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Abstract

:

The use of a direct torque control (DTC) drive is a well-known control strategy that is applied frequently to induction motors. Although torque and stator flux ripples are major disadvantages of this approach, using a higher-level inverter helps to overcome these issues. In this paper, we propose a novel switching table with a modified control strategy for a three-level inverter to achieve ripple minimization, as well as smooth switching and neutral point balance; the latter features are generally ignored in many works. The proposed model is compared with a conventional DTC and an improved three-level inverter-fed voltage vector synthesis model in the Matlab/Simulink® environment with low, normal, and high-speed operation under load torque disturbances. The performance indexes and the comparative results confirm the effectiveness of the proposed model in reducing the torque and stator flux ripples by up to   70 %   and   78 %  , respectively, generating a lower total harmonic distortion (THD%) in all scenarios, in addition to maintaining the neutral point balance and preventing voltage jumps across the switches of the inverter.






Keywords:


direct torque control; torque ripple; switching table; three-level inverter; neutral-point-clamped (NPC); total harmonic distortion












1. Introduction


The conventional direct torque control (DTC) drive has been investigated and developed as a replacement for field-oriented control (FOC) in high-performance AC motor drives [1]. DTC is well-known for its fast torque response, which requires no coordinate transformation, current control or modulation techniques [2]. Furthermore, the simple architecture and robustness against parameter variations are advantages of this approach [3,4]. The inherent benefits of DTC have made it a popular solution for a wide variety of applications, from brushless DC [5] to permanent magnets [6] and switch reluctance motors [7]. Considering the fact that rotor speed encoders are expensive, can have high maintenance costs and are not suitable for harsh environments, numerous sensorless DTC strategies have been proposed [8,9,10]. Although torque hysteresis controller-based DTC (THC-DTC) is considered to be a fast dynamic response controller, its main drawbacks are high torque ripple and flux droop in the low-speed region [11,12]. Torque ripple has a direct relationship with mechanical loss and tensions on the motor shaft, while flux ripple indicates harmonics and a distorted current waveform.



Researchers have addressed these weaknesses in many works by introducing various strategies; one of these strategies is space vector modulation for classical DTC (DTC-SVM) [13]. However, its reference voltage estimation is a complicated process [14] and advanced control strategies are required to develop precise flux and torque responses. DTC has been studied with other control methods including a sliding mode controller [15,16], dead-beat control [17], artificial neural networks (ANN) [18], predictive torque control [19] and state feedback control [20].



Another technique that is used to enhance the performance of DTC is the duty-ratio control of the injected voltage vectors (DR-DTC). To minimize torque and flux ripples in DR-DTC, adjusting the duty-ratios of voltage vectors is a necessity and requires a variable switching frequency [21,22]. In [23], the duty cycle of the active vector was increased to compensate the sector flux droop by using interleaving carriers, but this strategy resulted in high torque and flux ripples when compared against THC-DTC. Duty cycle-based methods were proposed in [24,25] to improve the low-speed performance of an interior permanent magnet synchronous motor (IPMSM). Although the ripple reduction algorithm works well at low speed, tracking performance degrades at high speed.



Additionally, the constant switching frequency torque controller (CSFTC) has been studied as an alternative. It consists of some triangular carriers and a PI (Proportional-Integral) controller that decreases the variations in the switching frequency to reduce torque ripple.



Some researchers have studied multi-level inverters (MLIs) with DTC for induction motors (IMs) and permanent-magnet synchronous motors (PMSMs) and recommended the three-level neutral-point clamped (3L-NPC) inverter for CSFTC to limit torque and flux ripples. However, these approaches mostly suffer from high complexity and require difficult computations in real industrial applications [26,27].



On the other hand, the three-level inverter can bring many benefits including more voltage vectors with different magnitudes, lower voltage distortion levels, lower stress across the semiconductors, less harmonic content, lower switching frequencies, a reduction of torque and flux ripples and performance improvement under low-speed operations as long as an appropriate switching algorithm is executed [28,29,30,31]. Regarding the industrial applications of MLI-fed DTC, the three-level neutral-point-clamped 3L-NPC inverter is one of the most popular cases that has been considered as a research topic over the past few years [32,33,34].



Accordingly, Tang et al. [35] were able to successfully reduce torque ripple by up to 50% with a specific three-level inverter-fed DTC drive by proposing a switching table. However, they overlooked many voltage vectors and used only six smaller vectors. Although lower voltage levels can reduce the torque ripple, the drive becomes incapable of generating a higher electromagnetic torque when it needs to handle heavier loads at higher speeds.



In [36], an instant switching table for a DTC drive was presented. An optimization algorithm was used, and the whole structure of a DTC drive was changed to create a quasi-optimal switching pattern in each interval. The performance of the proposed approach shows an approximately 50% improvement in some situations; however, the switching frequency in their model goes up to 20 KHz at some points. It requires physical modifications in the existing DTC drive and has a heavy computational burden as it needs to constantly solve an optimization problem at each sampling time.



Eventually, an improved 3L inverter-fed DTC drive was proposed that employed unique vector synthesis sequences to reduce the torque ripple in the motor and provide smooth switching and neutral point balance in the inverter [37,38]; the vector synthesis sequence in [38] is used as a benchmark for this study and is investigated thoroughly in Section 3. This is one of the few studies to address neutral point balance and smooth switching problems alongside ripple reduction concerns.



Neutral point unbalance causes the DC-link voltage to deviate from the reference value, causing voltage ripples, increasing the total harmonic distortion (THD%) in the output current and possibly leading to a fault-trip [39]. In addition, smooth switching secures the safe operation of the inverter by preventing voltage jumps across the semiconductors, which also increases the harmonic contents in the output [38].



The contribution of this study is the creation of an optimized control method for a 3L inverter-fed DTC drive by proposing a novel switching table with a modified control loop. First, the proposed switching table is arranged in such a way that it prevents voltage jumps over the inverter gates and provides neutral point balance. Second, the vectors are generated by the specific gates that require fewer switching occurrences. This can be achieved by retaining the same switching states. Third, the stator flux plane is divided into 12 controlling sectors, which allows a greater controlling resolution and doubles the possible solutions for vector selection. Fourth, the torque and flux hysteresis controllers are replaced with five and three-level controllers, respectively. This modification means that the drive is capable of discriminating between smaller and larger torque errors and simultaneously adds a constant flux region. Thus, the expectation of this study is decreased torque and flux ripples, as well as harmonic components on the input current, keeping the neutral point of the inverter isolated and providing smooth switching. Furthermore, some important notes are provided that will help in the tuning of a DTC drive.



This paper is organized as follows: we introduce the mathematical model of an induction motor in Section 2. The structure of the proposed model is presented in Section 3 along with the structure of a three-level inverter and its optimized switching table. Afterwards, a series of simulations is presented to illustrate the effectiveness of the proposed model in terms of the different factors of torque ripple, flux ripple, flux trajectory and THD% in Section 4. Ultimately, all the accomplishments and the results are summarized and analyzed in Section 5.




2. Induction Motor Equations


In order to estimate the torque and stator flux of an induction motor (IM), the first step is to transform the sampled voltage and currents from the   a b c   to the   α β   frame using Clarke transformation.


   v  α β   =  2 3      1    −  1 2      −  1 2       0     3  2     −   3  2        1 2     1 2     1 2           v a       v b       v c       



(1)




where   v  a b c    and   v  α β    are the input three-phase voltages in   a b c   and   α β   frames, respectively. Similarly,   i  α β    is obtained from   i  a b c    measurements. It should be noted that, since    v a  ,  v b    and   v c   are all 120   ∘   apart, the third row of the Clarke transformation is zero (as long as the load is balanced). Thus, an isolated neutral point exists if    v a  +  v  b   ∠  120 ∘    +  v  c   ∠ −  120 ∘    = 0  .



The stator voltage in an asynchronous motor can be expressed by a voltage drop in the stator winding and the electromotive force generated by the flux, as expressed in Equation (2). Then, in order to estimate the amplitude and phase of the flux, first, the   α β   components of the stator flux need to be calculated with Equation (3), which is derived by integrating Equation (2).


   v s  =  R s   i s  +   d  φ s    d t    



(2)






       φ  α s   = ∫  (  v  α s   −  R s   i  α s   )  d t        φ  β s   = ∫  (  v  β s   −  R s   i  β s   )  d t      



(3)




where   R s  ,   φ  α s   ,   φ  β s    and   i s   are the stator resistance, the flux components and the stator current, respectively. Equation (4) estimates the stator flux magnitude and its angle, and Equation (5) calculates the electromagnetic torque.


       |   φ s   | =      (  φ  α s   )  2  +   (  φ  β s   )  2           θ φ  = ∠  φ s       



(4)






   T e  =  3 2  p  (  φ  α s    i  β s   −  φ  β s    i  α s   )   



(5)




where   T e   is the electromagnetic torque and p represents the pole pairs of the stator winding.



The required variables on the motor side are the electromagnetic torque, the stator flux magnitude and its angle, which are all obtained from Equations (4) and (5).




3. Three-Level Inverter Fed DTC Strategies


3.1. Proposed DTC Model


Figure 1 depicts a general schematic of a DTC drive. The sampled voltage and current vectors are transformed to the   α β   frame using Equation (1), and the main DTC block estimates the torque and stator flux using Equations (4) and (5). A speed controller compares the current rotor speed with the desired value and generates two reference values for torque and flux. Then, two hysteresis controllers produce the required commands for the switching table to satisfy the demanded rotor speed by contrasting the actual and reference values of torque and flux. Thus, the decoupled control of torque and flux can be achieved in DTC. The simplicity and independency of motor parameters are decisive factors in the popularity of DTC.



Likewise, our proposed method does not include any additional motor parameters in the control loop, and it does not affect the system with an extra computational burden. However, it is updated with a 12-sector stator flux plane, higher levels of torque and flux hysteresis controllers, a three-level inverter and an optimized switching table that coordinates and exploits all these advantages. Figure 2 illustrates the structure of an NPC 3L inverter. Figure 3 shows how the 19 unique voltage vectors of the 3L inverter are distributed on the 12 equally divided sectors of the stator flux plane. The proposed method allocates at least one voltage vector to each section to increase control resolution. In contrast to the conventional method, which needs 60   ∘   to change the flux hysteresis command, the proposed method selects appropriate vectors every 30   ∘  . Besides, the 3L inverter provides us with voltage vectors of different sizes (  V  d c   ,     3  2   V  d c    ,    1 2   V  d c     and 0), which opens up new possibilities for compensating the torque error. Different states of [2, 1, and zero] mean [full, half, and zero] voltages of the DC link.



The process of generating reference torque and flux signals is similar to the conventional DTC, as demonstrated in Figure 4. A proportional-integral controller (PIC) is responsible for translating the rotor speed error into the required torque to satisfy the speed demand. Several other controllers can be employed for this task; however, for the sake of simplicity and in order to provide a fair comparison between different strategies, the PIC is retained.



The reference stator flux is kept constant and equal to the nominal flux within the operational speed range (0 to nominal speed). However, at very high speed ranges, flux weakening is required to keep the motor within the constant power region [40]. Thus, when the rotor speed exceeds nominal speed, a flux weakening algorithm reduces the reference flux according to Equation (6).


   φ s *  =       φ  s n   ,         0  <   ω r   ≤   ω n           ω n  x  φ  s n     ω r   ,    ω r   >   ω n        



(6)




where   φ s *   and   φ  s n    are the reference and nominal stator fluxes, while   ω r   and   ω n   are the actual and nominal rotational speeds, respectively.



Figure 5 exhibits five-level torque and three-level flux hysteresis controllers that are replaced with the conventional three-level and two-level torque and flux controllers, respectively. The proposed technique differentiates between small and large torque errors so that it triggers higher voltage levels to compensate larger torque errors and fires smaller vectors for smaller errors. Consequently, the output of the proposed five-level torque hysteresis controller can be   ( T o r q u e E r r o r =  T e *  −  T e  )  :




	
Torque error is large and positive    →  H T  = 2  



	
Torque error is small and positive    →  H T  = 1  



	
Torque error is acceptable        →  H T  = 0  



	
Torque error is small and negative    →  H T  = − 1  



	
Torque error is large and negative    →  H T  = − 2  








According to Figure 3, there are at least two vectors that are perpendicular to each section, which enables us to add the third level for the flux hysteresis controller. Thus, its outputs are defined as



	
Flux error is positive    →  H φ  = 1  



	
Flux error is acceptable   →  H φ  = 0  



	
Flux error is negative    →  H φ  = − 1  






It must be taken into consideration that it is not possible to reduce the torque or flux ripples only by tightening the torque or flux hysteresis bands. A very wide band will result in more ripples and even produce insufficient amounts of torque in some instances. Furthermore, tightening the torque or flux hysteresis bands can result in a significant increase in the switching frequency. Mitigating the ripples mostly depends on the sampling time of the control system and the magnitude of the injected voltage vectors. Trying to compensate a small torque error with a large voltage vector will result in an overshoot from the desired limits in a given sampling time; thus, attempting to alter the hysteresis bands is futile. In other words, if the hysteresis bands are set to be too narrow, not only will the ripples not decrease, but also the switching frequency (i.e., switching losses) will increase for no gain. Thus, adjusting the optimized hysteresis bands is of foremost importance, although this fact is unfortunately neglected by many researchers.



Eventually, the conventional switching table will no longer be applicable and a novel switching table will be needed to utilize the expressed model. Considering the 19 unique voltage vectors of the three-level inverter, the 12 flux sectors, the five levels for torque commands and three levels for flux commands, the proposed optimized switching table for a three-level inverter-equipped DTC drive is presented in Table 1. Evidently, the preference is for selecting smaller vectors (   V 13  →  V 18   ), while bigger vectors (   V 1  →  V 12   ) are used for the compensation of considerable deviations from the tolerable torque error. It is believed that, in most of the steady-state conditions, half of the DC link voltage is enough to satisfy the user demand. At the same time, the full magnitude vectors are generally needed only during the transient states to provide higher electromagnetic torque.



It is noteworthy that, according to Figure 3, there are two possible switching patterns for generating vectors   V 13   to   V 18  . For the purpose of smooth switching and preventing voltage jumps across the inverter gates, and considering the fact that the proposed model generally injects zero or half of the DC voltage, the 0 and 1 states of the switches are chosen in the switching table. For instance, when there is a change from   V 13   [100] to   V 14  , it is better to trigger [110] instead of [221], because transferring from   V 13   [100] to   V 14   [110] causes only one half of a DC voltage increase in the second leg of the inverter. On the other hand, transferring from   V 13   [100] to   V 14   [221] means a half DC link voltage increase in the first and the third legs, and a full voltage jump in the second leg. The proposed optimized switching table follows this rule in order to prevent voltage jumps and simultaneously to decrease the switching frequency. Besides, the switching pattern is organized in such a way that it maintains the neutral point balance and ensures zero current in the neutral point. According to the above-mentioned considerations,   V 0   and   V 13   to   V 18   are triggered using these states:




	*

	
  V 0   [1 1 1],   V 13   [1 0 0],   V 14   [1 1 0],   V 15   [0 1 0],   V 16   [0 1 1],   V 17   [0 0 1],   V 18   [1 0 1].









where,   V 0   [1 1 1] acts as an intermediate that prevents voltage jumps between states 0 and 2.




3.2. Voltage Vector Synthesis Strategy


In order to provide a fair comparison with another DTC technique that utilizes a 3L inverter, a vector synthesis method was chosen [38]. As discussed in the first section, this is one of the best-known strategies, especially for 3L inverter-fed DTC drives. This method utilizes all the voltage vectors of a 3L inverter and produces the desired synthesized vectors at different angles. This method secures smooth switching, maintains neutral point balance and has been proposed for ripple reduction purposes. Figure 6 illustrates the synthesized voltage vectors that are produced with the vector synthesis sequence presented in Table 2. The design and implementation details of the vector synthesis strategy are laid out in [38].



As stated in Table 2, in every transition, only one state changes. In order to prevent voltage jumps, every sequence begins with   [ 111 ]  . To synthesize each vector, eight voltage vectors are triggered with equal duty ratios. Thus, the eight sampling times last until a vector is synthesized. Unlike the conventional DTC methods, the switching frequency is constant for this technique and is determined by the duty ratio of each vector. This model is equipped with two three-level hysteresis controllers to define both torque and flux commands. The switching table is provided in Table 3, where k is the number of the estimated flux sector. It is worthy of mention that this model requires a smaller sampling time for the switching circuit and an up to three times higher switching frequency [38].





4. Simulation Results and Discussion


A series of comprehensive simulations were carried out in the MATLAB® platform to show the effectiveness of the proposed strategy on a 10 horsepower (HP) induction motor. In this step, the conventional 2L inverter-fed DTC, the vector synthesis DTC fed by a 3L inverter and our proposed method were studied side-by-side under the same conditions. However, due to the fact that the synthesis vector method required fast vector injection, the sampling time for this method was set to 10 microseconds, while the conventional DTC and our proposed model were simulated for 30 microseconds. Figure 7 shows a high-level schematic of the simulation setup. It also highlights the differences in hysteresis controllers, switching tables, vector selection algorithms and voltage source inverters. All three models were equipped with the same very well-tuned PI speed controller. The hysteresis bands for all models were adjusted meticulously in a way that provoked minimum torque and flux ripples and guaranteed stable operation. The performances of the examined models were analyzed in very low (20 rpm), normal (1000 rpm) and high (2000 rpm) rotor speed demands with an acceleration ramp of 2000 (rpm/s) under no-load and load-torque disturbances. They were studied in terms of the torque, flux, voltage, current and THD%. Table 4 provides the characteristics of the IM.



4.1. Low-Speed Performance; 20 rpm


Figure 8 shows the performances of the introduced models under a very low rotor speed demand of 20 rpm. At   t = 1   s, a full load-torque of 15 N·m was mounted on the shaft, which was then decoupled at   t = 2   s. Low speed demands such as 20 rpm create very challenging situations for DTC drives. However, choosing the right reference flux and well-tuned hysteresis controllers help to meet very low speed demands. As is shown in Figure 8a–c, in a fraction of a second, the rotor reached the reference speed with no overshoot. When the load was applied (  t = 1   s) and removed (  t = 2   s), there were small deviations from the reference of 3 rpm, which were compensated in less than half a second. Since the same speed controller operated all the models, their speed responses were very similar except that of the proposed method, which was less noisy. Figure 8d–f reveals the reasons behind the torque responses. The torque ripple in the conventional DTC was 10 N·m, while it dropped to 6 N·m with vector synthesis DTC, and the proposed model reduced this to only 3 N·m. Figure 8g–i demonstrates the stator flux responses of each model, showing ripples of 0.045, 0.04 and 0.025 Wb for the conventional DTC, vector synthesis and the proposed method, respectively. Flux ripple reduction occurs when the stator current has a more sinusoidal shape, as shown in Figure 8j–l. Besides this, it is an indication of lower harmonic distortion (THD%), which will be discussed later. Figure 8m–o completely differentiates these methods by exhibiting their voltage injection preferences. As stated earlier, the switching table of the proposed method is able to differentiate between large and small torque errors, and it tries to compensate smaller torque errors with smaller voltage vectors, while it switches the larger voltage vectors when it is necessary. Likewise, Figure 8o shows that higher voltage amplitudes were only needed for a fraction of a second in starting condition, and the proposed drive was capable of providing precise torque, flux and speed responses with lower voltage levels even under the condition of full load-torque disturbance.




4.2. Normal-Speed Performance; 1000 rpm


In this step, the drives started with a speed demand of 1000 rpm. A slight overshoot occurred when they reached the reference at   t = 0.5   s. A 15 N·m load was applied to the shaft, and then removed at   t = 2   s and   t = 3   s, respectively. Figure 9a–c shows the comparable speed responses for all cases with two 3 rpm deviations each for half a second when the load disturbances occurred. Figure 9d–f shows the similar torque responses to those for the low-speed performance for each strategy. The torque ripples were 10, 6, and 3 N·m for conventional DTC, vector synthesis and the proposed method, respectively. During the normal operational range, Figure 9g–i shows the flux ripples of the conventional, vector synthesis and the proposed model, at 0.045, 0.02 and 0.01 Wb, respectively. Figure 9j–l shows the similar performance of this test to that seen in the previous part, and the input voltages presented by Figure 9m–o show the capability of the proposed model for smart voltage vector selection. At higher speeds—especially when a full load is coupled—the need for higher voltage levels increases. Correspondingly, the proposed method triggers higher voltage levels when the torque error passes the tolerable limits.




4.3. High-Speed Performance; 2000 rpm


Finally, the drives were tested at the high speed of 2000 rpm under no-load (up to   t = 2 s  ) and load-torque conditions (  t = 2 → 3   s). Although the speed responses, as shown in Figure 10a–c, were similar, the torque responses showed some important details. As mentioned previously, the switching frequency of the vector synthesis method is constant because it injects a slightly different vector at every sampling time to synthesize the desired vector. Thus, the torque response of this method was similar to that demonstrated earlier. The torque ripple of the conventional DTC dropped from 10 to 9 N·m when it exceeded the nominal synchronous speed of 1500 rpm (for a four-pole 50 Hz motor). This method operates based on a variable switching frequency, which mostly depends on the hysteresis bands and rotor speed. Thus, when the rotor speed increases, the switching frequency increases as well. Consequently, the torque ripple decreases to some extent. On the other hand, the torque ripple of the proposed method increased from 3 N·m to 4 N·m when it passed the operational speed range. Figure 10o explains the reason for this by revealing a change in the behavior of the switching table, as it triggered higher voltage levels more frequently in the high-speed region (after   t = 0.7   s) when the motor entered the constant power region. However, the torque ripple for the proposed method was still lower than the others. Figure 10g–i illustrates the stator fluxes and the effect of the flux weakening algorithm as the rotor speed surpassed the operational range. The flux ripples of the conventional DTC and vector synthesis method experienced a small reduction, to 0.04 and 0.015 Wb, respectively, while the proposed method still maintained this value below 0.01 Wb. Ultimately, Figure 11 illustrates the effectiveness of the proposed technique in maintaining the neutral point balance even during the severe condition of high-speed operation and load-torque disturbance. Because the designated vectors in the switching table were chosen meticulously, voltage unbalance did not occur and the current in ground connection was almost zero (in the   10  − 16    range). The same figure also demonstrates the voltage change over one of the inverter gates that did not exceed half of the DC link voltage under the same aforementioned conditions.




4.4. Total Harmonic Distortion THD%


Figure 12 depicts the flux trajectories in   α β   axes, which is considered to be an excellent representation of the harmonic distortions in a system. The more circular a flux trajectory, the lower the THD% it produces in the system. Figure 13 shows the THD% of the investigated methods at various rotor speeds (from very low to high) and under no-load and load-torque conditions. It was expected that when a load was coupled, as the input current increased, the THD% would decrease, because the share of the fundamentals increased. Since a 3L inverter produces a more sinusoidal current, the harmonics decrease. However, the proposed model contaminates the network with much lower THD% than the vector synthesis method in most operating conditions.





5. Conclusions


In this study, we propose a novel technique for a 3L inverter-fed DTC drive. Our method provides an optimized switching table capable of discriminating between large and small torque errors and introducing a third dimension for stator flux control. It requires the use of new hysteresis controllers that allow a greater resolution. Thus, flux and torque commands are issued in three and five levels, respectively. The proposed switching table is organized in such a way to prevent voltage jumps by utilizing the inverter gates with only half of the DC link voltage. Besides this, this model ensures neutral point isolation by providing a voltage balance for each phase. Even for the generation of some vectors for which there are more than one switching pattern, 0 and 1 states are preferred to ensure minimum state changes, resulting in a lower switching frequency. The proposed technique was compared with a conventional model and the vector synthesis DTC model, which has been investigated in great depth for its ripple reduction and smooth switching characteristics. Owing to the fact that all three models used similar well-tuned PI speed controllers, the speed responses were comparable and very accurate. All models demonstrated consistent performances at low, medium, and high speeds (from 20 to 2000 rpm) and under load-torque disturbances. The proposed model showed its efficiency by minimizing the torque ripple by up to 70% and 50% compared with the conventional and vector synthesis DTC models. Its flux ripple was also 78% smaller than the conventional DTC and 50% lower than the vector synthesis method. It also improved THD% and reduced harmonics. However, thethe proposed model runs with a three-times longer sampling delay than the vector synthesis method, which samples every 10 microseconds. This model will help to reduce maintenance costs and mechanical loss by reducing the torque ripple and the stresses on the motor shaft, and it leaves fewer detectable harmonic traces in the network.



Since a three-level inverter is employed, the switching losses are higher compared to the two-level inverter case because the number of IGBTs is doubled. It is noteworthy that, considering similar hysteresis bands, the switching losses for the proposed model will be less than the two-level inverter-fed model as it manages the motor with lower voltage levels, meaning that the switching frequency could also be lower. However, due to the fact that the aim of the method is to reduce the ripples, the hysteresis bands must be chosen accurately. In some cases, there might be a need for a compromise between favoring lower ripple or lower switching losses. However, the proposed model has an advantage over the other three-level inverter-equipped techniques as it prefers lower voltage levels. It is worthy of mention that this advantage is valid for the operational speed range and under the nominal load condition. If the demanded speed exceeds the nominal speed, the proposed model behaves similarly to the other three-level inverter DTC models, as shown in Figure 10o. For future studies, we suggest investigating the experimental results and analyzing the motor and inverter losses, considering the fact that this model operates with lower voltage and current amplitudes for a given motor. Due to the fact that this model does not require additional equipment, the only concern is the precise tuning of the hysteresis bands and the dead-time of the inverter when considering the sampling time of the control loop.
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	List of Symbols:
	



	    φ s  ,  φ s *  ,  φ  s n     
	Actual, reference, and nominal stator flux



	    v s  ,  i s    
	Stator voltage and current vector



	    T e  ,  T e *    
	Actual and reference Electromagnetic torques



	    v  a , b , c   ,  i  a , b , c     
	Voltage and current in abc frame



	    ω n  ,  ω r    
	Nominal and rotor speeds



	    v  α , β   ,  i  α , β     
	Voltage and current in   α β   frame



	    R s  ,  R r    
	Stator and rotor resistances



	    φ  α s   ,  φ  β s     
	Stator flux components in   α β   frame



	    L s  ,  L r  ,  L m    
	Stator, rotor, and mutual inductances



	   θ φ   
	Stator flux angle



	    K i  ,  K p    
	Integral and proportional gains



	    H T  ,  H φ    
	Torque and flux hysteresis commands



	p
	Motor pole pairs



	   r p m   
	Revolutions per minute



	   W b   
	Weber (unit)



	   m H   
	Milli henry (unit)



	   K w   
	Kilowatt (Unit)



	   H P   
	Horse power (unit)



	   N . m   
	Newton-meter (Unit)



	   H z   
	Hertz (unit)



	List of Acronyms:
	



	PIC
	  Proportional integral controller



	DTC
	  Direct torque control



	THD
	  Total harmonic distortion



	FOC
	  Field oriented control



	3L-NPC
	  Three-level neutral-point clamped



	MLI
	  Multi-level inverter
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Figure 1. Block diagram of a conventional direct torque control (DTC) drive. 
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Figure 2. The structure of a general three-level (3L) inverter. 
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Figure 3. The proposed stator flux plane and the voltage vectors of a 3L inverter. 
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Figure 4. The structure of a PI speed controller for a DTC drive. 






Figure 4. The structure of a PI speed controller for a DTC drive.



[image: Energies 13 04646 g004]







[image: Energies 13 04646 g005 550] 





Figure 5. (a) The proposed five-level torque controller and (b) the three-level flux hysteresis controller. 
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Figure 6. Synthesis vector diagram [38]. 
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Figure 7. A high-level control scheme of (a) conventional, (b) vector synthesis and (c) proposed DTC drives. HP: horsepower. 
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Figure 8. Simulation results for 20 rpm under 15 N·m load torque disturbance: (a–c) rotor speed response; (d–f) motor torque; (g–i) stator flux; (j–l) input current; (m–o) line voltage. 
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Figure 9. Simulation results for 1000 rpm under 15 N·m load torque disturbance: (a–c) rotor speed response; (d–f) motor torque; (g–i) stator flux; (j–l) input current; (m–o) line voltage. 
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Figure 10. Simulation results for 2000 rpm under 15 N·m load torque disturbances: (a–c) rotor speed response; (d–f) motor torque; (g–i) stator flux; (j–l) input current; (m–o) line voltage. 
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Figure 11. Current in the neutral point connection (a) and voltage over an inverter gate (b) during the speed command of 2000 rpm and load-torque disturbance. 
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Figure 12. Stator flux trajectories in   α β   axes for (a–c) 20 rpm, (d–f) 1000 rpm, (g–i) 2000 rpm (with flux weakening). 
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Figure 13. Total harmonic distortions (THD%) in different scenarios. 
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Table 1. The proposed switching table for the three-level inverter-fed DTC drive.
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Table 2. Switching sequences used to generate synthesized voltage vectors [38].
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	Vector
	Synthesization Sequence





	VS1
	111-211-210-200-100-200-210-211



	VS2
	111-110-210-220-221-220-210-110



	VS3
	111-110-120-220-221-220-120-110



	VS4
	111-121-120-020-010-020-120-121



	VS5
	111-121-021-020-010-020-021-121



	VS6
	111-011-021-022-122-022-021-011



	VS7
	111-011-012-022-122-022-012-011



	VS8
	111-112-012-002-001-002-012-112



	VS9
	111-112-102-002-001-002-102-112



	VS10
	111-101-102-202-212-202-102-101



	VS11
	111-101-201-202-212-202-201-101



	VS12
	111-211-201-200-100-200-201-211
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Table 3. Switching table of vector synthesis DTC [38].
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Table 4. Motor parameters.






Table 4. Motor parameters.





	Parameter
	Value





	Nominal power (HP/Kw)
	   P = 10  /  7.5   



	Nominal speed (rpm)
	    w n  = 1440   



	Line voltage (V)
	   V = 400   



	Stator and rotor resistances (m Ω )
	    R s  = 738 ,  R r  = 740   



	Stator and rotor inductances (mH)
	    L s  =  L r  = 3.045   



	Matual inductance (mH)
	    L m  = 124.1   



	Nominal stator flux (Wb)
	    φ  s n   = 0.4   



	Friction factor (N·m·s)
	   F = 5.03 ·  10  − 4     



	Rotor and load inertia (kg·m   2  )
	   J = 3.43 ·  10  − 2     



	Number of pole pairs
	   p = 2   



	Sampling Time ( μ s)
	   T s  = 30   and 10











© 2020 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 (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Sal X Sbl
—
R Sal":zs X Sbl":zs
} )
P Sa—3||:z: x Slﬁ":zs

w
Lz
B

Scl J

| = |

(|

|

S

S

| = |

| =]

Sedi

| =]

Linec





media/file18.png
Conventional DTC

=)
& 1000 ¢
= v '
o 1003
% 500 1000 w
e
9o 097
o 0 1 2 3
0 1 2 3
Time (s)

(a)

Torque (Nm)

Time (s)

(d)

)
= 04M
%03 / |
Y02 0.42 ]
8
s 0.1
n 0.375

0 ‘ ‘

0 1 2 3

Time (s)

(g)

j i

()

>
[<})
o)
S
o
>
()
£
4
0 1 2 3
Time (s)

(m)

Vector Synthesis
=
& 1000 -
= ! y
o 1003
S 997
o 0 1 2 3 4
0 1 2 3
Time (s)
(b)
40 ‘ ‘ ‘
VAVAVS —
301,
20

Torque (Nm)

Time (s)

(e)

o)
=04
:5 0.3 /
L
» 0.2 0.41
)
0.1 0.39
7y}

0 ‘ ‘ ‘

0 1 2 3

Time (s)

(h)

20|

Phase A Current (A)
o

Time (s)

(k)

560 |
280 |

-280 |

Line Voltage (V)
o

-560 |

0 1 2 3
Time (s)

(n)

Proposed Method
=
& 1000 |
< ' ¢
o 1003
S 997
2 1 2 3 4

0 1 2 3 4

Time (s)

(c)

Torque (Nm)

Time (s)

(f)

o)
= 04
E 0.3 /
L
S 02 0.405 M
s 0.1
b 0.395

0 | ! |

0 1 2 3 4

Time (s)

(i)

20|

Time (s)

(1)

Phase A Current (A)
o

E 560 ¢ «V, =560 (V) <+
[}]

o

8

©

>

[<}]

£

—1 560 | —>

0 1 2 3 4
Time (s)

(o)





media/file21.jpg
g 88 °
)
i __

(¥)woung Juiod fenneN

Time (s)

(b)

Timo (5)

(@)





media/file26.png
150

130

110

90

70

50

30

92
22.26
11 73
6.76

No Load

20 rpm

Full Load

Total Harmonic Distortion %

500 rpm

H Conventional Method

II II“1

No Load Full Load

93.45

B \/ector Synthesis

50.3
28
2212
I 15

No Load Full Load

1000 rpm
B Proposed Method

10.37
10 41

No Load

2000 rpm

Full Load





media/file3.jpg
Sal Sbl Scl
= ol %
i [
Vde=T= 1
Sa2 Sb2
2 & sa FSYG g2
+ + + '
AN
3
Sb_l:; Scd|
= Line al Line bl Linec





media/file22.png
% 10718

< 4
5 > ‘
[ -
= (]
m200
2 E H
E AT 3100 .
5 S ‘ TR
vl
3_2- : ' I
z, 1 2 3 4 0 1 2 ’ *
Time (s) Time (s)

(a) (b)





media/file19.jpg





media/file7.jpg
Reference
Torque

Stator Flux
Function

P

s
Reference Flux

Rotor Speed





media/file10.png
A N (a
Torque
Error g I_T
T

Flux

(b

Error






media/file14.png
Three-Level
Inverter

Three-Level
Inverter

Two-Level
Inverter

Vector
Selection

Speed Speed Speed

Demand DTC Demand DTC Demand Speed
Controller Block / Controller Block j Controller






media/file11.jpg





media/file6.png
Sec.4

V4 [120]

V51020 V3 [220
oo s kI A Y3 2201
5
Sec.6 \Q\ lg !
g O g Sec.2
V6 [02F] AT /7 :
RNy 2?]/0/ Y2[210]
011
V71022] V16 {122% Sec. 1
Sec.7 4 < > >
VI3 [100] V1 [200]
S [211]
. QX'
L \\\"L\%\
V8 [012] 17 00 ................. \% V12 [201]
Sec.s - 75, < ' Sec.12
! S \ 2 [000]
V9 [002] V10 [102] V11[202] | VO [111]
Sec.9 Sec.10 Sec.11 [222]






media/file15.jpg





nav.xhtml


  energies-13-04646


  
    		
      energies-13-04646
    


  




  





media/file16.png
Vector Synthesis Proposed Method

Conventional DTC

0.02

0.01

23 rpm~—y

(@] o
™

(WdY) peads Jojoy

o
oNoNe]
AN ~—
v
o o
[a\] ~

0.02]

0.01

23 rpm~
20
10
0

v

o o o o
(a9} N ~

(WdY) peads Jojoy

0.02 |

1 0.01

o o o o
(a9} N ~

(WdY) peads Jojoy

Time (s)

Time (s)

Time (s)
(a)

(c)

(b)

o o o o o o
< MO N A
(wN) anbiao]

.

o o o o o o
< MO N~ ~
(wN) anbiao]

o

Time (s)

Time (s)

Time (s)
(d)

(f)

(e)

0 ©
o ™M
T S
o
4
}
W
w
¥ 0 N o
o o o o
(am) xni4 J03e3s
/'
~ N~
< 0
o o
N o N - O
o o o o
(am) xni4 J03e3s
/
(9] O
< N~
S
o
¥ 0 N - O
o o o o
(am) xni4 J03e3s

Time (s)

Time (s)

Time (s)
(8)

(1)

(h)

o O O o o
N —

(v)juauung y _omwrn_

o O O o o
N —

(v)juauung y _omwrn_

e

o O
AN -

(v) 3uauing y aseyd

O O O
42

Time (s)

Time (s)

Time (s)

(1)

(k)

j

Vg = 560 (V)

—

o O O

o O
© o O
N

(A) abejjop aui

o O O

o O
© o O
N

(A) abejjop aui

o O O

o O
© O O
LI

(A) abejjop aui

Time (s)
(o)

Time (s)

(n)

Time (s)

(m)





media/file2.png
DC Bus

Inverter

Switching

Actual Rotor Speed

b
C
Gates
B _ Te .
Hr | dr " Direct Vop b
© - | 4 @ | Torque [° ADE [abe
FC% H(p 0T H:: 2 COlltI'Ol IGB /
—~ 1] - < af |e
0o 0,] Block [* labc
L g *x
(ps Te
r
Speed
*
Controller W User Speed Demand






media/file20.png
Conventional DTC

Time (s)

(a)

Time (s)

(d)

N W A

Stator Flux (Wb)
O o o o

Ot ‘
0 1 2 3 4
Time (s)
<
w 207
c
()
=
=
o 0
<
& -20
©
=
n_ I
0 1 2 3 4
Time (s)
>
[<})
o)
S
o
>
()
£
4
0 1 2 3 4
Time (s)

(m)

= [
= 2000
C } |
- 1500
o 2003

1000 |
& 2000
§ 500 | 1997
2 1. .2 3 4

0 1 2 3 4

Vector Synthesis
= 2000
4 | |
= 1500

2003
8 1000
> 2000
§ 500 1997
< 0 1 2 3 4
0 1 2 3 4

Time (s)

(b)

Time (s)

(e)

0.31 /
0 205 Mt lthvy

Stator Flux (Wb)
O o o o

o
O
-_—

Time (s)

(h)

20

Time (s)

(k)

Phase A Current (A)

560 ¢
280 |

-280 |

Line Voltage (V)
o

-560 |

0 1 2 3 4

Time (s)

(n)

2 3 4

Proposed Method

=
= 2000
€ | |
8 1500
o 2003

1000 ¢
> 2000
§ 500 - 1997
O
e 1 2 3 4

0 1 2 3 4

Time (s)

(c)

Time (s)

(f)

—\

0.305 /
0.295
1 2 3

Time (s)

(i)

*

Stator Flux (Wb)
O o o o

o

o

20|

|

o

Phase A Current (A)

0 1 2 3 4
Time (s)

(D)

>
[<})
o)
S
o
>
()
£
4
0 1 2 3 4
Time (s)

(o)





media/file23.jpg
Flux p (Wo)

Flux B (Wo).

Flux B (We).

Conventional DTC Vector Synthesis. Proposed Method

£ £
] é
R SR i
@ ®) ©
| O g n g n
0 e e e
@ © ®
| . g n g n
E T e

® (h) (i)





media/file5.jpg
Vs [
Sec.5

020]

Sec.4
V4[120]
"

Sec.6
Sec.2
V6 [02
o V2 [210]
VI 1022) sec
Sec.7
“ [Lo0] Vo
211
V8[012] Vi2[201]
Sec.8 /T seets
Y. 1000]
V9 [002] V10[102] Vi1[202] | VO {III
Sec.9 Sec.10 Sec.11 222






media/file24.png
0.4

Flux B (Wb)

047

Flux B (Wb)

047
03}

Flux B (Wb)

-0.37
-0.4 |

Conventional DTC

(a)

Flux a (Wb)

(d)

Flux a (Wb)

(g)

Flux B (Wb)

Flux B (Wb)

Flux B (Wb)

04|

0.4

0.4
03

o

0.3}
041

Vector Synthesis

Flux a (Wb)

(b)

-0.4 0 04
Flux a (Wb)

(e)

N S . e
\%\"“\b—« o 7

¥
(Y
\

-0.4 -0.3 0
Flux a (Wb)

(h)

Flux B (Wb)

Flux B (Wb)

Flux B (Wb)

Proposed Method

0.4

-047

0.4

0.4
03

037
-0.4 1

-0.4 0 0.4
Flux a (Wb)

(c)

0.4 0 04
Flux a (Wb)

(f)

Flux a (Wb)

(1)






media/file1.jpg
DC Bus.

Inverter

Gates.

Switching

Table

T
5

Direct | vap
AL

Speed
P Sensor

Actual Rotor Speed

Torque abe
Control | 15] /
0] Block [ [T
LAlivs
or
Speed  [©
Controller

k@ usersSpeed Demand






media/file25.jpg





media/file12.png





media/file9.jpg
Torque
Erfor






media/file0.png





media/file8.png
%
- 4

Demanded
Speed

wr

+
ull Te*
Reference
Torque
Kp +
Stator Flux
Function sk
P

| \_\ |
Rotor Speed | |

Reference Flux





media/file17.jpg
Vector Synthesis

tional DTC.






