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Abstract 

Over the last few years, the largest ever increasing installed capacity of solar photovoltaic 

(SPV) energy sources has attracted the attention of global electrical power generation 

market. The large penetration of grid-interactive SPV systems has enforced strict grid-codes 

to concern about the stable and secure operation of the existing grids. The stochastic 

behaviour and the strict grid-codes of SPV systems necessitate power electronic based 

energy conversion systems. Further, increase in the power levels of SPV systems enjoins the 

need for multi-level inverters and their control techniques. Multi-level inverters are well 

proven technology for efficient energy conversion in high power industrial applications. 

Neutral point clamped (NPC) topology is one of the most widely used and commercially 

accepted multi-level inverters of grid-tied SPV systems. Control schemes for these grid-tied 

NPC inverters are crucial for efficient energy conversion. The design and development of 

new control schemes for the grid-tied SPV inverters is an ongoing research topic. 

The major control requirements of a general grid-tied inverter includes an ideal 

current/power tracking, fast dynamic response, better utilization of DC-link voltage, lower 

current THD, and lower switching losses. However, in addition to these the specific 

objectives of grid-tied three-level NPC (3L-NPC) PV inverters include maximum power 

extraction, DC-link capacitor voltage balancing and leakage current reduction etc. Several 

classical control schemes are available in the literature, out of which voltage oriented control 

(VOC) with space vector modulation (SVM) and direct power control (DPC) based on 

lookup-table (LUT) approach are the most widely used control schemes of the SPV system. 

However, due to the complexity in the design procedure for these control schemes to include 

multiple objectives of SPV system has motivated the investigation of advanced control 

schemes.  

Finite control set model predictive control (FCS-MPC) is a class of predictive control 

approach which have emerged recently for the applications of power converters and energy 

conversion systems. FCS-MPC refers to a controller that explicitly uses the discrete-time 

model of the system to directly generate the switching state required for the converter 

defined with various constraints. The control variables required for the desired objectives are 

modeled in terms of the inverter switching states and the future behaviour of these variables 

are predicted by using the number of admissible switching states of the inverter. An 
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objective function is formulated by using these predicted values and corresponding reference 

value. A suitable control action for the inverter is selected by minimising the objective 

function. However, inclusion of diverse control parameters like inverter current/power, DC-

link voltage, leakage current/common-mode voltage (CMV), and switching frequency into 

single objective function requires a suitable selection of weighting factors to maintain the 

relative importance between them. Usually, empirical method is used for the selection of 

weighting factors, which is a heuristic process and requires more number of simulation and 

experimental trials. This method becomes more complex and further time-consuming with 

the increase in number of control objectives. Selection of weighting factors is one of the 

challenging tasks in the design of FCS-MPC technique. Despite of multi-objective control 

capability, FCS-MPC still includes a classical proportional-integral (PI) controller for the 

DC-link voltage regulation of single-stage grid-tied SPV inverter. The outer DC-link voltage 

has to be regulated to its reference obtained from the MPPT algorithm to extract the 

maximum power from the PV array. This DC-link voltage control loop is in cascade with the 

inner predictive current/power control loop. Hence, the dynamics of this DC-link voltage 

controller influences the overall system performance.  

In this research work, efforts are made to address these limitations by introducing 

simplified methods for weighting factor selection with a centralized model predictive control 

(CMPC) approach. A simple direct optimization method and two dynamic objective 

prioritisation approaches of MCDM methods are proposed to simplify the selection of 

weighting factors. The proposed techniques presented are: selective FS-MPC under direct 

optimisation, CRITIC and PSI based objective prioritisation approaches under MCDM 

methods. Further, CMPC with decoupled active-reactive power control is proposed for 

regulating the floating DC-link of single-stage grid-tied SPV inverter for eliminating the 

cascaded structure of the FCS-MPC. All the proposed techniques eliminate the heuristic 

offline selection of weighting factors. The simulation model for single-stage grid tied 3L-

NPC PV inverter is developed by using MATLAB/Simulink to test both the classical and 

proposed control techniques under various operating conditions. The results are validated 

experimentally by using test setup developed in the laboratory. Based on the results 

obtained, it is observed that the proposed techniques offer an improved objective tracking 

and comparative dynamic response with respect to the classical approaches.  
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1.1 Background  

Increased demand for electrical energy and obligations on greenhouse gas emission has 

drawn the attention of renewable energy sources in the power sector. The steady gain in the 

prominence of renewable energy, especially the solar photovoltaic (SPV) energy

playing an important role in the energy generation. According to the International Energy 

Agency – Photovoltaic Power System (IEA

represented 403.3 GW of cumulative PV installations and an annual insta

100 GW at the end of 2017 as shown in 

of SPV energy source indicat

countries that have accounted for the highest cumulative & 

the end of 2017 are China with 53.1 GW with 54%, USA with 10.7 GW with 11%, and India 

with 9.1 GW with 9% as shown in

countries including Japan and European Union represented 88% of all installations recorded 

in 2017 and 90% in terms of installed capacity, with mostly utility

account of the stochastic behaviour and the requirement of maintaining strict grid c

power electronic based energy conversion systems and their control plays a vital role in the 

integration of photovoltaic energy source to the utility
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Increased demand for electrical energy and obligations on greenhouse gas emission has 

drawn the attention of renewable energy sources in the power sector. The steady gain in the 

prominence of renewable energy, especially the solar photovoltaic (SPV) energy

playing an important role in the energy generation. According to the International Energy 

Photovoltaic Power System (IEA-PVPS), the global PV installed capacity 

403.3 GW of cumulative PV installations and an annual insta

100 GW at the end of 2017 as shown in Fig.1.1. This largest ever increasing installed capacity 

indicates its role in the modern power supply system’s

ted for the highest cumulative & percentage 

the end of 2017 are China with 53.1 GW with 54%, USA with 10.7 GW with 11%, and India 

with 9.1 GW with 9% as shown in Fig.1.2. The Cumulative installation of top five leading 

luding Japan and European Union represented 88% of all installations recorded 

in 2017 and 90% in terms of installed capacity, with mostly utility-scale plants. Taking into 

account of the stochastic behaviour and the requirement of maintaining strict grid c

power electronic based energy conversion systems and their control plays a vital role in the 

integration of photovoltaic energy source to the utility grid [3]. 

. Global installed solar power from 2007 to 2017 [1]
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Increased demand for electrical energy and obligations on greenhouse gas emission has 

drawn the attention of renewable energy sources in the power sector. The steady gain in the 

prominence of renewable energy, especially the solar photovoltaic (SPV) energy source is 

playing an important role in the energy generation. According to the International Energy 

PVPS), the global PV installed capacity has 

403.3 GW of cumulative PV installations and an annual installed capacity close to 

This largest ever increasing installed capacity 

system’s [1]. The major 

percentage annual installations at 

the end of 2017 are China with 53.1 GW with 54%, USA with 10.7 GW with 11%, and India 

The Cumulative installation of top five leading 

luding Japan and European Union represented 88% of all installations recorded 

scale plants. Taking into 

account of the stochastic behaviour and the requirement of maintaining strict grid codes [2], 
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           Fig.1.2. SPV Installation in Top 5 countries (a) cumulative (b) annual [1] 

 

1.2 Solar Photovoltaic Energy Conversion Systems (SPECS) 
 

A generic structure of a grid-tied SPV system has well defined stages as shown in Fig.1.3. 

Firstly, the system consists of a PV array which harvests the solar energy into an electrical 

energy. Second a DC–DC stage, which generally comprises of boost or buck-boost type of 

DC-DC converter topologies to boost the PV voltage and perform the MPPT for extracting 
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the maximum power. This stage can be further used to distribute the power conversion, 

control the DC side and also provide a galvanic isolation. This second stage can be omitted 

depending on the application and configuration of the PV array used for the system. In the 

third stage, a DC-AC inverter is used to interface the PV system to the grid directly or via a 

DC-DC stage. This DC-AC inverter used for interfacing the PV array is referred as PV 

inverter. Based on the number of stages incurred in interface, the PV inverters are broadly 

classified into (i) Single-Stage grid-tied PV inverter (ii) Two-stage grid-tied PV inverter. The 

typical structure of a single-stage and two-stage grid-tied PV inverter is shown in Fig.1.4. 

Despite of the configuration, the overall functionalities of grid-tied PV systems are given as 

 Basic Functions 

 PV Specific Functions  

 Ancillary Services. 

 

Fig.1.3. Generic structure of grid tied SPECS. 

In general, the grid-tied PV inverters have a cascaded control structure which includes the 

outer DC-link voltage control and inner current/power control. In order to interface the PV 

inverter to the grid, the control algorithm requires a grid synchronization scheme. These 

functional requirements of PV inverters are classified under the basic functions of SPECS. 

The grid-tied PV inverter specific functionalities include plant monitoring system, protection 

for anti-islanding operation and maximum power extraction using MPPT algorithm. Further, 
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enhanced controllability of PV inverters can be achieved by providing the ancillary services. 

 

(a) 

 

(b) 

Fig.1.4. Grid-tied SPV inverters (a) two-stage (b) single-stage. 

The grid-connected SPECS vary significantly in terms of size and installed power. They 

can be grouped into four different types of configurations: (i) centralized for three-phase 

large-scale plants (ii) string configuration for single-phase/three-phase small and medium-

scale plants (iii) multi-string for single-phase/three-phase small to large-scale plants and (iv) 

AC-module for small-scale systems [4]–[7]. Simplified block diagram of these configurations 

are shown in Fig.1.5. Details of these configurations are given in the following subsections. 

1.2.1 Centralized configuration 

It is one of the most widely adopted configurations for large-scale PV plants. This 

configuration has a single three-phase inverter interfacing the PV plant to the grid. The PV 

modules are directly connected across the DC-link of the inverter; where, the required DC 

voltage is obtained by connecting the number of PV modules in series and enough number of 

parallel strings is connected to meet the required power. As there is only single power 

converter in this configuration, the power conversion efficiency is usually high. However, due 
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to the availability of single DC-link voltage the MPPT capability of this configuration is less 

compared to the distributed MPPT systems. The typical converter topologies used for this 

configurations are three-phase two-level voltage source inverter (VSI), three-phase three-level 

neutral point clamped (3L-NPC) inverter and three-phase three-level T-type (3L-T) inverter 

[5], [8]–[10]. The schematics of these converter topologies are shown in Fig.1.6. 

1.2.2 String configuration 

String configuration is a distributed architecture of centralized PV inverters with one 

inverter per string. Since a single PV string is interfaced to the grid, they are aimed at single-

phase low power or three-phase medium power-scale grid systems. This configuration is 

popular for grid tied roof top PV system. Due to the availability of individual inverters, this 

configuration enables the independent MPPT extraction which minimizes the power loss due 

to power mismatch and partial shading. Hence, the modular structure of this configuration 

yields an increased total energy from the inverters. The typical converter topologies used for 

this configuration are H-bridge inverter with high frequency isolated and non-isolated DC-DC 

converter, H4 inverter, H5 inverter, H6 inverters and HERIC etc [6], [7], [11], [12]. Further,  

various multilevel inverters available in the market under this configuration are 3L-HNPC, 

5L-HNPC and T-type inverters [6], [7], [11]–[13]. Simplified schematics of these converter 

topologies are shown in Fig.1.7 and Fig.1.8. 

1.2.3 Multi-string configuration 

Multi-string configuration is also a distributed architecture with peculiar two-stage (DC-

DC stage + DC-AC stage) central configuration; where, the DC-DC converters are used to 

connect the PV system or string to a central inverter. Typically, the DC-DC converters used in 

this configuration are non-isolated simple boost converter or high-frequency (HF) isolated 

converters. Schematics of these converters are shown in Fig.1.9. The DC-DC converter stage 

decouples the PV system and the inverter with a DC link. As a result, a robust grid-tied 

converter control with extended operating voltage range can be achieved.  This configuration 

includes the advantages of both the central and string configurations. Due to the modularity, 

the effects of partial shading and module power mismatch are mitigated in this configuration 

and yields high-energy with individual MPPT. This multi-string configuration can be adopted 

for a single/three-phase grid system ranging from small kW to medium-scale tens of kW [7], 
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[8], [14], [15].  

1.2.4 AC-module configuration 

The AC-module configuration is popularly known as module-integrated inverter or micro-

inverter. In this configuration, a dedicated grid-tied inverter is used to interface the PV 

module to the grid. This configuration also includes a DC-DC boost stage to elevate the PV 

module voltage for grid interface. The most popular converter topologies used in this 

configuration are fly-back DC-DC converter with an H-bridge interfacing inverter [7], [8], 

[16], [17]. Schematics of the converters in this configuration are shown in Fig.1.10. 

A summary on salient characteristics of these configurations are given in Table.1.1 and 

examples of commercially available inverters of each configuration are given in Table 1.2. 

Design and development of new converter topologies are aiming for increasing the energy 

conversion efficiency, higher power density, improved power quality, lower production cost, 

and minimized leakage current complying with strict grid code requirements. In regard to the 

latest developments, several converter topologies are available in the market for central, 

string, multi-string and AC-module PV applications. Out of these, multi-level converters 

topologies based on NPC, T-type and H-bridge type has gained the attention in both high 

power MV applications as well as low power residential applications with kW and LV range. 

1.3 Overview on control requirements and techniques 

1.3.1 Control requirements of 3L-NPC PV inverter 

NPC inverters are widely adopted in the grid-tied PV systems. These inverters require 

special attention for the design and development of new control strategies to meet the inverter 

specific requirements, power quality standards and grid codes. In case of single-stage grid-

tied PV inverter system, the maximum power extraction and the active-reactive power 

exchange will takes place simultaneously in single power conversion stage [18]–[21]. Hence, 

these objectives are considered as the main control objectives. Further, the DC-link capacitor 

voltage balancing, leakage current mitigation and switching frequency reduction are the 

additional control objective from the perspective of NPC topology and PV system 

requirements. However, the 3L-NPC inverter requires DC-link capacitor voltage balancing in 

concert with the active-reactive power exchange for proper operation, hence both the control 



 

 7  

 

objective are considered as equally important. Whereas, the objectives like leakage current 

mitigation by reduction in common mode voltage, switching frequency minimization, 

selective harmonic elimination, maximum current limitation are considered as the secondary 

objectives. The control requirements of 3L-NPC PV inverter are summarised in Fig.1.11. In 

order to achieve these objectives several control strategies are presented in the literature [5], 

[22]–[24]. These strategies include the controller stage and modulator/gating signal generation 

stage in cascade to achieve most of the objectives. A summary of the well established & 

emerging controllers and gating signal generation techniques are shown in Fig.1.12. 

 

 
 

(a) 
 

(b) 
 

  
 

(c) 
 

(d) 

Fig.1.5. Configurations of grid tied SPECS (a) central configuration (b) string configuration              

(c) multi-string configuration (d) AC-module configuration 
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(a) 

 

 
  

(b) 

 

 
 

(c) 

Fig.1.6. Converter topologies for centralized configuration (a) 2L-VSI (b) 3L-NPC (c) 3L-T type 
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(a) (b) 

 

                        (c)                                              (d)                                            (e) 

 

 

(f) 

 

(g) 

Fig.1.7. Converter topologies for string configuration (a) H-Bridge (b) H4  (c) H5 (d) H6D1 (e)H6D2 

(f) HERIC (g) H-Bridge with HF isolation 
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                                                (a)                                                          (b) 

 

(c) 

 

(d) 

Fig.1.8. Converter topologies for string configuration (a) 3L-NPC (b) 3L-T type (c) 5L-NPC (d) 

asymmetric H-Bridge 

+
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(a) 

 

(b) 

 

(c) 

Fig.1.9. Converter topologies for multi-string configuration (a) 2L-VSI (b) 3L-NPC (c) H-Bridge with 

HF isolation 
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(a) 

 
(b) 

Fig.1.10. Converter topologies for AC-module configuration (a) 2L-VSI (b) 3L-NPC (c) H-Bridge 

with HF isolation 

Table.1.1. Characteristics of grid-tied SPECS configurations 

Configuration 
Power 

range 
Cost/Watt 

Semiconductor 

Devices 
Advantages Disadvantages 

Central 

inverter 

<850kW 

(<1.6M

W for 

Dual) 

Low IGBT 

Simple design 

and control 

system 

Reduced energy 

yield due to module 

power mismatch 

and effect of partial 

shading. 

String inverter <10 kW Medium 
MOSFET/ 

IGBT 

Individual 

MPPT 

High component 

counts, complex 

control issues. 

Multi-string 

inverter 

<500 

kW 

Medium/ 

Low 

MOSFET/ 

IGBT 

Individual 

MPPT, Simple 

design and 

control 

Two-stage power 

conversion, and 

more number of 

components 

AC-module 

inverter 
<300 W High MOSFET 

High Energy 

yield 

More number of 

components and 

separate control for 

each module. 
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Table.1.2. Different commercially available PV inverter configurations 

Make/Model 
Input 

voltage 
Power 

Input 

current 

(max) 

Efficiency 

(%) 
Isolation 

Independent 

MPPT 

Central Inverters 

Satcon/EPP-1500-

UL 

550-850 

V 

1.5 

MW 
2820 A 98.5 Yes Yes (2) 

ABB/PVS800-

MWS 

525-825 

V 

1.25 

MW 
2480 97.8 Yes Yes (2) 

SMA/MVPP 

1.6MW 

570-820 

V 

1.6 

MW 
2800 98.6 Yes Yes (2) 

String Inverters 

Sunways/NT 5000 900 V 4.6 kW 15.4 A 97.8 No Yes (2) 

Danfoss/DLX 4.6 600 V 4.6 kW 23 A 97.3 Yes Yes (3) 

ABB/PVS 200 TL 

8000 
900 V 8 kW 34.8 A 97 No Yes (4) 

Multi-String Inverters 

SMA/SB 5000TL 750 V 
5250 

W 
15 A 97 No Yes (2) 

Danfoss/TLX 15 700 V 15 kW 36 A 98 No Yes (3) 

SATCON/Solstice 600 V 
100 

kW 
182 A 96.7 No Yes (6) 

AC-module inverters 

Power One 

Aurora/MICRO-

0.3-I 

60 V 300 W 10.5 A 96.5 Yes 1 per module 

Siemens MIS 45 V 260 W 10.5 A 96.3 Yes 1 per module 

Enecsys single 

micro inverter 
44 V 240 W 12 A 95 Yes 1 per module 

1.3.2 Overview on existing control techniques 

A broad classification of controllers and gating signal generation techniques are shown in 

Fig.1.12 [25], [26]. The controllers are broadly classified into five major groups such as linear 

control, hysteresis control, sliding mode control, intelligent control and predictive control 

[27]–[63]. Similarly, gating signal generation techniques are classified into pulse width 

modulation (PWM), pseudo modulation and closed loop control with implicit modulator [25], 

[64]–[69]. Out of these, the classical linear control based on voltage orientation (Voltage 

Oriented Control – VOC) cascaded with space vector modulation (SVM) technique is widely 

employed for the SPV systems [29], [32], [38], [39], [42], [44], [58]. The VOC approach 

guarantee the dynamic and steady state performance via internal current control loops with 
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linear proportional-integral (PI)/ proportional-resonant (PR) controllers. Selection of these 

controller parameters for the desired stability criteria is difficult due to the complex design 

procedure. SVM technique is one of the efficient modulation techniques which offer higher 

DC-bus utilization, improved harmonic profile and lower losses compared to the general 

sinusoidal PWM (SPWM) technique [25]. However, to achieve the DC-link capacitor voltage 

balancing, and minimizing the common-mode voltage, SVM technique involves a complex 

design procedure [70]–[73].  

 

Fig.1.11. Summery of control requirements of 3L-NPC PV inverter 

On the other side, a lookup table based direct power control (LUT-DPC) strategy has 

gained the attention of researchers due to the elimination of inner current/power control loop 

and pulse width modulator stage [74]–[76]. The LUT-DPC consists of a predefined switching 

table generated based on the behaviour of switching states to regulate the instantaneous errors 

between the reference and estimated active power, reactive power, and DC-link capacitor 

voltage deviation; with respect to the location of the output voltage vector in space vector 

plane. The switching state selected will regulate the active and reactive powers within the 

defined hysteresis error band. As the switching state selected directly influences the active 
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and reactive powers injected by the inverter in each sampling period, this method is called as 

direct power control. Design simplicity and fast dynamic response are the key features of 

LUT-DPC. However, DPC suffers from considerable power ripples indeed the distortion in 

injecting currents, variable switching frequency and inability to control additional control 

objectives like CMV reduction, switching frequency regulation etc. Several modifications and 

extensions for DPC were proposed to overcome these problems. In the recent past, model 

predictive control (MPC) techniques are introduced to grid-tied inverter applications to 

address various control aspects and to achieve precise control over the control parameters 

[77]–[80]. 

1.3.3 Model Predictive Control (MPC) 

The concept of MPC refers to a controller that explicitly uses the model of the system to 

select an optimal control action. The receding horizon policy for MPC technique is shown in 

Fig.1.13.  From this illustration, it can be observed that the input signal uk at the beginning of 

the present sampling period k is obtained by predicting the future behaviour of the output yk 

for a given range of prediction horizon k+NP. Similarly, an input signal for the next sampling 

period is obtained by predicting the future behaviour of output for a prediction horizon of 

k+NP+1. Hence, this policy is known as receding horizon policy [81]. 

The basic implementing structure for MPC is shown in Fig.1.14. A model of the system is 

used to predict the future behaviour of outputs based on the past and present values of both 

input and outputs. Based on the predicted outputs and corresponding reference trajectory, the 

future errors are obtained and will be given to the optimizer. Depending on the constraints and 

objectives given to the optimizer, future inputs for the system will be selected. In general, the 

input is referred as a control signal and output is considered as a control parameter in MPC 

techniques. The concept of MPC was introduced as an optimal control theory in the 1960s and 

by the end of 1970s, it was successfully implemented in industrial processes [82]. The slow 

dynamics and large sampling periods of the chemical process allow enough time for online 

optimization [83]. The first attempt to use the predictive control in power electronics was 

made in the early 1980 [84], [85]. This method was not popular at that time due to its high 

amount of calculations required in each sampling period. In the recent past, the inception of 

modern digital control platforms with high computational capabilities enabled the 

implementation of complex control techniques like MPC with more precision and ease. 
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(a) 

 

(b) 

Fig.1.12. Classification of control techniques for grid-tied inverters (a) controller classification (b) 

gating signal generation technique classification  
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Fig.1.13. Receding horizon policy for model predictive control 

 

Fig.1.14. Structure for implementing model predictive control 

1.3.4 Finite Control-Set Model Predictive Control (FCS-MPC) 

MPC techniques used for power electronics and energy conversion systems are mainly 

classified into two categories; Continuous Control Set Model Predictive Control (CCS-MPC) 

and Finite Control Set Model Predictive Control (FCS-MPC) [78], [79], [86], [87]. In CCS-

MPC, a control signal is computed in a continuous time (usually duty ratio of voltage) and 

then given to a modulation stage to obtain the desired control action.  On the other hand, FCS-

MPC directly selects the control signals by optimizing the objective-function which contains 

the error terms of control parameters and uses the inherent discrete nature of the converters. 

Because of this, FCS-MPC is an extensively used technique compared to CCS-MPC in power 

electronics and converter applications. Implementation of FCS-MPC is straightforward as the 

+- System
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finite number of control actions is available for power converters. This control technique has 

several advantages such as easy to understand, applicable to a wide variety of systems and 

provision to include additional control parameters and nonlinearities into the objective-

function [78], [79]. 

The generic principle of FCS-MPC for two-level Voltage Source Inverter (VSI) with short 

prediction horizon (i.e., NP=1) is shown in Fig.1.15. In this illustration, yk is considered as a 

control parameter for the present sampling instant k and it can be estimated based on the past 

data. As the two-level VSI has eight switching states, the response of control parameter for all 

these eight switching states can be predicted for the next sampling period (k+1). The 

switching state which results in close tracking of predicted control parameter with respect to 

the reference of control parameter y*(i.e., |y*-yk+1 | is minimum) is considered as an optimal 

control action for the next sampling period. From Fig.1.15, at the sampling instant (k+1), 

switching state S4 leads to close tracking of yk with respect to y*. Based on this measure, S4 is 

applied at k to obtain the optimal control action. Similarly, S3 is the suitable control action at 

(k+1) [79].  

 

Fig.1.15. Principle of finite control set model predictive control 

The block diagram of FCS-MPC for a typical power electronic application is shown in 

Fig.1.16. In this representation, a VSI is connected to a three phase load with y being the 

control parameter. To implement FCS-MPC, initially control parameter yk is to be measured 

for present sampling instant k. If the direct measurement of control parameter is not possible, 
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then estimation of control parameter has to be done based on model of the system and past 

history of control variable. Based on the measured/estimated values, prediction of control 

parameter can be done for all available inverter control actions. An objective function is 

formulated by using these predicted values and corresponding reference value. A suitable 

control action for the inverter is selected by minimising the objective function. However, in 

power electronics and energy conversion applications; the inclusion of diverse control 

parameters like inverter current/power, inverter voltage, common-mode voltage, and 

switching frequency into single objective function requires a suitable selection of weighting 

factors to maintain the relative importance between them. This is one of the challenging tasks 

in the design of FCS-MPC technique for power electronic applications [79], [88], [89].  

 

Fig.1.16. Block diagram for finite control set model predictive control 

1.4 Literature review  

Solar photovoltaic (SPV) is one of the fastest growing renewable energy sources. Large 

penetration of grid-interactive PV systems with stiff grid-codes has drawn the attention of 

multilevel inverters, especially the NPC topology in various configurations [6], [7], [90]. The 

basic objectives of control for PV inverter are to extract the maximum power from the PV 

array and to regulate the active-reactive power injected to the grid. However, the specific 

objective of the NPC inverter to balance the DC-link capacitor voltages is also equally 

important for proper operation of the inverter [65]. Several classical control approaches 

together with modulation techniques have been reported in the literature to meet the 

aforementioned objectives. Nevertheless, the control of these multiple control objectives is 
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quite complex with the classical control techniques. Hence, MPC based control techniques are 

introduced for the applications of grid-tied inverters to address various control aspects with 

precise control over the required objectives. MPC techniques used for power electronic 

applications can be categorized into two groups; such as CCS-MPC and FCS-MPC. However, 

FCS-MPC is widely accepted by both academia and industrial communities because of its 

salient features such as; concepts are easy to understand, applicable to wide variety systems, 

easy inclusion of constraints/nonlinearities and direct selection of switching state without 

intermediate modulation stage. There are two important variants of FCS-MPC i.e., model 

predictive current control (MPCC) and model predictive direct power control (MPDPC). A 

typical block diagram of FCS-MPC with these control variants is shown in Fig.1.17. 

 

Fig.1.17. Block diagram for FCS-MPC for single stage grid-tied 3L-NPC PV inverter 

Despite of its versatile features, FCS-MPC still presents problems while designing the 

controller for multi-objective control applications. One of the major challenges is the selection 

of weighting factors to prioritize the control objective in the objective function. Selection of 

these weighting factors directly affects the system performance. In order to achieve the 

desired performance, the relative importance between multiple control objectives is 

maintained by assigning appropriate weighting factor for each objective. Fig.1.18 shows the 
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control objectives with their respective weighting factors for a single-stage grid-tied 3L-NPC 

PV inverter.  

 

Fig.1.18. Overview of control objectives for objective function 

Objective function defined with the possible control objectives of grid-tied 3L-NPC PV 

inverter are given as follows: 

*( 1) ( 1) *( 1) ( 1) ( 1) ( 1) ( 1) ( 1)
1 2

k k k k k k k k
MPCC dc dc dc cm cm sfw di i i i v v v S                             (1.1) 

*( 1) ( 1) *( 1) ( 1) ( 1) ( 1) ( 1) ( 1)
1 2

k k k k k k k k
MPDPC dc dc dc cm cm sfw dP P Q Q v v v S                  (1.2) 

Where, λdc, λcm, and  λsfw are the weighting factors for DC-link capacitor voltage balancing, 

common mode voltage reduction and switching frequency minimization. 

FCS-MPC lacks with a systematic approach to determine the weighting factors. Generally, 

the weighting factors are determined empirically which requires extensive time-consuming 

simulation and experimental trials as there are no definite design procedures to determine the 

correlation among the objectives of control. Hence, in order to reduce this uncertainty in the 

empirical process, a set of guidelines are defined in [91] to prioritize the control objectives. In 

this approach, first the control objectives are classified into equally important objectives and 

secondary objectives. Equally important objectives are necessary for the proper operation of 

the inverter, whereas, secondary objectives are the additional constraints. Determining the 

weighing factor for secondary control objectives is simple. The initial value of the weighing 

factor is selected zero (λ=0) as this set point measures the behaviour of primary variable, and 
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the value is increased till the secondary objective reaches its desired value. However, in case 

of equally important terms the set point of weighing factor is not allowed to be zero (λ=0) as 

both the objectives are necessary for proper operation of the inverter. Hence, first the 

objective function is normalized to realize the equal importance among the objectives which 

sets a starting point for the search. Then, the same procedure as defined for the secondary 

objectives followed till the desired performance is achieved. An objective function defined 

with the control objectives of current tracking and DC-link capacitor voltage balancing for a 

grid-tied 3L-NPC inverter is shown below 

  

*( 1) ( 1) *( 1) ( 1) ( 1) ( 1)
1 2

k k k k k k
MPCC dc dc dci i i i v v              

  
(1.3) 

These objectives are necessary and equally important for proper operation of the inverter. 

Further, they are of different nature and magnitude. Hence, the search for λdc is initiated first 

by normalizing the objective function as follows: 

  

*( 1) ( 1) *( 1) ( 1) ( 1) ( 1)
1 2

1 k k k k k kdc
MPCC dc dc

sn dcn

i i i i v v
i V

   


             

 
(1.4) 

or 

  

*( 1) ( 1) *( 1) ( 1) ( 1) ( 1)
1 2

k k k k k ksn dc
MPCC dc dc

dcn

i
i i i i v v

V
   


           

  
(1.5) 

Where, the value of λdc is adjusted till the objective is achieved with the desired 

performance. Further, the search processes can be simplified by using the branch and bound 

algorithm. Though these guidelines reduce the uncertainty in the search process, it still 

involves time-consuming simulation and experimental trials to determine the optimal 

solution. Further, this approach becomes more and more tedious with the addition of number 

of control objectives. This approach has been used by various researches to determine the 

weighing factors for grid-tied PV inverter applications till the date due to the lack of 

analytical or numerical methods to determine an optimal solution [92]–[95]. 

Similar to the normalization approach, a different procedure is explored to determine the 

weighting factors for a multi-objective MPC of grid-tied NPC PV inverter in [96]. In this 

approach, an average of acceptable individual objective errors (εi) are defined and used in the 

normalization to make the magnitudes of each objective comparable as shown   
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,i vdc

sn dcni V

 
  

    
(1.6) 

The objective function is defined as 

  
*( 1) ( 1) *( 1) ( 1) ( 1) ( 1)

1 2
k k k k k k

MPCC i dc dc dci i i i v v                    
(1.7) 

where, 
1

i


  and 
1

dc


 . 

Though this approach is simple, determining the average acceptable error for various 

objectives with the defined power level of the application requires an experienced design 

engineer. Further, these weight factors are constant and maintain a fixed correlation among 

the control objectives irrespective of the operating conditions. In order to overcome this, 

several MPC methods have been reported in the literature for dynamic selection of weighting 

factors for FCS-MPC.  

In [97], an online auto-tuning method of weighting factor selection is introduced for a grid-

tied inverter with distributed generation system. Where, the objective function is defined with 

active power tracking, reactive power tracking and terminal voltage regulation. In this 

approach, a range of acceptable error for each control objective is defined with preset initial 

weighting factors. If the error of individual objectives is within the limits of defined error then 

the present weighting factor is applied in the next sampling period. Else, a larger weighting 

factor is selected to give higher priority to the respective objectives for the next sampling 

period. Similar approach has been extended for grid-tied matrix converter based active shunt 

compensator [98]. This enumerated search for weighting factor in each control objective 

affects the dynamic performance of the system. 

An analytical approach for dynamic adjustment of weighting factors for a grid-tied 3L-

NPC inverter has been presented in [99]. The objective function is defined with the current 

tracking, DC-link capacitor voltage balancing and switching frequency regulation. Similar to 

the previous approach, the objective prioritization is done based on the magnitude of existing 

errors. The weighting factors is adjusted with a dynamic gain defined as 
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gain h
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 

  


 


 
  

    

(1.8) 

Where, ε is the objective error and h is the gain rate. This dynamic weighted MPC 

(DWMPC) increases the adaptability of the controller for various operating conditions with 

the intended behaviour. However, it requires selection of additional parameters per each 

objective which gain requires an expert design engineer. 

In [100], an artificial neural network (ANN) based dynamic objective function for FCS-

MPC of grid-tied 3L-NPC inverter has been proposed to determine the online weighting 

factors. In order to determine the optimal weights, a multilayer perceptron (MLP) ANN is 

trained in offline to characterize the performance of the system based on the merit figures. 

The merit figures used to characterize the system performance are average current tracking 

error, average current total harmonic distortion, average DC-link voltage deviation and 

average switching frequency. The ANN establishes the correlation between control objectives 

and the power references by using the merit figures which defines the system behaviour. 

Similar sort of approach is presented for an uninterruptable power supply (UPS) system 

application in [101]. These approaches require extensive simulation/experimental trails for 

possible operating conditions to generate the training data which is again a tedious task 

similar to the empirical approach. 

In [102], a fuzzy FCS-MPC (FFCS-MPC) for a grid-tied three-level nested neutral point 

clamped converter is presented. A fuzzy logic controller (FLC) is employed to determine the 

objective weights in online. The objective function of NNPC is defined with active, reactive 

power and capacitor voltage balancing. A set of fuzzy rules developed based on the 

mathematical guidelines for these individual objectives dynamically determines the weighting 

factors to minimize the trajectory slopes of the respective control variables. However, it is 

difficult to design fuzzy logic controller for a multi-objective system due to the complexity 

incurred with increase in number of control variables. Further, several attempts are made to 

completely eliminate the weighting factors selection by taking the advantage of correlation 

and defining the hierarchy among the control objectives [103]–[106]. However these 

approaches are limited to specific applications and constraints. 
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Selection of weighting factors plays a key role in achieving the desired performance with 

FCS-MPC; however, their selection is limited by the conflicting inter-correlation between the 

objectives. This can be overcome by using Multi-Criteria Decision Making (MCDM) 

methods. MCDM methods are used in the complex decision-making problems with 

conflicting criteria. These methods are well suited for the simplification of weighting factor 

selection in the objective function [107], [108]. 

1.5 Weighting factor selection based on MCDM methods 

MCDM methods are normally used to select the best solution from the available 

alternatives in the presence of multiple and conflicting criteria  [107], [108]. These MCDM 

methods are classified into two categories namely; Multi-Objective Decision Making 

(MODM) methods and Multi Attribute Decision Making (MADM) methods. MODM 

methods are applied to the problems associated with continuous data and infinite number of 

alternatives. Whereas, MADM methods are used for the problems associated with discrete 

data and finite set of alternatives. Considering the finite set of control actions and the control 

objectives of the power electronic converters as the finite set of alternatives and criteria’s 

respectively, the weighting factor selection problem FCS-MPC can be referred as a MCDM 

problem. MADM methods are best suited for the simplifying the selection of weighting 

factors in the objective function. In most of the cases, MADM methods are often referred as 

MCDM methods. Application of MCDM methods for simplifying the objective prioritisation 

in the FCS-MPC adds significant computational burden in the implementation. Hence, the 

selected MCDM methods should be able to implement in the available digital control 

platforms.  

To select appropriate weights for the individual criterion, several weighting factor 

selections based on subjective and objective approaches are available [108]. In case of 

subjective approach, the design engineer has to select the priority coefficients to simplify the 

selection of weighting factors with their expertise. In [109], [110], a Fuzzy Multi-Criteria 

Decision Making (FMCDM) method based on subjective weighting approach has been 

proposed to simplify the weighting factor selection of FCS-MPC for grid-tied NNPC 

converter and direct matrix converter (DMC). This approach eliminates the weighting factors 

with priority coefficients defined based on analytical hierarchy process (AHP). The 

membership functions defined in FMCDM approach represents the degree of objective 
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achievement. Though, these MCDM methods avoid the weighting factors, they require an 

expert design engineer to select appropriate priority coefficients. Further, these priority 

coefficients are constant and maintain a fixed correlation among the control objectives 

irrespective of the operating conditions. As a result, the tracking performance of each control 

variable varies with the operating conditions.  

To overcome these problems, objective weighting methods are used in this research work. 

To implement these methods for online objective function optimization, the selected methods 

should be simple, compatible with online optimization and able to implement in available 

digital control platforms. Several objective weighting factor methods are available in the 

literature, however based on these measures, two simple MCDM methods namely: criteria 

importance through inter-criteria correlation (CRITIC) and preference selective index (PSI) 

based objective weighting methods are implemented for single-stage grid-tied 3L-NPC PV 

inverter.  

1.6 Centralized Model Predictive Control (CMPC) for grid-tied inverter 

Despite the capability of controlling multiple constraints, the traditional FCS-MPC uses a 

cascaded structure of outer DC-link voltage and inner current/power control loop for grid-tied 

inverters. The outer DC-link voltage control loop regulates the DC-link capacitor voltage to 

its reference by providing the reference current/power to the inner control loop. Generally, a 

PI controller is used to regulate the DC-link voltage. Since, the PI controller provides the 

reference to the inner control loop; the overall system performance will be influenced by the 

dynamics of PI controller. Tuning of these controller parameters for the desired stability 

criteria requires a trade-off between steady-state and transient response. To address this issue 

a cascade-free MPC control approach has been introduced for active front end rectifier in 

[111]. In this approach, a dynamic active power reference to regulate the outer DC-link 

voltage is derived based on discrete-time model of the system. This method has eliminated the 

outer DC-link voltage control loop with centralized control by incorporating the constraint in 

the objective function. This control strategy has been extended to the grid-tied applications 

such as shunt active power filter [112], multi-level inverter interfaced distributed generation 

system [92], and back-to-back converter interfaced wind energy conversion system [33], 

[113]. In these applications the DC-link voltage is regulated to a fixed value of reference to 

inject active and reactive power into the grid. However, for a single-stage grid-tied SPV 
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inverter, the dynamic power reference generation presented in [33], [92], [111]–[113] are not 

directly applicable to regulate the floating DC-link for extracting the maximum power. 

1.7 Motivation 

From the literature survey it is observed that, FCS-MPC is a recent advancement in the 

control of grid-tied inverters and become an attractive alternative for the classical control 

techniques. This method enables the flexibility in control of multiple control objectives by 

choosing the suitable weighting factor in the objective-function. In most of the cases 

empirical methods are used for the selection of weighting factors in the objective-function. 

Hence, there is a need to introduce generic methods for the selection of appropriate weighting 

factors with simple approach. Further, despite the capability of controlling multiple 

constraints, the traditional FCS-MPC uses a cascaded structure of outer DC-link voltage and 

inner current/power control loop for a grid-tied inverter; where, the overall system 

performance will be influenced by the dynamics of PI controller.  

In this research work, efforts are made to address the issue of selection of weighting 

factors in multi-objective model predictive control of single-stage grid-tied solar photovoltaic 

system. A direct optimization method and two objective prioritization methods based on 

MCDM approach are proposed to simplify the weighting factor selection in multi-objective 

FCS-MPC. Further, the control of floating DC-link of single-stage grid-tied solar photovoltaic 

inverter with a modified CMPC approach is presented. 

1.8 Scope of the Thesis 

The objective of this research work is to simplify the weighting factor selection in multi-

objective model predictive control of grid-tied solar photovoltaic inverter. Weighting factor is 

the only parameter to be tuned in FCS-MPC for maintaining the relative importance between 

various control objectives. In standard implementation of FCS-MPC, empirical method is 

used to select the suitable weighting factor in the objective function which requires number of 

simulation and experimental trails. In this research work, serious attempts are made to 

simplify the selection of weighting factors for maintaining the relative importance between 

the control variables such as current/power tracking, DC link capacitor voltage balancing and 

common mode voltage (CMV) reduction. 
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In the first method, a selective finite-states model predictive control (FS-MPC) is proposed 

for a grid interfaced three-level neutral point clamped (3L-NPC) solar photovoltaic (PV) 

inverter. The proposed control approach eliminates the weighting factor selection for DC-link 

capacitor voltage balancing and reduces the computational burden for real-time 

implementation. The switching states required for the prediction and objective function 

optimisation are selected based on the position of reference voltage vector in the space vector 

plane, inverter current directions and the charge status of the DC-link capacitors. As a result, 

the selection of optimal switching state is fast, easy to implement and simplifies the selection 

of weighting factor problem for capacitor voltage balancing. 

In the second method, a centralized model predictive control (CMPC) with criteria 

importance through inter-criteria correlation (CRITIC) based dynamic weighting factor 

selection (CRITIC-W-CMPC) for a multi-objective solar photovoltaic (SPV) inverter is 

proposed. The CRITIC method eliminates the time consuming trail-and-error approach of 

weighting factor selection by using multivariate descriptive analysis of objective deviations in 

each sampling period. Thus, weighting factors are dynamically selected depending upon the 

operating conditions of the inverter for an improved tracking performance of each objective. 

Further, the CMPC eliminates the cascaded structure of grid tied inverter control by using a 

decoupled active-reactive power based dynamic reference generation. As a result, the floating 

DC-link of single-stage SPV inverter is regulated to its reference for extracting the maximum 

power without using any classical proportional-integral (PI) controller. 

In the third method, a preference selective index (PSI) based dynamic weighting factor 

selection approach (PSI-W-CMPC) is proposed to maintain the relative importance between 

the power tracking and DC-link capacitor voltage balancing. Similar to the second method, 

the proposed control approach eliminates the outer DC-link voltage control loop and also the 

empirical approach required for the selection of weighting factors. A detailed qualitative 

comparison of these proposed control approaches are presented in Table.1.3. 

1.9 Organization of the Thesis 

In chapter-1, background of the topic, literature review on FCS-MPC for grid-tied inverters 

and MCDM methods, motivation for the problem formulation and scope of the thesis are 

presented. 
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In chapter-2, modeling of 3L-NPC grid-tied inverter, analysis and implementation of 

conventional FCS-MPC for grid-tied inverters, simulation and experimental results of PI-

SVM, MPCC, LUT-DPC and MPDPC are given for various operating conditions. 

In chapter-3, design of single-stage grid tied 3L-NPC PV inverter and implementation of 

MPCC, MPDPC based control strategies for single-stage grid tied 3L-NPC PV inverter are 

presented. Simulation and experimental results are presented for MPCC and MPDPC under 

various operating conditions.  

 In chapter-4, development of selective FS-MPC for single-stage grid tied 3L-NPC inverter 

is presented. Simulation and experimental results of selective FS-MPC and conventional 

MPCC are compared under various operating conditions.  

In chapter-5, development of CMPC with CRITIC based objective prioritisation for single-

stage grid tied 3L-NPC inverter is presented and its implementation steps are presented. 

Simulation and experimental results of CRITIC-W-CMPC and conventional MPDPC are 

compared under various operating conditions. 

In chapter-6, PSI based objective prioritisation for single-stage grid tied 3L-NPC inverter 

and its implementation steps are presented. Simulation and experimental results of PSI-W-

CMPC and conventional MPDPC are compared under various operating conditions. 

In chapter-7, overall summary of the results, comparison of active and reactive power 

ripples, % THD of injecting currents for both the conventional and proposed FCS-MPC 

methods are presented. Finally, conclusions and future scope for the work is suggested.  

Table.1.3 A qualitative comparison between the proposed methods 

Description FS-MPC CRITIC-W-CMPC PSI-W-CMPC 

Constraints Inclusion Design Specific Easy to include Easy to include 

Weight Selection Eliminated Simple and intuitive Simple and intuitive 

Dynamic performance Fast Fast Fast 

Computational Complexity 

(Comparatively)  

 

Low 

 

High Medium 

Computational burden 

(Comparatively) 

Low 

 
High Medium 

Weights Selection approach Eliminated Dynamic & Online Dynamic & Online 

 
 



 

  

 

 

 

 

 

 

 

 

 

Chapter-2                                                                  
FCS-MPC for Grid Tied 3L-NPC Inverter 
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2.1 Introduction 

Multi-level inverters are well proven technology for efficient energy conversion in high-

power industrial applications [65], [67], [68], [90]. The most popular and well-established 

multi-level inverter topologies are diode neutral point clamped (NPC), cascaded H-bridge 

(CHB) and flying capacitor (FC) type. Out of these, NPC topology is one of the most widely 

used multilevel inverter in the industrial applications. In particular, the three-level NPC (3L-

NPC) inverter is most promising due to its higher power capability, higher output levels, 

small size of DC buses, less number of components required (compared to five-level and 

seven-level topologies) and reduced total harmonic distortion [114]. The applications of 

commercially available 3L-NPC inverter includes static synchronous compensators 

(STATCOMs), electric traction system, marine propulsion system, high power motor drives, 

wind energy conversion systems (WECS) and solar photovoltaic energy conversion systems 

(SPECS). Most of these applications include current/power control based on linear 

proportional integral (PI) controller with carrier/space-vector pulse width modulation 

(CPWM/SVPWM) techniques or a non-modulator based hysteresis current/power controllers 

[25]. The typical issues of 3L-NPC inverter are DC-link capacitor voltage balancing, active-

reactive power tracking under various power factor operating conditions, high dv/dt due to 

fast switching actions of semiconductor devices and also the higher switching losses. Control 

of these objectives with the classical controllers and modulation techniques incur high design 

complexity.  

To accomplish the above mentioned requirements in-concert, multi-objective FCS-MPC 

is one of the attractive control alternative for the classical approaches [77]–[80]. FCS-MPC 

refers to a controller that explicitly uses the model of the system to select an optimal control 

action for the defined objective constraints. The enumerated search for optimal control 

action within the admissible switching states of the converter is simple and straightforward. 

Hence, the implementation of FCS-MPC can be extended for wide variety of applications 

with multiple constraints.  

In this chapter, a detailed design procedure of generalized FCS-MPC for a grid-tied 3L-

NPC inverter is presented. There are two important variants of FCS-MPC for grid-tied 

inverters namely: model predictive current control (MPCC) and model predictive direct 

power control (MPDPC) [115]–[117]. The main objectives of these control approaches are 

current tracking for MPCC, active-reactive power tracking for MPDPC, and DC-link 
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capacitor voltage balancing. Depending on the requirement, the secondary objectives such as 

common mode voltage (CMV) reduction and switching frequency minimization can be 

included into the objective function. The performance of these MPCC and MPDPC 

approaches are experimentally verified on the laboratory scale setup and the results are 

compared with the classical PI-SVM and LUT-DPC approaches. 

2.2  Modeling of grid-tied neutral point clamped inverter. 

FCS-MPC requires the discrete time model of the system and the objectives required to 

be controlled are expressed in terms of switching states. The detailed models of 3L-NPC 

inverter, modeling of DC-link, modeling of grid and modeling of CMV are presented in the 

following sub-sections. 

2.2.1  Modeling of 3L-NPC inverter. 

The schematic diagram of three-phase grid-tied 3L-NPC inverter is shown in Fig.2.1. 

This 3L-NPC inverter is composed of three-legs with four controlled switches and two 

clamping diodes in each leg. Out of the four controlled switches two pair of switches (Gxy) 

has the complementary switching action with the remaining two ( xyG ) in each phase x {a, 

b, c} and pair y{1,2}. The gating signals for the pair of switches in each phase-x are 

represented as x
yg . Further, the DC-link side of the inverter consists of two split-capacitors C1 

and C2 providing a neutral point N0 at the centre.  

 

Fig.2.1. Schematic of grid-tied three-phase 3L-NPC. 

Rf vgabc1( )dcv k

2( )dcv k

1aG

2aG

1aG

iga
Lf

dcv k( )
igb

igc

1bG

2bG

1cG

0N
nN

2aG 2bG

2bG 1cG

2cG

2cG

Three-level NPC InverterDC Link

+
-

1aD

2aD

1bD

2bD

1cD

2cD



 

32 

 

The voltages across the DC-link capacitors C1 and C2 are denoted as Vdc1 and Vdc2, 

respectively. The clamping diodes of each phase are connected to the neutral point N0. 

The operating states of each phase are represented as [P], [O] and [N], where the 

switching state ux is given as 

  

x x
1 2

x x
x 1 2

x x
1 2

[ P ]      if g  is  ON    & g  is  ON

u [ O ]      if g  is  OFF  & g  is ON

[ N ]     if g  is  OFF  & g  is OFF




 

     

(2.1) 

Fig.2.2 shows the active devices of each switching state ux. The output voltage of a phase-

leg with reference to the neutral point N0 (pole voltage) for each switching state is given in 

Table.2.1. As the output voltage levels are +Vdc/2, 0 and –Vdc/2, the inverter is referred as a 

three-level inverter.  

Table.2.1. Output voltage of a phase-leg with reference to the neutral point N0 

Switching 

State 

Device Switching Status 
VANo a

1g  a
2g  a

1g  a
2g  

P 1 0 0 1 +Vdc/2 

O 0 1 0 1 0 

N 0 1 1 0 -Vdc/2 

 

On considering all the three-phases, there exists 27 (33) admissible switching states for a 

3L-NPC inverter. The distribution of these switching states in space-vector plane is shown in 

Fig.2.3. These 27 switching states generate 19 different voltage vectors. Out of these 19 

voltage vectors, one zero vector is generated by three switching states {OOO, PPP, and 

NNN}, six small vectors are generated by twelve switching states {POO, PPO, OPO, OPP, 

OOP, POP, ONN, OON, NON, NOO, NNO and ONO}, six medium vectors are generated 

by six switching states {PON, OPN, NPO, NOP, ONP and PNO} and six large vectors are 

generated by six switching states {PNN, PPN, NPN, NPP, NNP, and PNP}. 

The phase voltages and line voltages of the 3L-NPC inverter defined in terms of the 

capacitor voltages Vdc1 and Vdc2 and switching state ux are given as: 

 

   1 2 1 2

2 1 1 2 1 1

1 2 1 1 2 1
6 6

1 1 2 1 1 2

ia

c c c c

iabc ib x x

ic

v
V V V V

v v u u

v

        
                 

            

  
 (2.2) 
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1 2

1 1 0 2 1 1

0 1 1 1 2 1
2 2

1 0 1 1 1 2

ia ib

x x x x

L ib ic c c

ic ia

v v
u u u u

v v v V V

v v

        
                 

            

   


 (2.3) 

Where  , ,x a b cu u u u





and , ,x a b cu u u u


   


. 

The output voltage vector of the three-phase 3L-NPC inverter in αβ reference frame is 

given as: 

    
 22

3
iao ibo icov v av a v  

 
     (2.4) 

Where   1
1 2

2

 
x

ixo dc dc x

g
v v v

g

 
  

 
, and

2

3
j

a e





.  

The three-phase inverter output voltages corresponding to each switching state is given in 

Table.2.2. 

2.2.2 Modeling of DC-link 

The DC-link model of the 3L-NPC inverter includes, neutral point voltage Vn(t) and the 

capacitor currents ic1(t) and ic2(t). In order to ensure proper operation of the 3L-NPC inverter, 

the neutral point voltage Vn(t) must be maintained at zero potential. This can be achieved by 

regulating the charge status of the capacitors C1 & C2 and indeed the voltage across each 

capacitor Vdc1 & Vdc2, respectively.  

The dynamics of neutral point voltage Vn(t) and the capacitor voltages Vdc1 & Vdc2 are 

given as 

   

1 2( ) ( ) ( )n c cdV t dV t dV t

dt dt dt

 
  
 

     

(2.5) 

   

1 1 1
1

1

2 2 2
2

2

( ) ( ) ( )

( ) ( ) ( )

dc c c
c

dc c c
c

dV t di t i t
r

dt dt C

dV t di t i t
r

dt dt C


  



 
      

(2.6) 

Where, rc1, rc2 are equivalent series resistance (ESR) of capacitors C1 and C2, respectively. 
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                               (a)                                                                                   (b) 

 

(c) 

Fig.2.2. Active devices based on direction of current flow for each state 

On applying the forward Euler’s discretization approach, the discrete-time model of the 

DC-link capacitor voltages is obtained as: 

  

 

 

1 1 1 1 1 1

1

1
1 0 0 0

1

( 1) ( ) ( ) ( 1) ( )

( ) ( ) ( 1) ( )
2 2

1

1

p S
dc dc c c c c

drop due to ESR of C

S c
dc

drop due to ESR of C

T
V k V k i k r i k i k

C

T r
              V k i k i k i k

C

     

    




   

(2.7) 

  

 
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2 2 2 2 2 2
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2 0 0 0

2
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2

2

p S
dc dc c c c c

drop due to ESR of C

S c
dc

drop due to ESR C

T
V k V k i k r i k i k

C

T r
               V k i k i k i k

C

     

    
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where, 1( 1)p
dcv k ,and 2 ( 1)p

dcv k   are the predicted variables with Ts sampling period. The 

midpoint DC-link current i0= (iC2 – iC1) in (2.7) & (2.8) can be estimated by using the 

measured line currents and the switching states of the inverter as  

  
( ) ( ) ( ) ( ) ( ) ( ) ( )o oa ga ob gb oc gci k g k i k g k i k g k i k          (2.9) 

where, gox=1 if ux=0 and gox=0 if ux≠0. 

 

Fig.2.3. Space vector plane of 3L-NPC inverter 

2.2.3 Modeling of grid 

A simplified representation of a three-phase grid-tied inverter interfaced with L-filter is 

shown in Fig.2.4. The dynamics of the grid-tied inverter is described as: 

   

( )
( ) ( ) ( )

gx

ix gx f gx f

di t
v t v t R i t L

dt
        (2.10) 

Where vix(t), vgx(t) and igx(t) are the inverter phase voltage, grid voltage and grid currents, 

respectively. Here, Lf is the interfacing filter inductor with the parasitic resistance Rf. 

From Eq. (2.10), the dynamics of grid currents in αβ reference frame is given as: 

  
 

( ) 1
( ) ( ) ( )

g f

i g g

f f

di t R
v t v t i t

dt L L


    


 

     (2.11) 
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Table.2.2. 3L-NPC inverter output voltages for each switching state 

Space vector Switching State Vector Classification Vector Magnitude 

0v


 PPP, OOO, NNN Zero vector 0 

 P-type N-type 

Small vector dc

1
V

3
 

1v


 
1Pv


 POO  

1Nv


  ONN 

2v


 
2Pv


 PPO  

2Nv


  OON 

3v


 
3Pv


 OPO  

3Nv


  NON 

4v


 
4Pv


 OPP  

4Nv


  NOO 

5v


 
5Pv


 OOP  

5Nv


  NNO 

6v


 
6 Pv


 POP  

6Nv


  ONO 

7v


 PON 

Medium vector dc

1
V

3
 

8v


 OPN 

9v


 NPO 

10v


 NOP 

11v


 ONP 

12v


 PNO 

13v


 PNN 

Large vector dc

2
V

3
 

14v


 PPN 

15v


 NPN 

16v


 NPP 

17v


 NNP 

18v


 PNP 

  

 

The discrete format of Eq. (2.11) is given as: 

  

 ( 1) ( ) ( ) 1 ( )s fp s
g i g g

f f

T RT
i k v k v k i k

L L
   

 
      

 

  
   (2.12) 
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Where, [ ]g g gi i i  



, [ ]g g gv v v  




 and [ ]i i iv v v  



 are the grid current 

vector, grid voltage vector and inverter voltage vector in αβ frame respectively. 

 

Fig.2.4. Simplified representation of a grid tied inverter. 

2.2.4 Modeling of common-mode voltage 

The CMV of a grid-tied 3L-NPC inverter exists between the neutral-point of the grid (n) 

and the split-point of the DC-link capacitors (N0). The CMV of 3L-NPC inverter is 

expressed as: 

    
0

1

3
cm nN ixo

x abc

v v v


        (2.13) 

From Eq. (2.13), it can be seen that the value of CMV depends on the switching 

states/gating signals of the inverter. The CMVs for the available switching states of 3L-NPC 

inverter are given in Table.2.3. It can be observed that the CMV of six medium voltage 

vectors {PON, PNO, OPN, ONP, NPO, NOP} and three zero vectors {PPP, NNN, OOO} 

are found to be zero. Hence, with proper selection of switching states, the CMV of the 

inverter can be reduced to zero. 

2.3 Control strategy 

FCS-MPC scheme for a grid-tied 3L-NPC is shown in Fig.2.5. The design procedure of 

FCS-MPC scheme mainly includes three-major stages namely; measurement/estimation of 

feedback variables, prediction of control variables and optimization of objective-function. In 

the first stage, the variables required for prediction or reference generation are measured by 

using the sensors. If the direct measurement is not possible then they are estimated. Further 

in the second stage, the future behaviour of the required control variables are predicted for 

finite number of control actuations within the given range of prediction horizon. Finally, an 

objective function is defined with the control objectives to evaluate the optimal control 

nN0N



 

38 

 

action required for the next sampling period. The detailed steps involved in the design of 

FCS-MPC scheme is presented in the following sub-sections. 

Table.2.3. CMVs of 3L-NPC inverter for corresponding switching states 

 Switching States Common-mode voltage (CMV) 

Large vectors 
PPN, NPP, PNP Vdc/6 

NNP, NPN, PNN -Vdc/6 

Medium vectors 
PON, PNO, OPN, 

ONP, NPO, NOP 
0 

Small Vectors 

PPO, OPP,POP Vdc/3 

ONN, NON, NNO -Vdc/3 

POO, OPO, OOP Vdc/6 

OON, ONO, OON -Vdc/6 

Zero vectors 

PPP Vdc/2 

NNN -Vdc/2 

OOO 0 

 

2.3.1 Measurement/estimation of variables 

The direct measurement of feedback variables is required for the implementation of FCS-

MPC technique. However, if the measurement is not possible then the signals are required to 

be estimated. The main objective of grid-tied inverters is to regulate the active and reactive 

power injected into the grid. The active and reactive power injecting into the grid can be 

regulated directly by using currents or powers as the control variables. Further, from the 

perspective of NPC topology, DC-link capacitor voltage balancing is also equally important 

for the proper operation of the inverter. Hence, the objectives of current/power tracking and 

DC-link capacitor voltage balancing are considered as the main control objectives in the 

implementation of FCS-MPC for grid-tied 3L-NPC inverter. In order to achieve these 

control objectives, the instantaneous grid voltages, grid currents, DC-link capacitor voltages 

and the neutral point current are required to be measured. Though the neutral point current is 

directly available for the measurement, the value of neutral point current required for the 

present sampling period can be estimated by using Eq. (2.9), hence the cost incurred for the 

measurement can be avoided. 

2.3.2 Prediction of control variables 

The implementation of FCS-MPC for grid-tied inverter requires the prediction of control 

variables for the admissible switching states of the inverter. The future behaviour of control 
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variables are predicted for the given range of prediction horizon of the control algorithm. 

One-step ahead prediction (i.e., Np=1) is the simplest predictive control technique used for 

power converters. The 3L-NPC inverter consists of 27 admissible switching states generating 

a total of 19 voltage vectors as given in Table.2.2. Prediction of grid-currents and DC-link 

capacitor voltages with one-step ahead prediction can be obtained by using following 

relations 

 
 ( 1) ( ) ( ) 1 ( )s fp s

g i g gmm
f f

T RT
i k v k v k i k

L L
   

 
      

 

  
   (2.14) 
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p S
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V k V k i k

C
        (2.15) 

   
2 2 0

2

( 1) ( ) ( )
2

p S
C c mm

T
V k V k i k

C
        (2.16) 

Where m represents the inverter switching states {S1, S2, .... S27}.  

 

Fig.2.5. Predictive control of grid tied 3L-NPC inverter 
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2.3.3 Objective function optimization 

An objective function is formulated to track the relative closeness of the predicted control 

variables with respect to their reference for each control action of the inverter. The optimal 

control action is the one which gives the minimum value of the objective function. In FCS-

MPC for grid-tied inverters, injecting currents/power and DC-link capacitor voltages are the 

two main control variables to regulate, where the corresponding control objectives are 

defined as:  

  

* *( ) ( 1) ( 1) ( 1) ( 1)p p
i g g g gk i k i k i k i k               (2.17) 

  

* *( ) ( 1) ( 1) ( 1) ( 1)p p
S g g g gk P k P k Q k Q k            (2.18) 

   1 2( ) ( 1) ( 1)p p
vdc dc dck v k v k         (2.19) 

Since the magnitudes and units of these control variables are diverse from each other, 

weighting factors are assigned to maintain the relative importance among the objectives in 

the objective function. An objective function defined with these control objectives for one-

step ahead prediction is given as: 

    
( ) ( ) ( )i dc vdck k k    

   

 (2.20) 

    
( ) ( ) ( )S dc vdck k k    

   

 (2.21) 

where, λdc is the weighting factor for DC-link capacitor voltage balancing. The optimal 

switching state is obtained by minimizing the objective function as given below 

     1 27,.....
arg  ( )minopt

s s
S k     (2.22) 

2.3.4 Delay compensation 

In case of computer based simulation of FCS-MPC, the time incurred in the measurement 

of feedback signals, predictions and optimization of objective function is zero. Hence the 

optimal switching state determined is applied at (kth) sampling instant which minimizes the 

error at (k + 1) sampling instant as shown in Fig.2.6 (a). This is usually known as one-step 

ahead prediction algorithm. All the 27 switching states of the 3L-NPC will be used for 

predictions and objective function optimization.  
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On the other hand, implementation of FCS-MPC in real-time processor requires 

considerable time for the measurement, computation and generation of switching states 

[118]. This time delay involved in the realization of optimal switching state deteriorates the 

performance of the inverter [119]. Hence, the concept of delay compensation is introduced in 

the FCS-MPC to overcome the delay caused by the digital signal processor (DSP). The 

implementation of delay compensation is shown in Fig.2.6 (b). 

In general, a two step ahead prediction horizon is considered for delay compensation. In 

order to realize two-step ahead prediction horizon for 3L-NPC, a total of 729 (272) switching 

combinations will be considered for predictions and objective function optimization.  

 
 ( 2) ( 1) ( 1) 1 ( 1)s fp s

g i g gmm
f f

T RT
i k v k v k i k

L L
   

 
         

 

  

 

(2.23) 

   
1 1 0

1

( 2) ( 1) ( 1)
2

p S
C c mm

T
V k V k i k

C
        (2.24) 

   
2 2 0

2

( 2) ( 1) ( 1)
2

p S
C c mm

T
V k V k i k

C
        (2.25) 

However, this type of approach leads to the high computational burden on the DSP. To 

overcome this problem, a modified two-step ahead prediction algorithm is proposed in [120].  

In this approach, the same switching state is used for prediction in (k + 1) and (k + 2) 

sampling instants. As a result, the number of switching state combinations in the modified 

two-step ahead prediction algorithm is reduced to 27 as shown in Fig.2.6 (c). 

 
 ( 2) ( ) ( ) 1 ( 1)s fp s

g i g gmm
f f

T RT
i k v k v k i k

L L
   

 
       

 

  
  (2.26) 

   
1 1 0

1

( 2) ( ) ( 1)
2

p S
C c mm

T
V k V k i k

C
        (2.27) 

   
2 2 0

2

( 2) ( ) ( 1)
2

p S
C c mm

T
V k V k i k

C
       (2.28) 

2.4 Significance of weighting factor selection  

FCS-MPC is one of the advanced control technique which provides a systematic solution 

for multi-variable constrained control of power electronic applications. In order to achieve 
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multi-objective control with FCS-MPC, an objective function is defined with the desired 

control objectives. Since the control objectives are of different nature (voltage/ current/ 

power/ switching states etc.,), the relative importance between these objectives are 

maintained by using the weighting factors. These weighting factors directly impact the 

selection of switching state required for the inverter. Hence, the weighting factors have to be 

selected properly.  

 

(a)                                                                           (b) 

 

(c) 

Fig.2.6.  (a) One step ahead prediction (b) two step ahead prediction (c) simplified two step ahead 

predictions 

In general the control objectives are classified into two types i.e., equally important and 

secondary objective terms. As a case of grid-tied 3L-NPC inverter in this work, the 

current/power tacking objective and DC-link capacitor voltage balancing objective are 

considered as the equally important objectives; whereas, the objectives of CMV reduction, 

switching frequency reduction etc., are considered as secondary objectives. The correlation 
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between these objectives is intermittent; hence, increase in weighting factor of one control 

objective doesn’t necessarily lead to an optimal control. This conflicting characteristics and 

intermittent correlation between the various control objectives makes the selection of 

weighting factors more complex. 

In most of the cases empirical method is used for the selection of suitable weighting 

factor which requires a number of simulation and experimental trails. To address this, few 

guidelines were presented based on branch and bound algorithm [91] and weighting factor 

based on nominal values of individual control objectives was given in [96]. These two 

approaches require further tuning of weighting factors in the real-time implementation. 

Further, selection of suitable weighting factor becomes difficult with inclusion of additional 

control objective into the objective function. Hence, MCDM methods are introduced for the 

selection of weighting factors as it becomes simple and straightforward compared to 

previous two methods. 

2.4.1 Branch and bound algorithm 

Branch and bound algorithm is used to reduce the number simulation and experimental 

trails for the selection of suitable weighting factor [91]. The implementation of the branch 

and bound algorithm is shown in Fig.2.7. Here, M1 and M2 are the control parameter errors in 

the objective-function. M1 is considered as primary control parameter error term and M2 is 

considered as secondary control parameter error term. is the weighting factor used for the 

secondary error term to maintain the relative balance between control parameters in the 

objective-function. In this method initially,  is selected with a couple of initial values (= 

0.1 and 10). Based on these initial values, different orders of are selected for the evaluation 

of error terms M1 and M2 in the objective-function. The values for are selected as 0.1, 1 

and 10. Based on the values obtained for M1 and M2, the range of is rearranged to 0.1 ≤ ≤ 

1 and the values for M1 and M2 are evaluated for = 0.5 (i.e., half of the selected range). By 

repeating this procedure, the final range for weighting factor is selected as 0.1 ≤ ≤ 0.25. By 

selecting the valuein between the above ranges, satisfactory error limits are obtained for 

both M1 and M2.  However, this approach becomes complex due to the inclusion of 

additional control parameters into the objective-function. 
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Fig.2.7. Branch and bound algorithm for weighting factor selection 

2.4.2 Weighting factor selection based on MCDM methods 

Multi-criteria decision making (MCDM) methods are mainly used for complex decision-

making problems with conflicting criteria. MCDM methods can be used to simplify the 

weighting factor selection in the objective function of FCS-MPC due to its ability to select 

an optimal alternative from various available alternatives to achieve the required criteria. To 

implement MCDM methods, a single performance index is obtained by assigning the 

suitable weights to the individual criterion. In each MCDM method, different approaches are 

used to obtain the single performance index. To select appropriate weights for the individual 

criterion in the performance index, several weighting selections based on subjective and 

objective approaches are available [108]. In case of subjective approach, the design engineer 

has to select the priority coefficients to simplify the selection of weighting factors with his 

expertise. The selected weights are fixed irrespective of the operating conditions of the 

application. Few subjective weighting factor methods based on fuzzy multi-criteria decision 

making method (FMCDM), analytic hierarchy process (AHP), simple additive weighting 

(SAW), grey relational analysis (GRA), VlseKriterijuska Optimizacija I Komoromisno 

Resenje (VIKOR) and technique for order of preference by similarity to ideal solution 

(TOPSIS) for FCS-MPC are available in the literature [121]–[125]. The priority coefficients 

are constant and maintain a fixed correlation among the control objectives irrespective of the 

operating conditions. As a result, the tracking performance of each control variable varies 

with the operating conditions. 
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To overcome these problems, objective weighting methods are used in this research work. 

To implement these methods for online objective-function optimization, the selected 

methods should be simple, compatible with online optimization and able to implement in 

available digital control platforms. Several objective weighting factor methods are available 

in the literature, however based on these measures, two simple MCDM methods namely: 

criteria importance through inter-criteria correlation (CRITIC) and preference selective 

weighting methods are implemented for a single-stage grid-tied 3L-NPC PV inverter.  

2.5 Implementation of predictive control for grid-tied inverter 

The flowchart for the implementation of generalized FCS-MPC approach with two-step 

ahead prediction for grid-tied 3L-NPC inverter is shown in Fig.2.8 and the corresponding 

steps are given below. 

Step I. Measure instantaneous grid voltages vab(k) and vbc(k); grid currents ia (k) and ib 

(k) and DC-link capacitor voltages vdc1 (k) and vdc2 (k). 

Step II. Convert the grid voltages and currents from natural (abc) frame to stationary 

orthogonal (αβ) frame, ( ),  ( )g gv k i k 


. Estimate the fundamental positive 

sequence component of grid voltages ( )gv k
 . 

Step III. Obtain the reference control variables ( * ( )gi k


, or active power P* & reactive 

power Q*). 

Step IV. Estimate the positive sequence voltages for (k + 2) period by using Lagrange’s 

extrapolation approach as given in Eq. (3.26). 

Step V. Predict the control variables ( ( 2)p
gi k 


, or active power P*(k + 2) & reactive 

power Q*(k + 2)).   

Step VI. Define the objective function ( )k  with the control objectives. 

Step VII. Evaluate the objective function defined for all the admissible switching states and 

obtain the optimal switching state which minimizes the objective function.  

2.6 Simulation results 

In order to validate the effectiveness of FCS-MPC, a detailed simulation studies are 

carried by using MATLAB/Simulink. The system parameters used for simulation and 

experimental studies are given in Table.2.4.  The test results for MPCC and MPDPC are 
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presented for steady-state and dynamic operating conditions. In order to validate its 

effectiveness, results are compared with classical linear PI controller with SVM (PI-SVM) 

and lookup table based direct power control (LUT-DPC) for current & power control 

respectively. The principle of classical control techniques are presented in appendix. 

 

Fig.2.8. Flowchart for generalized implementation of FCS-MPC for grid tied 3L-NPC inverter 

2.6.1 Steady state response with current control strategies 

The steady state current injection with PI–SVM and MPCC approaches are shown in 

Fig.2.9. The DC-link voltage is set to 180 V and maintained balanced at 90 V per capacitor. 
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The switching frequency of PI-SVM approach is taken as 5 kHz. In order to generate the 

same average switching frequency with MPCC, the sampling rate of the 20 kHz is 

considered. For a current injection of 4.8 A, the waveforms for PI-SVM and MPCC are 

illustrated in Fig.2.9 (a) and Fig.2.9 (b), respectively. The objective function in the MPCC is 

defined with current tracking and DC-link voltage balancing. The percentage total harmonic 

distortion (%THD) of injecting currents and the inverter voltage are shown in Fig.2.10 and 

Fig.2.11, respectively. The %THD of the injecting currents and the inverter voltages with 

both the control approaches are approximately same. However, the MPCC has a spread 

spectrum compared to PI-SVM. 

Table.2.4. System parameters 

Parameter Simulation Experiment 

Grid Details 

Grid voltage 85 V rms (L-L) 85 V rms (L-L) 

Grid frequency 50 Hz 50 Hz 

Feeder resistance 0.1  0.1   

Feeder inductance 0.5 mH 0.5 mH 

VSC details 

Filter resistance 0.5   0.5   

Filter inductance 3 mH 3 mH 

Vdc (min) 150 V 150 V 

Cdc (C1=C2=C) 4700 F 4700 F 

Sample time 50 s 50 s 

 

2.6.2 Dynamic response with current control strategies. 

The dynamic response for step-change in current reference with both the control 

strategies is shown in Fig.2.12. The DC-link voltage is set at 180 V. A step change in current 

from 3 A to 6 A peak at 0.305s is applied. MPCC will have faster dynamics however for 

comparison the PI controller values are tuned to obtain the comparable dynamics. The 

dynamics of injecting currents with both the control approaches are approximately similar 

and the DC-link voltages are also well balanced. However, MPCC has strictly regulated the 

capacitor voltage balanced compared to the PI-SVM. 
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     (a)                                                                             (b) 

Fig.2.9. Simulation results for steady state waveforms with (a) PI-SVM (b) MPCC 

 
(a)                                                                       (b) 

Fig.2.10. Simulation results for %THD of injecting currents with (a) PI-SVM (b) MPCC. 

2.6.3 Steady state response with power control strategies. 

The results for steady state power injection with LUT-DPC and MPDPC are shown in 

Fig.2.13. Both the control strategies are variable switching frequency approaches, hence to 

achieve same average switching frequency of 5 kHz the sampling frequency is taken as 20 

kHz. The results for active power injection of 1200 Watts with reactive power reference of 0 
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Var for LUT-DPC and MPDPC are shown in Fig.2.13 (a) Fig.2.13 (b), respectively. The 

DC-link voltage is set to 180 V. The hysteresis band for active power, reactive power and the 

DC-link voltages in LUT-DPC are considered as 50 Watts, 50 Var and 1V respectively. 

Similarly, the objective function in MPDPC is framed by using active-reactive power 

tracking and DC-link capacitor voltage balancing. The weighting factor for the DC-link 

capacitor voltage balancing is selected based on branch and bound algorithm. It can be 

observed that both the control approaches have balanced the DC-link capacitor voltages at 

90 V. The % THD of injecting currents with LUT-DPC and MPDPC are shown in Fig.2.14 

(a) and Fig.2.14 (b), respectively. From the results it can be seen that the MPDPC has a 

lower current THD and strict DC-link capacitor voltage balancing compared to the classical 

LUT-DPC. 

 
     (a)                                                                           (b) 

Fig.2.11. Simulation results for %THD of inverter voltages with (a) PI-SVM (b) MPCC 

2.6.4 Dynamic response with power control strategies. 

The dynamic response for step-change in reactive power reference from +600 Var to -600 

Var with an active power reference of 600 Watts with both the control strategies is shown in 

Fig.2.15. Similar to the steady state the DC-link voltage is set to 180 V. From the results, it 

can be seen that the MPDPC has a faster dynamics compared to the LUT-DPC. 
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     (a)                                                                            (b) 
Fig.2.12. Simulation results for dynamic response of current with (a) PI-SVM (b) MPCC 

 
     (a)                                                                              (b) 

Fig.2.13. Simulation results for steady-state response of current with (a) LUT-DPC (b) MPDPC 
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     (a)                                                                          (b) 

Fig.2.14. Simulation results for %THD of current with (a) LUT-DPC (b) MPDPC 

 

        (a)                                                                         (b) 

Fig.2.15. Simulation results for dynamic response of current with (a) LUT-DPC (b) MPDPC 

2.6.5 Impact of weighting factor on DC-link capacitor voltage balancing 

In order to understand the impact of weighting factor on the capacitor voltage balancing, 

an unbalanced loading on DC-link is applied. A resistor of 50 Ω is connected across one of 

the DC-link capacitor and the weighting factor λdc is changed from 0.1 to 0 and back to 0.1 at 

time t=0.2 s and 0.24 s, respectively. The result for change in DC-link capacitor voltages 

with change in weighting factor is shown in Fig.2.16. It can be seen that the DC-link 

capacitor voltages deviate with its reference as the weighting factor is changed to zero and 

gets balanced again after applying the weighting factor. 
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Fig.2.16. Simulation results for DC-link capacitor voltage balancing with change in weighting factor 

2.6.6 Impact of weighting factor on CMV mitigation 

Fig.2.17 demonstrates the CMV mitigation for 3L-NPC inverter with MPCC. The 

objective function is defined with current tracking, DC-link capacitor voltage balancing and 

CMV reduction objectives. The weighting factor for capacitor voltage balancing dc is 

adjusted to maintain the DC-link balance even after including the CMV reduction objective. 

Initially the λcm is kept zero, at time t=0.2 s weighting factor cm is changed to 0.018 and at 

t=0.24 s again it is changed to 0.036. The change in CMV with change in cm illustrates that, 

as the weighting factor increases the CMV is reduced. 

 

Fig.2.17. Simulation results for CMV mitigation with change in weighting factor 
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2.6.7 Impact of weighting factor on switching frequency reduction 

The change in switching frequency with change in weighting factor swf for 3L-NPC 

inverter is presented in Fig.2.18. The objective function is defined with current tracking, DC-

link capacitor voltage balancing and switching frequency reduction objectives. Similar to the 

previous case studies, the weighting factor dc for DC-link capacitor voltage balancing is 

initially selected based on branch and bound algorithm. Then it is further tuned to balance 

the capacitors even after inclusion of switching frequency reduction. The change in 

switching frequency with change in swf is illustrated by its impact on converter output. 

Initially the weighting factor swf is kept zero and the average switching frequency Fswa of 

the output voltage is found to be 2.52 kHz. At t=0.2 s the weighting factor is increased to 

0.4, the Fswa is observed to be 1.68 kHz and at t=0.24 s the weighting factor is further 

increased to 0.95 the Fswa of the inverter is observed to be 982 Hz. It can be seen that as the 

weighting factor increases the switching frequency of the inverter decreases and 

correspondingly there is an effect on injecting currents. 

 

Fig.2.18. Simulation results for switching frequency reduction with change in weighting factor 

2.7 Experimental setup. 

The block diagram and the experimental setup used to implement the control of grid-tied 

inverter are shown in Fig.2.19 and Fig.2.20, respectively. The experimental setup consists of 

Chroma 62050H-S Programmable DC source, a 3L-NPC inverter realized by using Siemens 

BSM75GB120DN2 IGBT modules, two current sensors (LA-25 NP), four voltage sensors 

(LV-25) and a dSPACE-DS1104 R&D controller board. A 3L-NPC inverter is interfaced to 

grid through a three-phase filter inductor. The dSPACE DS1104 R&D real-time controller 

board is used to execute the developed control algorithms. The feedback signals measured by 

using voltage and current sensors are fed to the control card via a CP1104 I/O connector 

board. The gating signals are driven through HCPL-3120 gate drive opto-coupler. A digital 

storage oscilloscope (DSO) is used to capture the experimental results.  
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The block diagram of dSPACE-DS1104 R&D controller board is shown in Fig.2.21. The 

main components of this controller board are main/master processor (MPC8240, PowerPC 

603 core, 250 MHz), four multiplexed ADCs (16 - bit), four independent ADCs (12-bit), 

eight DACs (16-bit), two incremental encoder interfaces, 20-bit digital I/Os, serial interface 

(RS232, RS485 and RS442) and one slave DSP (TMS320F240) with built-in PWM signals 

for both three-phase and single-phase PWM outputs. This controller board is placed in the 

32-bit PCI slot of the personal computer (PC) and it requires MATLAB/SIMULINK/RTW 

as a prerequisite. To implement control algorithm in a digital platform, initially it has to be 

developed in MATLAB/SIMULINK environment. In order to communicate SIMULINK 

based control algorithm with induction motor drive, it is necessary to introduce I/O 

interfaces into the model using dSPACE real-time interfacing (RTI) blocks. This will allow 

the simulation to interface with the hardware. A model will be created with SIMULINK and 

RTI blocks using the SIMULINK® Coder™. This generates the C code and the RTI build 

process compiles the generated C code and links the object files and libraries into an 

executable application. This application directly downloads to the real-time processor after 

the compilation (build). The build status is displayed in the MATLAB command window 

and generates four files namely  

PPC  : The real-time application to be downloaded to a Power PC board  

MAP : Map file with address information of variables. 

TRC : Variable description files to use by Control Desk. 

SDF : System description files with reference to PPC, MAP and TRC files 

Using the information from the SDF, control desk can read and write the variables in real-

time. Control desk provides numerous instruments to access, measure and display the 

various parameters in the real-time implementation.  

2.8 Experimental results. 

To validate the effectiveness of MPCC and MPDPC, the experimental test studies are 

conducted on the laboratory scale setup developed. The test scenarios of the experimentation 

are similar to the simulation studies. The results for steady-state and dynamic response of the 

control approaches are experimentally verified and the results are compared with the 

classical PI-SVM and LUT-DPC for current and power control, respectively. 
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Fig.2.19. Block diagram of the experimental setup of grid-tied 3L-NPC inverter 

 

Fig.2.20. Photograph of experimental setup for grid-tied 3L-NPC inverter. 
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Fig.2.21. Block diagram of dSPACE DS-1104 R&D controller board  

The experimental results for steady-state response of PI-SVM and MPCC approaches are 

shown in Fig.2.22 (a) and Fig.2.22 (b), respectively. The DC-link voltage is set to 180 V and 

a reference current of 4.8 A is commanded for injection. The FFT of the injecting currents 

and the inverter output voltage for both the control approaches are shown in Fig.2.23 and 

Fig.2.24, respectively. These results illustrates that, though the injecting currents and inverter 

output voltage with MPCC has a wide spectrum spread up to the sampling frequency, the 

harmonic distortion is low compared to the PI-SVM. 

 

             (a)                                                                     (b) 
Fig.2.22. Experimental results for steady-state response of current (a) PI-SVM (b) MPCC 
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             (a)                                                                     (b) 
Fig.2.23. Experimental results for %THD of current (a) PI-SVM (b) MPCC 

 

       (a)                                                                     (b) 
Fig.2.24. Experimental results for %THD of voltage (a) PI-SVM (b) MPCC 

Further, the dynamic response of PI-SVM and MPCC are verified by applying a step-

change in current from 4 A to 6 A peak. The controller parameters for PI-SVM are tuned to 

obtain comparable dynamics however; MPCC has faster current dynamics comparatively 

which can be seen in Fig.2.25. 

 

       (a)                                                                     (b) 

Fig.2.25. Experimental results for dynamic response of voltage with (a) PI-SVM (b) MPCC 

The experimental results for steady state power injection with LUT-DPC and MPDPC are 

shown in Fig.2.26. Both the control approaches are implemented with a sampling time Ts of 
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50μs. The DC-link voltage is set to 180 V. The hysteresis band for active power, reactive 

power and the DC-link voltages in LUT-DPC are considered as 50 Watts, 50 Var and 0.5 V 

respectively. Similarly, in case of MPDPC the objective function is defined with active-

reactive power tracking and DC-link capacitor voltage balancing objectives. The results for 

active power injection of 800 Watts with reactive power reference of 0 Var for LUT-DPC 

and MPDPC are shown in Fig.2.26 (a) and Fig.2.26 (b), respectively. The FFT of injecting 

currents with LUT-DPC and MPDPC are shown in Fig.2.27 (a) and Fig.2.27 (b), 

respectively. It can be observed that the harmonic spectrum for both the control approaches 

is wide spread. From the results it can be seen that the MPDPC has a lower current harmonic 

distortion compared to the classical LUT-DPC.  

In order to verify the dynamic response of LUT-DPC and MPDPC, a step-change in 

reactive power reference Q*g from +600 Var to -600 Var is observed by keeping active 

power P*g at 600 Watts. Similar to the steady-state the dynamic response of the system is 

observed by keeping the DC-link voltage to 180 V. From Fig.2.28, it can be observed that 

the time taken for the step change in reactive power with MPDPC is approximately 2ms 

which is very fast compared 8ms of the LUT-DPC. Further, a performance comparison of 

MPCC and MPDPC is presented in Table.2.5. 

In order to validate the impact of weighting factor on the capacitor voltage balancing, a 

resistor of 50 Ω is connected across one of the DC-link capacitor. The weighting factor λdc is 

changed from 0.1 to 0 and back to 0.1. The result for change in DC-link capacitor voltages 

with change in weighting factor is shown in Fig.2.29. The deviation in DC-link voltage 

affect the inverter output voltage and hence the injecting currents. It can be seen that the DC-

link capacitor voltages deviate with its reference as the weighting factor is changed to zero 

and gets balanced again after applying the weighting factor.  

 

                    (a)                                                                     (b) 

Fig.2.26. Experimental results for steady-state response of voltage with (a) LUT-DPC (b) MPDPC 
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       (a)                                                                     (b) 
Fig.2.27. Experimental results for %THD of current with (a) LUT-DPC (b) MPDPC 

 

       (a)                                                                     (b) 
Fig.2.28. Experimental results for dynamic response of voltage with (a) LUT-DPC (b) MPDPC 

Further, Fig.2.30 (a) illustrates the CMV mitigation for 3L-NPC inverter with different 

weighting factors. The objective function is defined with current tracking, DC-link capacitor 

voltage balancing and common-mode voltage reduction objectives. The weighting factor for 

capacitor voltage balancing dc is adjusted to maintain the DC-link balance even after 

including the CMV reduction objective. Initially the λcm is kept zero and the corresponding 

CMV is shown in Fig.2.30 (b), then the weighting factor cm is changed to 0.12 and further 

increased to 0.56. The reduction of CMV with cm of 0.12 and 0.56 is shown in Fig.2.30 (c) 

and Fig.2.30 (d), respectively. The reduction in CMV with increase in cm validates that as 

the weighting factor increases the CMV is reduced. 

The change in switching frequency with change in weighting factor swf for 3L-NPC 

inverter is shown in Fig.2.31. Similar to the simulation case study initially the weighting 

factor swf is kept zero and the average switching frequency Fswa of the output voltage is 

found to be 1.48 kHz. On increasing swf to 0.24 the Fswa is observed to be 680 Hz and 

further increased to 1.2 the Fswa of the inverter is observed to be 342 Hz. During this change 

in weighting factor swf  the DC-link voltage balanced by appropriately adjusting the 
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weighting factor dc. It can be seen that as the weighting factor increases the switching 

frequency of the inverter decreases and correspondingly there is an effect on injecting 

currents. 

 

Fig.2.29. Experimental results for DC-link capacitor voltage balancing with change in λdc. 

 

       (a)                                                                     (b) 

 

      (c)                                                                     (d) 
Fig.2.30. Experimental results for CMV mitigation with change in λcm (a) varying λcm (b) for λcm=0 

(c) for λcm=0.12 (d) for λcm=0.56 
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       (a)                                                                     (b) 
Fig.2.31. Experimental results for switching frequency minimization with change in λsfw (a) from 0 to 

0.24 (b) from 0.24 to 1.2 

Table.2.5. Comparison of system performance with MPCC and MPDPC 

Parameter Indices 
MPCC MPDPC 

Sim. Exp. Sim. Exp. 

Current 
% THD 2.43% 2.96% 2.45% 3.01% 

Fund. Mag. 4.79 A 4.45 A 4.78 A 4.36 A 

Inverter 

Voltage 

% THD 40.68% 53.24% 46.68% 64.13% 

Fund. Mag. 95.19 V 93.60 V 96.46 V 94.27 V 

2.9 Summary  

In this chapter, design and implementation of two FCS-MPC schemes namely MPCC and 

MPDPC for grid tied 3L-NPC inverter are presented. The detailed discrete-time model of 

3L-NPC inverter, DC-link, grid and the CMV of the inverter are given in this chapter. The 

main objectives of control considered are current tracking in MPCC, active-reactive power 

tracking in MPDPC along with DC-link capacitor voltage balancing. As the objective 

function contains more than one control variable, the weighting factors are used to maintain 

the relative importance between these objectives. Selection of weighting factor is the only 

parameter to be tuned in the multi-objective FCS-MPC. An empirical method is used to 

select the suitable weighting factor for the DC-link capacitor voltage balancing in the 

objective function. The simulation and experiments results are presented with the selected 

weighting factors. These results are compared with the classical PI-SVM and LUT-DPC for 

current and power control approaches, respectively. The results for steady-state and dynamic 

response of the system with these controllers are presented. The results validate the 

effectiveness of the predictive control approaches in terms of the %THD and the time of 

response.  Further, to incorporate the additional control objective like CMV mitigation and 

switching frequency reduction required for grid tied PV inverters with the classical control 
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approaches is difficult as their design becomes more complex. Compared to the classical 

approaches, the inclusion of additional control objectives with FCS-MPC is simple. The 

additional control objectives are modelled in terms of switching states and included in the 

objective function. However, selection of weighting factors for these multiple objectives 

with the empirical approach is complex. To address this issue, direct optimization method 

and MCDM methods are investigated for the simplification in selection of weighting factors.



 

 

 

 

 

 

 

 

 

Chapter-3                                                         
FCS-MPC for Single-Stage Grid-Tied 

SPECS 
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3.1  Introduction 

The rapid development of solar photovoltaic energy resources has enabled a wide scope 

for the evolution of multi-level inverter topologies and their control techniques. Especially 

with the increase in power ratings, the requirement of high power multi-level inverters 

guarantee lower harmonic distortion, minimization of leakage currents, and higher power 

conversion efficiency etc., to meet the strict grid-codes. Control of multi-level inverter based 

solar photovoltaic energy conversion systems (SPECS) require advanced control strategies to 

meet these requirements. FCS-MPC is one of the advanced control strategies which have 

been emerged recently for the applications of power converters and energy conversion 

systems. The inimitable features of FCS-MPC are: intuitive concept, inherent discrete nature, 

easy inclusion of constraints and fast dynamic response. Compared to the classical 

approaches, FCS-MPC combines the controller and modulation into a single objective 

function optimization to directly generate the switching state. Hence, FCS-MPC is also 

known as “direct model predictive control” (DMPC). A generalized procedure to implement 

the FCS-MPC for grid-tied 3L-NPC inverter is presented in Chapter 2. In this chapter, 

application of MPCC and MPDPC approaches for a single-stage grid-tied 3L-NPC PV 

inverter are introduced and experimentally evaluated. 

3.2 Modeling and design of single-stage grid-tied SPECS. 

A schematic diagram of a single-stage grid-tied 3L-NPC PV inverter is shown in Fig.3.1. 

This system consists of a PV array connected across the floating DC-link of 3L-NPC 

inverter, 3L-NPC VSI, DC-link capacitors C1 and C2, and interfacing filter inductor Lf with 

its internal resistance Rf. The 3L-NPC PV inverter is connected to a three phase grid whose 

voltages and currents are represented as vgx & igx of phase x {a, b, c} respectively. The PV 

array is composed of series (ns) and parallel (np) connected PV panels. Each PV panel 

consists of series-connected (Nss) PV cells. Where, vpv and ipv are the voltage across and 

current through the PV array. The closed loop control of single-stage grid-tied SPECS 

necessitates the regulation of floating DC-link to its reference obtained from the MPPT 

algorithm. A simple perturb & observe (P&O) MPPT algorithm is used to determine the 

reference and a linear PI controller is used to regulate the DC-link voltage. The interfacing 

filter inductor Lf is connected on the AC-side of 3L-NPC inverter. The function of 

interfacing filter inductor is to limit the current ripple in the injected currents. The modeling 



 

64 

 

of PV array and the detailed design of inverter DC-link, interfacing filter inductor (Lf) and 

the DC-link voltage controller are presented in the following sub-sections. 

 

Fig.3.1. Schematic diagram of grid tied 3L-NPC PV inverter 

3.2.1 Modeling of PV array 

The electrical equivalent circuit of the solar PV array is shown in Fig.3.2. The 

mathematical model of the PV array is given as: 
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Where 
pvgi  and 0i  are the light-generated current and saturation current of PV cell 

respectively which are given as: 
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PV output voltage, cell temperature, reference temperature, solar irradiance, reference 

irradiance, band gap energy, electron charge, Boltzmann’s constant, short circuit temperature 

coefficient, diode ideality constant, open circuit voltage, nominal saturation current, series 

and parallel resistance of PV cell respectively. Fig.3.3 illustrates the current vs voltage (I-V 

curve) and power vs voltage (P-V curve) characteristics of PV array at different irradiance 

and temperature levels. 

 

Fig.3.2. Electrical equivalent circuit of PV-array 

 

Fig.3.3. PV-array characteristics 
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3.2.2 Design of DC-link voltage and capacitance 

In order to ensure proper operation of a single-stage grid-tied PV inverter, the minimum 

DC-link voltage (also known as PV cut-in voltage) has to be higher than twice the peak line-

to-line voltage of the grid. An analytical expression describing the selection of minimum 

DC-link voltage of a single-stage grid-tied PV inverter by considering a sinusoidal pulse 

width modulation (SPWM) approach [126] is given as 

    
_min

2 2

3
L L

dc

mi

V
V

m
        (3.6) 

Where, VL-L is the line-line RMS voltage of the grid, and ‘mmi’ is the maximum 

modulation index of the inverter. Generally, the maximum modulation index of the single-

stage PV inverter is selected well below the maximum linear modulation index of m=1 (with 

reference to SPWM) to ensure proper margin for the adjustments in DC-link voltage during 

the transients.  

The DC-link of 3L-NPC inverter consists of two identical split-capacitors C1 and C2 

sharing equal voltages vdc1=vdc2=vdc/2. The effective capacitance (Ceff) across the DC-link is 

Ceff = C1/2 or C2/2. The value of the DC-link capacitance has significant affect on the 

performance of the DC-link voltage controller. In this work, the size of the capacitors is 

selected to meet the criteria’s of 1) stability related to control performance of the application 

and 2) voltage ripple during the transients and abnormal operation. The details are as 

follows: 

1) Stability criteria related to control performance of the application: Single-stage grid-

tied PV inverters are controlled by using a cascaded control scheme. The cascaded control 

scheme consists of outer DC voltage control loop to regulate the DC-link voltage for 

extracting the maximum power and inner current/power control to regulate the active and 

reactive powers injected to the grid. It is been explored that there exist a right-half-plane 

(RHP) pole in the control dynamics of photovoltaic inverter effecting the minimum required 

DC-link capacitance. To achieve the stability in the control and enhance the reliability, 

significant design rules to select the DC-link capacitance are presented in [127]. The design 

criteria and the selection of minimum capacitance required to ensure stable operation as 

presented in [127] are as follows: 
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The minimum value of capacitance is given as 

min

_min

SC
RHP i

pv C

I
C K K

V 


    

(3.7) 

Where KRHP is the safety factor and Ki is the cloud enhancement factor considering the 

worst-case output current of PV generator. ISC and Vpv_min are the short circuit current and 

minimum cut-in voltage of the PV array. Further, ωC is the crossover frequency of the outer 

DC-link voltage control loop and ωgrid is the fundamental frequency of the grid. Both the 

crossover frequency and grid frequency are related as 
C grid gridK  . Here, Kgrid is the grid 

frequency gain. The parameters KRHP, Ki and Kgrid are considered as 2, 1.5 and (0.2–0.7) 

respectively as per the guidelines provided in [127]. 

2) Voltage ripples during the transients and abnormal operation: In this work, the grid-

interfaced 3L-NPC PV inverter is also works as shunt compensator to provide the reactive 

power support to the grid. The main criterion for DC link capacitor sizing is to make sure 

about the converter capability in the regulation of voltage during the transients. The main 

principle involved is the energy stored in the capacitor to a multiplication of the converter 

rated power (Srated) by a specified period of time e.g. 0.5 – 1 cycle [128] The typical relation 

is as follows: 

 2 2
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eff

dc dc

K S T
C

V V



    

(3.8) 

Where, KS is the coefficient that determines the share of converter rating for a specified 

transition period (Ttrans). 

3.2.3 Selection of interfacing filter inductor 

In order to ensure proper tracking of reference injecting currents, the selection of 

interfacing filter inductor value plays a vital role. Interfacing filter inductor is selected based 

on the desired maximum current ripple (∆irp) of injecting currents for a given switching 

frequency and also based on the magnitude of DC-link voltage [129]. The analytical 

expression for the selection of filter inductor can be obtained by volt-second balance of 

inductor dynamics for a given time period as [36], [126], [129], [130] 
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Where, ‘a’ is the scaling/overloading factor, fsm is the maximum switching frequency, and 

mmi is maximum modulation index considered for the inverter. 

3.2.4 Design of DC-link voltage controller 

Design of DC-link voltage controller is one of the key aspects of single-stage grid-tied 

solar photovoltaic systems. In this work, a symmetrical optimum (SO) technique is used to 

design the controller gains [131]. The dynamics of the DC-link voltage controller influences 

the performance of control algorithm. The DC-link voltage dynamics of single-stage grid-

tied SPV inverter is modeled as 
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Where, Cdc is the equivalent DC-link capacitance given as Cdc=C1/2=C2/2 

From Eq. (3.10), the charge status of the DC-link capacitor can be regulated by 

controlling the net power at the DC-link. A controller which regulates the DC-link voltage 

will provide the reference power ( *
gP ) to the inner control loop.  

Considering a PI controller which processes the voltage error with power quantity ( *
gP ) as 

the reference is given as: 
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Where, kp is the proportional gain and Tc is controller time constant. 

The block diagram of the DC-link voltage control loop with power reference is shown in 

Fig.3.4. The inner current/power controller dynamics is given as: 
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Where, Tiσ = 4(Ts +TPWM) is the inner-loop time constant which is designed based on SO 

criterion. 
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The open loop transfer function HoVdc(s) is given as: 
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According to SO, the amplitude and phase plot of HoVdc(s) are symmetrical about the 

crossover frequency ωc. For a given phase margin, the crossover frequency ωc is given as: 
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Where, γ - given phase-margin and a - is the corresponding factor. 

The controller gain kp at gain crossover frequency ωc is given as: 
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Finally, the closed loop transfer function of the DC-link voltage loop is given as: 
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Fig.3.4. Block diagram of DC-link voltage control loop 

3.2.5 Maximum power point tracking algorithm 

Perturb and Observe (P&O) is one of the simplest and commercially accepted MPPT 

algorithms. In this algorithm, the change in PV power upon change in PV voltage is used to 

determine the slope of the operating point. The correction in reference MPPT voltage can be 

achieved in both positive and negative slope regions. The correction in reference MPPT 

voltage is made at a constant sampling rate to track the MPPT irrespective of change in 

operating conditions. This P&O MPPT algorithm is employed to determine the reference 
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voltage for floating DC-link of the inverter. Fig.3.5 shows the flow chart of the P&O MPPT 

algorithm. 

 

Fig.3.5. Flowchart for P&O MPPT algorithm 

3.3 MPCC for 3L-NPC PV inverter. 

The MPCC scheme for a single-stage grid-tied 3L-NPC PV inverter is shown in Fig.3.6. 

The PV array with a series diode is connected across the floating DC-link of the inverter to 

have a unidirectional power flow. The control scheme consists of two-cascaded loops i.e., 

inner predictive current control loop and an outer DC-link voltage control loop. In order to 

extract the maximum power from the PV array, the DC-link voltage has to be regulated to its 

reference obtained from P&O based MPPT algorithm. The DC-link voltage is regulated by 

using the classical proportional-integral (PI) controller. The outer DC-link voltage controller 

provides the reference active power (P*) required to be injected into the grid whereas the 

reactive power reference (Q*) is provided by the grid operator.  

The reference current components for active and reactive power injection are given as 
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Where ,  g gv v 
   are the fundamental positive sequence voltages estimated by using 

second-order generalized integrator (SOGI) [132] at kth instant. 

 

Fig.3.6. MPCC scheme for single stage grid-tied 3L-NPC PV inverter 

The reference currents obtained are extrapolated by using Lagrange’s method to estimate 

their values at (k + 1) and (k + 2) ahead samples by using present and previous sample values 

of currents as presented below 
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    (3.20 a) 
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These reference currents are traced by applying the appropriate voltage vector to the 

inverter. The predictive currents ( 1)p
gi k 


 
in Eq. (2.12) are used to determine voltage vector 

required in (k + 1) state using 27 admissible switching states. However, from the perspective 

of NPC topology, the DC-link capacitor voltage balancing is also an equally important 

objective for achieving the desired performance of the inverter. Hence, the discrete-time 

model of the DC-link capacitor voltages in eq. (2.7) & (2.8) are also used to determine the 

required voltage vector. 

In order to achieve the current tracking and DC-link capacitor voltage balancing in 

concert, their objectives ( )i k  and ( )vdc k , respectively are included in the objective function

( )k . Objective function ( )k  defined with these control objectives are given as 

 

* *
1 2

( ) ( )

( ) ( 1) ( 1) ( 1) ( 1) ( 1) ( 1)

i vdc

p p p p
g g g g dc c c

k k

k i k i k i k i k v k v k   

 

            
 

(3.21) 

Where, λdc is the weighting factor for DC-link capacitor voltage balancing. Since, the two 

control objectives are equally important, the weighting factor λdc is used to maintain the 

relative importance between the control objectives. The objective function defined is 

evaluated for 27 admissible switching states and the switching state which minimizes the 

objective function is selected for generating the voltage vector in the (k +1) sampling period.  

The flowchart for the implementation of MPCC approach for single-stage grid-tied 3L-

NPC PV inverter is shown in Fig.3.7 and the corresponding steps are given as follows.  

Step I. Measure instantaneous grid voltages vab(k) and vbc(k); grid currents ia (k) and ib 

(k); DC-link capacitor voltages vdc1 (k) and vdc2 (k);  PV voltage vpv(k), and PV 

current ipv(k). 

Step II. Convert the grid voltages and currents from natural (abc) frame to stationary 

orthogonal (αβ) frame, ( ),  ( )g gv k i k 


. Estimate the fundamental positive 

sequence component of grid voltages ( )gv k
 . 

Step III. Obtain the required active power (P*) from floating DC-link voltage controller 

and reactive power (Q*) from the grid operator, calculate the reference injecting 

currents * ( )gi k


using Eq. (3.18) & (3.19). 

Step IV. Estimate the reference currents for (k + 1) states by using Lagrange’s 

extrapolation approach as given in Eq. (3.20a). 
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Step V. Predict the grid injecting currents and DC-link capacitor voltages for all the 

admissible switching states of the inverter by using Eq. (2.12), (2.7) & (2.8), 

respectively.  

Step VI. Define the objective function ( )k  with the control objectives of ( )i k  and

( )vdc k  as given in Eq. (3.21). 

Step VII. Evaluate the objective function defined in Eq. (3.21) for all the switching states 

and obtain the switching state which minimizes the objective function. The 

optimal switching state which minimizes the objective function is applied to the 

inverter in the (k + 1) state.  

 

Fig.3.7. Flow chart for MPCC for grid tied 3L-NPC PV inverter 
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3.4 MPDPC for 3L-NPC PV inverter. 

The MPDPC scheme for a single-stage grid-tied 3L-NPC PV inverter is shown in Fig.3.8. 

Similar to the MPCC, the MPDPC scheme also consists of two-cascaded loops i.e., inner 

predictive power control loop and an outer DC-link voltage control loop. In order to extract 

the maximum power from the PV array, the DC-link voltage is regulated to its reference 

obtained from P&O based MPPT algorithm.  

 

     Fig.3.8. MPDPC scheme for single-stage grid tied 3L-NPC PV inverter 

The DC-link voltage is regulated by using the classical PI controller. The outer DC-link 

voltage controller provides the reference active power (P*) required to be injected into the 

grid whereas the reactive power reference (Q*) is provided by the grid operator. Since, the 

reference active and reactive powers obtained are DC quantities; they can be simply 

extrapolated to (k + 1) state as 
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        * * *1 1g g gQ k Q k Q k        (3.23) 

The predictive powers  1p
gP k   and  1p

gQ k  are calculated as 
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Where ( 1)p
gi k 


 is the predictive current obtained from eq. (2.12), and ( 1)gv k
 


 is 

extrapolated grid positive voltage vector as given below 

         1 3 3 1 2g g g gv k v k v k v k   
        

   
   (3.26) 

Objective function ( )k  defined with the power tracking ( )s k  and voltage balancing 

( )vdc k is given as 
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1 2
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( ) ( 1) ( 1) ( 1) ( 1) ( 1) ( 1)

s vdc

p p p p
g g g g dc c c

k k

k P k P k Q k Q k v k v k
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            
 

(3.27) 

Where, λdc is the weighting factor for DC-link capacitor voltage balancing.  

The objective function defined is evaluated for 27 admissible switching states and the 

switching state which minimizes the objective function is selected for generating the voltage 

vector in the (k + 1) sampling period.  

The flowchart for the implementation of MPDPC approach for single-stage grid-tied 3L-

NPC PV inverter is shown in Fig.3.9 and the corresponding steps are given below. 

Step I. Measure instantaneous grid voltages vab(k) and vbc(k); grid currents ia (k) and ib 

(k); DC-link capacitor voltages vdc1 (k) and vdc2 (k);  PV voltage vpv(k), and PV 

current ipv(k). 

Step II. Convert the grid voltages and currents from natural (abc) frame to stationary 

orthogonal (αβ) frame, ( ),  ( )g gv k i k 


. Estimate the fundamental positive 

sequence component of grid voltages ( )gv k
 . 

Step III. Obtain the reference active power (P*) from floating DC-link voltage controller 

and reactive power (Q*) from the grid operator. 
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Step IV. Estimate the positive sequence voltages for (k + 1) period by using Lagrange’s 

extrapolation approach as given in Eq. (3.26). 

Step V. Predict the active, reactive powers and DC-link capacitor voltages for all the 

admissible switching states of the inverter by using Eq. (3.24), (3.25), (2.7) & 

(2.8), respectively.  

Step VI. Define the objective function ( )k  with the control objectives of ( )s k  and

( )vdc k  as given in Eq. (3.27). 

Step VII. Evaluate the objective function defined in Eq. (3.27) for all the admissible 

switching states and obtain the optimal switching state which minimizes the 

objective function. The optimal switching state obtained is applied to the inverter 

in the (k + 1) state. 

 

Fig.3.9. Flow chart for MPDPC for grid tied 3L-NPC PV inverter 
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3.5 Simulation results 

In order to illustrate the performance of MPCC and MPDPC, a detailed simulation studies 

are conducted on a single-stage grid-tied 3L-NPC PV inverter modeled in 

MATLAB/Simulink. The simulations for both the control approaches are carried with a 

sampling period of Ts = 80µs. The system parameters for the simulation and experimental 

studies are given in Table.3.1.  

Table.3.1. System Parameters 

Parameter Simulation Experiment 

Grid Details 

Grid voltage 85 V rms (L-L) 85 V rms (L-L) 

Grid frequency 50 Hz 50 Hz 

Feeder resistance 0.1  0.1   

Feeder inductance 0.5 mH 0.5 mH 

VSC details 

Filter resistance 0.5   0.5   

Filter inductance 3 mH 3 mH 

Vdc (min) 150 V 150 V 

Cdc (C1=C2=C) 4700 F 4700 F 

Sample time 80 s 80 s 

DC-link controller Kp=0.45, Ki=2.5 Kp=0.8, Ki=2 

PV-array details (KC200GT at 1000 W/m2) (Sandia model at 1000 W/m2) 

Voc 194.4 V (32.9V x 6) 231 V 

Isc 8.21 A 7.505 A 

Vmp 158 (26.33 V x 6) 180 V 

Imp 7.61 A 6.67 A 

Pmax 1201 W (200.14 W x 6) 1200 W 

Ns 54 -- 

Nss 6 -- 

Npp 1 -- 

 

A 1.2 kW PV array is considered for the simulation whose current vs voltage (I-V curve) 

and power vs voltage (P-V curve) characteristics at 400 Watts/m2, 700 Watts/m2, 800 

Watts/m2 and 1000 Watts/m2 for are shown in Fig.3.10. For evaluating the performance, the 

system is subjected to various operating conditions. The detailed simulation results for 

MPCC and MPDPC are presented in following sub-sections 
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Fig.3.10. I-V and P-V characteristics of PV array at different irradiance levels 

3.5.1  Simulation results for MPCC 

In this section, the simulation results for MPCC approach are presented. The objectives of 

current tracking and DC-link capacitor voltage balancing are considered for the 

investigation. Initially, in order to validate the maximum power extraction with presented 

MPCC, the single-stage grid-tied SPECS is subjected to change in irradiance as illustrated in 

Fig.3.11. The change in irradiance profile is as follows: the irradiance (G) is kept constant at 

400 Watts/m2 from [0-0.4] s. At 0.4s the irradiance (G) is increased to 800 Watts/m2 and 

reduced back to 400 Watts/m2 at 1 s. The maximum power extracted with 400 Watts/m2 is 

460.5 Watts at 153.2V DC-link voltage and 951.45 Watts with 156.8V at 800 Watts/m2. In 

Fig.3.11, the sub-plots of grid current iga, grid voltage vga, the DC-link voltage Vdc, and the 

capacitor voltages Vdc1 and Vdc2 are plotted corresponding to the change in irradiance. The 

steady state waveforms of these intermediate signals at 800 Watts/m2 with UPF operation 

and 800 watts/m2 with Q* =±600 Var are shown in Fig.3.12, and Fig.3.13, respectively. 

From these results, it can be confirmed that the presented MPCC approach has extracted the 

maximum power corresponding to change in irradiance and also injected the reactive power 

to support the grid based on the reference provided. Further, it can also be observed that the 

objectives of DC-link voltage balancing and current tracking are simultaneously achieved.  

The percentage total harmonic distortion (%THD) of injecting currents with the 

MPCC control approach is shown in Fig.3.14. The %THD of the injecting current is 3.29% 

which is well below the IEEE Std. 1547. 
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Fig.3.11. Simulation results for Power evolution of 3L-NPC PV inverter with MPCC 

 
Fig.3.12. Simulation results of intermediate signals at 800 Watts/m2 with MPCC 

 
(a)                                      (b) 

Fig.3.13. Simulation results for DC-link capacitor voltage balancing with MPCC (a) Q*= 600 Var, at 
G= 800 Watts/m2 (b) Q*= - 600 Var, at G= 800 Watts/m2 
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Fig.3.14. Simulation results for %THD of injecting currents with MPCC 

3.5.2 Simulation results for MPDPC 

In order to validate the maximum power extraction of the SPV system with MPDPC, the 

results for active power evolution with change in irradiance conditions is investigated. The 

PV array in the system is subjected to varying irradiance by keeping reactive power 

reference Q∗ = 0 Var. The objective function is defined with the active-reactive power 

tracking and DC-link capacitor voltage balancing. The scenario of irradiance variation is as 

follows: initially the irradiance is kept at zero Watts/m2 for a time interval of [0-0.2]s during 

which the DC-link voltage is maintained at 150 V (vpv_min). At 0.2 s, the irradiance is 

changed to 400 Watts/m2 and is kept constant until 0.6 s; then it is increased to 700 Watts/m2 

at 0.6 s and then to 1000 Watts/m2 at 1 s. After 1.45 s the irradiance is brought down to 400 

Watts/m2 and then to zero Watts/m2 at 1.75 s. The DC-link voltage is tracked to 153.2 V, 

156.4 V and 157.4 V at 400 Watts/m2, 700 Watts/m2 and 1000 Watts/m2, as a result the 

maximum power of 460 Watts, 840 Watts and 1200 Watts are extracted, respectively. From 

Fig.3.15, it can be observed that the MPDPC scheme has tracked the reference voltage 

provided by the MPPT algorithm and has extracted the maximum power corresponding to 

subjected irradiance. The steady state waveforms of phase voltage (vga), phase current (iga), 

inverter line voltage (Vab) and the active-reactive powers at 400 Watts/m2, 700 Watts/m2 and 

1000 Watts/m2 are shown in Fig.3.16.  

Similar to the active power, the reactive power evolution of PV inverter is shown in 

Fig.3.17. The scenario of change in reactive power reference Q∗ is as follows: a step change 

from 0 Var to -720 Var is applied at 0.8 s, then from -720 Var to +720 Var at 1.6 s and back 

to 0 Var at 2.4 s. During this change in reactive power, a constant 960 W of active power is 
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injected by maintaining the irradiance constant at 800 Watts/m2. It can be seen that, the 

MPDPC control approach has regulated the DC-link voltage of the inverter to 156.9 V even 

after the application of step change in reactive power. The steady state waveform of phase 

voltage (vga), phase current (iga), inverter line voltage (Vab) and the active-reactive powers at 

an irradiance of 800 Watts/m2 with ±720 Var are shown in Fig.3.18. 

 

Fig.3.15. Simulation results for active power evolution of 3L-NPC PV inverter with MPDPC 

 

               
                                          (a)                     (b)                           (c)                 

Fig.3.16. Simulation results at steady-state active power at various irradiances with MPDPC (a) 400 
Watts/m2 (b) 700 Watts/m2 (c) 1000 Watts/m2. 
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Fig.3.17. Simulation results for reactive power evolution of 3L-NPC PV inverter with MPDPC 

 

                                                         (a)                                                 (b) 

Fig.3.18. Simulation results at steady-state reactive power at various irradiances with MPDPC (a) 

Q*= -720 Var, at G= 800 Watts/m2 (b) Q*= 720 Var, at G= 800 Watts/m2. 

The %THD of injecting currents with the MPDPC control approach is shown in Fig.3.19. 

The %THD of the injecting current is 3.50% which is also well below the IEEE Std. 1547. 

3.6 Experimental setup 

The schematic representation of laboratory scale experimental setup is shown in Fig.3.20. 

The experimental study is conducted on a 1.2 kW single-stage grid-tied 3L-NPC PV 

inverter. The PV array in the system is emulated by using Chroma 62050H-S solar array 

simulator. A pre-existing SANDIA model of 1200 Watts at 1000 Watts/m2, with Vmp =180 V 

and Imp =6.667 A is used as the PV configuration. The 3L-NPC inverter is developed by 
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using Siemens BSM75GB120DN2 IGBT modules. This 3L-NPC PV inverter is interfaced to 

grid through a three-phase filter inductor. The dSPACE DS1104 R&D real-time controller 

board is used to execute the developed control algorithms. The grid voltage, grid current, 

DC-link voltages and PV currents are the feedback signals measured by using LEM LV-25 

voltage sensors and LA 25-NP current sensors. These feedback signals are fed to the control 

card via a CP1104 I/O connector board. The gating signals for the IGBT switches are driven 

through HCPL-3120 gate drive opto-coupler.   

 

Fig.3.19. Simulation results for %THD of injecting currents with MPDPC 

3.7 Experimental results 

The experimental results presented for MPCC and MPDPC approaches are to validate the 

functionalities of maximum power extraction, active power injection and reactive power 

support to the grid with the grid-tied PV inverter. Further, from the perspective of 3L-NPC 

inverter, the DC-link capacitor voltage balancing is also illustrated for validating the proper 

operation of the inverter. 

3.7.1 Experimental results for MPCC 

The experimental results for the change in irradiance from 400 Watts/m2
 to 800 Watts/m2 

and vice versa are shown in Fig.3.21 (a). The steady state waveforms of phase current (iga), 

line voltage (vab) and the DC-link capacitor voltages (vdc1 and vdc2) for 800 Watts/m2 are 

shown in Fig.3.21 (b). The DC link capacitor voltage vdc (vdc1 + vdc2) is tightly regulated to 

174.4 V for extracting a maximum power of 960 Watts from the PV array. The results 

confirm the maximum power extraction and DC-link capacitor voltage balancing. 
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Fig.3.20. Grid tied three-level NPC solar photovoltaic inverter 

 

(a)                                                                      (b) 

Fig.3.21. Experimental results for power evaluation of MPCC (a) change in irradiance (b) at 800 

Watts/m2. 

The experimental results for reactive power injection with MPCC are presented in the 

Fig.3.22. The steady state waveforms for operating condition of 800 Watts/m2 with Q* = -

600 Var and Q* = 600 Var are shown in Fig.3.22 (a) and Fig.3.22 (b), respectively. For an 

irradiance of 800 Watts/m2 the active power of 960 Watts are injected by regulating the DC-

link voltage to 174.4 volts. The steady state waveforms include phase current (iga), line 

voltage (vab) and the DC-link capacitor voltages (vdc1 and vdc2). Further, Fig.3.23 illustrates 

the % THD of the injecting current which is observed as 3.45% which is comparable with 

the simulation result. 
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(a)                                                                      (b) 

Fig.3.22. Dc-link voltage balancing during interfacing converter mode with MPCC (a) Q*= 600 Var, 

at G= 800 Watts/m2 (b) Q*= - 600 Var, at G= 800 Watts/m2 

                                  

 
Fig.3.23. Experimental results for %THD of injecting currents with MPCC 

3.7.2 Experimental results for MPDPC 

To verify the maximum power extraction with MPDPC, the test scenario of maximum 

power extraction with rapid change in irradiance by keeping the reactive power reference 

Q∗=0 Var are illustrated in Fig.3.24. The test scenario of varying irradiance is as follows: 

initially the irradiance is kept as zero Watts/m2, after 2s the irradiance is changed to 400 

Watts/m2 and 700 Watts/m2 at 6s. At 10s the irradiance is changed to 1000 Watts/m2 and 

brought down to 400 Watts/m2 after 16s. The DC-link voltages are tracked to 156.1 V, 170.7 

V, and 180 V at 400 Watts/m2, 700 Watts/m2 and 1000 Watts/m2 to extract 460 Watts, 830 

Watts and 1200 Watts, respectively. It can be observed that the outer DC-link voltage is 
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continuously regulated to its reference for extracting the maximum power. 

The reactive power evolution of the PV inverter with MPDPC for sudden change in  

reactive power from -720 Var to +720 Var by keeping irradiance constant at 800 Watts/m2 

are shown in Fig.3.25. The step change in reactive power applied at various time instants are 

as follows: from 0 Var to -720 Var at 2s , -720 Var to 720 Var at 5s and then back to 0 Var at 

8s. It can be observed that the DC-link voltage has a momentary change, however the 

voltage is regulated back to Vmp=174.4 V for extracting the maximum power of 960 Watts. 

The results validate that the MPDPC approach is extracting the maximum power from the 

PV array even after the inverter is subjected to sudden change in reactive power.  

The steady state waveforms of active power (Pinj), reactive power (Qinj), injecting currents 

(iga), capacitor voltages (Vdc1 and Vdc2) and the inverter line voltage (Vab_inv) at various 

operating conditions are shown in Fig.3.26 and Fig.3.27. Further, Fig.3.28 shows the % THD 

of the injecting current which is observed as 4.57% which is comparable with the simulation 

result. Further, a performance comparison of MPCC and MPDPC is presented in Table.3.2. 

 

Fig.3.24. Experimental results for active power 
evolution with MPDPC 

 

Fig.3.25. Experimental results for reactive power 
evolution with MPDPC 
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       (a)                              (b) 

 

(c) 

Fig.3.26. Experimental results at steady-state for various irradiances with MPDPC (a) 400 Watts/m2 

(b) 700 Watts/m2 (c) 1000 Watts/m2. 
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       (a)             (b) 

Fig.3.27. Experimental results for steady-state waveforms with classical MPDPC (a) -720 Var at 800 
watts/m2 (b) +720 Var at 800 watts/m2. 

 

Fig.3.28. Experimental result for %THD of injecting currents with MPDPC 

3.7 Summary 

In this chapter, implementation of MPCC and MPDPC approaches for single-stage grid 

tied 3L-NPC PV inverter are presented. The detailed design of SPECS parameters such as 

selection of DC-link voltage, selection of DC-link capacitor value, design of DC-link voltage 
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controller and design of filter inductor to interface the PV inverter is presented. The 

objectives of control are current tracking in MPCC, active-reactive power tracking in 

MPDPC along with DC-link capacitor voltage balancing. An empirical method is used to 

select the suitable weighting factor for the DC-link capacitor voltage balancing in the 

objective function. Both the approaches are tested for injection mode and shunt compensator 

mode. In case of injection mode, the PV array is subjected to varying irradiance to verify the 

maximum power extraction capability. Whereas, in case of shunt compensator mode the 

reactive power injection along with the maximum power extraction is tested. In both the 

cases, the DC-link capacitors voltages are well balanced and the currents injected are also 

within the limits of IEEE Std. 1547. 

Further, to incorporate the additional control objectives like CMV mitigation and 

switching frequency reduction required for grid tied PV inverters are found to be difficult 

due to the complexity in the selection of weighting factors with the empirical approach. To 

address this issue, direct optimization method based on selective finite-states approach is 

proposed in Chapter-4. 

Table.3.2. Comparison of system performance with MPCC and MPDPC 

Parameter Indices 
MPCC MPDPC 

Sim. Exp. Sim. Exp. 

Current 
% THD 3.29% 3.45% 3.5% 4.57% 

Fund. Mag. 8.8 A 8.15 A 8.46 A 8.22 A 

Grid Voltage 
% THD 2.46% 2.6% 2.52% 2.65% 

Fund. Mag. 87.4 V 86.04 V 87.12 V 86.21 V 

Avg. Switching Frequency 2.6 kHz 2.242 kHz 2.38 kHz 2.198 kHz 



 

 

 

 

 

 

 

 

 

 

Chapter-4                                                            
Selective FS-MPC for Single-Stage Grid-

Tied SPECS 
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4.1 Introduction 

FCS-MPC is an attractive control approach for multilevel inverters. However, the 

computational complexity and weighting factor selection for multi-objective control are the 

major drawbacks. In order to address these limitations, a selective finite-states (FS) MPC is 

proposed for a grid-tied 3L-NPC PV inverter. The main objectives of grid-tied 3L-NPC PV 

inverter are current tracking and DC-link capacitor voltage balancing. These two control 

objectives are necessary and are equally important for proper operation of the inverter. An 

objective function defined with these control variables necessitates weighting factors to 

maintain the relative importance among them. The dissimilar physical nature with unequal 

magnitude levels and the intermittent correlation between the control variables make the 

selection of weighting factor more intricate. Further, the objectives are predicted and the 

objective function defined is evaluated for all the admissible switching states of the inverter 

which indeed incur large computational efforts. To overcome these, the FS-MPC selects a 

specified set of candidate switching states for the prediction and objective-function 

optimization. These candidate switching states are selected based on the position of 

reference voltage vector in the space vector plane, inverter current directions and the charge 

status of the DC-link capacitors. As a result, the selection of optimal switching state is fast, 

easy to implement and achieves an inherent DC-link capacitor voltage balance. This indeed 

eliminates the selection of weighting factor for capacitor voltage balancing objective. 

Further, the impact of selective finite-states on common-mode voltage (CMV) reduction 

objective is investigated to validate the multi-objective optimization.  

4.2 Proposed Selective Finite States approach 

The DC-link capacitor voltage balancing and current tracking are the two main control 

objectives considered in the objective function of MPCC for grid-tied 3L-NPC PV inverter. 

The future behaviour of these control objectives is determined with the help of discrete-time 

model of the system by using admissible switching states of the converter. The switching 

state which minimizes the objective function is applied in the next sampling period. Since 

the 3L-NPC inverter consists of 27 admissible switching states; the prediction and evaluation 

of each individual control objective are made for 27 times in each sampling period. As a 

result, the control of power converter requires higher sampling rate. Accommodating these 

many numbers of calculations in the given sampling period increases the computational 
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burden on the processor. Further, due to the non-linearity of the converter, the correlation 

between the control variables (injecting currents and DC-link capacitor voltages) is 

intermittent. Therefore, the selection of weighting factors to maintain the relative importance 

between these objectives is quite a difficult task. Hence, a direct optimization based on 

selective finite-states approach is proposed and discussed in detail in this chapter.  

In the proposed selective FS-MPC, the number of switching states required for prediction 

and objective function optimization are simplified by providing the priority among the 

control objectives. Out of the two control objectives, current tacking is given high priority to 

have a high quality power injection. Hence, initially a voltage vector required to drive the 

injecting currents to its reference is determined based on the deadbeat approach. The 

reference voltage vector obtained is realized with the optimal nearest switching state. 

However, in order to achieve inherent DC-link capacitor voltage balancing, the 

charging/discharging behaviour of each individual switching state is investigated. Based on 

the position of reference voltage vector, the candidate region (i.e., the sector and the 

triangular region) are determined. The switching states associated with candidate triangular 

region are classified based on the charge regulation behaviour with respect to the current 

direction of each pole in the inverter. Finally, the candidate switching states are defined 

based on the position, present charge status of the DC-link capacitors and the direction of 

phase currents. As a result, the proposed FS-MPC approach achieves an inherent DC-link 

capacitor voltage balancing of 3L-NPC PV inverter for the wide operating power factor with 

appropriate selection of switching states. The specified set of selective switching states is 

fully dedicated to minimize the current tracking objective. Hence, the objectives of current 

tracking and DC-link capacitor voltage balancing are simplified to a single objective. By 

this, the efforts required for the selection of weighting factor to balance the DC-link 

capacitor voltages is completely eliminated. In addition, as the number of switching states 

required for prediction and optimization are minimized. Hence, the number of computations 

and corresponding time required for real-time implementation is significantly reduced. The 

block diagram of the proposed selective FS-MPC approach is shown in Fig.4.1. The detailed 

steps involved in the design of proposed control approach are given as follows: 

4.2.1 Determination of reference voltage vector 

The reference voltage vector ( 1)*
iv k   which minimizes the error between the predicted 
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current ( 2)gi k 


 and the reference current
*

( 2)gi k 


 is obtained by re-arranging the Eq. 

2.23 and replacing ( 2)gi k 


 with
*

( 2)gi k 


, as given below: 

 
 * *

( 1) ( 1) ( 2) ( 1) ( 1)f
i g g g gf

s

L
v k v k  i k i k R i k

T
            

    
 (4.1) 

The position of the reference voltage vector in the space vector plane is given as 

    

*

1

*

( 1)
tan

( 1)

i

i

v k

v k





 
 

    
     (4.2) 

4.2.2 Determining candidate triangular region 

The space vector plane of the 3L-NPC inverter is divided into six sectors as shown in 

Fig.4.2. Each sector consists of four triangular regions. The sector in which the reference 

voltage vector exists is obtained from Eq. (4.2). Determining the candidate triangular region 

in each sector individually increases the number of computations. Hence, by taking the 

advantage of the symmetry of space vector plane of 3L-NPC inverter, a generalized 

approach is presented to obtain the candidate triangular region. In this approach, all the 

sectors and the triangular regions are referred to the first sector. The generalized approach to 

determine the candidate triangular region is given as follows: 

Let, the complex notation of the reference voltage vector is given as 

   

* * *( 1) ( 1) ( 1)i i iv k v k j v k     


    (4.3) 

Where * ( 1)iv k  , and 
* ( 1)iv k   are the real and imaginary components of the complex 

reference vector. 

The generalized form of real and imaginary components of reference voltage vector           

(
* ( 1)iv k  , 

* ( 1)iv k  ) referred to the first sector are given as  

   
 * *( 1) ( 1) cos ( 1)

3i iv k v k n
        (4.4)

 

   
 * *( 1) ( 1) sin ( 1)

3i iv k v k n
        (4.5)

 

   
   

2 2* * *( 1) ( 1) ( 1)i i iv k v k v k         (4.6) 
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Fig.4.1. Block diagram of proposed selective FS-MPC for single-stage grid-tied 3L-NPC PV inverter 

 
 

Fig.4.2. Space-vector plane of 3L-NPC inverter with sector classification 
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Where, 
*( 1)iv k  ,   are the amplitude and phase (as given in Eq. (4.2)) of the reference 

voltage vector and n  is the sector number. 

Based on
* ( 1)iv k  , 

* ( 1)iv k   &  , the candidate triangular region, and the candidate 

switching states corresponding to each sector are given in Table.4.1 and Table.4.2.  

4.2.3 Selection of switching states for inherent neutral point voltage balancing 

The 3L-NPC PV inverter operates as a grid interfacing inverter to feed the maximum 

power extracted from the PV array and also provides reactive power support to the grid as a 

shunt compensator. Hence, the finite switching states are selected to achieve inherent DC-

link capacitor voltage balancing for complete power factor operation of the inverter.  

Table.4.1. Candidate triangular region with respect to generalized reference voltage vector 

Sl. No. * ( 1)iv k   * ( 1)iv k   
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For analyzing this concept, sector-1 is considered as a sample case and discussed in 

detail. As shown in Fig.4.3, sector-1 has three null vectors {OOO, PPP, and NNN}, four 

small vectors {PPO, POO, OON, and ONN}, one medium vector {PON} and two large 

vectors {PNN, and PPN}. The null vectors, medium voltage vectors and the large voltage 

vectors do not have effect on DC-link capacitor voltage balancing. Among the three null 

vectors, PPP and NNN introduce large CMV (±Vdc/2), therefore, only OOO is considered as 

null vector in the candidate switching states. The small voltage vectors contribute to the DC-

link capacitor voltage balancing. The pair of switching states PPO/OON and POO/ONN 

corresponding to small vectors are redundant and have complementary effect on voltage 

balancing. The balancing ability of these switching states depends on the direction of current 
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flow. The current direction is assumed as positive when the current leaves from phase leg of 

the inverter, and negative when it enters the phase leg. Fig.4.4 shows the change in current 

direction with respect to change in power factor for the switching states POO/ONN (iga) and 

PPO/OON (igc) in sector-1.  

Table.4.2. Candidate switching states with respect to triangular region 

Candidate 

Triangular 

Region 

Sector Number 

1 2 3 4 5 6 

1 

POO,ONN 

PPO,OON 

PPP,OOO 

NNN 

PPO,OON 

OPO,NON 

PPP,OOO 

NNN 

OPO,NON 

OPP,NOO 

PPP,OOO 

NNN 

OPP,NOO 

OOP,NNO 

PPP,OOO 

NNN 

OOP,NNO 

POP, ONO 

PPP,OOO 

NNN 

POP,ONO 

POO,ONN 

PPP,OOO 

NNN 

2 

POO,ONN 

PPO,OON 

PON 

PPO,OON 

OPO,NON 

OPN 

OPO,NON 

OPP,NOO 

NPO 

OPP,NOO 

OOP,NNO 

NOP 

OOP,NNO 

POP, ONO 

ONP 

POP,ONO 

POO,ONN 

PNO 

3 
POO,ONN 

PON,PNN 

PPO,OON 

PPN,OPN 

OPO,NON 

NPN,NPO 

OPP,NOO 

NPP, NOP  

OOP,NNO 

NNP,ONP 

POP,ONO 

PNP,PNO 

4 
PPO,OON 

PON, PPN 

OPO,NON 

OPN,NPN 

OPP,NOO 

NPO,NPP 

OOP,NNO 

NNP,NOP 

POP, ONO 

PNP,ONP 

POO,ONN 

PNO,PNN 

 

 

Fig.4.3. Sector – 1 of space vector plane of 3L-NPC 

Let 
_rc a  and 

_rc c  be the critical power factor angle at which the phase currents iga and 

igc changes its direction in sector-1, respectively. These critical power factor angles are 

obtained as follows: 
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1

5

2 6
ga m rc _ a mn

i I sin I sin
 




   
     

   
    (4.7) 

   
1

4 5

2 3 6
gc m rc _ c mn

i I sin I sin
  




   
      

   
   (4.8) 

By solving the Eq. (4.7) and Eq. (4.8), 
_ rc a

 and 
_ rc c

 are obtained as -/6 and /6 

respectively. 

 

Fig.4.4. Direction of current with change in power factor for sector-1 

The phase current iga corresponding to POO/ONN changes its direction from positive to 

negative at /6 lead, similarly, the phase current igc corresponding to PPO/OON changes 

from positive to negative at /6 lag. During positive iga and igc, the switching states POO and 

OON discharges the capacitor C1 and charges during the negative phase currents. Whereas, 

the switching states ONN and PPO charges the capacitor C1 during the positive and 

discharges the capacitor while negative. Fig.4.5 shows the effect of the current direction on 

the charging and discharging of capacitors for the switching states POO, PPO, OON and 

NNO. Hence, proper switching states are to be selected based on the direction of currents 

and present charge status of the DC-link capacitors to maintain the capacitor voltage balance.  

Similar to sector-1, the remaining sectors will also have the same effect on the charge 

regulation of DC-link capacitors with the selected switching states corresponding to 

individual sectors. The selective candidate switching states for all the six sectors with respect 

to the charge status and direction of current flow are given in Table.4.3. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Fig.4.5. Effect of current directions on DC-link capacitor voltage for the switching states POO, PPO, 

ONN and OON 
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Table.4.3. Candidate Switching States for all the sectors 

Sector No. Candidate Triangle Charge Status Current Direction Candidate Switching States 

1 

 

1 

Vdc1> Vdc2 

ic<0 
ia > 0 OOO POO PPO 

ia < 0 OOO ONN PPO 

ic>0 
ia > 0 OOO POO OON 

ia < 0 OOO ONN OON 

Vdc2> Vdc1 

ic<0 
ia > 0 OOO OON ONN 

ia < 0 OOO OON POO 

ic>0 
ia > 0 OOO ONN PPO 

ia < 0 OOO POO PPO 

2 

Vdc1> Vdc2 

ic<0 
ia > 0 POO PPO PON 

ia < 0 ONN PPO PON 

ic>0 
ia > 0 POO OON PON 

ia < 0 ONN OON PON 

Vdc2> Vdc1 

ic<0 
ia > 0 ONN OON PON 

ia < 0 POO OON PON 

ic>0 
ia > 0 ONN PPO PON 

ia < 0 POO PPO PON 

3 

Vdc1> Vdc2 

 

ia > 0 POO PON PNN 

ia < 0 ONN PON PNN 

Vdc2> Vdc1 
ia > 0 ONN PNN PON 

ia < 0 POO PNN PON 

4 

Vdc1> Vdc2 
ic<0 

 

PPO PPN PON 

ic>0 OON PON PPN 

Vdc2> Vdc1 
ic<0 OON PON PPN 

ic>0 PPO PPN PON 

2 

 

1 

Vdc1> Vdc2 

ib>0 
ic<0 OOO OPO PPO 

ic>0 OOO OPO OON 

ib<0 
ic<0 OOO PPO NON 

ic>0 OOO OON NON 

Vdc2> Vdc1 

ib>0 
ic<0 OOO OON NON 

ic>0 OOO PPO NON 

ib<0 
ic<0 OOO OON OPO 

ic>0 OOO PPO OPO 

2 Vdc1> Vdc2 ib>0 ic<0 PPO OPO OPN 
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ic>0 OON OPO OPN 

ib<0 
ic<0 PPO NON OPN 

ic>0 OON NON OPN 

Vdc2> Vdc1 

ib>0 
ic<0 OON NON OPN 

ic>0 PPO NON OPN 

ib<0 
ic<0 OON OPO OPN 

ic>0 PPO OPO OPN 

3 

Vdc1> Vdc2  
ic<0 PPO PPN OPN 

ic>0 OON PPN OPN 

Vdc2> Vdc1  
ic<0 OON OPN PPN 

ic>0 PPO OPN PPN 

4 

Vdc1> Vdc2 
ib>0 

 

OPO OPN NPN 

ib<0 NON NPN OPN 

Vdc2> Vdc1 
ib>0 NON NPN OPN 

ib<0 OPO OPN NPN 

3 

1 

Vdc1> Vdc2 

ia<0 
ib>0 OOO OPO OPP 

ib<0 OOO NON OPP 

ia>0 
ib>0 OOO OPO NOO 

ib<0 OOO NON NOO 

Vdc2> Vdc1 

ia<0 
ib>0 OOO NOO NON 

ib<0 OOO NOO OPO 

ia>0 
ib>0 OOO NON OPP 

ib<0 OOO OPO OPP 

2 

Vdc1> Vdc2 

ia<0 
ib>0 OPP OPO NPO 

ib<0 OPP NON NPO 

ia>0 
ib>0 OPO NOO NPO 

ib<0 NON NOO NPO 

Vdc2> Vdc1 

ia<0 
ib>0 NOO NPO NON 

ib<0 NOO NPO OPO 

ia>0 
ib>0 NON OPP NPO 

ib<0 OPO OPP NPO 

3 

Vdc1> Vdc2 

 

ib>0 OPO NPO NPN 

ib<0 NON NPO NPN 

Vdc2> Vdc1 
ib>0 NON NPN NPO 

ib<0 OPO NPN NPO 
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4 

Vdc1> Vdc2 
ia<0 

 

OPP NPP NPO 

ia>0 NOO NPO NPP 

Vdc2> Vdc1 
ia<0 NOO NPO NPP 

ia>0 OPP NPP NPO 

4 

1 

Vdc1> Vdc2 

ic>0 
ia<0 OOO OOP OPP 

ia>0 OOO OOP NOO 

ic<0 
ia<0 OOO OPP NNO 

ia>0 OOO NOO NNO 

Vdc2> Vdc1 

i c>0 
ia<0 OOO NOO NNO 

ia>0 OOO OPP NNO 

ic<0 
ia<0 OOO NOO OOP 

ia>0 OOO OPP OOP 

2 

Vdc1> Vdc2 

ic>0 
ia<0 OOP OPP NOP 

ia>0 OOP NOO NOP 

ic<0 
ia<0 OPP NNO NOP 

ia>0 NOO NNO NOP 

Vdc2> Vdc1 

ic>0 
ia<0 NNO NOO NOP 

ia>0 NNO OPP NOP 

ic<0 
ia<0 NOO OOP NOP 

ia>0 OPP OOP NOP 

3 

Vdc1> Vdc2 

 

ia<0 OPP NPP NOP 

ia>0 NOO NPP NOP 

Vdc2> Vdc1 
ia<0 NOO NOP NPP 

ia>0 OPP NOP NPP 

4 

Vdc1> Vdc2 
ic>0  OOP NOP NNP 

ic<0  NNO NNP NOP 

Vdc2> Vdc1 
ic>0  NNO NNP NOP 

ic<0  OOP NOP NNP 

5 1 

Vdc1> Vdc2 

ib<0 
ic>0 OOO OOP POP 

ic<0 OOO NNO POP 

ib>0 
ic>0 OOO OOP ONO 

ic<0 OOO NNO ONO 

Vdc2> Vdc1 
ib<0 

ic>0 OOO ONO NNO 

ic<0 OOO ONO OOP 

ib>0 ic>0 OOO NNO POP 
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ic<0 OOO OOP POP 

2 

 

 

 

 

Vdc1> Vdc2 

ib<0 
ic>0 OOP POP ONP 

ic<0 NNO POP ONP 

ib>0 
ic>0 OOP ONO ONP 

ic<0 NNO ONO ONP 

Vdc2> Vdc1 

ib<0 
ic>0 NNO ONO ONP 

ic<0 OOP ONO ONP 

ib>0 
ic>0 NNO POP ONP 

ic<0 OOP POP ONP 

3 

Vdc1> Vdc2 

 

ic>0 OOP ONP NNP 

ic<0 NNO ONP NNP 

Vdc2> Vdc1 
ic>0 NNO NNP ONP 

ic<0 OOP NNP ONP 

4 

Vdc1> Vdc2 
ib < 0 

 

POP PNP ONP 

ib > 0 ONO ONP PNP 

Vdc2> Vdc1 
ib < 0 ONO ONP PNP 

ib > 0 POP PNP ONP 

6 

1 

Vdc1> Vdc2 

ia > 0 
ib<0 OOO POO POP 

ib>0 OOO POO ONO 

ia < 0 
ib<0 OOO POP ONN 

ib>0 OOO ONO ONN 

Vdc2> Vdc1 

ia > 0 
ib<0 OOO ONO ONN 

ib>0 OOO POP ONN 

ia < 0 
ib<0 OOO ONO POO 

ib>0 OOO POP POO 

2 

Vdc1> Vdc2 

ia > 0 
ib<0 POP POO PNO 

ib>0 ONO POO PNO 

ia < 0 
ib<0 POP ONN PNO 

ib>0 ONO ONN PNO 

Vdc2> Vdc1 

ia > 0 
ib<0 ONO ONN PNO 

ib>0 POP ONN PNO 

ia < 0 
ib<0 ONO POO PNO 

ib>0 POP POO PNO 

3 Vdc1> Vdc2  
ib<0 POP PNP PNO 

ib>0 ONO PNP PNO 
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Vdc2> Vdc1 
ib<0 ONO PNO PNP 

ib>0 POP PNO PNP 

4 

 

 

Vdc1> Vdc2 
ia > 0 

 

POO PNO PNN 

ia < 0 ONN PNN PNO 

Vdc2> Vdc1 
ia > 0 ONN PNN PNO 

ia < 0 POO PNO PNN 

4.2.4 Objective function 

The objective of current tracking is achieved with the application of suitable voltage 

vector equal to the reference voltage vector obtained from Eq. (4.1). The neutral point 

voltage balancing is achieved inherently with the selected switching states. Hence, the 

objective function in Eq. (3.21) is redefined with a single control objective as shown 

 
* *( 1) ( 1) ( 1) ( 1) ( 1)i i i ik v k v k v k v k                (4.9) 

The objective function defined in Eq. (4.9) is evaluated for the selected number of finite 

switching states to select the optimal voltage vector for the next sampling period. Flowchart 

for this control approach is shown in Fig.4.6. 

4.3 Impact of selective switching states on CMV reduction. 

Multi-objective model predictive control of 3L-NPC PV inverter mainly requires the 

reference current tracking and DC-link capacitor voltage balancing. However, in order to 

mitigate the leakage current associated with the PV inverter, the CMV reduction constraint is 

considered in the objective function as given below: 

 
* *( 1) ( 1) ( 1) ( 1) ( 1) ( 1)i i i i cm cmk v k v k v k v k v k              

 
(4.10) 

Where, cm is the weighting factor for CMV reduction. 

The objective function in Eq. (4.10) is evaluated for the three selected switching states. 

The DC-link capacitor voltage is inherently achieved with the selected switching states; 

hence, the selection of dc is eliminated. The CMV reduction is a secondary control objective 

and the only weighting factor to be selected. Hence, the weighting factor selection becomes 

very simple. However, the impact of selective switching states on CMV reduction is limited 

by the DC-link capacitor voltage balancing.  
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Fig.4.6. Flowchart for selective FS-MPC for single-stage grid-tied 3LNPC PV inverter 

The CMVs of the admissible switching states for 3L-NPC inverter are shown in 

Table.4.4. It can be observed that the switching states of medium voltage vector have zero 

CMV and are peculiar towards the DC-link capacitor voltage balancing. Hence, the choice of 

selection of these switching states will impact the DC-link capacitor voltage balancing. 

Therefore, the selected finite-set switching state approach has a limited control over the 

CMV reduction. 
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Table.4.4. Switching states of 3L-NPC inverter and corresponding CMV 

Voltage Vectors Switching States Common-mode voltage (CMV) 

Large vectors 
PPN, NPP, PNP Vdc/6 

NNP, NPN, PNN -Vdc/6 

Medium vectors 
PON, PNO, OPN, 

ONP, NPO, NOP 
0 

Small Vectors 

PPO, OPP,POP Vdc/3 

ONN, NON, NNO -Vdc/3 

POO, OPO, OOP Vdc/6 

OON, ONO, OON -Vdc/6 

Zero vectors 

PPP Vdc/2 

NNN -Vdc/2 

OOO 0 

4.4 Simulation results  

To examine the performance of proposed FS-MPC control scheme, a detailed model of 

single-stage grid-tied 3L-NPC SPV inverter is simulated in MATLAB/Simulink and results 

are presented with a sampling period of Ts = 80µs. For evaluating the performance, the 

system is subjected to various operating conditions and the results are compared with the 

classical MPCC. The performance of the proposed control scheme is assessed in terms of 

standard mean deviation (SMD) of current tracking error (σig), SMD of DC-link capacitor 

voltage deviation (σvdc), percentage total harmonic distortion (%THD) of injecting currents 

and computational burden in terms of execution time. 

In order to validate the proposed control approach, the simulation results for inherent 

capacitor voltage balancing with change in inverter phase current direction (indeed the 

power factor) are presented. As a case study, the results for change in inverter phase currents 

iga and igc of sector-1 are presented in Fig.4.7 and Fig.4.8 for power injection and shunt 

compensation modes, respectively. The irradiance of SPV system is maintained at 500 

Watts/m2 to extract an active power of 600 Watts and a reference reactive power (Q∗) of 

±1040 Var is injected to operate at π/3 leading/lagging power factor. Fig.4.7 (a) and Fig.4.7 

(b) show the simulation results for the inverter operating at π/3 lagging and π/3 leading, 

respectively. It can be observed that the injecting current igc changes from positive to 

negative during lagging power factor and iga changes from positive to negative during 

leading power factor in sector-1. However, even after the change in direction of currents in 

the same sector, the DC-link capacitor voltages are inherently balanced with optimal 

switching state among the selected candidate switching states. 
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(a)     (b) 

Fig.4.7. Simulation results for inherent DC-link capacitor voltage balancing with change in current 

direction in sector-1 under power injection mode for (a) π/3 lag (b) π/3 lead. 

The simulation of the inverter operating as a shunt compensator is shown in Fig.4.8. 

During this mode of operation, the irradiance is kept zero and reactive power reference (Q∗) 

of ±800 Var is injected. The injecting currents iga and igc are positive during lagging power 

factor and negative during leading power factor operation of the inverter in sector-1. It can 

be observed that the DC-link capacitor voltages are balanced during these conditions. 

 

(a)     (b) 

Fig.4.8. Simulation results for inherent DC-link capacitor voltage balancing under shunt compensator 

mode (a) π/2 lag (b) π/2 lead. 

The maximum power tracking performance of the classical MPCC and proposed selective 

FS-MPC for change in irradiance are illustrated in Fig.4.9. The change in irradiance profile 

is as follows: the irradiance (G) is kept constant at 400 Watts/m2 up to 0.4s. At 0.4s the 
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irradiance (G) is increased to 800 Watts/m2 and reduced back to 400 Watts/m2 at 0.6 s. The 

maximum power extracted with 400 Watts/m2 is 460.5 Watts at 153.2V DC-link voltage and 

951.45 Watts with 156.8V at 800 Watts/m2. The subplots of grid current iga, grid voltage vga, 

and the capacitor voltages Vdc1 and Vdc2 are plotted corresponding to the change in irradiance 

for both the controllers as shown in Fig.4.9 (a) and Fig.4.9 (b), respectively. The steady state 

waveforms of these intermediate signals at 800 Watts/m2 for both the controllers are shown 

in Fig.4.10. The results show that the current trace, DC-link voltage tracking and active 

power evolution of both the controllers are almost similar.  

In order to study the effect of operating power factor on capacitor voltage balancing, the 

reactive power reference of Q* = -600 Var and Q* = 600 Var with an irradiance (G) of 800 

Watts/m2 and 0 Watts/m2 is shown in Fig.4.11 and Fig.4.12. The performance of classical 

FCS-MPC for G = 800 Watts/m2 with +600 Var and -600 Var are shown in Fig.4.11 (a) and 

Fig.4.11 (b) respectively. Further to validate for shunt compensator mode, the change in 

reactive power from Q* = -600 Var and Q* = 600 Var is shown in Fig.4.11 (c). The grid 

current iga, grid voltage vga, and the capacitor voltages vdc1 and vdc2 corresponding to 

reference reactive power are shown in the sub-plots. Similarly, the performance of proposed 

selective finite-states MPC is shown in Fig.4.12 (a), Fig.4.12 (b) and Fig.4.12 (c). From the 

results it is clear that the DC-link capacitor voltages remain balanced during the grid 

injection mode (Q* = ± 600 Var and G = 800 Watts/m2) and shunt compensator mode (Q* = 

± 600 Var and G = 0 Watts/m2) for both the controllers. Fig.4.13 shows the results for 

dynamic response of both the controllers with a step-change in reactive power reference. The 

percentage total harmonic distortion (%THD) of injecting currents for both the control 

approaches is shown in Fig.4.14 (a) and Fig.4.14 (b). It can be seen that the response time 

and %THD of both the control approaches are almost equal. 

Fig.4.15 and Fig.4.16 show the results for common-mode voltage reduction constraint. In 

case of classical MPCC, the objective function is defined with three control objectives i.e., 

current tracking, voltage balancing and common-mode voltage reduction. The voltage 

balancing objective and CMV reduction objective are penalized by using the weighting 

factors dc and cm. In this work the weighting factor for capacitor voltage balancing dc is 

selected first based on branch and bound algorithm. Further, a series of simulations are 

conducted to fine tune the weighting factors dc and cm. Fig.4.15 (a-c) show the results for 

the classical MPCC with cm=0, 0.018 and 0.036, respectively. 
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The objective function in Eq. (4.10) defines the CMV reduction by using the proposed 

control algorithm. The objective of voltage balancing is inherently achieved with the 

selective switching states; hence, cm is the only weighting factor to be tuned. The result for 

CMV reduction using the proposed control algorithm for cm = 0, 2 and 4 are shown in 

Fig.4.16. Further increase in cm has lead to the imbalance in DC-link capacitor voltages. 

Due to limited switching states, the CMV reduction by using the proposed control algorithm 

is comparatively less with respect to the conventional MPCC. 

 
(a)             (b) 

Fig.4.9. Simulation results for power evolution of 3L-NPC PV inverter (a) MPCC and (b) Selective 

FS-MPC 

 
(a)        (b) 

Fig.4.10. Simulation results of intermediate signals at 800 Watts/m2 (a) MPCC and (b) Selective FS-

MPC 
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(a)                                      (b) 

 
(c) 

Fig.4.11. Simulation results for DC-link capacitor voltage balancing with MPCC (a) Q*= 600 Var, at 

G= 800 Watts/m2 (b) Q*= - 600 Var, at G= 800 Watts/m2 (c) Q*= -600 Var to +600 Var, at G= 800 

Watts/m2 

            

                               (a)                                      (b) 
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(c) 

Fig.4.12. Simulation results for DC-link capacitor voltage balancing with selective FS-MPC            

(a) Q*= 600 Var, at G= 800 Watts/m2 (b) Q*= - 600 Var, at G= 800 Watts/m2   (c) Q*= -600 Var to 

+600 Var, at G= 800 Watts/m2 

 

                               (a)                                      (b) 

Fig.4.13. Simulation results for dynamic performance of both the controllers with step-change in 

reactive power (a) MPCC (b) selective FS-MPC 

 

                               (a)                            (b) 

Fig.4.14. Simulation for %THD of injecting currents (a) FCS-MPC (b) selective FS-MPC 
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     (a)           (b)        (c) 

Fig.4.15. Simulation results for common mode voltage reduction with MPCC (a) cm=0, (b) 

cm=0.018 and (c) cm=0.036 

 

     (a)           (b)        (c) 

Fig.4.16. Simulation results for common mode voltage reduction with selective FS MPC (a) cm=0, 

(b) cm=2 and (c) cm=4 

4.5 Experimental results 

In order to validate the proposed control approach in real-time, the experimental results 

for sector-1 are presented in Fig.4.17 and Fig.4.18. Similar to the simulation test scenario, 

the experiments are conducted for injection mode and shunt compensator mode. In case of 

PV power injection mode, the irradiance of SPV system is maintained at 500 Watts/m2 to 

extract an active power of 600 Watts and a reference reactive power (Q∗) of ±1040 Var is 

injected to operate at π/3 leading/lagging power factor. Whereas for shunt compensator 

mode the irradiance is kept zero, and reference reactive power (Q∗) of ±800 Var is injected. 
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The change in the direction of injecting currents iga and igc in the sector-1 is shown in 

Fig.4.17. It can be seen that the injecting current igc changes from positive to negative during 

lagging power factor and iga changes from positive to negative during leading power factor. 

Similarly, the results for the inverter operating as a shunt compensator are shown in 

Fig.4.18. The injecting currents iga and igc are positive during lagging power factor and 

negative during leading power factor operation of the inverter in sector-1. It can be observed 

that the DC-link capacitor voltages are balanced during these conditions. From the results it 

can be observed that, irrespective of direction of currents the DC-link capacitor voltages are 

inherently maintained balanced with appropriate selection of candidate switching states.  

 

                                     (a)                                                                 (b) 

Fig.4.17. Experimental results for inherent DC-link capacitor voltage balancing with change in 

current direction in sector-1 under power injection mode (a) π/3 lag (b) π/3 lead. 

 

                                            (a)                                                                     (b) 

Fig.4.18. Experimental results for inherent DC-link capacitor voltage balancing under shunt 

compensator mode (a) π/2 lag (b) π/2 lead. 

The experimental results for the change in irradiance from 400 Watts/m2
 to 800 Watts/m2 

and vice-versa for both the control approaches are shown in Fig.4.19 (a) and Fig.4.19 (c), 
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respectively. The steady state waveforms of phase current (iga), line voltage (vba) and the 

DC-link capacitor voltages (vdc1 and vdc2) for 800 Watts/m2 are shown in Fig.4.19 (b) and 

Fig.4.19 (d), respectively. The DC-link capacitor voltage vdc (vdc1 + vdc2) is tightly regulated 

to 174.4 volts to extract a maximum power of 960 watts from the PV array. Further, it can be 

observed that the power evolution of both the control approaches is almost same. 

 
                                                 (a)                                                 (c) 
 

 
                                              (b)                                                                (d) 
 
Fig.4.19. Experimental results for power evalution of classical MPCC (a)&(b) and selective FS-MPC 

(c)&(d) 

In order to verify the DC-link capacitor voltage balancing and current tracking ability of 

both the controllers for various power factor operation of the inverter, a change in reactive 

power reference from +600 Var to – 600 Var is commanded for various irradiance levels of 

the inverter. Here, the +Q indicates the lagging power factor operation and -Q indicates the 

leading power factor operation. Fig.4.20 shows the results for standard deviation in DC-link 

capacitor voltages and injecting current to its reference with respect to change in active and 

reactive power injected. Further, the average switching frequency of both the control 

approaches for a given sampling time is shown in Fig.4.21. From the results, it can be 

observed that the deviation in DC-link capacitor voltages is less, and the current deviations 
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are slightly higher for the selective FS-MPC. Further it can also be observed that the average 

switching frequency of proposed control approach is less compared to the MPCC. The 

impact of this deviation on the %THD of the injected currents is shown in Fig.4.22. The 

%THD of injecting a-phase current is found to be 3.45 for the classical MPCC and 3.52 for 

the proposed selective FS-MPC which are almost similar and are well below the IEEE Std. 

1547. 

  
                                     (a)                                                                 (b) 
Fig.4.20. Standard deviation of DC-link capacitor voltages and current tracking errors (a) MPCC (b) 

selective FS-MPC 

 
Fig.4.21. Average switching frequency of the MPCC and selective FS-MPC. 
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                                 (a)                                                                            (c) 

 
                                    (b)                                                                        (d) 
Fig.4.22. Total harmonic distortion of injecting currents with MPCC (a)&(b) and selective FS-MPC 

(c) & (d) 

Sample results for ±600 Var reactive power injection at irradiance of 800 Watts/m2 with 

both the control approaches are shown in Fig.4.23. During this condition the DC-link 

capacitor voltages (vdc1 & vdc2) are regulated to 87 V each, which indeed shows that the 

inverter is extracting the maximum power of 960 Watts from the PV array. Furthermore, 

sample results for reactive power injection during zero irradiance condition are shown in 

Fig.4.24. During this condition the inverter is operated as a shunt compensator which 

provides the reactive power support to the grid.  

The dynamic current tracking performance of classical MPCC and proposed selective FS-

MPC is shown in Fig.4.25 (a) and Fig.4.25 (b), respectively. The active power component of 

injecting currents is obtained from the outer DC-link voltage loop where as the reactive 

power component of current is decided by the grid operator. By keeping the active 

component of current constant by maintaining the irradiance constant at 800 Watts/m2, a step 

change in reactive power reference from -600 Var to 600 Var is commanded. During this 
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condition the outer DC-link voltage is maintained constant at its reference vdcref = vmp=174 V. 

The change in reactive power and the tracking of phase-a current is shown in Fig.4.25. The 

results shows that the control approaches have a similar response and takes around ≈ 2.5ms 

to reach its reference. 

 
                                       (a)                                                                     (c) 
  

 
                                        (b)                                                                     (d) 

Fig.4.23. DC-link voltage balancing during interfacing converter mode with MPCC(a), & (b) and 

seletive FS-MPC (c), & (d) 

 
                                     (a)                                                                 (b) 

Fig.4.24. DC-link voltage balancing during shunt compensator mode  (a) MPCC (b) selective FS- 

MPC 
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                                     (a)                                                                 (b) 

Fig.4.25. Dynamic current tracking performance of (a) MPCC (b) selective FS-MPC 

The results for common-mode voltage reduction constraint with classical MPCC and the 

proposed selective FS-MPC approach are shown in Fig.4.26 and Fig.4.27, respectively. In 

case of classical approach, the initial weighting factors of dc and cm are selected based on 

branch and bound algorithm. Further, they are tuned based on trial & error approach. 

Initially, CMV of 3L-NPC PV inverter for cm = 0 is shown in Fig.4.26 (a). During this, the 

DC-link capacitor voltages are maintained balanced. As the weighting factor cm is increased 

to 0.026 the CMV of the inverter is reduced and became zero for the cm=0.054. However, 

during these changes in the cm the weighting factor dc is adjusted accordingly to maintain 

the DC-link capacitor voltages balanced. Similar to the classical approach, the weighting 

factor of cm is selected based on empirical approach. Since, the DC-link voltage balance is 

inherent in the proposed control approach; it requires the selection of weighting factor cm 

for CMV reduction. The response for CMV reduction with weighting factors of cm =0, 2.25 

and 3.8 are shown in Fig.4.27 (a-c). The CMV is effectively reduced, however further 

increase in the weighting factor cm has lead to complete deviation in the DC-link voltages. 

A comparison of computational complexity in terms of execution time required for both 

the control algorithms are given in Table.4.5. For a fair comparison, a dSPACE DS1104 

R&D controller board is used for real-time implementation of both the control algorithm. 

The execution time of each control algorithm includes the time required for analog-to-digital 

conversion, reference current extraction, prediction of control variables, objective function 

minimization and pulse generation. Each individual timings are obtained from the dspace 

profiler. The number of feedback signals and the reference current generation are same for 

both the control algorithms. Hence, the time required for analog-to-digital conversion and 
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reference current generation are same for both the algorithms.  

The classical MPCC includess 27 admissible switching states of 3L-NPC inveter for 

prediction of each control variable. These control variables are evaluated for 27 times in 

each sampling period. Whereas, in case of proposed control approach, three selected 

switching states (as discussed in section – IV) are used for prediction and objective function 

evaluation. Hence, the computations for predictions are reduced by 88.89%  for each control 

variable. Further, due to inherent DC-link capacitor voltage balancing the number of control 

objectives are further minimized and thereby the computations. The proposed control 

algorithm requires additional calculation time for the selection of swithcing states. However, 

it is not significant when compared with the total time of execution. 

 

 
                                 (a)                                                                             (b) 
 

 

 
(c) 

Fig.4.26. CMV reduction with MPCC for (a) cm = 0 (b)cm =0.026 (c) cm = 0.054 
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                                  (a)                                                                            (b) 

 

 
(c) 

Fig.4.27. CMV reduction with selective FS-MPC (a) cm =0 (b)cm =2.25 (c) cm =3.8 

Table.4.5. Comparison of execution time 

Event 
Classical 

MPCC 

Selective FS- 

MPC 

Analog to Digital Conversion (for feedback 

signals) 
8.23μs 8.23μs 

Reference current generation 

(Includes MPPT algorithm) 
15.74μs 15.74μs 

Candidate switching states selection - 5.32μs 

Prediction and objective function evaluation 26.42μs 7.35μs 

Switching states generation viz Master-

bitouts 
5.68μs 5.68μs 

Total 56.07μs 42.32μs 

4.6 Summary 

In this chapter, a selective FS-MPC scheme for a 3L-NPC inverter based SPECS is 

proposed and experimentally verified. A detailed procedure for the selection of switching 

states to achieve inherent DC-link capacitor voltage balancing is presented. The 

experimental results of the proposed control approach are compared with the classical 
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MPCC. From the results, it is observed that the capacitor voltage balancing has been 

achieved inherently, indeed has eliminated the weighting factor selection issue for equally 

important control objectives. The overall computation time required for the real-time 

implementation is reduced by 34.4% in comparison with the classical MPCC and 88.89% for 

each objective. It can also be observed that the %THD of the injecting currents is 3.52% 

which is well below the IEEE Std. 1547. The proposed selective FS-MPC scheme has 

significantly reduced the execution time required for the real-time implementation by 

retaining the steady state and dynamic current tracking performance. The overall system 

performance is found to be satisfactory in comparison with the classical MPCC. 

Despite of selective FS-MPC merits, the complexity in selection of weighting factors for 

secondary control objectives are still exists. Further, due to the availability of limited 

switching states the inclusion of secondary control objectives in the objective function 

doesn’t meet required operating conditions. In order overcome this problem, two generic 

methods for selection of dynamic weighting factors are introduced in the subsequent 

chapters.  

 

  

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

Chapter-5                                       
CRITIC Weighted Centralized-MPC for 

Single-Stage Grid-Tied SPECS 
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5.1 Introduction 

FCS-MPC is a class of predictive control approach which has drawn the attention of 

various researchers with its inimitable features like elimination of modulation stage and 

flexibility in control of multiple objectives in-concert. Despite of its capability to control 

multiple constraints, FCS-MPC still has a cascaded structure of control for a single stage 

grid-tied PV inverter. The cascaded structure of control includes an outer DC-link voltage 

control loop and inner power control loop. The outer DC-link voltage control loop has a PI 

controller which compensates the voltage error by providing the power reference for the 

inner control loop. As a result, the overall system performance will be influenced by the 

dynamics of PI controller. Tuning of these controller parameters for the desired stability 

criteria requires a trade-off between steady-state and transient response. In order to 

overcome this, a cascade-free MPC control approach has been introduced in [111]. In this 

approach, a dynamic active power reference to regulate the outer DC-link voltage is derived 

based on discrete-time model of the system. This method has eliminated the outer DC-link 

voltage control loop with the centralized approach. Further, the similar approach has been 

extended to various applications [33], [92], [102], [112], [113]. In these applications, the 

DC-link voltage is regulated to a fixed value of reference to inject active and reactive power 

into the grid. However, the single-stage grid-tied PV inverter considered for the investigation 

in this work has a floating DC-link whose voltage should be regulated to the MPPT 

reference for extracting the maximum power. Hence, the dynamic power reference 

generation presented in [33], [92], [102], [111]–[113] are not directly applicable to regulate 

the floating DC-link of the inverter. 

The basic objective of FCS-MPC is to determine the switching-state which drives the 

required control variable to its reference. FCS-MPC is a direct control approach which has 

eliminated the modulation stage with an objective function to determine the appropriate 

switching-state. The objective function is defined with multiple control objectives whose 

control variables are of dissimilar physical nature with unequal magnitude levels. Hence, to 

maintain the relative importance among the variables a weighting factor is assigned for each 

control objective. The defined objective function is evaluated with finite number of 

admissible switching states of the converter. The switching state which minimizes the 

objective function is applied during the next sampling period.  

Let, COj  for j = 1,2,...,n are the control objectives of the system and, Si for i = 1,2,...,m are 
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the admissible finite number of switching states of the power converter. The generalized 

objective function ξ(k) is defined as 

        *

1,2,...,
1

Oj

n
p

i COj vj vj ii m
j

C

S C C S 




 


    (5.1) 

Where, Cvj is the control variable and λCOj is the weighting factor of jth objective. Here, the 

superscript ‘*’ refers to the reference variable and superscript ‘p’ for the predicted variable. 

The control objectives defined in Eq. (5.1) changes with the change in the system; hence 

the relative importance among these control objectives is intermittent. Further, increase in 

the weighting factor of one control objective increases its relative importance among the 

objectives, but it doesn’t necessarily lead to a desired performance/operation of the system. 

This conflicting characteristics and intermittent correlation between the control objectives 

makes the selection of weighting factors more complex.  

In order to address these limitations, a criteria importance through inter-criteria 

correlation weighted centralized model predictive control (CRITIC-W-CMPC) approach is 

presented in this chapter. CRITIC is one of the popular objective weighting approaches in 

the MCDM methods. MCDM methods are widely used to find the optimal solution for 

problems associated with conflicting criteria and complex decision making. The CRITIC 

based objective prioritization approach determines the dynamic weights for the control 

objectives to ensure an improved tracking performance. Further, the proposed CMPC 

regulates the floating dc-link to its MPPT reference voltage for extracting the maximum 

power. 

5.2 Proposed CMPC for SPV Inverter 

The schematic circuit of a single-stage grid-tied 3L-NPC PV inverter with CRITIC-W-

CMPC approach is shown in Fig.5.1. The NPC inverter as an interfacing unit necessitates 

DC-link voltage regulation for extracting maximum power from the PV array, control of 

active-reactive power injecting into the grid and balancing of split-capacitor voltages. The 

proposed centralized MPC approach incorporates the objective of outer DC-link voltage 

regulation into the inner power tracking by using a dynamic power reference generation. For 

a single-stage PV inverter, the dynamics of floating DC-link voltage is usually coupled to the 

active and reactive power injected by the inverter [133]. The dynamic power reference 
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generation for single-stage PV inverter necessitates a decoupled active-reactive power 

control in the CMPC. Hence, a decoupled active-reactive power control with modified 

dynamic reference power generation is implemented in the proposed CMPC approach.  

5.2.1 Decoupled active-reactive power control 

A detailed derivation for the decoupled active-reactive power control is presented in this 

section. For the ease of modeling and computation, the three phase quantities igx and vgx for x 

∈ {a, b, c} in a-b-c reference frame are transformed to stationary orthogonal α-β reference 

frame quantities igαβ and vgαβ by using a Clarke’s transformation matrix ‘Γ’.  

 

Fig.5.1. Schematic of single-stage grid tied 3L-NPC PV inverter with CRITIC-W-CMPC approach. 

The time derivative of instantaneous active and reactive power in αβ-frame is given as 
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where, ˆ ( ) ( ) ( ) ( )gi g i g iv v t v t v t v t        and ω = 2πf 

On discretizing Eq. (5.2) and Eq. (5.3) with forward Euler’s approximation the decoupled 

active and reactive power are obtained as  
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Where p(k) , q(k) are instantaneous active and reactive powers injected by the inverter in 

the present sampling period and vm(k) is the amplitude of grid voltage.  

5.2.2 Dynamic reference power generation for PV system 

The active power reference required to track by the CMPC approach is obtained by 

balancing the net power available at the DC-link as given below 
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Where, P*
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f (k+1) and PPV(k+1) are the power references for regulating 

charging/discharging of DC-link capacitors, loss component incurred by the filter inductor 

on the AC-side and net power available from the PV array, respectively. 

The power reference P*
C(k+1) of the DC-link capacitor is defined based on gradually 

approaching manner as presented in [111] with finite number of sampling periods −Ns as 

given 
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Where,  *
1 1Cv k  and  *

2 1Cv k
 
are the dynamic references of corresponding DC-link 

voltages. The loss component of filter inductor incurred in Eq. (5.6) is defined as follows 
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By substituting Eq. (5.10) in Eq. (5.6), the net power balance equation becomes a second 

order quadratic equation as follows 
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There exits two distinct roots for Eq. (5.11), however the solution which defines the 

actual reference power is given as 
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The reference power in Eq. (5.12) is used in the objective function to dynamically 

regulate the injecting power predicted in Eq. (5.4). The reference power includes the power 

required to regulate the charge of DC-link in addition to the maximum power which is 

required to be injected into the grid along with the filter loss. Thus the reference power 

obtained regulates the DC-link to its reference obtained from the MPPT for extracting the 

maximum power without using any additional controller or a cascaded loop. 

5.3 Dynamic weighting factor selection using CRITIC approach 

5.3.1 General implementation steps for CRITIC method. 

CRITIC is one of the well established objective weighting approaches of MCDM 

methods [134]–[138]. In general, MCDM methods are used to identify the optimal solution 

from the available alternatives to achieve the desired criteria. These MCDM methods 

describe the relation between the criteria’s by using a multivariate descriptive statistical 

analysis. In this method, the evaluation of performance index defined with various criteria’s 

is viewed as a multi-criteria decision making problem, where the objective weights are 

determined by CRITIC approach. This approach derives the objective weights based on 

analytical investigation of the contrast intensity and the conflict inherent between criteria’s. 
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In order to measure the contrast intensity and quantify the conflict between the criteria’s, 

standard deviation approach and a Pearson’s linear correlation coefficient are used, 

respectively. 

The generalized steps to find the objective weights of individual criterion are given as 

follows: 

Step 1: In the first step an evaluation matrix is formulated based on the available data as 

follows: 
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Where ‘m’ represents number of alternatives and ‘n’ represents number of criterion. 

Step 2: The evaluation matrix obtained in the step-1 is converted into a matrix of relative 

scores by normalizing the elements to a scale of 0 to 1. The normalization of evaluation 

matrix is given as 
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Step 3: To obtain the objective weights of relative importance, the variance of each criteria 

and linear correlation coefficient are employed to quantify the contrast intensity and conflict 

between inter-criteria correlation. The information carried by each criterion is determined by 

quantifying these factors as follows: 
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Where, contrast intensity (j) and Pearson’s linear correlation coefficient (Rjk) are given 

as 
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Where 
jr  and kr are the mean values of criterion. 

Step 4: Finally, The criteria weights can be determined based on the above evaluation 

information by using the following relation 
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The above weights are used to define the performance index as follows 

     
1

n

i j ij
j

r 


       (5.19) 

5.3.2  CRITIC based objective prioritization for grid-tied 3L-NPC inverter 

To implement CRITIC method in objective function optimization, a single objective 

function is divided into individual objective function for each control objective as follows, 

         * *

1,2,...,27
1 1 1 1p p

pq i i
S P k P k Q k Q k


          (5.20) 

     1 21,2,...,27
1 1p p

vdc i dc dci
S V k V k


       (5.21) 

CRITIC is formulated based on the analytical investigation of the evaluation matrix for 

extracting all the information about evaluation criteria. In order to implement this method, 

the individual error terms of control objectives are considered as evaluation criteria and 

corresponding matrix is considered as evaluation matrix. The following steps are involved in 

the implementation of CRITIC based weighting selection 
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Step 1: In the first step an evaluation matrix is formulated based on the available data as 

follows: 

1 1

2 2

27 27

S pq S vdc

S pq S vdc

ij

S pq S vdc

X

 

 

 

 
 
 
 
 
  

 
     (5.22) 

In the dataset given in (5.22), twenty seven switching states of the 3L-NPC are considered 

as available alternatives and minimization of power ripple and DC-link capacitor voltage 

balancing are considered as required criteria. 

Step-2: The obtained information in the step-1 is normalized to a scale of 0 to 1 by using the 

following normalization.  

max

max min
 

pq ipq

ipq

pq pq

r
 

 





     (5.23) 

max

max min
 vdc ivdc

ivdc

vdc vdc

r
 

 





     (5.24) 

Where 

 min
1 2 27min , ,........pq S pq S pq S pq     

 max
1 2 27max , ,........pq S pq S pq S pq     

 min
1 2 27min , ,........vdc S vdc S vdc S vdc     

 max
1 2 27max , ,........vdc S vdc S vdc S vdc     

Step 3: To obtain the objective weights of relative importance, the variance of each criteria 

and linear correlation coefficient are employed to quantify the contrast intensity and conflict 

between inter-criteria correlation. The information carried by each criterion is determined by 

quantifying these factors as follows: 

     
27

1

1
S

pq pq pqvdc
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K R


       (5.25) 
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 
27

1

1
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vdc vdc pqvdc
i S

K R


       (5.26)
 

 

Where, contrast intensities (pq,vdc) and Pearson’s linear correlation coefficient (Rpqvdc) 

are given as 
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Where 
p qr  and vdcr are the mean values of powers and capacitor DC-link voltages.  

Step 4: Finally, individual weights for active-reactive powers and capacitor DC-link voltage 

can be obtained as follows, 

pq

pq

pq vdc

K

K K
 


      (5.30) 

vdc
vdc

pq vdc

K

K K
 


      (5.31) 

The above weights are used in a single objective function which is similar to conventional 

approach as follows, 

 
1,2,...,27i pq ipq vdc vdci

S r r  


 

  

  (5.32) 

Finally, by maximizing the above objective function, optimal switching state is selected 

for next sampling period. 

1,.. 27
arg maxopt

i S S
 




 
     (5.33) 

The detailed flowchart for this control approach is shown in Fig.5.2. 
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Fig.5.2. Flowchart for single-stage grid tied 3L-NPC PV inverter with CRITIC-WCMPC approach 
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5.4 Simulation results  

To examine the performance of proposed CRITIC-W-CMPC control scheme, a detailed 

model of single-stage grid-tied 3LNPC SPV inverter is designed in MATLAB/Simulink 

software. The nominal power of the PV inverter is taken as 1.2 kVA. The simulations are 

carried with one-step prediction horizon with a sampling period of Ts = 80µs. The system 

parameters for both the simulation and experimental studies are given in Table.3.1. For 

evaluating the performance, the system is subjected to various operating conditions and the 

results are compared with the classical PI-based MPDPC. The performance of the proposed 

control scheme is assessed in terms of active power ripple, reactive power ripple and %THD 

of injecting currents. 

In order to validate the centralized control of proposed scheme, the active power 

evolution of the SPV system with both the control approaches are investigated. The PV array 

in the system is subjected to varying irradiance while keeping the reactive power reference 

Q∗ = 0 Var. The objective function in both the control approaches is defined with the active-

reactive power tracking and DC-link capacitor voltage balancing. The scenario of irradiance 

variation is as follows: initially the irradiance is kept at zero Watts/m2 for a time interval of 

[0-0.2]s during which the DC-link voltage is maintained at 150 V (Vmin). At 0.2 s, the 

irradiance is changed to 400 Watts/m2 and is kept constant until 0.6 s; then it is increased to 

700 Watts/m2 at 0.6 s and then to 1000 Watts/m2 at 1 s. After 1.45 s the irradiance is brought 

down to 400 Watts/m2 and then to zero Watts/m2 at 1.75 s. The DC-link voltage is tracked to 

153.2 V, 156.4 V and 157.4 V at 400 Watts/m2, 700 Watts/m2 and 1000 Watts/m2, as a result 

the maximum power of 460 Watts, 840 Watts and 1200 Watts are extracted, respectively. 

From Fig.5.3, it can be observed that the proposed control scheme has tracked the reference 

MPPT voltage without using the outer DC-link voltage controller. Both the control 

approaches are found to have similar power evolution; on the other hand the power ripple 

with the proposed control approach is reduced compared to the classical. The steady state 

waveform of phase voltage, phase current, inverter line voltage and the active-reactive 

powers of both the control approaches at 400 Watts/m2, 700 Watts/m2 and 1000 Watts/m2 are 

shown in Fig.5.4. 

The harmonic spectrum of the injecting currents for both the methods at 1000 Watts/m2 is 

shown in Fig.5.5. The THD is calculated up to 100th-harmonic order. It can be seen that the 

proposed CRITIC-W-CMPC exhibits the % THD of 2.08 %, which is much smaller than 
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3.50 % of classical MPDPC. The results show that the proposed scheme has better harmonic 

performance compared to the classical method.  

Similar to the active power, the reactive power evolution of PV inverter with both the 

control approaches is shown in Fig.5.6. The scenario of change in reactive power reference 

Q∗ is as follows: a step change from 0 Var to -720 Var is applied at 0.8 s, then from -720 Var 

to +720 Var at 1.6 s and back to 0 Var at 2.4 s. During this change in reactive power, a 

constant 960 Watts of active power is injected by maintaining the irradiance constant at 800 

Watts/m2. It can be seen that, both the control approaches has regulated the DC-link voltage 

of the inverter to 156.9 V even after the application of step change in reactive power. In the 

classical approach the transient seen in the DC-link voltage depends on the choice of 

controller gains. Whereas, in case of proposed control scheme the DC-link voltage is strictly 

regulated to the reference MPPT voltage by using the proposed CMPC which has eliminated 

the need for outer DC-link voltage controller and the efforts required for its tuning. Further, 

the results confirm that the influence of change in reactive power reference on maximum 

power tracking is minimized with the decoupled active-reactive power control. The steady 

state waveform of phase voltage, phase current, inverter line voltage and the active-reactive 

powers of both the control approaches at an irradiance of 800 Watts/m2 with ±720 Var are 

shown in Fig.5.7. The results confirm that the active and reactive power ripples of proposed 

CRITIC-W-CMPC have lesser power ripple compared to the classical MPDPC.  

 
       (a)             (b) 

Fig.5.3. Simulation results for active power evolution of 3L-NPC PV inverter (a) MPDPC (b) 
CRITIC-W-CMPC 
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(a) 

 

(b) 

Fig.5.4. Simulation results for steady-state active power at various irradiances (a) MPDPC (b) 
CRITIC-W-CMPC. 

 
       (a)             (b) 

Fig.5.5. Simulation results for harmonic spectra and %THD of injecting currents (a) MPDPC (b) 
CRITIC-W-CMPC. 
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       (a)             (b) 

Fig.5.6. Simulation results for reactive power evolution of 3L-NPC PV inverter (a) CMPDPC (b) 

CRITIC-W-CMPC. 

 
(a) 

 
(b) 

Fig.5.7. Simulation results for steady-state active-reactive power (a) MPDPC (b) CRITIC-W-CMPC. 
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The dynamic selection of weighting factors corresponding to the change in operating 

conditions of the PV inverter is shown in Fig.5.8. Initially the power tracking objective and 

DC-link capacitor voltage balancing objectives are considered. Similar to the reactive power 

evolution, a step change in reactive power reference Q∗ from 0 Var to -720 Var and then to 

+720 Var and back to 0 Var is applied during [0-0.7] s. The weighting factors λpq and λdc 

corresponding to the power tracking and DC-link voltage balancing are calculated online. At 

0.7 s the third objective of CMV reduction is enabled where the λcmv is also calculated online 

along with λpq and λdc. The zoomed view of dynamically selected weighting factors is shown 

in the subplot of Fig.5.8. The results validate the dynamic adaption of weighting factor 

corresponding to operating conditions to meet the required objectives.  

 

Fig.5.8. Simulation results illustrating the dynamic selection of weighting factors change in operating 

condition. 

The impact of weighting factor selection on the dynamic performance of power tracking 

and DC-link capacitor voltage balancing objectives are investigated individually. Fig.5.9 

illustrates the results for dynamic performance of both the control approaches for step 

change of reactive power reference from -720 Var to +720 Var. The time taken for the 

measured power to track the reference by using the proposed control scheme is 0.1 ms which 

is almost similar to that of the classical. Similarly, Fig.5.10 illustrates the DC-link capacitor 
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difference of 40 V is applied till 0.4 s and then commanded to balance the voltages Vdc1, and 

Vdc2. The results show that both the control approaches balances the capacitor voltages; 

however, the proposed control scheme is fast compared to the classical. 

 
Fig.5.9. Simulation results for dynamic performance of both the control approaches for step change 

in reactive power. 

 
Fig.5.10. Simulation results for dynamic performance of both the control approaches for capacitor 

voltage balancing. 
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weighting factors with various operating conditions is also presented. In classical MPDPC, 

the initial values of weighting factor used for power tracking (λPQ) and DC-link voltage 

balancing (λvdc) are selected based on empirical approach. Further, they are tuned to obtain 

proper results. On the other hand, the proposed approach dynamically selects the weighting 

factors based on CRITIC approach in accordance with the operating conditions of the 

system. 

To verify the proposed CMPC, the test scenario of maximum power extraction with 1) 

rapid change in irradiance by keeping the reactive power reference Q∗=0 Var and 2) 

changing the reactive power reference by keeping irradiance constant at 800 Watts/m2 are 

illustrated in Fig.5.11 and Fig.5.12, respectively. In order to validate the effectiveness of the 

proposed control scheme, the results are compared with the classical PI based MPDPC. In 

case of classical approach, the PI controller regulates the DC-link voltage to track its 

reference MPPT voltage. Whereas, the proposed CMPC scheme utilizes the model based 

decoupled active-reactive power reference generation based on gradual approaching manner. 

It can be observed that, the power evolution of the PV inverter with both the control 

approaches is quite similar. Despite of eliminating the outer DC-voltage control loop, the 

proposed control scheme has tightly regulated the DC-link voltage to its MPPT reference 

even after sudden application of reactive power change. The steady state waveforms of 

active power, reactive power, injecting currents, PV voltage and the inverter line voltage at 

various operating conditions for both the control approaches are shown in Fig.5.13 to 

Fig.5.16.  

The steady state results for classical MPDPC and proposed CRITIC-W-CMPC at 400 

Watts/m2, 700 Watts/m2 and 1000 Watts/m2 are shown in Fig.5.13 and Fig.5.14, 

respectively. Similarly, the steady state results for reactive power reference Q* for ±720 Var 

with constant irradiance of 800 Watts/m2 are shown in Fig.5.15 and Fig.5.16, respectively. 

By comparing the results, it can be clearly observed that the power ripples obtained with the 

proposed CRITIC-W-CMPC approach is very less compared to the classical MPDPC. 

Table.5.1 illustrate the quantitative comparison (simulation and experimental) of active 

power ripple, reactive power ripple and % THD of injecting currents for both the control 

approaches. 

Further, the dynamic selection of weighting factor corresponding to change in the 

operating conditions is shown in Fig.5.17. In order to investigate the dynamic selection of 
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weighting factor, the inverter operating power factor is changed from unity power factor to 

the lagging power factor with Q*=+720 Var at 800 Watts/m2 irradiance as shown in Fig.5.17 

(a). Similarly, in Fig.5.17 (b) the results for leading power factor with Q*=-720 Var at 800 

Watts/m2 irradiance is shown. The influence of weighting factor selection on the dynamics 

of DC-link capacitor voltage balancing is shown in Fig.5.18. Initially, the DC-link voltages 

Vdc1, Vdc2 have a voltage difference of 40 V, after 0.06 s the voltages are commanded to 

balance. Both the control approaches has balanced the DC-link voltages, however the 

proposed CRITIC-W-CMPC has balanced the capacitor voltages quickly compared to the 

classical approach without deviating from the reference. 

 

 

       (a)             (b) 

Fig.5.11. Experimental results for active power evolution of 3L-NPC PV inverter (a) MPDPC (b) 

CRITIC-W-CMPC. 

 

       (a)             (b) 

Fig.5.12. Experimental results for reactive power evolution of 3L-NPC PV inverter (a) MPDPC (b) 

CRITIC-W-CMPC. 
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       (a)             (b) 

 

(c) 

Fig.5.13. Experimental results for MPDPC at steady state with irradiances (a) 400 Watts/m2 (b) 700 

Watts/m2 (c) 1000 Watts/m2   
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       (a)             (b) 

 

(c) 

Fig.5.14. Experimental results for CRITIC-W-CMPC at steady state with irradiances (a) 400 

Watts/m2 (b) 700 Watts/m2 (c) 1000 Watts/m2   
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       (a)             (b) 

Fig.5.15. Experimental results for steady-state waveforms with MPDPC (a) -720 Var at 800 Watts/m2 

(b) +720 Var at 800 Watts/m2 

 

       (a)             (b) 

Fig.5.16. Experimental results for steady-state waveforms with CRITIC-W-CMPC (a) -720 Var at 

800 Watts/m2 (b) +720 Var at 800 Watts/m2 
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       (a)             (b) 

Fig.5.17. Experimental results for dynamic selection of weighting factors with the change in 

operating power factor condition (a) UPF to +720 Var (b) UPF to -720 Var 

Table.5.1. Performance comparison 

Operating 
condition  

Performance 
Indices  

PI-MPDPC  CRITIC-W-CMPC 

Simulation Experimental Simulation Experimental 

Pinj = 480 Watts  
Qinj = 0 var  

∆P  35.17  35.39  18.67  20.21  

∆Q  12.76  19.20  9.24  12.03  

%THD of ig  8.48  8.9  5.12  5.46  

Pinj = 
1200Watts  
Qinj = 0 var  

∆P  44.16  61.22  24.42  34.78  

∆Q  13.75  34.10  12.46  23.38  

%THD of ig  3.50  4.59  2.08  2.69  

Pinj = 960 Watts  
Qinj = -720 var  

∆P  48.15  64.95  16.23  33.02  

∆Q  25.23  52.86  17.26  30.81  

%THD of ig  3.24  4.84  2.6  3.16  

Pinj = 960 Watts  
Qinj = 720 var  

∆P  38.53  59.32  15.97  34.14  

∆Q  19.70  50.11  14.72  32.93  

%THD of ig  3.19  3.91  2.24  2.51  
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       (a)             (b) 

Fig.5.18. Experimental results for dynamic performance of capacitor voltage balancing (a) CMPDPC 

(b) CRITIC-W-CMPC. 

5.6    Summary  

This chapter has presented a centralized model predictive control with CRITIC based 

dynamic weighting factor selection (CRITIC-W-CMPC) for a single-stage grid-tied SPV 

inverter. It has two major contributions: 

1) Introduced a CRITIC based dynamic weighting factor selection method. CRITIC is an 

objective weighting method which establishes a quantitative relation between multiple 

variables and determines the weighting factors in each sampling period by using a 

multivariate descriptive statistical analysis of objective errors. Hence, the proposed control 

scheme offers an improved steady-state and dynamic tracking performance of each control 

objectives as demonstrated by the results. The generalized steps for the implementation of 

CRITIC method can be extended to various applications. 

2) Development of a CMPC for a floating DC-link structure of grid-tied inverter. The 

proposed CMPC approach has eliminated the cascaded structure of single-stage grid-tied 

solar photovoltaic inverter control by a decoupled active-reactive power based dynamic 

reference generation. The results confirm the regulation of floating DC-link to its reference 

for extracting maximum power without the additional controller. The effectiveness of the 

proposed control scheme is validated by comparing the results with classical PI based 

MPDPC. 



 

 

 

 

 

 

 

 

 

Chapter-6                                       
PSI Weighted Centralized-MPC for Single-

Stage Grid-Tied SPECS 
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6.1 Introduction 

Selection of suitable weighting factors in the multi-objective control is one of the 

significant aspects in the design of FCS-MPC. In general, branch and bound algorithm based 

empirical method is used for the selection of suitable weighting factor which requires 

number of simulation and experimental trials. This heuristic approach is a time consuming 

and tedious task. Further, selection of weighting factors becomes more complex with each 

inclusion of additional control objective into the objective-function. Therefore, it is 

necessary to introduce a generic procedure for the selection of weighting factors. MCDM 

methods have drawn the attention of researchers to simplify the weighting factor selection in 

the multi-objective model predictive control. MCDM methods are widely used to find the 

optimal solution for problems associated with conflicting criteria and complex decision 

making. Preference Selective Index (PSI) is one of the objective methods in the weighting 

factor selection. PSI is popular due to its simplicity and straightforward approach [139]–

[144]. 

In this chapter, a PSI weighted centralized model predictive control (PSI-W-CMPC) 

approach for a grid-tied 3L-NPC PV inverter is presented. The modified CMPC handles both 

outer DC-link voltage regulation to the MPPT reference and inner power control to inject 

maximum power extracted from the PV array as a single objective in the objection function 

as discussed in Chapter 5. The objectives of power tracking, DC-link capacitor voltage 

balancing has a conflict in obtaining the correlation among them, but is equally important for 

the proper operation of the inverter. To address this, a PSI based dynamic weighting factor 

selection approach is presented in this chapter. PSI offers an improved steady-state and 

dynamic tracking performance of each control objective.   

6.2 General implementation steps for PSI-based approach 

PSI is one of the objective weighing approaches of MCDM methods. These MCDM 

methods are used to identify the optimal solution from the available alternatives to achieve 

the desired criteria. The objective weighting factor selection approaches of MCDM methods 

utilises the multivariate analysis of descriptive statistics for determining the weights. 

However, unlike most of the MCDM methods the PSI approach does not require the relative 

significance between various criteria; hence it can also be applicable in the cases where there 

is a conflict in obtaining the correlation among criteria. In this study, the evaluation of the 
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objective function defined with various control objectives is viewed as a MCDM problem, 

where the optimal control action is obtained by using the PSI-based objective prioritisation 

approach. Generalised steps to find the objective weights of the individual criterion are given 

as follows 

Step 1: Initially a decision matrix is formulated for m number of alternatives and n number of 

criteria as follows: 
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Where, xij belongs to the ith alternative and jth criterion.  

Step 2: Normalization of data is required for the implementation of PSI method because of 

conflicting criteria. Based on the dataset obtained in (6.1), normalization of data can be 

computed to a scale of 0 to 1 based on the benefit criteria (i.e., larger the better) or cost 

criteria (i.e., smaller the better) and it can be obtained as 

    

min

max min

ij j

ij

j j

x x
r

x x


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
 

for benefit criteria    (6.2) 

    

max

max min

j ij

ij

j j

x x
r

x x


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
 

for cost criteria    (6.3) 

Where   min
1 2min , .........j j j mjx x x x  

  max
1 2max , .........j j j mjx x x x  

Step 3: Based on the obtained normalised values, a preference variation value can be 

obtained for each criterion by using the following relation: 

 

2

1

v
m

j ij j
i

P r r


         (6.4) 

where 
jr is the mean of normalized value of the jth criterion and it can be given as follows: 

1

1 m

j ij
i

r r
m 

        (6.5) 
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Step 4: Overall preference value (i.e. the weight assigned) of each criterion can be obtained 

by using the following relation: 

 1

j

j n

j
j










     (6.6) 

Where j gives the deviation in the preference value, Pvj, and it is given as follows: 

     1 vj jP        (6.7) 

Step 5: Obtaining the PSI Ii 

n

i j ij
j

I r


      (6.8) 

6.3 PSI based objective prioritization for grid-tied 3L-NPC inverter 

To implement PSI method in objective function optimization, a single objective function 

is divided into individual objective function for each control objective as follows:  

         * *

1,2,...,27
1 1 1 1p p

pq i i
S P k P k Q k Q k
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         (6.9) 

     1 21,2,...,27
1 1p p

vdc i dc dci
S V k V k


      (6.10) 

The schematic of single-stage grid tied 3L-NPC PV inverter with PSI-W-CMPC approach 

is shown in Fig.6.1. In order to formulate the objective prioritisation of FCS-MPC as a 

decision-making problem, the terms criteria and alternatives associated with PSI method are 

framed as control objectives and the admissible switching states of the converter. The 

following steps are used to obtain the optimal switching state for next sampling period. 

Step 1: Data generation for decision matrix Xij, where i = S1,…,S27 (m = 27 switching             

states/alternative) and j =  1, 2 (n =  2 control objectives/criteria given as ξpq and ξvdc) 

1 1

2 2

27 27

S pq S vdc

S pq S vdc

ij
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 
   (6.11) 
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Fig.6.1. Schematic of single-stage grid tied 3L-NPC PV inverter with PSI-W-CMPC approach. 

Step 2: Normalisation of generated data in decision matrix using Eq. (6.3) i.e. ripq, rivdc for             

i = S1,…, S27. 
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Step 3: Calculation of preference variation of each control objective using Eq. (6.4), i.e. Pvpq 

and Pvvdc 

27

1

2
S

pq ipq pq
i S

Pv r r


         (6.14) 

 
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1

2
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vdc ivdc vdc
i S

Pv r r


      (6.15) 

Where 
pqr and vdcr  are the mean of normalized values of ripq and rivdc and they are given 

as 
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Step 4: Calculation of the overall preference value of each objective using Eq. (6.6), i.e. pq 

and vdc. 

pq

pq

pq vdc



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    (6.18) 

vdc
vdc

pq vdc




 
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
    (6.19) 

Where pq and vdc gives the deviation in the preference values Pvpq, and Pvvdc. They are 

given as follows: 

1pq pqPv  

 

    (6.20) 

1vdc vdcPv        (6.21) 

Step 5: Obtaining the PSI Ii, using Eq. (6.8) for i = S1,…, S27 

 
1,2,...,27i pq ipq vdc vdci

I S r r 


 
   

(6.22) 

The alternative with the highest PSI is selected as the optimal control alternative.  

     
1 27,..

arg maxopt i
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The detailed flowchart for this control approach is shown in Fig.6.2. 

 

Fig.6.2. Flowchart for single-stage grid tied 3L-NPC PV inverter with PSI-W-CMPC approach 
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6.4  Simulation results 

To examine the performance of proposed PSI-W-CMPC control scheme, a detailed model 

of single-stage grid-tied 3LNPC SPV inverter is designed in MATLAB/Simulink software. 

The nominal power of the PV inverter is taken as 1.2 kVA. The simulations are carried with 

one-step prediction horizon for a sampling period of Ts = 80µs. The system parameters for 

both the simulation and experimental studies are given in Table.3.1. For evaluating the 

performance, the system is subjected to various operating conditions and the results are 

compared with the classical PI-based MPDPC. The performance of the proposed control 

scheme is assessed in terms of active power ripple, reactive power ripple and percentage 

total harmonic distortion (%THD) of injecting currents. 

In order to validate the centralized control of proposed scheme, the active power 

evolution of the SPV system with both the control approaches are investigated. The PV array 

in the system is subjected to varying irradiance while keeping the reactive power reference 

Q∗ = 0 Var. The objective function in both the control approaches is defined with the active-

reactive power tracking and DC-link capacitor voltage balancing. The scenario of irradiance 

variation is as follows: initially the irradiance is kept at zero Watts/m2 for a time interval of 

[0-0.2] s during which the DC-link voltage is maintained at 150 V (Vmin). At 0.2 s, the 

irradiance is changed to 400 Watts/m2 and is kept constant until 0.6 s; then it is increased to 

700 Watts/m2 at 0.6 s and then to 1000 Watts/m2 at 1 s. After 1.45 s the irradiance is brought 

down to 400 Watts/m2 and then to zero Watts/m2 at 1.75 s. The DC-link voltage is tracked to 

153.2 V, 156.4 V and 157.4 V at 400 Watts/m2, 700 Watts/m2 and 1000 Watts/m2, as a result 

the maximum power of 460 Watts, 840 Watts and 1200 Watts are extracted, respectively. 

From Fig.6.3, it can be observed that the proposed control scheme tracked the reference 

MPPT voltage without using the outer DC-link voltage controller. Both the control 

approaches are found to have similar power evolution; on the other hand the power ripple 

with the proposed control approach is reduced compared to the classical. The steady state 

waveforms of phase voltage, phase current, inverter line voltage and the active-reactive 

powers of both the control approaches at 400 Watts/m2, 700 Watts/m2 and 1000 Watts/m2 are 

shown in Fig.6.4. 

The harmonic spectrum of the injecting currents for both the methods at 1000 Watts/m2 is 

shown in Fig.6.5. The THD is calculated up to 100th-harmonic order. It can be seen that the 

proposed PSI-W-CMPC exhibits the %THD of 2.91% which is much smaller than 3.50% of 
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classical MPDPC. The results show that the proposed scheme has better harmonic 

performance compared to the classical method.  

 

                                           (a)                                    (b) 

Fig.6.3. Simulation results for active power evolution of 3L-NPC PV inverter (a) MPDPC (b) PSI-

W-CMPC. 

Similar to the active power, the reactive power evolution of PV inverter with both the 

control approaches is shown in Fig.6.6. The scenario of change in reactive power reference 

Q∗ is as follows: a step change from zero Var to -720 Var is applied at 0.8 s, then from -720 

Var to +720 Var at 1.6 s and back to zero Var at 2.4 s. During this change in reactive power, 

a constant 960 Watts of active power is injected by maintaining the irradiance constant at 

800 Watts/m2. It can be seen that, both the control approaches has regulated the DC-link 

voltage of the inverter to 156.9 V even after the application of step change in reactive power. 

In the classical approach the transient seen in the DC-link voltage depends on the choice of 

controller gains. Whereas, in case of proposed control scheme, the DC-link voltage is strictly 

regulated to the reference MPPT voltage by using the proposed CMPC which has eliminated 

the need for outer DC-link voltage controller and the efforts required for its tuning. Further, 

the results confirm that the influence of change in reactive power reference on maximum 

power tracking is minimized with the decoupled active-reactive power control. The steady 

state waveforms of phase voltage, phase current, inverter line voltage and the active-reactive 

powers of both the control approaches at an irradiance of 800 Watts/m2 with ±720 Var are 

shown in Fig.6.7. The results confirm that the active and reactive power ripples of proposed 

PSI-W-CMPC have lesser power ripple compared to the classical MPDPC.  
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(a) 

 

(b) 

Fig.6.4. Simulation results for steady-state active power at various irradiances (a) MPDPC (b) PSI-

W-CMPC. 

 
       (a)           (b) 

Fig.6.5. Simulation results for harmonic spectra and %THD of injecting currents (a) MPDPC (b) PSI-

W-CMPC. 
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       (a)             (b) 
Fig.6.6. Simulation results for reactive power evolution of 3L-NPC PV inverter (a) MPDPC (b) PSI-

W-CMPC. 

 
(a) 

 
(b) 

Fig.6.7. Simulation results for steady-state active-reactive power (a) MPDPC (b) PSI-W-CMPC. 
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The dynamic selection of weighting factors corresponding to the change in operating 

conditions of the PV inverter is shown in Fig.6.8. Initially, the power tracking objective and 

DC-link capacitor voltage balancing objectives are considered. Similar to the reactive power 

evolution, a step change in reactive power reference Q∗ from zero Var to -720 Var and then 

to +720 Var and back to zero Var is applied during [0-0.7] s. The weighting factors λpq and 

λdc corresponding to the power tracking and DC-link voltage balancing are calculated online. 

At 0.7 s the third objective of CMV reduction is enabled where the λcmv is also calculated 

online along with λpq and λdc. The zoomed view of dynamically selected weighting factors is 

shown in the subplot of Fig.6.8. The results validate the dynamic adaption of weighting 

factor corresponding to operating conditions to meet the required objectives.  

 

Fig.6.8. Simulation results for the dynamic selection of weighting factors with PSI for change in 

operating condition. 

The impact of weighting factor selection on the dynamic performance of power tracking 

and DC-link capacitor voltage balancing objectives are investigated individually. Fig.6.9 

illustrates the results for dynamic performance of both the control approaches for step 

change of reactive power reference Q* from -720 Var to +720 Var. The time taken for the 

measured power to track the reference by using the proposed control scheme is 0.1 ms which 

is almost similar to that of the classical. Similarly, Fig.6.10 illustrates the DC-link capacitor 

voltage balancing capabilities of both the control approaches. Initially, an intentional voltage 
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difference of 40 V is applied till 0.4 s and then commanded to balance the voltages Vdc1, and 

Vdc2. The results show that both the control approaches balances the capacitor voltages; 

however, the proposed control scheme is fast compared to the classical. 

 
Fig.6.9. Simulation results for dynamic performance of both the methods for step change in reactive 

power 

 
Fig.6.10. Simulation results for dynamic performance of both the methods for capacitor voltage 

balancing 

6.5    Experimental results 
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operating conditions and finally the steady-state results for evaluating the improved tracking 

performance of each control objective. In classical MPDPC, the initial values of weighting 

factor used for power tracking (λPQ) and DC-link voltage balancing (λvdc) are selected based 

on empirical approach. Further, they are tuned to obtain proper results. On the other hand, 

the proposed approach dynamically selects the weighting factors based on PSI method in 

accordance with the operating conditions of the system. 

To verify the proposed CMPC, the test scenario of maximum power extraction with 1) 

rapid change in irradiance by keeping the reactive power reference Q∗=0 Var and 2) 

changing the reactive power reference by keeping irradiance constant at 800 Watts/m2 are 

illustrated in Fig.6.11 and Fig.6.12, respectively. In order to validate the effectiveness of the 

proposed control scheme the results are compared with the classical PI based MPDPC. In 

case of classical approach, the PI controller regulates the DC-link voltage to track its 

reference MPPT voltage, whereas the proposed CMPC scheme utilizes the model based 

decoupled active-reactive power reference generation based on gradual approaching manner. 

It can be observed that the power evolution of the PV inverter with both the control 

approaches is quite similar. Despite of eliminating the outer DC-voltage control loop, the 

proposed control scheme has tightly regulated the DC-link voltage to its MPPT reference 

even after sudden application of reactive power change. The steady state waveforms of 

active power, reactive power, injecting currents, PV voltage and the inverter line voltage at 

various operating conditions for both the control approaches are shown in Fig.6.13 to 

Fig.6.16.  

The results for classical MPDPC and proposed PSI-W-CMPC at 400 Watts/m2, 700 

Watts/m2 and 1000 Watts/m2 are shown in Fig.6.13 and Fig.6.14 respectively, whereas ±720 

Var with constant irradiance of 800 Watts/m2 are shown in Fig.6.15 and Fig.6.16, 

respectively. By comparing the results, it can be clearly observed that the power ripples 

obtained with the proposed PSI-W-CMPC approach is very less compared to the classical 

MPDPC. Table.6.1 illustrate the quantitative comparison (simulation and experimental) of 

active power ripple, reactive power ripple and % THD of injecting currents for both the 

control approaches. 

Further, the dynamic selection of weighting factor corresponding to change in the 

operating conditions is shown in Fig.6.17. In order to investigate the dynamic selection of 

weighting factor, the inverter operating power factor is changed from unity power factor to 
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the lagging power factor with Q*=+720 Var at 800 Watts/m2 irradiance as shown in Fig.6.17 

(a). Similarly, in Fig.6.17 (b) the results for the leading power factor with Q*=-720 Var at 

800 Watts/m2 irradiance is shown. The influence of weighting factor selection on the 

dynamics of DC-link capacitor voltages for balancing is shown in Fig.6.18. Initially, the DC-

link voltages Vdc1, Vdc2 have a voltage difference of 40 V, after 0.06 s the voltages are 

commanded to balance. Both the control approaches has balanced the DC-link voltages, 

however the proposed PSI-W-CMPC has balanced the capacitor voltages quickly compared 

to the classical without deviating from the reference. 

 

 

       (a)             (b) 

Fig.6.11. Experimental results for active power evolution of 3L-NPC PV inverter (a) MPDPC (b) 

PSI-W-CMPC. 

 

 

       (a)             (b) 

Fig.6.12. Experimental results for reactive power evolution of 3L-NPC PV inverter (a) MPDPC (b) 

PSI-W-CMPC. 
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       (a)             (b) 

 

(c) 

Fig.6.13. Experimental results of Classical MPDPC at steady-state waveforms for (a) 400 Watts/m2 

(b) 700 Watts/m2 (c) 1000 Watts/m2   
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       (a)             (b) 

 

(c) 

Fig.6.14. Experimental results of PSI-W-CMPC at steady-state waveforms for (a) 400 Watts/m2 (b) 

700 Watts/m2 (c) 1000 Watts/m2   
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       (a)             (b) 

Fig.6.15. Experimental results for steady-state waveforms with MPDPC (a) -720 Var at 800 Watts/m2 

(b) +720 Var at 800 Watts/m2. 

 

       (a)             (b) 

Fig.6.16. Experimental results for steady-state waveforms with PSI-W-CMPC (a) -720 Var at 800 

Watts/m2 (b) +720 Var at 800 Watts/m2. 
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       (a)             (b) 

Fig.6.17. Experimental results illustrating the dynamic selection of weighting factors for change in 
operating power factor condition (a) UPF to +720 Var (b) UPF to -720 Var. 

 

Table.6.1. Performance comparison 

Operating 
condition  

Performance 
Indices  

PI-MPDPC  PSI-W-CMPC 

Simulation Experimental Simulation Experimental 

Pinj = 480 Watts  
Qinj = 0 Var  

∆P  35.17  35.39  20.84  24.01  

∆Q  12.76  19.20  9.73  13.11  

%THD of ig  8.48  8.9  5.24  5.93  

Pinj = 
1200Watts  
Qinj = 0 Var  

∆P  44.16  61.22  28.73  40.92  

∆Q  13.75  34.10  11.00  26.33  

%THD of ig  3.50  4.59  2.91  3.70  

Pinj = 960 Watts  
Qinj = -720 Var  

∆P  48.15  64.95  18.72  38.43  

∆Q  25.23  52.86  19.13  35.83  

%THD of ig  3.24  4.84  2.97  3.68  

Pinj = 960 Watts  
Qinj = 720 Var  

∆P  38.53  59.32  17.70  40.10  

∆Q  19.70  50.11  15.96  35.97  

%THD of ig  3.19  3.91  2.46  2.96  
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       (a)             (b) 

Fig.6.18. Experimental results for dynamic performance of capacitor voltage balancing (a) MPDPC 

(b) PSI-W-CMPC. 

6.6    Summary 

In this chapter, a PSI-based centralised model predictive decoupled active–reactive power 

control for a single-stage grid-tied 3L-NPC PV inverter is proposed and demonstrated by 

using lab-scale experimental setup. The proposed CMPC approach incorporates the DC-link 

voltage regulation constraint into the objective function with a dynamic reference generation 

approach. A decoupled active-reactive power control is used to eliminate the impact of 

reactive power exchange on the maximum power tracking. In addition, a PSI-based objective 

prioritisation approach is introduced to dynamically select the weighting factors. This PSI 

method determines the weighting factor based on a descriptive statistical approach in each 

sampling period, as a result, an improved steady-state and dynamic tracking performance is 

achieved. From the results, it can be observed that the proposed control approach has 

eliminated the cascading structure and regulated the DC-link voltage to its reference without 

any effect of reactive power exchange. The steady state and dynamic tracking performance 

of each control objective have improved with the dynamic selection of weighting factors. 

 



 

 

 

 

 

 

 

 

 

 

Chapter-7                                                 
Conclusions and Future Scope 
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7.1 Overview and summary of results 

By considering the control capabilities and the merits of FCS-MPC, an investigation on 

multi-objective model predictive control of single-stage grid tied solar photovoltaic system is 

presented in this research work. Selection of weighting factors in the objective function is 

the only parameter to be tuned in the multi-objective model predictive control which has 

direct impact on system performance. Further, despite of the multi-objective control 

capability of FCS-MPC, the control of single-stage grid-tied solar photovoltaic inverter has 

cascaded control structure which includes a classical linear PI controller to regulate the outer 

DC-link voltage of the inverter. The outer DC-link voltage has to be regulated to its 

reference obtained from the MPPT algorithm to extract the maximum power from the PV 

array. The dynamics of this DC-link voltage controller influences the overall system 

performance. Hence, in order to address these limitations new control strategies are proposed 

in this research work. The details of contributions are as follows: 

1. Initially, a direct optimization method based on selective finite-states is introduced to 

simplify the prioritization between the equally important objectives of current tracking 

and DC-link capacitor voltage balancing in single-stage grid tied 3L-NPC PV inverter. 

In this approach, the DC-link capacitor voltage balancing is inherently achieved by the 

selective switching states defined based on position of reference voltage vector in space 

vector plane, charge status of DC-link capacitors and direction of inverter phase current. 

As a result, the selection of optimal switching state to track the reference current is 

simplified, efforts required to select the weighting factor is eliminated and due to the 

limited number of switching states the computational burden on the processor is 

reduced. In addition to these, the proposed FS-MPC has retained the steady-state 

tracking and dynamic response of the system.  

The proposed selective FS-MPC scheme for a 3L-NPC inverter based SPECS is 

experimentally verified. From the results, it is observed that the capacitor voltage 

balancing has been achieved inherently, indeed has eliminated the weighting factor 

selection issue for equally important control objectives. The overall computation time 

required for the real-time implementation is reduced by 34.4% in comparison with the 

classical MPCC and 88.89% for each objective which validates the significant reduction 

in computational burden on the processor. The %THD of the injecting currents is 3.52% 

which is well below the IEEE Std. 1547 which is comparable with MPCC approach.  
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Despite of selective FS-MPC merits, the complexity in selection of weighting factors for 

secondary control objectives are still exists. Due to the availability of limited switching 

states, the inclusion of secondary control objectives in the objective function doesn’t 

meet required operating conditions. Further, the FS-MPC also uses a PI controller to 

regulate the floating DC-link of the inverter which influences the dynamics of the 

system performance. In order to overcome these problems, two generic methods for 

selection of dynamic weighting factors along with the CMPC approach to regulate the 

outer DC-link voltage of the inverter are proposed.  

2. A CRITIC based objective prioritization approach for dynamic selection of weighting 

factors in the objective function of FCS-MPC is proposed. CRITIC is an well 

established objective prioritization approach of MCDM methods which establishes a 

quantitative relation between various individual criteria’s by using a multivariate 

descriptive statistical analysis of objective errors. The evaluation of multiple objectives 

in the objective function of FCS-MPC is framed as a multi-objective decision making 

problem, where the switching states are considered as the control alternatives and 

control objectives as the criteria’s. The detailed steps to determine the dynamic weights 

of the objectives are presented.  

Further, a centralized model predictive control (CMPC) approach is presented to 

regulate the floating DC-link of the inverter without using any additional controller or 

control loop. The CMPC approach utilizes the model of the system to determine the 

dynamic reference power based on gradual approaching manner. The dynamic reference 

power includes the power required to regulate the charge of DC-link in addition to the 

maximum power which is required to be injected into the grid. Thus the proposed 

CMPC eliminates the cascaded structure and includes the DC-link voltage regulation 

into the power reference in the objective function. 

3. A PSI based objective prioritization approach for dynamic selection of weighting factors 

in the objective function of FCS-MPC is proposed. PSI is also a popular objective 

prioritization approach of MCDM methods. However, in contrast to the general 

objective prioritization methods the PSI approach does not require relative significance 

between various criteria’s. Hence, this approach is more popular in the cases where 

there is a conflict in obtaining the correlation among the criteria’s. The control 

objectives of single-stage grid tied 3L-NPC inverter are active-reactive power tracking, 
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DC-link capacitor voltage balancing and CMV reduction. Obtaining a correlation 

between these objectives are difficult hence, PSI approach is preferred to prioritise these 

objectives. Similar to the previous approach, the switching states are considered as the 

control alternatives and control objectives as the criteria’s. The detailed steps to 

determine the dynamic weights of the objectives are presented.  

The CRITC and PSI weighting approaches along with the CMPC approach is 

implemented on a laboratory scale experimental setup. The results are compared with the 

classical PI based MPDPC, where the weighting factors are selected based on the empirical 

approach. Comparative results between the objective weighting methods are summarised in 

the Table.7.1. 

Table.7.1. Performance comparison of objective weighting methods  

Operating 
condition  

Performance  
Indices  

PI-MPDPC   CRITIC-W-CMPC  PSI-W-CMPC  

Sim. Exp. Sim. Exp. Sim. Exp. 

Pinj = 480 Watts  
Qinj = 0 Var  

∆P  35.17  35.39  18.67  20.21  20.84  24.01  

∆Q  12.76  19.20  9.24  12.03  9.73  13.11  

%THD of ig  8.48  8.9  5.12  5.46  5.24  5.93  

Pinj = 
1200Watts  
Qinj = 0 Var  

∆P  44.16  61.22  24.42  34.78  28.73  40.92  

∆Q  13.75  34.10  12.46  23.38  11.00  26.33  

%THD of ig  3.50  4.59  2.08  2.69  2.91  3.70  

Pinj = 960 Watts  
Qinj = -720 Var  

∆P  48.15  64.95  16.23  33.02  18.72  38.43  

∆Q  25.23  52.86  17.26  30.81  19.13  35.83  

%THD of ig  3.24  4.84  2.6  3.16  2.97  3.68  

Pinj = 960 Watts  
Qinj = 720 Var  

∆P  38.53  59.32  15.97  34.14  17.70  40.10  

∆Q  19.70  50.11  14.72  32.93  15.96  35.97  

%THD of ig  3.19  3.91  2.24  2.51  2.46  2.96  

7.2  Conclusion 

In this research work, alternative techniques based on direct optimisation and dynamic 

objective prioritisation approaches based on MCDM methods are proposed for simplifying 

the selection of weighting factors in the objective function of multi-objective FCS-MPC. The 

proposed techniques are namely: selective FS-MPC under direct optimisation, CRITIC and 

PSI based objective prioritisation approaches under MCDM methods. All the proposed 

techniques eliminate the heuristic offline selection of weighting factors. The detailed 

mathematical modelling, implementation steps, simulation results and experimental results 

are presented for both the conventional and proposed techniques in the corresponding 

chapters. All the proposed techniques offer an improved objective tracking and comparative 
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dynamic response with respect to the classical approaches. 

7.3 Future Scope 

 Multi-vector approach with switching instant optimization techniques can be 

implemented along with the proposed techniques for further improving the 

performance of multi-objective model predictive control of grid tied inverters. 

 Fixed switching frequency implementation for multi-objective model predictive 

control of grid-tied inverters.  
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Appendix 

 Euler’s Discretization 

The real-time implementation of FCS-MPC technique requires conversion of continuous 

time model of the system to a discrete-time model of the system. This process is usually 

known as discretization. The discretization of first order state equation by using the forward 

Euler’s discretization is given as follows 

  1k k

s

dx t x x

dt T
 

  

�       (A.1) 

Where, x


 is the state variable, Ts is the sampling period and k is the sampling instant. 

 Clark’s transformation  

Coordinate transformation of three-phase stationary abc – reference frame to stationary 

 - orthogonal reference frame is shown in Fig A.1. The transformation can be done by 

using the following relation 
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Where, ‘’ is the conversion matrix 
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Fig.A.1 Three phase to stationary orthogonal transformation 
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 Park’s transformation  

Coordinate transformation of three-phase stationary abc – reference frame to dq – 

synchronous reference frame is shown in Fig A.2. The transformation can be done by using 

the following relation 
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Where, ‘ ̂ P’ is the conversion matrix 
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Fig.A.2 Three-phase to rotating reference frame 

 Voltage oriented control (VOC) 

VOC is one of the popular techniques used for the control of grid tied inverters. This 

control algorithm is designed in the synchronous reference frame with grid-voltage as the 

reference. The design of VOC includes the dynamics of grid side circuit as given below 

 
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( ) ( )
dg

dg di f qg
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di t
v t v t L i
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Where,  is the angular frequency of the grid. 

Form the above Eq. (A.4), it can be observed that, derivative of d-axis current is related to 

d-axis and q-axis components, and similarly for the q-axis current. Hence, the above system 

is said to be cross coupled and leads to the unsatisfactory performance during dynamic 

operating conditions. To avoid this problem a decoupled controller can be implemented as 

shown in Fig. A.3. 

 

Fig.A.3 Schematic of 3L-NPC inverter with VOC with decoupled control 

The outputs of the PI controllers are expressed as follows, 
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Where, kp+ki/S is the transfer function of PI controller. 

By substituting Eq. (A.5) in Eq. (A.4) yields 
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 The above equations confirm the decoupled control of both currents. 

 Lookup table based direct power control 

This section presents the lookup table based direct power control (DPC) approach for 

grid-tied 3L-NPC inverter. By using the nonlinear hysteresis controllers along with 

predefined switching table, instantaneous active and reactive powers of grid-tied 3L-NPC 

inverter can be controlled. In addition to the active and reactive power the DC-link capacitor 

voltage are also balanced with LUT-DPC. In this approach, active and reactive powers are 

estimated based on the measured grid quantities. These estimated quantities are compared 

with corresponding reference values.  The error terms of powers and difference in DC-link 

capacitor voltages are given to hysteresis controllers.  The responses from the hysteresis 

controllers are given to a predefined switching table. Based upon these responses and 

location of the voltage vector in complex plane, a suitable switching state will be selected. 

The implementation diagram for is shown in Fig. A.1. The grid side three phase quantities 

igx and vgx for x ∈ {a, b, c} in a-b-c reference frame are transformed to stationary orthogonal 

α-β reference frame quantities igαβ and vgαβ by using a Clarke’s transformation matrix ‘Γ’. 

The instantaneous active and reactive powers can be obtained as  

 *1.5 *g g gP Re v i       (A.7a) 

 *Im 1.5 *g g gQ v i       (A.7b) 

The hysteresis controller outputs for active power, reactive power and DC-link voltages are 

as follows 
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Fig.A.4 Schematic of 3L-NPC inverter with LUT-DPC with decoupled control 

The location of the voltage vector can be obtained as 
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Where, n is the sector number. 

The predefined switching table for the selection of switching state is given in Table A.1 

Table A.1 Switching table for LUT-DPC 

HP HQ HVdc 

Sector number 

1 2 3 4 5 6 7 8 9 10 11 12 

1 

2 
-1 NON NPO OPP NOP NNO ONP POP PNO ONN PON PPO OPN 

1 OPO NPO NOO NOP OOP ONP ONO PNO POO PON ONN OPN 

1 
-1 OPP OPP NNO NNO POP POP ONN ONN PPO PPO NON NON 

1 NOO NOO OOP OOP ONO POP POO POO OON OON OPO OPO 

-1 
-1 NNO POP POP ONN ONN PPO PPO NON NON OPP OPP NNO 

1 OOP ONO ONO POO POO ONN ONN OPO OPO NOO NOO OOP 

-2 
-1 NNP PNP PNP PNN PNN PPN PPN NPN NPN NPP NPP NNP 

1 NNP PNP PNP PNN PNN PPN PPN NPN NPN NPP NPP NNP 

0 

2 
-1 OPN NPN NPO NPP NOP NNP ONP PNP PNO PNN PON PPN 

1 OPN NPN NPO NPP NOP NNP ONP PNP PNO PNN PON PPN 

1 
-1 PPO PPO NON NON OPP OPP NNO NNO POP POP ONN ONN 

1 OON OON OPO OPO NOO NOO OOP OOP ONO ONO POO POO 

-1 
-1 ONN ONN PPO PPO NON NON OPP OPP NNO NNO POP POP 

1 POO POO ONN OON OPO OPO NOO NOO OOP OOP ONO ONO 

-2 
-1 PNP PNP PNN PNN PPN PPN NPN NPN NPP NPP NNP NNP 

1 PNP PNP PNN PNN PPN PPN NPN NPN NPP NPP NNP NNP 

-1 

2 
-1 PON PPN OPN NPN NPO NPP NOP NNP ONP PNP PNO PNN 

1 PON PPN OPN NPN NPO NPP NOP NNP ONP PNP PNO PNN 

1 
-1 PON PPN OPN NPN NPO NPP NOP NNP ONP PNP PNO PNN 

1 PON PPN OPN NPN NPO NPP NOP NNP ONP PNP PNO PNN 

-1 
-1 PNN PON PPN OPN NPN NPO NPP NOP NNP ONP PNP PNO 

1 PNN PON PPN OPN NPN NPO NPP NOP NNP ONP PNP PNO 

-2 
-1 PNN PON PPN OPN NPN NPO NPP NOP NNP ONP PNP PNO 

1 PNN PON PPN OPN NPN NPO NPP NOP NNP ONP PNP PNO 

 System design 

Sl. No Parameter Calculation 

1 Minimum DC-link 

Voltage _ min

2 2 2 2 *85
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L L
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V V
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2 DC-link Capacitance 

   2 2 2 2
,max ,min

1 2

2 2*0.6*1200*0.02
2250

180 140

2 4500

S rated trans
eff

dc dc

eff

K S T
C F

V V

C C C F





  
 

  

 

3 Interfacing filter 
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3 3 * 0.92 *180

3.18
12 12 *1.5*5000 * 0.1

mi dc
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m V
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  


 

4 Proportional controller 

gain 
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2 0.9* 2* 0.0058
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