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ABSTRACT

This thesis presents an improved configuration a€rddgrid with different DGs units. At the same &mthe
proposed DG control unit improves the overall powaality. The different inverter configurations dse this
thesis with PV, DFIGs for reactive power contrajlipurpose with different configurations of FACTSvibes. The
Matlab simulations and different soft-computingiopzation techniques along with hardware implemgots are

used in the proposed system. The proposed micdoigyxiery simple, controllable, with low loss amdiuced cost.

Due to effect of Harmonics, there will be a problezgarding distortions in voltage and current wawafs. The
electrical harmonic generally refers to a part nfuadulation of a grid frequency with multiple bkt basic, in
general 50 Hz. At steady state condition, the loaios present in the supply voltage waveform atellyg within
specified limit but during unusual conditions, efaglt, unbalance, the harmonics are present intioeo-grid or
smart micro-grid as harmonic level increases duabtwormalities in voltage waveform. A typical measnent of
the degree of presence of harmonics in micro-gsidotal Harmonic Distortion (THD) of grid voltagehich is
calculated by IEEE as follows: is that the squanaieh of magnitude of the harmonics present as@eptage of the
fundamental magnitude.

Power Quality problems are malformed or collapdee ¢rid system and required mitigation for the comsdrs
according to IEEE 519. The IEEE suggested practoelsnecessities for harmonic management in etetigrid or
micro-grid Systems, is that the commonplace fontwanics.

The cause of harmonics are any type of power eleictioads or non-linear loads in the electricalteyn, leading to
non-sinusoidal distorted current from drawn fromsirausoidal supply. Samples of loads generating baits are:
any type of FACTS device, AC or DC motor drivesaliarge furnaces, different type of inverters, aladd
frequency drives and switch-mode power providdses Icomputers, lighting ballasts, and gear of indgiaist

electronics etc.

In this thesis elimination of inter-harmonics obgwarmonic, which are not multiple of the fundana¢ftequencies
is also introduced. The serious issues of havistpdied grid voltage and current waveforms are umi@datripping
of the system, unscheduled shutdown of the grimioro-grid/smart grid. Moreover, due to higherrhanic losses,
the grid efficiency reduces resulting in out siziofghe electrical cables, transformers, circugakers with shorter
the lifetimes of the equipment. For power qualiprovement, mitigation of harmonics or reductiorhafmonics
are the common issues and as a result a minimum ceggital cost and a 10% additional expenses redjdoe
passive or active filter, inverter switching forl8,18 pulses with Pulse Width Modulation (PWM) ah@ line

reactors in series etc.

A micro-grid or smart micro-grid is a confined toseall area and combination of clean electricitpagation,
power storage, and system load units that genesalti«s in synchronism with customary centralizetaek, with
the maximum flexibility that the unit as a entirayrbe cut off from the central grid and may congimmperation as

an isolated small grid hence the name of micro. ghitien the micro-grid operate bi-directionally, lwihonitoring
Page xxii



and controlling by PMU, smart meters, flow metepswer electronics FACTS devices then the micro-grid
converted into the advance micro-grid or smart.gfithe supply resources may consist of reciprogdtinomotive
generator sets, different micro turbines, fuels;ellind driven induction generator, photovoltaid ather small-
scale renewable generators, storage device, aricbliable end-use loads. Electrical coordinatioads are day-by-
day increasingly becoming the very sensitive inrabiger because of the augmented use of modern paectronic
and new technological micro controller based de/iggrogrammable logic controllers (PLC), energyicedht
lighting and Supervisory Controlled and Data Actiosa(SCADA) system. Maintaining the superior exeete of
electrical power as recommended in IEEE 1547, B, CIGRE Wg 36-05, NRS, stipulation as have thesome
compulsory. Harmonic elimination and minimizatidmetefore is an extremely essential issue is respethe
operation of the micro grid.

The main aim of this thesis is to explore optimways to reduce the targeted order of harmonicsder to cater
better quality of electrical power to the end usénmsthis thesis the method of harmonic reductionniprove the
power quality is explored in details. The switchismggles are computed off-line through a suitabfe amputing
technique. The obtained switching angles will bared in microcontroller memory for on-line applicet using
‘mixed model’ equation for low memory usage. In therent state, doubly-fed induction generator ®FIPV,
wind, PEMFCS is used as the DG source and harnginiination of individual as well as combined uriiss been
studied. Conversely for power quality improvemeset studied the FACTS controller like DVR, SVC, STADM,
UPQC etc. This FACTS controller maintains the ollemower quality, active and reactive power, power
interruption, negative sequence current etc.

The objective of this thesis is to find out diffeteconstruction of micro-grids, DFIGs; differenfpty of FACTS
devices for improved the grid performance. Thiatsigy includes the reduction of system loss, imgnoent of the
voltage profile, increase the transmission andidistion capacity, the overall harmonic minimizatiaith low cost
and minimum loss. The proposed work increases yetem stability with better quality of power. Thdvanced
controller FACTS devices and different inverterdlmgy control the critical loads. In this circunrsta various soft
computing techniques are used for inverter, FACiA& raicro-grid control purpose.

In this thesis the DFIGs connected micro-grid desti@ate and control by biogeography based optiniraiBBO)
based harmonic elimination switching technique. Tdveer order harmonics are independently eliminatedach
DFIG outputs conversely the higher order harmoaieseliminated in such a way that the harmoniceiggad by
one source is eliminated by the other after geimgrahe same order of harmonics in opposite ph@ke.DFIG
connected inverters excited power mainly obtaineminfa wind or PV panel. Projected work consequently
supported and the total harmonic distortion (THD)He output is found to be within the specific lgeit. This new
technique implement for improve the voltage andeantrharmonics in a micro-grid system with neath® ground
switching loss.

This thesis explains photovoltaic (PV) based Dymawbltage Restorer (PV-DVR) to diminish the voltagmys,
voltage swells, flickers and harmonics for smallneedium standard voltage suburban or residentiaka¥grid
system. The proposed PV-DVR system consists ofeateel harmonic elimination and moderation PWM (3iNE

PWM) multilevel inverter system for the PV moduktep-up DC-DC boost converter, and a series injecti
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transformer. The voltage generated from the PV reoduconnected to the multilevel inverter throumlstep-up
DC-DC converter. For the switching methods assuthatl the dc sources are equal or unequal (varyimgne
another. The multilevel inverter is chosen to redtie switching losses as low number of switchihghdividual
converters can reduce overall voltage THD to a idemable amount and achieve high dynamic performaRor
the multilevel SHEAMPWM inverter, the optimum switng angles are computed off line to eliminate ltheer
order harmonics. Biogeography-Based OptimizatioB@B-based SHEAM-PWM technique is employed for this
purpose. The proposed method is simulated cone@leripractical system and the results indicatettfewoltage
harmonics are highly reduced by the proposed tecieni

This thesis investigates the combined operationpanrtbrmance of the doubly fed induction generéfafIG) and
powerful custom power devices such as dynamic geltestorer (DVR), static compensator (STATCOM) and
unified powr quality conditionar (UPQC) with commadiistributed generation (DG) systems. Improved iewi¢l
inverter based topologies for DVR, STATCOM and UPQerations using DFIG and PV are proposed in this
chapter. The proposed technique can efficientlygaiieé the power quality problems e.g. voltage sagll, flicker,
reactive power, voltage interruption, unbalancetra¢urrent, voltage and current harmonics et¢hendistribution
system. The proposed DG connected three phasdeweltconverter for photo voltaic (PV) system reelfiltering
requirements, increases redundancy and enablesfdrarerless interface with grid. Biogeography-Based
Optimization (BBO) technique is applied for caldig the exact switching angles for the invertereatch
modulation index considering low total harmonictdison (THD) for the output voltage. The perforncanof the
UPQC mode is compared with both DVR and STATCOM awdror the proposed topology, the simulation stidi
with MATLAB are presented which show that the pregd DFIG and PV based UPQC performs significantly
better than the DG-DVR and DG-STATCOM combinations.

The electrical power quality issues are of the megmcern in the present scenario of critical loadis this research
work considerable advancement is achieved to omegcsuch power quality issues e.g. sag, swell, undéage,

over voltage, harmonic issues etc. for the domestétindustrial consumers.
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Chapter 1

1.1 Chapter Overview
The following chapter serves various ideas of ttuppsed analysis of research purpose. This chdpaens on
special grid technologies with grid up gradatioheTchallenge of Micro-grid formulates the inspivatito make
Smart grid systems. It communicates the constmaigplanning of different grids with high securdgnfronts and
power quality improvement. The following chaptesakerves several introductory materials on diffetgpe of
inverter topology with some advantage and disacggmnt
For lot of advantages the FACTS technology neeigtall latest power system (grid, micro-grid amdast grid).
Using this smart technology we tend to maintain addance the already installed system and new system to
boost the system potency, most capability, harmopiimization, real power and correct reactive powanage,
system voltage and coordination current relatecontrolled any problem, application of renewabler Epergetic
and fashionable applications of FACTS strategyhat the technical benefits addressing in transoemistancy,
dampening, and emergency needed electrical voltegegement and acceptable voltage stability. The ne
technological power electronics FACTS devices ageemsary when there is require responding to etierge
(dynamic or fast-changing) system circumstancefaghionable life the facility of power systems ingise easy or
need to provide simple, reliable, stable, secusmpietely controllable, economic (low loss and lprice with high
efficiency), and high-quality power with deregulhtatmosphere it is imagine that FACTS controlleastipipate
awfully necessary role.

1.2 Thesis Research and Step
The great scientist Nikola Tesla is the fathe AGf electricity. Technologically developed the povgeid and for
modification of global warming the environmentallption with C emission reduction is very essenttb the new
and fresh carbon less green energy is very eskémtipower discovery which is accessible in graatount for
availability. To overcome all the challenges theeaachers are introduced the advanced technolagiceb-grid to
smart grid operations.

1.3 About Micro-grids
Figure 1.1 shows the schematic representationnoiceo-grid [1, 2, 3, 4]. Micro-grids are miniatuversions of the
conventional power grid. They consist of power gatien, distribution, and controls units such agcwgears and
voltage regulation. Modern electrical micro grid or dimited power grid is a collection of any type
electricity sources and loads that usually worksassociated to and synchronous with the traditietestrical
power network, but can also separate to "islandahed and utility independently as bodily and/or eamic
conditions dictate. The modern micro-grids are knaas distributed, decentralized, dispersed, andeddsdd or

constituency energy generation system.
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Figure 1.1 A typical scheme of micro grid with renewable gperesources in grid-connected mode
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1.4 Typesof Micro-grids

1.4.1 There are different types of micro-grids @Qustomer micro-grids or true micro-grids (ugridg) Utility
or community micro-grids or milli-grids (mgridsg)i) 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

142 DCMicro-grid

DC DGs AC DGs IEnergy Storage
[ | |
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Utility
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Figure 1.2 General structure of DC micro grids system.
Compare to ac the dc micro-grids [5, 6] is morenecoical and cheaper alternative. In the preseathié LEDs are
rising as a favorite alternative for high efficigndlumination, and they glow on DC power and grogiglobal

consumption of electricity by DC devices. The appiate output of DERs (Distributed Energy Resourdi®
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most significant PV, fuel cells and other DC foutiola is DC, for wind power or any ac electrical sm®) using
most multifaceted power electronics switching degjdC power can be gained. The universal configuraf DC
micro-grid system is illustrated in Figure 1.2.
» Generation of DC power mainly (a) Fuel cell (b)Solar PV panel¢c) Micro wind turbines (d) Rectifier
connected to a utility grid.
= DC dlectrical storage system mainly (a) Battery(b) Super capacitor.
» DC power distribution -Wiring and control
» DC gadgetslike (a) Laptops(b) Telephonegc) Satellite TV controllers
» DC lighting -i.e. LEDs.
» Controlsor 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.

» Advantagesof DC Micro-grids
The advantages of a dc micro grid can be classifiedthree primary categories: (i) System Efficgr-high (ii)
Reliability of Power-free and (iii) Safety-high ji®peration is simple.
143 AC micro-grid system
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Figure 1.3 General structure of AC micro grids system
In Figure 1.3 shows in the general arrangemennoh@ micro-grids system. The AC micro-grid [7] ssst is the

most common, versatile and most significant inggatlin contemporary power grid. The ac micro-gsidasically
straightforward, more controllable, more stable renfiexible and high efficiency based utilizabletwerk. AC
micro-grid consist of the most universal part @ ffoint of common coupling (PCC) which is usuatigdted as the
only power crossing point between a micro-grid atitity grid. The renewable DGs supported on acrovgrid
systems are usually operated, controls and mastainthe ability of power electronic convertershadtistributed

control. The most common green and fresh renewBids sources wind extract the power from the natural
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environment which is generating the ac power byeraontrolling. The other renewable DGs sourcesdXfact
the maximum power from sunlight and convert thecteleal ac power by power electronics converter #md
power generation mainly depends on instant enviental circumstances. The modern high-performanseepo
electronics device provides instant support to noorthe grid, MGs and smatrt grid.

1.4.4 Hybrid Micro-grid System
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Figure 1.4 General structure of Hybrid Micro-grid System witbntrol

The Figure 1.4 is shows a general arrangement diritlyMicro-grid System [8, 9] where ac and dc batte
connected to a single network. When the set ofidiged generation sources and interrelated lodtts umiversal
control methods is associated within a clearly Hjgeelectrical periphery the coordination is namidglbrid or
combination Micro-grid System. The hybrid microdyoperates different type ac or dc loads and DGls power
electronic controller.

1.5 Basic Componentsin Micro-grids

Basic Components in micro-grid are
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i. Local generation-Local generation basically present’s different typfe electrical generation
source that gives electric power to the consuriiéwese 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 electritigt vary from single devices to
lighting, utility of buildings, business centerstc.ewithin the case of governable hundreds, the

electricity consumption may be changed in demartti@fhetwork.

iii. Energy Storage devices- In micro-grid system, the energy storage systemiopas multiple
operations, such as ensuring PQ improvement, fre;yueontrol, voltage regulation, backup

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

iv. Point of common coupling (PCC)- For a micro-grid system the PCC is the junctiommflectric
network where a micro-grid is linked to a centralgFor remote sites sometimes the PCC is not

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

V. Controls units- The control units control the overall systemsHigh efficiency

1.6 Advantages of Micro-grid

(i) Micro grid is a way to integrate wind, solamd hydroelectricity, etc; to the main grid in shszlale power
distribution network (ii) Micro grid is capable operations in grid-connected modes, stand-aloneemodboth. In
the MGs in islanded mode, generates real and veagtiwer (iii) By proper maintenance MGs improve #bility

of power quality, system efficiency, economics, aaslliency (iv) During emergency, power shortageiqd or
power interruption period the MGs provides complsbéution to supply the power in the main grid pi5s can
separate (in peak load periods prevents utilityd)gand isolate independently from the central giigting

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

renewable energy sources wherever the outsized us@mimpacts are avoided and{Emissions are reduced.

1.7 Disadvantages of Micro-grid

The main disadvantages of the MGs are (i) due fi@rdnt DGs the voltage, required frequency and gxoine.
resynchronization with utility grid (ii) some timesore space required due to battery banks (iitplf&ion cost is
high (iv) reverse power flows (Bidirectional powkows) at low voltages, may lead to protection cbhoation
complications, unpredicted power flow patternsstribution of fault current , & voltage control (Btability issues
is the main factor for local oscillations, smalsirbance stability, transient issues (vi) Low fizein the system can

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

1.8 Typeof DGs
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The types of DGs are (i) Wind power based Doubly-fed induction generaf(BfI1G) (ii) Photovoltaic type
renewable generators (iii) Micro turbines (MT) (F)iel cell (FC) (v) Storage devices (vi) Biomas) (Vidal (viii)
Wave (ix) Geothermal (x) Hydro-electric (xi) Diktuted cogeneration source (i.e. steam turbindsiralagas-fired,

fuel-cell, micro-turbines or reciprocating enginesy.

1.8.1 Wind Turbineswith DFIG

Wind turbine based DGs consist of rotor that exsr&énetic energy from the wind and converts ibiat rotating
movement; this is then rehabilitated into electraxeergy by the DFIG [10] through a low-speed shatiigh-speed
shaft and a gearbox. Figure 1.5 exemplifies thargement of a DFIG where the stator windings arecty

connected to the grid and the rotor winding is eisded with the network via a back-to-back powesctbnic

converter. The rotor aspect converter regulatesatiizve and reactive power injected by the DFIG &metefore

the grid aspect converter controls the voltaghetfiC link.

DFIG

Power Grid

22227

AC T DC
DC il D AC
DC Link

Figure 1.5 Doubly fed induction generator.

DFIG is attractive and popular due to its flexityilin variable speed range and lower cost. The BRIiEor operates
at a variable speed in order to optimize the tipespratio and the rotor speed is controlled to atpewithin a

variable speed range centered on the generatohmymuus speed. Therefore the generator systemtepensboth a
sub-synchronous and super-synchronous mode, tiphstiveen + 30% of synchronous speed.

1.8.2 Conventional and Proposed DFIG with Wind

Transformer Microgrid

| U Stator

Dack boot
wter Fida ﬁ Arruy

i—r

Wind speed

D,

{3]z
LT 1
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() (b)
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Figure 1.6 Doubly fed induction generator configuration fay Cconventional (b) proposed.
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Figures 1.6 illustrate the conventional and prodd3EIG configuration. Where for proposed micrédgronnected
DFIG configuration consists (i) the stator of bttle DFIGs are directly connected to 50 Hz micra i) the PV
panel output is connected to the rotor through sodic converter in series with a three-phase bridgerter (rotor
side converter) (iii) Photovoltaic (PV) systems\yide green & renewable energy (iv) A batteryi¥ incorporated
between the two converters which stores of theaestiergy from the PV panel when the rotor side paleenand is
less than PV panel output, acting as a dc sourdbeirabsence of sun light to inject the power t rthtor and

Storing of the recovered power coming from the nraelat 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-regulateidd
turbines. SCIG has simple, robust construction poder by controlling, power control capability; but
efficiency is low for low variable speed contrdi¢cker, and no reactive control.

(i) Induction Generators with variable external rotor resistance: this is driven by a variable-speed, pitch
regulated wind turbines where the main advantagevariable speed, fast control and low harmonids b
the efficiency is medium.

(i) Doubly-Fed Induction Generators (DFIG): the DFIG is driven by variable-speed and pitcutated
wind turbines. Where the maiadvantages are higher efficiency and reactive power contrat the
disadvantages are (i) needs slip rings, also itireg frequent maintenance (ii) has limited faudter
through capability and needs protection schemgsh@ive complex control schemes (iv)harmonics (wher
only 25% of output power goes through converters).

(iv) Synchronous Induction Generators (SIG): SIG operates with full converter interfaf@ack-to-back
frequency converter), driven by variable-speed;tpitegulated wind turbines. The main advantages are
variable speed, fast control and low harmonicsefffitiency is medium.

1.8.4 Configurationsof Wind Turbine
The wind turbine system has two configurations.

1.8.4.1 Fixed-speed Wind Turbines
In this system, the generator is connected dirdotithe grid and the rotor speed is always fixelue Tonstruction
and operations are simple but efficiency is higla @articular wind speed also being robust anddost. Due to
wind instability the power variation is an importdactor, which affects the power quality of theédgiOn the other
hand, the major disadvantages are an unmanageagiitve 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 thariation of
wind speed with generator speed and the generatjud the power quality is increased. For improvenod power
quality and reduction of mechanical stress on tirviurbine, power electronics converter contrbls enerator

speed against wind variations.
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19 Advantagesof DFIG for Micro-grid Operation

The maim advantages of the DFIG for micro-grids éjevariable-speed and higher efficiency (ii) Gtntegration
is straightforward (iii) Active and Reactive powesntrol (iv) Enough reactive power support for digatate and
post-fault conditions, a mix of static (e.g. switdhcapacitor banks) and dynamic reactive compemsétig. SVCs
and STATCOMSs) is often used while integrating langend farms to transmission systems (v) The DFIG
technology allows extracting maximum energy frora wind for low wind speeds by optimizing the tudbispeed,
while minimizing mechanical stresses on the turldngng gusts of wind (vi) The optimum turbine sgpgeoducing
maximum mechanical torque to generate maximum p@wigiRSC is to extract maximum power with indedent
control of active and reactive powers with contngl direct and quadrature axis rotor currents retbpaly (viii)
The grid side converter (GSC) can provide reagbieeer. The control of this GSC is for mitigatingetharmonics
produced by the nonlinear loads (x) the charadiesisof DFIG are high efficiency, flexible contraind low
investment (xi) power factor control can be implemee in this system (xi) DFIG is simple in constion and
cheaper than a PMSG.

1.10 Photovoltaic Energy

Micro-grid connected photovoltaic system is el@ityi generation from solar PV systems that is lohkath utility
network which enclosed PV array or solar cellsxchange sunlight into electricity.

The series or parallel connected Solar cells HRfdarray. DC-DC high or low step up converter isdito increase
or decrease the output voltage of PV cell dependpan the weather condition. A battery is usedtdoesthe solar
energy which supplies the voltage to three phaserier in absence of sunlight. MPPT [11, 12] colfgrois
connected which is capable of maximum power extactrom PV array. Total harmonic distortion (THD3)
reduced by using inverter switching technique aadous converter models we apply in simulation psg In
Figure 1.7 illustrate the simple PV based micratgonfiguration.

Controlled Buck-Boost PV Array
Inverter Converter

Grid ¥ 1% Jli} =

R €3/ €3 =
Load Gate pulse

Gate driver ||DC Control

¢
i

and Isolator

Switching . .
angles (o) Off Ilng cal?ulatlon
of awith different
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modulation index [=#{ Microcontroller [&—— (mg) for minimum

{md*) Store| o rmonics using

data .
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Figure 1.7 Configuration of simple PV based micro-grid system
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A MPPT controller is importanto increase the output efficiency energy of PV warfaifferent types of MPPT
algorithm have been discussed, such as open civoliige (OC), incremental conductance (INC), péduand
observation (P&0O) etc. Among all of these metho8©OPmethod is most popular. To amplify or decredse t
output voltage of the PV array a DC-DC converterbaick-boost converter is used depending uponetimpérature
and solar irradiance by controlling technique.His thesis, there are various techniques for puldéh modulation,
buck-boost converter, filter, MPPT algorithm cohtice used. The generated PV power we apply in D&Cand AC
bus related Proposed Photovoltaic based Micro-giydtem, DFIG, DVR, STATCOM, and UPQC etc

The different methods to utilized solar energy (&. Direct Methods (b) Thermal (c) Photovoltaicddd) Indirect

Methods (like, Water power, Wind, Biomass, WaverggeOcean Temperature differences and Marine @Gtsye

The PV array output is totally dependent on tempeesand solar irradiation, therefore a battergdsential to store
the energy and running the grid during the absefisenlight.

1.11 Power Quality Improvement of Micro-grid Systems

Power Quality (PQ) [13, 14]: The increase of power electronics application, cateqs and microprocessors or
microcontroller systems has resulted in power ¢yadisues involving transient and other disturbanicevoltage
magnitude, waveform and frequency.
The Power Quality problems are categorized aswvallo
(i) Transient problems (a) Impulsive (b) Oscillatory.
(i) Short and Long duration variations (a) Interrupsigtemporary interruption, long-term
outage and momentary interruption) (b )Voltage @kg) (c) Voltage Swell
A. Voltage unbalance
B. Waveform distortion (1) DC offset (ii) Harmonicssthrtion (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 problend solution are discussed in chapter 1 to Geatablished the
improvement of PQ by proposed SHE-PWM, FACTS [1p-dd@htrollers and Custom Power Devices (CPD). The
main FACTS control devices are based on VSC i.enSbonnected Distribution static compensator (STAM),
Series connected Dynamic Voltage Restorer (DVRMKIoed shunt and series connected Unified PowelitQua
Conditioner (UPQC) used for improving PQ and ladl FACTS devices controlled by PWM switching angtliave
micro-grid efficiency. The series connected CPD &M can operate as a source voltage reaching, hacmon
isolator, providing voltage regulation, load bali@gcand active and reactive power controller. Aiesershunt

connected FACTS device UPQC as the combinatiorenés connected DVR and shunt connected STATCOM.
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From the source currents, a STATCOM is used to ielte the harmonics and providing reactive power
compensation which is improving the power factad adjust the load bus voltage.
1.12 Different type of Inverter and Different Switching Technique
Inverter [19, 20, 21] convert DC wattage into ACttage at desired output voltage and frequency. & heg mainly
two universal type of inverters according to thersry of input supply
l. Voltage supply electrical converter or Voltage Baulnverter (VSI)
Il. Current supply electrical converter or Currenti®eunverter (CSl)
1.12.1 Voltage Source Inverter (VSI) or Voltage Fed Inverter (VFI) Consists
a. Minimum one DC supply or stiff DC voltage supplyathcould 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 aruatijble frequency.
e. The input to the electrical converter is providegdatripple free dc voltage.
1.12.2 Current Sourcelnverter (CSl) or Current Fed Inverter (CFl)
a. Input DC source impedance is high.
b. No generation of radio-frequency interference in.CS
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 tymes
i Single phase voltage source inverters
ii. Three phase voltage source inverters
To manage the output voltage of one part or sipgkese inverters are frequently to survive the tiarnesof dc input
voltage. For industrial and domestic applicatiohg tvoltage regulation is incredibly vital for maiirting of
continuous voltage and frequency. At input ternsnal voltage supply electrical converter has stift. d
voltage. It's appropriate for single and multi-nraiaves.
1.13.1 Single Phase Half-bridge I nverter

- D

PV Array Of any
DC source

(a) (b)
Figure 1.8 Single Phase Half-Bridge Inverter
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The representation of control circuit diagram fosiagle phase half-bridge electrical converter urhtion is
illustrated in Figure. 1.8 (a) and (b). The loadesof the half-bridge electrical inverter is eithesistive, inductive
or both. At approximately 50% duty cycle, this tygfeelectrical converter is operated by contrglswitching $
and $ as an alternative and this gate commutated peleetronics component as BJTs, GTO, MOSFETSs, IGBT,
MCT etc. The semiconductor unit transistqrcbnducts within 0 < t st and for higher voltage supply Vs/2 the
load part is subjected Vs/2; 1B gated on at t # and therefore the semiconductor unit transistds Tommutated.
Transistor T2 is conducting when the period t < 2t and due to the lower voltage source Vs/2 the ladthge is
(-Vs/2).

1.13.2 Single Phase Full-bridge I nverter
Figure 1.9 (a) & (b) shows the power circuit diagraf a single phase full-bridge electrical invertéthen the input
voltage is connected acrosgsdnd T, the input voltage appears across the load. Thielswg states for single-phase
full-bridge VSI as shown in Table 1.1.

PV Array or any
(a) DC source

Figure 1.9 Single-Phase Full-Bridge Inverter (a) without nerable (b) with renewable.
Table 1.1 Switching states 1-phase full bridge VSI

Stat Switching states lout

o s 52 s s 0 I,y <O
1 ON ON OFF OFF Vs S1 and S2 conduct D1 and D2won
2 OFF OFF ON ON -Vs D4 and D3 conduct S3 and S4lean
3 ON OFF ON OFF 0 S1 and D3 conduct D1 and S3 adndu
4 OFF ON OFF ON 0 D4 and S2 conduct S4 and D2udnd
5 OFF OFF OFF OFF  -Vs D4 and D3 conduc
6 OFF OFF OFF OFF Vs D1 and D2 conduct

These two types of inverters are controls by migtient method as
A. Single-pulse width modulation (B) Multiple-pulse dth modulation (C) Sinusoidal-pulse width

modulation (D) Modified sinusoidal-pulse width maation (E) Phase displacement control.
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1.13.3 Three Phase Voltage SourceInverters
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Figure 1.10 The facility of a power circuit diagram for thredase electrical bridge inverter utilizing six
IGBTSs (a) without renewable (b) with renewable.
For three phase projected inverters a six steplgbiis employed by using logical six switches arntth@ same time
two switches are used for every phase. Figure {2)0& (b) show the basic circuit diagram of a thpease
bridge electrical converter. Using a most versailestep bridge electrical converter, the gatesguignals are
managed and therefore the controlling modes aré a2 180, however these two schemes operate in 60-degree
intervals. Sometimes a large condenser (capadg@3sociated at the input terminal to formulate ¢hnstant DC

input and suppress the harmonics fed to the source.

1.13.3.1 Three Phase 180° Conduction Mode Voltage Source Inverter: By Figure 1.10, each transistor conducts
for 180 of a cycle. For this case at a time three trapistemain on at any instant. In Table 1.2 showstlinee
phase 180conduction mode voltage source inverter switclsitages.

Table 1.2 Three-phase VSI switching states, for .86nduction 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

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 120° Conduction M ode Voltage Source Inverter: For this case each transistor conducts for
120-degree conduction mode of a cycle and requsiresteps of each 60-degree. A three-phase voltage
control inverter may be considered as three sipgkse inverters where the output of each singlsgha
VSl is shifted by 120-degree. The most commonlydusehniques for three-phase VSls are (i) Sinusoida
PWM (ii) 60-degree PWM (iii) Third-harmonic PWM {iBpace vector modulation.
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1.14 Performance Parametersof Inverters:

An inverter ideally should give sinusoidal outpaitage but in practical the inverter output are-sorusoidal and
contain basic and different harmonic component® pérformance of power electronics inverters iduatad in
general by (a) Harmonic Factor of' mharmonic (HF) (b) Total harmonic distortion (THD & of THD) (c)
Distortion Factor (DF) (d) Lowest order harmonit®H) 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-widttodulation (PWM) inverter.

Thyristor Inverter classification:

The thyristor inverters are classified in two tyesl the categories are: (I) according to the ntetticommutation
(1) 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 di@ssas (i) Series connected inverters (ii) Pafationnected
inverters (ii) Bridge invertersAlso 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  ujlate few years, the MLI latest technologies have
been reported for a lot of contributions and esthlithe newest state of the art and trends of ¢cénplogy to
produce readers with a comprehensive and perceiwew. MLI applications are increasing recenthy €ifferent
systems as they have (i) Increased overall powéings (i) Improved harmonic performance (iii) The
electromagnetic interference (EMI) emission redueted

The construction of multilevel converter topologiasd management strategies is dependent on th&iedc
converter styles or inverter designs. For harmemémagement within the low-pass filters are appteghermit
the fundamental harmonic component of the outputefam. For MGs system application of power eletito
systems are required to promise for the powerrabbot and the energy quality with high efficiencyheTprimary
concepts of MLIs are (a) Inverters control techgglés very flexible (b) More feasible (¢) More mile (d) Low
cost and more simple (d) Control the low to highewer-quality and (e) May or may not be neededdtitianal
power filters. Therefore the multilevel convertepology concept is the challenging issue for migriol and smart-
grid right now. The multilevel converter topologieggenerally bi-directional switches, that why thaltilevel VSC
can work in both rectifier and inverter modessithe very important view that when the numbereokls reaches
infinity, the output THD approaches zero.

The different multilevel converter structures héeen applied in domestic and industrial applicatidn our thesis,
we applied mainly DFIGs, MGs, PVs, PEMFCS, and FSEEtc.
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1.17 Concept of Classical Two-Level Inverters

The main topology for two-level VSl is illustratéd Figure 1.11, where the inverter converts a fikedl voltage to
three-phase AC voltage. Six groups of active swischontrol the gate signals which are dependinghendc
operating voltage. For low power applications thassical inverters are excellent-quality, but faghhpower levels

multilevel technology offers the merits of a godiganative for power applications.
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Figure 1.11 Basic diagram of a two-level, 3-phase VSC.
1.18 Analysisof Three-Level Inverter
Three level inverters are more applicable for hammmptimization. This type of inverters can belipgid for
applications, such as PV, wind, PEMFCS, active pofileer, FACTS compensator and industrial driver fo
sinusoidal and trapezoidal current applications.vBgying the input DC voltage a variable outputtage can be
obtained. Pulse-width-modulation (PWM) control isry important for this type of inverter. The powaeting is
high compared to two level inverters. The constauncof a three-level NPC inverter is shown in Fegdr12. From
Figure 1.12 the switching operating states are shiowl able 1.3 which can represent the status efsthitches in
the three-level NPC inverter. When the switchimgesis ‘1, it is indicated that;Sand $ ‘on’ and S and S ‘off’

for inverter leg A.

N JIJ} JKT} JH} _. =JIJE‘ ] #JIJ}
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Figure 1.12 Three-level NPC inverter (a) without renewablewfith renewable.

Vo

Which means the voltage of the inverter terminat\ls When the switching state is ‘-1’ the lower tswitches are
‘on’, which means the neutral point is -V. Whentehing state ‘0’, it indicates that the inner tweitshes $ and 3

are connected and V =0 through the clamping diddpending on the direction of the load current.
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Table 1.3 Switching states for three level inverter with piad

Switching Phase A switching state Inverter Terminal Voltage
State s1 S2 S3 S4 Vaz
1 ON ON OFF OFF \Y
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
Cascaded H-bridges multilevel converter with setgatla sources
Cascaded H-bridges converter with single dc sources
Cascaded H-bridges converter with unequal dc seurce

Hybrid Cascaded H-bridges multilevel converter veitfigle dc sources

I o mmo

Cascade MLI with single dc source by employing kmhase transformer

I.  Hybrid cascade multilevel with bottom three legerter

J. Multi-level inverters with varying DC sources
Although each type of conventional and proposedtifauwél converters has various advantages and disadge
and due to their structures and some important thay be suitable for specific application. The meedc input
mainly battery, PV, PEMFCS, IGs etc.
1.19.1 Neutral Point Clamped Multilevel Inverter (NPC-MLI)

h 4
h 4
4

5
[s]
1L
L1

K¥ | KF| KF

K¥F | KF | KF O

x
x
x

Figure 1.13 Three-level neutral point clamped power circuit
NPC-MLI topology is a modified of two traditionalb-level VSCs. Figure 1.13 shows the NPC-MLI constion.
This configuration connected by one positive anotlaer negative side of the converter. Moreoverebthe proper

phase output response two clamping diodes arelimtethrough a neutral point N and the dc-link \agé is
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separating in two divisions. At this instant thBGHMLI gives, (i) Double power rating (i) The middof-the-dc-
voltage point enables the production of a zeroagmtstage (iii) Getting a special voltage levelg {ihe gate
controlling signal is of digital or binary form wtti is representing by for the OFF state of the switch and by 1 for

the ON state.

ADVANTAGES The capacitance requirements is minimum (b) TheliBiCcapacitors may be pre-charged as a
collected facility (c) The efficiency is high (d)ighh applicable for renewable energy (e) simplaaldé and flexible
(f) it's controlled the reactive and active powkewf (g) The overall control technique is very simplue to its back-

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

DISADVANTAGES are (a) Number of required clamping diodes areargeld (b) The DC-link capacitors
control is difficulty (c) At power flow state theontrolling technique is becoming more difficult Ximeutral point
synchronization not easy.

1.19.2 Flying Capacitor Multilevel Inverter (FC-MLI)
When the flying capacitors are connected at pasitibclamping diodes the NPC-MLI are converted @-M¥LI.

Figure 1.14 shows the different level of construretior FGM LI topology and there output voltage response.
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Figure 1.14 The schematic diagram of a (b) five-level capacditamped inverters topology (a) three-level flying
capacitor power circuit (c) and (d) output of thedrters.
To produce the zero voltage stage the load camadirbctly connected to the neutral of the conveiithe DC-link
are connected as a chain and at the same timéythg €apacitor are connected with positive or riegabar and
with opposite polarity .The zero voltage level iganed by proper synchronization of flying capaistand the dc-
link voltage. Between the nearest two adjoiningaciors the increment of voltage gives the degfae voltage

steps in the output waveform. For huge quantitfesoanected storage capacitors the major problethisntype of
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inverter is synchronization. Voltage rating of eveapacitor provided that the used is the equéhaisof the central
power switch.

Advantages (i) Not required extra clamping diodes (ii) Attlisne dc supply is required for matching the F@) (i
Cost and loss is low (iv) Construction of seriepamitor the performance compare to diode clampedraproved
(v) Power flow (reactive, real) can be managed By)lots of abundance of capacitors permits theseter to
traverse through tiny amount outages and totaffigint voltage sags (vii) Using FACTS technologisttype of
inverter can be control total grid system (viiiyémter gives the equivalent output voltage level.

Disadvantages (i) complication of modulation (ii) Difficulties encatered whereas trailing the electrical
energy levels for each of the capacitors (iii) Pherging of all capacitors at identical voltageelealong with
startup brings a lot of complications (iv) poor sking utilization (v) the start-up is difficultvi) the potency is
poor (x) The structure isn't modularized and hujkamd as a result for higher voltage levels paci@qgi
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 inventi@ii) For AC/DC or DC/AC application (iv) Dimints the
harmonics effect when the harmonic distortion isataove the ground.

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

any DC source

oKk gk
[s3 o8

any DC source

PV Array or any DC source PV Array or

()

PV Array or any DC source PV Array or any DC source

(b) (c) PV Array or any DC source
(d)

Figure 1.15 (i) Cascaded H-bridges multilevel inverter using (2¢ do sources (b) two dc source (c) three dc
source and (d) four dc source.

Cascaded H-bridges multilevel inverter is assodiatea chain sequence of n-number ( n=2,3,4...) lampiattern.

The Single-phas€HB-M LI topology structure is demonstrated in Figure Xijlta-d). In this case for AC voltage
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output, we used individual dc for inverter inputhdize of suitable inverter switching each H-bridgenerates

dissimilar three voltages which are JC,VO, and -\éc. The inverter output voltage is -(Ij-c\ANhen control switch 1SEmd
S4 activate, on the other hand the voltage i§C\AMen inverter switch 2$nd %are operate or else the output voltage
level is 0 when the switches of inverter ilsaﬁd % otherwise the switchesSSnd % are congested. In example, a

MLI can construct a maximum of 11 distinct leveds ébutput of inverter phase voltage for five sepadc sources.
Cascade seven levels three phase star connectébbweliinverter topology illustrates in Figure 5.4i). In Figure
1.16 shows the voltage output of cascaded H-bridgdslevel inverter.

S3

PV Array or any
DC source

PV Array or any
DC source

PV Array or any
DC source

Figure 1.15 (ii) Details of conventional three phase multi-levedazade inverter (Y-configuration)
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Figure 1.16 Voltage output of cascaded H-bridges multilevekitier

Advantages and Disadvantages of CMLI

[Chapter 1: Introduction of the MGs, DGs, Inverters, FACTS and proposed work] Page 19



Advantages (i) Low switching loss, low cost and the regulatis simple but high (ii) with a lesser amount of
number of components the identical number of veltdgvels can be accomplish (iii) minimum quantity o
components needed for CMLI (iv) the reliabilitynrsaximum (v) The separate DC sources provides satjoagof
between sources of every unit (vi) the total outmitage added and individual unit is small aheréfore anxiety
on individual devices gets minimized (vii) for tdpgical view the flexibility is high and hence atidhal suitable to
reconfigure in case of happening of fault (viiigthrobable of electric shock is not as much (iX})-switching can

be used in this type of construction (x) eachagstis equivalent to total output phase where thigcising
redundancies survive (xi) The harvest voltage @oer levels is superior (xii) MLI control the Stzase waveform
quality, Common-mode (CM) voltage , Input curreBtyitching frequency, Efficiency etc.

Disadvantages (i) Used for real power alteration necessities tlierent dc resource uses are comparatively
inadequate (iii) Owing to separate dc supply thecfion is narrow (iii) Purpose of 3-phase schengestivitching is
more switches than a more conformist inverter.

Application of CMLI

Principally the separate DC based inverters arécaipe for (i) ac to dc or dc to ac actual poweplications,
renewable energy application, fuel cell, biomasatpvoltaic, wind, Motor drives, Active filters,eadtrical vehicle
drives, DC power supply utilization, Power issuenpensators, and back to back frequency link systems
static power unit generation, FACTS, and tractidmedin electrical vehicles.

1.19.4 Diode-Clamped M ultilevel Inverter (DCMLI)
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Figure 1.17 Topology of the diode-clamped inverter (a) threeel inverter, (b) five -level inverter (c) phasatage
output
DCMLI is that the most ordinarily used structurgbology, to accomplish steps within the output agé and to
clamp the dc bus voltage the diode is employeduseraf as the clamping device. A three-level DCNtipology

consists of two diodes for access to mid-point agdt and two pairs of switchesthat are works during
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a complimentary mode. By series connected two ¢apacG and G split into three voltage levels from DC bus
voltage. From Figure 1.17 the full dc link voltaygg. and therefore the regulated middle voltage hafdie link

voltage that is W/2. For three-level electrical converter the switghstate is summarized in Table-1.4.

Table-1.4 Switching states in one leg of the three-levetldiclamped inverter

Switch Status State Pole Voltage

S1=0N,S2=0ON S=+ve Vao=Vdc/2
S1'=0FF,S20FF

S1=0FF,S2=0ON S=0 Vao=0
S1'=0ON,S2=0OFF

S1=0FF,S2=0FF S=-ve Vao=-Vdc/2
S1'=ON,S2=0ON

The number of required diodes and conjointly thargity of switching devices will increase for thigtn level, and
build the arrangement unfeasible to implement. @dhyefor a p level DCMLI, for every one leg 2(p-&itching
devices, (p-1) * (p-2) clamping diodes and (p-1)idk capacitors are necessary.

Advantages.

The following advantages of the DCMLI are (i) DCM.ill be operated at high potency with the
elemental frequency (ii) electrical capacitor wile pre charged along at the specified voltage | I€\i¢ By
connecting phases of electrical converter with ceamnDC link, the capacitance demand will be reduejl
the control methodology is easy (v) the harmomégnitude, %THD can reduced by rising the numbéeal and
minimize the filtering cost (vi) the connected aejpors may be pre-charged as a group (vii) poténcy
extremely high (viii) can be used as back to bawleiters (ix) Less number of devices is neededoagpared to
cascaded H-Bridge topology (x) Switching redundaiscffexible for balancing the voltage (xi) Realdareactive
power is controlled by this kind of electrical center

Disadvantages are (i) Excessive clamping diodes area mostly needeeinathe number of inverter levels is far
above the ground (ii) it's strongly difficult to amage the actual power flow of individual multiléve
converter (iii) the storage capacitor number isyvemnecessary (iv) Flow of real power is tough for
single electrical converter as intermediate DC Igewantend to discharge and overcharge while
not precise observance and overall control (v) 8ysisn't versatile, reconfiguration of electrical
converter cannot be done on incidence of fault amc result this topology isn't redundant, i.earf/ switch
gets broken, the entire converter gets offline.

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

FACTS control system (b) Variable speed motor drig® High and medium voltage scheme interconnest{d)
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all type of DC and AC voltage transmission linesThis topology is well suited for variable speeté with high

power medium voltage motor.

1.19.5 Cascade H-Bridge M ultilevel Inverter with Unequal DC Voltage Sour ces
In CMLHBI could also be introduced by equal and gu& DC voltages power cells. In Figure 1.18 shdhves
development of unequal dc voltages. This structarehree-cell electrical converter is construdttéen level
voltage wave shape i.e., 6V, 5V, 4V, 3V, 2V, V¥, -2V,-3V,-4V,-5V,-6V.
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Figure 1.18 Cascade multilevel converter with minimum numbfedosources

Merits are (i)Total reliability of the scheme is improved sificantly (ii)The cost is less and constructionviery
simple (iii) Modularity is finite (iv) For simplenanufacturing with flexibility this is applicablen iPV, wind,
FACTS system (v) Easily control the real and reg&cfiower purpose.
Demerits

« Complex switching because switching pattern debggomes much more difficult.

» For poor THD of the output voltage this kind of tdpgy has restricted industrial applications.
1.19.6 Hybrid Cascade Multilevel With Bottom Three Leg Inverter
The three-phase hybrid structure of multilevel cemer topology is showing in Figure 1.19. The bottside 3-
leg consists of one DC supply. The input of the ritipe willuse a PV, wind, |G, capacitor, battery
or alternative dc power supply. The switching stggtis very easy and it's depending on whether rieicessary
to charge or notit's essential to charge the dagadhis sort of electrical converter simply cosited the
harmonic magnitude and improves the power qualiith vability. These inverters are generally useditifity

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

Merits. Simple constructionLow Cost effective, the Packaging is much easiemprbvement in reliability is
effectiveness, High application in renewable engrgspose, actual and reactive power control praltyiemproved
and for FACTS application (i.e. STATCOM, DVR, UPQ@.) it is highly relevant.
Demerits

»  The switching pattern is complex

*  The modulation index range is narrow.
1.19.7 Hybrid Cascade H-Bridge M ultilevel I nverter with Single DC Sour ce;
In Figure 1.20 shows the hybrid cascade H-Bridgestmction of MLI with renewable energy supportéugte
DC supply. This configuration of MLI contained elgc battery or fuel cell with an output voltage ¥ic
for the primary H-bridge (H1). On the opposite sfdethe second bridge, the input dc supply is cétpa The
output voltage ofthe primary H-bridge and resgth-bridge is V1 and V2 severally. During
this configuration, the choice of electrical capacivalues is incredibly necessary.
Merits. More reliability, cost is low efficiency high, applicable in FACTS and reneveabhergy system, contained
low harmonics and also the power quality are high.

Demerits

* For large discharging time and small charging ttheemodulation index range is thin.
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Figure 1.20 Hybrid cascade H-bridge multilevel inverter withgle dc-source
1.19.8 Cascade H-Bridge Multilevel Inverter by Employing Single Phase Transformers
Figure 1.21 shows a high performance Cascade HyBriultilevel Inverter which is constructed by dimghase

transformers with single dc source (i.e. battery, k5, PEMFCS etc). For utility interfacing applicans these

special type of converter are broadly used.

Advantage are -Single DC supplyfor single phase transformer the voltage is adaetséepped, the overall system
is simple, reliable, flexible and low cost, veilgatapplicable in renewable energy systéhe output waveform is
smooth, can control the real and reactive powerFCTS (i.e. STATCOM, DVR, UPQC etc.) it is veryuch

applicable.

Demerits
» The switching pattern is multifaceted.

e The modulation index range is slender.
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Figure.l.21 Details of cascade multilevel inverters with Sénglic source by employing single phase

transformers

1.19.9 Cascade Multilevel I nverter with Cascade Transformers
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Figure 1.22 Details of Cascade multilevel inverter with Sindlesource by employing cascade transformers

In Figure 1.22 illustrates the construction of eake multilevel inverter with cascade transformétse innovative

structure is extremely applicable in PV, wind aftérmative renewable energy system. For constracifacascade
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transformer on secondary we can exchange the pbwer ac utility, from comparatively low dc voltagdsy
itself. It's the superfluous deserves that no oufpter needed due to transformers. For fundameswédtching

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

Advantages: (i) single DC supply (b) trouble-free, reliablend low price (iii) potency is higher (d)
modularity degree is high (e) perfectly manage ithal and reactive power (f) highly applicable DFIG,
FACTS and other renewable.

Disadvantages:

e The complexity in switching scheme is high.

 To generate a higher number of voltage levels tteessive numbers of switching components are

required.
* Waveforms are poor quality because of the thirdnmaic component and usage of many switching

components.
1.19.10 Cascade M ultilevel Inverter with Single DC Source by Using Three Phase Transformers
Al B]C
VBl v g'g‘_l
o sg"G ‘ VCl
+| C 1
Vdc + -

?j ;)4—"('} Va2
E
HJ Ve

Figure 1.23 Cascade multilevel invertemploying three-phase transformers with singlealoce.
In Figure 1.23 shows the configuration of the cdsceultilevel single DC source with three phasegfarmers
connected inverter. These types of inverters anergdly similar to the NPCMLI type and this configtion mostly
used in transmission and distribution system. Ribgé¢his inverter are used in FACTS control systemreactive
power and power quality improvement purpose. Ty tof inverter is highly appreciated because thnionic
present is very low. The adjustment of three phasesformers and PWM operation the voltage andectirr

waveform are more accurate and similar to the NAGNMerformance.
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Advantage: (i)The switching pattern is very simple and acceptéblét is applicable in FACTS (like STATCOM,
SSSC, DVR, UPQC etc.), renewable energy, domesiiciadustrial purpose (iii) This type of inverteregtly
progress the power superiority (iv) The harmonignitude is very low (v) Number of switching is rethg per
cycle and the switching loss is very low (vi) Themmber of DC source is single and the number of ctgas very
low (vii) Easily applicable in photovoltaic, wincbwer and other grid connected system (viii) Thizetyf inverter
reduces in voltage and current hazard (ix) The commode disturbance is preferred level.
Disadvantage:

i For 3-phase transformer the overall cost and tital is slightly amplified.
1.20 Harmonic Elimination Switching Schemes [24, 25, 26, 27]
Description: For increasing the power electronics device, noear load, presence of variable electric loadthen
power system the voltage and current waveformsnasswon-sinusoidal shape. As a result the diffeneagnitude
and phase related sine waveform distorted andréggiéncies that are multiples of power-system rfraiuency.
Causes: Typical sources: when the electric machines fumitig higher than the knee of the magnetizatioveur
(magnetic saturation), welding machines, arc fuesa®WM, rectifier load, and application of DC brusotors.
Consequences. Possibility of the amplified resonance, in 3-ghagstems the neutral overload, overheating of all
the electrical cables and apparatus, loss of effiy in electric machines, at communication systehes
electromagnetic interference, in measuring purpleseerrors occurs when using average reading sdteuble of

tripping the thermal protections, malfunction thd®, flow meter, smart meter etc.

Appropriate solution: Using active and passive filter, k-rated transfersncan minimized the harmonic distortions,
delta-wye transformers, PWM switching, increasing size of conductors can help reduce impedancehaiscdthe
harmonic distortion, the power electronics FACT@teoller (STATCOM, UPQC, UPFC, DVR etc) controkth

harmonic.

Modern power-electronics based equipment, likeifiect choppers, and inverters produces current and
voltage harmonics throughout the inverter switchiinge. These harmonics introduce the instrumentadio
equipment that the connected to a similar systenmutih conduction and by radio interference.
Presence of harmonics within the electrical invesistem leads to the following disadvantages:

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

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

results system malfunctioning.

c) In presence of harmonic current on the sensitiveritical loads produce pulsation torque.

d) Harmonics currents increase the loss within theyatem.
By harmonics minimization, these effects can beimiired. Harmonic elimination is an importdassue in inverter
switching schemes. By reduction of harmonics aaster by wave-shape improvement the system pedoce
can be improved. Switching schemes used in praatiee

A. 180-degree switching operation
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120-degree switching operation
Bipolar switching operation
Unipolar switching operation

60-degree modulation switching operation

nmoow

Virtual Stage PWM switching operation

G. Multi level switching operation
1.21 Flexible Alternating Current Transmission System (FACTS)
Flexible Alternating Current Transmission SystePACH'S) [15-18, 94-100] is a most recent integratatbivative
idea based on smart power electronic switching edews and fully energetic controllers to improbe whole
system operation and power transfer capability magebecause the responsibility, reliability, ségurstability,
and power superiority. From first to last the yehere has been an augmentation in the enormoumityuaf power
transfers and electric utility power transmissianilities all over the world are not openly pereittto progress due
to the various kind of ecological, land-use andhatritarian pressures that arise. At the same tineeféremost
outcome upholds in electric power transmissionramgtrical power capability tradition, and disagidegarallel
pathways or loop movements are being well-knowlattge The operational coordination becomes vefficdif to
supervise finally becomes the comprehensive thseimprove in power transfer. In case of enormoastgt power
movements this complexity of the whole manage om shheme becomes extremely feeble and the eléctrica
required power transport can become insecure. T Wility industry Electric Power Research Ingit(EPRI) at
first dealing in joint research and development ,alms nowadays decided to furnish power electrobased
Flexible AC Transmission System (FACTS) technologyhealthy solution for the above mentioned proklem
When the capacity of electrical power flow is massthe multipurpose power electronic solid statesiaks,
FACTS are utilized to stayin ensure the total gsigstems and protect the overall system troublée ©US
researchers of EPRI have been invested in FACTIS inadtipulations of its significance values angataility. The
advance FACTS generally progress the Micro-gricspeative, active and reactive power managememgdolate
the voltage and to add to the lower voltage systghus points. Now the FACTS are straightforwardlgply in
micro grid, grid and smart grid and improved thetegn constancy or reliability. Near the beginnifidl®60s the
development of thyristor technology had startedvgng. Power electronics switching based on thyrisare a key
component in controlling the automatic componemntsactive and reactive power compensation systerns. T
electrical pulse is transformed by fiber opticgi@und potential directly to control the electranthyristor gate. For
this electronic equipment the different triggeritgchnique reduces the number of electronic andtridelc
components in the thyristor valve and, also impsotke reliability and eliminates all the electrometic

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

* The FACTS is power-electronic idea based mostlyaadg controllers, which improve the capacity or

capability of transmission and distribution netwsrk
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e The energetic FACTS controllers operate without asking extremely fast and increase the secure in
operating limits with stability.

» The solid-state switching devices completely martageslectrical power flows on the lines to proteith
highest margin of safety.

 The modern FACTS controllers transmit mostly regdirelectrical power with high superiority at a
smallest amount of operating expense and increigeehlue of overall transmission assets.

e Through low interruption—rating isolators the fadtDC line can be discontinue.

» The FACTS controllers control line-to-ground faclkaring without employ of any circuit breakers.

» The speedy controllers control the transient contstaf the systems through active-power damping.

1.21.1 Static Synchronous Compensator (STATCOM)
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soumge Vs <V (absorb:l?lcl:
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Figure 1.24 Schematic diagram of STATCOM for (a) Voltage seufb) current source (c) a power circuit (d)
reactive power exchange (e) with an energy-stodmece of suitable capacity (f) power circle and ppwer
exchange.

Figure 1.24 illustrations the demonstration of STOM for (a) Voltage source (b) current source(gyaaver
circuit (d) reactive power exchange (e) with anrgpestorage device of suitable capacity(f) poweclei and (g)
power exchange. The Sullivan substation 100-MVA FTOM is first installed the Tennessee Valley Auttyor
(TVA) in 1995. STATCOM is a shunt connected powkrRACTS regulator and it has the most common
unigueness to that of synchronous condenser hovits/ap inertia. STATCOM connected to a line gatigr
without any transformer and consists of a solidtestaoltage supply or current supply inverter
however typically voltage supply is most populahisT special type of arrangement either providesiramws the
reactive power at the purpose of point of commamptiag while not any large capacitor banks or exaéreactors

at a more rapidly rate compared with synchronougomoondenser. It matches a capacitive or an imeeict
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reactance at the purpose wherever it is connecgzduse this type of regulator injects the currdmtoat in
quadrature with the line voltage.

1.21.1.1 Har monic Performance of STATCOM

The shunt connected STATCOM consists of IGBT baseniconductor switches with anti-parallel diodestaswn
in Figure 1.25.The converter output waveform isvamon Figure 1.26 which is producing balanced thge@si-
waveforms with given frequency.

For distorted waveforms of voltage and current ttubarmonic effect induces the system abnormdliggloading

losses and affects the control accuracy in measmermstruments and sometimes the control and gtiote

equipment. For harmonic elimination a proper switghtechnique (likd 20,180, bipolar, unipolar and

modified unipolar etc.) can be selected to mitighteharmonic and high-frequency problem.

Microgrid Microgrid
3-PHASE 3-PHASE
SENSITIVE SENSITIVE
LOAD LOAD
| FILTER | FILTER
PWM i i PWM - - ol
Controller_’J _T o Controller_’J p 5
Converter Converter
(a) (b) p—

Figure 1.25 Configuration of VSC based STATCOM (a) conventiofiglproposed

The output of the STATCOM line & phase voltages é/g aVvaVca andVan, \4“ erespectiverThe Fourier

analysis of STATCOM is as:

Vo =, [, cos(nat) vt sira )

The phase voltage waveform of a 3-phase bridgetewis a quasi-square wave. The wave form has

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

8, =0for all n, and&, =0, for all evenn

also, b, :%jvdcsin(nax)d (et for all odd "1’
0
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Figure 1.26.The output waveforms of the STATCOM for 180-degreaduction mode

_27
n—ﬂi V. sin(nat)d (at)

= N
= cog(na)

Therefore

00

Vep= D)

n=1,3,5,7;

%cosba)sin(m )

For better quality of power and to reduce the hanimgeneration, different type of converter confagions and

converter-switching techniques are recommendeklisnchapter.

1.21.2 Custom Power Dynamic Voltage Restorer (DVR)
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Figure 1.27 Configuration of Dynamic Voltage Restorer (DVR)
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Custom power FACTS control device, DVR is a flegilskeries connected restricted compensator. DVRpazect
the sensitive load against voltage unbalanced.OWiR enhanced the power superiority for voltage migigation.
The compensator DVR operate only abnormal condibgnswitching technology where the normal voltage o
unaffected load voltages conditions the DVR isistetry and performs no switching to reduce losSée DVR
detects the voltage dip and injects the absent umegsvoltage until the energy storage and abskyludeained or
returned to customary voltage levels. The synclsrariime with the supply is very short and the itgdovoltage for
every phase can be controlled autonomously in nhag@iand phase at the same time the zero sequieceocan
be eliminated.
The compensator DVR controls the positive sequemegative sequence, zero sequence in the suppggesl This
compensator compensate the symmetrical and non-stmical voltage dips which is cases for differemdkof
sensitive loads and control voltage sags, voltagdls, flickers, harmonics etc. The basic configioraof the DVR
has converter, filter, injection transformer, D@Wi and energy storage, By-pass equipment, disctipnec
equipment, energy storage etc. The main objectiwesto amplify the capability of consumption of tdlsution
feeders, decrease the losses and progress powdty qaia the load bus. In the smart distribution teys,
the uncompensated sensitive or nonlinear loadsdatre the harmonic within supply voltages. To naitig this
issues caused by poor quality of power supplyesetonnected DVR compensators are used to optiimézpower
excellence. The Duke installation in U.S.A. in Asgud 996 initial used the DVR application and therefthe
evaluation of 2 MVA with 660 kJ of energy storagimb0% compensating voltage sag rating period.bfs@cond
(30 cycles). Figure 1.27 shows the DVR configuratio
The DVR has mainly two working modes.
1. Standby operation mode or short circuit operatiB€@) mode- in this case the magnitude of voltage
injected is zero.
2. Boost operation mode which menace when the compmndavice DVR inserts a necessary voltage of
suitable magnitude and phase to re-establish #négpit load bus voltage.
The DVR can
» Protect the sensitive loads from short duratiotags dips
» Compensate voltage sags, voltage swells, flickemanonics, and transients mainly compensationter t
harmonics and unbalance in the source voltage.
» Improve reliability and power quality.
» Progress the power factor on the supply side C&t)P
» The real and reactive power Generating or absoiyngroper way
The different issues of power quality with highligly put on voltage dips and power quality issues a
» Voltage / current unbalance, power system harmomitsrruption/ over voltage/ under voltage, vokag
sag, voltage swells, flickers etc, power systemdients, power frequency disturbances, outageingng

waves.
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1.21.3 Unified Power Quality Conditioner (UPQC)

The unified power quality conditioner (UPQC) is aosh multitalented power quality improvement power
electronics switching based custom power device WRQC construction is similar to another versdahCTS
device unified power flow conditioner (UPFC). Th@@QC contains one series and another shunt conneaitage
supply inverters (VSIs) which are coupled to adgpidc energy storage element. The series conn®&edontrol
the voltage sags, swells flicker, voltage unbalarske and harmonics and also mitigates the supplg
instability. The Series connected completely défdrtype of converter connected to take care orntaa
of the load voltages level that is balanced antbdisn free. The shunt connected inverter compessanitigates
the current quality problems, power factor problefwsd harmonic currents, load unbalance, reacgtiower
problems etc. The overall construction of the UR€&hown in the Figure 1.28. The total UPQC maueitrol by
various control loops like voltage control loop,rrant control loop, voltage and current unbalanceasoring

control loop, switching control loop, PLL contraldp etc.
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Figure. 1.28 Basic model of 3-phase 4-wireUPQC configuration
By active power management and minimum VA loadimgtml the UPQC work as an in-phase process. The
voltage injection through series converter, carcdion of quadrature voltage injection and loadlarmgntrol mode
or the power angle facility control mode of opesatthat mitigates the power superiority problemgjiiid, micro-
grid and sensible grid or smart grid systems.
Control Objectives of UPQC
The shunt path of the converter provide the subsgtgmanagement objectives
A. To steady the supply currents and voltages byatiiijy negative and zero progression mechanismegksir
by the load
B. To regulate the harmonics within the load currgninserting the specified harmonic currents.
C. To regulate the ability issue or power factor byedting the specified reactive current (at elemsnta
frequency)

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

a. To sense of balance the voltages at the load busnjegting negative and zero sequence voltage
to complete those contributions within the supply.

b. To managethe amount of voltage for load bus by stwgthe requiredreal and
reactive essentials at normal frequency on the lahiliiy aspect which is concerning on the power
factor issue (PFI).

c. At the contribution port to handle the PFI of thé@C is restricted by the shunt connected power
electronics converter.

The application of the UPQC is for
» Distributed generation such as wind generationpBWer, micro-grid, smart grid, grid etc.
1.22 Outlineof the Thesis
The organization of the thesis is outlined as fafio
Chapter 1 explains the introduction, Research BackgroundpudbMicro grids, Microgrid Definitions, Basic
components in micro grids, Advantages of micro gbisadvantages of micro grid / Challenges, DG autike
Wind, Photovoltaic Energy, MPPT control Hydropow@EMFCS, Geothermal energy, Bio energy Micro grid
Control , Power Quality improvement of micro griglseem, Motivation of the proposed work. DG controls
Methodologies, where we discussed Different typeinvierter and different switching technique. Coricep
multilevel inverters, Concept of classical investemd medium or high power inverters, Traditionalltievel
inverters i.e. NPC-MLI, FC-MLI, CHB-MLI, BLMLI. Al® we discuss the conventional and proposed Harmonic
Elimination TechniquePresents the PQ issues with reactive power compengarough FACTS devices. This
chapter, we discussed thavances in Power-Electronics Switching Devicesndiyles and Applications of
Semiconductor Switches, What is Flexible AC Trarssian (FACTS), Why Compensation Techniques are irsed
Power system?, Controllability of micro-grid, gadd smart-grid system. This chapter covers tHerdifit Type of
FACTS controller.

Chapter 2 cover the Proposed BBO based selected harmomignelion technique for DFIGs connected to a
micro-grid, where we construct a new model of migra configuration and control of micro-grid dtgies also
we connect a new switching technique with 180° Mofleperation for Quasi sine wave switching, an@°Ifode

of operation for quasi sine wave switching. We mead the Different standards for voltage andenirharmonics
and the proposed switching control the harmoniellewd also proposed switching applied Co-ordinafgoroach
for harmonics elimination. Proposed Harmonic Eliation Principle control the switching angles usiBBO
algorithm. Simulation and experimental results 80° Switching mode of operation and 42@itching mode of
operation control the harmonic and system the pawealtity. The simulation & experimental Resultsified the
grid code.

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

where the proposed work are basic idea of DGs, Dé&i@ stator side harmonic. In this chapter we @sed a

[Chapter 1: Introduction of the MGs, DGs, Inverters, FACTS and proposed work] Page 34



DFIG based System configuration. In this DFIG systwe discussed step by step the Harmonic Analgsis
Stator and Rotor Currents. Another proposed worloRBpeed dependent Stator Harmonics. Here welatdciine
harmonics for rotor speed dependent stator harmainicto 3000 rpm. The switching mode is 482F" Proposed
Harmonic Elimination Principle using BBO Algorithsuccessfully controls the harmonic magnitude angepo
quality. This chapter we control the Sub-harmofiice key emphasis of the work the proposed on@oatrol

Scheme.

Chapter 4 Proposed Performance of DFIG, DVR, STATCOM, UPQi&wommon DG systems and Biogeography-
Based Optimization. Where we discussed the Impmetari DG, DFIG, STATCOM, DVR, UPQC in power system.
Studies the proposed system micro-grid configunatiexisting and Proposed Switching Strategies maird suggested
harmonic elimination method for multilevel invert€@omparative study of different conventional amdppsed soft-
computing techniques. Also Studies Effect of véoiatof free parameters with BBO. The Simulation dssfor
Proposed and Conventional Inverter PV based DC-Db@vérter, for STATCOM, DVR, and UPQC with Filter
concluded that the power quality is best for UPQRerformance Comparison of the proposed DFIG-PYesys
under UPQC, DVR and STATCOM modes verified the UPggEformance. Experimental Result and Discussion
are verified the simulation results.

Chapter 5 Proposed Photovoltaic (PV) based DVR, Where weudised Proposed micro-grid configuration with
DVR, Existing and Proposed Switching Strategiesltildvrel inverter operation, Proposed EliminatioinHarmonic
Principle Using BBO Algorithm, Proposed multilevielverter with varying DC sources, DVR operatingtesa
Simulation Results for multilevel Inverter, Simu¢at Results for DVR and filter, Resistive load withlanced &
unbalanced mitigation of voltage sag, swells fonlmear load, Placement of capacitors near a DVBItage
Flicker suppression and Induction Motor Load operat

Chapter 6 Proposed Three phase PV-wind- PEM- FCS-HCBLMI-€bdaBVR, STATCOM and UPQC topology
with SVPWM Proposed FACTS Connected Micro-grid Ggufation, The new configuration of the proposed PV
wind-PEMFCS based DVR, STATCOM and UPQC, Optimadtstive Multilevel PV-wind-PEMFCS-based DVR,
STATCOM and UPQC Control System with SVPWM Algorith Different Level Proposed Multilevel Inverter
Topology, Proposed Space Vector Pulse Width Mothrgbwitching control strategies, SVPWM simulatimutput
results, Simulation Results for DVR, STATCOM and@® with Filter, Proposed PV-wind- PEMFCS based DVR
simulation results, Proposed PV-wind- PEMFCS bddB®C simulation results, Compare to the performasfce
the PV-wind- PEMFC-UPQC, PV-wind- PEMFC -DVR and/ATCOM,

Chapter 7 discussed the Conclusions and Future Research

Appendix of the thesis

Reference of the thesis
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Chapter 2

Proposedr BBO  bused  selected
harmonic eliminationw technique
for DFIGy covwnected to-av micro—grids
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Chapter 2
2.1 Chapter Overview

This chapter illustrates the biogeography basetnigdtion (BBO) based selected harmonic eliminatiechnique
for DFIGs connected to a micro-grid. The lower erdarmonics are individually eliminated in each BFbutputs
but the higher order harmonics are eliminated inhsa way that the harmonics generated by one sdarce
eliminated by the other after generating the sameroof harmonics in opposite phase. The switclsingles are
computed off-line and stored in microcontroller noggnin the form of look-up tables for on line amgaifion. The
excitation power for the inverters is obtained franphotovoltaic (PV) panel. Proper simulations executed for
the proposed theory and subsequently supported nbgstigational verifications. Both the simulatiomda
experiments agree well with the analytical formiolat The total harmonic distortion (THD) in the put is found

to be within the stipulated limit.

2.2 Basicideaof DGs, DFIGs, and Harmonic Elimination

Micro-grid systems with induction generator as of¢he distributed sources of generation (DG) aidely being
introduced for production of electrical power. Tleubly fed induction generators (DFIG) are becoming
increasingly popular for such scheme to generagrlity at constant voltage and frequency frorragable speed
wind turbine. The DG units [28], connected to migra [29] operate either in parallel with the largtility grid or
in the islanding mode, while providing continuouswgr to multiple loads and end-users. The most jgopu
configuration of micro grid having DFIG wind energgnversion system along with the PV generation utexdis
shown in Figure 2.1. The rotor side is fed wittheee level quasi-sine wave supply generated framale bridge
inverter, while the stator side is directly conmetto the micro grid. The dc input to the inveitefrom a group of
PV panels. The output from the PV panels is buffeheough a set of batteries which absorb the expeger from
the PV panels or the generated power from the wittre DFIG when the speed goes above the synohsospeed.
The last part of the power converter operates etfiees. To reduce the switching losses while hgva simple
control circuit, a six-step switching technique [3Q, 32] is widely used in thyristor based investieoth in the rotor
and grid side. The six-step switching techniquetaiois all odd harmonics except triple-n harmonidse harmonic
current components present in the rotor circuitiocedcorresponding harmonics in the stator, regultinpulsating

torques.

Micro-grids operate at distribution voltage levelaring the past few decades, electrical systerdddeave been
increasingly becoming sensitive in nature becatdiskenincreased use of power electronic and compaetrolled
devices. Maintaining stipulated quality of powerrasommended in IEEE 1547, IEC, IEEE 519, EN, CIGRE
36-05 specifications as have thus become mandattaymonic elimination therefore is a very importésgue is

respect of the operation of the micro-grids.
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The elimination of specific harmonics from a givemput voltage waveform generated by voltage soiumeerter
using pulse width modulation (PWM) has been wididglt in literature [33, 34, 35, 36]. These methadsknown
as selected harmonic elimination (SHE) or prograch®/M techniques. The SHE problem becomes compldx a
computation intensive with the increase of numbérasmonics to be eliminated. The method given3in, 38, 39,
40] uses PWM technique while in [41, 42, 43] a spaector topology is used for this purpose. Botbaséh
techniques are having high switching losses. Harmamalysis of DFIG can be found in [44]. Harmonic
elimination problem is a set of non-linear transtemtal equations. The solution approach of thiblera by
eliminating selected harmonics while obtaining tequired fundamental component of output focusepn46],
has become a great challenge. The rapid converggmd¢ewton iteration is achieved in [47, 48] by ghiing initial
values. Multiple solutions to the SHE problem aveused in [47, 48] while [49] presents an optim@atechnique
to minimize the harmonics. The recent trend in rojgtation technique which is becoming very populaesu
population of points instead of a single point. F@tance, Genetic Algorithm (GA) has been usetthéosolution of
SHE problem [50, 51, 52, 53, 54]. [55, 56, 57] discthe application of the Particle swarm optirtima technique
(PSO). But none of these techniques are implemented DFIG-based converter switching applicatiomrigus

control strategies are also proposed for microsgeimhnected with DFIGs [58, 59].

This chapter presents an optimization approacthémmonic minimization technique of DFIG connectedhticro
grid. Combination of PV panel and wind generatotha micro-grid system with two inverter switchisghemes
have been proposed. Since the inverters conneatie tmicro-grid handle bulk amount of power, sésumber
of switching per cycle is advantageous for satisfgcoperation and reduced switching losses. Thmebdoations of
different switching with BBO [60] based harmonictiomization are applied for this purpose. In the posed
scheme, the frequency and phase of one invertar &hosen as to counter balance the selected afréh@rmonics
generated by the other inverter in the micro-ggdtem. Thus, a wider band of harmonics can be editc a
considerably low magnitude with less number of shiitg for either of the inverters. Proper simulatioand

experiments are performed on practical inverterewbupport the theoretical formulations.

2.3 Proposed Micro-grid Configuration
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Figure2.1. Schematic diagram of a DFIG based wind generation.

RSC Control
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The block diagram of the proposed AC micro-gridtsys is shown in Figure 2.1.The stator of both tHd@ is
directly connected to 50 Hz micro grid. The PV gangput is connected to the rotor through a ddd@onverter in
series with a three-phase bridge inverter (rote sionverter). Solar power generated from pivoltaic (PV) cells

is gaining increased importance as a renewablecsalme to advantages such as the absence of feigllitibe
maintenance and no noise and wear due to absenmnewifig parts. A battely, is incorporated between the two

converters and it provides various advantageouginamgents like storing of the extra energy from B panel
when the rotor side power demand is less than R¥élpautput, acting as a dc source in the absensarofight to
inject the power to the rotor, storing of the reex@d power coming from the machine at super-symdus speed

etc. To reduce inverter switching losses, the duipliage of the inverter is generally a quasi-siee as shown in

Figure 2.2 (forl8dconduction mode) and Figure 2.4 (fﬂleconduction mode). The dummy load is used to

absorb the excess power during super synchronoesdspondition. Harmonic analysis of the phase gelta
waveform gives all the odath harmonic ofn = 6k + 1withk = 0,1, 2, 3;--. The harmonics analysis for the six-

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

2.4 Existing and Proposed Switching Strategies

The DFIG rotor voltage waveform fed from invertergenerally a quasi-sine wave to reduce switctosgds in the
semiconductor devices. The inverters can be switeireler bothl80 and 120 mode of operation, which can
introduce harmonics o(6k + 1) order in the rotor voltage waveform. In the pragmbsechnique both these modes

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

2.4.1180 Mode of Operation

2.4.1.1 Quas Sine Wave Switching
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Figure 2.2 Three-phase six-step Quasi-sine waveformd 80 switch conduction phase voltage applied to the

rotor.
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The output phase voltage of the inverter is a gsiag wave as shown in Figure 2.2 for one of thedtphases. The

instantaneous phase voltadeB0 conduction mode)/,, can be expressed in a Fourier series,

V., =%+i(an cos(nat) +h, sin(nat)) 2.1)

n=1
The phase voltage waveform of a 3-phase bridgetenve a quasi-square wave. The wave form hastguaave
symmetry, thus, we get

a, =0 forall n,anda, =0, for all evenn

and

2

also, b, :%I e(at)sin(nat)d (at)for all odd'n’
0

73 2
or, b, :% J;\%sin(nwt)d(wth Js%sin(nax)d(ax)

= e[ Tcos{rut) ), + 1 cogna) ]

= N 1- co{n—ﬂJ + Zcoén—ﬂj - 2C snLTj
3nr 3 3 2
N7t
buros(7j = C for all odd n,

The n™ harmonic component can be mathematically expreased

b, = %{h cos(%Tﬂ (22)
n7r
And @ =tan™ (%J =0

From equation.2) it can be observed that the triple-n harm0|(i359,12,15,--) can be automatically cancelled

for balanced three-phase system. Therefore, théen harmonics are not chosen for eliminationhe phase

voltages. Hence, the resulting output voltage fthenstator contains harmonics which is fed to theangrid. The
harmonic analysis of the phase voltage waveforreggthen™ harmonic asn=1,5,7,11,13,17;-

or, n=6k +1for k=1,2,3,4;--

2.2.1.2 Proposed Switching Strategy
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For six-step quasi-sine waveforms 80 conduction, the phase voltage switching pattershswn in Figure 2.3

with five switching angles in quarter cycle. It cha shown that tha™ harmonic can be eliminated by a proper

choice of switching angle® . The Fourier series of output voltage waveform loamepresented by equatiéhl).
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Figure 2.3 Three-phase six-step Quasi-sine waveformd 86 switch conduction phase voltage switching pattern
with five (@, to@y) switching angles.

The phase voltage waveform of a 3-phase bridgertevb@as quasi-sine wave symmetry, thus the evemdracs

are absent and we can write,
a, =0 forall n,anda, =0, forall even'n’

then\V,, = i b, sin(nat)

n=1,5,7;--

_ 1 2 .
or, b, —]—Tj;vansm(nwt)d (at)

Y,
:3—"°[cosnal—cosnaz+ coRa,- CO®,+ 2co8;— 200¥ |
nir

= + - +
b = 3x5x —% [cosGr, - cosh,+ cogh,— cosh+ 2cash

cosnz/ 2= (for n=1,5,7,11;-- (6n+1)
= %[cosnal - cosW7,+ COBQ,— CO®W,+ 2c08]
3nr
Thus the general equation b; can be written as,
m N
0, = 3| 310 cosfnr) - 23 (- cofer)| 23
k=1 k=m+1

For 5-switching, the mathematical statement of@¢r@scumstances is then
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cosa, — cosr,+ cog,— cas,+ 2cog=M

cos@, — cosk,+ cosh—- cogh+ 2cass> O

cosr,— cosd&,+ cosa,—- co®[+ 2cas/~ O 2.6)
coslhb, — cosld,+ costl—- cosik+ 2coslE

cosldr, — cosld,+ cosh3- cosi3+ 2cosl3

The 5", 7" 14" and 13" harmonics would be eliminatedldif =b, =b,, =b,;=0. These equations can be

solved iteratively to calculate the angiés @ ,,a,,4 ,, - ,Q, . A selection of the converter switching anglesegiv

some degree of freedom in minimizing certain haricw@as well as reducing the THD, which directlyeats the
AC micro grid.
2.4.2 120° M ode of Operation

2.4.2.1 Quas Sine Wave Switching

| Ver

de/f

a

180 300"
120 ot

--defo - - -

Figure 2.4 Three-phase Quasi-sine waveformsl@0 switch conduction phase voltage applied to therroto

The instantaneous phase voltage in Figure QZQ conduction mode)/,, can be expressed in a Fourier series, in
equation 2.1). The wave form has quarter-wave symmetry (evemmbnics are absent). Due to the quarter-wave
symmetry, we get

a, =0forall n, anda, =0, for all evenn

2

or, b, =4 \isin(nax)d(ai) for all odd'n’
77”/6
_N, /6
—n—;f[[cos(nax)]n/2
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The N™ harmonic component can be mathematically expreased

_ Ny . (nm) . (nmT . (nm) _ nrr
b, =—=sin| — | sin — |, wheresin| — | = c0$ —
nir 2 3 3 6

Now, C, =/@ +b? = %sin(%j sin(n—:) (2.5)

Nz
and @, =tan* (%J =0

From the equatior2(5) we can observe that the triple-n harmor(i8$9,12,15,- ) are zero.

Hence, the harmonics present are giveny 1,5,7,11,13,17,---
or, n=6k+1,fork=0,1,2,3,4,-
2.4.2.2 Proposed Switching Strategy

“ Van

V(lr,"Z ——————

U]

210

330°
o 02 03 OLgoLs 90 15¢" 180° ot

~-¥def2f -—-——-———"—"——"""—""" " T T e

Figure 2.5 Three-phase six-step Quasi-sine waveformd 20 switch conduction phase voltage switching pattern
with five switching angles and starting pa3@ .

Generalized six-step Quasi-sine waveforms1&0 switch conduction phase voltage waveform is degdidte
Figure 2.5. The phase voltage waveform of a 3-plasiye inverter is a quasi-square wave. The wave fhas

quarter-wave symmetry. In this case the isolatedtrakphase voltages are also six-step wavefornth thie
fundamental component phase-shiftedmt/ﬁﬁ from that of the respective line voltage. Alsothis case, the triple-
n harmonics are suppressed.

a, =0 forall n,anda, =0, for all even'n’
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1%
b==[V ) d (ct
= Vasin{mat) o (c)

The expression fob, can be written as,

b, = -(%j $°(-1)" cog{na, ) 26)

k=1
For 5-switching, the mathematical statement ofgéf@cumstances is then
cosa, — cosr, + cog,— cay,+ cog=M
cos@, — cosf,+ cosh,—- cosh+ cazs>= O
cosr,— cosd&,+ cosa,— co®[+ cag/~ O R.7)
coslhb, — cosld,+ costl- cosil+ cosl¥E
cosldr, — cosld,+ cosh3- cosi3+ cogld

The 5", 7",11" and 13" harmonics would be eliminated i =b, =b, =b, =0.These equations can also be

solved iteratively and the switching angtesd,,0,,---,0, can be computed. The selection of the converter
switching angles gives some degree of freedom imimizing certain harmonics as well as reducing D,

which directly affects the AC micro grid.
2.5 Different Standardsfor Voltage and Current Harmonics
TABLE 2.1 Summary of IEEE 1547, IEC 61726 and IEC 61000€328s D individual current harmonic

ISSUE IEEE1547 IEC61727 IEC 61000-3-2
Nominal Power 30kwW 10kw class D
Harmonic (2-10) 4.0 % (3-9) 4.0 % harmonic  In (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
less than 0.5% of less than 1.0% of 15 0.15
rated output
DC current injection current rated output current : :
Frequency range for 59 3 Hzto 60.5 39 15/h
normal operation Hz 50+1 Equipment input

current <16 A per
phase
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TABLE 2.2 Summary comparison of individual harmowndaitage between different standards and guidefioesV and MV.

Hal;r\;;)nic MV-Harmonic Voltages (% of fundamental or declavettage)
IEC IEC IEC IEC IEC CIGRE EN NRS ER@5  ANS/IEEE
Harmonic ~ 61000-2-2 61000-2-4 61000-2-4 61000-3-6 00612-12 WG 36-05 61000-3-2  0482:2003 2001 512199
Order class 2 class 3 11996 :2003 EN 50160
h %V, %V, %V, %V, %V, %V, %V, %V, %V, %V,
Voltage level <LKV~ 1to35kv * tk3/35 1 lt((\’/e’s 1t035kV  1t035kV 11035kV  1t035kV 1 to B 120L/\/t0 69
2 2 2 3 1.6 2 2 2 15 3
3 5 5 6 4 5 3 5 5 3 3
4 1 1 1E 1 1 1 1 1 1 3
5 6 6 8 5 6 6 6 6 3 3
6 05 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 05 0.5 1 0.4 0.5 0.5 0.5 0.5 04 3
9 15 15 2.5 1.2 15 15 15 15 1.2 3
10 0. 0.£ 1 0.4 0. 0.£ 0.£ 0.£ 0.4 3
11 35 3.5 5 3 35 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 45 2. 3 3 3 3 2 3
14 0.2 0.2 1 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.£ 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 15 1. 4 1.2 1.7¢ 15 1. 15 1.2 3
20 0.2 0.2 1 0.38 0.5 0.2 0.2 3
21 0.2 0.2 1 0.3 0.5 0.2 0.2 3
22 0.2 0.2 1 0.2 0.3¢ 0.2 0.£ 0.2 0.2 3
23 1.5 15 3.5 1.2 1.41 1.3 15 15 1.2 3
24 0.2 0.2 1 0.2 0.35 0.2 0.5 0.2 0.2 3
25 15 1. 3.E 1.2 1.2 15 1. 15 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 0.3 0.2 0.£ 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 1.00¢ 0.91 1.2¢ 0.6 0.6 0.6 3
Bn+1 02+125h 02+4125h g+ |==  0.2+25h 2'27(;(;77 M- 02432.5m 0.2+12.5Mm 2'27(;(;77 M) 0.240.5%2m) 3
order h<40 h<40 h<40 h<40 h< 50 h<40 h<40 h<40 h<40 all order
oW <8% <8% <10% <65 <8% <8% <8% <8% <4%  <5%
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A number of Grid code specifications have been gseqd to standardize the norms for maintaining tnedity of
the wave forms in power system. The proposed systeable to meet utilities regulations, IEEE 154 dEC
standards. For this system, the current harmorjection in to the grid must not exceed 5%, withitations
imposed on individual harmonics as a percentagéheffundamental component according to IEEE and IEC
standards [40, 61]. In this thesis, implementaiddra BBO-based SHE-PWM method using the leastipless
switching frequency to satisfy different grid cod&€ 61000-2-2, IEC 61000-2-4 class 2, IEC 61000-@ass 3,
IEC 61000-2-6, CIGRE JWGC4.07, EN 61000-3-2 and 1 @rid CIGRE [62, 61, 63, 64, 65, 66, 67] is meted.
This thesis proposes a BBO-based optimizationnigcie to calculate the switching angles both fad-ti2gree and
180-degree switching modes of the PWM invertersfatig the grid codes of harmonic requirement fothblow
and medium grid voltage level. This technique salsed to reduce the no. of switching per cyclastoninimum
as possible while maintaining THD requirement adowy to grid codes. The different grid codes forrhanic
requirements in a micro grid system are shown ilda.1 and Table 2.2 respectively. The harmoniceowtd are
mitigated to satisfy the current and voltage hanmetandards grid codes from both individual harroeand THD
point of view.

2.6 Proposed Co-ordinated Approach for Harmonics Elimination

The proposed technique for harmonic elimination leygp multiple switching within quarter cycle of theverter
output, instead of normal six-step quasi sine waatput. A wide range of harmonic elimination regsirmore
number of switching per quarter-cycle. This incemaswitching losses due to higher switching frequeand
imposes a limit on the inverter rating. Thus, eéf@hould be made to reduce as many harmonicsssibfowith
lesser number of switching for better inverter@éincy. The lower order harmonics are individualyninated in
each DFIG outputs but the higher order harmoniessiiminated in such a way that the harmonics geadrby one
source is eliminated by the other after generatimegsame order of harmonics in opposite phase. fidrus micro
grid consisting of several DFIGs acting as DG sesy®nly one of the rotor side inverters for DFI&s be
programmed to operate at higher switching frequencrhe other inverter can have lower number ofcéivig

eliminating only the targeted lower order harmonics
2.6.1 Proposed Harmonic Elimination Principle

Conventional SHE-PWM techniques involve eliminatafrunwanted order harmonics and to control theldnue

of the fundamental component. A typical output agé waveform of an inverter as illustrated in Fgg@r2 and

Figure 2.4 comprises of harmonics and the outputtfan V (t) can be represented as
V(t) => (a,cosna, +b, sima,) 2.8)
n=1
Having the quarter-wave symmetry of the outputage, the even harmonics are elimina(eﬂ;l1 = 0) and only

odd harmonics are existing. The first quadrantahviity angles range is
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0<a,<a,<a,<--<a,<(m?2)
For any odd harmonics, equatiah3) and 2.6) can be extended tik™ term, where m is the number of variables

related to switching angles fro@, through @ of the first quadrant. In selected harmonic elirtiorg blis taken
as the required value for fundamental componentthadother coefficients associated with the harcond be
vanished are equated to zero.

The equations2(4) and 2.7) are applied to find the appropriate switchinglas @,,d,,a 5, -+ ,a,, by which the

fundamental component M (in p.u.) can be controdiad the non-triple-n odd harmonics iféﬁ,?th,llth,lgh and

th

N~ are vanished. Here the permissible switchingemgte withi® to 90 .Generally, there is one condition for

fundamental voltage control andN —1 conditions for eliminating the positive-sequencarnmonics i.e. the
(6n+1) harmonics and negative-sequence or((ﬁél—l) harmonics. In order to eliminate N harmonidd,+1

angles need to be found and the above sets ofieqgsiare to be solved. The proposed method is prdwe the
quality of power supplied to the micro grid fronffdrent DG units. The proposed THD minimizationheigjue in
the AC micro-grid is verified with the help of twoterfacing inverters of DG1 and DG2 shown in Fgg@rl. The

DG1 unit produces théBnil) order harmonics while the DG2 unit produces thaesarder harmonics having
equal magnitudes but opposite phase. The seleoteet lorder harmonics (phase and line) for 3-switghare &

and 7', for 4-switching are5th,7thano[|.]fh, for 5-switching are5", 7" 11 and 13h, for 6-switching are
5 7" 11 18 and 17" and for 7-switching ar&", 7", 11" ,18 ,17and 19" order. All these harmonics are
eliminated by optimizing the switching angle thrbugiinimization of the objective functidn (0’) in (10). The
corresponding coefficientdy, b, (for 3-switching); by, b, ,b,, (for 4-switching); by, b, ,b,;,b,; (for 5-switching);

by, b,,b,,,b,5,b,, (for 6-switching) andh,,b,,b,,,b,,,b,, by (for 7-switching) are individually equated to

zero. When DGL1 is programmed to eliminate any ef llarmonic sets as mentioned over, the remainighehi
order harmonics will be present in the voltagedtgd by DGL1 to the micro-grid. In the proposed téghe, some of
the selected higher order harmonics can be cobatanced by the dominant harmonics generated inSjgpphase
by the BBO-based SHE-PWM inverter of DG2 set. Thusen these two inverters (DG1 and DG2) are coaetct

the grid in parallel, the corresponding selecteghéi order harmonics are also reduced from the glthge

waveform besides eliminating the lower order haritmnThese converters are able to improve the tyuafithe

supply voltage and extend the benefits of powectedaics into both the electrical transmission aistribution

networks.

2.6.2 Determination of the Switching Angles Using BBO Algorithm

In the proposed method, the harmonic eliminatiarbjam is converted to optimization problem and shétching

angles are found out offline to contribute minimuaitage THD. The %THD of the output voltage carcbenputed
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using @.9). Biogeography-Based Optimization technique rlatively recent heuristic method to solve diffdre

optimization problems. In the present work we afpBO to find the optimum switching angles of thengerters.
The reasons for obtaining the solution using BB®the followings:
i BBO is a relatively new technique, and has nothgstn explored extensively to solve energy systems
problem, particularly the problem of converter hihg.
ii. Unlike the other metaheuristic techniques, BBO doex# require unreasonable amount of
computational effort [60].

iii. Application of BBO is rather straight forward, réeps less tuning of its parameters.

- vz
9%THD = {é;(bn)z} x100 2.9)

Wheren = 6kilfor(k =1,2,3, 4;--)

The equation2.9) of the voltage THD is considered as the objecfisnctionF (a) for optimization. In order to

proceed with the minimization, an objective funntidescribing a measure of effectiveness of elinmigaselected

order of harmonics while maintaining the fundamkataa pre-specified value must be defined. To miné the
overall THD in the output voltage waveform, thisjestive functionF (a) has to be minimized with the

constraints of selected harmonic elimination areddptimum switching angles are obtained by optingiztquation

(2.10). Mathematically, the problem can be formulasdollows

Minimize F (a) =F (a,,a,,a,, a,,) 2.10)
Subject to:0< @, <a, <@, <--<a, <(71/2); @.11)
b =M,b,<¢,b,<&,andb, <¢, 2.12)

Where by is the fundamental amplitude amgj, £,,-- &, are the permissible limits of individual harmoniekich
are chosen very close to zero for the more significelected low-order harmonics. In the preseoblpm, each
search point of the population is composed of thitching angles per quarter cyclg, througha,. To start the
search procedure, the switching angles are randgengrated satisfying the conditions of equatiddX) for the

chosen number of population. Using these randomesgalindividual harmonics are computed which repressthe

fithess of the search point. The best combinatibarmgles among the population of search pointscuprésent
iteration is called the elite or best solution floe variablest, througha,. At each iteration, new search points are

generated from the current search points and fleeniation regarding the best solutions is found lmgusing the
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BBO. Using the terminology of the BBO, consider gmebability P_that the habitat contains exactly S species.

P, changes from timé to timet + At as follows:
P, (t+At) =P, (t)(1- A At - pAt) +P A AL+P, 1, A @.13)

Where /lS and //, are the immigration and emigration rates whenetlage S species in the habitat. We assume that

At is small enough so that the probability of morantlone immigration and emigration can be ignorexiig the
limit of equation 2.13) as/At — O gives equation2(14). For each habitat, update the probability sfsipecies
count using equatior2(14) and compute each habitat suitability index (HBISI is satisfies the suitability index

variable (SIV) constraints.

- (As + ,US) Ps + :us+1ps+1 S=0
ps = _(As + :us) Ps + As—lps—l +Ius+lps+l 1S S < Smax _1 2'14)
- (As + :us) Ps + /]s—lPs—l S= Smax

We can arrange thE’s equations (fo§=0,---,N) into the single matrix equation is

P=AP 2.15)

For the straight line curves shown in [21], we have

4 =K ana A =1 (1—% 2.06)
n n

Where, L, and/lk are emigration and immigration rate and k numberspécies. The maximum possible
immigration rate to the habitat is | and the maximemigration rate is E.
Now, consider the special case E=l, in this casehawve

A+ =E 2.17)

The steady state value for the probability of thenber of each species is given by equatibg)

V
P() = 2.18)

S
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Where, v is the eigen vector.

The mutation rate m is inversely proportional te folution probability and is given by equati@nl@)

P

max

m(S) = mnax(l_ st 2.19)

Where m_,. (maximum mutation rate) is a user-defined paramdteis equation makes high habitat suitability

index (HSI) solutions.
Application of BBO for solving the SHE-PWM probleran be summarized as follows:
The system of nonlinear equations in m variabldsetoptimized can be represented as

f(ay,0,,050,,a,)=0  [=123;-- m @.20)

m

These m equations are obtained for the problemqgonateng equations2(3) and 2.6) to zero for any harmonics

desired to be eliminated.

BBO representation of the problem is shown in Fegaue.

Habitat 1 — a,0,,0,,0,,,a

Habitat 2 — a,q,,d,,0,, - a

: - a,a,,0,,0,,,a

Habitat N — 0'1,0'2,03,0'4,"' ’a'

Figure 2.6 BBO representation of the problem
Collection of one set of switching angle®,,a,,Q, - - ,a,,form a solution set of the problem. This solutiet is

termed as a ‘habitat’ in BBO. Number of the sethabitat N is nothing but the number of the popualatof the
population based optimization algorithms. In BB@italled the eco-system.
Habitat Suitability Index (HSI) indicates the qiylof the solution set. For the problem being cdesed, HSI is

represented by the total harmonic distortion (ThtBIue generated by the solution set.

Equation 2.20) is written in vector notation as
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f(a)=0 2.21)

Where

f=[f,f, fs;f, -, fm]T , an MX1 matrix

a=[a,a,d,aq,: - ,CJ'm]T , an mx1 matrix

Equation 2.21) can be solved by using a BBO technique, wheeertonlinear equations give an approximate

solution. The steps involved in computing a solutaoe as follows.

The switching angle matrix,

a'=[a},a},a},a;,.a)] ¢:22)

The nonlinear system matrix,

cos(alj)— cos{az")+ co@ag)— cc(sri)+ c(ua‘s)
cos( m;)— coﬁ 5§)+ co(s dg)— c(>sa$)+ ((osrg
= cos( 7ali)— co§ E/g')+ co(s 67;')— c()saZ)+ ((osz@ @.23)
cos( 117/1")— coé Ja;)+ cc(s [ c@scﬂj,])+ éosnjj).
_cos( 1371")— coé 1:35')+ cc(s 3 cbs df,%)+ céosa;'.)z_

)_
)_

And

—sin(alj)+sin(ag)— sir(a§)+ sir(ajl)— silﬁag) |
| —5sin( &) ) + 5sir &} )~ 5sif 8))+ 5sind)- 5sfnad)
{i} = —7sin( 7alj)+ 7sir( ng')— 7si(| (7:{',)+ 7s(n c?j)— 7sﬁna‘g) @.24)

~11sin( 1)) + 11sif 14})- 11s( &)+ 1idind)- 1i6irri)
-13sin( 13/ ) +13sin( 13/} ) - 13sif 18})+ 13s{n #3)- 13¢ind |

The corresponding harmonic amplitude matrix,

b=[M 0 0 0 g

The statement of algorithm is shown as follows

2.25)
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i. Guess a set of values for & (aj with j =0); call them

a’=[a),alala),a’T (2.27)
ii. Determine the value of
f(a%)=1° (2.28)
iii. Linearize (2.21) about al.
0
fo{i} da=0 (2.29)
oa
Where
AN
da, 0da, oa,,
g | o,
{—} =|d0a, Oda, oa,, 2.30)
oa : : : :
Ay Oy O,
| 0a, 0a, aa,, |
Evaluate ar® andda =[da,, da,,da.,da,, - da, |
iv. Solve (2.29) forda .
V. Repeat (updated) (i to iv)
a™=al+da' or,a*=a’+da® (2.31)

vi. The process is repeated until (2.21) is satisfiethe desired degree of accuracy. If the previoathod
converges, it will give a solution to (v21). In easf divergence from the initiguess, 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 \g#tad HD for varying modulation inde(<md)are stored as

look-up table in the memory of the DSP for onlipplécation. The elite values are updated after yiteration. The
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[ START ]
v

Initialize the BBO parameters, i.&2

mod’ Keep LE,

dt. Mmax P mutate Mower: * upperH jower * upperS me
.
Set SIVs: Assume the switching angl@s where
m=1,2,3;-- kKandb,,n=15,7;-- N

—»l

Set:P._,G___,Num _,P

size?’ ~max? var?’ count

v
Update,,and b, using equations2(3) & (2.6).

O<a,<..<a,<m2%
andforF(a’),
b=Mh<eg, b <eg 7

Yes

Determine fithess values of the objective usingatiqus
(2.16) & (2.17) and compute HSI i.&,,and b,

v
Applv migration and evaluate fitne

Ye
Desired fitness achieved?

Update the probability of each species count usimgation
(2.14).Apply mutation in equatior2.19) and evaluat

No

v

Determine the best HSI i.e.
switching angles, magnitude

of harmonics and THD.
Solution Converaec

No Yes

Short the best value

STOF
Figure 2.7 Flowchart of the BBO algorith
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process is repeated until the convergence is ddaifihe process terminates if the changes in thes§ values
between consecutive iterations are less than axdolerance, or the fitness values do not changa foumber of
iterations, or the permissible number of iteratimms are completed. A flowchart of the BBO algaritHor
optimized switching is shown in Figure2.7.

2.7 Simulation and Experimental Results

The proposed scheme has been simulated in MATLABSMulink environment for both 120° and 180 °swilg

mode of inverter. Both these modes are separdtalylaed and the results are shown separately.

2.7.1 180 Switching M ode of Oper ation:

The simulation results for switching angles consitgethree switching per quarter cycle with varyimgdulation

index(md) for the BBO-based SHE-PWM inverter are shown igufé 2.8. During computation, the objective
function F(a) as defined by 2.10) is optimized to obtain minimum voltage THD. Tlemefficients

b, andb, corresponding to the amplitudes Bf and 7" harmonics are set to zero. The coefficlgntwhich is the
amplitude of the fundamental voltage, has beeasger the desirgtl, . The dominant harmonics that appear after

eliminating up to 7" harmonic by the above technique are]IﬂfE,lS‘h ,17‘ and 19" harmonics of which the

amplitude of the latter is found to be much mogn#icant in this case. Figure 2.9 shows the sviitglangles for
180-degree conduction for 5-switching per quanyetec The higher switching frequency reduces theralv voltage
THD as evident from Figure 2.8 and 2.9. Figurezh6ws the plot of minimum weighted THD for outpeitage

(up to 31st order of harmonics) with varyingy , for 3, 4, 5, 6 and 7-switchings per quarter cycle

When DG1 is set to eliminat and7™ harmonics, it will generate the higher order hario®nof

11,13 17 andl9" for which DG2 inverter is to be switched to elimiaahem. The amplitude variation of the
dominant11" ,15:»"h ,1"71 andL9" harmonics with phase angle at different modulatiwhices is calculated and with
proper selection of phase angles to generate tngreel 11" ,1§‘ ,1'71 andL9" harmonics in opposite phase at

differentm, . Therefore, if a micro grid consists of n no. dfiBs, only one inverter is to be switched at higher
frequencies to eliminate the unwantkd" ,1§‘ ,1'71 andL9" harmonics generated by the others but all therothe

inverters can have lower switching frequencies limirate theb™ and7™ harmonics only. The overall weighted
THD for BBO-based SHE-PWM inverter combination @gmputed. The comparison of weighted voltage THD for
the individual BBO-based SHE-PWM inverter, combirg8lO-based SHE-PWM inverter is shown in Figure 2.11
and Figure 2.12. In Figure 2.11 individual 3-switghand 5-switching THD along with the combinati@in3 and 5

switching for two inverter are shown, from whichstevident that the latter considerably reducesotverall voltage
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THD of the micro-grid. In Figure 4.12 the individugswitching and 7-switching THD along with thenebination
of 3 and 7switching for two inverters are showopirwhich it is also evident that the latter considiéy reduces the

overall voltage THD of the micro-grid.
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Figure 2.8 180-degree conduction mode for phase voltage, Mtida Index Vs. 3-Switching angles (degrees).
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Figure 2.9180-degree conduction mode for phase voltage, Mdidu Index vs. 5-Switching angles (degrees).
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Figure 2.10 180-degree conduction mode for phase voltage Mimivoltage THD (%) Vs. Modulation Index.
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Figure 2.11 Simulated voltage THD for BBO-based inverters wiitldividual 3 and 5 switching and combined

switching.
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Figure 2.12 Simulated voltage THD for BBO-based inverters wiitldividual 3 and 7 switching and combined
switching.

2.7. 2 120° Switching M ode of Operation:

The simulation results with three and five switchper quarter cycle with varying modulation in((md) for the

BBO-based SHE-PWM inverter are shown in Figure$3 2and 2.14 respectively. In this mode also thédrig

switching frequency reduces the overall voltage THBe plot of minimum weighted THD for output vait&(up to
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31st order of harmonics) with varyimg, , for 3, 4, 5, 6 and 7-switchings per quarter cyslehown in Figure 2.15.

The comparison of weighted voltage THD for the undlial BBO-based SHE-PWM inverter, combined BBOduhs
SHE-PWM inverter is shown in Figure 2.16. In Fig@r&6 the individual 3-switching and 5-switching D&lalong
with the combination of 3 and 5 switching for twovérter as shown, from which it is evident that tater

considerably reduces the overall voltage THD ofrttiero-grid.
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Figure 2.13 120-degree conduction mode for phase voltage, Mdida Index Vs. 3-Switching angles (degrees).
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Figure 2.14 120-degree conduction mode for phase voltage, Mdida Index Vs. 5-Switching angles (degrees).
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Figure 2.15120-degree conduction mode for phase voltage Mimrvaltage THD (%) Vs. Modulation Index.
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Figure 2.16 Simulated voltage THD for BBO-based inverters wiitkividual 3 and 5 switching and combined

switching.

2.8 System I mplementation:

Figure 2.1 shows the laboratory version of the @rpental set up used for verification of the propbscheme. The
system used for the experiment consists of two BRI@Gnected in a micro grid which supplies a comfoad.

The rotor side of each DFIG is fed from an invegennected to a converter controlled solar arréwg Jtator of the
DFIG is directly connected to the micro grid. Tipesifications of the DFIG, solar panel and thedrgtare 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 415V V. 415V V. 110V Rated power 2 kW each
f, 50 Hz A-Connected Y-Connected Voltage 110V
Rated f, 50 Hz R 1.5Q Battery 1000 AH
Capacity > KVA P 2.2KW L, 10 mH
5 7" Asper | 4A I, 14 A
11 . grid R, 1.2Q N, 1450 rpm
harmonic codes L 10 mH
voltage L, 300mH

2.9 Experimental Results:

The proposed method of harmonic elimination is expentally verified with the scheme described igu¥e 2.1.
The DFIG is run at a speed of 1560 rpm with thesizgguare wave switching in 18fode in the rotor side. The
corresponding harmonic spectra for rotor and staditage are shown in Figure 2.17 (a) and 2.1#ébpectively.
The rotor and stator voltage waveforms before haimelimination are shown in Figures. 2.18 (a) 2nti8 (b).
The modified stator voltage after elimination &f&nd 7" rotor harmonics are shown in Figure 2.18 (c). Ttren
proposed control strategy is also applied for%1@@itching mode at the same speed of the genesatdrthe
obtained harmonic spectra and the correspondingg®lwaveforms are shown in Figures. 2.19 (a)afl) Figures.
2.20 (a), (b) and (c) respectively. Both the switghmodes are verified as any of these technigaasbe used to

control the rotor side converter during DFIG operat The harmonic spectra of the rotor voltage &nel

corresponding stator voltage after elimination B&&d #' rotor harmonics form, =0.9 at 1560 rpm rotor speed are

shown in Figure 2.21 (a) and 4.21(b) 80 switching while those foﬂstwitching are shown in Figures.
2.22(a) and 2.22(b) respectively. Figures. 2.23ata) 2.23(b) show the stator voltage harmonic spedfter the

proposed combination of both 3-switching and 5-sliitg technique of the rotor side converter fortilie DFIGs

connected to the common micro grid for bd80 and120 operation. Inspection of Figure 2.17 to Figure32.2
shows a considerable improvement in the statorgeltharmonic spectra with the proposed controtegya As
more number of harmonics are eliminated by the doation of 3 and 5 switching the grid harmonics are
substantially reduced. Figure 2.24 shows the cumeweform of the micro grid feeding a load of 1A¥t 0.8 pf.

lag both before and after the proposed harmoniaimdition.
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Figure 2.17. a Harmonics spectra of the output voltage of roide €onverter for 180-degree mode without

harmonic elimination.
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Figure 2.17.b Harmonics spectra of the stator voltage for 180rglegnode with grid codes without harmonic

elimination at 1560 rpm.
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Figure 2.18 DFIG with quasi-sine rotor injection 180-degreendoction mode. (a) Phase a, b, ¢ rotor voltage
without harmonic elimination. (b) Phase a, b,at@tvoltage without harmonic elimination. (c) Péas b, c stator

voltage after 8 and 7" rotor harmonics eliminated.
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Figure 2.19. a Harmonics spectra of the output voltage of rotoleis converter for 120-degree mode without

harmonic elimination.
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Figure 2.19. b Harmonics spectra of the stator voltage for 12@rele mode with grid codes without harmonic

elimination at 1560 rpm.
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Figure 220 DFIG with quasi-sine rotor injection 120-degreadoction mode. (a) Phase a, b, ¢ rotor voltage with
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b, ¢ stator voltage after rotor harmonics up t8 &Her eliminated.
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Figure 2.21. a Harmonics spectra of the rotor input voltage f80-tlegree conduction mode B, =0.9 with gh
and 7"harmonics eliminated.
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Figure 2.21.b Harmonics spectra of the stator voltage for 18@rele mode with grid codes at 1560 rpmn:!ft =0.9

after 5th and 7th rotor harmonics eliminated.
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Figure 2.22. a Harmonics spectra of the rotor output voltage 28-tlegree conduction mode g}d =0.9 with 5th

and 7th harmonics eliminated.
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Figure 2. 22.b. Harmonics spectra of the stator voltage of 120-ekegonduction mode witﬁnd =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 18frele mode with grid codes at 1560 rpm™at
=0.9 after DGland DG2 for 3 and 5 switching wittnimned approach.
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=0.9 after DGland DG2 for 3 and 5 switching witimixdned approach.
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Figure 2. 24 The output of thé®FIG with quasi-sine rotor injection 180-degree @oction mode for (a) Phase a, b,
c stator current with IEEE 1547 standard harmo@sPhase a, b, ¢ stator current up td" t6tor harmonics

eliminated.

2.10 Conclusion

A new method for reduction of voltage harmonicsainmicro-grid system consisting of DFIG as multi}&
sources is proposed. The BBO-based SHE-PWM coafrabtor side inverters is employed for this pugoghe
selected lower order harmonics of the rotor outmitage e.g. % and 7" are eliminated by BBO-based SHE-PWM
technique. The switching angles eliminating lowetes harmonics at different modulation indices @mputed by
the BBO algorithm and stored in a DSP as look-Ugbetéor online application. The other PWM invertemnected
to the micro grid is also controlled by BBO-basddESPWM technique in such a way to suppress highdero
harmonics including 1, 13", 17", and 14 order which are generated by other inverters lessiiminating its own
lower order harmonics. Thus, the overall voltageDTiH the micro-grid is minimized. The total switolilosses of
the inverters are lower compared to the situatidrerwall the inverters are switched to eliminatehbowver and
higher order harmonics. The proposed scheme cagfflogently employed for online control of any nusrbof

inverters connected with the micro-grid system fieddrom different DG sources.

]
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Proposed, Speed Dependent Stator Harmonics

tlimination of DFIG thwoughv Proposed RSC
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Chapter 3

3.1 Chapter Overview

This chapter develops a framework for optimizatémotor side converter (RSC) switching to elimm&twer order harmonic

injection of a doubly fed induction generator (DFidnnected to grid. A biogeography based optinonaBBO) technique is

used for this purpose. Three level inverters opegan either120 or 180 modes at slip frequency are usually employed for
the RSC to reduce switching losses. Non-sinusaiotar injected voltages by RSC generates undesiratator harmonics
based on operating rotor speed. Induced harmamistgtor are analyzed and computed. A new switchiraiegy is developed
to reduce stator harmonics at different speeds.BO Brased technique is used to compute the switchiges off-line
controlled to minimum injected harmonics at clogetérvals of modulation indices. These angles &oeed in processor
memory for on-line application using mixed modeligtipns which have low memory usage. Various sitiaria are executed
supported by suitable experiments with a practicathine for verification of the proposed model vithprovided satisfactory

results.

3.2 Introduction and basic idea of DGs, DFIG and stator side harmonic

In modern life, the possibility of an electric syt based on renewable energy is drawing increaseatian with the
increase in continuous consumption of fossil fledsling to energy crisis and environmental pollugiwoblems. Therefore, as
substitutions of fossil fuels, the “green” and “l@arbon” power becomes the insistent need of éegtwer system and the
ultimate outcomes of the ongoing research are gmaer, wind power etc. The grid connected DFIGesebs are becoming
increasingly popular to get a constant voltage esmstant frequency (CVCF) ac output from a variageed wind turbine.
Doubly-fed induction generators (DFIG) fitted wibhdirectional inverters at the rotor side are keynponents of distributed
generation systems (DGSs) and micro-grids (MGsg miajor advantage of variable-speed DFIGs is tigit annual energy
capture is about 5% greater than the fixed spegthtéogy [68]. When the wind speed changes, ther isggeed will change,
and hence the rotor injection frequency should bBks@djusted. The rotor of a DFIG is directly feiflma variable frequency
and variable magnitude three-phase voltage. Tleetiejl ac voltage to the rotor usually comes frddC4AC bridge converter

shown in Figure 3.1. The performance is studiednuhe rotor-injected voltage is a three level gqisase wave. A six-step

switching (which posses€6 nz* 1) harmonics) technique which results in a quasi-sivleage is generally applied to the

rotor circuit to reduce the converter switchingsies. Non-sinusoidal rotor voltages cause rotor barcs which in turn
generates undesirable stator harmonics dependinmton speed. Micro-grids operate at distributianitage levels. The
electrical loads are becoming increasingly serssigind polluting in nature with the augmented ussEgmwer electronic and
computer controlled devices. Therefore, it has brexonandatory to maintain stipulated quality of pows recommended
indifferent international standards e.g. IEEE 15#HC, EN, CIGRE WG 36-05, NRS [69]. Harmonic elivation has
therefore become a very important issue with reasfme¢he operation of the micro-grids. Moreoveilistissue has become
more relevant with the introduction of micro gridnmected DGs with renewable energy sources regustrong power
electronic control. One of such popular DGs is bridygeneration scheme with DFIG based wind eneaywersion system
and PV panels, which is shown in Figure 3.1. Tlaostside of the DFIG is directly connected to thiéity grid while the
rotor side is fed from a three level PV connectagbiter beside the grid. The PV panel output ippsued with a battery to
absorb the excess power from the PV panels or fhenDFIG rotor during super synchronous operafidre preliminaries for

the harmonics generated by quasi sine wave thredl laverters are furnished in [70]. In [71, 72hettechnique for
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elimination of specific harmonics from a given auttpvoltage waveform using pulse width modulatioMR) has been
discussed. The selected harmonic elimination basése width modulation (SHE-PWM) scheme with a lowember of
switchings is also shown in [73]. The SHE-PWM metias usually no control over the non-eliminatedhtwaics, which can
increase to higher values. Moreover, the proces®rbes complex and computation intensive with insedanumber of
harmonics to be eliminated. The six-step switchieghnique [68, 73] is widely used in thyristor khseverters in order to
reduce the switching losses with a simple contm@uit. The six-step switching technique introducggsi-sine ac voltages
containing all odd harmonics except triple-n hariosiin the rotor line voltage. The harmonic rotarrents can induce speed
dependent stator current harmonics, which can trésybulsating torques. The harmonic eliminatiom $elected order of
harmonics along with required fundamental comportead been discussed in [30, 34, 35, 74, 75]. In7@2 rapid
convergence with Newton iteration is shown by predg suitable initial values. Multiple solutions the SHE problem are
also discussed in [46, 77], while [47, 78] représemoptimization technique for particular objeetifunction to minimize the
required harmonics. Also Genetic Algorithm (GA) haigue has been introduced in [79, 80] to speedalption of SHE
problem. In [81], Particle swarm optimization tehure (PSO) technique is proposed, while in [82]@miation-based PWM
method is employed for this purpose. The works$d B3, 84] discuss the harmonics issues in rotdrsdator sides of DFIG.
But none of these techniques address DFIG-basededen switching modification for reduction or cooitof stator side

harmonics.

This chapter develops a framework for optimizatodrrotor side converter (RSC) switching for a dgufdd induction
generator (DFIG) connected to grid. When the retde converter is switched to provide conventiaqnsdsi-sine voltage to
rotor, various speed dependent stator harmonicsbeagenerated to pollute the grid voltage. Thusaalified rotor side
inverter switching scheme is proposed in this obiafai reduce the overall stator voltage THD. Thienaside inverter is fed
from a solar PV panel cascaded with a DC-DC buaksboonverter, battery and capacitor. Since therievs connected to
the grid system are subjected to handle bulk amotipiower, a lesser number of switching per cysladvantageous for
satisfactory operation and reduced switching las®ggimization based technique is applied to caleuthe switching angles
of the RSC to reduce injected harmonics. In thesgumre approach, a BBO based [85] algorithm is usedompute the
switching angles leading to elimination of selecteder order harmonics and reduction of higher oitggrmonics. In the

present approach, the BBO algorithm searches fitmaom set of switching strategies to contribute thi@imum THD at all

permissible modulation indices. The method is fotmdbe effective for both20 and 180 switching techniques for RSC
switching. The switching angles are computed offland the combination of switching angles corredp@nto minimum

voltage THD at sufficiently close points of modidat indices with consideration of linearity betwevo successive points
are stored in a digital signal processor (DSP) mgnfior online application. Various simulations aedperiments in a

practical 3 KW DFIG validate the proposed concept.

3.3 Proposed DFIG System Configuration
The block diagram of the DFIG system with proposedtrol technique is shown in Figure 3.1.The stafathe DFIG is
directly connected to grid at line frequency. THEl® is mechanically coupled with a wind turbineaingh gearbox. The wind
turbine is also having pitch angle control facilfiyr speed control of the turbine-generator assgmiibthe RSC actually
controls the active and reactive power flow frora BC link to the generator which is demonstrateBigure 3.1. During sub-
synchronous mode the active power is fed from théusb to the rotor. On the other hand, during sggechronous mode of
operation, the active power is extracted from thterrto the dc bus which is used to charge theebatind supply other dc

loads. The reactive power is controlled in suchay wo that the stator operates near unity powé¢orfathe battery can also
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be charged from the solar panel in this mode. T@elibk voltagev  is controlled in MPPT mode by the DC-DC converter

which is fed from the solar panel.
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Figure 3.1Schematic diagram of a DFIG based wind generation

The optional battery connected between the two extars can serve the purpose of storing the exieegg from the PV panel
when the rotor side power demand is less than R¥lgautput. Moreover, this can act as a stand byadece in the absence
of sun light to inject power to the rotor. Also tkame can store the recovered power from rotongwuper-synchronous
operation. In case of the battery gets fully chdrghe excess power from the PV panel or the RSCheafed back to grid
through the grid side converter (GSC). The DC-D@wester provided with PV panel uses maximum powantptracking
(MPPT) to get the maximum possible power from thedpray etc. Inverters feeding the rotors of thel®4-handle high
current. Thus the devices will have high currergss both during switching and continuous conductiSince the conduction

current cannot minimized as it is decided by thal|dhe switching losses should be reduced. Thuipubvoltage of the rotor

side inverter is generally chosen to be a quasi-giave with eithed 20 or 180 [86] switching modes allowing least no. of

switching per cycle. Harmonic analysis of the stafocuit with quasi-sine rotor voltage injectianinvestigated. The six-step

switching [52, 87] introduceéﬁni]) harmonics in the injected rotor voltages which Itsstm a non-sinusoidal stator voltage

waveform.

3.4 Harmonic Analysisfor Stator and Rotor Currents

Harmonics in the three phase systems have diffgghase sequence depending on the order of harm®he.rotor

current contains harmonics of or({@ﬂ +1) which have positive sequence and harmonics ofror@@T—]) which have
negative sequence. The positive sequences areadeb'm(Gn+]) fr ie. 7 fr ,13fr ,» *+ and the negative sequences are

defined by—(6n—]) fr i.e.—5 1:r = 11fr +++ .Therefore, the following stator side harmonic comgnts can be observed
in the stator current:f, + f_, -5f +f_, 7f +f , —11f + f and 13f + f_etc. The lowermost order harmonic

(LOH) observed is|5fr - fm| .The fifth harmonic of the rotor current producesor flux which rotates at five times the
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fundamental rotor frequency in the opposite dimctiThe fifth harmonic rotor flux reacts with thenflamental flux to

produce a pulsating torque at six times the ratadamental frequency which+s5 f_. Similarly, the seventh harmonic rotor
field produces a pulsating torque at six times ftdlamental frequency i.€6 fr . The stator induced voltages due to the
rotor injected harmonics can be formulated Eﬂﬁ(i —1) s] f.,and [1—(i +1) s:| f,where i =6n+1for forward and

i =6n—1for backward fields.

The harmonics of the orddrt 6N, wheren = 0,1, 2, 3;-- are zero sequence components and they will nprdeent in

the line voltages. The interaction between therrfbtx harmonics and the fundamental flux in thegap also introduces sub-
harmonic currents in the stator. The introductiérih@ sub-harmonics depends on the speed of tloe aoid these also are
responsible for stator voltage distortion. Therefdahe aim should be to eliminate these undesitadfmonics from the stator
induced voltages in the working speed range ofDR¢G. The rotor-side converters should ensure thatinjected rotor
voltage at slip frequency produces a constant rstaéguency of 50 Hz. A sinusoidal input at theoroside removes the
problem. The RSC operating in 6-step mode injeatsbnics to the rotor circuit. These harmonics meadhe stator terminals
from rotor side as analyzed in [31, 45, 88-90].sThhenomenon can also cause speed ripple depenwlitige inertia of the
machine and other operating conditions [91]. 8] [&daptive filtering technique has been used wiglly remove this
problem. Different PWM techniques can be used totrob the frequency and amplitude of the outputtted rotor-side

converter. But producing a near sinusoidal voltagguires high switching frequency which is undddgadue to high
switching losses in the inverter. For quasi-sinevevawitching [86] the(6n—1)th harmonics produces negative sequence

harmonics and the corresponding rotor voltage sengoy (3.1).

V. =i DNMe 1 ej(G”_l)“‘)

an T 6n-1

v, =Im 2\7/7c-ic 6n1— 1ej(6“‘1)“‘ej(2”/3’j (3.1)
V. =Im ZZ’i——l——e"(ﬁn‘l)“‘e"'(z”/3)j

o T 6n-1

Similarly the(6n +1)th harmonics are positive sequence harmonics anatbewoltages are given by in Eqg. (3.2).

Y/ :Im(—zvdc—1 ej(enﬂ)“‘j

o T 6n+1

v, = Im[Z\/dc 6n1+ 1ej(6n+l)axej(2n/3)) (3.2)
Vg

Vv =Im(2vd° 1 ej(6n+l)axe—j(2n/3)j

- T én+1

3.5 Rotor Speed dependent Stator Harmonics

It is already shown that the six-step switchingR8C introduces a number of rotor voltage harmonidsch in turn
generate stator voltage harmonics. The stator geltearmonics generated from rotor harmonics dependbe rotor speed.

The stator frequencyfs is to be kept constant at 50 Hz irrespective ofrtter speed. The rotor speeﬂ“ (mechanical
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frequency irtz) changes with wind speed. The rotor injection fiexcy f, is so adjusted to keep the stator frequency
fs constant. For the injected rotor harmonics order(6cﬁ+l) , the order of stator frequency generated
is((6n+1) fr + fm) with n=1,2,.... Similarly for rotor harmonics injéah of orde|(6n—]), the generated stator frequency

will be(—(6n—].) fr +fm). The fundamental component can be observed in stiagor current at a frequency

of( fr + fm) . Then the total stator harmonics observed hasiéecy 0‘(6nil) f £ fm‘ If the machine haP poles and
the rotor speed in rpm fig, , then the frequency of the rotor voltage to bjedted is given byf = f - f = sf,
wheref = PN, /120Hz and the slip is given by= (N - Nr)/NS .

A four pole 3KW DFIG is considered for the presease for which the synchronous speed is 1500 rpmsi@ering a
maximum operating slip of 30%, the possible approximate rotor speed rangleeoDFIG can be between 1000 rpm to 2000
rpm. If the rotor speed is 1000 rpm, the correspunpdotor mechanical frequency is 33.33 Hz and rtbor injection
frequency id6.66Hz. If the rotor injected harmonic orderl1i8", the rotor injected frequency 246.6Hz. The
injectedL 3" harmonic rotor voltage generates a stator frequefi¢216.67+33.33) Hz op50H z in the forward direction.
Hence the generated stator harmonic ordgf is forward direction. For the 7harmonic rotor injected frequency, the rotor

supply frequency283.3344z i.e. 283.33Hz in reverse direction. Hence 1H@" order rotor injected harmonic develops a

stator frequency of (-283.33+33.33) Hz or 250Hzeverse direction. Hence the stator harmonic aisleB™ or 5" in reverse
direction. In the same way, for a rotor speed d&QLBm the corresponding mechanical frequency i64Hz and the rotor
injection frequency is 8.33 Hz. For th8 &rder rotor injected harmonic, the rotor injectestjuency is (5x8.33) Hz =41.67 Hz
in the opposite direction to the rotation. Therefdhe generated stator harmonic frequency is 441667) Hz= 0 Hz, which
has the significance of no stator harmonic or gkection to the stator.

Table 3.1 Generated stator harmonics due to presence offatanonics at various rotor speeds

Generated Generated Generated Generated
Rotor Rotor stator Rotor Rotor stator Rotor Rotor stator Rotor Rotor stator
harmonic speed harmonic  harmonic speed harmonic harmonic speed harmonic harmonic speed  harmonic
order (rpm) order order (rpm) order order (rpm) order order (rpm) order
1000 -1 1000 -7 1000 5 1100 -7
sth 1250 0 1125 5 1500 1 1200 5
1500 1 1375 -1 1625 0 1400 1
1750 2 1500 1 13th 1750 ~1 1500 1
1500 1 1750 5 1700 5
7th 1750 0 23rd 1875 7 1000 -5 1800 7
2000 1 1500 1 29th 2000 11
1125 7 17th 2000 7
1250 1 1250 5 1000 11
1375 0 1500 1 1000 7 1200 7
11th 1500 1 1875 5 1250 4 1300 5
1875 4 25th 2000 7 19th 1500 1 1500 1
2000 5 1750 -2 1550 0
2000 5 1600 -1
31st 1800 -5

* The negative sign indicates that the generategufency has opposite sequence
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Thus the stator generated harmonics due to diffecear injected frequencies corresponding to déife wind speeds can be
calculated and some of them are shown in Tabl&-Belnegative sign for the harmonics shown in T&bleindicates that the
generated harmonics are in opposite direction.fiEreonic content of stator voltage shown in Tablef8veals that the rotor
harmonic elimination is very much required for ther side inverter in order to suppress lower psiator voltage harmonics
at different speed. Hence, BBO-based SHE-PWM teghmnis developed to calculate switching anglesettuce specific
lower order rotor harmonics from rotor voltage. Trles are calculated off-line and stored in pgsoe memory for on-line
application.

3.6 Existing and Proposed Switching Strategies
The RSC of DFIG is generally switched under eith®0 or 120 mode of operation which injects quasi-sine voltage
waveform to the rotor circuit. In the proposed ta@ge both these modes are suitably modified tstaubially reduce injected

harmonics which is shown in the following analysis.
3.6.10perating mode of 180°

3.6.1.1 Existing Quas sine wave 180-degr ee switching operation
In Figure 3.2 shows the basic circuit diagram @& three phase bridge inverter, which containedsixer switches and six
freewheeling control diodes. The inverter switchgantroller generates the preferred output voltagé current waveform.
Figure 3.3 shows the waveform diagram of the 18freke conduction mode which is operate 180-degretetsun each

period, phase shift is 60-degree, at a time theupmer and one lower switch operate, the outputagel always quasi-square

l Motor Motor
0.5Vs==51 Jg}nlsﬂg}m S5 JH} Dg i ﬁ 0.5Vs D 153JH} D3 Ssje} D5
+

" n

i [ n =P .
u.svs.l.stdﬁ} SJH}DGSZJK]}D: !uosvs ) Dfe]ﬁ}nﬁszjﬁ}nz

PV Array or any
(a) DC source (b)

wave.

Figure 3.2 Three phase inverter for 180-degree switching aotidn (a) without renewable (b) with renewable
The instantaneous line voltadg , V,, and V_can be expressed as equation (3.3) which is shtf;ed’T/6 and even

harmonics are zero.

V, = i ﬂ;’;cos(nn/@ sim(at+717/ §

n=135;- N
o AV, .
Vi, = Y, —%cos(nr/ § sim(at -7/ 3 (3.3)
n=1,35;.. N7T
o AV, .
vV, = z c cos(n7/ § sim(at— 77/ §
n=135;.. T

The phase voltage for 180-degree conduction modé)as

Z AN S|n(nn/3) sinnat)

n=1,3,5;-
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Vin =

V. =

cN

n=1,3,5; - \/éWT

00

4Vdc

N,

sin(n77/3) sinn(at - 27/ 3

Y. —=%-sin(n7/ 3) sinn(at - 47/ 3

n=13,5; \/énﬂ

The instantaneous phase voIta@Ed conduction modey,,, V,,, andV,, are expressed in Fourier series as (3.5),

V,, :%+i(an cos(nat) +h, sin(nat))

n=1

Figure 3.3 The overall output waveform for 180-degree switghtonduction.
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The phase voltage waveform of a 3-phase bridgeatewnis a quasi-square wave. The wave form haseuaave symmetry,

due to the quarter-wave symmetry, we gat

a, =0, foralln, anda, =0, for all evenn

The phase voltage equation (3.5) becomes (3.6)

V., :ibnsin(nwt)

n=1

And the harmonics coefficierl, can be expressed as

b

n

_4
T

or, b, =

2

=

O t—m

SEES

e(at)sin(nat)d (at)for all odd'n’

'3
J'Esin(nax
0 3

2

)d (at)+ j%sin(nm)d(ax)

3

(3.6)
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=:VT‘;‘;[[cos(naI):|;3 +3 CO%”"I)]ZZ}

=M |q_ cos(n—”j +2 coEn—ﬂ) - 2c
3nir 3 3

nrr
but,COS(7j = Cforalloddn,

S—
2

3

The N™ harmonic component can be mathematically expreased

nrr

b, = _;Ndc {1+ co{n—gﬂ , and the phase anglg = tan_l(

a,

n

-

The harmonic analysis of the phase voltage wavefjives then™ harmonic asn=1,5,7,11,13,17;-

or, n=6k +1for k=1,2,3,4;--

From (3.6) and (3.7) we get the final phase voliag¢3.8).

=3 N |
A _;3nﬂ{l+ co{ 3 ﬂ sin(nat)

Harmonic phase voltage fdf,, with 180 conduction mode as (3.9)

Y/

1. 1 . 1 . 1 . 1 .
=0.63662/,. | —sin(ka *— sin(Bu }— sin(@&t ¥y— sin(k H— sin(&B +)--
e | Jointit )+  Sines 3 sin(@t )57 s 95 sines 9

From equation (3.7) the calculated harmonics seoled as Table 3.2 and from Table we can obskatétte triple-n

harmonics (3, 9, 12, 15, ...) are zero. The harmspéctrum for and phase voltage is shown in Figut€s® and (b).

Table 3.2 Generated harmonics for 180-degree conduction {®i#) with multiplying \c.

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 3.3506/672. 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 1480 1.3545 1.29922012
Harmonic Order 55 59 61 65 67 71 73 77 79
Harmonic Magnitude (%) 1.1575 1.079 1.043 0979 0.950 0.896 0.872 0.826 80%0.
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Figure 3.4 (a) The harmonic spectrum for phase voltage
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Figure 3.4 (b) The harmonic voltage fdv,, phase.
3.6.1.2 Proposed SHE-PWM switching Scheme

A three phase six-step quasi-si]]80° switching pattern for phase a, b and c with fiwétehing angles is shown in Figure
3.5.

A
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Figure 3.5 A three-phase six-step Quasi-sine waveformd@® switch conduction phase voltage switching patteith five

switching angles.

A three-phase six-step Quasi-sine waveformd86 switch conduction phase voltage switching patteith five switching
angles indicate that up t8'57", 11" and 1% order harmonic are eliminated and the higher ohdemonics are suppressed by
a proper choice of displacement angle

The Fourier series of output voltage can be exprkas (3.5)

The phase voltage waveform of a 3-phase bridgetenve a quasi-square wave. The wave form hastguamve symmetry,
and due to the quarter wave symmetry
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a, =0 forall n,anda, =0, for all even'n’

thenV,, = i bnsin(nwt)

n=1,5,7;

or, b, ——J.V Sln nwt)d(wt)

472
—IV sin(nat)d (at)
7TO

:%DZV&” sin(nat) d (at) + fvan sin(nat)d (at) +]]/‘2Van sin(nat) d (wt)}

as a5

:iﬁv—;‘:sin(nax) d(at) +Tv—g° sin(nat)d (at) +]]/'2% sin(nat)d (wt)}

T o as as

4Vdc
P [( 1) cos(nwt)

+ 1) coénwt)

2
+ 2¢ Dodst)| }
a
=—%[cosna, - o, + COBX,~ CO®r,+ 2C08,~ 20UY |
N
cosnt/ 2= (for n=1,5,7,1%;-- (6n+1)
4Vdc
=—%[cosna, - co$\x,+ COBQ,~ Ca®r,+ 2c08]
N
Putn=1,5,7,11,13;-the harmonic coefficient can be easily calculated w&hich is,

b, = d°[cosl¥ - cosk,+ cosf,— cogl+ 2cos)
by=——%[cosH, - cosh,+ cosh,~ cogq+ 2casd

o = 3% 7
Thus the general equation b,fI can be written as (10),

=] 3 () o) 23 (- o)

3><5><n

[cos Tr,- COS®,+ cosd,~ CO&}+ 2Casy

3| = K=m+1
or
van:;‘VTj;[-i(-l)k cogna,)- 23 (- 1 co(snak)} simut (3.10)
k=1 k=m+1

For 5-switching, the mathematical statement ofér@scumstances is then (3.11)

cosa, — co%r,+ cog,— cas,+ 2cos=M

cos@, — cosb,+ cosh- cogh+ 2cass> O

costr, - cos@,+ cosd,— cogf{+ 2cas/~ O (3.11)
cosll, — cosld,+ costl- cosilkt+ 2coslx

cosl3dr, — cosld,+ cost3- cosij3+ 2cosl3

The 5",7",11"and 18 harmonics would be eliminated i, =b, =b,, =b,,=0.These equations can be solved

iteratively and calculate th&,,@,,Q,,-- ,a, for low % THD.

Similarly for three switching the phase voltagetshing pattern is shown iRigure 3.6
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For elimination of the5"and 7" harmonicsb5 = b7 =0; number of switching angles =3.Three notches pertgr-wave

would be required. Equation (3.12) gives the follogvset of nonlinear simultaneous equations toestidv the angles.

.
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‘vbn
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Figure 3.6 A three-phase six-step Quasi-sine waveformd 86 switch conduction phase voltage Switching patteiti
three switching angles.

cosa, — cosr,+ 2co8,=M

cosq, — cosb,+ 2cogh= O

costr,— cosd,+ 2cosn,= O (3.12)
cosllr, — cosld,+ 2cosdl=

CosS13dr, — cosld,+ 2cost3=

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, 8, =0 forall N, and @, =0, foralleven N

The general line voltage equation as (3.13)
V,, = (&, cos(nat) +h, sir(nat)) (3.13)
n=1
For 8 =0 foralln,anda, =0, for all evenn e (3.13) becomes
V,, = b, sin(nat)
n=1
And the harmonics coefficield, can be expressed as
72

4 .
b,=— |V at ) d(at n
! nJ; »Sin(nat) d (at)for all odd'n (3.14)

47
b =— |V, _sin(nat)d(at
or, b, ﬂj L« Sin(nat)d (at)

76
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_N, nr nrr
=——CO0§ — |— CO$ —
nr 6 2
4V nr nr
—%<sin sin —
n/r 2 3
. (N nir
Here,SIN| — | = CO0S —
( 3 j { 6 j
ol & | =
Now, the phase angigg, = tan |- 0
The N™ harmonic component can be mathematically expreassed

_ N, (nﬂj : ’_( nﬂj
b, = sin sin — (3.15)
nr 2 3

The harmonic analysis of the line voltage wavefgines then™ harmonic asn=1,5,7,11,13,17;- or, n =6k + 1for
k=123,4;--
From (3.14) and (3.15) we get the final line voliag.

V, = i %sin(%j sm( 3 j sin(nat)

n=1,5.7;.. T
\V n .
= Z —& co —ﬂj sin(nat)
n=is7.. NIT 6 (3.16)

The rms value of the N™ harmonic component is given by

V,, (rms) = Z Ton ﬂsm(nﬂj sm( 3 j si(nat)

n=1,5,7;-

i M {nﬂj sir(nat) (3.17)

n=1,5.7;-- N 2NJT

The rms value of the fundamental can be obtainesubgtituting n=1,

V,, (rms) = Z \/_d" sm( jsm(?)j sinat) = 0.77969680Y2 = 77.999

n=1,5,7;-

From equation (3.17) we can calculate the magnitddermonics for 180-deg conduction with line agi, which is shown

in Table 3.3. In Figure 3.7 (a) and (b) showshhemonic spectra and line voltage waveform.

Table 3.3 Generated harmonics for line voltage with 180-degronduction 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 $B118 -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 15912 711.4 -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 80.9 0.9394
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The order of harmonics and their amplitudes is showTlable 3.6. From Table we can observe thatrtpke-n harmonics (3,
9,12, 15, ...) are zero. Heke=1,5,7,11,13,- or k= B+ ZXorn= 1,2,3,4,,. The harmonic line voltage equation
foe 180-deg is as (18)

1 . 1 . 1 . 1 . 1 .
V. . . =0.7796¥%, .| = sin@ ¥—= sin®@ 3— sin — sin(@i + sin@di3--- 3.18
n(line) dc[l ( )_5 ( —)7 @ -I)ll ( )TB GB ):| ( )
80 \ T T T T T T \
I S R I S N N S S
g | | | | | | | |
gfzo . G
R Ll o s et e
S L S S S N N
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Harmonic Order

o2
(=}

90

Figure 3.7 (a) The harmonic spectrum for line voltage with 180+&egconduction mode

10

10 10 N
Figure 3.7 (b) The harmonic voltage spectrum fd, line voltages.
36.2 For120 mode of operation
3.6.2.1 Existing Quasi sinewave 120-degree switching
In this type of control mode, each transistor catsldorl20 conduction mode. The gate triggering signals agrol the

phase and line voltages. At a time two load teatsimre connected in dc supply and at that tinrel terminals remains open
and the conduction period for each switcd 2§ . For 120 mode of operation the instantaneous phase voltage a

respectivel}/,,, V,,,andV_, as in equation (3.19).

00

V= D, %sin(nﬂ/B) sinn(at + 77/ 9

n=1,35;.. N7T
Vi = i zr\]/—]‘;:sin(nﬂ/S) simn(at - 77/ 2 (3.19)

i
LN
w
a1

V,, i %sin(nn/B) sim(at - 77/ §
n=1,3,5

e
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On the other hand the line voltage a-to-Vjg = \/é\/an and the phase advancé&B . For Y-connected load the line-to-line

voltages as in equation (3.20)

vV, = i @sin(nﬂ/s) sim(at + 77/ 3

n=13,5;- nrtr

@sin(nﬂ/B) sim(at - 77/ 3 (3.20)
n=135,. NIT

vV, = i %sin(nnﬁ) sim (et - 77)

n=1,3,

al

A three-phase six-step Quasi-sine waveform&2@ switch conduction phase voltage is shown in Fi@uge

Van

Vacs2

Vyos2 -

o
| 120° 180°  240° 120° 240°  op
Vacs2

Vaes2

Figure 3.8 A three-phase six-step Quasi-sine waveform&2® switch conduction phase voltage applied.

The instantaneous phase voltagel@6 conduction mod¥, ,V,,, andV,, can be expressed in a Fourier series,

00

Ve = %+Z(an cos{nat) +h, sin(nat))
n=1

The phase voltage waveform of a 3-phase bridgetenve a quasi-square wave. The wave form hastguamve symmetry,

due to the quarter-wave symmetry, we get
a, =0 forall n, anda, =0, for all evenn (3.21)

The phase voltage equation (3.21) becomes
V,, = >_b,sin(nat)
n=1

And the harmonics coefficierl, can be expressed as

1 2n/3V 577/3\/
b, :7—7{ l' ;C sin(net)d (at) - .’[%sin(nax)d(wt)}for all odd'n’ (3.22)
V 2nr 5nir
b =—% |1-co§ — |- co¢nmr)+ cos—
or. b, 2nn{ s( 2 j ¢nm) o( 3 ﬂ (3.23)

Now, the phase angl¢, = tan™ (%J =0

n
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From equation we can observed that the triple-n mbaics (3, 9, 12, 15 ...) are zero. Here,
k=15,7,1113;- ork= B+ XHor n= 1,2,3,4,

The general Fourier-series expansion is as
V = funV, }sin(]ax )——1 sin(Bu )+—1 sin(at }—1 sin(ldt 4)—1 sin(t@ -)-- (3.24)
n(phase) Tl 5 7 11 13 '

A three-phase six-step Quasi-sine waveformd 30 switch conduction phase and line voltage as shiowffigure 3.9 and

starting point30 .

The phase voltage equation becomes

The instantaneous phase voltag@( conduction modgdy, ,V,, andV,, are can be expressed in a Fourier series,

V,, :%:Z:‘(a\1 cos(nat) +b, sin(nat))

The phase voltage waveform of a 3-phase bridgertewvdés a quasi-square wave. The wave form has ateuwave
symmetry, Due to the quarter-wave symmetry alomgdh—axis, both a,and a, are zero. Along y-axis &t —axis, we

can write the phase voltage waveform of a 3-phaglgd inverter is a quasi-square wave. The waven foas quarter-wave

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

Van | , : . ' . : !
. 1 1 1

HIXIN S5H ' : . ! i '
666, 6 ' : ' , !

Vdesz 4

Vdeos2

Vaesz

Vab
Ve o

Vaosz =

Figure 3.9 Three-phase six-step Quasi-sine waveformkZ8 switch conduction phase voltage.

a, =0 forall n, anda, =0, for all evenn

And the harmonics coefficierl, can be expressed as

/2
:ﬂ J. \isin(nax)d (ax)for all odd'n’
Ty 2

n
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= n—ld;[cos( nwt)]zz

Or, b, = Ve co{ nrr] co{nn]
nt 6 2
_

—de sm( nrrJ sm[ nn) here ,sir{nﬂj = co%nﬂ) (3.25)
nir 2 3 2 6
Now, the phase angl¢, = tan™ (iJ =0

The overall phase voltage for 120-degree conduetimh30-degree phase shift is as (3.26)

SN, . (nm n
Vv, = Z—“sm( jsm( j si{nat)
= nmr 2 3 (3.26)

From equation we can observed that the tripplen mbaics (3,9,12,15,...) are zero. Here,
k=15,7,1113;- ork= B+ XHor n= 1,2,3,4,

The rms value of the fundamental can be obtainesubgtituting n=1,

Vi (phase) —\/_";Tsm( jsm( 3) 38.98484006, ¢

The Fourier-series is

Ve =0.3898/, | = sin@t ¥+ sin@t y— sin@ 49— sin@d ) sin@B+)-
n( phase) ' dc 1 5 7 11 13

From equation (3.25) the harmonic magnitude ishasva in Table 3.4 and the harmonic spectrum as showigure 3.10.
Table 3.4 Generated harmonics for phase voltage with 120edegonduction from (3.25) with

Harmonic Order 1 5 7 11 13 17 19 23 25
Harmonic Magnitude (%) 55.1329 -11.027 -7.876 51012 4.241 -3.2431 -2.9017 2.3971 2.2053

Harmonic Order 29 31 35 37 41 43 a7 49 53
Harmonic Magnitude (%) -1.9011 -1.7785 1.5752 11490-1.3447 -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 -0.848.8229 0.7765 0.7552 -0.716 -0.6979

60 T T T T T
| | | | |
| | | | |
| | | | |

ﬁ a0l--—————__ [ o Lo Qo !

| | | | |

= | | | | |

| | | | |

E | | | | |

20f- - - - - - --- +-— === === |————=—=—=—==-= === - === == = H

2 | | | I I

o | | | | |

g 1 | | | | |

! ! ! ! !

E 0 II L == \ \

| | | | |

| | | | |

| | | | |

_ I I I | |
200 20 40 60 80 100

Harmonics Order
Figure3.10 The harmonic spectrum for phase voltage with 12freke conduction mode
From Figure 3.9 the line voltage waveform of a &gdhbridge inverter is a quasi sine wave. The i@we has quarter-wave

symmetry, due to the quarter-wave symmetry, we gat
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a, =0 forall n,anda, =0, for all evenn

The line voltage equation (3.3) becomes

V, :ibn sin(nat)

n=1

And the harmonics coefficierld, can be expressed as

2
ij )sin(nat)d («t)for all odd'nf
m 0

73

or, b, =%|:713L§sin(nm) d(at)+ ”J/'Zvdc sin(nat)d (ax)}

/3
Znﬂ[[cos(nwt ] +7 coﬁnax)]n/z}
:%{1— cos( nﬂj + ZCOE nﬂj - 2¢C s@ﬂ
2nmr 3 3 2
but,COS(%Tj = C. foralloddn,

The N™ harmonic component can be mathematically expreased

b, = Do [1+ co{ nnﬂ (3.27)
N7t 3

And the phase anglg, = tan™ (%] =0

n
The harmonic analysis of the line voltage wavefgiues then™ harmonic asn=1,5,7,11,13,17;-
or, n=6k+1for k=1,2,3,4;--

From (3.27) we get the final phase voltage i.e.

V,, :izv {1+ cos( 3 ﬂ sin(nat)

~ nmr

The rms value of the nth harmonic component isrgiwe

V(e = i V2V, {1+ co{ n;ﬂ

1 7T

The Fourier-series is given by
V., = fundamental V, | Tsin(iet )+ = sin(@t = sin(@t Y- sin(dt y— sin(td +)--
ab(line) Tl 5 7 11 13

From equation (3.27) the calculated harmonich&eoved as Table 3.5 and from Table we can obskeat¢he triple-n

harmonics (3, 9, 12, 15,...) are zero at that tiftne Harmonic spectrum for 120-degree line voltagd@svn in Figure 3.11.
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Table 3.5 Generated harmonics for 120-degree conduction {&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 2.9358972 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 41.2¥.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 0.8547136.8 0.7944

w B Al
o o o

N
o

Harmonic Amplithde)

0 10 20 30 40 50 60 70
Harmonics Order

Figure 3.11 The harmonic spectrum for line voltage with 120+@egconduction
3.6.2.2 Proposed 120-degree SHE-PWM switching Scheme

A three-phase six-step Quasi-sine waveformd@0 switch conduction phase voltage switching patteith five switching

angles and starting poi@0 as shown in Figure 3.12.

The phase voltage waveform of a 3-phase bridgeatenis a quasi-square wave. The wave form haseuaave symmetry,

 Van

180" 210 33¢° 360°

@ o, Q 0 [ el

L Gady G4t 9% 150 ot

30

30° 9° | || | | | | 360°
| || | 150° 210’

 Ven

1 . . . =
~ JOL0C -

Figure 3.12 A three-phase six-step Quasi-sine waveformd 30 switch conduction phase voltage switching patteith

Vbn

five switching angles and starting po3@ .
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a, =Ofor all n, anda, =0, for all even'n’
1271
=2 v sin(net)ae)

2

b, :% [ Vi sin(nat)d (at)

Evan sin(nat)d (at) +?V” sin(nat)d (at)+ TV&” sirines)d (a)}

NS

NEES

[ Y sin(nar)  (ar) + Yo sinfrat)aar)+ | Y sir(nwt)d(ax)}

L & as as

=%[(—1) cosfiat J* + € 1) cosga
2nit o

j;‘ + £ 1)cosfu |;'ﬂ

A,
==[cosna, - CO$Wx,+ COBX,~ CO®I,+ COE,~ COg/ |
it

2,
=—%[cosna, - CO$Wx,+ COBX,~ CO®I,+ COF
it

cosnz/ 2= Ofor n= 1,5,7,1%;,-upto( 16 ).

The expression fob, can be written as,

b, = —(%ji(—l)k cog na, )

ni jyva

Or, the phase voltage is

VvV, = —(%){Z(—l)k cos(nak)} sinfat |

k=1

Putk =1,5,7,11,13;-

YY)
b ==—%[cosna, - cosw,+ cosa,~ caowr,+ cog ]
T

s
b5=5—d°[cosna1— COSIr,+ COBO,~ COW,+ COF |
Vs

2,
b7=7—d°[cosna1— COSIx,+ COBO,~ COW,+ CO& |
g

For 5-switching, the mathematical statement ofér@cumstances is then (3.29)
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cOSQ, — COSY, + CO&, -
cos@, -

cas,+ cos=M

cosb,+ cosh - cogy+ casy> O
cosr,— cos@,+ cosd,— co®j+ cas/= O
coslh, — cosld,+ cost]l- cosik+ coglE

cosl3dr, — cosl@d,+ cosb3- cosi3+ cogl3

(3.29)

The 5", 7",11" and 13" order of harmonics would be eliminateddf = b, =b,, =b,, = 0and the higher order harmonic
would be suppressed by proper choice of switchirglea In

3.6.2.3 For 60 MODULATION

A three-phase six-step Quasi-sine waveform&2® switch conduction MODIFIED phase voltage is shawfigure 3.13.

The phase voltage waveform of a 3-phase bridgetiewes a quasi-square wave. The wave form hasteuamve symmetry,
and

a, =0forall n, anda, =0, for all even'n’
127‘[
bh==1V i ot ) d ( ct
=2 [ vsin(nu)o e

2

:% J; V,, sin(nat)d(at)

Vaesz 4

ma i I nnr*1nn h
gHUULﬁJUUmﬁ 5 e

Vietz

i C.
UUL*JUU s

wld e
: UUL*JUU s

I'II'I

52:415

Figure 3.13 A three-phase six-step Quasi-sine waveformd @0 switch conduction MODIFIED phase voltage switching

pattern.

_H Ty
= O{Van sin(nat)d (et

a;

NEES

£}

_% _ a2
= ZHH[( 1) cost }al

+ fvan sin(nat)d (at

ay

as

)+:fvan sir(nat) d (at

[

as
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=%[cosnal—cos1a2+ COBO,~ COW,+ CO8;~ CUS,+ ¢€OF -3 oo |
Vs
cosn7z/ 2= Ofor n= 1,5,7,1%, -upto( rét ).

—_ dc

{E+cosnal— co$a,+ COBQ,— CO®W,+ CO&;— omsG}
nir

The expression fob, can be written as (3.30),

b, :(%j{i%—(—l)k codnak)} (3.30)

k=1

Putk=1,5,7,11,13,-
N1
b1=_ —+cosna, - cosa,+ coma,— COowy,+ CO&;— OO,
w2
dc 1
b5=5— —2+cosnal—cos1az+ cona,— cCawr,t+ cCog;,— QU3
7T

N, |1

b, =—%| = +cosha, - co$\a,+ COBQ,— CO®Y,+ CO&.— C0O3,
1|2

For 5-switching, the mathematical statement ofé¢recumstances is then (3.31)

5 +C0Sa; ~ COR, + COg,~ CaB,+ COS- aug =M
% +cosw, - cosh,+ cosh,— cogq+ cazs> oog= O
5 +cos T, - cos@,+ cosd,— cow[+ casf oog= O (3.31)

%+cosll¥l— cosld,+ costl- cosilk+ cogl:r mws=

%+cosl371— cosl@d, +cosldr,— cosld,+ cosh3- cong =

The 5", 7",11" and 13" order of harmonics would be eliminateddf = b, =b, =b,, = 0and the higher order harmonic

would be suppressed by proper choice of switchirgies.

For three switching the voltage waveforms is shawhigure 3.14

 Van

180° 210° 330° 360°
ay ay @z 9o° 1500 -
300 ot
A Vbn
360°
30° 90° o0
150° 210°

A Ven

| o | | | o
90° 150 2100 360 -

30° ‘

Figure 3.14 Three-phase six-step Quasi-sine waveformk2® switch conduction phase voltage switching patteith three

switching angles and starting poB0 .
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For 3-switching the nonlinear equation is (3.32)
cosa, — Cosr, + cog,=M
cosw, — cosb,+ cosh,= ( (3.32)
cos r, — cosd,+ COs,. =
The n"and7" harmonics would be eliminated i, =b, = 0.These equations can be solved iteratively andutztte the
switching anglesr;, a,anda,.

3.7 Proposed Scheme for Rotor Harmonics Elimination Technique
The proposed technique the normal six-step quasiwave is modified with extra switchings per geadycle. The number
of switching can be more to eliminate wider ran§dn@monics. This can increase switching lossescamdlead to derated
operation of the inverter. Thus, the main aim isrégduce as many nos. of harmonics as possible legtber number of
switching for efficient inverter operation. In thihapter, a heuristic search based method of BB@sésl to minimize the
maximum number of harmonics with lower no. of swibhg. This can also reduce the overall THD in ttadcs side voltage of

DFIG at any operating speed. In the proposed tgclanithe selected lower order harmonics are eliméhand the rest higher

orders are minimized through BBO technique by ojzling the chosen objective functiﬁ(a’) defined by (34). The
switching angles are computed off-line and storepgrocessor memory for on line application.

3. 7.1 Proposed Harmonic Elimination Principle using BBO Algorithm

In the proposed method, the harmonic eliminatiarbfgm is converted to optimization problem andghétching angles are
found out offline to contribute minimum voltage THBBO technique is chosen as it is simple and loayet been explored

extensively to solve the problem of converter shiitg. Moreover, unlike the other meta-heuristichtéques, BBO does not

require unreasonable amount of computational ef@&i and relatively faster convergence rate.

The objective functionF (a ) is formulated to satisfy the desired constraints as

2 2 2
F(a)=(-M) +Kq(b-&) - +K, (b, -&,) (3.33)
WhereQ is the fundamental amplitude,,...,K_are the penalties for individual harmonics whick set to high values so

that the magnitudes di;,b,,b,,,--- ,b, are forced to follow the desired values. The carisig, ¢, ...,&,, are the permissible

1117
limits of individual harmonics which are chosenwetose to zero for the selected lower order haiosoand to the desired

value for other higher order of harmonics.
Mathematically, the problem can be formulated as,

Minimize F(a)=F (ay,a,,a,,-.a,,) (3.34)
Subject toD<a, <@, <a,<---<a, <(m2); (3.35)

To minimize F(Lﬂ BBO algorithm is used for the present techniquethis method, each search point of the populagon

composed of the switching angles per quarter ﬂgl&hroughar'n.To start the search procedure, the switching angte

randomly generated satisfying the conditions o8%3.for the chosen number of population. Using ¢hendom values,
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individual harmonics representing the fitness of farticular search point are computed. The bestbowtion of angles

among the population of the given search pointtoygresent iteration are called the elite or bekitin for the variableély

througham. New search points are generated from the cusesarich points at each iteration and the informatgarding the

best solutions is found out by using the BBO.

The brief statement of algorithm in steps is,

Vi.

Vii.

Start the search procedure for the set of valuéslsing angle€? .

a=[la b aday-a (3.36)
Initialize the suitable BBO parameters, i.e.p _Habitat modification probabilit)Keep Elitism
parameter] Maximum immigration rates Maximum emigration ratet Step sizem,, Maximum mutation
ratep . Mutation probability/1IOWer Lower bound for immigration probability per genéa:nat/‘upper Upper

bound for immigration probability per generatign, . Lower bound for emigration probability per

generationl{mer Upper bound for emigration probability per genematS_ .. Maximum species count,

max

Set SIVs: Assume the switching angléd,wherem =1, 2,3;-- Kk andbrI ,n=157;-- N

Set:PS-ZETotaI population sizes . Maximum number of generatiol um,, Number of variableP . . Species
count probability of each habitat.

Updateamand\é]using equations (3.6) & (3.10).

Is the condition of 0<01 <..<a, <71/ Zsatisfied?  If yes then set the best value

of F (a) satisfyingd =M,y < £,b, <€, andk}1 < &, otherwise go to next step.
Determine fitness values of the objective usinggeation and immigration rate and compute HSI &and bn by

using (3.37) [85]. The probabilitPsthat the habitat contains exactly S species at tiré\t can be expressed as,

F;(t +ﬂ) :F;(t) (er_,ﬂ _l%ﬂ) +Ps—1¢1a -I-PsﬂlléﬂA (3.37)

Where ) _and y_ are the immigration and emigration rates.

viii. For each habitat, update the probability of itscégee count using (3.38) and compute each habittlslity index
(HSI). This is to indicate the best region for thielogical species to survive. HSI is satisfies #ugtability index
variable (SIV) constraints [85].

AHRuPy o
R={A+Y P+AR 4 Pu1<s<s,, -1 (3.38)

iX.

—( i +,Lé) F; +¢—1Ps—1 S = SFBX

The mutation rate m is inversely proportional to the solution probability and is given by,
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m(S) = m,, [%} (3.39)

max

Where m,,., 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 (a)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. Appliation and evaluate fitness.
a. Control the value of

F (ao) =F° (3.40)

b. Linearize F(a) = Oabouta®.

0
F°+[3_F} da =0 (3.41)
a
Where
(OF 0RO
da, oa, oa,,
e | O OF
[5} =| da, O0a, da,, (3.42)
oF, oF,  OF,
| 0a, O0a, da,, |

Evaluate atg® and

da =[da,da,,da,,da,, - da, |

m

c. Solveeqg-(3.41)forda .

d. Reiteration (updated) (a to d)

a'=qgl+da'or,at=a’+da® (3.43)
e. The above process is repeated until the objective function F (&) 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, ntaglei of harmonics and THD. If the solution converge
then set the best value otherwise go to step iii.
The process terminates if the changes in the Btrakies between consecutive iterations are lessdlgiven tolerance, or the

fitness values do not change for a number of itmmaf or the permissible number of iteration rune eompleted. The
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switching angles corresponding to minimum voltagtDTfor varying modulation indexM, are stored in the form of mixed

model equations [46, 93] in the processor memarypftine application. The elite values are updaiiter every iteration.

To justify the application of BBO algorithm for tlggven problem, the optimization was tried with thelp of other search
based algorithms e.g. GA, PSO, Gravitational Sealgbrithm (GSA), Cuckoo Search algorithm (CSA) &RD to check the
convergence of the objective function. A typicaseaf M=0.8 with elimination of% 7", 11" and 18order of harmonics is
chosen for comparison. The comparative convergplatas shown in Figure 3.15. Form Figure 3.1%ah be observed that
convergence through BBO is much faster than othenrtiques. The BBO parameters considered duringrgmeming are,
total population size=50, generation count limit=BOmber of genes in each population member=5, tioatgrobability=0,
habitat modification probability=1, initial mutatioprobability=0.005, elitism parameter=2, lower bdufor immigration
probability per gene=0.0, upper bound for immigmatprobability per gene=1, step size used for nigakmtegration of

probabilities=1, max immigration rate for eachiglal, max emigration rate, for each island=1.

777777 \777777(777777( 777777[7777777[7777777(7777777
| | | | .~ —BBO
: : : : . —Pso
,,,,,, F R N I N o= W
: : : : - —oGsa
: : : : . —Aco
1 1 1 1 1 1
20 25 30 35 40 45 50

Number of Iterations

Figure 3.15.Variation of the objective function with GA, PSGSA, CSA and BBO method for M=0.8 with eliminati,

7" 11" and 1%, order harmonics.

3.8 Simulation and Experimental Results

The proposed scheme has been simulated in MATLABSImulink environment for boti20 and 180 switching mode of

inverter. Both these modes are separately simutatddhe results are shown separately.

3.8.1 180 switching mode of operation The simulation results considering five switchirgy puarter cycle for the BBO-

based SHEPWM inverter are shown in Figure 3.16TAg objective functionF(a)of Eq. (3.14) is optimized to obtain
switching angles. The™ , 7" 11" andl 3" order of harmonics are set to zero. The fundameoitdge amplitude has been set

as per the desirdtl, . Figure 3.16(b) shows the plot of minimum weighfigdD for output voltage taken up to 41st order of

harmonics with varyingn, for 3, 4, 5, 6 and 7-switching angles per quasyete.
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Figure 3.16 (a) Variations of switching angles against modulatiodex for180-degree conduction and 5-Switching (b)
Minimum Voltage THD (%) Vs. Modulation Index witBQ-degree conduction and different no. of switchifg) Variations
of switching angles against modulation index fort2@ree conduction and 5-Switching (d) Minimum gk THD (%) Vs.
Modulation Index for 120-degree conduction andedt#ht no. of switchings.

3.8.2120° switching mode of operation
The simulation results in this mode for the BBOdsthSHE-PWM inverter considering 5-switching arevshdn Figure
3.16(c). The plot of minimum weighted THD for outpeoltage taking up to 41st order of harmonics wittryingm, , for
different switchings per quarter cycle is showrFigure 3.16(d). In this method, the eliminated loweder harmonics for 3-
switching are5" and7" for 5-switching ares™, 7" ,11"and 13" and for 7-switching arg®" 7" 11" ;18 ,17 andl9".

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
Vgrid 415 Rated power 15kw V 415 V, 110V
A-Connected Y-Connected
f 50 Hz Voltage 110
fg 50 Hz R, 1.5Q
Rated Battery 500 P 3 KwW L, 12
7.5 kVA
Capacity I 4:00 A I, 14 A
gih 7t As per Capacitance R, 1.2Q N, 1450 rpm
. . 1000uF
rid Specification '
9 P 400V |_IS 12
harmonic codes
voltage
L 320

The experimental set up used for verification & finoposed scheme is shown in Figure 3.1. Therstatbe DFIG is directly

connected to grid. The rotor side of the DFIG i fiom an inverter supplied from a solar arrayte girid side converter. An
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optional battery is also connected in parallel wftl solar array to store excess energy. The scigtasted after connecting
the stator to a micro-grid although the same idiegiple for any type DFIG control modes e.g. grichoected or grid isolated
mode. The specifications of the test micro-grideys solar panel battery and the DFIG are showiraisle 3.6.

3.10Experimental Results
The proposed method of harmonic elimination isiaiiit verified through simulation for the schemesdebed in Figure 3.1.

An IGBT based inverter operating in bi-directiomabde is used for this purpose. The reference vedtag,v.’ andv/! are
generated from the P and Q controllers after coimgarith the set value of Fand Q. The modulation index gis calculated

on-line based on these reference valueg o’ andvy as shown in Figure 3.1.
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= > J :
= g :
s s ° I 'L\ LI' F'L'\ L‘[’J I “L\ L['
£ ; - £ 200 : . ! s
o {a1) Rotor voltage without harmonic elimination g pqg{€1) Rotor voltage without h?rmonlc elimination
Fr S SRS =
£ 02 : |
E -100 ! . {c2) Rotor voltage
' (22) Rotor voltage after harmonic elimination up to 25th orde ‘
= q0 T = B ) G 5 ST
g 10 : ; ; , ™ e g ~ i i
= [ 0.2 0.4 0.6 0.8 1 ~ © 0.2 0.4 0.6 0.8 1
(a3) Rotor current after harmonic elimination up to 25th order {c3) Rotor current up to 25th order eliminated
g soo @ , ©
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=
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g
-
2
>
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g -5 -50
o d2)
2 £3
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« 20
b =
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(b3) Stator current waveform td1) Stator current after harmonics up to 25th order eliminated
(b) Time (sec) (d)Time (sec)

Figure 3. 17 DFIG phase a, b, c (a) rotor voltage and currelitis gquasi-sine rotor injection at 180-degree cotidncmode at
1450 rpm(b) stator voltage and currents with quasi-sine ratggdtion at 180-degree conduction mode at 1450 (g)notor
voltage and currents with quasi-sine rotor injettid 120-degree conduction mo@h stator voltage and current with quasi-
sine rotor injection 120-degree conduction mode

Then the SHE-PWM pulses are generated based aegdstiata in the processor memory to produce optimoitage THD.
The DFIG is run at a speed of 1450 rpm at rated.|@&e rotor side converter provides quasi-sineemaitage waveform in
180 mode. The rotor and stator voltage waveformsHisr operation are shown in Figures 3.17(al) and &1) respectively.
The modified rotor and stator voltages after thimiglation of lower order harmonics up to"2% the rotor input are shown in
Figures 3.17(a2) and 3.17(b2) respectively. Theesponding rotor and stator current waveforms &@ve in Figures
3.17(a3) and 3.17.(b3). Then the proposed contrateg)y is also applied for 128witching mode at the 1450 rpm speed of
the generator. The obtained voltage and currenefeams are shown in Figures 3.17(c) and 3.17(dg gtoposed scheme is
experimentally verified for 180mode for a speed variation between1450 rpm to tpB0through synchronous speed of 1500
rpm at 75% full load after eliminating harmonicsto25" order from the rotor voltage. The correspondingezimental plots
are shown in Figure 3.18(a) for speed and rotarectiand Figure 3.18(b) for stator voltage. Thanghme is verified for 120
mode for same speed variation at 75% full loadraéteminating harmonics up to #5order from the rotor voltage. The
corresponding experimental plots are shown in Egul8(c) for speed and rotor current and Figut8(8) for stator voltage.
Then in Figure 3.19(a) the comparison of the spaed torque for the DFIG is shown both for the congaged and
uncompensated system. The active and reactive pisvadso shown in Figure 3.19(b) at 1550 rpm nedf load. Then the
proposed method was compared with the existing eatimnal method of quasi sine wave for the rotdtage at ng=0.8. In
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Figure 3.20(a) voltage harmonics for 180-deg cotidnavithout harmonic eliminations are shown whergaFigure 3.20(c)
the same is shown after harmonic elimination. Biry, Figures 3.20(b) and 3.20(d) represent vatagrmonic pattern
before and after harmonic elimination for 120-degden Then the proposed switching was compared théhconventional

switching demonstrated in [84] for the injectedorotoltage THD and the result is shown in Figur208) which also

confirms the superiority of the proposed scheme.

Tels i - Stop M Pos: 1.600ms Telc Iy T [ ] 510D+ r Pos: 0.000ms
B
4+
CHZ 1.00% A SO0M=s CHZ2 1.00% 1 250rms
CHZ 1.00%W CH4a 10.0%W 10 —Jul —16 161 E CH= 1.00% CH4a 0.0 A0 —Jul —16 1614
a) (<)
Tels P o - Stop F1 Pos: 0.000ms - Stop r Pos: 0.000ms
T CHZ Z00% FA 10L0ms CHE 200w FA T0.0ms
CHE 20.0% 10 —Jdul —18 16:22 CHZ 200w 10 —Jdul —16 16:10

Figure 3.18. Experimental waveform for (a) rotor current wittaoiging speed (Channel 1, 2 and 3: Y-axis: 10A/d@hannel
4: Y axis 30 rpm/div.) for 180-degree conductiondadb) stator voltage (Channel 1, 2 and 3: Y-ag&B0V/div.) for 180-
degree conduction mode (c) rotor current with clirampgpeed (Channel 1, 2 and 3: Y-axis: 10A/div.a@tel 4: Y axis 30
rpm/div.) for 120-degree conduction mode (d) statoltage (Channel 1, 2 and 3: Y-axis: 250V/diwy f120- degree

conduction mode.
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Figure 3.19. Variation of torque and power at half load, 159ftn (a) speed and torque of DFIG for compensatet a

uncompebnsated system (b)Reactive and active gowproposed technique.
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Figure 3.20 DFIG rotor voltage harmonics spectra (a)180-deg@aduction mode without harmonic elimination (1201
degree conduction mode without harmonic eliminatinl80-degree conduction mode with 57", 11" and 1% harmonic
elimination (d) 120-degree conduction mode with,5" , 11" and 18 harmonic elimination () %THD comparison with
conventional and proposed system.

3.11 Sub-harmonic elimination

For the machine witlP poles and rotor speeg| rpm, the frequency of the rotor voltage to be dtgel can be given

by f, = f, - f,, where mechanical frequency, = PN, /120Hz and the slip is given ky=(N,~N,)/N,. Thus the
induced generated stator frequency due to roteciefl frequency is given ‘:(ﬁnil) fr + fm‘. Therefore the generated

stator sub harmonic ordermﬁnil) fr + fm‘ / 50 For a rotor speed of 1434 rpm in a four-pole DRI, corresponding rotor

mechanical frequency is 47.8 Hz and the rotor tigacfrequency is 2.2 Hz for 50 Hz stator frequentherefore, the
5"harmonic rotor injected frequency at the rotor silell Hz. The reflected stator frequency due “tch&rmonic injected
rotor voltage is 36.8 Hz. Hence the generated is&ib-harmonic order is 0.736. For same speed7'thiearmonic rotor
injected frequency is 15.4 Hz. The stator frequethey to ¥ harmonic injected rotor voltage is 63.2 Hz. Hetlee generated
stator sub-harmonic order is 1.264. At the same tiime stator sub-harmonic orders generated byotbe injected frequency
of 11" and 18 harmonics are 0.472 and 1.528 respectively. FOrde?y conduction wittv = 0.9 and switching angles
ofg, =13.7765.,a, =21.7013,a, = 28.2888. a, = 43.0082andg, = 44.8806, the sub-harmonics 0.736, 1.264, 0.472
and 1.528 are eliminated. The orders of speed digmérsub-harmonics generated in stator are computddisted in Tables

3.7 and 3.8. The sub-harmonic orders of the statttages for different rotor speed at 180-degrerdoction mode are

evaluated and given in Table 3.8.
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Table 3.7 Sub-harmonic elimination for a constant speed ditferent M for 120-degree mode

Rotor Rotor Stator Switching Switching Switching
Speed Harmonic Harmonic M Angles M Angles M 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 ditferent M for 180-degree mode

Rotor Rotor Stator Switching Switching Switching
Speed Harmonic HarmonicM Angles M Angles M 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 O 493321 O 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 14 0 88.5657 0 88.5909 O 87.8062
1 1 0.65 18.8951 0.75 7.6329 0.85 8.9988
5 1.2 0 453321 O 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 O 69.8578
17 1.6 0 79.3839 0 79.8942 0 82.3730
19 0.4 0 89.2259 0 88.5177 O 88.2181

3.12 Proposed on-line Control Scheme
As observed from Table 3.1, the rotor injected hamts on stator side will depend mainly on the ratpeed. The rotor
harmonics are injected due to RSC switching whiah be either six-step or PWM. For six step switghiall the odd
harmonics except the triple-n order will be pres@nthe injected phase voltage waveform. On theeotiand, the PWM
switching can reduce the lower order harmonics déipg on selected switching frequency. Too highwaching frequency
can increase converter losses, which can affecconeerter rating, life and efficiency. Thus usyadix-step switching is
preferred, which can have the disadvantage of haicriojection to the stator side. In the proposechhique, a selective
harmonic elimination and optimization based PWMtshing is employed, which either eliminates or rezhkithe lower order
harmonics and simultaneously optimizes the othghdvi order harmonics with lower minimum no of switgy per quarter
cycle. The no. of switching considered for thesprg problem depends on the rotor speed. The optiswitching angles are
calculated off line as a function ofymsing BBO and stored in processor memory for @ éipplication. The switching angles
as function of mare shown in Figure 3.2(b) and Figure 3.2(d) 8@°land 126 modes which can be stored through mixed
model equations [93]. When the rotor is operatingteady state at a fixed speed, the switchingpattill be decided by the
angles already stored in the processor memory. Wittation of wind speed, the generated harmonéttep changes which
can even result in generation of sub or fractiamder harmonics as shown in Table-3.7 and Tab8#fd.120 and 180 degree
switching modes. In these tables the computed bimigcangles are shown eliminating lower order raide harmonics which
can generate stator side sub-harmonics at diffepetd and g As an example, in Table-3.7 at 1434 rpm the fwétching
angles are shown aty#0.7 eliminating rotor side harmonics up td"l@&der which automatically eliminates stator side-s
harmonics as shown in the table. It can be obseroed Table-3.1 that the presence of"Harmonics in the rotor voltage can

only introduce fundamental frequency at 1500 rprrsndall deviation of speed to 1520 rpm will generatiactional order
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harmonic of 1.24 due to the presence df h@rmonics at the rotor side at+0.69as given in Table-3.7. The effect of other
machine parameters for the rotor injected harmoisiasegligible compared to RSC injected harmonkggure 3.21 shows
generated stator side harmonics with rotor speedtian from 1200 rpm to 1800 rpm for RSC injecteatmonics up to 19

order.
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Figure 3.21 Developed Stator harmonics for RSC injected harcmouap to 19 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 notidensd as their magnitudes are comparatively ledsave any significant
effect on the stator voltage waveform. The speadeaelected based on the slip variation of -20%2{#%6, which conforms
to most of the practical applications. It can bseyled that in the speed range of 1470 to 153Caipthe generated stator side
harmonics are in the vicinity of fundamental freqeggwhere elimination of lower order rotor siderhanics is more essential
as their magnitudes are higher. Thus, in this spaade three switching per quarter cycle for theCRS adopted. While
calculating the switching angles in this range tigto BBO, the objective function is adjusted in swachvay which can

eliminate harmonics up td"7order and rest higher orders are minimized. Inrtéxet speed range of 1400 to 1470 rpm or of
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1530 to 1600 rpm five switching per quarter cysl@ilopted eliminating rotor side harmonics up t 48d rest higher order

is minimized. This is done as stator side harmanders are deviating more from the fundamentalhasva in Figure 3.21,
which can produce more prominent distortion of gteor voltage. Similarly, for the same reasonsfpeed ranges below1400
rpm to 1200 rpm or above 1600 rpm to 1800 rpm seweiichings per quarter cycle are adopted elimmaiRSC injected
harmonics up to order while minimizing the higher order. The sahas been demonstrated through flowchart shown in
Figure 3.22 which is programmed in the processanarg for online application.

The switching angles are separately calculatedirodf for all the 3, 5 and 7 switching methods atwted in the processor
memory through mixed model equations [93] for arelapplication. The plots for 5-switching anglethwiy for with 180 and
120 degree conduction mode is shown in Figure 8a)@&nd (c) respectively. For 180 degree conduatimae the mixed
model equations (3.44) and (3.45) following proaedof [93] are given by,

For,0.1< mg < 0.&he switching angles are,

a1 =-5mg +34.1

a2=10.94ng + 33.9¢

a3 =-16.5mq + 6C (344)
a4 =19.16ng + 59.5:

as=-13.2mq + 89.7

Also 0.81<mg < 95

a1=296.34n92 — 488.081¢ + 231.4

a2=971.8Md2 - 1628.61q + 725.F

a3 =56.16n42 - 117.48 + 12. 845)
a4 =1705mq2 - 2857.°g + 1272.

as =779.8n42 - 1284.81¢ + 609.

Similar equations can be generated for 3 or 7 #ivitc methods and stored in processor memory. Thdutation index m
will be decided by the RSC controller to provide tesired magnitude of injected voltage where assfieed is taken from
speed sensor. During speed transition for changauofber of switching angles a hysteresis of 5 rpraansidered for the
present experiment to avoid any fluctuation in #tator voltage. The overall control is decided tigto the flowchart
demonstrated in Figure 3.22 during on-line appilicatThe simulated harmonic spectra of stator gatat different speeds are
shown in Figure 3.23 before and after the appbcatif proposed method, which shows clear improverater application of
the proposed method. The corresponding experimbatatonic spectra are shown in Fig. 3.24 indicaitimgrovement by the
proposed method which conforms to the simulaticults. In these spectra the speeds chosen arerf5201580 rpm and

1350 rpm for 3, 5 and 7 switchings respectively.
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Figure 3. 23 Experimental output for DFIG stator side harmaspectra before and after proposed switchings (4520 rpm

(b) at 1580 rpm (c) at 1350rpm.
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Figure 3.24 DFIG stator side harmonic spectra with and witHwarmonic elimination for (a)"5and # harmonic elimination

at 1520 rpm (b)'8, 7", 11" and 18 harmonic elimination at 1580 rpm (cf,5", 11", 13", 17" and 18" harmonic elimination
at 1350rpm.

3.13 Conclusion

An optimized switching strategy for the rotor sienverter (RSC) for a DFIG is proposed in this ¢baprhis can eliminate
undesired stator harmonics injected from RSC whih deteriorate its power quality. The selectedeloarder harmonics of
the RSC generated voltage are removed and restrhigtlers are minimized by BBO-based SHE technitjuéhe proposed
algorithm, a modified RSC switching technique ispted based on rotor speed with variation of nunabewitching angles
per quarter cycle. The switching angles contritmtminimum voltage THD at different modulation indécand speeds are
computed by the BBO algorithm and stored in a psoe memory in the form of mixed model equations daline
application. Thus, the overall voltage THD in thatger voltage can be minimized. The proposed schesmebe efficiently

employed for online control of any number of DFI&mnected with grid system or in grid isolation raad operation.
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Chapter 4

4.1 Chapter Overview

This chapter investigates the combined operatiahpamformance of the doubly fed induction gener@dflG) and
powerful custom power devices such as dynamic geltestorer (DVR), static compensator (STATCOM) and
unified powr quality conditionar (UPQC) with commadistributed generation (DG) systems. Improved iewi¢!
inverter based topologies for DVR, STATCOM and UPQerations using DFIG and PV are proposed in this
chapter. The proposed technique can efficientlygaiieé the power quality problems e.g. voltage sagll, flicker,
reactive power, voltage interruption, unbalancetra¢urrent, voltage and current harmonics et¢hendistribution
system. The proposed DG connected three phasdeweltconverter for photo voltaic (PV) system reelifiltering
requirements, increases redundancy and enablesfdrarerless interface with grid. Biogeography-Based
Optimization (BBO) technique is applied for caldig the exact switching angles for the invertereatch
modulation index considering low total harmonictdison (THD) for the output voltage. The perforncanof the
UPQC mode is compared with both DVR and STATCOM eiedFor the proposed topology, the simulation
studies with MATLAB are presented which show thhe tproposed DFIG and PV based UPQC performs
significantly better than the DG-DVR and DG-STATCQdmbinations

4.2 Importance of DG, DFIG, STATCOM, DVR, UPQC, SHEPWM [94-100]

Interconnection and grid integration of distributgeheration (DG) based sources has become a wadeessed
research topic in the past two decades. Doublyirfddction generator (DFIG) in wind generation sckeand the
solar PV based sources are the two most commordy IXGs. Various control strategies for operationl an
performance of DFIG systems have been well studieliterature [32, 44, 45, 76, 88, 101-103]. Therhanic
analysis of DFIG has been covered in [45, 88, I0dind energy conversion system. In [102, 108}rid model
of a DFIG is thoroughly studied. Grid harmonicsmigimized using optimized coordinated approacki7ih 104]
with six—step switching while maintaining stipuldtgquality of power as recommended in IEEE 519 steshdange.
In [105], multilevel inverter using particle swaraptimization technique is described. Space vectdsepwidth
modulation technique has been utilized in [106]tf@ multilevel voltage source inverter with phaitigic system.
Flying capacitor multilevel converter control isoposed in [62, 107] and five level neutral-poirgroped inverter is
introduced in [108]. Transformer-less series sagpensation with a cascade multilevel inverter $® gdroposed in
[109]. Five level neutral-point clamped inverterinsroduced in [110] for dynamic voltage restoremtitigate the
voltage sag. The short circuit in the grid, inrgshirents when large machines are switched on gjie fwer and
voltage quality problems in the power distributgystems are addressed in [111]. Power quality problsuch as
sags, swells, flickers, notch, spike, harmoni@ngients and reduction of three phase voltage anbalare studied
in the various works regarding static VAr compeasat(SVCs) [98, 99,112], static synchronous comaiems
(STATCOMS) [94, 113], unified power quality conditier [96, 97, 114, 115, 116] (UPQCs), and customvepo
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devices based on energy storage systems, e.g.ndywaltage restorers (DVRs) [117, 118, 119, 1Z].these
literatures are concentrated on isolated operatioasy of the modes e.g., DVR, UPQC, STACOM etorébver,

introduction of renewable sources are not wideBduor such compensators.

This chapter develops a framework for employingvawend hybrid distributed generation system for DVR
STATCOM or UPQC [94-100] operation using multilevebnverter with optimized switching. The selected
harmonic elimination pulse width modulation (SHE-F\Wbased multilevel inverter (MLI) switching scheme
optimizes the overall injected voltage and curfBAD in such a way that line harmonics present enghpply also
gets reduced. The proposed scheme can inject gmiwer from the hybrid sources while reactive poimgction
can take place in either of DVR, STATCOM or UPQCeigtion. The conventional UPQC mode of operation
usually does not compensate the voltage interramlone without energy storage element in the mke-IBut the
proposed DG-DFIG-UPQC scheme compensates the edlégrruption in the source with the help of tleencnon
shared DC bus between the DFIG rotor side and Brfdannection. In the present approach, Biogeogr&ased
Optimization (BBO) [52, 87, 121] based SHE-PWM ap#ation algorithm technique is used to calculat@ching
angles for the line infacing inverters. Variousnsiations using MATLAB/Simulink and the correspomgli
experimental results confirm that the proposed D@ scheme using hybrid generation performs siganifly
better than the DG-DVR and DG-STATCOM.

4.3 Proposed System Configuration

The block diagram of the proposed system considexily wind and PV based hybrid generation and R¥Rring
common DC bus is shown in Figure 4. 1. In Figurd Athe DFIG and the PV panels with DC-DC convesate
connected in parallel with transformer less DVReiface to Micro-grid. The DVR can reduce the uaheé in load
side voltage, sag, swell, flicker, spike, reactp@ver unbalance etc. A multilevel inverter is usedthe DVR
interface to reduce the harmonic content of th@uwutoltage. The stators of the DFIGs are directignected to 50
Hz micro grid. The DFIG is mechanically coupledtwit wind turbine because most of the supply is efmanical
power. A battery is provided between the two cotersrto store the extra energy from the PV pan&nathe rotor
side power demand is less than PV panel outputs@hee can also act as a dc source in the absescea &ifht to
inject the power to the rotor during sub-synchranoperation or store the power coming from the DFIGr at
super-synchronous speed. Inverters feeding thesrofahe DFIGs, handle high current. Thus the ceviwill have
high current stress both during switching and camus conduction. Since the conduction currennhctibe
minimized as it is decided by load, the switchiagsles should be reduced. The Figure 4.2 shows\Redystem is
same as Figure 4.1 except that the interface isemdith the help of series transformer. The schemé&sgure 4.1
and 10.2 are limited to only DVR operation besidetsve power injection from wind and PV sourcese Pinoposed
schemes shown in Figure 4.3 and Figure 4.4 arenfproved operation in UPQC mode with reduced imgdct
harmonics. The scheme in Figure 4.3 illustratep@sed transformer-less connection while Figure shdws
transformer connected PV-UPQC respectively. The -BMBV based multilevel inverters are used for irdeef

with grid in both the cases. The transformer Egdseme has some important features like lower tmsgr size,
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free from saturation, neutral current or inrushrent related problems etc. On the other hand, riherier voltage
has to be higher and the output voltage THD cahigleer compared to scheme with transformer for saomeber
of switchings. The Micro-grid and the DFIG spazfions used for the proposed scheme are givéalie 4.1.
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Figure4. 1 Proposed transformer less DVR system with PV
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Figure 4. 2 Proposed transformer connected DVR system with PV
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Figure 4.3 Proposed transformer less UPQC system with PV
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Figure 4.4 Proposed transformer connected UPQC (DVR+STATC®&ydjem with PV

Table 4.1 Parameters of the experimental system

Micro grid DFIG Specification
Specification Stator Rotor
Parameters Parameters
Vgrid 415V V, 415V V, 110V
f, 50 Hz A-Connected Y-Connected
Rated f, 50 Hz R 1.7Q
5 kVA
Capacity P 2.2 KW L, 11 mH
5" 7" Asper |, 5A I, 14 A
11, .. grid R, 1.6Q N, 1450 rpm
harmonic codes L 12 mH Battery 1000 AH
voltage L, 295mH

4.4 Existing and Proposed Switching Strategies

The DFIG rotor voltage supplied from inverter isually a quasi-sine wave to reduce switching lossethe

semiconductor devices. Similar is the case for DXATCOM and UPQC inverters. The quasi-sine voltage
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waveforms generated by these inverters can inteduarious odd harmonics of the orders6kift 1,
k=1,2,3;--to the grid. Elimination of such harmonics throlg#/M needs higher switching frequencies which

can increase inverter losses and reduce systerdieeffy. In the proposed method, a modified BBO bdase

SHEPWM technique is introduced to substantiallyumdthe injected harmonics.
4.4.1 Space Vector Pulse Width Modulation (SVPWM) Switching Control Strategies

For improved dc bus utilization and with lower auttoltage THD, the SVPWM multilevel converter sshiing
technique is most suitable. The space vector mtidalégs one of the advanced, computation intendiegjble and
real time modulation techniques. Using SVPWM swiightechnique determination of the switching instaithe

switching vectorsa, [3 planes the magnitude and angle of the rotatingovezsin be found by the mean of Clark’s

Transformation with respect to stationary referefaene. Figure 4.5 shows the representation otingavector in
complex plane with typical space vector diagram ti@o-level inverter and Figure 4.6 shows the spaeetor

diagram for three-level inverter.

Figure 4.5 Space vector diagram for (a) two-level inverter (bltage space vector and its components (d, Jq) (c

reference vector as a combination of adjacent veetosector 1.

Considering Figure 4.5, the reference voltage eawtitten as

—

V.. =V, +iV, =2/3V, +av, +aV,) 4.1)

Where,a = ej(2n/3) = ej 120

Thus, the magnitude of the reference vector isrgbse
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Nref = \ “02 +V,82’a = tan—l(vﬁ/va) 4.2)

Substitution of operator ‘a’ in equation (4.1) give

V, +V, =2/3(V, + @7, +e1 @73 )

J [3 SECIOR 2

SECTOR 2
4

: =
M7 Tt Vs (©

SECTOR 5
(b)

Figure 4.6 Space vector Positions for (a) three-level inve(t® division of sectors and region for three-leve

inverter (c) voltage vector 1 and their times.

=2/3(V, + co{ 27/ 3V, + cob &/ W)+ /2(3 s(h2 )&~ {2 )\B) (4.3)
Equating real and imaginary parts of equation (4.3)

V, =2/3(V, + co{ 27/ 3V, + cob &/ ¥,) (4.4)
V, =2/3(ov, + sin( 27/ 3v, - sif 2/ B/,) (4.5)

Expressions (4.4) and (4.5) can be combined inixfatrm as,

Va
(4.6)

{vd}_z{l cof 27 § cof 2/ B

V| 73lo sin(27/9 -sif 27 3] *

Figure 4.7 (a-c) shows that the simulation resti8\6PWM for DCMLI for line voltagd/,, V, andV, respectively

and Figure 4.7 (d- f) shows phase voltades V., andV,, respectively. Figure 4.7 (g) shows the invertetpat
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phase voltages after filtering. Table 4.2 showsdbeparison of % THD with SVPWM and SPWM considgrin
different levels up to 35 for DCMLI, NPC and caseddnultilevel inverters.
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Figure 4.7 Simulated waveforms of DCMLI: (a)-(c) line voltag¥,, V, and \}; (d)-(f)phase voltages ¥ Vy,, and

V.n (Q) 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 46356 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 2.564 412 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 versatiipolar switching method is very essential andhown in

Figure 4.8 (a) and (b). From the output voltage dhtput voltage label is-VdC,—VdC,and Owhere the width of

the pulse is adjustable. By using different compoial iterative technique, the proper switchinglas may be
determined and this switching angle eliminate #ssér order harmonics and at the similar time itle imagnitude
harmonics can be controlled or suppressed. At l@slutation indices this switching scheme is moresadizges but
for high modulation this is also applicable. Forafinperiods of time in H-bridge inverter the swiittp method of
unipolar allows for the preferred voltage to beiaeéd. Unipolar case produces a inferior harmoaiod %THD
than Bipolar. It is seen that the unipolar schemwvipge a more expected approximation to a sinuseidaeform

compares to bipolar. For unipolar case the germrati EMI is very less.

[y
o

=
Qo

Voltage (V)
o wm
l

N
o

01 2 3 4 5 6 0 90 180 270 360°
wt(Radians) Degree

(a) (b)

Figure 4.8 Selective harmonic PWM switching patterns fortfage switching and (b) five switching angles.

N
[0, ]

The configuration of the unipolar voltage notclsli®wn in Figure 4.8 (b) the harmonic coefficidf)mis given by

o as a, Qs 2
b, = 4\7’;{jsin(nax)d @)+ [ sint ) @t )+ [ sinfet } @t ) | sinket § 4 ¥ [ sintat § gt }
:%[1— cosha, )+ cosfa, > cos@, § cosf, -) coB{y +)-| 4.7)

Equation (3.7) can be extended to m notches petajuaave as (4.8)

b

n

=%{1+Z (-1)* cosfa, )]for n=135;- (4.8)
n7z k=1

Where the switching angles are satisfied@s< a, <a,<---<a, < %

The harmonic voltage equation (4.9) gives the bideia of the output,

V(at) :%{hi(—l)k cosa, )} sinfat (4.9)

k=1
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From equation (4.8) we get the harmonic coeffica{4.10),

b = %[1- cos(ar, ) cos@, ) costt, 4 cos(t-) cas(]

b = [1-cos(an, ) cos(®, ) costs, 9 costg -) coa(d

b, =%[1- cos(@, )} cos(@, ¥ cos@, +) cosf] -) cos(]] (4.10)
0, =i [1-cos(i, ) cos(id, ) cosi@} +) cositd-) cosd}

blszélejCT[l— cos(13r, }+ cos(1B, ) cos(@3 +) cos@3-) cos(i}

From equation (4.10) we get the equation (4.11)

1-[cos(lr, »- cos@, ¥ cosgl -) cos(l +) cas(l]=M

1-[cos(ar, )~ cos®, ¥ cos(h -) cos(h +) cos(d|=)

1-[cos(@, - cos(@, ¥ cosf, -) cost] +) cosa(]=) (4.11)
1-[cos(lty, ) cos(id, § cos(@l -) cosgll+) cos(il=)

1-[cos(12, ) cos(18, 4 cos(@3 -) cosd3+) cos(l=)

The 8", 7", 11" and 18 harmonics would be eliminated if we select theppraswitching angle in (4.12)

cos(r, ) cos@, ¥ cosfd, ) cos(] +) cas(l=M

cos(ar, »- cos(f, ¥ cos(h, -) costy +) cogd=)

cos(, )~ cos(@, ¥ cos@, ) cosf; +) cos(f=) (4.12)
cos(ll, » cos(la, ¥+ cos@l -) cos@l+) cos(ll= )

cos(13r, - cos(1d, ¥ cos(@3 -) cos@3+) cos(l3= )

For any odd number harmonics, (4.9) can be reachiedip-to k™ term, where m is the numeral factors with

respect to changing points of variables regardinmverter switching angles fror; through @, in the primary

quadrant. In selection of harmonic eliminatiod, is taken as they require value for fundamental mament and

the other switching angle coefficients regardingh® harmonics elimination to be vanished are candio zero or
very small value. From (4.12) the number of switchangles are five where one switching angles oted the
fundamental magnitude and rest of the switchindesngliminate the® 7" 11" and 13' order unwanted harmonic

and the higher order harmonics are suppress foPAGWMD.
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For better harmonics optimization the modified whégp switching with 60-degree modulation technidsievery

versatile and this configuration is illustrated kigure 4.9. For 6-switching the harmonic coeffitieman be
expressed as (4.13),

Vdc
wt

'Vdc

Figure 4.9 Selected harmonic PWM switching pattern with feweitching angle.

a, ay as %
b, =%[J'sin(nwt)d (ax)+jsin(nwt)d (@t )+ +j sinfict @t )+I sinfat § &t ),
Ty 4 4 7

7
= 4;/;; [ }é —-cosfa, )+ cosfa, > cosia, + cosf, -) comf, +) cos(, —~)-J (4.13)

The harmonic voltage equation is (4.14)

V(at) = 4\]/;0 {%—i(—l)k cos(a, )} sinfict (4.14)

The general harmonic coefficient is in (4.15)

[ }é —an:(—l)k cosfa, )} (4.15)

For 5-switching the different harmonic coefficieme shown in equation (4.16)

b,

b, =

4Vdc
nir

b =21 —cos(w, ) coste, ¥ costt, 9 costt-) cos(l]

b =3[ ¥ -cos(a, )+ cos(@, ¥ coss, § costg -) cos(s|

b, = 47\/7‘; | ¥, ~cos(m, )+ cos(@, ¥ cos@, 4 costy -) cos( | (4.16)
0, =] 1/ -cos(Lir,  cos(id, 3 cos@l #) cosdi-) cost]

0, =] 1 -cos(1, ) cos(i8, ) cos(t +) costt3-) cosd

Further modification the harmonic equation is (4.17
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1/2-[cos(t, - cos@, ¥ cosfl -) cos(l+) cas(l]=M

1/2~[cos(%, ) cos@, ¥ costh -) cos(s +) cos =)

1/2-[cos(t, »- cos@, ¥ cosr, -) cosy +) cos(7]=) (4.17)
1/2-[cos(ld, ¥ cos(i, § cos@] -) cosgll+) cos(d]=)

1/2-[cos(1#, ) cos(IB, 9 cos@3 -) cosfl3+) cos(lP=)

For five switching,, =b, =b,, =b,;=0, the 8, 7", 11" and 1% order harmonic are eliminated and

fundamental are controlled where the conditionvatching angles igr, <a, <a;<---<a, < 772.

4.4.3  For bipolar switching
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Figure 4.10 Bipolar Programmed PWM using for (a) three switghamgles and (b) five switching angles.
Figure 4.10 (a) delineates the very common Bipslétching setup with utilizing three numbers of hing angles

and (b) for five number of switching angles. Thigtshing technique gives the yield voltage is etitlwdcor -Vdc.

The amount of pulse notches sever per basic cyaguivalent to double the quantity of switchinglas. By using
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harmonic minimization method the preferred lessdepselected harmonics are removed and the ugpardmics

are suppressed.

Advantage:
i The switching strategy is extremely straightforwaad entangled as some other switching plans
ii. Bipolar switching can utilize low modulation indse
iii.  Another advantage is redundancy.

iv. It can be utilized for higher modulation indicesaitdition to low modulation indices.

Disadvantages:
Bipolar Programmed PWM also has some disadvantages.

i Bipolar switching produces voltage changes equdbtthle and for a Iarged\C/can produce a considerable

amount of EMI.
ii. Bipolar PWM inherently increases the effectivetshing frequency.
iii. Bipolar switching for low modulation indices prodischigh amount of harmonic content in the output.
Sometimes for certain modulation indices the Tbtatmonic Distortion (THD) may be more than 100%.
A generalized bipolar waveform with k number of tehing and having quarter-wave symmetry is periobfiche
line-to-line voltage of the inverter output, thépken i.e. 3, 9", 15" and 18 harmonics are cancelled and the

amplitude of the  harmonic k, given in the following Fourier series expressitnexpressed only with the first

quadrant switching anglég, d,,---,Q,,:

m
The Fourier series of output voltage can be exprkas

0
Vo= . b sin(nat) (4.18)

n=1,3,5;--

Where

b :%[Tsin(nax)d(ax)—afsin(nax)d (ax)+T sinfit 1 @t )—T sinat 9 &t
m 0 . as a,

% (4.19)
+j sin(nat )d (ct)]
Equation (4.19) can be extended to m switchingyo@rter-wave as
b, :ﬂ];’C[l—Zcos(wl ) 2cosia, ¥ 2cos@, 4 2cow(, -) 2cosf +-) (4.20)
The general harmonic coefficient is expressed aaten (4.21)
b = ﬂ;[% zi (-1f costa, ﬂ (4.21)
k=1
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Which is satisfied the condition & <@, <a;<---<a, < 772.

For individual harmonic coefficient in bipolar casg4.22)

bl:%[l—zcos(zz1 } 2cosf, 3 2cost} +) 2cosl-) 2cas(]

bsz%[l—Zcos(Brl } 2cos@, § 2costg +) 2cos(5-) 2cas(}

b, :47\/—]";[1—2(:03(?:'1 } 2cos@, ) 2cosZ +) 2cos(7-) 2cas(] (4.22)
bn:%[l—Zcos(lﬂrl } 2cos(tl, ) 2cos@l+) 2costll- ) 2casgL

bls:%[l—zcos(wl } 2cos(¥8, ) 2cos@3+) 2cos(l3- ) 2cos(B

The N nontriplen odd harmonics are eliminated with+ 1 switching angles, obtained from the solution & th

following system of equations (4.23).

1-2[cos(tr, ) cos@, ¥ cosfl -) cos(l+) cas{]=M

1-2[cos(@, - cos@, ¥ costG -) cos(s+) cos( =)

1-2[cos(, - cos@, ¥ cosfr -) cos(f +) cos(r]=) (4.23)
1-2[cos(l@, ¥ cos(id, 9 cos@] -) cos@ll+) cosll=)

1-2[cos(13, ) cos(kB, 4 cos(@3 -) cos(l3+) cos(lP=)

The 3", 7", 11" and 18 harmonics would be eliminated i, =b, =b,, =b,, = Ofor proper choice of switching
angles. The Fourier series expansion of the volteme form is as (4.24)

4Vdc

{1+ 2> (-1) costa, ﬂ singet (4.24)
k=1
4.4.4 PWM switching for Virtual Stage[25, 26, 27]

This switching scheme is a mix between unipolar gwedmultilevel fundamental switching scheme. Thching
“on” and “off” strategy is illustrated in Figure ¥l (a) per fundamental cycle. For MLI switching ecte each and
every one of the dc supplies are generally involwétin one fundamental cycle. Figure 4.11 shows tle sources
and the corresponding four switching angles arel.uSke pattern of virtual switching stage is ilhased in Figure
4.11 (b), where the number of dc supplies is tlare four numbers of required switching angles. fbleth control

switching angle forces the third H-bridge to supplzero 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 swhitag and with Unipolar switching PWM.

=% o
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& 0 0
2 5 -10
m'lo -20
3 2815 -
“0 1 2 3 4 5 6 0 1 2 3 4 5 6

wt(Radians) wt(Radians)

(a) (b)

Figure4.11 Virtual Stage PWM using (a) two dc sources (b) e¢rde sources.
4.4.5 Proposed har monic elimination technique for multilevel inverter
The concept of Biogeography-Based optimization fgm based multilevel voltage source inverters &malr
modulation topologies are described in this cha@grapplying this concept, appropriate switchimglas can be
calculated, specific harmonics can be eliminated @wntrolled, and the output voltage THD can beuced. A

wye-configured m-level cascaded-inverter is illagd in Figure 4.12.

Figure 4.13 shows the multilevel output-voltage efavm of phase-a for the inverter. Fourier Co-éft of

waveform forV, in Figure4.13 can be obtained as,

a, =0for all n, anda, =0, for all evenn and,

b, = (4, / nﬂ){i cogna, )} (4.25)

Where, k is the number of switching angles per tguaycle.

Therefore, considering for five switching per qeartycle forming 11-level inverter, the phase vpétd/, can be

written as,
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Figure 4.12 A general configuration of three-phase Wye-coresciascaded-multilevel inverter
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Figure 4.13 Output voltage waveform of cascaded-multilevekirgr

Vo (at)= Y 4Vd0{cos(nal)+ cogna,)+ cofna,)+ cdsa,)+ chsa)} fmt) @26

n=15,7,.. 7T
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Thus the co-efficient of fundamental and other d@dmonics in phase voltage can be obtained fronmesgmn
(4.26) and a set of equations can be formed tameéte the switching angles with selected harmoalirsinated as,
cosa, + cowr,+ cog,+ cas,+ cos=M

cos@, + cosb,+ cogh+ cogp+ cass>= O

cosm, + cos@,+ cosd,+ cog{+ cas/~ O (4.27)
coslh, + cosld,+ cos@l+ cosit cosli

cosl3dr, + cosl@d,+ cost3+ cosi3+ cogl3

It can be observed from equation (4.27) that H{‘e ™ ,11h andl3" harmonics can be eliminated with a desired

value of fundamental. By solving (4.27), the switichanglest,,d,,d 5, -+ ,d scan be computed.

A wide range of harmonic elimination requires margnber of switching per quarter-cycle, which caoréase
switching losses due to higher switching frequerdys imposes a limit on the inverter rating. Theorts should
be made to reduce as many number of harmonics ssbp® with lesser number of switching for loweverter
losses. Conventional SHE-PWM techniques involveniglation of unwanted order harmonics and controthef
amplitude of the fundamental component with mormber of switchings per cycle. In the present teghej the
lower order harmonics are individually eliminatedgach DFIG, DVR, STATCOM and UPQC inverter switghi
while the higher orders are minimized. This requinge of a suitable heuristic optimization techaifpr practical
implementation. In the present work BBO is appliedind the optimum switching angles of the congest The
reasons for obtaining the solution using BBO ageftilowings:
iv. BBO technique has not yet been explored extensteedplve the problem of converter switching.

V. BBO does not require unreasonable amount of cortipo#d effort [121].

Vi. Application of BBO is rather straight forward, réeps less tuning of its parameters.
The %voltage THD, which can be expressed as,
12
1 00
%THD = [WZ(VW)Z} x100, wheren = 6k + 1for (k =1,2,3,4,.) (4.28)
al n=5

The objective function- (a) is formulated to satisfy the desired constraints as

_ 2 2 2 2
F(a)=K,(Vy—M) +K (Vys— &) +K,(V,,=&) +o+ K (V- €,) (4.29)
Subjected to0< @, <@, <@, <..<a,<(7 2 (4.30)
Where V_is the fundamental amplitudd{,, K,,---,K are the penalties for the fundamental and indifdu

harmonics which are set to high values so thatnhagnitudes oV, ,V,;,V,,,,---,V,, are forced to follow the

desired values. The constafiis&,, - ,&, are the permissible limits of individual harmoniesich are chosen

very close to zero for the selected lower ordemanics. For the present case, the lower orflei5.13" harmonic
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constants &, &;,€,,,E,5 are set to 0.0001. For the higher order harmonicenf17",..,3%" the constants

&4, ,E5 are set as per grid code IEEE519:1992 [104]. @natiner hand, the penalties are selected in such a

way that the most prioritized component have theagagr penalty. For the given problem the valuesehare:
K1=200, Ks=K;=K1;=K15=150, K;7=K1g=100, K>3=K»5=80, Kyg=K3;=50. The fundamental value of the output is to
be maintained under top priority and hence its migenalty is the highest. In a similar manner drgdted lower
order harmonics are given higher penalties as dineyntended to be eliminated. On the other hdrelhigher order
harmonics are given lower penalties as their tadyealues are higher. A wrong or random seledtiese penalties
can affect convergence and sometimes might notnagstithe objective function as per the given glmathe present

problem, each search point of the population is mmsed of the switching angles per quarter cycle i.e
froma; toq,,. To start the search procedure, the switchingesnate randomly generated satisfying the conditions

of equation (4.30) for the chosen number of popumatUsing these random values, individual harmerace

computed which represents the fithess of the sqawoit. The best combination of angles among thaufation of
search points up to present iteration is calledefiie or best solution for the variables tod,,. At each iteration,
new search points are generated from the curremtisgoints and the information regarding the lsesition is

found out by using BBO. Considering the probabil@that the habitat contains exactly S species thegxet’u?nlz’S

from timet to timet + At can be written as,

P, (t+At) =P, (t)(1- ALt - g At) +P_A_ A +P_ i, A (4.31)
Where /15 and 4 are the immigration and emigration rates with Scigein the habitat. Assuming thAt is small

enough so thaf\t — O the equation (4.14) can be obtained. For eachatatie probability of its species count
using equation (4.32) is updated and each hahitegtslity index (HSI) is computed which satisfigiee suitability

index variable (SIV) constraints.

- (As + iUS) P+ 1. Psy S=0
PS =\" (As + Ius) Ps + As—lps—l + lus+1ps+1 1S S < Smax _1 (4'32)
- (As + Ius) Ps + As—lps—l S= Smax

The Ps described by (4.32) fd =0,-- -, Ncan be rewritten as a single matrix equation giwgn

P=AP (4.33)
For the straight line curves shown in [121],
n n
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[ START ]
v
Initialize the BBO parameters using Table 4.3

v

Set SIVs: Assume the switching anglgs, using (4.27) for
m=12,3;-- kandV,, (8)x:N=15,7;-- N

A 4
Set: I:)size ’Gmax’Numvar ’Féoun
|
v
Calculate switching angleg,, , and voltag¥/,
v

Calculate the objective functiofr (&) using (4.29)

0<a,<..<a,<(m2
and
V, =MV, <&, V, <€,

a

Determine fitness values of the objective usinggeation & immigration
rate using4.34) and 4.35) and compute HSI i.&¥ | andVan

v
Apply migration and evaluate the fitnes§g)

Desired fitness achieved?
No Y

Update probability of each species count using2¢aBid apply mutation (4.37)

Determine the best HSI i.e.
a..,b., V, and %THD.

m?’™~n?

Is solution converged?

No

Make sure the HSI does not have duplicates andsotiest

STOF

Figure 4. 14 Flowchart of the BBO algorithm
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Where, 1, and/lk are emigration and immigration rates and k be timaber of species. The maximum possible

immigration rate to the habitat is | and the maximemigration rate is E. For the special case whkelle equation
(4.34) can be modified as,

A+ =E (4.35)
The steady state value for the probability of thenber of each species is given by,

\Y

P() == (4.36)
2V,
i=1
Where, V is the eigen vector.
The mutation rate m is inversely proportional te ffolution probability is given by,
1-P
m(S) = mmx[ S] (4.37)
Pmax

Where M. (maximum mutation rate) is a user-defined paramdteis equation makes high habitat suitability

index (HSI) solutions. The computation algorithndéscribed through the flowchart given by Figurb44.

4.5 Comparative study of different soft-computing techniques

Though the problem described in this chapter caisdbeed by any search based soft computing tecbsigug.
Genetic Algorithms (GA), Particle Swarm Optimizati(PSO), Gravitational Search algorithm (GSA) anttkoo
Search algorithm (CSA), the authors have chosegegigraphy-Based Optimization (BBO) for its simpiicand

other advantages already stated in the previouseec

e L e L e E L e e e R L P P e R PP PR EEEE —CSA
: : : —P50
R e e S SRt St St M GA
SRR S S S S S SN S S —GSA
—BBO
= i i :
= T e e e et e —
E N
= ' '
=T 1 T 7 [ S B —
o ' i
L ' '
= B i S Sy R PR -
b= . : .
] ' ' 1
= U DUy F -
=] : | :
: PR ET I JUF U SRR PN -
\_!_T:;r\\ :
U | 1 | 1 | i | | i
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lteration
Figure 4.15 Value of the objective function with GA, PSO, GSESA and BBO method for M=0.85 with

eliminating 8", 7", 11" and 1&, order harmonics.

[Chapter 4: DG, DFIG, STATCOM, DVR and UPQ(] Page 121



For justification a comparative study of convergemnd the objective function is shown in Figure4.1A.typical
case of M=0.85 with elimination of’57", 11" and 1¥order of harmonics is considered. The parameté&emntéor
different optimization algorithms are given in Tab}.3. Form Figure4.15, it can be observed thavemence

through BBO is much faster than other optimizatiechniques.

Table 4.3 Different parameters for BBO, GSA, PSO, GA and G8éthod of computation

BBO GSA
Total population size () 50 Number of agents 50
Generation count limit (G,) 50 Maximum iterations 50
Number of genes in each population menibiem,,,) 5 Elitist Check lor0
Mutation probability 0 Index of the test function 1
Habitat modification probability 1 Rpower
Initial mutation probability 0.005  Minimum flag 1
Elitism parameter 2 Convergence lIteration 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 si_z_e_used for numerical integration of 1
probabilities GA
Maximum immigration rate for each island 1 Total population size 50
Maximum emigration rate, for each island 1 Generation count limit 50
Convergence lteration 12 Crossover type single point 1
CPU time (sec) 0.3984  Crossover probability 1
%THD 1.2804  |nitial mutation probability 0.01

PSO Elitism parameter 2
Elitism parameter 2 Convergence lteration 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 Numbetefation 50
Social constant for neighborhood interaction 1 bvsry rate of alien eggs 0.25
Personal best of each particle Population  Totsran 1.00E-05

Lower bounds & Upper

Neighborhood best of each particle Populatidsounds conditionally
global best Population Convergence lIteration 26
Convergence lteration 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 BB switching angles calculation is also studiedhia present
work. It has been observed that the population lsé&zethe most influence on computation of the $witg angles.

The other parameters like elitism parameters, nwitatnd migration has negligible impact on the aacy of the
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computed angles. The calculated switching anglasgalvith voltage THD in % are shown in Table 4.4sidering
different number of populations. From Table 4.&sitlear that if the population size is too smaltao large the
optimization performance will suffer. The considérpopulation sizes in Table 4.4 are 25, 35, 40 &fAd
respectively. It can be observed that the fundaahdr@rmonic magnitude are not satisfied as web"3s", 11",
and 13' harmonic magnitude are not satisfied for smallepytation sizes of 25, 35 and 40. But when the
population size is 50, the targeted results arerately obtained. If the population size is verghiabove 50 the
SIV and the HSI are satisfied but BBO slows dowking larger time to converge. The comparative ouffhase
voltage harmonic spectra with population sizes%f35, 40 and 50 are shown In Figure4.16.

Table 4.4 Computed switching angles, THD and individual hania magnitude for BBO with different population

size.
Voltage Voltage Voltage Lo o
Phase harmonics  voltage  harmonics harmonics switching angles S\;v:]t;:;lgg Switching S\gggmgg
voltage magr:\itude harmqnics magr:\itude magr:\itude 96THD, best andy when Switching anr?Ies when
harmonic when — magnitude ~_When when mean of populatio angles when populatio
sorder  Populatio when populatio - populatio Generation n size is when population %/ o is
n size Is popu|ation n size Is n size Is 50 popu|ation size is 35 40
50 size is 2t 35 40 size it 25
Vi 0.83 0.8185 0.8294 0.829 o1 6.3667 5.8246 6.1172 6.2964
Vs 0 0.004 0.0017 0.0005 oz 15.0521 16.499 15.670 15.2199
Vs 0 0.3267 0.1355 0.0162 o3 23.5422 23.436 23.503 23.5328
Vi 0 0.3714 0.1541 0.0212 oy 37.2328 36.449 36.909 37.1463
Vs 0 0.2176 0.0904 0.0141 o5 58.1614 59.322 58.645 58.2913
V17 0.0177 0.0717 0.0411 0.0241 %THD 3.3703 4.47968.8293 3.3813
Vg 0.102 0.1332 0.1246 0.1167 Best 3.3703 4.4796 3.8293 3.3813
Vo3 0.0395 0.0534 0.0784 0.0936 Mean 3.3703 4.4997 3.8293 3.3823
Vs 0.0168 0.0599 0.0379 0.0293 Elitism pramete 2 2 2 2

Vg 0.0209 0.0176 0.0233 0.0267 CPU time 0.3974 0.3845 0.388 0.3878
\ 0.0217 0.0217 0.0329 0.0393 convergence rate >95% 86%< 86%-< 86%<

100 7
% 80 - population size =50 B
] population size =25 =
.E 60 - population size=35
g 40 _| population size=40 =
I

20 |
0 L — L—h—‘l—‘_l—h——"—d‘.—

Vi Vs V7 Vi1 Vi3 V17 Vig Va3 Vas Vg Vg
Harmonic Order
Figure 4.16 Phase voltage harmonic magnitudes for populaiimesf 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 switchingdmovhen 8, 7", 11" and 1% order harmonic
eliminated using SHE-BBO optimization technique.
Switching M Alpha-1 Alpha-2 Alpha-3 Alpha-4 Alpta- % THD
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
Conventional 0.8 18.349 249836 33.8218 46.4864 52.0462 10.4206
Unipolar 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
0.74 11.3045 15.2224 68.2668 72.2672 87.2139 11.342
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 12.113
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
0.7 8.2387 28.6566 41.305 53.4399 73.3851 6.6748
Proposed 0.75 12.7916 21.0151 35.8177 56.5999 61.3167 4.95
Multilevel 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
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

Conventional

Bipolar

Conventional
0.8 18.349 249836 33.8218 46.4864 52.0462 10.8888
120-degree
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
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 12.714
Conventional 0.7 16.623 50.7743 56.9453 77.2835 88.6002 10.8258

180-degree 0.75 175192 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 \g@td HD for varying modulation index are stored @skiup

table in the memory of the DSP for online appli@atiThe elite values are updated after every iterafhe process
is repeated until the convergence is obtained. drbeess terminates if the changes in the fitnetsegabetween
consecutive iterations are less than a given toteraor the fitness values do not change for a murobiterations,

or the permissible number of iteration runs are gieted. Table 4.5 shows that comparison betweenH® for
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proposed and conventional different switching meden &', 7", 11" and 1% order harmonic eliminated using
SHE-PWM-BBO optimization techniquéhe optimum switching angles are calculated ofé las a function of
modulation index using BBO and stored in microcoliér memory for on line application. The total silation

controls the power quality.

In Figure 4.17 the variation of switching anglegshmnodulation index and the corresponding voltagtDTare
shown for the proposed multilevel inverter. In Figmt 4.18 to 4.21 the variation of switching angleish
modulation index and the corresponding voltage Ta#®shown for the conventional inverter with 486nduction,

120 conduction, unipolar and bipolar mode for compaeastudy.

For elimination of N no of harmonicsN +1) switching angles are required. The angles canhaired after
solving he modified expression (9). The selectadeloorder harmonics for 3-switching aB" and 7‘“, for 4-
switching are 5", 7"andl1" for 5-switching are 5",7",11"and 13h, for 6-switching are

5" 7" 11" 18 and 17"and for 7-switching ar™, 7", 11" ;18 ,17and 19" order respectively. All these
harmonics are eliminated by optimizing the switghémgle through minimization of the objective fuiantF (@) .
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Figure 4.17 Modulation index vs. switching angles : (a) fote¥el cascaded inverter (b) for 9-level cascaded
inverter(c) for 11-level cascaded inverter (d) f&rlevel cascaded inverter (€) The line voltage Tl constant
modulation index as function of the number of itees per phase. (f) Voltage THD vs. modulation nft level

inverter.
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4.8 Matlab Simulation for PV based DC-DC Converter

The most attractive features of cascade multil@wedrters with separate dc source are as follokes they can

operate low switching frequency, they draw very loput current distortion, they generate smallencmn-mode

= 1000 W/m2

Qutput current in amp

10 20

=600 W/m2

Output voltage in volt

=500 W/m2
=400 W/m2
=300 W/m2

=200 W/m2

Qutput power in watt

=100 W/m2

] 5 10 15 ] 5 10 15
Output voltage in volt Output voltage in volt

Figure 4.22 Simulation results of (a) I-V characteristics fmarallel connection of PV cell (b) P-V charactiécs
for parallel connection of PV cell (c) P-V charadtics for series connected PV (d) |-V charactasssfor series

connected PV.
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Figure 4.23 The output voltage for (a) PV cell (b) Step-up $iowltage, Stage-1 (c) Step-up boost voltage estag
(d) Filtered output grid voltage.

[Chapter 4: DG, DFIG, STATCOM, DVR and UPQ(] Page 128




voltage, circuit layout has more flexible, no exttamping diodes or balancing capacitor, the ouypliage levels
can be easily adjusted. However, in the proposkdree, a single dc source is used and the outputise different
levels are added with isolation transformers. Téleematic diagram for the proposed scheme is shawkigure
4.12. The multilevel inverters can be easily uselACTS, DG etc. but the power is not shared dyguwalit creates
new problems such as sub-harmonics. Also for tlopgsed configuration, unequal power sharing amdrmg t
different inverters for different levels can ocaurd as a result, the maximum power point operdtiotthe PV or
wind energy system would not be achieved. Theref®BPT algorithms are not applicable for the praubs
multilevel inverter. On the other hand, for the wemtional PWM inverters e.g. unipolar, bipolar gtelPPT
tracking can be easily applicable. In this chapgeveral PWM switching strategies have been devdldpe
comparative studies. Figure 4.22 shows simulatiesults of MPPT and different other characterisfims PV
inverter operating in 120-deg mode. Figure 4.23xshthe output voltage for PV cell and differentastistages of

DC to DC converter feeding the proposed multileneérter.
4.9 Simulation Resultsfor DVR, STATCOM and UPQC with Filter

Table 4.6 Simulation parameters for the scheme in Figure-4)(1

Description Parameter Symbols  Value

PV module specification No of solar cell N, 63 (7x9)
Nominal voltage V., 2x12V
Maximum power P 219W
Voltage atP..,  V,, 35.24V
CurrentatP. . I 8.37 A

Injection Transformer 1:1 Power P, 100 VA
Voltage rating Vi /Vg  230/230V
Resistance R./Rs  0.00002610hm
Inductance Xs/Xs  0.00030hm
Magnetizing X, 0.000040hm

DVR oo oftage of y/ 240-260V
(I:Daf;)g::]iliance Cac 29 UF

UPQC Filter inductance L 217uH
Filter capacitance C, 139 pH
Switching fou 4.0 kHz

The Sgigg]eemrs of the grid Nominal voltage  V 220-240V

frequency f, 50 Hz
il-rﬁgzggﬁce Z 0.039 pu
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performance of the SVPWM switching technique of B connected DVR, STATCOM and UPQC system is
implemented by considering different cases of dtdisturbances such as balance and unbalancedvdiage
sage, voltage swells, voltage flicker, voltage spikarmonics and voltage variation for long duratibhe proposed
controller for PV based FACTS compensator estabtisthe proper voltage quality level that is reqliby the
sensitive load for both normal and transient op@natvith appropriate active and reactive power oanfrom the
simulation results by using MATLAB/Simulink for ntilevel PV based FACTS inverter with and without
transformer it is observed that the number of kevwaach infinity, the output THD approaches zere,, ithe

switching loss problem is overcome. The simulatad experimental parameters are shown in Table 4.6.
4.9.1 Simulation Resultsfor DVR, STATCOM and UPQC with Filter

For this simulation, the considered DFIG speed5S0lrpm with 50 Hz frequency and the DVR is turmedat

t=0.15 sec due to the occurrence of a balanceé fiitrase fault due to which a voltage sag resulte<=0.25 sec.
The system was connected to a nonlinear rectifige toad. Figure 4.24 shows the response of thR BNd other
voltage and currents respectively. Similar fault fanbalances condition has also been simulated thad
corresponding waveforms are shown in Figure 4125-igure 4.26, the different responses of threasphbalanced

fault occurring from t=0.15 sec to t=0.25 sec udBQC mode of operation is shown.
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Figure 4.24 Simulated response of DVR for nonlinear (RL) lcattl voltage sag resulting from balanced three
phase fault (a) three phase balanced fault vol(a®VR injected voltage (c) three phase load \gstéd) fault

current (e) load current.
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Figure 4.25 Response of DVR with voltage sag for nonlinearRlad with phase a, b and ground fault (a) three

phase unbalanced fault voltage (b) DVR injectiofitage (c) Three phase load voltage (V) (d) threasphfault
current (e) three phase load current.
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Figure 4.26 Response of UPQC with voltage sag for linear lodtth balanced three phase fault (a) three phase

balanced fault voltage (b) UPQC injection voltagetfiree phase load voltage (d) three phase fauleot (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 amfbpeance of a PV based power quality compensaqmgpment
operating under UPQC mode supplying nonlinear aslthge sensitive loads. The proposed scheme carndpro
some common benefits such as power flow contrahéndistribution system, loading capability enhanest of
micro-grid, system security improvement, voltagg, sswell, flicker and spike mitigation. It is obgsed that the
performance of the proposed dual voltage controQUPcompared to that of already available custom ggow
compensators is better. Using dual voltage combagd the UPQC reduces more numbers of injected biaics to
the supply and thereby improving the power qualiipplied to nonlinear and voltage sensitive loalgng shunt

connected multilevel converter the UPQC providesatiditional VAR requirement by the load

Table 4.7 Harmonic contents of the inverter source voltaga filter and DVR

DCMLI (five level inverter) DCMLI (five level inveter) DCMLI (five level inverter)
Harmonic  gefore compensation (%) SVPWM+LC compensation (%) VP®/M+LC+DVR compensation (%)
order Phase- Phase- Phase- Phase- Phase- Phase- Phase- Phase- Phase-
A B C A B C A B 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 .33 3.330

Therefore, the additional power factor correctiguipment is not necessary. Due to the presenceppfiys voltage
sag, UPQC always maintains load end voltage atateel value. No real power is consumed by the senenected
multilevel compensator. In steady state also th@eseompensator shares the VAR load along withstnent
compensator, so that the VA rating of shunt comatemgs reduced. In Table 4.7 and 4.8, the comparis shown

for different harmonic orders and %THD with onlyode clamp multilevel inverter (DCMLI) without PWM,
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DCMLI with SVPWM and LC filter, DCMLI with SVPWM ad LC filter and DVR operative, DCMLI with
SVPWM along with LC filter and STATCOM operative OMLI with SVPWM along with LC filter and UPQC
operative with and without transformer. The systerdoaded with unbalanced nonlinear load in all¢hees. It can
be observed that the performance in UPQC modeethurce the individual harmonic magnitudes with réidacin

%THD of the injected voltage compared to the othedes.

Table 4.8 Harmonic contents of the inverter source voltagh ilter, STATCOM and UPQC with and without

transformer.
DCMLI (five level inverter) DCMLI (five level inveter) DCMLI (five level inverter)
Harmonic SVPWM+LC+STATCOM SVPWM+LC+UPQC SVPWM+LC+UPQC
Order Compensation (%) (Transformer(loe/os)s) compensation (With transfor(r(r)};e)r) compensation
Phase-A Phase-B Phase-C Phase-A Phase-B Phase-Ge-AhaPhase-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 0020.
11 0.002 0.002 0.001 0.002 0.002 0.002 0.001 0.001 O
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 .0010
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 8B04 1.0488 1.0440

In Table 4.9, a comparison of % THD for differenbaes of operation is shown with non-linear loadramted to
the system. The load side uncompensated phas@eodltdDs are 17.76%, 17.64%, 19.85% and the cufreliis
are 21.36%, 21.53%, 21.87% respectively. It carolbgerved from Table 4.9 that, after compensatiah wie
different switching techniques, the load side %TidDsignificantly improved. The improvement is mds@QC
mode of operation. On the other hand, Table 4.1vshthe comparison of % THD for different modesDMR,
STATCOM and UPQC for the source side considerirggame nonlinear load. The uncompensated sowtee si
voltage THDs are 7.37%, 7.96%, 8.73% and currer®3 Hre 9.23%, 9.21%, 9.08% respectively. From T4Hle,
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it can also be shown that the proposed systemmamie the source voltage and current THD to a moaler
value compared to the other existing schemes.
Table 4.9 Comparison of % THD at load side for different auarg modes after compensation with existing and

proposed methodology.

(a) DVR mode of operation

Phase Bipolar Unipolar 120-deg 180-deg Proposed MLI DCMLI

Via 4.21 411 3.79 1.86 0.217 0.428

Vip 4.21 3.98 3.76 1.86 0.195 0.428

Vi 3.96 3.87 3.41 1.07 0.265 0.386
MI=0.85

lia 5.29 3.43 3.76 2.03 0.628 0.925

lib 5.16 4.18 4.13 2.03 0.597 0.899

lic 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

Via 4.35 4.01 3.41 1.87 0.497 0.768

Vip 4.26 4.03 3.36 191 0.476 0.675

Vi 4.01 3.89 2.98 191 0.413 0.675
MI=0.85

lia 2.73 1.98 1.78 1.39 0.554 0.589

lib 3.12 1.98 1.86 1.38 0.627 0.711

lic 3.91 1.37 1.86 1.38 0.532 0.711

(c) UPQCmode of operation
Phase Bipolar Unipolar 120-deg 180-deg multilevel DCMLI

Via 4.35 3.13 2.58 1.21 0.067 0.325

Vi 4.26 3.21 231 1.31 0.032 0.325

Vi 4.01 3.21 2.17 0.98 0.073 0.287
MI=0.85

lia 2.11 121 1.36 1.21 0.521 0.896

lip 2.79 1.93 1.41 1.43 0.428 0.751

lic 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 differen¢éigping modes after compensation with existing and

proposed methodology.

(a) DVR mode of operation

Proposed
Phase Bipolar Unipolar 120-deg 180-deg MLI DCMLI
Vg 3.02 2.97 2.01 1.08 0.327 0.397
Vgt 4.21 2.97 2.01 1.13 0.203 0.397
MI=0 85 Vg 3.15 1.83 1.98 1.13 0.203 3.79
s 4.23 2.88 2.78 1.89 0.512 0.794
s 4.15 2.93 2.68 1.09 0.311 0.748
s 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
Vs 3.77 2.16 2.32 1.17 0.389 0.482
Vgt 4.39 2.38 231 1.15 0.283 0.474
MI=0.85 Vs 3.52 2.17 241 1.15 0.283 0.474
s 3.63 2.72 1.54 1.02 0.592 0.658
s 4.61 2.72 1.56 1.01 0.373 0.687
lsc 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
Vs 2.87 2.01 1.68 1.01 0.139 0.247
Vgt 3.21 2.01 1.68 1.13 0.082 0.231
MI=0.85 Vs 3.21 2.07 2.02 1.13 0.082 0.231
lse 2.97 2.01 1.23 0.96 0.452 0.523
st 2.97 2.01 1.23 0.93 0.309 0.517
lsc 2.03 1.98 1.05 0.93 0.109 0.517

4.10 Experimental Result and Discussion

The proposed scheme is experimentally verifiedl®0-deg and 120-deg mode for a speed variationeweth460
rpm to 1560 rpm through synchronous speed of 1p@0at 75% full load after eliminating harmonics top25"
order from the rotor voltage. The correspondingeexpental plots are shown in Figure 4.27 (a) fatat current
with changing speed for 120-degree conduction mémd-igure 4.27 (b) the experimental waveform ftater
voltage for 180-degree conduction mode is showguiei 4.27 (¢) and (d) shows the experimental wawes for
rotor current with changing speed for 180-degra&loction mode and for stator voltage for 120-deg@®duction

mode.
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Figure 4.27 Experimental output waveforms of DFIG (a) rotorremt with changing speed (Channel 1, 2 and 3: Y-
axis: 10A/div., Channel 4: Y axis 30 rpm/div.) fi20-degree conduction mode. (b) Stator voltage fj@blal, 2 and
3: Y-axis: 600V/div.) for 180-degree conduction reofc) Rotor current with changing speed (Channel 4nd 3:
Y-axis: 10A/div., Channel 4: Y axis 30 rpm/div.)fb80-degree conduction mode. (d) Stator voltagea(@el 1, 2
and 3: Y-axis: 250V/div.) for 120-degree conductinade.

4.11 Conclusion
This chapter investigates the new model of PV-wiaded hybrid DG system suitable for DVR, STATCOMI an
UPQC modes of operation. The proposed techniqeapable to compensate networks faults, injectethbaics
and load harmonics, reactive power in distributmmwer systems. The DVR has the boundary on capalbfi
injection of active power i.e., either zero or minim active power mode. The harmonics of the outpliage are
eliminated by ML-SHE-PWM switching technique andregponding THD is also low. The injected harmorias
the proposed system is significantly reduced uBiB@ based optimized switching. The BBO techniquased to
eliminate or reduce more number of harmonics wetfs Inumber of switching for improved inverter eéfficy. A
comparison of BBO based computation of switchingles for this problem with other existing soft cautipg
techniques has also been made for justificatiorusgge of BBO. The quality of the load voltage dgrthe
operation of DVR, STATCOM, UPQC and this THD alsmdulfill IEEE 519 std. range. Different simulatistudy
cases are verified to evaluate the potential agijitin of the proposed control approach with variadsantages.

Various experimental results are also shown tdfjuste proposed concept.
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Chapter 5
5.1 Chapter Overview

In this chapter, a photovoltaic (PV) based DynaWidtage Restorer (PV-DVR) is described which carigate
voltage sags, swells, flickers and harmonics far &0 medium voltage residential micro-grid systérhe existing
DVR system usually compensates the grid abnorreslitiithout considering the injected harmonics er divice
losses which can oversize the system. The propPseBVR system consists of a selected harmonic abtdn
and moderation PWM (SHEAM-PWM) based multilevel enter system fed from PV module, step-up DC-DC
boost converter and a series injection transforifiee. multilevel inverter is chosen to reduce devickage stress
while optimizing number of switching to reduce sshihg losses. The proposed configuration can redveeall
voltage THD to a considerable amount and achiegh Hiynamic performance. Biogeography-Based Optitioiza
(BBO) -based SHEAM-PWM technique is employed foiitsling optimization purpose. The optimum switching
angles are computed off line to eliminate the loweder harmonics and the switching angles are dtame
microcontroller processor memory using mixed maetpliations for on line application. The proposedhoetis
simulated considering a practical system and tkalt® indicate that the voltage harmonics are gigatiuced by
the proposed technique.

5.2 Introduction

In the modern civilization, the consumption of fib$gel is increasing continuously with the abrypihcrease in
power demand. Consequently, the energy crisis andfommental pollution problems are becoming a grav
concern. As an aftermath, the renewable energycesuare drawing a great attention as the substfiftessil fuel
based habitual electric power system. Studies oyin@anature of wind, integration of large wind geating system
in to electric power grid have been covered in [17&e technological improvement on grid integratigith solar
PV system has been studied in [123]. Analysis ef ttathematical properties and physical natureegl&d the
hydro-power generation optimization problem hasbeglemented in [124]. Optimization of the perf@nce of a
biomass steam gasification system with integratédr sassisted steam production and electricity gz by a
micro gas turbine has been studied in [125]. UsHgearious types of bio-fuels as sources of enésgshown in
[126]. For discontinuous operation of solar powkanf the low temperature geothermal water is thised in [127]
to overcome the problem.

Besides the linear load, the use of non-linear Izadlso increasing day-by-day which demands strippwer
quality. The improved and reliable power qualitplglem includes minimization of THD, voltage saggefinflicker
and reduction of three phase voltage unbalancd Et28There are a number of power quality improgetrdevices
reported in open literature, such as, renewableggrigased distributed generation (DG) systems,(@igd turbine
farms(WTFs), photovoltaic panels (PVPs), bio-fuaegiees, biogas based engines, cogeneration, ettergy
storage systems (e.g. batteries, capacitors, stggcitors, flywheels, electromagnetic storagetopr@exchange
membrane fuel cell (PEMFC) etc.), superconductirgnetic energy (SMES) systems (e.g., voltage saovester
SMES (VSISMES), current source inverter SMES (CSESY| etc.), high voltage direct current (HVDC) syst
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pertaining to the offshore wind farms, flexibleeattating current transmission system (FACTS) devizased on
energy storage elements (e.g., static var companssébVCs), static synchronous compensators (STAWEO
unified power flow controllers [129] (UPFCs), etcand custom power devices based on energy stessjems

(e.g., dynamic voltage restorers (DVRS), active @ofiiters (APFs), etc.)

Among these FACTS devices, DVR [130] is an effecttustom power device, being one of the key coraptmnof
distributed generation systems (DGSs) connectexdi¢oo-grids (MGs). This DVR is a series connectad anergy
storage based device. DVR can mitigate voltage saglls, flickers and compensate voltage harmoaliosg with

limit on transient voltages and fault currents.

PWM scheme is required to control the three phaserier, connected to PV. The THD ratios are oleigiat proper
values according to international standards and godes. SHEAM-PWM technique with optimized harngoni
elimination for low switching frequency is very g&ble for a proposed inverter circuit. The SHEAM-Mkhethod
reduce the values of specific harmonics to meetgtti@ codes, instead of making them zero, whichitlithe
harmonics amounts in the grids. It can eliminate specific harmonic components. The eliminatiorspécific
harmonics from a given output voltage waveform geteel by voltage source inverter using PWM has been
reported in [34, 73, 131]. SHE-PWM [35, 74, 1320$ a tight control of the harmonic spectrum gi\gen voltage
waveform, generated by a power electronic conveateng with a low number of switching transitionhége
methods can theoretically provide the highest ¢pautput among all the PWM methods. The SHE pnoble

becomes complex with the increase in number of barts to be eliminated.

Multilevel inverters [133] are gaining more importz for their usage in high-power medium voltagpliaptions
due to their superior performance compared to wvell inverters, e.g. lower common-mode voltageydirgout
current with very low distortion, lower harmoniesdutput voltage or reduced voltage stress on diweep switches.
SHE-PWM technique along with the multilevel topofogenerates less harmonic distortion in the ouyoltages
waveform without using any filter circuit and codsiing low number of switching to reduce switchilogses.
However, in high frequency PWM like in phase dispos sinusoidal pulse width modulation (SPWM), thelD
depends on carrier frequency [134], which can iasednverter losses.

The use of a custom power device DVR, or a volsag/swell compensator, is one of the most effectolations
to “restoring” the quality of voltage at its loaitis terminals when the quality of voltage at itsiee-side terminals
is disturbed. This chapter develops a frameworkofstimization of switching for a PV based DVR, cented to
micro-grid. PV based DVR connected inverter switghschemes is anticipated to diminish the overaltage
THD. Since the inverters connected to the gridesysare subjected to handle bulk amount of poweradesser
number of switching per cycle is advantageous fdisctory operation and reduced switching lod$eser
switching frequency means lower switching loss higher efficiency is achieved). The BBO-based, [52, 121,
135] SHE-PWM technique can be applied to low amyh witching of the inverters. In the present apphy for the
inverters connected to the PV-DVR, a SHEAM-PWM lhaéyorithm is used to compute the switching angles

leading to elimination of selected lower order hanias for grid harmonic and also mitigate the vp#tgags, swells
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and flicker. In the present approach, the SHEAM-PVdMorithm optimizes the harmonics to contribute th
minimum THD at all modulation indices. As the numbé levels reach infinity, the output THD approasteero.
That can overcome the switching loss problem, dbageElectromagnetic Interference problem. In [1B87] the
hybrid BBO/MADS algorithms for selective harmonggmination employing BBO algorithm have been presd.

The study on inverters with multifunctional abilitpnnected to grid for various purposes has alen lsarried out
in [138-140].

In this chapter, PV based DVR with cascaded mutileonfiguration is proposed to provide an effextsolution

to the grid abnormalities e.g. voltage sags, swéitker etc. Since the DVR is fed from an isotafeV source, the
DVR controller will not be directly affected by drdisturbances. This constitutes one of the forémdgantages of
the projected scheme. Moreover, as a multilevedriter is used in the proposed scheme, the numiswvitifhings is
reduced compared to the two level inverters usddérexisting schemes, while maintaining low hariaaémjection.
An optimized SHEAM-PWM technique is used to redeemonic injection for the proposed scheme. This ca
reduce switching losses considerably to providéebebnverter efficiency. The utility of the progasmethod has
been verified through simulation with low and mediwoltage three phase DVR prototypes under vargic
conditions including distorted supply voltage, noeér load, placement of capacitors near a DVRamnthduction

motor load for justification.

5.3 Proposed micro-grid configuration with DVR

PV Array Battery Fuel Cell Ultracapacitors Wind Turbine UTILITY GRID
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Figure 5.1 Schematic diagram of a proposed micro grid system.
Figure 5.1 shows the configuration of the proposeécto-grid consisting of PV based DVR system comegdo a
critical load terminal. During disturbance in awetk DVR injects an appropriate voltage to recoWer voltage at
the load and exchanges active and reactive povibrthvé surrounding system. As per the IEEE 519-1992 IEEE

1159-1195 standards, a typical allowable duratibrottage sag and voltage swell is mentioned td.®ens to 1
min [141].
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Figure 5.2 Schematic diagram of a simulation circuit of PV-D¥gi&stem.
The schematic diagram of proposed PV-DVR simulativouit is illustrated in Figure 5.2. The propossgtem
consists of a PV array, multi-level equal and ur¢qwltage source converter (VSC), step-up DC-DGveoter,
battery, energy storage device (ESD), PWM invereries injection transformer, an inverter outpltérf etc. The
PV panel output is connected to the micro-grid digito dc to dc converter in series with a three-pHarsgge

inverter. A battery  is connected between the two converters to skerextra energy from the PV panel when the

grid side power demand is less than PV panel oufphis also can act as a dc source in the absehselar

irradiation and injects power to the micro-grid.€Tgrid connected inverters handles high currentisTthe devices
will have high current stress both during switchargl continuous conduction modes. Since the cdiwtucurrent
cannot be minimized, as these dependents on Ibadswitching losses should be reduced. Thus irptbposed
scheme the number of switching is optimized to hgpttmum switching and the harmonics are also reduelow
a considerable level.

The harmonics injected from the DVR inverters te thstribution system can potentially affect catitoads. In the
multilevel inverter based DVR; the number of outpottage levels generally depends on the voltagedspth.

Also the multilevel inverters operate with high miation indices regardless of the voltage sag déefgie LC filter

installed between the VSC and injection transformeduces harmonic in the output of DVR. The filteitage is
injected into distribution system via series injegttransformer. The required phase angle of tlilgyusupply is

obtained through Phase Locked Loop (PLL) as shawhigure5.2. In multilevel inverter, the harmonigatjty of
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voltage is directly related to the number of voitdgvels considered, which is improved with numbkroltage
levels. The proposed control strategy for the DVRuit improves the voltage sag/ swells conditiargle reducing

the harmonics from the output voltage waveform.

Microgrid
o= ==ttt oo 1
P veC |PV Array
HP m H
:-g E ‘,]11‘] H. < ﬁ:
e 2 H Filter|] e
2 S JE_ frace 1T}
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Figure 5.3 Schematic diagram of a PV-DVR with reactive powantcol circuit.

Table 5.1 Filter parameters for % THD calculation (for fivevkl inverter)

Without filter With filter

Description Parameter Symbols Value %THD %THD
Filter inductance L 35mH

LC Filter 0.09
Filter capacitance C; 21 uF
Cut of frequency  f, 200

2nd order LP filter 5.108 0.131
damping factor d 0.707

Three phase HarmonicT€auency fy 50 Hz

. 0.46

filter ]
quality factor Q 16

The LC filter capacitor is connected in the lindesio obtain relatively faster dynamic responsejeséliminating
the voltage notches or spikes at the beginningesmlihg of voltage sags and improving the load gat&aHD. The
filter capacitor is inserted in the converter siddilter the high-frequency switching harmonicgddly. The filter
and simulation parameters are shown in Table 5diTafle 5.2 respectively. The schematic diagram B¥/-DVR

with reactive power control circuit is shown in &ig 5.3. This control circuit controls the reactp@ver at normal
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and transient conditions. From Table 5.1, it isnthat; % THD in case of LC filter is 0.09%, whishsmaller than

that of other filters mentioned above.

Table 5.2 Simulation parameters for the scheme in Figure 5.1.

Description Parameter Symbols Value
PV module specification No of solar cell Nsolar 54 (6x9)
Nominal voltage Vnom 12V
Maximum power Pmax 200 W
Voltage at Pmax Vmp 2922V
Current at Pmax I mp 536 A
Step-up DC-DC converter Inductance Lm 13 /JH
L, 0.27 UH
f:’;’gﬁg'n”cgy f, 120 kHz
Capacitance C 315.1 UF /100 V
Output DC voltage V0 230V
Injection Transformer 1:1 Power Fi)nj 100 VA
Voltage rating VP /Vs 230/230 V
Resistance R./Rs  0.0000001 ohm
Inductance XP/XS 0.0005 ohm
Magnetizing Xm 0.00005 ohm
DVR DCvoltage of DVR V. 260 V
DC link capacitance Cdc 25 UF
Three phase PLL Regulator gain K P 180
K, 3200
Ky 1
Parameters of the grid voltage Nominal voltage VS 240 V
frequency fS 50 Hz
. 2 omp

5.4 Existing and Proposed Switching Strategies.

The PV-DVR voltage waveform fed from inverter isngeally a quasi-sine wave, which in turn, reducegching
losses in the semiconductor devices. The invertars be switched under SHEAM-PWM mode of operatmon t

eliminate some of the significant harmonics from BV-DVR voltage waveform.
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5.4.1 M ultilevel operation

The concept of BBO-based multilevel voltage soumneerters and their modulation topologies are dbsdrin this
chapter. By applying this concept, appropriate chiitg angles can be calculated, specific harmonas be
eliminated, and the output voltage THD can be impdo A wye-configured m-level cascaded-invertalustrated
in Figure 5.4 which used for the proposed systehe groposed system the dc sources of the multilavetter are

all equal to one another or not equal to one amothe

Van Vlm Ven

Comverter ¢€
tﬂ‘

Step-up
DC-DC
Converter ._l t ‘

Figure 5.4 A general three-phase Wye-configuration of casdadeltilevel inverter
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For cascade multilevel inverter the phase voltageefiorm is shown in Figure 5.5, where the levehiss including
0 level. From this phase voltage we finding thetshing angles to eliminate the specific harmonies lpalf phase

per leg is
Van =Val +Va2 +Va3 +Va4+"' +Varn—1
Due to the quarter-wave symmetry both the Fourmeffcient a,and a, are zero and we get the harmonic

coefficient as

m2 72 2
b,s% jsin(nax)d(ax)+ j sinuet ) () +---+ j sinft ¥ (et

And finally the bn coefficient is in equation

Figure 5.5 shows the multilevel output-voltage waua of phase-a for the proposed inverter. Waveftwmy,, is
known as an odd-quarter wave symmetric. The phakage waveform of a 3-phase multilevel bridge iteris a

quasi-square wave. Due to the quarter-wave symmetry

& =0anda, =0 foralln andb, =0 for all evern

[Chapter 5: BBO-Based Multilevel Inverter for Photovoltaic-Fed Dynamic Voltage Restorer] Page 144



Ve[l — — Vg1 70 wt

Figure5.5 The output phase voltage waveform for 5 sepamatodrce and 11-level cascade multilevel inverter.
Thus for all odd n,

4\/d m-1
bh =—% cos(a, (5.1)
=2 S oosta )
For n=6k*+1, and k=0,1,2,3;--, the harmonic coefficient are in the form as

b, :%[cos(lcrl Y+ cos@, ¥ cos, 9 cos(} +) cos(l]
b, :%[cos(alﬁ cos(B, ¥ cosh, ¥ cosfy +) cos(d)

b, :47\/—]";[003(70'1)+ cos(@, ¥ cos@, 4 cosf7 +) cos(7]

bu:%[cos(lxrl ) cos(la, } cos@l +) cosfl+) cos(i}

QS:%[cos(liﬂrl )} cos(18, ¥ cos(t3 +) cos@3+) cos(i3d

For MLI the instantaneous phase voltage of onlypimeseV,_, is as in equation (5.2)
4V m-1
V,, (at) =—"°[Zcos¢wi )} sinfat |
N7t | =
The instantaneous phase voltagecan be written as
— S 4Vdc i
Vo (at)= > m{cos(nal) + cogna,)+ cofna.)+ cdsa,)+ chsa)}  gimt) (5.2)
n=1,5,7;--
If the carrier phase voltage and peak output vedg, .. is equal thaW, ey = (M=1V,, .

Thus, the modulation index for MLI becomes
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M — Vcr(peak)
Vv

an( peak)

— Vcr (peak)
(m - 1)Vdc

If the ML switching anglesa,q,,05,Q ,, - ,&,_;calculate by some iterative method and with theddan

isa, <a,<a;<---<qa, < % the lower order harmonics are eliminated and tigadr order harmonics are

suppressed the total harmonic distortion of thesphaltage is minimized. For five switching th& 5", 11" and
13" order harmonics are eliminated and the peak fueddah phase voltage can be set maximum value by
controlling the switching angles with respect todulation index.

For 11-levels multilevel converters, the mathenatitatement of these circumstances can be exprasse

cos(lr,  cos@, ¥ cosd, 9 cos(l +) cos(l=)m{ ML

cos(@, + cos(&, ¥ cos(h, 4 cosfy +) cos(p=)

cos(r, i+ cos(@, ¥ cos@, 4 cosff +) cos(f =) (5.3)
cos(ll, ¥ cos(la, ¥+ cos(@l +) cos@l+) cos(ll= )

cos(13r, } cos(18, ¥+ cos(@3 +) cos@@3+) cos(l3= )

In  equation 5.3, the 5" 7t 11" andl3™ harmonics would be eliminated if harmonic
amplitudep, = b, = b, = b, =0. Equation 5.3 can be solved to obtain the appatpriswitching
anglesu,,a,,0 4,---, 0, eliminating the desired harmonics.

For modulation index M =0.8 the fundamental nordinanscendental equations can be solved byiiteratethod

to calculate the switching angles or % of THD witintrolling the fundamental.
cos(lr,  cos@, ¥ cosd, 9 cos(]l +) cas{l=)m{ ML
cos(r,  cos@, ¥ cosl, 9 cos(]l +) cog(l=)x5 6.8

5.4.2 Proposed Har monic Elimination Principle Using BBO Algorithm

A typical output voltagéV (t) of an inverter can be represented as,
V(t) => (a,cosna, +b, sima,) (5.4)
n=1

Due to quarter wave symmetry of inverter outputtagé wave-form,a, =0 and b, can be evaluated through

equation (5.3) with the specified order of harmeretiminated.

Since the aim is to eliminated the targeted lowdepand minimize the other higher order harmofocsninimum

voltage THD, the objective function for determimatiof the proper switching angles is considered as,
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f(a)=(—-M)* +ks(bs—&5)° +ka(br—£7)*+...+ ko (n — & )° (5.5)

Subjected t0 < @, <@, <@, <---<a, <(772); (5.6)

The termbnin equation (5.5) can be obtained from equatiof)(&nd the optimization to be realized subjecti® t
consideration of the switching angle in (5.6). Tleemé&, in (5.5) is the desired magnitude of the respectiv
harmonics andk, is the weightage function for elimination of thés@monics. For the harmonics to be eliminated,

&nare considered to be low or zero akidare set to higher values compared to the othendraics.

From (5.1), the %THD of the multilevel inverter put voltage can be expressed as,

. v2
%THD =[é§5(bn)2} x100 (5.7)

Wheren =6k + 1for (k =1,2,3,4;-)

In the proposed technique, Biogeography-Based Ogation technique is used which is comparativelyerg and

relatively easier to apply. The main reasons fangu8BO for this problem are:

Vii. BBO is a relatively recent, and has not yet bedarssively explored to solve the problem of converte
switching.
viii. BBO does not require unreasonable amount of cortipog effort [135], unlike the other

metaheuristic techniques.
To start the search procedure, the switching anatesrandomly generated satisfying the conditiohequation
(5.6) for the chosen number of population of a pti#é solution. Using these random values, indigiduarmonics
are computed which represents the best fithedseo$earch point. The best combination of switclaingles among

the population of search points up to present titarais called the elite or best solution for thariables
a, througha . At each iteration the best individual new segroimts are generated from the current search points

and the information regarding the best solutiorfeiusmid out from objective function by using the BB{@orithm.

The scheme of nonlinear equations in m variabldsetoptimized can be represented as
f(a,0,,050,,0,)=0 j=42,3;--m (5.8)

These m equations are obtained for the problenghptéing equation (5.1) to zero for any harmonicsirdd to be

eliminated for different modulation index. BBO repentation of the problem is shown in Figure 5.6.
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Habitat 1 —
a,a,,d;,d,, - ,a

Habitat 2 -
a,a,,a;d,, - ,a

= 4,,0,,0,,0,, 0

Habitat N —
a,a,,a;,d,, - ,a

Figure 5.6. BBO representation of the problem
Collection of one set of best switching angles, d,,d;, -+ ,a, form a solution set of the problem. This solution

set is termed as a ‘habitat’ in BBO. N is nothing the number of the set of habitat of the popaotatbased

optimization algorithms. In BBO algorithm it is ted the eco-system.

Habitat Suitability Index (HSI) indicates the gqiylof the solution set. For the problem being cdesed, HSI is

represented by the total harmonic distortion (ThiBIue generated by the solution set.

Equation (5.8) is written in vector notation as

f(a)=0 (5.9
Where, f =[f,, f,, f,, f,,---, f,]", anmx1 matrix

a=[a,a,a,a,,a,] ,anmx1 matrix

Equation (5.9) can be solved by using a BBO tedmigvhere the nonlinear equations give an apprdeima
solution. The steps involved in computing a solutaoe as follows.

The switching angle matrix can be represented as
a' =[a),al,al,al,--all (5.10)
The elite values are updated after every iterafidre process is repeated until the convergencétaired. The

process terminates if the changes in the fitnekgesgdetween consecutive iterations are less thgwvea tolerance,

or the fitness values do not change for a numbeiteoétions, or the permissible number of iteratroms are
completed. A flowchart of the BBO algorithm used éptimization of switching angler,,a,,a,,q ,, -+ ,Q,, to

obtained minimum voltage THD is shown in Figure.5Ihe calculated switching angles, %THD and geeerat
signal are imported to the simulated PV-based DVWRuit. BBO based optimization technique is applifed

generation of pulses.

[Chapter 5: BBO-Based Multilevel Inverter for Photovoltaic-Fed Dynamic Voltage Restorer] Page 148



START

Initialize the BBO parameters, i.®.

mod' Xeep L. E.

dt, Mmax P mutate Mower' * uppert jower * upp
2

Set SIVs: Assume the switching anglé$, where

m=12,3;-- kandb, ,.n=1,5,7;-- N
v

Num

set P..,G

Q7a mayx
'~

P

var?® ennnt

Calculate?,and bn using equation (5.1)

0<a,<...<a, <72

and forF(O’),

Determine fitness values of the objective using
emigration & immigration rate and compute HSl i.e.

v
|Anolv miaration and evalua1|

Desired fithess achieved?
No N

Update the probability of each species count apdyap
mutation. This method makes high HSI solution and

Determine the best HSI i.e.
switching angles,

magnitude of harmonics

and %THD

Yes wt
Sort the best vall

STOF

Figure5.7 Flowchart of the proposed BBO algorithm.
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Figures. 5.8 and 5.9 show simulation results of PWillage for five-level and nine-level inverter pestively. The
THD levels of three phases for seven, eleven, ditakfh are compared in Tables 5.3 and 5.4. The dwiarcontent
decreases as the number of levels increases &erihfil requirements are reduced. Another advarggaultilevel

cascaded-inverter is circuit layout flexibility tmwse each level has the same structure, and theraocaextra
clamping diodes or voltage balancing capacitor.sEheonverters offer a low output voltage THD, ahhedficiency

and required power factor.

Cascaded multilevel inverter is used in the progasgeme as this can reduce the physical sizeeafdmpensator
and improve its performance during micro-grid cogéncies. The results of Table 5.3 are coming sigguthe
diode clamped multilevel inverter (DCMLI) with theelp of SPWM and SVPWM respectively for three, seaad
eleven-level respectively. From Table 5.4, it iarfd that the minimum %THD for three, five and sesgeiitching
of proposed inverter scheme are 5.0087, 2.6356L28D4 respectively which are smaller compare €%hTHD
found in Table 5.3. From the comparative study abl€s 5.3 and 5.4, it is seen that in the propesbéme the
reduction in % THD is increased with the increasewitching level and it is a necessary criterion PV-DVR
system. The procedural steps for interfacing of [dasimulation and BBO algorithm are shown in flbvad of

Figure 5.10.
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Figure 5.8 Simulation result of PWM phases voltagg, Wy, and \;, for five-level inverter.

The different optimization techniques e.g. Genefilgorithms (GA), Particle Swarm Optimization (PSO),
Gravitational Search algorithm (GSA), Cuckoo Seaaldorithm (CSA) and Biogeography-Based Optimizatio
(BBO) are used to compare the results obtained B8® based technique for switching angle calcukatibhe
comparative result is shown in Table 5.5 which shomat the optimized %THD achieved by BBO technigit&
minimum nos. of iteration. In addition, Figure 54Hows the convergence of the objective functiah WISA, PSO,
GA, GSA and BBO method for M=5.3 after eliminatif, 7", 11", 13", 17" and 14 order of harmonics. It has
been observed that BBO based technique converggsr fthan the other methods. In the present chapeer
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objective function considered is given by the egpien (5), which can minimize the overall voltagéD while any
other equivalent objective function can also be saered [142] providing almost equivalent resultheT
computation of the switching angles were carrietiwith various search based existing techniques@4 PSO,
GSA, CSA, BBO for comparison purpose with sameighitonditions and the results are shown in Tabfe-5
However, for changed initial values for optimizatidhe results or the in no. of iterations for cergence as shown

in Table-5.5 may be different [142].
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Figure 5.9 Simulation result of PWM phases voltagg, Wy, and \,,for nine-level inverter.

Table 5.3 % THD Comparison and Comparisons of three multiléwveérters

Noof SPWM SVPW . : : Cascade
levels (%) M (%) Converter Type Diode Clamp Flying Capacitors Inverter
3 3038 161 e Swiehing (m-1)x 2 (m-1)x 2 (Mm-1)x 2
evices
7 3527  9.08 Main diodes (m-1)x2 (m-1)x2 (m-1)x2
11 13.11 5.68 Clamping diodes (m-1)x(m-2) 0 0
DC bus capacitors  (m—1) (m-1) (m-1)/2

(m-1)x (m-2)/2

Balancing capacitors 0
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Table 5.4 Switching angles and %THD calculation for differéatel multilevel inverter.

M 0’1 0’2 0’3 %THD Harmonics

1.2 40.5406 65.1268 88.8859 15.2508

14 39.4402 58.9832 83.545 10.9005

15 39.4251 56.2501 80.0973 10.3778

1.6 39.0177 54.3353 76.1131 10.1405 5th and 7tmdaics 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

24 11.5042 28.7169 57.106 5.108

M 0’1 0’2 0'3 0'4 0’5 %THD Harmonics

24 35.3174 46.565 58.0801 71.5606 87.0496 4.0264

252 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 725045 2.6577 ezao

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 a a, a, a, ds Qs a; Y%THD  harmonics
4.8 15.3171 23.2117 34.1057 48.5344 55.4639 61.287167.7316 3.9861

4.9 13.507 22.0118 31.5508 45.2477 57.0556 58.474267.8134 2.1322 5th, 7th,
5 6.2742 20.525 29.4755 41.623 49.2509 59.9149 022.7 2.6202 11th, 13th
51 7.3985 20.141 26.9154 39.6328 50.2542  58.4442 9.8267 2.7754 17th and
5.2 9.9708 18.4653 25.4845 36.7237 51.3631 58.6651 65.2958 2.0955 19th

53 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 54.532262.716 1.5123 are zero
5.7 4.695 13.6967 18.3465 26.9029 36.186 51.0207 .9582 1.4787

[Chapter 5: BBO-Based Multilevel Inverter for Photovoltaic-Fed Dynamic Voltage Restorer ] Page 152



Set the energy source simulation parameter for PV,
Wind, DFIG, Fuel cell, Battery etc

v

Set source controller parameter for simulation

v

| The parameters of the micro-grid simulation ciroaibnected with DVR, i.e., three-phase micro-gottage |
magnitudes, current, rated power, phase angléseastd reactive sensitive loads of receiving end.

v
v Check the condition of grid (faulty or healt Set PV parameteor DVR
Phase angle restored v pe
abc to dq
transformation, inner Set low & high step up DC-
DC converter

current control loop, No

outer voltage control . . . L :
loob and da to abc After completing of DVR simulation circuit duringprmal
P q } condition, the micro grid voltage magnitudes andles are
transformation. exported ly PLL and controlle

v

Set Inverter parameter &
level for interfacing betweer

v

g Voltage sags, swells, flickers, unbalance, ar|d and BBO program for
h 4 harmonics in micro-grid are analyzed. switching angles and %THQO
ABC to Alpha-Beta v calculation (shown in Figurg
transformatio Compute their fitness by using BBO and > v
¢ simulation parameter and also set immigratip
Math-operator and emigration rates etc. DVR simulation circuit is

A

simulation circuit of DVR

executed during fault
condition occurred at the

A 4

specified location

v

Reference Fitness of current No
voltage (V) generation best >
fitness of previous
\ 4 .
generation best?
PI controller

Voltage sag, swell, flickers, reactiv
power and harmonics are analyzed &
change different modulation index fqg
BBO. Set sag, swell, harmoni
detection, reactive power & referend

o S =

A 4

v

A 4

Check reactive power. [

Reference Pulse generation

Set filter parameter for better THD &
DVR series transformer parame

Is it controlled?

No

Short the best value

The entire fault
eliminated?

Compute the fitness of all BBO by

Convergence reached?

No

Find the best solution
and display.

Figure5.10 Flow chart of DVR implementation by BBO alg

using immigration and emigration

orithm.

[Chapter 5: BBO-Based Multilevel Inverter for Photovoltaic-Fed Dynamic Voltage Restorer ] Page 153



Table 5.5 Optimization results for the Different Populatiddased Optimization technique

GA PSO GSA CSA BBO
lteration 29 25 28 26 12
t?rzg 05332 04821 05998 04992  0.3984
%THD 2.2213 2.0122 2.9432 2.0943 1.2804
‘ e
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Figure5.11 Value of the objective function with CSA, PSO, GASA and BBO method for M=5.3 with
eliminating 8, 7", 11", 13", 17" and 14 order harmonics.

5.4.3. Proposed multilevel inverter with varying DC sour ces
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Figure 5.12 Three switching fomultilevel inverter using unequal dc sources.
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The multilevel switching scheme using three unegicatources is shown in Figure 5.12. When the geltavel of
PV based dc sources are not equal, the BBO algorithn also be used to calculate the switching angle
eliminate the lower order harmonics while the higloeder harmonics are suppressed after maintaittieg
fundamental.
For 3-switching multilevel converters, the mathen®tstatement in this case can be expressed as,
V,cosa, +V, cosr,+V, cog,=M
V,cos, +V, cosb,+V, cogb,= (5.11)
V,cos @, +V, cosd,+V, cosa,=
In general for ML switching scheme the dc sourcesenall equal to one another but for varying dcrsesi the
sources are not equal to one another. For uneguadufces it is quite difficult (different chargidgscharging rates)
to accomplish the different power electronics aggilon. This type of switching configuration carveoharmonic
problem and power quality issues by proper seleaifcswitching angles.
Table 7.6 shows the switching angles when the gefiaf the three dc sources are different, i.4,, 8.2V, 144V
or10.8V, 13.2and 12 V.

Table 5.6 Switching angles and %THD calculation for differémtel multilevel inverter with varying dc sources

M ol o2 o3 %THD V1 V2 V3
1.2 34.4225 58.7065 87.5542 15.7255

13 35.8946 55.652  84.6306 15.4948

14 21.1878 52.2246 86.4887 14.2438 8.4 13.2 144
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 >th and .7th
harmonic are
17 163021 47.5621 84.6111 10.6267 119 121 12 eliminated

2.3 10.7353 33.0537 60.4109 6.425
1.3 391317 6293  87.7835 12.5591
14  38.6098 60.131 84.8302 10.0829
2.2 14.0729 39.633 64.2577 89743 11.82 132 10.98
2.3 114921 350734 61.6431 5.9124
M al o2 o3 o4 o5 %THD V1 V2 V3 v4 V5
2.6 35.4295 487902 57.4544 72.544  87.3213 5.1642
29 2391 453243 55.9942 66.4945 89.1131 5.1553 14.4 132 10.8 156 6
3.1 253572 456921 52.5298 64.9827 72.5455 4.444
3.4 17.5211 34.8717 52411  60.1971 71.5664 4.0359 5th,7th, 11th and 13th
3.5 15.8513 31.7136 49.6713 59.9574 69.3186 4.0266 harmonicare eliminated
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, thes™ and " harmonics would be eliminated if harmonic amplébd = b, = 0. Equation 5.11

can be solved to obtain the appropriate switchimglesd,, O, 0, -+, A, eliminating the desired harmonics which
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is incorporated in Table 5.6. However, the uned@lsources can pose power sharing problems fodifferent

sources and would require further modification lie switching scheme which can add another dimensighe

problem.

5.5 DVR operating states

In the proposed system the DVR must be able toctetdtage sag, swells, flicker and harmonics esigcat
sensitive load points by injecting an appropriatéiage through an injection transformer. For nosdir loads such
as thyristor-controlled rectifiers pre-sag compénsamethod is used to compensate load voltagenddault to pre
fault condition. Figure 5.13 (a) shows the vectagdams of the pre-sag compensation. When a faalirs in other

lines, supply voltage Vs drops and the DVR injextseries voltage, 3{r through the injection transformer which

can be represents as:

Vowr =V —Vg (5.12)

In-phase compensation technique is used to comigetiavoltage drop across a load by injectingltage through

a series injection transformer in-phase with th&rs® voltage. The vector diagram is shown in Figule (b). The

and the load voltage are equal with zero phasdesnghe sag/swell events are

supply voltage (meag )

compensated by injecting DVR compensating voIthJein-phase with the supply voltage to restore thitage at

nominal value. Thus the injected voltage of a D(N%j )can be expressed as

(a) ore st n ® B \
— \ Vpre_sag A

A

S d e

-
.

Figure 5.13 Vector diagram of (a) Pre-sag compensation (IpHase voltage compensation method (c) Minimal

energy technique and (d) Vector diagram of phasearazk method.
M| =Voresa| =V

The steady state injected active power is given by,

presag ‘ (8)1
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Povk = 3(VL _VS) | cosp (5.14)

Figure 5.13 (c) shows the phasor diagram for theimml energy control strategy. The relation betwe®® can
be written as:

a=2- p+o
2 (5.15)
The angled can be obtained as:
Jd=gp-cos" (VL\(;&(DJ
S (5.16)

The phase advance method shown in Figure 5.13s(halized by moving the phase angle of Vs fromfaudt

angle to any angle of advan@e The injected power, output power and DVR power lsa expressed as,

P, =ZVSI cos(qo—a+5j)

(5.17)
Pu = V.l cos(p) = 3/, co$y)
i (5.18)
P = R ~ s (5.19)
=3V, | co@) - Y V! cogp-a+3,)
i (5.20)

Where | means each phase like a, b and ¢ H@d and JJ are the magnitude of supply voltage and phase angle

jump during fault. During severe deep sag, thenopth@ that makesPDvR to be minimized, can be calculated by

solvingdV,, - /da =0.

5.6 Simulation Resultsfor Inverter:

The simulation results with three, four, five anelven switchings per quarter cycle with varying matan
index(ﬁh) for the BBO-based SHEAM-PWM inverter are showirigures. 5.14 (a), (b) ,(c) and (d) respectively.

The plot of the line voltage THD with constant m&adion index as a function of the number of investper phase
and Voltage THD vs. modulation index for differamulti-level inverters are shown in Figure 5.14 éd (f)
respectively. From Figure 5.14 (f), it is shownttha the switching level increases, the % THD desee with the

change in Modulation index.
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Figure 5.14 The output results (a) modulation index vs. switghangles for 7-level cascaded inverter (b)
modulation index vs. switching angles for 9-levatcaded inverter(c) modulation index vs. switctangles for 11-
level cascaded inverter (d) modulation index vsta@wng angles for 15-level cascaded inverter (e¢ Tine voltage
THD with constant modulation index as function dftnumber of inverters per phase. (f) Voltage THD v

modulation index.
5.7 Simulation Resultsfor DVR and filter:

The performance of the proposed PV connected D\SReny is tested by considering different cases tthyge
disturbances such as balanced and unbalanced diagevsags, voltage swells, voltage flicker, amgl duration
voltage variation. A simple PV-DVR distribution $gm, shown in Figure 5.1, is implemented in the
Matlab/Simulink package to assess the dynamic peegnce of the proposed compensation technique AmlMB
Simulink, the DVR is simulated to be in operatianlyowhen the supply voltage differs from its nonlimalue or
when the PV array generates excessive power of pquer to the load demand. It reduces the enesggumption

from the utility grid. The simulation load paranmstef the system study are shown in Table 5.7.
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Table5.7 Load Parameters for simulation.

Description Parameter Symbol  Value
Non-linear load AC inductor L 1.19mH
Rating R 5 KW
DC capacitor Ci, 2000 uF
Resistance R. 21 ohm
Linear load Load resistance RL 0.2 or 1.0hm
Load inductance L 0.002 H
Load frequency f 50 Hz
Capacitive Load Capacitive reactive power Qc 1800000
Induction motor load parameters Rated voltage Vrat 240V
frequency f 50 Hz
Rated output power Fat 3 KW

=X

Power factor 0.83
Nominal speed N 1430rpm
No. of poles P 4

5.7.1 Resigtive load with balanced and unbalanced voltage sag mitigation

The DVR is turned on at t=0.15 s, with a sourcdage of 230 volt. At t=0.15 s, a three phase faa#t occurred at
the supply side which causes a voltage sag betiwdeh5 s to t=0.25 s. Figure 5.15 shows the wawe$oof the
supply side voltage and the injected voltage byDMR, and the resistive load side voltages. It barseen from
Figure 5.15 that the proposed control strategyls o drive the DVR to inject the appropriate thpghase voltage
component with acceptable phase to remove the ygyoifage anomalies due to the three phase fautjuickly
injects necessary voltage components to smoottetottd voltage upon detecting voltage sag and raisimize
the harmonics. Figure 5.16 shows the response d® Bith vector control for unbalanced voltage sad &near
load. It quickly injects the required unbalancestessary voltage components to smoothen the |oageoand
keeps it at nominal value. Figure 5.17 illustrates response of DVR with vector control for balaheeltage sag
and linear (R-L-C) load.
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Figure 5.15 Response of DVR with vector control batanced voltage sag and linear (R-L) load (ae&lphase
source side sag voltage (b) Injected DVR voltagdecee phase load voltage (d) Extra fault cur(ehiThree phase

load current.
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Figure 5.16 Response of DVR with vector control for unbalanfdaoluble line fault) voltage sag and linear load.
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THD=5.312 %
T

Current (A) Current (A) Voltage (V) Voltage Voltage (V)

Figure 5.17 Response of DVR with vector control for balancettage sag and linear (R-L-C) load (a) Three phase
source side sag voltage (b) Injected DVR voltagdfecee phase load voltage (d) Extra fault cur(ehiThree phase

load current.
5. 7.2 Balanced and unbalanced voltage swells mitigation

In order to see the performance of proposed DVRrobfor voltage swells, a balanced voltage swedkvgimulated
by connecting three phase capacitor banks in thiesy Figure 5.18 shows the three phase wavefofhe cupply
side voltages, the injected voltage by the propd®&dDVR, and the load side voltages.

it

1)

Load Voltage Injection Voltage Supply Voltage

L
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time (sec)

Figure5.18 Response of DVR with vector control for balancettage swells.

[Chapter 5: BBO-Based Multilevel Inverter for Photovoltaic-Fed Dynamic Voltage Restorer ] Page 161



It can be seen from the Figs. 5.18 and 5.19; tieptoposed control strategy is able to drive th&Do inject the
negative appropriate three phase voltage compométitorrect phase to remove the supply voltagaralies due
to the three phase fault. It quickly injects negatappropriate three phase necessary voltage canfmmo

smoothen the load voltage upon detecting voltagdlsw

1 1 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time (sec)

Figure5.19 Response of DVR with vector control for unbalaneetfage swells.

Figure 5.19 shows the DVR control for unbalancelage sag and swell created by single line to gidanilt in the
system. It can be seen from the Figure5.19 thaptbposed control strategy is able to drive the DXdRnject the
appropriate unbalanced voltage components for ctnge the load voltage and keep the three phasmged at

nominal values.

5. 7.3 Balanced and unbalanced voltage sags and swells mitigation for nonlinear load.
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Figure5.20 Response of DVR with vector control voltage sagsibnlinear load.

For non-linear electric load in an electric distitibdd power system are a result of harmonic voltage currents.
Harmonic frequencies in the distributed power griel a frequent cause of power quality problemsthededuction
of harmonics is considered desirable. In Figui@52e three phase diode rectifier at 230 V antodas used as a
load. Figure5.20 shows the supply side voltages,itfected voltage by the DVR, and the nonlineadiside

voltages.
THD=9.5%

200 L : % fA
3 | M
[}
g 0 ‘
S | ‘
> 200 - VV V-
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Injection Voltage

Load Voltage

Time (s)
Figure 5.21 Response of DVR with vector control voltage sagrfonlinear (RL) load with phase a, b and ground

fault (a) three phase unbalanced fault (b) DVRdtigm voltage (c) Three phase load voltage (V).

The performance of the DVR under unbalance voltagss conditions is also investigated through aineat load.

Unbalance three phase voltage sag occur when otine ghase drops down near about 31% comparect tothier
phases as shown in Figure 5.21. DVR quickly ddtestvoltage sag, swell, flicker, spikes and companghe load
voltage. The immediate action taken by the DVRipfotect the sensitive loads from the unbalanadidhge sages

and the connected load returns to its nominal value
5. 7.4 Placement of capacitorsnear a DVR

The shunt capacitor banks are switched simultahgdash on the load and the supply side of the DVRe shunt
capacitors are connected as power factor corredmices to a load that requires a high power tuabwitch on

of the shunt capacitors perform power factor cdivacand at the same time transient over voltagesoccur on the
load side. In Figure 5.22, capacitor bank is ihsthbn the load side to improve the load powerdiacthe effect of
resonance phenomenon that causes transient ovageslduring capacitor switching and the subsegueaosient
responses when the DVR is energized. In this gasponse of DVR with vector control voltage sagibwden

capacitor banks are placed on load side alsorititet the waveform of the current through the DVRe capacitor

effects are present in DVR injected voltage wavefand the current waveform.
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In Figure 5.23, the load voltage waveform and theent through the DVR are obtained when the capabanks
are placed on the supply side of the system. Tae twrrent is distorted and appears to have tnaneieershoots
when the DVR is switched on and off. The shunt céapes reduce line current of the system, it img®woltage
level of the load, it improves power factor, it uegs the system losses, and it reduces capitadtmest per mega

watt of the load. All the above mentioned benefitgt the effect of capacitor reduces reactive esurflowing

through the whole system.
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Figure5.22 Response of DVR with vector control voltage sagwhapacitor banks are placed on load side and sag

swell related current.

Time (sec)

Figure 5.23 Response of DVR with vector control voltage whapaxitor banks are placed on supply side and sag

swell related current.
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5.7.5Voltage Flicker suppression

Flicker is defined in the European standard EN BOHgicker is the impression of unsteadiness dfialisensation
included by a light stimulus whose luminance orcs distribution fluctuates with time. In thisseg the system is
subjected to an unbalanced voltage flicker. Figugd shows the response of DVR with vector cordtaing three

phase voltage flickers.

Current (A) Load Voltage Injection Voltage Supply Voltage (V)
o ' '

1
(o] 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time (sec)

Figure 5.24 Response of DVR with vector control during thrdémge voltage flicker (i) the source-side voltage fo

voltage sag and swell (ii) the injected voltag® {hie load-side voltage response (iv) Extra faultrent.

5.7.6 Induction M otor Load

(a THD=6.11%

(b) THD=0.231 %
)

Current (A)Current (A)Voltage (V)voltage (V) Voltage (V)

Time.(sec)

Figure 8.25 Response of DVR with vector control for balancedtage sag and Induction Motor load (a) Three
phase source side sag voltage (b) Injected DVRagel{c) Three phase load voltage (d) Extra fauttect (e) Three
phase load current.
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In this case, the verification is done with indoatimotor load connected in load side terminal d&edparameters of
the induction motor are listed in Table 5.7. Thal groltage sag, DVR injected voltages and the loadent is
shown in Figure 5.25. It can be observed that thi&® hject the required compensating voltage immietljaafter
grid voltage sag, swell and flickers is detectad;maintain load voltages at desired level alsogaig of any
anomalies in the series voltage injection. At ttiate obtained PV output voltage and current, ste™C-DC
converter output voltage and current, output poWéatt) and dc out-put voltage are shown in Figu@65Figure

5.27 shows the performance of the DVR for instasb@s active and reactive power output for diffecamtdition.
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Figure 5.26 Response of DVR with vector control for balancettage sag and Induction Motor load (a) PV output
voltage (b) PV output current (c) Output voltagehs high step-up DC-DC converter (d) Output curadrthe high
step-up DC-DC converter (e) Simulation result ofpoti power (Watt) (f) . out-put voltage (g) Modulation index

output.

Active (KW) and Reactive (KVA) Power output from the DVR

Time (sec)

Figure 5.27 Performance of the DVR for (a) resistive load withbalanced voltage sag active and reactive power

output from the DVR (b) capacitive load with unbaiad voltage sag active and reactive power outjum fthe
DVR (c) resistive load with balanced voltage sativacand reactive power output from the DVR (d) #imear load
with unbalanced voltage sag active and reactive eposutput from the DVR (e) Induction motor load hwit

unbalanced voltage sag active and reactive powpubfrom 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 wagke sags, swells, flickers and harmonics as cordptare
existing schemes in [128, 143, 144] during différault conditions with BBO-based optimized conttethnique.
It decreases the THD level to 0.413% for SingleeLi@round fault, 0.324% in Double Line Ground faauttd
0.321% in 3-phase fault circumstance. The perfonaaromparison of different fault conditions as obed from
Table 8 shows that the BBO based optimized tecknmjues better harmonic compensation compared Her ot
existing techniques. It is also observed from Tdbldnat the compensation during grid voltage digiarfor the
proposed technique is better compared to [144]dlteome THD level fulfills the standard range oEE 519-
1992.

Table 5.8 Comparison of harmonic compensation with differ@nttrollers and grid voltage distortion

Compensation  during grid voltage
Comparison of harmonic compensation with difféi@mntrollers distortion
GA-with THD Proposed
60% voltage sag [143] FL [128] PI[128] [143] Proposed (%)[144] THD (%)
SLG fault 2.10% 0.6 0.87 0.52 0513 Load voltage .544 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
-3
x 10
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Figgure5.28 (a) Switching losses Vs No. of levels for propgsedsting and unoptimized techniques

The switching, conduction and total losses for pmeposed optimized technique, existing techniqu&]land
unoptimized techniques are calculated for MLI witifferent levels following the standard procedut®wn in

[145, 146]. The same are presented in graphicahdon Figure 5.28 (a), (b) and (c) respectivelyjolihshows
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improvement on switching and total losses throdghproposed BBO based optimization. The propokgatithm
optimizes the switching angles so that the undeédwever order harmonics are eliminated while thieeothigher
order harmonics are controlled from the output agdt without any additional switching. The investevithout
optimized switching require additional switching fame output voltage THD, which can increase thiécking
losses while the conduction losses almost rema&séme. This is the main advantage of the propedeeine. The
plots of THD with modulation index considering atifutial switching, unoptimized switching and for theposed

optimized switching are shown in Figure 5. 28(djjak shows improvement with the proposed scheme.
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Figure 5. 28 (c) Total losses Vs No. of levels for proposed, ergstind unoptimized techniques
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5.9 Conclusion
This chapter investigates the new model of PV-D\§Rtesm with the presented control method. The pregos
technique is capable to compensate networks fanttamitigate their effects on sensitive loads strébhution power
systems. DVR has the boundary on capability ofciinpe of active power i.e., either zero or minimantive power
mode. The simulation results shows that the caipabil PV-DVR in mitigating the voltage variatioithe selected
lower order harmonics of the output voltage armiglated by BBO-based SHEAM-PWM switching technigunel
THD is also calculated to evaluate the qualitylef boad voltage during the operation of DVR and tRHD fulfill
IEEE 519 std. range. The switching angles contiriguinimum voltage THD at different modulation iods are
computed by the BBO algorithm and stored in a DSRoak-up table for online application. From thenslation
results, it is obvious that the generated voltggecsum is very much improved with increases inléhel of the
inverter and proposed system also decreases thelloveltage THD in the micro-grid, decreases tlstesm loss,
improving dc link voltage, increases the executipeed, solves commutation loss, electromagnetaference,
harmonics and high frequency switching problemdfe@nt simulation study cases are verified to eat# the

potential application of the proposed control appto with superior advantage. A rapid response aedige

compensation with optimum energy of the proposedtrob system are revealed in the simulation results

considering practical load and system model.
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Chapter, 6

Proposed Three phase Micro-grid Systew of PV-

wind- PEM- FCS with HCBLMI - based combined

DVR, STATCOM and UPQC topology

e ——
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Chapter 6

6.1 Chapter overview

This chapter describes an improved FACTS baseamrupbwer controller with Dynamic Voltage RestoeVR),
Static Compensator (STATCOM) and Unified Power QuaConditioner (UPQC) topology. The proposed
controller can proficiently moderate the power @ygbroblems like; sag, swell, flicker, reactivedaactive power
compensation, voltage disturbances with harmordblpms to make sure power quality in the distributsystem.
The proposed configuration utilizes the DGs e.g., Bhd and proton exchange membrane fuel cell stack
(PEMFCS) connected to the micro grid for realilaien of DVR, STATCOM and UPQC operation with reddc
filtering requirements. Space Vector Pulse Width dMlation (SVPWM) based hybrid cascade bottom leg
multilevel inverter (HCBLMI) has been used for thgarpose. The proposed topology has been simulsted)
MATLAB/Simulink and it is shown that the UPQC perfics significantly better than the DVR and PSTATC@GM

improvement of different power quality issues.

6.2 Introduction
The global concerns about the environment, glokainving and power safety have enabled the developofen
renewable and sustainable distributed energy reseuio the power network for secured level of itgband
flexibility in deregulated distributed power systenThe environmental friendly pollution free gregower like
solar [147, 148, 149] and wind [150] energy hashaeledged the most awareness because those appgeasome
of the better solutions to ecological or most expe@roblems. Use of nonlinear sensitive loadstchivig and non-
switching loads and different process industrieth wpecific manufacturing process are discussedtidriterature
[151,152]. Power superiority problems such as sagglls, flickers, notch, spike, harmonics, trangeand
reduction of three-phase voltage unbalance are adsiloessed in the open literature [153].There aneraber of
power quality improvement devices reported in thisteg literature including static VAr compensa&diSVC)
[154], static synchronous compensators (STATCONp]Lunified power flow controllers (UPFC) [156}ce The
custom power devices based on energy storage sygtigm dynamic voltage restorers (DVRs) are akpdoeed in
[157,158,159,160]. The DVR is a series connecteith(and without transformer) energy storage basedce
which can mitigate voltage sag, swells, flickersl mompensate voltage harmonics along with limitt@msient
voltages and fault currents. The power electrobha&sed control of UPQC optimizes the voltage andecurrelated
issues in the power system while enabling simutiaeeoperation with shunt and series active powtrdi The
series part of the UPQC is known as DVR and shatit {8 known as STATCOM. The series connected ipgthts
the compensating voltages generated by the mudtilesltage source inverter (VSI) [161,162,163] tdtigate
voltage unbalance and harmonics and controls thetive power. Multilevel VSI converters such as tifreiel
flying capacitor converters [161], diode-clamp certers [162], cascade multilevel inverter [163] ahcke-phase
neutral point clamped (NPC) converters [164,168]able to synthesize voltage and current wavef@uise width

modulations (PWM) based different techniques ase aked to control the inverter have been discUyd€®]. The
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SVPWM technique directly uses the control variatde determining each switching vector for optimieat of

switching patterns [167].

In this chapter, a hybrid cascade bottom leg nawiél inverter (HCBMLI) is used along with combinBd¥-wind-
PEMFCS based sources forming a micro grid systeraddress different power quality issues. The pregos
HCBMLI can operate as DVR, STATCOM or UPQC for povegiality improvement. SVPWM based switching
scheme is adopted for the proposed inverter fotrabaf overall voltage and current THD. The propdscheme is
operated under different modes and the performaaeesompared. In the present study, it is showhttie UPQC

mode performs significantly must better than theRDdhd STATCOM mode of operation.
6.3 Proposed Micro-grid Configuration

Figure 6.1 illustrates the proposed micro-grid ctieal scheme. The micro-grid is powered by disteiol
generators, distributed energy storage system, REJFenewable resources like PV, wind etc. Whenntreo-
grid connects to the network at a point of commaupting that keeps voltage at the similar levetheescentral grid.
The green and carbon free distributed generatisgurees are associated to the linear load as wekiasitive loads
through contemporary power electronics convertesupply more consistent and stricter excellencegudw the
distributed loads. Usage of power electronic irsteef converters and nonlinear sensitive loads esulharmonics
generation, which leads to different electrical powguality issues. The power quality disturbanceéhis most
common severe for the industrial and domestic coresuvhich requirements vital attention for its camgpation.
With and without Transformer connected FACTS dewidetect the disturbing power quality and mitigatere in

both low, medium and high power distributed system.

Solar Power Wind

Utility Grid

PEMFCS
|
CONTROLLER | Static Switchl
Microgrid T
CONTROLLER
FACTS
SENSITIVE
LOAD

Figure 6.1 Schematic diagram of the Proposed configuratfadhe Micro-grid.
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The detailed diagram for the proposed transfore&s HCBMLI is illustrated in Figure 6.2 which cgpeoate either
in DVR, STATCOM or UPQC mode. The DC side of thedrters are DC-DC converters in two stages, onéofer
step up and the other for high step up [168, 168)erters. The inverters switching angles are otiett by space
vector pulse width modulation switching techniq@®/PWM). For low and medium voltage grid unbalante,
proposed transformer less configuration can worP¥® while operating the switches s on and swin off
position. The proposed configuration of DVR caruBed in medium voltage network with low switchimgguency

with lower harmonics magnitude and lower switchioggses.
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Converter

Wind € nlnduction
PWM
CURRENT generlato!r
CONTROL " I control unit Veet b

Figure6.2 The configuration of the proposed transformer@¥&, STATCOM and UPQC

When sw is off and sw is on, the proposed model can be operated as & SOM which is a shunt connected
FACTS device that can work in current control amdtage control modes. Shunt connected STATCOM [plexi
voltage regulation on the power system and compertiaamic reactive power support through the apptin of
power electronic devices. The main component of SRATCOM is multilevel converter, which maintainset
constant value of DC-link voltage into a three-ghast of balanced output voltages with the deshmaglitude,
frequency and phase. An AC filter is further contedcacross the inverter to bypass the harmonicergtad by
inverter switching. Shunt connected PV-wind-PEMH&Sed multi level VSI provides adequate currentiletgr
bandwidth, to achieve high efficiency, the THD bétsource current is reduced to less than 5%, wiochplies
with IEEE610000-3 and IEEE 519 harmonic standarndkheas faster transient response. Whenaswl sw are both

operate the model is operate as a UPQC mode wihickists of two VSCs that are connected to common DC
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energy storage element and this DC-link is conmetheough a PV panel, wind power or both (emergisg
alternate sources of electricity), PEMFCS, low drgh step up DC-DC converter, and a battery. Onehef
converter is associated in shunt with a distribugioid, while the other one is attached in seriéh the same grid.
The shunt inverter UPQC [170,171] is limited in reut control mode. The main advantage presented3ly
topology over CSI includes lighter in weight, chegpblocking diodes is not needed, capability ofltiiavel

operation with lower switching frequency, and extexible overall control.
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Figure 6.3 The new configuration of the proposed series cotagetransformer based PV-wind- fuel-cell -UPQC

A transformer connected typical configuration of-Rihd-PEMFCS based UPQC compensated distributisteqay
is shown in Figure 6.3. The proposed UPQC monitoespeak supply voltage, and the d- and g-axis corampt of
the supply voltage. As discussed in this chapher,nain purpose of the proposed UPQC is to regthatsensitive
load bus voltage through the series VSC and thatsti8C controls the reactive power besides elinmgathe
unbalance and unwanted harmonics from the busgeltBhe multilevel current controlled VSI contrdte voltage
and reactive power level without the use of bullansformers. When the voltage dip is high the famser based
UPQC is more suitable. A battery can be coupledafiditional benefit to the PV-wind-PEMFCS generabed,
such that the excess DG generated power can lErsiera backup and compensate the voltage intemup¥hen
the UPQC model is 3-phase-3-wire system, it is irequto consider current unbalanced apart fromtiea@nd
harmonics current. The 3-phase-4-wire system shioviaigure 6.3 requires an additional loop for estes neutral

current compensation. PEMFCS [172] are used fosg@ctive information for applications of micro-gtia their
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better-quality efficiency, small amount of emissgoand straight production of electricity. Figurel &hows the
simulation configuration of PV-PEMFCS-MPPT contraiit; where in Figure 6.5 the hybrid cascade bottem
PV-wind-PEMFCS multilevel inverter gate control uis presented. Where the Figure 6.6 represent®¥hevind

and converter simulation control unit and in Fig6ré represents the PV-wind-PEMFCS based DVR, STAVIC
and UPQC control unit.
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c

f DeltaP*DeltaV> _ ﬂ DeltaD
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DeltaP*DeltaV
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If DeltaP"DeltaV<0
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Figure 6.4 Simulation configuration of PV-PEMFCS-MPPT control unit
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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

abc_to_dq0
Transformation

Constant

Cornit
Terminator
Discrete .
3-phase PLL T

abc_to_dq0 I :.
Transformationl

Terminatord

abc_to_dq0
Transformation2

Termi

abc_to_dg0
Transformation3
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6.4 Proposed DVR, STATCOM and UPQC Control System with SVPWM Algorithm
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Inverters are multipurpose power electronic switghtontrols devices that convert DC electrical poteerequire

AC electrical power and are key sources of harnwnidie flexible power electronics inverter outpengrated

harmonic current is injected to the electricalitytitircuit and extremely affecting the customessariated with the

interrelated circuit. For better performance, afgnable filter is installed between the injecticansformer and

proposed VSC to diminish the harmonics from thegoubf FACTS (i.e., DVR, STATCOM, UPQC) and provide

healthier power superiority of the output voltagiee inverter output necessary filter voltage ispanty introduced
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into the distribution system via with and withowrigs injecting transformer. The PLL employed tgulate the
electrical phase angle of the utility for synchaation of the grid. Within the multilevel structurenverter, the
superiority of voltage is straightforwardly intdated to the number of voltage level and it impas the number

of voltage levels will increases i.e., low rippledazero tracking to lofty quality of voltage wavefo

6.4.1 Proposed Multilevel Inverter Topology
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Figure 6.8 A general three-phase hybrid cascaded-multilewaditer with PV-wind- PEMFCS

Fig 6.8 illustrates the proposed simulation blogkgdam of PV-wind-PEMFCS based mostly three-phadwith
cascade bottom leg multilevel inverter. This tydeconstruction of multilevel inverters is appropeafor the
smallest amount of components and contains a stana@dular layout. Also the multilevel FACTS (DVR,
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STATCOM, UPQC) inverters are most straightforwaetjuces the cost effecting filtering requiremeirisreases
redundancy, and facilitate the transformer less FB©peration which implies, low cost and size idigtribution
system. To, achieve good quality of AC supply wawefs the construction of multilevel inverter is mor
appropriate. To, achieve high-quality of AC supphveforms the multilevel converter is most excellend
appropriate. The assessment and comparison of dlad®ed, flying capacitors and cascaded multilé@wetrters

are shown in Table 6.1.

Table 6.1 Comparisons of three multilevel inverters

Converter Type Diode Clamp Flying Capacitors Casdaderter
Main switching devices (m-1)x2 (m-1)x2 (m-1)x2
Main diodes (m-1)x2 (m-1)x2 (m-1)x2
Clamping diodes (m=-1)x(m-2) 0 0

DC bus capacitors (m-1) (m-1) (m-1)/2
Balancing capacitors 0 (m=-1)x(m-2)/2 0

6.4.2 Proposed Space Vector Pulse Width Modulation Switching control strategies

For reduction of commutation losses, improvemertius utilization and low order of harmonic THD, tBePWM
multilevel converter switching technique is mosplsigticated. The space vector modulation is onh@fadvanced,
computation intensive, flexible and real time median techniques. Using SVPWM switching technique
determination of the switching instant of the sWilg vectorsi-alpha,p-beta planes the magnitude and angle of the

rotating vector can be found by the mean of Clafkansformation with respect to stationary refeseframe.

Vq a,d-axis

)

SECTOR 5

() 101 {:6
Figure 6.9 Space vector configurations for (a) two-level irge (b) voltage space vector and its componentg)(d

(c) reference vector as a combination of adjaceators at sector 1.
e ——
[Chapter 6: PV-Wind-PEMFCS Based Hybrid UPQC System with Combined DVR/STATCOM]| Page 178



Figure 6.9 shows the representation of rotatingorein complex plane with typical space vector déag for (a)
two-level inverter (b) voltage space vector andcignponents (d-direct, g-quadrature) (c) refereveetor as a

combination of adjacent vectors at sector 1.
The reference voltage can be written as

Vreterence =Vya  [Voea =2/ 3(VR +aV, + aZVB) , where,a = /(27 = 120 (6.1)

’\7reference = \/m’a — tan—l(vbaa/\/a]pha) o
Vapra T 1Voga = 2/3(VR +el@N +¢ (271/3\/5)

=2/3(Ve+ cof 27/ 3V, + cof & W)+ /2(3 s(n? )& - i )\3) (6.3)

Equating real and imaginary parts from equatioB)(6.

Ve = 2/3(Vg + cof 27/ IV, + cob &/ )¥,) (6.4)

Viea = 2/3( O/ + sin 27/ 3V, — siff 27/ P/) (6.5)

The sinusoidal voltage can be treated as havingnatant amplitude, constant frequency and trangfdrinto a

vector in the RYB reference frame to a stationagyabordinate frame.

{ Ve }_2{1 cof 27/ 3 cof 2/ B &

Y "3|0 sin(27/3 -sif 27 3 v

(6.6)
quardrature 3
B

—

From vector diagram of Figure 6.9 (lg,reference Vet V. V refrence @and anglear are

quacature

Vireat = Vrn ~ V- €0S(60)-V, .cos(6(

=V~ (Y2) Yy ~(1D) Ve, 67

Virea = 0—V,,.€0S(30)-Vg, .cos(3(

=0Vp, - (V32 %, (VI AV, 6.8)
VR

|:Vdirect }_2{1 -2 _12}
-< VY (6.9)
unadrature 3 o \/5/2 _\/—3/ 2 V
B
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— 2 2
- \/Vdirect +unadrature

a= tan_l (Vdirect/vquadralure) = wst = ZTfst (6-10)

‘V reference

Where, fS is a fundamental frequency.

Considering thatl, is sufficiently small, the reference V0|ta§éreferenoe could be constant durirlg . The time
duration is

vreferenceTk :\711 "‘\72L +VOL
Tk k k
V reteence =V1T, +V 5T, +V T, whereT, =T, + T, +T, (6.11)

T, T,and T, are the time foM1, V2andVo respectively. Therefore, the space vector canriteen as follows:

\7referenoe :\7referenceei6,\71 = (Z?’)Vdirect ,\72 :( 2’ 3Vdirectej(”/3) ,and\70 =0 (6.12)

T * V reteence™ {cos(a)}le* %* A [1}13 £\ {Coiﬂ/ ﬂ (6.13)

sin(a) 0 3 sin(7/ 3
H * N/ * —_— * 2* * ]*
The real part isT, *V reerence*COS (@) =T, 3 V. +T, 3 V. (6.14)
. . *\/ * i — * 1 *
Imaginary part is,T, *V reference™ SIN (a) =T, ﬁ V. (6.15)

By solving the above equationd, and T, can be expressed as below:

. . 1 .
T, =T, *a*sin (7‘[/3 —a) , T, =T, *a*sin (0’) wherel, = Tfor 0< a < 60 and the modulation index is,
rnd — \/é\/reference
Vdc
Here T, T,, Ty represent the time widths for vectorg V,, V,. Ty is the period in a sampling period for null vestor

should be filled. As each switching periogdskarts and ends with zero vectors i.e. therelvéltwo zero vectors per

Ty or four null vectors per,J duration of each null vector is/#.

The space vector switching time duration at anyoses represented by equations (6.16) and (6.17).

\/é.Tk .’\7reference . (ﬂ' n-1 j \/—3Tk ‘Vreference‘ ( . n n . j
T,=—————|sinf-—a- m|= SIN—7T.CO%r — COS /T .S | (6.16)
V. 3 3 V. 3 3
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RCA AT I 1 S S S
T2 =——— | sihja-— || = —CO0xY .SI—— 77T+ Sl .SHh——7T |(6.17)
V, 3 V., 3 3

Where n =1through 6 andl, =T, +T,+ T for 0< a < 60
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Figure 6.10 Space vector diagram for (a) three-level inve(t®r division of sectors and region for three-level
inverter (c) voltage vector 1 and their times.

Figure 6.10 shows that the space vector diagram&jathree-level inverter (b) division of sect@usd region for
three-level inverter (c) voltage vector 1 and thieires. 10 is between0 < 8 < 60 then VieterenceWill be in sector 1,

if 0 is between60 < @ < 120 then Vi will be in sector 2, iB is betweerl20 < 8 < 180then ViegerenceWill be

in sector 3, if 8 is between 180 < @< 240then Vieference Will be in sector 4, if6 is between
240 < @< 300then ViggerenceWill be in sector 4 and i is between300 < &< 360then ViegerenceWill be in

sector 5.

The relationship between times and voltage is

VT, +V, T, +V, I =V, T (6.18)

reference " s
T, +T, +T, =T,

1

— 1 Vi
From Figure 6.10 voltage vectors;,W, and \; can be observed ad/: :;_),Vd"m’ Ve _3Vd”mej(n/3),
1 '
V7 = 3Vd|rectej(”/6)andVrefermce —Veference 19
1 V3

gvmea+?Vdm(cos(n/ 6)+ j sinf/ 6 T+1Vdlrect cost/ 3| simf P,
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=V, gerence (COSO + | SING T

\Y,
Ta+§Tb+—1TC =310 cohT, (6.19)
2" 2 Y/

d

V
§Tb +£TC =310 §ingT, (6.20)
2° 2 V,

Solving upper two equations for total timg, =T, +T, +T_

T, =T,[1- 2m, .sing] T, :T{Z.md .sin(g+ ej— 1}andTC =T, {1— 2m, .sir{g+ Hﬂfor

0<f0<mf2 (6.21)
The modulation index isim, = _reference
Vdirect

6.5 SVPWM simulation output results

For the proposed system the simulations are peddroy using Matlab/Simulink. The SVPWM techniquatcols
the minimum harmonic distortion, position of refece vector according to fundamental frequency, cédn of
switching losses, voltage sag, swell, flicker, Uaheed, active and reactive power, reduces the adation losses
and controls the inverter output voltage. Conjgititle construction of the multilevel SVM invertearc be
developed for versatile applications, like as ativacenergetic power filter, static power unit VARmMpensator,
motor drive system (STATECOM), PV, fuel cells, leagt etc. In this section, the merit and demeritifferent

multilevel inverters performance for FACTS contikexamined.

0.1 O.
Time (sec)

Figure 6.11 Switching instant of a SVPWM pulse waveform.

The switching instant of a space vector pulse widthdulation pulse waveform is shown in Figure 6 Hifures.

6.12 & 6.13 show the simulation result of cascadd fdr a three level and five level output voltagé,, Vu, and
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V). The THD measurement for the 5-level DCMLI iswidn Figure 6.13 where fundamental frequency i$420

and the %THD is 4.62.

The THD measurement for the 5-level cascade mudtilinverter is shown in Figure 6.14 where fundatakn

frequency is 50 Hz and the %THD is 3.71.This protred the proposed cascade multilevel inverter mehean

highly reduce the %THD than the others multilevelarters. The THD values of the proposed cascadtlenel

inverters are lower than that of the other multeleinverter as shown in Table 6.2. So the proposautrol

techniques have good accuracy, flexibility, sperd @ach of implementation.

Table 6.2 Comparison between % THD for proposed system &RKVM.

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 24359  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

Phase voltage (Vcn) Phase voltage (Vbn) Phase voltage (Van)

|

|

.04 0.05
Time (sec)

Figure 6.12 Simulation result of SVPWM for hybrid cascade MMan, Vbn and Vcn) for a five level.
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Figure 6.14 FFT output for 5-level cascade multilevel inverter
6.6 Simulation Resultsfor DVR, STATCOM and UPQC with Filter

The performance of the proposed SVPWM switchincghnegue of the PV-wind-PEMFCS connected DVR,
STATCOM and UPQC system is implemented by considedifferent cases of voltage disturbances such as
balanced and unbalanced deep voltage sag, voltaghssvoltage flicker, voltage spike, harmonicsddong

duration voltage variation. A simple PV-wind-PEMFREBCTS distribution system is shown in Figure 6.1.

The proposed controller PV-wind-PEMFCS based FACOB8\pensator establish the proper voltage qualitglle
that is required by the sensitive load for bothnmalrand transient operation with appropriate actind reactive
power control. Simulation results using MATLAB/Sifimk for multilevel PV-wind-PEMFCS based FACTS
inverter with and without transformer shows tha ttumber of levels reach infinity, the output THPpeoaches

zero, i.e., the switching loss problem has beemaovee. The simulation parameters are shown in Tal3le
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Table 6.3 Simulation parameters for the scheme in Figure 6.1.

Description Parameter Symbols Value

PV module specification No of solar cell Nsolar 63 (7x9)
Nominal voltage me 2x12V

Step-up DC-DC converter Inductance Lm 57 ,UH

L, 0.271 H

Switching frequency f32 120 kHz
Capacitance Cl 293 ,UF 1100V
Output DC voltage  V 220-230V

Injection Transformer 1:1 Power Fi’nj 100 VA
Voltage rating VP /VS 230/230V

Resistance R./Rs  0.00002610hm
Inductance XP/XS 0.00030hmM
Magnetizing Xm 0.000040hm
DVR DC voltage of DVR V. 240-260V
DC link capacitance Cdc 29 /JF
UPQC Filter inductance iL 217pH
Filter capacitance Ci 139 pH
Switching fsw 4.0 kHz
Parameters of the grid voltage Nominal voltage Vs 220-240V
frequency fS 50 Hz
Parameters of Battery Series & Parallel Vg 12V, 500 Ah

6.6.1 Proposed PV-wind- PEMFCSbased DVR simulation results

The transformer-less PV-wind- PEMFCS hybrid DV &sed on a three-phase multilevel converter tordicelly
inject a compensation voltage vector in series rateot sensitive loads from the electrical micragvoltage
disturbance such as balanced and unbalanced voltagie swell, flicker and reduced voltage or currtal
harmonic distortion. Figure 6.15 shows the respafid2VR with vector control voltage sag for nonlardoad with
balanced three phase fault (a) three phase faltittgey (b) DVR injection voltage, (c) Three phasad voltage (V),
(d) three phase fault current, (e) three phase doagnt.
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Figure 6.15 Response of DVR with vector control voltage sagrfonlinear load with balanced three phase fault
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Figure 6.16 shows response of DVR with vector @intpltage sag for nonlinear (RL) load with phaséand
ground fault (a) three phase unbalanced fault gelt§b) DVR injection voltage, (c) Three phase lwattage (V),
(d) three phase fault current, (e) three phase doaent.

Figure 6.17 shows the performance of the DVR withter control voltage sag for nonlinear (RL) loaitvthree
phases a, b, ¢ and ground fault, active and reagower output from the DVR. The PV-wind-PEMFCS dzhs
transformer-less DVR is turned on at t=0.15s anatinae to t=0.25s. When the fault occurs the loatlage is
distorted, it is obvious that the load side voltégeffectively regulated to its normal value ahd power quality is

maintained.
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Figure 6.17 Performance of the DVR with vector control voltasgey for nonlinear (RL) load with three phase &, b,

and ground fault, active and reactive power outyrh the DVR.
6.6.2 Proposed PV-wind- PEM FCS based UPQC simulation results

The PV-wind-PEMFCS primarily based UPQC will operaiith and while not electrical transformer opematiThe
operation and performance of the structure mukildvased PV-wind-PEMFCS UPQC is supposed to #ightl
regulate grid voltage of sensitive loads againdtage sag, swell, flicker, voltage unbalance, haritsy negative
sequence current, active and reactive power andrth@ther disturbance in the distribution eleetrizetwork. The
UPQC is fed from a PV-wind- PEMFCS primarily bad€e@ input within the proposed scheme and also th@OP
won't be directly affected from any grid disturbascA common standard electrical capacitor is aastto a link

of both series and shunt structure multilevel VSCs.

The projected UPQC mentioned during this chamemeant to compensate the critical load bus vol{age
balanced, sinusoidal, with pre-specified magnitadeé phase angle) by series construction multil$'&Cs and the
primary goal of the shunt constructed multileve&G5 is regulate the mostly important real and reagiower to

the capacitor and also eliminate the unbalancehanchonics. This twin voltage control operation ghere of the
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multilevel based PV-wind-PEMFC-UPQC is controlled3VPWM switching control loop, inner voltage regiibn
loop, inner current managing loop, transformatioop, phase angle management loop and filter colutogl. Most
of the system parameters are as exposed in Tahld-igure 6.18 shows the response of PV-wind-PENIRGQC
with vector supervise voltage sag for sensitivelinear load with unbiased balanced three phase fwawe of the
availability aspect of supply side voltages, thedted appropriate voltage by the UPQC (series MMWMDVR), the
restored load side 3-phase voltage, 3-phase faukmt and 3-phase load current.
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Figure 6.18 Response of UPQC with vector control voltage saghbnlinear load with balanced three phase fault
(a) three phase balanced fault voltage (b) UPQ€Xiign voltage (c) Three phase load voltage (V)tlid@ée phase
fault current (e) three phase load current.
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Figure 6.19 Performance of the UPQC for (a) resistive loachwihbalanced voltage sag active and reactive (red)
power output from the DVR (b) capacitive load withbalanced voltage sag active and reactive powtpubérom
the DVR (c) resistive load with balanced voltagg aative and reactive power output from the DVRr{dh-linear
load with unbalanced voltage sag active and reagiwer output from the DVR (e) Induction motordoaith

unbalanced voltage sag active and reactive poweubfrom the DVR
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Figure 6.19demonstrates then presentation of thdomnance of the UPQC for (a) resistive load wittbalanced
voltage sag dynamic and mostly important reactiesvgr output from the UPQC, (b) capacitive load with
unbalanced voltage sag active and reactive powgubfrom the UPQC, (c) resistive load with balashe®ltage
sag active and reactive power output, (d) non-linead with unbalanced voltage sag active and remagower
output from the PV-wind- PEMFC-UPQC, (e) Inductimotor load with unbalanced voltage sag active aadtive
power output from the UPQC. The proposed multiléerreerter based transformer less configuratiorthef PV-
wind- PEMFC-UPQC overcomes transformer problem# saschigh cost, large size, losses, saturatiorsephhift
and inrush current. Also filter-less PV-wind- PEMEIPQC operation can be obtained at high numbenwdrier
levels. For high voltage purpose we used transforco@nected UPQC and this custom power compensgator
employed to regulate the positive sequence compoaet to cancel the negative sequence componem. Th
transformer connected PV-wind- PEMFC-UPQC outpuitfaoltage waveform is shown in Figure 6.20, where
voltage sag depth is (a) UPQC unbalanced fault lvitar load (b) UPQC unbalanced fault with noreéinload (c)
UPQC unbalanced fault with capacitor load (d) URgaanced fault with linear load.
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Figure 6.20 Voltage sag depth is (a) UPQC unbalanced faut liitear load (b) UPQC unbalanced fault with non-
linear load (¢) UPQC unbalanced fault with capaditad (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 propospdldgy operating under DVR, STATCOM and UPQC modes

Tables 6.4, 6.5 and 6.6 demonstrate the comparesuits obtained. The parameters observed areesandt load
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side voltage and current harmonics with the progasmtrol. The Table 6.4 and 6.5 shows the perfamaaf the

DVR and UPQC modes where the UPQC modes havingridwaemonics in both the voltage and current

waveforms. In Table-6.6, consists the level wismparison for the source and load side voltage anctiots. Here

also it can be observed that the UPQC mode of Gipareesults in lower harmonic generation compaceBbVR or

STATCOM modes.

Table 6.4 Source and load side voltage and current harmoagnitude when DVR connected

Voltage and current unbalance harmonic (% oflamental) when PV-wind-PEMEFC-DVR connected

Source side voltage harmonic

Source side current harmonic

Load side voltage harmonic

Load side current harmonic

Harmonic (%) (%) (%) (%)

order Ve Ve Vs ls: Ist Isc Via Vi Vis lia lip lic
5 1.03 2.32 0.5¢ 0.4¢ 0.52 0.82 2.52 1.8¢ 2.1t 2.5 3.1¢ 1.3Z
7 0.5¢ 1.z 0.47 0.0 0.5¢ 0.91 1.9 1.5¢4 2.62 1.7¢ 1.8¢ 1.91
11 0.47 0.48 0.01 0.01 0.33 0.63 0.93 0.02 1.02 211 057 0.93
13 0.2¢ 0.4¢ 0.5¢ 0.47 0.0z 0.21 1.0z 1.3¢ 1.11 0.0¢ 0.0¢ 0.3¢
17 0.1: 0.12 0.0¢ 0.07 0.0 0.0¢ 0.7¢ 1.0 0.0¢ 0.7¢ 0.9 0.8
19 0.04 0.65 0.52 0.21 0.27 0.03 0.24 0.59 0.74 110 041 0.69
23 0.27 0.4t 0.4¢ 0.1¢ 0.0¢ 0.01 0.02 0.3¢ 0.4% 1.2¢ 0.11 0.3¢
25 0.0z 0.01 0.1 0.31 0.11 0.0¢ 0.4¢ 0.6t 0.2¢ 0.9 0.4z 0.12
29 0.01 0.04 0.01 0.08 0.21 0.11 0.91 0.02 0.53 600 0.23 0.01
31 0.11 0.73 0.21 0.03 0.07 0.02 0.03 0.51 0.08 90.1 0.01 0.03

Table 6.5 Source and load side voltage and current harnmoagnitude when UPQC connected

Voltage and current unbalance harmonic (% of fumelatal) when PV-wind-PEMEFC-UPQC connected

Source side voltage harmonic  Source side current harmonic

Load side voltage harmonic

Load side current harmonic

Harmonic (%) (%) (%) (%)

ordel Vs: Vst Vs s Ist Isc Via Vi Vis lia lip lic
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 0.05 670. 047 0.24
13 0.08 0.23 0.24 0.01 0.12 0.04 0.74 0.06 0.32 100 0.01 0.11
17 0.11 0.11 0.01 0.02 0.03 0.01 0.41 0.003 0.11 030. 011 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 0.28 905 0.2 0.12
25 0.01 0.03 0.11 0.11 0.09 0.02 0.17 0.31 0.04 404 0.17 0
29 0.02 0.01 0 0.02 0.06 0.03 0.11 0.01 0.08 002 .010 0.01
31 0.05 0.03 0.01 0.01 0.04 0.01 0.02 0.11 0.02 10.1 0.03 0.02
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Table 6.6 Source and load side %THD calculation when DVR, 3T®M and UPQC connected

C?g;%e Using DVR Compensator Using STATCOM Compensator Using UPQC Compensator
multilevel S?,Z.rlf:ﬁ; ide Load side %THD S?,Z.rrcﬁDs ide Load side %THD ng_rrcSDs ide 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 15496 2974 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 152 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-wiREBEMFCS-DVR, PV-wind-PEMFCS-STATCOM and PV-wind-
PEMFCS-UPQC system with the proposed control metfAdils innovative and potential method is capable t
compensate network faults and mitigate their effect sensitive loads in distribution power systeD¥R has the
boundary limit for injection of active power. Thensllation results indicate theapability of custom power device
in mitigating the voltage variation and harmonidlgting loads. The harmonics of the output voltageliminated
by SVPWM switching technique and THD is also cad¢edl to evaluate the quality of the load voltagemduthe
operation of DVR, STATCOM or UPQC which fulfills EE 519 std. range. From the simulation resultss it
evident that the generated voltage spectrum is margh improved by increase in the level of the itere The
proposed system also decreases the overall voltdgein the micro-grid, decreases the total systess,|improves
the dc link voltage, increases the effecting spaed, solves the loss of commutation, electromagrietiervention;
minimize the harmonics and optimized the high fextpy switching problems. Different simulation casedy is
verified to evaluate the potential application bé tproposed control approach with superior advantagrapid
response and precise compensation with optimumggradrthe proposed control system are also revealgte

simulation results.
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Chapter 7

7.1 Conclusion

The aim of this present thesis is to address powality issues with different types of DGs havingérter interface
to MGs. The harmonic optimization and overall powaality issues has been dealt with by the useéwable
energy based PV and DFIG hybrid schemes operatidgrdJPQC, DVR, STATCOM modes.

The most important aims of this present thesis are:
i Control of power quality, harmonic optimization 8iferent techniques.
ii. Usage of different soft computing techniques fonegating switching pulses for DG based Inverterd an

different FACTS schemes with proposed configuration

In Chapter 2 a novel technique for diminution of voltage harntsnin a modern micro-grid consisting of DFIG as
multiple DG resources is shown. The BBO-based SMEYRechnique of DFIG rotor side inverters is emgdyfor
harmonic reduction. The chosen harmonics of the@ieitor output voltage e.g™sand 7" are removed by BBO-
based SHE-PWM technique. The inverter switchindemgre calculated by the BBO algorithm and staechixed
model equation for on-line application. The higbeder harmonics e.g. 113" 17", and 18 order are generated
by other inverters in opposite phase while lesgetireir own lower order harmonics. Thus, the gdneodage
THD within the micro-grid is reduced. Thus the taaitching losses of the inverters are lower coragao the
situation when all the inverters are switched tmiglate both lower and higher order harmonics.

In Chapter 3 an optimized switching strategy for the rotor smverter (RSC) for a DFIG is proposed. The
undesired stator harmonics injected from RSC imiakted, which can deteriorate the micro-grid pogeality.
The preferred lower order harmonics of the RSC gerd voltage are removed and rest higher orders ar
minimized by BBO-based SHE technique. A rotor spaegendent modified RSC switching technique is ipes
with different switching angles per quarter cyclée switching angles are computed through BBO élgorand
stored in a processor memory in the form of mixextleh equations for online application. The proposeldeme
can be used for online control of any number of Gs:l

In Chapter 4, the model of PV-wind based hybrid DG system $litdor DVR, STATCOM and UPQC modes of
operation has been developed. The proposed teadomEu compensate networks faults, reduce injecetidnics
and act as reactive power compensator in distohudlystems. The harmonics of the output voltageshm@nated
by SHE-PWM switching technique with ML inverter ngiBBO based optimized switching. A comparison BB
based computation of switching angles with otheistarg soft computing techniques has been prepéoed
justification. The load voltage quality for DVR, 8TCOM, UPQC operation can fulfill IEEE 519 std. ggn

Various simulation and experimental results arenshto justify the proposed concept.
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In Chapter 5, the PV-DVR system is investigated with the pragbsontrol technique. The projected performance
is able to compensate the system faults and medéneir effects on sensitive nonlinear loads in emadpower
systems. DVR controls the power flow, harmonichwitiD and mitigate the voltage variation with higfficiency.
The selected minimum order harmonics are complegdilpjinated by BBO-based SHEAM-PWM switching
technique. The generated switching angles are dstaremicrocontroller memory for online applicaticand
contributing the least voltage THD at dissimilarduatation indices which is computed by the BBO ailtyjon. For

the proposed model, the generated output voltagedrac spectrum is better and the overall voltag¢DTis

decreased.

Chapter 6 investigates new models of PV-wind- PEMFCS -DVR;Wind- PEMFCS -STATCOM and PV-wind-
PEMFCS-UPQC system with the proposed control metfibd projected technique is accomplished to baldhe
system faults and moderate their special effectsemsitive loads in grid, micro-grid and smart gethted power
systems. By SVPWM switching, the voltage harmoisagptimized with minimum THD throughout the furanti of
DVR, STATCOM and UPQC mode, fulfilling the IEEE 5t8nge. Different simulation case study is verifted

evaluate the potential application of the futurprapch with higher advantage.

7.2 FUTURE WORK for MGs, PVs, DFIGsand FACTS

l. Application of high technology products like nanatteries, nano solar cells, nano super capacitals a
nano fuel cells the MG storage capacities are as@é and makes the MGs, simpler, smarter etctumefu

for MGs operations the use of green and sustairai#egy investigation more required.

I. For PV systems the partial shading problems arenthpr issues so primarily the targets to solve the

problem and utilize the maximum purpose is to hegtigated.

1. Power quality issues are the most significant facto distribution and transmission networks. Some
subjects for the future are very attractive in D@ nected like effect of saturation of voltage alabced;
the selection proper sizing of converter and D® Bapacitor is another part of the future work, diarg
of high frequency switching for more accuracy @nient operation. Under and over voltage, overeotir
speed and frequency deviation protection shoulddbablished for developed for the DFIG for protatti
DFIGs cost analysis is another most important fafciofurther research. In future the DFIG wind ene
technology more usability for micro-grid power gtyaimprovement is possible. It is further requiremt
that by controlling of DFIG the rotor injects elgcal power into the grid and absorbing power fruma

grid system through converters at sub-synchronpegd and the active power with the reactive power

balanced.
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V. Using the power electronics FACTS, inverter opergtiPMU, smart meter, bidirectional effects, sterag
device and advances in automation the MG makes papelar like smart grid.

V. Further developing the FACTS device SVC, STATCOMW,R) and UPQC can improve the active power,
reactive power, voltage variation, harmonic pofigtioads effects with high performance, low lossstc
effective. Further research it can be modified dwnplicity, reliability, usability and controllakify. The
harmonic elimination also can be improved by imjmguhe switching technology.

VI. In future Smart Grid normally improves and monittite transmission and distribution system which is
» Controllable, observable and suitable for sensing.
» The proposed concept can be studied for smartagtication with already developed methods in

power quality improvement algorithms.

[Chapter 7: Conclusion and Future work) Page 195



Appendix

From,Figure A.1-A.b.23 shows the simulation output results and whicmigstigate the different inverters output.
Table A.1-A. 13 Switching angles and %THD calculation for 180, -t&@ree, bipolar and unipolar conduction
mode with different Modulation index with 3, 4,&,7-Switching angles (degrees). From, Figure A-227 shows
the hardware output results for FACTS and invarspectively.
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Figure A.1 Simulation result of single phase full bridge irtee.
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Figure A.2 Simulation result of three-phase nine-level DCNtuerter.
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Figure A.3 Simulation result of three-phase nine-level NPCMiJerter.
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Figure A.4 Simulation result of three-phase five-level CagchH-bridges multilevel inverter.
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Figure A.5 Simulation result of three-phase Flying capacitased Multi-level inverter.

0.01

[Appendix]



0.02 0.03 0.04 005 0.06 0.07 008 0.09 01
Time (s)

0.01

Figure A.6 Simulation result of three-phase two-level VSC.
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Figure A.7 Simulation result of Hybrid Cascaded H-bridgestitaeyel converter with single dc sources.
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Figure A.8 Simulation result of line voltage for 180-degreede.
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Figure A. 9 Simulation result of Phase voltage for 180-degneele.
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Figure A.10 Simulation result of Hybrid cascade multilevel lwiiottom 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-degneele.
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Figure A.14 Simulation result of single phase bridge invedaging IGBTs, with renewable source.
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Figure A.15 Simulation result of cascade multilevel inverterth Single dc source by employing single phase

transformers.
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Figure A.16 Simulation result of cascade multilevel inverteith Single dc source by employing single phase

transformers with minimum number of dc sources.
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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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FigureA. 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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Table A.1 Switching angles and THD calculation for 180-degcenduction mode with different Modulation Index
with 3-Switching angles (degrees).

Ml alphal alpha2 alpha3  THD Ml alphal alpha2  alpha3HD
0.02 59.6695 60.3311 89.7135 84.7343 0.52 51.46 0989. 82.7121 36.0165
0.03 59.5044 60.4968 89.5703 84.5492 0.53 51.2949.2961 82.5817 35.3158
0.06 59.0099 60.9951 89.1407 83.5588 0.54 51.12984962 82.4522 34.6349
0.07 58.8452 61.1616 88.9976 83.0871 0.55 50.96386986 82.3239 33.9712
0.08 58.6807 61.3282 88.8545 82.5471 0.56 50.7981.9084 82.1966 33.322
0.09 58,5162 61.4951 88.7114 81.9404 0.57 50.63231108 82.0706 32.6848
0.1 58.3518 61.6621 88.5684 81.269 0.58 50.46633270. 81.9459 32.0568
0.11 58.1875 61.8294 88.4254 80.5352 0.59 50.3000.5344 81.8227 31.4354
0.12 58.0233 61.9969 88.2824 79.7414 0.6 50.1338751@ 81.7011 30.8179
0.13 57.8592 62.1646 88.1396 78.89 0.61 49.96729716. 81.5813 30.2019
0.14 57.6951 62.3326 87.9968 77.9839 0.62 49.800619%1 81.4635 29.5848
0.15 57.531 62.5009 87.854 77.026 0.63 49.6335 2B1.4 81.3479 28.9644
0.16 57.367 62.6694 87.7113 76.0193 0.64 49.46636592 81.2347 28.3383
0.17 57.2031 62.8382 87.5687 74.9673 0.66 49.13121445 81.0169 27.0599
0.18 57.0392 63.0074 87.4262 73.8731 0.67 48.96333974 80.9129 26.4032
0.19 56.8753 63.1768 87.2838 72.7404 0.68 48.795 .6582 80.8129 25.7319
0.21 56.5477 63.5166 86.9993 70.3737 0.69 48.6265928 80.7174 25.0437
0.22 56.3839 63.6871 86.8572 69.1473 0.7 48.45762083 80.6271 24.3359
0.25 55.8927 64.2007 86.4317 65.342 0.71 48.28835003 80.5428 23.6056
0.26 55.729 64.3728 86.2902 64.0446 0.73 47.94851308 80.3969 22.0638
0.27 55.5653 64.5453 86.1488 62.7392 0.74 47.77794746 80.3384 21.2432
0.28 55.4016 64.7182 86.0076 61.4298 0.75 47.6064.8435 80.2924 20.3815
0.3 55.0741 65.0656 85.7257 58.8138 0.76 47.435 2433. 80.2621 19.4708
0.32 54.7466 65.4152 85.4446 56.2262 0.77 47.262%6845 80.2523 18.5002
0.33 545828 65.5909 85.3044 54.9517 0.78 47.08921799 80.2699 17.4559
0.36 54.0912 66.1217 84.8853 51.243 0.79 46.91497526 80.3263 16.3189
0.38 53.7633 66.4792 84.6074 48.893 0.8 46.7394444%. 80.4427 15.0641
0.39 53.5992 66.6591 84.4689 47.7614 0.82 46.3829.7936 81.1598 12.0568
0.4 53.4351 66.8399 84.3308 46.6611 0.85 14.0947.914B 86.4606 12.0352
0.42 53.1068 67.2042 84.0557 44.5588 0.87 14.456B4901 86.6098 12.0073
0.46 52.4492 67.9455 83.511 40.7626 0.88 14.64424328 86.7606 11.9031
0.49 519551 68.5147 83.1084 38.2612 0.91 15.23689189 88.0389 8.6862
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Table A.2 Switching angles and THD calculation for 180-degcenduction mode with different Modulation Index
with 4-Switching angles (degrees).

Mi alphal alpha2 alpha3 alpha4  THD Ml alphal alpha2alpha3 alpha4  THD
0.01 55.483 55729 84.922 87.6488 364.855 0.48 148.6 58.1706 68.097 89.2333 20.1854
0.02 55.289 55777 83.61 87.1819 297.294 0.52 99.2060.494 77.078 84.4901 29.6727
0.03 55.109 55.838 82.687 86.9111 251.82 0.53 53.3060.6758 76.737 84.5409 29.5793
0.04 54937 55905 81949 86.7336 218.258 0.54 024.4 60.8555 76.407 84.5985 29.4537
0.05 54.772 55976 81.322 86.6123 192.293 0.55 1645 57.5861 65.665 89.9594 19.1769
0.06 54.61 56.05 80.769 86.5291 171598 0.56 18.6041.2088 75.775 84.7307 29.1143
0.07 54.452 56.125 80.269 86.4736 154.743 0.5641661. 57.2439 64.838 89.9985 19.3647
0.08 54.297 56.201 79.811 86.4393 140.779 0.57 808.9 57.0282 64.39 89.9975 19.3703
0.09 54.144 56.279 79.384 86.4217 129.041 0.59 119.9 61.723  74.877 84.9622 28.4119
0.1 53.992 56.357 78.984 86.4178 119.043 0.6 19.0161.89 74587 85.0465 28.1319
0.11 53.843 56.435 78.604 86.4252 110.423 0.62 3B8.2 62.2164 74.016 85.2238 27.5085
0.12 53.695 56.513 78.242 86.4421 102.905 0.60852%8. 54.6435 60.932 89.9919 15.7568
0.13 53.548 56.592 77.896 86.4672 96.2726 0.62 044.7 53.0218 59.254 89.99 14.0425
0.14 53.402 56.67 77.561 86.4993 90.36 0.68 12.9043.1212 72.332 85.8096 25.1344
0.15 53.258 56.747 77.238 86.5376 85.0356 0.7 88.7040.9129 53.229 88.7416 14.4167
0.16 53.114 56.824 76.924 86.5814 80.196 0.71 18.25%63.5132 71.472 86.1251 23.6337
0.17 52971 56.901 76.619 86.63 75.7597 0.72  22.3242.4526 52.998 88.2154 14.7984
0.18 52.828 56.976 76.32 86.683 71.6627 0.73 295123.0905 52.882 88.0807 14.8399
0.19 52.687 57.051 76.028 86.7398 67.8544 0.74 171.8 43.6819 52.769 87.9878 14.7291
0.2 52545 57.125 75.741 86.8002 64.2955 0.75 97.1944.2417 52.663 87.9246 14.5306
0.21 52405 57.198 75.459 86.8638 60.9555 0.76 453.8 64.0003 69.916 86.6756 20.572
0.22 52.265 57.27 75.181 86.9303 57.8105 0.77 26.1245.3067 52.479 87.8599 14.0221
0.24 51.985 57.409 74.635 87.0711 52.0378 0.78 884.064.0931 69.205 86.9032 19.1257
0.26 51.707 57542 741 87.2211 46.8794 0.79 19.188.3513 52.357 87.8524 13.4398
0.28 5143 57.669 73.572 87.3789 42.2803 0.8 19.7566.8856 52.331 87.8643 13.1215
0.3 51.153 57.787 73.049 87.5435 38.2086 0.81 04.4664.0116 67.93 87.2526 16.6882
0.32 50.876 57.895 72528 87.7142 34.6418 0.82 4¥8.9 48.032 52.393 87.9121 12.4403
0.34 50.6 57.993 72.006 87.8901 31.5561 0.83 1B8.5628.6798 52.514 87.9458 12.0962
0.36 50.322 58.078 71.481 88.0708 28.9209 0.84 8¥3.1 49.4193 52.735 87.9849 11.7722
0.38 50.044 58.148 70.95 88.2558 26.6959 0.85 14.9962.8127 65.177 87.7394 12.97
0.4  49.764 58.201 70.41 88.4447 24.8339 0.86 1B.1461.9302 63.918 87.8688 12.0749
0.42 10.392 58548 82277 84.946 26.9385 0.87 B9.3460.1923 61.82 88.0081 11.302
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Table A.3 Switching angles and THD calculation for 180-degcenduction mode with different Modulation Index
with 5-Switching angles (degrees).

Ml alphal alpha2 alpha3 alpha4 alpha5 THD Ml alphadlpha2 alpha3 alpha4 alpha5 THD

0.01 9.8597 10.143 49.783 50.217 89.905 59.9894 6 0.4.8539 21.295 35.926 60.071 87.4135 21.066
0.03 49.7716 50.224 69.574 70.425 89.714 59.901 7 0.46.018 52507 62.708 77.17 85.7631 35.397
0.04 9.4561 10.589 49.126 50.864 89.619 59.5184 8 0.4.9161 21.682 24.758 60.558 89.9358 15.829
0.06 495391 50.443 69.147 70.85 89.427 59.54189 0.45.826 52517 62.325 77.558 85.6216 33.615
0.07 9.08 11.06 48.461 51507 89.334 58514 0.51.6345 52509 61.929 77.966 85.4901 31.8
0.08 49.382 50.587 68.861 71.133 89.237 59.17112 0.85.531 52.498 61.725 78.18 85.429 30.88
0.09 8.8453 11.387 48.012 51.935 89.147 57.5803 3 0.35.31 50.875 59.666 71.749 89.8667 13.569
0.11 49.1434 50.797 68.431 71.56 88.952 58.4224 4 0.85.328 52.459 61.303 78.63 85.3179 29.013
0.12 49.0631 50.866 68.286 71.702 88.857 58.122%5 0.45.225 52.429 61.085 78.869 85.2691 28.065
0.14 48.9014 51.001 67.997 71988 88.667 57.448%6 0.45.12 52.393 60.862 79.12 85.2258 27.105
0.15 8.2262 12.435 46.632 53.212 88.596 53.81847 0.35.493 51.188 59.363 72.924 89.509 13.217
0.19 7.8922 13.193 45.676 54.064 88.245 50.8202 8 0.84.905 52.296 60.396 79.662 85.1597 25.143
0.2 48.4076 51.388 67.116 72.852 88.103 54.8663 9 0.84.794 52.234 60.153 79.959 85.1396 24.137
0.22 48.2402 51509 66.818 73.143 87.917 53.829%6 0.44.68 52.162 59.902 80.278 85.1307 23.109
0.24 7.5759 14.217 44.42 55.133 87.835 46.8793 0.84.564 52.078 59.642 80.626 85.1359 22.054
0.25 479866 51.684 66.366 73.585 87.639 52.1234%2 0.15.821 51.343 58.729 74.451 89.0972 13.467
0.26 47.9014 51.74 66.214 73.734 87.547 5151633 0.84.319 51.869 59.091 81.442 85.2064 19.835
0.27 47.8158 51.795 66.06 73.883 87.455 50.8911 4 0.84.19 51.741 58.798 81.941 85.2873 18.65
0.28 47.7299 51.848 65.906 74.033 87.364 50.248165 0.16.074 51.278 58.19 75.428 88.8788 13.714
0.29 47.6436 51.9 65.751 74.184 87.274 495881 0.68.913 51421 58.165 83.317 85.6385 16.056
0.3 7.3633 15,592 42.782 56.431 87.408 42.0216 0.68.27 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 3796. 51.05 57505 76.493 88.6944 13.853
0.32 47.3826 52.047 65.279 74.643 87.004 4751089 0.16.496 50.927 57.237 76.878 88.6437 13.854
0.33 47.2949 52.093 65.119 74.799 86.915 46.787& 0.16.623 50.774 56.945 77.284 88.6002 13.826
0.34 7.333 16.632 41.562 57.309 87.186 38.5107 0.16.762 50.588 56.627 77.716 88.5657 13.766
0.35 7.3402 16.913 41.234 57.531 87.141 37.55432 0.16.916 50.361 56.278 78.182 88.5426 13.671
0.36 47.0293 52.221 64.632 75.273 86.652 44.5353%3 0.17.088 50.084 55.894 78.693 88.5345 13.538
0.37 46.9399 52.259 64.467 75.434 86.566 43.758474 0.17.286 49.747 55.469 79.267 88.5473 13.353
0.39 46.7599 52.33 64.132 75.761 86.396 42.16855 0.17.519 49.332 54.992 79.932 88.5909 13.09
0.42 46.4861 52.418 63.615 76.269 86.149 39.701Z7 0.18.172 48.14 53.824 81.818 88.8762 11.986
0.44 46.3008 52.463 63.259 76.619 85.99 38.0064 8 0.18.694 47.218 53.07 83.549 89.327 11.116
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Table A.4 Switching angles and THD calculation for 180-degcenduction mode with different Modulation Index

with 7-Switching angles (degrees)

Ml alphal alpha2 alpha3 alpha4 alphab alpha6 alpha®THD
0.001 44,9957 45.0043 59.9917 60.1083 74.9883 7%.0189.9928 60.0209
0.01 44957 45.0426 59.917 60.1824  74.883 75.1169.9284  60.006
0.03 44.8697 45.1265 59.8494 60.2455 74.6487 76.35@9.7852 59.8856
0.04 44.8404 45.4761 59.7607 60.3402 74.638 75.348®.7138  59.6144
0.05 44,7928 45.5978 59.7005 60.4801 74.6261 7%.44B9.6425 59.3862
0.06 44.7659 45.619 59.6937 60.5857 74.5961 75.70B3®.5706 59.4801
0.07 44.7205 45.6288 59.5073 60.6645 74.5781 73.8189.4992 59.2853
0.08 44,7178 45.6697 59.4179 60.7856 74.5163 78.7339.4295 58.4017
0.1 44,7021 45.7055 59.345 60.8971 74.3226 76.168®.2855 58.5241
0.13 44.6905 45.7174 58.9776 61.0236 74.2641 78.52389.0727 57.5016
0.14 44.6702 45.748 58.8358 61.1719 74.1098 77.388®.0112 55.122
0.19 445181 45.7254 58.7271 61.2558 73.9347 79.23B8.9515 54.7001
0.2 445006 45.7855 58.7117 61.3901 73.9159 77.133B.811 50.209
0.23 43.9164 45.8507 57.9477 61.4726 73.8236 78.7288.7753 52.3008
0.24 43.8651 45.8801 57.8512 61.5791 73.7093 7B.8468.7307 51.6381
0.25 43.8135 45.9088 57.7539 61.6548 73.6817 72.97®8.72391 50.9512
0.27 43.7548 45.9767 57.6165 61.7213 73.4341 78.198B8.71866 42.6871
0.29 43.7036 46.0149 57.5576 61.8973 73.2611 78.4787.9714 47.9703
0.32 43.6925 46.0845 57.4518 61.9637 72.9576 78.86B7.8759  45.5039
0.34 43.636 46.1777 56.9163 61.9982 72.7376  78.5343.86521 33.7895
0.35 43.5778 46.1944 56.8377 62.0139 72.5402 78.26B7.85862 42.8558
0.36 43.4221 46.262 56.7309 62.14598 72.4973  79.3987.75245 41.9354
0.37 43.4036 46.3387 56.666 62.2352 72.2287 79.2187.63584 29.7945
0.38 43.3893 46.3932 56.5141 62.3442  72.053 79.678B77.52039 40.0413
0.42 43.3169 46.4658 56.466 62.4317 71.8305 79.468¥.41251 23.1747
0.45 43.2698 46.5524 56.3612 62.5392 71.6941 88.4387.30224 32.9183
0.46 43.1606 46.5957 56.2676 62.6496 71.5875 80.3987.251 18.1642
0.47 429444 46.6278 56.1779 62.6509 71.3906 80.1887.1472 17.0863
0.48 42.9399 46.6446 56.0254 62.6707 71.1969 86.1087.0345 16.1957
0.49 42.8471 46.694 559127 62.6859 71.0365 80.03&5.9495 28.5656
0.52 42.7344 46.701 549342 62.6916 70.7785 79.98%b.8656 17.632
0.53 42.6382 46.7389 53.9935 62.7041 70.4738 79.85B6.6209  13.3235
0.54 42.5679 46.7797 53.9806 62.7189 70.1757 79.7986.5136 13.0944
0.55 42433 46.786 53.9674 62.7206 70.0439 79.75@H.4222 21.7898
0.56 41.9567 46.7801 53.8886 62.7385 69.7811 79.6386.3298 20.6466
0.57 41.8772 46.7938 53.7422 62.7455 69.5007 79.54B6.2517 19.5031
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0.58 41.8245 46.8144 53.6975 62.7597 68.9996 79.46486.1844 18.4314
0.59 41.7053 46.8216 53.5788 62.7602 68.5874 78.38B6.0611 17.2195
0.6 41.4309 46.8351 53.4312 62.7823 68.3017 7927485.9001 18.0802
0.61 41.3915 46.8715 53.3695 62.7977 68.2647 79.18@5.861 17.8302
0.62 41.3899 46.6031 52.9045 62.8053 68.0862 792.15B5.7007 13.7266
0.63 40.6016 46.5204 52.8422 62.8122 67.744 79.00Bh.6172 14.831
0.64 39.6016 46.5125 52.75749 62.8212 67.5919 88.9885.5199 16.8432
0.65 38.8951 46.3321 52.62947 62.8399 66.6014 38.78 85.4259 13.2956
0.66 37.8033 45.8327 52.5335 62.8445 66.4969 78.5785.3245 14.8647
0.67 37.1319 45.0485 52.4818 62.8614 66.2756 78.4785.2596 13.701
0.68 36.958 44.7923 52.2155 62.8783 66.1988 78.4645.113 14.75
0.69 35.556 44.3987 52.1939 62.8862 66.0609 78.55%%.1299 13.2899
0.7 34.9618 43.5525 52.0708 63.1382 65.8484 78.67Rb.1375 11.5955
0.71 33.8214 42.7609 50.875 63.1402 65.8298 78.76@5%.1465 14.3435
0.73 32.4183 41.7611 49.8472 63.1511 65.8362 78.87®6.1582 13.9101
0.74 31.5234 40.768 49.6981 63.1602 65.9078 78.88@k.2069 13.6446
0.75 30.6329 39.7796 49.3506 63.1722 66.7815 78.99485.2577 13.3468
0.76 29.7469 38.7962 48.1048 63.2876 66.76579 18.4185.3171 13.0171
0.77 28.8656 37.8181 46.6606 63.487 66.5373 79.53856.1069 12.6559
0.78 26.989 36.8453 44.1181 63.6911 66.4206 79.56B5.1158 12.2637
0.79 25.1173 35.8782 42,5774 63.7009 66.3088 79.79485.1279 11.8409
0.8 24.8726 34.3413 41.1909 63.8037 66.2251 79.97@5.1364  13.4262
0.81 23.3174 33.7199 39.7454 63.8579 67.9558 80.3585.1414  11.8339
0.82 22.6521 32.8694 38.4422 63.938 67.8184 80.51B24.9192 10.0299
0.83 21.0065 31.8754 37.8691 64.0492 68.7304 886.6884.7686 9.8241
0.84 20.3839 30.5072 36.4809 64.1852 68.9949 80.9884.672 9.017
0.85 19.9988 29.4152 355773 64.3986 69.4578 81.5784.5181 8.6987
0.86 18.167 28.2993 34.6531 64.7377 71.4695 81.688%5.4209 8.084
0.87 17.8246 27.4005 33.0134 66.0854 72.5825 82.9785.5147 7.0379
0.88 16.5272 26.5007 31.8165 67.6621 73.5399 88.38B5.6646 6.7982
0.89 15.7232 25.6235 30.9067 69.4163 74.5722 84.7985.7177 6.1346
0.9 14.581 25.5008 29.9526 71.3465 75.9013 84.94@%5.869 5.5942
0.91 10.2069 23.9965 25.144 75.9189 76.8983 86.958B9.9482 5.4963
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Table A.5 For Bipolar 4-switching with different modulatiamdex

Mi alpha. alpha: alphal alpha: THD Ml alpha: alpha: alphal alpha« THD
0.105 21.005 38.5328 61.1938 79.301 139.198 0.453.3588 32.559 65.9929 77.9039 112.963
0.11 21.051 38.4612 61.2526 79.27 138.989 0.46 628.3 32.4457 66.0767 77.9007 112.468
0.125 21.188 38.2452 61.4301 79.178 138.312 0.47 .3722 32.2146 66.2462 77.8962 111.447
0.121 21.152 38.303 61.3826 79.202 138.499 0.48 3783. 31.977 66.4184 77.8942 110.378
0.125 21.188 38.2452 61.4301 79.178 138.312 0.493.362 315566 66.7174 77.8967 108.425
0.13 21.233 38.1727 61.4896 79.148 138.07 0.5153123. 31.0865 67.0432 77.9072 106.117
0.135 21.278 38.1001 61.5494 79.118 137.82 0.52 2983. 30.951 67.1354 77.9114 105.423
0.141 21.332 38.0126 61.6214 79.082 137.51 0.53 2428. 30.6729 67.322 77.9216 103.954
0.145 21.368 37.9542 61.6696 79.058 137.298 0.548.1332 30.1473 67.6658 77.945 101.001
0.15 21.413 37.8808 61.7299 79.029 137.025 0.557.06@8 29.8717 67.8415 77.9587 99.3541
0.155 21.457 37.8073 61.7905 79 136.746 0.566 38.9729.587 68.0196 77.9734 97.5829
0.156 21.466 37.7925 61.8027 78.994 136.689 0.57 .93R8 29.4575 68.0996 77.9802 96.7538
0.162 21518 37.7039 61.8758 78.96 136.343 0.59 6722. 28.7818 68.5067 78.0154 92.2111
0.168 21.571 37.6149 61.9491 78.925 135987 0.6 51B3. 28.4261 68.7146 78.0327 89.6972
0.172 21.606 37.5553 61.9982 78.903 135.745 0.61 .3392 28.0588 68.9252 78.0492 87.0407
0.18 21.675 37.4357 62.0969 78.858 135.248 0.62 1423. 27.6802 69.1384 78.0642 84.2717
0.185 21.718 37.3606 62.1588 78.831 134.929 0.633.8083 27.0928 69.4627 78.0828 80.0102
0.193 21.786 37.2398 62.2584 78.787 134.407 0.64 .682% 26.8923 69.5719 78.0876 78.5922
0.22 22.011 36.8263 62.5993 78.646 132.544 0.65 4231. 26.4853 69.7921 78.095 75.8169
0.228 22.075 36.702 62.7018 78.606 131.965 0.66 1437. 26.0714 70.0143 78.0992 73.1932
0.23 22.092 36.6708 62.7275 78596 131.819 0.67 84BQ. 25.6522 70.2387 78.1001 70.8067
0.236 22.14 36.5767 62.8049 78567 131.376 0.686.338Q 24.9745 70.6024 78.0946 67.6648
0.24 22.171 36.5137 62.8567 78547 131.077 0.687.0628 24.6341 70.7866 78.0891 66.7443
0.25 2225 36.3552 62.9871 785 130.321 0.71 19.5083.9542 71.1607 78.0739 64.7949
0.26 22.327 36.195 63.1187 78.453 129.551 0.72 429.1 235315 71.399 78.0627 64.2037
0.27 22.402 36.0331 63.2514 78.409 128.769 0.739.4298 22.7376 71.8641 78.0417 63.7088
0.275 2244 359515 63.3183 78.387 128.374 0.74 3918. 22.6962 71.8892 78.0408 63.6956
0.28 22.476 35.8695 63.3855 78.365 127.977 0.75 0068. 22.2849 72.1428 78.0325 63.5769
0.29 22549 35.7039 63.5208 78.324 127.175 0.763.4998 21.7574 72.4835 78.0278 63.3401
0.31 22.688 35.3666 63.7955 78.245 12555 0.774 0652. 21.3176 72.7839 78.0318 62.9355
0.32 22755 35.1946 63.935 78.208 124.728 0.78 266.8 21.0803 72.9533 78.0382 62.5994
0.33 22.819 35.0202 64.076 78.173 123.902 0.79 256.4 20.6887 73.2461 78.0573 61.8193
0.34 22.881 34.8433 64.2186 78.139 123.07 0.807 7363. 20.0328 73.7817 78.1225 59.7743
0.35 22941 34.6636 64.3628 78.108 122.235 0.81 61B9. 19.9181 73.8823 78.1396 59.3135
0.36 22.998 34.4811 64.5087 78.078 121.396 0.827.9098 19.2728 74.4978 78.2787 56.1302
0.374 23.073 34.2203 64.7159 78.04 120.214 0.83 78B8. 19.1593 74.616 78.3125 55.4702
0.386 23.132 33.9915 64.8964 78.01 119.191 0.846.0984 18.5532 75.3131 78.5574 51.4989
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0.39 23.151 339141 64.9572 78.001 118.849 0.85 9223. 18.4006 75.5091 78.6399 50.4008
0.4 23.19¢ 33.717¢ 65.110¢ 77.9¢ 117.98t 0.86¢ 13.195! 17.778 76418t 79.094¢ 45.725:
0.4z 23.27. 33.313! 65.423' 77.94¢ 116.22t 0.87¢ 12.710¢ 17.372¢ 77.132: 79.524° 42.741:
0.43 23.303 33.1041 65.5833 77.929 115.323 0.886.1888 16.9426 78.0258 80.1348 39.9751
0.44z 23.33¢ 32.846t 65.77¢ 77.91F 114.21. 0.91 10.61(3 15.676¢ 81.8920 83.33! 36.38:
Table A.6 For Bipolar 5-switching with different modulatiamdex
Ml alphal alpha2 alpha3 alpha4 alpha5 %THD Ml alpha 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 1 0.7 1156 15.268 67.8955 72.54 86.9203 13.298
0.114 18.044 18.49 61.251 78.7251 81.077 25.436 230.7 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 73 0. 11.39 15.237 68.1414 72.357 87.1161 12.744
0.13 17.807 18.319 61.426 78.5503 81.231 84951 4 0.7 113 15.222 68.2668 72.267 87.2139 12.471
0.138 17.69 18.236 61.514 78.4632 81.308 83.477 550.7 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 7620. 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 7730. 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 9 0.7 10.89 15.164 68.9318 71.858 87.7022 11.157
0.52 13.286 15.767 65.709 74.4278 85.054 18.639 140.8 10.7 15.144 69.2906 717 87.9362 10.564
0.53 13.189 15.731 65.821 74.3252 85.152 18.371 2 0.8 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 8330. 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 0.84410.46 15.126 69.8219 71.586 88.2286 9.8667
0.573 12.782 15.589 66.304 73.8865 85.575 17.187 8456. 10.45 15.125 69.8526 71.585 88.2432 9.0529
0.58 12.717 15.568 66.383 73.8155 85.644 16.991 556.8 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 20.88 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 15514 89 0. 9.535 15.363 47.8331 48.614 88.6863 8.4645
0.646 12.117 15.394 67.138 73.1555 86.293 151149 0. 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 1 0.9 9.869 15.413 45.313 45.682 88.8972 8.2881
Table A.7 For Bipolar 6-switching with different modulatiamdex
MI alphal alpha2  alpha3 alpha4 alpha5 alpha6 THD Mlalphal alpha2  alpha3 alpha4 alpha5 alphaé THD
0.01 0.091 14976  45.068 59.917 75.092 89.929 121.6 0.5 6.321 18.38 26.582 36.313 46.127 54,796 1224.
0.02  14.892 14.978  60.166 74.858 75.178 89.857 9489. 0.54 1594 20.91 28.062 36.735 65.303 73.365 0.482
0.03  15.246 29.682  30.107 44.62 60.251 74.899 1399 0.58 14.97 19.47 27.887 35.797 66.012 72.987 5810
0.04 15.328 29.574  30.139 44.491 60.336 74.866 8049. 0.6 11.85 14.94 65.564 71.323 81.187 86.608 .1604
0.05 0.4568 14.883  45.337 59.584 75.463 89.645 42%9. 0.61 14.43 18.79 27.855 35.339 66.373 72.788 .8899
0.06 15.49 29.354  30.196 44.23 60.508 74.803 129.420.65 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 74.742 869.1 0.66 13.51 17.73 27.855 34.578 66.993 72.454 4292,
0.1 15.809 28.901  30.283 43.692 60.86 74.684 128.830.67 13.32 17.53 27.86 34.424 67.121 72.389 89.98
0.12 1.105 14.743  45.803 58.993 76.117 89.16 196.510.68 13.13 17.33 27.865 34.27 67.25 72.325 87.68
0.14 12921 14709  45.935 58.822 76.306 89.025 24%5. 0.69 11.38 15.03 66.764 71.139 82.757 86.74 7379.
0.18 14.035 14.856 61.515 73.743 76.625 88.746 72%0. 0.7 12.75 16.95 27.877 33.957 67.515 72.2 88.43
0.2 16.556 27.638  30.282 42.234 61.796 74.431 789.4 0.73 12.18 16.39 27.89 33.473 67.93 72.027 74.83
0.22  2.0498 14596  46.457 58.128 77.072 88.497 3088. 0.74 11.12 15.08 67.613 71.221 84.046 87.23 2633.
0.27  13.558 14.826  62.299 73.14 77.472 88.157 6995 0.75 11.07 15.09 67.811 71.265 84.382 87.406 8169.
0.32  13.295 14.822  62.745 72.816 77.959 87.846 80S1. 0.76 11.61 15.86 27.887 32.965 68.378 71.882 .9668
0.33 17.19 25464  29.612 40.045 63.142 74.151 2311 0.78 11.22 15.52 27.869 32.606 68.705 71.811 0268.
0.34 17.204 25.26 29.527 39.865 63.251 74.126 730.4 0.8 10.84 15.19 27.83 32.225 69.066 71.773 87.29
0.35 5.0344 19.656  25.457 37.911 44.754 56.392 6249. 0.81 10.64 15.03 27.8 32.023 69.265 71772 @5.98
0.36 17.21 24.833 29.345 39.503 63.472 74.073 6605 0.83 10.25 14.71 27.713 31.592 69.717 71.823 4260.
0.37 13.033 14.826  63.202 72.502 78.461 87.55 B28.1 0.84 10.05 14.55 27.651 31.359 69.983 71.889 1683.
0.38 17.182 24.384  29.155 39.141 63.696 74.013 6247. 0.85 9.851 14.38 27.574 31.11 70.29 71.994 850.8
0.39 12.929 14.83 63.389 72.381 78.667 87.438 256.4 0.86 9.643 14.22 27.477 30.841 70.655 72.159 56%6.
0.4 12.877 14.832 63.483 72.321 78.772 87.383 6455 0.87 9427 14.05 27.355 30.547 71.11 72415 6421
0.42 40177 14511  47.685 56.29 79.113 87.333 2821 0.88 9.199 13.87 27.198 30.216 71.713 72.822 5850.
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 22425  28.429 37.727 64.607 73.692 1229. 0.9 8.728 14.2 26.618 29.275 45.152 45.897 384.4
0.48  16.469 21918  28.285 37.389 64.838 73.59 $28.5 0.91 8.144 12.95 25.967 28.275 77.543 78.205 2230.
Table A. 8 Switching angles for 120-degree mode of operatiith 3-switching
MI alphal alpha2 alpha3 THD MI alphal alpha2 alpha3THD
0.003 59.95 60.0496 89.9141 127.3125 0.52 49.327 .0564 69.373 21.8003
0.004 59.934 60.0661 89.8854 127.3036 0.54 48.35%P.2537 67.2453  23.6974
0.005 59.917 60.0826 89.8568 127.2921 0.56 46.94%6.604 64.6731  30.3107
0.007 59.884 60.1155 89.7995 127.2616 0.57 45.968%.8865 63.2476  29.8812
0.009 59.851 60.1484 89.7422 127.2209 0.58 44.74®2.926 61.8005 26.514
0.01 59.834 60.1648 89.7135 127.1968 0.59 43.267®.8281 60.4239 23.6562
0.02 59.667 60.3285 89.4269 126.8167 0.6 41.6233.7348 59.201 22.6027
0.03 59.499 60.491 89.1401 126.1884 0.61 39.9357.824@ 58.1651 22.3582
0.05 59.16 60.8122 88.5657 124.2203 0.62 38.318 18289. 57.2984 22.5674
0.07 58.817 61.1279 87.9893 121.3853 0.64 35.492%2.7264 55.9158 23.5274
0.18 56.873 62.7368 84.7457 96.8568  0.65 34.2913 .8445 55.3328  23.8932
0.19 56.691 62.8691 84.441 94.3913 0.66 33.21 04.1354.7921 24.3172
0.2 56.509 62.9983 84.134 91.9422 0.68 31.3319 96Q.0 53.7866 25.0984
0.22 56.141 63.247 83.512 87.1088 0.7 29.7307 88.4152.8316 24.8077
0.24 55.77 63.4809 82.8779 82.3675 0.73 27.6641 8028. 51.4187 22.3501
0.26 55.396 63.6976 82.2296 77.7081 0.8 23.6303 0688. 47.8397 17.4284
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0.29 54.826 63.9839 81.2245 70.8496 0.82 22.5661 .8021 46.6309 16.7475
0.32 54.245 64.2121 80.1701 64.1954 0.84 21.5053 .4084 45.2525 16.7072
0.34 53.85 64.3232 79.4323 59.9569 0.85 20.9684 1188. 44.4691 17.0501
0.36 53.448 64.3934 78.6597 55.9474 0.86 20.4211.7388 43.5963 17.614
0.38 53.036 64.413 77.8444 52.1794 0.87 19.8559 2336. 42.6027 18.259
0.4 52.612 64.3694 76.976 48.5618 0.88 18.6636 989.5 41.683 12.0174
0.42 52.172 64.2454  76.041 448702 0.89 18.6123 5732. 40.0288 18.576
0.44 51.711 64.0169 75.0206 40.7926 0.9 17.863 438.1 38.233 17.5934
0.46 51.218 63.6495 73.889 36.0867 0.91 16.8862 9038. 35.7933 15.5157
0.48 50.678 63.0921 72.6093 30.8277 0.92 15.2151.9526 32.1732 11.8768
0.5 50.065 62.2669 71.1289 25.5989  0.93 9.1406 9B68B.6 26.4431 16.224
TableA. 9 Switching angles for 120-degree mode of operatiith 4-switching

Ml alpha: alpha: alphal alpha: THD Ml alpha: alpha: alpha! alpha: THD

0.001 54.7451 54.7679 79.007 79.046 110.6577 0.41.098 43.2762 59.4927 72.388 35.509

0.00z 31.992! 32.088t 66.37:! 66.442' 140.700. 0.4z 20.71¢ 43.689. 59.363. 72.43: 33.59¢

0.00: 31.968! 32.112¢ 66.35¢ 66.459( 140.690. 0.44 19.90¢ 44.597. 59.133: 72.46¢ 30.09:

0.004 319445 32.1367 66.338 66.4772 140.6763 04846 45.1051 59.0394 72.452 28.587

0.00¢€ 31.896: 32.184° 66.30¢ 66.511( 140.636. 0.4€ 18.98: 45.661: 58.965! 72.40¢ 27.26°

0.00¢ 19.320: 19.691! 46.38t 46.845( 188.081' 0.5 16.55¢ 48.750° 59.121' 71.79¢ 22.35¢

0.009 19.2969 19.7144 46.357 46.8745 188.0227 053.755 49.9347 594395 71.505 21.083

0.01 19.273° 19.737¢ 46.32¢ 46.903: 187.95 0.5 13.90. 53.337° 61.209¢ 71.02. 24.78¢

0.0z 31.560: 32.521! 66.0¢ 66.754: 139.910: 0.5¢ 13.11 55.399¢ 62.985¢ 71.31¢ 29.69:

0.04 542959 55.2051 78.234 79.8122 108.9965 0.58.651 57.0509 64.8775 72.159 29.614

0.0t 30.839: 33.243¢ 65.53° 67.271: 135.80. 0.5€¢ 12.44; 58.15. 66.395! 73.18" 27.64:

0.0€ 30.598: 33.485! 65.36. 67.442' 133.704. 0.5¢ 12.34¢ 59.437. 68.301: 75.04: 27.54.

0.07 30.3574 33.7275 65.187 67.6134 131.2727 0.6 .41%2 60.2197 69.2931 76.495 28.456

0.0¢ 29.8740 34.21: 64.837 67.953' 125.503! 0.64 12.70¢ 61.29: 70.014! 78.64: 28.86!

0.1 29.632: 34.456¢( 64.66: 68.122¢ 122.221' 0.6€ 12.88: 61.717: 70.044t 79.49° 28.50¢

0.11 29.3893 34.7013 64.487 68.2911 118.7165 0.68.17Z 62.2763 69.8513 80.624 27.356

0.12 29.14¢  34.946' 64.31. 68.458{ 115.21¢ 0.7 13.2¢ 62.443' 69.737' 80.97 26.83¢

0.1t 28.411: 35.688: 63.78° 68.957 103.171. 0.71 13.38: 62.601: 69.602: 81.30: 26.25¢

0.17 279168 36.1883 63.437 69.2843 95.0236 0.724913 62.7485 69.4464 81.628 25.627

0.21 26.91: 37.206¢ 62.7¢ 69.924. 79.831¢ 0.7¢ 13.81¢ 63.118: 68.857. 82.55¢ 23.5%

0.2 26.401t 37.727¢ 62.39: 70.234¢ 72.719* 0.7¢ 13.93: 63.211¢ 68.617. 82.84¢ 22.7¢

0.25 25.8818 38.2584 62.049 70.5381 66.7578 0.77.0464 63.285 68.3525 83.14 22.012

0.2¢ 25.618! 38.527¢ 61.87¢ 70.686: 6411 0.7¢ 19.33¢ 46.252! 52.600: 84.44: 18.1:

0.2¢ 25.083: 39.077: 61.53t 70.975' 59.436! 0.7¢ 14.27¢ 63.354: 67.731! 84.70¢ 20.43¢

0.31 242555 39.9314 61.034 71.3858 53.6285 0.8 3994. 63.3357 67.3626 84.989 19.639

0.3¢ 23.682: 40527 60.70* 71.639¢ 50181¢ 0.81 14.5. 63.267. 66.941. 84.26¢ 18.83¢
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0.34 23.3873 40.8346 60.543 71.7593 48.4841

0.3t 23.086¢ 41.149¢
0.37 22.462¢ 41.807¢

60.38:
60.07:

0.38 22,138  42.1528 59.92

71.8730 46.766
72.0810 43.196!

72.1735 41.3277

0.8t
0.8¢4

0.82.7217 48.5033 52.6892 84.635 16.333

14.77:
14.90¢

62.899. 65.861:
62.522¢ 65.128!

84.81"
85.09:

17.26¢
16.55:

0.85 315.650.9497 53.6215 85.912 15.988

0.3t 23.086:« 41.149¢ 60.38! 71.873! 46.766° 0.8¢ 15.21° 60.824! 62.728: 85.66. 15.50!
0.37 22.462¢ 41.807¢ 60.07: 72.0€13 43.196! 0.87 15.50¢ 58.011° 59.601 85.99: 14.75:
Table A.10 Switching angles for 120-degree mode of operatiith 5-switching

Ml alphal alpha2 alpha3 alpha4 alphab THD

0.001 49.9925 50.0075 69.9858 70.0142 89.9809 98.03
0.003 49.9773 50.0226 69.9574 70.0425 89.9427 86.02
0.006 49.9546 50.0451 69.9148 70.0849 89.8854 96.01
0.08 49.3723 50.5754 68.8338 71.1005 88.4669 82.915
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 80.929
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 72.653
0.27 47.7098 51.6311 65.7707 73.3444 84.6025 69.016
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 59.009
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 458262 51.7195 62.0803 73.8229 79.4526 38.921
0.47 455608 51.5709 61.5219 73.4653 78.5118 38.776
0.48 454151 51.4646 61.2106 73.1965 77.9637 38.912
0.49 452562 51.3274 60.8679 72.8435 77.3444 2B.883
0.51 448713 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 27.038
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
0.65
0.66
0.67
0.68
0.69
0.7

0.71
0.72
0.73
0.74
0.75
0.76
0.77
0.78
0.79
0.8

0.81
0.82
0.83
0.84
0.85
0.86
0.87
0.88
0.89
0.9

0.91

30.4694 35.0333
29.672 34.4879
28.8671 33.8916
28.0296 33.2034
27.1463 32.405

26.2239 31.5169
30.5946
9.4427 20.5876
9.5935 20.7615
22.6781 28.1434
21.9199 27.5002
21.2183 26.9395
20.5676 26.4498
10.3701 21.5612
10.5298 21.7065
18.8574 25.2955
18.349 24.9836
17.8632 24.6951
17.3962 24.4229
11.3499 22.3408
16.5038 23.9024
16.0714 23.6406
15.6429 23.367

15.2132  23.0699
14.7742 22.7302
12.3845 22.7491
13.7765 21.7013
12.9566 20.3837

25.2877

47.5274
46.6892
45.7012
44.5603
43.3083
42.0304
40.8175
34.9858
34.7128
37.9298
37.19
36.526
35.9196
33.3319
33.0488
34.315
33.8218
33.3385
32.8601
31.5602
31.8994
31.4069
30.8979
30.3625
29.784
29.3182
28.2888
26.7645

55.6622
54.5093
53.2637
51.9774
50.7391
49.6456
48.7581
65.8505
66.1092
47.2385
46.9906
46.8175
46.6977
67.4733
67.7665
46.5186
46.4864
46.455

46.4167
69.4397
46.2828
46.1609
45.9741
45.6847
45.2236
73.2725
43.0082
39.7003

60.9383 28.869
60.0009 21.8839
59.0637 26.466
58.1643 28.096
57.3425 20.515
56.6237 25.715
56.0092 23.5774
75.5515 23.4954
75.4025 23.4297
54.601 25.64
54.2122 24.484
53.8419 22.914
53.4822 26.255
74.6941 28.572
74.5673 28.309
52.4134 17.521
52.0462 16.8888
51.6664 16.5336
51.2687 18.396
74.1215 28.517
50.3901 16.521
49.8861 18.670
49.3134 16.8219
48.6365 18.954
47.7912 17.0644
75.4406 18.858
44.8806 17.0502
41.4639 18.850

Table A. 11 Switching angles for 120-degree mode of operatiith 6-switching

Ml alphal alpha2 alpha3 alpha4 alphab alpha6 THD
0.001 22.6737 22.7058 40.6287 40.6651 64.0484 84.07117.2347
0.002 22.177 22.2354  40.1053 40.1782 64.6976 62.77817.0525
0.005 22.1332 22.2792 40.0505 40.2328 64.637 6%.838.17.0345
0.007 225774 22.8019 405196 40.7742 64.9775 88.14117.2025
0.008 22.0894  22.323 40.9957 40.2873 64.5764 62.89917.0011
0.009 22.8639 22.1583 40.3342 40.4925 64.4302 89.67 100.1786
0.01 22,5291 22.8499 40.4651 40.8287 63.9421 62.178.00.1682
0.04 22.0443 23.3274 39.9202 41.3754 63.5877 68.53109.1656

0.08 21.3906  23.957 39.1925 42.1087 63.1161 65.00D6.0098
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0.1

0.13
0.15
0.17
0.2

0.21
0.26
0.27
0.3

0.31
0.39
0.4

0.41
0.44
0.45
0.46
0.48
0.49
0.61
0.62
0.63
0.64
0.65
0.67
0.68
0.69
0.7

0.74

0.741

0.82
0.84
0.87
0.88
0.9

0.91

21.0604
20.5606
20.2241
19.8845
19.704

19.1952
18.3096
18.1285
17.5755
17.3874
15.7818
15.5622
15.3359
14.596

14.4521
14.5009
14.7985
15.0097
16.6023
16.6674
16.7354
16.8061
16.8794
17.0335
17.8172
17.4515
15.2863
11.0196
8.2849

7.3434

7.3015

7.6095

7.3488

9.9432

10.0376

24.2686
24.7314
25.0364
25.3383
25.3587
25.9301
26.6382
26.7738
27.1633
27.2858
28.0007
28.0266
28.0247
27.7378
27.9238
27.0527
27.1429
28.6329
49.518
49.527
49.5275
49.52
49.5044
49.4481
48.9899
47.3304
46.2915
42.9756
40.7356
22.511
19.4158
17.0567
16.7036
17.3306
19.7229

38.8273
38.2766
37.9067
37.5338
36.6381
36.7762
35.7947
35.59018
34.964
34.7468
32.7323
32.4165
32.0732
34.7723
36.8058
37.4387
38.9878
39.4325
57.2105
57.0796
56.94
56.7923
56.637
56.3032
56.4917
56.3117
55.7397
50.793
49.5055
30.4319
24.7592
18.3676
18.6211
19.3133
19.9964

42.4781
43.0368
43.413

43.7929
43.1024
44.5663
45.5674
45.7736
46.4076
46.625

48.5316
48.8015
49.0825
50.0206
50.8409
50.7872
51.9018
53.1136
71.679

71.9906
72.3004
72.6134
72.9342
73.6171
73.3314
74.8561
74.8362
67.7919
66.8515
68.1966
68.8343
70.0876
70.693

72.9101
76.1255

62.8813
62.5309
62.299

62.0689
61.7332
61.6155
61.067

60.9606
60.6503
60.5503
59.851

59.7828
59.7214
59.5928
59.6689
59.5823
59.7172
60.0157
77.0886
77.3247
77.5249
77.7015
77.8646
78.1853
78.2795
78.7033
77.797

70.1777
70.323

72.6906
72.5126
72.5422
72.743

74.1828
77.1295

65.23403.6951
65.588B9.3818
65.81(85.9988
68.0382.2596
66.139%1.8435
66.4840.9113
67.0238.4336
63.1288.0783
67.43457.0493
67.533%.7494
68.24634.5118
68.32132.8896
68.3921.3817
68.56317.5458
69.2127.771

68.6115.4449
68.4623.2165
62.9622.3107
81.387 2.32B3
81.80041.9583
82.17981.6959
82.53221.5265
82.86411.4313
88.4821.3669
88.4280.8415
82.4020.1005
84.35981.1417
85.730%.4601
86.9721.6707
87.96528.4087
87.42069.1277
87.111%5.7326
87.34881.7511
87.867K2.3052
88.2691.1377

Table A.12 Switching angles for 120-degree mode of operatiith 7-switching

Ml

alphal

alpha2

alpha3

alpha4

alphab

alpha6

alphal’HD

0.004
0.005

14,9532 15.0468 44.9361 45.0639 59.9671 60.089.9427 90.0239
44,9785 45.0213 59.9585 60.0412 74.9414 $8.0989.9284 90.0235
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0.008 14.9065 15.0937 44.8724 45.128 59.9345 66.0@D.8854 90.0007
0.009 449613 45.0383 59.9252 60.0741 74.8944 25.189.8711 90.0051
0.01 14.8832 15.1171 44.8405 45.16 59.9183 60.0887.8568 89.9833
0.04 44,8245 45.1667 59.6623 60.3236 74.5258 75.4@9.4266 89.5093
0.06 44,7336 45.2465 59.4883 60.4798 74.2839 75.680.1391 88.8594
0.08 44,6407 45.3238 59.311 60.6321 74.0385 75.98®8505 87.9554
0.1 13.8505 16.1834 43.423 46.6326 59.2827 60.92883.5671 85.2942
0.12 44.4491 45.4703 58.9463 60.9241 73.5372 76.348B.2689 85.4091
0.14 13.4074 16.6643 42.7982 47.3113 59.0701 62.34%.9934 80.9157
0.16 44.25 45.6051 58.568 61.1975 73.0202 76.76526783 81.9326
0.22 12.5792 17.6465 41.5404 48.7291 58.8299 63.38B6.8474 68.6784
0.23 43.8837 45.8079 57.8714 61.6223 72.0702 74.486.6094 73.8631
0.26 12.2161 18.1557 40.8969 49.4697 58.8336 62.8HH.2791 61.184
0.27 12.1336 18.2862 40.7332 49.6574 58.8503 68.096.1382 59.2007
0.29 43.5507 45.9406 57.2341 61.9154 71.1959 78.985.633 65.272
0.31 11.8499 18.8267 40.061 50.4114 58.9846 63.78%H584 50.9504
0.32 43.3766 45.989 56.8985 62.029 70.7306 78.2k1106 60.5056
0.33 43.3174 46.002 56.7837 62.0607 70.5703 78.284.9294 58.8556
0.3846 18.813 43.1467 52.9821 57.1952 65.5148 ©0Z.089.9777 40.9297
0.35 11.6657 19.4117 39.3476 51.1462 59.219 64.58H0568 42.508
0.36 11.6395 19.568 39.1599 51.3215 59.2889 64.74819322 40.4424
0.37 11.6224 19.7295 38.9674 51.4917 59.3613 64.9@4.8117 38.423
0.38 11.6148 19.897 38.7693 51.6559 59.4346 65.1991.6961 36.4659
0.39 11.617 20.0713 38.5646 51.8131 59.5076 65.43B4.5866 34.5878
0.41 11.6524 20.4465 38.1297 52.1029 59.6459 63.9384.392 31.13
0.42 42.7442 46.022 55.6567 62.1425 68.949 78.598.0083 42.7087
0.46 42.4485 45.9375 55.0595 59.2271 68.0394 78.34H.789 34.563
0.49 12.4214 23.6687 34.5125 52.7164 59.904 68.2823943 22.3129
0.5 42.0701 45.6888 54.2755 61.4098 66.7741 77.27.8207 24.9565
0.51 41.9369 45,5552 53.9949 61.1088 66.3064 78.6&P.0444 22.2922
0.52 41.7586 45.3417 53.6189 60.6371 65.6807 73.81/8.0318 20.2624
0.53 41.4723 44.9419 53.0251 59.8034 64.733 74.4785.6552 21.5592
0.54 40.8538 44.0016 51.851 58.1418 63.1272 72.49248189 28.4186
0.55 11.5912 20.112 37.8264 53.9973 59.857 68.7@1N.3724 19.787
0.56 11.8674 20.6784 37.2872 53.896 59.7691 69.19886235 19.9007
0.57 12.0655 21.0851 36.8781 53.8487 59.6834 69.4&D.7415 19.8489
0.58 12.2284 21.4092 36.538 53.8222 59.5934 69.7@17907 19.7587
0.59 12.373 21.6846 36.2386 53.8038 59.4967 70.0@&HBB005 19.6677
0.6 12.5074 21.9289 35.9654 53.7871 59.3923 70.3FBHB7864 19.5892
0.61 12.636 22.1521 35.7096 53.7687 59.2793 70.6@B7575 19.5284
0.62 5.8335 12.2985 29.8876 32.6976 43.2343 62.66781005 21.3098
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0.63 6.0258 125535 29.4784 325575 42.9399 62.852.0531 21.4941
0.64 6.2041 12.7792 29.1185 32.47 42.6668 63.037 .9839 21.5915
0.65 26.132 28.8831 38.3864 43.0368 51.1113 59.1986222 24.521
0.66 25.1942 28.0335 37.5149 42.478 50.6107 58.48809485 25.4049
0.67 13.3862 23.2815 34.3285 53.5213 58.3973 72.2&0.5161 19.5739
0.68 13.5168 23.4539 34.1055 53.4441 58.2106 78.580.4905 19.6352
0.69 7.0505 13.7869 18.6633 63.9661 71.5247 78.5&¥L6307 21.6045
0.7 22.2803 25.6748 34.915 40.9932 48.3139 55.368H0721 19.6928
0.71 7.3212 13.9978 27.2221 32.495 40.9848 64.337R2866 21.3297
0.72 20.9779 24.6018 33.51 39.8607 46.4573 53.418R5568 18.6483
0.73 20.285 23.9677 32.6625 39.0508 45.3303 52.4&H5.8759 20.94
0.74 7.7878 14.4338 26.548 32.6283 40.2919 64.918R9479 21.0251
0.75 14.6222 24.7237 32.3633 52.3221 56.4046 75.330.9581 19.2243
0.76 7.7633 13.814 19.013 65.2574 70.5864 79.92327982 18.5928
0.77 17.3325 21.0293 29.0808 35.834 41.5757 50.56059 23.6332
0.78 15.432 25.5816 30.8623 51.1305 55.1149 77.748B6766 16.2917
0.79 16.0547 19.8486 27.7591 34.9498 40.4393 56.34%1.4512 18.3077
0.8 15.491 19.3654 27.2064 34.634 39.961 50.30181658 15.9812
0.81 8.4077 13.9837 19.3115 66.2915 70.0109 80.98RB3069 15.1045
0.82 9.0748 15.4846 24.8378 32.9098 38.29 66.66M1585 19.8703
0.83 14.036 18.2261 25.7983 33.9304 38.6688 50.24%H2915 13.1657
0.84 13.3584 17.0754 20.5298 50.31 53.0292 81.5@m9629 11.6819
0.85 13.2037 17.6294 24.9662 33.5254 37.8208 56.1/A2.6247 14.0978
0.86 9.7548  15.9504 23.9471 32.8004 37.0358 67.898B084  18.7999
0.87 11.8327 15.4708 20.0432 50.2094 51.974 82.4Hw/9786 9.281
0.88 11.4033 15.1214 19.9867 50.0027 51.4486 82.8@%.0367 8.7627
0.89 10.2894 16.2491 23.1625 32.3052 35.7122 69.70D.9183 17.3312
0.9 11.2431 16.0995 22.7053 31.7772 34.9508 47.8888814 16.8797
0.91 10.1174 14.2248 20.232 44.0477 44.8173 85.68776236 7.9591
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Table A.13 Unipolar 60-degree modified phase voltage fomsehing angles

Ml alphal 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 38.866
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 3%.064
0.72 43.8698 52.9047 63.4365 65.9483 86.4111 32.400
0.73 43.8446 53.0894 63.9173 66.6281 86.1942 34.796
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 33.022
0.82 43.4251 54.3028 65.0336 69.7726 84.2097 39.053
0.83 43.3679 54.4166 65.0032 69.9676 83.9779 31.027
0.85 43.2493 54.6363 64.8981 70.3063 83.5032 38.803
0.87 43.1257 54.8456 64.7428 70.5828 83.0105 36.363
0.88 43.0621 54.946 64.6485 70.6989 82.756 36.0655
0.9 429313 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 33.205
0.96 425089 55.6041 63.4957 71.0377 80.4204 35.791
0.97 42.4333 55.6567 63.2887 70.9854 80.0725 36.969
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
11 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 exmemtally validated through hardware experimentaluge as
shown in Figure A.24 (a) and (b). In Figure A.24 (ae hardware implementation of the MLI is showrd an
Figure A.24 (b) the control hardware including fR¥-panels for input of the inverter and MMT contraiit is
shown. In Figure A.24 (c) the output of the DVR faitage sag is displayed and where the Figure Ad)4s

shown for the control unit of the proposed system.
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Figure A 24 Experimental validation set-up (a) MLI conflgunm(b) PV panel and control circuit for inverter

input and MPPT (c) the output of the DVR (d) cohtrit of the proposed system
In Figure A.25 different wave forms are shown dgrthree phase balanced voltage sag which is creats@ms
and cleared by DVR at 145ms. It is evident fromulFggA.25 that the proposed control has acceptaytardic
response with low transients and the load voltage dimost remained constant during the fault pefiodrigure
A.26 shows different waveforms during three phaalarred voltage sag with nonlinear load createésDats and
cleared by DVR at 150ms. It can be observed froguféi A.26 also that the proposed control has aabépt
response with almost constant load voltage dutiegault period.

Tk N @i M Pos: 0000ms Timed Tek I @i Wi Pos; B00rTs Tk L @ P 0000ms T imed

é(a)]'_‘:::H‘::'z_(c)‘:::]‘Q:‘?:‘(e)

U V3=230V 25 ms. Trig: AT 2 U000 TVa=230V 25 ms. Trig: AT = 364" 25 ms. Trig: AT

(b) : R
V3=230 V. 25 ms. Tl-lg Ar 25 ms Il-lg ar
nnnnnnn 6-August-2019  16:23 50 Hz 50.0Hz (1.00kS#5) Hanning. 16-August-2019  16:23 50 Hz  CHi 1.0

“25ms. Img Ar
nnnnnnn 16-August-2010  16:23 50 Hz

Figure A.25. Experimental waveforms for voltage sag wiithear RL-load with balanced three-phase fault (a) three-
phase source voltage during fault (Channel 1, 2&an¢taxis: 75V/div., X-axis 25 msec/div.) (b) DViRjected voltage
(Channel 1, 2 and 3: Y-axis: 35V/div., X-axis 25aufliv.) (c) three-phase load voltage (Channél and 3: Y-axis:
75V/div., X-axis 25 msec/div.) (d) three-phaseltfaurrent (Channel 1, 2 and 3: Y-axis: 5A/div. aXis 25 msec/div.)
(e) three-phase load current (Channel 1, 2 and-8xi¥: 5A/div., X-axis 25 msec/div.) (f) active anelactive power
(Channel 1, 2 and 3: Y-axis: £20 W/div., X-axis®Sec/div.)
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Tek L @uw Wos 0,000 Tk L @sw WPrs: 600 Tk L @i

1 ﬂuﬁuﬂﬁﬂuﬂm” fmﬂuﬂn'uﬂuﬂnﬂuﬂ
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Figure A.26 DVR response fononlinear-RL-load with balanced 3-phase and ground faulttlfe@e-phase balanced
fault voltage (Channel 1, 2 and 3: Y-axis: 75V/dX-axis 25 msec/div.) (b) DVR injection voltageh@&@nel 1, 2 and
3: Y-axis: 35V/div., X-axis 25 msec/div.) (c) tierphase load voltage (Channel 1, 2 and 3: Y-a&¥/div., X-axis 25
msec/div.) (d) three-phase fault current (Chainé and 3: Y-axis: 5A/div., X-axis 25 msec/diw) three phase load
current (Channel 1, 2 and 3: Y-axis: 5A/div., Xsag5 msec/div.) (f) active and reactive power (Cter, 2 and 3: Y-
axis: 20 W/div., X-axis 25 msec/div.)

In Figure A.27 (a) the per phase output voltage emdent waveforms of the 15-level inverter arevehavhen
connected to the system for compensation. The dw@imspectra for the load voltage with and withBM-DVR

system are shown in Figures. A.27 (b) and (c) esmdy. Inspection of Figures A.27 (b) and (c)osls the
considerable improvements of harmonic spectra with proposed control where the most of the higtreero
harmonics are eliminated.
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Figure A.27 Experimental harmonic spectra for (a) output vatagd current waveforms of the proposed15-
level inverter for R=742, R=1mH (b) without PV-DVR and (c) with PV-DVR mode
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