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ABSTRACT 

This thesis presents an improved configuration of Micro-grid with different DGs units. At the same time, the 

proposed DG control unit improves the overall power quality. The different inverter configurations used in this 

thesis with PV, DFIGs for reactive power controlling purpose with different configurations of FACTS devices. The 

Matlab simulations and different soft-computing optimization techniques along with hardware implementations are 

used in the proposed system. The proposed micro-grid is very simple, controllable, with low loss and reduced cost.   

Due to effect of Harmonics, there will be a problem regarding distortions in voltage and current waveforms. The 

electrical harmonic generally refers to a part of an undulation of a grid frequency with multiple of the basic, in 

general 50 Hz.  At steady state condition, the harmonics present in the supply voltage waveform are usually within 

specified limit but during unusual conditions, e. g fault, unbalance, the harmonics are present in the micro-grid or 

smart micro-grid as harmonic level increases due to abnormalities in voltage waveform. A typical measurement of 

the degree of presence of harmonics in micro-grid is Total Harmonic Distortion (THD) of grid voltage, which is 

calculated by IEEE as follows: is that the squared sum of magnitude of the  harmonics present as a percentage of the 

fundamental magnitude.  

Power Quality problems are malformed or collapsed the grid system and required mitigation for the customers 

according to IEEE 519. The IEEE suggested practices and necessities for harmonic management in electrical grid or 

micro-grid Systems, is that the commonplace for harmonics.  

The cause of harmonics are any type of power electronic loads or non-linear loads in the electrical system, leading to 

non-sinusoidal distorted current from drawn from a sinusoidal supply. Samples of loads generating harmonics are: 

any type of FACTS device, AC or DC motor drives, discharge furnaces, different type of inverters, variable 

frequency drives and switch-mode power providers like computers, lighting ballasts, and gear of industrial 

electronics etc.  

In this thesis elimination of inter-harmonics or sub-harmonic, which are not multiple of the fundamental frequencies 

is also introduced. The serious issues of having distorted grid voltage and current waveforms are unwanted tripping 

of the system, unscheduled shutdown of the grid or micro-grid/smart grid.  Moreover, due to higher harmonic losses, 

the grid efficiency reduces resulting in out sizing of the electrical cables, transformers, circuit breakers with shorter 

the lifetimes of the equipment. For power quality improvement, mitigation of harmonics or reduction of harmonics 

are the common issues and as a result a minimum 15% capital cost and a 10% additional expenses required for 

passive or active filter, inverter switching for 6,12,18 pulses with Pulse Width Modulation (PWM)  and AC line 

reactors in series etc.  

A micro-grid or smart micro-grid is a confined to a small area and combination of clean electricity generation, 

power storage, and system load units that generally works in synchronism with customary centralized network, with 

the maximum flexibility that the unit as a entire may be cut off from the central grid and may continue operation as 

an isolated small grid hence the name of micro grid. When the micro-grid operate bi-directionally, with monitoring 
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and controlling by PMU, smart meters, flow meters, power electronics FACTS devices then the micro-grid 

converted into the advance micro-grid or smart grid.  The supply resources may consist of reciprocating locomotive 

generator sets, different micro turbines, fuel cells, wind driven induction generator, photovoltaic and other small-

scale renewable generators, storage device, and controllable end-use loads. Electrical coordination loads are day-by-

day increasingly becoming the very sensitive in character because of the augmented use of modern power electronic 

and new technological micro controller based devices, programmable logic controllers (PLC), energy efficient 

lighting and Supervisory Controlled and Data Accusation (SCADA) system. Maintaining the superior excellence of 

electrical power as recommended in IEEE 1547, IEC, EN, CIGRE Wg 36-05, NRS, stipulation as have thus become 

compulsory. Harmonic elimination and minimization therefore is an extremely essential issue is respect of the 

operation of the micro grid.  

  The main aim of this thesis is to explore optimum ways to reduce the targeted order of harmonics in order to cater 

better quality of electrical power to the end users. In this thesis the method of harmonic reduction to improve the 

power quality is explored in details. The switching angles are computed off-line through a suitable soft computing 

technique. The obtained switching angles will be stored in microcontroller memory for on-line application using 

‘mixed model’ equation for low memory usage. In the current state, doubly-fed induction generator (DFIG), PV, 

wind, PEMFCS is used as the DG source and harmonic elimination of individual as well as combined units has been 

studied. Conversely for power quality improvement we studied the FACTS controller like DVR, SVC, STATCOM, 

UPQC etc. This FACTS controller maintains the overall power quality, active and reactive power, power 

interruption, negative sequence current etc. 

The objective of this thesis is to find out different construction of micro-grids, DFIGs; different type of FACTS 

devices for improved the grid performance. This strategy includes the reduction of system loss, improvement of the 

voltage profile, increase the transmission and distribution capacity, the overall harmonic minimization with low cost 

and minimum loss. The proposed work increases the system stability with better quality of power. The advanced 

controller FACTS devices and different inverter topology control the critical loads. In this circumstance various soft 

computing techniques are used for inverter, FACTS and micro-grid control purpose.  

In this thesis the DFIGs connected micro-grid demonstrate and control by biogeography based optimization (BBO) 

based harmonic elimination switching technique. The lower order harmonics are independently eliminated in each 

DFIG outputs conversely the higher order harmonics are eliminated in such a way that the harmonics generated by 

one source is eliminated by the other after generating the same order of harmonics in opposite phase. The DFIG 

connected inverters excited power mainly obtained from a wind or PV panel. Projected work consequently 

supported and the total harmonic distortion (THD) in the output is found to be within the specific set limit. This new 

technique implement for improve the voltage and current harmonics in a micro-grid system with near to the ground 

switching loss.   

This thesis explains photovoltaic (PV) based Dynamic Voltage Restorer (PV-DVR) to diminish the voltage sags, 

voltage swells, flickers and harmonics for small or medium standard voltage suburban or residential micro-grid 

system. The proposed PV-DVR system consists of a selected harmonic elimination and moderation PWM (SHEAM-

PWM) multilevel inverter system for the PV module, step-up DC–DC boost converter, and a series injection 
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transformer. The voltage generated from the PV module is connected to the multilevel inverter through a step-up 

DC-DC converter. For the switching methods assumed that the dc sources are equal or unequal (varying) to one 

another. The multilevel inverter is chosen to reduce the switching losses as low number of switching of individual 

converters can reduce overall voltage THD to a considerable amount and achieve high dynamic performance. For 

the multilevel SHEAMPWM inverter, the optimum switching angles are computed off line to eliminate the lower 

order harmonics. Biogeography-Based Optimization (BBO)-based SHEAM-PWM technique is employed for this 

purpose. The proposed method is simulated considering a practical system and the results indicate that the voltage 

harmonics are highly reduced by the proposed technique. 

This thesis investigates the combined operation and performance of the doubly fed induction generator (DFIG) and 

powerful custom power devices such as dynamic voltage restorer (DVR), static compensator (STATCOM) and 

unified powr quality conditionar (UPQC) with common distributed generation (DG) systems. Improved multilevel 

inverter based topologies for DVR, STATCOM and UPQC  operations using DFIG and PV are proposed in this 

chapter. The proposed technique can efficiently mitigate the power quality problems e.g. voltage sag, swell, flicker, 

reactive power, voltage interruption, unbalance neutral current, voltage and current harmonics etc. in the distribution 

system. The proposed DG connected three phase multilevel converter for photo voltaic (PV) system reduces filtering 

requirements, increases redundancy and enables transformerless interface with grid. Biogeography-Based 

Optimization (BBO) technique is applied for calculating the exact switching angles for the inverter at each 

modulation index considering low total harmonic distrotion (THD) for the output voltage. The performance of the 

UPQC mode is compared with both DVR and STATCOM modes. For the proposed topology, the simulation studies 

with MATLAB are presented which show that the proposed DFIG and PV based UPQC performs significantly 

better than the DG-DVR and DG-STATCOM combinations. 

The electrical power quality issues are of the major concern in the present scenario of critical loads.   In this research 

work considerable advancement is achieved to overcome such power quality issues e.g. sag, swell, under voltage, 

over voltage, harmonic issues etc. for the domestic and industrial consumers. 
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Chapter 1 

1.1 Chapter Overview 

The following chapter serves various ideas of the proposed analysis of research purpose. This chapter learns on 

special grid technologies with grid up gradation. The challenge of Micro-grid formulates the inspiration to make 

Smart grid systems. It communicates the construction or planning of different grids with high security confronts and 

power quality improvement. The following chapter also serves several introductory materials on different type of 

inverter topology with some advantage and disadvantage. 

For lot of advantages the FACTS technology need to install latest power system (grid, micro-grid and smart grid). 

Using this smart technology we tend to maintain and advance the already installed system and new smart system to 

boost the system potency, most capability, harmonic optimization, real power and correct reactive power manage, 

system voltage and coordination current related uncontrolled any problem, application of renewable. For energetic 

and fashionable applications of FACTS strategy is that the technical benefits addressing in transient constancy, 

dampening, and emergency needed electrical voltage management and acceptable voltage stability. The new 

technological power electronics FACTS devices are necessary when there is require responding to energetic 

(dynamic or fast-changing) system circumstances. In fashionable life the facility of power systems must give easy or 

need to provide simple, reliable, stable, secure, completely controllable, economic (low loss and low price with high 

efficiency), and high-quality power with deregulated atmosphere it is imagine that FACTS controllers participate 

awfully necessary role. 

1.2 Thesis Research and Step 

 The great scientist Nikola Tesla is the father of AC electricity. Technologically developed the power grid and for 

modification of global warming the environmental pollution with C emission reduction is very essential. So the new 

and fresh carbon less green energy is very essential for power discovery which is accessible in great amount for 

availability. To overcome all the challenges the researchers are introduced the advanced technological micro-grid to 

smart grid operations. 

1.3 About Micro-grids 

Figure 1.1 shows the schematic representation of a micro-grid [1, 2, 3, 4]. Micro-grids are miniature versions of the 

conventional power grid. They consist of power generation, distribution, and controls units such as switch gears and 

voltage regulation.  Modern electrical micro grid or a limited power grid is a collection of any type 

electricity sources and loads that usually works or associated  to and synchronous with the traditional electrical 

power network, but can also separate to "island mode" — and utility independently as bodily and/or economic 

conditions dictate. The modern micro-grids are known as distributed, decentralized, dispersed, and embedded or 

constituency energy generation system. 
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Figure 1.1 A typical scheme of micro grid with renewable energy resources in grid-connected mode 

1.4 Types of Micro-grids 

1.4.1 There are different types of micro-grids (i) Customer micro-grids or true micro-grids (µgrids)  (ii) Utility 

or community micro-grids or milli-grids (mgrids) (iii)Virtual micro-grids (vgrids) (iv) Remote power 

systems (rgrids) (v) Campus Environment/Institutional Micro-grids (vi) Remote “Off-grid” Micro-grids (vii) 

Military Base new Micro-grids and (viii) most practical Commercial and Industrial (C&I) Micro-grids 

1.4.2 DC Micro-grid  

 

Figure 1.2 General structure of DC micro grids system. 

Compare to ac the dc micro-grids [5, 6] is more economical and cheaper alternative. In the present life the LEDs are 

rising as a favorite alternative for high efficiency illumination, and they glow on DC power and growing global 

consumption of electricity by DC devices. The appropriate output of DERs (Distributed Energy Resources) like 
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most significant PV, fuel cells and other DC foundation is DC, for wind power or any ac electrical source, using 

most multifaceted power electronics switching devices, DC power can be gained. The universal configuration of DC 

micro-grid system is illustrated in Figure 1.2.  

• Generation of DC power mainly (a) Fuel cell (b) Solar PV panels (c) Micro wind turbines (d) Rectifier 

connected to a utility grid. 

 DC electrical storage system mainly (a) Battery (b) Super capacitor. 

• DC power distribution -Wiring and control 

• DC gadgets like (a) Laptops (b) Telephones (c) Satellite TV controllers 

• DC lighting -i.e. LEDs. 

• Controls or Monitoring by-Wireless/ Wired/ Virtual/ Cloud Based. 

On the other side the low carbon and fuel cell familiarity transfer network DC micro-grid connected 

component are accessible in market like Moixa Energy,  Horizon Fuel Cell,  BOC, Sun Microsystems, 

Philips has embraced.  

• Advantages of DC Micro-grids 

The advantages of a dc micro grid can be classified into three primary categories: (i) System Efficiency –high (ii) 

Reliability of Power-free and (iii) Safety-high (iv) Operation is simple.  

1.4.3 AC micro-grid system 

 

Figure 1.3 General structure of AC micro grids system 
In Figure 1.3 shows in the general arrangement of an AC micro-grids system. The AC micro-grid [7] system is the 

most common, versatile and most significant ingredient in contemporary power grid. The ac micro-grid is basically 

straightforward, more controllable, more stable, more flexible and high efficiency based utilizable network. AC 

micro-grid consist of the most universal part of the point of common coupling (PCC) which is usually located as the 

only power crossing point between a micro-grid and utility grid. The renewable DGs supported on ac micro-grid 

systems are usually operated, controls and maintains by the ability of power electronic converters with distributed 

control. The most common green and fresh renewable DGs sources wind extract the power from the natural 
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environment which is generating the ac power by proper controlling. The other renewable DGs sources PV, extract 

the maximum power from sunlight and convert the electrical ac power by power electronics converter and this 

power generation mainly depends on instant environmental circumstances. The modern high-performance power 

electronics device provides instant support to monitor the grid, MGs and smart grid.  

         1.4.4 Hybrid Micro-grid System 

 

Figure 1.4 General structure of Hybrid Micro-grid System with control 
 

The Figure 1.4 is shows a general arrangement of Hybrid Micro-grid System [8, 9] where ac and dc both are 

connected to a single network. When the set of distributed generation sources and interrelated loads with universal 

control methods is associated within a clearly specific electrical periphery the coordination is named Hybrid or 

combination Micro-grid System. The hybrid micro-grid operates different type ac or dc loads and DGs with power 

electronic controller. 

1.5 Basic Components in Micro-grids  

Basic Components in micro-grid are 
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i. Local generation-Local generation basically present’s different type of electrical generation 
source that gives electric power to the consumer. These electrical sources are in two most 
important groups 

a. Thermal energy sources - Diesel generators  

b. Renewable generation sources - wind turbines, Solar, Fuel cells  

ii. Consumption- It merely refers to parts that consume electricity that vary from single devices to 

lighting, utility of buildings, business centers, etc. within the case of governable hundreds, the 

electricity consumption may be changed in demand of the network. 

iii. Energy Storage devices- In micro-grid system, the energy storage system performs multiple 

operations, such as ensuring PQ improvement, frequency control, voltage regulation, backup 

power providing for the grid and playing vigorous role for reliability &  cost optimization.  

iv. Point of common coupling (PCC)- For a micro-grid system the PCC is the junction of an electric 

network where a micro-grid is linked to a central grid. For remote sites sometimes the PCC is not 

present in the micro-grid system and this type of system is called isolated micro-grids.  

v. Controls units- The control units control the overall systems for high efficiency. 

1.6 Advantages of Micro-grid 

 (i) Micro grid is a way to integrate wind, solar, and hydroelectricity, etc; to the main grid in small-scale power 

distribution network (ii) Micro grid is capable of operations in grid-connected modes, stand-alone modes or both. In 

the MGs in islanded mode, generates real and reactive power (iii) By proper maintenance MGs improve the ability 

of power quality, system efficiency, economics, and resiliency (iv) During emergency, power shortage period or 

power interruption period the MGs provides complete solution to supply the power in the main grid (v) MGs can 

separate (in peak load periods prevents utility grid) and isolate independently from the central grid during 

disturbance and it is controlled locally by the society (vi) Micro-grid encourages the utilization of the most inventive 

renewable energy sources wherever the outsized  land use impacts are avoided and CO2 Emissions are reduced. 

1.7 Disadvantages of Micro-grid  

The main disadvantages of the MGs are (i) due to different DGs the voltage, required frequency and power i.e. 

resynchronization with utility grid (ii) some times more space required due to battery banks (iii) installation cost is 

high (iv) reverse power flows (Bidirectional power flows) at low voltages, may lead to protection coordination 

complications, unpredicted power flow patterns,  distribution of fault current , & voltage control (v) Stability issues 

is the main factor for local oscillations, small-disturbance stability, transient issues (vi) Low inertia in the system can 

lead to severe frequency deviations (vii)  Uncertainty of generation is also one of the major problems. 

1.8 Type of DGs 
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The types of DGs are (i) Wind power based Doubly-fed induction generator (DFIG) (ii) Photovoltaic type 

renewable generators (iii) Micro turbines (MT) (iv) Fuel cell (FC) (v) Storage devices (vi) Biomass (vii) Tidal (viii) 

Wave (ix) Geothermal (x) Hydro-electric  (xi) Distributed cogeneration source (i.e. steam turbines, natural gas-fired, 

fuel-cell, micro-turbines or reciprocating engines) etc. 

1.8.1 Wind Turbines with DFIG 

Wind turbine based DGs consist of rotor that extracts kinetic energy from the wind and converts it into a rotating 

movement; this is then rehabilitated into electrical energy by the DFIG [10] through a low-speed shaft, a high-speed 

shaft and a gearbox. Figure 1.5 exemplifies the arrangement of a DFIG where the stator windings are directly 

connected to the grid and the rotor winding is associated with the network via a back-to-back power electronic 

converter. The rotor aspect converter regulates the active and reactive power injected by the DFIG and therefore 

the grid aspect converter controls the voltage at the DC link.  

 

Figure 1.5 Doubly fed induction generator. 

DFIG is attractive and popular due to its flexibility in variable speed range and lower cost. The DFIGs rotor operates 

at a variable speed in order to optimize the tip-speed ratio and the rotor speed is controlled to operate within a 

variable speed range centered on the generator synchronous speed. Therefore the generator system operates in both a 

sub-synchronous and super-synchronous mode, typically between ± 30% of synchronous speed.  

1.8.2 Conventional and Proposed DFIG with Wind  

 

Figure 1.6 Doubly fed induction generator configuration for (a) conventional (b) proposed.  
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Figures 1.6 illustrate the conventional and proposed DFIG configuration. Where  for  proposed micro-grid connected 

DFIG configuration consists (i) the stator of both the DFIGs are directly connected to 50 Hz micro grid (ii) the PV 

panel output is connected to the rotor through a dc to dc converter in series with a three-phase bridge inverter (rotor 

side converter) (iii) Photovoltaic (PV) systems provide green & renewable energy (iv) A battery Vd is incorporated 

between the two converters which stores of the extra energy from the PV panel when the rotor side power demand is 

less than PV panel output, acting as a dc source in the absence of sun light to inject the power to the rotor  and 

Storing of the recovered power coming from the machine at super-synchronous speed etc.  

1.8.3 Types of Wind Turbine Generator Technologies 

(i) Squirrel Cage Induction Generators (SCIG):  this is driven by fixed-speed and stall-regulated wind 

turbines. SCIG has simple, robust construction and power by controlling, power control capability; but 

efficiency is low for low variable speed control, flicker, and no reactive control. 

(ii)  Induction Generators with variable external rotor resistance: this is driven by a variable-speed, pitch 

regulated wind turbines where the main advantages are variable speed, fast control and low harmonics but 

the efficiency is medium. 

(iii)  Doubly-Fed Induction Generators (DFIG): the DFIG is driven by variable-speed and pitch regulated 

wind turbines. Where the main advantages are higher efficiency and reactive power control but the 

disadvantages are (i) needs slip rings, also it requires frequent maintenance (ii) has limited fault ride 

through capability and needs protection schemes (iii) have complex control schemes (iv)harmonics (where 

only 25% of output power goes through converters). 

(iv) Synchronous Induction Generators (SIG): SIG operates with full converter interface (back-to-back 

frequency converter), driven by variable-speed, pitch regulated wind turbines. The main advantages are 

variable speed, fast control and low harmonics but efficiency is medium. 

1.8.4 Configurations of Wind Turbine 

The wind turbine system has two configurations.  

    1.8.4.1 Fixed-speed Wind Turbines 

In this system, the generator is connected directly to the grid and the rotor speed is always fixed. The construction 

and operations are simple but efficiency is high at a particular wind speed also being robust and low cost. Due to 

wind instability the power variation is an important factor, which affects the power quality of the grid. On the other 

hand, the major disadvantages are an unmanageable reactive power consumption and mechanical stress. 

1.8.4.2 Variable-Speed Wind Turbines 

Variable speed doubly fed induction generator (DFIG) is most commonly used. By controlling the variation of 

wind speed with generator speed and the generator torque the power quality is increased. For improvement of power 

quality and reduction of mechanical stress on the wind turbine, power electronics converter controls the generator 

speed against wind variations.  
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1.9 Advantages of DFIG for Micro-grid Operation 

The maim advantages of the DFIG for micro-grids are  (i) Variable-speed and higher efficiency (ii) Grid Integration 

is straightforward (iii) Active and Reactive power control (iv) Enough reactive power support for steady-state and 

post-fault conditions, a mix of static (e.g. switched capacitor banks) and dynamic reactive compensation (e.g. SVCs 

and STATCOMs) is often used while integrating large wind farms to transmission systems (v) The DFIG 

technology allows extracting maximum energy from the wind for low wind speeds by optimizing the turbine speed, 

while minimizing mechanical stresses on the turbine during gusts of wind (vi) The optimum turbine speed producing 

maximum mechanical torque to generate maximum power (vii) RSC is to extract maximum power with independent 

control of active and reactive powers with controlling direct and quadrature axis rotor currents respectively (viii) 

The grid side converter (GSC) can provide reactive power. The control of this GSC is for mitigating the harmonics 

produced by the nonlinear loads (x) the characteristics of DFIG are high efficiency, flexible control and low 

investment (xi) power factor control can be implemented in this system  (xi) DFIG is simple in construction and 

cheaper than a PMSG.  

1.10 Photovoltaic Energy 

Micro-grid connected photovoltaic system is electricity generation from solar PV systems that is linked with utility 

network which enclosed PV array or solar cells to exchange sunlight into electricity.  

The series or parallel connected Solar cells build PV array. DC-DC high or low step up converter is used to increase 

or decrease the output voltage of PV cell depending upon the weather condition. A battery is used to store the solar 

energy which supplies the voltage to three phase inverter in absence of sunlight. MPPT [11, 12] controller is 

connected which is capable of maximum power extraction from PV array. Total harmonic distortion (THD) is 

reduced by using inverter switching technique and various converter models we apply in simulation purpose. In 

Figure 1.7 illustrate the simple PV based micro-grid configuration. 

 

Figure 1.7 Configuration of simple PV based micro-grid system 
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A MPPT controller is important to increase the output efficiency energy of PV array. Different types of MPPT 

algorithm have been discussed, such as open circuit voltage (OC), incremental conductance (INC), perturbs and 

observation (P&O) etc. Among all of these methods P&O method is most popular. To amplify or decrease the 

output voltage of the PV array a DC-DC converter or, buck-boost converter is used depending upon the temperature 

and solar irradiance by controlling technique. In this thesis, there are various techniques for pulse width modulation, 

buck-boost converter, filter, MPPT algorithm control are used. The generated PV power we apply in DC bus and AC 

bus related Proposed Photovoltaic based Micro-grids system, DFIG, DVR, STATCOM, and UPQC etc 

The different methods to utilized solar energy i.e. (a) Direct Methods (b) Thermal (c) Photovoltaic and (d) Indirect 

Methods (like, Water power, Wind, Biomass, Wave Energy, Ocean Temperature differences and Marine Currents).  

 

The PV array output is totally dependent on temperature and solar irradiation, therefore a battery is essential to store 

the energy and running the grid during the absence of sunlight.  

1.11 Power Quality Improvement of Micro-grid Systems 

Power Quality (PQ) [13, 14]: The increase of power electronics application, computers and microprocessors or 

microcontroller systems has resulted in power quality issues involving transient and other disturbances in voltage 

magnitude, waveform and frequency. 

The Power Quality problems are categorized as follows  

(i) Transient problems (a) Impulsive (b) Oscillatory. 

(ii)  Short and Long duration variations (a) Interruptions (temporary interruption, long-term 

outage and momentary interruption) (b )Voltage  Sag (dip) (c) Voltage Swell 

A. Voltage unbalance 

B. Waveform distortion (1) DC offset (ii) Harmonics distortion (iii) Inter-harmonics (iv) Voltage 

Notching (v) Noise 

C. Voltage Flicker 

D. Power frequency variations 

E. Voltage fluctuation 

In this thesis the more details about these problems and solution are discussed in chapter 1 to 6 and established the 

improvement of PQ by proposed SHE-PWM, FACTS [15-18] controllers and Custom Power Devices (CPD). The 

main FACTS control devices are based on VSC i.e. Shunt connected Distribution static compensator (STATCOM), 

Series connected Dynamic Voltage Restorer (DVR), Combined shunt and series connected Unified Power Quality 

Conditioner (UPQC) used for improving PQ and  all the FACTS devices controlled by PWM switching and improve 

micro-grid efficiency. The series connected CPD & DVR can operate as a source voltage reaching, harmonic 

isolator, providing voltage regulation, load balancing and active and reactive power controller. A series shunt 

connected FACTS device UPQC as the combination of series connected DVR and shunt connected STATCOM. 
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From the source currents, a STATCOM is used to eliminate the harmonics and providing reactive power 

compensation which is improving the power factor and adjust the load bus voltage.  

1.12 Different type of Inverter and Different Switching Technique 

Inverter [19, 20, 21] convert DC wattage into AC wattage at desired output voltage and frequency. There are mainly 

two universal type of inverters according to the scenery of input supply  

I. Voltage supply electrical converter  or Voltage Source Inverter (VSI) 

II. Current supply electrical converter  or Current Source Inverter (CSI) 

1.12.1 Voltage Source Inverter (VSI) or Voltage Fed Inverter (VFI) Consists 

a. Minimum one DC supply or stiff DC voltage supply that could also be a battery, fuel cell, PV cells 

or alternative common d. c. source. 

b.  Small and negligible impedance. 

c. Commutation is very simple. 

d. A common dc link for ac to dc or dc to ac at an adjustable frequency. 

e. The input to the electrical converter is provided by a ripple free dc voltage. 

1.12.2 Current Source Inverter (CSI) or Current Fed Inverter (CFI) 

a. Input DC source impedance is high. 

b. No generation of radio-frequency interference in CSI.  

These inverters are two types  

A. Load commutated Current Source Inverter 

B. Force commutated Current Source Inverter 

1.13. Types of Voltage Source Inverters:  The voltage source inverters are mainly of two types 

i. Single phase voltage source inverters 

ii. Three phase voltage source inverters 

To manage the output voltage of one part or single phase inverters are frequently to survive the variation of dc input 

voltage. For industrial and domestic applications the voltage regulation is incredibly vital for maintaining of 

continuous voltage and frequency. At input terminals a voltage supply electrical converter has stiff d.c. 

voltage. It's appropriate for single and multi-motor drives. 

1.13.1 Single Phase Half-bridge Inverter 

 

                              Figure 1.8 Single Phase Half-Bridge Inverter 
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The representation of control circuit diagram for a single phase half-bridge electrical converter configuration is 

illustrated in Figure. 1.8 (a) and (b). The load side of the half-bridge electrical inverter is either resistive, inductive 

or both. At approximately 50% duty cycle, this type of electrical converter  is operated by controlling switching S1 

and S2 as an alternative  and this gate commutated power electronics component as BJTs, GTO, MOSFETs, IGBT, 

MCT etc. The semiconductor unit transistor T1 conducts within 0 < t < π and for higher voltage supply Vs/2 the 

load part is subjected Vs/2. T2 is gated on at t = π and therefore the semiconductor unit transistor T1 is commutated. 

Transistor T2 is conducting when the period π < t < 2π and due to the lower voltage source Vs/2 the load voltage is 

(-Vs/2).  

1.13.2 Single Phase Full-bridge Inverter 

Figure 1.9 (a) & (b) shows the power circuit diagram of a single phase full-bridge electrical inverter. When the input 

voltage is connected across T1 and T2 the input voltage appears across the load. The switching states for single-phase 

full-bridge VSI as shown in Table 1.1. 

 

 

Figure 1.9 Single-Phase Full-Bridge Inverter (a) without renewable (b) with renewable. 

Table 1.1 Switching states 1-phase full bridge VSI  

Stat  Switching states 
Vout 

Iout 

No. S1 S2 S3 S4 Iout>0 Iout<0 

1 ON ON  OFF OFF Vs S1 and S2 conduct D1 and D2 conduct 

2 OFF OFF ON ON -Vs D4 and D3 conduct S3 and S4 conduct 

3 ON OFF ON OFF 0 S1 and D3 conduct D1 and S3 conduct 

4 OFF ON  OFF ON 0 D4 and S2 conduct S4 and D2 conduct 

5 OFF OFF OFF OFF -Vs D4 and D3 conduct   

6 OFF OFF OFF OFF Vs   D1 and D2 conduct 

 

These two types of inverters are controls by most efficient method as 

A. Single-pulse width modulation (B) Multiple-pulse width modulation (C) Sinusoidal-pulse width 

modulation (D) Modified sinusoidal-pulse width modulation (E) Phase displacement control. 
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1.13.3 Three Phase Voltage Source Inverters 

 

Figure 1.10 The facility of a power circuit diagram for three phase electrical bridge inverter utilizing six 

IGBTs (a) without renewable (b) with renewable. 

For three phase projected inverters a six steps bridge is employed by using logical six switches and at the same time 

two switches are used for every phase. Figure 1.10 (a) & (b) show the basic circuit diagram of a three-phase 

bridge electrical converter. Using a most versatile six-step bridge electrical converter, the gate pulse signals are 

managed and therefore the controlling modes are 120ο and 180ο, however these two schemes operate in 60-degree 

intervals. Sometimes a large condenser (capacitor) is associated at the input terminal to formulate the constant DC 

input and suppress the harmonics fed to the source. 

 

1.13.3.1 Three Phase 180ο Conduction Mode Voltage Source Inverter: By Figure 1.10, each transistor conducts 

for 180ο of a cycle. For this case at a time three transistors remain on at any instant. In Table 1.2 shows the three 

phase 180ο conduction mode voltage source inverter switching states.  

Table 1.2 Three-phase VSI switching states, for 180ο conduction mode. 

Stat  Switching states Vab Vbc Vca 

No. S1 S2 S3 S4 S5 S6       

1 ON ON  OFF OFF OFF ON Vs 0 -Vs 

2 ON ON ON OFF OFF OFF 0 Vs -Vs 

3 OFF OFF ON ON OFF OFF -Vs Vs 0 

4 OFF OFF ON ON ON OFF -Vs 0 Vs 

5 OFF OFF OFF ON ON ON 0 -Vs Vs 

6 ON  OFF OFF OFF ON ON Vs -Vs 0 

7 ON OFF ON OFF ON OFF 0 0 0 

8 OFF ON OFF ON OFF ON 0 0 0 

 

1.13.3.2 Three Phase 120ο Conduction Mode Voltage Source Inverter: For this case each transistor conducts for 

120-degree conduction mode of a cycle and requires six steps of each 60-degree. A three-phase voltage 

control inverter may be considered as three single-phase inverters where the output of each single-phase 

VSI is shifted by 120-degree. The most commonly used techniques for three-phase VSIs are (i) Sinusoidal 

PWM (ii) 60-degree PWM (iii) Third-harmonic PWM (iv) Space vector modulation. 
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1.14 Performance Parameters of Inverters: 

An inverter ideally should give sinusoidal output voltage but in practical the inverter output are non-sinusoidal and 

contain basic and different harmonic components. The performance of power electronics inverters is evaluated in 

general by (a) Harmonic Factor of nth harmonic (HF) (b) Total harmonic distortion (THD or % of THD) (c) 

Distortion Factor (DF) (d) Lowest order harmonics (LOH) etc. 

1.15 Inverter Classification According to the Wave-Shape of the Output Voltage: 

According to the nature of output voltage waveform the inverter can be classified as: (i) Square-wave inverter 

(ii) Quasi- Square wave inverter (iii) Pulse-width modulation (PWM) inverter. 

Thyristor Inverter classification: 

The thyristor inverters are classified in two types and the categories are: (I) according to the method of commutation 

(II) according to the connection. 

According to the method of commutation, the SCR inverters are mainly of two types (A) Line commutated 

inverters (B) Forced Commutated inverters 

According to connections- the inverter can be classified as (i) Series connected inverters (ii) Parallel connected 

inverters (ii) Bridge inverters. Also the bridge inverters are two types, as: (a) Half-bridge inviter (b) Full-bridge 

inverter 

1.16  Concept of Multilevel Inverters 

Multilevel inverters [22, 23] have found wide range of industrial applications as 

well as research application. Within the most up-to-date few years, the MLI latest technologies have 

been reported for a lot of contributions and establish the newest state of the art and trends of the technology to 

produce readers with a comprehensive and perceptive review. MLI applications are increasing recently for different 

systems as they have (i) Increased overall power ratings (ii) Improved harmonic performance (iii) The 

electromagnetic interference (EMI) emission reduced etc. 

The construction of multilevel converter topologies and management strategies is dependent on the electrical 

converter styles or inverter designs. For harmonic management within the low-pass filters are applied to permit 

the fundamental harmonic component of the output waveform. For MGs system application of power electronic 

systems are required to promise for the power allotment and the energy quality with high efficiency. The primary 

concepts of MLIs are (a) Inverters control technology is very flexible (b) More feasible (c) More reliable (d) Low 

cost and more simple (d) Control the low to higher power-quality and (e) May or may not be needed an additional 

power filters. Therefore the multilevel converter topology concept is the challenging issue for micro-grid and smart-

grid right now. The multilevel converter topologies is generally bi-directional switches, that why the multilevel VSC 

can work in both rectifier and inverter modes. It is the very important view that when the number of levels reaches 

infinity, the output THD approaches zero.  

The different multilevel converter structures have been applied in domestic and industrial applications. In our thesis, 

we applied mainly DFIGs, MGs, PVs, PEMFCS, and FACTSs etc. 
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1.17 Concept of Classical Two-Level Inverters  

The main topology for two-level VSI is illustrated in Figure 1.11, where the inverter converts a fixed DC voltage to 

three-phase AC voltage. Six groups of active switches control the gate signals which are depending on the dc 

operating voltage. For low power applications the classical inverters are excellent-quality, but for high-power levels 

multilevel technology offers the merits of a good alternative for power applications.  

 

Figure 1.11 Basic diagram of a two-level, 3-phase VSC. 

1.18 Analysis of Three-Level Inverter 

Three level inverters are more applicable for harmonic optimization. This type of inverters can be utilized for 

applications, such as PV, wind, PEMFCS, active power filter, FACTS compensator and industrial drive for 

sinusoidal and trapezoidal current applications. By varying the input DC voltage a variable output voltage can be 

obtained. Pulse-width-modulation (PWM) control is very important for this type of inverter.  The power rating is 

high compared to two level inverters. The construction of a three-level NPC inverter is shown in Figure 1.12. From 

Figure 1.12 the switching operating states are shown in Table 1.3 which can represent the status of the switches in 

the three-level NPC inverter. When the switching state is ‘1’, it is indicated that S1 and S2 ‘on’ and S3 and S4 ‘off’ 

for inverter leg A.  

 

Figure 1.12 Three-level NPC inverter (a) without renewable (b) with renewable. 

Which means the voltage of the inverter terminal is +V. When the switching state is ‘-1’ the lower two switches are 

‘on’, which means the neutral point is -V. When switching state ‘0’, it indicates that the inner two switches S2 and S3 

are connected and V =0 through the clamping diode, depending on the direction of the load current. 
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Table 1.3 Switching states for three level inverter with phase-A 

Switching  Phase A switching state Inverter Terminal Voltage 

State S1 S2 S3 S4   Vaz   

1 ON ON OFF OFF 
 

V 
 

0 OFF ON ON OFF 
 

0 
 

-1 OFF OFF ON ON   -V   

 

1.19  A Brief Review of Multilevel Inverters 

A. Diode clamped Multi-level inverters 

B. Flying capacitors based Multi-level inverters 

C. Neutral point inverters Multi-level inverters 

D. Cascaded H-bridges multilevel converter with separate dc sources 

E. Cascaded H-bridges converter with single dc sources 

F. Cascaded H-bridges converter with unequal dc sources 

G. Hybrid Cascaded H-bridges multilevel converter with single dc sources 

H. Cascade MLI with single dc source by employing single phase transformer 

I. Hybrid cascade multilevel with bottom three leg inverter 

J. Multi-level inverters with varying DC sources 

Although each type of conventional and proposed multilevel converters has various advantages and disadvantage 

and due to their structures and some important they may be suitable for specific application. The inverter dc input 

mainly battery, PV, PEMFCS, IGs etc. 

1.19.1 Neutral Point Clamped Multilevel Inverter (NPC-MLI) 

 

Figure 1.13 Three-level neutral point clamped power circuit 

NPC-MLI topology is a modified of two traditional two-level VSCs. Figure 1.13 shows the NPC-MLI construction. 

This configuration connected by one positive and another negative side of the converter. Moreover to get the proper 

phase output response two clamping diodes are interlink through a neutral point N and the dc-link voltage is 
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separating in two divisions.  At this instant the NPC-MLI gives, (i) Double power rating (ii) The middle-of-the-dc-

voltage point enables the production of a zero voltage stage (iii) Getting a special voltage levels (iv) The gate 

controlling signal is of digital or binary form which is representing by 0 for the OFF state of the switch and by 1 for 

the ON state.  

ADVANTAGES The capacitance requirements is minimum (b) The DC-link capacitors may be pre-charged as a 

collected facility (c) The efficiency is high (d) High applicable for renewable energy (e) simple, reliable and flexible 

(f) it’s controlled the reactive and active power flow (g) The overall control technique is very simple due to its back-

to-back configuration (h) The filter is unnecessary due high level and harmonics distortion is so.  

    DISADVANTAGES are (a) Number of required clamping diodes are enlarged (b) The DC-link capacitors 

control is difficulty (c) At power flow state the controlling technique is becoming more difficult (iv) neutral point 

synchronization not easy.  

1.19.2 Flying Capacitor Multilevel Inverter (FC-MLI) 

When the flying capacitors are connected at position of clamping diodes the NPC-MLI are converted to FC-MLI. 

Figure 1.14 shows the different level of construction for FC-MLI topology and there output voltage response.   

 

Figure 1.14 The schematic diagram of a (b) five-level capacitor clamped inverters topology (a) three-level flying 

capacitor power circuit (c) and (d) output of the inverters. 

To produce the zero voltage stage the load cannot be directly connected to the neutral of the converter. The DC-link 

are connected as a chain and at the same time the flying capacitor are connected with positive or negative bar and 

with opposite polarity .The zero voltage level is obtained by proper synchronization of flying capacitors and the dc-

link voltage. Between the nearest two adjoining capacitors the increment of voltage gives the degree of the voltage 

steps in the output waveform. For huge quantities of connected storage capacitors the major problem in this type of 
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inverter is synchronization. Voltage rating of every capacitor provided that the used is the equal as that of the central 

power switch.  

Advantages  (i) Not required extra clamping diodes  (ii) At list one dc supply is required for matching the FC  (iii) 

Cost and loss is low (iv) Construction of series capacitor the performance compare to diode clamped are improved 

(v) Power flow (reactive, real) can be managed (vi) By lots of abundance of capacitors permits the converter to 

traverse through tiny amount outages and totally different voltage sags (vii) Using FACTS technology this type of 

inverter can be control total grid system (viii) Inverter gives the equivalent output voltage level. 

Disadvantages (i) complication of modulation  (ii) Difficulties encountered whereas trailing the electrical 

energy levels for each of the capacitors (iii) Pre-charging of all capacitors at identical voltage level along with 

startup brings a lot of complications (iv) poor switching utilization (v) the start-up is difficult  (vi) the potency is 

poor (x) The structure isn't modularized and hulking and as a result for higher voltage levels packaging 

is complicated. 

Applications of Flying Capacitors Multilevel Inverter are (i) With Direct Torque Control the Induction motor be 

able to manage  (ii) Control of static Var invention (iii) For AC/DC or DC/AC application (iv) Diminish the 

harmonics effect when the harmonic distortion is far above the ground. 

1.19.3 Cascaded H-Bridge Multilevel Inverter (CHB-MLI) 

 

Figure 1.15 (i) Cascaded H-bridges multilevel inverter using (a) one dc sources (b) two dc source (c) three dc 

source and (d) four dc source.  

Cascaded H-bridges multilevel inverter is associated in a chain sequence of n-number ( n=2,3,4…)  similar pattern. 

The Single-phase CHB-MLI topology structure is demonstrated in Figure 1.15 (i) (a-d).  In this case for AC voltage 
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output, we used individual dc for inverter input. Choice of suitable inverter switching each H-bridge generates 

dissimilar three voltages which are +V
dc

, 0, and -V
dc

. The inverter output voltage is +V
dc

 when control switch S
1 
and 

S
4 
activate, on the other hand the voltage is -V

dc
when inverter switch S

2 
and S

3 
are operate or else the output voltage 

level is 0 when the switches of inverter is S
1 

and S
2 

otherwise the switches S
3 

and S
4 

are congested. In example, a 

MLI can construct a maximum of 11 distinct levels for output of inverter phase voltage for five separate dc sources. 

Cascade seven levels three phase star connected multilevel inverter topology illustrates in Figure 1.15 (ii). In Figure 

1.16 shows the voltage output of cascaded H-bridges multilevel inverter.  

 
Figure 1.15 (ii) Details of conventional three phase multi-level cascade inverter (Y-configuration) 

 

Figure 1.16 Voltage output of cascaded H-bridges multilevel inverter 

 

Advantages and Disadvantages of CMLI  
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Advantages  (i) Low switching loss, low cost and the regulation is simple but high (ii) with a lesser amount of 

number of components the identical number of voltage levels can be accomplish (iii) minimum quantity of  

components needed for CMLI (iv) the reliability is maximum (v) The separate DC sources provides segregation of 

between sources of every unit (vi) the total output voltage added  and individual  unit is small and therefore anxiety 

on individual devices gets minimized (vii) for topological view the flexibility is high and hence additional suitable to 

reconfigure in case of happening of fault (viii) the probable of electric shock is not as much (ix) soft-switching can 

be used in this type of construction (x)  each voltage is equivalent to total output phase where the switching 

redundancies survive (xi) The harvest voltage  and power levels is superior (xii) MLI control the Staircase waveform 

quality, Common-mode (CM) voltage , Input current,  Switching frequency, Efficiency etc. 

Disadvantages (i) Used for real power alteration necessities the different dc resource uses are comparatively 

inadequate (iii) Owing to separate dc supply the function is narrow (iii) Purpose of 3-phase scheme the switching is 

more switches than a more conformist inverter.  

Application of CMLI  

Principally the separate DC based inverters are applicable for (i) ac to dc or dc to ac actual power applications, 

renewable energy application, fuel cell, biomass, photovoltaic, wind, Motor drives, Active filters, electrical vehicle 

drives, DC power supply utilization, Power issue compensators, and back to back frequency link systems, 

static power unit generation, FACTS, and traction drive in electrical vehicles. 

1.19.4 Diode-Clamped Multilevel Inverter (DCMLI) 

 

Figure 1.17 Topology of the diode-clamped inverter (a) three-level inverter, (b) five -level inverter (c) phase voltage 

output 

DCMLI is that the most ordinarily used structural topology, to accomplish steps within the output voltage and to 

clamp the dc bus voltage the diode is employed because of as the clamping device. A three-level DCMLI topology 

consists of two diodes for access to mid-point voltage and two pairs of switches that are works during 
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a complimentary mode. By series connected two capacitors, C1 and C2 split into three voltage levels from DC bus 

voltage. From Figure 1.17 the full dc link voltage Vdc and therefore the regulated middle voltage half the dc link 

voltage that is Vdc/2. For three-level electrical converter the switching state is summarized in Table-1.4. 

Table-1.4 Switching states in one leg of the three-level diode clamped inverter 

 
Switch Status 

 

 
State 

 

 
Pole Voltage 

 

 
S1=ON,S2=ON 
S1'=OFF,S2′=OFF 

 

 
S=+ve 

 

 
Vao=Vdc/2 

 

 
S1=OFF,S2=ON 
S1'=ON,S2′=OFF 

 

 
S=0 

 

 
Vao=0 

 

 
S1=OFF,S2=OFF 
S1'=ON,S2′=ON 

 

 
S=-ve 

 

 
Vao=-Vdc/2 

 

 

The number of required diodes and conjointly the quantity of switching devices will increase for the high level, and 

build the arrangement unfeasible to implement. Generally for a p level DCMLI, for every one leg 2(p-1) switching 

devices, (p-1) * (p-2) clamping diodes and (p-1) dc-link capacitors are necessary.  

Advantages:  

The  following advantages of the DCMLI are (i) DCMLI will be operated at high potency with the 

elemental frequency (ii)  electrical capacitor will be pre charged along at the specified voltage level (iii) By 

connecting phases of electrical converter with common DC link, the capacitance demand will be reduced (iv) 

the control methodology  is easy  (v) the harmonic magnitude, %THD can reduced by rising the number of level and 

minimize the  filtering cost (vi) the connected capacitors may be pre-charged as a group (vii) potency is 

extremely high (viii) can be used as back to back inverters (ix) Less number of devices is needed as compared to 

cascaded H-Bridge topology (x) Switching redundancy is flexible for balancing the voltage (xi) Real and reactive 

power is controlled by this kind of electrical converter  

Disadvantages are (i) Excessive clamping diodes area mostly needed when the number of inverter levels is far 

above the ground (ii) it's strongly difficult  to manage the actual power flow of individual multilevel 

converter (iii) the storage capacitor number is very unnecessary  (iv) Flow of real power is tough for 

single electrical converter as intermediate DC levels can tend to discharge and overcharge while 

not precise observance and overall control (v) System isn't versatile, reconfiguration of electrical 

converter cannot be done on incidence of fault and as a result this topology isn't redundant, i.e., if any switch 

gets broken, the entire  converter gets offline. 

Applications of Diode Clamped Multilevel Inverter: (a) static VAR compensation applications and other and 

FACTS control system (b) Variable speed motor drives (c) High and medium voltage scheme interconnections (d) 
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all type of DC and AC voltage transmission lines (e) This topology is well suited for variable speed drive with high 

power medium voltage motor. 

1.19.5 Cascade H-Bridge Multilevel Inverter with Unequal DC Voltage Sources 

In CMLHBI could also be introduced by equal and unequal DC voltages power cells. In Figure 1.18 shows the 

development of unequal dc voltages. This structure for three-cell electrical converter is construct thirteen level 

voltage wave shape i.e., 6V, 5V, 4V, 3V, 2V, V, 0, –V, –2V,–3V,–4V,–5V,–6V. 

 

Figure 1.18 Cascade multilevel converter with minimum number of dc sources 

Merits are (i)Total reliability of the scheme is improved significantly (ii)The cost is less and construction is very 

simple (iii) Modularity is finite (iv)  For simple manufacturing with flexibility this is applicable in PV, wind, 

FACTS system (v) Easily control the real and reactive power purpose.  

Demerits  

• Complex switching because switching pattern design becomes much more difficult.  

• For poor THD of the output voltage this kind of topology has restricted industrial applications. 

1.19.6 Hybrid Cascade Multilevel With Bottom Three Leg Inverter  

The three-phase hybrid structure of multilevel converter topology is showing in Figure 1.19. The bottom side 3-

leg consists of one DC supply. The input of the H-bridge will use a PV, wind, IG, capacitor, battery 

or alternative dc power supply. The switching strategy is very easy and it's depending on whether it is necessary 

to charge or not it's essential to charge the capacitor. This sort of electrical converter simply controlled the 

harmonic magnitude and improves the power quality with ability. These inverters are generally used in utility 

interface applications with PV, Wind, FACTS, energy storage device etc.  
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Figure.1.19 Hybrid cascade multilevel Bottom Three Leg Inverter with single dc-source 

Merits: Simple construction, Low Cost effective, the Packaging is much easier, Improvement in reliability is 

effectiveness, High application in renewable energy purpose, actual and reactive power control practically improved 

and for FACTS application (i.e. STATCOM, DVR, UPQC etc.) it is highly relevant.  

Demerits  

• The switching pattern is complex 

• The modulation index range is narrow. 

1.19.7 Hybrid Cascade H-Bridge Multilevel Inverter with Single DC Source:   

In Figure 1.20 shows the hybrid cascade H-Bridge construction of MLI with renewable energy supported single 

DC supply. This configuration of MLI contained electric battery or fuel cell with an output voltage of Vdc 

for the primary H-bridge (H1). On the opposite side for the second bridge, the input dc supply is capacitor. The 

output voltage of the primary H-bridge and resulting H-bridge is V1 and V2 severally. During 

this configuration, the choice of electrical capacitor values is incredibly necessary. 

Merits: More reliability, cost is low, efficiency high, applicable in FACTS and renewable energy system, contained 

low harmonics and also the power quality are high.  

Demerits  

• For large discharging time and small charging time the modulation index range is thin. 
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Figure 1.20 Hybrid cascade H-bridge multilevel inverter with single dc-source 

1.19.8 Cascade H-Bridge Multilevel Inverter by Employing Single Phase Transformers  

Figure 1.21 shows a high performance Cascade H-Bridge Multilevel Inverter which is constructed by single phase 

transformers with single dc source (i.e. battery, PV, IG, PEMFCS etc). For utility interfacing applications these 

special type of converter are broadly used.  

Advantage are -Single DC supply, for single phase transformer the voltage is added and stepped, the overall system 

is simple, reliable, flexible and low cost,  versatile, applicable in renewable energy system, the output waveform is 

smooth, can control the real and reactive power, for FACTS (i.e. STATCOM, DVR, UPQC etc.) it is very much 

applicable.  

Demerits  

• The switching pattern is multifaceted. 

• The modulation index range is slender. 
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Figure.1.21 Details of cascade multilevel inverters with Single dc source by employing single phase 

transformers 

1.19.9 Cascade Multilevel Inverter with Cascade Transformers 

 

Figure 1.22 Details of Cascade multilevel inverter with Single dc source by employing cascade transformers  

 

In Figure 1.22 illustrates the construction of cascade multilevel inverter with cascade transformers. The innovative 

structure is extremely applicable in PV, wind and alternative renewable energy system. For construction of cascade 
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transformer on secondary we can exchange the power from ac utility, from comparatively low dc voltages by 

itself. It's the superfluous deserves that no output filter needed due to transformers. For fundamental switching 

mode the switching losses are very low and the efficiency is very high.  

Advantages: (i)  single DC supply (b) trouble-free, reliable, and low price (iii) potency is higher (d) 

modularity degree is high (e) perfectly manage the real and reactive power (f) highly applicable DFIG, 

FACTS and other renewable. 

Disadvantages:  

• The complexity in switching scheme is high. 

• To generate a higher number of voltage levels the excessive numbers of switching components are 

required. 

• Waveforms are poor quality because of the third harmonic component and usage of many switching 

components. 

1.19.10 Cascade Multilevel Inverter with Single DC Source by Using Three Phase Transformers  

 

Figure 1.23 Cascade multilevel inverter employing three-phase transformers with single dc source. 

In Figure 1.23 shows the configuration of the cascade multilevel single DC source with three phase transformers 

connected inverter. These types of inverters are generally similar to the NPCMLI type and this configuration mostly 

used in transmission and distribution system.  Recently this inverter are used in FACTS control system for reactive 

power and power quality improvement purpose. This type of inverter is highly appreciated because the harmonic 

present is very low. The adjustment of three phase transformers and PWM operation the voltage and current 

waveform are more accurate and similar to the NPC-MLC performance.  
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Advantage: (i)The switching pattern is very simple and acceptable (ii) It is applicable in FACTS (like STATCOM, 

SSSC, DVR, UPQC etc.), renewable energy, domestic and industrial purpose (iii) This type of inverter greatly 

progress the power superiority (iv) The harmonic magnitude is very low (v) Number of switching is reducing per 

cycle and the switching loss is very low (vi) The number of DC source is single and the number of capacitor is very 

low (vii) Easily applicable in photovoltaic, wind power and other grid connected system (viii) This type of inverter 

reduces in voltage and current hazard (ix) The common-mode disturbance is preferred level. 

Disadvantage:  

i. For 3-phase transformer the overall cost and total size is slightly amplified. 

1.20 Harmonic Elimination Switching Schemes [24, 25, 26, 27] 

Description: For increasing the power electronics device, non-linear load, presence of variable electric loads on the 

power system the voltage and current waveforms assume non-sinusoidal shape. As a result the different magnitude 

and phase related sine waveform distorted and the frequencies that are multiples of power-system main frequency.  

Causes: Typical sources: when the electric machines functioning higher than the knee of the magnetization curve 

(magnetic saturation), welding machines, arc furnaces, PWM, rectifier load, and application of DC brush motors. 

Consequences:  Possibility of the amplified resonance, in 3-phase systems the neutral overload, overheating of all 

the electrical cables and apparatus, loss of efficiency in electric machines, at communication systems the 

electromagnetic interference,  in measuring purpose the errors occurs when using average reading meters, trouble of 

tripping the thermal protections, malfunction the PMU, flow meter, smart meter etc. 

Appropriate solution: Using active and passive filter, k-rated transformers can minimized the harmonic distortions, 

delta-wye transformers, PWM switching, increasing the size of conductors can help reduce impedance and thus the 

harmonic distortion, the  power electronics FACTS controller (STATCOM, UPQC, UPFC, DVR etc) control the 

harmonic. 

Modern power-electronics based equipment, like rectifier, choppers, and inverters produces current and 

voltage harmonics throughout the inverter switching time. These harmonics introduce the instrumentation or 

equipment that the connected to a similar system through conduction and by radio interference. 

Presence of harmonics within the electrical inverter system leads to the following disadvantages: 

a) Due to the extreme heating the harmonics current reduces the load caring capability. 

b) Without proper regulation and control in power side the harmonics can affect their operation and can 

results system malfunctioning. 

c) In presence of harmonic current on the sensitive or critical loads produce pulsation torque. 

d) Harmonics currents increase the loss within the ac system.  

By harmonics minimization, these effects can be minimized. Harmonic elimination is an important issue in inverter 

switching schemes.  By reduction of harmonics contents or by wave-shape improvement   the system performance 

can be improved. Switching schemes used in practice are,  

A. 180-degree switching operation 
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B. 120-degree switching operation 

C. Bipolar switching operation 

D. Unipolar switching operation 

E. 60-degree modulation switching operation 

F. Virtual Stage PWM switching operation 

G. Multi level switching operation 

1.21 Flexible Alternating Current Transmission System (FACTS)  

Flexible Alternating Current Transmission System (FACTS) [15-18, 94-100] is a most recent integrated innovative 

idea based on smart power electronic switching converters and fully energetic controllers to improve the whole 

system operation and power transfer capability moreover because the responsibility, reliability, security, stability, 

and power superiority. From first to last the years there has been an augmentation in the enormous quantity of power 

transfers and electric utility power transmission facilities all over the world are not openly permitted to progress due 

to the various kind of ecological, land-use and authoritarian pressures that arise. At the same time the foremost 

outcome upholds in electric power transmission, asymmetrical power capability tradition, and disagreeable parallel 

pathways or loop movements are being well-knowledgeable. The operational coordination becomes very difficult to 

supervise finally becomes the comprehensive there is improve in power transfer. In case of enormous electric power 

movements this complexity of the whole manage on the scheme becomes extremely feeble and the electrical 

required power transport can become insecure. The USA utility industry Electric Power Research Institute (EPRI) at 

first dealing in joint research and development arm, has nowadays decided to furnish power electronics based 

Flexible AC Transmission System (FACTS) technology, a healthy solution for the above mentioned problems. 

When the capacity of electrical power flow is massive the multipurpose power electronic solid states devices, 

FACTS are utilized to stay in ensure the total grid systems and protect the overall system troubles. The US 

researchers of EPRI have been invested in FACTS both in stipulations of its significance values and capability. The 

advance FACTS generally progress the Micro-grid prospective, active and reactive power management, to regulate 

the voltage and to add to the lower voltage systems’ plus points. Now the FACTS are straightforwardly apply in 

micro grid, grid and smart grid and improved the system constancy or reliability. Near the beginning of 1960s the 

development of thyristor technology had started growing. Power electronics switching based on thyristors are a key 

component in controlling the automatic components in active and reactive power compensation systems. The 

electrical pulse is transformed by fiber optics at ground potential directly to control the electronics thyristor gate. For 

this electronic equipment the different triggering technique reduces the number of electronic and electrical 

components in the thyristor valve and, also improves the reliability and eliminates all the electromagnetic 

compatibility problems. The thyristors can block voltages up to 8-kilovolts and carry current up to 4,200 amperes. 

• The FACTS is power-electronic idea based mostly advance controllers, which improve the capacity or 

capability of transmission and distribution networks.  
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• The energetic FACTS controllers operate without any risking extremely fast and increase the secure in 

operating limits with stability. 

• The solid-state switching devices completely manage the electrical power flows on the lines to protect with 

highest margin of safety. 

• The modern FACTS controllers transmit mostly required electrical power with high superiority at a 

smallest amount of operating expense and increased the value of overall transmission assets. 

• Through low interruption–rating isolators the faulted DC line can be discontinue. 

• The FACTS controllers control line-to-ground fault clearing without employ of any circuit breakers. 

• The speedy controllers control the transient constancy of the systems through active-power damping.  

1.21.1 Static Synchronous Compensator (STATCOM) 

 

Figure 1.24 Schematic diagram of STATCOM for (a) Voltage source (b) current source (c) a power circuit (d) 

reactive power exchange (e) with an energy-storage device of suitable capacity (f) power circle and (g) power 

exchange. 

Figure 1.24  illustrations the demonstration of STATCOM for (a) Voltage source (b) current source(c) a power 

circuit (d) reactive power exchange (e) with an energy-storage device of suitable capacity(f) power circle and (g) 

power exchange. The Sullivan substation 100-MVA STATCOM is first installed the Tennessee Valley Authority 

(TVA) in 1995. STATCOM is a shunt connected powerful FACTS regulator and it has the most common 

uniqueness to that of synchronous condenser however it's no inertia. STATCOM connected to a line generally 

without any transformer and consists of a solid state voltage supply or current supply inverter 

however typically voltage supply is most popular. This special type of arrangement either provides or draws the 

reactive power at the purpose of point of common coupling while not any large capacitor banks or external reactors 

at a more rapidly rate compared with synchronous motor condenser. It matches a capacitive or an inductive 
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reactance at the purpose wherever it is connected because this type of regulator injects the current almost in 

quadrature with the line voltage. 

1.21.1.1 Harmonic Performance of STATCOM 

The shunt connected STATCOM consists of IGBT based semiconductor switches with anti-parallel diodes as shown 

in Figure 1.25.The converter output waveform is shown in Figure 1.26 which is producing balanced three quasi-

waveforms with given frequency.  

For distorted waveforms of voltage and current due to harmonic effect induces the system abnormality, freeloading 

losses and affects the control accuracy in measurement instruments and sometimes the control and protection 

equipment. For harmonic elimination a proper switching technique (like120° ,180° , bipolar, unipolar and 

modified unipolar etc.) can be selected to mitigate the harmonic and high-frequency problem. 

 
Figure 1.25 Configuration of VSC based STATCOM (a) conventional (b) proposed 

 

The output of the STATCOM line & phase voltages are  abV  , bcV , caV  and anV , bnV , cnV respectively. The Fourier 

analysis of STATCOM is as:  
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The phase voltage waveform of a 3-phase bridge inverter is a quasi-square wave. The wave form has 

quarter-wave symmetry and due to the quarter-wave symmetry, we get 

0 0a = for all n , and 0na = , for all even n  

also, ( ) ( )
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Figure 1.26.The output waveforms of the STATCOM for 180-degree conduction mode 
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For better quality of power and to reduce the harmonic generation, different type of converter configurations and 

converter-switching techniques are recommended in this chapter.  

1.21.2 Custom Power Dynamic Voltage Restorer (DVR) 

 

                      Figure 1.27 Configuration of Dynamic Voltage Restorer (DVR)  
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Custom power FACTS control device, DVR is a flexible series connected restricted compensator. DVR can protect 

the sensitive load against voltage unbalanced. The DVR enhanced the power superiority for voltage dip mitigation. 

The compensator DVR operate only abnormal condition by switching technology where the normal voltage or 

unaffected load voltages conditions the DVR is stationary and performs no switching to reduce losses. The DVR 

detects the voltage dip and injects the absent measuring voltage until the energy storage and absolutely drained or 

returned to customary voltage levels. The synchronism time with the supply is very short and the injected voltage for 

every phase can be controlled autonomously in magnitude and phase at the same time the zero sequence effect can 

be eliminated.  

The compensator DVR controls the positive sequence, negative sequence, zero sequence in the supply voltages. This 

compensator compensate the symmetrical and non-symmetrical voltage dips which is cases for different kind of 

sensitive loads and control voltage sags, voltage swells, flickers, harmonics etc. The basic configuration of the DVR 

has converter, filter, injection transformer, DC-link and energy storage, By-pass equipment, disconnection 

equipment, energy storage etc. The main objectives are to amplify the capability of consumption of distribution 

feeders, decrease the losses and progress power quality at the load bus. In the smart distribution system, 

the uncompensated sensitive or nonlinear loads introduce the harmonic within supply voltages. To mitigate this 

issues caused by poor quality of power supply, series connected DVR compensators are used to optimize the power 

excellence. The Duke installation in U.S.A. in August 1996 initial used the DVR application and therefore the 

evaluation of 2 MVA with 660 kJ of energy storage with 50% compensating voltage sag rating period of 0.5 second 

(30 cycles). Figure 1.27 shows the DVR configuration. 

 The DVR has mainly two working modes.  

1. Standby operation mode or short circuit operation (SCO) mode- in this case the magnitude of voltage 

injected is zero. 

2. Boost operation mode which menace when the compensator device DVR inserts a necessary voltage of 

suitable magnitude and phase to re-establish the pre-fault load bus voltage. 

The DVR can  

• Protect the sensitive loads from short duration voltage dips 

• Compensate voltage sags, voltage swells, flickers, harmonics, and transients mainly compensation for the 

harmonics and unbalance in the source voltage. 

• Improve reliability and power quality. 

• Progress the power factor on the supply side ( at PCC) 

• The real and reactive power Generating or absorbing by proper way 

The different issues of power quality with highlighting put on voltage dips and power quality issues are  

• Voltage / current unbalance, power system harmonics, interruption/ over voltage/ under voltage, voltage 

sag, voltage swells, flickers etc, power system transients, power frequency disturbances, outage, ringing 

waves. 
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1.21.3 Unified Power Quality Conditioner (UPQC) 

The unified power quality conditioner (UPQC) is a most multitalented power quality improvement power 

electronics switching based custom power device. The UPQC construction is similar to another versatile FACTS 

device unified power flow conditioner (UPFC). The UPQC contains one series and another shunt connected voltage 

supply inverters (VSIs) which are coupled to a typical dc energy storage element. The series connected VSI control 

the voltage sags, swells flicker, voltage unbalance, spike and harmonics and also mitigates the supply side 

instability. The Series connected completely different type of converter connected to take care or maintain 

of the load voltages level that is balanced and distortion free. The shunt connected inverter compensates, mitigates 

the current quality problems, power factor problems, load harmonic currents, load unbalance, reactive power 

problems etc. The overall construction of the UPQC is shown in the Figure 1.28.  The total UPQC model control by 

various control loops like voltage control loop, current control loop, voltage and current unbalance measuring 

control loop, switching control loop, PLL control loop etc. 

 

Figure. 1.28 Basic model of 3-phase 4-wireUPQC configuration 

By active power management and minimum VA loading control the UPQC work as an in-phase process. The 

voltage injection through series  converter, construction of quadrature voltage injection and load angle control  mode 

or the power angle facility control mode of operation that mitigates the power superiority problems in grid, micro-

grid and sensible grid or smart grid systems. 

Control Objectives of UPQC 

The shunt path of the converter provide the subsequent management objectives 

A. To steady the supply currents and voltages by initiating negative and zero progression mechanism desired 

by the load 

B. To regulate the harmonics within the load current by inserting the specified harmonic currents. 

C. To regulate the ability issue or power factor by injecting the specified reactive current (at elementary 

frequency) 

D. To supervise the bus voltage of DC side 
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The series path converter has the subsequent supervision objectives 

a. To sense of balance the voltages at the load bus by injecting negative and zero sequence voltage 

to complete those contributions within the supply. 

b. To manage the amount of voltage for load bus by boosting the required real and 

reactive essentials at normal frequency on the availability aspect which is concerning on the power 

factor issue (PFI). 

c. At the contribution port to handle the PFI of the UPQC is restricted by the shunt connected power 

electronics converter. 

The application of the UPQC is for 

• Distributed generation such as wind generation, PV power, micro-grid, smart grid, grid etc. 

1.22 Outline of the Thesis  

The organization of the thesis is outlined as follows 

Chapter 1 explains the introduction, Research Background, About Micro grids, Microgrid Definitions, Basic 

components in micro grids, Advantages of micro grid, Disadvantages of micro grid / Challenges, DG units like 

Wind, Photovoltaic Energy, MPPT control Hydropower, PEMFCS, Geothermal energy, Bio energy Micro grid 

Control , Power Quality improvement of micro grid system, Motivation of the proposed work. DG controls 

Methodologies, where we discussed Different type of inverter and different switching technique. Concept of 

multilevel inverters, Concept of classical inverters and medium or high power inverters, Traditional multilevel 

inverters i.e. NPC-MLI, FC-MLI, CHB-MLI, BLMLI. Also we discuss the conventional and proposed Harmonic 

Elimination Technique. Presents the PQ issues with reactive power compensation through FACTS devices. This 

chapter, we discussed the advances in Power-Electronics Switching Devices, Principles and Applications of 

Semiconductor Switches, What is Flexible AC Transmission (FACTS), Why Compensation Techniques are used in 

Power system?, Controllability of micro-grid, grid and smart-grid system.  This chapter covers the different Type of 

FACTS controller.  

 

Chapter 2 cover the Proposed BBO based selected harmonic elimination  technique for DFIGs connected to a  

micro-grid, where we construct a new model of micro-grid configuration and control of micro-grid  strategies also 

we connect a new switching technique with 180º Mode of operation for Quasi sine wave switching, and 1200 mode 

of operation for quasi sine wave switching. We measured the   Different standards for voltage and current harmonics 

and the proposed switching control the harmonic level and also proposed switching applied Co-ordinated approach 

for harmonics elimination. Proposed Harmonic Elimination Principle control the switching angles using BBO 

algorithm. Simulation and experimental results for 180º Switching mode of operation and 1200 switching mode of 

operation control the harmonic and system the power quality. The simulation & experimental Results verified the 

grid code.  

 Chapter 3 describes speed dependent stator harmonics elimination of DFIG through Proposed    RSC switching 

where the proposed work are basic idea of DGs, DFIG and stator side harmonic. In this chapter  we proposed a 
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DFIG based System configuration. In this DFIG system we discussed step by step the   Harmonic Analysis for 

Stator and Rotor Currents. Another proposed work Rotor Speed dependent Stator Harmonics. Here we calculate the 

harmonics for rotor speed dependent stator harmonic at 1 to 3000 rpm. The switching mode is 1800, 1200. Proposed 

Harmonic Elimination Principle using BBO Algorithm successfully controls the harmonic magnitude and power 

quality. This chapter we control the Sub-harmonic. The key emphasis of the work the   proposed on-line Control 

Scheme. 

Chapter 4 Proposed Performance of DFIG, DVR, STATCOM, UPQC with common DG systems and Biogeography-

Based Optimization. Where we discussed the Importance of DG, DFIG, STATCOM, DVR, UPQC in power system. 

Studies the proposed system micro-grid configuration. Existing and Proposed Switching Strategies mainly the suggested 

harmonic elimination method for multilevel inverter. Comparative study of different conventional and proposed soft-

computing techniques. Also Studies Effect of variation of free parameters with BBO. The Simulation Results for 

Proposed and Conventional Inverter PV based DC-DC Converter, for STATCOM, DVR, and UPQC with Filter 

concluded that the power quality is best for UPQC.  Performance Comparison of the proposed DFIG-PV system 

under UPQC, DVR and STATCOM modes verified the UPQC performance.  Experimental Result and Discussion 

are verified the simulation results.  

 Chapter 5 Proposed Photovoltaic (PV) based DVR, Where we discussed Proposed micro-grid configuration with 

DVR, Existing and Proposed Switching Strategies, Multilevel inverter operation, Proposed Elimination of Harmonic 

Principle Using BBO Algorithm, Proposed multilevel inverter with varying DC sources, DVR operating states, 

Simulation Results for multilevel Inverter, Simulation Results for DVR and filter, Resistive load with balanced & 

unbalanced mitigation of voltage sag, swells for nonlinear load, Placement of capacitors near a DVR, Voltage 

Flicker suppression and Induction Motor Load operation. 

Chapter 6 Proposed Three phase PV-wind- PEM- FCS-HCBLMI- based DVR, STATCOM and  UPQC topology 

with SVPWM Proposed FACTS Connected Micro-grid Configuration, The new configuration of the proposed PV-

wind-PEMFCS based DVR, STATCOM and UPQC, Optimal Predictive Multilevel PV-wind-PEMFCS-based DVR, 

STATCOM and UPQC Control System with SVPWM Algorithm, Different Level Proposed Multilevel Inverter 

Topology, Proposed Space Vector Pulse Width Modulation Switching control strategies, SVPWM simulation output 

results, Simulation Results for DVR, STATCOM and UPQC with Filter, Proposed PV-wind- PEMFCS based DVR 

simulation results, Proposed PV-wind- PEMFCS based UPQC simulation results, Compare to the performance of 

the PV-wind- PEMFC-UPQC, PV-wind- PEMFC -DVR and STATCOM,  

Chapter 7 discussed the Conclusions and Future Research 

Appendix of the thesis  

Reference of the thesis 
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Chapter 2 

2.1 Chapter Overview 

This chapter illustrates the biogeography based optimization (BBO) based selected harmonic elimination technique 

for DFIGs connected to a micro-grid. The lower order harmonics are individually eliminated in each DFIG outputs 

but the higher order harmonics are eliminated in such a way that the harmonics generated by one source is 

eliminated by the other after generating the same order of harmonics in opposite phase. The switching angles are 

computed off-line and stored in microcontroller memory in the form of look-up tables for on line application. The 

excitation power for the inverters is obtained from a photovoltaic (PV) panel. Proper simulations are executed for 

the proposed theory and subsequently supported by investigational verifications. Both the simulation and 

experiments agree well with the analytical formulation. The total harmonic distortion (THD) in the output is found 

to be within the stipulated limit.  

 

2.2 Basic idea of DGs, DFIGs, and Harmonic Elimination   
 

Micro-grid systems with induction generator as one of the distributed sources of generation (DG) are widely being 

introduced for production of electrical power. The doubly fed induction generators (DFIG) are becoming 

increasingly popular for such scheme to generate electricity at constant voltage and frequency from a variable speed 

wind turbine. The DG units [28], connected to micro grid [29] operate either in parallel with the large utility grid or 

in the islanding mode, while providing continuous power to multiple loads and end-users. The most popular 

configuration of micro grid having DFIG wind energy conversion system along with the PV generation modules is 

shown in Figure 2.1. The rotor side is fed with a three level quasi-sine wave supply generated from a simple bridge 

inverter, while the stator side is directly connected to the micro grid. The dc input to the inverter is from a group of 

PV panels. The output from the PV panels is buffered through a set of batteries which absorb the excess power from 

the PV panels or the generated power from the rotor of the DFIG when the speed goes above the synchronous speed. 

The last part of the power converter operates as rectifiers. To reduce the switching losses while having a simple 

control circuit, a six-step switching technique [30, 31, 32] is widely used in thyristor based inverters both in the rotor 

and grid side. The six-step switching technique contains all odd harmonics except triple-n harmonics. The harmonic 

current components present in the rotor circuit induce corresponding harmonics in the stator, resulting in pulsating 

torques.  

Micro-grids operate at distribution voltage levels. During the past few decades, electrical system loads have been 

increasingly becoming sensitive in nature because of the increased use of power electronic and computer controlled 

devices. Maintaining stipulated quality of power as recommended in IEEE 1547, IEC, IEEE 519, EN, CIGRE WG 

36-05 specifications as have thus become mandatory. Harmonic elimination therefore is a very important issue is 

respect of the operation of the micro-grids. 
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The elimination of specific harmonics from a given output voltage waveform generated by voltage source inverter 

using pulse width modulation (PWM) has been widely dealt in literature [33, 34, 35, 36]. These methods are known 

as selected harmonic elimination (SHE) or programmed PWM techniques. The SHE problem becomes complex and 

computation intensive with the increase of number of harmonics to be eliminated. The method given in [37,38, 39, 

40] uses PWM technique while in [41, 42, 43] a space vector topology is used for this purpose. Both these 

techniques are having high switching losses. Harmonic analysis of DFIG can be found in [44]. Harmonic 

elimination problem is a set of non-linear transcendental equations. The solution approach of this problem by 

eliminating selected harmonics while obtaining the required fundamental component of output focused in [45,46], 

has become a great challenge. The rapid convergence of Newton iteration is achieved in [47, 48] by predicting initial 

values. Multiple solutions to the SHE problem are focused in [47, 48] while [49] presents an optimization technique 

to minimize the harmonics. The recent trend in optimization technique which is becoming very popular uses 

population of points instead of a single point. For instance, Genetic Algorithm (GA) has been used to the solution of 

SHE problem [50, 51, 52, 53, 54]. [55, 56, 57] describe the application of the Particle swarm optimization technique 

(PSO). But none of these techniques are implemented in a DFIG-based converter switching application. Various 

control strategies are also proposed for micro grids connected with DFIGs [58, 59].  

This chapter presents an optimization approach for harmonic minimization technique of DFIG connected to micro 

grid. Combination of PV panel and wind generator in the micro-grid system with two inverter switching schemes 

have been proposed. Since the inverters connected to the micro-grid handle bulk amount of power, a lesser number 

of switching per cycle is advantageous for satisfactory operation and reduced switching losses. The combinations of 

different switching with BBO [60] based harmonic optimization are applied for this purpose. In the proposed 

scheme, the frequency and phase of one inverter is so chosen as to counter balance the selected order of harmonics 

generated by the other inverter in the micro-grid system. Thus, a wider band of harmonics can be reduced to a 

considerably low magnitude with less number of switching for either of the inverters. Proper simulations and 

experiments are performed on practical inverters which support the theoretical formulations. 

2.3  Proposed Micro-grid Configuration  

 

Figure 2.1. Schematic diagram of a DFIG based wind generation. 
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The block diagram of the proposed AC micro-grid system is shown in Figure 2.1.The stator of both the DFIGs is 

directly connected to 50 Hz micro grid. The PV panel output is connected to the rotor through a dc to dc converter in 

series with a three-phase bridge inverter (rotor side converter). Solar power generated from photo‐voltaic (PV) cells 

is gaining increased importance as a renewable source due to advantages such as the absence of fuel cost, little 

maintenance and no noise and wear due to absence of moving parts. A batterydV  is incorporated between the two 

converters and it provides various advantageous requirements like storing of the extra energy from the PV panel 

when the rotor side power demand is less than PV panel output, acting as a dc source in the absence of sun light to 

inject the power to the rotor, storing of the recovered power coming from the machine at super-synchronous speed 

etc. To reduce inverter switching losses, the output voltage of the inverter is generally a quasi-sine wave as shown in 

Figure 2.2 (for 180° conduction mode) and Figure 2.4 (for 120° conduction mode). The dummy load is used to 

absorb the excess power during super synchronous speed condition. Harmonic analysis of the phase voltage 

waveform gives all the odd nth harmonic of 6 1n k= ± with 0,1,2,3,k = ⋯ . The harmonics analysis for the six-

step inverter output and the proposed PWM wave form with extra switching is performed for comparison.  

 

2.4 Existing and Proposed Switching Strategies 

The DFIG rotor voltage waveform fed from inverter is generally a quasi-sine wave to reduce switching losses in the 

semiconductor devices. The inverters can be switched under both 180°  and 120°  mode of operation, which can 

introduce harmonics of ( )6 1k ±  order in the rotor voltage waveform. In the proposed technique both these modes 

are suitably modified to substantially reduce harmonics which is shown in the following analysis. 

2.4.1180°  Mode of Operation 

2. 4.1.1 Quasi Sine Wave Switching  

 

Figure 2.2 Three-phase six-step Quasi-sine waveforms of 180°  switch conduction phase voltage applied to the 

rotor.  
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The output phase voltage of the inverter is a quasi-sine wave as shown in Figure 2.2 for one of the three phases. The 

instantaneous phase voltage (180° conduction mode) anV  can be expressed in a Fourier series, 
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The phase voltage waveform of a 3-phase bridge inverter is a quasi-square wave. The wave form has quarter-wave 

symmetry, thus, we get 

0 0a =  for all n , and 0na = , for all even n  

and  

also, ( ) ( ) ( )
2

0

4
sinnb e t n t d t

π

ω ω ω
π

=  for all odd n′ ′  

or, ( ) ( ) ( ) ( )
3 2

0 3

24
sin sin

3 3
dc dc

n

V V
b n t d t n t d t

π π

π

ω ω ω ω
π
 

= + 
  
   

( ) ( )0 3

3 2

4
cos 2 cos

3
dcV

n t n t
n

π

π π
ω ω

π
 = +       

 

4
1 cos 2cos 2cos

3 3 3 2
dcV n n n

n

π π π
π
      = − + −      

      
 

                                       but, cos 0
2

nπ  = 
 

 for all odd n , 

The thn harmonic component can be mathematically expressed as 
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From equation (2.2) it can be observed that the triple-n harmonics ( )3,9,12,15,⋯ can be automatically cancelled 

for balanced three-phase system. Therefore, the triple-n harmonics are not chosen for elimination in the phase 

voltages. Hence, the resulting output voltage from the stator contains harmonics which is fed to the micro-grid. The 

harmonic analysis of the phase voltage waveform gives the thn  harmonic as, 1,5,7,11,13,17,n = ⋯   

or, 6 1n k= ± for 1,2,3,4,k = ⋯ 

2.2.1.2  Proposed Switching Strategy 
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For six-step quasi-sine waveforms of 180° conduction, the phase voltage switching pattern is shown in Figure 2.3 

with five switching angles in quarter cycle. It can be shown that the thn harmonic can be eliminated by a proper 

choice of switching anglesα . The Fourier series of output voltage waveform can be represented by equation (2.1). 

 

Figure 2.3 Three-phase six-step Quasi-sine waveforms of 180° switch conduction phase voltage switching pattern 

with five ( 1α  to 5α ) switching angles. 

The phase voltage waveform of a 3-phase bridge inverter has quasi-sine wave symmetry, thus the even harmonics 

are absent and we can write, 
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Thus the general equation of nb can be written as, 
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For 5-switching, the mathematical statement of these circumstances is then  
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The 5 ,7 ,11th th th and 13th harmonics would be eliminated if5 7 11 13 0b b b b= = = = . These equations can be 

solved iteratively to calculate the angles1 2 3 4, , , , , kα α α α α⋯ . A selection of the converter switching angles gives 

some degree of freedom in minimizing certain harmonics as well as reducing the THD, which directly affects the 

AC micro grid.  

2.4.2 1200 Mode of Operation 

2. 4.2.1 Quasi Sine Wave Switching 

 

Figure 2.4 Three-phase Quasi-sine waveforms of 120° switch conduction phase voltage applied to the rotor. 

The instantaneous phase voltage in Figure 2.4 (120°  conduction mode) anV can be expressed in a Fourier series, in 

equation (2.1). The wave form has quarter-wave symmetry (even harmonics are absent). Due to the quarter-wave 

symmetry, we get 
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The thn harmonic component can be mathematically expressed as 
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From the equation (2.5) we can observe that the triple-n harmonics ( )3,9,12,15,⋯ are zero. 

Hence, the harmonics present are given by, n =1,5,7,11,13,17,⋯  

or, 6 1n k= ± , for 0,1,2,3,4,k = ⋯  

2.4.2.2 Proposed Switching Strategy 

 

 
 

Figure 2.5 Three-phase six-step Quasi-sine waveforms of 120°  switch conduction phase voltage switching pattern 

with five switching angles and starting point30° . 

Generalized six-step Quasi-sine waveforms of 120° switch conduction phase voltage waveform is depicted in 

Figure 2.5. The phase voltage waveform of a 3-phase bridge inverter is a quasi-square wave. The wave form has 

quarter-wave symmetry. In this case the isolated neutral-phase voltages are also six-step waveforms with the 

fundamental component phase-shifted by 6π  from that of the respective line voltage. Also, in this case, the triple-

n harmonics are suppressed. 

0 0a =  for all n , and 0na = , for all even n′ ′  
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( ) ( )
2

0

1
sinn anb V n t d t

π

ω ω
π

=   

The expression for nb can be written as, 

( ) ( )
1

2
1 cos

m
kdc

n k
k

V
b n

n
α

π =

 = − − 
 

               (2.6)  

For 5-switching, the mathematical statement of these circumstances is then  

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5

cos cos cos cos cos

cos5 cos5 cos5 cos5 cos5 0

cos7 cos7 cos7 cos7 cos7 0

cos11 cos11 cos11 cos11 cos11 0

cos13 cos13 cos13 cos13 cos13 0

α α α α α
α α α α α
α α α α α
α α α α α
α α α α α

− + − + = Μ
 − + − + = − + − + =
 − + − + =

 − + − + =

           (2.7) 

The th th th5 ,7 ,11 and th13  harmonics would be eliminated if 5 7b b b b11 13= = = = 0 .These equations can also be 

solved iteratively and the switching angles1 2 3 κα ,α ,α , ,α⋯ can be computed. The selection of the converter 

switching angles gives some degree of freedom in minimizing certain harmonics as well as reducing the THD, 

which directly affects the AC micro grid.  

2.5 Different Standards for Voltage and Current Harmonics 

TABLE 2.1 Summary of IEEE 1547, IEC 61726 and IEC 61000-3-2 class D individual current harmonic  

ISSUE IEEE1547 IEC61727 IEC 61000-3-2  

Nominal Power 30kW 10kW class D 

Harmonic (2-10) 4.0 % (3-9) 4.0 % harmonic hI  (A) 

current (order -h ) (11-16) 2.0 % (11-15) 2.0 % order ( h ) 

 limits (17-22) 1.5 % (17-21) 1.5 % 3 2.3 

 

(23-34) 0.6 % (23-33) 0.6 % 5 1.14 

 

(>35) 0.3 % 7 0.77 

 

Even harmonics in these ranges shall be 9 0.4 

 

less than 25% of the odd harmonic limits 
listed 11 0.33 

Maximum current 
THD 5.00% 13 0.21 

DC current injection 

less than 0.5% of  less than 1.0% of  15 0.15 
rated output 

current rated output current : : 

Frequency range for  59.3 Hz to 60.5 
Hz 50±1 

39 15/ h  

normal operation Equipment input  

          

current ≤ 16 A per 

phase 
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TABLE 2.2 Summary comparison of individual harmonic voltage between different standards and guidelines for LV and MV. 

  
LV-

Harmonic 
MV-Harmonic Voltages (% of fundamental or declared voltage) 

 
IEC  IEC IEC IEC IEC CIGRE EN NRS ER G5∕4 ANS/IEEE 

Harmonic 61000-2-2 61000-2-4 61000-2-4 61000-3-6 61000-2-12 WG 36-05 61000-3-2 0482:2003 :2001 519:1992 

Order 
 

class 2 class 3 :1996 :2003 EN 50160 
   

h  % hV  % hV  % hV  % hV  % hV  % hV  % hV  % hV  % hV  % hV  

Voltage level ≤1 kV 1 to 35 kV 
1 to 35 

kV 
1 to 35 

kV 
1 to 35 kV 1 to 35 kV 1 to 35 kV 1 to 35 kV 1 to 35 kV 

120V to 69 
kV 

2 2 2 3 1.6 2 2 2 2 1.5 3 

3 5 5 6 4 5 3 5 5 3 3 

4 1 1 1.5 1 1 1 1 1 1 3 

5 6 6 8 5 6 6 6 6 3 3 

6 0.5 0.5 1 0.5 0.5 0.5 0.5 0.5 0.5 3 

7 5 5 7 4 5 5 5 5 3 3 

8 0.5 0.5 1 0.4 0.5 0.5 0.5 0.5 0.4 3 

9 1.5 1.5 2.5 1.2 1.5 1.5 1.5 1.5 1.2 3 

10 0.5 0.5 1 0.4 0.5 0.5 0.5 0.5 0.4 3 

11 3.5 3.5 5 3 3.5 3.5 3.5 3.5 2 3 

12 0.2 0.2 1 0.2 0.46 0.2 0.5 0.2 0.2 3 

13 3 3 4,5 2.5 3 3 3 3 2 3 

14 0.2 0.2 1 0.2 0.43 0.2 0.5 0.2 0.2 3 

15 0.3 0.3 2 0.3 0.4 0.5 0.5 0.3 0.3 3 

16 0.2 0.2 1 0.2 0.41 0.2 0.5 0.2 0.2 3 

17 2 2 4 1.6 2 2 2 2 1.6 3 

18 0.2 0.2 1 0.2 0.39 0.2 0.5 0.2 0.2 3 

19 1.5 1.5 4 1.2 1.76 1.5 1.5 1.5 1.2 3 

20 0.2 0.2 1 0.2 0.38 0.2 0.5 0.2 0.2 3 

21 0.2 0.2 1 0.2 0.3 0.5 0.5 0.2 0.2 3 

22 0.2 0.2 1 0.2 0.36 0.2 0.5 0.2 0.2 3 

23 1.5 1.5 3.5 1.2 1.41 1.3 1.5 1.5 1.2 3 

24 0.2 0.2 1 0.2 0.35 0.2 0.5 0.2 0.2 3 

25 1.5 1.5 3.5 1.2 1.27 1.5 1.5 1.5 0.7 3 

26 0.2 0.2 1 0.2 0.34 0.2 0.5 0.2 0.2 3 

27 0.2 0.2 1 0.2 0.34 0.2 0.5 0.2 0.2 3 

28 0.2 0.2 1 0.2 0.33 0.2 0.5 0.2 0.2 3 

29 0.63 0.63 3.07 1.06 1.06 1.32 0.63 0.63 0.63 3 

30 0.2 0.2 1 0.2 0.33 0.2 0.5 0.2 0.2 3 

31 0.6 0.6 2.97 1.006 0.97 1.24 0.6 0.6 0.6 3 

6 1n ±  0.2+12.5/h 0.2+12.5/h 5*
11

h
 0.2+25/h 

2.27*(17/h)-
0.27 

0.2+32.5/h 0.2+12.5/h 
2.27*(17/h)-

0.27 
0.2+0.5*(25∕4) 3 

order 40h ≤  40h ≤  40h ≤  40h ≤  h 50≤  40h ≤  40h ≤  40h ≤  40h ≤  all order 

THD up to 
40th 8%≤  8%≤  10%≤  6.5≤  8%≤  8%≤  8%≤  8%≤  4%≤  5%≤  
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A number of Grid code specifications have been proposed to standardize the norms for maintaining the quality of 

the wave forms in power system. The proposed system is able to meet utilities regulations, IEEE 1547 and IEC 

standards. For this system, the current harmonic injection in to the grid must not exceed 5%, with limitations 

imposed on individual harmonics as a percentage of the fundamental component according to IEEE and IEC 

standards [40, 61].  In this thesis, implementation of a BBO-based SHE-PWM method using the least possible 

switching frequency to satisfy different grid codes IEC 61000-2-2, IEC 61000-2-4 class 2, IEC 61000-2-4 class 3, 

IEC 61000-2-6, CIGRE JWGC4.07, EN 61000-3-2 and 110 kV grid CIGRE [62, 61, 63, 64, 65, 66, 67] is presented. 

This thesis  proposes a BBO-based optimization technique to calculate the switching angles both for 120-degree and 

180-degree switching modes of the PWM inverter satisfying the grid codes of harmonic requirement for both low 

and medium grid voltage level. This technique is also used to reduce the no. of switching per cycle to as minimum 

as possible while maintaining THD requirement according to grid codes. The different grid codes for harmonic 

requirements in a micro grid system are shown in Table 2.1 and Table 2.2 respectively. The harmonics up to 40th are 

mitigated to satisfy the current and voltage harmonic standards grid codes from both individual harmonics and THD 

point of view. 

2.6 Proposed Co-ordinated Approach for Harmonics Elimination 

The proposed technique for harmonic elimination employs multiple switching within quarter cycle of the inverter 

output, instead of normal six-step quasi sine wave output. A wide range of harmonic elimination requires more 

number of switching per quarter-cycle. This increases switching losses due to higher switching frequency and 

imposes a limit on the inverter rating. Thus, efforts should be made to reduce as many harmonics as possible with 

lesser number of switching for better inverter efficiency. The lower order harmonics are individually eliminated in 

each DFIG outputs but the higher order harmonics are eliminated in such a way that the harmonics generated by one 

source is eliminated by the other after generating the same order of harmonics in opposite phase. Thus for a micro 

grid consisting of several DFIGs acting as DG sources, only one of the rotor side inverters for DFIGs can be 

programmed to operate at higher switching frequencies. The other inverter can have lower number of switching 

eliminating only the targeted lower order harmonics. 

2.6.1 Proposed Harmonic Elimination Principle 

Conventional SHE-PWM techniques involve elimination of unwanted order harmonics and to control the amplitude 

of the fundamental component. A typical output voltage waveform of an inverter as illustrated in Figure 2.2 and 

Figure 2.4 comprises of harmonics and the output function ( )V t  can be represented as  

( )
1

( ) cos sinn n n n
n

V t a n b nα α
∞

=

= +               (2.8) 

  Having the quarter-wave symmetry of the output voltage, the even harmonics are eliminated ( )0na =  and only 

odd harmonics are existing. The first quadrant switching angles range is 
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( )1 2 30 2mα α α α π< < < < < <⋯  

For any odd harmonics, equation (2.3) and (2.6) can be extended till thk term, where m is the number of variables 

related to switching angles from 1α  through mα of the first quadrant. In selected harmonic elimination, 1b is taken 

as the required value for fundamental component and the other coefficients associated with the harmonics to be 

vanished are equated to zero.  

The equations (2.4) and (2.7) are applied to find the appropriate switching angles 1 2 3, , , , mα α α α⋯ by which the 

fundamental component M (in p.u.) can be controlled and the non-triple-n odd harmonics i.e. th th th th5 ,7 ,11 ,13 and 

thn   are vanished. Here the permissible switching angles are within0° to 0°9 .Generally, there is one condition for 

fundamental voltage control and 1Ν −  conditions for eliminating the positive-sequence harmonics i.e. the 

( )6 1n + harmonics and negative-sequence or the ( )6 1n − harmonics. In order to eliminate N harmonics, 1Ν +  

angles need to be found and the above sets of equations are to be solved. The proposed method is to improve the 

quality of power supplied to the micro grid from different DG units. The proposed THD minimization technique in 

the AC micro-grid is verified with the help of two interfacing inverters of DG1 and DG2 shown in Figure 2.1. The 

DG1 unit produces the ( )6 1n ±  order harmonics while the DG2 unit produces the same order harmonics having 

equal magnitudes but opposite phase. The selected lower order harmonics (phase and line) for 3-switching are 5th 

and 7th, for 4-switching are 5 ,7th th and11th
, for 5-switching are 5 ,7 ,11th th th and 13th

, for 6-switching are 

5 ,7 ,11 ,13th th th th and 17th and for 7-switching are 5 ,7 ,11 ,13 ,17th th th th th and 19th  order. All these harmonics are 

eliminated by optimizing the switching angle through minimization of the objective function ( )F α  in (10). The 

corresponding coefficients 5 7,b b  (for 3-switching); 5 7 11, ,b b b (for 4-switching); 5 7 11 13, , ,b b b b  (for 5-switching); 

5 7 11 13 17, , , ,b b b b b  (for 6-switching)  and 5 7 11 13 17, , , ,b b b b b , 19b   (for 7-switching) are individually equated to 

zero. When DG1 is programmed to eliminate any of the harmonic sets as mentioned over, the remaining higher 

order harmonics will be present in the voltage injected by DG1 to the micro-grid. In the proposed technique, some of 

the selected higher order harmonics can be counter balanced by the dominant harmonics generated in opposite phase 

by the BBO-based SHE-PWM inverter of DG2 set. Thus, when these two inverters (DG1 and DG2) are connected to 

the grid in parallel, the corresponding selected higher order harmonics are also reduced from the grid voltage 

waveform besides eliminating the lower order harmonics. These converters are able to improve the quality of the 

supply voltage and extend the benefits of power electronics into both the electrical transmission and distribution 

networks. 

2.6.2 Determination of the Switching Angles Using BBO Algorithm 

In the proposed method, the harmonic elimination problem is converted to optimization problem and the switching 

angles are found out offline to contribute minimum voltage THD. The %THD of the output voltage can be computed 
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using (2.9). Biogeography-Based Optimization technique is a relatively recent heuristic method to solve different 

optimization problems. In the present work we apply BBO to find the optimum switching angles of the converters. 

The reasons for obtaining the solution using BBO are the followings: 

i. BBO is a relatively new technique, and has not yet been explored extensively to solve energy systems 

problem, particularly the problem of converter switching.  

ii. Unlike the other metaheuristic techniques, BBO does not require unreasonable amount of 

computational effort [60]. 

iii.  Application of BBO is rather straight forward, requires less tuning of its parameters. 

( )
1 2

2

2
51

1
% 100n

n

THD b
b

∞

=

 
= × 
 
                (2.9) 

Where 6 1n k= ± for ( )1,2,3,4,k = ⋯   

The equation (2.9) of the voltage THD is considered as the objective function ( )F α  for optimization. In order to 

proceed with the minimization, an objective function describing a measure of effectiveness of eliminating selected 

order of harmonics while maintaining the fundamental at a pre-specified value must be defined. To minimize the 

overall THD in the output voltage waveform, this objective function ( )F α  has to be minimized with the 

constraints of selected harmonic elimination and the optimum switching angles are obtained by optimizing equation 

(2.10). Mathematically, the problem can be formulated as follows 

 Minimize ( ) ( )1 2 3, , , , mF Fα α α α α= ⋯            (2.10) 

Subject to: ( )1 2 30 2mα α α α π< < < < < < ;⋯           (2.11) 

1 5 1 7 2, ,b b bε ε= Μ ≤ ≤  and n nb ε≤             (2.12) 

Where 1b is the fundamental amplitude and 1 2, , , nε ε ε⋯  are the permissible limits of individual harmonics which 

are chosen very close to zero for the more significant selected low-order harmonics. In the present problem, each 

search point of the population is composed of the switching angles per quarter cycle 1α through mα . To start the 

search procedure, the switching angles are randomly generated satisfying the conditions of equation (2.11) for the 

chosen number of population. Using these random values, individual harmonics are computed which represents the 

fitness of the search point. The best combination of angles among the population of search points up to present 

iteration is called the elite or best solution for the variables 1α through mα . At each iteration, new search points are 

generated from the current search points and the information regarding the best solutions is found out by using the 
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BBO. Using the terminology of the BBO, consider the probability sΡ that the habitat contains exactly S species. 

sΡ changes from time t  to time t t+ ∆ as follows: 

( ) ( )( )s s s s s s s st t t t t t tλ µ λ µ−1 −1 +1 +1Ρ + ∆ = Ρ 1− ∆ − ∆ + Ρ ∆ + Ρ ∆          (2.13) 

Where sλ and sµ  are the immigration and emigration rates when there are S species in the habitat. We assume that 

t∆  is small enough so that the probability of more than one immigration and emigration can be ignored. Taking the 

limit of equation (2.13) as 0t∆ →  gives equation (2.14). For each habitat, update the probability of its species 

count using equation (2.14) and compute each habitat suitability index (HSI). HSI is satisfies the suitability index 

variable (SIV) constraints. 

( )
( )
( )

s s s s s

s s s s s s s s

s s s s s

λ µ µ
λ µ λ µ
λ µ λ

+1 +1
.

−1 −1 +1 +1

−1 −1

− + Ρ + Ρ


Ρ = − + Ρ + Ρ + Ρ
− + Ρ + Ρ

          max

max

S

S S

S S

= 0
1 ≤ ≤ −1

=
         (2.14) 

We can arrange the s
.
Ρ equations (forS n= 0, ,⋯ ) into the single matrix equation is 

.
Ρ = ΑΡ                (2.15) 

For the straight line curves shown in [21], we have 

k

k

n
µ Ε=  and 1k

k

n
λ  = Ι − 

 
                                         (2.16) 

Where, kµ and kλ are emigration and immigration rate and k number of species. The maximum possible 

immigration rate to the habitat is I and the maximum emigration rate is E. 

Now, consider the special case E=I, in this case, we have 

k kλ µ+ = Ε                (2.17) 

The steady state value for the probability of the number of each species is given by equation (2.18) 

( )

1

n

i
i

V

V
+1

=

Ρ ∞ =


               (2.18) 
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Where, v is the eigen vector. 

The mutation rate m is inversely proportional to the solution probability and is given by equation (2.19) 

( ) max
max

sm S m
 1− Ρ=  Ρ 

              (2.19) 

Where maxm  (maximum mutation rate) is a user-defined parameter. This equation makes high habitat suitability 

index (HSI) solutions. 

Application of BBO for solving the SHE-PWM problem can be summarized as follows: 

The system of nonlinear equations in m variables to be optimized can be represented as 

1 2 3 4( , , , , , ) 0j mf α α α α α =⋯ ,     1,2,3, ,j m= ⋯            (2.20) 

These m equations are obtained for the problem by equating equations (2.3) and (2.6) to zero for any harmonics 

desired to be eliminated. 

BBO representation of the problem is shown in Figure 2.6.  

  Habitat 1 

 
 1 2 3 4, , , , , mα α α α α⋯  

  Habitat 2 

 
 1 2 3 4, , , , , mα α α α α⋯  

             

 

 1 2 3 4, , , , , mα α α α α⋯  

  Habitat N 

 
 1 2 3 4, , , , , mα α α α α⋯  

 

Figure 2.6 BBO representation of the problem. 

Collection of one set of switching angles, 1 2 3, , , , mα α α α⋯ form a solution set of the problem. This solution set is 

termed as a ‘habitat’ in BBO. Number of the set of habitat N is nothing but the number of the population of the 

population based optimization algorithms. In BBO it is called the eco-system. 

Habitat Suitability Index (HSI) indicates the quality of the solution set. For the problem being considered, HSI is 

represented by the total harmonic distortion (THD) value generated by the solution set. 

Equation (2.20) is written in vector notation as 
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( ) 0f α =                (2.21) 

Where 

1 2 3 4[ , , , , , ]Tmf f f f f f= ⋯ , an 1m×  matrix 

1 2 3 4[ , , , , , ]Tmα α α α α α= ⋯ , an 1m×  matrix 

Equation (2.21) can be solved by using a BBO technique, where the nonlinear equations give an approximate 

solution. The steps involved in computing a solution are as follows. 

The switching angle matrix, 

1 2 3 4[ , , , , , ]j j j j j j T
mα α α α α α= ⋯               (2.22) 

The nonlinear system matrix, 

( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5

1 2 3 4

cos cos cos cos cos

cos 5 cos 5 cos 5 cos 5 cos 5

cos 7 cos 7 cos 7 cos 7 cos 7

cos 11 cos 11 cos 11 cos 11 cos 11

cos 13 cos 13 cos 13 cos 13 cos 13

j

j j j j j

j j j j j

f j j j j j

j j j j j

j j j j

α α α α α

α α α α α

α α α α α

α α α α α

α α α α

=

− + − +

− + − +

− + − +

− + − +

− + − + ( )5
jα

 
 
 
 
 
 
 
 
 
 

        (2.23) 

And 

( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5

sin sin sin sin sin

5sin 5 5sin 5 5sin 5 5sin 5 5sin 5

7sin 7 7sin 7 7sin 7 7sin 7 7sin 7

11sin 11 11sin 11 11sin 11 11sin 11 11sin 11

13sin 13

j j j j j

j j j j j

j
j j j j j

j j j j j

f

α α α α α

α α α α α

α α α α α
α

α α α α α

− + − + −

− + − + −
∂  = − + − + − ∂ 

− + − + −

− ( ) ( ) ( ) ( ) ( )1 2 3 4 513sin 13 13sin 13 13sin 13 13sin 13j j j j jα α α α α

 
 
 
 
 
 
 
 
 + − + − 

      (2.24) 

The corresponding harmonic amplitude matrix, 

[ ]0 0 0 0
T

b M=                           (2.25) 

The statement of algorithm is shown as follows  
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i. Guess a set of values for α   (
ja  with 0j = ) ; call them 

0 0 0 0 0 0
1 2 3 4[ , , , , , ]Tmα α α α α α= ⋯           (2.27) 

 

ii. Determine the value of  

( )0 0f fα =             (2.28) 

iii. Linearize (2.21) about 
0α . 

0
0 0

f
f dα

α
∂ + = ∂ 

           (2.29) 

Where 

1 1 1

1 1

0 2 2 2

1 1

1 1

m

m

m m m

m

f f f

f f f
f

f f f

α α α

α α α
α

α α α

∂ ∂ ∂ 
 ∂ ∂ ∂
 

∂ ∂ ∂ 
∂   ∂ ∂ ∂=   ∂ 

 
 ∂ ∂ ∂ 
 ∂ ∂ ∂ 

⋯

⋯

⋮ ⋮ ⋮ ⋮

⋯

            (2.30) 

Evaluate at 0α  and 1 2 3 4[ , , , , , ]Tmd d d d d dα α α α α α= ⋯   

iv. Solve (2.29) for dα . 

v. Repeat (updated) (i to iv) 

1j j jdα α α+ = +  or, 1 0 0dα α α= +           (2.31) 

 

vi. The process is repeated until (2.21) is satisfied to the desired degree of accuracy. If the previous method 

converges, it will give a solution to (v21). In case of divergence from the initial guess, it is necessary 

to make a new initial guess. The process is a trial and error method. The correct solution 

must satisfy the condition (2.11) 

The switching angles corresponding to minimum voltage THD for varying modulation index ( )dm are stored as 

look-up table in the memory of the DSP for online application. The elite values are updated after every iteration. The 
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 Figure 2.7 Flowchart of the BBO algorithm. 
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Initialize the BBO parameters, i.e., Ρ ,Κ , Ι,Ε,eepmod  
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Set SIVs: Assume the switching angles mα where 

1,2,3, ,m k= ⋯ and nb , 1,5,7, ,n = Ν⋯  
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Update mα and nb using equations (2.3) & (2.6). 

Determine fitness values of the objective using equations 

(2.16) & (2.17) and compute HSI i.e. mα and nb  

Apply migration and evaluate fitness 

Update the probability of each species count using equation 
(2.14).Apply mutation in equation (2.19) and evaluate 

10 2?mα α π< < < <…  

and for ( )F α , 

1 5 1, , , ?n nb b bε ε=Μ ≤ ≤⋯  
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process is repeated until the convergence is obtained. The process terminates if the changes in the fitness values 

between consecutive iterations are less than a given tolerance, or the fitness values do not change for a number of 

iterations, or the permissible number of iteration runs are completed. A flowchart of the BBO algorithm for 

optimized switching is shown in Figure2.7. 

2.7 Simulation and Experimental Results 

The proposed scheme has been simulated in MATLAB 7.8/Simulink environment for both 120° and 180 °switching 

mode of inverter. Both these modes are separately simulated and the results are shown separately. 

2.7.1  180°  Switching Mode of Operation: 

The simulation results for switching angles considering three switching per quarter cycle with varying modulation 

index( )dm  for the BBO-based SHE-PWM inverter are shown in Figure 2.8. During computation, the objective 

function ( )F α  as defined by (2.10) is optimized to obtain minimum voltage THD. The coefficients 

5b and 7b corresponding to the amplitudes of 5th and 7th harmonics are set to zero. The coefficient1b , which is the 

amplitude of the fundamental voltage, has been set as per the desireddm . The dominant harmonics that appear after 

eliminating up to 7th harmonic by the above technique are the11 ,13 ,17th th th and 19th  harmonics of which the 

amplitude of the latter is found to be much more significant in this case. Figure 2.9 shows the switching angles for 

180-degree conduction for 5-switching per quarter cycle. The higher switching frequency reduces the overall voltage 

THD as evident from Figure 2.8 and 2.9. Figure2.10 shows the plot of minimum weighted THD for output voltage 

(up to 31st order of harmonics) with varyingdm , for 3, 4, 5, 6 and 7-switchings per quarter cycle. 

When DG1 is set to eliminate5th and7th harmonics, it will generate the higher order harmonics of 

11 ,13 ,17th th th and19th for which DG2 inverter is to be switched to eliminate them. The amplitude variation of the 

dominant 11 ,13 ,17th th th and19th harmonics with phase angle at different modulation indices is calculated and with 

proper selection of phase angles to generate the required 11 ,13 ,17th th th and19th harmonics in opposite phase at 

different dm . Therefore, if a micro grid consists of n no. of DFIGs, only one inverter is to be switched at higher 

frequencies to eliminate the unwanted 11 ,13 ,17th th th and19th  harmonics generated by the others but all the other 

inverters can have lower switching frequencies to eliminate the5th and7th harmonics only. The overall weighted 

THD for BBO-based SHE-PWM inverter combination is computed. The comparison of weighted voltage THD for 

the individual BBO-based SHE-PWM inverter, combined BBO-based SHE-PWM inverter is shown in Figure 2.11 

and Figure 2.12. In Figure 2.11 individual 3-switching and 5-switching THD along with the combination of 3 and 5 

switching for two inverter are shown, from which it is evident that the latter considerably reduces the overall voltage 
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THD of the micro-grid. In Figure 4.12 the individual 3-switching and 7-switching THD along with the combination 

of 3 and 7switching for two inverters are shown, from which it is also evident that the latter considerably reduces the 

overall voltage THD of the micro-grid.  
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Figure 2.8 180-degree conduction mode for phase voltage, Modulation Index Vs. 3-Switching angles (degrees). 
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Figure 2.9180-degree conduction mode for phase voltage, Modulation Index vs. 5-Switching angles (degrees). 
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Figure 2.10 180-degree conduction mode for phase voltage Minimum Voltage THD (%) Vs. Modulation Index. 
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Figure 2.11 Simulated voltage THD for BBO-based inverters with individual 3 and 5 switching and combined 

switching. 
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Figure 2.12 Simulated voltage THD for BBO-based inverters with individual 3 and 7 switching and combined 

switching. 

2.7. 2 1200 Switching Mode of Operation: 

The simulation results with three and five switching per quarter cycle with varying modulation index( )dm  for the 

BBO-based SHE-PWM inverter are shown in Figures. 2.13 and 2.14 respectively. In this mode also the higher 

switching frequency reduces the overall voltage THD. The plot of minimum weighted THD for output voltage (up to 
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31st order of harmonics) with varyingdm , for 3, 4, 5, 6 and 7-switchings per quarter cycle is shown in Figure 2.15. 

The comparison of weighted voltage THD for the individual BBO-based SHE-PWM inverter, combined BBO-based 

SHE-PWM inverter is shown in Figure 2.16. In Figure 2.16 the individual 3-switching and 5-switching THDs along 

with the combination of 3 and 5 switching for two inverter as shown, from which it is evident that the latter 

considerably reduces the overall voltage THD of the micro-grid. 
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Figure 2.13 120-degree conduction mode for phase voltage, Modulation Index Vs. 3-Switching angles (degrees). 
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Figure 2.14 120-degree conduction mode for phase voltage, Modulation Index Vs. 5-Switching angles (degrees).  
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Figure 2.15120-degree conduction mode for phase voltage Minimum Voltage THD (%) Vs. Modulation Index. 
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Figure 2.16 Simulated voltage THD for BBO-based inverters with individual 3 and 5 switching and combined 

switching. 

2.8 System Implementation: 

Figure 2.1 shows the laboratory version of the experimental set up used for verification of the proposed scheme. The 

system used for the experiment consists of two DFIGs connected in a micro grid which supplies a common load. 

The rotor side of each DFIG is fed from an inverter connected to a converter controlled solar array. The stator of the 

DFIG is directly connected to the micro grid. The specifications of the DFIG, solar panel and the battery are shown 

in Table 2.3.  
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Table 2.3 Parameters of the experimental system: 

Micro grid DFIG Specification Solar panel 
Specification Stator Rotor Specification 

  Parameters Parameters     

Vgrid 415 V  sV  415 V  rV  110 V Rated power 2 kW each 

sf  50 Hz Δ-Connected Y-Connected Voltage 110V  

Rated 
5 kVA 

sf  50 Hz rR  1.5 Ω Battery 1000 ΑΗ  

Capacity Ρ  2.2 KW lrL  10 mΗ    
5 ,th 7th    As per sI  4 A rI  14 A 

  

11th , … grid sR  1.2 Ω rN  1450 rpm 
  

harmonic codes lsL  10 mΗ      
voltage   mL  300 mΗ          

 

2.9 Experimental Results:  
 

The proposed method of harmonic elimination is experimentally verified with the scheme described in Figure 2.1. 

The DFIG is run at a speed of 1560 rpm with the quasi-square wave switching in 1800 mode in the rotor side. The 

corresponding harmonic spectra for rotor and stator voltage are shown in Figure 2.17 (a) and 2.17 (b) respectively. 

The rotor and stator voltage waveforms before harmonic elimination are shown in Figures. 2.18 (a) and 2.18 (b). 

The modified stator voltage after elimination of 5th and 7th rotor harmonics are shown in Figure 2.18 (c). Then the 

proposed control strategy is also applied for 1200 switching mode at the same speed of the generator and the 

obtained harmonic spectra and the corresponding voltage waveforms are shown in Figures. 2.19 (a), (b) and Figures. 

2.20 (a), (b) and (c) respectively. Both the switching modes are verified as any of these techniques can be used to 

control the rotor side converter during DFIG operation. The harmonic spectra of the rotor voltage and the 

corresponding stator voltage after elimination of 5th and 7th rotor harmonics for dm =0.9 at 1560 rpm rotor speed are 

shown in Figure 2.21 (a) and 4.21(b) for 180° switching while those for 120° switching are shown in Figures. 

2.22(a) and 2.22(b) respectively. Figures. 2.23 (a) and 2.23(b) show the stator voltage harmonic spectra after the 

proposed combination of both 3-switching and 5-switching technique of the rotor side converter for the two DFIGs 

connected to the common micro grid for both 180°  and 120°  operation. Inspection of Figure 2.17 to Figure 2.23 

shows a considerable improvement in the stator voltage harmonic spectra with the proposed control strategy. As 

more number of harmonics are eliminated by the combination of 3 and 5 switching the grid harmonics are 

substantially reduced. Figure 2.24 shows the current waveform of the micro grid feeding a load of 1 kVA at 0.8 pf. 

lag both before and after the proposed harmonic elimination. 
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Figure 2.17. a Harmonics spectra of the output voltage of rotor side converter for 180-degree mode without 

harmonic elimination. 
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Rotor speed (1560 rpm) dependent grid harmonics 
Grid codes (IEC 61000-2-12, EN 50160, NRS 048-2:2003) standard voltage harmonics

 
Figure 2.17.b Harmonics spectra of the stator voltage for 180-degree mode with grid codes without harmonic 

elimination at 1560 rpm. 
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Figure 2.18 DFIG with quasi-sine rotor injection 180-degree conduction mode. (a) Phase a, b, c rotor voltage 

without harmonic elimination. (b)  Phase a, b, c stator voltage without harmonic elimination. (c) Phase a, b, c stator 

voltage after 5th and 7th rotor harmonics eliminated. 
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Figure 2.19. a Harmonics spectra of the output voltage of rotor sider converter for 120-degree mode without 

harmonic elimination. 
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Rotor speed (1560 rpm) dependent grid harmonics
Grid codes (IEC 16000-2-12, EN 50160, NRS 048-2) voltage harmonics

 
Figure 2.19. b Harmonics spectra of the stator voltage for 120-degree mode with grid codes without harmonic 

elimination at 1560 rpm. 
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Figure 2.20  DFIG with quasi-sine rotor injection 120-degree conduction mode. (a) Phase a, b, c rotor voltage with 

harmonics without harmonic elimination. (b)  Phase a, b, c stator voltage without harmonic elimination. (c) Phase a, 

b, c stator voltage after rotor harmonics up to 31st order eliminated. 
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Figure 2.21. a Harmonics spectra of the rotor input voltage for 180-degree conduction mode at dm =0.9 with 5th 

and 7th harmonics eliminated. 
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Figure 2.21.b Harmonics spectra of the stator voltage for 180-degree mode with grid codes at 1560 rpm at dm
 =0.9 

after 5th and 7th rotor harmonics eliminated. 
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Figure 2.22. a Harmonics spectra of the rotor output voltage of 120-degree conduction mode at d
m

 =0.9 with 5th 

and 7th harmonics eliminated. 
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Figure 2. 22.b. Harmonics spectra of the stator voltage of 120-degree conduction mode with dm
 =0.9 with 5th and 

7th rotor harmonics eliminated at 1560 rpm. 
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Figure 2.23.a. Harmonics spectra of the stator voltage for 180-degree mode with grid codes at 1560 rpm at dm  

=0.9 after DG1and DG2 for 3 and 5 switching with combined approach.  

0 0.5 1 1.5 2 2.5 3 3.5
0

20

40

60

80

100

Stator Harmonic Order

%
 o

f S
ta

to
r 

H
ar

m
o

ni
c 

M
ag

ni
tu

de

 

 

Rotor speed dependent grid harmonics (DG1 & DG2 for 3 & 5 switching with combined approach)
Grid codes (IEC 61000-2-12, EN 50160, NRS 048-2:2003) standard voltage harmonics
Grid code IEEE 519:92 standard voltage harmonics

Sub-harmonics

 
Figure 2.23.b. Harmonics spectra of the stator voltage for 120-degree mode with grid codes at 1560 rpm at dm  

=0.9 after DG1and DG2 for 3 and 5 switching with combined approach. 
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Figure 2. 24 The output of the DFIG with quasi-sine rotor injection 180-degree conduction mode for (a)  Phase a, b, 

c stator current with IEEE 1547 standard harmonics (c) Phase a, b, c stator current up to 19th rotor harmonics 

eliminated. 

2.10  Conclusion 

A new method for reduction of voltage harmonics in a micro-grid system consisting of DFIG as multiple DG 

sources is proposed. The BBO-based SHE-PWM control of rotor side inverters is employed for this purpose. The 

selected lower order harmonics of the rotor output voltage e.g. 5th and 7th are eliminated by BBO-based SHE-PWM 

technique. The switching angles eliminating lower order harmonics at different modulation indices are computed by 

the BBO algorithm and stored in a DSP as look-up table for online application. The other PWM inverter connected 

to the micro grid is also controlled by BBO-based SHE-PWM technique in such a way to suppress higher order 

harmonics including 11th, 13th, 17th, and 19th order which are generated by other inverters besides eliminating its own 

lower order harmonics. Thus, the overall voltage THD in the micro-grid is minimized. The total switching losses of 

the inverters are lower compared to the situation when all the inverters are switched to eliminate both lower and 

higher order harmonics. The proposed scheme can be efficiently employed for online control of any number of 

inverters connected with the micro-grid system supplied from different DG sources. 
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Chapter 3 

3.1 Chapter Overview 
 

This chapter develops a framework for optimization of rotor side converter (RSC) switching to eliminate lower order harmonic 

injection of a doubly fed induction generator (DFIG) connected to grid. A biogeography based optimization (BBO) technique is 

used for this purpose. Three level inverters operating in either 120° or 180° modes at slip frequency are usually employed for 

the RSC to reduce switching losses. Non-sinusoidal rotor injected voltages by RSC generates undesirable stator harmonics 

based on operating rotor speed. Induced harmonics in stator are analyzed and computed. A new switching strategy is developed 

to reduce stator harmonics at different speeds. A BBO based technique is used to compute the switching angles off-line 

controlled to minimum injected harmonics at closed intervals of modulation indices. These angles are stored in processor 

memory for on-line application using mixed model equations which have low memory usage. Various simulations are executed 

supported by suitable experiments with a practical machine for verification of the proposed model which provided satisfactory 

results.  

3.2 Introduction and basic idea of DGs, DFIG and stator side harmonic 

In modern life, the possibility of an electric system based on renewable energy is drawing increased attention with the 

increase in continuous consumption of fossil fuels leading to energy crisis and environmental pollution problems. Therefore, as 

substitutions of fossil fuels, the “green” and “low carbon” power becomes the insistent need of electric power system and the 

ultimate outcomes of the ongoing research are solar power, wind power etc. The grid connected DFIG schemes are becoming 

increasingly popular to get a constant voltage and constant frequency (CVCF) ac output from a variable speed wind turbine. 

Doubly-fed induction generators (DFIG) fitted with bi-directional inverters at the rotor side are key components of distributed 

generation systems (DGSs) and micro-grids (MGs). The major advantage of variable-speed DFIGs is that their annual energy 

capture is about 5% greater than the fixed speed technology [68]. When the wind speed changes, the rotor speed will change, 

and hence the rotor injection frequency should also be adjusted. The rotor of a DFIG is directly fed with a variable frequency 

and variable magnitude three-phase voltage. The injected ac voltage to the rotor usually comes from a DC/AC bridge converter 

shown in Figure 3.1. The performance is studied when the rotor-injected voltage is a three level quasi-sine wave. A six-step 

switching (which possess ( )6 1n ± harmonics) technique which results in a quasi-sine voltage is generally applied to the 

rotor circuit to reduce the converter switching losses. Non-sinusoidal rotor voltages cause rotor harmonics which in turn 

generates undesirable stator harmonics depending on rotor speed. Micro-grids operate at distribution voltage levels. The 

electrical loads are becoming increasingly sensitive and polluting in nature with the augmented usage of power electronic and 

computer controlled devices. Therefore, it has become mandatory to maintain stipulated quality of power as recommended 

indifferent international standards e.g.  IEEE 1547, IEC, EN, CIGRE WG 36-05, NRS [69]. Harmonic elimination has 

therefore become a very important issue with respect to the operation of the micro-grids. Moreover, this issue has become 

more relevant with the introduction of micro grid connected DGs with renewable energy sources requiring strong power 

electronic control. One of such popular DGs is a hybrid generation scheme with DFIG based wind energy conversion system 

and PV panels, which is shown in Figure 3.1. The stator side of the DFIG is directly connected to the utility grid while the 

rotor side is fed from a three level PV connected inverter beside the grid. The PV panel output is supported with a battery to 

absorb the excess power from the PV panels or from the DFIG rotor during super synchronous operation. The preliminaries for 

the harmonics generated by quasi sine wave three level inverters are furnished in [70]. In [71, 72], the technique for 
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elimination of specific harmonics from a given output voltage waveform using pulse width modulation (PWM) has been 

discussed. The selected harmonic elimination based pulse width modulation (SHE-PWM) scheme with a lower number of 

switchings is also shown in [73]. The SHE-PWM method has usually no control over the non-eliminated harmonics, which can 

increase to higher values. Moreover, the process becomes complex and computation intensive with increased number of 

harmonics to be eliminated. The six-step switching technique [68, 73] is widely used in thyristor based inverters in order to 

reduce the switching losses with a simple control circuit. The six-step switching technique introduces quasi-sine ac voltages 

containing all odd harmonics except triple-n harmonics in the rotor line voltage. The harmonic rotor currents can induce speed 

dependent stator current harmonics, which can result in pulsating torques. The harmonic elimination for selected order of 

harmonics along with required fundamental component has been discussed in [30, 34, 35, 74, 75]. In [32,76], rapid 

convergence with Newton iteration is shown by predicting suitable initial values. Multiple solutions to the SHE problem are 

also discussed in [46, 77], while [47, 78] represent an optimization technique for particular objective function to minimize the 

required harmonics. Also Genetic Algorithm (GA) technique has been introduced in [79, 80] to speed up solution of SHE 

problem. In [81], Particle swarm optimization technique (PSO) technique is proposed, while in [82] a modulation-based PWM 

method is employed for this purpose. The works in [60, 83, 84] discuss the harmonics issues in rotor and stator sides of DFIG. 

But none of these techniques address DFIG-based converter switching modification for reduction or control of stator side 

harmonics.  

This chapter develops a framework for optimization of rotor side converter (RSC) switching for a doubly fed induction 

generator (DFIG) connected to grid. When the rotor side converter is switched to provide conventional quasi-sine voltage to 

rotor, various speed dependent stator harmonics can be generated to pollute the grid voltage. Thus a modified rotor side 

inverter switching scheme is proposed in this chapter to reduce the overall stator voltage THD. The rotor side inverter is fed 

from a solar PV panel cascaded with a DC-DC buck-boost converter, battery and capacitor. Since the inverters connected to 

the grid system are subjected to handle bulk amount of power, a lesser number of switching per cycle is advantageous for 

satisfactory operation and reduced switching losses. Optimization based technique is applied to calculate the switching angles 

of the RSC to reduce injected harmonics. In the present approach, a BBO based [85] algorithm is used to compute the 

switching angles leading to elimination of selected lower order harmonics and reduction of higher order harmonics. In the 

present approach, the BBO algorithm searches for optimum set of switching strategies to contribute the minimum THD at all 

permissible modulation indices. The method is found to be effective for both120°  and 180°  switching techniques for RSC 

switching. The switching angles are computed offline and the combination of switching angles corresponding to minimum 

voltage THD at sufficiently close points of modulation indices with consideration of linearity between two successive points 

are stored in a digital signal processor (DSP) memory for online application. Various simulations and experiments in a 

practical 3 KW DFIG validate the proposed concept. 

3.3 Proposed DFIG System Configuration 

The block diagram of the DFIG system with proposed control technique is shown in Figure 3.1.The stator of the DFIG is 

directly connected to grid at line frequency. The DFIG is mechanically coupled with a wind turbine through gearbox. The wind 

turbine is also having pitch angle control facility for speed control of the turbine-generator assembly. The RSC actually 

controls the active and reactive power flow from the DC link to the generator which is demonstrated in Figure 3.1. During sub-

synchronous mode the active power is fed from the dc bus to the rotor. On the other hand, during super-synchronous mode of 

operation, the active power is extracted from the rotor to the dc bus which is used to charge the battery and supply other dc 

loads. The reactive power is controlled in such a way so that the stator operates near unity power factor. The battery can also 
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be charged from the solar panel in this mode. The DC link voltage 
dV is controlled in MPPT mode by the DC-DC converter 

which is fed from the solar panel. 

 

Figure 3.1Schematic diagram of a DFIG based wind generation 

The optional battery connected between the two converters can serve the purpose of storing the extra energy from the PV panel 

when the rotor side power demand is less than PV panel output. Moreover, this can act as a stand by dc source in the absence 

of sun light to inject power to the rotor. Also the same can store the recovered power from rotor during super-synchronous 

operation. In case of the battery gets fully charged, the excess power from the PV panel or the RSC can be fed back to grid 

through the grid side converter (GSC). The DC-DC converter provided with PV panel uses maximum power point tracking 

(MPPT) to get the maximum possible power from the PV array etc. Inverters feeding the rotors of the DFIGs handle high 

current. Thus the devices will have high current stress both during switching and continuous conduction.  Since the conduction 

current cannot minimized as it is decided by the load, the switching losses should be reduced. Thus, output voltage of the rotor 

side inverter is generally chosen to be a quasi-sine wave with either 120° or 180° [86] switching modes allowing least no. of 

switching per cycle. Harmonic analysis of the stator circuit with quasi-sine rotor voltage injection is investigated. The six-step 

switching [52, 87] introduces ( )6 1n± harmonics in the injected rotor voltages which results in a non-sinusoidal stator voltage 

waveform. 

3.4 Harmonic Analysis for Stator and Rotor Currents 

Harmonics in the three phase systems have different phase sequence depending on the order of harmonic. The rotor 

current contains harmonics of order( )6 1n +  which have positive sequence and harmonics of order  ( )6 1n−  which have 

negative sequence. The positive sequences are defined by ( )6 1 rn f+  i.e. 7 ,13 ,r rf f ⋯ and the negative sequences are 

defined by ( )6 1 rn f− −  i.e. 5 , 11 ,r rf f− − ⋯ .Therefore, the following stator side harmonic components can be observed 

in the stator current: r mf f+ , 5 r mf f− + , 7 r mf f+ , 11 r mf f− + and 13 r mf f+ etc. The lowermost order harmonic 

(LOH) observed is 5 r mf f− .The fifth harmonic of the rotor current produces rotor flux which rotates at five times the 
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fundamental rotor frequency in the opposite direction. The fifth harmonic rotor flux reacts with the fundamental flux to 

produce a pulsating torque at six times the rotor fundamental frequency which is6 rf− . Similarly, the seventh harmonic rotor 

field produces a pulsating torque at six times the fundamental frequency i.e. 6 rf . The stator induced voltages due to the 

rotor injected harmonics can be formulated by ( )1 1 si s f+ −   and ( )1 1 si s f− +   where 6 1i n= + for forward and 

6 1i n= − for backward fields.  

The harmonics of the order3 6.n+ , where 0,1, 2, 3,n = ⋯  are zero sequence components and they will not be present in 

the line voltages. The interaction between the rotor flux harmonics and the fundamental flux in the air-gap also introduces sub-

harmonic currents in the stator. The introduction of the sub-harmonics depends on the speed of the rotor and these also are 

responsible for stator voltage distortion. Therefore, the aim should be to eliminate these undesirable harmonics from the stator 

induced voltages in the working speed range of the DFIG. The rotor-side converters should ensure that the injected rotor 

voltage at slip frequency produces a constant stator frequency of 50 Hz. A sinusoidal input at the rotor side removes the 

problem. The RSC operating in 6-step mode injects harmonics to the rotor circuit. These harmonics reaches the stator terminals 

from rotor side as analyzed in [31, 45, 88-90]. This phenomenon can also cause speed ripple depending on the inertia of the 

machine and other operating conditions [91].  In [92] adaptive filtering technique has been used to partially remove this 

problem. Different PWM techniques can be used to control the frequency and amplitude of the output of the rotor-side 

converter. But producing a near sinusoidal voltage requires high switching frequency which is undesirable due to high 

switching losses in the inverter. For quasi-sine wave switching [86] the (6 1)thn − harmonics produces negative sequence 

harmonics and the corresponding rotor voltage are given by (3.1). 
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                 (3.1) 

Similarly the( )6 1
th

n + harmonics are positive sequence harmonics and the rotor voltages are given by in Eq. (3.2).  
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                     (3.2) 

3.5 Rotor Speed dependent Stator Harmonics  

It is already shown that the six-step switching of RSC introduces a number of rotor voltage harmonics, which in turn 
generate stator voltage harmonics. The stator voltage harmonics generated from rotor harmonics depends on the rotor speed. 

The stator frequency sf is to be kept constant at 50 Hz irrespective of the rotor speed. The rotor speed mf  (mechanical 
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frequency inHz) changes with wind speed. The rotor injection frequency rf is so adjusted to keep the stator frequency 

sf constant. For the injected rotor harmonics order of( )6 1n + , the order of stator frequency generated 

is ( )( )6 1 r mn f f+ +  with n=1,2,…. Similarly for rotor harmonics injection of order( )6 1n− , the generated stator frequency 

will be ( )( )6 1 r mn f f− − + . The fundamental component can be observed in the stator current at a frequency 

of ( )r mf f+ . Then the total stator harmonics observed has frequency of( )6 1 r mn f f± ± .If the machine has P poles and 

the rotor speed in rpm is
rΝ  , then the frequency of the rotor voltage to be injected is given by 

r s mf f f= −  = s sf  

where 120m rf z= Ρ Ν Η  and the slip is given by ( )s r ss = Ν − Ν Ν . 

A four pole 3KW DFIG is considered for the present case for which the synchronous speed is 1500 rpm. Considering a 

maximum operating slip of + 30%, the possible approximate rotor speed range of the DFIG can be between 1000 rpm to 2000 

rpm. If the rotor speed is 1000 rpm, the corresponding rotor mechanical frequency is 33.33 Hz and the rotor injection 

frequency is16.667 zΗ . If the rotor injected harmonic order is13th , the rotor injected frequency is216.67 zΗ . The 

injected13th  harmonic rotor voltage generates a stator frequency of (216.67+33.33) Hz or 2 5 0 zΗ in the forward direction. 

Hence the generated stator harmonic order is5th in forward direction. For the 17th harmonic rotor injected frequency, the rotor 

supply frequency 283.334 z− Η i.e. 283.33Hz in reverse direction. Hence the 17th  order rotor injected harmonic develops a 

stator frequency of (-283.33+33.33) Hz or 250Hz in reverse direction. Hence the stator harmonic order is -5th or 5th in reverse 

direction. In the same way, for a rotor speed of 1250 rpm the corresponding mechanical frequency is 41.67 Hz and the rotor 

injection frequency is 8.33 Hz. For the 5th order rotor injected harmonic, the rotor injected frequency is (5x8.33) Hz =41.67 Hz 

in the opposite direction to the rotation. Therefore, the generated stator harmonic frequency is (41.67-41.67) Hz= 0 Hz, which 

has the significance of no stator harmonic or dc injection to the stator. 

Table 3.1 Generated stator harmonics due to presence of rotor harmonics at various rotor speeds   

Rotor 

harmonic 

order 

Rotor 
speed 
(rpm) 

Generated 
stator 

harmonic 
order 

Rotor 
harmonic 

order 

Rotor 
speed 
(rpm) 

Generated 
stator 

harmonic 
order 

Rotor 
harmonic 

order 

Rotor 
speed 
(rpm) 

Generated 
stator 

harmonic 
order 

Rotor 
harmonic 

order 

Rotor 
speed 
(rpm) 

Generated 
stator 

harmonic 
order 

5th 

1000 -1* 

23rd 

1000 -7* 

13th 

1000 5 

29th 

1100 -7* 

1250 0 1125 -5* 1500 1 1200 -5* 

1500 1 1375 -1* 1625 0 1400 -1* 

1750 2 1500 1 1750 -1* 1500 1 

7th 

1500 1 1750 5 
   

1700 5 

1750 0 1875 7 

17th 

1000 -5* 1800 7 

2000 -1* 
   

1500 1 2000 11 

  

25th 

1125 7 2000 7 
   

11th 

1250 -1* 1250 5 
   

31st 

1000 11 

1375 0 1500 1 

19th 

1000 7 1200 7 

1500 1 1875 -5* 1250 4 1300 5 

1875 4 2000 -7* 1500 1 1500 1 

2000 5 

    

1750 -2 1550 0 

       

2000 -5* 1600 -1* 

                  1800 -5* 

 

* The negative sign indicates that the generated frequency has opposite sequence 
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Thus the stator generated harmonics due to different rotor injected frequencies corresponding to different wind speeds can be 

calculated and some of them are shown in Table-3.1.The negative sign for the harmonics shown in Table-3.1 indicates that the 

generated harmonics are in opposite direction. The harmonic content of stator voltage shown in Table-3.1 reveals that the rotor 

harmonic elimination is very much required for the rotor side inverter in order to suppress lower order stator voltage harmonics 

at different speed. Hence, BBO-based SHE-PWM technique is developed to calculate switching angles to reduce specific 

lower order rotor harmonics from rotor voltage. The angles are calculated off-line and stored in processor memory for on-line 

application. 

3.6 Existing and Proposed Switching Strategies 

The RSC of DFIG is generally switched under either 180°  or 120°  mode of operation which injects quasi-sine voltage 

waveform to the rotor circuit. In the proposed technique both these modes are suitably modified to substantially reduce injected 

harmonics which is shown in the following analysis. 

3.6.1Operating mode of1800 

3.6.1.1 Existing Quasi sine wave 180-degree switching operation 

In Figure 3.2 shows the basic circuit diagram of the three phase bridge inverter, which contained six power switches and six 

freewheeling control diodes. The inverter switching controller generates the preferred output voltage and current waveform. 

Figure 3.3 shows the waveform diagram of the 180-degree conduction mode which is operate 180-degree switch in each 

period, phase shift is 60-degree, at a time the two upper and one lower switch operate, the output voltage always quasi-square 

wave. 

 

Figure 3.2 Three phase inverter for 180-degree switching conduction (a) without renewable (b) with renewable 

The instantaneous line voltageabV , bcV  and caV can be expressed as equation (3.3) which is shifted by 6π  and even 

harmonics are zero.  
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The phase voltage for 180-degree conduction mode as (4) is  
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The instantaneous phase voltage (180°  conduction mode)anV , bnV  and cnV  are expressed in Fourier series as (3.5), 

( ) ( )( )0

1

cos sin
2an n n

n

a
V a n t b n tω ω

∞

=
= + +                   (3.5) 

 

Figure 3.3 The overall output waveform for 180-degree switching conduction. 

The phase voltage waveform of a 3-phase bridge inverter is a quasi-square wave. The wave form has quarter-wave symmetry, 

due to the quarter-wave symmetry, we gat 

0 0,a =  for alln , and 0na = , for all even n  

The phase voltage equation (3.5) becomes (3.6) 
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And the harmonics coefficient nb can be expressed as 
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The thn harmonic component can be mathematically expressed as 
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V n
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, and the phase angle 1tan 0n

n
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             (3.7) 

The harmonic analysis of the phase voltage waveform gives the thn  harmonic as, 1,5,7,11,13,17,n = ⋯   

or, 6 1n k= ± for 1,2,3,4,k = ⋯ 

From (3.6) and (3.7) we get the final phase voltage i.e (3.8).  
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                                (3.8) 

Harmonic phase voltage foranV  with 180°  conduction mode as (3.9) 

( )

1 1 1 1 1
0. sin(1 ) sin(5 ) sin(7 ) sin(11 ) sin(13 )

1 5 7
63662

11 13n phase dcV V t t t t tω ω ω ω ω = + + + + +  
⋯                      (3.9) 

 From equation (3.7) the calculated harmonics is observed as Table 3.2 and from Table we can observe that the triple-n 

harmonics (3, 9, 12, 15, …) are zero. The harmonic spectrum for and phase voltage is shown in Figure 3.4 (a) and (b). 

Table 3.2 Generated harmonics for 180-degree conduction from (3.7) with multiplying Vdc.   

Harmonic Order 1 5 7 11 13 17 19 23 25 

Harmonic Magnitude (%)  63.662 12.732 9.0946 5.7875 4.8971 3.7448 3.3506 2.7679 2.5465 

Harmonic Order 29 31 35 37 41 43 47 49 53 

Harmonic Magnitude (%) 2.1952 2.053 1.818 1.720 1.552 1.480 1.3545 1.2992 1.2012 

Harmonic Order 55 59 61 65 67 71 73 77 79 

Harmonic Magnitude (%) 1.1575 1.079 1.043 0.979 0.950 0.896 0.872 0.826 0.805 

0 10 20 30 40 50 60 70
0

10

20

30

40

50

60

70

Harmonic Order

M
ag

n
it
u
d
e 
o
f 
H
ar
m
o
n
ic
s 
(%

)

 

Figure 3.4 (a) The harmonic spectrum for phase voltage 
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Figure 3.4 (b) The harmonic voltage for anV phase. 

3.6.1.2 Proposed SHE-PWM switching Scheme 

A three phase six-step quasi-sine 180°  switching pattern for phase a, b and c with five switching angles is shown in Figure 

3.5. 

 

Figure 3.5 A three-phase six-step Quasi-sine waveforms of 180°  switch conduction phase voltage switching pattern with five 

switching angles. 

A three-phase six-step Quasi-sine waveforms of 180°  switch conduction phase voltage switching pattern with five switching 

angles indicate that up to 5th, 7th, 11th and 13th order harmonic are eliminated and the higher order harmonics are suppressed  by 

a proper choice of displacement angle α .  

The Fourier series of output voltage can be expressed as (3.5)  

The phase voltage waveform of a 3-phase bridge inverter is a quasi-square wave. The wave form has quarter-wave symmetry, 

and due to the quarter wave symmetry 
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Put 1,5,7,11,13,n = ⋯ the harmonic coefficient can be easily calculated and which is,   
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Thus the general equation of nb can be written as (10), 
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                             (3.10) 

For 5-switching, the mathematical statement of these circumstances is then (3.11) 

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5

cos cos cos cos 2cos

cos5 cos5 cos5 cos5 2cos5 0

cos7 cos7 cos7 cos7 2cos7 0

cos11 cos11 cos11 cos11 2cos11 0

cos13 cos13 cos13 cos13 2cos13 0

α α α α α
α α α α α
α α α α α
α α α α α
α α α α α

− + − + = Μ
 − + − + = − + − + =
 − + − + =

 − + − + =

              (3.11) 

The 5 ,7 ,11 13th th th thand  harmonics would be eliminated if 5 7 11 13 0b b b b= = = = .These equations can be solved 

iteratively and calculate the1 2 3, , , , kα α α α⋯  for low % THD. 

Similarly for three switching the phase voltage switching pattern is shown in Figure 3.6 
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For elimination of the 5 7th thand  harmonics, 5 7 0b b= = ; number of switching angles =3.Three notches per quarter-wave 

would be required. Equation (3.12) gives the following set of nonlinear simultaneous equations to solve for the angles. 

 

 

Figure 3.6 A three-phase six-step Quasi-sine waveforms of 180°  switch conduction phase voltage Switching pattern with 

three switching angles. 
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                              (3.12) 

From Figure 3.3 the line voltage waveform of a 3-phase bridge inverter is a quasi-square wave.  Due to the quarter-wave 

symmetry, we gat, 0 0a =  for all n , and 0na = , for all even n  

The general line voltage equation as (3.13)  
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And the harmonics coefficient nb can be expressed as 
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The thn harmonic component can be mathematically expressed as 
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The harmonic analysis of the line voltage waveform gives the thn  harmonic as, 1,5,7,11,13,17,n = ⋯   or, 6 1n k= ± for 

1,2,3,4,k = ⋯ 

From (3.14) and (3.15) we get the final line voltage i.e.  
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The rms value of the 
thn harmonic component is given by 
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The rms value of the fundamental can be obtained by substituting n=1, 
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From equation (3.17) we can calculate the magnitude of harmonics for 180-deg conduction with line voltage, which is shown 

in Table 3.3.  In Figure 3.7 (a) and (b) shows the harmonic spectra and line voltage waveform. 

Table 3.3 Generated harmonics for line voltage with 180-degree conduction from (3.17) with  
 
 

Harmonic Order 1 5 7 11 13 17 19 23 25 

Harmonic Magnitude (%) 77.969 -15.59 -11.14 5.997 -4.586 -4.103 3.39 3.1188 -2.688 

Harmonic Order 29 31 35 37 41 43 47 49 53 

Harmonic Magnitude (%) -2.515 2.227 2.107 -1.901 -1.813 1.6589 1.5912 -1.471 -1.417 

Harmonic Order 55 59 61 65 67 71 73 77 79 

Harmonic Magnitude (%) 1.3215 1.278 -1.199 -1.17 1.0982 1.0681 -1.012 -0.987 0.9394 
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The order of harmonics and their amplitudes is shown in Table 3.6. From Table we can observe that the triple-n harmonics (3, 

9, 12, 15, …) are zero. Here 1,5,7,11,13, , . 6 1, 1,2,3,4,k or k n forn= = ± =⋯ ⋯ ,. The harmonic line voltage equation 

foe 180-deg is as (18) 

( )

1 1 1 1 1
0.77967 sin(1 ) sin(5 ) sin(7 ) sin(11 ) sin(13 )

1 5 7 11 13n line dcV V t t t t tω ω ω ω ω = − − + +  
⋯                           (3.18) 

0 10 20 30 40 50 60 70 80 90
-20

0

20

40

60

80

Harmonic Order

M
ag

n
it

u
d

e 
o

f 
H

ar
m

o
n

ic
s 

(%
 in

 r
m

s)

 
Figure 3.7 (a) The harmonic spectrum for line voltage with 180-degree conduction mode 

 
Figure 3.7 (b) The harmonic voltage spectrum for abV line voltages. 

3.6.2 For120°  mode of operation   

3.6.2.1 Existing Quasi sine wave 120-degree switching 

In this type of control mode, each transistor conducts for120°  conduction mode. The gate triggering signals are control the 

phase and line voltages.  At a time two load terminals are connected in dc supply and at that time third terminals remains open 

and the conduction period for each switch is120° . For 120° mode of operation the instantaneous phase voltage are 

respectively anV , bnV and cnV  as in equation (3.19). 

( ) ( )
1,3,5,

2
sin 3 sin 6dc

aN
n

V
V n n t

n
π ω π

π

∞

=

= +
⋯

 

( ) ( )
1,3,5,

2
sin 3 sin 2dc

bN
n

V
V n n t

n
π ω π

π

∞

=

= −
⋯

                            (3.19) 

( ) ( )
1,3,5,

2
sin 3 sin 7 6dc

cN
n

V
V n n t

n
π ω π

π

∞

=

= −
⋯

 



[Chapter 3:Chapter 3:Chapter 3:Chapter 3: Speed  dependent  stator harmonics  eliminationSpeed  dependent  stator harmonics  eliminationSpeed  dependent  stator harmonics  eliminationSpeed  dependent  stator harmonics  elimination ] Page 79 

 

On the other hand the line voltage a-to-b is 3ab anV V= and the phase advance is30° . For Y-connected load the line-to-line 

voltages as in equation (3.20) 

( ) ( )
1,3,5,

2 3
sin 3 sin 3dc

ab
n

V
V n n t

n
π ω π

π

∞

=

= +
⋯

 

( ) ( )
1,3,5,

2 3
sin 3 sin 3dc

bc
n

V
V n n t

n
π ω π

π

∞

=

= −
⋯

                           (3.20) 

( ) ( )
1,3,5,

2 3
sin 3 sindc

ca
n

V
V n n t

n
π ω π

π

∞

=

= −
⋯

 

 A three-phase six-step Quasi-sine waveforms of 120°  switch conduction phase voltage is shown in Figure 3.8. 

 

Figure 3.8 A three-phase six-step Quasi-sine waveforms of 120°  switch conduction phase voltage applied. 

The instantaneous phase voltage for120° conduction modeanV , bnV  and cnV  can be expressed in a Fourier series, 

( ) ( )( )0
, ,

1

cos sin
2an bn cn n n

n

a
V a n t b n tω ω

∞

=
= + +          

The phase voltage waveform of a 3-phase bridge inverter is a quasi-square wave. The wave form has quarter-wave symmetry, 

due to the quarter-wave symmetry, we get 

0 0a =  for all n , and 0na = , for all even n                     (3.21) 

The phase voltage equation (3.21) becomes  

( )
1

sinan n
n

V b n tω
∞

=
=             

And the harmonics coefficient nb can be expressed as 

( ) ( ) ( ) ( )
2 3 5 3

0

1
sin sin

2 2
dc dc

n

V V
b n t d t n t d t

π π

π

ω ω ω ω
π
 

= − 
  
  for all odd n′ ′                          (3.22) 

Or, ( )2 5
1 cos cos cos

2 3 3
dc

n

V n n
b n

n

π ππ
π
    = − − +    

    
             (3.23) 

Now, the phase angle 1tan 0n
n

n

a

b
φ −  

= = 
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From equation we can observed that the triple-n harmonics (3, 9, 12, 15 …) are zero. Here, 

1,5,7,11,13, , . 6 1, , 1,2,3,4,k or k n for n= = ± =⋯ ⋯    

The general Fourier-series expansion is as  

( )

1 1 1 1 1
. sin(1 ) sin(5 ) sin(7 ) sin(11 ) sin(13 )

1 5 7 11 13n phase dcV funV t t t t tω ω ω ω ω = − + − + −  
⋯               (3.24) 

A three-phase six-step Quasi-sine waveforms of 120°  switch conduction phase and line voltage as shown in Figure 3.9 and 

starting point 30°  .  

The phase voltage equation becomes  

The instantaneous phase voltage (120° conduction mode)anV , bnV  and cnV  are can be expressed in a Fourier series, 

( ) ( )( )0

1

cos sin
2an n n

n

a
V a n t b n tω ω

∞

=
= + +  

The phase voltage waveform of a 3-phase bridge inverter is a quasi-square wave. The wave form has a quarter-wave 

symmetry, Due to the quarter-wave symmetry along the t axisω − , both 0a and na  are zero. Along y-axis att axisω − , we 

can write the phase voltage waveform of a 3-phase bridge inverter is a quasi-square wave. The wave form has quarter-wave 

symmetry, due to the quarter-wave symmetry, we get 

 

Figure 3.9 Three-phase six-step Quasi-sine waveforms of  switch conduction phase voltage. 

0 0a =  for all n , and 0na = , for all even n  

 
( )

1

sinan n
n

V b n tω
∞

=
=

 

And the harmonics coefficient nb can be expressed as 

( ) ( )
2

0

4
sin

2
dc

n

V
b n t d t

π

ω ω
π

=  for all odd n′ ′  
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6 2
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V n n
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π π
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2 3 2 6
dcV n n n n
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n

π π π π
π

       = =       
       

                          (3.25) 

Now, the phase angle 1tan 0n
n

n

a

b
φ −  

= = 
   

The overall phase voltage for 120-degree conduction and 30-degree phase shift is as (3.26) 

( )
1

2
sin sin sin

2 3
dc

an
n

V n n
V n t

n

π π ω
π

∞

=

   =    
   


                            (3.26) 

From equation we can observed that the tripplen harmonics (3,9,12,15,…) are zero. Here, 

1,5,7,11,13, , . 6 1, , 1,2,3,4,k or k n for n= = ± =⋯ ⋯    

The rms value of the fundamental can be obtained by substituting n=1, 

1( )

2
sin sin 38.98484006 %

2 32
dc

phase dc

V
V V

π π
π

   = =   
   

 

The Fourier-series is  

( )

1 1 1 1 1
0.3898 sin(1 ) sin(5 ) sin(7 ) sin(11 ) sin(13 )

1 5 7 11 13n phase dcV V t t t t tω ω ω ω ω = − − + + +  
⋯  

From equation (3.25) the harmonic magnitude is as shown in Table 3.4 and the harmonic spectrum as shown in Figure 3.10. 

Table 3.4 Generated harmonics for phase voltage with 120-degree conduction from (3.25) with  

Harmonic Order 1 5 7 11 13 17 19 23 25 

Harmonic Magnitude (%) 55.1329 -11.027 -7.876 5.0121 4.241 -3.2431 -2.9017 2.3971 2.2053 

Harmonic Order 29 31 35 37 41 43 47 49 53 

Harmonic Magnitude (%) -1.9011 -1.7785 1.5752 1.4901 -1.3447 -1.2822 1.173 1.1252 -1.0402 

Harmonic Order 55 59 61 65 67 71 73 77 79 

Harmonic Magnitude (%) -1.0024 0.9345 0.9038 -0.848 -0.8229 0.7765 0.7552 -0.716 -0.6979 
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Figure 3.10  The harmonic spectrum for phase voltage with 120-degree conduction mode  
From Figure 3.9 the line voltage waveform of a 3-phase bridge inverter is a quasi sine wave. The wave form has quarter-wave 

symmetry, due to the quarter-wave symmetry, we gat 
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0 0a =  for all n , and 0na = , for all even n  

The line voltage equation (3.3) becomes  

 
( )

1

sinab n
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V b n tω
∞

=
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And the harmonics coefficient nb can be expressed as 
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       but, cos 0
2
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 for all odd n , 

The thn harmonic component can be mathematically expressed as 

2
1 cos

3
dc

n

V n
b

n

π
π
  = +   

  
                        (3.27) 

And the phase angle 1tan 0n
n

n

a

b
φ −  

= = 
 

 

The harmonic analysis of the line voltage waveform gives the thn  harmonic as, 1,5,7,11,13,17,n = ⋯   

or, 6 1n k= ± for 1,2,3,4,k = ⋯ 

From (3.27) we get the final phase voltage i.e.  

( )
1

2
1 cos sin

3
dc

ab
n

V n
V n t

n

π ω
π

∞

=

  = +   
  


 

The rms value of the nth harmonic component is given by 

( )
1

2
1 cos

3
dc

ab rms
n

V n
V

n

π
π

∞

=

  = +   
  


 

The Fourier-series is given by 

( )

1 1 1 1 1
. sin(1 ) sin(5 ) sin(7 ) sin(11 ) sin(13 )

1 5 7 11 13ab line dcV fundamental V t t t t tω ω ω ω ω = + + + + +  
⋯

 

 From equation (3.27) the calculated harmonics is observed as Table 3.5 and from Table we can observe that the triple-n 

harmonics (3, 9, 12, 15,…) are zero at that time  the harmonic spectrum for 120-degree line voltage is shown in Figure 3.11. 
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Table 3.5 Generated harmonics for 120-degree conduction from (3.27)   

Harmonic Order 1 5 7 11 13 17 19 23 25 

Harmonic Magnitude (%) 67.5237 13.5047 6.1385 5.1941 3.972 3.5539 2.9358 2.3971 2.7009 

Harmonic Order 29 31 35 37 41 43 47 49 53 

Harmonic Magnitude (%) 2.3284 2.1782 1.9292 1.825 1.6469 1.5703 1.378 1.274 1.2277 

Harmonic Order 55 59 61 65 67 71 73 77 79 

Harmonic Magnitude (%) 1.1445 1.1069 1.0388 1.0078 0.951 0.8769 0.8547 0.8135 0.7944 
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Figure 3.11 The harmonic spectrum for line voltage with 120-degree conduction 

3.6.2.2 Proposed 120-degree SHE-PWM switching Scheme 

A three-phase six-step Quasi-sine waveforms of 120°  switch conduction phase voltage switching pattern with five switching 

angles and starting point 30°  as shown in Figure 3.12. 

The phase voltage waveform of a 3-phase bridge inverter is a quasi-square wave. The wave form has quarter-wave symmetry, 

 

Figure 3.12  A three-phase six-step Quasi-sine waveforms of 120°  switch conduction phase voltage switching pattern with 

five switching angles and starting point30° . 
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0 0a = for all n , and 0na = , for all even n′ ′  
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( )cos 2 0, , 1,5,7,11, 6 1n for n upto nπ = = ±⋯  

The expression for nb can be written as, 
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Or, the phase voltage is
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                (3.28) 

 

Put 1,5,7,11,13,k = ⋯  
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2
cos cos cos cos cosdcV
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dcV
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π

= − + − +   

For 5-switching, the mathematical statement of these circumstances is then (3.29)  
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                          (3.29) 

The th th th5 ,7 ,11 and 
th13 order of harmonics would be eliminated if 5 7b b b b11 13= = = = 0 and the higher order harmonic 

would be suppressed by proper choice of switching angle. In  

3.6.2 .3 For 60° MODULATION 

 A three-phase six-step Quasi-sine waveforms of 120°  switch conduction MODIFIED phase voltage is shown in Figure 3.13.      

The phase voltage waveform of a 3-phase bridge inverter is a quasi-square wave. The wave form has quarter-wave symmetry, 

and  

0 0a = for all n , and 0na = , for all even n′ ′  
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Figure 3.13  A three-phase six-step Quasi-sine waveforms of 120°  switch conduction MODIFIED phase voltage switching 
pattern. 
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The expression for nb can be written as (3.30), 
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                              (3.30) 

Put 1,5,7,11,13,k = ⋯  

1 1 2 3 4 5 6

2 1
cos cos cos cos cos cos

2
dcV

b n n n n n nα α α α α α
π

 = + − + − + −  
 

5 1 2 3 4 5 6

2 1
cos cos cos cos cos cos

5 2
dcV

b n n n n n nα α α α α α
π

 = + − + − + −  
 

7 1 2 3 4 5 6

2 1
cos cos cos cos cos cos

7 2
dcV

b n n n n n nα α α α α α
π
 = + − + − + −  

  

For 5-switching, the mathematical statement of these circumstances is then (3.31) 
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                        (3.31) 

The th th th5 ,7 ,11 and 
th13 order of harmonics would be eliminated if 5 7b b b b11 13= = = = 0 and the higher order harmonic 

would be suppressed by proper choice of switching angles.  

For three switching the voltage waveforms is shown in Figure 3.14 

 

Figure 3.14 Three-phase six-step Quasi-sine waveforms of 120°  switch conduction phase voltage switching pattern with three 

switching angles and starting point30° . 
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For 3-switching the nonlinear equation is (3.32) 

1 2 3

1 2 3

1 2 35

cos cos cos

cos5 cos5 cos5 0

cos7 cos7 cos7 0

α α α
α α α
α α α

− + = Μ
 − + =
 − + =

                               (3.32) 

The 7th thn and  harmonics would be eliminated if 5 7 0b b= = .These equations can be solved iteratively and calculate the 

switching angles 1 2 3, andα α α . 

3.7 Proposed Scheme for Rotor Harmonics Elimination Technique  

The proposed technique the normal six-step quasi sine wave is modified with extra switchings per quarter cycle. The number 

of switching can be more to eliminate wider range of harmonics. This can increase switching losses and can lead to derated 

operation of the inverter. Thus, the main aim is to reduce as many nos. of harmonics as possible with lesser number of 

switching for efficient inverter operation. In this chapter, a heuristic search based method of BBO is used to minimize the 

maximum number of harmonics with lower no. of switching. This can also reduce the overall THD in the stator side voltage of 

DFIG at any operating speed. In the proposed technique, the selected lower order harmonics are eliminated and the rest higher 

orders are minimized through BBO technique by optimizing the chosen objective function( )F α  defined by (34). The 

switching angles are computed off-line and stored in processor memory for on line application. 

3. 7.1 Proposed Harmonic Elimination Principle using BBO Algorithm  

In the proposed method, the harmonic elimination problem is converted to optimization problem and the switching angles are 

found out offline to contribute minimum voltage THD. BBO technique is chosen as it is simple and has not yet been explored 

extensively to solve the problem of converter switching. Moreover, unlike the other meta-heuristic techniques, BBO does not 

require unreasonable amount of computational effort [85] and relatively faster convergence rate. 

The objective function ( )F α is formulated to satisfy the desired constraints as, 

( ) ( ) ( ) ( )2 2 2

1 5 5 5 n n nF b M K b K bα ε ε= − + − + −⋯
               

(3.33)
 

Where 1b  
is the fundamental amplitude, 

5, , nK K⋯  are the penalties for individual harmonics which are set to high values so 

that the magnitudes of 
5 7 11, , , , nb b b b⋯ are forced to follow the desired values. The constants

5 7, , ..., nε ε ε  are the permissible 

limits of individual harmonics which are chosen very close to zero for the selected lower order harmonics and to the desired 

value for other higher order of harmonics. 

Mathematically, the problem can be formulated as, 

Minimize ( ) ( )1 2 3, , , , mF Fα α α α α= ⋯                 (3.34) 

Subject to: ( )1 2 30 2mα α α α π< < < < < < ;⋯                (3.35) 

To minimize ( )F α  BBO algorithm is used for the present technique. In this method, each search point of the population is 

composed of the switching angles per quarter cycle1α  through mα .To start the search procedure, the switching angles are 

randomly generated satisfying the conditions of (3.35) for the chosen number of population. Using these random values, 
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individual harmonics representing the fitness of the particular search point are computed. The best combination of angles 

among the population of the given search points up to present iteration are called the elite or best solution for the variables1α  

through mα . New search points are generated from the current search points at each iteration and the information regarding the 

best solutions is found out by using the BBO. 

The brief statement of algorithm in steps is,  

i. Start the search procedure for the set of values switching anglesα . 

0 0 0 0 0 0
1 2 3 4[ , , , , , ]Tmα α α α α α= ⋯

                                  
(3.36) 

ii. Initialize the suitable BBO parameters, i.e., 
modΡ Habitat modification probability,

eepK  Elitism 

parameter,Ι Maximum immigration rate,Ε  Maximum emigration rate,dt Step size,
maxm Maximum mutation 

rate,
m utateΡ Mutation probability, lo w erλ Lower bound for immigration probability per generation, upperλ Upper 

bound for immigration probability per generation,lo w erµ Lower bound for emigration probability per 

generation, upperµ Upper bound for emigration probability per generation, m axS Maximum species count, 

iii.  Set SIVs: Assume the switching angles mα where 1, 2,3, ,m k= ⋯ and nb , 1,5,7, ,n = Ν⋯  

iv. Set: sizeΡ Total population size,
maxG Maximum number of generation, varN um Number of variable, c o u n tΡ Species 

count probability of each habitat. 

v. Update mα and anV using equations (3.6) & (3.10). 

vi. Is the condition of 10 /2mα α π< < < <… satisfied? If yes   then set the best value 

of ( )F α satisfying 1 5 1 7 2, ,b b bε ε= Μ ≤ ≤  and n nb ε≤ otherwise go to next step. 

vii. Determine fitness values of the objective using emigration and immigration rate and compute HSI i.e. mα and nb  by 

using (3.37) [85]. The probability sΡ that the habitat contains exactly S species at time t t+ ∆ can be expressed as, 

         
( ) ( )( ) 1 1s s s s s s s st t t t t t tλ µ λ µ− − +1 +1Ρ +∆ =Ρ 1− ∆− ∆ +Ρ ∆+Ρ ∆

                     
(3.37) 

Where 
sλ and 

sµ  are the immigration and emigration rates. 

viii.  For each habitat, update the probability of its species count using (3.38) and compute each habitat suitability index 

(HSI). This is to indicate the best region for the biological species to survive. HSI is satisfies the suitability index 

variable (SIV) constraints [85]. 

( )
( )
( )

s s s s s

s s s s s s s s

s s s s s

λ µ µ
λ µ λ µ
λ µ λ

+1 +1
.

−1 −1 +1 +1

−1 −1

− + Ρ + Ρ


Ρ = − + Ρ + Ρ + Ρ
− + Ρ + Ρ

max

max

S

S S

S S

=0
1≤ ≤ −1

=

               (3.38) 

ix. The mutation rate m is inversely proportional to the solution probability and is given by, 
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( ) max
max

sm S m
 1− Ρ=  Ρ 

                 (3.39) 

Where 
maxm is the maximum mutation rate which is a user-defined parameter. This equation makes high habitat 

suitability index (HSI) solutions.HSI indicates the quality of the solution set. For the problem being considered, HSI is 

represented by the ( )F α value generated by the solution set. 

x. Apply migration and evaluate fitness. 

xi. If desired fitness achieved then set the best value otherwise go to next step. 

xii. Update the probability of each species count. Apply mutation and evaluate fitness. 

a. Control the value of  

( )0 0F Fα =
                 

(3.40) 

b. Linearize ( ) 0F α = about 0α . 

0
0 0

F
F dα

α
∂ + = ∂ 

                (3.41) 

Where 

1 1 1

1 2

0 2 2 2

1 2

1 2

m

m

m m m

m

F F F

F F F
F

F F F

α α α

α α α
α

α α α

∂ ∂ ∂ 
 ∂ ∂ ∂
 

∂ ∂ ∂ 
∂   ∂ ∂ ∂=   ∂ 

 
 ∂ ∂ ∂ 
 ∂ ∂ ∂ 

⋯

⋯

⋮ ⋮ ⋮ ⋮

⋯

                (3.42) 

Evaluate at 0α  and  

1 2 3 4[ , , , , , ]Tmd d d d d dα α α α α α= ⋯  

c. Solve eq-(3.41) for dα . 

d. Reiteration (updated) (a to d) 

1j j jdα α α+ = + or, 1 0 0dα α α= +               (3.43) 

e. The above process is repeated until the objective function ( )F α reduces below the specified minimum 

value. When the function has converged, a solution will be achieved. In case of divergence from the initial 

guess, a new initial guess is to be made.  

f. Determine the best HSI i.e. switching angles, magnitude of harmonics and THD. If the solution converged 

then set the best value otherwise go to step iii. 

The process terminates if the changes in the fitness values between consecutive iterations are less than a given tolerance, or the 

fitness values do not change for a number of iterations, or the permissible number of iteration runs are completed. The 
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switching angles corresponding to minimum voltage THD for varying modulation index dm are stored in the form of mixed 

model equations [46, 93] in the processor memory for online application. The elite values are updated after every iteration. 

 

To justify the application of BBO algorithm for the given problem, the optimization was tried with the help of other search 

based algorithms e.g. GA, PSO, Gravitational Search algorithm (GSA), Cuckoo Search algorithm (CSA) and BBO to check the 

convergence of the objective function. A typical case of M=0.8 with elimination of 5th, 7th, 11th and 13thorder of harmonics is 

chosen for comparison.  The comparative convergence plot is shown in Figure 3.15. Form Figure 3.15, it can be observed that 

convergence through BBO is much faster than other techniques. The BBO parameters considered during programming are,  

total population size=50, generation count limit=50, number of genes in each population member=5, mutation probability=0, 

habitat modification probability=1, initial mutation probability=0.005, elitism parameter=2, lower bound for immigration 

probability per gene=0.0, upper bound for immigration probability per gene=1, step size used for numerical integration of 

probabilities=1, max immigration rate for each island=1, max emigration rate, for each island=1. 
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Figure 3.15.Variation of the objective function with GA, PSO, GSA, CSA and BBO method for M=0.8 with eliminating 5th, 

7th, 11th and 13th, order harmonics. 

3.8 Simulation and Experimental Results  

The proposed scheme has been simulated in MATLAB 7.8/Simulink environment for both 120°  and 180° switching mode of 

inverter. Both these modes are separately simulated and the results are shown separately. 

3. 8.1  180°  switching mode of operation The simulation results considering five switching per quarter cycle for the BBO-

based SHEPWM inverter are shown in Figure 3.16(a). The objective function ( )F α of Eq. (3.14) is optimized to obtain 

switching angles. The 5 , 7 ,11th th th and13th order of harmonics are set to zero. The fundamental voltage amplitude has been set 

as per the desireddm . Figure 3.16(b) shows the plot of minimum weighted THD for output voltage taken up to 41st order of 

harmonics with varying 
dm  for 3, 4, 5, 6 and 7-switching angles per quarter cycle. 
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Figure 3.16 (a) Variations of switching angles against modulation index for180-degree conduction and 5-Switching (b) 

Minimum Voltage THD (%) Vs. Modulation Index with 180-degree conduction and different no. of switchings (c) Variations 

of switching angles against modulation index for120-degree conduction and 5-Switching (d) Minimum Voltage THD (%) Vs. 

Modulation Index for 120-degree conduction and different no. of switchings. 

3. 8.2 120
0
 switching mode of operation 

The simulation results in this mode for the BBO-based SHE-PWM inverter considering 5-switching are shown in Figure 

3.16(c). The plot of minimum weighted THD for output voltage taking up to 41st order of harmonics with varying
dm , for 

different switchings per quarter cycle is shown in Figure 3.16(d). In this method, the eliminated lower order harmonics for 3-

switching are 5th and7th
, for 5-switching are 5 , 7 ,11th th th and 13th and for 7-switching are 5 , 7 ,11 ,13 ,17th th th th th and19th . 

3.9 System implementation 

Table 3.6 Parameters of the experimental system 

Micro grid Solar panel Proposed DFIG Specification 

Specification Specification Stator Rotor 

      Parameters Parameters 

gridV  415 Rated power 1.5 kW sV  415 rV  110 V 

    f  50 Hz Voltage 110 
     Δ-Connected Y-Connected 

sf  50 Hz rR  1.5 Ω 

Rated 
7.5 kVA 

Battery 500 Ρ                3 KW lrL  12 

Capacity 
  sI  4:00 A rI  14 A 

5th ,7th , As per Capacitance 
 sR  1.2 Ω rN  1450 rpm 

     … grid Specification 
1000 μF, 

400V 
lsL  12 

  
harmonic codes 

  
voltage 

   
mL  320 

              
The experimental set up used for verification of the proposed scheme is shown in Figure 3.1. The stator of the DFIG is directly 

connected to grid. The rotor side of the DFIG is fed from an inverter supplied from a solar array or the grid side converter. An 
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optional battery is also connected in parallel with the solar array to store excess energy. The scheme is tested after connecting 

the stator to a micro-grid although the same is applicable for any type DFIG control modes e.g. grid connected or grid isolated 

mode. The specifications of the test micro-grid system, solar panel battery and the DFIG are shown in Table 3.6. 

3.10 Experimental  Results 

The proposed method of harmonic elimination is initially verified through simulation for the scheme described in Figure 3.1. 

An IGBT based inverter operating in bi-directional mode is used for this purpose. The reference voltages aV ∗ , bV ∗  and cV ∗  are 

generated from the P and Q controllers after comparing with the set value of P*  and Q* .  The modulation index md is calculated 

on-line based on these reference values ofaV ∗ , bV ∗  and cV ∗  as shown in Figure 3.1. 

 
Figure 3. 17 DFIG phase a, b, c (a) rotor voltage and currents with quasi-sine rotor injection at 180-degree conduction mode at 

1450 rpm (b) stator voltage and currents with quasi-sine rotor injection at 180-degree conduction mode at 1450 rpm (c) rotor 

voltage and currents with quasi-sine rotor injection at 120-degree conduction mode (d) stator voltage and current with quasi-

sine rotor injection 120-degree conduction mode. 

Then the SHE-PWM pulses are generated based on stored data in the processor memory to produce optimum voltage THD.  

The DFIG is run at a speed of 1450 rpm at rated load. The rotor side converter provides quasi-sine wave voltage waveform in 

1800 mode. The rotor and stator voltage waveforms for this operation are shown in Figures 3.17(a1) and 3,17 (b1) respectively. 

The modified rotor and stator voltages after the elimination of lower order harmonics up to 25thin the rotor input are shown in 

Figures 3.17(a2) and 3.17(b2) respectively. The corresponding rotor and stator current waveforms are shown in Figures 

3.17(a3) and 3.17.(b3). Then the proposed control strategy is also applied for 1200 switching mode at the 1450 rpm speed of 

the generator. The obtained voltage and current waveforms are shown in Figures 3.17(c) and 3.17(d). The proposed scheme is 

experimentally verified for 1800 mode for a speed variation between1450 rpm to 1550 rpm through synchronous speed of 1500 

rpm at 75% full load after eliminating harmonics up to 25th order from the rotor voltage. The corresponding experimental plots 

are shown in Figure 3.18(a) for speed and rotor current and Figure 3.18(b) for stator voltage. Then the same is verified for 1200 

mode for same speed variation at 75% full load after eliminating harmonics up to 25th order from the rotor voltage. The 

corresponding experimental plots are shown in Figure 3.18(c) for speed and rotor current and Figure 3.18(d) for stator voltage. 

Then in Figure 3.19(a) the comparison of the speed and torque for the DFIG is shown both for the compensated and 

uncompensated system. The active and reactive power is also shown in Figure 3.19(b) at 1550 rpm near half load. Then the 

proposed method was compared with the existing conventional method of quasi sine wave for the rotor voltage at md=0.8. In 
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Figure 3.20(a) voltage harmonics for 180-deg conduction without harmonic eliminations are shown whereas in Figure 3.20(c) 

the same is shown after harmonic elimination.  Similarly, Figures 3.20(b) and 3.20(d) represent voltage harmonic pattern 

before and after harmonic elimination for 120-deg mode. Then the proposed switching was compared with the conventional 

switching demonstrated in [84] for the injected rotor voltage THD and the result is shown in Figure 3.20(e) which also 

confirms the superiority of the proposed scheme. 

 

Figure 3.18. Experimental waveform for (a) rotor current with changing speed (Channel 1, 2 and 3: Y-axis: 10A/div., Channel 

4: Y axis 30 rpm/div.) for 180-degree conduction mode (b) stator voltage (Channel 1, 2 and 3: Y-axis: 600V/div.) for 180-

degree conduction mode (c) rotor current with changing speed (Channel 1, 2 and 3: Y-axis: 10A/div., Channel 4: Y axis 30 

rpm/div.) for 120-degree conduction mode  (d) stator voltage (Channel 1, 2 and 3: Y-axis: 250V/div.) for 120- degree 

conduction mode. 

 
Figure 3.19. Variation of torque and power at half  load, 1550 rpm (a) speed and torque of DFIG for compensated and 

uncompebnsated system (b)Reactive and active power for proposed  technique. 
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Figure 3.20  DFIG rotor voltage harmonics spectra (a)180-degree conduction mode without harmonic elimination (b) 120-

degree conduction mode without harmonic elimination (c) 180-degree conduction mode with 5th , 7th , 11th  and 13th harmonic 

elimination (d) 120-degree conduction mode with 5th , 7th , 11th and 13th  harmonic elimination (e) %THD  comparison with 

conventional and proposed system. 

3.11  Sub-harmonic elimination 

 

For the machine with P poles and rotor speed 
rΝ  rpm, the frequency of the rotor voltage to be injected can be given 

by
r s mf f f= − , where mechanical frequency 120m rf z= Ρ Ν Η  and the slip is given by ( )s r ss = Ν −Ν Ν . Thus the 

induced generated stator frequency due to rotor injected frequency is given by( )6 1 r mn f f± ± . Therefore the generated 

stator sub harmonic order is( )6 1 / 50.r mn f f± ± For a rotor speed of 1434 rpm in a four-pole DFIG, the corresponding rotor 

mechanical frequency is 47.8 Hz and the rotor injection frequency is 2.2 Hz for 50 Hz stator frequency. Therefore, the 

5thharmonic rotor injected frequency at the rotor side is -11 Hz. The reflected stator frequency due to 5th harmonic injected 

rotor voltage is 36.8 Hz. Hence the generated stator sub-harmonic order is 0.736. For same speed, the 7th harmonic rotor 

injected frequency is 15.4 Hz. The stator frequency due to 7th harmonic injected rotor voltage is 63.2 Hz. Hence the generated 

stator sub-harmonic order is 1.264. At the same time, the stator sub-harmonic orders generated by the rotor injected frequency 

of 11th and 13th harmonics are 0.472 and 1.528 respectively. For 120-deg conduction with 0 . 9Μ =  and switching angles 

of
1 13.7765α = � ,

2 21.7013α = � ,
3 28.2888α = � ,

4 43.0082α = � and
5 44.8806α = � , the sub-harmonics 0.736, 1.264, 0.472 

and 1.528 are eliminated. The orders of speed dependent sub-harmonics generated in stator are computed and listed in Tables 

3.7 and 3.8. The sub-harmonic orders of the stator voltages for different rotor speed at 180-degree conduction mode are 

evaluated and given in Table 3.8. 
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Table 3.7 Sub-harmonic elimination for a constant speed with different M for 120-degree mode 
 

Rotor Rotor Stator 

M 

Switching 

M 

Switching 

M 

Switching 

Speed Harmonic Harmonic Angles Angles Angles 

(rpm) Order Order (Degrees) (Degrees) (Degrees) 

1 1 0.7 25.2877 0.8 18.349 0.9 13.7765 

 
5 0.736 0 30.5946 0 24.9836 0 21.7013 

1434 7 1.264 0 40.8175 0 33.8218 0 28.2888 

 
11 0.472 0 48.7581 0 46.4864 0 43.0082 

  13 1.528 0 56.0092 0 52.0462 0 44.8806 

1 1 0.72 9.5935 0.86 15.6429 0.91 12.9566 

 
5 0.88 0 20.7615 0 23.367 0 20.3837 

1470 7 1.12 0 34.7128 0 30.8979 0 26.7645 

 
11 0.76 0 66.1092 0 45.9741 0 39.7003 

  13 1.24 0 75.4025 0 49.3134 0 41.4639 

 
1 1 0.69 7.0505 0.79 16.0547 0.89 10.2894 

 
5 1.08 0 13.7869 0 19.8486 0 16.2491 

7 0.92 0 18.6633 0 27.7591 0 23.1625 

1520 11 1.16 0 63.9661 0 34.9498 0 32.3052 

13 0.84 0 71.5247 0 40.4393 0 35.7122 

17 1.24 0 78.5801 0 50.3456 0 69.701 

  19 0.76 0 87.6307 0 54.4512 0 70.9183 

 
1 1 0.75 14.6222 0.85 13.2037 0.9 11.2431 

 
5 1.24 0 24.7237 0 17.6294 0 16.0995 

7 0.76 0 32.3633 0 24.9662 0 22.7053 

1560 11 1.48 0 52.3221 0 33.5254 0 31.7772 

13 0.52 0 56.4046 0 37.8208 0 34.9508 

17 1.72 0 75.3325 0 50.1776 0 47.8883 

  19 0.28 0 80.9581 0 52.6247 0 48.814 
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Table 3.8 Sub-harmonic elimination for a constant speed with different M for 180-degree mode 
Rotor Rotor  Stator 

M 

Switching 

M 

Switching 

M 

Switching 

Speed Harmonic  Harmonic Angles Angles Angles 

(rpm) Order  Order (Degrees) (Degrees) (Degrees) 

1  1 0.71 16.7618 0.75 17.5192 0.81 16.1865 

 
5  0.8 0 50.5877 0 49.3321 0 52.2769 

1450 7  1.2 0 56.6270 0 54.9915 0 59.3863 

 
11  0.6 0 77.7156 0 79.9317 0 76.1276 

 
13  1.4 0 88.5657 0 88.5909 0 87.8062 

  1  1 0.65 18.8951 0.75 7.6329 0.85 8.9988 

 
5  1.2 0 45.3321 0 13.7796 0 14.2152 

7  0.8 0 52.2947 0 18.9506 0 19.5773 

1550 11  1.4 0 60.5199 0 65.0922 0 67.3986 

13  0.6 0 63.6014 0 70.7815 0 69.8578 

17  1.6 0 79.3839 0 79.8942 0 82.3730 

19  0.4 0 89.2259 0 88.5177 0 88.2181 

3.12  Proposed on-line Control Scheme 

As observed from Table 3.1, the rotor injected harmonics on stator side will depend mainly on the rotor speed. The rotor 

harmonics are injected due to RSC switching which can be either six-step or PWM. For six step switching, all the odd 

harmonics except the triple-n order will be present in the injected phase voltage waveform. On the other hand, the PWM 

switching can reduce the lower order harmonics depending on selected switching frequency. Too high a switching frequency 

can increase converter losses, which can affect the converter rating, life and efficiency. Thus usually six-step switching is 

preferred, which can have the disadvantage of harmonic injection to the stator side. In the proposed technique, a selective 

harmonic elimination and optimization based PWM switching is employed, which either eliminates or reduces the lower order 

harmonics and simultaneously optimizes the other higher order harmonics with lower minimum no of switching per quarter 

cycle.  The no. of switching considered for the present problem depends on the rotor speed. The optimum switching angles are 

calculated off line as a function of md using BBO and stored in processor memory for on line application. The switching angles 

as function of md are shown in Figure 3.2(b) and Figure 3.2(d) for 1800 and 1200 modes which can be stored through mixed 

model equations [93]. When the rotor is operating in steady state at a fixed speed, the switching pattern will be decided by the 

angles already stored in the processor memory. With variation of wind speed, the generated harmonics pattern changes which 

can even result in generation of sub or fractional order harmonics as shown in Table-3.7 and Table- 3.8 for 120 and 180 degree 

switching modes. In these tables the computed switching angles are shown eliminating lower order rotor side harmonics which 

can generate stator side sub-harmonics at different speed and md. As an example, in Table-3.7 at 1434 rpm the five switching 

angles are shown at md=0.7 eliminating rotor side harmonics up to 13th order which automatically eliminates stator side sub-

harmonics as shown in the table. It can be observed from Table-3.1 that the presence of 17th harmonics in the rotor voltage can 

only introduce fundamental frequency at 1500 rpm. A small deviation of speed to 1520 rpm will generate a fractional order 
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harmonic of 1.24 due to the presence of 17th harmonics at the rotor side at md=0.69as given in Table-3.7. The effect of other 

machine parameters for the rotor injected harmonics is negligible compared to RSC injected harmonics. Figure 3.21 shows 

generated stator side harmonics with rotor speed variation from 1200 rpm to 1800 rpm for RSC injected harmonics up to 19th 

order. 
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Figure 3.21 Developed Stator harmonics for RSC injected harmonics up to 19th order against speed variation from 1200 rpm to 

1800 rpm. 
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Figure 3.22 RSC control flowchart. 

The rotor side higher orders harmonics are not considered as their magnitudes are comparatively less to have any significant 

effect on the stator voltage waveform. The speed range selected based on the slip variation of -20% to +20%, which conforms 

to most of the practical applications. It can be observed that in the speed range of 1470 to 1530 rpm all the generated stator side 

harmonics are in the vicinity of fundamental frequency where elimination of lower order rotor side harmonics is more essential 

as their magnitudes are higher. Thus, in this speed range three switching per quarter cycle for the RSC is adopted. While 

calculating the switching angles in this range through BBO, the objective function is adjusted in such a way which can 

eliminate harmonics up to 7th order and rest higher orders are minimized. In the next speed range of 1400 to 1470 rpm or of 
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1530 to 1600 rpm five switching per quarter cycle is adopted eliminating rotor side harmonics up to 13th and rest higher order 

is minimized. This is done as stator side harmonic orders are deviating more from the fundamental as shown in Figure 3.21, 

which can produce more prominent distortion of the stator voltage. Similarly, for the same reason for speed ranges below1400 

rpm to 1200 rpm or above 1600 rpm to 1800 rpm seven switchings per quarter cycle are adopted eliminating RSC injected 

harmonics up to 19th order while minimizing the higher order. The same has been demonstrated through flowchart shown in 

Figure 3.22 which is programmed in the processor memory for online application.  

The switching angles are separately calculated off line for all the 3, 5 and 7 switching methods and stored in the processor 

memory through mixed model equations [93] for on-line application. The plots for 5-switching angles with md for with 180 and 

120 degree conduction mode is shown in Figure 3.16 (a) and (c) respectively. For 180 degree conduction mode the mixed 

model equations (3.44) and (3.45) following procedure of [93] are given by, 

For,0.1 0.8dm≤ ≤ the switching angles are,  

1 5 34.1dmα = − +   

2 10.94 33.93dmα = +  

3 16.5 60dmα = − +                 (3.44) 

4 19.16 59.52dmα = +  

5 13.2 89.7dmα = − +  

Also 0.81 95dm≤ ≤  

21 296.34 488.05 231.48d dm mα = − +  

22 971.87 1628.6 725.52d dm mα = − +  

23 56.16 117.44 12.1d dm mα = − +               (3.45) 

24 1705 2857.2 1272.8d dm mα = − +  

25 779.8 1284.3 609.2d dm mα = − +  

Similar equations can be generated for 3 or 7 switching methods and stored in processor memory. The modulation index md 

will be decided by the RSC controller to provide the desired magnitude of injected voltage where as the speed is taken from 

speed sensor. During speed transition for change of number of switching angles a hysteresis of 5 rpm is considered for the 

present experiment to avoid any fluctuation in the stator voltage. The overall control is decided through the flowchart 

demonstrated in Figure 3.22 during on-line application. The simulated harmonic spectra of stator voltage at different speeds are 

shown in Figure 3.23 before and after the application of proposed method, which shows clear improvement after application of 

the proposed method. The corresponding experimental harmonic spectra are shown in Fig. 3.24 indicating improvement by the 

proposed method which conforms to the simulation results. In these spectra the speeds chosen are 1520 rpm, 1580 rpm and 

1350 rpm for 3, 5 and 7 switchings respectively. 
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Figure 3. 23 Experimental output for DFIG stator side harmonic spectra before and after proposed switchings (a) at 1520 rpm 

(b) at 1580 rpm (c) at 1350rpm. 
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                                                              (c) 

Figure 3.24  DFIG stator side harmonic spectra with and without harmonic elimination for (a) 5th and 7th harmonic elimination 

at 1520 rpm (b) 5th, 7th, 11th and 13th harmonic elimination at 1580 rpm (c) 5th, 7th, 11th, 13th, 17th and 19th harmonic elimination 

at 1350rpm. 

3.13 Conclusion 

An optimized switching strategy for the rotor side converter (RSC) for a DFIG is proposed in this chapter. This can eliminate 

undesired stator harmonics injected from RSC which can deteriorate its power quality. The selected lower order harmonics of 

the RSC generated voltage are removed and rest higher orders are minimized by BBO-based SHE technique. In the proposed 

algorithm, a modified RSC switching technique is adopted based on rotor speed with variation of number of switching angles 

per quarter cycle. The switching angles contributing minimum voltage THD at different modulation indices and speeds are 

computed by the BBO algorithm and stored in a processor memory in the form of mixed model equations for online 

application. Thus, the overall voltage THD in the stator voltage can be minimized. The proposed scheme can be efficiently 

employed for online control of any number of DFIGs connected with grid system or in grid isolation mode of operation. 
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Chapter 4 

4.1 Chapter Overview 

This chapter investigates the combined operation and performance of the doubly fed induction generator (DFIG) and 

powerful custom power devices such as dynamic voltage restorer (DVR), static compensator (STATCOM) and 

unified powr quality conditionar (UPQC) with common distributed generation (DG) systems. Improved multilevel 

inverter based topologies for DVR, STATCOM and UPQC  operations using DFIG and PV are proposed in this 

chapter. The proposed technique can efficiently mitigate the power quality problems e.g. voltage sag, swell, flicker, 

reactive power, voltage interruption, unbalance neutral current, voltage and current harmonics etc. in the distribution 

system. The proposed DG connected three phase multilevel converter for photo voltaic (PV) system reduces filtering 

requirements, increases redundancy and enables transformerless interface with grid. Biogeography-Based 

Optimization (BBO) technique is applied for calculating the exact switching angles for the inverter at each 

modulation index considering low total harmonic distrotion (THD) for the output voltage. The performance of the 

UPQC mode is compared with both DVR and STATCOM models. For the proposed topology, the simulation 

studies with MATLAB are presented which show that the proposed DFIG and PV based UPQC performs 

significantly better than the DG-DVR and DG-STATCOM combinations 

4.2  Importance of DG, DFIG, STATCOM, DVR, UPQC, SHEPWM [94-100] 

Interconnection and grid integration of distributed generation (DG) based sources has become a widely addressed 

research topic in the past two decades. Doubly fed induction generator (DFIG) in wind generation scheme and the 

solar PV based sources are the two most commonly used DGs. Various control strategies for operation and 

performance of DFIG systems have been well studied in literature [32, 44, 45, 76, 88, 101-103]. The harmonic 

analysis of DFIG has been covered in [45, 88, 101] for wind energy conversion system.  In [102, 103], hybrid model 

of a DFIG is thoroughly studied.  Grid harmonics is minimized using optimized coordinated approach in [71,104] 

with six–step switching while maintaining stipulated quality of power as recommended in IEEE 519 standard range. 

In [105], multilevel inverter using particle swarm optimization technique is described. Space vector pulse width 

modulation technique has been utilized in [106] for the multilevel voltage source inverter with photovoltaic system. 

Flying capacitor multilevel converter control is proposed in [62, 107] and five level neutral-point clamped inverter is 

introduced in [108]. Transformer-less series sag compensation with a cascade multilevel inverter is also proposed in 

[109]. Five level neutral-point clamped inverter is introduced in [110] for dynamic voltage restorer to mitigate the 

voltage sag. The short circuit in the grid, inrush currents when large machines are switched on the high power and 

voltage quality problems in the power distribution systems are addressed in [111]. Power quality problems such as 

sags, swells, flickers, notch, spike, harmonics, transients and reduction of three phase voltage unbalance are studied 

in the various works regarding static VAr compensators (SVCs) [98, 99,112], static synchronous compensators 

(STATCOMs) [94, 113], unified power quality conditioner [96, 97, 114, 115, 116] (UPQCs), and custom power 
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devices based on energy storage systems, e.g., dynamic voltage restorers (DVRs) [117, 118, 119, 120]. All these 

literatures are concentrated on isolated operations in any of the modes e.g., DVR, UPQC, STACOM etc. Moreover, 

introduction of renewable sources are not widely used for such compensators. 

This chapter develops a framework for employing a PV-wind hybrid distributed generation system for DVR, 

STATCOM or UPQC [94-100] operation using multilevel converter with optimized switching. The selected 

harmonic elimination pulse width modulation (SHE-PWM) based multilevel inverter (MLI) switching scheme 

optimizes the overall injected voltage and current THD in such a way that line harmonics present in the supply also 

gets reduced. The proposed scheme can inject active power from the hybrid sources while reactive power injection 

can take place in either of DVR, STATCOM or UPQC operation. The conventional UPQC mode of operation 

usually does not compensate the voltage interruption alone without energy storage element in the dc-link. But the 

proposed DG-DFIG-UPQC scheme compensates the voltage interruption in the source with the help of the common 

shared DC bus between the DFIG rotor side and PV interconnection. In the present approach, Biogeography-Based 

Optimization (BBO) [52, 87, 121] based SHE-PWM optimization algorithm technique is used to calculate switching 

angles for the line infacing inverters.  Various simulations using MATLAB/Simulink and the corresponding 

experimental results confirm that the proposed DG-UPQC scheme using hybrid generation performs significantly 

better than the DG-DVR and DG-STATCOM.  

4.3 Proposed System Configuration 

The block diagram of the proposed system considering only wind and PV based hybrid generation and DVR sharing 

common DC bus is shown in Figure 4. 1.  In Figure 4. 1, the DFIG and the PV panels with DC-DC converter are 

connected in parallel with transformer less DVR interface to Micro-grid.  The DVR can reduce the unbalance in load 

side voltage, sag, swell, flicker, spike, reactive power unbalance etc. A multilevel inverter is used as the DVR 

interface to reduce the harmonic content of the output voltage. The stators of the DFIGs are directly connected to 50 

Hz micro grid. The DFIG is mechanically coupled with a wind turbine because most of the supply is of mechanical 

power. A battery is provided between the two converters to store the extra energy from the PV panel when the rotor 

side power demand is less than PV panel output. The same can also act as a dc source in the absence of sun light to 

inject the power to the rotor during sub-synchronous operation or store the power coming from the DFIG rotor at 

super-synchronous speed. Inverters feeding the rotors of the DFIGs, handle high current. Thus the devices will have 

high current stress both during switching and continuous conduction.  Since the conduction current cannot be 

minimized as it is decided by load, the switching losses should be reduced. The Figure 4.2 shows the DVR system is 

same as Figure 4.1 except that the interface is made with the help of series transformer. The schemes in Figure 4.1 

and 10.2 are limited to only DVR operation besides active power injection from wind and PV sources. The proposed 

schemes shown in Figure 4.3 and Figure 4.4 are for improved operation in UPQC mode with reduced injected 

harmonics. The scheme in Figure 4.3 illustrates proposed transformer-less connection while Figure 4.4 shows 

transformer connected PV-UPQC respectively. The SHE-PWM based multilevel inverters are used for interface 

with grid in both the cases.  The transformer less scheme has some important features like lower cost, lower size, 
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free from saturation, neutral current or inrush current related problems etc. On the other hand, the inverter voltage 

has to be higher and the output voltage THD can be higher compared to scheme with transformer for same number 

of switchings.   The Micro-grid and the DFIG specifications used for the proposed scheme are given in Table 4.1. 

 

Figure 4. 1 Proposed transformer less DVR system with PV 
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Figure 4. 2 Proposed transformer connected DVR system with PV 

 

Figure 4.3 Proposed transformer less UPQC system with PV 
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Figure 4.4 Proposed transformer connected UPQC (DVR+STATCOM) system with PV 

Table 4.1 Parameters of the experimental system 

Micro grid DFIG Specification 

Specification Stator Rotor 

  Parameters Parameters 

Vgrid 415 V  sV  415 V  rV  110 V 

sf  50 Hz Δ-Connected Y-Connected 

Rated 
5 kVA 

sf  50 Hz rR  1.7 Ω 

Capacity Ρ  2.2 KW lrL  11 mΗ  

5 ,th 7th    As per sI  5 A rI  14 A 

11th , … grid sR  1.6 Ω rN  1450 rpm 

harmonic codes lsL  12 mΗ  Battery 1000 ΑΗ  

voltage   mL  295 mΗ      

 

4.4 Existing and Proposed Switching Strategies 

The DFIG rotor voltage supplied from inverter is usually a quasi-sine wave to reduce switching losses in the 

semiconductor devices. Similar is the case for DVR, STATCOM and UPQC inverters. The quasi-sine voltage 
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waveforms generated by these inverters can introduce various odd harmonics of the orders of6 1k ± , 

1,2,3,k = ⋯ to the grid. Elimination of such harmonics through PWM needs higher switching frequencies which 

can increase inverter losses and reduce system efficiency. In the proposed method, a modified BBO based 

SHEPWM technique is introduced to substantially reduce the injected harmonics.  

4.4.1 Space Vector Pulse Width Modulation (SVPWM) Switching Control Strategies 

For improved dc bus utilization and with lower output voltage THD, the SVPWM multilevel converter switching 

technique is most suitable. The space vector modulation is one of the advanced, computation intensive, flexible and 

real time modulation techniques. Using SVPWM switching technique determination of the switching instant of the 

switching vectors ,α β planes the magnitude and angle of the rotating vector can be found by the mean of Clark’s 

Transformation with respect to stationary reference frame. Figure 4.5 shows the representation of rotating vector in 

complex plane with typical space vector diagram for two-level inverter and Figure 4.6 shows the space vector 

diagram for three-level inverter.  

 

Figure 4.5 Space vector diagram for (a) two-level inverter (b) voltage space vector and its components (d, q) (c) 

reference vector as a combination of adjacent vectors at sector 1. 

Considering Figure 4.5, the reference voltage can be written as  

( )22 3 a b cref
V jV V aV a VV α β

→

= + = + +               (4.1) 

Where, (2 3) 120j ja e eπ °

= =  

Thus, the magnitude of the reference vector is given by, 
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( )2 2 1, tan
ref

V V V VV α β β αα
→

−= + =
 

             (4.2) 

Substitution of operator ‘a’ in equation (4.1) gives, 

( )(2 3) (2 3)2 3 j j
a b cV jV V e V e Vπ π

α β
−+ = + +

 

 

Figure 4.6 Space vector Positions for (a) three-level inverter (b) division of sectors and region for three-level 

inverter (c) voltage vector 1 and their times. 

( ) ( )( ) ( ) ( )( )2 3 cos 2 3 cos 2 3 2 3 sin 2 3 sin 2 3a b c b cV V V j V Vπ π π π= + + + −          (4.3) 

Equating real and imaginary parts of equation (4.3), 

( ) ( )( )2 3 cos 2 3 cos 2 3a b cV V V Vα π π= + +               (4.4) 

( ) ( )( )2 3 0 sin 2 3 sin 2 3a b cV V V Vβ π π= + −              (4.5) 

Expressions (4.4) and (4.5) can be combined in matrix form as, 

( ) ( )
( ) ( )

1 cos 2 3 cos 2 32
0 sin 2 3 sin 2 33

a
d

b
q

c

V
V

V
V

V

π π
π π

 
    =     −      

             (4.6) 

Figure 4.7 (a-c) shows that the simulation result of SVPWM for DCMLI for line voltage aV , bV and cV  respectively 

and Figure 4.7 (d- f) shows phase voltagesanV , bnV  and cnV  respectively. Figure 4.7 (g) shows the inverter output 
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phase voltages after filtering. Table 4.2 shows the comparison of % THD with SVPWM and SPWM considering 

different levels up to 35 for DCMLI, NPC and cascaded multilevel inverters. 
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Figure 4.7 Simulated waveforms of DCMLI: (a)-(c) line voltages Va, Vb and Vc ; (d)-(f)phase voltages Van, Vbn and 

Vcn (g) phase voltages after filtering  

 

Table 4.2 Comparison between % THD for SVPWM with SPWM. 

No of SVPWM (% THD) SPWM (% THD) 

levels DCMLI NPC Cascade DCMLI NPC Cascade 

2 15.264 16.2508 4.9861 17.432 16.876 7.435 

7 4.6356 10.3778 2.6202 11.8453 13.682 5.549 

9 3.2577 10.1405 2.7754 11.235 12.203 5.0453 

11 3.002 10.0761 2.0955 11.0701 11.002 4.374 

13 2.9557 8.8655 1.8804 10.214 10.549 4.113 

15 2.813 8.7752 1.1123 8.045 9.326 3.541 

17 2.4359 7.7785 1.0087 6.834 7.162 3.179 

19 2.2826 5.0087 1.0243 5.457 6.349 3.0058 

23 2.214 4.108 0.3034 4.348 5.23 2.738 

25 2.1001 3.543 0.1423 3.678 4.473 2.548 

29 1.322 2.8945 0.2046 2.564 4.12 1.3769 

31 0.153 2.125 0.0072 2.743 3.032 1.417 

35 0.093 2.0537 0.0050 1.973 2.23 1.001 
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4.4.2 Conventional Unipolar Programmed switching Case 

For unwanted harmonic elimination the most versatile unipolar switching method is very essential and is shown in 

Figure 4.8 (a) and (b).  From the output voltage the output voltage label is , ,dc dcV V and+ −  0 where the width of 

the pulse is adjustable. By using different computational iterative technique, the proper switching angles may be 

determined and this switching angle eliminate the lesser order harmonics and at the similar time the high magnitude 

harmonics can be controlled or suppressed. At low modulation indices this switching scheme is more advantages but 

for high modulation this is also applicable. For small periods of time in H-bridge inverter the switching method of 

unipolar allows for the preferred voltage to be achieved. Unipolar case produces a inferior harmonics and %THD 

than Bipolar. It is seen that the unipolar scheme provide a more expected approximation to a sinusoidal waveform 

compares to bipolar. For unipolar case the generation of EMI is very less.  

 

Figure 4.8 Selective harmonic PWM switching patterns for (a) three switching and (b) five switching angles. 

The configuration of the unipolar voltage notch is shown in Figure 4.8 (b) the harmonic coefficient nb is given by  

3 51 4

2 3 4 5

2

0

4
sin( ) ( ) sin( ) ( ) sin( ) ( ) sin( ) ( ) sin( ) ( )dc

n

V
b n t d t n t d t n t d t n t d t n t d t

α αα α π

α α α α

ω ω ω ω ω ω ω ω ω ω
π

 
= + + + + 

  
      

[ ]1 2 3 4 5

4
1 cos( ) cos( ) cos( ) cos( ) cos( )dcV

n n n n n
n

α α α α α
π

= − + − + − +⋯          (4.7) 

Equation (3.7) can be extended to m notches per quarter wave as (4.8) 

1

4
1 ( 1) cos( )

m
kdc

n k
k

V
b n

n
α

π =

 = + − 
 
 , for 1,3,5,n = ⋯              (4.8) 

Where the switching angles are satisfied as, 1 2 3 2k
πα α α α< < < < <⋯  

The harmonic voltage equation (4.9) gives the basic idea of the output, 

1

4
( ) 1 ( 1) cos( ) sin( )

m
kdc

k
k

V
V t n n t

n
ω α ω

π =

 = + − 
 
             (4.9) 
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From equation (4.8) we get the harmonic coefficient as (4.10),  

[ ]1 1 2 3 4 5

4
1 cos(1 ) cos(1 ) cos(1 ) cos(1 ) cos(1 )dcV

b α α α α α
π

= − + − + −  

[ ]5 1 2 3 4 5

4
1 cos(5 ) cos(5 ) cos(5 ) cos(5 ) cos(5 )

5
dcV

b α α α α α
π

= − + − + −  

[ ]7 1 2 3 4 5

4
1 cos(7 ) cos(7 ) cos(7 ) cos(7 ) cos(7 )

7
dcV

b α α α α α
π

= − + − + −         (4.10) 

[ ]11 1 2 3 4 5

4
1 cos(11 ) cos(11 ) cos(11 ) cos(11 ) cos(11 )

11
dcV

b α α α α α
π

= − + − + −  

[ ]13 1 2 3 4 5

4
1 cos(13 ) cos(13 ) cos(13 ) cos(13 ) cos(13 )

13
dcV

b α α α α α
π

= − + − + −  

From equation (4.10) we get the equation (4.11) 

[ ]1 2 3 4 51 cos(1 ) cos(1 ) cos(1 ) cos(1 ) cos(1 )Mα α α α α− − + − + =  

[ ]1 2 3 4 51 cos(5 ) cos(5 ) cos(5 ) cos(5 ) cos(5 ) 0α α α α α− − + − + =  

[ ]1 2 3 4 51 cos(7 ) cos(7 ) cos(7 ) cos(7 ) cos(7 ) 0α α α α α− − + − + =         (4.11) 

[ ]1 2 3 4 51 cos(11 ) cos(11 ) cos(11 ) cos(11 ) cos(11 ) 0α α α α α− − + − + =  

[ ]1 2 3 4 51 cos(13 ) cos(13 ) cos(13 ) cos(13 ) cos(13 ) 0α α α α α− − + − + =  

The 5th, 7th, 11th and 13th harmonics would be eliminated if we select the proper switching angle in (4.12) 

1 2 3 4 5cos(1 ) cos(1 ) cos(1 ) cos(1 ) cos(1 )Mα α α α α− + − + =  

1 2 3 4 5cos(5 ) cos(5 ) cos(5 ) cos(5 ) cos(5 ) 0α α α α α− + − + =  

1 2 3 4 5cos(7 ) cos(7 ) cos(7 ) cos(7 ) cos(7 ) 0α α α α α− + − + =          (4.12) 

1 2 3 4 5cos(11 ) cos(11 ) cos(11 ) cos(11 ) cos(11 ) 0α α α α α− + − + =  

1 2 3 4 5cos(13 ) cos(13 ) cos(13 ) cos(13 ) cos(13 ) 0α α α α α− + − + =  

For any odd number harmonics, (4.9) can be reached out up-to  thk  term, where m is the numeral factors with 

respect to changing points of variables regarding to inverter switching angles from 1α  through mα  in the primary 

quadrant. In selection of harmonic elimination,  1α  is taken as they require value for fundamental component and 

the other switching angle coefficients regarding to the harmonics elimination to be vanished are consider to zero or 

very small value. From (4.12) the number of switching angles are five where one switching angles determined the 

fundamental magnitude and rest of the switching angles eliminate the 5th, 7th,11th and 13th order unwanted harmonic 

and the higher order harmonics are suppress for low %THD. 
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For better harmonics optimization the modified unipolar switching with 60-degree modulation technique is very 

versatile and this configuration is illustrated in Figure 4.9. For 6-switching the harmonic coefficient can be 

expressed as (4.13), 

 

Figure 4.9 Selected harmonic PWM switching pattern with five switching angle. 
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The harmonic voltage equation is (4.14) 
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4 1( ) ( 1) cos( ) sin( )2

m
kdc
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           (4.14) 

The general harmonic coefficient is in (4.15) 
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 = − − 
 

             (4.15) 

For 5-switching the different harmonic coefficient are shown in equation (4.16) 

1 1 2 3 4 5

4 1 cos(1 ) cos(1 ) cos(1 ) cos(1 ) cos(1 )2
dcV

b α α α α α
π

 = − + − + − 
 

5 1 2 3 4 5

4 1 cos(5 ) cos(5 ) cos(5 ) cos(5 ) cos(5 )25
dcV

b α α α α α
π

 = − + − + − 
 

7 1 2 3 4 5

4 1 cos(7 ) cos(7 ) cos(7 ) cos(7 ) cos(7 )27
dcV

b α α α α α
π
 = − + − + − 

       (4.16) 

11 1 2 3 4 5

4 1 cos(11 ) cos(11 ) cos(11 ) cos(11 ) cos(11 )211
dcV

b α α α α α
π
 = − + − + − 

 

13 1 2 3 4 5

4 1 cos(13 ) cos(13 ) cos(13 ) cos(13 ) cos(13 )213
dcV

b α α α α α
π
 = − + − + − 

 

Further modification the harmonic equation is (4.17) 
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[ ]1 2 3 4 51 2 cos(1 ) cos(1 ) cos(1 ) cos(1 ) cos(1 )Mα α α α α− − + − + =  

[ ]1 2 3 4 51 2 cos(5 ) cos(5 ) cos(5 ) cos(5 ) cos(5 ) 0α α α α α− − + − + =  

[ ]1 2 3 4 51 2 cos(7 ) cos(7 ) cos(7 ) cos(7 ) cos(7 ) 0α α α α α− − + − + =         (4.17) 

[ ]1 2 3 4 51 2 cos(11 ) cos(11 ) cos(11 ) cos(11 ) cos(11 ) 0α α α α α− − + − + =  

[ ]1 2 3 4 51 2 cos(13 ) cos(13 ) cos(13 ) cos(13 ) cos(13 ) 0α α α α α− − + − + =  

For five switching, 5 7 11 13 0b b b b= = = = , the 5th, 7th, 11th and 13th order harmonic are eliminated and 

fundamental are controlled where the condition of switching angles is 1 2 3 2k
πα α α α< < < < <⋯ .  

4.4.3 For bipolar switching 

 

                                                    (a) 

 

                                                     (b) 

Figure 4.10 Bipolar Programmed PWM using for (a) three switching angles and (b) five switching angles. 

Figure 4.10 (a) delineates the very common Bipolar switching setup with utilizing three numbers of switching angles 

and (b) for five number of switching angles. This switching technique gives the yield voltage is either +V
dc 

or -V
dc

. 

The amount of pulse notches sever per basic cycle is equivalent to double the quantity of switching angles. By using 
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harmonic minimization method the preferred lesser order selected harmonics are removed and the upper harmonics 

are suppressed. 

 

Advantage: 

i. The switching strategy is extremely straightforward not entangled as some other switching plans. 

ii. Bipolar switching can utilize low modulation indices. 

iii. Another advantage is redundancy. 

iv. It can be utilized for higher modulation indices in addition to low modulation indices.  

 

Disadvantages: 

Bipolar Programmed PWM also has some disadvantages.  

i. Bipolar switching produces voltage changes equal to double and for a large V
dc 

can produce a considerable 

amount of EMI. 

ii.  Bipolar PWM inherently increases the effective switching frequency.  

iii.  Bipolar switching for low modulation indices produces high amount of harmonic content in the output. 

Sometimes for certain modulation indices the Total Harmonic Distortion (THD) may be more than 100%.  

A generalized bipolar waveform with k number of switching and having quarter-wave symmetry is periodic. In the 

line-to-line voltage of the inverter output, the triplen i.e. 3rd, 9th, 15th and 18th harmonics are cancelled and the 

amplitude of the nth harmonic bn, given in the following Fourier series expression, is expressed only with the first 

quadrant switching angles1 2, , , mα α α⋯ : 

The Fourier series of output voltage can be expressed as  

0
1,3,5,

sin( )n
n

v b n tω
∝

=

= 
⋯

             (4.18) 

Where 

51 2 4

1 3 4

5

0

2

4
[ sin( ) ( ) sin( ) ( ) sin( ) ( ) sin( ) ( )

sin( ) ( )]

dc
n

V
b n t d t n t d t n t d t n t d t

n t d t

α αα α

α α α

π

α

ω ω ω ω ω ω ω ω
π

ω ω

= − + −

+

   



                     (4.19) 

Equation (4.19) can be extended to m switching per quarter-wave as 

[ ]1 2 3 4 5

4
1 2cos( ) 2cos( ) 2cos( ) 2cos( ) 2cos( )dc

n

V
b n n n n nα α α α α

π
= − + − + − +⋯       (4.20) 

The general harmonic coefficient is expressed as equation (4.21) 

1

4
1 2 ( 1) cos( )

m
kdc

n k
k

V
b nα

π =

 = + − 
 

                           (4.21) 
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Which is satisfied the condition as1 2 3 2k
πα α α α< < < < <⋯ . 

For individual harmonic coefficient in bipolar case is (4.22) 

[ ]1 1 2 3 4 5

4
1 2cos(1 ) 2cos(1 ) 2cos(1 ) 2cos(1 ) 2cos(1 )dcV

b α α α α α
π

= − + − + −  

[ ]5 1 2 3 4 5

4
1 2cos(5 ) 2cos(5 ) 2cos(5 ) 2cos(5 ) 2cos(5 )

5
dcV

b α α α α α
π

= − + − + −  

[ ]7 1 2 3 4 5

4
1 2cos(7 ) 2cos(7 ) 2cos(7 ) 2cos(7 ) 2cos(7 )

7
dcV

b α α α α α
π

= − + − + −       (4.22) 

[ ]11 1 2 3 4 5

4
1 2cos(11 ) 2cos(11 ) 2cos(11 ) 2cos(11 ) 2cos(11)

11
dcV

b α α α α α
π

= − + − + −  

[ ]13 1 2 3 4 5

4
1 2cos(13 ) 2cos(13 ) 2cos(13 ) 2cos(13 ) 2cos(13)

13
dcV

b α α α α α
π

= − + − + −  

The N nontriplen odd harmonics are eliminated with   switching angles, obtained from the solution of the 

following system of equations (4.23). 

[ ]1 2 3 4 51 2 cos(1 ) cos(1 ) cos(1 ) cos(1 ) cos(1 )Mα α α α α− − + − + =  

[ ]1 2 3 4 51 2 cos(5 ) cos(5 ) cos(5 ) cos(5 ) cos(5 ) 0α α α α α− − + − + =  

[ ]1 2 3 4 51 2 cos(7 ) cos(7 ) cos(7 ) cos(7 ) cos(7 ) 0α α α α α− − + − + =         (4.23) 

[ ]1 2 3 4 51 2 cos(11 ) cos(11 ) cos(11 ) cos(11 ) cos(11 ) 0α α α α α− − + − + =  

[ ]1 2 3 4 51 2 cos(13 ) cos(13 ) cos(13 ) cos(13 ) cos(13 ) 0α α α α α− − + − + =  

The 5th, 7th, 11th and 13th harmonics would be eliminated if 5 7 11 13 0b b b b= = = = for proper choice of switching 

angles. The Fourier series expansion of the voltage wave form is as (4.24) 

1

4
( ) 1 2 ( 1) cos( ) sin( )

m
kdc

k
k

V
V t n n t

n
ω α ω

π =

 = + − 
 

                         (4.24) 

4.4.4 PWM switching for Virtual Stage [25, 26, 27] 

This switching scheme is a mix between unipolar and the multilevel fundamental switching scheme. The switching 

“on” and “off” strategy is illustrated in Figure 4.11 (a) per fundamental cycle. For MLI switching scheme each and 

every one of the dc supplies are generally involved within one fundamental cycle. Figure 4.11 shows two dc sources 

and the corresponding four switching angles are used. The pattern of virtual switching stage is illustrated in Figure 

4.11 (b), where the number of dc supplies is three and four numbers of required switching angles. The fourth control 

switching angle forces the third H-bridge to supply a zero output voltage. 
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Advantage:  

i. The switching pattern is very simple. 

ii. Contain low harmonics and lower THD. 

iii.  This type of PWM is substitute to Bipolar PWM switching and with Unipolar switching PWM. 

 

Figure 4.11 Virtual Stage PWM using (a) two dc sources (b) three dc sources. 

4.4.5 Proposed harmonic elimination technique for multilevel inverter 

The concept of Biogeography-Based optimization algortthm based multilevel voltage source inverters and their 

modulation topologies are described in this chapter. By applying this concept, appropriate switching angles can be 

calculated, specific harmonics can be eliminated and controlled, and the output voltage THD can be reduced. A 

wye-configured m-level cascaded-inverter is illustrated in Figure 4.12. 

Figure 4.13 shows the multilevel output-voltage waveform of phase-a for the inverter. Fourier Co-efficient of 

waveform for anV  in Figure4.13 can be obtained as,  

0 0a = for all n , and 0na = , for all even n  and, 

( )
1

(4 ) cos
m

n dc k
k

b V n nπ α
=

 =  
 
              (4.25) 

Where, k is the number of switching angles per quarter cycle. 

Therefore, considering for five switching per quarter cycle forming 11-level inverter, the phase voltage anV can be 

written as, 
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Figure 4.12 A general configuration of three-phase Wye-connected cascaded-multilevel inverter 

 

Figure 4.13 Output voltage waveform of cascaded-multilevel inverter 

( ) ( ) ( ) ( ) ( ) ( ){ } ( )1 2 3 4 5
1,5,7,...

4
cos cos cos cos cos sindc

an
n

V
V t n n n n n t

n
ω α α α α α ω

π

∞

=

= + + + +      (4.26) 
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Thus the co-efficient of fundamental and other odd harmonics in phase voltage can be obtained from expression 

(4.26) and a set of equations can be formed to determine the switching angles with selected harmonics eliminated as,  

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5

cos cos cos cos cos

cos5 cos5 cos5 cos5 cos5 0

cos7 cos7 cos7 cos7 cos7 0

cos11 cos11 cos11 cos11 cos11 0

cos13 cos13 cos13 cos13 cos13 0

α α α α α
α α α α α
α α α α α
α α α α α
α α α α α

+ + + + = Μ
 + + + + = + + + + =
 + + + + =

 + + + + =

                        (4.27)

                                                        

It can be observed from equation (4.27) that the 5 ,7 ,11th th th and13th  harmonics can be eliminated with a desired 

value of fundamental. By solving (4.27), the switching angles 1 2 3 5, , , ,α α α α⋯ can be computed. 
 

A wide range of harmonic elimination requires more number of switching per quarter-cycle, which can increase 

switching losses due to higher switching frequency. This imposes a limit on the inverter rating. Thus, efforts should 

be made to reduce as many number of harmonics as possible with lesser number of switching for lower inverter 

losses. Conventional SHE-PWM techniques involve elimination of unwanted order harmonics and control of the 

amplitude of the fundamental component with more number of switchings per cycle. In the present technique, the 

lower order harmonics are individually eliminated in each DFIG, DVR, STATCOM and UPQC inverter switching 

while the higher orders are minimized. This requires use of a suitable heuristic optimization technique for practical 

implementation. In the present work BBO is applied to find the optimum switching angles of the converters. The 

reasons for obtaining the solution using BBO are the followings: 

iv. BBO technique has not yet been explored extensively to solve the problem of converter switching.  

v. BBO does not require unreasonable amount of computational effort [121]. 

vi. Application of BBO is rather straight forward, requires less tuning of its parameters. 

The %voltage THD, which can be expressed as, 

( )
1 2

2

2
51

1
% 100an

na

THD V
V

∞

=

 
= × 
 

 , where 6 1n k= ± for ( )1,2,3,4,...k =                      (4.28) 

The objective function ( )F α is formulated to satisfy the desired constraints as, 

( ) ( ) ( ) ( ) ( )2 2 2 2

1 1 5 5 5 7 7 7a a a n an nF K V M K V K V K Vα ε ε ε= − + − + − + + −⋯⋯
                    

(4.29)
 

Subjected to, ( )1 2 30 ... 2mα α α α π< < < < < <                                                                                           (4.30) 

Where 1aV is the fundamental amplitude, 1 5, , , nK K K⋯  are the penalties for the fundamental and individual 

harmonics which are set to high values so that the magnitudes of 5 7 11, , , ,a a a anV V V V⋯ are forced to follow the 

desired values. The constants5 7, , , nε ε ε⋯  are the permissible limits of individual harmonics which are chosen 

very close to zero for the selected lower order harmonics. For the present case, the lower order 5th, 7th..13th harmonic 
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constants 5 7 11 13, , ,ε ε ε ε
 

are set to 0.0001. For the higher order harmonics from 17th,..,31st the constants 

17 31, ,ε ε⋯  are set as per grid code IEEE519:1992 [104]. On the other hand, the penalties are selected in such a 

way that the most prioritized component have the greater penalty. For the given problem the values chosen are: 

K1=200, K5=K7=K11=K13=150, K17=K19=100, K23=K25=80, K29=K31=50. The fundamental value of the output is to 

be maintained under top priority and hence its given penalty is the highest. In a similar manner the targeted lower 

order harmonics are given higher penalties as they are intended to be eliminated. On the other hand, the higher order 

harmonics are given lower penalties as their targeted values are higher.  A wrong or random selection these penalties 

can affect convergence and sometimes might not optimize the objective function as per the given goal. In the present 

problem, each search point of the population is composed of the switching angles per quarter cycle i.e., 

from 1α to mα . To start the search procedure, the switching angles are randomly generated satisfying the conditions 

of equation (4.30) for the chosen number of population. Using these random values, individual harmonics are 

computed which represents the fitness of the search point. The best combination of angles among the population of 

search points up to present iteration is called the elite or best solution for the variables 1α to mα . At each iteration, 

new search points are generated from the current search points and the information regarding the best solution is 

found out by using BBO. Considering the probability sP that the habitat contains exactly S species the change in sP  

from time t  to time t t+ ∆ can be written as, 

( ) ( )( )s s s s s s s st t t t t t tλ µ λ µ−1 −1 +1 +1Ρ + ∆ = Ρ 1− ∆ − ∆ + Ρ ∆ + Ρ ∆                        (4.31) 

Where sλ and sµ are the immigration and emigration rates with S species in the habitat. Assuming that t∆  is small 

enough so that 0t∆ →  the equation (4.14) can be obtained. For each habitat, the probability of its species count  

using equation (4.32) is updated and each habitat suitability index (HSI) is computed which satisfies the suitability 

index variable (SIV) constraints. 

( )
( )
( )

s s s s s

s s s s s s s s

s s s s s

λ µ µ
λ µ λ µ
λ µ λ

+1 +1
.

−1 −1 +1 +1

−1 −1

− + Ρ + Ρ


Ρ = − + Ρ + Ρ + Ρ
− + Ρ + Ρ

          max

max

S

S S

S S

= 0
1 ≤ ≤ −1

=
         (4.32) 

The s

.
Ρ  described by (4.32) forS n= 0, ,⋯ can be rewritten as a single matrix equation given by, 

.
Ρ = ΑΡ                (4.33) 

For the straight line curves shown in [121],  

k

k

n
µ Ε=  and 1k

k

n
λ  = Ι − 

 
                                        (4.34) 
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Figure 4. 14 Flowchart of the BBO algorithm. 

Is 

No 

Initialize the BBO parameters using Table 4.3 
 

START 

Set SIVs: Assume the switching angles mα  using (4.27) for 

1,2,3, ,m k= ⋯ and anV  (8) for 1,5,7, ,n N= ⋯  

Set: size max var countP ,G ,Num ,P  

Calculate switching angles mα  , and voltageanV   

Calculate the objective function ( )F α using (4.29) 

Yes 

( )10 ... 2mα α π< < < <
 

and 

1 5 5, , ,a a an nV V Vε ε= Μ ≤ ≤⋯  

 

Determine fitness values of the objective using emigration & immigration 

rate using (4.34) and (4.35) and compute HSI i.e. mα and anV  

 

Apply migration and evaluate the fitness ( )F α  

Update probability of each species count using (4.32) and apply mutation (4.37)  
 

Desired fitness achieved? 
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mα , nb , anV and %THD. 

Is solution converged? 
 

Make sure the HSI does not have duplicates and sort the best 
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Yes 

     Yes 

No 

No 
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Where, kµ and kλ are emigration and immigration rates and k be the number of species. The maximum possible 

immigration rate to the habitat is I and the maximum emigration rate is E. For the special case where E=I, equation 

(4.34) can be modified as, 

 k kλ µ+ = Ε                (4.35) 

The steady state value for the probability of the number of each species is given by, 

( )

1

n

i
i

V

V
+1

=

Ρ ∞ =


               (4.36) 

Where, V is the eigen vector. 

The mutation rate m is inversely proportional to the solution probability is given by, 

( ) max
max

sm S m
 1− Ρ=  Ρ 

              (4.37) 

Where maxm  (maximum mutation rate) is a user-defined parameter. This equation makes high habitat suitability 

index (HSI) solutions. The computation algorithm is described through the flowchart given by Figure 4.14. 

 
4.5 Comparative study of different soft-computing techniques 

Though the problem described in this chapter can be solved by any search based soft computing techniques e.g. 

Genetic Algorithms (GA), Particle Swarm Optimization (PSO), Gravitational Search algorithm (GSA) and Cuckoo 

Search algorithm (CSA), the authors have chosen Biogeography-Based Optimization (BBO) for its simplicity and 

other advantages already stated in the previous section.  

 

Figure 4.15 Value of the objective function with GA, PSO, GSA, CSA and BBO method for M=0.85 with 

eliminating 5th, 7th, 11th and 13th, order harmonics. 
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For justification a comparative study of convergence of the objective function is shown in Figure4.15.  A typical 

case of M=0.85 with elimination of 5th, 7th, 11th and 13thorder of harmonics is considered. The parameters taken for 

different optimization algorithms are given in Table 4.3. Form Figure4.15, it can be observed that convergence 

through BBO is much faster than other optimization techniques. 

Table 4.3 Different parameters for BBO, GSA, PSO, GA and CSA method of computation 

BBO GSA 

Total population size (Psize) 50 Number of agents 50 

Generation count limit (Gmax) 50 Maximum iterations 50 

Number of genes in each population member (Numvar) 5 Elitist Check 1 or 0 

Mutation probability 0 Index of the test function 1 

Habitat modification probability 1 Rpower 1 

Initial mutation probability 0.005 Minimum flag 1 

Elitism parameter 2 Convergence  Iteration 28 

Lower bound for immigration probability per gene 0 CPU time (sec) 0.5998 

Upper bound for immigration probability per gene 1 %THD 2.9432 
Step size used for numerical integration of 
probabilities 

1 
GA 

Maximum immigration rate for each island 1 Total population size 50 

Maximum emigration rate, for each island 1 Generation count limit 50 

Convergence  Iteration 12 Crossover type single point 1 

CPU time (sec) 0.3984 Crossover probability 1 

%THD 1.2804 Initial mutation probability 0.01 

PSO Elitism parameter 2 

Elitism parameter 2 Convergence  Iteration 29 

Size of particle swarm neighborhood 0 CPU time (sec) 0.5332 

Inertial constant 0.3 %THD 2.2213 

Cognitive constant 1 CSA 

Social constant for swarm interaction 1 Number of iteration 50 

Social constant for neighborhood interaction 1 Discovery rate of alien eggs 0.25 

Personal best of each  particle Population  Tolerance 1.00E-05 

Neighborhood best of each particle Population 
Lower bounds & Upper 
bounds conditionally 

global best 
 

Population Convergence  Iteration 26 

Convergence  Iteration 25 CPU time (sec) 0.4992 

CPU time (sec) 0.4821 %THD 2.0943 

%THD 2.0122     
4.6 Effect of variation of free parameters with BBO 

The effect of variation of free parameters of BBO on switching angles calculation is also studied in the present 

work. It has been observed that the population size has the most influence on computation of the switching angles. 

The other parameters like elitism parameters, mutation and migration has negligible impact on the accuracy of the 
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computed angles. The calculated switching angles along with voltage THD in % are shown in Table 4.4 considering 

different number of populations. From Table 4.4 it is clear that if the population size is too small or too large the 

optimization performance will suffer. The considered population sizes in Table 4.4 are 25, 35, 40 and 50 

respectively. It can be observed that the fundamental harmonic magnitude are not satisfied as well as 5th, 7th, 11th, 

and 13th harmonic magnitude are not satisfied for smaller population sizes of 25, 35 and 40.  But when the 

population size is 50, the targeted results are accurately obtained. If the population size is very high above 50 the 

SIV and the HSI are satisfied but BBO slows down taking larger time to converge. The comparative output phase 

voltage harmonic spectra with population sizes of 25, 35, 40 and 50 are shown In Figure4.16.   

Table 4.4 Computed switching angles, THD and individual harmonic magnitude for BBO with different population 

size. 

Phase 
voltage 

harmonic
s order 

Voltage 
harmonics  
magnitude 

when 
populatio
n size is 

50 

Voltage 
harmonics  
magnitude 

when 
population 
size is 25 

Voltage 
harmonics  
magnitude 

when 
populatio
n size is 

35 

Voltage 
harmonics  
magnitude 

when 
populatio
n size is 

40 

switching angles, 
%THD, best and 

mean of 
Generation 

Switching 
angles 
when 

populatio
n size is 

50 

Switching 
angles 
when 

population 
size is 25 

Switching 
angles 
when 

population 
size is 35 

Switching 
angles 
when 

populatio
n size is 

40 

V1 0.83 0.8185 0.8294 0.829 α1 6.3667 5.8246 6.1172 6.2964 

V5 0 0.004 0.0017 0.0005 α2 15.0521 16.499 15.670 15.2199 

V7 0 0.3267 0.1355 0.0162 α3 23.5422 23.436 23.503 23.5328 

V11 0 0.3714 0.1541 0.0212 α4 37.2328 36.449 36.909 37.1463 

V13 0 0.2176 0.0904 0.0141 α5 58.1614 59.322 58.645 58.2913 

V17 0.0177 0.0717 0.0411 0.0241 %THD 3.3703 4.4796 3.8293 3.3813 

V19 0.102 0.1332 0.1246 0.1167 Best 3.3703 4.4796 3.8293 3.3813 

V23 0.0395 0.0534 0.0784 0.0936 Mean 3.3703 4.4997 3.8293 3.3823 

V25 0.0168 0.0599 0.0379 0.0293 Elitism parameter 2 2 2 2 

V29 0.0209 0.0176 0.0233 0.0267 CPU time 0.3974 0.3845 0.388 0.3878 

V31 0.0217 0.0217 0.0329 0.0393 Convergence rate >95% 86%< 86%< 86%< 
 

 

Figure 4.16 Phase voltage harmonic magnitudes for population sizes of 25, 35, 40 and 50. 

4.7 Simulation Results for Proposed and Conventional Inverter  
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Table 4.5 Comparison between % THD for different switching mode when 5th, 7th, 11th and 13th order harmonic 

eliminated using SHE-BBO optimization technique.  

Switching  M Alpha-1 Alpha-2 Alpha-3 Alpha-4 Alpha-5 % THD 

Conventional 

Unipolar 

0.7 25.2877 30.5946 40.8175 48.7581 56.0092 12.4707 

7.5 21.2183 26.9395 36.526 46.8175 53.8419 11.4113 

0.8 18.349 24.9836 33.8218 46.4864 52.0462 10.4206 

0.85 16.0714 23.6406 31.4069 46.1609 49.8861 8.3428 

0.87 15.2132 23.0699 30.3625 45.6847 48.6365 8.2881 

0.9 13.7765 21.7013 28.2888 43.0082 44.8806 8.2881 

Conventional 

Bipolar 

0.74 11.3045 15.2224 68.2668 72.2672 87.2139 17.3421 

0.78 10.973 15.1741 68.7919 71.9327 87.6046 13.2356 

0.82 10.6494 15.1398 69.3874 71.6679 87.9947 12.1132 

0.9 9.6869 15.3716 47.1674 47.7364 88.7871 9.2134 

0.91 9.8689 15.4125 45.313 45.6816 88.8972 8.8473 

Proposed 

Multilevel 

0.7 8.2387 28.6566 41.305 53.4399 73.3851 6.6748 

0.75 12.7916 21.0151 35.8177 56.5999 61.3167 4.95 

0.8 6.5698 18.9402 27.1833 45.1358 62.2425 3.4308 

0.84 6.3667 15.0521 23.5422 37.2328 58.1614 2.6703 

Conventional 

120-degree 

0.7 25.2877 30.5946 40.8175 48.7581 56.0092 12.5774 

0.75 21.2183 26.9395 36.526 46.8175 53.8419 11.2914 

0.8 18.349 24.9836 33.8218 46.4864 52.0462 10.8888 

0.9 13.7765 21.7013 28.2888 43.0082 44.8806 9.0502 

0.91 12.9566 20.3837 26.7645 39.7003 41.4639 7.8506 

Conventional 

180-degree 

0.6 44.68 52.1617 59.9016 80.2784 85.1307 13.1091 

0.65 16.0737 51.2779 58.1904 75.4281 88.8788 11.7142 

0.7 16.623 50.7743 56.9453 77.2835 88.6002 10.8258 

0.75 17.5192 49.3321 54.9915 79.9317 88.5909 8.0902 

0.77 18.1717 48.1399 53.8236 81.8184 88.8762 7.986 

0.78 18.694 47.2179 53.0702 83.5487 89.327 6.1159 

The switching angles corresponding to minimum voltage THD for varying modulation index are stored as look-up 

table in the memory of the DSP for online application. The elite values are updated after every iteration. The process 

is repeated until the convergence is obtained. The process terminates if the changes in the fitness values between 

consecutive iterations are less than a given tolerance, or the fitness values do not change for a number of iterations, 

or the permissible number of iteration runs are completed. Table 4.5 shows that comparison between % THD for 
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proposed and conventional different switching mode when 5th, 7th, 11th and 13th order harmonic eliminated using 

SHE-PWM-BBO optimization technique. The optimum switching angles are calculated off line as a function of 

modulation index using BBO and stored in microcontroller memory for on line application. The total simulation 

controls the power quality.  

In Figure 4.17 the variation of switching angles with modulation index and the corresponding voltage THD are 

shown for the proposed multilevel inverter. In Figures. 4.18 to 4.21 the variation of switching angles with 

modulation index and the corresponding voltage THD are shown for the conventional inverter with 1800 conduction, 

1200 conduction, unipolar and bipolar mode for comparative study. 

For elimination of N no of harmonics, ( 1Ν + ) switching angles are required. The angles can be obtained after 

solving he modified expression (9). The selected lower order harmonics for 3-switching are 5th  and 7th , for 4-

switching are 5 ,7th th and11th
, for 5-switching are 5 ,7 ,11th th th and 13th

, for 6-switching are 

5 ,7 ,11 ,13th th th th and 17th and for 7-switching are 5 ,7 ,11 ,13 ,17th th th th th and 19th  order respectively. All these 

harmonics are eliminated by optimizing the switching angle through minimization of the objective function ( )F α . 

0.50.50.50.5 0.60.60.60.6 0.70.70.70.7 0.80.80.80.8 0.90.90.90.9 1111
0000

50505050

100100100100

 

 

0.60.60.60.6 0.70.70.70.7 0.80.80.80.8 0.90.90.90.9 1111 1.11.11.11.1
0000

50505050

100100100100

 

 

0.60.60.60.6 0.70.70.70.7 0.80.80.80.8 0.90.90.90.9 1111
0000

50505050

100100100100

Modulation IndexModulation IndexModulation IndexModulation Index

S
w

it
ch

in
g

 a
n

g
le

s 
(d

e
g

re
e

)
S

w
it

ch
in

g
 a

n
g

le
s 

(d
e

g
re

e
)

S
w

it
ch

in
g

 a
n

g
le

s 
(d

e
g

re
e

)
S

w
it

ch
in

g
 a

n
g

le
s 

(d
e

g
re

e
)

 

 

0.60.60.60.6 0.70.70.70.7 0.80.80.80.8 0.90.90.90.9 1111
0000

50505050

100100100100

Modulation IndexModulation IndexModulation IndexModulation Index

S
w

it
ch

in
g

 a
n

g
le

s 
(d

e
g

re
e

)
S

w
it

ch
in

g
 a

n
g

le
s 

(d
e

g
re

e
)

S
w

it
ch

in
g

 a
n

g
le

s 
(d

e
g

re
e

)
S

w
it

ch
in

g
 a

n
g

le
s 

(d
e

g
re

e
)

 

 

4444 6666 8888 10101010 12121212
0000

5555

10101010

15151515

Number of inverter per phaseNumber of inverter per phaseNumber of inverter per phaseNumber of inverter per phase

L
in

e
 v

o
lt

a
g

e
 T

H
D

 (
%

)
L

in
e

 v
o

lt
a

g
e

 T
H

D
 (

%
)

L
in

e
 v

o
lt

a
g

e
 T

H
D

 (
%

)
L

in
e

 v
o

lt
a

g
e

 T
H

D
 (

%
)

 

 

0.20.20.20.2 0.40.40.40.4 0.60.60.60.6 0.80.80.80.8 1111
0000

10101010

20202020

30303030

Modulation IndexModulation IndexModulation IndexModulation Index

vo
lt

a
g

e
 T

H
D

 (
%

)
vo

lt
a

g
e

 T
H

D
 (

%
)

vo
lt

a
g

e
 T

H
D

 (
%

)
vo

lt
a

g
e

 T
H

D
 (

%
)

 

 

α1α1α1α1

α2α2α2α2

α3α3α3α3

α1α1α1α1
α2α2α2α2
α3α3α3α3
α4α4α4α4
α5α5α5α5

α1α1α1α1
α2α2α2α2
α3α3α3α3
α4α4α4α4

md=1.00md=1.00md=1.00md=1.00
md=0.95md=0.95md=0.95md=0.95
md=0.90md=0.90md=0.90md=0.90
md=0.85md=0.85md=0.85md=0.85
md=0.80md=0.80md=0.80md=0.80
md=0.75md=0.75md=0.75md=0.75
md=0.70md=0.70md=0.70md=0.70
md=0.65md=0.65md=0.65md=0.65
md=0.60md=0.60md=0.60md=0.60

α1α1α1α1
α2α2α2α2
α3α3α3α3
α4α4α4α4
α5α5α5α5
α6α6α6α6
α7α7α7α7

3-switching3-switching3-switching3-switching
4-switching4-switching4-switching4-switching
5-switching5-switching5-switching5-switching
7-switching7-switching7-switching7-switching
9-switching9-switching9-switching9-switching
11-switching11-switching11-switching11-switching
13-switching13-switching13-switching13-switching
15-switching15-switching15-switching15-switching

(b)

(c) (d)

(e) (f)

(a)

 

Figure 4.17 Modulation index vs. switching angles : (a) for 7-level cascaded inverter (b) for 9-level cascaded 

inverter(c) for 11-level cascaded inverter (d) for 15-level cascaded inverter (e) The line voltage THD with constant 

modulation index as function of the number of inverters per phase. (f) Voltage THD vs. modulation index for level 

inverter. 
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Figure 4.18 Modulation index vs. switching angles for 180 degree conduction mode (a) for 3-switching (b) for 4-

switching (c) for 5-switching (d) for 7-switching (e) Harmonic pattern without switching (f) Voltage THD vs. 

modulation index with different no. of switching angles. 
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Figure 4.19  Modulation index vs. switching angles for 120 degree (a) for 3-switching (b) for 4-switching (c) for 5-

switching (d) for 6-switching (e) for 7-switching and (f) Voltage THD vs. modulation index with different no. of 

switching angles. 
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Figure 4.20  Modulation index vs. switching angles for bipolar switching mode (a) for 4-switching (b) for 5-

switching (c) for 6-switching (d) for 7-switching (e) Harmonic pattern without switching (f) Voltage THD vs. 

modulation index. 
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Figure 4.21 Modulation index vs. switching angles for unipolar switching mode (a) for 3-switching (b) for 9-

switching (c) for 11-switching (d) for 12-switching (e) Harmonic pattern without switching (f) Voltage THD vs. 

modulation index with different no. of switching angles. 
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4.8 Matlab Simulation for PV based DC-DC Converter 

The most attractive features of cascade multilevel inverters with separate dc source are as follows like they can 

operate low switching frequency, they draw very low input current distortion, they generate smaller common-mode  
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Figure 4.22  Simulation results of (a) I-V characteristics for parallel connection of PV cell (b) P-V characteristics 

for parallel connection of PV cell (c) P-V characteristics for series connected PV (d) I-V characteristics for series 

connected PV. 
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Figure 4.23 The output voltage for (a) PV cell (b) Step-up boost voltage, Stage-1 (c) Step-up boost voltage, stage-2 

(d) Filtered output grid voltage. 
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voltage, circuit layout has more flexible, no extra clamping diodes or balancing capacitor, the output voltage levels 

can be easily adjusted.  However, in the proposed scheme, a single dc source is used and the outputs for the different 

levels are added with isolation transformers. The schematic diagram for the proposed scheme is shown in Figure 

4.12.  The multilevel inverters can be easily used in FACTS, DG etc. but the power is not shared equally or it creates 

new problems such as sub-harmonics. Also for the proposed configuration, unequal power sharing among the 

different inverters for different levels can occur and as a result, the maximum power point operation for the PV or 

wind energy system would not be achieved. Therefore, MPPT algorithms are not applicable for the proposed 

multilevel inverter. On the other hand, for the conventional PWM inverters e.g. unipolar, bipolar etc., MPPT 

tracking can be easily applicable. In this chapter several PWM switching strategies have been developed for 

comparative studies. Figure 4.22 shows simulation results of MPPT and different other characteristics for PV 

inverter operating in 120-deg mode. Figure 4.23 shows the output voltage for PV cell and different other stages of 

DC to DC converter feeding the proposed multilevel inverter. 

4.9 Simulation Results for DVR, STATCOM and UPQC with Filter 

                      Table 4.6 Simulation parameters for the scheme in Figure 4.(1-4). 
 

 

 

 

 

 

 

 

 

 

 

The 

Description Parameter Symbols Value 

PV module specification No of solar cell solarN  63 (7x9) 

Nominal voltage nomV  2x12 V  

Maximum power maxP  219 W  

Voltage at maxP  mpV  35.24 V  

Current at maxP  mpI  8.37 A  

Injection Transformer 1:1 Power injP  100 VA  

Voltage rating P SV V  230/230 V  

Resistance P SR R  0.0000261 ohm  

Inductance  P SX X  0.0003 ohm  

Magnetizing mX  0.00004 ohm  

DVR 
DC voltage of 
DVR dcV  240-260 V  

DC link 
capacitance dcC  29 Fµ  

UPQC  Filter inductance Lf
 

217µH 

Filter capacitance fC  139 µH 

Switching  swf  4.0 kHz 

Parameters of the grid 
voltage 

Nominal voltage sV  220-240 V  

frequency  sf  50 Hz  

  
Leakage 
impedance Z  0.039 pu  
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performance of the SVPWM switching technique of the PV connected DVR, STATCOM and UPQC system is 

implemented by considering different cases of voltage disturbances such as balance and unbalanced deep voltage 

sage, voltage swells, voltage flicker, voltage spike, harmonics and voltage variation for long duration. The proposed 

controller for PV based FACTS compensator establishes the proper voltage quality level that is required by the 

sensitive load for both normal and transient operation with appropriate active and reactive power control. From the 

simulation results by using MATLAB/Simulink for multilevel PV based FACTS inverter with and without 

transformer it is observed that the number of levels reach infinity, the output THD approaches zero, i.e., the 

switching loss problem is overcome. The simulation and experimental parameters are shown in Table 4.6. 

4.9.1 Simulation Results for DVR, STATCOM and UPQC with Filter 

For this simulation, the considered DFIG speed is 1550 rpm with 50 Hz frequency and the DVR is turned-on at 

t=0.15 sec due to the occurrence of a balanced three phase fault due to which a voltage sag results since t=0.25 sec. 

The system was connected to a nonlinear rectifier type load.  Figure 4.24 shows the response of the DVR and other 

voltage and currents respectively. Similar fault for unbalances condition has also been simulated and the 

corresponding waveforms are shown in Figure 4.25.  In Figure 4.26, the different responses of three phase balanced 

fault occurring from t=0.15 sec to t=0.25 sec under UPQC mode of operation is shown. 
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Figure 4.24 Simulated response of DVR for nonlinear (RL) load and voltage sag resulting from balanced three 

phase fault (a) three phase balanced fault voltage (b) DVR injected voltage (c) three phase load voltage (d) fault 

current (e) load current.  
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Figure 4.25 Response of DVR with voltage sag for nonlinear (RL) load with phase a, b and ground fault (a) three 

phase unbalanced fault voltage (b) DVR injection voltage (c) Three phase load voltage (V) (d) three phase fault 

current (e) three phase load current. 
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Figure 4.26 Response of UPQC with voltage sag for linear load with balanced three phase fault (a) three phase 

balanced fault voltage (b) UPQC injection voltage (c) three phase load voltage (d) three phase fault current (e) three 

phase load current. 
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4.9.2 Performance Comparison of the proposed DFIG-PV system under UPQC, DVR and STATCOM modes  

The present chapter highlights the operation and performance of a PV based power quality compensating equipment 

operating under UPQC mode supplying nonlinear and voltage sensitive loads. The proposed scheme can provide 

some common benefits such as power flow control in the distribution system, loading capability enhancement of 

micro-grid, system security improvement, voltage sag, swell, flicker and spike mitigation. It is observed that the 

performance of the proposed dual voltage control UPQC compared to that of already available custom power 

compensators is better. Using dual voltage control loop the UPQC reduces more numbers of injected harmonics to 

the supply and thereby improving the power quality supplied to nonlinear and voltage sensitive loads. Using shunt 

connected multilevel converter the UPQC provides the additional VAR requirement by the load 

Table 4.7 Harmonic contents of the inverter source voltage with filter and DVR 

Harmonic 
order 

DCMLI (five level inverter) DCMLI (five level inverter) DCMLI (five level inverter) 

Before compensation (%) SVPWM+LC compensation (%) SVPWM+LC+DVR compensation (%) 

Phase-
A 

Phase- 
B 

Phase- 
C 

Phase-
A 

Phase-
B 

Phase- 
C 

Phase- 
A 

Phase- 
B 

Phase- 
C 

5 0.08 0.07 0.08 0.05 0.05 0.05 0.03 0.03 0.02 

7 0.02 0.05 0.04 0.03 0.03 0.03 0.01 0.002 0.02 

11 0.03 0.03 0.01 0.02 0.02 0.02 0.002 0.01 0.001 

13 0.03 0.02 0.03 0.02 0.02 0.02 0.001 0.01 0.002 

17 0.02 0.02 0.02 0.01 0.01 0.02 0.01 0.001 0 

19 0.01 0.02 0.02 0 0.02 0.01 0 0.001 0.01 

23 0.02 0.01 0.02 0.02 0 0 0 0 0.01 

25 0.02 0.02 0.01 0.01 0.01 0.01 0.001 0.001 0.001 

29 0.01 0.01 0.02 0.02 0.01 0.01 0.001 0.002 0.001 

31 0.02 0.01 0.03 0 0.02 0.01 0 0.001 0.01 

35 0.02 0.02 0.01 0.01 0.01 0.01 0.001 0 0 

37 0.03 0.03 0.01 0.01 0 0.01 0.001 0 0 

41 0.02 0.03 0.01 0.01 0.01 0.01 0 0.001 0.001 

43 0.02 0.02 0.01 0 0.01 0.01 0.001 0.001 0.001 

47 0.02 0.01 0.03 0.01 0 0 0 0 0 

53 0.01 0.01 0.01 0.01 0.01 0.01 0 0 0 

%THD 11.501 11.421 11.471 7.549 7.549 7.416 3.331 3.3376 3.330 

 

Therefore, the additional power factor correction equipment is not necessary. Due to the presence of supply voltage 

sag, UPQC always maintains load end voltage at the rated value. No real power is consumed by the series connected 

multilevel compensator. In steady state also the series compensator shares the VAR load along with the shunt 

compensator, so that the VA rating of shunt compensator is reduced. In Table 4.7 and 4.8, the comparison is shown 

for different harmonic orders and %THD with only diode clamp multilevel inverter (DCMLI) without PWM, 
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DCMLI with SVPWM and LC filter, DCMLI with SVPWM and LC filter and DVR operative, DCMLI with 

SVPWM along with LC filter and STATCOM operative, DCMLI with SVPWM along with LC filter and UPQC 

operative with and without transformer. The system is loaded with unbalanced nonlinear load in all the cases. It can 

be observed that the performance in UPQC mode can reduce the individual harmonic magnitudes with reduction in 

%THD of the injected voltage compared to the other modes.  

Table 4.8 Harmonic contents of the inverter source voltage with filter, STATCOM and UPQC with and without 

transformer. 

Harmonic 
Order 

DCMLI (five level inverter) DCMLI (five level inverter) DCMLI (five level inverter) 

SVPWM+LC+STATCOM   SVPWM+LC+UPQC   SVPWM+LC+UPQC   

Compensation (%) (Transformer less) compensation 
(%) 

(With transformer) compensation 
(%) 

Phase-A Phase-B Phase-C Phase-A Phase-B Phase-C Phase-A Phase-B Phase-C 

5 0.03 0.03 0.03 0.02 0.02 0.02 0.01 0.01 0.01 

7 0.01 0.01 0.002 0.003 0.002 0.0012 0.001 0.001 0.002 

11 0.002 0.002 0.001 0.002 0.002 0.002 0.001 0.001 0 

13 0 0 0.002 0.002 0.002 0.001 0.001 0.001 0.001 

17 0.01 0.01 0 0.001 0.001 0.001 0 0 0 

19 0.002 0.002 0.002 0 0.003 0 0.002 0.002 0.001 

23 0.001 0.001 0.002 0 0 0.001 0 0 0.001 

25 0 0 0 0.001 0.002 0.001 0 0 0 

29 0.001 0.001 0.01 0.001 0.001 0.001 0.001 0.001 0.001 

31 0 0 0 0 0 0 0 0 0 

35 0.003 0.003 0.001 0 0 0 0 0 0 

37 0.001 0.001 0.002 0 0.002 0.001 0.001 0.001 0 

41 0 0 0.001 0.001 0 0 0 0 0 

43 0.002 0.002 0 0.001 0 0 0 0 0 

47 0 0 0 0 0 0 0 0 0 

53 0 0 0.01 0 0.001 0.001 0.001 0.001 0.001 

%THD 3.3526 3.3526 3.3511 2.0542 2.0784 2.0308 1.0488 1.0488 1.0440 

 

In Table 4.9, a comparison of % THD for different modes of operation is shown with non-linear load connected to 

the system. The load side uncompensated phase voltage THDs are 17.76%, 17.64%, 19.85% and the current THDs 

are 21.36%, 21.53%, 21.87% respectively. It can be observed from Table 4.9 that, after compensation with the 

different switching techniques, the load side %THD is significantly improved. The improvement is more UPQC 

mode of operation. On the other hand, Table 4.10 shows the comparison of % THD for different modes of DVR, 

STATCOM and UPQC for the source side considering the same nonlinear load.  The uncompensated source side 

voltage THDs are 7.37%, 7.96%, 8.73% and current THDs are 9.23%, 9.21%, 9.08% respectively. From Table 4.10, 
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it can also be shown that the proposed system can improve the source voltage and current THD to a much lower 

value compared to the other existing schemes. 

Table 4.9 Comparison of % THD at load side for different operating modes after compensation with existing and 

proposed methodology. 

(a) DVR mode of operation 

  Phase Bipolar Unipolar 120-deg 180-deg Proposed MLI DCMLI 

MI=0.85 

V la 4.21 4.11 3.79 1.86 0.217 0.428 

V lb 4.21 3.98 3.76 1.86 0.195 0.428 

V lc 3.96 3.87 3.41 1.07 0.265 0.386 

I la 5.29 3.43 3.76 2.03 0.628 0.925 

I lb 5.16 4.18 4.13 2.03 0.597 0.899 

I lc 5.31 4.01 3.87 1.98 0.518 0.897 

(b) STATCOM mode of operation  

  Phase Bipolar Unipolar 120-deg 180-deg multilevel DCMLI 

MI=0.85 

V la 4.35 4.01 3.41 1.87 0.497 0.768 

V lb 4.26 4.03 3.36 1.91 0.476 0.675 

V lc 4.01 3.89 2.98 1.91 0.413 0.675 

I la 2.73 1.98 1.78 1.39 0.554 0.589 

I lb 3.12 1.98 1.86 1.38 0.627 0.711 

I lc 3.91 1.37 1.86 1.38 0.532 0.711 

(c) UPQC mode of operation 

  Phase Bipolar Unipolar 120-deg 180-deg multilevel DCMLI 

MI=0.85 

V la 4.35 3.13 2.58 1.21 0.067 0.325 

V lb 4.26 3.21 2.31 1.31 0.032 0.325 

V lc 4.01 3.21 2.17 0.98 0.073 0.287 

I la 2.11 1.21 1.36 1.21 0.521 0.896 

I lb 2.79 1.93 1.41 1.43 0.428 0.751 

I lc 2.63 1.68 1.41 1.43 0.179 0.772 
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Table 4.10 Comparison of % THD at source side for different operating modes after compensation with existing and 

proposed methodology. 

(a) DVR mode of operation 

  Phase Bipolar Unipolar 120-deg 180-deg 
Proposed 
MLI DCMLI 

MI=0.85 

Vsa 3.02 2.97 2.01 1.08 0.327 0.397 

Vsb 4.21 2.97 2.01 1.13 0.203 0.397 

Vsc 3.15 1.83 1.98 1.13 0.203 3.79 

Isa 4.23 2.88 2.78 1.89 0.512 0.794 

Isb 4.15 2.93 2.68 1.09 0.311 0.748 

Isc 3.97 2.93 2.32 1.09 0.311 0.748 

(b) STATCOM mode of operation 

  Phase Bipolar Unipolar 120-deg 180-deg multilevel DCMLI 

MI=0.85 

Vsa 3.77 2.16 2.32 1.17 0.389 0.482 

Vsb 4.39 2.38 2.31 1.15 0.283 0.474 

Vsc 3.52 2.17 2.41 1.15 0.283 0.474 

Isa 3.63 2.72 1.54 1.02 0.592 0.658 

Isb 4.61 2.72 1.56 1.01 0.373 0.687 

Isc 3.63 2.71 1.56 1.01 0.382 0.687 

(c) UPQC mode of operation 

  Phase Bipolar Unipolar 120-deg 180-deg multilevel DCMLI 

MI=0.85 

Vsa 2.87 2.01 1.68 1.01 0.139 0.247 

Vsb 3.21 2.01 1.68 1.13 0.082 0.231 

Vsc 3.21 2.07 2.02 1.13 0.082 0.231 

Isa 2.97 2.01 1.23 0.96 0.452 0.523 

Isb 2.97 2.01 1.23 0.93 0.309 0.517 

Isc 2.03 1.98 1.05 0.93 0.109 0.517 
 

4.10 Experimental Result and Discussion 

The proposed scheme is experimentally verified for 180-deg and 120-deg mode for a speed variation between1460 

rpm to 1560 rpm through synchronous speed of 1500 rpm at 75% full load after eliminating harmonics up to 25th 

order from the rotor voltage. The corresponding experimental plots are shown in Figure 4.27 (a) for stator current 

with changing speed for 120-degree conduction mode. In Figure 4.27 (b) the experimental waveform for stator 

voltage for 180-degree conduction mode is shown. Figure 4.27 (c)  and (d) shows the experimental waveforms for 

rotor current with changing speed for 180-degree conduction mode and for stator voltage for 120-degree conduction 

mode. 
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Figure 4.27 Experimental output waveforms of DFIG (a) rotor current with changing speed (Channel 1, 2 and 3: Y-

axis: 10A/div., Channel 4: Y axis 30 rpm/div.) for 120-degree conduction mode. (b) Stator voltage (Channel 1, 2 and 

3: Y-axis: 600V/div.) for 180-degree conduction mode. (c) Rotor current with changing speed (Channel 1, 2 and 3: 

Y-axis: 10A/div., Channel 4: Y axis 30 rpm/div.) for 180-degree conduction mode. (d) Stator voltage (Channel 1, 2 

and 3: Y-axis: 250V/div.) for 120-degree conduction mode. 

4.11 Conclusion 

This chapter investigates the new model of PV-wind based hybrid DG system suitable for DVR, STATCOM and 

UPQC modes of operation. The proposed technique is capable to compensate networks faults, injected harmonics 

and load harmonics, reactive power in distribution power systems. The DVR has the boundary on capability of 

injection of active power i.e., either zero or minimum active power mode. The harmonics of the output voltage are 

eliminated by ML-SHE-PWM switching technique and corresponding THD is also low. The injected harmonics for 

the proposed system is significantly reduced using BBO based optimized switching. The BBO technique is used to 

eliminate or reduce more number of harmonics with less number of switching for improved inverter efficiency. A 

comparison of BBO based computation of switching angles for this problem with other existing soft computing 

techniques has also been made for justification of usage of BBO. The quality of the load voltage during the 

operation of DVR, STATCOM, UPQC and this THD also can fulfill IEEE 519 std. range. Different simulation study 

cases are verified to evaluate the potential application of the proposed control approach with various advantages. 

Various experimental results are also shown to justify the proposed concept. 
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Chapter 5 

5.1 Chapter Overview 

In this chapter, a photovoltaic (PV) based Dynamic Voltage Restorer (PV-DVR) is described which can mitigate 

voltage sags, swells, flickers and harmonics for low or medium voltage residential micro-grid system. The existing 

DVR system usually compensates the grid abnormalities without considering the injected harmonics or the device 

losses which can oversize the system. The proposed PV-DVR system consists of a selected harmonic elimination 

and moderation PWM (SHEAM-PWM) based multilevel inverter system fed from PV module, step-up DC–DC 

boost converter and a series injection transformer. The multilevel inverter is chosen to reduce device voltage stress 

while optimizing number of switching to reduce switching losses. The proposed configuration can reduce overall 

voltage THD to a considerable amount and achieve high dynamic performance. Biogeography-Based Optimization 

(BBO) -based SHEAM-PWM technique is employed for switching optimization purpose. The optimum switching 

angles are computed off line to eliminate the lower order harmonics and the switching angles are stored in 

microcontroller processor memory using mixed model equations for on line application. The proposed method is 

simulated considering a practical system and the results indicate that the voltage harmonics are highly reduced by 

the proposed technique. 

5.2 Introduction 

In the modern civilization, the consumption of fossil fuel is increasing continuously with the abruptly increase in 

power demand. Consequently, the energy crisis and environmental pollution problems are becoming a grave 

concern. As an aftermath, the renewable energy sources are drawing a great attention as the substitute of fossil fuel 

based habitual electric power system. Studies on varying nature of wind, integration of large wind generating system 

in to electric power grid have been covered in [122]. The technological improvement on grid integration with solar 

PV system has been studied in [123]. Analysis of the mathematical properties and physical nature related to the 

hydro-power generation optimization problem has been implemented in [124]. Optimization of the performance of a 

biomass steam gasification system with integrated solar assisted steam production and electricity generation by a 

micro gas turbine has been studied in [125].  Usage of various types of bio-fuels as sources of energy is shown in 

[126]. For discontinuous operation of solar power plant, the low temperature geothermal water is introduced in [127] 

to overcome the problem. 

Besides the linear load, the use of non-linear load is also increasing day-by-day which demands stricter power 

quality. The improved and reliable power quality problem includes minimization of THD, voltage sag, swell, flicker 

and reduction of three phase voltage unbalance [128] etc. There are a number of power quality improvement devices 

reported in open literature, such as, renewable energy based distributed generation (DG) systems (e.g., wind turbine 

farms(WTFs), photovoltaic panels (PVPs), bio-fuel engines, biogas based engines, cogeneration, etc.), energy 

storage systems (e.g. batteries, capacitors, super capacitors, flywheels, electromagnetic storage, proton exchange 

membrane fuel cell (PEMFC) etc.), superconducting magnetic energy (SMES) systems (e.g., voltage source inverter 

SMES (VSISMES), current source inverter SMES (CSISMES), etc.), high voltage direct current (HVDC) systems 
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pertaining to the offshore wind farms, flexible alternating current transmission system (FACTS) devices based on 

energy storage elements (e.g., static var compensators (SVCs), static synchronous compensators (STATCOMs), 

unified power flow controllers [129] (UPFCs), etc.), and custom power devices based on energy storage systems 

(e.g., dynamic voltage restorers (DVRs), active power filters (APFs), etc.) 

 Among these FACTS devices, DVR [130] is an effective custom power device, being one of the key components of 

distributed generation systems (DGSs) connected to micro-grids (MGs). This DVR is a series connected and energy 

storage based device. DVR can mitigate voltage sag, swells, flickers and compensate voltage harmonics along with 

limit on transient voltages and fault currents. 

PWM scheme is required to control the three phase inverter, connected to PV. The THD ratios are obtained at proper 

values according to international standards and grid codes. SHEAM-PWM technique with optimized harmonic 

elimination for low switching frequency is very suitable for a proposed inverter circuit. The SHEAM-PWM method 

reduce the values of specific harmonics to meet the grid codes, instead of making them zero, which limit the 

harmonics amounts in the grids. It can eliminate the specific harmonic components. The elimination of specific 

harmonics from a given output voltage waveform generated by voltage source inverter using PWM has been 

reported in [34, 73, 131]. SHE-PWM [35, 74, 132] offers a tight control of the harmonic spectrum of a given voltage 

waveform, generated by a power electronic converter along with a low number of switching transition. These 

methods can theoretically provide the highest quality output among all the PWM methods. The SHE problem 

becomes complex with the increase in number of harmonics to be eliminated.  

Multilevel inverters [133] are gaining more importance for their usage in high-power medium voltage applications 

due to their superior performance compared to two-level inverters, e.g. lower common-mode voltage, draw input 

current with very low distortion, lower harmonics in output voltage or reduced voltage stress on the power switches. 

SHE-PWM technique along with the multilevel topology generates less harmonic distortion in the output voltages 

waveform without using any filter circuit and considering low number of switching to reduce switching losses. 

However, in high frequency PWM like in phase disposition sinusoidal pulse width modulation (SPWM), the THD 

depends on carrier frequency [134], which can increase inverter losses.  

The use of a custom power device DVR, or a voltage sag/swell compensator, is one of the most effective solutions 

to “restoring” the quality of voltage at its load-side terminals when the quality of voltage at its source-side terminals 

is disturbed. This chapter develops a framework for optimization of switching for a PV based DVR, connected to 

micro-grid. PV based DVR connected inverter switching schemes is anticipated to diminish the overall voltage 

THD. Since the inverters connected to the grid system are subjected to handle bulk amount of power, so, a lesser 

number of switching per cycle is advantageous for satisfactory operation and reduced switching losses (lower 

switching frequency means lower switching loss i.e., higher efficiency is achieved). The BBO-based [52, 87, 121, 

135] SHE-PWM technique can be applied to low and high switching of the inverters. In the present approach, for the 

inverters connected to the PV-DVR, a SHEAM-PWM based algorithm is used to compute the switching angles 

leading to elimination of selected lower order harmonics for grid harmonic and also mitigate the voltage sags, swells 
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and flicker. In the present approach, the SHEAM-PWM algorithm optimizes the harmonics to contribute the 

minimum THD at all modulation indices. As the number of levels reach infinity, the output THD approaches zero. 

That can overcome the switching loss problem, as well as Electromagnetic Interference problem. In [136, 137] the 

hybrid BBO/MADS algorithms for selective harmonics elimination employing BBO algorithm have been presented. 

The study on inverters with multifunctional ability connected to grid for various purposes has also been carried out 

in [138-140]. 

In this chapter, PV based DVR with cascaded multilevel configuration is proposed to provide an effective solution 

to the grid abnormalities e.g. voltage sags, swells, flicker etc. Since the DVR is fed from an isolated PV source, the 

DVR controller will not be directly affected by grid disturbances. This constitutes one of the foremost advantages of 

the projected scheme. Moreover, as a multilevel inverter is used in the proposed scheme, the number of switchings is 

reduced compared to the two level inverters used in the existing schemes, while maintaining low harmonic injection. 

An optimized SHEAM-PWM technique is used to reduce harmonic injection for the proposed scheme. This can 

reduce switching losses considerably to provide better converter efficiency. The utility of the proposed method has 

been verified through simulation with low and medium voltage three phase DVR prototypes under various grid 

conditions including distorted supply voltage, nonlinear load, placement of capacitors near a DVR and an induction 

motor load for justification. 

5.3 Proposed micro-grid configuration with DVR 

 

Figure 5.1 Schematic diagram of a proposed micro grid system. 

Figure 5.1 shows the configuration of the proposed micro-grid consisting of PV based DVR system connected to a 

critical load terminal. During disturbance in a network DVR injects an appropriate voltage to recover the voltage at 

the load and exchanges active and reactive power with the surrounding system. As per the IEEE 519-1992 and IEEE 

1159-1195 standards, a typical allowable duration of voltage sag and voltage swell is mentioned to be 10 ms to 1 

min [141]. 
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Figure 5.2 Schematic diagram of a simulation circuit of PV-DVR system. 

The schematic diagram of proposed PV-DVR simulation circuit is illustrated in Figure 5.2. The proposed system 

consists of a PV array, multi-level equal and unequal voltage source converter (VSC), step-up DC-DC converter, 

battery, energy storage device (ESD), PWM inverter, series injection transformer, an inverter output filter etc. The 

PV panel output is connected to the micro-grid through dc to dc converter in series with a three-phase bridge 

inverter. A battery
dV  is connected between the two converters to store the extra energy from the PV panel when the 

grid side power demand is less than PV panel output. This also can act as a dc source in the absence of solar 

irradiation and injects power to the micro-grid. The grid connected inverters handles high current. Thus the devices 

will have high current stress both during switching and continuous conduction modes.  Since the conduction current 

cannot be minimized, as these dependents on load, the switching losses should be reduced. Thus in the proposed 

scheme the number of switching is optimized to have optimum switching and the harmonics are also reduced below 

a considerable level.  

The harmonics injected from the DVR inverters to the distribution system can potentially affect critical loads. In the 

multilevel inverter based DVR; the number of output voltage levels generally depends on the voltage sag depth. 

Also the multilevel inverters operate with high modulation indices regardless of the voltage sag depth. The LC filter 

installed between the VSC and injection transformer, reduces harmonic in the output of DVR. The filter voltage is 

injected into distribution system via series injecting transformer. The required phase angle of the utility supply is 

obtained through Phase Locked Loop (PLL) as shown in Figure5.2. In multilevel inverter, the harmonic quality of 
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voltage is directly related to the number of voltage levels considered, which is improved with number of voltage 

levels. The proposed control strategy for the DVR circuit improves the voltage sag/ swells conditions while reducing 

the harmonics from the output voltage waveform. 

 

Figure 5.3 Schematic diagram of a PV-DVR with reactive power control circuit. 

Table 5.1 Filter parameters for % THD calculation (for five level inverter) 

Description Parameter Symbols Value 
Without filter 
%THD 

With filter  
%THD 

LC Filter 

Filter inductance fL  35mH  

5.108 

0.09 

Filter capacitance fC  21 Fµ  

2nd order LP filter   
Cut of frequency  cf  200 

0.131 

damping factor d 0.707 

Three phase Harmonic 
filter 

frequency  nf  50 Hz 
0.46 

quality factor Q 16 

The LC filter capacitor is connected in the line side to obtain relatively faster dynamic response, while eliminating 

the voltage notches or spikes at the beginning and ending of voltage sags and improving the load voltage THD. The 

filter capacitor is inserted in the converter side to filter the high-frequency switching harmonics locally. The filter 

and simulation parameters are shown in Table 5.1 and Table 5.2 respectively. The schematic diagram of a PV-DVR 

with reactive power control circuit is shown in Figure 5.3. This control circuit controls the reactive power at normal 
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and transient conditions. From Table 5.1, it is found that; %THD in case of LC filter is 0.09%, which is smaller than 

that of other filters mentioned above. 

Table 5.2 Simulation parameters for the scheme in Figure 5.1. 

 

 

5.4 Existing and Proposed Switching Strategies: 

The PV-DVR voltage waveform fed from inverter is generally a quasi-sine wave, which in turn, reduces switching 

losses in the semiconductor devices. The inverters can be switched under SHEAM-PWM mode of operation to 

eliminate some of the significant harmonics from the PV-DVR voltage waveform. 

Description Parameter Symbols Value 

PV module specification No of solar cell solarN  54 (6x9) 

 

Nominal voltage nomV  12 V  

 

Maximum power maxP  200 W  

 

Voltage at maxP  mpV  29.22 V  

 

Current at maxP  mpI  5.36 A  

Step-up DC-DC converter Inductance  mL  13 Hµ  

  

kL  0.27 Hµ  

Switching 

frequency  2sf  120 kHz  

 

Capacitance 1C  315.1 Fµ /100 V  

 

Output DC voltage 0V  230 V  

Injection Transformer 1:1 Power injP  100 VA  

 

Voltage rating P SV V  230/230 V  

 

Resistance P SR R  0.0000001 ohm  

 

Inductance  P SX X  0.0005 ohm  

 

Magnetizing mX  0.00005 ohm  

DVR DC voltage of DVR dcV  260 V  

DC link capacitance dcC  25 Fµ  

Three phase PLL Regulator gain pK  180 

  

iK  3200 

  

dK  1 

Parameters of the grid voltage Nominal voltage sV  240 V  

 

frequency  sf  50 Hz  

  

Leakage 

impedance 
Z  0.035 pu  
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5.4.1 Multilevel operation 

The concept of BBO-based multilevel voltage source inverters and their modulation topologies are described in this 

chapter. By applying this concept, appropriate switching angles can be calculated, specific harmonics can be 

eliminated, and the output voltage THD can be improved. A wye-configured m-level cascaded-inverter is illustrated 

in Figure 5.4 which used for the proposed system. The proposed system the dc sources of the multilevel inverter are 

all equal to one another or not equal to one another. 

 

Figure 5.4 A general three-phase Wye-configuration of cascaded-multilevel inverter 

For cascade multilevel inverter the phase voltage waveform is shown in Figure 5.5, where the level is m=6 including 

0 level. From this phase voltage we finding the switching angles to eliminate the specific harmonics per half phase 

per leg is  

1 2 3 4 1an a a a a amV V V V V V −= + + + + +⋯           

Due to the quarter-wave symmetry both the Fourier coefficient 0a and na are zero and we get the harmonic 

coefficient as  

( ) ( ) ( )
1 2 1

2 2 24
sin( ) sin( ) sin( )

m

dc
n

V
b n t d t n t d t n t d t

π π π

α α α

ω ω ω ω ω ω
π

−

 
= + + + 

  
  ⋯   

And finally the nb coefficient is in equation  

Figure 5.5 shows the multilevel output-voltage waveform of phase-a for the proposed inverter. Waveform for Van is 

known as an odd-quarter wave symmetric. The phase voltage waveform of a 3-phase multilevel bridge inverter is a 

quasi-square wave. Due to the quarter-wave symmetry,  

0 0a =  and 0na =  for all n , and 0nb =  for all evenn  
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Figure 5.5 The output phase voltage waveform for 5 separate dc source and 11-level cascade multilevel inverter. 

Thus for all odd n, 

1

1

4
cos( )

m
dc

n i
i

V
b n

n
α

π

−

=

 =  
 
                (5.1) 

For 6 1n k= ± , and 0,1,2,3,k = ⋯ , the harmonic coefficient are in the form as 

[ ]1 1 2 3 4 5

4
cos(1 ) cos(1 ) cos(1 ) cos(1 ) cos(1 )dcV

b α α α α α
π

= + + + +  

[ ]5 1 2 3 4 5

4
cos(5 ) cos(5 ) cos(5 ) cos(5 ) cos(5 )

5
dcV

b α α α α α
π

= + + + +  

[ ]7 1 2 3 4 5

4
cos(7 ) cos(7 ) cos(7 ) cos(7 ) cos(7 )

7
dcV

b α α α α α
π

= + + + +

[ ]11 1 2 3 4 5

4
cos(11 ) cos(11 ) cos(11 ) cos(11 ) cos(11 )

11
dcV

b α α α α α
π

= + + + +  

[ ]13 1 2 3 4 5

4
cos(13 ) cos(13 ) cos(13 ) cos(13 ) cos(13 )

11
dcV

b α α α α α
π

= + + + +  

For MLI the instantaneous phase voltage of only one phase anV  is as in equation (5.2) 

( )
1

1

4
cos( ) sin( )

m
dc

an i
i

V
V t n n t

n
ω α ω

π

−

=

 =  
 
         

The instantaneous phase voltage 
anV can be written as 

( ) ( ) ( ) ( ) ( ) ( ){ } ( )1 2 3 4 5
1,5,7,

4
cos cos cos cos cos sindc

an
n

V
V t n n n n n t

n
ω α α α α α ω

π

∞

=

= + + + +
⋯   

       (5.2) 

If the carrier phase voltage and peak output voltage ( )an peakV is equal than ( ) ( 1)cr peak dcV m V= − . 

Thus, the modulation index for MLI becomes  
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( )

( )

cr peak

an peak

V
M

V
=  

     
( )

( 1)
cr peak

dc

V

m V
=

−
           

If the ML switching angles 1 2 3 4 1, , , , , mα α α α α −⋯ calculate by some iterative method and with the condition 

is 1 2 3 2k
πα α α α< < < < <⋯  the lower order harmonics are eliminated and the higher order harmonics are 

suppressed the total harmonic distortion of the phase voltage is minimized. For five switching the 5th, 7th, 11th and 

13th order harmonics are eliminated and the peak fundamental phase voltage can be set maximum value by 

controlling the switching angles with respect to modulation index.  

For 11-levels multilevel converters, the mathematical statement of these circumstances can be expressed as,  

1 2 3 4 5cos(1 ) cos(1 ) cos(1 ) cos(1 ) cos(1 ) ( 1)m Mα α α α α+ + + + = −  

1 2 3 4 5cos(5 ) cos(5 ) cos(5 ) cos(5 ) cos(5 ) 0α α α α α+ + + + =  

1 2 3 4 5cos(7 ) cos(7 ) cos(7 ) cos(7 ) cos(7 ) 0α α α α α+ + + + =            (5.3) 

1 2 3 4 5cos(11 ) cos(11 ) cos(11 ) cos(11 ) cos(11 ) 0α α α α α+ + + + =  

1 2 3 4 5cos(13 ) cos(13 ) cos(13 ) cos(13 ) cos(13 ) 0α α α α α+ + + + =  

In equation 5.3, the th th th5 , 7 ,11 and th1 3  harmonics would be eliminated if harmonic 

amplitude
5 7b b b b1 1 1 3= = = = 0 . Equation 5.3 can be solved to obtain the appropriate switching 

angles 1 2 3 κα , α , α , , α⋯ eliminating the desired harmonics.  

For modulation index M =0.8 the fundamental nonlinear transcendental equations can be solved by iterative method 

to calculate the switching angles or % of THD with controlling the fundamental. 

1 2 3 4 5cos(1 ) cos(1 ) cos(1 ) cos(1 ) cos(1 ) ( 1)m Mα α α α α+ + + + = −  

1 2 3 4 5cos(1 ) cos(1 ) cos(1 ) cos(1 ) cos(1 ) 5 0.8 4α α α α α+ + + + = × =       

5.4.2 Proposed Harmonic Elimination Principle Using BBO Algorithm 

A typical output voltage ( )V t of an inverter can be represented as, 

( )
1

( ) cos sinn n n n
n

V t a n b nα α
∞

=

= +               (5.4) 

Due to quarter wave symmetry of inverter output voltage wave-form, 0na =  and  nb  can be evaluated through 

equation (5.3) with the specified order of harmonics eliminated. 

Since the aim is to eliminated the targeted lower order and minimize the other higher order harmonics for minimum 

voltage THD, the objective function for determination of the proper switching angles is considered as,  
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2 2 2 2
1 5 5 5 7 7 7( ) ( ) ( ) ( ) ... ( )n n nf b M k b k b k bα ε ε ε= − + − + − + + −                                                              (5.5) 

Subjected to ( )1 2 30 2mα α α α π< < < < < < ;⋯                                                                   (5.6)                              

The term nb in equation (5.5) can be obtained from equation (5.1) and the optimization to be realized subject to the 

consideration of the switching angle in (5.6).  The term nε  in (5.5) is the desired magnitude of the respective 

harmonics and nk  is the weightage function for elimination of these harmonics. For the harmonics to be eliminated, 

nε are considered to be low or zero and nk  are set to higher values compared to the other harmonics. 

From (5.1), the %THD of the multilevel inverter output voltage can be expressed as, 

( )
1 2

2

2
51

1
% 100n

n

THD b
b

∞

=

 
= × 
 
               (5.7) 

Where 6 1n k= ± for ( )1,2,3,4,k = ⋯  

In the proposed technique, Biogeography-Based Optimization technique is used which is comparatively recent and 

relatively easier to apply. The main reasons for using BBO for this problem are: 

vii. BBO is a relatively recent, and has not yet been extensively explored to solve the problem of converter 

switching.  

viii.  BBO does not require unreasonable amount of computational effort [135], unlike the other 

metaheuristic techniques. 

To start the search procedure, the switching angles are randomly generated satisfying the conditions of equation 

(5.6) for the chosen number of population of a potential solution. Using these random values, individual harmonics 

are computed which represents the best fitness of the search point. The best combination of switching angles among 

the population of search points up to present iteration is called the elite or best solution for the variables 

1α through mα . At each iteration the best individual new search points are generated from the current search points 

and the information regarding the best solutions is found out from objective function by using the BBO algorithm.  

The scheme of nonlinear equations in m variables to be optimized can be represented as 

1 2 3 4( , , , , , ) 0j mf α α α α α =⋯ ,     1,2,3, ,j m= ⋯             (5.8) 

These m equations are obtained for the problem by equating equation (5.1) to zero for any harmonics desired to be 

eliminated for different modulation index. BBO representation of the problem is shown in Figure 5.6. 

 

 



[Chapter 5: BBO-Based Multilevel Inverter for Photovoltaic-Fed Dynamic Voltage Restorer]   Page 148 

 

 

  Habitat 1 

 
 1 2 3 4, , , , , mα α α α α⋯  

  Habitat 2 

 
 1 2 3 4, , , , , mα α α α α⋯  

 

 

 1 2 3 4, , , , , mα α α α α⋯  

  Habitat N 

 
 1 2 3 4, , , , , mα α α α α⋯  

 

Figure 5.6. BBO representation of the problem. 

Collection of one set of best switching angles, 1 2 3, , , , mα α α α⋯ form a solution set of the problem. This solution 

set is termed as a ‘habitat’ in BBO. N is nothing but the number of the set of habitat of the population based 

optimization algorithms. In BBO algorithm it is called the eco-system. 

Habitat Suitability Index (HSI) indicates the quality of the solution set. For the problem being considered, HSI is 

represented by the total harmonic distortion (THD) value generated by the solution set. 

Equation (5.8) is written in vector notation as 

( ) 0f α =                      (5.9) 

Where, 1 2 3 4[ , , , , , ]Tmf f f f f f= ⋯ , an 1m×  matrix 

1 2 3 4[ , , , , , ]Tmα α α α α α= ⋯ , an 1m×  matrix 

Equation (5.9) can be solved by using a BBO technique, where the nonlinear equations give an approximate 

solution. The steps involved in computing a solution are as follows. 

The switching angle matrix can be represented as 

1 2 3 4[ , , , , , ]j j j j j j T
mα α α α α α= ⋯              (5.10) 

The elite values are updated after every iteration. The process is repeated until the convergence is obtained. The 

process terminates if the changes in the fitness values between consecutive iterations are less than a given tolerance, 

or the fitness values do not change for a number of iterations, or the permissible number of iteration runs are 

completed. A flowchart of the BBO algorithm used for optimization of switching angle 1 2 3 4, , , , , mα α α α α⋯  to 

obtained minimum voltage THD is shown in Figure 5.7. The calculated switching angles, %THD and generated 

signal are imported to the simulated PV-based DVR circuit. BBO based optimization technique is applied for 

generation of pulses.  
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Figure 5.7 Flowchart of the proposed BBO algorithm. 
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10 2?mα α π< < < <…

 

and for ( )F α , 
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switching angles, 

magnitude of harmonics 
and %THD. 
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Figures. 5.8 and 5.9 show simulation results of PWM voltage for five-level and nine-level inverter respectively. The 

THD levels of three phases for seven, eleven, and fifteen are compared in Tables 5.3 and 5.4. The harmonic content 

decreases as the number of levels increases and filtering requirements are reduced. Another advantage of multilevel 

cascaded-inverter is circuit layout flexibility because each level has the same structure, and there are no extra 

clamping diodes or voltage balancing capacitor. These converters offer a low output voltage THD, a high efficiency 

and required power factor. 

Cascaded multilevel inverter is used in the proposed scheme as this can reduce the physical size of the compensator 

and improve its performance during micro-grid contingencies.  The results of Table 5.3 are coming by using the 

diode clamped multilevel inverter (DCMLI) with the help of SPWM and SVPWM respectively for three, seven and 

eleven-level respectively. From Table 5.4, it is found that the minimum %THD for three, five and seven switching 

of proposed inverter scheme are 5.0087, 2.6356 and 1.2804 respectively which are smaller compare to the % THD 

found in Table 5.3. From the comparative study of Tables 5.3 and 5.4, it is seen that in the proposed scheme the 

reduction in % THD is increased with the increase in switching level and it is a necessary criterion for PV-DVR 

system. The procedural steps for interfacing of Matlab simulation and BBO algorithm are shown in flowchart of 

Figure 5.10.  
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Figure 5.8 Simulation result of PWM phases voltage Van, Vbn and Vcn for five-level inverter. 

The different optimization techniques e.g. Genetic Algorithms (GA), Particle Swarm Optimization (PSO), 

Gravitational Search algorithm (GSA), Cuckoo Search algorithm (CSA) and Biogeography-Based Optimization 

(BBO) are used to compare the results obtained from BBO based technique for switching angle calculation. The 

comparative result is shown in Table 5.5 which shows that the optimized %THD achieved by BBO technique with 

minimum nos. of iteration. In addition, Figure 5.11 shows the convergence of the objective function with CSA, PSO, 

GA, GSA and BBO method for M=5.3 after eliminating 5th, 7th, 11th, 13th, 17th and 19th order of harmonics. It has 

been observed that BBO based technique converges faster than the other methods. In the present chapter the 
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objective function considered is given by the expression (5), which can minimize the overall voltage THD while any 

other equivalent objective function can also be considered [142] providing almost equivalent result. The 

computation of the switching angles were carried out with various search based existing techniques e.g. GA, PSO, 

GSA, CSA, BBO for comparison purpose with same initial conditions and the results are shown in Table-5.5. 

However, for changed initial values for optimization, the results or the in no. of iterations for convergence as shown 

in Table-5.5 may be different [142]. 

-200

0

200

P
h
as

e 
V
o
lt
ag

e 
(V

an
)

-200

0

200

P
h
as

e 
V
o
lt
ag

e 
(V

b
n
)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

-200

0

200

Time (sec)

P
h
as

e 
V
o
lt
ag

e 
(V

cn
)

 

Figure 5.9 Simulation result of PWM phases voltage Van, Vbn and Vcn for nine-level inverter. 

Table 5.3 %THD Comparison and Comparisons of three multilevel inverters 

No of 
levels 

SPWM 
(%) 

SVPW
M (%) 

Converter Type Diode Clamp Flying Capacitors 
Cascade 
Inverter 

3 39.38 16.1 
Main switching 
devices 

( 1) 2m − ×  ( 1) 2m − ×  ( 1) 2m − ×  

7 35.27 9.08 Main diodes ( 1) 2m − ×  ( 1) 2m − ×  ( 1) 2m − ×  

11 13.11 5.68 Clamping diodes 
( 1) ( 2)m m− × −
 

0 0 

   
DC bus capacitors ( 1)m −  ( 1)m −  ( 1) 2m −  

      Balancing capacitors 0 ( 1) ( 2) 2m m− × −
 

0 
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Table 5.4 Switching angles and %THD calculation for different level multilevel inverter. 

M 1α  2α  3α  %THD  Harmonics 

1.2 40.5406 65.1268 88.8859 15.2508 
    

1.4 39.4402 58.9832 83.545 10.9005 
    

1.5 39.4251 56.2501 80.0973 10.3778 
    

1.6 39.0177 54.3353 76.1131 10.1405 5th and 7th harmonics are zero 

1.7 37.1788 53.9445 71.6586 10.0761 

1.8 33.4978 54.759 67.103 8.8655 
    

1.9 28.4109 54.0656 64.3048 8.7752 
    

2 22.9092 49.5308 64.5427 7.7785 
    

2.3 12.459 34.1158 60.2878 5.0087 
    

2.4 11.5042 28.7169 57.106 5.108 
    

M 1α  2α  3α  4α  5α  %THD  Harmonics 

2.4 35.3174 46.565 58.0801 71.5606 87.0496 4.0264 
  

2.52 35.6044 45.2589 57.0617 68.75 84.4413 4.3503 
  

2.7 35.2511 44.2019 55.1368 65.7425 79.3958 2.6356 5th, 7th, 11th and 13th harmonics 

3 26.6415 43.9304 51.5339 62.3994 72.5045 2.6577 are zero 

3.2 20.7765 37.3286 52.4303 58.4782 70.2871 5.8002 

3.3 18.4493 33.9904 50.8389 57.8658 68.97 2.7557 

3.4 16.8703 30.5365 48.5645 57.9358 67.1025 3.3813 
  

3.8 10.7581 20.7282 33.9312 52.8877 63.3064 3.2359 
  

4.2 6.3667 15.0521 23.5422 37.2328 58.1614 2.8826 

M 1α  2α  3α  4α  5α  6α  7α  %THD  harmonics 

4.8 15.3171 23.2117 34.1057 48.5344 55.4639 61.2871 67.7316 3.9861 

4.9 13.507 22.0118 31.5508 45.2477 57.0556 58.4742 67.8134 2.1322 5th, 7th, 

5 6.2742 20.525 29.4755 41.623 49.2509 59.9149 72.7022 2.6202 11th, 13th 

5.1 7.3985 20.141 26.9154 39.6328 50.2542 58.4442 69.8217 2.7754 17th and  

5.2 9.9708 18.4653 25.4845 36.7237 51.3631 58.6651 65.2958 2.0955 19th  

5.3 5.7727 17.4273 23.8973 34.2905 47.0717 56.0442 68.2306 1.2804 harmonics 

5.6 7.2191 13.0716 20.8466 27.7533 39.1321 54.5322 62.716 1.5123 are zero 

5.7 4.695 13.6967 18.3465 26.9029 36.186 51.0207 62.954 1.4787   
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Figure 5.10 Flow chart of DVR implementation by BBO algorithm. 
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Table 5.5 Optimization results for the Different Population- Based Optimization technique 
 

  GA PSO GSA CSA BBO 

Iteration 29 25 28 26 12 
CPU 
time 

0.5332 0.4821 0.5998 0.4992 0.3984 

%THD 2.2213 2.0122 2.9432 2.0943 1.2804 
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Figure 5.11 Value of the objective function with CSA, PSO, GA, GSA and BBO method for M=5.3 with 

eliminating 5th, 7th, 11th, 13th, 17th and 19th order harmonics. 

5.4.3. Proposed multilevel inverter with varying DC sources  

 
Figure 5.12 Three switching for multilevel inverter using unequal dc sources. 
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The multilevel switching scheme using three unequal dc sources is shown in Figure 5.12. When the voltage level of 

PV based dc sources are not equal, the BBO algorithm can also be used to calculate the switching angles to 

eliminate the lower order harmonics while the higher order harmonics are suppressed after maintaining the 

fundamental.    

For 3-switching multilevel converters, the mathematical statement in this case can be expressed as,  

1 1 2 2 3 3

1 1 2 2 3 3

1 1 2 2 3 3

cos cos cos

cos5 cos5 cos5 0

cos7 cos7 cos7 0

V V V

V V V

V V V

α α α
α α α
α α α

+ + = Μ
 + + =
 + + =                         

(5.11)  

In general for ML switching scheme the dc sources were all equal to one another but for varying dc sources the 

sources are not equal to one another. For unequal dc sources it is quite difficult (different charging/discharging rates) 

to accomplish the different power electronics application. This type of switching configuration can solve harmonic 

problem and power quality issues by proper selection of switching angles. 

Table 7.6 shows the switching angles when the voltages of the three dc sources are different, i.e., 8.4, 13.2 V, 14.4 V 

or 10.8 V, 13.2 and 12 V.  

Table 5.6 Switching angles and %THD calculation for different level multilevel inverter with varying dc sources 

M α1 α2 α3 %THD V1 V2 V3         

1.2 34.4225 58.7065 87.5542 15.7255               

1.3 35.8946 55.652 84.6306 15.4948 
   

 

5th and 7th 

harmonic are 

eliminated 

1.4 21.1878 52.2246 86.4887 14.2438 8.4 13.2 14.4 

 1.7 35.6421 48.7557 70.2281 7.688 
   

 2.3 10.3025 27.8255 57.8552 7.5469         

1.4 37.8365 58.0283 83.8713 11.1478 
   

 1.7 16.3021 47.5621 84.6111 10.6267 11.9 12.1 12 

 2.3 10.7353 33.0537 60.4109 6.425         

1.3 39.1317 62.93 87.7835 12.5591 
   

 1.4 38.6098 60.131 84.8302 10.0829 
   

 2.2 14.0729 39.633 64.2577 8.9743 11.82 13.2 10.98 

 2.3 11.4921 35.0734 61.6431 5.9124 
   

    M α1 α2 α3 α4 α5 %THD V1 V2 V3 V4 V5 

2.6 35.4295 48.7902 57.4544 72.544 87.3213 5.1642 

     2.9 23.91 45.3243 55.9942 66.4945 89.1131 5.1553 14.4 13.2 10.8 15.6 6 

3.1 25.3572 45.6921 52.5298 64.9827 72.5455 4.444 

     3.4 17.5211 34.8717 52.411 60.1971 71.5664 4.0359 5th,7th , 11th and 13th 

harmonic are eliminated 3.5 15.8513 31.7136 49.6713 59.9574 69.3186 4.0266 

3.6 10.2854 21.8471 36.5686 58.6716 89.9995 3.3552 

     3.7 10.892 26.4957 40.7793 57.3584 71.9803 3.2928           

In equation 11, the th5 and 7th harmonics would be eliminated if harmonic amplitude 5 7b b= = 0 . Equation 5.11 

can be solved to obtain the appropriate switching angles 1 2 3 κα ,α ,α , ,α⋯ eliminating the desired harmonics which 
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is incorporated in Table 5.6. However, the unequal DC sources can pose power sharing problems for the different 

sources and would require further modification in the switching scheme which can add another dimension to the 

problem. 

5.5 DVR operating states 

In the proposed system the DVR must be able to detect voltage sag, swells, flicker and harmonics especially at 

sensitive load points by injecting an appropriate voltage through an injection transformer.  For nonlinear loads such 

as thyristor-controlled rectifiers pre-sag compensation method is used to compensate load voltage during fault to pre 

fault condition. Figure 5.13 (a) shows the vector diagrams of the pre-sag compensation. When a fault occurs in other 

lines, supply voltage Vs drops and the DVR injects a series voltage, VDVR through the injection transformer which 

can be represents as: 

DVR L SV V V= −
                                                                                                                 (5.12)

 

In-phase compensation technique is used to compensate the voltage drop across a load by injecting a voltage through 

a series injection transformer in-phase with the source voltage. The vector diagram is shown in Figure 5.13 (b). The 

supply voltage ( )presagV  and the load voltage are equal with zero phase angles. The sag/swell events are 

compensated by injecting DVR compensating voltage injV  in-phase with the supply voltage to restore the voltage at 

nominal value. Thus the injected voltage of a DVR ( )injV can be expressed as 

 

Figure 5.13 Vector diagram of (a) Pre-sag compensation (b) In-phase voltage compensation method (c) Minimal 

energy technique and (d) Vector diagram of phase advance method. 

inj presag sagV V V= −
                                                                                                  (5.13)

 

The steady state injected active power is given by, 



[Chapter 5: BBO-Based Multilevel Inverter for Photovoltaic-Fed Dynamic Voltage Restorer]   Page 157 

 

( )3 cosDVR L SP V V I φ= −
                                                                                         (5.14) 

Figure 5.13 (c) shows the phasor diagram for the minimal energy control strategy. The relation between ,δ α  can 

be written as: 

2

πα φ δ= − +
               (5.15) 

The angle δ can be obtained as: 

1 cos
cos L

S

V

V

φδ φ −  
= −  

                             (5.16)

 

The phase advance method shown in Figure 5.13 (d) is realized by moving the phase angle of Vs from pre-fault 

angle to any angle of advanceα . The injected power, output power and DVR power can be expressed as,  

( )cosin Si j
i

P V I φ α δ= − +
                       (5.17)

 

( ) ( )cos 3 cosout L L
i

P V I V Iφ φ= =
            (5.18)

 

DVR out inP P P= −
              (5.19)

 

( ) ( )3 cos cosL Si j
i

V I V Iφ φ α δ= − − +
           (5.20)

 

Where I means each phase like a, b and c and SiV  and jδ are the magnitude of supply voltage and phase angle 

jump during fault. During severe deep sag, the optimumα , that makes DVRP  to be minimized, can be calculated by 

solving 0DVRdV dα = . 

5.6 Simulation Results for Inverter:  

The simulation results with three, four, five and seven switchings per quarter cycle with varying modulation 

index( )dm  for the BBO-based SHEAM-PWM inverter are shown in Figures. 5.14 (a), (b) ,(c)  and (d) respectively. 

The plot of the line voltage THD with constant modulation index as a function of the number of inverters per phase 

and Voltage THD vs. modulation index for different multi-level inverters are shown in Figure 5.14 (e) and (f) 

respectively. From Figure 5.14 (f), it is shown that as the switching level increases, the % THD decreases with the 

change in Modulation index. 
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Figure 5.14 The output results (a) modulation index vs. switching angles for 7-level cascaded inverter (b) 

modulation index vs. switching angles for 9-level cascaded inverter(c) modulation index vs. switching angles for 11-

level cascaded inverter (d) modulation index vs. switching angles for 15-level cascaded inverter (e) The line voltage 

THD with constant modulation index as function of the number of inverters per phase. (f) Voltage THD vs. 

modulation index. 

5.7 Simulation Results for DVR and filter: 

The performance of the proposed PV connected DVR system is tested by considering different cases of voltage 

disturbances such as balanced and unbalanced deep voltage sags, voltage swells, voltage flicker, and long duration 

voltage variation. A simple PV-DVR distribution system, shown in Figure 5.1, is implemented in the 

Matlab/Simulink package to assess the dynamic performance of the proposed compensation technique. In MATLAB 

Simulink, the DVR is simulated to be in operation only when the supply voltage differs from its nominal value or 

when the PV array generates excessive power or equal power to the load demand. It reduces the energy consumption 

from the utility grid. The simulation load parameters of the system study are shown in Table 5.7. 
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Table 5.7 Load Parameters for simulation. 

Description Parameter  Symbol Value 

Non-linear load AC inductor L  1.19 mH  

Rating LP  5 kW  

DC capacitor LnC  2000 Fµ  

Resistance LnR  21 ohm  

Linear load Load resistance LR  0.2 or 1 ohm  

Load inductance LL  0.002 H  

Load frequency f  50 Hz  

Capacitive Load  Capacitive reactive power CQ  1800000 

Induction motor load parameters Rated voltage ratV  240 V  

frequency  f  50 Hz  

Rated output power ratP  3 kW  

Power factor pf  0.83 

Nominal speed SN  1430 rpm  

  No. of poles P  4 

5.7.1 Resistive load with balanced and unbalanced voltage sag mitigation 

The DVR is turned on at t=0.15 s, with a source voltage of 230 volt. At t=0.15 s, a three phase fault has occurred at 

the supply side which causes a voltage sag between t=0.15 s to t=0.25 s. Figure 5.15 shows the waveforms of the 

supply side voltage and the injected voltage by the DVR, and the resistive load side voltages. It can be seen from 

Figure 5.15 that the proposed control strategy is able to drive the DVR to inject the appropriate three phase voltage 

component with acceptable phase to remove the supply voltage anomalies due to the three phase fault. It quickly 

injects necessary voltage components to smoothen the load voltage upon detecting voltage sag and also minimize 

the harmonics. Figure 5.16 shows the response of DVR with vector control for unbalanced voltage sag and linear 

load.  It quickly injects the required unbalanced necessary voltage components to smoothen the load voltage and 

keeps it at nominal value. Figure 5.17 illustrates the response of DVR with vector control for balanced voltage sag 

and linear (R-L-C) load. 
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Figure 5.15 Response of DVR with vector control for balanced voltage sag and linear (R-L) load (a) Three phase 

source side sag voltage (b) Injected DVR voltage (c) Three phase load voltage (d) Extra fault current (e) Three phase 

load current. 
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Figure 5.16 Response of DVR with vector control for unbalanced (double line fault) voltage sag and linear load. 
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Figure 5.17 Response of DVR with vector control for balanced voltage sag and linear (R-L-C) load (a) Three phase 

source side sag voltage (b) Injected DVR voltage (c) Three phase load voltage (d) Extra fault current (e) Three phase 

load current. 

5. 7.2 Balanced and unbalanced voltage swells mitigation 

In order to see the performance of proposed DVR control for voltage swells, a balanced voltage swell was simulated 

by connecting three phase capacitor banks in the system. Figure 5.18 shows the three phase waveforms of the supply 

side voltages, the injected voltage by the proposed PV- DVR, and the load side voltages.  
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Figure 5.18 Response of DVR with vector control for balanced voltage swells. 
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It can be seen from the Figs. 5.18 and 5.19; that the proposed control strategy is able to drive the DVR to inject the 

negative appropriate three phase voltage components with correct phase to remove the supply voltage anomalies due 

to the three phase fault. It quickly injects negative appropriate three phase necessary voltage components to 

smoothen the load voltage upon detecting voltage swell.  
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Figure 5.19 Response of DVR with vector control for unbalanced voltage swells. 

Figure 5.19 shows the DVR control for unbalanced voltage sag and swell created by single line to ground fault in the 

system. It can be seen from the Figure5.19 that the proposed control strategy is able to drive the DVR to inject the 

appropriate unbalanced voltage components for correcting the load voltage and keep the three phase voltages at 

nominal values.  

5. 7.3 Balanced and unbalanced voltage sags and swells mitigation for nonlinear load. 
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Figure 5.20 Response of DVR with vector control voltage sags for nonlinear load. 

For non-linear electric load in an electric distributed power system are a result of harmonic voltage and currents. 

Harmonic frequencies in the distributed power grid are a frequent cause of power quality problems and the reduction 

of harmonics is considered desirable.  In Figure5.20, the three phase diode rectifier at 230 V and 5 kW was used as a 

load. Figure5.20 shows the supply side voltages, the injected voltage by the DVR, and the nonlinear load side 

voltages. 
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Figure 5.21 Response of DVR with vector control voltage sag for nonlinear (RL) load with phase a, b and ground 

fault (a) three phase unbalanced fault (b) DVR injection voltage (c) Three phase load voltage (V). 

The performance of the DVR under unbalance voltage sags conditions is also investigated through a nonlinear load. 

Unbalance three phase voltage sag occur when one of the phase drops down near about 31% compared to the other 

phases as shown in Figure 5.21. DVR quickly detect the voltage sag, swell, flicker, spikes and compensate the load 

voltage. The immediate action taken by the DVR is to protect the sensitive loads from the unbalanced voltage sages 

and the connected load returns to its nominal value. 

5. 7.4 Placement of capacitors near a DVR  

The shunt capacitor banks are switched simultaneously both on the load and the supply side of the DVR. The shunt 

capacitors are connected as power factor correction devices to a load that requires a high power quality. Switch on 

of the shunt capacitors perform power factor correction and at the same time transient over voltages can occur on the 

load side. In Figure 5.22, capacitor bank is installed on the load side to improve the load power factor. The effect of 

resonance phenomenon that causes transient over voltages during capacitor switching and the subsequence transient 

responses when the DVR is energized. In this case, response of DVR with vector control voltage sag-swell when 

capacitor banks are placed on load side also illustrates the waveform of the current through the DVR. The capacitor 

effects are present in DVR injected voltage waveform and the current waveform.  
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In Figure 5.23, the load voltage waveform and the current through the DVR are obtained when the capacitor banks 

are placed on the supply side of the system. The load current is distorted and appears to have transient overshoots 

when the DVR is switched on and off. The shunt capacitors reduce line current of the system, it improves voltage 

level of the load, it improves power factor, it reduces the system losses, and it reduces capital investment per mega 

watt of the load. All the above mentioned benefits, that the effect of capacitor reduces reactive current flowing 

through the whole system. 
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Figure 5.22 Response of DVR with vector control voltage sag when capacitor banks are placed on load side and sag 

swell related current. 
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Figure 5.23 Response of DVR with vector control voltage when capacitor banks are placed on supply side and sag 

swell related current. 
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5.7.5 Voltage Flicker suppression 

Flicker is defined in the European standard EN 50160. Flicker is the impression of unsteadiness of visual sensation 

included by a light stimulus whose luminance or spectral distribution fluctuates with time. In this case, the system is 

subjected to an unbalanced voltage flicker. Figure 5.24 shows the response of DVR with vector control during three 

phase voltage flickers. 
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Figure 5.24 Response of DVR with vector control during three phase voltage flicker (i) the source-side voltage for 

voltage sag and swell (ii) the injected voltage (iii) the load-side voltage response (iv) Extra fault current. 

5.7.6 Induction Motor Load 

-200
0

200

V
ol

ta
g

e 
(V

)

-100

0

100

V
ol

ta
g

e 
(V

)

-400
-200

0
200
400

V
ol

ta
ge

 (
V

) VabcL

-10

0

10

C
ur

re
n

t (
A

)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
-10

0

10

Time (sec)

C
u

rr
en

t (
A

) VabcL

THD=0.231 %(b)

(c)

(d)

(e)

(a) THD=6.11 %

THD=5.31 %

 

Figure 8.25 Response of DVR with vector control for balanced voltage sag and Induction Motor load (a) Three 

phase source side sag voltage (b) Injected DVR voltage (c) Three phase load voltage (d) Extra fault current (e) Three 

phase load current. 
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In this case, the verification is done with induction motor load connected in load side terminal and the parameters of 

the induction motor are listed in Table 5.7. The grid voltage sag, DVR injected voltages and the load current is 

shown in Figure 5.25. It can be observed that the DVR inject the required compensating voltage immediately after 

grid voltage sag, swell and flickers is detected; to maintain load voltages at desired level also mitigate of any 

anomalies in the series voltage injection. At that time obtained PV output voltage and current, step-up DC-DC 

converter output voltage and current, output power (Watt) and dc out-put voltage are shown in Figure 5.26. Figure 

5.27 shows the performance of the DVR for instantaneous active and reactive power output for different condition. 
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Figure 5.26 Response of DVR with vector control for balanced voltage sag and Induction Motor load (a) PV output 

voltage (b) PV output current (c) Output voltage of the high step-up DC-DC converter (d) Output current of the high 

step-up DC-DC converter (e) Simulation result of output power (Watt) (f) Vdc out-put voltage (g) Modulation index 

output. 
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Figure 5.27 Performance of the DVR for (a) resistive load with unbalanced voltage sag active and reactive power 

output from the DVR (b) capacitive load with unbalanced voltage sag active and reactive power output from the 

DVR (c) resistive load with balanced voltage sag active and reactive power output from the DVR (d) non-linear load 

with unbalanced voltage sag active and reactive power output from the DVR (e) Induction motor load with 

unbalanced voltage sag active and reactive power output from the DVR. 
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5.8 Results comparison of the state of the art with proposed control method  

 
The proposed PV-DVR efficiently eliminates the voltage sags, swells, flickers and harmonics as compared to 

existing schemes in [128, 143, 144] during different fault conditions with BBO-based optimized control technique. 

It decreases the THD level to 0.413% for Single Line Ground fault, 0.324% in Double Line Ground fault and 

0.321% in 3-phase fault circumstance. The performance comparison of different fault conditions as observed from 

Table 8 shows that the BBO based optimized technique gives better harmonic compensation compared to other 

existing techniques. It is also observed from Table 8 that the compensation during grid voltage distortion for the 

proposed technique is better compared to [144].The outcome THD level fulfills the standard range of IEEE 519-

1992. 

Table 5.8 Comparison of harmonic compensation with different controllers and grid voltage distortion 

  Comparison of harmonic compensation with different controllers 

    Compensation during grid voltage 

distortion 

60% voltage sag  [143] FL [128] 

GA-with 

PI[128] [143] Proposed   

THD 

(%)[144] 

Proposed 

THD (%) 

SLG fault 2.10% 0.6 0.87 0.52 0.513 Load voltage  4.54 2.13 

DLG fault 0.49 0.75 0.41 0.394 Load current  16.66 7.34 

3- phase to ground fault 0.80% 0.38 0.58 0.37 0.361 Grid voltage  35.15 11.73 

5 10 15 20
0

1

2

3

4

5x 10-3

Number of Level

S
w

it
ch

in
g

 lo
ss

 (
pu

)

 

 

With optimization
Without optimization
Existing [32]

 

Figgure 5.28 (a) Switching losses Vs No. of levels for proposed, existing and unoptimized techniques 

 

The switching, conduction and total losses for the proposed optimized technique, existing technique [145] and 

unoptimized techniques are calculated for MLI with different levels following the standard procedure shown in 

[145, 146]. The same are presented in graphical forms in Figure 5.28 (a), (b) and (c) respectively, which shows 
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improvement on switching and total losses through the proposed BBO based optimization.  The proposed algorithm 

optimizes the switching angles so that the undesired lower order harmonics are eliminated while the other higher 

order harmonics are controlled from the output voltage without any additional switching.  The inverters without 

optimized switching require additional switching for same output voltage THD, which can increase the switching 

losses while the conduction losses almost remain the same. This is the main advantage of the proposed scheme. The 

plots of THD with modulation index considering additional switching, unoptimized switching and for the proposed 

optimized switching are shown in Figure 5. 28(d), which shows improvement with the proposed scheme.  

5 10 15 20
0.01

0.02

0.03

0.04

0.05

Number of Level

C
o

n
d

u
ct

io
n

 lo
ss

 (
p

u
)

 

 

With optimization
Existing[32] 
Without optimization

 

Figure 5. 28 (b) Conduction losses Vs No. of levels for proposed, existing and unoptimized techniques 
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Figure 5. 28 (c) Total losses Vs No. of levels for proposed, existing and unoptimized techniques 
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Figure 5.28 (d) Modulation index with % THD  

5.9 Conclusion 

This chapter investigates the new model of PV-DVR system with the presented control method. The proposed 

technique is capable to compensate networks faults and mitigate their effects on sensitive loads in distribution power 

systems. DVR has the boundary on capability of injection of active power i.e., either zero or minimum active power 

mode. The simulation results shows that the capability of PV-DVR in mitigating the voltage variation. The selected 

lower order harmonics of the output voltage are eliminated by BBO-based SHEAM-PWM switching technique and 

THD is also calculated to evaluate the quality of the load voltage during the operation of DVR and this THD fulfill 

IEEE 519 std. range. The switching angles contributing minimum voltage THD at different modulation indices are 

computed by the BBO algorithm and stored in a DSP as look-up table for online application. From the simulation 

results, it is obvious that the generated voltage spectrum is very much improved with increases in the level of the 

inverter and proposed system also decreases the overall voltage THD in the micro-grid, decreases the system loss, 

improving dc link voltage, increases the execution speed, solves commutation loss, electromagnetic interference, 

harmonics and high frequency switching problems. Different simulation study cases are verified to evaluate the 

potential application of the proposed control approach with superior advantage. A rapid response and precise 

compensation with optimum energy of the proposed control system are revealed in the simulation results 

considering practical load and system model. 
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Chapter 6 

6.1 Chapter overview  

This chapter describes an improved FACTS based custom power controller with Dynamic Voltage Restorer (DVR), 

Static Compensator (STATCOM) and Unified Power Quality Conditioner (UPQC) topology. The proposed 

controller can proficiently moderate the power quality problems like; sag, swell, flicker, reactive and active power 

compensation, voltage disturbances with harmonic problems to make sure power quality in the distribution system. 

The proposed configuration utilizes the DGs e.g. PV, wind and proton exchange membrane fuel cell stack 

(PEMFCS) connected to the micro grid for realilazisation of DVR, STATCOM and UPQC operation with reduced 

filtering requirements. Space Vector Pulse Width Modulation (SVPWM) based hybrid cascade bottom leg 

multilevel inverter (HCBLMI) has been used for this purpose. The proposed topology has been simulated using 

MATLAB/Simulink and it is shown that the UPQC performs significantly better than the DVR and PSTATCOM for 

improvement of different power quality issues. 

6.2 Introduction 

The global concerns about the environment, global warming and power safety have enabled the development of 

renewable and sustainable distributed energy resources to the power network for secured level of stability and 

flexibility in deregulated distributed power systems. The environmental friendly pollution free green power like 

solar [147, 148, 149] and wind [150] energy has acknowledged the most awareness because those appear to be some 

of the better solutions to ecological or most expected problems. Use of nonlinear sensitive loads, switching and non-

switching loads and different process industries with specific manufacturing process are discussed in the literature 

[151,152]. Power superiority problems such as sags, swells, flickers, notch, spike, harmonics, transients and 

reduction of three-phase voltage unbalance are also addressed in the open literature [153].There are a number of 

power quality improvement devices reported in the existing literature including static VAr compensators (SVC) 

[154], static synchronous compensators (STATCOM) [155], unified power flow controllers (UPFC) [156], etc. The 

custom power devices based on energy storage systems e.g., dynamic voltage restorers (DVRs) are also explored in 

[157,158,159,160]. The DVR is a series connected (with and without transformer) energy storage based device 

which can mitigate voltage sag, swells, flickers and compensate voltage harmonics along with limit on transient 

voltages and fault currents. The power electronics based control of UPQC optimizes the voltage and current related 

issues in the power system while enabling simultaneous operation with shunt and series active power filters. The 

series part of the UPQC is known as DVR and shunt path is known as STATCOM. The series connected path injects 

the compensating voltages generated by the multilevel voltage source inverter (VSI) [161,162,163] to mitigate 

voltage unbalance and harmonics and controls the reactive power. Multilevel VSI converters such as multilevel 

flying capacitor converters [161], diode-clamp converters [162], cascade multilevel inverter [163] and three-phase 

neutral point clamped (NPC) converters [164,165] are able to synthesize voltage and current waveform. Pulse width 

modulations (PWM) based different techniques are also used to control the inverter have been discussed [166]. The 
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SVPWM technique directly uses the control variable for determining each switching vector for optimization of 

switching patterns [167]. 

In this chapter, a hybrid cascade bottom leg multilevel inverter (HCBMLI) is used along with combined PV-wind-

PEMFCS based sources forming a micro grid system to address different power quality issues. The proposed 

HCBMLI can operate as DVR, STATCOM or UPQC for power quality improvement. SVPWM based switching 

scheme is adopted for the proposed inverter for control of overall voltage and current THD. The proposed scheme is 

operated under different modes and the performances are compared. In the present study, it is shown that the UPQC 

mode performs significantly must better than the DVR and STATCOM mode of operation. 

6.3 Proposed Micro-grid Configuration 

Figure 6.1 illustrates the proposed micro-grid structural scheme. The micro-grid is powered by distributed 

generators, distributed energy storage system, PEMFCS, renewable resources like PV, wind etc. When the micro-

grid connects to the network at a point of common coupling that keeps voltage at the similar level as the central grid. 

The green and carbon free distributed generating resources are associated to the linear load as well as sensitive loads 

through contemporary power electronics converter to supply more consistent and stricter excellence power to the 

distributed loads. Usage of power electronic interface converters and nonlinear sensitive loads results in harmonics 

generation, which leads to different electrical power quality issues. The power quality disturbance is the most 

common severe for the industrial and domestic consumer which requirements vital attention for its compensation. 

With and without Transformer connected FACTS devices detect the disturbing power quality and mitigate it are in 

both low, medium and high power distributed system.  

 

Figure 6.1 Schematic diagram of the  Proposed configuration of the Micro-grid. 
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The detailed diagram for the proposed transformer less HCBMLI is illustrated in Figure 6.2 which can operate either 

in DVR, STATCOM or UPQC mode. The DC side of the inverters are DC-DC converters in two stages, one for low 

step up and the other for high step up [168, 169] converters. The inverters switching angles are controlled by space 

vector pulse width modulation switching technique (SVPWM). For low and medium voltage grid unbalance, the 

proposed transformer less configuration can work as DVR while operating the switches sw1 in on and sw2 in off 

position. The proposed configuration of DVR can be used in medium voltage network with low switching frequency 

with lower harmonics magnitude and lower switching losses. 

 

Figure 6.2 The  configuration of the proposed transformerless DVR, STATCOM and UPQC 

When sw1 is off and sw2 is on, the proposed model can be operated as a STATCOM which is a shunt connected 

FACTS device that can work in current control and voltage control modes. Shunt connected STATCOM provides 

voltage regulation on the power system and compensate dynamic reactive power support through the application of 

power electronic devices. The main component of the STATCOM is multilevel converter, which maintains the 

constant value of DC-link voltage into a three-phase set of balanced output voltages with the desired amplitude, 

frequency and phase. An AC filter is further connected across the inverter to bypass the harmonics generated by 

inverter switching. Shunt connected PV-wind-PEMFCS based multi level VSI provides adequate current regulator 

bandwidth, to achieve high efficiency, the THD of the source current is reduced to less than 5%, which complies 

with IEEE610000-3 and IEEE 519 harmonic standards and has faster transient response. When sw1 and sw2 are both 

operate the model is operate as a UPQC mode which consists of two VSCs that are connected to common DC 
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energy storage element and this DC-link is connected through a PV panel, wind power or both (emerging as 

alternate sources of electricity), PEMFCS, low and high step up DC-DC converter, and a battery. One of the 

converter is associated in shunt with a distribution grid, while the other one is attached in series with the same grid. 

The shunt inverter UPQC [170,171] is limited in current control mode. The main advantage presented by VSI 

topology over CSI includes lighter in weight, cheaper, blocking diodes is not needed, capability of multilevel 

operation with lower switching frequency, and extra flexible overall control.  

 

Figure 6.3 The new configuration of the proposed series connected transformer based PV-wind- fuel-cell –UPQC 

A transformer connected typical configuration of PV-wind-PEMFCS based UPQC compensated distribution system 

is shown in Figure 6.3. The proposed UPQC monitors the peak supply voltage, and the d- and q-axis component of 

the supply voltage. As discussed in this chapter, the main purpose of the proposed UPQC is to regulate the sensitive 

load bus voltage through the series VSC and the shunt VSC controls the reactive power besides eliminating the 

unbalance and unwanted harmonics from the bus voltage. The multilevel current controlled VSI controls the voltage 

and reactive power level without the use of bulky transformers. When the voltage dip is high the transformer based 

UPQC is more suitable. A battery can be coupled for additional benefit to the PV-wind-PEMFCS generated bus, 

such that the excess DG generated power can be stored as a backup and compensate the voltage interruption. When 

the UPQC model is 3-phase-3-wire system, it is required to consider current unbalanced apart from reactive and 

harmonics current. The 3-phase-4-wire system shown in Figure 6.3 requires an additional loop for excessive neutral 

current compensation. PEMFCS [172] are used for prospective information for applications of micro-grid to their 
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better-quality efficiency, small amount of emissions and straight production of electricity. Figure 6.4 shows the 

simulation configuration of PV-PEMFCS-MPPT control unit; where in Figure 6.5 the hybrid cascade bottom leg 

PV-wind-PEMFCS multilevel inverter gate control unit is presented. Where the Figure 6.6 represents the PV, wind 

and converter simulation control unit and in Figure 6.7 represents the PV-wind-PEMFCS based DVR, STATCOM 

and UPQC control unit. 

 

Figure 6.4 Simulation configuration of PV-PEMFCS-MPPT control unit 

 

Figure 6.5 Hybrid cascade bottom leg PV-wind-PEMFCS multilevel inverter gate control unit 
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Figure 6.6 PV-wind-PEMFCS based converter simulation control unit 

 

Figure 6.7 PV-wind-PEMFCS based DVR, STATCOM and UPQC control unit 

6.4 Proposed  DVR, STATCOM and UPQC Control System with SVPWM Algorithm 

Inverters are multipurpose power electronic switching controls devices that convert DC electrical power to require 

AC electrical power and are key sources of harmonics. The flexible power electronics inverter output generated 

harmonic current is injected to the electrical utility circuit and extremely affecting the customers associated with the 

interrelated circuit. For better performance, a preferable filter is installed between the injection transformer and 

proposed VSC to diminish the harmonics from the output of FACTS (i.e., DVR, STATCOM, UPQC) and provide 

healthier power superiority of the output voltage. The inverter output necessary filter voltage is properly introduced 



[Chapter 6: PV-Wind-PEMFCS Based Hybrid UPQC System with Combined DVR/STATCOM] Page 177 

 

into the distribution system via with and without series injecting transformer. The PLL employed to regulate the 

electrical phase angle of the utility for synchronization of the grid. Within the multilevel structure converter, the 

superiority of voltage is straightforwardly interrelated to the number of voltage level and it improves as the number 

of voltage levels will increases i.e., low ripple and zero tracking to lofty quality of voltage waveform.  

6.4.1 Proposed Multilevel Inverter Topology 

 

Figure 6.8 A general three-phase hybrid cascaded-multilevel inverter with PV-wind- PEMFCS 

Fig 6.8 illustrates the proposed simulation block diagram of PV-wind-PEMFCS based mostly three-phase hybrid 

cascade bottom leg multilevel inverter. This type of construction of multilevel inverters is appropriate for the 

smallest amount of components and contains a standard modular layout. Also the multilevel FACTS (DVR, 
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STATCOM, UPQC) inverters are most straightforward, reduces the cost effecting filtering requirements, increases 

redundancy, and facilitate the transformer less FACTS operation which implies, low cost and size in a distribution 

system. To, achieve good quality of AC supply waveforms the construction of multilevel inverter is more 

appropriate. To, achieve high-quality of AC supply waveforms the multilevel converter is most excellent and 

appropriate. The assessment and comparison of diode clamped, flying capacitors and cascaded multilevel inverters 

are shown in Table 6.1.  

Table 6.1 Comparisons of three multilevel inverters 

Converter Type Diode Clamp Flying Capacitors Cascade Inverter 

Main switching devices ( 1) 2m − ×  ( 1) 2m − ×  ( 1) 2m − ×  

Main diodes ( 1) 2m − ×  ( 1) 2m − ×  ( 1) 2m − ×  

Clamping diodes ( 1) ( 2)m m− × −  0 0 

DC bus capacitors ( 1)m −  ( 1)m −  ( 1) 2m −  

Balancing capacitors 0 ( 1) ( 2) 2m m− × −  0 

 

6.4.2 Proposed Space Vector Pulse Width Modulation Switching control strategies 

For reduction of commutation losses, improvement of bus utilization and low order of harmonic THD, the SVPWM 

multilevel converter switching technique is most sophisticated. The space vector modulation is one of the advanced, 

computation intensive, flexible and real time modulation techniques. Using SVPWM switching technique 

determination of the switching instant of the switching vectors α-alpha, β-beta planes the magnitude and angle of the 

rotating vector can be found by the mean of Clark’s Transformation  with respect to stationary reference frame. 

 

Figure 6.9 Space vector configurations for (a) two-level inverter (b) voltage space vector and its components (d, q) 

(c) reference vector as a combination of adjacent vectors at sector 1. 
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Figure 6.9 shows the representation of rotating vector in complex plane with typical space vector diagram for (a) 

two-level inverter (b) voltage space vector and its components (d-direct, q-quadrature) (c) reference vector as a 

combination of adjacent vectors at sector 1. 

The reference voltage can be written as 

( )22 3reference alpha beta R Y BV V jV V aV a V= + = + +
��

, where, (2 3) 120j ja e eπ °

= =          (6.1) 

( )2 2 1, tanreference alpha beta beta alphaV V V V Vα −= + =
��

             (6.2)  

( )(2 3) (2 3)2 3 j j
alpha beta R Y BV jV V e V e Vπ π−+ = + +  

( ) ( )( ) ( ) ( )( )2 3 cos 2 3 cos 2 3 2 3 sin 2 3 sin 2 3R Y B R YV V V j V Vπ π π π= + + + −          (6.3) 

Equating real and imaginary parts from equation (6.3): 

( ) ( )( )2 3 cos 2 3 cos 2 3alpha R Y BV V V Vπ π= + +               (6.4) 

( ) ( )( )2 3 0 sin 2 3 sin 2 3beta R Y BV V V Vπ π= + −             (6.5) 

The sinusoidal voltage can be treated as having a constant amplitude, constant frequency and transformed into a 

vector in the RYB reference frame to a stationary d-q coordinate frame. 

( ) ( )
( ) ( )

1 cos 2 3 cos 2 32
0 sin 2 3 sin 2 33

R
direct

Y
quardrature

B

V
V

V
V

V

π π
π π

 
    =     −      

             (6.6) 

From vector diagram of Figure 6.9 (b), referenceV
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, , refrencedirect quadratureV V V
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2 2
reference direct quadratureV V V= +
��

 

( )1tan 2direct quadrature s sV V t f tα ω π−= = =             (6.10) 

Where, sf  is a fundamental frequency. 

Considering that kT  is sufficiently small, the reference voltage referenceV
��

 could be constant duringkT . The time 

duration is  
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TT T
V T V V V

T T T
= + +
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1 2 01 2 0referenceV V T V T V T= + +
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, where 1 2 0kT T T T= + +            (6.11) 

1 2,T T and 0T  are the time for 1V
��

, 2V
��

and 0V
��

  respectively. Therefore, the space vector can be written as follows: 

( ) ( ) ( 3)
1 2, 2 3 , 2 3 ,i j

reference reference direct directV V e V V V V eθ π= = =
�� �� �� ��

and 0 0V =
��

        (6.12) 
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cos cos 312 2
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α π
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The real part is, ( ) 1 2

2 1
* *cos * * * *

3 3
referencek dc dcT V T V T Vα = +
��

         (6.14) 

Imaginary part is, ( ) 2

1
* *sin * *

3
referencek dcT V T Vα =
��

          (6.15) 

By solving the above equations,  1T  and 2T  can be expressed as below: 

( )1 * *sin 3kT T a π α= − , ( )2 * *sinkT T a α= where
1

kT
f

= for 0 60α °≤ ≤ and the modulation index is, 

3 reference
d

dc

V
m

V
= . 

Here T1, T2, T0 represent the time widths for vectors V1, V2, V0. T0 is the period in a sampling period for null vectors 

should be filled. As each switching period Tk starts and ends with zero vectors i.e. there will be two zero vectors per 

Tk or four null vectors per Tk, duration of each null vector is Tk/4.  

The space vector switching time duration at any sector is represented by equations (6.16) and (6.17). 

1

3. . 3. .1
sin sin .cos cos .sin

3 3 3 3
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dc dc

T V T Vn n n
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V V
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2

3. . 3. .1 1 1
sin cos .sin sin .sin

3 3 3

reference referencek k

dc dc

T V T Vn n n
T

V V
α π α π α π −  − −   = − = − +    
    

�� ��
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Where 1n = through 6 and 1 2 0kT T T T= + + for 0 60α °≤ ≤  

 

Figure 6.10 Space vector diagram for (a) three-level inverter (b) division of sectors and region for three-level 

inverter (c) voltage vector 1 and their times. 

Figure 6.10 shows that the space vector diagrams for (a) three-level inverter (b) division of sectors and region for 

three-level inverter (c) voltage vector 1 and their times. If θ is between 0 60θ °≤ ≤ then Vreference will be in sector 1, 

if θ is between 60 120θ° °≤ ≤ then Vref will be in sector 2, if θ is between 120 180θ° °≤ ≤ then Vreference will be 

in sector 3, if θ is between 180 240θ° °≤ ≤ then Vreference will be in sector 4, if θ is between 

240 300θ° °≤ ≤ then Vreference will be in sector 4 and if θ is between 300 360θ° °≤ ≤ then Vreference will be in 

sector 5. 

The relationship between times and voltage is 

1 7 2a b c reference sV T V T V T V T+ + =               (6.18) 

a b c sT T T T+ + =  

From Figure 6.10 voltage vectors V1, V2 and V7 can be observed as, 1
1

3 directV V=
��
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3
j
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��

, 

( 6)
7
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3
j
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��

and j
reference referenceV V e θ=
��

 

( ) ( )1 3 1
cos( 6) sin( 6) cos( 3) sin( 3)

3 3 3direct a direct b direct cV T V j T V j Tπ π π π+ + + +  
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Solving upper two equations for total time, s a b cT T T T= + +        

[ ]1 2. .sina s dT T m θ= − , 2. .sin 1
3b s dT T m
π θ  = + −  
  

and 1 2. .sin
3c s dT T m
π θ  = − +  
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The modulation index is, 
reference

d
direct

V
m

V
= . 

6.5 SVPWM simulation output results 

For the proposed system the simulations are performed by using Matlab/Simulink. The SVPWM technique controls 

the minimum harmonic distortion, position of reference vector according to fundamental frequency, reduction of 

switching losses, voltage sag, swell, flicker, unbalanced, active and reactive power, reduces the commutation losses 

and controls the inverter output voltage. Conjointly the construction of the multilevel SVM inverter can be 

developed for versatile applications, like as an active energetic power filter, static power unit VAR compensator, 

motor drive system (STATECOM), PV, fuel cells, battery etc.  In this section, the merit and demerit of different 

multilevel inverters performance for FACTS control is examined.  
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Figure 6.11 Switching instant of a SVPWM pulse waveform. 

The switching instant of a space vector pulse width modulation pulse waveform is shown in Figure 6.11. Figures. 

6.12 & 6.13 show the simulation result of cascade MLI for a three level and five level output voltage (Van, Vbn and 
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Vcn). The THD measurement for the 5-level DCMLI is shown in Figure 6.13 where fundamental frequency is 50 Hz 

and the %THD is 4.62. 

The THD measurement for the 5-level cascade multilevel inverter is shown in Figure 6.14 where fundamental 

frequency is 50 Hz and the %THD is 3.71.This proves that the proposed cascade multilevel inverter scheme can 

highly reduce the %THD than the others multilevel inverters. The THD values of the proposed cascade multilevel 

inverters are lower than that of the other multilevel inverter as shown in Table 6.2.  So the proposed control 

techniques have good accuracy, flexibility, speed and each of implementation. 

Table 6.2 Comparison between % THD for proposed system with SPWM. 
 

No of Proposed SVPWM (% THD) SPWM (% THD) 

levels DCMLI NPC Cascade DCMLI NPC Cascade 

2 5.264 15.2508 3.9861 12.432 15.876 7.435 

5 4.62 10.9005 3.71 12.845 14.324 6.392 

7 3.6356 10.3778 2.6202 11.8453 13.682 5.549 

9 3.2577 10.1405 2.4754 11.235 12.203 5.0453 

11 3.002 10.0761 2.0955 11.0701 11.002 4.374 

13 2.9557 8.8655 1.8804 10.214 10.549 4.113 

15 2.813 8.7752 1.1123 8.045 9.326 3.541 

17 2.4359 7.7785 1.0087 6.834 7.162 3.179 

19 2.2826 5.0087 1.0243 5.457 6.349 3.0058 

23 2.214 4.108 0.3034 4.348 5.23 2.738 

25 2.1001 3.543 0.1423 3.678 4.473 2.548 

29 1.322 2.8945 0.2046 2.564 4.12 1.3769 

31 0.153 2.125 0.0072 2.743 3.032 1.417 

35 0.093 2.0537 0.0050 1.973 2.23 1.001 
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Figure 6.12 Simulation result of SVPWM for hybrid cascade MLI (Van, Vbn and Vcn) for a five level. 
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Figure 6.13 FFT output for 5-level diode clamp multilevel inverter 
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Figure 6.14 FFT output for 5-level cascade multilevel inverter 

6.6 Simulation Results for DVR, STATCOM and UPQC with Filter 

The performance of the proposed SVPWM switching technique of the PV-wind-PEMFCS connected DVR, 

STATCOM and UPQC system is implemented by considering different cases of voltage disturbances such as 

balanced and unbalanced deep voltage sag, voltage swells, voltage flicker, voltage spike, harmonics and long 

duration voltage variation. A simple PV-wind-PEMFCS-FACTS distribution system is shown in Figure 6.1.  

The proposed controller PV-wind-PEMFCS based FACTS compensator establish the proper voltage quality level 

that is required by the sensitive load for both normal and transient operation with appropriate active and reactive 

power control. Simulation results using MATLAB/Simulink for multilevel PV-wind-PEMFCS based FACTS 

inverter with and without transformer shows that the number of levels reach infinity, the output THD approaches 

zero, i.e., the switching loss problem has been overcome. The simulation parameters are shown in Table 6.3. 
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Table 6.3 Simulation parameters for the scheme in Figure 6.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.6.1 Proposed PV-wind- PEMFCS based DVR simulation results  

The transformer-less PV-wind- PEMFCS hybrid DVR is based on a three-phase multilevel converter to dynamically 

inject a compensation voltage vector in series to protect sensitive loads from the electrical micro-grid voltage 

disturbance such as balanced and unbalanced voltage sag, swell, flicker and reduced voltage or current total 

harmonic distortion. Figure 6.15 shows the response of DVR with vector control voltage sag for nonlinear load with 

balanced three phase fault (a) three phase fault voltage, (b) DVR injection voltage, (c) Three phase load voltage (V), 

(d) three phase fault current, (e) three phase load current.  

Description Parameter Symbols Value 

PV module specification No of solar cell solarN  63 (7x9) 

Nominal voltage nomV  2x12 V  

Step-up DC-DC converter Inductance  mL  57 Hµ  

kL  0.271 Hµ  

Switching frequency  2sf  120 kHz  

Capacitance 1C  293 Fµ /100 V  

Output DC voltage 0V  220-230 V  

Injection Transformer 1:1 Power injP  100 VA  

Voltage rating P SV V  230/230 V  

Resistance P SR R  0.0000261 ohm  

Inductance  P SX X  0.0003 ohm  

Magnetizing mX  0.00004 ohm  

DVR DC voltage of DVR dcV  240-260 V  

DC link capacitance dcC  29 Fµ  

UPQC  Filter inductance Lf
 

217µH 

Filter capacitance Cf
 

139 µH 

Switching  fsw
 

4.0 kHz 

Parameters of the grid voltage Nominal voltage sV  220-240 V  

frequency  sf  50 Hz  

Parameters of Battery Series & Parallel Vdc 12V, 500 Ah 
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Figure 6.15  Response of DVR with vector control voltage sag for nonlinear  load with balanced three phase fault 

(a) three phase unbalanced fault voltage (b) DVR injection voltage (c) three phase load voltage (V) (d) three phase 

fault current (e) three phase load current. 
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Figure 6.16 Response of DVR with vector control voltage sag for nonlinear (RL) load with phase a, b and ground 

fault (a) three phase unbalanced fault voltage (b) DVR injection voltage (c) Three phase load voltage (V) (d) three 

phase fault current (e) three phase load current. 
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Figure 6.16 shows response of DVR with vector control voltage sag for nonlinear (RL) load with phase a, b and 

ground fault (a) three phase unbalanced fault voltage, (b) DVR injection voltage, (c) Three phase load voltage (V), 

(d) three phase fault current, (e) three phase load current. 

Figure 6.17 shows the performance of the DVR with vector control voltage sag for nonlinear (RL) load with three 

phases a, b, c and ground fault, active and reactive power output from the DVR. The PV-wind-PEMFCS based 

transformer-less DVR is turned on at t=0.15s and continue to t=0.25s. When the fault occurs the load voltage is 

distorted, it is obvious that the load side voltage is effectively regulated to its normal value and the power quality is 

maintained. 
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Figure 6.17 Performance of the DVR with vector control voltage sag for nonlinear (RL) load with three phase a, b, c 

and ground fault, active and reactive power output from the DVR. 

6.6.2 Proposed PV-wind- PEMFCS based UPQC simulation results  

The PV-wind-PEMFCS primarily based UPQC will operate with and while not electrical transformer operation. The 

operation and performance of the structure multilevel based PV-wind-PEMFCS  UPQC is supposed to tightly 

regulate grid voltage of sensitive loads against voltage sag, swell, flicker, voltage unbalance, harmonics, negative 

sequence current, active and reactive power and the any other disturbance in the distribution electrical network. The 

UPQC is fed from a PV-wind- PEMFCS primarily based DC input within the proposed scheme and also the UPQC 

won't be directly affected from any grid disturbances. A common standard electrical capacitor is associated to a link 

of both series and shunt structure multilevel VSCs.    

The projected UPQC mentioned during this  chapter is meant to compensate the critical load bus voltage (i.e., 

balanced, sinusoidal, with pre-specified magnitude and phase angle) by series construction multilevel VSCs and the 

primary goal of the shunt  constructed multilevel VSCs is regulate the mostly important real and reactive power to 

the capacitor and also eliminate the unbalance and harmonics. This twin voltage control operation procedure of the 
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multilevel based PV-wind-PEMFC-UPQC is controlled by SVPWM switching control loop, inner voltage regulation 

loop, inner current managing loop, transformation loop, phase angle management loop and filter control loop. Most 

of the system parameters are as exposed in Table 6.3. Figure 6.18 shows the response of PV-wind-PEMFC-UPQC 

with vector supervise voltage sag for sensitive nonlinear load with unbiased balanced three phase waveforms of the 

availability aspect of supply side voltages, the injected appropriate voltage by the UPQC (series PV-wind-DVR), the 

restored load side 3-phase voltage, 3-phase fault current and 3-phase load current. 
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Figure 6.18 Response of UPQC with vector control voltage sag for nonlinear  load with balanced three phase fault 

(a) three phase balanced fault voltage (b) UPQC injection voltage (c) Three phase load voltage (V) (d) three phase 

fault current (e) three phase load current. 
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Figure 6.19 Performance of the UPQC for (a) resistive load with unbalanced voltage sag active and reactive (red) 

power output from the DVR (b) capacitive load with unbalanced voltage sag active and reactive power output from 

the DVR (c) resistive load with balanced voltage sag active and reactive power output from the DVR (d) non-linear 

load with unbalanced voltage sag active and reactive power output from the DVR (e) Induction motor load with 

unbalanced voltage sag active and reactive power output from the DVR 
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Figure 6.19demonstrates then presentation of the  performance of the UPQC for (a) resistive load with unbalanced 

voltage sag dynamic and mostly important reactive power output from the UPQC, (b) capacitive load with 

unbalanced voltage sag active and reactive power output from the UPQC, (c) resistive load with balanced voltage 

sag active and reactive power output, (d) non-linear load with unbalanced voltage sag active and reactive power 

output from the PV-wind- PEMFC-UPQC, (e) Induction motor load with unbalanced voltage sag active and reactive 

power output from the UPQC.  The proposed multilevel inverter based transformer less configuration of the PV-

wind- PEMFC-UPQC overcomes transformer problems such as high cost, large size, losses, saturation, phase shift 

and inrush current. Also filter-less PV-wind- PEMFC-UPQC operation can be obtained at high number of inverter 

levels. For high voltage purpose we used transformer connected UPQC and this custom power compensator is 

employed to regulate the positive sequence component and to cancel the negative sequence component. The 

transformer connected PV-wind- PEMFC-UPQC output fault voltage waveform is shown in Figure 6.20, where  

voltage sag depth is (a) UPQC unbalanced fault with linear load (b) UPQC unbalanced fault with non-linear load (c) 

UPQC unbalanced fault with capacitor load (d) UPQC balanced fault with linear load. 

 

Figure 6.20 Voltage sag depth is (a) UPQC unbalanced fault with linear load (b) UPQC unbalanced fault with non-

linear load (c) UPQC unbalanced fault with capacitor load (d) UPQC balanced fault with linear load. 

6.6.3 Performance Comparison of the PV-wind- PEMFC-UPQC, PV-wind- PEMFC -DVR and 

STATCOM 

A performance comparison is made for the proposed topology operating under DVR, STATCOM and UPQC modes. 

Tables 6.4, 6.5 and 6.6 demonstrate the comparison results obtained. The parameters observed are source and load 
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side voltage and current harmonics with the proposed control. The Table 6.4 and 6.5 shows the performance of the 

DVR and UPQC modes where the UPQC modes having lower harmonics in both the voltage and current 

waveforms. In Table-6.6, consists the level wise comparison for the source and load side voltage and currents. Here 

also it can be observed that the UPQC mode of operation results in lower harmonic generation compared to DVR or 

STATCOM modes.  

Table 6.4 Source and load side voltage and current harmonic magnitude when DVR connected 
 

Table 6.5 Source and load side voltage and current harmonic magnitude when UPQC connected 
 

  Voltage and current  unbalance harmonic (% of fundamental) when PV-wind-PEMEFC-UPQC connected 

Harmonic 
Source side voltage harmonic 

(%) 
Source side current harmonic 

(%) 
Load side voltage harmonic 

(%) 
Load side current harmonic 

(%) 

order Vsa Vsb Vsc Isa Isb Isc Vla V lb V ls I la I lb I lc 

5 0.06 0.82 0.14 0.38 0.43 0.52 1.32 0.69 1.04 1.32 1.04 1.71 

7 0.83 0.72 0.43 0.11 0.38 0.04 1.22 0.47 1.07 1.03 0.03 0.79 

11 0.13 0.21 0.02 0.02 0.05 0.25 0.23 0.122 0.05 0.67 0.47 0.24 

13 0.08 0.23 0.24 0.01 0.12 0.04 0.74 0.06 0.32 0.01 0.01 0.11 

17 0.11 0.11 0.01 0.02 0.03 0.01 0.41 0.003 0.11 0.03 0.11 0.31 

19 0.01 0.05 0.49 0.04 0.41 0.1 0.01 0.09 0.51 0.53 0.35 0.14 

23 0.13 0.29 0.12 0.13 0.01 0.02 0.02 0.32 0.28 0.59 0.2 0.12 

25 0.01 0.03 0.11 0.11 0.09 0.02 0.17 0.31 0.04 0.44 0.17 0 

29 0.02 0.01 0 0.02 0.06 0.03 0.11 0.01 0.08 0.02 0.01 0.01 

31 0.05 0.03 0.01 0.01 0.04 0.01 0.02 0.11 0.02 0.11 0.03 0.02 

 

 

 

 

  Voltage and current  unbalance harmonic (% of fundamental) when PV-wind-PEMEFC-DVR connected 

Harmonic 
Source side voltage harmonic 

(%) 
Source side current harmonic 

(%) 
Load side voltage harmonic 

(%) 
Load side current harmonic 

(%) 

order Vsa Vsb Vsc Isa Isb Isc Vla Vlb Vls Ila Ilb Ilc 

5 1.03 2.32 0.58 0.48 0.52 0.82 2.52 1.89 2.15 2.53 3.18 1.32 

7 0.58 1.2 0.47 0.03 0.58 0.91 1.93 1.54 2.62 1.73 1.85 1.91 

11 0.47 0.48 0.01 0.01 0.33 0.63 0.93 0.02 1.02 1.12 0.57 0.93 

13 0.28 0.49 0.53 0.47 0.02 0.21 1.02 1.38 1.11 0.05 0.06 0.34 

17 0.13 0.12 0.06 0.07 0.04 0.05 0.78 1.03 0.09 0.79 0.94 0.84 

19 0.04 0.65 0.52 0.21 0.27 0.03 0.24 0.59 0.74 1.01 0.41 0.69 

23 0.27 0.45 0.48 0.16 0.06 0.01 0.03 0.36 0.43 1.25 0.11 0.36 

25 0.02 0.01 0.13 0.31 0.11 0.08 0.46 0.65 0.24 0.94 0.42 0.12 

29 0.01 0.04 0.01 0.08 0.21 0.11 0.91 0.02 0.53 0.06 0.23 0.01 

31 0.11 0.73 0.21 0.03 0.07 0.02 0.03 0.51 0.08 0.19 0.01 0.03 
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Table 6.6 Source and load side %THD calculation when DVR, STATCOM and UPQC connected 

hybrid 
cascade 

Using DVR Compensator Using STATCOM Compensator Using UPQC Compensator 

multilevel 
Source side 

%THD 
Load side %THD 

Source side 
%THD 

Load side %THD 
Source side 

%THD 
Load side %THD 

Inverter Voltage  Current Voltage  Current Voltage  Current Voltage  Current Voltage  Current Voltage  Current 

Level 
%  

THD 
% 

THD 
%  

THD 
%  

THD 
% 

 THD 
% 

THD 
%  

THD 
% 

THD 
%  

THD 
% 

THD 
%  

THD 
% 

THD 

2 1.942 1.5496 2.974 3.547 1.954 1.201 3.172 2.73 1.4549 1.0057 2.44 1.959 

3 1.326 1.264 2.034 3.286 1.867 0.9874 3.263 2 1.2325 0.9793 2.15 1.193 

5 1.0321 0.9321 1.984 3.192 1.564 0.8487 2.154 1.95 1.0354 0.8362 1.96 1.452 

7 0.9867 0.6403 1.436 2.879 0.993 0.6353 1.693 1.35 0.9621 0.4935 1.52 0.989 

9 0.7326 0.5794 1.325 2.281 0.863 0.4752 1.538 1.22 0.5224 0.3142 1.32 0.897 

11 0.4521 0.3867 1.176 1.984 0.563 0.3647 1.325 1.13 0.1243 0.3061 0.99 0.723 

13 0.3653 0.1965 1.098 1.382 0.394 0.0926 1.193 1.04 0.0754 0.0873 0.95 0.574 

15 0.2357 0.0984 0.984 1.047 0.391 0.0762 1.012 1 0.0521 0.0446 0.69 0.757 

17 0.1843 0.0164 0.867 0.992 0.357 0.0099 0.984 0.83 0.4104 0.0098 0.62 0.562 

19 0.0457 0.0096 0.738 0.946 0.084 0.0091 0.839 0.74 0.0343 0.0079 0.16 0.513 

23 0.0243 0.0076 0.628 0.787 0.063 0.0006 0.767 0.63 0.0213 0.0061 0.08 0.418 

25 0.0332 0.0084 0.394 0.531 0.009 0.0007 0.415 0.33 0.0043 0.0054 0.01 0.314 

 
6.7 Conclusion 

 
This chapter investigates new models of PV-wind- PEMFCS-DVR, PV-wind-PEMFCS-STATCOM and PV-wind- 

PEMFCS-UPQC system with the proposed control method. This innovative and potential method is capable to 

compensate network faults and mitigate their effects on sensitive loads in distribution power systems. DVR has the 

boundary limit for injection of active power. The simulation results indicate the capability of custom power device 

in mitigating the voltage variation and harmonic polluting loads. The harmonics of the output voltage is eliminated 

by SVPWM switching technique and THD is also calculated to evaluate the quality of the load voltage during the 

operation of DVR, STATCOM or UPQC which fulfills IEEE 519 std. range. From the simulation results, it is 

evident that the generated voltage spectrum is very much improved by increase in the level of the inverter. The 

proposed system also decreases the overall voltage THD in the micro-grid, decreases the total system loss, improves 

the dc link voltage, increases the effecting speed, and solves the loss of commutation, electromagnetic intervention; 

minimize the harmonics and optimized the high frequency switching problems. Different simulation case study is 

verified to evaluate the potential application of the proposed control approach with superior advantage. A rapid 

response and precise compensation with optimum energy of the proposed control system are also revealed in the 

simulation results. 
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Chapter 7 

7.1 Conclusion  

The aim of this present thesis is to address power quality issues with different types of DGs having Inverter interface 

to MGs. The harmonic optimization and overall power quality issues has been dealt with by the use of renewable 

energy based PV and DFIG hybrid schemes operating under UPQC, DVR, STATCOM modes.  

The most important aims of this present thesis are: 

i. Control of power quality, harmonic optimization by different techniques. 

ii. Usage of different soft computing techniques for generating switching pulses for DG based Inverters and 

different FACTS schemes with proposed configuration.  

   

In Chapter 2 a novel technique for diminution of voltage harmonics in a modern micro-grid consisting of DFIG as 

multiple DG resources is shown. The BBO-based SHE-PWM technique of DFIG rotor side inverters is employed for 

harmonic reduction. The chosen harmonics of the DFIG rotor output voltage e.g. 5th and 7th are removed by BBO-

based SHE-PWM technique. The inverter switching angles are calculated by the BBO algorithm and stored as mixed 

model equation for on-line application. The higher order harmonics e.g. 11th, 13th, 17th, and 19th order are generated 

by other inverters in opposite phase while lessening their own lower order harmonics. Thus, the general voltage 

THD within the micro-grid is reduced. Thus the total switching losses of the inverters are lower compared to the 

situation when all the inverters are switched to eliminate both lower and higher order harmonics.  

In Chapter 3 an optimized switching strategy for the rotor side converter (RSC) for a DFIG is proposed. The 

undesired stator harmonics injected from RSC is eliminated, which can deteriorate the micro-grid power quality. 

The preferred lower order harmonics of the RSC generated voltage are removed and rest higher orders are 

minimized by BBO-based SHE technique. A rotor speed dependent modified RSC switching technique is developed 

with different switching angles per quarter cycle. The switching angles are computed through BBO algorithm and 

stored in a processor memory in the form of mixed model equations for online application. The proposed scheme 

can be used for online control of any number of DFIGs. 

In Chapter 4, the model of PV-wind based hybrid DG system suitable for DVR, STATCOM and UPQC modes of 

operation has been developed. The proposed technique can compensate networks faults, reduce injected harmonics 

and act as reactive power compensator in distribution systems. The harmonics of the output voltage are eliminated 

by SHE-PWM switching technique with ML inverter using BBO based optimized switching. A comparison of BBO 

based computation of switching angles with other existing soft computing techniques has been prepared for 

justification. The load voltage quality for DVR, STATCOM, UPQC operation can fulfill IEEE 519 std. range. 

Various simulation and experimental results are shown to justify the proposed concept. 
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In Chapter 5, the PV-DVR system is investigated with the proposed control technique. The projected performance 

is able to compensate the system faults and moderate their effects on sensitive nonlinear loads in modern power 

systems. DVR controls the power flow, harmonics with THD and mitigate the voltage variation with high efficiency. 

The selected minimum order harmonics are completely eliminated by BBO-based SHEAM-PWM switching 

technique. The generated switching angles are stored in microcontroller memory for online application and 

contributing the least voltage THD at dissimilar modulation indices which is computed by the BBO algorithm. For 

the proposed model, the generated output voltage harmonic spectrum is better and the overall voltage THD is 

decreased.  

 Chapter 6 investigates new models of PV-wind- PEMFCS -DVR, PV-wind- PEMFCS -STATCOM and PV-wind- 

PEMFCS-UPQC system with the proposed control method. The projected technique is accomplished to balance the 

system faults and moderate their special effects on sensitive loads in grid, micro-grid and smart grid related power 

systems. By SVPWM switching, the voltage harmonics is optimized with minimum THD throughout the function of 

DVR, STATCOM and UPQC mode, fulfilling the IEEE 519 range. Different simulation case study is verified to 

evaluate the potential application of the future approach with higher advantage.  

 

7.2 FUTURE WORK for MGs, PVs, DFIGs and FACTS 

 

I. Application of high technology products like nano batteries, nano solar cells, nano super capacitors and 

nano fuel cells the MG storage capacities are increased and makes the MGs, simpler, smarter etc. In future 

for MGs operations the use of green and sustainable energy investigation more required.  

 

II. For PV systems the partial shading problems are the major issues so primarily the targets to solve the 

problem and utilize the maximum purpose is to be investigated.  

 

III.  Power quality issues are the most significant factors in distribution and transmission networks. Some 

subjects for the future are very attractive in DFIG connected like effect of saturation of voltage unbalanced; 

the selection proper sizing of converter and DC link capacitor is another part of the future work, handling 

of high frequency switching for more accuracy in transient operation. Under and over voltage, over current, 

speed and frequency deviation protection should be established for developed for the DFIG for protection. 

DFIGs cost analysis is another most important factor for further research. In future the DFIG wind energy 

technology more usability for micro-grid power quality improvement is possible. It is further requirement 

that by controlling of DFIG the rotor injects electrical power into the grid and absorbing power from the 

grid system through converters at sub-synchronous speed and the active power with the reactive power 

balanced.  
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IV. Using the power electronics FACTS, inverter operation, PMU, smart meter, bidirectional effects, storage 

device and advances in automation the MG makes more popular like smart grid.  

V. Further developing the FACTS device SVC, STATCOM, DVR, and UPQC can improve the active power, 

reactive power, voltage variation, harmonic polluting loads effects with high performance, low loss, cost 

effective. Further research it can be modified for simplicity, reliability, usability and controllability.  The 

harmonic elimination also can be improved by improving the switching technology.  

VI. In future Smart Grid normally improves and monitors the transmission and distribution system which is 

• Controllable, observable and suitable for sensing. 

• The proposed concept can be studied for smart grid application with already developed methods in 

power quality improvement algorithms. 
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Appendix Appendix Appendix Appendix     

From, Figure A.1-A.b.23 shows the simulation output results and which is investigate the different inverters output. 

Table A.1-A. 13 Switching angles and %THD calculation for 180, 120-degree, bipolar and unipolar conduction 

mode with different Modulation index with 3, 4, 5, 6, 7-Switching angles (degrees). From, Figure A.24 –A.27 shows 

the hardware output results for FACTS and inverter respectively. 
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Figure A.1 Simulation result of single phase full bridge inverter. 
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Figure A.2 Simulation result of three-phase nine-level DCMLI inverter. 

-200

0

200

-200

0

200

V
o

lt
ag

e 
(V

)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
-200

0
200

Time (s)  

Figure A.3 Simulation result of three-phase nine-level NPCMLI inverter. 
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Figure A.4 Simulation result of three-phase five-level Cascaded H-bridges multilevel inverter. 
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Figure A.5 Simulation result of three-phase Flying capacitors based Multi-level inverter. 
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Figure A.6 Simulation result of three-phase two-level VSC. 
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Figure A.7 Simulation result of Hybrid Cascaded H-bridges multilevel converter with single dc sources. 

 



 

[Appendix] Page 200 

 

0.05 0.1 0.15 0.2 0.25 0.3
-500

0

500
Van

0 0.05 0.1 0.15 0.2 0.25 0.3
-500

0

500

L
in

e 
vo

lt
ag

e 
fo

r 
18

0-
d

eg
 (

V
)

Vbn

0 0.05 0.1 0.15 0.2 0.25 0.3
-500

0

500

Time (s)

Vcn

 

Figure A.8 Simulation result of line voltage for 180-degree mode. 
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Figure A. 9 Simulation result of Phase voltage for 180-degree mode. 
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Figure A.10 Simulation result of Hybrid cascade multilevel with bottom three leg inverter. 
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Figure A. 11Simulation result of 120-degree mode. 
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Figure A.12 Simulation result of Phase voltage for 180-degree mode. 
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Figure A.13 Simulation result of single phase inverter with bipolar switching. 
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Figure A.14 Simulation result of single phase bridge inverter using IGBTs, with renewable source. 
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Figure A.15 Simulation result of cascade multilevel inverters with Single dc source by employing single phase 

transformers. 
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Figure A.16 Simulation result of cascade multilevel inverters with Single dc source by employing single phase 

transformers with minimum number of dc sources. 
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Figure A.17 Simulation result of Cascade multilevel inverter with Single dc source by employing cascade 

transformers 
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Figure A.18 Simulation result of Unequal dc source. 
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Figure A.19 Simulation result of 120-degree conduction 
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Figure A.20 Simulation result of Hybrid multilevel inverter with single PV-wind-PEMFCS dc-source. 
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Figure A.21 Simulation result of 3-phase inverter with only PV input. 
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Figure A. a. 22 The output voltage waveform of the PWM switching 
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Figure A. b .22 The output voltage waveform of the PWM switching 
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Figure A. c. 22 The output voltage waveform of the PWM unipolar switching 
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Figure A. a.23 The output voltage waveform of the three phase PWM switching 
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Figure A. b.23 The output phase voltage waveform of the three phase PWM switching 
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Table A.1 Switching angles and THD calculation for 180-degree conduction mode with different Modulation Index 

with 3-Switching angles (degrees). 

 

MI alpha1 alpha2 alpha3 THD MI alpha1 alpha2 alpha3 THD 

0.02 59.6695 60.3311 89.7135 84.7343 0.52 51.46 69.098 82.7121 36.0165 

0.03 59.5044 60.4968 89.5703 84.5492 0.53 51.2947 69.2961 82.5817 35.3158 

0.06 59.0099 60.9951 89.1407 83.5588 0.54 51.1293 69.4962 82.4522 34.6349 

0.07 58.8452 61.1616 88.9976 83.0871 0.55 50.9638 69.6986 82.3239 33.9712 

0.08 58.6807 61.3282 88.8545 82.5471 0.56 50.7981 69.9034 82.1966 33.322 

0.09 58.5162 61.4951 88.7114 81.9404 0.57 50.6323 70.1108 82.0706 32.6848 

0.1 58.3518 61.6621 88.5684 81.269 0.58 50.4663 70.3211 81.9459 32.0568 

0.11 58.1875 61.8294 88.4254 80.5352 0.59 50.3001 70.5344 81.8227 31.4354 

0.12 58.0233 61.9969 88.2824 79.7414 0.6 50.1338 70.7512 81.7011 30.8179 

0.13 57.8592 62.1646 88.1396 78.89 0.61 49.9672 70.9716 81.5813 30.2019 

0.14 57.6951 62.3326 87.9968 77.9839 0.62 49.8005 71.1961 81.4635 29.5848 

0.15 57.531 62.5009 87.854 77.026 0.63 49.6335 71.4251 81.3479 28.9644 

0.16 57.367 62.6694 87.7113 76.0193 0.64 49.4663 71.6592 81.2347 28.3383 

0.17 57.2031 62.8382 87.5687 74.9673 0.66 49.1312 72.1445 81.0169 27.0599 

0.18 57.0392 63.0074 87.4262 73.8731 0.67 48.9633 72.3974 80.9129 26.4032 

0.19 56.8753 63.1768 87.2838 72.7404 0.68 48.795 72.6582 80.8129 25.7319 

0.21 56.5477 63.5166 86.9993 70.3737 0.69 48.6265 72.928 80.7174 25.0437 

0.22 56.3839 63.6871 86.8572 69.1473 0.7 48.4576 73.2083 80.6271 24.3359 

0.25 55.8927 64.2007 86.4317 65.342 0.71 48.2883 73.5007 80.5428 23.6056 

0.26 55.729 64.3728 86.2902 64.0446 0.73 47.9485 74.1308 80.3969 22.0638 

0.27 55.5653 64.5453 86.1488 62.7392 0.74 47.7779 74.4746 80.3384 21.2432 

0.28 55.4016 64.7182 86.0076 61.4298 0.75 47.6067 74.8435 80.2924 20.3815 

0.3 55.0741 65.0656 85.7257 58.8138 0.76 47.435 75.2437 80.2621 19.4708 

0.32 54.7466 65.4152 85.4446 56.2262 0.77 47.2625 75.6845 80.2523 18.5002 

0.33 54.5828 65.5909 85.3044 54.9517 0.78 47.0892 76.1799 80.2699 17.4559 

0.36 54.0912 66.1217 84.8853 51.243 0.79 46.9149 76.7525 80.3263 16.3189 

0.38 53.7633 66.4792 84.6074 48.893 0.8 46.7394 77.4445 80.4427 15.0641 

0.39 53.5992 66.6591 84.4689 47.7614 0.82 46.3827 79.7936 81.1598 12.0568 

0.4 53.4351 66.8399 84.3308 46.6611 0.85 14.0947 75.9148 86.4606 12.0352 

0.42 53.1068 67.2042 84.0557 44.5588 0.87 14.4568 77.4901 86.6098 12.0073 

0.46 52.4492 67.9455 83.511 40.7626 0.88 14.6442 78.432 86.7606 11.9031 

0.49 51.9551 68.5147 83.1084 38.2612 0.91 15.2366 82.9179 88.0389 8.6862 
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Table A.2 Switching angles and THD calculation for 180-degree conduction mode with different Modulation Index 

with 4-Switching angles (degrees). 

MI alpha1 alpha2 alpha3 alpha4 THD MI alpha1 alpha2 alpha3 alpha4 THD 

0.01 55.483 55.729 84.922 87.6488 364.855 0.48 48.6144 58.1706 68.097 89.2333 20.1854 

0.02 55.289 55.777 83.61 87.1819 297.294 0.52 11.2099 60.494 77.078 84.4901 29.6727 

0.03 55.109 55.838 82.687 86.9111 251.82 0.53 11.3053 60.6758 76.737 84.5409 29.5793 

0.04 54.937 55.905 81.949 86.7336 218.258 0.54 11.4024 60.8555 76.407 84.5985 29.4537 

0.05 54.772 55.976 81.322 86.6123 192.293 0.55 47.5164 57.5861 65.665 89.9594 19.1769 

0.06 54.61 56.05 80.769 86.5291 171.598 0.56 11.6018 61.2088 75.775 84.7307 29.1143 

0.07 54.452 56.125 80.269 86.4736 154.743 0.564 47.1661 57.2439 64.838 89.9985 19.3647 

0.08 54.297 56.201 79.811 86.4393 140.779 0.57 46.9802 57.0282 64.39 89.9975 19.3703 

0.09 54.144 56.279 79.384 86.4217 129.041 0.59 11.9119 61.723 74.877 84.9622 28.4119 

0.1 53.992 56.357 78.984 86.4178 119.043 0.6 12.0179 61.89 74.587 85.0465 28.1319 

0.11 53.843 56.435 78.604 86.4252 110.423 0.62 12.2335 62.2164 74.016 85.2238 27.5085 

0.12 53.695 56.513 78.242 86.4421 102.905 0.608 45.5278 54.6435 60.932 89.9919 15.7568 

0.13 53.548 56.592 77.896 86.4672 96.2726 0.62 44.701 53.0218 59.254 89.99 14.0425 

0.14 53.402 56.67 77.561 86.4993 90.36 0.68 12.9047 63.1212 72.332 85.8096 25.1344 

0.15 53.258 56.747 77.238 86.5376 85.0356 0.7 25.7084 40.9129 53.229 88.7416 14.4167 

0.16 53.114 56.824 76.924 86.5814 80.196 0.71 13.2518 63.5132 71.472 86.1251 23.6337 

0.17 52.971 56.901 76.619 86.63 75.7597 0.72 23.3242 42.4526 52.998 88.2154 14.7984 

0.18 52.828 56.976 76.32 86.683 71.6627 0.73 22.5129 43.0905 52.882 88.0807 14.8399 

0.19 52.687 57.051 76.028 86.7398 67.8544 0.74 21.817 43.6819 52.769 87.9878 14.7291 

0.2 52.545 57.125 75.741 86.8002 64.2955 0.75 21.1997 44.2417 52.663 87.9246 14.5306 

0.21 52.405 57.198 75.459 86.8638 60.9555 0.76 13.8453 64.0003 69.916 86.6756 20.572 

0.22 52.265 57.27 75.181 86.9303 57.8105 0.77 20.1236 45.3067 52.479 87.8599 14.0221 

0.24 51.985 57.409 74.635 87.0711 52.0378 0.78 14.088 64.0931 69.205 86.9032 19.1257 

0.26 51.707 57.542 74.1 87.2211 46.8794 0.79 19.1881 46.3513 52.357 87.8524 13.4398 

0.28 51.43 57.669 73.572 87.3789 42.2803 0.8 18.7569 46.8856 52.331 87.8643 13.1215 

0.3 51.153 57.787 73.049 87.5435 38.2086 0.81 14.4601 64.0116 67.93 87.2526 16.6882 

0.32 50.876 57.895 72.528 87.7142 34.6418 0.82 17.9475 48.032 52.393 87.9121 12.4403 

0.34 50.6 57.993 72.006 87.8901 31.5561 0.83 17.5628 48.6798 52.514 87.9458 12.0962 

0.36 50.322 58.078 71.481 88.0708 28.9209 0.84 17.1873 49.4193 52.735 87.9849 11.7722 

0.38 50.044 58.148 70.95 88.2558 26.6959 0.85 14.9911 62.8127 65.177 87.7394 12.97 

0.4 49.764 58.201 70.41 88.4447 24.8339 0.86 15.1458 61.9302 63.918 87.8688 12.0749 

0.42 10.392 58.548 82.277 84.946 26.9385 0.87 15.3439 60.1923 61.82 88.0081 11.302 
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Table A.3 Switching angles and THD calculation for 180-degree conduction mode with different Modulation Index 

with 5-Switching angles (degrees). 

 

MI alpha1 alpha2 alpha3 alpha4 alpha5 THD MI alpha1 alpha2 alpha3 alpha4 alpha5 THD 

0.01 9.8597 10.143 49.783 50.217 89.905 59.9894 0.46 7.8539 21.295 35.926 60.071 87.4135 21.066 

0.03 49.7716 50.224 69.574 70.425 89.714 59.901 0.47 46.018 52.507 62.708 77.17 85.7631 35.397 

0.04 9.4561 10.589 49.126 50.864 89.619 59.5184 0.48 7.9161 21.682 24.758 60.558 89.9358 15.829 

0.06 49.5391 50.443 69.147 70.85 89.427 59.5418 0.49 45.826 52.517 62.325 77.558 85.6216 33.615 

0.07 9.08 11.06 48.461 51.507 89.334 58.514 0.51 45.63 52.509 61.929 77.966 85.4901 31.8 

0.08 49.382 50.587 68.861 71.133 89.237 59.1711 0.52 45.531 52.498 61.725 78.18 85.429 30.88 

0.09 8.8453 11.387 48.012 51.935 89.147 57.5803 0.53 15.31 50.875 59.666 71.749 89.8667 13.569 

0.11 49.1434 50.797 68.431 71.56 88.952 58.4224 0.54 45.328 52.459 61.303 78.63 85.3179 29.013 

0.12 49.0631 50.866 68.286 71.702 88.857 58.1225 0.55 45.225 52.429 61.085 78.869 85.2691 28.065 

0.14 48.9014 51.001 67.997 71.988 88.667 57.4489 0.56 45.12 52.393 60.862 79.12 85.2258 27.105 

0.15 8.2262 12.435 46.632 53.212 88.596 53.8184 0.57 15.493 51.188 59.363 72.924 89.509 13.217 

0.19 7.8922 13.193 45.676 54.064 88.245 50.8202 0.58 44.905 52.296 60.396 79.662 85.1597 25.143 

0.2 48.4076 51.388 67.116 72.852 88.103 54.8663 0.59 44.794 52.234 60.153 79.959 85.1396 24.137 

0.22 48.2402 51.509 66.818 73.143 87.917 53.8297 0.6 44.68 52.162 59.902 80.278 85.1307 23.109 

0.24 7.5759 14.217 44.42 55.133 87.835 46.8793 0.61 44.564 52.078 59.642 80.626 85.1359 22.054 

0.25 47.9866 51.684 66.366 73.585 87.639 52.1234 0.62 15.821 51.343 58.729 74.451 89.0972 13.467 

0.26 47.9014 51.74 66.214 73.734 87.547 51.5163 0.63 44.319 51.869 59.091 81.442 85.2064 19.835 

0.27 47.8158 51.795 66.06 73.883 87.455 50.8911 0.64 44.19 51.741 58.798 81.941 85.2873 18.65 

0.28 47.7299 51.848 65.906 74.033 87.364 50.2481 0.65 16.074 51.278 58.19 75.428 88.8788 13.714 

0.29 47.6436 51.9 65.751 74.184 87.274 49.5881 0.66 43.913 51.421 58.165 83.317 85.6385 16.056 

0.3 7.3633 15.592 42.782 56.431 87.408 42.0216 0.67 16.27 51.147 57.752 76.125 88.7511 13.827 

0.31 47.47 52 65.437 74.489 87.093 48.2188 0.68 16.379 51.05 57.505 76.493 88.6944 13.853 

0.32 47.3826 52.047 65.279 74.643 87.004 47.5108 0.69 16.496 50.927 57.237 76.878 88.6437 13.854 

0.33 47.2949 52.093 65.119 74.799 86.915 46.7878 0.7 16.623 50.774 56.945 77.284 88.6002 13.826 

0.34 7.333 16.632 41.562 57.309 87.186 38.5107 0.71 16.762 50.588 56.627 77.716 88.5657 13.766 

0.35 7.3402 16.913 41.234 57.531 87.141 37.5543 0.72 16.916 50.361 56.278 78.182 88.5426 13.671 

0.36 47.0293 52.221 64.632 75.273 86.652 44.5353 0.73 17.088 50.084 55.894 78.693 88.5345 13.538 

0.37 46.9399 52.259 64.467 75.434 86.566 43.7584 0.74 17.286 49.747 55.469 79.267 88.5473 13.353 

0.39 46.7599 52.33 64.132 75.761 86.396 42.1685 0.75 17.519 49.332 54.992 79.932 88.5909 13.09 

0.42 46.4861 52.418 63.615 76.269 86.149 39.7012 0.77 18.172 48.14 53.824 81.818 88.8762 11.986 

0.44 46.3008 52.463 63.259 76.619 85.99 38.0064 0.78 18.694 47.218 53.07 83.549 89.327 11.116 

 

 

 

 

 



 

[Appendix] Page 213 

 

 

 

Table A.4 Switching angles and THD calculation for 180-degree conduction mode with different Modulation Index 

with 7-Switching angles (degrees) 

MI alpha1 alpha2 alpha3 alpha4 alpha5 alpha6 alpha7 %THD 

0.001 44.9957 45.0043 59.9917 60.1083 74.9883 75.0117 89.9928 60.0209 

0.01 44.957 45.0426 59.917 60.1824 74.883 75.1169 89.9284 60.006 

0.03 44.8697 45.1265 59.8494 60.2455 74.6487 75.3506 89.7852 59.8856 

0.04 44.8404 45.4761 59.7607 60.3402 74.638 75.3489 89.7138 59.6144 

0.05 44.7928 45.5978 59.7005 60.4801 74.6261 75.4417 89.6425 59.3862 

0.06 44.7659 45.619 59.6937 60.5857 74.5961 75.7013 89.5706 59.4801 

0.07 44.7205 45.6288 59.5073 60.6645 74.5781 75.8183 89.4992 59.2853 

0.08 44.7178 45.6697 59.4179 60.7856 74.5163 76.7337 89.4295 58.4017 

0.1 44.7021 45.7055 59.345 60.8971 74.3226 76.1699 89.2855 58.5241 

0.13 44.6905 45.7174 58.9776 61.0236 74.2641 76.5232 89.0727 57.5016 

0.14 44.6702 45.748 58.8358 61.1719 74.1098 77.3822 89.0112 55.122 

0.19 44.5181 45.7254 58.7271 61.2558 73.9347 77.2379 88.9515 54.7001 

0.2 44.5006 45.7855 58.7117 61.3901 73.9159 77.1336 88.811 50.209 

0.23 43.9164 45.8507 57.9477 61.4726 73.8236 77.7236 88.7753 52.3008 

0.24 43.8651 45.8801 57.8512 61.5791 73.7093 77.8465 88.7307 51.6381 

0.25 43.8135 45.9088 57.7539 61.6548 73.6817 77.9702 88.72391 50.9512 

0.27 43.7548 45.9767 57.6165 61.7213 73.4341 78.1922 88.71866 42.6871 

0.29 43.7036 46.0149 57.5576 61.8973 73.2611 78.4732 87.9714 47.9703 

0.32 43.6925 46.0845 57.4518 61.9637 72.9576 78.8615 87.8759 45.5039 

0.34 43.636 46.1777 56.9163 61.9982 72.7376 78.5348 87.86521 33.7895 

0.35 43.5778 46.1944 56.8377 62.0139 72.5402 79.2618 87.85862 42.8558 

0.36 43.4221 46.262 56.7309 62.14598 72.4973 79.3985 87.75245 41.9354 

0.37 43.4036 46.3387 56.666 62.2352 72.2287 79.213 87.63584 29.7945 

0.38 43.3893 46.3932 56.5141 62.3442 72.053 79.6777 87.52039 40.0413 

0.42 43.3169 46.4658 56.466 62.4317 71.8305 79.4618 87.41251 23.1747 

0.45 43.2698 46.5524 56.3612 62.5392 71.6941 80.4388 87.30224 32.9183 

0.46 43.1606 46.5957 56.2676 62.6496 71.5875 80.399 87.251 18.1642 

0.47 42.9444 46.6278 56.1779 62.6509 71.3906 80.182 87.1472 17.0863 

0.48 42.9399 46.6446 56.0254 62.6707 71.1969 80.1066 87.0345 16.1957 

0.49 42.8471 46.694 55.9127 62.6859 71.0365 80.0382 86.9495 28.5656 

0.52 42.7344 46.701 54.9342 62.6916 70.7785 79.9891 86.8656 17.632 

0.53 42.6382 46.7389 53.9935 62.7041 70.4738 79.8519 86.6209 13.3235 

0.54 42.5679 46.7797 53.9806 62.7189 70.1757 79.7937 86.5136 13.0944 

0.55 42.433 46.786 53.9674 62.7206 70.0439 79.7568 86.4222 21.7898 

0.56 41.9567 46.7801 53.8886 62.7385 69.7811 79.6349 86.3298 20.6466 

0.57 41.8772 46.7938 53.7422 62.7455 69.5007 79.5419 86.2517 19.5031 
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0.58 41.8245 46.8144 53.6975 62.7597 68.9996 79.4645 86.1844 18.4314 

0.59 41.7053 46.8216 53.5788 62.7602 68.5874 79.3876 86.0611 17.2195 

0.6 41.4309 46.8351 53.4312 62.7823 68.3017 79.27769 85.9001 18.0802 

0.61 41.3915 46.8715 53.3695 62.7977 68.2647 79.1867 85.861 17.8302 

0.62 41.3899 46.6031 52.9045 62.8053 68.0862 79.1572 85.7007 13.7266 

0.63 40.6016 46.5204 52.8422 62.8122 67.744 79.0017 85.6172 14.831 

0.64 39.6016 46.5125 52.75749 62.8212 67.5919 78.9882 85.5199 16.8432 

0.65 38.8951 46.3321 52.62947 62.8399 66.6014 78.7839 85.4259 13.2956 

0.66 37.8033 45.8327 52.5335 62.8445 66.4969 78.5759 85.3245 14.8647 

0.67 37.1319 45.0485 52.4818 62.8614 66.2756 78.4795 85.2596 13.701 

0.68 36.958 44.7923 52.2155 62.8783 66.1988 78.4642 85.113 14.75 

0.69 35.556 44.3987 52.1939 62.8862 66.0609 78.5553 85.1299 13.2899 

0.7 34.9618 43.5525 52.0708 63.1382 65.8484 78.6771 85.1375 11.5955 

0.71 33.8214 42.7609 50.875 63.1402 65.8298 78.7606 85.1465 14.3435 

0.73 32.4183 41.7611 49.8472 63.1511 65.8362 78.8708 86.1582 13.9101 

0.74 31.5234 40.768 49.6981 63.1602 65.9078 78.8807 85.2069 13.6446 

0.75 30.6329 39.7796 49.3506 63.1722 66.7815 78.9942 85.2577 13.3468 

0.76 29.7469 38.7962 48.1048 63.2876 66.76579 79.4118 85.3171 13.0171 

0.77 28.8656 37.8181 46.6606 63.487 66.5373 79.5334 85.1069 12.6559 

0.78 26.989 36.8453 44.1181 63.6911 66.4206 79.5614 85.1158 12.2637 

0.79 25.1173 35.8782 42.5774 63.7009 66.3088 79.7945 85.1279 11.8409 

0.8 24.8726 34.3413 41.1909 63.8037 66.2251 79.9762 85.1364 13.4262 

0.81 23.3174 33.7199 39.7454 63.8579 67.9558 80.3559 85.1414 11.8339 

0.82 22.6521 32.8694 38.4422 63.938 67.8184 80.5112 84.9192 10.0299 

0.83 21.0065 31.8754 37.8691 64.0492 68.7304 80.6823 84.7686 9.8241 

0.84 20.3839 30.5072 36.4809 64.1852 68.9949 80.9883 84.672 9.017 

0.85 19.9988 29.4152 35.5773 64.3986 69.4578 81.573 84.5181 8.6987 

0.86 18.167 28.2993 34.6531 64.7377 71.4695 81.6828 85.4209 8.084 

0.87 17.8246 27.4005 33.0134 66.0854 72.5825 82.9787 85.5147 7.0379 

0.88 16.5272 26.5007 31.8165 67.6621 73.5399 83.3808 85.6646 6.7982 

0.89 15.7232 25.6235 30.9067 69.4163 74.5722 84.798 85.7177 6.1346 

0.9 14.581 25.5008 29.9526 71.3465 75.9013 84.9466 86.869 5.5942 

0.91 10.2069 23.9965 25.144 75.9189 76.8983 86.9516 89.9482 5.4963 
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Table A.5 For Bipolar 4-switching with different modulation index 

MI alpha1 alpha2 alpha3 alpha4 THD MI  alpha1 alpha2 alpha3 alpha4 THD 

0.105 21.005 38.5328 61.1938 79.301 139.198 0.455 23.3588 32.559 65.9929 77.9039 112.963 

0.11 21.051 38.4612 61.2526 79.27 138.989 0.46 23.3656 32.4457 66.0767 77.9007 112.468 

0.125 21.188 38.2452 61.4301 79.178 138.312 0.47 23.3742 32.2146 66.2462 77.8962 111.447 

0.121 21.152 38.303 61.3826 79.202 138.499 0.48 23.3757 31.977 66.4184 77.8942 110.378 

0.125 21.188 38.2452 61.4301 79.178 138.312 0.497 23.36 31.5566 66.7174 77.8967 108.425 

0.13 21.233 38.1727 61.4896 79.148 138.07 0.515 23.3144 31.0865 67.0432 77.9072 106.117 

0.135 21.278 38.1001 61.5494 79.118 137.82 0.52 23.2957 30.951 67.1354 77.9114 105.423 

0.141 21.332 38.0126 61.6214 79.082 137.51 0.53 23.2498 30.6729 67.322 77.9216 103.954 

0.145 21.368 37.9542 61.6696 79.058 137.298 0.548 23.1352 30.1473 67.6658 77.945 101.001 

0.15 21.413 37.8808 61.7299 79.029 137.025 0.557 23.0608 29.8717 67.8415 77.9587 99.3541 

0.155 21.457 37.8073 61.7905 79 136.746 0.566 22.9738 29.587 68.0196 77.9734 97.5829 

0.156 21.466 37.7925 61.8027 78.994 136.689 0.57 22.9308 29.4575 68.0996 77.9802 96.7538 

0.162 21.518 37.7039 61.8758 78.96 136.343 0.59 22.6734 28.7818 68.5067 78.0154 92.2111 

0.168 21.571 37.6149 61.9491 78.925 135.987 0.6 22.5163 28.4261 68.7146 78.0327 89.6972 

0.172 21.606 37.5553 61.9982 78.903 135.745 0.61 22.3391 28.0588 68.9252 78.0492 87.0407 

0.18 21.675 37.4357 62.0969 78.858 135.248 0.62 22.1413 27.6802 69.1384 78.0642 84.2717 

0.185 21.718 37.3606 62.1588 78.831 134.929 0.635 21.8053 27.0928 69.4627 78.0828 80.0102 

0.193 21.786 37.2398 62.2584 78.787 134.407 0.64 21.6829 26.8923 69.5719 78.0876 78.5922 

0.22 22.011 36.8263 62.5993 78.646 132.544 0.65 21.423 26.4853 69.7921 78.095 75.8169 

0.228 22.075 36.702 62.7018 78.606 131.965 0.66 21.1437 26.0714 70.0143 78.0992 73.1932 

0.23 22.092 36.6708 62.7275 78.596 131.819 0.67 20.8462 25.6522 70.2387 78.1001 70.8067 

0.236 22.14 36.5767 62.8049 78.567 131.376 0.686 20.3361 24.9745 70.6024 78.0946 67.6648 

0.24 22.171 36.5137 62.8567 78.547 131.077 0.687 20.0673 24.6341 70.7866 78.0891 66.7443 

0.25 22.25 36.3552 62.9871 78.5 130.321 0.71 19.5063 23.9542 71.1607 78.0739 64.7949 

0.26 22.327 36.195 63.1187 78.453 129.551 0.72 19.1425 23.5315 71.399 78.0627 64.2037 

0.27 22.402 36.0331 63.2514 78.409 128.769 0.739 18.4296 22.7376 71.8641 78.0417 63.7088 

0.275 22.44 35.9515 63.3183 78.387 128.374 0.74 18.3915 22.6962 71.8892 78.0408 63.6956 

0.28 22.476 35.8695 63.3855 78.365 127.977 0.75 18.0068 22.2849 72.1428 78.0325 63.5769 

0.29 22.549 35.7039 63.5208 78.324 127.175 0.763 17.4996 21.7574 72.4835 78.0278 63.3401 

0.31 22.688 35.3666 63.7955 78.245 125.55 0.774 17.0652 21.3176 72.7839 78.0318 62.9355 

0.32 22.755 35.1946 63.935 78.208 124.728 0.78 16.8265 21.0803 72.9533 78.0382 62.5994 

0.33 22.819 35.0202 64.076 78.173 123.902 0.79 16.4259 20.6887 73.2461 78.0573 61.8193 

0.34 22.881 34.8433 64.2186 78.139 123.07 0.807 15.7367 20.0328 73.7817 78.1225 59.7743 

0.35 22.941 34.6636 64.3628 78.108 122.235 0.81 15.6139 19.9181 73.8823 78.1396 59.3135 

0.36 22.998 34.4811 64.5087 78.078 121.396 0.827 14.9096 19.2728 74.4978 78.2787 56.1302 

0.374 23.073 34.2203 64.7159 78.04 120.214 0.83 14.7835 19.1593 74.616 78.3125 55.4702 

0.386 23.132 33.9915 64.8964 78.01 119.191 0.846 14.0984 18.5532 75.3131 78.5574 51.4989 
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0.39 23.151 33.9141 64.9572 78.001 118.849 0.85 13.9229 18.4006 75.5091 78.6399 50.4008 

0.4 23.195 33.7179 65.1106 77.98 117.986 0.866 13.1953 17.7787 76.4185 79.0949 45.7252 

0.42 23.271 33.3132 65.4235 77.944 116.226 0.876 12.7106 17.3729 77.1324 79.5247 42.7412 

0.43 23.303 33.1041 65.5833 77.929 115.323 0.886 12.1886 16.9426 78.0258 80.1348 39.9751 

0.442 23.334 32.8466 65.778 77.915 114.212 0.91 10.6103 15.6766 81.8923 83.331 36.382 
 

Table A.6 For Bipolar 5-switching with different modulation index 

MI alpha1 alpha2 alpha3 alpha4 alpha5 %THD MI alpha1 alpha2 alpha3 alpha4 alpha5 %THD 

0.1 18.257 18.647 61.098 78.8786 80.943 89.631 0.69 11.73 15.303 67.6548 72.729 86.7244 13.86 

0.11 18.104 18.534 61.208 78.7689 81.039 88.226 0.71 11.56 15.268 67.8955 72.54 86.9203 13.298 

0.114 18.044 18.49 61.251 78.7251 81.077 25.436 0.723 11.45 15.247 68.0547 72.42 87.0476 12.937 

0.122 17.924 18.403 61.339 78.6376 81.154 86.333 0.73 11.39 15.237 68.1414 72.357 87.1161 12.744 

0.13 17.807 18.319 61.426 78.5503 81.231 84.951 0.74 11.3 15.222 68.2668 72.267 87.2139 12.471 

0.138 17.69 18.236 61.514 78.4632 81.308 83.477 0.755 11.18 15.203 68.4586 72.137 87.3605 12.067 

0.146 17.602 18.214 61.505 78.3661 81.306 25.199 0.762 11.12 15.194 68.55 72.078 87.4289 11.881 

0.148 17.548 18.135 61.623 78.3545 81.305 25.152 0.773 11.03 15.182 68.6965 71.988 87.5363 11.592 

0.5 13.481 15.842 65.486 74.6338 84.857 19.167 0.78 10.97 15.174 68.7919 71.933 87.6046 11.411 

0.51 13.383 15.804 65.598 74.5307 84.955 18.905 0.79 10.89 15.164 68.9318 71.858 87.7022 11.157 

0.52 13.286 15.767 65.709 74.4278 85.054 18.639 0.814 10.7 15.144 69.2906 71.7 87.9362 10.564 

0.53 13.189 15.731 65.821 74.3252 85.152 18.371 0.82 10.65 15.14 69.3874 71.668 87.9947 10.421 

0.555 12.951 15.646 66.101 74.0696 85.398 17.688 0.833 10.55 15.132 69.6114 71.612 88.1214 10.117 

0.56 12.904 15.63 66.157 74.0186 85.448 17.55 0.844 10.46 15.126 69.8219 71.586 88.2286 9.8667 

0.573 12.782 15.589 66.304 73.8865 85.575 17.187 0.8455 10.45 15.125 69.8526 71.585 88.2432 9.0529 

0.58 12.717 15.568 66.383 73.8155 85.644 16.991 0.8555 9.255 15.371 48.2949 49.504 88.4899 8.7673 

0.59 12.625 15.539 66.496 73.7145 85.743 16.71 0.882 9.42 15.363 48.0961 49.047 88.6073 8.5796 

0.62 12.35 15.457 66.838 73.4133 86.038 15.857 0.88 9.392 15.364 48.1418 49.136 88.5877 8.6098 

0.632 12.242 15.427 66.976 73.2939 86.155 15.514 0.89 9.535 15.363 47.8331 48.614 88.6863 8.4645 

0.646 12.117 15.394 67.138 73.1555 86.293 15.114 0.9 9.687 15.372 47.1674 47.736 88.7871 8.3428 

0.67 11.905 15.342 67.418 72.9209 86.528 14.428 0.91 9.869 15.413 45.313 45.682 88.8972 8.2881 
 

Table A.7 For Bipolar 6-switching with different modulation index 

MI alpha1 alpha2 alpha3 alpha4 alpha5 alpha6 THD MI alpha1 alpha2 alpha3 alpha4 alpha5 alpha6 THD 

0.01 0.091 14.976 45.068 59.917 75.092 89.929 181.612 0.5 6.321 18.38 26.582 36.313 46.127 54.796 124.12 

0.02 14.892 14.978 60.166 74.858 75.178 89.857 179.946 0.54 15.94 20.91 28.062 36.735 65.303 73.365 120.44 

0.03 15.246 29.682 30.107 44.62 60.251 74.899 179.913 0.58 14.97 19.47 27.887 35.797 66.012 72.987 110.58 

0.04 15.328 29.574 30.139 44.491 60.336 74.866 179.804 0.6 11.85 14.94 65.564 71.323 81.187 86.608 104.16 

0.05 0.4568 14.883 45.337 59.584 75.463 89.645 179.445 0.61 14.43 18.79 27.855 35.339 66.373 72.788 99.887 

0.06 15.49 29.354 30.196 44.23 60.508 74.803 179.423 0.65 13.7 17.94 27.852 34.731 66.867 72.52 94.997 
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0.08 15.65 29.131 30.244 43.964 60.683 74.742 179.186 0.66 13.51 17.73 27.855 34.578 66.993 72.454 92.42 

0.1 15.809 28.901 30.283 43.692 60.86 74.684 178.832 0.67 13.32 17.53 27.86 34.424 67.121 72.389 89.984 

0.12 1.105 14.743 45.803 58.993 76.117 89.16 176.519 0.68 13.13 17.33 27.865 34.27 67.25 72.325 87.68 

0.14 1.2921 14.709 45.935 58.822 76.306 89.025 175.249 0.69 11.38 15.03 66.764 71.139 82.757 86.74 79.737 

0.18 14.035 14.856 61.515 73.743 76.625 88.746 170.729 0.7 12.75 16.95 27.877 33.957 67.515 72.2 78.433 

0.2 16.556 27.638 30.282 42.234 61.796 74.431 169.473 0.73 12.18 16.39 27.89 33.473 67.93 72.027 74.83 

0.22 2.0498 14.596 46.457 58.128 77.072 88.497 168.301 0.74 11.12 15.08 67.613 71.221 84.046 87.23 73.263 

0.27 13.558 14.826 62.299 73.14 77.472 88.157 159.569 0.75 11.07 15.09 67.811 71.265 84.382 87.406 69.81 

0.32 13.295 14.822 62.745 72.816 77.959 87.846 151.809 0.76 11.61 15.86 27.887 32.965 68.378 71.882 68.96 

0.33 17.19 25.464 29.612 40.045 63.142 74.151 151.141 0.78 11.22 15.52 27.869 32.606 68.705 71.811 68.029 

0.34 17.204 25.26 29.527 39.865 63.251 74.126 150.471 0.8 10.84 15.19 27.83 32.225 69.066 71.773 67.293 

0.35 5.0344 19.656 25.457 37.911 44.754 56.392 149.62 0.81 10.64 15.03 27.8 32.023 69.265 71.772 65.981 

0.36 17.21 24.833 29.345 39.503 63.472 74.073 149.566 0.83 10.25 14.71 27.713 31.592 69.717 71.823 60.427 

0.37 13.033 14.826 63.202 72.502 78.461 87.55 148.132 0.84 10.05 14.55 27.651 31.359 69.983 71.889 53.163 

0.38 17.182 24.384 29.155 39.141 63.696 74.013 147.644 0.85 9.851 14.38 27.574 31.11 70.29 71.994 50.885 

0.39 12.929 14.83 63.389 72.381 78.667 87.438 146.445 0.86 9.643 14.22 27.477 30.841 70.655 72.159 46.567 

0.4 12.877 14.832 63.483 72.321 78.772 87.383 145.561 0.87 9.427 14.05 27.355 30.547 71.11 72.415 42.161 

0.42 4.0177 14.511 47.685 56.29 79.113 87.333 142.123 0.88 9.199 13.87 27.198 30.216 71.713 72.822 40.585 

0.44 12.669 14.845 63.866 72.087 79.2 87.173 135.8 0.89 8.945 13.66 26.988 29.826 72.594 73.511 37.669 

0.46 16.687 22.425 28.429 37.727 64.607 73.692 129.149 0.9 8.728 14.2 26.618 29.275 45.152 45.897 34.436 

0.48 16.469 21.918 28.285 37.389 64.838 73.59 128.581 0.91 8.144 12.95 25.967 28.275 77.543 78.205 30.223 

 

Table A. 8  Switching angles for 120-degree mode of operation with 3-switching 

MI alpha1 alpha2 alpha3 THD MI alpha1 alpha2 alpha3 THD 

0.003 59.95 60.0496 89.9141 127.3125 0.52 49.327 61.0514 69.373 21.8003 

0.004 59.934 60.0661 89.8854 127.3036 0.54 48.3597 59.2537 67.2453 23.6974 

0.005 59.917 60.0826 89.8568 127.2921 0.56 46.9497 56.604 64.6731 30.3107 

0.007 59.884 60.1155 89.7995 127.2616 0.57 45.9679 54.8865 63.2476 29.8812 

0.009 59.851 60.1484 89.7422 127.2209 0.58 44.7404 52.926 61.8005 26.514 

0.01 59.834 60.1648 89.7135 127.1968 0.59 43.2673 50.8211 60.4239 23.6562 

0.02 59.667 60.3285 89.4269 126.8167 0.6 41.6233 48.734 59.201 22.6027 

0.03 59.499 60.491 89.1401 126.1884 0.61 39.9357 46.8242 58.1651 22.3582 

0.05 59.16 60.8122 88.5657 124.2203 0.62 38.318 45.1829 57.2984 22.5674 

0.07 58.817 61.1279 87.9893 121.3853 0.64 35.4925 42.7264 55.9158 23.5274 

0.18 56.873 62.7368 84.7457 96.8568 0.65 34.2913 41.8415 55.3328 23.8932 

0.19 56.691 62.8691 84.441 94.3913 0.66 33.21 41.1304 54.7921 24.3172 

0.2 56.509 62.9983 84.134 91.9422 0.68 31.3319 40.0962 53.7866 25.0984 

0.22 56.141 63.247 83.512 87.1088 0.7 29.7307 39.4188 52.8316 24.8077 

0.24 55.77 63.4809 82.8779 82.3675 0.73 27.6641 38.8026 51.4187 22.3501 

0.26 55.396 63.6976 82.2296 77.7081 0.8 23.6303 38.0607 47.8397 17.4284 
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0.29 54.826 63.9839 81.2245 70.8496 0.82 22.5661 37.8021 46.6309 16.7475 

0.32 54.245 64.2121 80.1701 64.1954 0.84 21.5053 37.4044 45.2525 16.7072 

0.34 53.85 64.3232 79.4323 59.9569 0.85 20.9684 37.1168 44.4691 17.0501 

0.36 53.448 64.3934 78.6597 55.9474 0.86 20.4211 36.7389 43.5963 17.614 

0.38 53.036 64.413 77.8444 52.1794 0.87 19.8559 36.2335 42.6027 18.259 

0.4 52.612 64.3694 76.976 48.5618 0.88 18.6636 35.5969 41.683 12.0174 

0.42 52.172 64.2454 76.041 44.8702 0.89 18.6123 34.5712 40.0288 18.576 

0.44 51.711 64.0169 75.0206 40.7926 0.9 17.863 33.1446 38.233 17.5934 

0.46 51.218 63.6495 73.889 36.0867 0.91 16.8862 30.9055 35.7933 15.5157 

0.48 50.678 63.0921 72.6093 30.8277 0.92 15.2151 26.9516 32.1732 11.8768 

0.5 50.065 62.2669 71.1289 25.5989 0.93 9.1406 17.6968 26.4431 16.224 
 

Table A. 9  Switching angles for 120-degree mode of operation with 4-switching 

MI alpha1 alpha2 alpha3 alpha4 THD MI alpha1 alpha2 alpha3 alpha4 THD 

0.001 54.7451 54.7679 79.007 79.046 110.6577 0.41 21.095 43.2762 59.4927 72.388 35.509 

0.002 31.9925 32.0886 66.373 66.4425 140.7003 0.42 20.719 43.6891 59.3631 72.433 33.599 

0.003 31.9685 32.1126 66.356 66.4598 140.6903 0.44 19.905 44.5971 59.1334 72.468 30.094 

0.004 31.9445 32.1367 66.338 66.4772 140.6763 0.45 19.46 45.1051 59.0394 72.452 28.587 

0.006 31.8964 32.1847 66.304 66.5118 140.6363 0.46 18.983 45.6613 58.9655 72.406 27.267 

0.008 19.3201 19.6912 46.386 46.8458 188.0815 0.5 16.559 48.7507 59.1215 71.796 22.358 

0.009 19.2969 19.7144 46.357 46.8745 188.0227 0.51 15.755 49.9347 59.4395 71.505 21.083 

0.01 19.2737 19.7376 46.328 46.9032 187.957 0.53 13.901 53.3377 61.2098 71.021 24.788 

0.02 31.5602 32.5213 66.06 66.7542 139.9103 0.54 13.11 55.3998 62.9856 71.319 29.691 

0.04 54.2959 55.2051 78.234 79.8122 108.9965 0.55 12.651 57.0509 64.8775 72.159 29.614 

0.05 30.8391 33.2439 65.537 67.2711 135.802 0.56 12.442 58.151 66.3955 73.187 27.641 

0.06 30.5984 33.4855 65.362 67.4425 133.7042 0.58 12.348 59.4373 68.3012 75.042 27.542 

0.07 30.3574 33.7275 65.187 67.6134 131.2727 0.6 12.415 60.2197 69.2931 76.495 28.456 

0.09 29.8743 34.213 64.837 67.9535 125.5038 0.64 12.705 61.291 70.0145 78.642 28.863 

0.1 29.6321 34.4568 64.662 68.1226 122.2219 0.66 12.884 61.7174 70.0446 79.497 28.506 

0.11 29.3893 34.7013 64.487 68.2911 118.7165 0.69 13.177 62.2763 69.8513 80.624 27.356 

0.12 29.146 34.9465 64.312 68.4588 115.0218 0.7 13.28 62.4435 69.7375 80.97 26.834 

0.15 28.4113 35.6881 63.787 68.957 103.1714 0.71 13.384 62.6011 69.6022 81.304 26.255 

0.17 27.9168 36.1883 63.437 69.2843 95.0236 0.72 13.491 62.7485 69.4464 81.628 25.627 

0.21 26.913 37.2069 62.74 69.9241 79.5319 0.75 13.819 63.1184 68.8572 82.554 23.53 

0.23 26.4015 37.7278 62.394 70.2349 72.7195 0.76 13.932 63.2116 68.6174 82.849 22.78 

0.25 25.8818 38.2584 62.049 70.5381 66.7578 0.77 14.046 63.285 68.3525 83.14 22.012 

0.26 25.6185 38.5279 61.878 70.6864 64.11 0.78 19.339 46.2525 52.6003 84.442 18.13 

0.28 25.0834 39.0771 61.538 70.9755 59.4365 0.79 14.279 63.3541 67.7315 84.709 20.439 

0.31 24.2555 39.9314 61.034 71.3858 53.6285 0.8 14.399 63.3357 67.3626 84.989 19.639 

0.33 23.6821 40.527 60.705 71.6396 50.1814 0.81 14.52 63.2673 66.9411 84.266 18.836 
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0.34 23.3873 40.8346 60.543 71.7593 48.4841 0.82 17.72 48.5033 52.6892 84.635 16.333 

0.35 23.0864 41.1499 60.383 71.8733 46.7667 0.83 14.772 62.8992 65.8614 84.817 17.266 

0.37 22.4628 41.8076 60.071 72.0813 43.1965 0.84 14.906 62.5226 65.1285 85.093 16.552 

0.38 22.138 42.1528 59.92 72.1735 41.3277 0.85 15.631 50.9497 53.6215 85.912 15.988 

0.35 23.0864 41.1499 60.383 71.8733 46.7667 0.86 15.217 60.8243 62.7284 85.661 15.503 

0.37 22.4628 41.8076 60.071 72.0813 43.1965 0.87 15.506 58.0117 59.6017 85.994 14.754 
 

Table A.10 Switching angles for 120-degree mode of operation with 5-switching 

MI alpha1 alpha2 alpha3 alpha4 alpha5 THD 

0.001 49.9925 50.0075 69.9858 70.0142 89.9809 90.0313 

0.003 49.9773 50.0226 69.9574 70.0425 89.9427 90.0286 

0.006 49.9546 50.0451 69.9148 70.0849 89.8854 90.0196 

0.08 49.3723 50.5754 68.8338 71.1005 88.4669 87.9152 

0.09 49.2906 50.6431 68.6835 71.2331 88.2737 87.363 

0.1 49.2082 50.7096 68.5321 71.3644 88.0799 86.7508 

0.17 48.6137 51.1424 67.4414 72.2459 86.7003 80.9299 

0.2 48.3494 51.3074 66.9558 72.5994 86.0914 77.7245 

0.21 48.26 51.3592 66.7912 72.7133 85.8853 76.5774 

0.24 47.988 51.5041 66.2884 73.0412 85.2549 72.9306 

0.25 47.8959 51.5485 66.1176 73.1453 85.0402 71.6532 

0.27 47.7098 51.6311 65.7707 73.3444 84.6025 69.0162 

0.29 47.5206 51.7045 65.416 73.5295 84.152 66.2781 

0.3 47.4249 51.7373 65.2355 73.6159 83.9212 64.8731 

0.33 47.1323 51.8185 64.6794 73.8456 83.2008 60.514 

0.34 47.0328 51.8391 64.4885 73.9104 82.9497 59.0092 

0.36 46.8303 51.8691 64.0972 74.0176 82.4267 55.907 

0.37 46.7272 51.8778 63.8961 74.0582 82.153 54.3011 

0.39 46.5162 51.8805 63.481 74.1066 81.5754 50.9484 

0.4 46.4081 51.8735 63.2659 74.1111 81.2684 49.184 

0.45 45.8262 51.7195 62.0803 73.8229 79.4526 38.9217 

0.47 45.5608 51.5709 61.5219 73.4653 78.5118 33.7768 

0.48 45.4151 51.4646 61.2106 73.1965 77.9637 30.9128 

0.49 45.2562 51.3274 60.8679 72.8435 77.3444 27.8835 

0.51 44.8713 50.902 60.0278 71.7605 75.7966 22.0149 

0.52 44.616 50.555 59.4711 70.929 74.7949 20.2634 

0.55 42.8882 47.7454 56.221 66.2423 70.3287 30.2271 

0.56 41.3868 45.4777 54.3294 64.0789 68.5966 27.0381 

0.59 35.6574 38.9709 50.684 60.1695 65.242 20.3089 

0.62 32.1691 36.1715 48.8757 57.649 62.7301 25.6276 

0.63 31.2899 35.5768 48.244 56.7061 61.8514 25.3578 
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0.64 30.4694 35.0333 47.5274 55.6622 60.9383 23.8698 

0.65 29.672 34.4879 46.6892 54.5093 60.0009 21.8839 

0.66 28.8671 33.8916 45.7012 53.2637 59.0637 20.4663 

0.67 28.0296 33.2034 44.5603 51.9774 58.1643 20.0963 

0.68 27.1463 32.405 43.3083 50.7391 57.3425 20.515 

0.69 26.2239 31.5169 42.0304 49.6456 56.6237 21.7155 

0.7 25.2877 30.5946 40.8175 48.7581 56.0092 23.5774 

0.71 9.4427 20.5876 34.9858 65.8505 75.5515 23.4954 

0.72 9.5935 20.7615 34.7128 66.1092 75.4025 23.4297 

0.73 22.6781 28.1434 37.9298 47.2385 54.601 25.64 

0.74 21.9199 27.5002 37.19 46.9906 54.2122 24.484 

0.75 21.2183 26.9395 36.526 46.8175 53.8419 22.914 

0.76 20.5676 26.4498 35.9196 46.6977 53.4822 21.2556 

0.77 10.3701 21.5612 33.3319 67.4733 74.6941 22.5725 

0.78 10.5298 21.7065 33.0488 67.7665 74.5673 22.3098 

0.79 18.8574 25.2955 34.315 46.5186 52.4134 17.521 

0.8 18.349 24.9836 33.8218 46.4864 52.0462 16.8888 

0.81 17.8632 24.6951 33.3385 46.455 51.6664 16.5336 

0.82 17.3962 24.4229 32.8601 46.4167 51.2687 16.3968 

0.83 11.3499 22.3408 31.5602 69.4397 74.1215 20.5173 

0.84 16.5038 23.9024 31.8994 46.2828 50.3901 16.5215 

0.85 16.0714 23.6406 31.4069 46.1609 49.8861 16.6703 

0.86 15.6429 23.367 30.8979 45.9741 49.3134 16.8219 

0.87 15.2132 23.0699 30.3625 45.6847 48.6365 16.9547 

0.88 14.7742 22.7302 29.784 45.2236 47.7912 17.0644 

0.89 12.3845 22.7491 29.3182 73.2725 75.4406 15.8584 

0.9 13.7765 21.7013 28.2888 43.0082 44.8806 17.0502 

0.91 12.9566 20.3837 26.7645 39.7003 41.4639 14.8506 
 

Table  A. 11 Switching angles for 120-degree mode of operation with 6-switching 

MI alpha1 alpha2 alpha3 alpha4 alpha5 alpha6 THD 

0.001 22.6737 22.7058 40.6287 40.6651 64.0484 64.072 117.2347 

0.002 22.177 22.2354 40.1053 40.1782 64.6976 64.7782 117.0525 

0.005 22.1332 22.2792 40.0505 40.2328 64.637 64.8387 117.0345 

0.007 22.5774 22.8019 40.5196 40.7742 64.9775 64.1428 117.2025 

0.008 22.0894 22.323 40.9957 40.2873 64.5764 64.8992 117.0011 

0.009 22.8639 22.1583 40.3342 40.4925 64.4302 64.6739 100.1786 

0.01 22.5291 22.8499 40.4651 40.8287 63.9421 64.1782 100.1682 

0.04 22.0443 23.3274 39.9202 41.3754 63.5877 64.5318 99.1656 

0.08 21.3906 23.957 39.1925 42.1087 63.1161 65.001 96.0098 
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0.1 21.0604 24.2686 38.8273 42.4781 62.8813 65.234 93.6951 

0.13 20.5606 24.7314 38.2766 43.0368 62.5309 65.581 89.3818 

0.15 20.2241 25.0364 37.9067 43.413 62.299 65.8102 85.9988 

0.17 19.8845 25.3383 37.5338 43.7929 62.0689 66.0374 82.2596 

0.2 19.704 25.3587 36.6381 43.1024 61.7332 66.1399 81.8435 

0.21 19.1952 25.9301 36.7762 44.5663 61.6155 66.484 80.9113 

0.26 18.3096 26.6382 35.7947 45.5674 61.067 67.0236 79.4336 

0.27 18.1285 26.7738 35.5918 45.7736 60.9606 67.1283 78.0783 

0.3 17.5755 27.1633 34.964 46.4076 60.6503 67.4345 77.0493 

0.31 17.3874 27.2858 34.7468 46.625 60.5503 67.5335 76.7494 

0.39 15.7818 28.0007 32.7323 48.5316 59.851 68.2467 34.5118 

0.4 15.5622 28.0266 32.4165 48.8015 59.7828 68.3218 32.8896 

0.41 15.3359 28.0247 32.0732 49.0825 59.7214 68.3922 31.3817 

0.44 14.596 27.7378 34.7723 50.0206 59.5928 68.5631 27.5458 

0.45 14.4521 27.9238 36.8058 50.8409 59.6689 68.2139 27.771 

0.46 14.5009 27.0527 37.4387 50.7872 59.5823 68.6119 25.4449 

0.48 14.7985 27.1429 38.9878 51.9018 59.7172 68.4636 23.2165 

0.49 15.0097 28.6329 39.4325 53.1136 60.0157 67.9692 22.3107 

0.61 16.6023 49.518 57.2105 71.679 77.0886 81.387 22.3263 

0.62 16.6674 49.527 57.0796 71.9906 77.3247 81.8004 21.9583 

0.63 16.7354 49.5275 56.94 72.3004 77.5249 82.1796 21.6959 

0.64 16.8061 49.52 56.7923 72.6134 77.7015 82.5322 21.5265 

0.65 16.8794 49.5044 56.637 72.9342 77.8646 82.8641 21.4313 

0.67 17.0335 49.4481 56.3032 73.6171 78.1853 83.4835 21.3669 

0.68 17.8172 48.9899 56.4917 73.3314 78.2795 84.4288 20.8415 

0.69 17.4515 47.3304 56.3117 74.8561 78.7033 84.4022 20.1005 

0.7 15.2863 46.2915 55.7397 74.8362 77.797 84.3598 21.1417 

0.74 11.0196 42.9756 50.793 67.7919 70.1777 85.7303 17.4601 

0.741 8.2849 40.7356 49.5055 66.8515 70.323 86.972 21.6707 

0.82 7.3434 22.511 30.4319 68.1966 72.6906 87.9654 23.4087 

0.84 7.3015 19.4158 24.7592 68.8343 72.5126 87.4206 19.1277 

0.87 7.6095 17.0567 18.3676 70.0876 72.5422 87.1116 15.7326 

0.88 7.3488 16.7036 18.6211 70.693 72.743 87.3488 14.7511 

0.9 9.9432 17.3306 19.3133 72.9101 74.1828 87.8676 12.3052 

0.91 10.0376 19.7229 19.9964 76.1255 77.1295 88.2699 11.1377 
 

Table A.12 Switching angles for 120-degree mode of operation with 7-switching 

MI alpha1 alpha2 alpha3 alpha4 alpha5 alpha6 alpha7 THD 

0.004 14.9532 15.0468 44.9361 45.0639 59.9671 60.0332 89.9427 90.0239 

0.005 44.9785 45.0213 59.9585 60.0412 74.9414 75.0584 89.9284 90.0235 
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0.008 14.9065 15.0937 44.8724 45.128 59.9345 60.0668 89.8854 90.0007 

0.009 44.9613 45.0383 59.9252 60.0741 74.8944 75.1049 89.8711 90.0051 

0.01 14.8832 15.1171 44.8405 45.16 59.9183 60.0837 89.8568 89.9833 

0.04 44.8245 45.1667 59.6623 60.3236 74.5258 75.4615 89.4266 89.5093 

0.06 44.7336 45.2465 59.4883 60.4798 74.2839 75.6875 89.1391 88.8594 

0.08 44.6407 45.3238 59.311 60.6321 74.0385 75.9102 88.8505 87.9554 

0.1 13.8505 16.1834 43.423 46.6326 59.2827 60.9231 88.5671 85.2942 

0.12 44.4491 45.4703 58.9463 60.9241 73.5372 76.3453 88.2689 85.4091 

0.14 13.4074 16.6643 42.7982 47.3113 59.0701 61.3482 87.9934 80.9157 

0.16 44.25 45.6051 58.568 61.1975 73.0202 76.7652 87.6783 81.9326 

0.22 12.5792 17.6465 41.5404 48.7291 58.8299 62.3225 86.8474 68.6784 

0.23 43.8837 45.8079 57.8714 61.6223 72.0702 77.4544 86.6094 73.8631 

0.26 12.2161 18.1557 40.8969 49.4697 58.8336 62.8962 86.2791 61.184 

0.27 12.1336 18.2862 40.7332 49.6574 58.8503 63.0518 86.1382 59.2007 

0.29 43.5507 45.9406 57.2341 61.9154 71.1959 77.9788 85.633 65.272 

0.31 11.8499 18.8267 40.061 50.4114 58.9846 63.7336 85.584 50.9504 

0.32 43.3766 45.989 56.8985 62.029 70.7306 78.2056 85.1106 60.5056 

0.33 43.3174 46.002 56.7837 62.0607 70.5703 78.274 84.9294 58.8556 

0.3846 18.813 43.1467 52.9821 57.1952 65.5148 72.0907 89.9777 40.9297 

0.35 11.6657 19.4117 39.3476 51.1462 59.219 64.5265 85.0568 42.508 

0.36 11.6395 19.568 39.1599 51.3215 59.2889 64.7434 84.9322 40.4424 

0.37 11.6224 19.7295 38.9674 51.4917 59.3613 64.9677 84.8117 38.423 

0.38 11.6148 19.897 38.7693 51.6559 59.4346 65.1991 84.6961 36.4659 

0.39 11.617 20.0713 38.5646 51.8131 59.5076 65.4371 84.5866 34.5878 

0.41 11.6524 20.4465 38.1297 52.1029 59.6459 65.9317 84.392 31.13 

0.42 42.7442 46.022 55.6567 62.1425 68.949 78.592 83.0093 42.7087 

0.46 42.4485 45.9375 55.0595 59.2271 68.0394 78.3468 81.789 34.563 

0.49 12.4214 23.6687 34.5125 52.7164 59.904 68.2412 85.3943 22.3129 

0.5 42.0701 45.6888 54.2755 61.4098 66.7741 77.279 79.8207 24.9565 

0.51 41.9369 45.5552 53.9949 61.1088 66.3064 76.6874 79.0444 22.2922 

0.52 41.7586 45.3417 53.6189 60.6371 65.6807 75.8132 78.0318 20.2624 

0.53 41.4723 44.9419 53.0251 59.8034 64.733 74.4787 76.6552 21.5592 

0.54 40.8538 44.0016 51.851 58.1418 63.1272 72.4924 74.8189 28.4186 

0.55 11.5912 20.112 37.8264 53.9973 59.857 68.7747 80.3724 19.787 

0.56 11.8674 20.6784 37.2872 53.896 59.7691 69.1568 80.6235 19.9007 

0.57 12.0655 21.0851 36.8781 53.8487 59.6834 69.4807 80.7415 19.8489 

0.58 12.2284 21.4092 36.538 53.8222 59.5934 69.7781 80.7907 19.7587 

0.59 12.373 21.6846 36.2386 53.8038 59.4967 70.0616 80.8005 19.6677 

0.6 12.5074 21.9289 35.9654 53.7871 59.3923 70.3376 80.7864 19.5892 

0.61 12.636 22.1521 35.7096 53.7687 59.2793 70.6098 80.7575 19.5284 

0.62 5.8335 12.2985 29.8876 32.6976 43.2343 62.6678 72.1005 21.3098 
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0.63 6.0258 12.5535 29.4784 32.5575 42.9399 62.853 72.0531 21.4941 

0.64 6.2041 12.7792 29.1185 32.47 42.6668 63.037 71.9859 21.5915 

0.65 26.132 28.8831 38.3864 43.0368 51.1113 59.1519 62.6222 24.521 

0.66 25.1942 28.0335 37.5149 42.478 50.6107 58.4859 61.9485 25.4049 

0.67 13.3862 23.2815 34.3285 53.5213 58.3973 72.2812 80.5161 19.5739 

0.68 13.5168 23.4539 34.1055 53.4441 58.2106 72.5826 80.4905 19.6352 

0.69 7.0505 13.7869 18.6633 63.9661 71.5247 78.5801 87.6307 21.6045 

0.7 22.2803 25.6748 34.915 40.9932 48.3139 55.3686 59.0721 19.6928 

0.71 7.3212 13.9978 27.2221 32.495 40.9848 64.3379 71.2866 21.3297 

0.72 20.9779 24.6018 33.51 39.8607 46.4573 53.4133 57.5568 18.6483 

0.73 20.285 23.9677 32.6625 39.0508 45.3303 52.486 56.8759 20.94 

0.74 7.7878 14.4338 26.548 32.6283 40.2919 64.9189 70.9479 21.0251 

0.75 14.6222 24.7237 32.3633 52.3221 56.4046 75.3325 80.9581 19.2243 

0.76 7.7633 13.814 19.013 65.2574 70.5864 79.9232 86.7942 18.5928 

0.77 17.3325 21.0293 29.0808 35.834 41.5757 50.5632 55.059 23.6332 

0.78 15.432 25.5816 30.8623 51.1305 55.1149 77.7468 82.6766 16.2917 

0.79 16.0547 19.8486 27.7591 34.9498 40.4393 50.3456 54.4512 18.3077 

0.8 15.491 19.3654 27.2064 34.634 39.961 50.3018 54.1655 15.9812 

0.81 8.4077 13.9837 19.3115 66.2915 70.0109 80.9793 86.3069 15.1045 

0.82 9.0748 15.4846 24.8378 32.9098 38.29 66.6679 70.1585 19.8703 

0.83 14.036 18.2261 25.7983 33.9304 38.6688 50.2496 53.2915 13.1657 

0.84 13.3584 17.0754 20.5298 50.31 53.0292 81.5648 85.9629 11.6819 

0.85 13.2037 17.6294 24.9662 33.5254 37.8208 50.1776 52.6247 14.0978 

0.86 9.7548 15.9504 23.9471 32.8004 37.0358 67.8953 70.084 18.7999 

0.87 11.8327 15.4708 20.0432 50.2094 51.974 82.4967 85.9786 9.281 

0.88 11.4033 15.1214 19.9867 50.0027 51.4486 82.8632 86.0367 8.7627 

0.89 10.2894 16.2491 23.1625 32.3052 35.7122 69.701 70.9183 17.3312 

0.9 11.2431 16.0995 22.7053 31.7772 34.9508 47.8883 48.814 16.8797 

0.91 10.1174 14.2248 20.232 44.0477 44.8173 85.6717 87.6236 7.9591 
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Table A.13  Unipolar 60-degree modified phase voltage for 5-switching angles 

MI alpha1 alpha2 alpha3 alpha4 alpha5 THD 

0.65 30.2692 34.4824 46.6878 54.5077 89.699 34.3169 

0.67 43.2654 49.5999 54.7032 57.9805 87.574 24.6372 

0.68 43.7032 51.3366 58.2971 60.6235 87.3148 31.8668 

0.69 43.835 52.0267 60.4502 62.6 87.078 33.4459 

0.7 43.8778 52.4161 61.8328 64.0317 86.8511 33.8064 

0.71 43.8835 52.6885 62.7725 65.1074 86.6296 34.0647 

0.72 43.8698 52.9047 63.4365 65.9483 86.4111 34.4002 

0.73 43.8446 53.0894 63.9173 66.6281 86.1942 34.7961 

0.74 43.8118 53.2548 64.2701 67.193 85.978 35.2112 

0.75 43.7736 53.4072 64.53 67.6727 85.7618 35.6133 

0.76 43.7314 53.5504 64.72 68.0875 85.545 35.9814 

0.8 43.535 54.0668 65.0395 69.3227 84.6638 36.9314 

0.81 43.4809 54.1863 65.0466 69.5584 84.4381 37.0223 

0.82 43.4251 54.3028 65.0336 69.7726 84.2097 37.0539 

0.83 43.3679 54.4166 65.0032 69.9676 83.9779 37.0271 

0.85 43.2493 54.6363 64.8981 70.3063 83.5032 36.8038 

0.87 43.1257 54.8456 64.7428 70.5828 83.0105 36.3636 

0.88 43.0621 54.946 64.6485 70.6989 82.756 36.0655 

0.9 42.9313 55.1376 64.4285 70.8867 82.2278 35.3181 

0.92 42.7958 55.3145 64.1664 71.012 81.6683 34.3689 

0.94 42.6552 55.4724 63.8585 71.0668 81.0695 33.2054 

0.96 42.5089 55.6041 63.4957 71.0377 80.4204 31.7915 

0.97 42.4333 55.6567 63.2887 70.9854 80.0725 30.9696 

0.99 42.2759 55.724 62.807 70.787 79.318 29.0253 

1 42.1933 55.7315 62.5219 70.6308 78.9052 27.8642 

1.1 10.2213 13.4767 39.6099 63.8585 75.0177 15.4792 

1.2 30.7011 35.8364 43.3412 63.9375 68.7203 15.1547 

1.3 26.2376 34.1254 40.3797 63.8675 65.825 12.3809 
 

The proposed multilevel inverter control was experimentally validated through hardware experimental set up as 

shown in Figure A.24 (a) and (b). In Figure A.24 (a) the hardware implementation of the MLI is shown and in 

Figure A.24 (b) the control hardware including the PV-panels for input of the inverter and MMT control unit is 

shown. In Figure A.24 (c) the output of the DVR for voltage sag is displayed and where the Figure A.24 (d) is 

shown for the control unit of the proposed system.  
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Figure A 24 Experimental validation set-up (a) MLI configuration (b) PV panel and control circuit for inverter 

input and MPPT (c) the output of the DVR (d) control unit of the proposed system          

In Figure A.25 different wave forms are shown during three phase balanced voltage sag which is created at 50ms 

and cleared by DVR at 145ms. It is evident from Figure A.25 that the proposed control has acceptable dynamic 

response with low transients and the load voltage has almost remained constant during the fault period. In Figure 

A.26 shows different waveforms during three phase balanced voltage sag with nonlinear load created at 50ms and 

cleared by DVR at 150ms. It can be observed from Figure A.26 also that the proposed control has acceptable 

response with almost constant load voltage during the fault period. 

 

Figure A.25. Experimental waveforms for voltage sag with linear RL-load with balanced three-phase fault (a) three-

phase source voltage during fault (Channel 1, 2 and 3: Y-axis: 75V/div., X-axis 25 msec/div.) (b) DVR injected voltage 

(Channel 1, 2 and 3: Y-axis: 35V/div., X-axis 25 msec/div.)  (c) three-phase load voltage (Channel 1, 2 and 3: Y-axis: 

75V/div., X-axis 25 msec/div.)  (d) three-phase fault current (Channel 1, 2 and 3: Y-axis: 5A/div., X-axis 25 msec/div.) 

(e) three-phase load current (Channel 1, 2 and 3: Y-axis: 5A/div., X-axis 25 msec/div.) (f) active and reactive power 

(Channel 1, 2 and 3: Y-axis: ±20 W/div., X-axis 25 msec/div.) 
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Figure A.26 DVR response for nonlinear-RL-load with balanced 3-phase and ground fault (a) three-phase balanced 

fault voltage (Channel 1, 2 and 3: Y-axis: 75V/div., X-axis 25 msec/div.) (b) DVR injection voltage (Channel 1, 2 and 

3: Y-axis: 35V/div., X-axis 25 msec/div.)  (c) three-phase load voltage (Channel 1, 2 and 3: Y-axis: 75V/div., X-axis 25 

msec/div.)  (d) three-phase fault current (Channel 1, 2 and 3: Y-axis: 5A/div., X-axis 25 msec/div.) (e) three phase load 

current (Channel 1, 2 and 3: Y-axis: 5A/div., X-axis 25 msec/div.) (f) active and reactive power (Channel 1, 2 and 3: Y-

axis: ±20 W/div., X-axis 25 msec/div.) 

 

In Figure A.27 (a) the per phase output voltage and current waveforms of the 15-level inverter are shown when 

connected to the system for compensation.  The harmonic spectra for the load voltage with and without PV-DVR 

system are shown in Figures. A.27 (b) and (c) respectively. Inspection of Figures A.27 (b) and (c), shows the 

considerable improvements of harmonic spectra with the proposed control where the most of the higher order 

harmonics are eliminated.  

 

Figure A.27 Experimental harmonic spectra for (a) output voltage and current waveforms of the proposed15-

level inverter for R=74 Ω, R=1mH (b) without PV-DVR and (c) with PV-DVR mode  
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