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ABSTRACT 

 

 

 

 

This report discusses the design together with the application of a Double Second 

Order Generalized Integrator (DSOGI) for grid integration. A moderately distorted supply 

(having a THD equal to 8.49 %) feeds a non – linear load and a Shunt Active Power Filter 

(SAPF) is used as a compensator. 

 

In this report, two different control approaches have been used to derive reference 

currents for the SAPF. These algorithms are the Unit Template (UT) based controller and 

Synchronous Reference Frame (SRF) theory – based approach. Both the algorithms fail to 

achieve less than 5 % distortion in supply currents when used under distorted / polluting grid 

conditions. 

 

Hence a DSOGI based controller has been realized to generate perfectly sinusoidal 

reference currents even under adverse grid conditions.  With the proposed modification in 

the controller design using the DSOGI block, perfectly sinusoidal grid currents can be 

generated.  System has been simulated in the MATLAB environment using SIMULINK and 

PSB toolboxes. Performance results demonstrate the effectiveness of DSOGI based non – 

phase locked loop approach for grid synchronization. 
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CHAPTERe1 

 

INTRODUCTION 

 

1.1  General 

 
n order toemeet theegrowing poweredemands, DistributedeGeneration (DG) 

systems which are basedeon renewableeenergy sourcesesuch as biofuels, 

Photovoltaic (PV) power,eWind EnergyeConversion System, hydro power etc. are getting 

quite popular. These resources mentioned, needeto beeconnected ineproper synchronization, 

forea grideconnected system.eThese synchronization techniques help to estimate and track 

the magnitude, frequency as well as phase angle of the input voltage signals. Today, non – 

Phase Locked Loope(PLL) andePLL both techniqueseare ineuse. Researchersehave 

focusedeon aeno. ofe1 φ ande3 φePLLs, which is evident in literature review. 

 

Active Power Filter is used in order toereduce theepower qualityeissues which are 

inducedeby loads, specifically non – linear and is defined as a converter – based PE 

equipment. 

 

Aenumber ofestrategies foreactive powerefilter action haveebeen recommended, 

withethe mosteextensively usedebeing theeshunt APFse[1] –e[3]. A Shunt Active Power 

Filter (SAPF)eis meantefor compensationeof reactiveepower asewell aseto improveethe 

supplyecurrent powerefactor, voltageeregulation, loadebalancing, harmonicereduction etc. 

[4] 

 

Forethis purpose,emultiple controlestrategies haveebeen documented,efor instance, 

strategyeusing neuralenetwork techniques,ePower BalanceeTheory (PBT)e– basedecontrol 

technique,ecomputation basedeon perephase basis,eI coseφ –ebased controletechnique, 

currentecompensation withethe helpeof dcebus regulation,eSynchronous Reference Frame 

Theory (SRFT),eCurrent SynchronouseDetection (CSD)econtrol technique,eInstantaneous 

SymmetricaleComponents Theorye(ISCT) –ebased controletechnique, Instantaneous 

ReactiveePower (IRP) theory,esingle –eφ PQ technique – basedecontrol technique,esingle – 

φeDQ theorye– basedecontrol technique.e[5] – [13] 

 

I 
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PhaseeLocked Loopse(PLLs) are well established techniques aimedeat grid 

synchronizationebesides trackingethe phaseeangle. Singlee– φePLL basedeon Transport 

delay,eadaptive transportedelay, powere– PLL,einverse ParkePLL etc.eare populareand 

commonlyeemployed. [57] 

 

Aepopular none– PLLebased synchronizationetechnique iseSecond Order 

GeneralizedeIntegrator (SOGI)eand canebe realizedeeasily inesingle – phase systems.eAn 

extensioneof twoeSOGI circuitsecan beerealized forethree – phase systemseand isetermed 

aseDSOGI basedesynchronization. 

 

 

1.2  Distributed Generation systems 

 

“Distributed generation” (DG)epertains toethe generationeof electricaleenergy near 

theeconsumption place. The DG resources are co – generative and renewable. This means 

that there is the simultaneous occurrence of generation of electrical energy as well as heat 

energy.e[17] 

 

The impact, on electric power system networks, of DG is explained in section 1.2. 

DG is called the generation of power very near or in the proximity of the place where it will 

be consumed. Impacts of DG are listed below. They are: 

1. Systemeprotection schemesemight getehampered, 

2. May affect reliability and powerequality ofethe network, 

3. Networkebranches mighteexperience congestion, 

4. Voltageetransients may initiate, 

5. Alterationein voltageeprofiles iseseen alongethe system, 

6. Losseseat theeload terminalsealter and 

7. Riseein SCelevels. 

 

 The effects of distributed nature of generation on electric power systems and 

analyzing the typical characteristics of distributed generation are focused upon in this 

section. 
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 Forms of energy, which either directly or indirectly depend on the Sun, such as 

biomass, heat from within the Earth (Geothermal), movement of ocean currents, tidal 

movement, Solar radiation and wind energy [17] those from natural resources are called 

renewable forms of energy. 

 

 DGeis highlightedeby variousecharacteristics which are absent in traditional 

centralizedesystems: 

1. Relativeefreedom ofelocation inethe areaeunder theenetwork, 

2. Relativelyelower amounteof powereproduced and 

3. Variationein poweregenerated dueeon theereadiness ofeavailability andevariance in 

primaryeenergy. [23] 

 

Higher vicinity to loads at the customer end is the primary benefit of Distributed 

Generation. Distributed Generation helps in the following: 

1. Increases in the quality of the power generated, 

2. Increased voltage support, 

3. Mitigation of losses during transmission, 

4. Increase grid durability. 

 

There is one environmental factor too. DG acts as a source of clean energy, as it helps 

to reduce pollutant concerns by reducing emission of greenhouse gases. [19] 

 

IneTable 1e[16, 22] are presented theewidely populareDistributed Generation 

technologieseand theetypical sizeeof theiremodule. 
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Table I. Typical available size per module for DG. [16, 22] 

Various characteristics of distribution system operation, implementation and design 

have been revolutionized by Distributed Energy Resources (DER). Losses within the 

networks of power distributing infrastructure have been lowered. This is because of power 

distribution now being in close proximity to the areas in demand for the consumption. This 

comes with a rise in the number of more Distributed Generation systems which are formed 

by power generation from units of a smaller size than usual and then connecting them straight 

to the preexisting networks for power distribution. [21] 

 

Aedistribution systemewith aehigher incidenceein theespread ofedistribution ofethe 

generatedepower giveserise toenumerous problems [16]: 

• Voltageeprofiles changeealong theenetwork, dependingeon howemuch 

powereis producedeand consumedeat thatesystem level,eleading toea 

behavioredifferent fromethat ofea typicaleunidirectional network; 

• Voltageetransients willeappear asea resulteof connectioneand disconnection 

ofegenerators oreeven asea resulteof theireoperation; 

• Powereflow isebidirectional (Fig.e1); 

• Shortecircuit levelseare increased; 

• Loadelosses changeeas aefunction ofethe productioneand loadelevels; 

• Powerequality andereliability mayebe affected; 

• Utilityeprotection andeDG protectionemeasures mustebe coordinated. 
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Fig.e1. A one – directional centrallyedelivered system for poweregeneration (left)eand a 2-

directional systemewith distributedegeneration (right).e[16] 

 

 

1.3  Repercussionseof DGeon electricepower system 

 

Thereeare severaleimportant effectseof Distributed Generation oneelectric power 

systemsethat are presented further. 

 

 

1.3.1 Controlling and operating 

 

Variationein theelocal loadedemand isethe parametereaccording toewhich 

DistributedeGeneration powereproduction isevaried. However, without dependence on the 

loading in the concerned area, also, can production by Distributed Generation be altered. 

 

When there is a huge amount of penetration of Distributed Generation, it can lead to 

risks such as control and stability complications. If a CB in a distribution unit is open 

circuited, this can land the Distributed Generation system into an islanding situation. Like in 

situations when the value of fault current is still less than the limit, it may happen that the 
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Distribution Generation continues to work because it does not detect the loss of mains power. 

In an isolated system, at the load terminal, when the Distribution System is accurately able 

to match values of P (active power) and Q (reactive power), it will continue its operation in 

the islanded condition also, without facing any difficulties. It is, though, very unlikely that 

Distribution Generation will precisely match the load requirement in the system, at the 

instant when the CB is open circuited. Therefore, actual frequency / voltage fluctuations in 

huge amounts will take place when the Distribution Generation system tries to supply load. 

A detection system in place that is able to detect a loss of main power is, therefore, needed 

in almost all interconnection modes. In a situation where there is loss – of – main power, till 

the supply is restored, the detection system should be able to automatically disconnect the 

Distribution Generation system and also remain in that disconnected manner. [22] 

 

 

1.3.2 Modificationein theeCapacity foreShort Circuite(SSC) 

 

Theeintroduction ofedistributed generatorsein theedistribution networksehas the 

potentialeto increaseethe capacityefor shortecircuit (SCC). In some cases, though, it is 

favorable to have a large SCC, for e.g., in case of existence of large loads with suddenly 

varying demands or at a spot at which there is connection of the inverter in a line commuted 

High Voltage Direct Current station, the increase of the Short Circuit Capacity, in usual 

terms,  potentially indicates trouble. [22] 

 

 

1.3.3 Stability of network 

 

Provided the transmission system was itself stable, in almost all situations, the 

network also remained stable. Stability problems were not needed to be considered by the 

distribution system earlier. It was due to the radial and passive nature of the network. This 

situation, however, is changing due to the increasing contribution of new systems to network 

security and the coming up of new systems is on a rise. First swing stability (transient 

stability), dynamic stability (long term) and collapse of voltage, all three areas need to be 

taken into consideration. [22] 
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1.3.3.1 Voltageelevel ofeintegration andeinterconnection 

 

Valueeof theevoltage isedecreased asethe distanceefrom theegenerator /ethe 

transformereincreases. It would be right to say that the distance from the generator / the 

transformer and value of the voltage are inversely proportional. The unidirectional design of 

the traditional distribution system is the reason behind this occurrence. When designing the 

system, the above said voltage drops can be predicted and they can further be taken into 

consideration for optimum system design. By doing this, it can be assured that the value of 

voltage is within the set tolerance range, under all normal operating conditions. The major 

difficulty comes into picture and the situation changes when a Distributed Generation is 

connected in the network. Withethis, theeflow ofecurrent isereversed /echanged inegeneral 

andethe voltageevalue willenormally riseein suchea wayewhich isevery difficulteto predict. 

Now, the capacity of Distribution Generation that can be connected to the network is 

restricted by the need to meet statutory voltage limit values, especially at the low voltage 

value. [16] 

 

 

1.3.3.2 Harmonicse/ deviationsein voltageewaveform signals 

 

Dependingeon theefact thatewhether iteis aerotating machinee/ aneelectronic 

converter,ethe connectioneof aeDistribution uniteto theesystem influencesethe amounteof 

distortionein theevoltage value. PE interfaces have been employed for advanced network 

support possibilities but harmonic currents are injected into the network which is a 

disadvantage. Viz., topology of the network and impedance value at the connection point are 

two factors upon which it depends if excessive harmonic voltage values will take place. 

These excessive harmonic voltage values can take place locally or at some other point in the 

grid. Dueeto none– linearitiesein core and designeof theewinding generatorsewith rotation 

alsoehave theeability toeintroduce harmonics. The relevance of this phenomenon is 

dependent upon 2 factors: one being the grid layout and second being specific Distributed 

Generation details. [16] 
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1.3.4 Powerequality issues 

 

Differentetypes ofepower qualityeproblems areecreated byedifferent Distribution 

Generations. They having varying characteristics is the reason behind it. For increasing the 

system fault level, adding generation, often results in improved power quality. There 

however is a notable exception which comprises a huge single Distributed Generation. It is 

that there may arise power quality issues, specifically, at the time of commencing and 

stopping a weak system which contains a WECS turbine. Power quality issues are brought 

in by modern day PE devices and controls. 

 

 

1.3.5 Unbalancingeof theesystem network 

 

VariouseDGs, whichesupply toethe networkein singlee– phase,eare available. If DG 

exists in supply, the unbalancing of the system that occurs should not increase beyond the 

permissible limit. Moreover, with the unbalancing of loads in the phases, operation of DGs 

suffers. Unbalancing leads to deterioration in their performance. [22] 

 

 

1.3.6 Protection scheme & security specifications 

 

Dependingeon theecharacteristics ofeDG (itserated power,emode ofeoperation, 

technologyeused), theelocation ofeDG andenetwork configuration,ethe impacteof DGeon 

theeover currenteprotection mayevary, soeDG willehave aneimpact onethe protection 

schemeeof theedistribution grid. DG does not interfere with the normal operation of the 

protection system if the protection system of DG units is able to rapidly disconnect from the 

network after the fault is detected. If a fault occurs, the DG unit will have to be disconnected. 

[22] 

 

Though some solutions may obviously be adopted from the high voltage (HV) 

systems, there is a need for totally new solutions. Traditionally based on fuses, the protection 

of low voltage (LV) networks is an interesting topic. Suppose that a low voltage branch is 

being supplied energy by a low power DG unit and also supplied by a LV transformer. If a 

fault develops far from the DG unit the fault current from the transformer will cause the 
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transformer protection to operate. This leaves the DG unit supplying a fault current which 

may be insufficient to operate the DG protection due to the relatively high impedance of the 

system. [16] 

 

However, these days, networksein placeeof distributioneare selfe– sustainingeand 

featureeSCADA systems,eso theeprotection systemein placeemust beecorrectly designed 

andesynchronized. [22] 

 

 

1.4  SAPFesystem 

 

AeShunt ActiveePower Filtereis shownein Fig.e2 showsewhich iselinked ineparallel 

withethe nonlineareload. Iteis furtherecontrolled usingea controlealgorithm toeinject 

oredraw iC,ecompensating current,eto orefrom theesupply soethat atethe Pointeof Common 

Couplinge(PCC) iG,ethe gridecurrent, isea sinusoidalewave ine– ϕewith theegrid 

voltage,evG. The none– lineareload iseconnected inethe formeof diodeerectifier. An 

Insulated Gate Bipolar Thyristor (IGBT) three – φ, 3 leg – basedebridge isemodelled asea 

SAPF. 

 

Fig.e2. Basicecircuit diagrameof theeSAPF system. 
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The reference compensating current generation stepein theecontrol processeof an 

APFeis undoubtedly the most significant step. Manyealgorithms foreReference Current 

Generatione(RCG) haveebeen cited in literature. Time and frequency domain algorithms are 

2 broad categories for the RCG techniques. Digital Fourier Transform (DFT), Fast Fourier 

Transform (FFT), Sliding DFT (SDFT) or Recursive Digital Fourier Transform (RDFT) 

techniques are the most commonly used techniques in the case of frequency domain. 

 

For the control of SAPF 2 controlealgorithms viz.eunit templatee– basedetheory and 

SRFTeare describedein detail.eThe performance is studied under the normal / undistorted as 

well as distorted grid conditions. 

 

 

1.5 Literature Review 

 

Power utility corporations as well as consumers are becoming increasingly 

vulnerable to the susceptibility of electronic consumer devices, other electronic 

instrumentation devices and other high-tech facilities to the quality of power. Today, such 

devices need high quality power with a great measure of reliability in greater volumes and 

increasingly smaller time scales. [1] 

 

The total distorted currents on the electrical network has been amplified by the spread 

of nonlinear loads in the industry in addition to in electronic equipment these days. Growing 

worry has been shown as towards the effect of the level of harmonic currents being produced 

and injected into the ac power lines and the pf, henceforth. As a resolution in the direction 

of compensating distortion caused by constant nonlinear loads, passive inductance – 

capacitance (LC) filters tuned on the fundamental harmonics have been used, 

conventionally. These filters are intended to offer a low impedance path meant for the 

changing harmonics, accomplishing decent power quality (PQ) by means of little price and 

an easy strategy. Nevertheless, passive filters have some disadvantages for example 

• Huge passive component values that lead toward massive implementations, 

• Dependence on the conditions of the power source system, 

• Reverberation and 

• Mistuning. 
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Quite a lot of topologies functioning with power semiconductor switches have been 

established, intended for high – quality requirements. These topologies are designed to refine 

the PQ, by cancelling the original current in addition to voltage harmonic distortion by means 

of injecting the equal sensed distortion, but then with the reverse polarity. With the objective 

of improving current / voltage distortion, active filters can be linked in parallel (SAFs) 

otherwise in series to the nonlinear loads, universally. SFs proficiently eradicate the Q 

produced through nonlinear loads and current distortion and therefore remain the most 

commonly used resolution. In 3 – phase structures where a hefty capacity is required, SFs 

are generally used. But, in conditions where the user can have access only to a single – phase 

network, which occurs in inhabited, light industrial and countryside expanses / in variable 

speed motor – powered drives fed by a single – phase utility power, single – phase AF can 

be applied. 

 

Towards controlling SAPFs, quite a few switching procedures have been described. 

These can be clustered into frequency – domain techniques and time – domain systems. 

Since CC – VSC are recurrently used as SFs, the utmost regularly employed control methods 

used for time – domain controllers are CC systems, for example 

• Linear CC, 

• Digital deadbeat control, 

• HC in addition to 

• One – cycle control. 

Frequency – domain techniques, on the other hand, suffer from the associated effects of time 

delay produced by means of algorithm calculations and sampling because they are based on 

the periodicity of the current harmonics and Fourier analysis. Additionally, the well – 

identified shortcoming of providing a nonlinear portrayal of the closed – loop structure 

dynamics if found in both frequency – domain and time – domain control systems. Generally, 

tedious trial – and – error approaches are carried out for the design of these closed – loop 

schemes. 

 

Additional advanced control procedures have as well been described, for example 

the 

• NN, 

• Optimization, 

• Adaptive estimation systems and 
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• Sliding mode control. 

The sliding mode control, amongst the aforementioned techniques, is a natural technique in 

the direction of controlling time – varying topologies and therefore has remained extensively 

used towards powering converters. It as well stands out for its essential features such as 

• Simple control operation, 

• Insensitivity toward system parameter variation in addition to 

• toughness. 

 

For some power converter structures, nonlinear control procedures based on 

feedback linearization scheme have been used lately. Systematic linear strategy can be 

applied to these methods because they often let one towards finding a control rule that input 

– output linearizes the nonlinear structure. Also, this approach makes available an efficient 

technique in the direction of deriving the control laws meant for nonlinear arrangements, 

whose applicability may well be checked in advance by means of some geometric conditions 

that the system model essentially satisfies. This promising control technique in APFs has 

still been exploited by very minute former work. [2 – 6] 
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CHAPTERe2 

 

CONTROLLINGeTECHNIQUES AND OPERATINGePRINCIPLE OF 

SAPFs FOR 3 - ɸ SYSTEM 

 

 The basicefunction ofeSAPFs iseto mitigateealmost alleof theepower quality 

problems whicheare basedeon currentefor example: 

1. Toeprovide balanced and sinusoidalegrid currentsewith theeautomated DCebus of 

theeVoltage SourceeConverter whicheis employedeas aeSAPF, 

2. Anyeharmonics thatemight beepresent and neutral current, 

3. Currentsethat areeunbalanced and 

4. Qe(Reactive power). 

 

Fig. 4edemonstrates aebasic circuitediagram ofethe SAPFefor ae3 ɸ and 3ewire AC 

system and loadsethat canebe unbalancedeor balanced.eThe SAPFewhich iseused hereeis an 

InsulatedeGate BipolareTransistor based Current Controlled Voltage Source Converter (CC 

VSC) and itealso contains a capacitoreat theeDC link. Reference current values of the SAPF 

can be controlled with the help of a controlling technique which estimates the SAPF 

reference currents for the direct Voltage Source Converter current control. On the same scale 

when the reference current at the grid is estimated, in place of SAPF reference currents, 

Indirect Voltage Source Converter current control, on the other hand, can be achieved. 

Without carrier pulse – width modulation / the pulse – width modulation in which the 

frequency is fixed which is also called as hysteresis is employed for the latter technique that 

is the indirect Voltage Source Converter current control. The SAPF is supplied with the 

gating pulses that are produced by the technique discussed above. The compensation of Q 

(reactive power), with the use of the SAPF and also the compensation of the currents that 

are unbalanced, are achieved, in all the current control techniques used. Also, ZVR is 

successfully achieved when at the Point of Common Coupling the current control technique 

is adequately changed or modified from UPF mode. 



P a g e  | 14 

 

 

Fig. 3. Aethree –eleg VSCe– basedethree –ephase threee– wireeSAPF. 

 

 

2.1 SAPFeOperating Principle 

 

Onethe distributioneend ofea systemethe powerequality issuesebased onecurrent are 

suppressedeby theeSAPFs whichealso isethe principaleaim ofethe SAPFs.eMost ofethe 

currentepower qualityeissues areesuppressed byean SAPF,efor example: 

1. ItseDC linkeVR helpseto provideebalanced gridecurrents thateare sinusoidalein 

nature, 

2. Anyesystem /econsumer loadefluctuations and harmonicsethat mightebe present, 

3. Currenteat theeneutral phase, 

4. Unbalance and 

5. Balanceeof Qe(reactive power). 

 

The connections of a SAPF at the DC and AC sides is demonstrated in Fig.s 3 – 5. 

Commonly, at the consumer end across the loads / across the Pointeof CommoneCoupling 

theeAC side of the SAPF is connected in parallel. Moreover, a Voltage Source Convertereis 

connected at theeDC bus ofethe SAPF. VoltageeSource Converter uses hysteresis current 
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control technique; hence, it requires small ripple filters in order to suppress the ripples caused 

due to switching. In order to implement the above said SAPF controlling technique, 

generally a Digital Signal Processing is used, in order to produce gating pulses for the solid 

– state devices of the Voltage Source Converter of the SAPF. Hall effect voltage value and 

current sensors are needed for the feedback loop signals by the Hysteresis current control. 

For the control ofethe VoltageeSource Converter, HCC method is generally usedeas a 

control technique in order to inject proper currents in the system. Aenumber ofepassive 

deviceseare requiredeby theeSAPF asewell, foreexample: 

1. Smallefilters thatepassive inenature, 

2. Transformersethat areerequired foreisolation and injection, 

3. Inductancesethat interacteat theeAC and 

4. Aecapacitor atethe DCebus ofethe SAPF. 

 

Fig. 4. Ae3 wire,e3 ɸ and midpointecapacitor basedeSAPF and aeVoltage Source 

Converterewhich iseH –ebridge type. 
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Fig. 5. Ae3 wire and 3eɸ SAPFebased oneVoltage SourceeConverters (3ein number) 

whicheare singleeɸ. 

 

 

2.2 SAPFecontrolling techniques 

 

 Signalseat theefeedback loopeare usedefor theereference currentevalue estimation. 

This is the principal aim of the SAPF CC technique. HCC is implemented, for Insulated Gate 

Bipolar Transistors (switching devices) of the VoltageeSource Converter which iseused asea 

SAPF,ein order to produce the Hysteresis gating pulses. Further, the sensed current values 

along with the corresponding reference current values are required for the HCC technique. 

For the control of SAPFs, there is an availability of many CC techniques for the estimation 

of the reference current values as the value for these signals have to be calculated 

accordingly. Many CC techniques of the time domain type can be brought to use, in order to 

control the SAPFs. Followingeare someeof thoseecurrent controletechniques thateare being 

used: 

• AICTewhich isealso calledeas ADeCC theory, 

• Modelebased oneConductance, 

• Techniqueefor CCebased oneEPLL, 

• Adalineetechnique basedeon Widrow’seLMS (ANNealgorithm), 
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• DirecteQuadrature techniquee(1 ɸ), 

• PQetechnique (1eɸ), 

• ISCeTheory, 

• DirecteQuadrature modelewhich isealso calledeas SRFT, 

• Techniqueebased oneα βewhich isealso calledeas PQealgorithm /eIRP 

Theory, 

• Algorithmebased oneCSD model, 

• Currentecontrol techniqueeof Iecos Φ, 

• BPT and 

• Theoryethat isebased oneProportional Integrale/ UTealgorithm. 

 

Techniques mentioned in the above list are CC theories in the time domain. Almost 

all of the above – mentioned algorithms are taken into consideration, for the CC and 

compensation of devices such as SAPFs and other devices. 

 

Just like the CC theories that are time domain – based, around a dozen CC techniques 

based on frequency domain are also available. Followingeis aelist ofea feweof theefrequency 

domaine– basedeCC models: 

• Algorithmebased oneHilbert Huangetransformation, 

• Techniqueebased oneEMD transformation, 

• Methodebased oneS transform, 

• Algorithmebased oneWavelet transformation, 

• CCetechnique basedeon Kalmanefilter, 

• Analysise/ theoryebased oneRecursive DFT, 

• Analysise/ theoryebased oneFFT, 

• Analysise/ theoryebased oneDFT and 

• Algorithmebased oneFourier series. 

 

The 9 techniques mentioned above are the techniques for CC in the frequency 

domain. Wherein monitoring of the power quality is required, almost all of these above – 

mentioned techniques find applications. For example, in power analyzers and PQ 

instruments among others. Moreover, a few of these techniques have also been used for the 

CC of SAPFs. Although, these CC algorithms are not given preference, as far as real time 



P a g e  | 18 

 

CC technique requirements are concerned. It is because of the disadvantages that come with 

these techniques which are that these techniques are sluggish, slow and also require a very 

heavy computation burden. 

 

For the control of SAPFs, all these control algorithms may be used. 

 

 

2.3 UniteTemplate -e(UT -)ebased controller with results 

 

 In applications such as AC VR at load terminals / Point of Common Coupling and 

balancing of the loads that are unbalanced the technique based on Proportional Integral 

controller also known as UT finds role. It is a basic CC technique which can be used for 

SAPFs or other active compensating devices. This CC technique is flexible and also balances 

the unbalanced loads and can be easily changed accordingly, with the help of compensation 

of Q (reactive power), for either of the two applications: 1st being UPF at the Point of 

Common Coupling by correcting the value of the PF to unity / 2nd one is control of the 

voltage which is also known as ZVR atethe Pointeof CommoneCoupling. Aeself – 

supporting DCebus ofethe VoltageeSource Converter which is being usedeas aeSAPF is 

inherently present inethis CC technique. When a calculation is executed in order to estimate 

compensator reference current values, it is known as the direct method of CC of Voltage 

Source Converter current values of the SAPF. Whereas, indirect method of CC of the current 

values at the grid for generating Hysteresis switching pulses is used for the devices that are 

used in the Current Controlled Voltage Source Converter used as a SAPF. The indirect CC 

method of the SAPF provides quite a few advantages. These include speedy CC, decreased 

processor burden by use of Digital Signal Processing for implementation, the inherent 

suppression of sharp notches in current values and many more features. Values of voltage at 

DC bus of the SAPF act / are used as feedback pulses. These pulses along with sensed AC 

values of voltage at the Point of Common Coupling are then processed to generate grid 

reference current values (3 ɸ) which is beneficial due to the pros / advantages mentioned 

above. Now, using two Proportional Integral controllers of voltage, the magnitudes of in 

phase and quadrature components of grid reference currents are approximated. 

 

Function of one of the 2 Proportional Integral controllers is the regulation of the 

DCebus ofethe Voltage SourceeConverter which iseused asea SAPF and the other / 2nd 
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Proportional Integral controller regulates the voltage amplitude at the Point of Common 

Coupling. 

 

 

2.3.1 SAPFeControlling techniqueein UnityePower FactoreOperating

 Method 

 

TheeUT basedecontrolling systemeis aebasic techniqueewhich isemeant foreload 

compensation.eBesides this,eit canealso be usedefor equalization and balancing of 

unbalanced loads. For the control of SAPF, the above – mentioned algorithm can be adapted 

/ modified / changed according to the need either for the control of voltage for achieving 

ZVR by employing compensation of Q (reactive power) at the PCC / forethe improvement 

ofethe powerefactor toemaintain aeUnity PowereFactor (UPF). 

 

In this control process, aeself –esufficient DCebus ofethe VoltageeSource Converter 

(VSC)eis usedeas aeSAPF. Thisetechnique can be employed for direct mode of CC of 

Voltage Source Converter current values of SAPF and in addition to this, thisetechnique also 

generatesethe referenceegrid currents. 

 

However, an indirect grid CC is favored; in ordereto getePulse WidtheModulated 

switchingepulses which will be used by the devices employed for Current Controlled – 

Voltage Source Converter employed like a SAPF. Some of the benefits / advantages / pros 

associated with the indirectecurrent controleof theeSAPF are fast switching, decreased 

computationaleload onethe DigitaleSignal Processoreand the characteristiceremoval of 

sharpepeaks inecurrents. 3 – ϕ supply reference current values are generated with the help 

of 3 – ϕeAC voltagesewhich areesensed atePCC, for the purpose of pulse generation. In 

addition to this, for the control algorithm, the DCebus voltage (VD) ofethe SAPFeis takeneas 

aneinput. 

 

Fig. 7edemonstrates theeUT –ebased controlelogic ofeSAPF developedefor Power 

FactoreCorrection (PFC)eof theegrid currentseat PCC.eThe Fig. 7eshows threee– 

φedistorted gridevoltage signalseas inputseand threee– φeconditioned voltageesignals (vga, 

vgb,evgc) areeoutputs aftereprocessing byethe DSOGIeblock. 



P a g e  | 20 

 

In order toecontrol theeDC linkevoltage (VDa) toeits referenceevalue (V*D), a 

discrete PI controller is put in work. The output from theediscrete PIecontroller onethe 

DCebus voltageeof theeSAPF iseassumed toebe theemagnitude denoted as I*spp. Using 3 – 

ϕ unit current templates that is rga, rgb and rgc that areein – ϕ withethe conditionedegrid 

voltages that is vga, vgb and vgc, the in – phase reference grid current components that is 

i*ga,ei*gb andei*gc areeobtained. 

 

The product of the generated in – phase unit templates and the in – phase magnitude 

gives the three – φ reference grid currents i.e. i*ga, i*gb and i*gc. Therefore,efor 

fundamentaleUPF grid current values, theein –ephase referenceegrid current values, that can 

be seen calculated by the use of the way that is explained above, actually turn out to be the 

supply reference current values that are needed. 

 

It can be seen that, for calculating what is called as magnitudeeof referenceegrid 

currentseby using average value V*Da andeV*D ofethe SAPF, discrete controller of the 

Proportional Integral type has been employed. Theedifference ineV*Da andeV*D voltage 

valueseof theeSAPF resultsein aevoltage errore(VDe), whicheis furtherefed intoea discrete 

PIeregulator aseshown inethe equationebelow: 

VDe (l) = V*D (l) – VDa (l)        (2.1) 

 

Fig. 6. UTe– basedecontrol techniqueeof SAPFs (without DSOGI technique). 
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In order to eliminate the ripple produced in the voltage magnitude across the DC link, 

in general, an LPF is used. Further,eerroneous valueeof voltageethat hasebeen generatedein 

theeabove stepseis giveneas aneinput toethe discreteePI regulator,efurther theediscrete PI 

regulatoreoutput iseshown inethe equationebelow:  

Ispp(l) = Ispp (l – 1) + K1 {VDe(l) – VDe (l – 1)} + K2 VDe(l)    (2.2) 

inewhich K1 denotesethe integralegain constanteand K2 beingethe proportionalegain 

constanteof theeDC voltageediscrete PIeregulator, respectivelyeand VDe(l) = V*D(l) – VDa(l) 

isethe differenceeor theeerror betweeneV*D and VDa DCevoltages atethe lthesample instant. 

 

Theemagnitude ofethe voltageedenoted by Vgp atethe PCCecan beecalculated aseper 

theefollowing equation: 

Vgp = (√ 
2

3
 (𝑣𝑔𝑎

2  +  𝑣𝑔𝑏
2  + 𝑣𝑔𝑐

2 )       (2.3) 

 

Theein –eϕ unitetemplates rga, rgb and rgc canebe derivedeas perethe following 

equation: 

rga = 
𝑣𝑔𝑎

𝑉𝑔𝑝
, 𝑟𝑔𝑏 =

𝑣𝑔𝑏

𝑉𝑔𝑝
, 𝑟𝑔𝑐 =

𝑣𝑔𝑐

𝑉𝑔𝑝
        (2.4) 

 

Now,ein ordereto attainea desiredeDC voltageeoutput, proportionalegain constant 

(K2)eand integralegain constante(K1) iseselected accordingly.eFinally, theethree –eφ 

referenceegrid currentein –ephase componentseare calculatedeby theein –ephase unit 

templatesewhich areederived inephase withethe PCCevoltages ineaddition toethe abovee– 

mentionedemagnitude: 

i*gae= I*spp rga, i*gbe= I*spp rgb, i*gce= I*spp rgc      (2.5) 

 

In this chapter we will see that thisetechnique failseto generateereference grid 

currents that are perfectly sinusoidal, inecase ofedistorted grideconditions. Hence, a DSOGI 

basedeUT controllereis developed in the next chapter. 
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2.3.1.1 Controleof SAPFewith theeuse ofeUnit Templatee– basedetheory with useeof 

normal / undistorted source 

 

Fig. 7.eUT –ebased controletechnique ofeSAPFs with normal source. 

 

 

2.3.1.1.1 Voltageeand currenteoutputs 

 

Fig. 8 demonstrates theedynamic performanceeof aeSAPF withethe unitetemplate 

theorye– basedecurrent extractorewithout usingeDSOGI technique. 
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Fig.e8. UTe– basedecontrol algorithmeoutcome (without DSOGIetechnique). 

 

 Fig. 8 showsethe plotseof gridevoltage vg, abc,egrid current ig, abc,ecompensator current 

iC, abc,eload current iL, abc,eand DCelink voltage VDC withouteDSOGI technique.eVoltage and 

currenteinputs are undistorted/normal. An unbalance, in system, is created at 0.47 seconds 

by open circuiting one of the three phases at the load terminal. This leads to an unbalance in 

waveforms as shown in figure 8 above. Then, at 0.53 seconds all the three phases are 

connected normally, the effect of which can be seen through waveforms above. Iteis seen 

that VDC settleseto thee700 Vevalue ate0.59 seconds. During model simulation, the reference 

value is taken as 700 V. 

 

 

2.3.1.1.2 vg, ig and iL THD values 

 

Fig. 9 showsethe correspondingeTHD valuesefor vg, ig, and iL. The THD value for ig 

ise2.96 % whichemeets theeIEEE 519estandard. Hence, this technique works with 

undistorted/normal sources. 
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Fig.e9. THDevalues foreUT –ebased controlealgorithm (withouteDSOGI technique). 

 

 

2.3.1.1.3 Directe– axisecurrent (Iad(new))eand quadraturee– axisecurrent (Iq) outputs 

 

Fig. 10 showsethe correspondingedirect –eaxis current (Id(new))eand quadraturee– 

axisecurrent (Iq) outputevalues ofethe controleof SAPFein UPFemode ofeoperation without 

theeuse ofeDSOGI technique. 

 

 

Fig. 10. Directe– axisecurrent (Id(new))eand quadraturee– axisecurrent (iq) outputefor the 

UPFemode ofeoperation withoutethe useeof DSOGIetechnique. 

SELECTED SIGNAL: 50 CYCLES. FFT WINDOW (IN RED): 3 CYCLES 
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2.3.1.2 Controleof SAPFewith theeuse ofeUnit Templatee– basedetheory with useeof 

distorted source 

 

Fig. 11. UTe– basedecontrol techniqueeof SAPFsewith distorted source. 

 

 

2.3.1.2.1 Voltage and current outputs 

 

Fig. 12 demonstrates the dynamiceperformance ofea SAPFewith theeunit template 

theorye– basedecurrent extractorewithout usingeDSOGI technique. 
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Fig. 12. UTe– basedecontrol algorithmeoutcome (without DSOGIetechnique). 

 

Fig. 12 showsethe plotseof gridevoltage vS, abc,egrid current iS, abc,ecompensator 

current ic, abc,eload current iL, abc,eand DCelink voltage VDC withouteDSOGI technique. In 

this case, current and voltage input waveforms are distorted. An unbalance, in system, is 

created at 0.47 seconds by open circuiting one of the three phases at the load terminal. This 

leads to an unbalance in waveforms as shown in figure 12 above. Then, at 0.53 seconds all 

the three phases are connected normally, the effect of which can be seen through waveforms 

above. Iteis seenethat VDC settleseto thee700 Vevalue ate0.59 seconds. During model 

simulation, the reference value is taken as 700 V. 

 

 

2.3.1.2.2 vS, iS and iL THD values 

 

Fig.e13 showsethe correspondingeTHD valuesefor vS, iS, and iL. TheeTHD valueefor 

iS ise8.74 %ewhich doesenot meetethe IEEEe519 standard. Hence, we can see from results 

that thisetechnique fails when supplied with a distorted source. 
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Fig. 13. THDevalues foreUT –ebased controlealgorithm (withouteDSOGI technique). 

 

 

2.3.1.2.3 Directe– axisecurrent (iad(new))eand quadraturee– axisecurrent (iq)eoutputs 

 

The correspondingedirect –eaxis current (id(new))eand quadraturee– axisecurrent (iq) 

outputevalues ofethe controleof SAPFein UPFemode ofeoperation without theeuse 

ofeDSOGI technique when supplied with distorted source is similar to Fig. 10 wherein 

identical system is supplied with undistorted/normal source. 

 

 

2.3.2 SAPF Controlling technique in Zero Voltage Regulation (ZVR)

 OperatingeMethod 

 

 It is seen that the Q (reactive power) compensation and the current values (negative 

sequence) of the loads can be successfully achieved by the SAPF. Still, the outcome of the 

non – regulated waveforms of voltage present at Point of Common Coupling going towards 

other loads is that a drop in voltage magnitude is observed. Reasonebehind thiseis the 

finitee(non –ezero) internal ZS ofethe system,eits componentseare showneas ZS (LS, RS). Its 

outcome is that other loads that are connected at the Point of Common Coupling get affected 

by this drop in the voltage magnitude. In order to avoid, SAPF should be used for this 

SELECTED SIGNAL:50 CYCLES. FFT WINDOW (IN RED): 3 CYCLES 
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regulation of the voltage values at the Point of Common Coupling. It is well known that 

direct on line starting of motors with a huge number of loads leads to inrush currents being 

generated. This results in / is the reason behind drop in the voltage magnitude. Solution to 

this problem is VR mode of operation of the SAPF, which is hence compulsorily required to 

be switched to. 

 

 A SAPF can be brought to use, for balancing of the load which has been mentioned 

before and also in order to maintain the same voltage value at Point of Common Coupling. 

Fig. 14 demonstrates phasor diagrams which details the fact that (normally) because of 

lagging PF loads, a leading current component is taken by the SAPF for the application of 

maintaining constant voltage. Fig. 14 (a)eshows thatebecause ofethe decreaseein theegrid 

impedance ZS (LS, RS), VM hasea highemagnitude asecompared to VS. This happens when, 

without the use of a SAPF, the system is operated. The current at the supply and therefore 

the drop across the impedance at the grid can be controlled, now that the SAPF is operating 

in the model and drawing a leading current component. Thiseleads toethe magnitudeseof 

voltageeat theePoint ofeCommon Coupling and voltageeat gridebecoming equivalent,eit is 

demonstratedeas canebe seenein Fig. 14 (b). ϕ and the magnitude of current value at the grid 

can be altered, in order to maintain the voltage value at load as per the requirement. This can 

be achieved by SAPF CC. Therefore, it is understood that both Unity Power Factor and Zero 

Voltage Regulation techniques cannot work at the same instance. 

 

 Fig. 15 demonstratesethe SAPFefor ZeroeVoltage Regulationemode atePoint of 

CommoneCoupling. In order to maintain voltage at Point of Common Coupling at the 

required value, this is the CC technique used. With the use of this above – mentioned 

technique, AC VR at load end / Point of Common Coupling and balancing of unbalanced 

loads can be achieved. isa*, isb*, isc* havee2 differentecomponents thateare employedefor VR 

atePoint ofeCommon Coupling.eOne ofethe componentsebeing (isad*, isbd*, iscd*) isein phase 

withethe voltageseat PCCeto feedeactive powereto theeloads andethe losseseof theeSAPF. 

Theesecond component (isaq*, isbq*, iscq*) isein quadratureewith theevoltage valueseat Point 

ofeCommon Couplingeto feedeQ (reactiveepower) toethe loads and toecompensate theeline 

voltageedrop byeQ (reactiveepower) injectioneat Pointeof CommoneCoupling. For the 

purpose of bringing the value of PF to unity and load balancing of unbalanced loads, the 

quadrature component of grid reference current values is nullified. Current value at grid leads 

voltage value at grid in order to achieve VR at Point of Common Coupling. This condition 

of current value leading voltage value is suitable for loads with lagging power factor. Not 
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only this but in order to bring the value of PF to 1, current value at grid also has to be in ɸ 

with voltage value at the grid. As indicated above, simultaneous implementation of these 

two modes, namely, VR at Point of Common Coupling and control of PF to unity is 

impossible. Hence, by respectively modifying the CC technique of the SAPF, VR or 

correction of PF to unity or balancing of unbalanced loads, either of the 3 can be successfully 

implemented one after the other. In the previous section, that is 2.3.1, Unity Power Factor 

method for the implementation of SAPF has already been laid out. Equation 2.5 depicts 

estimatedequantities ofethe three ineɸ elementseof currentevalues ategrid. 

 

Fig. 14. Phasorediagrams foreZVR modeeof operation:e(a) withoutea SAPFeand (b)ewith 

aeSAPF. 

 

 2ndecontroller (ProportionaleIntegral type)eis employedeover the Vsp & Vsp* 

ineorder toeestimate the Isp q*. 
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Fig. 15. SAPF control techniqueebased oneUT ineZero VoltageeRegulation operating 

method. 

 

 A Vsp eevalue iseobtained withea comparisoneof theemagnitude ofevoltage across the 

Pointeof CommoneCoupling witheits referenceevalue. Processing of the above error voltage 

signal is further achieved in a controller (Proportional Integral type). Equation 2.6 that 

demonstratesethe Isp q*(n)eat theeinstant ofesampling, viz.,en foremaintaining aeconstant 

valueeof voltage across theePoint ofeCommon Couplingeis depictedeas: 

Isp q*(n) = Isp q*(n – 1) + Kpt {vsp e(n) – vsp e (n – 1)} + Kit vsp e(n),   (2.6) 

where Kpt and Kit are the proportional and integral gain constants of the ac bus voltage PI 

controller, respectively, vsp e (n) and vsp e (n – 1) are the voltage errors at the nth ande(n –e1)th 

instants,erespectively, and Isp q*(ne– 1)eis theedesired Qe(reactive power)eat theeinstant (n 

–e1). Theeterm Isp q*(n)eis takeneas theemagnitude (Isp q*)eof theequadrature componenteof 

gridereference currentevalues. Quadratureecurrent UT and magnitudeeof Isp q*eare used 
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whicheresult inethe estimationeof gridereference currentevalues (quadratureecomponents, 3 

ɸ).eThis iseexpressed ineequation 2.7 below: 

isaq* = Isp q * usaq, 

isbq* = Isp q* usbq,         (2.7) 

iscq* = Isp q* uscq, 

where usaq, usbq and uscq are current UTs (quadrature components) and are calculated as: 

usaq = (- usbd + uscd) / √3, 

usbq = (3 usad + usbd – uscd) / 2 √3,       (2.8) 

uscq = (- 3 usad + usbd – uscd) / 2 √3, 

Here, usad = usa, usbd = usb & uscd = usc areein ɸephase voltageeUTs. 

 

 Equations 2.5 & 2.7edemonstrate thatesummation ofequadrature and ineɸ 

componentseresults inethe estimationeof instantaneousevalues ofegrid referenceecurrents (3 

ɸ). Magnitude of the quadrature component is nullified to achieve correction of PF and 

balancing of unbalanced loads and in this condition the in ɸ components of grid reference 

currents. Switcheseof theeVoltage SourceeConverter ofethe SAPFeare fedethe switching 

pulsesethat areeproduced whenethe PWMeor HCCeis injectedewith sensedecurrent values 

atethe grid and theseeestimated valueseof gridereference currentse(3 ɸ). 
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2.3.2.1 Controleof SAPFewith theeuse ofeUnit Templatee– basedetheory (ZVR) with useeof 

normal/undistorted source 

 

Fig. 16. UT – based control technique of SAPFs (ZVR) with normal source. 

 

 

2.3.2.1.1 Voltageeand currenteoutputs 

 

Fig. 17 demonstrates theedynamic performanceeof aeSAPF withethe unitetemplate 

theorye– basedecurrent extractor (ZVR) withouteusing DSOGIetechnique. 
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Fig. 17. UTe– basedecontrol algorithm (ZVR) outcomee(without DSOGIetechnique). 

 

 Fig. 17 showsethe plotseof gridevoltage vg, abc,egrid current ig, abc,ecompensator 

current iC, abc,eload current iL, abc and DCelink voltage VDC withouteDSOGI technique. 

Voltageeand currenteinputs are undistorted/normal. An unbalance, in system, is created at 

0.47 seconds by open circuiting one of the three phases at the load terminal. This leads to an 

unbalance in waveforms as shown in figure 17 above. Then, at 0.53 seconds all the three 

phases are connected normally, the effect of which can be seen through waveforms above. 

Iteis seenethat VDC settleseto thee700 Vevalue ate0.56 seconds. During model simulation, 

the reference value is taken as 700 V. 

 

 

2.3.2.1.2 vg, ig and iL THDevalues 

 

Fig. 18eshows theecorresponding THDevalues for vg, ig, and iL. TheeTHD valueefor 

ig is 12.12 % whichedoes notemeet IEEEe519 standard.eHence, thisetechnique does not 

work with undistorted/normal source. 
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Fig.e18. THDevalues foreUT –ebased controlealgorithm (ZVR) without DSOGI technique. 

 

 

2.3.2.1.3 Quadraturee– axisecurrent (iq) output 

 

Fig. 19 showsethe corresponding quadraturee– axisecurrent (iq) output value ofethe 

controleof SAPFein UPFemode ofeoperation (ZVR) withoutethe useeof DSOGIetechnique. 

 

 

Fig. 19. Quadrature – axisecurrent (iq) outputefor the ZVR modeeof operationewithout the 

useeof DSOGIetechnique. 
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2.3.2.2 Controleof SAPFewith theeuse ofeUnit Templatee– basedetheory (ZVR) with useeof 

distorted source 

 

Fig. 20. UTe– basedecontrol technique (ZVR) ofeSAPFs with distorted source. 

 

 

2.4 SynchronouseReference Frameecontrol algorithmeof SAPF with 

results 

 

SRFemodel isedeveloped from theetransformation ofecurrents in a de– qeframe with 

synchronous rotation; is the principleeon whichethe SRFemodel isedeveloped. Fig. 25 

demonstratesethe elementaryeblock diagrameon whichethis concepteis based.eAs shownein 

Fig. 21, theeinput toethe controllerehas threee– φevoltages viz. va, vb in addition to vc and 
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alsoethree –eφ loadecurrents viz. iLa, iLb in addition to iLc alongewith DCelink voltage VDa 

giveneas aneinput toethe controller. 

 

The normalizedegrid voltageesignals areefed aseinputs, in per unit, to a PLL, which 

produces the unitevoltage templateseviz. cosine and sine waveforms. By employing SRF 

theory, the 3 – φecurrent signalseon theeother handeare changed to directe– 

quadratureeframe current pulses. 

 

These current signals are, now, filtered by employing Low Pass Filter, since these 

are DC signals. Here, ILOSS elementegenerated usingethe voltageecontroller ateDC linkeis 

summedeup withethe deelement presentein the currentesignal. Thereafterethe signalseare 

reconvertedeto againeget iga, igb and igc. Theseea –eb –ec frameecurrent signalseare the 

referenceegrid signalseand giveneas inputeto theeHysteresis CurrenteController (HCC) 

whicheis usedein ordereto produceefinal switching signals which have to be injected in 

SAPFefor itsecontrolling. 

 

A detailedeexplanation ofethe SRFTetechnique iseas follows. As current 

components are calculated in the pq model, in the same way current components have been 

calculated in α β frame. Moreover,eby wayseof Park’setransformation, currentevalues that 

haveebeen mentionedeabove areechanged from the α βemodel –ed qemodel i.e.eby usingea 

transformationeangle viz.eθ aseshown inematrix equation (2.9): 

[
𝑖𝑑
𝑖𝑞

]  =  [
𝑐𝑜𝑠 𝛳 𝑠𝑖𝑛 𝛳

− 𝑠𝑖𝑛 𝛳 𝑐𝑜𝑠 𝛳
] [

𝑖𝛼
𝑖𝛽

]       (2.9) 
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Fig. 21. SRFTe– basedecontrol algorithm (without DSOGIetechnique). 

 

Inegeneral, an LPF is employed toeeliminate theeripple producedeacross theeDC 

linkevoltage. Now,ewith theehelp ofereverse Park’setransformation theecalculated DC 

currentecomponents id, dceand iq, dceis changedeback intoeα –eβ frameesignals aseillustrated 

inematrix equation (2.10): 

[
𝑖𝛼,𝐷𝐶

𝑖𝛽,𝐷𝐶
]  =  [

𝑐𝑜𝑠 𝜃 − 𝑠𝑖𝑛 𝜃
𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃

] [
𝑖𝑑,𝐷𝐶

𝑖𝑞,𝐷𝐶
]       (2.10) 

 

Byeusing theeabove derivedeα –eβ frameecurrent signals,ethe conversioneis made 

forederiving threee– φereference gridecurrents inea –eb –ec frameeby meanseof matrix 

equation (2.11): 

[

𝑖𝑔𝑎
∗

𝑖𝑔𝑏
∗

𝑖𝑔𝑐
∗

]  =  √ 
2

3
 

[
 
 
 
 

1

√ 2
1 0

1

√ 2
− 

1

2

√ 3

2

1

√ 2
− 

1

2
− 

√ 3

2 ]
 
 
 
 

 [

𝑖0
∗

𝑖𝑔𝛼
∗

𝑖𝑔𝛽
∗

]      (2.11) 

 

Byekeeping the iq currentecomponent nilethe supplyereference currentecomponents 

canebe calculated,ethe reactiveepower compensationecan asewell beeprovided. 
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2.4.1 Controleof SAPFeby meanseof SRFTebased algorithmewithout useeof DSOGI (normal 

source) 

 

Fig. 22. SRFT – basedecontrol techniqueeof SAPFsewith normal source. 

 

 

2.4.1.1 Voltageeand currenteoutputs 

 

Fig. 23 showsethe SAPFeperformance, controlledewith theehelp ofeSRFT –ebased 

schemeewithout usingeDSOGI technique (normal source). 
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Fig. 23. SRFTe– basedecontrol algorithmeoutcome (withouteDSOGI technique) using 

normal source 

 

Simulationeis carriedeout forealike unstableesituation aseof theepreceding situation 

in the next section. Fig. 24 showsethe plotseof gridevoltage vg, abc,egrid current ig, abc, 

compensatorecurrent iC, abc,eload current iL, abceand DCelink voltage VDC withouteDSOGI 

technique (normal source). Voltageeand currenteinputs are normal. 

 

Modeleis testedefor similar balance conditioneas inecase I. During model simulation, 

the reference value is taken as 700 V. Iteis seenethat VDC settleseto thee700 Vevalue ate0.56 

seconds.eThis showsethat SRFTebased techniqueeis bettereas comparedeto UTe– based 

controletheory asefar asesettling ofethe VDC backeto theeset V*Deis concerned. 
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2.4.1.2 vg, ig and iL THD values 

 

Fig. 24. THDevalues foreSRFT –ebased controlealgorithm (without DSOGIetechnique) 

using normal source 

 

Fig. 24 showsethe correspondingeTHD valuesefor vg, ig and ig. TheeTHD valueefor 

ig is 18.48 % whichedoes notemeet theeIEEE 519estandard. Hence,ethis techniqueealso fails 

with normal source.eThe templateseare createdeby meanseof PLLeand whenethe grideis 

normal, theereferences are not affected.ePerfect sinusoidal referenceecurrents can be 

generatedeunder normal grideconditions. 

 

 

2.4.1.3 Directe– axisecurrent (iad(new))eand quadraturee– axisecurrent (iaq)eoutputs 

 

Fig. 25 showsethe correspondingedirect –eaxis current (id(new))eand quadraturee– 

axisecurrent (iq) outputevalues ofethe controleof SAPFeperformance controlledewith the 

helpeof SRFTe– basedescheme without the use of DSOGIetechnique (normal source). 

SELECTED SIGNAL: 50 CYCLES. FFT WINDOW (IN RED): 3 CYCLES 

 
 

 

 

 

 

 

 



P a g e  | 41 

 

 

Fig. 25. Directe– axisecurrent (id(new))eand quadraturee– axisecurrent (iq) outputefor the 

SRFTe– based scheme without the useeof DSOGI technique (normal source). 

 

 

2.4.2 Controleof SAPFeby meanseof SRFTebased algorithmewithout useeof DSOGI 

(distorted source) 

 

Fig. 26. SRFT – basedecontrol techniqueeof SAPFsewith distorted source. 
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2.4.2.1 Voltageeand currenteoutputs 

 

Fig. 27 showsethe SAPFeperformance controlledewith theehelp ofeSRFT –ebased 

schemeewithout usingeDSOGI technique (distorted source). 

 

Fig. 27. SRFTe– basedecontrol algorithmeoutcome (withouteDSOGI technique) in adverse 

grid conditions 

 

Simulationeis carriedeout forealike unstableesituation aseof theesituation described 

in 2.3.2.1. Fig. 27 showsethe plotseof gridevoltage vS, abc,egrid current iS, abc,ecompensator 

current iC, abc,eload current IL, abceand DCelink voltage VDC withouteDSOGI technique 

(distorted source). Current and voltage inputs at the grid are distorted. 

 

Model in this case, also, is tested for similar kind of phase unbalance condition as is 

described in case I. During model simulation, the reference value is taken as 700 V. Iteis 

seenethat VDC settleseto thee700 Vevalue ate0.58 seconds.eThis showsethat SRFTebased 

techniqueeis bettereas comparedeto UTe– basedecontrol theory (UPF) asefar asesettling of 

the VDC backeto theeset V*Deis concerned. 
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2.4.2.2 vS, iS and iL THD values 

 

Fig. 28. THDevalues foreSRFT –ebased controlealgorithm (withouteDSOGI technique) in 

adverse grid conditions 

 

Fig. 28 showsethe correspondingeTHD valuesefor vS, IS and IL. TheeTHD valueefor 

IS ise19.29 %ewhich doesenot meetethe IEEEe519 standard. Therefore, it can be inferred 

that this technique, also, fails when supply from the grid is distorted. The generated reference 

values are affected when the supply is distorted because the templates are created by using 

PLL. Perfect sinusoidal referenceecurrents cannotebe generatedeunder adverseegrid 

conditions. 

 

 

2.4.2.3 Directe– axisecurrent (iad(new))eand quadrature– axisecurrent (iaq)eoutputs 

 

Fig. 29 showsethe correspondingedirect –eaxis current (id(new))eand quadrature– 

axisecurrent (iq) outputevalues ofethe controleof SAPFeperformance controlledewith the 

helpeof SRFTe– basedescheme without the use of DSOGIetechnique (distorted source). 
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Fig. 29. Directe– axisecurrent (id(new))eand quadrature – axisecurrent (iq) outputefor the 

SRFTe– based scheme without the useeof DSOGI technique (distorted source). 

 

Table II. Comparison of all schemes used in this chapter. 

Scheme name Source type Signal name THD% 

UT (UPF) Normal/undistorted vg 0.00 

  ig 2.96 

  iL 25.95 

 Distorted vg 8.49 

  ig 8.74 

  iL 25.95 

UT (ZVR) Normal/undistorted vg 0.00 

  ig 12.12 

  iL 26.11 

SRF Normal/undistorted vg 0.00 

  ig 18.48 

  iL 27.19 

 Distorted vg 8.49 

  ig 19.29 

  iL 27.19 

 

 

 

 

  

LOAD UNBALANCING 
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CHAPTERe3 

 

DESIGNeOF DUALeSOGI BASEDeALGORITHM FOR 3 – ϕ SYSTEM 

 

3.1 Introduction 

 

hereemany methodseto filter coordinateseα β,ethe positive – 

sequence,efrequency – adaptiveedetection, whicheis knowneas DualeSecond 

OrdereGeneralized Integratore(i.e. DSOGI)ecan beecategorized. Iteuses 3e– ϕeSecond 

OrdereGeneralized Integratore(SOGI) typeefilters [16],ethe generalizedeblock diagrameof 

whicheis shownein Fig. 32 (i). Their second order transfer functions are what three – ϕ SOGI 

type filters are mainly noted for. 

 

 The proposedecontrol algorithmehas unitetemplate and SRFT generationeusing Dual 

SOGIePLL whicheis describedebelow. 

 

 The Generationeof ReferenceeCurrent isea mainestep toecontrol aeshunt active 

powerefilter (APF). In various transaction papers, several RCG techniques are put forward. 

It has been deduced that the synchronous reference frame theory is the most popular 

technique in use. TheeSRF theory provides satisfactoryesteady –estate asewell asedynamic 

performance andesimultaneous simpleedigital implementation,ewhere itseapplication can 

onlyebe usedeover three –eϕ systems. A simple and effective example of the three – phase 

SRF theory for three – phase shunt active power filters has been put forward in this 

dissertation. This proposed model is based on employing Second Order Generalized 

Integrators (SOGI) and Phase Locked Loop. To fine tune the control parameters, a 

systematic design procedure based on the pole – zero cancellation, and the extended 

symmetrical optimum theory is proposed. During the designing, the effects of distortions in 

the grid voltage and the same in the grid frequency have been taken into account. At the end 

of this chapter, in order to prove the efficiency of the proposed approach, results of the 

simulation have been shown in detail. 

 

 T 
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 Nowadays, with ever increasing use of power electronic – based devices / equipment, 

the harmonic contamination in electrical networks is growing rapidly. Harmonics: 

1. increase the losses in electrical equipment, 

2. cause malfunction of protective devices, 

3. create interference with communication circuits, 

4. damage sensitive loads and 

5. result in perturbing torque and vibration in electrical motors. [26] 

Therefore, the compensation of harmonics has become a serious concern for both electricity 

suppliers and consumers [27]. 

 

 To deal with harmonic problems, as well as to provide reactive power compensation, 

passive filters have been employed traditionally. These filters have a relatively low cost and 

high reliability, but they suffer from many disadvantages, such as: 

1. large size, 

2. resonance susceptibility with the load and line impedances, 

3. de-tuning caused by aging, 

4. fixed compensating characteristics etc. [28] 

Thus, in order to avoid these shortcomings, the Active Power Filters (APFs) have attracted 

considerable attentions. 

 

 An APF is a power electronic converter – based device which in intended to mitigate 

the power quality problems caused by nonlinear loads. Several topologies for APFs have 

been proposed, with the most widely used being the shunt APFs (SAPFs). [2], [3] As shown 

ineFig. 30, aeSAPF is connected in parallel with the nonlinear load and controlled to inject 

(draw) a compensating current, iC, to (from) the grid such that, the source current, iS, is an in 

– phase sinusoidal signal with the grid voltage, v g, at the point of common coupling (PCC). 
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Fig. 30. SAPF connected in parallel with nonlinear load. 

 

 For the operation of a Shunt Active Power Filter, drawing reference compensating 

current happens to be the step of highest importance. [29] Different types of Reference 

Current Generation (RCG) models have been proposed by authors in some papers. The 

methodologies in concern can be mainly categorized into two techniques that is, the 

frequency domain and the time domain. 

 

 The majorly used techniques for the frequency domain are Sliding DFT (SDFT), the 

Digital Fourier Transform (DFT) as well as Fast Fourier Transform (FFT) that have been 

given in literature. [30] – [32] One is able to use them for both single – phase and three – 

phase Active Power Filters and they also give a satisfactory accuracy in the detection of the 

harmonics. The techniques based on the Fourier transform, in spite of these commendable 

benefits, present the usual shortcomings; these are, requirement of higher banks of memory 

and large values of computational burden. [31] Also, because of the relatively longer 

duration of time period (usually >2 cycles of the fundamental frequency of the time period) 
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required for evaluation of Fourier coefficients, the aforementioned techniques are better, 

when paired with conditions where there are no variations in load. [33] 

 

 In the time domain format, the most popular approach for RCG is the synchronous 

reference theory. This model was initially designed for three – wire, three – phase systems 

and has been majorly expanded, in the following years. Theesynchronous referenceeframe 

theoryepresents quickedynamic responseeand loweevaluation complexityewhen put against 

theetechniques inethe frequencyedomain, buteits usageewas onlyepossible overe3 –eϕ 

systems. 

 

 Making it possible to denote the single – phase systems as a kind of pseudo two – 

phase (α β) systems, in the synchronous reference frame model, the voltage across the grid 

and the current through the load experience a shift in phase of ninety degrees. On the same 

grounds, the three – phase synchronous reference frame model can be used in accordance 

with a single – phase system. The voltage signal at the grid is read purely as a sinusoidal 

waveform; this is a significant shortcoming with respect to this theory. Therefore, the 

retrieval of reference current gets majorly degraded due to availability of any distortion in 

the voltage across the grid. Moreover, due to the dependence on frequency of the methods 

employed to obtain a shift in phase of ninety degrees, whilst the approximation of the 

reference current value, changes in the grid frequency cause errors. 

 

 Inethe report,ea simpleeand efficienteapplication ofethe 3 – ϕesynchronous reference 

frameetheory for 3 – ϕeShunt ActiveePower Filterseis puteforth. At the end, the efficiency 

of the proposed approach is proven through data returned by the simulation results. 
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Fig. 31. Multi – SOGI structure. [45] 

 

 

3.2 AlgorithmeEmployed foreReference CurrenteGeneration 

 

Aegeneralized algorithmeemployed foreReference CurrenteGeneration schemeehas 

beenedemonstrated in Fig. 33 (i).eIn ordereto produceei’gα, i’gβ, v’gα asewell asev’gβ Second 

OrdereGeneralized Integratoremodel hasebeen used. Fig. 33 (ii)edemonstrates 

theetechnique ofea SecondeOrder GeneralizedeIntegrator model. As shown in this Fig., the 

damping factor has been denoted by k. [45] In order to achieve a balanced group of in 

quadrature output signals which have correct magnitudes, it becomes quite mandatory that 

the center frequency value and the input pulse frequency value of the Second Order 
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Generalized Integrator model are equivalent in value. To achieve this goal, the center 

frequency is adjusted by an estimation of the grid voltage frequency. The estimated 

frequency is obtained by using a synchronous reference frame PLL (SRF – PLL). SRF – 

PLLs have a long history of use in three – phase systems, however in single – phase 

applications, their implementation is more complicated, because of the lack of multiple 

independent input signals. [46], [47] To overcome this problem, the generation of a 

secondary orthogonal phase from the original single – phase grid voltage is necessary. In the 

suggested approach, as shown, the same in – phase and quadrature – phase versions of the 

grid voltage (i.e., v’g α and v’g β) that are used to extract the reference compensating current, 

are employed in the SRF – PLL. Thus, the need for generating a secondary orthogonal phase 

for the SRF – PLL is eliminated. At first glance, one may argue that, the precise extraction 

of the reference compensating current requires considering a high level of filtering (small 

value of the damping factor k) for SOGI structures, which results in a relatively long settling 

time for v’g αβ and i’L αβ. Therefore, considering v’g αβ as the input signals of the SRF – PLL 

will result in a very poor dynamic response in estimation of the grid voltage frequency, and 

may degrade the stability of the PLL. This deduction is true when a PI compensator is used 

as the loop filter in the SRF – PLL. 
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Fig. 32. Algorithmeemployed foreReference CurrenteGeneration: (i)egeneral technique 

and (ii)einside SecondeOrder GeneralizedeIntegrator subsystemeblock. 

 

 

3.3 DesigneGuidelines 

 

Theecharacteristic transferefunctions obtainedefrom Fig. 32 (ii)eof theeSecond 

OrdereGeneralized Integratoresubsystem blockeare asefollows: 

De(s) =e
𝑣𝑔𝛼

′

𝑣𝑔
 =e

𝑖𝐿𝛼
′

𝑖𝐿
 = 

𝑘 ŵ 𝑠

𝑠2 + 𝑘 ŵ 𝑠 + ŵ2       (3.1 (a)) 

  
(i) 

 

 
(ii) 
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Qe(s) =e
𝑣𝑔𝛽

′

𝑣𝑔
 =e

𝑖𝐿𝛽
′

𝑖𝐿
 = 

𝑘eŵ2

𝑠2 + 𝑘eŵ 𝑠 + ŵ2       (3.1 (b)) 

 

 Theetransfer functions are given in equations 3.1 (a) & 3.1 (b). A small value of 

damping factor leads to a narrower bandwidth and hence filtering capability gets enhanced. 

Still, a significantly small value of damping factor has a disadvantage attached to it. Which 

is, that it degrades the dynamic performance of the Second Order Generalized Integrator. 

This further leads to a great amount of time delay in the generation of the compensating 

current (reference value). It is well known that, during the load transients, the delay in 

extraction of the reference current increases the duration for which APF must sink / source 

the fundamental current, hence increases the required APF rating. [29], [48] It can therefore 

be concluded that an optimum value of k has to be found out so that none between the speed 

of response and harmonic rejection is compromised. 

 

 

of the SOGIefor aegiven inputevoltage vg = Vecos (wet + ϕ) andefor ke< 2eare: 

vgα’(t) = Vecos (wet +eɸ) + Aα cose(w √e1 − e(
𝑘

2
)2e 𝑡 +  ɸ𝛼)𝑒− 

𝑘eŵ

2
 𝑡

  (3.2) 

vgβ’(t)e= Vesin (wet +eɸ) + Aβ sin (w √e1 − e(
𝑘

2
)2 𝑡 +  ɸ𝛽)𝑒− 

𝑘eŵ

2
 𝑡

  (3.3) 

where Aα, Aβ, ϕα and ϕβ are functions of V, ϕ and k. The similar results can be obtained for 

the load current iL. 

 

From (3.2) and (3.3), it is observed that, the transient terms decay to zero with a time 

 

Fig. 32, forethe extractioneof theereference current, the settling time canebe approximated 

as: 

tS = 4 Ʈ = 
8

𝑘 ŵ
.          (3.4) 

 

Basedeon (3.4), theedamping factorek canebe simplyedetermined byedeciding a 

valueefor theesettling time tS. 

 

 Whenelooking fromethe case of rejectionein theeharmonics, theefigure usedeas the 

dampingefactor is sufficient forelow distortedecurrents inethe load. Whereas, there is the 

possibility of the condition not being satisfied, if there is quite a large harmonic content at 
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load. Theeconcerned shortcomingeis possibleeto beeaddressed byeintroducing 

moreeSecond OrdereGeneralized Integratoreblocks ineparallel withethe singleeSecond 

OrdereGeneralized Integratorestructure ofethe loadecurrent; seeeFig. 31 [45]. Every SOGI 

block acts to suppress a particular harmonic constituent in the load current and for which it 

is altered to resonate at a preset frequency of harmonics, therefore increasing the accuracy 

in the retrieval of the reference compensating current. Therefore, in order to attain faster / 

quicker dynamic performance, it is possible to enhance the bandwidth of the fundamental 

frequency Second Order Generalized Integrator. 

 

 MultipleeSecond OrdereGeneralized Integratoredesign isedisplayed ineFig. 31. The 

extraeSecond OrdereGeneralized Integratoreblocks resultein incrementsein theecurve ofethe 

gaineat theirespecific frequencieseof resonance. Hence, notable reductions are seen in the 

error in extraction, if there is high distortion in the current at the load. The dynamics of 

fundamental Second Order Generalized Integrator block are not significantly affected by the 

number of extra Second Order Generalized Integrator blocks. This is because, unless large 

factors of damping are used in these blocks, their effect is only seen to the frequencies in the 

vicinity of their frequencies of resonance. 

 

 Theeamount of SecondeOrder GeneralizedeIntegrator blockseneeded toebe putein is 

variableeupon theelevel ofedistortion (inecurrent atethe load). Although, a middle ground 

that is optimum has to be found between the effort required in computation and precision of 

the computed values. This is because, it is observed that the load is a large limiting factor. 

In this project report, addition of two Second Order Generalized Integrator blocks is 

proposed. 

 

 It is noted that, by using added harmonic component by using more Second Order 

Generalized Integrator blocks for the currents at the load, the required value of in – 

quadrature outputs of the grid voltage Second Order Generalized Integrator block can be 

increased, this is in case of grid values wherein distortions are large. 
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3.4 Configurationeand controlealgorithm 

 

In order to get a good dynamic response, faultlesslyedetect and further alsoeseparate 

theeangle of the phase of positive and negativeecomponents of the sequence, the SOGI based 

PLL is brought to use.  TheeSecond OrdereGeneralized Integratoreblock openeloop transfer 

functioneis showneas ineeq. (3.5): 

T(s) =e 
𝐾 𝑤𝑟 𝑠

𝑠2 + 𝑤𝑟
2         (3.5) 

 

The transferefunctions ofethe closedeloop ofev’α andeq v’αeof theeSecond Order 

GeneralizedeIntegrators blockeshown in Fig. 34 witheerror signale(V*De) isegiven as 

follows: 

𝑞e𝑣′𝛼 (𝑠)

𝑣
 =  

𝑤𝑟

𝑠
 ∗  

𝑣′
𝛼 (𝑠)

𝑣
 =  

𝐾 𝑤𝑟 𝑠

𝑠2 + 𝐾 𝑤𝑟 𝑠 + 𝑤𝑟
2      (3.6) 

 

Iteis essentialeto haveea properetuning ofethe gaineor dampingefactor –eK that 

influenceethe bandwidtheof theesystem inethe closedeloop andethe gridevoltage angular 

frequency, e𝑤. k, the damping factor decides the level of filtering and response. Tuning of k 

is required to be in such a way that filtering response should be properly effective under 

distorted grid conditions too. Damping of the higher harmonics is inversely proportional to 

the value of k. This further means that the lesser the value of k the better the damping of 

higher harmonics. Therefore, in this project simulation, ω and k values are chosen as 314 

and 0.5 respectively. These values have been chosen according to the optimum operation of 

the model prepared. 

 

Specific shifts in phase for nominal frequency and also gain are the highlighted 

features of a filter that allow their function and operation. There are two methods to 

determine the phase of signal output from the filter. It can either be determined by using 

Synchronous Reference Frame – Phase Locked Loop or by using arcus tangens function. 

Above described is the use of Synchronous Reference Frame – Phase Locked Loop. High 

quality of filtering of most of the distortions in the signal is characteristic for the Dual Second 

Order Generalized Integrators. Furthermore, higher frequency values are successfully 

damped too. 
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Differenceeof 90 ̊eas shownein Fig. 33. TheeSOGI isealso called an adaptiveefilter withean 

infiniteegain andeis definedeas ineequation (3.5). 

 

Fig. 33. QSGebased oneSOGI. 

 

Theesubsequent comparisonseshown ineequations (3.7) and (3.8) areeused to 

calculateethe αeand alsoeβ axisevoltages for +ve and –ve sequenceecomponents: 

{
𝑣𝛼+ = 

1

2
 ∗  (𝑣′

𝛼 −  𝑞 𝑣′𝛽)

𝑣𝛽+ = 
1

2
 ∗  (𝑞 𝑣′𝛼 + 𝑣′𝛽)

}        (3.7) 

{
𝑣𝛼− = 

1

2
 ∗  (𝑣′

𝛼e −  𝑞e𝑣′𝛽)

𝑣𝛽− = 
1

2
 ∗  (− 𝑞e𝑣′𝛼 + e𝑣′𝛽)

}       (3.8) 

 

 



P a g e  | 56 

 

Fig. 34. Basicescheme ofesuggested ReferenceeCurrent Generatione(RCG) technique (3 – 

ϕ). 

 

 

3.5 SAPFeControlling techniqueein UnityePower FactoreOperating 

Method with the use of DSOGI 

 

Fig. 35. UTe– basedecontrol techniqueeof SAPFse(with DSOGIetechnique). 
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3.5.1 Voltage and current outputs 

 

Fig. 36 showsethe plotseof gridevoltage vS, abc,egrid current iS, abc,ecompensator 

current ic, abc,eload current iL, abc andeDC linkevoltage VDC witheDSOGI technique. By use 

of DSOGI technique, current and voltage input signals have been made perfectly sinusoidal 

and hence are no more distorted. Theemodel isetested forethe sameeunbalanced 

conditionseas in chapter 2. Iteis observedethat VDa settleseto thee700 Vevalue ate0.59 

seconds. 

 

Fig. 36. UTe– basedecontrol algorithmeoutcome (witheDSOGI technique). 

 

 

3.5.2 vS, iS and iL THD values 

 

Fig. 37 showsethe correspondingeTHD valuesefor vS, iS and iL. The THDevalue for 

iS noweis 2.94e% whichemeets theeIEEE 519estandard. Therefore, it is proved that the 

proposed DSOGI technique produces the desired results. The considered load, in the model, 

is reactive – resistive type, which is connected at the end of a diode rectifier block. The 

unbalanceeis introducedeat 0.47 s byeusing aecircuit breakerein oneeof theethree phases. 
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Fig. 37. THDevalues foreUT –ebased controlealgorithm (witheDSOGI technique). 

 

 

3.5.3 Quadraturee– axisecurrent (iaq) output 

 

Fig. 38 showsethe corresponding quadraturee– axisecurrent (iq) output value ofethe 

controleof SAPFein UPFemode ofeoperation with theeuse ofeDSOGI technique. 

 

Fig. 38. Quadrature – axisecurrent (iq) outputefor theeUPF modeeof operation with theeuse 

ofeDSOGI technique. 

SELECTED SIGNAL: 50 CYCLES. FFT WINDOW (IN RED): 3 CYCLES 

 

 

THD=8.49% 
THD=2.94% 

THD=25.95% 

LOAD UNBALANCING 
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3.6 SynchronouseReference Frameecontrol algorithmeof SAPF with the 

use of DSOGI 

 

Fig. 39. SRFTe– basedecontrol algorithme(with DSOGIetechnique). 

 

 

3.6.1 Voltage and current outputs 

 

Fig. 40 showsethe plotseof gridevoltage vS, abc,egrid current iS, abc,ecompensator 

current ic, abc,eload current iL, abceand DCelink voltage VDC witheDSOGI technique. By use 

of DSOGI technique, current and voltage input signals have been made perfectly sinusoidal 

and hence are no more distorted. Theemodel isetested forethe sameeunbalanced 

conditionseas in chapter 2. Iteis observedethat VDa settleseto thee700 Vevalue ate0.57 

seconds. 
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Fig. 40. SRFTe– basedecontrol algorithmeoutcome (witheDSOGI technique). 

 

 

3.6.2 vS, ig and iL THD values 

 

Fig. 41 showsethe correspondingeTHD valuesefor vS, ig and iL. The THDevalue for 

iS noweis 2.84 % whichemeets theeIEEE 519estandard. Therefore, it is proved that the 

proposed DSOGI technique produces the desired results. The considered load, in the model, 

is reactive – resistive type, which is connected at the end of a diode rectifier block. The 

unbalanceeis introducedeat 0.47 s byeusing aecircuit breakerein oneeof theethree phases. 
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Fig. 41. THDevalues foreSRFT –ebased controlealgorithm (witheDSOGI technique). 

 

 

3.6.3 Direct (id(new))eand quadraturee– axisecurrent (iaq)eoutputs 

 

Fig. 42 showsethe correspondingedirect (id(new))eand quadraturee– axisecurrent (iq) 

outputevalues ofethe controleof SAPFein SRFT modeeof operation with theeuse ofeDSOGI 

technique. 

 

SELECTED SIGNAL: 50 CYCLES. FFT WINDOW (IN RED): 3 CYCLES 

 

THD=8.49% THD=27.23% 
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Fig. 42. Direct (id(new))eand quadraturee– axisecurrent (iq) outputefor the SRFT 

modeeof operation with theeuse ofeDSOGI technique. 

 

 

3.7 Conclusion 

 

Threeesimple andeeffective algorithmsebased oneUT basedeand SRFetheory for 

controllingethe SAPFehave beenestudied inethis chaptereunder distortedegrid conditions. It 

was inferred from simulation test results that all of the control schemes used, all of them 

failed to achieve < 5 percent THDein gridecurrents; that too eveneunder 

moderatelyedistorted grideconditions. 

 

A DSOGIeblock has been used in simulation in order to produce perfect sinusoidal 

voltage templates from distorted source and filter the distortions. The two approaches used 

in simulation yielded perfectly sinusoidal grid currents, withea slight modification / change 

inecontrol algorithms, undereadverse grideconditions too. Simulation results show that 

under unbalanced load conditions and changes in loadegave satisfactory results. 

 

 

 

 

 

 

LOAD UNBALANCING 
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TABLE III.  COMPARISONeOF RESULTING TOTALeHARMONIC DISTORTION 

(THD) VALUES. 

Case THDe% 

Algorithmebased oneUnit templatee/ 

Proportionale– Integralecontroller  

Withedistorted 

grid 

vg 8.49 

ig 8.74 

iL 25.95 

UsingeDSOGI 

technique 

vg 8.49 

ig 2.94 

iL 25.95 

SRFTebased controlealgorithm Withedistorted 

grid 

vg 8.49 

ig 19.29 

iL 27.19 

UsingeDSOGI 

technique 

vg 8.49 

ig 2.84 

iL 27.23 

 

Aecomparison ofethe THDevalues showsea significantedrip inethe distortionevalues ofethe 

gridecurrent (ig)ei.e. nowewithin 5%ewhen usingeDSOGI. It has been observed that without 

the use of DSOGI block, the two algorithmsefail toeachieve lessethan 5 percent THD in grid 

current values. The reason behind this is simple, it is that since the voltage is itself distorted, 

referenceecurrents areenot perfectlyegenerated. Therefore, it can be said that DSOGI helps 

to computeethe positiveesequence componenteof supply voltages and achieves perfect 

source synchronization. 
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CHAPTERe4 

 

AeSYNCHRONOUS REFERENCEeFRAME BASEDePLL CONTROL 

FOReA GRIDe– TIEDePHOTOVOLTAIC SYSTEM (SINGLE – 

PHASE) 

 

omeecrucial requirementsemust beemet ineorder toeachieve aePhotovoltaic 

system interconnection.eOne ofesuch vitalemethods in a PVesystem thateis 

interconnectedeis the synchronizationeof theeGrid. When putting together the utility system, 

Phase Locked Loops are a must, in order to correctly achieve identification of the phase. As 

we will see below, in this chapter, for the (Grid tied) PV system, a control technique (Phase 

Locked Loop) with a reference frame (in sync) has been used. Design and analysis of the 

Phase Locked Loop is so done in order to achieve two goals; first is the introduction of the 

source with minimum power, moreover to do this in conjunction with correct usage and 

control of the inverter in dq frame. In order to prove working of a model including 

Photovoltaic application which is grid tied, component design of such a model has been 

undertaken using Simulink in MathWorks MATLAB. Moreover, the model design has been 

properly tested after simulation with the help of MathWorks SIMULINK (simulation 

software). Consisting of x (variable) number of PV panels and modules, a pv array can be 

defined as the complete power – generating unit as shown in Fig. 43. 

S 
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Fig. 43. PV cell, module, panel and array. 

 

Here, in the simulated model, a PV array consisting of 60 panels was used. The 60 

PhotovoltaicePanels wereearranged ine6 rowseconnected ineparallel witheeach row 

containinge10 panelseconnected ineseries. As a background for testing of the proposed 

design for the PV array, variations in the values of the local environment of the system have 

been introduced, in order to provide proof of proper functioning. For ascertaining the right 

functioning of the Maximum Power Point Tracker (MPPT), the output from the Photovoltaic 

panels has been recorded. In order to prove the correct functioning of the synchronized PV 

array employed in a single – phase grid model, several evaluators and markers of the 

performance of the proposed design have been provided by the end of this dissertation report. 

The plots of the single – phase inverter output voltage, plots of values of the ac currents 

introduced in the model, analysis of the system based on THD values and more such results 

have been included at the end of this thesis report. 

 

 

4.1 Introduction 

 

Theeworld iseseeing aeradical anderevolutionary riseein theedemand asewell as 

usabilityeof solarepower generatedeusing Photovoltaicepanels. Without any need for the 
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requirement of pre – power generation infrastructure, solar power generated with the help of 

PV panels, does not present any hazards / dangers in disposal and processing of the required 

equipment. In addition to this, solar power generated with the help of PV panels can be made 

readily available to large parts of the population around the world. Moreover, solar power 

generated with the help of PV panels does not harbor any worries for having an ecological 

footprint, it is because it is simply energy irradiated from the Sun. There is, therefore, no 

wonder that PV energy from the sun can generate power in orders of magnitudes way more 

than other traditional sources of power, especially, conventional fossil fuels. Until now, 

prevalence of the usage of PV energy majorly tended to stay off – the – grid of a country’s 

core power network and was comparatively small scale. It was being confined to small scale 

applications for example those on the terrace of buildings. Today, there has been an increase 

in worldwide demands and interests in order to advance power generation through solar 

energy. Moreover, there has been a relatively higher prevalence of large – scale PV systems 

manufacturing. It is because of this that the scenario is that cost / investments required per 

panel / for each unit have gone dramatically spiraling downwards which has increased the 

usage of PV power generated systems in the major grid networks. [55] 

 

Theemodel ofethe Photovoltaicesystem infusedewith theegrid iseshown ineFig. 44, 

whereea paralleleconnection betweenethe utilityemain grideand Photovoltaicepanels have 

beenemade. The necessaryejob ofeproper stabilizationeof theepower is doneeby 

theeinverter, whicheacts as aePCU (PowereConditioning Unit). The PCU converts the 

output of the PV module array into a suitable grade of ac power source, under normal 

conditions. If a fault occurs in any one of the two systems; PV system / utility grid, the PV 

array system dislodges itself from the supply. 
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Fig. 44. Layouteof grideconnected PVesystem. 

 

The common interface between the main utility grid and PV array subsystem works 

bilaterally, thanks to the power distribution panel. As a result, power can be delivered to the 

loads connected to the system network by using both the PV array subsystem and also, the 

main utility grid. Therefore, depending upon the requirement of the load at the time, relative 

to the production of PV array power, the load would be supplied power from the utility grid 

when in case of shortage in the power supplied by PV array system, and on the other hand, 

the utility grid will receive power from the PV array system in case PV array system 

produces a sufficient amount of power. 

 

A number of publications have been published on the topic PV array systems 

connected to the main utility grid.  One such example of a publication on the topic array of 

PV Panels has been presented in [56]. An MPPT based on gradient and an interface for the 

PE devices has been presented in this publication. 
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4.2 Gridetied Photovoltaicesystem 

 

IneFig. 45,eaegeneral modelefor aePhotovoltaic systemein connectionewith theegrid 

hasebeen displayed. This model consists of a DC – DC boost converter, synchronization of 

three – phase de – coupling transformer, a capacitor at the input, an inverter for driving the 

system along with a PV panel array with a MPPT controller. In addition to the components 

mentioned, a capacitor at the DC – link, an inductor that acts as a filter and voltage at main 

Grid are also present. In order to meet the required ratings for power generation and voltage 

(at the input), the PV cell modules are connected in series – parallel grid. The DC – DC boost 

converter is responsible for enabling the MPPT mode. The capacitor connected at the DC – 

link helps for the DC – link voltage mode. The PV voltage value at the MPPT mode is 

enabled by the capacitor connected at the input. The inductor alters the output voltage value 

coming out of the DC – DC boost converter because the UPF must be present between the 

voltage and current values at the main grid. The significance / use of the MPPT controller is 

that it detects the point of maximum power generation from the PV panel array current and 

voltage values, which further provides a voltage reference value. 

 

 

4.2.1 PVearray 

 

Photovoltaicemodules containea singularediode. Despiteethe presenceeof multiple 

diodeesystems (2,e3, etc.),ethe 1ediode modeleprovides aesimpler andemore 

accurateeresult. [56] 
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Fig. 45. Grid connected Photovoltaic system layout. 

 

Aephotovoltaic panelemodule haseseveral presetevariables: Iph, IO, RS andeRsh which 

denoteeclean currentesource, diodeecurrent, resistances;eseries andeshunt. Theeequation 

beloweshows theecurrent –evoltage characteristicseof aePhotovoltaic moduleewith 5 

parameterseand 1ediode: 

I = Iph – IO [ exp ( 
𝑉 + 𝐼 𝑅𝑆

𝑛𝑠 𝑉𝑡
 ) – 1] - 

𝑉 + 𝐼 𝑅𝑆

𝑅𝑠ℎ
      (4.1) 

 

 

 

4.2.2 MaximumePower PointeTracker 

 

AePhotovoltaic modelecommonly returnsemax. power when theepoint ofeoperation 

alignseat MaximumePower Point. A tracker is required in order to obtain maximum power 

value. Anealgorithm recognizesethe pointeof operationeat theeMaximum PowerePoint; Fig. 

46 (a). This is the result of the MPPT. Further, the PCU, that is DC – DC boost converter is 

responsible for aligning the point of operation returned by the MPPT algorithm with that 

which is the actual point of operation. The MPPT technique used in the model here is known 

as Perturbation & Observation (P & O) technique. It is a famous operation point tracker 

which is because of its ease of implementation and simple nature. At each of the sampling 

times, in this technique, the algorithm evaluates the PV array power sample and the 

 

Cdc 

L RS, LS 

V 
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corresponding change that is d P / d V is then derived. At each periodic perturbation of PV 

voltage value, the MPPT operates. TheeP and OeMPPT algorithmehas beeneexplained byea 

flowe– chartein Fig. 46 (b). 

 

 

4.2.3 Modeling of Three Phase Grid – Tied PV System 

 

 

vpv = 
1

𝐶
  (ipv – idc)         (4.2) 

 

 In the inverter,ethe outputecurrent iseequal toethe injectedecurrent wheneconduction 

losseseas welleas theeswitching losseseof theeinverter areeassumed toebe almostenil. 

 

 It can be considered to be a system that is non – linear as well as dependent on time 

because of its varying gate signal and current signal. A few useful strategies and 

modifications that can be used to ease the control process of this non – linear time varying 

system have been discussed in the section to come. 
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Fig. 46. (a)ePower Voltageeplot ofePhotovoltaicearray and (b)eFlowchart foreMaximum 

PowerePoint Trackeretechnique basedeon Perturbeand Observeealgorithm. 

 

 

 

 
(a) 

 

 
(b) 
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4.2.4 PhaseeLocked Loopegrid synchronizationealgorithm 

 

Theecurrent atethe supplyeterminal andefrom Photovoltaic uniteshould beein full 

synchronizationewith eacheother. Therefore, PLL which is a grid synchronization technique 

is hence necessarily required. A reference phase value of the source voltage is mainly 

produced in this algorithm. This reference phase value is put to use as it is required to be 

synchronized when ABC -> d q (Park transformation) transformation steps take place. Phase 

Detectore(with inputesignal Vi), Loop Filter (with input signal Ve) and VCOe(with input 

signal VCO) areethe componentseof PhaseeLocked Loop.eA representationein theeform of 

blockediagram hasebeen shownein Fig. 47. Table IV explains significance of above 

mentioned 3 components and the input and output signal denotations in tabular form. 

 

Table IV. Functions of PLL components 

 

 

Fig. 47. Basiceblock diagramefor aePhase LockedeLoop technique. 
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4.3 Employingeof SynchronouseReference FrameePLL Algorithm 

 

ABCe-> deq referenceeframe transformationestep iseused ineSynchronous 

ReferenceeFrame algorithm. This transformation is employed to change the control variables 

to their corresponding dc signals. DC signals are thus easier to be filtered and controlled. A 

layout of the dq – controlled reference frame transformation technique is shown in Fig. 54. 

In order to control the dc bus voltage, the active power (denoted by P) output is brought to 

use here. For the current controller, in case of constant value of reactive power (denoted by 

Q), the above – mentioned active power (P) is taken to be used for the current controller and 

also the reactive current is assumed to be zero. Otherwise, if it becomes necessary to control 

the reactive power (Q) then a reactive power (Q) reference value should be added to the 

SRFT – PLL controller. 

 

In this section of the chapter, a control algorithm based on direct quadrature (dq) 

method designed with the help of a controller which is based on PI mode is implemented. 

Matrixeequation (4.3) demonstratesethe basicestructure ofea controllere(Proportional 

Integraletype) withedirect quadratureeco –eordinates asefollows: 

𝐺𝑃𝐼
( 𝑑𝑞 )

 (s) = [ 
𝐾𝑃 + 

𝐾𝐼

𝑠
0

0 𝐾𝑃 + 
𝐾𝐼

𝑠

 ]       (4.3) 

 

Here,ethe integral and proportionalegains ofethe PIecontroller areedenoted as KI & 

KP respectively. The current that is controlled has to be in phase with voltage at the source 

is a mandatory condition that has to be fulfilled. But, even before that, it is a compulsory pre 

– requisite that unwanted harmonic signals should be filtered from voltages at the source. 

 

 The attainable maximum value of input power (Pin) has to be injected into the dc bus. 

Now, this required maximum value of Pin is extracted by using the MPPT and employing 

DC – DC type converter. Designeof theeCS ofethe inverterehas toebe suchethat voltageeat 

theedc buseshould beemaintained constanteby Pout duringeall conditions.eEquation (4.4) 

demonstratesethe functioneof the controllere(ProportionaleIntegral type).eError difference 

betweenethe outputepower fromethe capacitor and peakePhotoVoltaicearray powereis used 

toeestimate the Id, refevalue aseshown below: 

Id, ref = 
1

𝑉𝑑
 (KP (Pin – Pout) + KI ʃ (Pin – Pout) dt)     (4.4) 
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Here,evoltage atePCC isedenoted as Vd. Now, Vq, ref and Vd, refeare furtherecalculated 

(aseshown ineequations (4.5)) using the value ofethe referenceecurrent obtainedefrom 

equation (4.4). Equation (4.5) outputeis thenefed to a generator (pulseewidth 

modulationetype) which generatesegate pulsesethat areeinjected inethe inverter. 

Vd, ref = KP (Id, ref – Id) + KI ʃ (Id, ref – Id) dt – w L Iq + Vd 

           (4.5) 

Vq, ref = KP (Iq, ref – Iq) + KI ʃ (Iq, ref – Iq) dt – w L Id + Vq 

 

 Theseed qecomponents ofevoltage areethen reverseetransformed toethe ABCeframe 

signals. Modulating signals are required by the PWM generators. For this purpose, a voltage 

signal at the dc bus is used. In addition to this, a filter, which is built using an inductor, is 

used to make the error in each direct quadrature (dq) signal equal to nil. The results obtained 

in this chapter have been shown below in the next section that is Section 4.4. 

 

 

4.4 Results and Discussions 

 

 

Information about the studied PV system. Fig. 45 shows the studied 3 – ϕ grid connected PV 

 

 

Table V. System Specification of The GRID – Tied PV System 
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 The Powere– Voltageeand Currente– Voltageecurves plottedefor variousesolar – 

irradianceevalues areein Fig. 48 (a)eand (b).eAscertaining fromethese plots,eit iseevident 

thatethe twoeplots, intersectethree crucialevertices; “open circuit”, “short circuit” pointeand 

theeMPP. Theesingle –ephase o/pevoltage asewell asecurrent plotsehave beeneshown 

ineFig. 48. 

 

Fig. 48. (a)ePower –eVoltage Characteristicseand (b)eCurrent –eVoltage characteristicseof 

eachePhotovoltaic celleof theeconcerned Photovoltaicearray atevarious valueseof solar 

irradiance. 

 
(a)       (b) 
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Fig. 49. Voltageeand currentewaveforms ateinverter output. 

 

 Output current signal of the inverter has a sinusoidal waveform. Moreover, the filter, 

which has inductance present in it, is employed to suppress THD value. FasteFourier 

Transformeanalysis provideseproof forethe same,eshown ineFig. 51. Ascertainingethrough 

theseefigures, iteis evidentethat theeTHD forethe inverterevoltage wase0.00 %. Hence, the 

value of THD was brought below the five percent IEEE standard limit. 

 

Fig. 50. Voltage and current waveforms at grid, converter current, load current and dc 

voltage. 

 

 TheePhoto –eVoltaic systemeunder considerationecontains aecapacitor atethe DC 

Linke(Fig. 52). Over here, the output voltage of the dc – dc converter is made constant value 
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using the capacitor, it also has another significance wherein it also provides isolation 

between the dc – dc boost – converter output port and the inverter input terminal. 

 

Fig. 51. TotaleHarmonic Distortioneat o/p grid current and voltage and load current using 

FFT. 

 

This system provides the active power (P) required in case when there is an abrupt 

change in the load, moreover, delivering the required active power in case of losses in the 

inverter due to switching. Ineorder toeobtain theecorrect conversione(DC toeAC), the 

voltageeacross theecapacitor musteremain aeconstant value,ewhich isedemonstrated ineFig. 

53. 

FFT window: 3 of 150 cycles of selected signal 
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Fig. 52. Capacitoreat DCe– link. 

 

Fig. 53. Voltageeacross capacitoreat DCe– link. 
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Fig. 54. SRF based closed loop model with PV. 

 

Fig. 55. PV current generation. 
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Fig. 56. PV current, grid power signals, PLL outputs and analog filter signals. 

 

 Simulation model is shown in fig.s 52, 54 and 55 with scope blocks marked in green 

background color which are used to gather results. In simulation, PV array provides a pv 

current (IPV) equal to 9.028 A as shown in Fig. 56. Generated grid power (Pg) is around 250 

W which is depicted by filtered value in yellow color. 

 

 



P a g e  | 82 

 

 

Fig. 57. Controlled load current, input current, unfiltered and filtered voltage signals. 

 

Distributedegeneration permitsethe consumerewho isegenerating heateor 

electricityefor theireown needseto sendetheir surpluseelectrical power backeinto theepower 

grid. Theenegative valueeof gridepower mayebe correcteif theereference +veedirection 

ofeactive powereof theegrid isefrom theegrid to the localegeneration side.eIn case of fig. 56, 

theeactive powereproduced fromethe localegenerators appearseas aenegative valueewith 

respecteto theereference directioneof theeactive powereof theegrid. Phase-locked 

loope(PLL) isea keyetechnology inegrid connectedeconverters. Single phase PLL subsystem 

generates sine and cosine waveforms. A Butterworth (design method), lowpass analog filter 

design block (state-space form) with filter order equal to 8 and passband edge frequency 

equal to 2*π*30 rad/s has been used to filter load current. 

 

iL, CONTROL = (iL x (sin θ + cos θ) x K) + ((100 – VDC) x (P + (I x (1/s)))) x sin θ (4.6) 

K = 1           (4.7) 

P = 0.1           (4.8) 

I = 10           (4.9) 

Equation 4.6 waveform is depicted in fig. 57. Then, source current is subtracted from 

equation 4.6, output of which is depicted by iC, INPUT: 

iC, INPUT = iL, CONTROL – iC, INPUT       (4.10) 
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This signal is used to generate pulses which are injected to controller input. 

 

Fig. 58. Single Phase PLL subsystem 

 

 Inegrid connectedeapplications theesynchronization ofeoutput signalseof the 

converterseto beeconnected withegrid parameters – frequencyeand phaseeis ofegreat 

importance.eDifferent methodsebased oneFourier transforms,ezero – crossingedetection, 

Kalmanefilters, phase – lockedeloops (PLL)eand otherseare usedefor thisesynchronization. 

Fig. 58 presentsea PLL, foresynchronization ofethe outputecurrent ofesingle – phaseegrid 

connectedeinverters withethe utilityegrid voltage, used in control scheme. 

 

 

4.5 Conclusion 

 

Ae1 -eɸ PVesubsystem (gride– connectedetype) iseput forwardein thisechapter. In 

this model, dc – dc boost converter helps the MPPT method. A 1 – ϕ Voltage Source Inverter 

(VSI) which is using the synchronous dq control technique was employed to provide the 

required active – power (P) to the 1 – ϕ DC supply. A capacitor was used to store power 

present at the DC – Link. In order to obtain a satisfactory simulation model which acts as a 
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proof for the working as well as the proposed design, a MATLAB model in addition to 

SIMULINK software was employed in 2016a version of the said software. 
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CONCLUSION OF THE THESIS 

 

 Chapter 1 gives general introduction of DG systems which include small and micro 

hydro, wind turbine, PV arrays, biomass gasification, geothermal and ocean energy, its 

impacts, highlights, problems, repercussions on electric power system, control, operation 

and stability. Further, SAPF system is explained with help of circuit diagram based on 

MathWorks MATLAB / Simulink model. At the end of this chapter a literature review of 

references is summarized which includes information on DG systems, SAPF system, passive 

filters, CC systems, its control and features. 

 

Chapter 2 includes controlling techniques and operating principle and basic function 

of SAPFs for three – phase system. Three different SAPF configurations with circuit diagram 

for each configuration, passive devices required for it and time and frequency domain CC 

techniques have been explained wherein equations and simulation results for vg, ig, iC, iL, 

VDC, id, iq and THD vg, ig and iL signals are derived for three techniques viz. UT – based UPF 

and ZVR and SRFT with normal / undistorted and distorted grid conditions. A comparison 

table at the end of this chapter shows the THD value increases with distorted grid condition.  

 

Chapter 3 proposes a solution for this problem. This chapter includes design and fig. 

of QSG based on single, dual and multi – SOGI structure for three – phase system. Equations 

and derived simulation results for signals same as in previous chapter further explain the 

algorithm. It can be concluded that performance improves and THD decreases with use of 

above – mentioned harmonics filtering algorithm as demonstrated in tabular form at the end 

of this chapter. 

 

Chapter 4 analyses a synchronous reference frame based PLL control for a grid – tied 

PV system (single – phase) with help of block and circuit diagrams. Initially PV concept is 

introduced also specifying that a 6 x 10 PV panel grid is used in simulation coding for which 

MATLAB Function block is used. Each component viz. PV array, MPPT, grid – connected 

PV system modeling, PV and VI plots at different values of solar irradiance, P & O 

algorithm, SRF single – phase PLL grid synchronization algorithm and its components have 

been explained with circuit diagrams, plots, flowcharts equations and simulation models 

wherever necessary. System parameter specifications have been tabled. Results and 

conclusion show vC, voltage across capacitor at dc link, IPV, Pg, sinePLL, cosinePLL and iL, AF. 
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FUTURE SCOPE OF WORK 

 

‘Our imagination is the only limit to what we can hope to have in the future.’ 

Charles F. Kettering 

 

 Manyedifferent adaptations,etests andeexperiments haveebeen leftefor theefuture 

dueeto lackeof timee(i.e. theeexperiments withereal dataeare usuallyevery timeeconsuming, 

requiringeeven dayseto finishea singleerun). Futureework concernsedeeper analysiseof 

particularemechanisms, neweproposals toetry differentemethods oresimple curiosity. 

 

 Inethis thesiseperformance investigationseof time domain techniques, when 

operatingeunder non – idealegrid – voltageeconditions, isestudied andean improved 

technique DSOGI,ecapable ofeeffectively operatingewith mosteof theenon – idealegrid 

voltageeconditions, isepresented. Someesuggestions forefurther investigationsein thisefield 

areeas follows: 

1. Theeproposed DSOGI structureeis limitedeto estimateethe fundamentalepositive and 

negativeesequence componentsealong withethe dc – offsetefrom theedistorted input 

signal.eIt canebe furthererestructured toemultiple SOGI structures byeconnecting n 

numbereof SOGIsein paralleleto extracten numbereharmonic componentseincluding 

fundamental. 

2. Theeinclusion ofen SOGI caneoffer oneeor moreeof theefollowing advantagesein 

harmonicecompensation and / oresome otherecontrol applications: 

i). Selectiveeharmonic eliminationecapability whichehelps toeattend theemost 

problematiceharmonics. 

ii). Avoidseunnecessary investment / computationeon excessiveeconverter 

ratings. 

3. Theeperformance improvementeof otheregrid – connectedeconverter applications 

like serieseAPF, hybrideAPF, FACTsedevices, PVeor windebased DGseby 

modifyingetheir controlescheme usingethe multi SOGI canebe studied. 

4. Theepresented workehas openedethe followingearea ofefurther researchework: 

extensioneof theeproposed currentecontroller techniqueefor generalen – levelemulti 

– leveleconverter basedeSAPF forehigh powereapplications andeits implementation. 

 

* * * * * 



P a g e  | 87 

 

REFERENCES 

 

[1] A. Moreno - Munoz, Power Quality: Mitigation Technologies in a Distributed 

Environment. London, U.K.: Springer - Verlag, 2007. 

 

[2] J. Matas, L. G. de Vicuna, J. Miret, J. M. Guerrero, and M. Castilla, "Feedback 

linearization of a single – phase active power filter via sliding mode control," IEEE Trans. 

Power Electron., vol. 23, no. 1, pp. 116 - 125, Jan. 2008. 

 

[3] J. M. Maza - Ortega, J. A. Rosendo - Macias, A. Gomez - Exposito, S. Ceballos - 

Mannozzi, and M. Barragan - Villarejo, "Reference current computation for active power 

filters by running DFT techniques," IEEE Trans. Power Del., vol. 25, no. 3, pp. 446 - 456, 

Jul. 2010. 

 

[4] B. - S. Chen and Y. - Y. Hsu, “A minimal harmonic controller for a STATCOM,” IEEE 

Trans. Ind. Electron., vol. 55, no. 2, pp. 655 – 664, Feb. 2008. 

 

[5] H. Akagi, E. H. Watanabe, and M. Aredes, Instantaneous Power Theory and Applications 

to Power Conditioning. Hoboken, NJ: Wiley, 2007. 

 

[6] R. S. Herrera, P. Salmeron, and H. Kim, “Instantaneous reactive power theory applied to 

active power filter compensation: Different approaches, assessment, and experimental 

results,” IEEE Trans. Ind. Electron., vol. 55, no. 1, pp. 184 – 196, Jan. 2008. 

 

[7] D. M. Divan, S. Bhattacharya, and B. Banerjee, “Synchronous frame harmonic isolator 

using active series filter,” in Proc. Eur. Power Electron. Conf., 1991, pp. 3030 – 3035. 

 

[8] B. Singh and V. Verma, “Selective compensation of power-quality problems through 

active power filter by current decomposition,” IEEE Trans. Power Del., vol. 23, no. 2, pp. 

792 – 799, Apr. 2008. 

 

[9] C. Lascu, L. Asiminoaei, I. Boldea, and F. Blaabjerg, “Frequency response analysis of 

current controllers for selective harmonic compensation in active power filters,” IEEE Trans. 

Ind. Electron., vol. 56, no. 2, pp. 337 – 347, Feb. 2009. 



P a g e  | 88 

 

[10] A. Luo, Z. Shuai, W. Zhu, and Z. J. Shen, “Combined system for harmonic suppression 

and reactive power compensation,” IEEE Trans. Ind. Electron., vol. 56, no. 2, pp. 418 – 428, 

Feb. 2009. 

 

[11] K. - K. Shyu, M. - J. Yang, Y. - M. Chen, and Y. - F. Lin, “Model reference adaptive 

control design for a shunt active – power - filter system,” IEEE Trans. Ind. Electron., vol. 

55, no. 1, pp. 97 – 106, Jan. 2008. 

 

[12] S. Mohagheghi, Y. Valle, G. K. Venayagamoorthy, and R. G. Harley, “A proportional 

– integrator type adaptive critic design – based neuro controller for a static compensator in 

a multimachine power system,” IEEE Trans. Ind. Electron., vol. 54, no. 1, pp. 86 – 96, Feb. 

2007. 

 

[13] Z. Shu, Y. Guo, and J. Lian, “Steady – state and dynamic study of active power filter 

with efficient FPGA – based control algorithm,” IEEE Trans. Ind. Electron., vol. 55, no. 4, 

pp. 1527 – 1536, Apr. 2008. 

 

[14] Ackermann T., et al. Distributed generation: a definition, Electric Power Systems 

Research, 2001; 57. Google Scholar. 

 

[15] Begović M., et al. Impact of Renewable Distributed Generation on Power Systems, 34th 

Hawaii International Conference on System Sciences, 2001. Google Scholar. 

 

[16] Bloem J. Producerea distribuită şi regenerabilă – Integrare şi interconectare, Calitatea 

şi utilizarea energiei electrice – Ghid de aplicare (Distributed Generation and Renewables – 

Integration and interconnection, quality and use of electricity – Application Guide), 

www.sier.ro, 2007. Google Scholar. 

 

[17] Dulău L. J. Hybrid Wind and Solar Power System, 2nd IFAC Workshop on Convergence 

of Information Technologies and Control Methods with Power Systems, Poster Session, 

2013. Google Scholar. 

 

[18] Ochoa L. F., et al. – Minimizing Energy Losses: Optimal Accommodation and Smart 

Operation of Renewable Distributed Generation, IEEE Transactions on Power Systems, 

2011; 26 (1). Google Scholar. 

http://www.sier.ro/


P a g e  | 89 

 

[19] Padhi P., et al. – Distributed Generation: Impacts and Cost Analysis, Special Issue of 

International Journal of Power System Operation and Energy Management, 1 (3). Google 

Scholar. 

 

[20] Pepermans G., et al. – Distributed generation: definition, benefits and issues, Energy 

Policy 2005; 33. Google Scholar. 

 

[21] Sheikhi A., et al. – Distributed Generation Penetration Impact on Distribution Networks 

Loss, International Conference on Renewable Energies and Power Quality, 2013. Google 

Scholar. 

 

[22] Singh S. N., et al. – Distributed Generation in Power Systems: An Overview and Key 

Issues, Indian Engineering Congress, 2009. Google Scholar. 

 

[23] Wasiak I., et al. – Integration of distributed energy sources with electrical power grid, 

Bulletin of The Polish Academy of Sciences, Technical Sciences, 2009; 57 (4). Google 

Scholar. 

 

[24] www.neplan.ch. Google Scholar. 

 

[25] C. Lascu, L. Asiminoaei, I. Boldea, and F. Blaabjerg, "High performance current 

controller for selective harmonic compensation in active power filters," IEEE Trans. Power 

Electron., vol. 22, no. 5, pp. 1826 - 1835, Sep. 2007. (Pubitemid 47423057). 

 

[26] D. Yazdani, A. Bakhshai, G. Joos, and M. Mojiri, "A real – time three – phase selective 

– harmonic – extraction approach for grid-connected converters," IEEE Trans. Ind. 

Electron., vol. 56, no. 10, pp. 4097 - 4106, Oct. 2009. 

 

[27] F. D. Freijedo, J. Doval - Gandoy, O. Lopez, P. Fernandez - Comesana, and C. Martinez 

- Penalver, “A signal – processing adaptive algorithm for selective current harmonic 

cancellation in active power filters,” IEEE Trans. Ind. Electron., vol. 56, no. 8, pp. 2829 - 

2840, Aug. 2009. 

 

http://www.neplan.ch/


P a g e  | 90 

 

[28] A. Varschavsky, J. Dixon, M. Rotella, and L. Moran, “Cascaded nine – level inverter 

for hybrid – series active power filter, using industrial controller,” IEEE Trans. Ind. 

Electron., vol. 57, no. 8, pp. 2761 - 2767, Aug. 2010. 

 

[29] R. Chudamani, K. Vasudevan, and C. S. Ramalingam, “Non – linear least – squares – 

based harmonic estimation algorithm for a shunt active power filter,” IET Power Electron., 

vol. 2, no. 2, pp. 134 - 146, Mar. 2009. 

 

[30] B. P. McGrath, D. G. Holmes, and J. J. H. Galloway, “Power converter line 

synchronization using a discrete Fourier transform (DFT) based on variable sampling rate,” 

IEEE Trans. Power Electron., vol. 20, no. 4, pp. 877 - 884, Jul. 2005. 

 

[31] L. Asiminoaei, F. Blaabjerg, and S. Hansen, “Detection is key – Harmonic detection 

methods for active power filter applications,” IEEE Ind. Appl. Mag., vol. 13, no. 4, pp. 22 - 

33, Jul. / Aug. 2007. 

 

[32] E. Jacobsen, and R. Lyons, “The sliding DFT,” IEEE signal Process. Mag., vol. 20, no. 

2, pp. 74 - 80, Mar. 2003. 

 

[33] H. Li, F. Zhuo, Z. Wang, W. Lei, and L. Wu, “A novel time – domain current – detection 

algorithm for shunt active power filters,” IEEE Trans. Power Syst., vol. 20, no. 2, pp. 644 - 

651, May 2005. 

 

[34] H. Wang, Q. Li, and M. Wu, “Investigation on a new algorithm for instantaneous 

reactive and harmonic currents detection applied to intensive nonlinear loads,” IEEE Trans. 

Power Del., vol. 22, no. 4, pp. 2312 - 2318, Oct. 2007. 

 

[35] H. Akagi, Y. Kanazawa, and A. Nabae, “Instantaneous reactive power compensators 

comprising switching devices without energy storage components,” IEEE Trans. Ind. Appl., 

vol. IA - 20, no. 3, pp. 625 - 630, May / June 1984. 

 

[36] H. Akagi, Y. Kanazawa, and A Nabae, “Generalized theory of the instantaneous reactive 

power in three – phase circuits,” in Proc. IPEC, 1983, pp. 1375 - 1386. 



P a g e  | 91 

 

[37] M. Aredes, H. Akagi, E. H. Watanabe, S.E. Vergara, and L. F. Encarnacao, 

“Comparisons between the p – q and p – q – r theories in three – phase four wire systems,” 

IEEE Trans. Power Electron., vol. 24, no. 4, pp. 924 - 933, Apr. 2009. 

 

[38] J. C. Montano, “Reviewing concepts of instantaneous and average compensations in 

polyphase systems,” IEEE Trans. Ind. Electron., vol. 58, no. 1, pp. 213 - 220, Jan. 2011. 

 

[39] J. Liu, J. Yang, and Z. Wang “A new approach for single – phase harmonic current 

detecting and its application in a hybrid active power filter,” in Proc. Annu. Conf. IEEE 

Indust. Electron. Soc. (IECON99), 1999, vol. 2, pp. 849 - 854. 

 

[40] M. T. Haque, “Single phase PQ theory for active filters,” in Proc IEEE TENCON’02, 

2002, pp. 1941 - 1944. 

 

[41] H. Akagi, E. H. Watanabe, and M. Aredes, Instantaneous power theory and applications 

to power conditioning. Piscataway, NJ / New York: IEEE Press / Wiley - Interscience, 2007. 

 

[42] M. Saitou, and T. Shimizu, “Generalized theory of instantaneous active and reactive 

powers in single – phase circuits based on Hilbert transform,” in Proc. 33rd Annu. IEEE 

PESC, Jun. 2002, pp. 1419 - 1424. 

 

[43] V. Khadkikar, M. Singh, A. Chandra, and B. Singh, “Implementation of single – phase 

synchronous dq reference frame controller for shunt active filter under distorted voltage 

condition,” in Proc. IEEE PEDES Conf., Dec. 2006, pp. 1 - 6. 

 

[44] V. Khadkikar, A. Chandra, and B. N. Singh, “Generalized single – phase p – q theory 

for active power filtering: Simulation and DSP – based experimental investigation,” IET 

Power Electron., vol. 2, no. 1, pp. 67 - 78, Jan. 2009. 

 

[45] P. Rodriguez, A. Luna, I. Candela, R. Mujal, R. Teodorescu and F. Blaabjerg, 

“Multiresonant frequency – locked loop for grid synchronization of power converters under 

distorted grid conditions,” IEEE Trans. Ind. Electron., vol. 58, no. 1, pp. 127 - 138, Jan. 

2011. 



P a g e  | 92 

 

[46] S. Golestan, M. Monfared, F.D. Freijedo, J. M. Guerrero, “Design and tuning of a 

modified power – based PLL for single – phase grid connected power conditioning systems,” 

IEEE Trans. Power Electron., vol. 27, no. 8, pp. 3639 - 3650, Aug. 2012. 

 

[47] S. Golestan, M. Monfared, F. D. Freijedo, J. M. Guerrero, “Dynamics assessment of 

advanced single - phase PLL structures,” IEEE Trans. Ind. Electron. vol. PP, no. 99, pp. 1 - 

11, Apr. 2012. 

 

[48] T. C. Green, and J. H. Marks, “Ratings of active power filters,” IEE Proc. - Electr. 

Power Appl., vol. 150, no. 5, Sep. 2003. 

[49] Voltage Characteristics of Electricity Supplied by Public Distribution Systems, 

European Standard EN 50160, 2008. 

 

[50] S. Preitl and R. - E. Precup, “An extension of tuning relations after symmetrical 

optimum method for PI and PID controller,” Automatica, vol. 35, no. 10, pp. 17311736, Oct. 

1999. 

 

[51] R. Teodorescu, M. Liserre, and P. Rodriguez, Grid Converters for Photovoltaic and 

Wind Power Systems. New York: IEEE - Wiley, 2011. 

 

[52] K. Shu and E. Sanchez - Sinencio, CMOS PLL Synthesizers – Analysis and Design. 

New York: Springer, 2005. 

 

[53] R. C. Dorf and R. H. Bishop, Modern Control Systems, 9th ed. Englewood Cliffs, NJ: 

Prentice - Hall, 2000. 

 

[54] P. Rodriguez, R. Teodoresu, I. Candela, A. Timbus, M. Liserre, and F. Blaabjerg, “New 

positive – sequence voltage detector for grid synchronization of power converters under 

faulty grid conditions”, Proc. IEEE - PESC 1, 1 - 7 (2006). 

 

[55] Z. B. Erdem, “The contribution of renewable resources in meeting Turkey’s energy – 

related challenges”, Renewable and Sustainable Energy Reviews, vol. 14, no. 9, pp. 2710 – 

2722, 2010. 



P a g e  | 93 

 

[56] M. E. Ropp and S. Gonzalez, “Development of a MATLAB / SIMULINK model of a 

single – phase grid – connected photovoltaic system”, IEEE Trans. Energy Convers., vol. 

24, no. 1, pp. 195 – 202, 2009. 

 

[57] S. P. Kaur and A. Singh, “DSOGI based Grid Synchronization under Adverse Grid 

Conditions” II IEEE International Conference on Power Electronics, Intelligent Control and 

Energy Systems, 2018. 


