Consequently, Q must be a real symmetric positive definite matrix, when the principal sub formula of each order of Q is greater than 0
[image: image]
The simplified (13) is as follows:
[image: image]
Therefore, under the conditions shown in (14), Q is a real symmetric positive definite matrix. There exists [image: image], which satisfies Lyapunov stability theorem.
SINGLE-NEURON SLIDING MODE CONTROLLER DESIGN
Improved sliding mode controller design
The proportional control is combined with the super-twisting sliding mode control to further improve the convergence characteristics and dynamic performance of the Super-twisting sliding mode controller. The improved sliding mode controller is as follows
[image: image]
In (15), k3 is the proportional control gain and satisfies k3 > 0.
Comparing (15) and (3), it can be found that the improved sliding mode controller adds a proportional sliding mode term, and a better control effect can be obtained by designing a reasonable gain of k3. Although the controller (15) ensures that the system is in a steady state as long as it meets the design requirements of (13) and k3 > 0, however, the specific values of the controller gains k1, k2 and k3 to meet the design requirements cannot be calculated. This posed some difficulties in designing optimal controller parameters k1, k2 and k3.
Thus, in this paper, we designed an adaptive single-neuron sliding mode controller that can adjust the gain of the sliding mode controller online. The control strategy combines the advantages of both the single neuron control strategy with good adaptive capability and simple algorithm with STSM control theory. The detailed design method of the control algorithm is as follows.
Single-neuron sliding mode controller design
Since the single neuron controller uses digital control, the improved sliding mode controller (15) is discretized using the forward difference method to obtain the incremental controller as follows.
[image: image]
The structure of the single neuron adaptive sliding mode controller is shown in Figure l.
[image: Figure 1]FIGURE 1 | Control block diagram of single neuron adaptive sliding mode controller.
It can be seen from Figure 1 that the controller mainly consists of state converter, single neuron and adaptive learning machine, and the working principle of each part will be discussed in the following paper.
Define the output x(k) of the state converter as follows
[image: image]
In (17), s(k) is a sliding mode surface function and is the input of a single neuron.
Based on these inputs, the single neuron can calculate the incremental controller. Thus, (16) can be rewritten as follows:
[image: image]
where K is the gain coefficient of the neuron and satisfies K > 0; ωi (i = 1,2,3) is the weighting coefficient of xi.
From (16) and (17), we have
[image: image]
Define the objective function of the system as J = s(k)2/2 and the adaptive learning algorithm by the gradient law, we make J converge to zero quickly by adjusting the weights ωi(k) along the negative direction of the sliding mode surface of the system makes J converge to zero quickly.
[image: image]
Where [image: image] is the learning coefficient.
The learning rule for single neuron weights used the modified Hebb learning rule, and the algorithm was obtained after normalization as follows:
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Where [image: image] is the corresponding learning rate respectively.
Simulation verification
To verify the correctness and feasibility of the single-neuron STSM controller proposed in the paper, simulation modeling was performed using Matlab/Simulink simulation software, where the controlled object was a first-order linear system with a transfer function of G(s) = 1000/(s + 1000). In the simulation, the reference value was set to a square wave signal with an amplitude of 100 and a frequency of 100 Hz. The gain coefficient of the neuron was K = 10 and the initial value of the gain of the controller was k1 = 0.2, k2 = 10, k3 = 0.1.
The simulation results are shown in Figures 2, 3.
[image: Figure 2]FIGURE 2 | Change curve of reference value and actual value.
[image: Figure 3]FIGURE 3 | The curve of controller parameters k1,k2,k3.
From the simulation results shown in Figure 2, it can be seen that with the single neuron adaptive sliding mode controller, the system output can quickly track the reference value and can achieve overshoot-free operation. The variation curves of controller parameters k1, k2 and k3 are given in Figure 3, and it is obvious from the figure that the single neuron designed in the paper was able to adjust the parameters of the super-twisting sliding mode controller online without manual adjustment, which reduced the workload of parameter adjustment. Figure 4 shows the variation curve of the objective function J. From the figure, it can be seen that the objective function J is 0 at steady state.
[image: Figure 4]FIGURE 4 | The curve of cost function J.
EXPERIMENTAL VERIFICATION OF SERVO MOTOR CONTROL SYSTEM
In order to verify the correctness and feasibility of the proposed single neuron super-twisting sliding mode control method, a single neuron super-twisting sliding mode controller for a permanent magnet synchronous servo motor as shown in Figure 5. The control algorithm used a dual closed-loop control strategy of position loop and current loop, where the position loop used the sliding mode control with online adjustment of controller parameters designed in the paper, and the current loop used PI control. In addition, the experimental platform used STM32F405 chip as the controller, and uploaded the experimental data and state variables of servo motor control to the specific experimental platform through CAN bus as shown in Figure 6. This experimental platform was mainly used for the independent development and application research of direct-drive hydraulic servo valve.
[image: Figure 5]FIGURE 5 | Control block diagram for single neuron super-twisting sliding mode control for PMSM system.
[image: Figure 6]FIGURE 6 | Experimental platform of servo motor control.
In addition, the parameters of the PMSM are shown in Table 1, and the position loop PI controller parameters are kpp = 45.5, kip = 15, the current loop PI controller parameters are kpc = 145, kic = 6450. For the proposed single neuron super-twisting sliding mode controller, the gain coefficient of the neuron was K = 150 and the initial value of the gain of the controller was k1 = 6, k2 = 35, k3 = 2.5.
TABLE 1 | Parameters of PMSM.
[image: Table 1]The superiority of the proposed control strategy was verified by comparing the analysis with the PI controller for the position loop, and the operating conditions of the servo motor under the two algorithms were identical, and the experimental data were obtained by the host computer. In addition, square wave and sine wave signals were used as command signals to further illustrate the feasibility of the proposed control algorithm, where the amplitude and frequency of the square wave signal are set to 5° and 15Hz, and the amplitude and frequency of the sine wave signal were set to 5° and 20 Hz, respectively. The experimental results are shown in Figures 7, 8.
[image: Figure 7]FIGURE 7 | Experimental results when the reference value is square wave signal. (A) PI control; (B) Single-neuron STSM control.
[image: Figure 8]FIGURE 8 | Experimental results when the reference value sine wave signal. (A) PI control; (B) Single-neuron STSM control.
It can be found that under the action of PI control, the actual position of the servo motor can track the reference value with an overshoot of about 4% by comparing and analysing the experimental results under the two control strategies given in Figure 8. On the contrary, the servo motor can operate without overshoot with relatively short regulation time under the action of the sliding mode controller proposed in this paper.
Similarly, it can be found that under the action of PI control, the actual position of the servo motor is limited by the bandwidth of the PI controller, and there is a large static difference when tracking the sine wave signal, and the q-axis current fluctuates more by comparing and analysing the experimental results under the two control strategies given in Figure 8. On the contrary, the sliding mode control strategy proposed in this paper can track the sinusoidal signal better, and the static difference was relatively small, and the q-axis current fluctuation is smaller.
CONCLUSION
In this paper, a single neuron super-twisting sliding-mode controller was designed based on the control method combining proportional control and super-twisting sliding mode control, using the ability of the single neuron adaptive control algorithm to adjust the controller parameters online. The sliding mode controller designed under this control strategy can realize online adjustment of the controller parameters and had the advantages of simple algorithm, strong robustness, and good chattering suppression effect. The simulation and experimental results demonstrated that the single neuron adaptive control can adjust the parameters of the super-twisting sliding mode controller online and had better dynamic performance and anti-disturbance capability when applied to the servo control system of permanent magnet synchronous motor.
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