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Abstract

:

The performance of electric drive propulsion systems is often degraded by the high torque and flux ripples of an electric drive. Traditional control methods, such as proportional plus integral (PI) controllers and classical sliding mode controllers (SMCs), have shown good response and reduced torque ripple, but even lower ripple content at low voltage levels is required for its effective use in electric vehicle (EV) applications. In this paper, a new direct torque control (DTC) technique with space vector pulse width modulation (SVPWM) using fractional-order sliding mode control (FOSMC) for a two-level inverter (2LI) at constant switching frequency is proposed. The effectiveness of this proposed controller is compared with a conventional proportional-integral controller and a conventional sliding mode controller (SMC). Simulink models are developed using MATLAB version R2018a to analyze the robustness of the proposed control strategy. Simulation results demonstrate the advantage of the proposed controller in reducing the torque ripples at steady state with less settling time during sudden load change conditions. The proposed control technique also demonstrates better utilization of the stator flux through flux trajectory waveforms.
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1. Introduction


In recent years, there has been a significant shift towards the use of electric vehicles (EVs) as a means of transportation because of the increasing concern about environmental pollution and the depletion of fossil fuels. Alternating current and direct current motors are finding widespread applications in EVs, with induction motors (IMs), permanent magnet synchronous motors (PMSMs), switched reluctance motors (SRMs), and brushless DC (BLDC) motors being the most commonly used [1]. Among these, induction motors draw much attention for use in EV applications, owing to their low cost, low maintenance requirements, robustness, and ruggedness. To control the torque in an induction motor drive, there are several control techniques available, including direct torque control (DTC), field-oriented control (FOC), vector control, and scalar control. Among all of these, DTC and FOC are the industrial standards for controlling the torque in an induction motor. However, DTC is gaining more attention in recent times because of its simplicity and good dynamics [2,3].



In the last few decades of work, many researchers have proposed various control strategies for the efficient operation of induction motors. Benchaib and Edwards et al. [4] developed an SMC for an induction motor for the asymptotic tracking of speed and flux. The control law is implemented using a sliding mode observer. Kuo Kai et al. [5] proposed flux-compensated direct torque control to enhance the induced torque levels at low-speed operating points. Zhuang et al. [6] proposed a fuzzy sliding mode speed controller for the high-level performance of an induction motor drive. Peng et al. [7] developed a neural network sliding mode control law for robustness and presented a radial basis neural network to reduce the chattering. Hiba et al. [8] proposed a proportional-integral controller and space vector modulation–based direct torque control techniques for three-phase induction motors. Sung et al. [9] fabricated a fuzzy DTC–based chip to reduce torque and flux variations. Xing Zhang et al. [10] developed a new topology-based higher-order filter connecting an extra capacitor parallel to a resonant circuit to mitigate harmonic currents. Zhao et al. [11] used an adaptive SMC in place of a PID controller to increase anti-interference capability. The bandwidth of the torque hysteresis controller is adjusted using fuzzy control. Yang et al. [12] compared performance analysis of permanent magnet synchronous motors, induction motors, and reluctance motors for electric vehicle applications. Ammar et al. [13] used high-order sliding mode controllers to improve the SVM-DTC performance. Niu et al. [14] presented a simple duty cycle–modulated DTC of a permanent magnet synchronous motor drive. Oukaci et al. [15] proposed a synthesis of sliding mode control and nonlinear control techniques for speed and rotor flux control to overcome the parametric uncertainties. Wang et al. [16] proposed a direct torque control technique based on space vector modulation for torque and flux ripples. Alsofyani et al. [17] addressed the problem of poor flux regulation at low speeds using two dynamic hysteresis torque bands. It also presents the analysis of flux degradation in the work. Kumar and Ali [18] developed a fractional-order sliding mode control technique to suppress chattering from power and current signals of grid converter DC/AC converter. Babes et al. [19] proposed a fractional-order terminal sliding mode control technique for the output voltage regulation of a DC-DC Buck converter.



Saheb and Gudey [20] designed a fractional-order sliding mode controller for a DC-AC inverter to improve the dynamic response of AC output voltage. Lascu et al. [21] developed the theoretical aspects of stability and gain selection criteria for novel super-twisting sliding mode direct torque and flux control of induction motors. Munoz-Hernandez et al. [22] designed a fractional-order PI controller for an electric-vehicle traction system. Masoumkhani and Taheri [23] proposed a duty cycle–control method to reduce harmonic loss in the direct torque control of a six-phase induction motor. Sami et al. [24] proposed an integral super-twisting SMC in the outer loop for torque and speed control. An observer for speed estimation was also designed and presented. Mohan and Satish [25] proposed a constant switching frequency–based direct torque control technique for electric vehicle motor applications. Xu et al. [26] proposed a sliding mode direct thrust control strategy for the speed control of a liner induction machine. Delavari and Veisi [27] proposed a fractional-order sliding mode controller for the speed control of wind generators. Benbouhenni and Bizon [28] proposed a super-twisting algorithm–based third-order sliding mode control technique for the flux and torque control of induction motors used in wind turbines. Yu et al. [29] proposed a control strategy combining nonlinear fractional-order sliding mode controller and linear-model predictive control for the altitude tracking of spacecraft. Shiravani et al. [30] applied an integral sliding mode control strategy for induction motor vector control to compensate for the parametric variations and load disturbances. Kotb et al. [31] proposed a methodology for tuning cascaded PID controller parameters based on a unimodal sampling algorithm and spotted hyena optimizer to control the speed of a switched reluctance motor and reduce the torque ripples. Yang et al. [32] designed a speed sensorless control strategy considering the combination of a radial basis function neural network and fractional sliding mode control techniques. De Klerk and Saha [33] analyzed the performance of traction motors in battery electric vehicles considering a direct torque control strategy. Wang et al. [34] proposed a discrete sliding mode observer to enhance the operating range of a sliding mode–based model reference adaptive system. Adigintla and Aware [35] designed a robust fractional-order controller for induction motor speed control under parameter variations.



All the above-mentioned control schemes have improved the induction motor drive performance by reducing flux and torque ripples and eliminating the main drawback of the variable switching-frequency nature of the conventional DTC scheme. However, there is still a need to reduce the flux and torque ripples of an induction motor drive, particularly for EV applications at low speeds. Hence, in this work, a fractional-order sliding control (FOSMC) technique for reducing the torque and flux ripples operating at a fixed switching frequency is proposed. The main contributions of this work include



	
Control algorithm of an FOSMC for SVM-based DTC for induction motor drives (IMDs);



	
Derivation of the electromagnetic torque of an IMD using an FOSMC-DTC scheme;



	
Minimization of torque ripples during steady state;



	
Improved system response times during load-changing conditions;



	
Reduction of high-frequency chattering phenomenon;



	
Pure sinusoidal stator current waveform with fewer distortions in a 3-Φ IMD;



	
Comparative analysis of the FOSMC-DTC, classical SMC, and PI controller methods.






Section 2.1 addresses the SVM-based DTC using a single PI controller. Section 2.2 deals with the SVM-based DTC with a conventional sliding mode controller. Section 2.3 presents the proposed FOSMC-DTC–based SVM of an IMD. The mathematical modeling of an IMD using the FOSMC-DTC scheme is presented in Section 3. Simulation results and discussions are handled in Section 4, with conclusions and future scope in Section 5.




2. Fractional-Order Sliding Mode Controller for Induction Motors


The fractional-order controller has two additional degrees of freedom, which makes it more efficient in handling nonlinearities compared to the classical PID controller. The sliding mode control strategy is a robust nonlinear control technique derived from variable structure control to overcome the disadvantages of modeling uncertainties and disturbances of nonlinear control techniques. The space vector–modulated DTC scheme permits effective speed control over other classical schemes, such as field-oriented or conventional DTC, with better steady-state and dynamic torque response with fewer ripples. Hence, in the present work, a fractional order–based sliding mode control strategy is proposed for SVM-based direct torque control of induction motors. Initially, the SVM-based direct torque control using a conventional PI controller is discussed, and later, the concept of sliding mode control strategy is presented. Finally, the proposed fractional order–based sliding mode control methodology for induction motors is presented.



2.1. SVM-Based DTC Using Single PI Controller


In space vector pulse width modulation using the reference voltage space vector, the pulse width of the inverter switches is modulated. The synthesization of the reference voltage space vector is achieved using three stationary voltage vectors. The switching frequency of this scheme operates at a constant, unlike other PWM techniques with lower current and low torque ripple. It can be applicable to high-power applications.



Figure 1 shows the complete block diagram of a DTC-SVM control scheme using a single PI controller [8]. The reference and actual speeds are compared, and its output is given to a PID controller to generate the reference torque. The reference torque and estimated torque are compared, its output is passed through a PI controller, and a slip angle is generated. The induction motor rotor angle is added to the slip angle to obtain the reference stator angle. The stator angle and reference flux are used to calculate the complex form of the stator flux, and the complex form is then converted to a polar form. The flux deviation multiplied by the switching frequency yields the reference voltage space vector.




2.2. SVM-Based DTC with Conventional Sliding Mode Controller


A sliding mode controller (SMC) is a more dynamic and robust controller compared to a PI or hysteresis controller in tracking a given reference variable. DTC with SVM using a conventional SMC consists of a sliding mode controller block with its control law, SVPWM block, two-level inverter, and actual torque and flux estimation. In this, the reference space voltage vector is derived using two separate linear sliding surfaces with their control law. Having defined the sliding surface (s) for torque and flux, a signum function is used, as shown in Equation (1). The reference voltage is given to the SVM block for generating pulses to the two-level inverter switches. Figure 2 shows the block diagram of DTC-SVM with a conventional sliding mode controller [15].


  s i g n  s  =       + 1   i f   s > 0       − 1   i f   s < 0        



(1)







The system operates in the sliding mode if Equation (1) satisfies the existence conditions    s g   > 0 when s < 0 and    s g   < 0 when s > 0. The stability analysis can be obtained using the Lyapunov function given in Equation (2).


  v  t  =  1 2   s 2   t  +  1 2    (  s g   t  )  2   



(2)







In Equation (2), s(t) and    s g   t    are the sliding surface and gradient of the sliding surface, respectively.




2.3. SVM-Based FOSMC-DTC of Induction Motors


A more robust and optimal control implementation than the SMC is obtained using fractional-order controllers (FOSMCs). The control efforts and best performance can be obtained using this algorithm. Since the power converters are inherently variable structure systems, these algorithms can be implemented effectively. These controllers use fractional-order differentiators/integrators. Keeping the main benefits of an SMC intact, an optimal dynamic response can be obtained using FOSMCs. These are widely used in sensorless vector-controlled induction motor drives, wind energy systems, lighting control systems, and photovoltaic systems.



The proposed FOSMC-DTC scheme consists of flux and torque controllers based on an FOSMC, SVPWM block, actual flux, and torque estimator, and the block diagram is shown in Figure 3. In this control technique, the reference and actual torques and reference and actual fluxes are given to the torque and flux comparators, respectively. The errors generated through torque and flux are applied as input to the torque and flux fractional-order sliding mode controllers. These are designed based on PID controllers. The reference space vector voltage is calculated and given to the SVM block to generate the switching pulses to the IGBT switches of the inverter circuit.



Compared to the conventional SMC, the presented FOSMC-DTC is very robust against external perturbations. The operation is performed at 5 kHz to obtain reduced flux and torque ripple content. This work reduces high-frequency chattering with fractional-order sliding surfaces and takes less reaching time for the sliding variables to reach the origin. The stability of the system can be realized well using an FOSMC. This work best utilizes the stator flux and reduces the settling times of the torque response during load changes. Figure 4 shows the high-frequency oscillations leading to chattering in the SMC and FOSMC [15,18]. The FOSMC reducing the chattering effect compared to the SMC is presented.



From Figure 4, it can be observed that the chattering effect is significantly reduced in the case of the FOSMC compared to the PI controller and conventional SMC. Hence, this fractional sliding mode controller is best suited for the speed control of induction motor drive applications, where the objective is to obtain smaller torque ripples during the low-speed operation of the EV under perturbations. Therefore, this theoretical knowledge from the FOSMC is well explored and applied in this work.



Figure 5 [25,33] shows the SVPWM sectors diagram. Sectors of operation in the proposed DTC scheme in the α, β coordinate system attached to the stator fixed reference frame are shown in Figure 5.





3. Mathematical Model of FOSMC-DTC Scheme of IMD


In the DTC scheme, the simultaneous control of torque and stator flux linkage is obtained by generating a reference voltage space vector to the induction motor through a three-phase voltage source inverter (VSI) circuit. The derivation of this reference voltage vector depends on the flux linkage and torque errors. A PID-derived sliding surface is assumed in this work. Therefore, the sliding surfaces    S T    and    S ψ    for the torque and flux in the FOSMC-DTC are given in Equations (3) and (4).


   S T  =  K P   e T  +  K I   D  − λ    e T  +  K D   D u   e T   



(3)






   S ψ  =  K P   e ψ  +  K I   D  − λ    e ψ  +  K D   D u   e ψ   



(4)




where KP, KI, and KD are the proportional, integral, and derivative constants, respectively.



Differentiate Equations (3) and (4) to obtain Equations (5) and (6), respectively.


   S T g  =  K P   e T g  +  K I   D  − λ      e T g  +  K D   D u   e T g     



(5)






   S ψ g  =  K P   e ψ g  +  K I   D  − λ      e ψ g  +  K D   D u   e ψ g     



(6)




where    S T g    and    S ψ g    are the surface gradients of the torque and flux control techniques, respectively.



The control law of the FOSMC-DTC scheme is given in Equation (7).


  U = − K   s g n    s g     



(7)







The derivation for the electromechanical torque follows in the DTC-FOSMC control scheme. The sliding surface for the FOSMC-based DTC is given by Equation (8).


  S =  K P  e +  K I   D  − λ     e +  K D   D u  e  



(8)




where u and λ are the fractional-order derivative and integral constant, respectively, and the error speed e is given in Equation (7).


  e =  ω  r e f   −  ω  a c t    



(9)




where ωref is the desired speed and the actual speed of the three-phase induction motor is ωact. The first-order derivative for the sliding surface given in Equation (8) is given in Equation (10).


   S g  =  K P   e g  +  K I   D  − λ      e g  +  K D   D u   e g   



(10)







According to convergence law, the derivative of the sliding surface is given in Equation (11).


   S g  = − K   s g n  S   



(11)







After substituting Equation (10) into Equation (11) and resolving, we obtain an expression for the derivative of the speed error, which is given in Equation (12).


   e g  =   − 1      K P  +  K D     D μ         K I   D  − λ   e + K   s g n    S     



(12)







The derivative of the speed error    e g    is given in Equation (13).


   e g  =  ω    r e f     g   −  ω    a c t     g    



(13)







Substituting Equation (13) into Equation (12), we obtain Equation (14).


   ω    r e f     g   −  ω    a c t     g   =   − 1      K P  +  K D     D μ         K I   D  − λ   e + K   s g n    S     



(14)







The actual rotor speed    ω    a c t     g     is given in Equation (15).


   ω    a c t     g   =  1 J       T  e m   −  T L  − B ω      



(15)







After substituting Equation (13) into Equation (14) and resolving the expressions, the electromechanical torque is obtained and given in Equation (16).


   T  e m   = (  T L  + B ω ) + J [   ω    r e f     g   +   − 1      K P  +  K D     D u         K I   D  − λ      ω  r e f   −  ω  a c t     + K   s g n    S     ]  



(16)







In this work, for 5 kHz switching frequency operation, the step angle obtained is 4 degrees and is shown in Equation (17).


  Δ α =   360   f    f s     



(17)








4. Simulation Results and Discussions


The induction motors incorporated in EVs require higher dynamic performance and smooth control under different load and road disturbance conditions, and hence, they require efficient control strategies to operate with less torque and flux ripples compared to conventional methods. Hence, in the present work, a fractional order–based sliding mode control strategy is proposed for the SVM-based direct torque control of induction motors.



The proposed DTC-SVM with fractional-order sliding control is simulated using MATLAB/Simulink. Table 1 shows the induction motor specifications [25].



The FOSMC-based PID controller has two additional degrees of freedom, which make it more efficient than the classical PID controller, although the tuning of the parameters is complicated. Soft computing algorithms, such as GA, PSO, and other techniques, can be used to locate the parameters λ and u of the controller, but they are computationally laborious. In this work, using the Euclidean plane [18,29], as shown in Figure 6, is followed to determine the controller parameters. A classical PID controller is obtained from a fractional-order PID controller if λ = 0 and u = 1. Similarly, a PI controller is obtained when λ = 1 and u = 0. A proportional controller is obtained if λ = 0 and u = 0. Hence, it very clear that numerous control structures can be defined accurately by properly selecting the values of λ and u. In this work, at low torque ripple and operation in which speed and torque errors are minimized for effective speed control and low output torque ripple at low voltage levels for an EV, the range of λ and u are taken as 0.45 to 0.56 for effective tracking and smooth control following the Euclidean plane.



Table 2 shows the controller parameters used for simulation work.



Figure 7 represents the complete simulation diagram of the proposed work. Figure 7a represents the MATLAB Simulink diagram of FOSMC-DTC Scheme. The generation of flux and torque sliding surfaces using MATLAB Simulink is presented in Figure 7b,c. To show the uniqueness of the proposed FOSMC controller, it is compared with DTC-SVM with a single PI controller [8] and conventional SMC [15]–based DTC-SVM. Steady-state speed response and its ripple content at rated torque of 30 Nm are shown for all three schemes in Figure 8a–c.



From Figure 8a–c, it can be observed that the proposed FOSMC-DTC scheme produces a smaller speed ripple of 1.5 rpm, whereas the PI and SMC schemes produce 2 and 1.8 rpm ripples, respectively.



The induction motor drive is operated at 30 N-m to observe torque ripple for all three control schemes. Steady-state torque response and its ripple content at a rated torque of 30 Nm are shown for all three schemes in Figure 9.



Figure 9a–c indicates that the proposed control FOSMC scheme produces a smaller torque ripple of 1 N-m, whereas the PI and SMC schemes produce 2 and 1.8 N-m, respectively.



For a sudden load change, the drive is initially operated at a rated torque of 30 Nm for 0.45 s; then the drive is commanded to reverse its torque from 30 to −30 N-m at 0.45 s until the time reaches 1 s. The transient response and its settling times are shown for all three schemes in Figure 10.



From Figure 10, it can be observed that, for the sudden step change in torque, the proposed FOSMC has better tracking of torque with less torque ripple and shorter settling times. From Figure 10a–c, it can be said that the proposed FOSMC-DTC has a minimum response time of 5 ms during load change conditions, where it is 6 and 5.5 ms with the single PI controller and conventional SMC schemes, respectively.



The dynamic response of the ©nduction motor for a torque step change of 7.5 Nm for every 0.4 s from no load to full load is shown for all three schemes in Figure 11.



Figure 11 shows the dynamic response of torque obtained for a step change of torque from no load to full load conditions. It is observed that using DTC-SVM with an FOSMC gives better results in terms of tracking the actual torque trajectory with very little torque ripple content, as shown in Figure 11c.



Three-phase stator currents of an induction motor and its ripple are shown for all three schemes in Figure 12.



Figure 12c reveals that the proposed scheme has a lower stator current ripple of about 0.5 A, where DTC-SVM with a single PI controller or SMC generates 2 A or 1 A, as shown in Figure 12a,b, respectively.



Flux trajectory and its utilization at a rated torque of 30 Nm are shown for all three schemes in Figure 13.



Flux trajectories obtained at rated torque are shown in Figure 13, and it can be observed clearly that the reduction in the chattering effect is much better in the FOSMC compared to the PI controller and conventional SMC. From Figure 13a,b, it can be observed that the single PI and conventional SMC techniques utilize 0.55 wb-t and 0.54 wb-t stator flux linkages, respectively. Figure 13c shows that the FOSMC-DTC scheme utilizes only 0.5 wb-t stator flux linkages. The flux ripples take longer steps to reach the reference value of flux in the case of PI and classical SMC techniques, whereas using FOSMC, it is found that it takes only a single step to reach the reference flux value of 0.5 Wb-t. From this, it is very clear that the FOSMC-based DTC of an induction motor drive, particularly for EVs, presents high performance, especially at low speeds. The effective utilization of the flux linkages is realized using this controller.



Figure 14 shows the harmonic spectrum of stator current for all three schemes.



Figure 14c shows the proposed scheme as 4.72% THD, whereas DTC-SVM with a single PI controller as 13.85% THD is shown in Figure 12a,b.



Flux linkage and its corresponding ripple content at rated torque of 30 Nm are shown for all three schemes in Figure 15.



Figure 15c indicates the proposed scheme has a lower flux ripple of about 0.006 wb, whereas DTC-SVM with a single PI controller or SMC generates 0.01 wb or 0.008 wb, as shown in Figure 13a,b, respectively.



Table 3 shows steady-state torque ripples with the conventional PI, SMC, and the proposed FOSMC-DTC schemes at full and one-fourth load conditions, and Table 4 shows the settling times of torque responses during transient conditions. From Table 3 and Table 4, it can be said that the proposed FOSMC is much better compared to the conventional PI controller and SMC in reducing the torque ripples and improving the settling times. From the above simulation results, it can be concluded that the proposed fractional-order sliding mode controller reduced the steady-state torque, flux, current, and speed ripples and improved the settling times during transient conditions compared to the conventional PI and SMC schemes. The proposed FOSMC scheme has the advantage of the best utilization of the required stator flux and reduced the total harmonic distortion from 13.85 to 4.72 percent as compared with DTC-SVM single PI controller.



Figure 16 shows the torque response for the step change of slip angle θs. For three different slip angles, torque response plots are obtained. Figure 16 shows that torque increases at a rate proportional to the step change in dθs/dt until reaching maximum torque, and it attains a maximum torque value at dθs/dt = 2 × π × 22.7. For lower values of speed, torque increases at a slower rate when compared with high-speed values. Therefore, the DTC-FOSMC exhibits a robust behavior when compared to DTC-SVM with the single PI controller and conventional SMC.




5. Conclusions


In this paper, a fractional-order sliding mode control scheme is proposed for SVM-based DTC to overcome the drawbacks associated with PI and other classical sliding mode controllers during transient conditions. This work presents a DTC-FOSMC for a two-level inverter-fed induction motor drive (IMD) operating at a fixed switching frequency of 5 kHz, which finds applications in electric vehicles (EVs). It is observed that, with the proposed FOSMC scheme, flux errors and torque errors are minimized when compared to the PI controller and conventional SMC, while reducing high-frequency chattering with shorter settling times. The implementation of space vector modulation in the FOSMC-DTC scheme has several advantages, including smooth rotating voltage space vector at higher switching frequencies (5 kHz), reduced torque ripples (1 Nm), reduced speed ripples (1.5 rpm), shorter settling times (5 ms) during transient conditions, and lower total harmonic distortion (THD) of the stator current (4.72%). A comparison is also presented with the PI controller and SMC to highlight the need for an FOSMC for DTC in electric vehicles. Hence, this control scheme can be effectively used for the speed control of an IMD in an EV, particularly at low speeds. However, the design and tuning of fractional-order sliding mode controller make it very difficult to obtain optimal values for stability, and a wide future scope is in the application of machine learning algorithms for further improving the proposed control scheme.
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Abbreviations




	BLDC
	Brushless DC motor



	DTC
	Direct torque control



	EV
	Electric vehicle



	SPWM
	Space vector pulse width modulation



	SVM
	Space vector modulation



	PI
	Proportional and integral



	SMC
	Sliding mode controller



	HOSMC
	Higher-order sliding mode controller



	FOSMC
	Fractional-order sliding mode controller



	IMD
	Induction motor drive



	PMSM
	permanent magnet synchronous motor drive



	SRM
	Switched reluctance motor



	PID
	Proportional-integral controller



	S
	Sliding surface



	    s g    
	Surface gradient



	u
	Fractional-order derivative gain



	λ
	Fractional-order integral gain.



	    ω  r e f     
	Desired speed



	    ω  a c t     
	Actual speed



	    S T g    
	Surface gradient of torque control



	    S ψ g    
	Surface gradient of flux control



	    T  e m     
	Electromechanical torque



	    T L    
	Load torque
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Figure 1. DTC-SVM using single PI controller. 






Figure 1. DTC-SVM using single PI controller.



[image: Wevj 14 00137 g001]







[image: Wevj 14 00137 g002 550] 





Figure 2. DTC-SVM using conventional sliding mode controller. 
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Figure 3. FOSMC-DTC control scheme block diagram. 
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Figure 4. Chattering phenomenon in fractional-order sliding control (FOSMC) and SMC. 
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Figure 5. Sectors of operation in SVM-based DTC scheme. 
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Figure 6. Euclidean plane for FOSMC control parameters. 
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Figure 7. Simulink diagram of the FOSMC-DTC scheme. (a) Complete block diagram of the FOSMC-DTC scheme; (b) flux sliding surfaces for FOSMC-DTC scheme; (c) torque sliding surfaces for FOSMC-DTC scheme. 






Figure 7. Simulink diagram of the FOSMC-DTC scheme. (a) Complete block diagram of the FOSMC-DTC scheme; (b) flux sliding surfaces for FOSMC-DTC scheme; (c) torque sliding surfaces for FOSMC-DTC scheme.



[image: Wevj 14 00137 g007]







[image: Wevj 14 00137 g008 550] 





Figure 8. Steady-state speed response and its ripple content at rated torque of 30 Nm. (a) DTC-SVM with single PI controller; (b) conventional SMC–based DTC-SVM scheme; (c) DTC-SVM with FOSMC. 
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Figure 9. Steady-state torque response and its ripple content at rated torque of 30 Nm. (a) DTC-SVM with single PI controller; (b) conventional SMC–based DTC-SVM scheme; (c) DTC-SVM with FOSMC. 
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Figure 10. Transient response at rated torque reversal of 30 Nm and its settling times. (a) DTC-SVM with single PI controller; (b) conventional SMC–based DTC-SVM scheme; (c) DTC-SVM with FOSMC. 
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Figure 11. Dynamic response for step change of 7.5 Nm for every 0.4 s from no load to full load. (a) DTC-SVM with single PI controller; (b) conventional SMC–based DTC-SVM scheme; (c) DTC-SVM with FOSMC. 
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Figure 12. Three-phase stator currents of an induction motor and its ripple content in (a) DTC-SVM with single PI controller, (b) conventional SMC–based DTC-SVM scheme, and (c) DTC-SVM with FOSMC. 
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Figure 13. Flux trajectory and its utilization at rated torque of 30 Nm. (a) DTC-SVM with single PI controller; (b) conventional SMC–based DTC-SVM scheme; (c) DTC-SVM with FOSMC. 
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Figure 14. Harmonic analysis of stator current and its THD in (a) DTC-SVM with single PI controller, (b) conventional SMC–based DTC-SVM scheme, and (c) DTC-SVM with FOSMC. 
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Figure 15. Flux linkage and its corresponding ripple content at rated torque of 30 Nm. (a) DTC-SVM with single PI controller; (b) conventional SMC–based DTC-SVM scheme; (c) DTC-SVM with FOSMC. 
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Figure 16. Torque response for step change of dθs/dt. 
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Table 1. Squirrel cage induction motor data [25].
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	Rating of the Induction Motor, P
	5.4 HP





	Voltage (L-L), Vrms
	440 V



	Power frequency, fs
	50 Hz



	Rated torque, T
	30 N-m



	Rated current (Peak)
	16 A



	Nominal speed, Nnom
	1430 rpm
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Table 2. Controller parameters used for simulation work.
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	Controller Parameters
	Flux Sliding Surface
	Torque Sliding Surface





	λ
	0.5
	0.56



	u
	0.45
	0.5



	kP
	1.5
	5.0



	kI
	0.1
	0.1



	kD
	1.0
	1.0
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Table 3. Steady-state torque ripples with PI controller, SMC, and proposed DTC-SVM–based FOSMC at full and one-fourth load conditions.
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Torque

	
Torque Ripple




	
PI Controller [8]

	
SMC [15]

	
FOSMC






	
30 Nm

	
2 N-m

	
1.8 N m

	
1 N m




	
7.5 Nm

	
1.2 N m

	
1 N m

	
0.6 N m
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Table 4. Torque response settling times during transient operation.
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Load Change

	
Settling Times




	
PI Controller [8]

	
SMC [15]

	
FOSMC






	
30 to −30 Nm

	
6.0 ms

	
5.5 ms

	
5 ms




	
7.5 to −7.5 Nm

	
5.8 ms

	
5.4 ms

	
4.8 ms

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
TORQUE AND
Te FLUX

Tref

Wref

Te

We

We ESTIMATION

Conventional SMC|vs

Law

and its Control o

INDUCTION

THREE PHASE
INVERTER

MOTOR





media/file30.png
Sign

elected signal: 25 cycles. FFT window (in red): 1 cycles

-hoom
(== =

O

0.1 0.2 0.3 0.4 0.5
Time (s)

Signal mag.

FFT analysis
—

Fundamental (50Hz) , THD= 8.6%

-
o
(=

| S

200 400 600 800 1000
Frequency (Hz)

Mag (% of Fundamental
o &

Signal (b)

mSeIected signal: 25 cycles. FFT window (in red) 1 cycles

- o[\/\/\/\/\/\/\M/\M/\/\AAM/\
950
N

0.5
Tlme (s)
FFT analy=is
= Fundamental (50Hz) , THD= 4.72%
S 100 -
£
@
T
c
|
w 50 .
{ T
©
=
g D . — — e - - - -
= 200 400 600 800 1000

Frequency (Hz)
(c)





media/file18.png
40 ¢
= 20 = 31 N N
Y = 30,5
= 30! ,
o 0 ' 0.9002 0.9004
|2 secC
-20 i i i i
0 0.2 0.4 0.6 0.8
time (sec)
(a)
<Electromagnetic torque Te (N*m)>
— Actual Torque (N-m)
"E"' 50 f m\\ —Reference Torque (N-m)
ZI v s - " plprsparionpopiipiopiopiopiopiopioph ———
D 0 Steady state Torque ripple (N-m
g_ 21 y que ripple (N-m)
VAVAVAVAY
o -50
- 0.21 0.2102 0.2104
-1 00 i | | | |
0 0.2 0.4 0.6 0.8
Time (sec)
(b)
40 <Electromagnetic torque Te (N*m)>
—— Actual Torque (Nm) = =Reference Torque (Nm]‘
€ 20-
.E. Steady state Torque ripple (Nm)
© 31 : : :
s s N
= 0 30" - .
(e} 0.2 0.20005 0.2001 0.20015 0.2002
= ‘ Sec
-20 C 1 I I 1
0 0.2 0.4 0.6 0.8

<Electromagnetic torque

Te (N m)>

Time (sec)

(c)






media/file35.jpg
Torque (N-m)

NoB
S o

[
=

o

o

. =2%7%2;
O=2%1*22.7

0.03

Gg=2vms

Torque response

0.04 0.05 0.06
Time (sec)

0.07

0.08





media/file21.jpg
<Electromagnetic torque Te (N*m)>
1

30

Torque (N-m)

os 1 15
time (sec)

@
<Electromagnetic torque Te (\'m)>

3
5
4 [
w
o e 1 15 2
Time sec)
(b)

<Electromagnetic torque Te (N'm)>

Torque (Nm)






media/file26.png
(Wb)

Flux Axis beta

-1.0 -05

0.0

Flux Axis alpha (Wb)

Flux axis a (wb)

(a)

1.0

0.5

Flux axis 8 (wb)

(b)

!

-1.0 0.5 00 0.5 1.0
Flux axis B8 (wb)

(c)

1.0

2 o5
- =

) \ % 00 b,

»
E

1.0

0.5 1.0 -1.0 -0.5 0.0 0.5 1.0





media/file27.jpg
H

»Selected signal: 25 cycles. FFT window (in red): 1 cycles

o

50008

V\_/\/\/\/\/\/\/\/v\/v\/\/vvvvv\/\/\/

A na

Signal mag.

o 0.1 0.2 0.3 0.4 0.5
Time (s)

i
H

Fundamental (50Hz) , THD= 13.85%

100

°

200 400 600 800 1000
Frequency (Hz)

(a)

Mag (% of Fundamental)
o
g





media/file3.jpg
M
TORQUEAND & 4
> S——
1s FLX

T |_ESTMATION

Conventional SMC| 1" J J

!

and its Control )

SQURE CaGe
L INDUCTION

THREEPHASE  MOTOR
INVERTER






media/file22.png
Torque (N-m)

e T =1
o O

<Electromagnetic torque Te (N*m)>

0 0.5 1 1.5 2
time (sec)

(a)

<Electromagnetic torque Te (N*m)>

— Actual Torque (N-m)

o

Torque (N-m)
AR
o o

60 0% 2008 ——Reference Torque (N-m) |
-80 ;
0 0.5 1 1.5 2
Time (sec)
(b)
<Electromagnetic torque Te (N*m)>
£ 2
E 1
g o z 3N/ N/
.2 0.2 0.2001 0.2002
-20 | ‘ Sec
0 0.5 1 1.9 2
Time (sec)

(c)





media/file19.jpg
<Electromagnetic torque Te (N*m)>
40

|g32

| £ 30 e

28
| 03005 0.301

Torque (N-M)

sec H

o 02 04 06 08 1
time (sec)
(@)

<Electromagnetic torque Te (N*m)>

[ et Toaun o)
————

50,

Torque (N-m)

0 02 04 06 0.8 1
Time (sec)

(b)
<Electromagnetic torque Te (N"m)>
40

Actual Torque (Nm) = ~Re

e s i
E2
2% cotngrime !
5
3 ofsin /
g ez d
8200 o5 oss !
=
o 0z o4 os o8 1

©





media/file7.jpg
°
e

€=WrerWact

Chattering in FOSMC

Reaching Phase

> e

Sliding Surface S





media/file10.png
V4(110)

B axis

Vsmax=Vd cl \3
Sector 1 Reference
voltage space
aT ------------ A VeCtor Vs
Sector 2
S¢gctor 6 '
Vo 0 ! o axis
V7 aT, g V1 (00 1 )
Sector 3 Sector 5
Sector 4
V5(100) V,(001)





media/file28.jpg
B e st 2o, 7 it o100 s

=8

7 FMarrnsnn

o o1 oz a3 os os
Fime (&

Fundamental (50Hz) , THD= 8.6%

800 1000

0
Frequency (Hz)

Mag (% of Fundamenta

(b)

 Selected signal: 25 cycles. FFT window (in red): 1 cycles

E softfhy 1

= ol |\ v

H 53( VAW

@ o 01 02 03 04 05
Time (s)

i

Fundamental (50Hz) , THD= 4.72%

00 400 &0 80 1000
Frequency (Hz)
(©

Mag (% of Fundamental)





media/file14.png
+

l—b + —
> Vi _/_ poweargui

NN iy S L

r Fact
'-:- TYET ’
. ST ’

Tt ﬂ .—I_’ <Electromagnetic torgue Te (N m)=
Detailed .

outfraq

<Riotor speed (wm)=

<Rty angle thetam (ra’ |§|
:Statgr current is_a (A)=
» (]

Ftator current is_b (A)=

‘Ftator current is_c (A}
A e

>
>

© gates

Vdc bus

Y

e
_(‘.'1'_")
|

Y/

Sphi

s J— )
(D -‘?@—q—h@
Tref
22 an

ki






media/file11.jpg
Fractional-order PID





media/file6.png
Te TORQUE AND

FLUX %
We | ESTIMATION
Tref Te | SLIDING
SURFACE )sx 1;15
TORQUE L JJ - —f\
PULSES
Wref We | SLIDING LT saumRe CAGE
SURFACE | INDUCTION .’
FLUX THREE PHASE MOTOR

INVERTER





media/file36.png
Torque (N-m)

Torque response

60
401 o o _oepens
20 S é i:mn'ﬂj
5
0 L
-20 éS=z*;z-*5.7

0.0 003 004 005 006 0.07 0.08
Time (sec)





media/file15.jpg
Rotor speed (RPM)

=
& 1400
E 1200
- 2 o008 o1
1200 oo
Time (s05)
@
g <Rotor Speed (RPM)>
& 1500
3
e —
§1000| [y PO
& -, ]
§5°“ 087 o872 0874 O0s76 0878 088,
3
[ 0 02 0.4 06 0.8 1
Time (sec)
®
s <Rotor Speed (RPM)>
H
51500
3 | [ e
ol [z
& Eg~——
? 500 G emam o
H see
3
€ o oz o+ o5 o8 1

Time (sec)
()





media/file32.jpg
Stator Flux Linkage

Zos
=
8,04
] Flux Linkae ripple
= < 05
Soa2| F 4|
= 0.2 02001 02002
= o Sec
o 0.2 0.4 o6 os
Time (sec)
(b)
= Flux Linkage
506/ . .
=
@ 0.4
S .
g - 051 Fluxripple
£ 0.2} 3 o3~
= 0.2 0.2005
= o s
= < , . :
o 0.2 0.4 0.6 0.8

Time (sec)
(c)





nav.xhtml


  wevj-14-00137


  
    		
      wevj-14-00137
    


  




  





media/file29.png
9
5]
-
-}

QS:(-)Iected signral: 25 cyc!es. FFT wlindow (in red): 1 cycles

£ 20

- -28 MN\I\/\/\N\/\/\/W\/\/\/\/\&

S -40 1 . - ,

@« 0 0.1 0.2 0.3 0.4 0.5
Time (s)

G|
J
=]
H
z
7]
in

Fundamental (50Hz) , THD= 13.85%

—

=]

o
T
I

o

200 400 600 800 1000
Frequency (Hz)

(a)

Mag (% of Fundamental)
4]
o





media/file16.png
Speed (RPM)

Rotor speed (RPM)

1500
1400
1;0 ~ Speed Ripple - 1
1300 [ &3z
0.2 0.205 0.21
1200 | | Sec | |
(0] 0.2 0.4 0.6 0.8
Time (sec)
(a)
s <Rotor Speed (RPM)>
& 1500 |
g Rotor speed ripple at rated torque of 30 (N-m)
8. 1000 1362 ¢ | | , |
N 1360 N | | .
B 5007 0.87 0.872 0.874 0.876 0.878 0.88
o
o . . . .
14 0 0.2 0.4 0.6 0.8 1
Time (sec)
(b)
s <Rotor Speed (RPM)>
o _ ] :
4 1500
o] Rotor speed ripple at rated torque of 30 (N-m)
Q - ,
& 1000 = 1360 \/ ——
) 1358
- 500" 0.87 0.872 0.874 0.876 -
2 . | Sec .
o’ 0 0.2 0.4 0.6 0.8 1

Time (sec)
(c)






media/file2.png
Y
lPre f S

’ V
Flux »@-»
Calculation

wn

S
%
ulses






media/file20.png
<Electromagnetic torque Te (N*m)>

40
s _ | ?
é.. 20 = 32
p r 30 AN
=4 0.3005 0.301
S .20] | |
- secC w -
0 0.2 0.4 0.6 0.8 1
time (sec)

(a)
<Electromagnetic torque Te (N*m)>

"'E"' w Actual Torque (N-m)
é — Reference Torque (N-m)
)
-
o
E
o
= -100 | . l . ‘
0 0.2 0.4 0.6 0.8 1
Time (sec)
(b)
<Electromagnetic torque Te (N*m)>
40 | Actual Torque (Nm) — =Reference torque (Nm)l |
£ 20 , -
S Settling Time I
D
= |5 \ !
O =
et -20 I
2 -20 0.5 0.55 P\
Sec - )

0 0.2 0.4 0.6 0.8 1
(¢)





media/file23.jpg
Stator currents.

s, 85

5 S
z B
E
o
£ o -
= i
time (sec)
(@)

Stator currents

-~ [ <stator currant s, (A1

= | <stator currant i, (a1
=
g o
° 0.1 0.2 03
Time (sec)
®

Stator current (A)

g
€
g o curen e 1)
L == | E——
o =
w2 es  ee  es 1
Time (sec)

©





media/file5.jpg
Tref

Wref

Te

\We

SLIDING
SURFACE

TORQUE

SLIDING
SURFACE

FLUX

TORQUE AND
FUX
ESTIMATION

Ly

A

el T [ (w

vl

SQURREL CAGE

THREE PHASE
INVERTER

INDUCTION
MOTOR





media/file24.png
Stator currents

m— <Stator current isIJ (A)>
50 m— <Stator current isc (A)> |
2 . <Stator current isal (A)>
=
0
£
= 20 ) 16 Ripple
-50 - -20 15 : -
0.2 0.205 0.21 0.2?06 0.2008
. Sec Sec |
0 0.2 0.4 0.6 0.8 1
time (sec)
(a)
Stator currents
<Stator current is_ (A)>
100 | <Stator current is (A)> |
— <Stator current is__ (A)>
<[ .
D
b :
Py O \; [ ii*f""'""?"‘1"1‘?‘!‘?‘!‘i‘1‘!‘1‘f‘i‘v‘f‘f‘f‘!‘?‘f‘1‘i‘f‘i‘#‘f‘!‘?‘f‘f‘!‘iﬂ?‘?‘i‘i‘f#!‘#‘f*f
g— 20 Current ripple
< o[ ISLEPN <18 SN~~~
<C -20 < 15
-100 | 0.2 0.21 0.22 0.1206 0.1208
Sec Sec
(0] 0.1 0.2 0.3
Time (sec)
(b)
Stator current (A)
100 - <Stator current is_ (A)> |
— ——<Stator current is_ (A)>
55 50 ——<Stator current is_ (A)> |
‘.E 0 *}“1“HHHH‘!HI'HH}i'lHIll1IHHHIIHHHH|1|H'IH1IHH|llHHﬁHH|1”HIHHHHIHHHWHIH1lH1!HiIHHHIHHH‘HHIH‘
w ]HIHlHHHH'HIHIHHHHHIiHHHHHHHIHiIHlbHHHIHHHHDHIHlHIHH!lliIHHHIHlilHiHIli|HHIIHHHH'illHiHIl
= 'm ® 5 o Stator current ripple (A)
= .50 ) = |
Q E‘ 0 a 15.5 [\/
< -20 g€ 15
-100 0.2 0.205 0.21 0.215 < 0.2 0.20005 :
| Sec | | Seq
0.2 0.4 0.6 0.8 1
Time (sec)

(c)





media/file33.png
Flux Linkage (wh-t)

© O O

O N & O

Flux linakge

| Ripple |
= 0.56
_g 0.555 W
0.55
0.2 0.2005
Sec
L0 0.2 0.4 0.6 0.8

Time (sec)

(a)





media/file1.jpg
Wref

TW/ L)

—@ P Q- PG

Wact|

o

\"ref

v Y

|>0°I-I~ s
Flux [1Tst>{V
Calculation| & n

)





media/file31.jpg
= Flux linakge

= = :

= 0.6

S Ripple

=>20.4

% V\VJ\VJ\VN

S 9E ; 0.2005

5 o Spe i i
- 0.4 0.6 o.8

Time (sec)

(a)





media/file25.jpg
(Wb)

Flux Axis beta

Flux axis a (wb)

40 05 00 05 A

Flux Axis alpha (Wb)

(a)
1.0

0.5

Flux axis a (wb)
s
g

1.0 -0

5 00 05
Flux axis B (wb)

(c)

0 40 05

Flux axis § (wb)

(b)

0.0

1.0

05

1.0





media/file12.png
Fractional-order PID





media/file9.jpg
Vamax=Vac/vs

Reference
voltage space
vector V,

V4(110)

Sector 5

V5(100) V1(001)





media/file0.png





media/file8.png
€=WrerWact

Chattering in FOSMC

Reaching Phase

/

Chattering in SMC

- e

Sliding Surface S





media/file34.png
o
o

Stator Flux Linkage

o
I\

Flux Linkage (wb-t)
Q
N

)

o

Flux Linkage (wh-t)
© © ©
S N &~ O

= 0.5
= 0.54
= 0.536 |
0.2 0.2001 0.2002
Sec
0.2 0.4 0.6 0.8
Time (sec)
(b)
Flux Linkage
Fl ippl
E °b5; ux ripple
= 0.49
0.2 0.2005
Sec
0 0.2 0.4 0.6 0.8

Time (sec)

(c)






media/file17.jpg
<Electromagnetic torque Te (N*m)>
35 £l al (N*m):

| ESRAANAS
Ji 2= 30
o 09002 0:9004

Torque (N-m)

o 02 o4 os o8 1
time (sec)
(@
<Electromagnetic torque Te (N*m)>
—ctual Torqus (v
|—Reference Torque (N-m).

Torque (N-m)

0
o oz ea
100
3 02 04 06 08 1
Time (sec)
(b)
w <Eloctromagnetc toraue To (>

g
Il e
£
.
T

Time (sec)

(©





