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Abstract

:

Multilevel inverters, known for their low switching loss and suitability for medium- to high-power applications, often create a heavy computational overhead for the controller. This paper addresses the aforementioned limitation by presenting a novel approach to Direct Model Predictive Control (DMPC) for a grid-tied 289-level ladder multilevel inverter (LMLI). The primary objective is to achieve perfect inverter current control without enumeration. The proposed control method provides a single best solution without complete exploration of the search space. This generalized method can be applied to any multilevel inverter (MLI), enabling them to be used in the grid-tied mode without the computational burden due to a large number of switching states. The DMPC of LMLI with 289-level output and corresponding 289 control inputs, utilizes a discrete model to predict the future state of the state variable. In order to alleviate the enumeration burden, virtual sectors on a linear scale are introduced, and a general formula is provided to identify the single best state among the 289 states, reducing the time required to find the best optimal state per sampling period. Moreover, the proposed control scheme is independent of objective evaluation.
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1. Introduction


The integration of clean and sustainable energy resources has significantly reduced reliance on fossil fuels, paving the way for greener and more environmental friendly power generation [1]. Grid-tied inverters play a central role in connecting distributed energy sources with the grid. In applications where the grid is connected, inverters are required to maintain voltage levels while keeping the total harmonic distortion (THD) to a minimum [2]. Additionally, they must provide the sinusoidal current waveform, adhering to the   5 %   limit of total demand distortion (TDD) posed by IEEE 519-2022 [3].



Inverters that have fewer voltage levels in output employing advanced pulse width modulation (PWM) techniques such as space vector PWM produce high-quality current waveforms. However, these inverters encounter difficulties such as electromagnetic interference and increased voltage across switches in off-state. Moreover, each stage of voltage transformation in a power electronic system tied to the grid reduces its efficiency [4].



Multilevel inverters (MLIs) have become increasingly popular for generating high voltage from renewable sources because they offer the advantage of avoiding the complex designs of high-frequency transformers. On the other hand, MLIs, by employing a greater switch count to get sinusoidal output voltage, effectively decrease voltage across individual switches and ensure high-quality injected current. This makes MLIs highly suitable for demanding high-power applications where power quality is of utmost importance. Additionally, MLIs are well-suited for grid-tied and islanded systems that employ large battery banks [5]. However, this advancement requires difficult power control schemes to be implemented [6,7]. The power transfer from distributed energy sources to conventional grids heavily relies on the effective control of grid-tied inverters [8]. In grid-connected applications, achieving perfect reference tracking through current controllers is of paramount importance [9]. Many continuous control techniques are used in the literature to operate MLIs.



The utilization of a PI controller for power flow control of MLI, with certain switches operating at the fundamental frequency and the rest at the switching frequency, has been proposed by [2,10]. To tune the gains of the PI controller, meta-heuristic algorithms such as Firefly (FF), Harris Hawk (HH) and Particle Swarm Optimization (PSO) are employed, in addition to calculating the switching angles for SHE-PWM as discussed in [11,12]. Furthermore, control techniques that employ a system model are applied in conjunction with innovative PWM techniques, which are presented in [13,14]. However, the above techniques cannot handle constraints and non-linearities and always require a modulator to generate pulses for controlling switches. Moreover, modern systems may not have a single underlying objective; rather, objectives can consist of multiple parts which is impossible with the conventional linear controllers.



To address these challenges, model predictive control (MPC) has emerged as a promising solution in recent times [15]. MPC offers several attractive features, such as rapid dynamic response, obviating the requirement for modulators, consolidation of multiple nested control loops into a single loop, and the ability to accommodate system requirements in diverse disciplines [16,17,18,19,20]. However, MPC for MLIs suffers from a high computational burden due to a large number of switching devices to be controlled [21]. MPC uses a small sampling period to track the state variable properly. However, a small sampling time means less time for computations. One possible way to solve this issue is to solve the problem offline, save the control input in the lookup table, and apply values from the lookup table when the online operation is desired [22,23]. However, the obvious limitation of this method is the absence of disturbance control. The controller can only know about a disturbance after it happens. So, this approach will fail in practical situations. In [21], MPC is used to control cascaded H-Bridge. Due to the 125 total number of permissible voltage vectors, only adjacent seven vectors are used to reduce the computations, but this comes at the expense of setting a trade-off between performance and speed. Moreover, voltage levels are not practical and do not meet the THD limit for grid-tied operation. Reference [24] converts the current control problem to voltage control, thereby avoiding the search for optimal state among 512 states, but this is not a generalized method since many MLIs come with hundreds of different voltage levels, so even after finding a reference voltage, a search burden follows. In [25], another technique is based on reference voltage extraction. It divides the search space into 96 triangles, each having three vectors. The voltage prediction results in the selection of a single triangle, but due to offline calculation, the information related to demand change needs to be embedded; therefore, it may fail in practical situations. In [26,27], the above technique has been used resulting in 26 and 24 triangles, respectively, but it suffers from memory issues since it needs to use look-up tables. Moreover, finding one triangle is difficult, and the technique needs to be more generic. A further reduction in triangles is done by [28], where reduction up to 16 from 96 triangles is done. All the above techniques apply to MLIs that exploit the state space structure. A particular sector can be identified based on real and imaginary voltage components. However, this privilege is available only with the inverters in a three-phase topology. Moreover, besides making the current sinusoidal, the THD of voltage must be maintained, which should be mentioned in the above studies.



In [29], a heuristic is built for packed U-cell MLI for finding optimal state locations. However, the method does not work for other MLIs with a different number of levels and different topology. Moreover, the second objective is ignored while searching for a state. In [30], another simplification is proposed for single-phase MLI without objective evaluation, but complex analysis has to be performed to develop this control for other topologies. In [14], MPC controls single-phase MLI by enumerating all possible switching states. It may result in a large delay while applying the control signal that deteriorates the performance of state variables. There is a lack of literature on controlling single-phase MLI with MPC [31]. Much effort has been put into proposing new techniques in terms of MLI topologies. These studies are done to reduce switch count with increased voltage levels, improved transient response, lower number of capacitor balance circuits and level of modularity. The interested readers are referred to read [12,32,33,34,35,36,37,38,39,40,41,42].



The main emphasis of the mentioned research revolves around addressing control issues related to three-phase inverter topologies and the advancement of novel MLI configurations that optimize the utilization of switching devices and input sources. However, the exploration of power injection control strategies into the grid remains relatively limited within the scope of this study.



The major contributions as compared to traditional DMPC of LMLI are listed as follows:




	
A Quick Search Algorithm (QSA)-based Direct Model Predictive Control (DMPC) technique, enabling the calculation of the single best switching state without the need to search the entire state space exhaustively.



	
Proposed a technique independent of objective evaluation during each sampling interval, reducing computational complexity.



	
Generalized the new technique to apply to any MLI, expanding its versatility and applicability.



	
The computational burden associated with traditional DMPC methods for MLIs is addressed. The new proposal offers improved computational efficiency.



	
Demonstrated the capability of the proposed control method to generate lower    d v   d t    compared to traditional DMPC techniques.



	
Established the robustness of the proposed control scheme under step disturbances in power demand and filter parameter variations.








The paper is organized as follows: Section 2 describes the operating principle of single-phase 289-level LMLI, Section 3 presents the modeling of the 289-level grid-connected LMLI, Section 4 presents the DMPC of 289-level LMLI, Section 5 presents the simulation results, and Section 6 concludes the paper with Discussion.




2. Operation of 289-Level Ladder Multilevel Inverter (LMLI)


The operational details of the 289-level LMLI are depicted in Figure 1, following the approach described in [43]. It consists of two units of LMLIs connected in series. There are four bidirectional switches   (  S 1  ,  T 1  ,  S 2  ,  T 2  )   and twelve unidirectional switches   (  K 11  ,  K 12  ,  K 13  ,  K 14  ,  S  x 1   ,  S  y 1   ,  K 21  ,  K 22  ,  K 23  ,  K 24  ,  S  x 2   ,  S  y 2   )  . Additionally, it consists of eight independent power supplies, which can consist of either four or eight voltage levels, depending on the desired symmetry. While an alternative technique utilizing a single input dc with voltage divider has been proposed in [35], practical implementation encounters challenges in voltage balancing across the capacitor, necessitating the use of voltage balancing circuits [10]. This study investigates the control of LMLI in a grid-tied environment using separate DC sources. The term “ladder” is derived from the bidirectional switches that facilitate bidirectional power flow. The 289 allowed switching states can be found in Table 1. Figure 1 depicts the connection of the LMLI to a grid through an   R L   filter. By configuring the inverter with the specified power supplies, a 289-level output is achieved, where “1” indicates a switch in conduction mode, and “0” represents an open switch state.



Using the following supply voltages for eight sources in Figure 1, all 289-voltage levels can be achieved by employing allowable switching combinations from Table 1. By choosing a suitable value of   V 11  , any peak-to-peak or rms value of output voltage can be achieved. However, in a recent study [44], a meta-heuristic method such as Dragonfly is used to optimally select the voltage sources.


     V 11     =  V 13        V 12     =  V 14        V 21     =  V 23        V 22     =  V 24      








and


     V 12     = 3  V 11        V 21     = 17  V 11        V 22     = 51  V 11      








The peak values of voltages are   + ( 2  V 11  + 2  V 12  + 2  V 21  + 2  V 22  )   and   − ( 2  V 11  + 2  V 12  + 2  V 21    +     2  V 22   )   . The voltage difference in any two consecutive output voltage levels is   V 11   on both positive and negative sides.




3. Modeling of Grid-Connected 289-Level LMLI


The system being investigated can be represented using its equivalent differential equation description, as expressed in Equation (1). Figure 1 illustrates the connection of the grid to an inverter through a series   R L  -filter. The current injected into the grid as “  i ( t )  ”, the inverter voltage as “   v i   ( t )   ” and grid voltage is denoted as “   v g   ( t )   ”.


   v i   ( t )  =  v g   ( t )  + L   d i ( t )   d t   + R i  ( t )   



(1)






    d i ( t )   d t   = −  R L  i  ( t )  +  1 L    v i   ( t )  −  v g   ( t )    



(2)




As digital systems inherently operate on discrete values, the discretization of Equation (1) has been performed using the Euler method with a sampling period denoted as   T s  . Thus, Equations (1) and (2) can be represented in the following manner:


   v i   [ k ]  =  v g   [ k ]  + L   i [ k + 1 ] − i [ k ]   T s   + R  i  [ k ]   



(3)






   i p   [ k + 1 ]  =  1 −  R L   T s   i  [ k ]  +   T s  L    v i   [ k ]  −  v g   [ k ]    



(4)




In Equation (4),    i p   [ k + 1 ]    is the predicted current value for a single-phase system. The    v g   [ k ]   , and   i [ k ]   are measured single-phase voltage and current at kth instant. Given the sensory measurements and permissible values of “   v i   [ k ]   ”, prediction of current can be made for the next sampling instant using Equation (4).




4. DMPC of 289-Level LMLI


DMPC (Direct Model Predictive Control) is a model-based control strategy that leverages the system’s model to forecast future values. These predicted values guide the determination of the control input in real-time. Given the significance of current control, both in terms of magnitude and quality, in grid-tied applications, Equation (4) can be employed to anticipate future grid current values.



In traditional DMPC approach, the inverter voltage    v i   [ k ]    is chosen based on the 289 states outlined in Table 1. Subsequently, an objective function is employed to determine the optimal voltage input, allowing for the evaluation of each state from the 289 available options. The state that has been determined as the most optimal is subsequently implemented at the k-th moment. The objective to account for current deviation can be defined in the following manner:


   g   =   |   i  r e f    [ k + 1 ]  −  i p    [ k + 1 ]  |   



(5)




In the case of extremely small sampling times, such as 20  μ s, it can be assumed that the reference current remains relatively constant within each sampling interval. Consequently, one can infer the following:


   i  r e f    [ k + 1 ]  ≈  i  r e f    [ k ]  .  



(6)




However, when dealing with larger sampling intervals, such as 100   μ s  , relying solely on the aforementioned assumption would result in predictions that deviate from the reference [16]. As a consequence, this can lead to increased current ripples and a degradation in current quality. Consequently, the application of an extrapolation method becomes necessary to address this issue.



4.1. Extrapolation


The first benefit of three-phase to   α β   frame conversion is to manipulate the angular displacement of the rotating vector to extrapolate the current value. Besides this, there is no need to store the past value; only the present value (assuming the magnitude remains constant) can be used. In addition, this method outperforms Lagrange’s extrapolation method for tracking sinusoidal values [16]. The idea is to shift the current vector forward with the help of angular displacement using the magnitude of the present sample as shown in Figure 2.



The general formula for future projection is given as follows:


  h  [ k + n ]  = h  [ k ]   e  n j ω  T s    ,  n ∈  { 1 , 2 , 3 , … , N }   



(7)




where “n” refers to the future sample whose prediction is required. Using this method, the future value of any variable for   [ k + 2 ]  th and   [ k + 3 ]  th instant can be found using their present value as follows:


     x [ k + 1 ]    =    x  [ k ]   e  j ω  T s        



(8)






     x [ k + 2 ]    =    x  [ k ]   e  2 j ω  T s        



(9)






     x [ k + 3 ]    =    x  [ k ]   e  3 j ω  T s        



(10)






     i [ k ]   =   x [ k ] s i n ( θ [ k ] )     



(11)






     x [ k ]   =      i [ k ]   s i n ( θ [ k ] )        



(12)






     x [ k + n ]   =   x  [ k ]  ( c o s  ( n ω  T s  )  + j s i n  ( n ω  T s  )  )     



(13)






     i [ k + n ]   =   ℑ  (  x [ k + n ]  )  = x  [ k ]  s i n  ( n ω  T s  )      



(14)






     i [ k + n ]   =      i [ k ]   s i n ( θ [ k ] )    × s i n  ( n ω  T s  )      



(15)




By using Equation (15), the    i  r e f    [ k + 1 ]    can be extrapolated.




4.2. Delay Compensation for DMPC


Ideally, calculating the best voltage vector for each sampling instant takes little time, and the new best switching state is instantly calculated and applied simultaneously. However, practically, it is not possible. It is dependent on the processing speed of the microprocessor. In most practical scenarios, when massive calculations are made during each sampling instant, a controller delay is always there, as reported in [45], due to which the predicted value does not follow the reference and ripple increases. If calculations take half a sampling period to calculate the new switching state, then the old state will continue to be applied for that half sampling time. The new state will be applied after half of the sampling period. Therefore, the controller will be unable to track the reference, and oscillations will increase. To address this issue, a delay compensation technique has been proposed by [16]. At the start, optimal switching state is applied, and then using the corresponding inverter voltage, the inverter current is estimated for   [ k + 1 ]  th instant. Using estimated current, projected values of grid voltage and measured current at   [ k + 1 ]  th instant, the current fed to the grid is predicted for   [ k + 2 ]  th instant. For single-phase system, estimated current at   [ k + 1 ]  th instant can be represented as:


   i ^   [ k + 1 ]  =   T s  L    v i   [ k ]  −  v g   [ k ]   +  ( 1 −   R  T s   L  )  i  [ k ]   



(16)




with    i ^   [ k + 1 ]    being the estimated current injected in the grid at   [ k + 1 ]  th instant, and using this predicted value, the next instant can be predicted as:


   i p   [ k + 2 ]  =   T s  L    v i   [ k + 1 ]  −  v g   [ k + 1 ]   +  ( 1 −   R  T s   L  )   i ^   [ k + 1 ]   



(17)




In Equation (17),    v g   [ k + 1 ]    is the extrapolated value of grid voltage obtained through extrapolation, and    v i   [ k + 1 ]    is the inverter voltage selected among 289-values and the state corresponding to that voltage will be applied in the next sampling instant.


   v g   [ k + 1 ]  =     v g   [ k ]    s i n ( θ [ k ] )    × s i n  ( ω  T s  )   



(18)




The objective function given in Equation (5) for a single-phase system can be updated as follows:


   g   =   |   i  r e f    [ k + 2 ]  −  i p    [ k + 2 ]  |   



(19)




where    i  r e f    [ k + 2 ]    is the extrapolated reference current given below:


   i  r e f    [ k + 2 ]  =     i  r e f    [ k ]    s i n ( θ [ k ] )    × s i n  ( 2 ω  T s  )   



(20)







The problem of delay in applying the control signal due to calculations is minimized. However, the number of states is 289, and the controller is required to check every input at each sampling period.




4.3. QSA Based DMPC


The proposed DMPC takes a start from the objective function. Let us consider that at   ( k + 2 )  th–instant, the inverter current is perfectly equal to the reference current, then:


  g = 0  



(21)






   i p   [ k + 2 ]  =  i  r e f    [ k + 2 ]   



(22)




By substituting    i p   [ k + 2 ]    in Equation (17), the new dynamic equation can be written as:


   i  r e f    [ k + 2 ]  =   T s  L    v i   [ k + 1 ]  −  v g   [ k + 1 ]   +  1 −  R L   T s   i  [ k + 1 ]   



(23)




From Equation (23), it can be deduced that the inverter voltage    v i   [ k + 1 ]   , is the expected reference voltage that made the inverter current equal to the reference current. Therefore,


   v i   [ k + 1 ]  =  v i  r e f    [ k + 1 ]   



(24)




Now, Equation (23) can be further updated as follows:


   i  r e f    [ k + 2 ]  =   T s  L    v i  r e f    [ k + 1 ]  −  v g   [ k + 1 ]   +  1 −  R L   T s   i  [ k + 1 ]   



(25)






   v  i   r e f    [ k + 1 ]  =  v g   [ k + 1 ]  +  L  T s     i  r e f    [ k + 2 ]   +  ( R −  L  T s   )   i  [ k + 1 ]   



(26)







Using Equation (26), there is no need to evaluate the objective function at every sampling instant because the inverter voltage that will make the injected current equal to the reference current has been found. Thus, the proposed DMPC is independent of the objective function due to the reformulation of the control problem in terms of inverter voltage instead of current. However, this is not of much significance since there are 289 distinct voltage values, among which one close to the derived reference voltage must be chosen.



By exploiting the sign of the reference inverter voltage    v  i   r e f    [ k + 1 ]   , the search space can be divided into two parts with positive and negative voltages, hence reducing the number of states to be searched to half (i.e., 144 along with a common zero state). However, the search space is still enormous for a small sampling interval. Moreover, with three cascaded topologies of LMLI, there are    17 3  = 4913   total states. So, even dividing in half only works for a small number of voltage levels reaching hundreds and thousands. So, a general method is missing in the literature that can be used to search for the best state closest to the reference voltage through any given number of states.



The proposed QSA starts by virtually dividing the search space into sectors on a linear scale. Each linear sector spans a voltage range of “   V 11  / 2  ” in magnitude. By suitably selecting the value of   V 11  , one can achieve desired peak-to-peak voltage at the output. The Figure 3 shows the sectors on x-axis and corresponding to each sector there is a state shown in shaded area and y-axis. Each state dictates the voltage up to the middle of the previous to the middle of next sector, thus resulting in the following configuration:


     0 ⟶   V 11  2  ⟹ k = 1     



(27)






       V 11  2  ⟶   3  V 11   2  ⟹ k = 2     



(28)






       3  V 11   2  ⟶   5  V 11   2  ⟹ k = 3     



(29)






       5  V 11   2  ⟶   7  V 11   2  ⟹ k = 4     



(30)




with   k = 1   being the state that produces zero voltage. The variable “k” corresponds to the index of state which will be applied to switches and there is a unique voltage value that appears as the output of inverter corresponding to each state. Now, one can find states corresponding to each voltage reference produced. However, this method could result in a lookup table that eats up memory. So, a general rule has been developed by dividing    v  i   r e f    [ k + 1 ]    with    V 11  / 2   and taking the quotient. Now, adding “1” to the result produces the sector number where the reference voltage lies. Then,


  n = Q    2   v i  r e f     V 11    + 1  



(31)




where “n” is the sector number. Nevertheless, this sector number is different from the states that are available to be applied. This sector number has to be translated to the corresponding state number.



However, there is no direct relation between sector and switching state, because every switching state covers two sectors. From Figure 3, the following results can be deduced:


     n = 1 ⟹ k = 1 ,  n = 2 ⟹ k = 2     



(32)






     n = 3 ⟹ k = 2 ,  n = 4 ⟹ k = 3     



(33)






     n = 5 ⟹ k = 3 ,  n = 6 ⟹ k = 4     



(34)






     n = 7 ⟹ k = 4 ,  n = 8 ⟹ k = 5     



(35)




By building intuition from Equations (32)–(35), one can generalize the relation between sectors and corresponding state to be applied as follows:


        n ∈ { 2 x : x ∈ Z }     



(36)






        n = 2 k − 2     



(37)






        k =   n + 2  2      



(38)




Otherwise,


        n ∈ { 2 x + 1 : x ∈ Z }     



(39)






        n = 2 k − 1     



(40)






        k =   n + 1  2      



(41)




where “ Z ” represents the set of integers and “k” is the state number that can be applied to the inverter at   ( k + 1 )  th-instant. This time, irrespective of the number of levels, only one state is obtained that needs to be applied without evaluating the objective function. The complete pseudo code for proposed QSA based DMPC is given in Algorithm 1.   



	Algorithm 1: QSA based DMPC



	[image: Electronics 12 03312 i001]








The conventional DMPC poses a huge computational burden because, in every sampling interval, all 289 states have to be spanned to find one that minimizes the tracking error of the state variable with respect to the reference. However, the proposed method can reduce the number of states to only one per sampling interval. MLI’s benefits can be availed in low THD applications pragmatically since processing speed is a big issue in model-based predictive control schemes. A complete block diagram of QSA based DMPC is given in Figure 4. The objective function block is given the value of grid voltage “  v g  ” because it is required to make predictions about the state variable as given in Equations (5) and (25).





5. Simulation Results


It is very crucial to use a model that is valid for pragmatic purposes because otherwise the model-based control approaches may result in useless results, causing the system to lose its stability in online operation. The model used in this study has been used by various researchers in the field of model predictive control for power electronics [2,10,11,14,45,46,47,48]. The validity of the results can be readily confirmed by simulating the 289-level LMLI in MATLAB Simulink. To demonstrate the practicality of the proposed DMPC scheme based on the QSA, an LMLI is connected to the grid in a single-phase arrangement. A sampling time of 24   μ s   is employed to simulate the novel control scheme. The grid has a voltage of 230 V at 50 Hz frequency. The filter resistance is   0.16    Ω  and two different values for inductance 12 mH and 2 mH, are used. The subsequent sections explain the steady-state, dynamic, parametric variation effect and    d v   d t    response of the 289-level LMLI under grid-connected condition. Moreover, it is essential to note that increasing the number of switches in the circuit comes with the difficulty of increasing the number of switching combinations. MLI with output current and voltage approaching closely to sinusoidal suffers a high computational burden. However by using the proposed technique, this time can be utilized by the computational resources to perform other calculations such as processing analog to digital converter’s data, etc.



5.1. Steady-State Performance of 289-Level LMLI


Figure 5 and Figure 6 present the voltage and current waveforms of the grid-tied 289-level LMLI under steady-state conditions. The magnitude and frequency of the output voltage align with those of the grid. Furthermore, the current waveform exhibits a pure sinusoidal shape, with a total harmonic distortion (THD) of    0.0218 %   and   0.16 %   , meeting the IEEE’s THD limit of 5%. Harmonic analysis, as depicted in Figure 7 and Figure 8, illustrates the injection of 1 kW power into the grid, resulting in a current magnitude of 6.15A for two different inductance values. Given the remarkably low THD of the current, this system is well-suited for standalone and grid-connected environments featuring renewable energy sources as excitation. Moreover, the single-phase and three-phase topologies of two-level inverters suffer the high harmonic content in voltage signals and thus require filters. However, filters come with stability issues; more specifically, LCL filter has a significant drawback in terms of resonance. In order to deal with resonance, either active damping or digital filters must be used. However, the LMLI has no such problem. Using a few more switches, the voltage waveform is pure sinusoidal, and THD, as shown in Figure 7a and Figure 8a is only    0.45 %   and   0.4979 %   , which is negligible and makes LMLI a perfect candidate for grid-tied applications. It must be noted that Figure 7 and Figure 8 are drawn without the fundamental component of voltage and current to show the magnitude of harmonics present in the spectrum effectively.




5.2. Dynamic Response of 289-Level LMLI


Achieving a grid that remains completely immune to disturbances, such as load variations, poses a significant challenge. When the inverter is supplying power to the grid, it becomes essential to assess its performance under sudden changes in power demand and parametric variations, which can occur due to factors such as temperature fluctuations affecting the DC resistance of the inductor. To observe the fast dynamic response of the proposed DMPC, Figure 9 and Figure 10 demonstrate the step changes applied to the reference current of the 289-level LMLI. The active power is modified from 1 kW to 2 kW at 35 ms and remains constant at 2 kW until 85 ms, after which it is reverted back to 1 kW. This test allows for the assessment of the system’s performance when subjected to changing load conditions.



In grid-tied applications, the control action of the inverter must be readily adaptable to demand changes, as the load demand on the grid continuously fluctuates, directly impacting the power requirements from renewable sources connected to the grid. To assess the system’s response to sudden demand changes, Figure 11 and Figure 12 provide a focused view of the voltage and current waveforms for both step-up and step-down scenarios. Specifically, Figure 11a,b zoom in on the step applied at 35 ms, with the highlighted region showcasing the convergence of the inverter voltage and output current towards their respective reference waveforms. Remarkably, the voltage and current injected into the grid took only 1.4 ms to align with new current demand, underscoring the rapid dynamic response of the proposed QSA-based DMPC approach. There is an important conclusion to draw from dynamic response that not only the control system but the value of the inductor also considerably affect the performance of the system during disturbances. So, it is suggested to carefully choose the value of the inductor for grid-tied applications. It can be seen from Figure 9a,b, that for smaller value of inductor (L = 2 mH), there is considerable increase in the   d v / d t  , although both values of inductance work well in steady-state operation.



Furthermore, as depicted in Figure 12a,b, it is evident that the step decrease in reference current demand introduced at 85 ms has minimal impact on the control response. Both the inverter voltage and current accurately track the reference with an insignificant time delay of 0.32 ms and 0.15 ms, respectively, which is even shorter compared to the step-up scenario.




5.3. Effect of Parametric Variation


The filter parameters are added to model the effect of the inductor’s internal resistance, which varies with temperature. As the temperature rises, it also rises. The same is the case for inductance value because permeability is also dependent on temperature. So, in order to emulate this kind of behavior, the step change in inductance is utilized without providing any information to the model of system to examine the impact of temperature-induced changes in inductance on controller performance.



Figure 13 and Figure 14 illustrate the voltage and current behavior during online operation when a step change is applied to the filter inductance. In the worst-case scenario, a 50% step-up change is implemented by adjusting the inductance from 12 mH to 18 mH from 30 ms to 60 ms. Subsequently, a step-down change from 12 mH to 6 mH occurs from 90 ms to 150 ms for the 289-level LMLI. Throughout the inductance variation, the power remains constant at 1 kW. Figure 14 illustrates the behavior of the LMLI current, which demonstrates a remarkable ability of the controller to closely track the reference signal without any discernible oscillation or deviation, thereby preserving a pristine sinusoidal waveform.




5.4. Reduced    d v   d t    with Proposed DMPC


By conventional DMPC, the inverter output voltage has a very high change in voltage per sampling interval, as visible in Figure 15. The control input has been transitioned from a positive peak to a negative peak in one sampling interval to make the inverter current follow the reference as quickly as possible. However, this adverse effect can damage switches and cross the load voltage limit connected at the point of common coupling.



However, in the proposed method, whenever a significant transition of voltage is detected, instead of applying input directly, it is applied in steps with increasing magnitude in successive steps as shown in Figure 12a, thus avoiding the high    d v   d t   .





6. Discussion


In this paper, a novel QSA-based Direct Model Predictive Control (DMPC) technique for a 289-level grid connected ladder multilevel inverter (LMLI) has been presented. The QSA has significantly reduced the search burden by efficiently calculating the single best state to be applied at the   [ k + 1 ]  th instant. The new control scheme eliminates the need for exhaustive state enumeration and significantly improves computational efficiency. Additionally, the proposed technique eliminates the requirement for objective function evaluation for each state, further streamlining the control process. The QSA-based DMPC technique presented in this study is generalized and can be applied to any MLI with any number of voltage levels. This flexibility makes it highly suitable for grid-connected applications, providing a single-state solution for various MLIs. Model-based predictive current control techniques, particularly for MLIs, typically involve substantial computation time. The proposed technique has demonstrated a substantial reduction in search time compared to conventional DMPC methods, which is of significant practical importance.



The Total Harmonic Distortion (THD) limits for current and voltage were found to be   0.0218 %   and   0.45 %  , respectively, which is negligible and well below the standard IEEE limit of   5 %   for a 289-level LMLI. The proposed controller has exhibited perfect steady-state operation with sinusoidal current and voltage waveforms. Its fast dynamic response ensures stable operation under changing demand conditions. Moreover, the controller has demonstrated robustness to filter parameter variations and low    d v   d t   , further enhancing its practical applicability. Considering these characteristics, the DMPC-based 289-level LMLI, incorporating the proposed QSA algorithm, is highly suitable for high-power standalone and grid-connected applications.



Future works will include the voltage control of DC links. Most studies use only a single DC-link capacitor at the input. However in this case, there are a total of eight different voltage supplies. Further studies will also contain a complete PV installed in a rural area system with MPPT capability, including voltage control of complex setup in a DC microgrid where the LMLI will act as a bridge between the DC grid and AC grid. Moreover, the control system will be tested under dynamic load variation conditions, so that transient behavior can be analyzed and improved.
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Figure 1. Grid Tied 289-level LMLI. 
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Figure 2. Extrapolation of current using vector angle. 
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Figure 3. State-Sector diagram for 289-level LMLI. 
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Figure 4. Block diagram of Proposed DMPC of Three-Phase Grid Tied Inverter. 
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Figure 5. Steady-state voltage of 289-level LMLI (a) L = 12 mH (b) L = 2 mH. 
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Figure 6. Steady-state current of 289-level LMLI (a) L = 12 mH (b) L = 2 mH. 
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Figure 7. Fourier analysis of voltage and current waveform @ L = 12 mH. 
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Figure 8. Fourier analysis of voltage and current waveform @ L = 2 mH. 
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Figure 9. Voltage of 289-level LMLI under step disturbance of current (a) L = 12 mH (b) L = 2 mH. 
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Figure 10. Step change in current of 289-level LMLI (a) L = 12 mH (b) L = 2 mH. 
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Figure 11. Spotlight over step perturbation @ 35 ms with L = 12 mH. 
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Figure 12. Focused view of step down disturbance @ 85 ms with L = 12 mH. 
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Figure 13. Voltage of 289-level LMLI under parametric variation. 
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Figure 14. Current of 289-level LMLI under parametric variation. 
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Figure 15. High    d v   d t    effect with traditional DMPC during step disturbance. 
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Table 1. Switching States of 289-level Switch-ladder Structure.
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Switching States for 289-Level LMLI






	
No.

	
   K 11   

	
   K 12   

	
   K 13   

	
   K 14   

	
   S 1   

	
   T 1   

	
   S  x 1    

	
   S  y 1    

	
   K 21   

	
   K 22   

	
   K 23   

	
   K 24   

	
   S 2   

	
   T 2   

	
   S  x 2    

	
   S  y 2    

	
   V out   




	
1

	
1

	
0

	
1

	
0

	
0

	
0

	
1

	
0

	
1

	
0

	
1

	
0

	
0

	
0

	
1

	
0

	
0




	
2

	
0

	
0

	
0

	
1

	
1

	
0

	
0

	
1

	
1

	
0

	
1

	
0

	
0

	
0

	
1

	
0

	
   V 11   




	
3

	
0

	
0

	
1

	
0

	
1

	
0

	
1

	
0

	
1

	
0

	
1

	
0

	
0

	
0

	
1

	
0

	
   −  V 11    




	
4

	
0

	
1

	
0

	
0

	
0

	
1

	
0

	
1

	
1

	
0

	
1

	
0

	
0

	
0

	
1

	
0

	
   V 12   




	
5

	
1

	
0

	
0

	
0

	
0

	
1

	
1

	
0

	
1

	
0

	
1

	
0

	
0

	
0

	
1

	
0

	
   −  V 12    




	
6

	
1

	
0

	
0

	
1

	
0

	
0

	
0

	
1

	
1

	
0

	
1

	
0

	
0

	
0

	
1

	
0

	
   2  V 11    




	
7

	
0

	
1

	
1

	
0

	
0

	
0

	
1

	
0

	
1

	
0

	
1

	
0

	
0

	
0

	
1

	
0

	
   − 2  V 11    




	
8

	
0

	
1

	
1

	
0

	
0

	
0

	
0

	
1

	
1

	
0

	
1

	
0

	
0

	
0

	
1

	
0

	
   2  V 12    




	
9

	
1

	
0

	
0

	
1

	
0

	
0

	
1

	
0

	
1

	
0

	
1

	
0

	
0

	
0

	
1

	
0

	
   − 2  V 12    




	
10

	
0

	
0

	
0

	
0

	
1

	
1

	
0

	
1

	
1

	
0

	
1

	
0

	
0

	
0

	
1

	
0

	
    V 11  +  V 12    




	
11

	
0

	
0

	
0

	
0

	
1

	
1

	
1

	
0

	
1

	
0

	
1

	
0

	
0

	
0

	
1

	
0

	
   − (  V 11  +  V 12  )   




	
12

	
1

	
0

	
0

	
0

	
0

	
1

	
0

	
1

	
1

	
0

	
1

	
0

	
0

	
0

	
1

	
0

	
   2  V 11  +  V 12    




	
13

	
0

	
1

	
0

	
0

	
0

	
1

	
1

	
0

	
1

	
0

	
1

	
0

	
0

	
0

	
1

	
0

	
   − ( 2  V 11  +  V 12  )   




	
14

	
0

	
0

	
1

	
0

	
1

	
0

	
0

	
1

	
1

	
0

	
1

	
0

	
0

	
0

	
1

	
0

	
    V 11  + 2  V 12    




	
15

	
0

	
0

	
0

	
1

	
1

	
0

	
1

	
0

	
1

	
0

	
1

	
0

	
0

	
0

	
1

	
0

	
   − (  V 11  + 2  V 12  )   




	
16

	
1

	
0

	
1

	
0

	
0

	
0

	
0

	
1

	
1

	
0

	
1

	
0

	
0

	
0

	
1

	
0

	
   2 (  V 11  +  V 12  )   




	
17

	
0

	
1

	
0

	
1

	
0

	
0

	
1

	
0

	
1

	
0

	
1

	
0

	
0

	
0

	
1

	
0

	
   − 2 (  V 11  +  V 12  )   




	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮




	
189

	
0

	
1

	
1

	
0

	
0

	
0

	
1

	
0

	
0

	
0

	
0

	
1

	
1

	
0

	
0

	
1

	
   − 2  V 11  +  V 21    




	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮




	
289

	
0

	
1

	
0

	
1

	
0

	
0

	
1

	
0

	
0

	
1

	
0

	
1

	
0

	
0

	
1

	
0

	
   − 2 (  V 11  +  V 12  +  V 21  +  V 22  )   
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