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Abstract

:

Induction motors are popularly used in various applications because of the proposed modest construction, substantiated process, and limited size of specific power. The traditional AC traction drives are experimentally analyzed. There is a high circulating current due to the high Common-Mode Voltage (CMV). The high Circulating Bearing Current (CBC) is a major problem in conventional two-level voltage source inverter fed parallel-connected sensor-based induction motors for traction applications. A sensorless method is well known for shrinking costs and enhancing the reliability of an induction motor drive. The modified artificial neural network-based model reference adaptive system is designed to realize speed estimation methods for the sensorless drive. Four dissimilar multilevel inverter network topologies are being implemented to reduce CBC in the proposed sensorless traction motor drives. The multilevel inverter types are T-bridge, Neutral Point Clamped Inverter (NPC), cascaded H-bridge, and modified reduced switch topologies. The four methods are compared, and the best method has been identified in terms of 80% less CMV compared to the conventional one. The modified cascaded H-bridge inverter reduces the CBC of the proposed artificial neural network-based parallel connected induction motor; it is 50% compared to the conventional method. The CBC of the modified method is analyzed and associated with the traditional method. Finally, the parallel-connected induction motor traction drive hardware is implemented, and the performance is analyzed.
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1. Introduction


An induction motor comprises numerous advantages, mainly with a clear structure, substantiated operation, and the limited capacity of definite power. In conventional electric traction, sensor-based parallel connected induction motors require an inverter set up for every motor. The standard traction drives include a boost converter, one voltage source inverter for one induction motor, and combined rectifiers that have faded eventually. To achieve the energy-efficient traction drive, the complexity and cost of the conventional method are reduced by the proposed setup of single inverter fed polyphase induction motors in parallel. The polyphase has several advantages compared to three-phase machines. Initially, scalar control methods were used to control the induction motors, but the technique was complicated because of computations. Speed of the motor was sensed using tacho-generators, and the Lyapunov formula verified the speed deviation of the feedback system. The system requires better control performance, precision, and quicker torque response [1].



For designing the controllers for the machine and detecting faults in the machine, the accurate modeling of the induction motor is necessary. Any parameter of the system such as speed, torque, or flux depends on the design of a controller, which is based on the transfer function. The different types of mathematical modeling are the first method, system identification methods, finite element method, equivalent magnetic circuit approach, ordinary differential equation, linear/nonlinear differential equation, a model with lumped parameter and distorted parameter, and static and dynamic modeling. The mathematical model described by ordinary differential equations is used in the theory of electrical machines. They describe the relationship between electromagnetic torque and main electrical and mechanical quantities. To describe the magnetic field, temperature distribution, and another quantity of electrical machines, partial differential equations can be used as they describe these more completely. However, the drawback while using partial differential equations is that they are considerably complicated for investigation purposes [2].



For both industries and academics, induction motors’ simulation and dynamic modeling carry significant importance. Their value increases more because of the widespread presence of induction motor drives in dissimilar construction settings and for sensor-less control induction motors. Therefore, this paper presents a detailed discussion about the dynamic modeling of an asynchronous motor [3].



Generally, an AC motor is driven by a DC to AC converter equipped with a speed sensor, but this speed sensor may tend to lower the system’s reliability and increase the investment cost. Moreover, its implementation is difficult. To conquer this difficulty, many researchers focus on sensorless induction motor drives. Under feedback conditions, various speeds and production were contrasted under internal parameter variation and external disturbances. It was reached to the conclusion that the staging of model reference Adaptive System (MRAS) has the upper hand over variant speed estimators [4].



The MRAS model for the speed approximation of AC motor drive. Many of these choices provide high accuracy and also the alteration of parameters is consequently vigorous. Two-layer artificial neural networks (ANN) could be with the controller in the previous MRAS techniques, yet the input design has always been required to determine the motor flux manipulated as a speed adjustment signal [5].



The ability to detect the faults in the motor is termed induction motor monitoring. During its period of operation, an induction motor faces problems such as over-voltage, above-rated current, high temperature, high rated speed, and high circulating bearing current. Keeping the perspective of enhanced system design, sanctuary, and fault unbiased control, it becomes extremely important to develop the awareness of an induction motor drive system under high circulating current conditions. Electrical researchers’ intrinsic and challenging topic was the behavioral study of induction motor during parameter variation conditions [6].



The circulating bearing current is a major problem in the inverter fed parallel-connected traction motors. The high CMV in a two-level DC to AC converter led to high changes in voltage (  d v / d t  ) and generated high-frequency CBC. The ratio of bearing and CMC is analyzed for the various ratings of machines [7,8]. The conclusion of voltage in common mode makes the machine ready to remove the bearing current. This work introduces a creative answer to reduce the bearing currents by supporting a fourth limb circuitry in the inverter, and procedures are simulated using MATLAB [9].



A numerical prototype is produced for a summed-up drive framework, including common mode components; it is utilized to investigate the problems of soft switched resonant systems. The control techniques effectively make up for sinking the common-mode voltage instabilities [10].



In this work, a scientific prototype for parallel frameworks in the drive is created to incorporate Discrepancy and common mode characteristics. The prototype has been checked by PC re-enactment as a real apparatus for creating answers for the current regulator in common mode and relief in parallel drive frameworks. This method is reasonable for foreseeing the odd things irregular to converters. A parallel drive framework was planned and worked out to achieve the challenging input and output voltage THD. The output voltage THD prerequisite was uniquely achieved using a regulator system to increase the highest yield voltage usage to reduce the common-mode voltage [11,12].



Due to their high powerful exhibitions, variable speed drives are developing significance in modern applications. PWM inverters are essentially in charge of VSDs dynamic activity; however, they increase bearing flows [13]. The parasitic capacitance existing in the mechanism is not an issue at lesser frequencies, yet at developed carrier frequencies, it gives indicting pathways and fabricates shaft voltages [14]. This paper displays a functioning answer for the typical 3 phase CMV shaped by a characteristic 3 phase inverter. It is demonstrated that the expansion of a fourth limb to the orientation of a three-stage inverter reduces the CMV to the ground made by a variation of the DC to AC converter [15].



A high-performance induction motor drive with PWM techniques for lessening CMV in the direct torque control method is discussed. Because the projected technique did not use sector identification and angle data, it reduced the quality which is a concern in typical strategies. Active voltage vectors are adapted to the output voltage to cut back CMV within the projected technique. Simulation studies are administrated with the hardware setup [16].



The numerous revisions for minimizing the CMV of induction motor drive are considered. These interpretations focused on the look of choke in common mode and numerous kinds of dynamic filters. Since these strategies need further prototype and have disadvantages of growth in electrical converter mass and capacity that are ineluctable. Direct force management is arising technique for dominant the PWM induction motor drives compared to the vector-controlled induction motor [17].



Almost all the researchers adopted uniquely one organization to estimate the transient behavior of the machine. The d-q axis-based modeling is projected to analyze the temporary representation of induction motor in different reference frames: stationary organization, rotor organization, and synchronously rotating organization. The common-mode current reduction of induction motor drive using PWM techniques is associated with tentative results [18,19].



The system needs improved control performance and precision. These were tough demands because of the complex calculations involved. Taco-generators or encoders are used as sensors to calculate the motor’s speed. This led to an increase in overall expenses. Nowadays, motor drives do not have sensors for calculating speed due to improvements and modifications. The proposed method deals with the problems that took place in the ripple force LHSM drive [20].



The modification took place in the electric traction for rail and road vehicles. The discussion focuses on the increase in the modularity of new traction inverters in all sizes and the introduction of new hybrid vehicles which use advanced power electronics. In vector control, connecting orientation in the steady and transient states can be obtained by controlling the instantaneous positions of voltage, current, and flux space control variables, and torque can be obtained by coordinating transformations to new field coordinates [21]. The staging of MRAS has the upper hand over the variant speed estimator, but the fact that MRAS demands a precise model of the drive system and speed difference between two motors added to its disadvantage. If the speed differences between two motors tend to be large, the system cannot achieve complete stability. Therefore, a new sensorless device was proposed based on an adaptive observer and a modified decoupling-controlled technology. However, this technology was not much feasible as the speed estimation was found to be unstable in the regenerative region. This paper focuses on analyzing parameters such as speed and flux evaluations of an asynchronous motor without a sensor using reduced-order observers [22]. All gain selections which provide stability are found. In addition to the above, this paper also describes some freshly identified properties of reduced-order observers. For a dual induction motor in parallel, the authors work on a method called vector control. This method requires high-speed digital processors and is based on averages and differences of system parameters.



It concluded that the system remained stable for only unequal load conditions and was unable to gain stability for heavily loaded conditions. The SVPWM based constant voltage by frequency closed-loop method without sensor is used to analyze the performance of the high-power asynchronous motor. A dc to ac converter with a DC link used for driving induction motor has been proposed. The SVPWM technique helps to reduce the losses and current values of secondary switches. It is important to decrease the losses and current value of secondary switch for commutation circuit as it is active for a considerate period [23].



The proposed work uses four dissimilar Multilevel Inverter (MLI) topologies for ANN-based sensorless induction motor drive x to reduce the CBC. The modified, reduced switch topology is simulated and compared with the NPC topology, T-bridge, and H-bridge topology. The modified H-bridge DC to AC converter requires a lesser number of mechanisms at apiece level, and hence, the expense switching loss of the inverters are less also reduced common-mode voltage with fewer harmonics than the conventional inverters. Multilevel inverter overcomes the high switching loss and harmonics to a required level which is apt for medium to large voltage and power applications.



Section 2 points out the five-phase inverter’s modeling and analysis in this paper. The multilevel inverter topologies are discussed in Section 4. Section 5 describes the simulation results of the modified method. Section 6 describes the hardware implementations of inverter fed two induction motors in parallel for traction applications. Section 7 concludes the results and analysis of induction motor drive.




2. Modelling and Analysis of Five-Phase Inverter


A five-phase voltage source inverter has 22 switching states in addition to the ten states described already. The quantity of switching is dependent on the number of output phases. Multi-phase AC motor drives have higher compensation compared to conventional AC motor drives. As a result, they are included in numerous applications than three-phase ac motor drives. Adjustable speed drives have voltage source inverters for their input supply; it is crucial to properly model the voltage source inverter to devise an appropriate control algorithm.



The simulation of five phases as illustrated in Figure 1 and switching states of the five-phase inverter are depicted in Table 1 and Table 2. The voltage equation is represented by


  V a o = V a n + V n o  



(1)






  V b o = V b n + V n o  



(2)






  V c o = V c n + V n o  



(3)






  V e o = V e n + V n o  



(4)






  V f o = V f n + V n o  



(5)







Adding (1) + (2) + (3) + (4) + (5),


  V a n + V b n + V c n + V e n + V f n = 0  



(6)






  V a o + V b o + V c o + V e o + V f o = 5 V n o  



(7)






   V  n o   =    V  a o   +  V  b o   +  V  c o   +  V  e o   +  V  f o    5   



(8)







The voltages across the load are represented by the Equations (9)–(13):


   V  a n   =  1 5    4  V  a o    S a  −  V  b o    S b  −  V  c o    S c  −  V  e o    S e  −  V  f o    S f     



(9)






   V  b n   =  1 5    4  V  b o    S b  −  V  c o    S c  −  V  e o    S e  −  V  f o   −  V  a o    S a     



(10)






   V  c n   =  1 5    4  V  c o    S c  −  V  e o    S e  −  V  f o    S f  −  V  a o    S a  −  V  b o    S b     



(11)






   V  e n   =  1 5    4  V  e o    S  c e   −  V  f o    S f  −  V  a o    S a  −  V  b o   −  V  c o    S c     



(12)






   V  f n   =  1 5    4  V  f o    S f  −  V  a o    S a  −  V  b o    S b  −  V  c o    S c  −  V  e o    S e     



(13)







The productivity voltage of a five-phase DC to AC converter is produced by modeling inverter-based upon 72-degree phase displacement. The line voltage is depicted for all the five phases of the inverter, starts from zero, and has a maximum value of 500 V to a minimum value of −500 V as illustrated in Figure 2. The phase voltages for all the five phases of the inverter starting from zero and having a maximum value of 290 V to a minimum value of −290 V are illustrated in Figure 3.




3. Artificial Neural Network Controlled Proposed Model Reference Adaptive System Technique


It was concluded that the staging of MRAS has the upper hand over different speed estimators. However, the attribute that MRAS demand a precise drive system model and large speed difference between two motors added to its disadvantage. A new sensorless device was proposed based on an adaptive observer and a modified decoupling-controlled technology. This technology was not much feasible as the speed estimation was found to be unstable in the regenerative region; to rectify the above problem; the proposed research concentrates on the neural network-based model reference adaptive system and hyper plane-based Luenberger observer and EKF model.



An input and output model is present for the MRAS depending on the strategy depicted in the foregoing section. However, if a neural network changes the statistical approach, a greater exactness and robustness can be obtained, as demonstrated in Figure 4. The separate PI controller can also be dropped out in this way since this can be interspersed into the neural network-based adaptive device. An artificial neural network (ANN) on a fuzzy neural network is one of the frames of the neural network-based model.



There is a probability of using divergent types of speed adjustable signals. Some of these selections offer high precision and are correspondingly vigorous to parameter modification. The adjustable model and mechanism of adaptive with a controller in the previous methods of MRAS can be exchanged by two-layer ANN. The proposed MRAS techniques are very delicate to parameter deviations and low-speed regions. The modified artificial neural network model is depicted in Figure 5. The estimated flux of the reference model is compared with the ANN-based adaptive model. The error is processed through the adaptation mechanism until the error becomes zero.



The following equations give the neural network-based adaptive model equations


      ψ s   ^      d r   = ∫   − 1    T r     ψ s     d r   −  ω  r      ψ s     q r   +    L m     T r     i s     d s    



(14)






      ψ s   ^      q r   = ∫  ω r   ψ s     d r   −  1   T r     ψ s     q r   +    L m     T r     i s     q s    



(15)






     ψ *     d r    k  =  w 1   ψ *     d r     k − 1   −  w 2   ψ *     q r     k − 1   +  w 3   i  d s   ( k − 1    



(16)






   ψ *     q r    k  =  w 1   ψ *     q r     k − 1   −  w 2   ψ *     d r     k − 1   +  w 3   i  q s     k − 1    



(17)




where W1 =     1 −    T s     T r       , W2 =    ω r   T s   , W3 =    L m     T s     T r     .


     O k  =   ∑   j = 1  j   ω  k j    ∅ j   x   



(18)






   ω  k j     t + 1   =  ω  k j    t  + η e  t   ∅ j   



(19)






   c  j       t + 1   =  c j   t  +   η e  t   ∅ j   ω j    x −  c  j          σ 2     



(20)






   ∅ j   x  = e x p     −       x −  c j       2     σ 2    j       



(21)






   σ j    t + 1   =  σ j   t  + η e  t   ∅ j   ω j      x −  c j         1   σ 3     



(22)






      ψ s   ^      d r   = ∫   − 1    T r     ψ s     d r   −  ω  r      ψ s     q r   +    L m     T r     i s     d s    



(23)






      ψ s   ^      q r   = ∫  ω r   ψ s     d r   −  1   T r     ψ s     q r   +    L m     T r     i s     q s    



(24)







The error signal is given by Equation (25). It is being fed to the P-I regulator to obtain the speed signal (26).


  ξ =     ψ s   ^      d r       ψ s   ^      q r   −     ψ s   ^      d r       ψ s   ^      q r    



(25)






   ω r  = ξ    K p  +    K 1   s     



(26)








4. Modelling and Its Analysis of Multilevel Inverter Topologies for Induction Motor Traction Drive


The proposed work is carried out using four dissimilar inverter models. The models are diode-clamped, flying capacitor, H-bridge, and reduced switch topology. The cascaded H-bridge inverter requires fewer mechanisms in all the levels. Hence, the inverters’ expense, switching loss, and heaviness are less than the conventional inverters. Multilevel inverter overcomes the high switching loss and brings harmonics to a required level which is apt for medium to large voltage and power applications. The methodology of reduced switch cascaded H-bridge inverter fed induction motor drive for traction application is depicted in Figure 6a. The circulating current of the induction motor is reduced by reducing the common-mode voltage of the inverter to increase the lifetime and efficiency of the proposed system.



The pulse width modulation scheme decides the sequence of switching. The state-of-the-art technology of PWM techniques includes a multicarrier pulse width modulation scheme (MCPWM). The MCPWM techniques are represented in Figure 6b.



4.1. T-Type Multilevel Inverter


In this research, a new topology created on a T-type five-level inverter is projected, primarily based on multicarrier-based pulse width modulation technique. This topology shows five levels of voltage and reduced common-mode voltage. To verify whether it is efficient and feasible, a design and its output waveform are compared with the conventional methods. The proposed T-type multilevel inverter is depicted in Figure 7.



The supply voltage is given to the MOSFETS through the filters, and the transformer is connected between switches and R load for isolation. The CMV was measured among the system load and neutral points.



The demand is for high-performance converters that have reduced size in low voltage applications. For using the passive elements that have their weight and size reduced, the switching frequency is usually within 10–25 kHz for better system efficiency. Multilevel inverters have a very efficient solution that presents the required higher efficiency, high output voltage, and reduction in the size per inverter leg. However, 2-level topologies are still in use as the standard industrial solution for applications related to low voltage.



A 5 level T-type topology using eight bidirectional controlled switches S1–S8. One autotransformer with windings N1 and N2. In this proposed inverter, the voltage levels are in sequence of +Vin/4, +Vin/2, 0, −Vin/4, −Vin/2. The proposed topology consists of 8 MOSFET switches, 2 RC filters, a linear transformer, and an R Load.




4.2. Neutral Point Clamped (NPC) Multilevel Inverter


The voltage source DC to AC converter used in the existing locomotive traction drive consists of distorted output. The proposed model has replaced a conventional two-level VSI with NPC multilevel DC to an AC converter. It can reduce small disturbance using the improved modulation procedure. Production voltages of five-level five-phase inverters are obtained using different capacitors at different switching frequencies. For controlling the switches in the inverter, a modified PWM technique is implemented. For instance, Switches 1 to 4 should run simultaneously to have   V d / 2   in the output. The Four switches are carried out for each voltage level, as shown in Table 3. Half the DC source is the highest output voltage in the proposed method.



It is necessary to calculate the switching positions so that the output voltage THD becomes as small as possible. Calculating the switching angle used in this dissertation is the harmonic elimination technique. This technique can eliminate the dominant harmonics by selecting calculated switching angles. The diode clamped multilevel inverter is shown in Figure 8.




4.3. Cascaded H-Bridge Topology Inverter


The cascaded H bridge is created with four switches and is depicted in Figure 9. H-bridge topology is more favorable than diode clamped topology because a greater number of diodes are used, which also affects the cost of the inverter. The switching states of the cascaded H-bridge multilevel inverter are depicted in Table 4.




4.4. Proposed Reduced Switch Topology


Two input DC voltages are provided to obtain the desired output, and 6 numbers of switches are used instead of 8 switches in the proposed method. Four repeating sequences are provided at the input side with different time values and output values; this will provide 4 voltages for the switching sequence, as shown in Figure 10. The switching sequence acts as a driver circuit. The circuit makes up the maximum critical portion of the circuitry unit. It is the most important part of the inverter and provides a triggering pulse to the IGBT switches in the desired sequence. The proposed work deals with the reduction of switches with modified MCPWM. As the number of stages is improved in the inverter, there is a drop in harmonics distortion, resulting in reduced common-mode voltage and circulating bearing current. They are used for increasing the levels in the circuit. The switching states of the proposed topology are given in Table 5. Modified Pulse Width Modulator is used for giving the input to the circuit.



Proposed cascaded H-bridge can be defined as when witches are connected in H formation back-to-back, and level output can be obtained from this formation.



The conventional H-bridge consists of 8 IGBT switches. In the proposed topology, the number of switches is reduced from 8 to 6. This means switching losses are also decreased, making this topology more efficient and useful. Switches inthe five-phase 5 Level inverter have been presented in this proposed work. The benefits of this require a lowernumber of IGBT than conventional topologies.





5. Simulation Results and Discussion


The simulation is carried out using four dissimilar Multilevel Inverter (MLI) Topologies. The modified, reduced switch topology is simulated and compared with the NPC topology, T-bridge topology, and H-bridge topology. The modified H-bridge DC to AC converter requires a lesser number of mechanisms at an apiece level. Hence, the expense switching loss of the inverters is less than that of the conventional inverters. Multilevel inverter overcomes the high switching loss and harmonics to a required level which is apt for medium to large voltage and power applications.



The output voltage of the T-bridge multilevel inverter is 400 V in amplitude for the 400 V input voltage and common-mode voltage is 100 V in amplitude using sinusoidal pulse width modulation techniques and 40 V amplitude using multi-carrier sinusoidal pulse width modulation techniques as depicted in Figure 11, Figure 12 and Figure 13. The common-mode voltage of the T-bridge inverter has less amplitude compared to the conventional two-level inverter.



The output voltage of NPC multilevel inverter is 400 V in amplitude for the 400 V input voltage, and the common-mode voltage is 40 V in amplitude using sinusoidal pulse width modulation techniques and 20 V amplitude using multi-carrier sinusoidal pulse width modulation techniques as depicted in Figure 14, Figure 15 and Figure 16. The common-mode voltage of NPC multilevel inverter has less amplitude compared to the conventional two-level inverter and T-bridge multilevel inverter.



The output voltage of 8 switches five-level cascaded H-bridge inverter is 400 V in amplitude for the 400 V input voltage, and the common-mode voltage is 36 V in amplitude using sinusoidal pulse width modulation techniques and 10 V amplitude using multi-carrier sinusoidal pulse width modulation techniques as depicted in Figure 17, Figure 18 and Figure 19. The common-mode voltage of 8 switches five-level cascaded H-bridge has less amplitude compared to the conventional two-level inverter and T-bridge multilevel inverter and NPC multilevel inverter.



The output voltage of 6 switches five-level cascaded H-bridge inverter is 400 V in amplitude for the 400 V input voltage, and the common-mode voltage is 20 V in amplitude using sinusoidal pulse width modulation techniques and 6 V amplitude using multi-carrier sinusoidal pulse width modulation techniques as depicted in Figure 20, Figure 21 and Figure 22. The common-mode voltage of 6 switches five-level cascaded H-bridge inverter has less in amplitude compared to the conventional two-level inverter and T-bridge multilevel inverter, NPC multilevel inverter, and 8 switches five-level cascaded H-bridge inverter.



The use of five phases in this technique enhances the machine’s productivity and reduces the losses in the machine compared to the three-phase machine. The proposed five-phase induction motor drives are simulated with four different multilevel inverter topologies. The simulated results are compared with the theoretical calculation, and the optimized method has been identified based on reduced CMV and CBC.




6. Hardware Results and Discussion


The power electronics converter built the adjustable speed drives for various applications. As per the facts, the DC to AC converter induced common-mode voltage is the principal cause of current in a common mode which originates the bearing current. The high Circulating Bearing Current (CBC) could lead to damage at the output terminal resulting in damage of motor bearings and leading to malfunctioning of electric components of the machine. The different methods to limit the circulating currents are the design of the filter, repetition of switching, multilevel inverter with modified PWM techniques, common-mode hardware, and insulated ground system.



The improved performance attained in the simulation is analyzed experimentally. In the proposed ANN-BASED MRAS, the conventional adjustable model was replaced by the artificial neural network, and ANN in the adaptation mechanism replaced the PI controller. The outputs of the two models are compared until there is no error between the two models. With a proper estimation of rotor speed, the fluxes solved by the two models must be equivalent.


   Q 0  ∝  I  C O M    L  F E   α  h 3   Q 0  ∝  1   f    ∝    µ r     



(27)






     V  M A X   α  I  C O M    L  F E   α  h 3   V  M A X   ∝  f   



(28)






   R B  =  N  F E     ω µ  π  l n       d s e  2      d s i  2  +  h s         δ S   2  = ω  L b   f  e      



(29)







CBC and the common mode current path are attached with common-mode flux


       i b     i  C O M       =     j ω  L g     R g   F e  + j ω  L b   F e  + j ω  L  b a i r       =    1      1 +  X  b a i r   /  X b   F e     2  + 1      



(30)






   Q 0  =   µ N  F e   I  c o m     2 π   l n      d  s e   / 2    d  s i   / 2 +  h s         δ s     2     



(31)






   δ s  ∝  1       f µ   r       δ   s      =      skin   depth L    FE   =    length   of   stator   cor   










   L g  =    N  F e    2   µ π  l n       d s e  2      d s i  2  +  h s         δ S   2   



(32)






   V  s h   =  V  C O M   . M a g      Z g  I I  Z b         Z  s t    3    +    Z g  I I  Z b         



(33)






   V  C M V   =    V  A − G   +  V  B − G   +  V  C − G   +  V  D − G   +  V  E − G    5   



(34)






  B V R =    V  s h      V  C O M     =    C  s r      C r  +  C  f b   +  C b     V  s h   =    C  s r      C  s r   +  C f  +  C b    X  V  c o m      



(35)






   I  C O M   =    V  C O M      I  s h      e  − δ  ω n  t   s i n    ω n  t   ω    



(36)







The simulated values are compared with the theoretical values using the following equations, and the comparisons are also illustrated in Table 6.



An adjustable system with the ANN controller could monitor the speed until the two-flux values are matched. The FOC-based voltage source inverter fed sensorless induction drive performance has been improved compared to the conventional method, but energy efficiency is also adequate due to the sensorless drive hardware setup, which is shown in Figure 23.



The circulating bearing current of the proposed induction motor drive has been reduced to 0.036 ampere compared to T-bridge, NPC, and cascaded H-bridge multilevel inverters, depicted in Figure 24, Figure 25, Figure 26 and Figure 27.



Proposed methods have improved performance, such as reduced common-mode voltage, reduced switches, and circulating bearing current, compared to the conventional methods.



The problem of the conventional method is compensated by the proposed method. The error in the speed, nearly zero, in the proposed method is depicted in Figure 28. The circulating bearing current of the modified H-bridge multilevel inverters induction motor drive has been reduced to 0.036 Ampere compared to T-bridge, NPC, and H-bridge multilevel inverters. The simulated values are associated with the mathematical equations using the theoretic standards. The comparison is made between theoretical and hardware depicted in Table 6. The input voltage and output voltage of multilevel inverter topologies are 400 V in amplitude.




7. Conclusions


The enhanced speed performance of a modified ANN-based sensor-less traction system has been achieved in the proposed method compared to the conventional sensor-based method. The modeling of the five-phase inverter has also been analyzed, and the four different topologies of the multilevel inverter have been simulated. The proposed reduced switch cascaded topology has a common-mode voltage of 5.8 V and a circulating bearing current of 0.036 A, compared to the conventional cascaded topology common-mode voltage of 9.98 V and circulating bearing current of 0.06 A. The enhanced results of the proposed method have been associated with other topologies. The proposed method’s decreased circulating bearing current and common-mode voltage have been achieved compared to a conventional voltage source inverter fed induction motor for traction application. The hardware setup for the proposed ANN-based sensorless traction drive was also analyzed, and improved performance was achieved compared to the conventional method. The suggested improvement of the proposed work is the five-phase motor which has numerous compensations over the conventional motor in terms of torque and speed performance of induction motor drive. In the future, the design and construction of the conventional polyphase motor may be altered by replacing all the stator coils with magnets to increase the efficiency and to reduce the losses, size, and cost of the machine available in the market.
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Figure 1. Modeling of five-phase inverter. 
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Figure 2. Five phase-inverter—line voltage. 
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Figure 3. Five-phase inverter—phase voltage. 
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Figure 4. Proposed ANN-based model reference adaptive system technique. 






Figure 4. Proposed ANN-based model reference adaptive system technique.



[image: Mathematics 10 01220 g004]







[image: Mathematics 10 01220 g005 550] 





Figure 5. Neural network-based adaptive model. 
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Figure 6. (a) Proposed induction motor traction drive using modified ANN based MRAS-methodology; (b) multicarrier modulation scheme for five phases. 
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Figure 7. Modified 5 level T-bridge topology. 
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Figure 8. A five-level diode clamped multilevel inverter. 
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Figure 9. Cascaded H-bridge MLI with 8 switches. 
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Figure 10. Proposed cascaded H-bridge MLI with 6 switches. 
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Figure 11. Output voltage of T-bridge multilevel inverter. 
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Figure 12. Common mode voltage of T-bridge MLI using SPWM. 
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Figure 13. Reduced common mode voltage of T-bridge MLI using MCSPWM. 
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Figure 14. Output voltage of NPC—MLI. 
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Figure 15. CMV of NPC-MLI using SPWM. 
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Figure 16. Common-mode voltage of NPC multilevel inverter using MCSPWM. 
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Figure 17. Output voltage of cascaded H-bridge MLI. 
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Figure 18. CMV of cascaded H-bridge MLI using SPWM. 
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Figure 19. Reduced common mode voltage of H-bridge MLI using MCSPWM. 
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Figure 20. Output voltage of proposed reduced switch multilevel inverter. 
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Figure 21. CMV of reduced switch multilevel inverter using SPWM. 
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Figure 22. Reduced CMV of cascaded H-bridge MLI using MCSPWM. 
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Figure 23. Hardware setup for proposed sensor less MLI fed parallel-connected induction motor. 
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Figure 24. CBC of modified ANN-based sensorless induction motor with T-bridge inverter. 
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Figure 25. CBC of modified ANN-based sensorless induction motor with NPC inverter. 
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Figure 26. CBC of modified ANN-based sensorless induction motor with cascaded H-bridge inverter. 
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Figure 27. Circulating bearing current of modified ANN-based sensor-less induction motor with modified cascaded H-bridge inverter. 
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Figure 28. Speed response of sensorless IM drive: (a) steady-state condition; (b) parameter variation. 
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Table 1. Switching states of five-phase inverter for phase voltage.
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	States
	On State Switches
	Sa
	Sb
	Sc
	Se
	Sf
	Van
	Vbn
	Vcn
	Ven
	Vfn





	1
	S4 S6 S8 S10 S2
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0



	2
	S1 S6 S8 S10 S2
	1
	0
	0
	0
	0
	4/5 Vd
	−1/5 Vd
	−1/5 Vd
	−1/5 Vd
	−1/5 Vd



	3
	S1 S3 S8 S10 S2
	1
	1
	0
	0
	0
	3/5 Vd
	3/5 Vd
	−2/5 Vd
	−2/5 Vd
	−2/5 Vd



	4
	S1 S3 S5 S10 S2
	1
	1
	1
	0
	0
	2/5 Vd
	2/5 Vd
	2/5 Vd
	−3/5 Vd
	−3/5 Vd



	5
	S1 S6 S5 S10 S2
	1
	0
	1
	0
	0
	3/5 Vd
	−2/5 Vd
	3/5 Vd
	−2/5 Vd
	−2/5 Vd



	6
	S4 S6 S5 S10 S2
	0
	0
	1
	0
	0
	−1/5 Vd
	−1/5 Vd
	4/5 Vd
	−1/5 Vd
	−1/5 Vd



	7
	S4 S3 S5 S10 S2
	0
	1
	1
	0
	0
	−2/5 Vd
	3/5 Vd
	3/5 Vd
	−2/5 Vd
	−2/5 Vd



	8
	S4 S3 S8 S10 S2
	0
	1
	0
	0
	0
	−1/5 Vd
	4/5 Vd
	−1/5 Vd
	−1/5 Vd
	−1/5 Vd



	9
	S4 S3 S8 S7 S2
	0
	1
	0
	1
	0
	−2/5 Vd
	3/5 Vd
	−2/5 Vd
	3/5 Vd
	−2/5 Vd



	10
	S1 S3 S8 S7 S2
	1
	1
	0
	1
	0
	2/5 Vd
	2/5 Vd
	−3/5 Vd
	2/5 Vd
	−3/5 Vd



	11
	S1 S6 S8 S7 S2
	1
	0
	0
	1
	0
	3/5 Vd
	−2/5 Vd
	−2/5 Vd
	3/5 Vd
	−2/5 Vd



	12
	S4 S6 S8 S7 S2
	0
	0
	0
	1
	0
	−1/5 Vd
	−1/5 Vd
	−1/5 Vd
	4/5 Vd
	−1/5 Vd



	13
	S4 S6 S5 S7 S2
	0
	0
	1
	1
	0
	−2/5 Vd
	−2/5 Vd
	3/5 Vd
	3/5 Vd
	−2/5 Vd



	14
	S1 S6 S5 S7 S2
	1
	0
	1
	1
	0
	2/5 Vd
	−3/5 Vd
	2/5 Vd
	2/5 Vd
	−3/5 Vd



	15
	S1 S3 S5 S7 S2
	1
	1
	1
	1
	0
	1/5 Vd
	1/5 Vd
	1/5 Vd
	1/5 Vd
	−4/5 Vd



	16
	S4 S3 S5 S7 S2
	0
	1
	1
	1
	0
	−3/5 Vd
	2/5 Vd
	2/5 Vd
	2/5 Vd
	−3/5 Vd



	17
	S4 S3 S5 S7 S9
	0
	1
	1
	1
	1
	−4/5 Vd
	1/5 Vd
	1/5 Vd
	1/5 Vd
	1/5 Vd



	18
	S1 S3 S5 S7 S9
	1
	1
	1
	1
	1
	0
	0
	0
	0
	0



	19
	S1 S6 S5 S7 S9
	1
	0
	1
	1
	1
	1/5 Vd
	−4/5 Vd
	1/5 Vd
	1/5 Vd
	1/5 Vd



	20
	S4 S6 S5 S7 S9
	0
	0
	1
	1
	1
	−3/5 Vd
	−3/5 Vd
	2/5 Vd
	2/5 Vd
	2/5 Vd



	21
	S4 S6 S8 S7 S9
	0
	0
	0
	1
	1
	−2/5 Vd
	−2/5 Vd
	−2/5 Vd
	3/5 Vd
	3/5 Vd



	22
	S1S6S8 S7 S9
	1
	0
	0
	1
	1
	2/5 Vd
	−3/5 Vd
	−3/5 Vd
	2/5 Vd
	2/5 Vd



	23
	S1 S3 S8 S7 S9
	1
	1
	0
	1
	1
	1/5 Vd
	1/5 Vd
	−4/5 Vd
	1/5 Vd
	1/5 Vd



	24
	S4 S3 S8 S7 S9
	0
	1
	0
	1
	1
	−3/5 Vd
	2/5 Vd
	−3/5 Vd
	2/5 Vd
	2/5 Vd



	25
	S4S3 S8 S10 S9
	0
	1
	0
	0
	1
	−2/5 Vd
	3/5 Vd
	−2/5 Vd
	−2/5 Vd
	3/5 Vd



	26
	S1 S3 S8 S10 S9
	1
	1
	0
	0
	1
	2/5 Vd
	2/5 Vd
	−3/5 Vd
	−3/5 Vd
	2/5 Vd



	27
	S1 S3 S5 S10 S9
	1
	1
	1
	0
	1
	1/5 Vd
	1/5 Vd
	1/5 Vd
	−4/5 Vd
	1/5 Vd



	28
	S4 S3 S5 S10 S9
	0
	1
	1
	0
	1
	−3/5 Vd
	2/5 Vd
	2/5 Vd
	−3/5 Vd
	2/5 Vd



	29
	S4 S6 S5 S10 S9
	0
	0
	1
	0
	1
	−2/5 Vd
	−2/5 Vd
	3/5 Vd
	−2/5 Vd
	3/5 Vd



	30
	S1 S6 S5 S10 S9
	1
	0
	1
	0
	1
	2/5 Vd
	−3/5 Vd
	2/5 Vd
	−3/5 Vd
	2/5 Vd



	31
	S1 S6 S8 S10 S9
	1
	0
	0
	1
	0
	3/5 Vd
	−2/5 Vd
	−2/5 Vd
	3/5 Vd
	−2/5 Vd



	32
	S4 S6 S8 S10 S9
	0
	0
	0
	0
	1
	−1/5 Vd
	−1/5 Vd
	−1/5 Vd
	−1/5 Vd
	4/5 Vd
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Table 2. Switching states of five-phase inverter for line voltage.
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	States
	On State Switches
	Sa
	Sb
	Sc
	Se
	Sf
	Vab
	Vbc
	Vce
	Vef
	Vfa





	1
	S4 S6 S8 S10 S2
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0



	2
	S1 S6 S8 S10 S2
	1
	0
	0
	0
	0
	Vd
	0
	0
	0
	0



	3
	S1 S3 S8 S10 S2
	1
	1
	0
	0
	0
	0
	Vd
	0
	0
	−Vd



	4
	S1 S3 S5 S10 S2
	1
	1
	1
	0
	0
	0
	0
	Vd
	0
	−Vd



	5
	S1 S6 S5 S10 S2
	1
	0
	1
	0
	0
	Vd
	−Vd
	Vd
	0
	−Vd



	6
	S4 S6 S5 S10 S2
	0
	0
	1
	0
	0
	0
	0
	−Vd
	Vd
	0



	7
	S4 S3 S5 S10 S2
	0
	1
	1
	0
	0
	−Vd
	0
	Vd
	0
	0



	8
	S4 S3 S8 S10 S2
	0
	1
	0
	0
	0
	−Vd
	Vd
	0
	0
	0



	9
	S4 S3 S8 S7 S2
	0
	1
	0
	1
	0
	−Vd
	Vd
	Vd
	Vd
	0



	10
	S1 S3 S8 S7 S2
	1
	1
	0
	1
	0
	0
	Vd
	Vd
	Vd
	Vd



	11
	S1 S6 S8 S7 S2
	1
	0
	0
	1
	0
	Vd
	0
	Vd
	Vd
	Vd



	12
	S4 S6 S8 S7 S2
	0
	0
	0
	1
	0
	0
	0
	−Vd
	Vd
	0



	13
	S4 S6 S5 S7 S2
	0
	0
	1
	1
	0
	−Vd
	Vd
	0
	Vd
	0



	14
	S1 S6 S5 S7 S2
	1
	0
	1
	1
	0
	Vd
	−Vd
	0
	Vd
	−Vd



	15
	S1 S3 S5 S7 S2
	1
	1
	1
	1
	0
	0
	0
	0
	Vd
	−Vd



	16
	S4 S3 S5 S7 S2
	0
	1
	1
	1
	0
	−Vd
	0
	0
	Vd
	0



	17
	S4 S3 S5 S7 S9
	0
	1
	1
	1
	1
	−Vd
	0
	0
	0
	Vd



	18
	S1 S3 S5 S7 S9
	1
	1
	1
	1
	1
	0
	0
	0
	0
	0



	19
	S1 S6 S5 S7 S9
	1
	0
	1
	1
	1
	Vd
	−Vd
	0
	0
	0



	20
	S4 S6 S5 S7 S9
	0
	0
	1
	1
	1
	0
	−Vd
	0
	0
	Vd



	21
	S4 S6 S8 S7 S9
	0
	0
	0
	1
	1
	0
	0
	−Vd
	0
	Vd



	22
	S1 S6 S8 S7 S9
	1
	0
	0
	1
	1
	Vd
	0
	−Vd
	0
	0



	23
	S1 S3 S8 S7 S9
	1
	1
	0
	1
	1
	0
	Vd
	−Vd
	0
	0



	24
	S4 S3 S8 S7 S9
	0
	1
	0
	1
	1
	−Vd
	Vd
	−Vd
	0
	Vd



	25
	S4S3 S8 S10 S9
	0
	1
	0
	0
	1
	−Vd
	Vd
	0
	−Vd
	Vd



	26
	S1 S3 S8 S10 S9
	1
	1
	0
	0
	1
	0
	Vd
	0
	−Vd
	0



	27
	S1 S3 S5 S10 S9
	1
	1
	1
	0
	1
	0
	0
	Vd
	−Vd
	0



	28
	S4 S3 S5 S10 S9
	0
	1
	1
	0
	1
	−Vd
	0
	Vd
	−Vd
	Vd



	29
	S4 S6 S5 S10 S9
	0
	0
	1
	0
	1
	0
	−Vd
	Vd
	−Vd
	Vd



	30
	S1 S6 S5 S10 S9
	1
	0
	1
	0
	1
	Vd
	−Vd
	Vd
	Vd
	0



	31
	S1 S6 S8 S10 S9
	1
	0
	0
	1
	0
	Vd
	0
	−Vd
	Vd
	−Vd



	32
	S4 S6 S8 S10 S9
	0
	0
	0
	0
	1
	0
	0
	0
	−Vd
	Vd
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Table 3. Switching positions of NPC -MLI.
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	Output Voltage(Vo)
	Sa1
	Sa2
	Sa3
	Sa4
	Sa5
	Sa6
	Sa7
	Sa8





	+Vdc/2 V
	On
	On
	On
	On
	Off
	Off
	Off
	Off



	+Vdc/4 V
	Off
	On
	On
	On
	On
	Off
	Off
	Off



	0 V
	Off
	Off
	On
	On
	On
	On
	Off
	Off



	−Vdc/4 V
	Off
	Off
	Off
	On
	On
	On
	On
	Off



	−Vdc/2 V
	Off
	Off
	Off
	Off
	On
	On
	On
	On
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Table 4. Switching positions of cascaded H-bridge MLI.
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	V0
	S1
	S2
	S3
	S4
	S5
	S6
	S7
	S8





	Vd/2
	On
	On
	On
	On
	Off
	Off
	Off
	Off



	Vd/4
	Off
	On
	On
	On
	On
	Off
	Off
	Off



	0
	Off
	Off
	On
	On
	On
	On
	Off
	Off



	−Vd/4
	Off
	Off
	Off
	On
	On
	On
	On
	Off



	−Vd/2
	Off
	Off
	Off
	Off
	On
	On
	On
	On
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Table 5. Switching states of proposed multilevel inverter.
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	S. No.
	S1
	S2
	S3
	S4
	S5
	S6
	Voltage at Load





	1
	On
	Off
	On
	Off
	Off
	On
	V1



	2
	On
	Off
	On
	Off
	On
	Off
	V1 + V2



	3
	On
	Off
	On
	Off
	Off
	On
	V1



	4
	Off
	On
	On
	Off
	Off
	On
	−V1



	5
	Off
	On
	On
	Off
	On
	Off
	−V1 − V2



	6
	Off
	On
	On
	Off
	Off
	On
	−V1
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Table 6. Comparison of common mode voltage of induction motor drive.






Table 6. Comparison of common mode voltage of induction motor drive.





	
Parameters

	
Two Level VSI

	
T-Bridge MLI

	
NPC-MLI

	
H-Bridge MLI

	
Modified

H-Bridge MLI






	
CMC-SPWM (V)

	
Hardware

	
390

	
100

	
40

	
36

	
25




	
Theoretical

	
389.5

	
99.03

	
40.048

	
36.88

	
25.43




	
CMC-MCPWM (V)

	
Hardware

	
200

	
42

	
20

	
10

	
6




	
Theoretical

	
200.02

	
42.5

	
19.9

	
9.98

	
5.8




	
CBC (A)

	
Hardware

	
10

	
0.9

	
0.3

	
0.045

	
0.025




	
Theoretical

	
9.8

	
0.986

	
0.17

	
0.06

	
0.036
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