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ABSTRACT 

Photovoltaic (PV) energy is rapidly becoming an important part of the energy mix in all 

countries across the globe. The enormous growth in PV installations led to the reduction in 

the cost of PV modules and also caused the evolution of conventional PV power converters 

from classic single-phase grid-connected inverters to more complex topologies such as 

multilevel inverters (MLI) to increase capacity, efficiency and reliability. In recent years, 

focus on multilevel inverters (MLIs) has been increased due to their ability to improve the 

quality of output voltage, reducing the total harmonic distortion (THD), low dv/dt and operate 

medium-voltage semiconductor devices. Cascaded H-bridge (CHB), diode clamped 

(DCMLI), flying capacitor (FCMLI) are conventional MLI topologies. In particular, the CHB 

MLI is more dominant than DCMLI and FCMLIs in the domain of high-power grid connected 

applications. However, these conventional MLIs require large number of switch count to 

generate a high number of voltage levels. This leads to increase in complexity and cost of the 

MLI. To overcome these drawbacks in conventional MLIs, researchers are continuously 

working to reduce the switch count, thus emerged an area of research, named as reduced 

switch count (RSC) MLI topologies.  

The objectives of RSC-MLI are to generate higher number of level with less number of 

switching devices, diodes and dc sources. The RSC-MLIs may operate with reduced 

switching and conduction losses as the reduction in on-state switches and operation of some 

switches at low frequency. From the past decade, various researchers carried out extreme 

innovations on RSC-MLIs and developed numerous topologies with significant reduction in 

component count, total blocking voltage, cost and ease of control. Several RSC-MLI 

topologies such as multilevel dc link (MLDCL), switched series parallel sources (SSPS), 

packed U-cell (PUC), cascaded bi-polar switched cells (CBSC), reverse voltage (RV), 

switched dc sources (SDS), T-type, hybrid T-type, basic unit MLI, envelope-type (E-type), 

square T-type (ST-type), series-connected switched sources (SCSS), and various other three-

phase and cascaded topologies are reported in literature. In this thesis, qualitative and 

quantitative features of RSC-MLI topologies have been discussed and a comparison has been 

made to facilitate a well-informed selection of topology for grid connected applications.  

Among these most attractive topologies are MLDCL, SSPS and T-type. T-type RSC-

MLI offers significant decrease in switch count but lack of switching redundancies, inability 

to adapting with asymmetrical dc voltage sources, inability to attain uniform power 

distribution of dc sources, uneven blocking voltages acts as major limitation. On the other 

hand, MLDCL and SSPS RSC-MLIs consist of simplified, modular and generalized 
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topological structure with considerable decrease in switch count, multiple switching 

redundancies, possibility of connecting asymmetric dc sources and simplified switching 

operation, fault tolerant ability, uniform power distribution, uniform blocking voltages across 

switches and dc link voltage balancing capability. Due to these key and worthy merits, 

MLDCL and SSPS had gathered more attention and serve as an alternate to CHB MLI for 

applications such as grid connected PV system, active front-end converters, custom power 

devices, battery energy storage system and hybrid electric vehicle.  

In most of the MLIs, the utilization of all the sources at all levels is seldom. These 

topologies will diminish the energy efficiency of the conversion system as all the sources will 

not deliver the power except at the highest level in the output voltage. These kinds of 

converters can hamper the penetration of renewable energy into the existing energy mix, as 

the energy capacity of the renewable source is undermined. In this connection, this thesis 

explores the series/parallel switching of dc sources in SSPS RSC-MLI. This inverter can 

extract the power from all the sources at all the levels through series/parallel switching. In 

addition, this thesis work introduces a new performance indicator named “utilization factor” 

(UF) to quantify the utilization of dc sources.  

In this connection, a comprehensive comparison among CHB, MLDCL and SSPS RSC-

MLI topologies has been carried out in terms of utilization factor (UF), switch count, current 

rating of the dc sources and switches, operating frequencies of switches and total blocking 

voltage. For this comparison, 11-level inverters are considered with input dc source voltage 

ratio of 1: 2: 2. Based on the comparative analysis, MLDCL and SSPS RSC-MLI topologies 

are most suitable and an effective alternate to conventional CHB MLI for interfacing unequal 

input dc sources such as PV to grid by using less complex and common control philosophy. In 

view of this, asymmetric SSPS and MLDCL RSC-MLIs are considered for further research. 

In grid connected MLIs, for achieving decoupled active and reactive power control, 

conventional PI controllers are susceptible for different operating conditions. Since they tuned 

only for a particular operating point and their steady-state response time are also high. PI 

controllers cannot avoid the disturbances which exist in the system and those are sensitive to 

system parameters variations. Moreover, the MLI based systems are highly nonlinear and 

changes its connection configuration for every voltage level. Therefore, the linear controllers 

will not give satisfactory performance at all the operating points. The performance of MLIs 

further degrades with change in operating conditions, system parameter disturbances and 

during prevailing model oscillations.  

To address all these issues, a sliding mode based nonlinear controller has been adapted 

for the closed-loop control of grid connected MLIs. In sliding mode control (SMC), the 
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switching action is in such a way that the state direction of the system is brought back to 

sliding surface and track the equilibrium point. SMC offer good robustness because sliding 

surface and switching are independent of system operating points and other circuit 

parameters. On the other hand, MLI based grid connected systems are highly nonlinear and 

coupled in nature. Therefore, to design a SMC for grid connected applications, a feedback 

linearization technique is adapted in the present work to convert into linear system designated 

by algebraic equations.  

The performance of proposed SMC for grid connection of SSPS RSC-MLI is validated 

in MATLAB/Simulink environment and later verified in real-time environment using OPAL-

RT system. For these studies a three-phase 11 kV, 1 MVA SSPS RSC-MLI with 1: 2: 2 dc 

voltage ratio is designed and connected to 11 kV grid. The performance of the proposed 

variable gain nonlinear controller is validated against the PI controller for delivering desired 

powers under different operating conditions/disturbances using simulations and real-time 

environment. To verify the performance of the proposed system in real-time environment, two 

OP4500 modules of OPAL-RT are integrated. Out of these two, the first module works as a 

plant, i.e., grid connected SSPS RSC-MLI whereas the second module works as controller, 

i.e., SMC or PI based PWM generator. The plant system along with its interface generates 

analog signals according to the operating conditions and disturbances, which will be acquired 

by controller through DB-37 communication channel. 

 Further, the research work continued towards the grid integration of RSC-MLI based 

MLDCL inverter for PV system. As similar to CHB, the structure of MLDCL allows even 

power distribution between equal rated input PV sources. Therefore, a common maximum 

power extraction control method can be applied for multiple equal rated PV sources, thereby 

reducing the control complexity. In this connection, a robust nonlinear SMC is designed to 

extract maximum power from each single-stage PV source. To validate the proposed control 

scheme, a single-stage, three‐phase, 11 kV grid connected asymmetrical 11-level MLDCL 

inverter with PV sources in 1: 2: 2 voltage ratio has been considered. Two SMCs are 

developed to extract maximum power from each group of equal rating PV sources. The 

performance of SMC under variable irradiance conditions is verified against PI controller, and 

the results are analysed in MATLAB and hardware‐in‐loop OPAL‐RT test beds. 
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CHAPTER 1:  INTRODUCTION TO GRID CONNECTED 

PV SYSTEMS 

This chapter presents a brief introduction to high-power medium-voltage grid connected 

photovoltaic (PV) system. It starts with an overview of grid connected PV system layout and their 

control. Later, discusses the literature on dc to ac power converters and then address the 

importance of multilevel inverters (MLIs) and then demonstrates the importance of reduced 

switch count (RSC) MLIs. Finally, motivation of the work, objectives and thesis organization are 

explained. 

 Introduction  1.1

The photovoltaic (PV) energy has grown at an average annual rate of 60% in the last five 

years, surpassing one third of the cumulative wind energy installed capacity [1]. PV energy is 

quickly becoming an important part of the energy mix in all countries. The enormous growth in 

PV installations led to the reduction in the cost of PV modules and also caused the evolution of 

conventional PV power converters from classic single-phase grid-connected inverters to more 

complex topologies such as multilevel inverters (MLI). This will increase capacity of PV system, 

efficiency and reliability without affecting the cost. This chapter presents an overview of PV 

systems and power converter topologies that have found practical suitability in grid-connected 

applications. 

 Grid connected photovoltaic system  1.2

The PV sources are connected either in standalone mode or grid connected mode. In 

standalone mode, PV sources are directly connected to commercial or residential load centres. In 

grid connected mode, the PV system is in synchronism with grid and injects the generated PV 

power to grid. Nowadays, the grid integration of PV systems is enormously increasing in many 

countries. Nearly, 75% of the PV system installations around the world are operating in grid 

connected mode [2]. In the coming years, the supply of power from PV systems to the grid will 

further increase. The grid tied PV system comprises of PV sources, power converters and power 

controlling unit as shown in Fig. 1.1. 

1.2.1 Photovoltaic sources 

In PV system, the basic element is a semiconductor material called PV cell. This will 

convert sunlight into dc power based on the principle of photovoltaic effect. However, the voltage 

generated by a single PV cell is typically 0.5 V which is very less and it is not sufficient for the 

loads. Hence, several PV cells are connected in series to increase the voltage to higher levels. The 

series connection of PV cells called as PV module as shown Fig. 1.2. The PV modules can also 
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connected in series for further increase in voltage levels, which will make a PV panel. For high 

voltage and high power applications, to achieve the required voltage and currents, these PV panels 

connected in series and parallel respectively and this arrangement is known as PV array as shown 

in Fig. 1.2. 

 

Fig. 1.1: Schematic view of grid connected PV system. 

PV cell

PV module

PV panel PV array

 

Fig. 1.2: Formation of PV module, PV panel and PV array using PV cells. 

In grid connected PV system, the power converter plays an interface between PV source 

and grid. It converts the dc voltage generated by PV source to ac voltage and appropriately 

condition the available solar power before injecting into the grid. In general, photovoltaic 

conversion system mainly arrange in two ways. They are double-stage and single-stage 

conversion systems. 

1.2.1.1 Double-stage PV conversion system 

In double-stage system, there are two stages for converting the dc to ac voltage as shown in 

Fig. 1.3(a) [3]. The first stage incorporates a dc-dc converter and the second stage consists of dc 

to ac inverter. Conventionally, in first stage, the dc-dc converter is controlled in such a way that it 

boost the voltage of the PV array and then track the maximum solar power i.e., maximum power 

point tracking (MPPT). Typically, the first stage consists of either boost or buck-boost dc-dc 

converter. The second stage inverts the dc power into ac power. The purpose of control of dc to ac 

converter is to ensure proper power feeding into the grid. The design of the controllers for the 

double-stage system is easy. This is because, dc-dc convertor in the first stage and dc-ac converter 

in second stage have independent control objectives and configurations [3]. However, the 

efficiency of the double-stage conversion system is compromised due to the large number of 

PV system
Power converter

GridDC/AC
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individual devices present in the dc-dc convertor and dc-ac inverter. Heavy weight, high cost and 

large size are the drawbacks of double-stage PV energy conversion system. 

1.2.1.2 Single-stage PV conversion system 

Nowadays, single-stage PV power conversion is increasingly popular [4]. In single-stage 

PV system, only one power handling stage is required to convert the PV power to ac supply. The 

single-stage power processing system is shown in Fig. 1.3(b). The single-stage system can 

perform both maximum power point tacking and the inversion. In this stage, the inverter has alone 

to achieve all control objectives. It has the advantages of lower cost, improved efficiency, 

modularity and less size as compared to double-stage. Further, this system has more reliability, 

since the chance of device failure is lower than other configurations with higher number of 

devices. Also, it has been specified that removing a dc-dc converter stage decreases the overall 

cost of grid-connected PV system and makes this selection more attractive in practical 

applications [4]. 

 

Fig. 1.3: PV system configurations: (a) Double-stage and (b) Single-stage conversion. 

1.2.2 Maximum power point tracking (MPPT) 

The voltage and power of a PV system have a non-linear relationship. Therefore, it is 

essential to operate the PV system at the point of maximum power. The maximum power point 

depends on environmental factors, such as insolation and temperature. The maximum power point 

tracking (MPPT) is required to improve the PV system efficiency. The MPPT algorithms are 

implemented in PV systems, which can always generate the maximum possible power irrespective 

of the environmental conditions. From past two decades, several MPPT methods have been 

established and employed such as perturb and observe method, incremental conductance method, 

constant voltage (CV) method, fuzzy logic and neural network based MPPT methods [5-11]. 

DC/AC 

converter for 

feeding power 

into the grid

DC/DC 

converter  for 

boosting and 

MPPT
Grid

PV Array

MPPT

and

DC/AC 

Conversion 
Grid

PV Array

(a)

(b)
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 Control of grid connected PV systems 1.3

Grid interfaced PV systems requires a power-conditioning unit which is connected between 

the PV sources and the grid. These systems are intended to function in parallel with the grid as 

shown in Fig. 1.4 [12]. The power conditioning unit comprise of an MPPT algorithm, power 

converter and the grid interface control system. It has to perform two functions: 

 Generate maximum power from PV arrays at difference irradiance levels. 

 Inject the extracted maximum power into the grid at various insolation levels, i.e., control 

of inverter, which ensures the control of active and reactive powers injected into the utility 

grid. 

 

Fig. 1.4: Control of grid interfaced PV system. 

In order to extract maximum power under varying irradiance conditions, most of the MPPT 

methods use PI controllers which are thoroughly used and well-known in many industrial 

applications [13]. The adaption of conventional PI control for extraction of maximum power from 

PV system is shown in Fig. 1.5. Here, the PI controller generates the duty cycle required for the 

switching operation of the buck-boost converter to track the reference voltage [13]. The reference 

voltage is generated from MPPT method and this voltage provides the corresponding maximum 

power, being extracted depending on the environmental conditions. Under steady-state, the actual 

PV voltage reaches the reference voltage by modulating the switches in dc-dc converter.   

MPPT 
Vref

Vpv

PI
Error Duty cycle

 

Fig. 1.5: The conventional PI for maximum power extraction. 

The control of active and reactive power injected to the grid is achieved by controlling dc to 

ac inverter. In general the control methods for grid connected three-phase inverters are formulated 

PV array

Power

Converter Filter

MPPT Control

System

Grid

Local

Load
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in abc, αβ0 or dq0 reference frame [14]. Among these, the simple and prominent method to 

control both active and reactive power is decoupled current controller in dq reference frame [14]. 

In this, the grid currents and voltages which are in abc reference frame are converted into the dq 

frame of reference by using Clark and Park transformations. This conversion can decouple the ac 

current into active (Id) and reactive (Iq) components. These current components are controlled to 

reduce the error between actual and the reference values of active and reactive powers. In general, 

the dq control scheme for three-phase grid-tied PV inverters use conventional PI controller [15]. 

However, grid connected PV systems show nonlinear performance due to the inherent features of 

the PV cell and nonlinear switching function of the inverter [16]. Hence, the control of this non-

linear system using conventional PI controller is a complex task.  Further, nonlinearities in the 

system could adversely affect its performance, if they are not sufficiently compensated. The main 

challenge for controlling the nonlinear systems is the presence of inaccuracy in the system 

modelling. The nonlinear control schemes have improved the field of research and has 

demonstrated as most suitable for the control of nonlinear systems [17-20].  

1.3.1 Modelling inaccuracies 

The inaccuracy in nonlinear system model may arise due to the uncertainties around the 

plant (e.g., unidentified plant parameters), or due to the purposeful selection of a simplified 

description of the system‟s dynamics [21]. Modelling inaccuracies can be classified into two 

major categories: parametric (or structured) uncertainties and unmodelled dynamics (or 

unstructured uncertainties). The first kind relates to inaccuracies on the terms actually involved in 

the model, while the later one corresponds to inaccuracies in the system order. Modelling 

inaccuracies may leads to strong unfavourable effects on nonlinear control systems.  

In order to deal with model uncertainty, one of the most significant method is robust control  

[22]. The general structure of a robust controller has a nominal part, a feedback control law, and 

extra terms directed to allocating with model uncertainties. Among the existed advanced robust 

control schemes, sliding mode control (SMC) and feedback linearization are popularly used. SMC 

strategy offers disciplined approach to retain stability and reliable performance in the face of 

modelling inaccuracies. 

1.3.2 Sliding mode control (SMC) 

Sliding mode control (SMC) is a nonlinear control method containing extraordinary 

properties such as accuracy, robustness, ease in implementation and tuning. SMC controllers are 

designed to force the system states onto a specific surface in the state-space, known as sliding 

surface. Once the sliding surface is achieved, sliding mode control retains the states on the near to 

region of the sliding surface. The SMC is a two part controller strategy. The first part includes the 
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design of a sliding surface so that the sliding motion fulfils the design specifications. The second 

part is concerned with the choice of a control law that will create the switching surface striking to 

the system state [23]. 

There are two major benefits with SMC. The first one is improvement in the dynamic 

performance of the system by the precise selection of sliding function. Secondly, the response of 

the system becomes entirely unaffected to specific uncertainties. This principle ranges to system 

parameter uncertainties, nonlinearity and disturbance which are bounded. From a real-time point 

of view, SMC permits for controlling nonlinear closed-loop systems under exterior disturbances 

and heavy system uncertainties. In general, in SMC, Lyaponov stability method is applied to keep 

the nonlinear system under control [22]. 

1.3.3 Lyaponov stability theory 

The function of a control system is categorised into two types; (1) stabilization and (2) 

tracking [24]. In stabilization process, the control system is modelled in such a way that the state 

of the closed-loop system is settled about the equilibrium point. In tracking control process, a 

controller is designed in such that, the actual output track the desired trajectory and stabilize the 

complete system. Tracking process is more challenging than stabilization problem. This is 

because, tracking problem ultimately covers the stabilization problem [24]. The Lyapunov theory 

defined as, if a function is positive definite and its derivative is negative or zero, then that function 

is a positive constant or decrease to zero [25] i.e., the system is asymptotically stable.  

Based on the Lyapunov theory, the control law is organized as feedforward and feedback 

measures to track the chosen trajectory besides stabilizing the closed-loop system. The feed 

forward part is responsible for the required input for tracking the chosen trajectory and nullifying 

the effects of identified disturbances, whereas the feedback part alleviates the tracking error 

dynamics [24]. The basic literature on Lyapunov theory are given in [24, 26]. 

Besides SMC, another advanced control solution for the nonlinearities existed in a system is 

feedback linearization technique and is explained below. 

1.3.4 Feedback linearization 

In general, grid connected converter and PV systems are highly nonlinear and coupled in 

nature. Hence, conventional PI controller will not give satisfactory performance for uncertain load 

changes and ever changing operating conditions. Feedback linearization [27] is a method in 

nonlinear system control, which converts all or part of nonlinear dynamic systems into linear 

system(s) by using algebraic equations. In other words, linearization scheme transforms main 

model of the system into a simple form of equivalent models that can be used in designing robust 

controller for nonlinear systems.  
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One of the limitation of the feedback linearization is lack of sufficient robustness in 

presence of uncertainties in system parameters [28] i.e., variation of parameters in the system. 

This may results in undesired response and unstable the system. Therefore, in nonlinear system 

with parameter uncertainties, feedback linearization may be linearize the system around some of 

its operating points in the parameter deviation region. Hence, the developed controller cannot 

deliver an appropriate response except in one or some points of parameter's variation region. In 

order to address the the issues of uncertainty and to add robustness to the control algorithm, SMC 

technique can be incorporated in the feedback linearized control and it is explored in this thesis 

work. 

 Introduction to dc-ac inverters 1.4

DC to ac static power inverter plays an important role in various power conversion stages in 

generation, transmission and distribution systems. High-performance and economical inverter is 

necessary for power electronics applications such as renewable energy generation, adjustable 

speed drives, high-voltage dc (HVDC) transmission, uninterruptible power supplies (UPS), 

flexible AC transmission system (FACTS), electric vehicles (EV) and battery energy storage 

systems (BESS). In early days, static power converters are developed with forced commutating 

switching devices such as thyristors. Conversely, with the advancement in the research of 

semiconductor devices and significant development of gate (or self) commutated semiconductor 

switches, attention has been shifted towards power electronic inverters with self-commutating 

switches.  

Based on the dc link energy storage element, the inverters can be classified as voltage 

source inverters (VSIs) and current source inverters (CSIs) [29-31]. The voltage source dc-ac 

conversion system shown in Fig. 1.6(a) operates by applying a capacitor with a regulated dc 

voltage. Whereas the current source inverter, shown in Fig. 1.6(b) operates by using an inductor at 

the input side for supplying a regulated dc current. However, one may prefer CSI due to its 

robustness or the VSI due to its high efficiency, low initial cost, and smaller physical size [32, 

33]. Since VSI technology is widely used in industrial applications, this has also been more 

common in applications such as FACTS, CPD, ASD and REG [29] and hence, VSI has been 

considered in this thesis. 

The popular two-level VSI is also suitable for medium and high-power applications [34]. To 

produce the desired voltage and current levels in the inverter, several semiconductor switches are 

connected in series and parallel respectively. Hence, each inverter leg consists of two groups of 

active switches, each comprising of two or more switching devices connected in series/parallel, 

dependent on the ratings of dc link voltage, load current and available ratings of switches. Further, 
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several capacitors in series could be essential to realize the required voltage in dc link [34]. The 

structure of high-power two-level VSI is shown in Fig. 1.7. In this structure, each switch consists 

of three semiconductor devices connected in series and operate with a common gate signal.  

LdcCdc

 

(a) Voltage source inverter (b) Current source inverter 

Fig. 1.6: Topologies of inverters. 

S1

S4

S3

S6

S5

S2

a b c

Vdc

Vdc

Vdc

 

Fig. 1.7: Two-level high-power VSI. 

The output voltage of VSI with sinusoidal pulse width modulation (SPWM) method is 

shown in Fig. 1.8(a). The output voltage is quasi-square wave with a total harmonic distortion 

(THD) of 75.26% as shown in Fig. 1.8(b). However, the direct use of VSI for the purpose of high-

power applications is impractical. This is because, the high harmonic content in the output voltage 

and increased number of switches in each leg of the inverter structure [34, 35].  

In order to reduce the THD in the output voltage and improve the voltage waveform of the 

basic two-level VSI, large harmonic filters are necessary. In spite of using filters, several solutions 

are addressed in the literature [34, 35]. Among them, multilevel inverters (MLIs) are the most 
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popular. These MLI configurations deliver good THD performance and they are directly adapted 

for high-power medium-voltage applications with the available ratings of the semiconductor 

devices. Operating principle, merits and demerits of MLIs are explained below. 

 

(a) Line-voltage (V) 

 

(b) Harmonic spectrum 

Fig. 1.8: Performance of two-level VSI. 

 Multilevel inverters (MLIs) 1.5

Multilevel inverters (MLIs) have become increasingly popular in recent years [34, 36-40]. It 

uses the concept of aggregating multiple small voltage levels to perform power conversion at an 

appropriate high-voltage level. The principle behind multilevel voltage generation and advantages 

offered by MLIs are explained here under.  

MLIs use several power semiconductor switches and dc voltage sources (or capacitors) to 

generate a stepped output voltage waveform. The switching action of these devices allow the 

addition of dc source voltages, and generate higher and different voltage levels in the output 

voltage without necessity of increasing the rating of power semiconductor devices. The 

fundamental operating principle of MLI to generate multiple levels in output voltage is shown in 

Fig. 1.9. 

Fig. 1.9 shows the operation of a MLI by considering one phase leg. The switching action 

of power semiconductor devices is denoted by an ideal switch with multiple ports. By operating 
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an ideal switch, the structure of Fig. 1.9(a) produces two-levels in the output voltage, i.e., Vdc or 

zero level. In the same way, Fig. 1.9(b) generates three-levels in output voltage and Fig. 1.9(c) 

gives the output voltage with multiple levels. Consider, m is the number of levels in the output 

phase-voltage with respect to the negative terminal of the inverter, then the generated number of 

levels in the line-voltage is (2m‒1). Benefits of MLIs are less THD, low dv/dt in the output 

voltage, low switching losses, good electromagnetic compatibility (EMC), and operate with high-

voltage levels [37]. MLIs are considered today as a very attractive solution for high-power 

medium-voltage applications, because of the following reasons [34, 36-40]: 

 Produce output voltages with matured medium-power semiconductor technology with low 

distortion and low dv dt . 

 Draw input current with very low distortion. 

 Can operate with a lower switching frequency. 

 Fault tolerant, less prone to failure and their cost is relatively low. 

 Generate smaller common-mode (CM) voltage, thus reducing the stress in the motor 

bearings. In addition, using sophisticated modulation methods, CM voltages can be 

eliminated. 

Owing to these reasons, MLIs are very attractive solutions for medium-voltage and high-

power applications. In this connection, the next section describes an overview of classical 

topologies of MLIs. 

a

o

Vdc

 

a

o
Vdc

Vdc

 

(a) Two-level (b) Three-level 

oVdc

aVdc

Vdc

 

(c) Multilevel 

Fig. 1.9: Multilevel voltage generation. 
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1.5.1 Classical topologies of MLIs 

There are three benchmark MLI configurations presented in the literature [34-39]. They are: 

diode clamped (DCMLI), flying capacitor (FCMLI) and cascade H-bridge (CHB). These three 

configurations are considered as classical/conventional MLIs and are highly integrated with many 

industrial applications since from last two decades [34, 35, 37, 38]. These MLIs are extensively 

recognized by both academia and industry, and these are motivation to investigate new MLI 

topologies. The structure of these configurations, principle of operation, features, modulation 

techniques, applications and other information is well described in [34-39] and a brief explanation 

is presented below.  

1.5.1.1 Diode clamped multilevel inverter (DCMLI) 

The diode clamped multilevel inverter (DCMLI) is described in [41] and it is considered as 

the first practically implemented MLI. This structure involves clamping diodes and multiple non-

isolated dc sources for obtaining multilevel ac output voltage [41, 42]. This MLI is developed for 

generating both even and odd number of levels in the output voltage. If DCMLI produce odd 

levels in output phase-voltage, then it is normally named as neutral-point clamped (NPC) MLI. A 

three, four or five-level DCMLI are widely used in various industrial applications such as 

medium-voltage drives and renewable energy [34, 38, 41, 42]. The structure of five-level DCMLI 

topology is shown Fig. 1.10 [43]. Even though this configuration can be extended to higher 

number of levels, but they are seldom used due to unequal distribution of power losses in the 

switching devices [34]. 

The main drawback of DCMLI is unequal loss distribution which further leads to uneven 

distribution of junction temperature and imparts limitations on maximum power rating, output 

current, and switching frequency of the inverter [38, 44]. This unequal loss distribution can be 

substantially improved by replacing the clamping diodes with active switches. These active 

switches, forces the current to flow through upper or lower clamping path. This can be used to 

control the distribution of power loss and overcome the limitations of DCMLI, by substantially 

enabling the inverter for high power rating. These additional devices are called as active neutral 

clamping switches and shown in Fig. 1.11. Thus, this inverter configuration is named as active 

neutral point clamped (ANPC) or active diode-clamped multilevel inverter (ADCMLI) [44]. 

However, the advantages with ANPC come at the expense of more complex circuit and the need 

to control the additional switching devices. 
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Fig. 1.10: A three-phase five-level DCMLI. 
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Fig. 1.11: A three-phase three-level active DCMLI. 

1.5.1.2 Flying capacitor multilevel inverter (FCMLI): 

Among the classical MLI configurations, flying capacitor MLI is a distinctive topology. 

This MLI includes a series connection of capacitor switching cells [36, 45, 46]. The structure of 

the five-level FCMLI is represented in Fig. 1.12. 

The structural benefits of this topology are absence of clamping diodes. A natural balance 

of capacitor voltages and even distribution of switching losses can be obtained with the presence 
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of switching redundancies [36, 45-48]. Merits and demerits of FCMLI topology are summarized 

below: 

Advantages: 

 Large number of capacitors provide extra ride through capabilities during power outage 

[36]. 

 Modular and scalable topological structure. 

 The switching state redundancy provides a great flexibility for the design of switching 

pattern for natural balancing of capacitor voltages [47, 48].  

 Reconfiguration of circuit is possible during fault or under-rated conditions [49]. 

Disadvantages: 

 At start-up, the capacitors have to be pre-charged to their nominal value [34, 37]. 

 The number of clamping capacitors increases with increase in number of levels phase-

voltage and becomes excessive large at higher levels making the topology more complex, 

bulky and expensive [40]. 

The above disadvantages make this inverter limited to medium-voltage, high-power 

applications. However, FCMLI have found particularly viable for high bandwidth high switching 

frequency applications such as medium-voltage traction drives [36]. 
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Fig. 1.12: A three-phase five-level FCMLI. 
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1.5.1.3 Cascaded H-bridge multilevel inverter (CHB MLI) 

CHB MLI designed first in 1988, matured during 1990s and became popular after 1997 [50, 

51]. CHB MLI is designed by cascading several H-bridge modules in each phase. This give the 

flexibility to construct the topology for high levels, and generates high-voltages by combining the 

outputs of each cascaded H-bridge module. Using n number of H-bridge modules per phase, the 

number of levels (m) in the output phase-voltage is m = (2n+1). Fig. 1.13 presents the structure of 

a five-level CHB MLI in star connection. CHB can be adapted directly for high or medium-

voltage power conversion applications without the use of line-frequency transformer and its 

performance motivates toward the design of new generation MLIs [52]. Topological advantages 

and disadvantages of CHB MLI are given below [38, 52-54]. 

Advantages:  

 They can generate high or medium-voltage and power levels with the available medium-

voltage rating semiconductor switches. 

 Modular in structure, easily scalable.  

 Due to the presence of switching redundancies, natural voltage balancing and even power 

distribution among H-bridges is possible. Further, all the switching devices have equal 

ratings [55]. 

 When compared to DCMLI and FCMLI, CHB doesn‟t need any extra clamping diodes 

and clamping capacitors. 

 A direct connection to the system is possible by eliminating the line-frequency 

transformer. This is particularly advantageous, as the existence of the transformer makes 

the inverter heavy and bulky [56], and also induces a dc magnetic flux deviation during 

line-to-ground faults [57]. 

 Switching redundancies of CHB  helps in reconfiguration of circuit during under-rated or 

fault conditions [53]. 

 Most suitable for applications such as photovoltaic energy conversion, BESS, HVDC, 

FACTS [38, 51, 52, 54, 58-61]. 

Disadvantages: 

 Requires isolated dc voltage sources for power conversion. 

 Requires complex phase-shifting transformer arrangement for real power transfer 

applications such as motor drives. 

In CHB MLI, if the unequal dc sources are connected to each H-bridge module, then CHB 

can able to generate more number of levels in output voltage [54]. CHB with unequal dc voltages 

sources is called as asymmetrical CHB MLI. The ratio of unequal dc sources connected to MLIs 

can be in geometric progression (GP) and arithmetic progression (AP). In order to get significant 
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decrease in switch count, geometric progression based dc sources are typically used. Normally use 

of geometric progression ratio based dc sources are binary (2
0
: 2

1
: 2

2
: 2

3
…) and trinary (3

0
: 3

1
: 3

2
: 

3
3
…) progression based voltage ratios. 

The significant benefit with asymmetrical CHB MLI is to obtain more number of levels 

with less number of dc sources and switches. The will reduce the gate circuit requirements, 

consequently size and cost of the inverter is reduced as compared to its counter symmetrical MLI 

for generating same number of output voltage levels. By applying binary and trinary ratios based 

of dc voltage sources, the CHB MLI shown in Fig. 1.13 can generate seven and nine output 

voltage levels respectively. This will decrease the switch count to 50% for nine-level and 33.33% 

for seven-level as compared to symmetric CHB MLI for circuit shown in Fig. 1.13. On the other 

hand, in asymmetric CHB MLI, switching redundancies are reduced and leads to unequal use of 

dc sources. 
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Fig. 1.13: A three-phase five-level CHB MLI. 

Cascaded family of inverters are also characterized by cascade connection of modular 

chopper cells to form each cluster/phase-leg/arm. Cascaded MLI with H-bridge cells is known as 

cascade H-bridge (CHB) MLI. On the other hand, cascaded MLI composed with bi-directional 

chopper cells are known as modular multilevel inverters (MMI). However, the common concepts 

hidden in the family members are “modular” structure and “cascade” connection. These concepts 

allow power electronics engineers to use the common term “modular multilevel cascade inverter 

(MMCI)” as a family name [52]. 
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1.5.2  Comparison of classical MLI topologies 

Table 1.1 shows the comparison of per-phase components requirement among CHB, 

DCMLI, and FCMLI for obtaining m levels in phase-voltage.  

From the above discussions on the classical MLIs and Table 1.1, the following remarks can 

be summarised:  

 The requirement of large number of power components and voltage unbalance problem at 

higher levels, limits DCMLI for low to medium-power applications [62, 63]. 

 FCMLI is a modular structure with natural voltage balancing ability [48], but its 

application in realization of AFC and CPD is limited due the requirement of large number 

of capacitors. Further, the capacitors need to be pre-charged at start-up [38]. 

 Least component requirement, modular structure, fault tolerance ability and absence of 

pre-charging requirements makes CHB best suited for high-voltage, medium-power grid 

connected applications (13.8 kV, 30 MVA) [54].  

 Similar to DCMLI and FCMLI, a large number of semiconductor device are required to 

develop a CHB MLI with high number of levels. This will increase size, cost, and control 

complexity of the MLI. 

Hence, the increased device count in classical MLIs has led to the design of new area of 

power converters termed as reduced switch count multilevel inverters (RSC-MLI) [64, 65]. As the 

name suggests, a significant reduction in device count is obtained as compared to conventional 

MLIs. From the past decade, several researchers are developing new inverter configurations with 

substantial reduction in device count, cost and easy in control. The literature survey on RSC-MLIs 

is discussed in Chapter 2. 

Table 1.1: Comparison of per phase-leg component requirement of classical MLI topologies. 

Power component 

Inverter topology 

DCMLI FCMLI CHB 

Main switching devices 2( 1)m  2( 1)m  2( 1)m  

Anti-parallel diodes 2( 1)m  2( 1)m  2( 1)m  

Clamping diodes ( 1)( 2)m m   0 0 

DC bus capacitors ( 1)m  ( 1)m  
( 1)

2

m 
 

Flying capacitors 0 ( 1)( 2)

2

m m 
 0 



17 

 

 

 Literature survey on control of grid connected systems 1.6

This research work focuses on control of three-phase single-stage grid-connected PV 

system. In this system, a dc to ac inverter has been connected between the PV system and the 

utility grid. In general, a three-phase VSI with a fast dynamic response is adapted in the grid-

connected applications. The fundamental design objectives are improve the closed-loop controller 

performance to accomplish a fast transient response and simultaneously minimize the steady-state 

tracking error. These objectives must be balanced with assuring that the system is robust and 

stable in the presence of uncertainties, system parameter variations and measurement noises. 

Three dominant controllers have been extensively studied over the last two decades. They 

are hysteresis controller, linear PI controller and predictive dead-beat controller [66-68]. The 

benefits of hysteresis controller is its simplicity, robustness and fast dynamic response. There are 

numerous active research works carried out to increase the performance of hysteresis current 

control scheme [69-71]. Nevertheless, the presence of variable switching frequency components 

in the output voltage of the inverter may cause unexpected resonance with other passive elements 

connected to the grid [67]. In many research investigations, PI controllers are adapted to regulate 

the ac side currents [66, 67, 72-77]. In these controllers, the dc link voltage is regulated by an 

outer voltage control loop, in which the input to the PI controller is dc voltage error and it 

generate references for the ac current in synchronous (dq) frame or stationary (abc) reference 

frames. PI current controllers assure that a clean in-phase ac current is injected into the grid [78]. 

Since PI controller has been extensively adapted in the grid-interfaced PV systems, this controller 

will be basic for any research study to compare with the advanced  controllers. The other control 

method which has been adapted to the grid-connected system is the model predictive controller. 

The benefits of predictive dead-beat controller are fast dynamic response and accurate 

performance. Nevertheless, this control scheme has a model based regulator and hence it is quite 

sensitive to uncertainties, inaccuracies, parameter changes and delays [67, 72, 79, 80]. 

In order to obtain a satisfactory power transfer which is indeed dependent on PWM 

switching control, the required gating signals for the inverter from reference signal are obtained 

by conventional controllers [77, 81, 82]. The employed PI controllers in [77, 81] are linear and 

their number increases with increase in number of dc sources in inverter, hence their tuning is a 

challenging task to achieve satisfactory operation. Two other control schemes, namely plug-in 

repetitive control and model predictive control are employed in [83, 84] for reducing the 

circulating currents and balancing capacitor voltages in modular multilevel converters (MMC) 

system respectively. Even though the controllers in [77, 81-84], achieved closed-loop control, 

they used either linear controllers or the system is limited to islanding operation with linear 
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controllers. None of them have explored the closed-loop control of MLI with a nonlinear 

controller for feeding set-point powers into the grid.  

The MLI based grid connected distributed generation system is a highly nonlinear as it 

involves more switching actions and the circuit seen from the grid side will be different at 

different output voltage levels. Since the structure of the converter is changing at every level, it is 

a cumbersome process to tune the PI controllers to achieve successful, decoupled and set-point 

real and reactive powers. Moreover, the PI controller performance degrades if the operating point 

and/or the disturbance is different from that for which the controllers have been tuned. In addition, 

the PI controllers do not have disturbance rejection property as well as their performance is prone 

to parameter changes and prevailing model oscillations.  

To alleviate the short comings of PI controller, the nonlinear system has to be linearized and 

a suitable control philosophy has to be developed. One of such approach is sliding mode control 

(SMC) [85, 86]. SMC is suitable for linear and nonlinear systems, offer good robustness for 

systems like grid connected MLIs. It slides over the surface as defined and is asymptotically 

stable. The switching is independent of system operating points and other circuit parameters. One 

of such controller adapted in [87], however the MLI considered is a single source with relatively 

large number of switches. Moreover, it has considered "sign" based control, a hard switching 

control, which can result in chattering performance, hence the introduction of unmodelled 

frequency components into the output. Even though the literature in [77, 81-87] considered the 

closed-loop control, it is limited either to conventional MLI topologies or two-level inverters. The 

adaption of SMC for grid connected PV system had recently discussed in [88, 89]. The closed-

loop control of RSC based MLIs using nonlinear control for grid connected operation to deliver 

set-point real and reactive powers is not explored in the literature. Therefore, an attempt is made 

in this thesis. 

 Literature survey on control of PV systems 1.7

Solar energy is the most abundant and the cleanest renewable energy source accessible in 

the world, technically feasible to use for numerous applications, such as feeding electricity to 

commercial, residential or industrial utilizations [12]. It has become a crucial part of present day 

energy systems due to the decrease in the PV module costs and the growth in design of the power 

converters from the point of view of reliability and cost [90]. Power electronic technology has 

grown into a crucial element in distributed generation (DG) and in promoting the integration of 

renewable energy sources into the grid [4]. Photovoltaic converters are broadly applied to convert 

the dc voltage generated by the PV source to ac voltage. Two-stage power converters are 

presently the popular approach to handle the dc voltage generated by the PV system [90]. This 
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structure consists of a dc to dc converter, which attains maximum power point tracking (MPPT) in 

association with maximum power point algorithm and a dc to ac inversion stage to supply power 

to the grid or local loads. The conventional MPPT control algorithms such as Perturb and Observe 

(P&O), constant voltage (CV) algorithms, incremental conductance (INC) and modified versions 

of these have been reported in [5, 91-96]. However, the two-stage power conversion approach 

discourages in terms of reliability, overall efficiency and increased cost [90, 97]. Therefore, from 

the perception of reliability and efficiency, single-stage grid interfaced PV structures are preferred 

choice in recent times. These single-stage approaches require a PV source and a dc to ac inverter 

with MPPT scheme. They have been proposed to control the active power and reactive power by 

adapting conventional PI linear control techniques [76, 97-104].  

A three-phase two-stage power converter system with a nonlinear back-stepping control 

scheme for feeding active and reactive power into the grid is discussed in [28]. The scheme 

established in [28] is proposed for control of dc link voltage assuring MPPT as a first stage, and 

control of three-phase dc to ac converter to regulate the active and reactive power supplied to the 

grid as a next stage.  

In [105-108], discusses two-stage single-phase grid-interfaced PV system under the control 

of back-stepping controller for power factor correction and maximum power tracking. In these 

schemes, a dc to dc boost conversion system is used to trace the maximum power from the PV 

source and to regulate the input voltage of the dc to ac converter to feed the active power with 

unity power factor. The main difference among these approaches is the way in which the input 

voltage to the inverter is controlled. In [106, 108], a conventional PI controller is adapted to 

control the output voltage of the dc to dc boost conversion system. In [109], a three-phase two-

stage system with SMC is proposed. In this, the first stage is a dc to dc conversion with a coupled 

inductor for the purpose of voltage boosting. It uses the adaptive sliding surface for maximum 

power tracking. A dc to ac three-phase inverter for power factor correction makes the second 

stage.  

The supply of maximum power from PV sources into the grid through conventional MLI 

topologies is carried out in [81, 110] with appreciable control objectives. For obtaining maximum 

powers from nonlinear PV sources, conventional PI controllers are adapted in [81, 110]. In 

general, the PI controller is linear controller and its performance is sensitive to operating point 

changes and/or to other disturbances. This is because the gains of PI controller are designed for a 

specific operating point only. If any changes in operating points or any short time uncertainties 

occur in the system, then the PI controller detunes and may result overshoots/undershoots with 

delayed response. Especially in high power applications, these overshoots in the response causes 

damage to switches of MLI. So that, the use of fixed gain PI controller is a cumbersome process 
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for extraction of maximum power from non-linear PV sources during irradiance varying 

conditions. Further, the tuning process of multiple PI controllers becomes a challenging task in 

the case of individual maximum power extraction of each PV sources connected to each H-bridge 

of CHB MLI [77, 81, 82, 110-113]. To overcome the drawback of the PI controller, it is necessary 

to linearize the non-linear PV source and a suitable controller needed to be implemented for 

extraction of maximum PV power. One of such controller is SMC, which is suitable for both 

linear and non-linear systems. The SMC is a robust control technique that deals with model 

uncertainties. SMC may offer better dynamic performance than PI controller and results in 

undershoots/overshoots free response for the PV based grid connected systems.  

The other controllers such as fuzzy-logic control [114] and back-stepping control [115] are 

used for maximum power extraction. However, these controllers are adapted for two-level 

inverter based dual stage systems and extending to higher level topologies is a tedious task. The 

power control of grid connected two-level converter under system parameter variations using 

SMC is reported in [85, 86]. However, the dynamic performance of both PI controller and SMC 

for maximum power generation from single-stage asymmetric PV sources under variable 

irradiance conditions has not yet reported. 

In literature, the linearization method is adapted to PV system [24]. The linearization 

technique converts the nonlinear system into a partial or fully linear equivalent. After linearizing 

the state-space equations, the control scheme can be developed for either tracing purpose or 

stability [24]. A multi-stage three-phase two-level inverter based on linearization procedure to 

supply maximum power to the grid from the PV array is described in [116]. Nevertheless, the 

linearization method could cause of stability problems during the variations in parameters of the 

system, or changes in the operating conditions. Two-stage PV systems under nonlinear control 

schemes have shown good performance. However, two-stage power conversion system decreases 

the reliability and overall energy efficiency of the PV system [90]. To date, only a few works have 

been addressed for single-stage two-level inverters under nonlinear control schemes. In [16], a 

partial feedback linearization scheme for a three-phase system is discussed by considering 

uncertainties of the system model. An input-output feedback linearization scheme for a three-

phase inverter in dq0 frame of reference is discussed in [27]. All these research works are based 

on feedback linearization and shown appreciable performance for obtaining the desired results. 

But, this feedback linearization scheme is susceptible to the system parameters variations [28].   

In this thesis, a nonlinear robust SMC control scheme based on Lyapunov stability is 

proposed for a single-stage three-phase RSC-MLI based grid-connected photovoltaic system. In 

order to address the issues of uncertainty and to add robustness to the control algorithm, SMC 

technique is incorporated in the feedback linearized control. The SMC controller is established to 
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attain maximum power point operation and set-point power control under wide variations of 

irradiance conditions without the requirement of a dc to dc conversion stage. The control structure 

is established in synchronous reference frame to convert time-varying measured quantities to 

constant values [117]. Furthermore, the perturb and observe MPPT algorithm is employed in this 

research, because of its robustness and simplicity in tracking the desired PV voltage for a wide 

range of irradiance conditions [5, 93]. Moreover, a Lyapunov stability analysis is presented to 

verify the stability of the proposed RSC-MLI based grid connected closed-loop control system. 

The effectiveness and robustness of the proposed nonlinear SMC against the conventional PI 

controller is verified in MATLAB/Simulink and OPAL-RT based real-time based test beds. 

 Scope of work and Author’s contributions  1.8

The major contributions of this thesis are summarized below: 

 The advent of matured medium-voltage self-commutating power electronic devices has 

increased the prominence of MLIs for medium-voltage high-power grid connected 

applications. Despite of this, the benchmark topologies of MLIs suffer with increased 

switch count and control complexity at higher levels. Hence the demand for reducing 

the size and switch count of MLI, has led to the development of RSC-MLIs. In last 

decade, a wide number of RSC-MLIs topologies are reported in the literature. 

Therefore, this thesis investigate the suitability of RSC-MLIs topologies in grid 

connected applications. 

 This thesis, discuss the literature on various RSC-MLI topologies and classify them on 

their topological arrangement, switching operation, features and applications. Further, a 

comprehensive comparison in terms of their device count, utilization of dc sources, 

device blocking voltages and power distribution is presented. From the comparative 

study, it is observed that multilevel dc link (MLDCL) and switched series and parallel 

sources (SSPS) are most suitable for grid connected PV applications. 

 A critical comparison is made among 11-level asymmetric CHB, MLDCL and SSPS by 

considering various factors. Further, to quantify the effective use dc sources in MLI, a 

parameter known as utilization factor (UF) of input dc sources is defined in this thesis. 

Due to the series/parallel connection of dc voltage sources, utilization factor for SSPS 

MLI is high when compared CHB, which is advantageous in grid connected PV 

applications. MLDCL is highly modular and requires less component as compared to 

SSPS. Owing to these reasons, SSPS and MLDCL are best alternative to grid connected 

applications and therefore, they are further evaluated in the thesis.  
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 In this connection, this work proposes an 11-level asymmetric three-phase SSPS RSC-

MLI based grid connected closed-loop system with the objective of active and reactive 

power control using non-linear SMC. To achieve this, a nonlinear mathematical model is 

established between inverter and grid. Feedback linearization is used to transform the 

nonlinear system into a linear. The feedback linearization is sensitive to parameter 

variations, uncertainties and exogenous inputs. To overcome these limitations, this work 

is incorporated the SMC in the feedback linearized controller. The superior performance 

of the proposed system under the control of SMC is verified and compared with 

conventional PI controller. These comparative performances are verified through 

MATLAB/Simulink and the results are validated in OPAL-RT based real-time hardware-

in-loop environment at different operating conditions and system parameter changes.   

 Further, this work proposes a 11-level three-phase asymmetric MLDCL RSC-MLI based 

single-stage PV system for integration on to a 11 kV grid.  In MLDCL RSC-MLI, 

asymmetric PV sources with 1: 2: 2 ratio is considered for generating more levels in the 

output voltage with minimum switch count. The structures of MLDCL MLI allow even 

power distribution between equal rated input sources. Therefore, a single maximum 

power extraction control method is proposed for multiple equal rated PV sources thereby 

reducing the control complexity.  

 In this work, the conventional PI controller is replaced with non-linear SMC to extract 

maximum powers from PV sources in MLDCL RSC-MLI under wide variations of 

irradiation levels. A non-linear mathematical model of single-stage PV system is 

linearized using an effective feedback linearization scheme. Further, a common SMC is 

incorporated with feedback linearization scheme to extract the maximum PV power from 

equal rated PV sources. The total maximum PV power generated from all the PV sources 

is injected to the grid by controlling the inverter using two-loop PI controller. At various 

irradiance conditions, the superior performance of SMC against conventional PI 

controller for extraction of maximum PV power is analysed in MATLAB/Simulink and 

further validated in OPAL-RT 4500 hardware-in-loop simulator. 

 Organization of thesis 1.9

Apart from this chapter, this thesis contains five more chapters and the work included in each of 

these chapters is briefly outlined as follows: 

CHAPTER 2 presents the detailed literature review and classification of reduced switch 

count multilevel inverter topologies.  
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CHAPTER 3 describes the structure and operation of the SSPS and MLDCL RSC-MLIs. 

Utilisation factor of dc sources of various MLI is introduced. Comparative analysis among CHB, 

SSPS and MLDCL RSC-MLIs in terms various factors are discussed in this chapter. This sets the 

motivation towards the selection of superior topology for grid-connected applications. 

CHAPTER 4 presents various conventional controllers used for power control of grid 

connected inverter system along with their merits and demerits. Adaption of sliding mode 

controller for decoupled active power and reactive power control in MLI based grid connected 

system is introduced. Before adaption of SMC for proposed MLI based grid system, linearization 

scheme is discussed for proposed non-linear system. Validation of SMC against PI controller for 

controlling proposed system is discussed.  

 In CHAPTER 5, the PV power extraction using conventional controller and its demerits 

are addressed. PV power extraction from asymmetric PV sources of MLDCL RSC-MLI using 

SMC and PV power injection into grid using two-loop PI control scheme is discussed. The 

superior performance of SMC over PI for PV power extraction is verified. MATLAB and OPAL-

RT 4500 based Hardwar-in-loop (HIL) results analysis concludes this chapter. 

The CHAPTER 6 highlights the main conclusions and significant contribution of the thesis 

and states the scope for further research in this area. 
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CHAPTER 2:  LITERATURE SURVEY ON RSC-MLIs  

This chapter presents literature survey on various reduced switch count multilevel inverter (RSC-

MLI) topologies. Based on this, superior RSC-MLIs are identified for grid-connected application.  

 Introduction  2.1

Nowadays, MLIs are considered as a leading-edge technology for medium-voltage high-

power applications. Conventional configurations i.e., DCMLI, CHB and FCMLI have their own 

advantages and drawbacks and are well fit for a particular application. Nevertheless, their device 

count considerably increases with increase in the number of levels of the output voltage. Increase 

in number of switch count includes additional gate drivers, isolation circuits, protection circuits 

and their corresponding heat-sinks. Furthermore, increment in switch count leads to additional 

increase in computations on the controller. Therefore, a considerable increase in size and 

complexity of conventional MLIs is present at higher levels. This leads to increase in cost of the 

inverter which discourages on its practical execution and market penetration [34, 35, 62, 63]. In 

order to overcome the above drawbacks, a new family of MLIs called as reduced switch count 

multilevel inverters (RSC-MLI) are recently introduced in literature. The main aim of these RSC-

MLIs is to decrease the size, cost and complexity as compared to conventional MLIs. From the 

past decade, numerous RSC-MLI configurations are designed [64, 65]. Some of the recent RSC-

MLI topologies are presented in [118-130] and [131-134].This chapter address a brief description 

of these topologies and studied the influence of reduced switch count on their structure along with 

operational features.   

 Factors motivated in designing new RSC-MLI configurations 2.2

In past few years, due to a vast research, numerous RSC-MLIs structures are proposed in 

literature. Investigators are frequently studied several performance features in suggesting an 

innovative RSC-MLI configuration and the main features are listed below.  

  Reduction in number of devices: This feature specifies the decrease in number of 

switches, capacitors, diodes and additional supplementary components in comparison 

with conventional MLIs.   

  Blocking voltage of device: Unlike in conventional MLIs, the blocking voltages of 

all/some devices in RSC-MLIs can be unequal. This provisions the necessity of devices 

with unequal voltage ratings. 

 Modularity in structure: The arrangement of topology can be modular by connecting 

several basic modules in cascade or in series. An RSC-MLI with a feature of modularity 

in its structure can easily extended to generate higher voltage levels. 
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 Presence of bi-directional switches: In some inverter structures, bi-directional switches 

are required, which have a bi-directional current conducting and bi-directional voltage 

blocking ability. 

 Minimum switching and conduction losses: Designing of a new RSC-MLI 

configuration in such a way that it can generate the desired number of output voltage 

levels by operating the switches with reduced switching and conduction losses. 

 Equal power sharing: The RSC-MLI can able to generate desired phase-voltage by 

allocating equal power across all basic modules or H-bridges. This feature provides the 

facility of the charge balance among input capacitor voltages. 

 Application domain: In this, a critical study is made on the newly designed topologies 

in concluding their best adaptable fields such as renewable [119, 120, 123, 124]  and 

fuel cell energy conversion [119, 120], HVDC, FACTS, BESS, CPD, ASD, electric 

vehicles [118], motor drives [122] and user electronics. 

 Organization of RSC-MLI configurations 2.3

The RSC-MLI configurations can be categorized into several groups based on the features 

described above. The probable classification of these RSC-MLIs is given below. 

2.3.1 Based on the physical structure or configuration arrangement  

In view of the physical arrangement of semiconductor devices, dc sources and/or capacitors 

and additional auxiliary devices such as diodes, the following categorisations can be possible for 

the construction of RSC-MLI topologies.  

(a) Modular topologies: The topological arrangement of most of the RSC-MLIs is designed by 

including multiple similar modules connected in cascade or series or parallel. These MLIs can 

easily be extended to higher number of levels and are termed as modular configurations. Each 

basic module unit of these MLIs generate a fixed number of output voltage levels. 

(b) Physical arrangement: The connection of the switches and dc voltage sources of RSC-MLIs 

include several units connected in a particular physical arrangement. This physical pattern 

may be of stair-case, ladder structured, U-shaped or column. They may also have cascade, 

series, and parallel structure or sometimes may not have any particular layout.  

(c) Configurations with H-bridge/HSC arrangement: Because of modular property of CHB 

when compared to other conventional MLIs, several RSC-MLIs are designed by including an 

H-bridge incorporated with several modular/non-modular structures. It is to be observed that 

the operation of the H-bridge in RSC-MLIs is dedicated for various purposes and may vary 

with topology. In other way, few RSC-MLIs include hexagon switched cell (HSC) rather than 

H-bridge module. Presence of HSC allows the inverter to generate output for multiple 



26 

 

 

switching redundancies. Examples of such topologies are  cascaded MLI with HSC [135, 136] 

and hybrid T-type [137, 138].  

(d) Configurations with bi-directional switches: The topological design of few RSC-MLI 

configurations such as T-type [139-144], cascaded bipolar switched cells (CBSC) [145] 

require switches which can able to conduct current and block voltage in both directions. 

However, such type of switches is not available in current market. Hence, discrete 

semiconductor devices are combined to make a switch with bi-directional current conducting 

and voltage blocking ability. Fig. 2.1 shows the probable provisions with IGBT switches and 

diodes to realize a bi-directional switch. Fig. 2.1(a) represent bi-directional switch made with 

one regulated switch such as IGBT and four diodes. The four diodes are arranged in such a 

way that they form a bridge rectifier and an IGBT switch is positioned in between the legs of 

diode bridge rectifier. The formed bi-directional device structure shown in Fig. 2.1(a) needs 

only one IGBT and one gate driver. However, this structure produces relatively high 

conduction losses as three devices (two diodes and IGBT) in each conduction path. Moreover 

the direction of current through the switch cell cannot be controlled. The common emitter and 

common collector bi-directional switch cell provisions with two diodes and two IGBTs 

connected in antiparallel are shown in Fig. 2.1(b) and (c) respectively. There are some benefits 

with these structures when compared to the previous one. In these arrangements, it is possible 

to individually control the direction of the current.  

 
  

 

(a) Diode-bridge (b) Common-emitter 
(c) Common-

collector 

(d) Reverse-blocking 

IGBT 

Fig. 2.1: Possible arrangement of bi-directional switch. 

Furthermore, the conduction losses are also decreased, because only two devices (IGBT 

and diode) are in each conduction path. One possible drawback of Fig. 2.1(c) is that each 

IGBT needs a separate gate driver circuit and hence it is costly [145]. On the other hand, in 

common emitter configuration, the central connection allows both devices to be controlled 

from common gate driver circuit. Two reverse-blocking (RB) IGBTs in an antiparallel 

construction as shown in Fig. 2.1(d), can block voltage and current in both directions and 

provides an appropriate way to make a bi-directional switch. This arrangement offers the 

transient benefits while switching. The most significant benefit of Fig. 2.1(d) is the decrease 
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of conduction losses. Nevertheless, the reverse voltage blocking capability is limited as its 

attained by altering the construction of a normal IGBT.  

(e) Topologies with isolated (or) non isolated dc sources: Based on the topological arrangement, 

the dc voltage sources of RSC-MLIs may be separately connected or non-isolated. The dc link 

voltages supply to the input of RSC-MLI with separate dc sources can be attained from 

batteries or photo-voltaic (PV) systems. Similarly, few RSC-MLIs contain non-isolated dc 

sources or capacitors associated in series/parallel through multiple intermediary nodes [139-

143, 146]. In particular, RSC-MLIs, such as nested and three-phase symmetrical 

configurations include non-isolated dc sources such that a dc link is common to all the three-

phases [147-149]. These type of MLIs may be substitute for DCMLI or FCMLI.  

2.3.2 Based on operation and performance  

Based on switching operation of RSC-MLI, ratio of dc link voltages of the sources, 

blocking voltages of the devices, utilization of dc sources, equal or unequal power distribution, 

the following categorisation can be made.  

(a) Symmetrical and asymmetrical source based RSC-MLIs: To achieve more number of output 

voltage levels, without changing the inverter physical arrangement, asymmetrical topologies 

are chosen. Asymmetrical RSC-MLI contains unequal magnitude of dc link voltages and 

achieves the desired number of output voltage levels for additive or subtractive combination 

of dc source voltages. Hence, RSC-MLI with equal ratio of input dc link voltages is termed as 

symmetrical topology and the RSC-MLI with unequal ratio of input dc link voltage is termed 

as asymmetrical topology. Unequal ratio of input dc voltage sources offers an appreciable 

reduction in number of switches as compared to symmetrical topologies. These voltage ratios 

can either be in geometric progression (GP) or arithmetic progression (AP). However, voltage 

ratios in GP produces more voltage levels with extensive reduction in switch count. Most 

often, GP with common ratio of two (binary) or three (trinary) is preferred. It is to be noted 

that an asymmetrical configuration with trinary voltage ratios will be realized, only if the 

inverter configuration can facilitate output for additive and subtractive combinations of dc link 

voltages. Asymmetrical RSC-MLI configurations reduces size and complexity, but reduces 

the switching redundancies drastically. This further restricts inverter fault tolerant ability, 

limits capacitor voltage balancing, increases device blocking voltages and produce non-

uniform power distribution among basic units. E-type [150] and square T-type [151] are the 

examples of unit-based asymmetrical RSC-MLI configurations. The recent asymmetric RSC-

MLIs are also introduced in [128, 129, 134, 152].  

(b) Configurations with separate polarity and level generators: To achieve the desired number 

of voltage levels, the arrangement of several RSC-MLIs consist of a separate level and 
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polarity generators. The level generator includes several switching devices connected to dc 

sources or capacitors to create a multilevel or staircase unipolar voltage waveform. On the 

other hand, polarity generator modifies this unipolar multilevel voltage to bipolar using an H-

bridge structure. If a level generator produced an unipolar multilevel voltage with n-levels, 

then polarity generator alters this unipolar to bipolar voltage with (2n‒1) levels. Fig. 2.2 

shows the voltage waveforms generated from level and polarity generators. Few of such RSC-

MLIs are MLDCL [153], SSPS [154, 155] and RV [146]. Most often, blocking voltage of 

each device in polarity generator is equal to the total dc link voltage. Therefore, device rating 

in polarity generator is quite high and operated at fundamental or low switching frequency. 

 

 

(a) Output of level generator (unipolar) (b) Output of polarity generator (bipolar) 

Fig. 2.2: Output voltage of level and polarity generators. 

(c) Topologies with uniform power sharing: In few topologies, input dc sources contribute 

uniform power to the load, commonly known as uniform power distribution or equal charge 

balance control [156]. Even power distribution is a feature of control aspect only when the 

topology permits. When the inverter is symmetric, the modulation methods are designed in 

such a way that the average current passing through each dc source is equal, and hence the 

average power delivered from each source is equal. For a considered topology, uniform power 

sharing is possible, if each dc source contributes to generate all the output levels per one or 

more cycles. For example, if a topology has three symmetric input dc sources Vdc1, Vdc2 and 

Vdc3 (Vdc1 = Vdc2 = Vdc3 = Vdc), then a natural even power distribution is possible if all the 

combinations shown in Table 2.1 are permitted by the topology. 
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Table 2.1: Required switching combinations for even power distribution with three dc sources. 

Output voltage 

level 

Required combination of input dc 

levels 

±Vdc ±Vdc1 

±Vdc ±Vdc2 

±Vdc ±Vdc3 

±2Vdc ±(Vdc1+Vdc2) 

±2Vdc ±(Vdc2+Vdc3) 

±2Vdc ±(Vdc3+Vdc1) 

±3Vdc ±(Vdc1+Vdc2+Vdc3) 

(d) Configurations with equal blocking voltages: Reduction in number of switches in RSC-MLIs 

has changed their topological structure by modifying the connection among dc link voltages, 

uni-directional and/or bi-directional switches. This construction of the dc link voltages and 

switching devices influences the rating and voltage stress of the switching devices, equal and 

unequal blocking voltages appears across the devices. Hence, by considering the blocking 

voltages of the devices, RSC-MLIs can be categorized into topologies with equal (uniform) 

and unequal blocking voltages. However, RSC-MLI topologies with uniform device blocking 

voltages are more preferred because they have a provision to operate with uniform conduction 

losses. In industrial applications, RSC-MLIs with modular structure, and uniform switch 

ratings have remarkable prominence. Further, the sum of the device blocking voltages of all 

the operating devices contribute to the maximum voltage blocking capability of the overall 

inverter. For example, if an inverter consists of six switches rated at Vdc and four switches 

rated at 2Vdc, then the total voltage blocking capability of the inverter can be calculated as: (6 

× Vdc) + (4 × 2Vdc) = 14Vdc.  

Considering the above classification, the reported RSC-MLIs topologies can be categorized 

as shown in Table 2.2. It is to be noted that, this categorization is carried out by considering either 

the motivating factor behind the development of the topology or its key contributing features. 
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Table 2.2: Classification of RSC-MLI topologies. 

Generalized RSC-MLIs: These topologies can easily be extended to higher levels 

and can be generalized for any number of odd level. 

 With separate level and polarity generators  

o Multilevel dc-link (MLDCL) [153, 157] 

o Switched  series parallel sources (SSPS) [154, 155] 

o Reverse voltage (RV) [146, 158] 

o Series connected switched sources (SCSS) [159, 160] 

o Multilevel module (MLM) [161] 

 T-Type topologies  

o T-type [139, 141, 144, 162, 163] and  [127, 164]  

o Cascaded T-type [143] 

o Three-leg T-type [165, 166] 

 Hexagon switched cell  (HSC) based topologies 

o Hybrid T-type Topologies [137, 138] 

              (Topology-I and II) 

o Extension of HSC to higher levels  [137, 138] 

 Topologies with ladder based structures 

o Cascaded bi-polar switched cells (CBSC) [145] 

o Switched dc-sources (SDS) [167-169] 

o Packed U-cell (PUC) [65, 170]   

Unit-based MLIs: These topologies can produce a definite number of levels. i.e., 

each unit of these topology is a RSC-MLI by-self. 

 Ebrahim Babaei topologies  

o HSC based topology [135, 136] 

o Basic unit topology [171] 

 Charles Ikechukwu Odeh topologies 

o Five-level symmetrical topology [172] 

o Nine-level symmetrical topology [173]  

 Samrudei topologies 

o Envelope (E-type) type topology [150] 

o Square T-type (ST-type) topology [151]  

Three-phase topologies: These topologies are developed either by using a common 

input dc-link to all phases or modifying the dc source in two-level inverter. 

 Ahmed Salem Topologies   [174] 

 Ammar Masaoud Topologies [148, 149] 

o Topology-I 

o Topology-II 

o Topology-III 

o Topology-IV 

 RSC-MLI topologies reported in literature 2.4

In this Section, the switching operation, highlighted features, specifications and applications 

of various RSC-MLI topologies are reported. The main features of the topology is defined in 

terms of modularity, redundancy, ability to allow asymmetric dc voltage ratios and dc voltage 

requirement.  
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2.4.1 Multilevel dc-link (MLDCL) RSC-MLI  

MLDCL RSC-MLI topology is introduced by S. Gui-Jia in 2005 [153, 157]. Among the 

newly designed RSC-MLI configurations, MLDCL topology is well recognized due to its 

modular structure. The configuration of MLDCL includes separate polarity and level generating 

units. The redundant and modular based structure of MLDCL with isolated input dc sources 

makes it to be an attractive substitute for conventional CHB MLI in applications such as power 

quality, grid integration and front-end applications. The level generator of this topology involves 

several basic modules connected in series. Each basic module comprises of a half-bridge with a 

separate dc source. Each half-bridge basic module produce an output voltage of Vdc or zero. If n 

number of basic modules connected in the level generator, then it generates (n+1) unipolar levels 

with magnitude varying from zero to nVdc. Polarity generator includes an H-bridge which converts 

this (n+1) unipolar level to bipolar voltage with (2n+1) levels in phase-voltage. The switches of 

this H-bridge operate at fundamental frequency. The blocking voltage appears across the switches 

of H-bridge is equal to the sum of all dc link voltages (nVdc). Uniform voltage stress and equal 

blocking voltages (Vdc) appears across the switches in level generator. This MLDCL topology 

operates as both symmetrical and asymmetrical configuration. Topological structure of MLDCL 

RSC-MLI with three dc sources is given in Fig. 2.3. 
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Fig. 2.3: Multilevel dc link (MLDCL) RSC-MLI with three dc sources. 

If equal dc sources are connected to dc-link of MLDCL in Fig. 2.3, then this topology 

generates seven-level in output phase-voltage. If the voltages of dc sources with 1: 2: 3 ratio, Fig. 

2.3 generates thirteen-levels in output voltage. Switching states of symmetrical and asymmetrical 

sources based MLDCL topology is given Table 2.3.  
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Table 2.3: Switching states of MLDCL inverter. 

Num. of 

states 

Voltage 

combinations 

Switches in conduction Output voltage Output voltage 

Level 

generator 

Polarity 

generator 

Vdc1 = Vdc2 = Vdc3 

= Vdc 

Vdc1: Vdc2: Vdc3 = 

1: 2: 3 Vdc 

1 
Vdc1+Vdc2+Vdc3 S1-S2-S3 

H1-H’2 +3Vdc +6Vdc 

2 H2-H’1 –3Vdc –6Vdc 

3 
Vdc2+Vdc3 S1’-S2-S3 

H1-H’2 +2Vdc +5Vdc 

4 H2-H’1 –2Vdc –5Vdc 

5 
Vdc1+Vdc3 S1-S2’-S3 

H1-H’2 +2Vdc +4Vdc 

6 H2-H’1 –2Vdc –4Vdc 

7 
Vdc1+Vdc2 S1-S2-S3’ 

H1-H’2 +2Vdc +3Vdc 

8 H2-H’1 –2Vdc –3Vdc 

9 
Vdc3 S1’-S2’-S3 

H1-H’2 +Vdc +3Vdc 

10 H2-H’1 –Vdc –3Vdc 

11 
Vdc2 S1’-S2 -S3’ 

H1-H’2 +Vdc +2Vdc 

12 H2-H’1 –Vdc –2Vdc 

13 
Vdc1 S1-S2’-S3’ 

H1-H’2 +Vdc +Vdc 

14 H2-H’1 –Vdc –Vdc 

15 
0 S1’-S2’-S3’ 

H1-H’2 
0 0 

16 H2-H’1 

2.4.2 Switched series parallel sources (SSPS) RSC-MLI 

Switched series parallel sources (SSPS) RSC-MLI configuration generates the levels in the 

output voltage by switching of dc voltage sources in series/parallel connection. This topology was 

proposed by Hinago and Koizumi in 2009 [154, 155]. SSPS has a modular structure with separate 

level and polarity generator. Polarity generator converts unipolar multilevel voltage generated by 

level generator into bipolar voltage along with zero voltage level. The topological structure of 

SSPS MLI with three voltage sources is shown in Fig. 2.4. With n equal dc voltage sources, four 

switching devices in polarity generator and 3(n‒1) switches in level generator, SSPS generates 

(2n+1) levels in output phase-voltage. With the series/parallel operation of dc sources of this 

topology, increases the utilization of dc sources and this feature explores in the later part of the 

thesis. The possible switching states of SSPS with equal and unequal dc sources are shown in 

Table 2.4. From this table it is observed that, to obtain any voltage level (either positive or 

negative polarity), only two switches of level generator are in conduction. If equal dc voltages 

sources are used then this topology produce seven-levels in output phase-voltage as shown in 

Table 2.4. The switching redundancies given in Table 2.4 of symmetrical SSPS benefits in 

improving its fault tolerant ability and achieving in equal utilization of input dc sources. In 

symmetrical SSPS MLI, the maximum blocking voltages appear across each device in polarity 

and level generating parts are nVdc and Vdc respectively. Similar to MLDCL topology, SSPS MLI 

also cannot operate with trinary input dc voltage ratios. The possible switching states of 
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asymmetrical SSPS with input dc link voltage ratio of 1: 2: 3 to generate thirteen-levels in output 

phase-voltage is given in Table 2.4. A further significant reduction in number of device count can 

be achieved by adding of an extra H-bridge to SSPS is proposed in [154]. To reduce the switching 

losses, the additional H-bridge can be operated at carrier frequency and level generator at 

fundamental frequency. 
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Fig. 2.4: Switched series parallel sources (SSPS) RSC-MLI with three dc sources. 

Table 2.4: Switching states of SSPS inverter. 

Num. 

of 

states 

 

Voltage 

combinations 

Switches in conduction Output voltage Output voltage 

Level 

generator 

Polarity 

generator 

Vdc1 = Vdc2
 
= Vdc3 

= Vdc 

Vdc1 : Vdc2 : Vdc3 

= 1: 2: 3 Vdc 

1 
Vdc1+Vdc2+Vdc3 S2-S5 

H1-H’2 +3Vdc +6Vdc 

2 H2-H’1 ‒3Vdc ‒6Vdc 

3 
Vdc2+Vdc3 S1-S5 

H1-H’2 +2Vdc +5Vdc 

4 H2-H’1 ‒2Vdc ‒5Vdc 

5 
Vdc1+Vdc3 S3-S5 

H1-H’2 +2Vdc +4Vdc 

6 H2-H’1 ‒2Vdc ‒4Vdc 

7 
Vdc1+Vdc2 S2-S6 

H1-H’2 +2Vdc +3Vdc 

8 H2-H’1 ‒2Vdc ‒3Vdc 

9 
Vdc3 S1-S4 

H1-H’2 +Vdc +3Vdc 

10 H2-H’1 ‒Vdc ‒3Vdc 

11 
Vdc2 S1-S6 

H1-H’2 +Vdc +2Vdc 

12 H2-H’1 ‒Vdc ‒2Vdc 

13 
Vdc1 S3-S6 

H1-H’2 +Vdc +Vdc 

14 H2-H’1 ‒Vdc ‒Vdc 

15 
0 ---- 

H1-H2 
0 0 

16 H’2-H’1 
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2.4.3 Reverse voltage (RV) RSC-MLI 

In 2012, Ehsan Najafi introduced a new topology with a reversing-voltage phenomenon and 

thus named it as reverse voltage (RV) RSC-MLI [146, 158]. This configuration needs less 

switching devices especially at higher levels; consequently a reduction in total cost and 

complexity is achieved. The structure of RV RSC-MLI with three voltage sources is shown in  

Fig. 2.5. This configuration is modular in its structure with separate polarity and level generators.  

Number of levels in output voltage can be increased by duplicating the circled middle stage of 

level generator shown in Fig. 2.5. 
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Fig. 2.5: Reverse voltage (RV) RSC-MLI with three dc voltage sources. 

With n equal dc sources, this topology requires four switches in the polarity generator and 

2n switches in level generator to generate (2n+1) levels in output phase-voltage. Moreover, with 

equal rating of dc sources, the blocking voltages of switches in level generator are equal. This 

topology requires isolated dc sources. However, by using isolation transformers at the load 

terminals, three-phase RV can be implemented with a common dc link for all the phases. This will 

reduce the requirement of dc sources to 1/3, as compared to CHB MLI [146]. An asymmetrical 

RV structure is also possible with suitable combination of input dc voltage sources. The switching 

operation of symmetrical and asymmetrical source based RV MLI (shown in Fig. 2.5) for 

generating seven and thirteen-levels in output phase-voltage is given in Table 2.5. From Table 

2.5, it is confirmed that RV MLI generates output voltage levels for additive combinations of dc 

voltage sources and it doesn‟t have suitable switching redundancies to acquire uniform utilization 

of dc sources. 
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Table 2.5: Switching states of RV inverter. 

Num. 

of 

states 

Voltage 

combinations 

Switches in conduction Output voltage Output voltage 

Level 

generator 

Polarity 

generator 

Vdc1 = Vdc2
 
= 

Vdc3 = Vdc 

Vdc1: Vdc2: Vdc3 = 

1: 3: 2 Vdc 

1 
Vdc1+Vdc2+Vdc3 S1-S6 

H1-H’2 +3Vdc +6Vdc 

2 H2-H’1 ‒3Vdc ‒6Vdc 

3 
Vdc2+Vdc3 S2-S6 

H1-H’2 +2Vdc +5Vdc 

4 H2-H’1 ‒2Vdc ‒5Vdc 

5 
Vdc1+Vdc2 S1-S4-S5 

H1-H’2 +2Vdc +4Vdc 

6 H2-H’1 ‒2Vdc ‒4Vdc 

7 Vdc1+Vdc3 --- ---------------------------------------------------- 

9 
Vdc2 S2-S4-S5 

H1-H’2 +Vdc +3Vdc 

10 H2-H’1 ‒Vdc ‒3Vdc 

11 
Vdc3 S2-S3-S4-S6 

H1-H’2 +Vdc +2Vdc 

12 H2-H’1 ‒Vdc ‒2Vdc 

13 
Vdc1 S1-S3-S5 

H1-H’2 +Vdc +Vdc 

14 H2-H’1 ‒Vdc ‒Vdc 

15 
0 S2-S3-S5 

H1-H’2 
0 0 

16 H2-H’1 

2.4.4 Series connected switched sources (SCSS) RSC-MLI 

The series connected switched sources (SCSS) proposed in [159, 160] consists of separate 

polarity and level generators. With n dc sources, SCSS generates (2n+1) levels in phase-voltage, 

by including four switches in polarity generator and 2n switches in level generator. Level 

generator possess multiple modular units connected in series and arranged in stair-case structure, 

as shown in Fig. 2.6. 

Each module in level generator has a dc source with two switches operate in a 

complimentary manner. As the name of the MLI conveys, SCSS generates the necessary phase-

voltage levels by connecting the dc sources in series through switches. The switches in the 

polarity generator operates at fundamental frequency and the devices in level generator are 

switching at carrier frequency. This topology can easily be extended to higher levels, however, the 

devices blocking voltages are unequal and increases with the maximum dc link voltage.  The dc 

sources are non-isolated and can be replaced with PV or fuel cells in grid connected applications. 

The structure of SCSS RSC-MLI with three dc voltage sources is shown in Fig. 2.6 and its 

switching states for generating seven-levels in the output voltage is shown in Table 2.6. From this 

table, it is observed that the lack of switching redundancies in this structure increases the effort in 

balancing dc link voltages. This topology cannot support asymmetrical dc voltage ratios.  
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Fig. 2.6: Series connected switched sources (SCSS) RSC-MLI with three dc voltage sources. 

Table 2.6: Switching states of seven-level SCSS topology. 

Num. of 

states 

Voltage 

combinations 

Switches in conduction Output voltage 

Level 

generator 

Polarity 

generator 
Vdc1= Vdc2= Vdc3 = Vdc 

1 
Vdc1+Vdc2+Vdc3 S1-S3-S5 

H1-H’2 +3Vdc 

2 H2-H’1 ‒3Vdc 

3 
Vdc2+Vdc3 S2-S3-S5 

H1-H’2 +2Vdc 

4 H2-H’1 ‒2Vdc 

5 
Vdc3 S4-S5 

H1-H’2 +Vdc 

6 H2-H’1 ‒Vdc 

7 0 S6 
H1-H’2 

0 
H2-H’1 

2.4.5 T-type topologies  

Among the various RSC-MLI topologies, T-type based topologies are the most popular with 

appreciable reduction in switch count. These topologies involve a combination of uni-directional 

and bi-directional switches. In literature, this topology is reported in three different arrangements. 

They are (a) T-type [139, 141, 144, 162, 163] (b) Half-leg T-type [165] and (c) Cascaded T-type 

[143]. All these topologies are modular in structure and can be generalized for any level, however 

each of them has their own advantages and drawbacks. Next section describes their topological 

arrangement, operation and features.  

2.4.5.1 T-type RSC-MLI 

T-type RSC-MLI is an H-bridge based configuration proposed by Ceglia et al. in 2006. It is 

well adapted in grid connected PV systems [139, 141, 144, 162, 163]. With n equal dc sources, 

this configuration requires four uni-directional switches and n‒1 bi-directional switching device 
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and generates (2n+1) levels in the output voltage. The uni-directional devices are arranged to 

form an H-bridge and the mid-point of its one phase-leg is connected to input dc link through bi-

directional switches as shown in Fig. 2.7. The switches in the phase-leg of the H-bridge to which 

the bi-directional devices are connected are operate at carrier frequency and the switches in the 

other phase-leg are operate at fundamental frequency. At any instant, only two switches will 

conduct, which benefits in decreasing the conduction losses. T-type MLI offers 24% decrease in 

switch count for five-level, and 37.5% for nine-level when compared to CHB MLI. The switching 

states to attain seven-levels in output voltage are shown in Table 2.7.  From Fig. 2.7 and  Table 

2.7, it is observed that the T-type does not have switching redundancies and cannot operate with 

asymmetrical dc sources. Further, this topology does not facilitate even power distribution and 

produces unequal device blocking voltages. In Fig. 2.7, the maximum blocking voltage for S5 and 

S6 is 2Vdc and for switches in H-bridge is 3Vdc. 
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Fig. 2.7: Seven-level T-type RSC-MLI. 

Table 2.7: Switching states of seven-level T-type RSC-MLI. 

Num. 

of states 

Voltage 

combinations 

Switches in 

conduction 

Output voltage 

Vdc1 = Vdc2 = Vdc3 = 

Vdc 

1 +(Vdc1+Vdc2+Vdc3) S1-S4 +3Vdc 

2 +(Vdc1+Vdc2) S6-S4 +2Vdc 

3 +Vdc1 S5-S4 +Vdc 

4 ‒Vdc3 S6-S2 ‒Vdc 

5 ‒(Vdc2+Vdc3) S5-S2 ‒2Vdc 

6 ‒(Vdc1+Vdc2+Vdc3) S3-S2 ‒3Vdc 

7 0 (S1-S2) or (S3-S4) 0 

2.4.5.2 Half-leg based T-type topology  

A T-type topology [165, 166] which consists of half-bridge based structure, acts as a viable 

substitute to active neutral pointed clamped (ANPC) [175] and DCMLI configurations for high-

power medium-voltage applications. The dc link of this structure is common to all the three 
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phases and each phase-leg is linked to the dc link by using bi-directional devices. The topological 

view of this MLI for a three-level output voltage is shown in Fig. 2.8 and its switching operation 

is given in Table 2.8. In this structure, at any instant, only two switches are in conduction which 

leads to the decrease of conduction losses as compared to DCMLI. With n equal voltage sources, 

this topology requires two uni-directional and (n‒1) bi-directional switching devices in each 

phase-leg. This topology can able to generate odd and even levels in phase-voltage and can be 

further increased by connecting several number of dc sources along with bi-directional switches. 

The voltage rating of bi-directional switches is lower than the devices in phase-leg.  For 

example, with equal dc link voltages in Fig. 2.8, the maximum voltage rating of bi-directional 

switch is Vdc/2, whereas the devices in phase-leg are rated at Vdc.. Thus, this topological 

configuration produce lower conduction losses and blocking voltages compared to DCMLI, NPP 

and ANPC. This topology is reported for various PV and grid connected applications [176]. Fault 

tolerant strategies and reconfiguration of this inverter for OC switch faults is also reported in 

[166]. The main drawbacks of this MLI are lack of switching redundancies, operates with unequal 

blocking voltages and mandatorily requires dc voltage ratios to be symmetrical. However, the 

charge balance among the dc link voltages can be obtained by equalizing the rate of charge over a 

fundamental cycle as proposed in [144]. 

S2a

Vdc2

Vdc1

S1a

S3a

S2b

S1b

S3b

S2c

S1c

S3c

a

b

c

O

 

Fig. 2.8: Three-phase half-leg three-level T-type RSC-MLI. 

Table 2.8: Switching states of three-level half-leg T-type RSC-MLI. 

No. of 
states 

Voltage 
combinations 

Switches in 
conduction 

Output voltage: 
Vdc1 = Vdc2 = Vdc 

1  +Vdc1 S1-S2 +Vdc 

2  0 S2 0 

3 ‒Vdc2 S2-S3 ‒Vdc 
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2.4.5.3 T-type Cascaded RSC-MLI 

In order to increase the number of output voltage levels, T-type RSC-MLI can be extended 

in two ways. First one is by connecting several dc sources along with bi-directional devices as 

shown in Fig. 2.7. The other way is by connecting  several T-type basic units in cascade [143]. 

Cascade connection of modules provide the facility to operate using both equal and unequal 

voltage ratios in dc sources. However, dc link voltage ratio in an individual T-type module should 

be identical.  The number of phase-voltage levels of this cascaded configuration depends on the 

number of levels in each T-type module. Fig. 2.9 represents the cascade T-type topology with two 

five-level T-type basic units and its corresponding switching states are presented in Table 2.9.  

Cascade connection of k number of l-level T-type modules with symmetric sources, 

generates k(l‒1)+1 levels in the output phase-voltage. By considering symmetrical dc-link voltage 

ratios, Fig. 2.9 (k = 2 and l = 5) generates nine-levels in output voltage. Switching redundancies 

presented in Table 2.9 confirms the ability of cascaded T-type RSC-MLI to enable uniform power 

distribution among the cascaded T-type modules. In additional, operation of this MLI shown in 

Fig. 2.9 with binary (1: 2) dc-link voltage ratios, generates thirteen-levels in output voltage and its 

corresponding switching states are given in Table 2.9.  
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Fig. 2.9: Topological structure of cascaded T-type RSC-MLI. 
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Table 2.9: Switching operation of cascaded T-type RSC-MLI. 

Num. 

of 

states 

Voltage combinations 
Switches in 

conduction 

Output voltage 

Symmetrical Asymmetrical 

9-level 13-level 

Vdc1 = Vdc2 = Vdc3 = 

Vdc4 = Vdc 

Vdc1 = Vdc2 = Vdc 

Vdc3 = Vdc4 = 2Vdc 

1 (Vdc1+Vdc2+Vdc3+Vdc4) S4-S1-S9-S6 +4Vdc +6Vdc 

2 +(Vdc1+Vdc3+Vdc4) S4-S5-S9-S6 +3Vdc +5Vdc 

3 +(Vdc1+Vdc2+Vdc3) S4-S1-S9-S10 +3Vdc +4Vdc 

4 +(Vdc3+Vdc4) S3-S4-S6- S9 +2Vdc +4Vdc 

5 +(Vdc1+Vdc3) S4-S5-S9-S2 +2Vdc +3Vdc 

6 +(Vdc3+Vdc4‒Vdc2) S2-S5-S9-S6 +Vdc +3Vdc 

7 +Vdc3 S3-S4-S9-S10 +Vdc +2Vdc 

8 +(Vdc1+Vdc2) S4-S1-S9-S8 +2Vdc +2Vdc 

9 +Vdc1 S4-S5-S9-S8 +Vdc +Vdc 

10 0 

S4-S3-S9-S8 

(or) 

S2-S1-S7-S6 

0 0 

11 ‒Vdc2 S2-S5-S7-S6 ‒Vdc ‒Vdc 

12 ‒Vdc4 S2-S1-S7-S10 ‒Vdc ‒2Vdc 

13 ‒Vdc3‒Vdc4+Vdc1 S4-S5-S7-S8 ‒Vdc ‒3Vdc 

14 ‒(Vdc1+Vdc2) S2-S3-S7-S6 ‒2Vdc ‒2Vdc 

15 ‒(Vdc2+Vdc4) S2-S5-S7-S2 ‒2Vdc ‒3Vdc 

16 ‒(Vdc3+Vdc4) S2-S1-S7-S8 ‒2Vdc ‒4Vdc 

17 ‒(Vdc1+Vdc2+Vdc4) S2-S3-S7-S10 ‒3Vdc ‒4Vdc 

18 ‒(Vdc2+Vdc3+Vdc4) S2-S5-S7-S8 ‒3Vdc ‒5Vdc 

19 ‒(Vdc1+Vdc2+Vdc3+Vdc3) S2-S3-S9-S6 ‒4Vdc ‒6Vdc 

2.4.6 Multilevel module (MLM) based RSC-MLI 

Multilevel module (MLM) based RSC-MLI using three dc voltage sources is depicted in 

Fig. 2.10 and was introduced by E. Babaei in 2012 [161]. This MLI consists of separate level and 

polarity generating parts which includes bi-directional and uni-directional switching devices 

respectively. The level generating has bi-directional current conducting and bi-directional voltage 

blocking capabilities, whereas the polarity generator has bi-directional current conducting and 

uni-directional voltage blocking capability. Level generator is column based structure designed by 

connecting bi-directional switches and dc link voltages at various nodes. This MLI can be 

extended to higher levels by increasing voltage sources along with bi-directional switching 
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devices. At any voltage level, one bidirectional switch in level generating part and two switches in 

the polarity generating part remains in conduction. 

By using n equal dc voltage sources, this MLI configuration requires (n+1) bi-directional 

switching devices in the level generator and four uni-directional switches in the polarity generator 

to obtain (2n+1) levels in the output phase-voltage. With symmetrical dc voltage sources, Fig. 

2.10 generate seven-levels in output voltage and their corresponding switching states are 

presented in Table 2.10. Due to the absence of switching redundancies, it is difficult to achieve 

equal load distribution among the input dc sources. This structure does not allow unequal input 

dc-link voltages and further, blocking voltages of the switching devices are unequal.  
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Fig. 2.10: Multilevel module (MLM) based RSC-MLI 

Table 2.10: Switching states of MLM based RSC-MLI. 

Num. of 

states 

Voltage 

combinations 

Switches in conduction Output voltage 

Level 

generator 

Polarity 

generator 
Vdc1 = Vdc2 = Vdc3 = Vdc 

1 
Vdc1+Vdc2+Vdc3  S1 

H1-H’2 +3Vdc 

2  H2-H’1 ‒3Vdc 

3 
Vdc2+Vdc3  S2 

H1-H’2 +2Vdc 

4 H2-H’1 ‒2Vdc 

5 
Vdc3 S3 

H1-H’2 +Vdc 

6 H2-H’1 ‒Vdc 

7 0 S4 
H1-H’2 

0 
H2-H’1 

 



42 

 

 

2.4.7 Hybrid T-type RSC-MLIs 

These topologies consist of both bi-directional and uni-directional switching devices and 

does not have a separate level or polarity generators. Six uni-directional switching devices are 

used to construct a hexagon switch cell (HSC) and bi-directional devices are connected between 

HSC and the dc link. In the other way, the back to back connection of two half-legs connected 

through a pair of uni-directional switches forms a HSC structure. This HSC structure allows these 

topologies to operate with multiple switching redundancies to achieve the desired output voltage. 

these topologies are extended to higher levels by increasing the number of bi-directional switches. 

These are similar to T-type, since its arrangement is analogous to back to back connection of two 

half-leg T-type cells through a pair of uni-directional switches. Hence, these topologies can be 

named as hybrid T-type or enhanced T-type RSC-MLI and was introduced by Shivam Prakash 

Gautam et al. in 2015. Based on the involvement and placing of bi-directional switches, two 

possible topological arrangements are reported [137, 138]. 

2.4.7.1 Topology – I 

(Hybrid T-type topology using bi-directional device on one side of HSC [137, 138])  

The structure of this topology with two dc voltage sources VS1 and VR1 on either side of HSC 

is shown in Fig. 2.11. Several dc link capacitors are linked to HSC through bi-directional 

switching devices. Voltage of VS1 source is equally shared by these dc link capacitors. By using n 

number of dc link capacitors, this MLI includes (n‒1) bi-directional devices and six uni-

directional switching devices. Number of levels in the output voltage can be increased in two 

possible ways. First one is extend the structure of this topology by using multiple bi-directional 

switching devices as shown in Fig. 2.12(a) and other way is by cascading several modules as 

given in Fig. 2.12(b).  

From Fig. 2.11, it is confirmed that by open circuiting voltage source VR1 and, short 

circuiting of  H5 and H2 switching devices in Fig. 2.11, modifies this MLI similar to five-level T-

type topology as shown in Fig. 2.7. Therefore, the involvement of uni-directional devices i.e., H5 

and H2 converts the H-bridge to HSC and, enables the structure to operate for unequal voltage 

source based topologies. Moreover, for VR1= VS1, the topology shown in Fig. 2.11 acts as 

symmetrical MLI and operates as an asymmetrical topology, if VR1 ≠ VS1. This structure with 

symmetrical dc voltage sources along with n dc link capacitors can able to generate (4n+1) levels 

in output phase-voltage. Hence, the MLI can be operated for 9, 13, 17, 21…. levels. Thus to 

operate the inverter for other voltage levels, asymmetrical configuration with appropriate voltage 

ratios should be selected.  

For example, if VR1 = VS1 = 2Vdc in Fig. 2.11, then VC1 = VC2 = VS1/2 = Vdc it operates as a 

nine-level inverter as presented in Table 2.11. If 2VR1 = VS1 = 2Vdc, it generates seven-level in 
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phase-voltage with magnitude varying from +3Vdc to ‒3Vdc as shown in Table 2.11. Further, with 

(2/3)VR1 = VS1 = 2Vdc in Fig. 2.11, generates eleven-level output phase-voltage as shown in Table 

2.11. Cascade structure of this topology with two hybrid T-type modules (one bi-directional 

switch in each) is shown in Fig. 2.12(b). Thus, cascading two-modules with n dc link capacitors in 

each, then topological configuration of this inverter requires 2(n‒1) bi-directional switches and 12 

uni-directional switches. 
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Fig. 2.11: Hybrid T-type MLI topology – I. 

Table 2.11: Switching operation of hybrid T-Type HSC based topology – I. 

Num. 

of 

states 

 

Voltage 

combinations 

(VC1, VC2, VR1) 

 

Switches 

in 

conduction 

Output voltage  

Symmetrical Asymmetrical 

Nine-level 

VS1 = 2Vdc 

VR1 = 2Vdc 

(VC1 = VC2 = Vdc) 

Seven-level 

VS1 = 2Vdc 

VR1 =Vdc 

(VC1 = VC2 = Vdc) 

Eleven-level 

VS1 = 2Vdc 

VR1 = 3Vdc 

(VC1 = VC2 = Vdc) 

1 +(VC1+VC2+VR1) H3-H5-H1 +4Vdc +3Vdc +5Vdc 

2 +(VR1+VC1) H3-H5-S1 +3Vdc +2Vdc +4Vdc 

3 +(VC1+VC2) H4-H5-H1 +2Vdc +2Vdc +3Vdc 

4 +VR1 H3-H5-H6 +2Vdc +Vdc +2Vdc 

5 +VC1 H4-H5-S1 +Vdc +Vdc +Vdc 

6 0 H4-H5-H6 0 0 0 

7 ‒VC2 H3-H2-S1 ‒Vdc ‒Vdc ‒Vdc 

8 ‒VR1 H4-H2-H1 ‒2Vdc ‒Vdc ‒2Vdc 

9 ‒(VC1+VC2) H3-H2-H6 ‒2Vdc ‒2Vdc ‒3Vdc 

10 ‒(VR1+VC2) H3-H2-S1 ‒3Vdc ‒2Vdc ‒4Vdc 

11 ‒(VC1+VC2+VR1) H4-H2-H6 ‒4Vdc ‒3Vdc ‒5Vdc 
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(a) Increasing number of levels without cascading 
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(b) Increasing number of levels with cascading Hybrid T-type module. 

Fig. 2.12: Extension of hybrid T-type HSC based topology – I to higher levels. 
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2.4.7.2 Topology – II 

(Hybrid T-type MLI with bi-directional switches on both sides of HSC [137, 138])  

This topology is similar to Topology-I described above, but here, bi-directional devices are 

inter connected to both sides of HSC for connecting the dc link. The structure of this MLI with 

one bi-directional device on both side of HSC is sown in Fig. 2.13(a). Extension of this 

configuration using additional bi-directional devices is represented in Fig. 2.13(b). Connecting bi-

directional switches on both sides of HSC increases asymmetrical ability of the inverter and 

enables to obtain voltage levels with significant reduction in switch count. However, the 

remaining features and operation of this topology remains to be similar as Topology-I. 

Nevertheless, the other features and principle of operation of this configuration is similar to 

topology-I. By using n dc-link capacitors shared by equal voltage sources on both sides of HSC, 

this MLI contains 2(n‒1) bi-directional devices and six uni-directional devices and generates 

(4n+1) levels in output phase-voltage. This topology is combination of two half-leg T-type RSC-

MLIs connected in anti-parallel through a pair of uni-directional switching devices and it is 

observed from Fig. 2.13(a). Moreover, the extension of Fig. 2.13(a), by cascading multiple 

modules is shown in Fig. 2.13(c). Switching redundancies of Fig. 2.13(a) for symmetrical and 

asymmetrical configurations are given in Table 2.12. From Table 2.12, it is observed that, with 

VC3 = VC4 = VR1/2 and VC1 = VC2 = VS1/2, the structure shown in Fig. 2.13(a) generates a nine-level 

output voltage. If VS1 = Vdc and VR1 = 2Vdc, generates thirteen-level output voltage varying from 

+3Vdc to ‒3Vdc as given in Table 2.12. Hence, the topologies in hybrid T-type facilitate to adapt 

with both symmetrical and asymmetrical dc voltage ratios and have significant decrease in switch 

count. 
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(b) Increasing number of levels with increasing bidirectional switches. 
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(c) Increasing number of levels with cascading modules 

Fig. 2.13: Hybrid T-type MLI topology – II. 
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Table 2.12: Switching operation of hybrid T-type topology – II. 

Num. 

of 

states 

Voltage  

combinations  

VC1= VC2=
2

1SV
 

VC3 = VC4 =
2

1RV
 

Switches 

in 

conduction 

Output voltage 

Symmetrical Asymmetrical 

Nine-level Thirteen-level 

VS1= 2Vdc 

VR1 = 2Vdc 

VC1= VC2 = Vdc 

VC1= VC2 = Vdc 

VS1 = Vdc 

VR1 = 2Vdc 

VC1= VC2 = 
2

dcV
 

VC3 = VC4 = Vdc 

1 +(VC1+VC2+VC3+VC4) H3-H5-H1 +4Vdc  +3Vdc 

2  +(VC1+VC3+VC4) H3-H5-S1 +3Vdc  +(5/2)Vdc 

3 +(VC3+VC1+VC2) S2-H5-H1 +3Vdc +2Vdc 

4 +(VC3+VC4) H3-H5-H6 +2Vdc +2Vdc 

5 +(VC3+VC1) S2-H5-S1 +2Vdc +(3/2)Vdc  

6 +VC3 S2-H5-H6 +Vdc +Vdc  

7 +(VC1+VC2) H4-H5-S1 +2Vdc +Vdc 

8 +VC1 H4-H5-S1 +Vdc +(1/2) Vdc 

9 0 
H3-H2-H1 (or) 

H4-H5-H6  
0 0 

10 ‒VC2 H3-H2-S1 ‒Vdc ‒(1/2)Vdc 

11 ‒(VC1+VC2) H3-H2-H6 ‒2Vdc ‒Vdc 

14 ‒VC4 S2-H2-H1 ‒Vdc ‒Vdc 

15 ‒(VC2+VC4) S2-H2-S1 ‒2Vdc ‒(3/2)Vdc 

13 ‒(VC3+VC4) H4-H2-H1 ‒2Vdc ‒2Vdc 

12 ‒(VC1+VC2+VC4) S2-H2-H6 ‒3Vdc ‒2Vdc 

16 ‒(VC2+VC3+VC4) H4-H2-S1 ‒3Vdc ‒(5/2)Vdc 

17 ‒(VC1+VC2+VC3+VC4) H4-H2-H6 ‒4Vdc ‒3Vdc 

2.4.8 Cascaded bipolar switched cells (CBSC) based RSC-MLI 

Cascaded bipolar switched cells (CBSC) based RSC-MLI is introduced by E. Babaei in 

2008 [145]. This topology is highly modular and it is column based physical structure with 

involvement of bi-directional switching devices on both side of dc link at various nodes as shown 

in Fig. 2.14. This MLI does not contain a separate level and polarity generators and can easily 

extended to higher voltage levels by involving a pair of bi-directional devices and adding a 

voltage source. The topological structure of CBSC with three dc voltage sources is shown in Fig. 

2.14 and its possible switching states for equal and unequal voltage sources for generating seven 

and thirteen-levels in the output voltage is presented in Table 2.13. For symmetrical dc-link 

voltage ratio, this topology require 2(n+1) bi-directional switches and generate (2n+1) levels in 

the output voltage. Even though, each bi-directional device consists of two IGBTs, the 

requirement of number of gate driver circuits are equal to the total number of bi-directional 

devices. This results in decrease in control complexity and overall cost the circuit. This topology 

does not have adequate switching redundancies to enable equal load distribution among input dc 

voltage sources.  
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In Fig. 2.14, if the equal voltage sources are considered, then the outermost switches i.e., S1, 

S2, S7 and S8 should block 3Vdc.Whereas, inner switches S3, S4, S5, and S6 has to block 2Vdc only. 

This topology generates lesser conduction losses due to the operation of only two devices at any 

instant. Inability of this topology to realize output for subtractive combinations of dc sources 

limits its asymmetrical capability. CBSC can be extended to higher levels either by directly 

increasing the number of bi-directional switches or by connecting an additional CBSC modules in 

cascade. These topologies are reported as cascaded CBSC topologies [145]. Cascaded CBSC 

configuration can produce voltage levels for both additive and subtractive combination of dc 

sources and can be implemented for both symmetrical and asymmetrical configurations. 
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Fig. 2.14: Cascaded bipolar switched cells (CBSC) RSC-MLI. 

Table 2.13: Switching operation of CBSC RSC-MLI. 

Num.  

of 

 states 

Voltage 

combinations 

Switches in  

conduction 

Output voltage  

Symmetrical Asymmetrical 

Vdc1 = Vdc2 = Vdc3 

= Vdc 

Vdc1 = Vdc 

Vdc2 = 3Vdc  

Vdc3 = 2Vdc 

1 + (Vdc1+Vdc2+Vdc3) S1-S8 + 3Vdc + 6Vdc 

2  + (Vdc2+Vdc3) S3-S8 + 2Vdc + 5Vdc 

3 + (Vdc1+Vdc2) S1-S6 + 2Vdc + 4Vdc 

4 +Vdc2 S3-S6 + Vdc + 3Vdc 

5 +Vdc3 S5-S8 + Vdc + 2Vdc 

6 +Vdc1 S1-S4 + Vdc + Vdc 

7 0 S1-S2 0 0 

8 ‒ Vdc1 S2-S3 ‒ Vdc ‒ Vdc 

9 ‒ Vdc2 S4-S5 ‒  Vdc ‒ 2Vdc 

10 ‒ Vdc3 S6-S7 ‒ Vdc ‒ 3Vdc 

11 ‒ (Vdc1+Vdc2) S2-S5 ‒ 2Vdc ‒ 4Vdc 

12 ‒  (Vdc2+Vdc3) S4-S7 ‒ 2Vdc ‒ 5Vdc 

13 ‒ (Vdc1+Vdc2+Vdc3) S2-S7 ‒ 3Vdc ‒ 6Vdc 
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2.4.9 Packed U structure based RSC-MLIs  

The packed U or ladder based topologies are modular with uni-directional devices 

connected on either sides of dc sources. The switches are connected such that the topology can 

conduct and block in both ways. These configurations do not include any level or polarity 

generators. They can generate output voltage for subtractive and additive combinations of dc 

voltages. Based on the connection of the switches and dc sources, there are two popular RSC-

MLIs, which are described below. 

2.4.9.1 Switched dc-sources (SDS) based RSC-MLI  

In literature, this topology is introduced as switched dc sources (SDS) or cross connected 

sources (CCS) [167-169]. If n equal dc sources connected in dc link, then this structure requires 

2(n+1) uni-directional switching devices and produce (2n+1) levels in the output voltage. 

Structure of SDS with three dc sources and eight uni-directional devices is given in Fig. 2.15 and 

it‟s possible switching states with equal and unequal dc voltage sources generates seven-levels 

and thirteen in output phase-voltage as given in Table 2.14.  
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Fig. 2.15: Switched dc sources (SDS) based RSC-MLI topology. 

From Table 2.14, it is observed that this RSC-MLI have multiple switching combinations 

for generating same voltage level. However, this topology generates uneven blocking voltages 

across switches and difficult to deliver equal power from dc sources. In Fig. 2.15, for switches S1, 

S2, S7 and S8 the blocking voltage is Vdc and whereas for switches S3, S4, S5 and S6 it is 2Vdc.  
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Table 2.14: Switching states of SDS RSC-MLI. 

Num. of 

states 

Voltage 

combinations 

(Vdc1, Vdc2, Vdc3) 

Switches 

 in  

conduction 

Output voltage  

Symmetrical  Asymmetrical 

Seven-level 

Vdc1 = Vdc2 = Vdc3 

= Vdc 

Thirteen-level 

Vdc1 =Vdc ; Vdc2 = 

3Vdc ; Vdc3 = 2Vdc 

1 Vdc1+Vdc2+Vdc3 S2-S3-S6-S7 +3Vdc +6Vdc 

2  Vdc2+Vdc3 S1-S3-S6-S7 +2Vdc +5Vdc 

3 Vdc1+Vdc2 S2-S3-S6-S8 +2Vdc +4Vdc 

4 Vdc2 S1-S3-S6-S8 +Vdc +3Vdc 

5 Vdc3 S2-S4-S6-S7 +Vdc +2Vdc 

6 Vdc1 S2-S3-S5-S7 +Vdc +Vdc 

7 Vdc3‒Vdc1 S1-S4-S6-S7 0 +Vdc 

8 0 
S1-S3-S5-S7 

0  0  
S2-S4-S6-S8 

10 Vdc1‒Vdc3 S2-S3-S5-S8 0 ‒Vdc 

11 Vdc1 S1-S4-S6-S8 ‒Vdc ‒Vdc 

12 Vdc3 S2-S4-S5-S7 ‒Vdc ‒2Vdc 

13 Vdc2 S1-S3-S5-S8 ‒Vdc ‒3Vdc 

14 Vdc1+Vdc2 S1-S4-S5-S7 ‒2Vdc ‒4Vdc 

15 Vdc2+Vdc3 S2-S4-S5-S8 ‒2Vdc ‒5Vdc 

16 Vdc1+Vdc2+Vdc3 S2-S3-S6-S7 
‒3Vdc ‒6Vdc 

2.4.9.2 Packed U-cell (PUC) structure based RSC-MLI  

Topological structure of packed U-cell (PUC) based RSC-MLI is similar to SDS as 

described above, though this topology contains a few changes in arrangement of dc link voltage 

ratios and switches. Topological structure of PUC with three dc voltage sources is presented in 

Fig. 2.16 and it‟s possible switching states are given in Table 2.15 [65, 170]. This topology may 

suffer from unequal utilization of input dc sources. Table 2.15 confirms that PUC topology 

generates voltage levels for both additive and subtractive arrangements of dc links. Nevertheless 

by using equal dc voltage sources, the switching operation cannot generate more than three levels 

in the output phase-voltage. This is due to the consecutive additive and subtractive combination of 

dc voltages in any switching path as shown in Table 2.15. Thus, with any number of equal dc 

voltage sources,  symmetric topology generate only three-levels in the output voltage  changing in 

magnitude from Vdc to ‒Vdc. Hence, PUC topology is beneficial with unequal dc sources. 

Nevertheless, the maximum output voltage always lesser than the total input dc voltage. For 

example, consider the voltage sources as Vdc1 = Vdc, Vdc2 = 3Vdc and Vdc3 = 6Vdc in Fig. 2.16 

generates thirteen-levels in output voltage, with magnitudes varying from +6Vdc to ‒6Vdc as 

shown in Table 2.15. Even though the total input dc link voltage is 10Vdc, but the peak value of 

output voltage (in phase) is 6Vdc. Hence, this topology operates in buck-mode.  
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Fig. 2.16: Structure of PUC based RSC-MLI. 

Table 2.15: Switching operation of PUC RSC-MLI topology. 

Num. 

of  

states 

Voltage 

combinations 

(Vdc1, Vdc2, Vdc3) 

Switches 

 in  

conduction 

Output voltage  

Symmetrical  Asymmetrical 

Vdc1 = Vdc2 = Vdc3 

= Vdc 

Vdc1 = Vdc; 

Vdc2 = 3Vdc; 

Vdc3 = 6Vdc 

1 Vdc3 S2-S4-S6-S7 +Vdc +6Vdc 

2 ‒Vdc1+Vdc3 S1-S4-S6-S7 0 +5Vdc 

3 Vdc1‒Vdc2+Vdc3 S2-S3-S6-S7 +Vdc +4Vdc 

4 Vdc2 S2-S4-S5-S7 +Vdc +3Vdc 

5 ‒Vdc2 + Vdc3 S1-S3-S6-S7 0 +3Vdc 

6 ‒Vdc1+Vdc2 S1-S4-S5-S7 0 +2Vdc 

7 Vdc1 S2-S3-S5-S7 +Vdc +Vdc 

8 0 
S1-S3-S5-S7 (or) 

S2-S4-S6-S8  
0 0 

9 ‒Vdc1 S1-S4-S6-S8 ‒Vdc ‒Vdc 

10 Vdc1‒Vdc2 S2-S3-S6-S8 0 ‒2Vdc 

11 ‒Vdc2 S1-S3-S6-S8  ‒Vdc ‒3Vdc 

12 Vdc2‒Vdc3 S2-S4-S5-S8 0 ‒3Vdc 

13 ‒Vdc1+Vdc2-Vdc3 S1-S4-S5-S8 ‒Vdc ‒4Vdc 

14 Vdc1‒Vdc3 S2-S3-S5-S8 0 ‒5Vdc 

15 ‒Vdc3 S1-S3-S5-S8 ‒Vdc ‒6Vdc 
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2.4.10  Unit based RSC-MLIs 

Few researchers introduced several new MLIs with fixed topological structure. Each 

unit/modules of these inverter acts as an MLI itself and generate a specific number of voltage 

levels such as five, seven, nine and thirteen-levels. Moreover, to develop the MLI to higher levels, 

these novel modules are connected in systematic arrangement such as series, parallel or cascade. 

Hence, unit based RSC-MLIs can generate only fixed number of output voltage levels. For 

generating particular range of voltage levels, these topologies offer significant reduction in device 

count when compared to other RSC-MLI topologies. Few of such MLIs are: Basic unit, envelope 

type (E-type), square T-type, and cascaded MLI (CMLI). In this thesis, these classification of 

RSC-MLIs is named as unit based RSC-MLIs. The topological structure, switching operation, 

merits, demerits, and applications of this unit based RSC-MLIs are presented below.  

2.4.10.1 Basic unit RSC-MLI 

Basic unit RSC-MLI is introduced by Ebrahim Babaei in 2015 [171]. This RSC-MLI 

comprises of separate level and polarity generators. The structure of this MLI is presented in Fig. 

2.17. The arrangement of level generator involves single-cell and three-cell structure as shown in 

Fig. 2.17.  
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Fig. 2.17: Nine-level basic unit RSC-MLI topology. 

Three cell structure consists of three input dc voltage sources and five switches. Single cell 

structure involves one voltage source and two switches. The objective of single-cell is to generate 

the voltage levels (i.e., missing levels in phase-voltage) which are not generated by three-cell 
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structure. By using equal dc voltage sources, level generator can produce unipolar voltage with 

five-levels as given in Table 2.16. The polarity generator converts this five-level unipolar voltage 

to nine-level bipolar.  

From Table 2.16, it is observed that, this MLI contains inadequate switching redundancies 

and have uneven blocking voltages across the devices. To develop this RSC-MLI for generating 

higher voltage levels, multiple basic units (with separate level and polarity generators in each 

module) are in cascade connection. Further, higher number of voltage levels with significant 

decrease in device count can be achieved by connecting multiple three-cell structures in series 

along with common polarity generator as presented in Fig. 2.18. Cascaded basic unit RSC-MLI 

shown in Fig. 2.18 with identical voltage sources have switching redundancies and provide equal 

power share among the cascaded units.  
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Fig. 2.18: Extension of basic unit RSC-MLI to higher levels. 
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Table 2.16: Switching states of basic unit RSC-MLI.  

Num. 

of states  

Voltage 

combinations 

Devices in 

 conduction  

Output voltage 

Vdc1 = Vdc2 = Vdc3 = Vdc 

1 Vdc1+Vdc2+Vdc3+Vdc4 S1-S2-S3-S7-H1-H2’ +4Vdc 

2 Vdc1+ Vdc3+Vdc4 S1-S4-S3-S7-H1-H2’ +3Vdc 

3 Vdc1+Vdc2+Vdc3 S1-S2-S3-S6-H1-H2’ +3Vdc 

4 Vdc1+Vdc3 S1-S4-S3-S6-H1-H2’ +2Vdc 

5 Vdc4 S5-S7-H1-H2’ +Vdc 

6 0 
S5-S6-H1-H2’ (or) 

S5-S6-H2-H1’  
0 

 

2.4.10.2 Envelope type (E-type) RSC-MLI 

Envelope-type (E-type) configuration is an asymmetrical MLI reported by Emad Samadaei 

in 2017 [150]. Topological structure of an E-type unit is shown in Fig. 2.19(a). This RSC-MLI is 

developed for generating higher voltage levels by involving multiple E-type modules in series 

connection as shown in Fig. 2.19(b) and this structure does not include any separate level or 

polarity generator.  

Each E-type module have a fixed topological arrangement and require four dc voltage 

sources with voltage ratio of 1: 2, six uni-directional and two bi-directional devices to generate 

thirteen-levels in the output phase-voltage. Hence, each E-type module operates as a thirteen-level 

inverter itself and its corresponding switching operation is given in Table 2.17. This topology has 

inadequate switching redundancies and generates unequal blocking voltages across the switches. 

With n identical E-type modules in series, this MLI comprises of 4n input dc sources, 2n bi-

directional and 6n uni-directional switching devices, and generates (12n+1) levels in output 

phase-voltage. 
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(a) Each E-type unit (b) Connecting two E-type units 

Fig. 2.19: Topological structure of E-type RSC-MLI. 
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Table 2.17: Switching states in a single unit of E-type RSC-MLI. 

Num. 

of 

states  

Voltage  

combinations 

Devices in  

conduction  

Output voltage 

Vdc1=Vdc2 = Vdc 

Vdc3=Vdc4 = 2Vdc 

1 Vdc1+Vdc2+Vdc3+Vdc4 S5-S4-S1 +6Vdc 

2 Vdc2+Vdc3+Vdc4 S8-S4-S1 +5Vdc 

3 Vdc3+Vdc4 S6-S4-S1 +4Vdc 

4 Vdc1+Vdc3 S5-S7-S1 +3Vdc 

5 Vdc1+Vdc2 S5-S4-S2 +2Vdc 

6 Vdc3 S8-S7-S1 +2Vdc 

7 Vdc2 S8-S4-S2 +Vdc 

8 Vdc3‒Vdc2 S6-S7-S1 +Vdc 

9 0 S6-S4-S2 (or) S5-S3-S1 0 

10 Vdc4 ‒Vdc1 S5-S7-S2 ‒Vdc 

11 Vdc1 S8-S3-S1 ‒Vdc 

12 Vdc1+Vdc2 S6-S3-S1 ‒2Vdc 

13 Vdc4 S8-S7-S2 ‒2Vdc 

14 Vdc2 +Vdc4 S6-S7-S2 ‒3Vdc 

15 Vdc3 +Vdc4 S5-S3-S2 ‒4Vdc 

16 Vdc1+Vdc3 +Vdc4 S8-S3-S2 ‒5Vdc 

17 Vdc1+Vdc2+Vdc3+Vdc4 S6-S3-S2 ‒6Vdc 

2.4.10.3 Square T-type (ST-type) RSC-MLI  

The basic unit of square T-Type (ST-type) RSC-MLI shown in Fig. 2.20(a) and is motivated 

from E-type basic unit. The structure of ST-type consists of three bi-directional and six uni-

directional switching devices, four dc voltage sources with 1: 3 voltage ratio and generates 

seventeen-levels in output voltage. Hence each basic ST-type module operates as a seventeen-

level MLI by itself [151]. The possible switching states of ST-Type module of Fig. 2.20(a) is 

given in Table 2.18.  

Similar to E-type, the structure of this configuration is modular and increases to higher 

levels in output voltage by involving multiple identical basic units in series as shown in Fig. 

2.20(b). With n ST-type modules connecting in series, this topology requires 6n uni-directional 

and 3n bi-directional switching devices, 4n dc voltage sources, and generate (16n+1) levels in 

output phase-voltage. Nevertheless, this MLI have the similar demerits of E-type topology such as 

unequal power sharing among the input dc voltage sources and unequal blocking voltages across 

the switches.  
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(a)  Square T-type unit (b) Series connection of two ST-type units 

Fig. 2.20: Square T-type (ST-Type) RSC-MLI. 
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Table 2.18: Switching operation of Square T-type (ST-Type) module. 

Num. 

of 

states  

Voltage 

combinations 

Devices in 

conduction  

Output voltage 

Vdc1 = Vdc2 = Vdc 

Vdc3 = Vdc4 = 3Vdc 

1 Vdc1+Vdc2+Vdc3+Vdc4 S5-S4-S1 +8Vdc 

2 Vdc1+Vdc3+Vdc4 S5-S4-S7 +7Vdc 

3 Vdc1+Vdc2 S5-S4-S2 +6Vdc 

4 Vdc2+Vdc3+Vdc4 S9-S4-S1 +5Vdc 

5 Vdc2+Vdc4 S9-S4-S7 +4Vdc 

6 Vdc2 S9-S4-S2 +3Vdc 

7 Vdc3+Vdc4 S6-S4-S1 +2Vdc 

8 Vdc3 S9-S8-S1 +Vdc 

9 0 S5-S3-S1 (or) S6-S4-S2 0 

10 Vdc4 S9-S8-S2 ‒Vdc 

11 Vdc3+Vdc4 S5-S3-S2  ‒2Vdc 

12 Vdc1 S9-S3-S1 ‒ Vdc 

13 Vdc1+Vdc3 S9-S3-S7 ‒4Vdc 

14 Vdc1+Vdc3+Vdc4 S9-S3-S2 ‒5Vdc 

15 Vdc1+Vdc2 S6-S3-S1 ‒6Vdc 

16 Vdc1+Vdc2+Vdc3 S6-S3-S7 ‒7Vdc 

17 Vdc1+Vdc2+Vdc3+Vdc4 S6-S3-S2 ‒8Vdc 

2.4.10.4 Cascaded RSC-MLI: Topology – I 

This RSC-MLI is introduced by Charles Ikechukwu Odeh in 2015 [173]. Basic unit of this 

topology is given in Fig. 2.21(a) and operates as a nine-level inverter itself. Further, extension of 

this structure using multiple modules connected in cascade for generating higher number of 

voltage levels is presented in Fig. 2.21(b). The structure of each module of this topology shown in 

Fig. 2.21(a) is identical to the Topology-I of hybrid T-type configuration. Nevertheless, the 

structure of this configuration includes only stiff sources in dc-link. Further, this configuration is 

only suitable for operating with asymmetrical voltage ratios. In each basic unit includes one bi-

directional and six uni-directional switching devices, three dc sources (Vdc1, Vc1 and Vc2). In any 

unit, Vc1 and Vc2 are arranged to form a split voltage dc source structure. The voltage of these split 

dc sources (Vc1 and Vc2) are equal and twice of Vdc1. This configuration produces unequal device 

blocking voltages and operates with limited switching redundancies. 
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(b) Cascading two units 

Fig. 2.21: Cascaded RSC-MLI Topology – I. 

2.4.10.5 Cascaded RSC-MLI: Topology – II 

This topology is also proposed by Charles Ikechukwu Odeh [172]. Each unit of this 

structure generates five-levels in output voltage and acts as an inverter itself by including two 

equal dc voltage sources and six uni-directional switching devices. The topological configuration 

is given in Fig. 2.22. The structure of basic unit of this topology is depicted in Fig. 2.22(a) and its 
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possible switching states are given in Table 2.19. This topology operates with uneven blocking 

voltages across the switching devices. For generating higher levels, multiple basic units are 

connected in cascade as shown in Fig. 2.22(b). This cascade structure operates with unequal dc 

voltage sources as well. The cascade connection of two basic units shown in Fig. 2.22(b), 

generates nine-levels in output voltage. If n similar modules are connected in cascade, then Fig. 

2.22(b) needs 2n dc voltage sources and 6n uni-directional devices, and produce (4n+1) output 

voltage levels.  
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(b) Cascading two basic units 

Fig. 2.22: Cascaded RSC-MLI Topology – II. 
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Table 2.19: Switching states of five-level cascaded RSC-MLI toplogy – II. 

Num. of 

states  

Voltage 

combinations 

Devices in  

conduction  

Output voltage 

Vdc1 = Vdc2  = Vdc 

1 Vdc1+Vdc2 S1-H1-H2’ +2Vdc 

2 Vdc2 S2-H1-H2’ +Vdc 

3 0 H1-H2 (or) H1’-H2 0 

4 ‒Vdc2 S2-H2-H1’ ‒ Vdc 

5 ‒ (Vdc1+Vdc2) S1-H2-H1’ ‒ 2Vdc 

2.4.10.6  Cascaded RSC-MLI with hexagonal switched cell (HSC) 

This HSC based RSC-MLI topology is designed by E. Babaei in 2014 [135, 136]. The 

topological structure of this configuration is given in Fig. 2.23. Structural arrangement of basic 

module of this MLI is given in Fig. 2.23(a) and its cascade connection of two basic units is given 

in Fig. 2.23(b). Each basic unit of this topology have six uni-directional switching devices and 

two input dc voltage sources as described in Section 2.4.7.1. Each HSC module operates with 

equal and unequal voltage sources and generates the voltage levels for additive combinations of 

the dc voltage sources. With symmetrical voltage ratios, each unit of this cascaded topology 

presented in Fig. 2.23(a) acts as five-level MLI and it‟s possible switching states are given in 

Table 2.20. This topology have uneven blocking voltages across the switches. In Fig. 2.23(a) the 

blocking voltage appears across switches S5 and S6 is (Vdc1+Vdc2); S3 and S4 is Vdc2; S1 and S2 is 

Vdc1. For generating higher levels, this topology can be extended by cascading multiple basic HSC 

as presented in Fig. 2.23(b). By using n HSC modules in cascade, the symmetrical topology 

requires 2n dc sources and 6n uni-directional devices, and generate (4n+1) levels in output 

voltage, with levels varying from ‒2nVdc to +2nVdc.  
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(a) Basic unit (b) Cascading two basic units 

Fig. 2.23: Hexagonal switched cell (HSC) based RSC-MLI. 

Table 2.20: Switching operation of basic HSC based RSC-MLI. 

Num. 

of states  

Voltage 

combinations 

Devices in  

conduction  

Output voltage 

Vdc1 = Vdc2 = Vdc 

1 Vdc1+Vdc2 H3-H5-H1 +2Vdc 

2 Vdc2 H5-H6-H3 +Vdc 

3 Vdc1 H1-H4-H5 +Vdc 

4 0 
H1-H2-H3 (or) 

H4-H5-H6 
0 

5 Vdc1 H6-H2-H3 ‒Vdc 

6 Vdc2 H1-H2-H4 ‒Vdc 

7 Vdc1+Vdc2 H4-H2-H6 ‒2Vdc 

2.4.11 Three-phase topologies  

In above described RSC-MLI configurations, each phase is individually operated in such a 

way that the generated output voltage of each phase does not influence the output of other phase. 

However, in order to achieve significant saving in device count, three-phase RSC-MLIs are 

reported. The operation of these RSC-MLI is dependent on other phases as analogous to three-

phase two-level inverter. The switching devices of these three-phase configurations should be 

properly operated such that the pole-voltage creates the required number of levels in line-voltage. 
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Basically, these three-phase configurations consist of a two-level three-phase inverter with few 

additional devices between input dc link and three-leg six switch inverter. The arrangement of dc 

link and additional switching devices mainly decides the topological structure of these 

configurations. A three-phase symmetrical dc-link multilevel inverter with reduced number of dc 

sources is presented in [130]. Popular configurations under this group of RSC-MLIs are described 

below.   

2.4.11.1 Topology ‒ I  

A novel three-phase RSC-MLI topology is introduced by Ahmed Salem in 2015 [174]. The 

structure of this topology is highly modular and higher number of voltage level can be generated 

by extended modular part of this topology. This configuration involves a two-level inverter with 

upper switches of each leg connected to dc ink through multiple modular units connected in 

series. Each modular cell produces an output of either 0 or Vdc. Topological structure of this RSC-

MLI for generating five-level line-voltage is presented in Fig. 2.24. The possible switching states 

of this topology to generate three-level pole-voltage is given in Table 2.21. This three-phase 

topology can be extended for generating higher number of levels is shown in Fig. 2.25, where the 

topology is given for generating seven-levels in output line-voltage. By using n number of 

modules, this topology requires 3(2n+2) switching devices to generate (2n+3) levels in line-

voltage and (n+2) levels in pole-voltage. This topology enables equal utilization of input dc 

sources but suffers from unequal blocking voltages across devices. 
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Fig. 2.24: Five-level three-phase RSC-MLI Topology- I. 

Table 2.21: Switching operation of Topology- I for three-level pole-voltage. 

Num. 

of states 

Switches in conduction 
Pole-voltage (Vao) 

S1 S2 Q1 Q2 

1 0 0 0 1 0 
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Fig. 2.25: Seven-level three-phase RSC-MLI Topology- I. 

2.4.11.2 Topology ‒ II 

These new three-phase RSC-MLIs are introduced by Ammar Masaoud in 2014 [148, 149]. 

These topologies consist of a generalized structural arrangement and generate the voltage levels 

by using both asymmetrical and symmetrical dc voltage sources. Fig. 2.26 and Fig. 2.27 represent 

these three-phase MLIs for generating five-levels in output pole-voltage. From Fig. 2.26 and Fig. 

2.27, it can be observed that, these topologies consist of few similarities in their structural 

arrangement, which are given below: 

 Similarities in dc link: Maximum input dc voltage in all cases is fixed to 4Vdc. 

 Each phase-leg arrangement: Each leg of the inverter involves one bi-directional switch 

(S1-S2) and one complimentary uni-directional switch pair (Q1 and Q2). 

Further, Fig. 2.26(b) and Fig. 2.27(b) consists of similar leg structures, where, higher 

potential of dc link is connected to switch S1 through D1 and lower potential of dc link connected 

to switch S2 through D2. Moreover, all the mid-points of bi-directional switches of three legs are 

commonly connected to dc link through auxiliary switch. These auxiliary switches are responsible 

for obtaining multiple input dc voltages and thus form supporting unit for level generation. 

In general, the benefit of any three-phase topology is achieved from structure of this 

supporting module. For the topologies shown in Fig. 2.26(b) and Fig. 2.27(b), the supporting 

module is designed by using two dc voltage sources and four uni-directional devices, though their 
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arrangement and position is different in both configurations. In the same way, Fig. 2.26(a) and 

Fig. 2.27(a), consists of similar leg structures, where the midpoints of bi-directional switches of 

each phase are commonly connected to input dc link through auxiliary switching devices. This 

auxiliary structure in both of these MLIs is not similar. However, the auxiliary module 

arrangement of Fig. 2.26(a) and (b) is same and similarly the auxiliary cell structure of Fig. 

2.27(a) and (b) is same. Switching states of these three-phase RSC-MLIs shown in Fig. 2.26 and 

Fig. 2.27 is given in Table 2.22.  It is observed that this switching operation is valid for producing 

of nine-levels in line-voltage and five-levels in pole-voltage. These topologies have uneven 

blocking voltages across devices, unequal utilization of input dc sources and limited switching 

redundancies. The configurations presented in Fig. 2.26(a) and (b) can be increased to higher 

number by adding additional modules in auxiliary structure [148, 149]. Generalized configuration 

shown in Fig. 2.26(a) and (b), with n sources (each Vdc) in the auxiliary module, then maximum 

dc link voltage is (n+1)Vdc and produce pole-voltage with (n+2) levels.  
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(b) Configuration ‒ 2 

Fig. 2.26: Three-phase asymmetrical five-level RSC-MLI configurations of Topology ‒ II. 
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(a) Configuration ‒ 3 
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(b) Configuration ‒ 4 

Fig. 2.27: Three-phase asymmetrical five-level RSC-MLI configurations of Topology ‒ II. 

Table 2.22: Switching states of five-level three-phase RSC-MLIs. 

Q1 S1 S2 Q2 T1 T2 T3 T4 Vag 

1 0 0 0 1 0 1 0 +4Vdc 

0 1 1 0 1 0 1 0 +3Vdc 

0 1 1 0 0 1 1 0 +2Vdc 

0 1 1 0 1 0 0 1 +Vdc 

0 0 0 1 1 0 1 0 0 
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 Summary  2.5

From the above discussions on several RSC-MLIs, the following remarks can be made: 

1. Modularity in structure of RSC-MLIs: For generating higher voltage levels in the output 

voltage, topology can be extended by adding of new modules. This extension of RSC-

MLI does not affect the rating of the existing devices and blocking voltage appears 

across the switches. 

2. In HSC and H-bridge based structures, the voltage rating of the devices in HSC and H-

bridge are greater than or equal to the total input dc voltage. The basic unit RSC-MLI, 

T-type, RV, SSPS, MLDCL, SCSS, MLM, improved T-type are few of such RSC-

MLIs. 

3. The structures of RSC-MLIs with separate level and polarity generators, involves 

similar switching states for both negative and positive voltage levels. Generally level 

generators produce the output voltage for additive combinations of input dc voltage 

sources and does not offer switching operation for subtractive combinations. This 

restricts the adaption of trinary voltage ratios in dc link voltages. Few of such RSC-

MLIs are RV, MLDCL and SSPS. 

4. Switching redundancies play an important role in design of the inverter for uniform 

utilization of input dc sources and reduced control complexity. Thus, inadequate or 

absence of switching redundancies in RSC-MLIs such as T-type, and E-type topologies, 

discourages their adaption in grid connected PV applications.  

5. Necessity of dc supply: Several RSC-MLI consist the structural arrangement in such a 

way that a common dc link will be interfaced to all three phases. One of such MLI is 

three-phase RSC-MLIs. Also few other MLI configurations need non-isolated input dc 

voltages.  

The leading factors for choosing a RSC-MLI is decided by: 

 Uniform and unaffected blocking voltages (with increase in number of levels).  

Example: MLDCL, switched capacitor MLIs and SSPS. 

 Modular and generalized structural arrangement.  

Example: SCSS, MLDCL, RV and SSPS. 

 Significant reduction in device count at high levels  

Example: MLDCL, T-type, E-type, Square E-type and Improved T-type.  

 Uniform utilization of dc sources and dc link voltage balancing 

Example: MLDCL and SSPS. 

 Fault tolerant operation of the inverter, where a fault unit can be effectively bypassed 

Example: MLDCL 
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 Simplified topological structure  

Example: SCSS, T-type and MLDCL 

Based on the above discussion, MLDCL, SSPS and T-type are well suited for grid 

connected applications. T-type RSC-MLI offers significant decrease in switch count but lack of 

switching redundancies, inability to adapting with asymmetrical dc voltage sources, inability to 

attain uniform power distribution of dc sources, uneven blocking voltages acts as major limitation. 

Owing to these reasons, T-type is limed to three-levels only [139, 141, 143, 144, 162, 163, 165].  

On the other hand, MLDCL and SSPS RSC-MLIs consist of simplified, modular and 

generalized topological structure with considerable decrease in switch count, multiple switching 

redundancies, possibility of connecting asymmetric dc sources and simplified switching 

operation, fault tolerant ability, uniform power distribution, uniform blocking voltages across 

switches and dc link voltage balancing capability. Due to these key and worthy merits, MLDCL 

and SSPS had gathered more attention among other RSC-MLIs configurations. Moreover, 

MLDCL and SSPS serves as an alternate to conversional CHB MLI for applications such as grid 

connected PV system, active front-end converters, custom power devices, BESS, and HEV. 

Further, series/parallel operation of SSPS increases the utilization of input dc sources. Therefore 

in this thesis, to analyze closed-loop implementation of RSC-MLI topologies for supplying power 

to grid, MLDCL and SSPS RSC-MLI are adapted.  
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CHAPTER 3:  COMPARISON OF 11-LEVEL 

ASYMMETRIC CHB, SSPS AND MLDCL RSC-MLIs 

This chapter discusses about the structure and operation of asymmetric CHB, MLDCL and SSPS 

RSC-MLI topologies. A comprehensive comparison is carried among these asymmetric topologies 

in terms of various factors. 

 Introduction 3.1

The reduced switch count multilevel inverters (RSC-MLI) are the latest trend in power 

electronic converters due to its reduced switch count and cost. However, a large number of RSC-

MLIs not yet reach application level due to the absence of modularity, unequal load-sharing 

among dc sources and limited switching redundancies. On the other hand, multilevel dc-link 

(MLDCL) and switched series/parallel sources (SSPS) RSC-MLIs [153, 157] are modular in 

structure with adequate switching redundancies and offers lesser switching count compared to 

CHB MLI and other MLIs.  The asymmetric source configurations of these RSC-MLIs offers 

further reduction in switch count and are not yet addressed for closed-loop applications in 

literature. Therefore in this chapter, a comprehensive comparison among CHB, MLDCL and 

SSPS RSC-MLI topologies has been carried out for adapting a superior RSC-MLI in grid 

connected PV systems. For this comparison, 11-level inverters are considered with input dc 

source voltage in the ratio of 1: 2: 2, as shown in Fig. 3.1. 

There are topologies such as CHB MLI shown Fig. 3.1(a), the utilization of all the sources 

at all levels is seldom. These topologies will diminish the energy efficiency of the conversion 

system as all the sources will not deliver the power except at the highest level in the output 

voltage. These kinds of converters can hamper the penetration of renewable energy into the 

existing energy mix, as the energy capacity of the renewable source is undermined. In this 

connection, this chapter explores the switched series/parallel sources (SSPS) based RSC-MLI 

[154, 155] that can extract the power from all the sources at most of the levels through 

series/parallel switching. Even though the MLIs are well researched, the thrust is there in 

producing number of levels with minimum THD, switch stress and loss minimization.  However, 

the utilization of the dc sources in a fundamental cycle of output voltage is not explored to 

sufficient extent in the literature. Therefore, in this chapter a new performance indicator is 

introduced to quantify the utilization of dc sources.  

 Asymmetric RSC-MLI topologies 3.2

Among the existing RSC-MLI topologies, MLDCL [153, 157] and SSPS [154, 155]  MLIs 

are dominant topologies for control of grid connected applications. These topologies not only 
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require reduced number of switch count but they are also highly modular in their structure and 

offer the following structural benefits.  

 There is a possibility to connect asymmetrical or unequal rated input sources such as 

PVs to further reduce switch count. 

 The structures of MLDCL and SSPS inverters allow even power distribution between 

equal rated input sources [65]. Therefore, a single maximum power extraction control 

method can be applied for multiple equal rated PV sources, thereby reducing the control 

complexity. 

 Due to series/parallel connection of dc voltage sources in SSPS, all input dc sources are 

utilised in most of the voltage levels.  

 Further, the highest rating switches in polarity generator of MLDCL and SSPS inverters 

in Fig. 3.1(b) and Fig. 3.1(c) are operating at fundamental frequency. This will reduce 

switching losses.  

 

(a) 11-level asymmetric (V0: V1: V2= 1: 2: 2) CHB MLI 

 

                             

(b) 11-level asymmetric (V0: V1: V2= 1: 2: 2)  

MLDCL RSC-MLI 

(c) 11-level asymmetric (V0: V1: V2= 1: 2: 2)  

SSPS RSC-MLI 

Fig. 3.1: 11-level asymmetric CHB and RSC-MLI topologies.  
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Owing to these reasons, MLDCL and SSPS RSC-MLIs have the potential to be viable 

alternative to CHB MLI. To further identify the superiority of SSPS and MLDCL over 

conventional CHB for injection of controlled power into grid systems, a comprehensive 

comparison is presented among CHB, MLDCL and SSPS topologies. 

3.2.1 Single-phase 11-level asymmetric MLDCL MLI  

The per‐phase structure of 11‐level asymmetric MLDCL topology with 1: 2: 2 dc voltage 

ratio is shown in Fig. 3.1(b). The structure of this topology is divided into two parts, namely, level 

generator and polarity generator. The first one is responsible for generation of unipolar voltage 

levels, while the other one converts this unipolar voltage into bipolar. The level generation part 

can be formed by cascade connection of half bridge cells. Each half bridge cell consists of an 

isolated dc voltage source (or PV source) with complementary switch pair and produces an output 

voltage equal to dc source voltage or zero. On the other hand, the polarity generator consists of an 

H‐bridge with switches operate at fundamental frequency. The operation of MLDCL as an 

inverter is explained in Section 2.4.1. The switching table of MLDCL RSC-MLI shown in Fig. 

3.1(b) to obtain eleven‐levels in phase‐voltage is given in Table 3.1.  

Table 3.1: Switching states and phase-voltage of 11-level asymmetric MLDCL RSC-MLI 

 

From this table, it can be observed that MLDCL have following features. 

 Identical switching operation in level generator for obtaining positive and negative 

voltages levels. 

 Voltage stress on the operating devices (level generator) remains same for any number 

of levels. 

Phase-voltage level 
Switches operate in level 

generator 

Switches operate in polarity 

generator 

+5Vdc 

S1-S3-S5 

H1-H4 

‒5Vdc H2-H3 

+4Vdc 
S2-S3-S5 

H1-H4 

‒4Vdc H2-H3 

+3Vdc 
S1-S3-S6 (or) S1-S4-S5 

H1-H4 

‒3Vdc H2-H3 

+2Vdc 
S2-S3-S6 (or) S2-S4-S5 

H1-H4 

‒2Vdc H2-H3 

+Vdc 
S1-S4-S6 

H1-H4 

‒Vdc H2-H3 

0 ---- H1-H3 (or) H2-H4 
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 The dc link voltage balance is possible with the presence of adequate switching 

redundancies. 

In this thesis work, the author‟s main reasons to choose 1: 2: 2 asymmetric sources 

configurations instead of other asymmetric sources is given below. 

 The trinary (1: 3: 3
2
…) source based configuration cannot be employed for this MLDCL 

topology since subtractive combinations of the input dc levels cannot be synthesized and 

hence some of the levels are not produced in the output voltage. 

 A binary (1: 2: 2
2
...) or 1: 2: 3… source configurations are possible for MLDCL MLI 

since all the voltage levels in the output voltage are synthesized. However, as the 

number of sources increase, the voltage stress appear across the switches in H-bridge of 

MLDCL MLI becomes too high. Further, redundancies are absent in these type of 

source configuration since all the sources are with different voltage values. Hence 

multiple switching operations cannot be existing in order to generate same voltage level. 

Because of this, control complexity will increase. For example, if the 1: 2: 2
2
… and 1: 

2: 3… sources based MLDCL MLIs will be used in the PV applications, then for every 

individual PV sources, there should be a need of a separate MPPT control scheme. 

Because of this, simultaneous design of the parameters for every controller will become 

a critical task. Tuning of the gains of the controllers is a challenging task as the number 

of different rated PV sources increases. 

 The proposed PV power extraction control scheme of this thesis work is also effective 

for any other common asymmetric sources (i.e., 1: 3: 3 or 1: 4: 4 or 1: 5: 5 etc.). 

However, before selecting any asymmetrical based input sources, it is necessary to 

observe that whether all the levels in the output voltage will generate from these 

asymmetric sources or not. Hence, in this case a common asymmetric sources (i.e., 1: 3: 

3 or 1: 4: 4 or 1: 5: 5) source based configuration cannot be employed for MLDCL 

topology since subtractive combinations of the input dc levels cannot be synthesized and 

hence some of the levels will be missed in the output voltage. Further, these common 

asymmetric sources create a very high voltage stress across the switches in H-bridge of 

MLDCL MLI.  

 On the other hand, using 1: 2: 2 asymmetric sources satisfied the primary requirement 

i.e., from this asymmetric topology all the 11-levels in the output voltage can be 

synthesized as shown in Table 3.1. Further, 1: 2: 2 asymmetric sources based MLDCL 

MLI has adequate switching redundancies.  

 Hence, In this thesis work, a common sliding mode based MPPT controller is 

implemented to extract maximum power from each group of equal rating PV sources of 
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three-phase asymmetric MLDCL MLI. So that control complexity is reduced, which is 

explained in next Chapter of this thesis. Moreover, this topology can produce 

significantly less THD in output voltage. Even though high-voltage stress appear across 

the switches in the H-bridge of the chosen 11-level asymmetric MLDCL MLI, however 

this voltage stress is less when compared to other asymmetric sources such as 1: 2: 2
2
.. 

input dc voltage ratio. Further, with the precise control of SMCs, the PV source voltages 

of MLDCL are maintained at 1: 2: 2 with very less steady-state difference. 

3.2.2 Single-phase 11-level asymmetric SSPS MLI 

Among the various RSC-MLI topologies reported so far, SSPS is an efficient topology with 

self-balancing nature of dc voltages by series/parallel operation of capacitor or dc sources. In 

general, for any topology, voltage level is obtained by series-connected operation of capacitors or 

dc voltages sources. However in SSPS topology, different voltage levels can be achieved through 

series/parallel-connected operation of dc voltages sources, which increases the utilization of dc 

sources. The considered SSPS RSC-MLI is shown in Fig. 3.1(c). The voltage sources of the upper 

and lower part of the SSPS inverter are considered as V0 = Vdc and V1 = V2 = 2Vdc When SY 1 is ON, 

V1 and V2 are in series, when SX1 and SZ1 are ON, V1 and V2 are in parallel. The switching 

operation this topology and corresponding input dc sources connection at every level is given in 

Table 3.2. This operation will holds good for any number of levels by increasing modules in the 

lower part of the converter. This 11-level asymmetric MLI has been adapted from [154, 155] and 

is developed for a three-phase system in this thesis work.  

Table 3.2: Switching states and their corresponding dc sources to obtain a particular level in 

phase-voltage for 11-level asymmetric SSPS MLI with V0=V and V1=V2=2V. 

 

Phase voltage level Switching path Connected dc sources 

+5Vdc Sy1-S1-S8-S5-S4 V1,V2,V0 

+4Vdc Sy1-S1-S7-S5-S4 V1,V2 

+3Vdc Sx1-S1-S8-S5-S4-Sz1 V1,V2,V0 

+2Vdc Sx1-S1-S7-S5-S4-Sz1 V1,V2 

+Vdc Sx1-S1-S7-S6-S4-Sz1 V1,V2,V0 

0 S2-S8-S6-S4 0 

−Vdc Sz1-S2-S8-S5-S3-Sx1 V1,V2,V0 

−2Vdc Sz1-S2-S8-S6-S3-Sx1 V1,V2 

−3Vdc SY1-S2-S8-S5-S3 V1,V2,V0 

−4Vdc SY1-S2-S8-S6-S3 V1,V2 

−5Vdc SY1-S2-S7-S6-S3 V1,V2,V0 
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In this thesis work, the author‟s main reasons to choose 1: 2: 2 asymmetric sources based 

SSPS MLI configuration are same as the reasons of selection of 1: 2: 2 asymmetric MLDCL as 

discussed above. The concept of generation of voltage levels through series/parallel connected 

operation of the capacitors or dc voltages sources in SSPS topology encouraged the authors to 

introduce a new factor called as “utilization factor” of input dc sources of an MLI and it is 

explained below. 

 Comparison among CHB, MLDCL and SSPS RSC-MLIs  3.3

A comprehensive comparison among CHB, MLDCL and SSPS RSC-MLI topologies has 

been carried out in terms of utilization factor (UF), switch count, current rating of the dc sources 

and switches, operating frequencies of switches and total blocking voltage. 

3.3.1 Utilization factor of input dc sources 

One of the contributions of this thesis work is to identify the RSC-MLI topology which 

utilizes the available dc sources to the maximum possible extent in a full cycle of output voltage. 

Even though the MLIs are well researched, the thrust is there in producing number of levels with 

minimum THD, switch stress and loss minimization. However, the utilization of the dc source in a 

full cycle of output voltage is not explored to sufficient extent in the literature. Therefore, in this 

thesis a new performance indicator is introduced in the name of “utilization factor (UF)” to 

quantify the utilization of dc sources.  

Consider N is number of dc sources, n is the number of phase-voltage levels, and Xj is the 

number of dc sources connected in series/parallel to obtain the j
th

 level in phase-voltage, then the 

UF can be defined as: 

 

MN

X

UF

n

i

i





1

     
 (3.1) 

Table 3.3 shows the number of dc sources in connection for obtaining a particular level in 

phase-voltage of the considered CHB, MLDCL and SSPS MLIs, as shown in Fig. 3.1. For 

example, number of dc sources connected to obtain a voltage level of +V in the CHB and MLDCL 

is 2, whereas in the SSPS inverter, it is 3. Further, from Table 3.3, it is observed that the number 

of connected dc sources to CHB and MLDCL are the same at every voltage level. Hence, UFs of 

CHB and MLDCL MLI are equal. Therefore, the UFs of dc sources of 11-level considered MLIs 

of Fig. 3.1 can be calculated using (3.1) and Table 3.3 as.  

                            

UF =
Sum of the number of voltage sources connected to MLI at each phase voltage level

(Total number of phase voltage levels) × (Total number of sources of the MLI)
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From the above calculations it is observed that utilisation factor of input dc sources for 

SSPS topology is more when compared to conventional CHB MLI and MLDCL MLIs. 

Table 3.3: Input dc sources connected to MLI at each phase-voltage level for 11-level asymmetric 

SSPS and MLDCL (or) CHB MLIs with V1= V2= 2Vdc and V0= Vdc. 

Phase voltage level 
No. of Connected dc 

sources in SSPS 

No. of Connected dc sources 

in CHB (or) MLDCL 

+5Vdc V1, V2, V0 (3) V1, V2, V0 (3) 

+4Vdc V1, V2 (2) V1, V2 (2) 

+3Vdc V1, V2,V0 (3) V1, V2, V0 (3) 

+2Vdc V1, V2 (2) V2 (1) 

+Vdc V1, V2, V0 (3) V1, V0 (2) 

0 0  0  

-Vdc V1, V2, V0 (3) V1, V0 (2) 

-2Vdc V1, V2 (2) V1 (1) 

-3Vdc V1, V2, V0 (3) V1, V2, V0 (3) 

-4Vdc V1, V2 (2) V1, V2 (2) 

-5Vdc V1, V2, V0 (3) V1, V2, V0 (3) 

 

The percentage increase in utilization of dc sources in SSPS MLI with respect to CHB MLI 

can be calculated as 100]/)[(  CHBCHBSSPS UFUFUF . Therefore from the above calculations, 

it can be inferred that the utilization of dc voltage sources in SSPS topology is increased by 19.6% 

when compared with CHB topology. In case for 19 levels, the percentage increase in utilization of 

dc sources in SSPS topology is 23.7% as compared to same level CHB, as given in Table 3.4.  

This specific merit of SSPS is found to be advantageous for various grid connected 

applications, as it helps in better utilization of PV and other renewable energy based sources. This 

feature of SSPS is also important as it ensures uniform utilization of dc sources; hence the ageing 

of sources will be more or less uniform. Therefore, SSPS topology calls for less maintenance and 

replacement costs when compared with CHB topologies as their non-uniform utilization will call 

for frequent replacement of one or other sources.  

Table 3.4: Utilization factors of SSPS & CHB for different phase voltage levels. 

Phase voltage levels UF of SSPS UF of CHB % Increase in UF 

11 0.79 0.66 19.6% 

19 0.88 0.715 23.7% 
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3.3.2 Switch count of the considered MLIs 

In asymmetric CHB MLI shown in Fig. 3.1(a), the number of switches required for phase to 

obtain 11-levels in phase-voltage is 12, whereas in asymmetric SSPS MLI and MLDCL MLI, the 

switch count is 11 and 10 respectively. Hence in order to obtain voltage levels in the output 

voltage, more number of switches should conduct in CHB compared to SSPS and MLDCL. For 

example, the number of switches in conduction for obtaining 3Vdc voltage level of 11-level output 

voltage of CHB, MLDCL and SSPS MLIs shown in Fig. 3.1 are 6, 5 and 5 per phase respectively. 

Hence, conduction losses in CHB MLI are more as compared to MLDCL and SSPS MLI. The 

losses are highly considerable if the number of voltage levels increases in the output voltage.   

3.3.3 Current rating of dc sources and switches 

In order to record the currents delivered by each dc source in the considered inverters, a 

simulation study is performed.  In this study, the dc voltages are selected as 1600 V, 3200 V and 

3200 V. Fig. 3.2, Fig. 3.3 and Fig. 3.4 show the current waveforms of each dc sources in 11-level 

asymmetric CHB, MLDCL and SSPS inverters respectively for a resistive load of 0.8 MW/ph. 

Since utilization of dc sources of both CHB and MLDCL MLIs is equal, the peak currents 

delivered from their dc sources are same. Hence, the waveform of currents passing through dc 

sources of MLDCL and CHB MLI are identical.  

 

Fig. 3.2: Currents passing through dc voltage source of CHB MLI 
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Fig. 3.3: Currents passing through dc voltage source of MLDCL MLI. 

 

Fig. 3.4: Currents passing through dc voltage source of SSPS MLI 

From Fig. 3.2, Fig. 3.3 and Fig. 3.4, it can be observed that the peak value of the current 

waveforms of the dc sources in CHB and MLDCL is nearly double that of the peak value of 



78 

 

 

current waveforms of dc sources in SSPS inverter. Therefore, for a given number of voltage 

levels, phase-voltage value and power rating, the switches and dc sources in SSPS inverter require 

lower current ratings as compared to CHB and MLDCL.  

3.3.4 Operating frequency of the switches 

Table 3.5 shows the operating frequency of each switch in CHB, SSPS and MLDCL MLIs 

of Fig. 3.1. Here, fc and fm are carrier and modulating signal frequencies respectively. From Table 

3.5, it is clear that level generating switches i.e., S1 to S6 in the 11-level asymmetric MLDCL MLI 

shown in Fig. 3.1(b) operate at carrier frequency and polarity generating switches (H1 to H4) 

operate at fundamental frequency (fm). Whereas in SSPS MLI shown in Fig. 3.1(c), the switches 

S5, S6, S7, S8 operate at fc and switches S1, S2, S3, S4 operate at fm. Therefore, more switches in 11-

level asymmetric MLDCL MLI are operating at carrier frequency compared to SSPS. Therefore, 

switching losses in asymmetric MLDCL are more compared to SSPS. In case of CHB MLI shown 

in Fig. 3.1(a), all the switches i.e., S1 to S12 are operate at carrier frequency, fc. Hence, switching 

losses of CHB MLI are higher as compared to MLDCL and SSPS MLI.  

Table 3.5: Operating frequencies of various switches of asymmetric CHB, MLDCL and SSPS 

MLIs. 

CHB MLI SSPS MLI MLDCL MLI 

Switches 
Operating 

frequency 
Switches 

Operating 

frequency 
Switches 

Operating 

frequency 

None Sx1, Sy1, Sz1 2fm None  

S1 to S12 fc S5, S6, S7, S8 fc S1, S2, S3, S4, S5, S6 fc 

3.3.5 Total blocking voltage of an inverter 

The voltage stresses of all the switches in 11-level asymmetric CHB, MLDCL and SSPS 

MLIs of Fig. 3.1 is presented in Table 3.6. By observing the Table 3.6, the „total blocking voltage 

[65]‟ of CHB, SSPS and MLDCL inverters are 20Vdc, 26Vdc and 30Vdc respectively.      

Table 3.6: Voltage stress appears across switches of asymmetric CHB, MLDCL and SSPS MLIs. 

Voltage stress 

appears across 

switches 

Switches of 11-level 

asymmetric CHB MLI 

Switches of 11-level 

asymmetric MLDCL 

MLI 

Switches of 11-level 

asymmetric SSPS MLI 

Vdc S9, S10, S11, S12 S5 and S6 S5, S6, S7 and S8 

2Vdc S1, S2, S3, S4, S5, S6, S7, S8 S1, S2, S3, S4 SX1, SY1 and SZ1 

4Vdc None None S1, S2, S3, and S4 

5Vdc None H1, H2, H3, H4 None 
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From the above table, the following conclusions are made. 

 The number of switches which have voltage stresses of Vdc and 2Vdc in CHB MLI are 

more compared to MLDCL and SSPS MLIs. Hence, the cost required for these switches 

of the CHB MLI is more compared to MLDCL and SSPS MLIs. 

 The number of switches which have voltage stress of 4Vdc in 11-level asymmetric CHB, 

MLDCL and SSPS MLIs are zero, zero and four respectively. Hence, additional cost 

requires for the switches which have 4Vdc voltage stress in SSPS MLI as compared to 

CHB and MLDCL MLI. 

 The number of switches which have voltage stress of 5Vdc in 11-level asymmetric CHB, 

MLDCL and SSPS MLIs are zero, four and zero respectively. Hence, additional cost 

requires for the switches which have 5Vdc voltage stress in MLDCL MLI as compared to 

CHB and SSPS MLI. 

However, the 11-level asymmetric MLDCL MLI requires 10 switches/phase, whereas for 

CHB MLI is 12 per phase as shown in Fig. 3.1. Hence, even though MLDCL MLI require 

additional cost for the switches with a high voltage stress of 5Vdc, this additional cost could be 

offset by the savings from the eliminated gate drivers and from fewer assembly steps because of 

the substantially reduced number of components, which also leads to a smaller size and volume. 

From the above five factors, it is observed that asymmetric SSPS RSC-MLI is superior to 

both CHB MLI and MLDCL RSC-MLI, especially in device switching frequency, utilization of 

dc sources and current rating of switches. However, the asymmetric MLDCL RSC-MLI is 

superior to both SSPS and CHB MLIs in terms of switching count and number of conduction of 

switches at each voltage level. In most of the cases, both SSPS and MLDCL are superior than the 

conventional asymmetric CHB. Hence, rest of the thesis discusses the capabilities of MLDCL and 

SSPS RSC-MLI topologies in grid connected system. 

In order to achieve satisfactory operation of 11-level asymmetric SSPS, MLDCL and CHB 

MLI and for obtaining the less THD in the output voltage, authors implemented the hybrid 

modulation scheme [177] and is explained below. 

 Hybrid SPWM for asymmetrical RSC-MLIs 3.4

Classical pulse width-modulation (PWM) are not directly applicable for unequal sources 

based MLIs. Because, the switches of the higher voltage modules have to be switching at high 

frequency during some time of intervals [178, 179]. On the other hand, by implementing a hybrid 

modulation method [177] to the asymmetric MLIs, the higher input voltage cell operate at low 

switching frequency and the lower voltage cells operate with PWM switching frequency. With 
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this method, it is possible to use slow semiconductor switches in the higher input voltage modules 

and high frequency semiconductor devices in the other cells. 

3.4.1 Generalized hybrid PWM method 

A hybrid modulation strategy can be easily implemented for an asymmetrical multilevel 

inverter shown in Fig. 3.5. In Fig. 3.5, n-modules with unequal input voltages are in cascaded 

(Vdc1<Vdc2<…Vdcn). The lowest power cell with Vdc1 as input source will operate in PWM mode. 

Other cells, with higher voltage levels may operate at low frequency.  

 

Fig. 3.5: Generalized structure of asymmetric cascaded multilevel inverter. 

Hybrid modulation method can be generalized for multilevel cells, as shown in the block 

diagram of Fig. 3.6. One can observe from Fig. 3.6 that the reference signal of the asymmetric 

multilevel inverter is the reference signal (rn) of the n
th

 module. This reference signal is compared 

with a given number of constant levels, which depends on the number of levels synthesized by 

this cell. Once the required output voltages (vn, vn-1…) of the higher power modules are 

determined, the reference signal of the i
th

 modules (ri) is acquired by subtracting the output 

voltage (vi+1) of the (i+1)
th

 module from its corresponding reference signal (ri+1). This reference 

signal, responsible to synthesize the given number of voltage levels which are not synthesized by 

higher power modules, is also compared to several constant levels. Finally, the reference signal of 

the lowest voltage module is compared to high-frequency carrier signals, generating a high-

frequency voltage v1. Since the n number of modules is in cascade, hence the final output voltage 

Vdcn

Vdci
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Vdc1 v1

v2
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(v0) of this asymmetric MLI of Fig. 3.5 is obtained by adding v1, v2,…, vn as shown in Fig. 3.6. 

The description of implementation of hybrid PWM method for asymmetric MLI is discussed in 

[177]. The example for the implementation of hybrid PWM method for operation of considered 

11-level asymmetric SSPS RSC-MLI shown in Fig. 3.1(c) is discussed below. 

   

Fig. 3.6: Block diagram of generalized hybrid modulation strategy 

3.4.2 Hybrid modulation method for 11-level asymmetric SSPS RSC-MLI 

The hybrid modulation method can be directly applied for the considered 11-level 

asymmetric SSPS MLI due to its cascading structure as similar to Fig. 3.5. Hence, the devices of 

lower part (or higher voltage part of the SSPS) are operating at low frequency and high frequency 

PWM driving scheme is adapted to the upper H-bridge. Using this method, the voltage v1 is 

obtained from the lower part i.e., higher power H-bridge and voltage v2 are obtained from upper 

part i.e., lower power H-bridge cell of SSPS. In order to generate the voltage levels (i.e., ±4Vdc 

and ±2Vdc levels) in v1 as shown in Fig. 3.7, the constant levels of 4Vdc and 2Vdc are compared 

with the reference signal ref1. Once the required output voltage of lower part of H-bridge i.e., v1 is 

obtained, the reference signal (ref2) for the upper H-bridge cell is obtained by subtracting the 

output voltage, v1 of the lower part from its corresponding reference signal ref1. This reference 

signal, ref2 is compared to high-frequency carrier signals of magnitude varying from +Vdc to ‒Vdc 

and generating a high-frequency voltage as v2 which varying between +Vdc and ‒Vdc as shown in 

Fig. 3.7. Since the upper and lower part of the SSPS structure are in cascade connection, hence the 

final output voltage (v0) with 11-levels varying from  +5Vdc to –5V dc is obtained by adding v1 and 

v2 as shown in Fig. 3.7.                                                      

Multilevel 

stepped 

modulation

Multilevel 

stepped 

modulation

Multilevel 

PWM

rn

rn-1

r1

Cell n

Cell n-1

Cell 1

vn

vn-1

v0

v1

+

-

+

-

+

+
+



82 

 

 

 

Fig. 3.7: Hybrid modulation method of the proposed asymmetric 11-level SSPS RSC-MLI. 

 Conclusion 3.5

In this Chapter, the structure and operation of 11-level asymmetric CHB, MLDCL and 

SSPS MLIs are discussed. The concept of generation of voltage levels through series/parallel 

connected operation of the capacitors or dc voltages sources in SSPS topology is encouraged the 

author to introduce a new factor called as “utilization factor” and is explored in this chapter. From 

the structure and operation of these asymmetric MLIs, the following observations are made. 

 The series/parallel connection of dc sources in the SSPS inverter is possible to increase 

the utilization of dc sources when compared to CHB, which is advantageous in PV 

applications.  

 The considered asymmetric SSPS RSC-MLI is superior to conventional CHB MLI in 

terms of switch count, device switching frequency and current rating of switches. 

 The other popular topology is MLDCL RSC-MLI which is simple and highly modular 

in its structure requires uni-directional switches only, and the high rating switches 

operate at fundamental frequency. The MLDCL inverter has significant reduction in 

switching count compared to conventional CHB MLI. The asymmetric source based 

MLDCL is presented in this chapter to further reduce the device count. 

 Further, the highest rating switches in polarity generator of MLDCL and SSPS inverters 

are operating at fundamental frequency. This will reduce switching losses. Whereas in 

conventional CHB MLI, all the switches operate at switching frequency. 

ref1

v1

ref2

v2

v1

v0
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 The presence of redundancies in the operation of MLDCL and SSPS inverters allow 

even power distribution between equal rated input sources [65]. Therefore, a single 

MPPT controller can be used for all equal rated PV sources, thereby reducing the 

control complexity. 

Owing to the above conclusions, MLDCL and SSPS RSC-MLI topologies are most suitable 

and an effective alternate to conventional CHB MLI for interfacing unequal input dc sources such 

as PV to grid by using less complex and common control philosophy. In view of this, asymmetric 

SSPS and MLDCL RSC-MLIs are considered for further research. 

 



84 

 

 

CHAPTER 4:  REAL-TIME VALIDATION OF SMC FOR 

CLOSED-LOOP OPERATION OF RSC-MLI 

This chapter presents the active and reactive power control of three-phase SSPS RSC-MLI based 

grid connected system under feedback linearized sliding mode control (FBLSMC). A 

comprehensive performance comparison for the proposed closed-loop system with conventional 

two-loop PI control and SMC are discussed in this chapter. 

 Introduction 4.1

In order to obtain satisfactory PWM switching control of inverters, the required reference 

signal is obtained from the conventional PI controller. In grid connected multilevel inverters, for 

achieving decoupled active and reactive power control, conventional PI controllers are not 

suitable for different operating conditions. Since they tuned only for a particular operating point 

and their steady-state response time are also high. For achieving rise-time within a boundary 

value, it may bring to large overshoot. There are number of tuning methodologies for PI 

controllers, however, those are complex and time consuming processes. Moreover PI controllers 

cannot avoid the disturbances which exist in the system and those are sensitive to system 

parameters variations.  

If the system model is exact, then the design of the controller can cancel all the unresolved 

issues in the system. However it is very difficult to design the exact model of the system 

especially when the system parameters are uncertain. Further, the MLI based grid connected 

systems are highly nonlinear and coupled in nature. Feedback linearization technique converts all 

or part of dynamic systems into linear system(s) designated by algebraic equations. In other 

words, linearization theory converts main model of the system into a simple form of 

corresponding models. Hence, it can be used in designing robust controllers for nonlinear 

systems. One of such robust controller is sliding mode control (SMC) technique [85, 86]. SMC is 

well suitable for power electronics applications because it has inherent discrete switching action.  

In this SMC, the switching action is in such a way that the state direction of the system is brought 

back to sliding surface and track the equilibrium point. SMC offer good robustness because 

sliding surface and switching are independent of system operating points and other circuit 

parameters.  

In this chapter, sliding mode control technique has been incorporated in the feedback 

linearized control to address the decoupled active and reactive power control and to add 

robustness during operating point changes and system parameter variations. 
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 System configuration  4.2

The block diagram for the proposed system considered with SSPS RSC-MLI, feeding set 

point real and reactive powers (Pref and Qref) to three-phase grid is shown in Fig. 4.1. The closed-

loop control of RSC-MLI SSPS is achieved by employing either a PI controller or by developing 

by a sliding mode based nonlinear controller. The controller in turn generates the reference 

modulating signals (vabc-ref) for the generation of switching pulses for the MLI, as shown in Fig. 

4.1. The structure and operation of considered 11-level asymmetric SSPS RSC-MLI was 

discussed in Chapter 3. 

Three-phase

SSPS

RSC-MLI

PCC

vabc-grid

and

iabc-grid

Three-phase

Grid

vabc-inv

Filter 

PI

or 

Nonlinear

Controller

PWM

Controller

Switching 

Pulses 

vabc-ref

Pref

Qref

Vdc

 

Fig. 4.1: Grid connected MLI System layout. 

4.2.1 Conventional control strategy for grid connected SSPS RSC-MLI 

The main control objective in this inverter based distributed generation (DG) system is to 

supply the required amount of powers to the grid. This can be achieved by controlling the inverter 

with conventional PI controller, in which the modulating voltages are derived by PI controllers, 

after directly processing the errors in the powers as shown in Fig. 4.2. However, due to the lack of 

inner current loop, this direct power control mechanism may result in current overshoots there by 

activating the protection circuitry of the power converter. In some cases, these high converter 

currents can damage the switches and its associated devices. Hence a two-loop based power 

control mechanism is considered in this chapter as shown in Fig. 4.3. However, in two-loop 

control, the reference currents are generated by PI controllers which process the power errors. 

These current references are compared with actual currents. These current errors are further 

processed in second set of PI controllers to generate the modulating voltages. Therefore, this 

methodology involves two sets of PI controllers to deliver desired real and reactive powers. The 

MLI based grid connected DG system is a highly nonlinear system with multiple switching across 



86 

 

 

different voltage sources within a single cycle to achieve multi levels in its output. With this 

highly nonlinear converter based DG system, the tuning of PI controller is a challenging task. 

With two sets of PI controllers in the control loop, the tuning process becomes much more 

complex. Hence, to minimize the tuning complexity, a modified two-loop control mechanism with 

limited current references is developed in this thesis as shown in Fig. 4.4.  

 

Fig. 4.2: Active and reactive power control using conventional PI controller. 

 

Fig. 4.3: Active and reactive power control using two sets of PI controllers. 

 

Fig. 4.4: Active and reactive power control using modified two loop PI controller. 

The real and reactive powers (Pg and Qg) flowing in the system are given by (4.1). The 

current references (idref and iqref) are estimated using (4.2). These estimated current references are 

in turn used to generate the modulating voltages, thereby eliminating one set of PI controllers. 

)()( qgqgdgdgg ivivP   and )()( qgdgdgqgg ivivQ          (4.1) 
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Even though, the modified two-loop PI control reduce the complexity, its capability in 

decoupling the real and reactive power controls is poor. It is due to the multivariable structure and 

highly coupled nonlinearity of the MLI based grid connected system. Moreover, the PI controller 
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is sensitive to system parameter variations. Hence, it is necessary to transform the coupled and 

nonlinear system into decoupled and linear system by adapting feedback linearization technique 

which is explained as follows.  

4.2.2 Feedback linearization technique 

The interconnecting system shown in Fig. 4.5, from the output voltage of MLI (vdqinv) after 

transforming into dq reference frame can be represented in a nonlinear dynamic mathematical 

model as:  

0 dgqgf
dg

fdgfdinv viL
dt

di
LiRv              (4.3)   

0 qgdgf
qg

fqgfqinv viL
dt

di
LiRv          (4.4) 

Consider the standard state-space representation as: 

uxgxf
dt

dx
)()(                                           (4.5)              

The coupled and nonlinear system can be transformed into decoupled and linear system by 

rearranging (4.3) and (4.4), in the form of equation (4.5) with idg and iqg as state variables which 

results equation (4.6). 
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From the above equation (4.6), it is observed that there is a possible decoupling existing 

between the currents idg and iqg . 

After linearization, the system can be represented as: 

( ) ( )A x B x U  
                                              (4.7) 

In order to obtain the control input to the MLI switching operation, the above equation can 

be written as,   

)*)(())(*)(( 11 xBxAxBU    or  )()( xxU         (4.8)                     
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In this thesis, the MLI is operating in active and reactive power control mode and the output 

states are taken as 
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Fig. 4.5: Active and reactive power control using SMC. 

 Adaption of sliding mode control 4.3

The feedback linearization as discussed in the earlier section can only be effectively adapted 

if the exact model of the system is known. However, it is not an easy task to obtain all the 

parameters of the system. Moreover, as the MLI involves many switching within a single cycle 

across different voltage levels, even the parameters are known, the accurate model with prevailing 

nonlinearities is difficult to obtain. Further, as the system operating point and parameters are 

subjected to change in the due course of operation, the developed model cannot represent the 

system accurately in succeeding operations. To resolve this, SMC [85, 86] technique is 

incorporated in the controller. In SMC, the discrete switching action is generated in such a way 

that the state direction of the system is brought back to sliding surface and traced up to the 

equilibrium point. 

4.3.1 Constitution of sliding surface and stability criterion 

The state vector which is obtained in linearization process as in Section 4.2.2 will be 

transformed into a new state vector, and subsequently the new control input, once the SMC is 
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incorporated in the controller. The SMC can be viewed as combination of equivalent control and a 

switching control as represented in (4.11). The equivalent control can be adapted from 

linearization process as described in Section 4.2.2 while the switching control is responsible for 

nullifying the errors resulting from parameter variations changes, operating point changes. 

( ) ( ) ( ) . ( )eq sw eqU t U t U U t tanh    
            (4.11)                     

where, ρ is a positive constant and σ is the sliding surface. For the satisfactory operation of 

the controller, it is necessary to define sliding surface. Here, two sliding surfaces, namely σ1 and 

σ2 are to be defined, since (4.10) has two output states, idg and iqg. For the second order state 

variables, the sliding surface σ(t) can be defined as: 

( )
( ) ( )

i

d er t
t K er t

dt
  

                           (4.12) 

where Ki the positive constant, er(t) is the error in the output. In this work, by considering 

the relative degree for both idg and iqg as 1, the error in DG current is chosen as sliding surface. 

Hence, drefdg iier  11  and qrefqg iier  22 . The sliding surface matrix σ with σ1 and σ2 

as elements can be defined as: 

 21           (4.13) 

For extract conditions on the SMC control law which can run the state path to the 

equilibrium point, Lyapunov approach is considered here. The Lyapunov function can be 

represented as: 

2

2

1
G         (4.14) 

Lyapunov stability criterion states that “if G is a positive definite function and its derivative, 

dtdG / is negative definite, then the system is asymptotically stable.” 

0 T

dt

dG
         (4.15) 

To satisfy the condition 0T  , the   can be considered as ρtanh(σ). 

)tanh(. 111    and )tanh(. 222                 (4.16) 

Substituting (4.13) in (4.16),  

)tanh(.11 drefdg ii    and )tanh(.22 qrefqg ii        (4.17) 

With the obtained new dynamics using SMC, the state vector can be represented as: 
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The values of idref and iqref can be obtained from (4.2). If the parameter of the system 

changes then change in the system matrix is ∆A, the system can be represented as: 
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)()( sweq UUBXAAX                          (4.19)  

)tanh(BAXBUAXX eq                     (4.20) 

The parameter dependency part AX  will be compensated by switching part )tanh(B . 

Hence, the barrier condition for the selection of ρ is 

B  > AX  (or)   > ][ 1 AXB 
     (4.21) 

As aforesaid, ρ is a positive constant, however, to cancel out the errors resulting from 

parameter variations and operating point changes, external disturbances, the ρ should be large. 

However, large value of ρ will just convert the smooth transition action of tanh into hard 

switching function, sign which will results in chattering in the output. On contrary, very small 

value of ρ is not enough to cancel the parameter and operating point dependencies. Moreover, 

small ρ will result in sluggish response. Hence, in this work a sufficiently large value of ρ is 

selected so that the controller will render quick response while not entering the chattering zone. 

With the small value of the ρ, say 0.5, the response will be sluggish as shown in the following Fig. 

4.6. For the same system, if the ρ is 8, the system response is highly chattering as shown in the 

Fig. 4.6. This is due to the fact that, with large value of ρ, though the switching function is tanh (a 

smooth switching function), it is behaving like sign function. Indicating that large gain with tanh 

function will hit the boundaries even for a small error, hence transforming it as a bang-bang type 

control. Hence in this work ρ is selected as 2 so that quick control can be achieved without any 

chattering. 

            

Fig. 4.6: Power respose for various values of ρ. 

 Results and validations 4.4

This section discusses the performance of the SSPS RSC-MLI based grid system with PI 

and SMC. Simulation studies are presented for different case studies in MATLAB/Simulink 

environment and later validated in real-time environment using OPAL-RT system. 
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4.4.1 Simulation results 

The SSPS RSC-MLI based grid connected system with PI controller as well as with SMC is 

developed as shown in Fig. 4.4 and Fig. 4.5 using MATLAB/Simulink environment. The PI 

controller is designed as per the procedure outlined in Section 4.2.1 and its gain parameters are 

tuned using integral time squared error criterion. The SMC is designed according to the procedure 

discussed in Section 4.3. The parameters of the system considered for various studies are given in 

Table 4.1. 

Table 4.1: System parameters 

Parameter Value 

Grid Voltage, Vg 11 kV 

Grid frequency, f 50 Hz 

Filter inductance, Lf 8 mH 

Filter Resistance, Rf 0.2Ω 

Voltages sources, V0,  Vk 1600 V, 3200 V 

Switching frequency,  fs 5 kHz 

Sample time, Ts 50µs 

Base power 1 MVA 

Short circuit MVA 1000 MVA 

Sliding mode parameter ρ 2 

 

The PWM scheme is designed such that the SSPS inverter synthesizes 11-levels in its 

output phase-voltage as depicted in Fig. 4.7 and its corresponding harmonic spectrum is shown in       

Fig. 4.8, which shows the total harmonic distortion (THD) in voltage is 11.93%. The performance 

of the MLI with designed PI and SMC controllers are examined for set-point power feedings to 

the grid under different operating conditions. For simplicity, the powers in results are represented 

in per unit (pu) with a base value of 1 MVA. The simulation study has been carried out with the 

following case studies: 

Case 1: Step change in active and reactive power references. 

Case 2: Step change in reference reactive power with constant active power reference. 

Case 3: Step change in grid frequency. 

Case 4: Continuous step change in grid frequency 
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Fig. 4.7: Phase voltage waveform of the RSC SSPS MLI for 11-levels. 

 

      Fig. 4.8: Harmonic spectrum of phase voltage of RSC SSPS MLI for 11-levels. 

4.4.1.1 Step change in active and reactive power references 

This case study is considered to evaluate the performance of the proposed system with set-

point change in real and reactive power references. As shown in Fig. 4.9, active power reference 

(Pref) is changed from 0.8 pu to 1 pu and reactive power reference (Qref) is changed from 0.3 pu to 

0.4 pu at 17 s. It can be observed that SMC is able to track new Pref within 3 to 4 cycles. The 

performance of PI is on par with SMC, except a little delay in settling at the new reference 

powers. However, none of the controllers are resulting in any appreciable over/undershoots which 

can be seen in Fig. 4.9. Similarly, both SMC and PI are exhibiting very good performances for the 

decrease of reference powers as shown in Fig. 4.10. 
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Fig. 4.9: Performance comparison of SMC and PI for step increase in active and reactive powers 

references. 

 

Fig. 4.10: Comparison between SMC and PI for step decrease in active and reactive powers. 

4.4.1.2 Change in reference reactive power with constant active power  

In this case, the Qref is changed from 0.4 pu to 0.3 pu while keeping the Pref as constant at 

0.8 pu. Performance of the MLI with SMC and PI controllers are shown in Fig. 4.11. It can be 

observed that, the PI based approach is resulting a larger undershoot when compared with SMC. 

This confirms the better decoupling control capability of SMC as active power is almost 

unaffected by change in reactive power due to the decoupling between active and reactive powers 

provided by FBLSMC. Similar characterization can be observed for change in real power 

reference while keeping the reactive power as constant. 
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Fig. 4.11: Performance of PI and SMC for a step change in reactive power and constant active 

power. 

4.4.1.3 Change in grid frequency 

This case study is to examine the adaptability of gains in both the controllers for a small 

deviation in grid frequency. At first, the grid frequency is considered to be varied by 1 Hz at 20 s 

(i.e. from 50 Hz to 51 Hz) and returns to 50 Hz at 30 s. For this step change in grid frequency the 

performance of these two controllers are shown in Fig. 4.12. Even though, both the controllers are 

driven by same PLL, the SMC is able to adjust its gain very quickly and delivering extraordinary 

performance without any over/undershoots and with very small settling time as shown in Fig. 

4.12. 

 

Fig. 4.12: Active power for step change in frequency under SMC and PI. 

4.4.1.4 Continuous step change in grid frequency 

To further validate the controllers under varying grid frequencies, a continuous variation in 

grid frequency of 0.25 Hz (0.5 %) is considered from 20s to 30s to represent the modal frequency 

oscillations in power system. The performance of the controllers is depicted in Fig. 4.13. Since the 
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PI controller is fixed gain controller, it is unable to adapt its gains and delivering highly 

oscillating performance as shown in Fig. 4.13. However, the SMC is delivering superior 

performance with very minimum oscillations when compared with PI controller. This is due to the 

inherent nature of SMC which is capable of adapting its gain according to the distance of error 

from the defined error sliding surface. 

Another important conclusion that can be drawn from this case is that with slight change in 

frequency, be it a step change or continuous change, PI controller resulting high oscillatory 

performance with large overshoots/undershoots. This nature of performance with PI controller 

may activate the over current protection gear in the system, hence completely disconnects the 

inverter from the system, otherwise the switches in the inverter may get damaged. On the other 

hand, SMC is delivering the required set-point powers without any deviations even under 

variations in frequency. Hence, the protection gear will remain inactive. Thereby, SMC eliminates 

the necessity of disconnection of inverter by keeping the currents or powers well within the limits, 

hence contributing to the system stability and reliability under these operating disturbances.    

Therefore, it can be concluded from the above discussions that for all the test cases 

considered, SMC is delivering either superior performance or its performance is on par with the 

PI controller. In no case the performance of SMC is inferior to the PI controller. Moreover, SMC 

is exhibiting extraordinary performance under grid frequency variations while feeding set-point 

real and reactive powers from SSPS RSC-MLI. 

 

Fig. 4.13: active power for step change in frequency under SMC and PI. 

4.4.2 Real-time validation with OPAL-RT 

The OPAL-RT systems have proven record in validating the complex systems and their 

controls. Hence, this work considered this platform to validate the performance of proposed SSPS 

RSC-MLI based grid connected closed-loop system. This MLI is controlled either by SMC or PI 

controller. To verify the performance of the proposed system in real-time environment, two 
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OP4500 modules of OPAL-RT are integrated as shown in Fig. 4.14 and the corresponding 

photograph is shown in Fig. 4.15.  

To analyze the complete grid interfacing system, one of the module works as a plant, that is 

grid connected SSPS MLI whereas the second module works as controller, i.e., SMC or PI based 

PWM generator. The plant system along with its interface generates analog signals according to 

the operating conditions and disturbances which will be acquired by controller through 

communication channel. The controller system generates necessary control actions according to 

the selected control scheme. The controller communicates the pulses to the plant in the form of 

digital signals. In order to validate the proposed closed-loop grid connected MLI based system in 

real-time using OPAL-RT systems, the sampling time is taken as 50 s, which gives the sampling 

frequency of 20 kHz. With this selection of sample time, the overrun errors are made zero, so that 

the real-time implementation will be more accurate. The rear view of OPAL-RT module is shown 

in Fig. 4.16 with the typical access points for the digital input/output port (Block A), analog 

input/output port (Block C), differential input/output port (Block B), and standard computer 

connection port (Block D).                 

 

Fig. 4.14: Schematic layout of OPAL-RT Real time environmental setup. 

 

The connector DB37, which is shown in Fig. 4.17 is useful for the digital inputs/outputs and 

analog inputs/outputs of A and C blocks respectively. As shown in Fig. 4.17, each DB37 

connector is used to access 16 channels of the associated I/Os (either analog or digital). With 

these interfacings, and involved interactions between two OP4500 modules, a hardware-in-loop 

(HIL) system of the proposed SSPS RSC-MLI is realized. 
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Fig. 4.15: HIL setup for the proposed system in real time. 

 

Fig. 4.16: View of rear interface OP4500 [180].  

 
 

Fig. 4.17: DB 37 Screw terminals [180].   

The responses for the closed-loop control system with SMC and PI control schemes are 

recorded by using digital storage oscilloscope (DSO). The performance comparison of the 

proposed three-phase RSC-SSPS based MLI in real-time environment is shown in Fig. 4.18 to 

Fig. 4.22, respectively for simulation responses given in Fig. 4.9  to Fig. 4.13. As it is inferred in 
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simulation results, except the slight delay in PI controller settling, both the PI and SMC are 

performing satisfactorily for both increase and decrease of power references which can be seen in 

Fig. 4.18 and Fig. 4.19. 

The real-time validation of decoupling capability of SMC between real and reactive powers, 

as compared to PI controller, is shown in Fig. 4.20. In this case study, only reactive power 

reference is changed while keeping the real power reference as constant. As shown in Fig. 4.20(a), 

though the real power feeding is maintained at the reference value, it is experiencing transients 

with the only change in reactive power reference, if it is controlled by PI controller. Unlike, the 

real power feeding is unaffected by the disturbance in the reactive power feeding when the MLI is 

controlled by SMC as shown in Fig. 4.20(b).   

  

(a) (b) 

Fig. 4.18: Powers feedings of MLI to the grid for step increase in reference with (a) PI controller 

(b) SMC (X-axis: 100 ms/div, Y-axis: 0.2 pu/div). 

  

(a) (b) 

Fig. 4.19: Powers feedings of MLI to the grid for step decrease in reference with (a) PI controller 

(b) SMC (X-axis: 100 ms/div, Y-axis: 0.2 pu/div) 
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(a) (b) 

Fig. 4.20: Performance of MLI for decoupling control of real and reactive Powers feedings with 

(a) PI controller (b) SMC (X-axis: 200 ms/div, Y-axis: 0.2 pu/div) 

The performance of the system with both the control schemes under grid frequency 

variations is shown in Fig. 4.21 and Fig. 4.22. For the change in grid frequency of 1 Hz, the PI 

controller is delivering power with overshoots/undershoots as shown in Fig. 4.21(a), while the 

SMC is able to adapt its gain and is ensuring smooth power delivery to the grid as shown in Fig. 

4.21(b). For a continuous change in grid frequency which represents modal frequency oscillations, 

the PI is delivering quite oscillatory performance with large amount of power deviations as shown 

in Fig. 4.22(a). It can trigger the overcurrent protection of the converter. Hence, the response of PI 

controller which cannot adapt its gains, is a potential candidate to create instability in the system 

by disconnecting the converter which is supplying power to the grid. On contrary, the system with 

SMC is delivering almost a smooth power as shown in Fig. 4.22(b), thereby ensures that the 

converter remains connected to the grid during the disturbances. Therefore, it can be understood 

that the SSPS inverter with SMC can operate more firmly and can override the disturbances. 

Hence, confirming all the simulation responses discussed in Section 4.4.1. 

  

(a) (b) 

Fig. 4.21: Pgrid for step changes in grid frequency with (a) PI controller (b) SMC (X-axis: 2s/div, 

Y-axis: 0.2 pu/div). 

  

(a) (b) 

Fig. 4.22: Real power feeding by RSC-SSPS based MLI to the grid for frequency oscillations with 

(a) PI controller (b) SMC (X-axis: 2 s/div, Y-axis 0.2 pu/div). 



100 

 

 

 Summery  4.5

Sliding mode based nonlinear controller for the closed-loop operation of three-phase SSPS 

RSC-MLI with reduced number of switches is developed in this chapter. It is concluded that the 

control of MLI with PI is experienced large overshoots/undershoots in power delivery under grid 

frequency variations, there by activating the protection system of converter which disconnects the 

MLI from the rest of the system. On the other hand, with negligible overshoots/undershoots, the 

MLI with SMC has overridden the frequency disturbances and retained the inverter connected 

with the grid even under disturbances, thereby supporting system to regain its stability. The 

conclusions drawn from simulations are in corroboration with real-time results obtained from 

OPAL-RT 4500 controller.   
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CHAPTER 5:  SMC FOR PV POWER EXTRACTION IN 

SINGLE-STAGE MLDCL RSC-MLI BASED GRID 

CONNECTED PV SYSTEM 

This chapter presents the maximum power extraction control of three-phase single-stage 

asymmetric MLDCL RSC-MLI based grid connected PV system using common feedback 

linearized sliding mode control (FBLSMC) philosophy. A comprehensive comparison is presented 

in-between the proposed SMC and conventional PI control for PV power extraction under wide 

variations of irradiance conditions. 

 Introduction 5.1

The maximum power injection of PV sources into the grid through conventional MLI 

topologies is presented in [81, 110] with appreciable control objectives. In these approaches, the 

maximum powers from the nonlinear PV sources is obtained by conventional PI controllers. In 

general, the PI is linear controller and its performance is sensitive to operating point changes 

and/or to other disturbances. This is because the gains of PI controller are designed for a specific 

operating point only. If any changes in operating points or any short time uncertainties occur in 

the system, then the PI controller detunes and may result overshoots/undershoots with delayed 

response. Especially in high power applications, these overshoots in the response causes damage 

to switches in the inverter. So that, the use of fixed gain PI controller is a cumbersome process for 

extraction of maximum power from nonlinear PV sources during irradiance varying conditions. 

Further, the tuning process of multiple PI controllers becomes a challenging task in the case of 

individual maximum power extraction of each PV sources connected to individual H‐bridges in 

CHB MLI [77, 81, 82, 110-113]. To overcome the drawback of the PI controller, it is necessary to 

linearize the nonlinear PV source and a suitable controller needed to be implemented for 

extraction of maximum PV power.  

One of such controller is sliding mode controller (SMC), as introduced in Chapter 4, is 

suitable for both linear and nonlinear systems. SMC offer better dynamic performance than PI 

controller and results in undershoots/overshoots free response. The other controllers such as 

fuzzy‐logic control [114] and back-stepping control [115] are used for maximum power 

extraction. However, these controllers are adapted for two‐level inverter based dual stage systems 

and extending to higher level topologies is a tedious task. The power control of grid connected 

two‐level converter under system parameter variations using SMC is reported in [85, 86]. 

However, the dynamic performance of both PI controller and SMC for maximum power 

generation from single‐stage asymmetric PV sources under variable irradiance conditions has not 

yet reported.  
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Hence, this thesis proposes a 11‐level asymmetric MLDCL RSC-MLI based PV system for 

integration to a 11 kV grid. In MLDCL RSC-MLI, asymmetric PV sources with 1: 2: 2 ratio is 

considered for generating 11-levels in the output voltage with minimum switch count. 

Furthermore, two SMCs are developed to extract maximum power from each group of equal 

rating PV sources. The superiority of SMC against PI controller for generation of maximum 

power from asymmetric PV sources under varying irradiance conditions is established in both 

MATLAB and hardware‐in‐loop OPAL-RT [181] based environments. 

 Proposed asymmetric 11-level MLDCL RSC-MLI based PV 5.2

system 

The proposed 11 kV grid connected system consists of three-phase 11-level MLDCL RSC- 

MLI with input PV sources is shown in Fig. 5.1. The maximum power of the PV source at 

different irradiance level can be obtained under the control of either conventional PI or SMC. In 

order to supply maximum power (Pref) generated from the PV sources to the grid, a two-loop PI 

controller is involved to generate reference modulating voltages for inverter. The switching 

operation of inverter allows the controller to carry out its control objectives.  

 

Fig. 5.1: Schematic layout of proposed grid integration of PV based MLI system. 

5.2.1 Asymmetric 11-level MLDCL RSC-MLI  

The three-phase structure of 11-level asymmetric MLDCL topology is shown in Fig. 5.2. In 

each phase of MLDCL RSC-MLI, three PV sources (i.e., PV0, PV1 and PV2) are powering each 

sub module in the phase.  The PV sources, PV0, PV1 and PV2 are in 1: 2: 2 voltage ratio, 

corresponding to their MPPT powers. In Fig. 5.2, there are three PV0, six PV1 (i.e., three PV1 and 

three PV2) sources are connected to three-phase of 11-level MLDCL topology. As discussed in 

Section 3.2.1, the structure of this topology is divided into two parts, namely, level generator and 
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polarity generator. The level generation part can be formed by cascade connection of half bridge 

cells. Each half bridge cell is powered from a PV source of two different voltage levels. The 

switching states of MLDCL RSC-MLI shown in Fig. 5.2 to obtain 11-levels in phase-voltage is 

given in Table 5.1. From this table, it can be observed that MLDCL have following features.  

 Identical switching operation in level generator for obtaining positive and negative 

voltages levels. 

 Voltage stress on the operating devices (level generator) remains same for any number 

of levels. 

 The dc link voltage balance is possible with the presence of adequate switching 

redundancies.  

In order to obtain 11-levels with PV voltage ratio of 1: 2: 2, the number of switches required 

for three-phase asymmetric CHB is 36 as compared to 30 in MLDCL. Hence, Asymmetric 

configuration will reduce the switch count. Further, a common maximum power extraction 

control can be used for all equal voltage rated PV sources. This will reduce the cost and 

complexity of controller. In this work, the designed PV based asymmetric MLDCL is connected 

to 11 kV grid for supply of PV power. For generating 11 kV line-voltage (RMS) from the output 

of MLDCL, the required voltages (Vmppt) which would be generated from individual PV sources 

(PV1, PV2 and PV0) of each phase of MLDCL MLI at 100% of irradiance (1000 W/m
2
) are PV1 = 

3200 V,  PV2 = 3200 V and PV0 = 1600 V. The required data for design of PV1 (or PV2) and PV0 

source is given in Table 5.2. In simulation study, to obtain 1600 V PV source, 5 parallel and 2020 

series PV cells are required. Similarly for 3200 V PV source, 5 parallel and 4040 series PV cells 

are required. 
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Fig. 5.2: Three-phase 11-level asymmetric (PV0 = V, PV1 = PV2 = 2V) MLDCL RSC-MLI. 
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Table 5.1: Switching states and phase voltage of 11-level asymmetric MLDCL MLI. 

Phase-voltage level 
Switches operate in 

level generator 
Switches operate in 

polarity generator 

+5V 
S1-S3-S5 

H1-H4 

‒5V H2-H3 

+4V 
S2-S3-S5 

H1-H4 

‒4V H2-H3 

+3V 
S1-S3-S6 (or) S1-S4-S5 

H1-H4 

‒3V H2-H3 

+2V 
S2-S3-S6 (or) S2-S4-S5 

H1-H4 

‒2V H2-H3 

+V 
S1-S4-S6 

H1-H4 

‒V H2-H3 

0 ---- H1-H3 (or) H2-H4 

 

Table 5.2: The data regarding PV1 (or PV2) and PV0 source 

Parameter Value 

Number of parallel and series cells (Np and Ns) for generate 

MPPT voltage of 3200 V from PV1 (or PV2) source 
5 and 4040 

Number of parallel and series cells (Np and Ns) for generate 

MPPT voltage of 1600 V from PV0 source 
5 and 2020 

Cell‟s short circuit current (Isc) 8.03 A 

Cell reverse saturation current, Irs 1.2e
-7

A 

Charge of an electron, q 1.602×10
-19

 C 

Boltzmann‟s constant, k 1.38×10
-23

 J/K 

Ideality factor, A, Cell‟s reference temp, Tref 1.92, 300 K 

Short circuit current temperature co-efficient of cell, KI 0.0017 

 

5.2.2 Control of power from PV sources of asymmetric MLDCL RSC-MLI 

In solar based energy generation system, the primary element is PV module. The 

characteristics and its design considerations PV module explained in [182] is considered in this 

thesis. The methodology of the proposed system (shown in Fig. 5.1) to extract maximum power 

from PV sources and injection of extracted power to the grid with PI and proposed SMC are 

explained below. 
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5.2.2.1 Extraction of maximum power from PV with PI control 

For extracting maximum power (Pmax) from PV source, in literature, conventional PI 

controller along with maximum power point tracking algorithm (MPPT) is used [86]. The process 

of deriving Pmax from conventional PI control is given in Fig. 5.3. In Fig. 5.3, the input to the PI 

controller is the error between Vdcref and actual Vpv and the output is Idcref. In this thesis, the 

voltage (Vdcref) which is corresponding to maximum power of PV source is obtained by P & O 

MPPT algorithm [86]. 

 

Fig. 5.3: Maximum power extraction from PV source using conventional PI controller. 

Power extraction using PI based MPPT controller is a simple method. However, the three-

phase proposed 11-level asymmetric MLDCL MLI consists of multiple PV sources with two 

different voltage ratings i.e., V and 2V as shown in Fig. 5.2. In order to extract maximum power 

from PV sources, two PI controller are required, one for V (i.e., PV0) and other for 2V source 

(i.e., PV1 and PV2).  Tuning of two PI controllers for extracting the powers from two different 

ratings of non-linear PV sources in the grid connected MLI system is a challenging task. Further, 

during the insolation changes, the conventional PI control may generate overshoots/undershoots 

with delayed response of Pmax. In order to avoid these disadvantages, it necessary to linearize the 

non-linear PV sources using an effective linearization scheme and a robust nonlinear controller 

can be adapted instead of conventional linear PI controller for extracting maximum power from 

PV sources.  Further, the proposed non-linear controller should able to give fast dynamic response 

without any overshoots/undershoots in response to irradiance changes. One of such linearization 

scheme is feedback linearization technique and one of such non-linear controller is SMC and 

explained below. 

5.2.2.2 Linearization of non-linear PV source  

This section describes the input-output linearization scheme to develop non-linear controller 

to extract maximum power from PV source. Once the linearized model is developed for non-

linear PV system, a robust SMC can be developed to obtain non-linear control quantities. The 

non-linear transformation of PV system involves the implementation of feedback linearization 

scheme. This technique can avoid degraded performance of controller because of irradiance 

changes. Further, this in turn allows the PV source to be controlled for wide range of irradiance 

levels.   

Pmax

MPPT

-

IdcrefVdcref Error
PI

Vpv

Ipv



106 

 

 

The PV source shown in Fig. 5.4 with a parallel capacitor C can be represented as 

mathematical equations (5.1) and (5.2). 

PV C

Ipv

Ic

Vpv

Idc

 

Fig. 5.4: Photovoltaic source. 

          

dcpvc III 
         (5.1)   
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pv
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C
I

Cdt

dV 11
     (5.2) 

Where, Ipv, Ic and Idc are PV current, capacitor current and dc-link current respectively. 

The above non-linear equation (5.2) can be converted to linear equation by converting into state-

space representation, which is shown below. 

pvpvpv uhghf
dt

dh
).()(                                     (5.3)              

The state-space equation of PV source is obtained by converting equation (5.2) into (5.3) and 

results as (5.4) with Vpv as state variable. 

][ pvVh      

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





C
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1
)(     








 pvpv I
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hf

1
)(        dcpv Iu 

   
(5.4) 

After linearization, the new transferred PV system can be represented as 

))(())()((
11

pvpvpvpvpv hghfhgU 


      (5.5)   

Equation (5.5) can also represented in the following form as 

  ))(()( pvpvpvpv hhU         (5.6) 

Where )()()(
1

hfhgh pvpvpv 
 , )()(

1
hgh pvpv


  and ẟpv is the state vector matrix with 

dVpv/dt is as an element.  

i.e.,    
T

pvT
pv

dt

dV








 11         (5.7)               

For PV source, the output parameter is also Vpv and hence the output matrix is defined as equation 

(5.8): 

][ pvpv VY            (5.8)      
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5.2.2.3 Adaption of SMC for PV power extraction 

Sliding mode control [85, 86] is a robust control method and it is successfully tested for 

control of linear and non-linear systems. Due to its infinite gain, it nullifies the errors associated 

with system parameter changes, operating point changes and uncertainties in the system. In this 

control technique, the state of the system is brought back toward the sliding surface and 

commutated up to the equilibrium point. The switching and sliding surface do not depend upon 

the operating point, circuit parameters and converter dynamics. In this chapter, SMC is used to 

obtain new ẟpv and subsequently Upv as in (5.5) for achieving controlled PV power.  

5.2.3 Development of sliding surface and its stability concept 

The obtained state matrix ẟpv in linearization of PV source as discussed in previous section 

is the input for SMC and it is going to change from old to new state vector until the actual value 

of a quantity reached reference value. The output of SMC is reference control Upv(t), i.e., Idcref 

which is responsible for obtaining maximum PV power. Upv(t) is a combination of equivalent 

control and switching control. Equivalent control can be obtained from the process of system 

linearization while switching function has accomplished the process of cancelling the error in 

output states Vpv. 

)tanh()()()( pvprswprpv SMtUUtUtU       (5.9)             

Where, M is a constant and Spv is a sliding surface. For efficient operation of the controller, 

it is necessary to define sliding surface. There exists one sliding surface SPV, since equation (5.8) 

has only one output state, Vpv. The sliding surface which is a function of error is defined below.  

)( dcrefpvpv VVerrorS         (5.10) 

Hence in this work, error in variable parameter Vpv is chosen as the sliding surface. The state 

of the PV system is directed by the SMC towards the equilibrium point at which the error 

becomes zero and it is achieved by considering Lyapunov approach as shown below. 

2

2

1
pvSL           (5.11) 

As stated in Lyapunov stability concept, the PV system is asymptotically stable if L is 

positive definite and its derivative i.e., dtdL /  is negative. 

i.e., 0)(
.


T

pvpv SS
dt

dL        (5.12) 

To satisfy the above condition 0)(
.


T

pvpv SS , pvS
.

 is represented as )(. pvSsignM .  

i.e., )(.
.

pvpv SsignMS         (5.13) 
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However, the controller performance is highly chattering because of the sign function which 

is a hard switching function. In order to improve the controller performance with chattering free 

and for continuous switching, a hyperbolic tangent function [85] is considered in this work. 

Hence, according to the new chosen soft switching function, equation (5.13) is modified as,  

  )tanh(.
.

pvpv SMS              (5.14) 

Substituting (5.10) in (5.14),  

)tanh(.
.

dcrefpvpv VVMS             (5.15) 

Using the new dynamics of SMC, the new state vector of PV source can be represented as: 

)]tanh(.[][ 11 dcrefpvnewpv VVM              (5.16) 

Where, Vdcref can be obtained from P & O MPPT algorithm. Fig. 5.5 shows the schematic of 

achieving for maximum power of PV source, Pmax using SMC. The same procedure is 

implemented for PV sources (PV0, PV1 and PV2) of the proposed asymmetric three-phase 

MLDCL RSC-MLI to achieve maximum power from all of them.     

Idcref VPV

Vdcref

SMC
δ11 δpv βpv(h)

αpv(h)
gpv(h)

fpv(h)

SMC for Idcref

Pmax

 

Fig. 5.5: Realization of maximum power from PV source using SMC. 

 Control of MLDCL RSC-MLI using two-loop PI controller 5.3

The main control objective of the proposed system is to supply all the maximum powers of 

asymmetric PV sources into the grid at various irradiance conditions. This objective can be 

attained by controlling MLDCL RSC-MLI using a single-loop based PI controller to which the 

input is error between the sum of the powers of PV sources as Pref and grid power, Pg. The output 

of this controller is modulating or reference voltages required for PWM scheme. However, this 

single-loop direct power control scheme cannot process the errors in the currents. Due to the 

absence of current loop, it may results overshoots in the current and activates protection circuits in 

the converters which lead to discontinuity in the operation. In order to avoid the overshoots in the 

currents, a two-loop PI control scheme is considered as shown in Fig. 5.6. In this control scheme, 

two sets of PI controllers are involved. The first set of PI controller processes the power error and 

generates reference currents in d-q frame of reference. These reference currents are compared 
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with grid currents and generate current error. The derived current error is given as input for 

second set of PI controller which gives modulating voltages as output as shown in Fig. 5.6.  

Fig. 5.6 shows the grid integration of asymmetric PV sources (PV1= PV2= 2V and PV0=V) 

through three-phase MLDCL RSC-MLI. The extraction and injection of PV power into the grid is 

carried out using SMC and two-loop PI controllers respectively and the schematic procedure is 

shown in Fig. 5.6.  Since the proposed asymmetric MLDCL MLI facilitate the redundancies for 

obtaining the output voltage levels, there is a benefit of uniform or even power distribution 

between equal rated PV1 and PV2 sources. Thus, a common MPPT control mechanism can be 

used for both PV1 and PV2 sources thereby avoiding one extra controller and hence reducing the 

control complexity. The other PV source, PV0 is controlled by another MPPT controller since it 

has half of the I-V ratings as compared to PV2 or PV1. Therefore, two SMCs are developed to 

extract maximum power from each group of equal rating PV sources. In three-phase MLDCL 

MLI, there are six equal I-V rated PV sources (i.e., three PV2 and three PV1) and three PV0 

sources. Therefore, in order to extract maximum power from each group of equal rating PV 

sources, the power of single PV1 source is multiplied with a gain of six. Similarly, a gain of three 

is used to the power of single PV0 source as shown in Fig. 5.6. The total PV power is sum of the 

powers of six PV1 (or PV2) sources and three PV0 sources and it is considered as Pref to two-loop 

PI control strategy. 

 

Fig. 5.6: The schematic diagram of grid connected PV based MLDCL MLI system using SMC 

and PI controllers. 

 Results analysis 5.4

In this section, the performance of PI and SMC controllers for maximum power generation 

from input PV sources of the proposed closed-loop MLI based grid connected system under 
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various irradiance conditions is studied in MATLAB/Simulink and the results obtained are 

validated in real-time OPAL-RT platform. 

5.4.1 MATLAB/Simulink results 

The maximum power generation from PV sources using PI controller and SMC is discussed 

in Section 5.2.2. The injection of generated power to the grid using two-loop PI controller is 

developed as shown in Fig. 5.6. The comparative analysis between PI and SMC is considered for 

1200 W/m
2
, 1000 W/m

2
, 900 W/m

2
, 800W/m

2
 and 600 W/m

2
 irradiance levels. In this work, 1000 

W/m
2
 is considered as 100% irradiance. The PV0, PV1 and PV2 sources have MPPT voltages of 

1600 V, 3200 V and 3200 V at an irradiance of 1000 W/m
2
 (100%) respectively. The maximum 

powers and corresponding voltages of PV sources at different irradiance levels is shown in Fig. 

5.7. The parameters taken for the proposed system is listed in Table 5.3.  The generated 11-level 

output voltage from the proposed MLI is shown in Fig. 5.8. The percentage of THD in the 

generated output voltage is 12.1%. All the PV powers are represented in per unit (pu) based 

system with a base power of 1 MVA. 

 

Fig. 5.7: P-V characteristics of PV source under various irradiance levels. 

Table 5.3: Parameters considered for the proposed system 

Parameter Value 

Grid Voltage, Vg 11 kV 

Grid frequency, f 50 Hz 

Filter inductance, Lf 50 mH 

Filter Resistance, Rf 0.2 Ω 

Capacitor across PV panel, C 0.01 F 

Switching frequency,  fs 5 kHz 

Sample time, Ts 50 µs 

Base power 1 MVA 

Short circuit MVA 1000 MVA 
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Fig. 5.8: Output voltage of Single-phase 11-level MLDCL MLI.    

The design of filter inductance, Lf mainly depends on the grid current ripples and switching 

frequency fs. The filter inductance is given as in  [183]  

max4

6.1

s

m
f

hf

V
L                                                  (5.17) 

Where, Vm is peak of the phase-voltage and h is allowable ripple band in grid current of 1 

MVA, 11 kV system. Normally h is taken as 5% of the grid current. fsmax is the maximum 

switching frequency and it is considered as 20 kHz. The design value of capacitor (C) across the 

PV sources is given by [184]. 

pvpv

pv

VVf

P
C






)2(4

2


        (5.18) 

Where ∆Vpv is the maximum value of the allowed ripple in the voltage (Vpv) of the PV 

source and f is the fundamental frequency of the grid voltage. The value of Vpv of the PV source is 

taken is 3200 V and its corresponding power (Ppv) is 0.12MW as shown in Fig. 5.7. 

Fig. 5.9 shows the maximum power of PV1 or PV2 source using PI controller and SMC. 

From Fig. 5.9 it is observed that during irradiance changes, the maximum power extraction using 

PI results larger overshoot and undershoots when compared with SMC. Fig. 5.10 represents the 

maximum power of PV0 source using PI and SMC. Both Fig. 5.9 and Fig. 5.10 confirm that the 

delayed performance of PI controller during irradiance changes. On the other hand, SMC gives 

faster response. 
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Fig. 5.9: Comparative performance of PI and SMC for extraction of maximum power from PV1 

(or) PV2 source of MLDCL MLI at various irradiance levels. 

 

Fig. 5.10: Comparative performance of PI and SMC for extraction of maximum power from PV0 

source at various irradiance levels. 

The performance of both PI and SMC controllers for achieving MPPT voltage across PV1 or 

PV2 is shown in Fig. 5.11. Whenever the irradiance changing from 100% to 120%, a large 

overshoot in the voltage (VPV1) is observed and this is because of degraded performance of PI 

controller. Similarly at 40 s, the PI controller performance causes undershoot in the output voltage 

as shown in Fig. 5.11. Since the PI controller consists of fixed gains and is unable to adapt the 

gains according to irradiation changes and error, it delivers highly oscillating performance with 

large overshoots/undershoots in PV power and in corresponding voltages. Whereas SMC can 

adapt its gains according to error (Vdcref ‒Vpv), quick irradiance changes and exhibits extraordinary 

performance while delivering the output with very less overshoots/undershoots and settles within 

very less time as shown in Fig. 5.11. Similarly the superior performance of the SMC while 

achieving the desired voltage (VPV0) corresponding to maximum power of PV0 is shown in Fig. 

5.12.  
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Fig. 5.11: Comparative performance of PI and SMC for obtaining desired voltage across PV1. 

 

Fig. 5.12: Comparative performance of PI and SMC for obtaining desired voltage across PV0. 

Fig. 5.13 and Fig. 5.14 represent the sum of the maximum powers of six PV sources (i.e., 

3PV1 and 3PV2) and maximum power of 3PV0 sources of the proposed three-phase MLDCL MLI 

respectively. By observing the sum of individual PV powers at different irradiance levels as 

shown in Fig. 5.13 and Fig. 5.14, it is confirmed that all the individual PV sources of three-phase 

MLDCL inverter are delivering their maximum powers according to their PV characteristics. 

Further, Fig. 5.13 and Fig. 5.14 again confirm superior performance of SMC over PI controller 

during the maximum power extraction from all PV sources of the three-phase system.  
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Fig. 5.13: Total power extraction of six PV1 (or PV2) sources of three-phase MLDCL RSC-MLI 

using PI and SMC. 

 

Fig. 5.14: Total power extraction of three PV0 sources of three-phase MLDCL RSC-MLI using PI 

and SMC. 

Fig. 5.15 shows the injected PV power to grid and final grid power (Pg). The total injected 

PV power is considered as reference (Pref) to the two-loop PI controller which controls the MLI in 

such a way that it can supply Pref  to the grid for the considered irradiance levels. From Fig. 5.15, 

it is confirmed that the PV power generated is completely supplied to the grid under the control of 

two-loop PI control. 
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Fig. 5.15: Total generated PV power as Pref and grid power (Pg). 

5.4.2 OPAL-RT hardware-in-the-loop (HIL) results 

The proposed grid connected PV based MLI system under the control of SMC and PI 

controller is validated in real-time using OPAL-RT modules. The schematic view of hardware-in-

the-loop [181] testing of the proposed system using two OP-4500 modules is shown in Fig. 5.16 

and the corresponding photograph is shown in Fig. 5.17. The control signals between two OPAL-

RT modules are processed by considering three-phase MLDCL MLI connected to the grid is in 

one module works as plant and SMC or PI controller with PWM method is in another module as a 

controller. The communication between plant and controller systems is made through DB-37 

connecter by scaling down the real-time control parameters shown in Fig. 5.16. The sample time 

and system parameters considered for execution of proposed system in real-time environmental 

setup is the same as simulation study. The PWM strategy is designed in such a way that the 

MLDCL RSC-MLI considered in the study generates 11-level phase-voltages as shown in Fig. 

5.18. 

 

Fig. 5.16: Schematic layout of the proposed closed-loop system in HIL environment. 
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Fig. 5.17: HIL setup for the proposed system in real time. 

 

Fig. 5.18: Three-phase voltages of eleven-level MLDCL RSC-MLI. 

Fig. 5.19(a) and Fig. 5.19(b) represent the change of maximum power of PV1 source under 

control of PI and SMC respectively. From Fig. 5.19(a), it is observed that while irradiance is 

changing from 60% to 100%, PI controller results a large undershoot in the power and it settles in 

nearly 20 cycles which is high in real case. On the other hand, PV power extraction using SMC 

results good response without under/overshoot and settles to new maximum power point within 3 

to 4 cycles and this is confirmed by observing Fig. 5.19(b). Similarly PI controller results a large 

overshoot in power response as shown in Fig. 5.19(c) and Fig. 5.19(g) during irradiance transition 

from 90% to 60% and 120% to 80% respectively. These large overshoots may damage the 

switches in inverter and cause discontinuity in system operation. In order to avoid this, an extra 

protection circuit is needed, which leads to increase in complexity and cost. Whereas the power 

extraction with SMC shows better performance without overshoot and with faster dynamic 

response rather than PI controller and it is confirmed by observing the Fig. 5.19(d) and Fig. 

5.19(h). 
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(a) change in irradiance level from 60% to 

100% with PI 

(b) change in irradiance level from 60% to 

100% with SMC 

  

(c) change in irradiance level from 90% to 

60% with PI 

(d) change in irradiance level from 90% to 

60% with SMC 

  

(e) change in irradiance level from 100% to 

120% with PI 

(f) change in irradiance level from 100% to 

120% with SMC 

  

(g) change in irradiance level from 120% to 

80% with PI 

(h) change in irradiance level from 120% to 

80% with SMC 

Fig. 5.19: Performance of PI and SMC for generation of maximum Power of PV1 (or PV2) source 

under various irradiance conditions. 
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(a) change in irradiance level from 60% to 

100% with PI 

(b) change in irradiance level from 60% to 

100% with SMC 

  

(c) change in irradiance level from 120% to 

80% with PI 

(d) change in irradiance level from 120% to 

80% with SMC 

Fig. 5.20: Performance of PI and SMC for generation of maximum Power of PV0 source under 

various irradiance conditions. 

Fig. 5.20(a) and Fig. 5.20(b) show the variation in power of the PV0 source under control of PI 

and SMC respectively during irradiance level changing from 60% to 100% in HIL environment. 

In this case, the performance of PI controller is similar to SMC except a delay in reaching new PV 

power. Similarly, both PI controller and SMC exhibit similar dynamic performance for extracting 

PV0 power during other irradiance changing condition also. Further, both controllers show good 

performance in steady-state without error since maximum powers of PV1 and PV0 sources are 

obtained and follow according to the PV characteristics shown in Fig. 5.7 at given irradiance 

levels. The performance comparison of PI and SMC for extracting maximum power from PV1 and 

PV0 sources at various irradiance levels is given in Table 5.4. 

Table 5.4: Performance comparison of PI and SMC for maximum PV power extraction. 

Irradiance changes 

(In %) 
Performance of PI Performance of SMC 

60% to 100% 

 

Results a large undershoots in 

the power of PV1 and it settles 

nearly in 15 cycles (Fig. 

 

Result a good response without 

under/overshoot in power of PV1 

and settles within 3 to 4 cycles 



119 

 

 

5.19(a)). And the performance 

of PI controller for extracting 

power from PV0 source is better 

but reaches new power within 8 

to 10 cycles (Fig. 5.20(a)). 

(Fig. 5.19(b)). The performance 

of SMC controller for extracting 

power from PV0 source is similar 

to PI and reaches new power 

within 3 to 4 cycles (Fig. 

5.20(b)). 

90% to 60% 

 

Results a large overshoot in the 

power of PV1 and it settles in 

nearly 15 to 20 cycles (Fig. 

5.19(c)). 

 

Result a better response without 

overshoot in power of PV1 and 

settles within 3 to 4 cycles (Fig. 

5.19(d)). 

120% to 80% 

 

Results a large overshoot in the 

power of PV1 and it settles in 

nearly 15 to 20 cycles (Fig. 

5.19(g)). 

 

Result a better response without 

under/overshoot in power of PV1 

and settles within 4 to 5 cycles 

(Fig. 5.19(h)). 

 

100% to 120% 

 

PI controller results an 

undershoot in the power of PV1 

and it settles in nearly 10 to 15 

cycles (Fig. 5.19(e)). 

 

SMC controller results good 

response without any undershoots 

in the power of PV1 and it settles 

in nearly 3 to 4 cycles (Fig. 

5.19(f)). 

 

Further, at the respective irradiance of 120%, 90%, 100%, 60% and 80%, the change in 

voltages of the PV sources (i.e., PV1 or PV2 and PV0) corresponding to their maximum powers 

under the control of PI and SMC are shown in Fig. 5.21(a) and Fig. 5.21(b) respectively. The 

superior performance of SMC controller for obtaining desired voltages of PV sources of MLDCL 

RSC-MLI is shown in Fig. 5.21(b) in which, transient free and fast dynamic response is observed. 
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(a) with PI (b) with SMC 

Fig. 5.21: Voltages of PV1 (or PV2) and PV0 sources at various irradiance conditions using PI and 

SMC controllers. 

Grid power and total powers of all the PV sources in three-phase MLDCL MLI: 

Fig. 5.22 shows the grid power and sum of the total power of all PV sources (i.e., 3PV1, 

3PV2 and 3PV0) of asymmetric three-phase MLDCL RSC-MLI. From Fig. 5.22, it is confirmed 

that at various percentage of irradiance conditions, the objective of injection of PV power into the 

grid is satisfied under the effective control of SMC and two-loop PI controller. Therefore, the 

entire maximum PV power generated from all the PV sources is injected into the grid.              

 

Fig. 5.22: Powers of six PV1 (or PV2) sources and three PV0 sources of three-phase MLDCL MLI 

and grid power (Pg). 

 Conclusion 5.5

In this chapter, the grid integration of PV sources through a three-phase asymmetric 

MLDCL RSC-MLI is discussed. The proposed inverter facilitates less switch count, high 

modularity, and enables the operation of unequal rated PV sources, and hence it can be an 

alternate to conventional CHB for closed-loop power control in grid integration of PV based 

applications. The superior performance of variable gain SMC results in fast dynamic PV power 

response under irradiance varying conditions and it is verified against fixed gain PI controller, 

which results in large overshoots/undershoots with delayed response. Further, SMC enables the 

extraction of maximum power from multiple PV sources with ease. The maximum PV power 
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generated under the efficient control of SMC is successfully injected to 11 kV grid through 

MLDCL RSC-MLI. 
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CHAPTER 6:  CONCLUSION AND FUTURE SCOPE 

The main conclusions of the presented work and possible future research have been summarised 

in this chapter. 

 Conclusion 6.1

This thesis explored the closed-loop control of SSPS and MDLCL RSC-MLI based grid 

connected dc or PV system using conventional PI and SMC for power extraction and feeding into 

the grid. The key conclusions of this thesis are given here under. 

 This thesis initially presented the qualitative and quantitative features of RSC-MLI 

topologies. Further, a comprehensive comparison has been made among 11-level 

conventional asymmetric CHB MLI, SSPS and MLDCL RSC-MLIs to facilitate a well-

informed selection of topology for grid connected power feeding applications. Based 

on this study, it is observed that the series/parallel connection of dc sources in the SSPS 

RSC-MLI is possible to use all of the sources for generating most of the levels in 

output voltage. To quantify the effective use of different dc sources in MLI, a 

parameter known as utilization factor (UF) of input dc sources was introduced in this 

work. The calculations are confirmed that UFSSPS > UFCHB or MLDCL. Further, the 

considered asymmetric SSPS RSC-MLI is superior to conventional CHB MLI in terms 

of device switching frequency and current rating of switches. 

 The other popular topology is MLDCL RSC-MLI which is simple and highly modular 

in its structure requires uni-directional switches only, and the high rating switches 

operate at fundamental frequency. The MLDCL RSC-MLI has significant reduction in 

switching count compared to conventional CHB MLI. Further, the highest rating 

switches in polarity generator of MLDCL and SSPS RSC-MLI are operating at 

fundamental frequency. This will reduce switching losses. Whereas in conventional 

CHB MLI, the switches operate at carrier frequency. Further, the presence of 

redundancies in the operation of MLDCL MLI allows even power distribution between 

equal rated input PV sources. Therefore, a common maximum power extraction control 

method can be applied for multiple equal rated input PV sources of MLDCL RSC-MLI, 

thereby reducing the control complexity. 

 Owing to the above features, SSPS and MLDCL RSC-MLIs are most suitable and an 

effective alternate to conventional CHB MLI. Hence, SSPS and MLDCL MLIs were 

considered for adapting as power converters in dc to ac power conversion stage in grid 

connected system using linear and non-linear controllers. In this thesis, the performance 
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analysis of linear PI controller and non-linear SMC for extraction and injection of PV 

power into the grid through asymmetric SSPS and MLDCL RSC-MLIs are addressed. 

 Sliding mode based nonlinear controller was proposed for the closed-loop operation of 

three-phase SSPS RSC-MLI. To verify the performance of proposed scheme, a three-

phase 11 kV, 1 MVA SSPS RSC-MLI with 1: 2: 2 dc voltage ratio was designed and 

connected to 11 kV grid. Results are presented in MATLAB/Simulink environment and 

later corroborated in real-time environment using OPAL-RT system. Further, the 

proposed variable gain nonlinear controller was validated against the PI controller for 

delivering desired powers under different operating conditions/disturbances. It is 

concluded that the system with PI controllers experienced large overshoots/undershoots 

in power delivery under grid frequency variations, thereby activating the protection 

system of the converter, which disconnects the MLI from the rest of the system. On the 

other hand, with negligible overshoots/undershoots, the system with SMC overridden 

the frequency disturbances and retained the MLI with the grid even under disturbances, 

thereby supporting system to regain its stability.  

 Further, this work proposed an 11‐level asymmetric MLDCL RSC-MLI based single-

stage PV system for integration to an 11 kV grid. In MLDCL RSC-MLI, asymmetric 

PV sources with voltage ratio of 1: 2: 2 was considered for generating more levels in 

the output voltage with minimum switch count. The proposed efficient SMC extracted 

the maximum power from single-stage PV sources. Along with MPPT algorithm, a 

single SMC was enough to extract the maximum power form all equal voltage rating 

PV sources. The results are presented in both MATLAB and hardware‐in‐loop OPAL-

RT–based environments. The superior performance of variable gain SMC resulted in 

fast dynamic PV power response under variable irradiance conditions. The results are 

verified against fixed gain PI controller, which resulted in large overshoots/undershoots 

with delayed response. The maximum PV power generated under the efficient control 

of SMC was injected to 11 kV grid through MLDCL RSC-MLI. 

 Future scope 6.2

The research work presented in this thesis discloses a number of issues that could be further 

investigated. 

 Designing a new RSC-MLI suitable for grid connected PV applications. 

 Adaption of SMC to other closed-loop applications such as dc-dc converters and 

electric vehicles. 

 The extension of fractional order controllers for grid connected systems. 
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 Applying the fractional order controllers and MPPT algorithms to other grid connected 

PV system topologies. 
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