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 ABSTRACT 

Electrical power system is designed to operate at 50 or 60Hz. However, the nonlinear loads 

connected to the power system generate harmonic currents. The power system harmonics 

are not new phenomenon. Concern over harmonic distortions has flowed during the history 

of electrical power systems. 

Conventionally, the saturated iron in transformers, induction machines, electric arc 

furnaces, welding equipment and fluorescent lamps, etc. have been responsible for the 

generation of harmonics in electric power systems. Most of these equipments also cause the 

flow of reactive component of current in the system. In recent years, many power electronic 

converter utilizing switching devices are being widely used in domestic, commercial and 

industrial applications, ranging from few watts to megawatts. However, these converters 

suffer from the drawbacks of harmonic generation and reactive power flow from the source 

and offer highly nonlinear characteristics. The generation of harmonics and reactive power 

flow in the power systems has given rise to ‗Electric Power Quality problems‘. These power 

quality problems are reflected in the system in the form of reduced efficiency of equipment, 

deteriorated performance of electrical machines, interference with nearby communications 

networks, neutral burning, mal-operation of relays, blowing of fuses and so on. Thus there is 

a growing concerned of power quality with proliferation of ac/dc converters in adjustable-

speed drives, power supplies, SMPS, DC motor drives, and so on.  

Harmonic regulation or standard guide lines such as IEEE-519-1992, IEC 1000-4-7, AS 

2279 and IEC 6100, etc. are currently used to keep current and voltage harmonics level 

within the standard limits. In addition, the equipment designed based on these standards can 

improve the performance of power system. 

To meet these requirements, passive filters, active filters and their combination have 

been used with two level inverters in order to improve power quality. Conventionally, passive 

filters have been used for the power quality improvement. Though passive compensations is 

a simple approach, but they have several drawbacks such as inability to provide dynamic 

compensation, bulky size, cost, resonance problem, separate filters for each harmonics, etc. 

and this fact has attracted the attention of power engineers to develop dynamic and 

adjustable solutions to power quality problems. One modern and very promising group of 

solutions that deals with load current and/or supply voltage imperfections is active power 

filter (APF). It is well known that high performance and cost-effective inverter is a prerequisite 

for the realization of an APF. These inverters can be broadly categorised into two classes, 

namely, voltage source inverter (VSI) and current source inverter (CSI). A critical comparison 

of the performance of VSI and CSI when used as a power circuit of APF is beyond the scope 

of this report. However, in the present work, VSI has been considered as a power circuit for 

APF as it has higher market penetration and a more noticeable development on VSI has 
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taken place over the last decade, in comparison to CSI topologies. The high harmonic 

content of the output voltage makes basic six-pulse (two-level) VSI impractical for direct use 

in high-power, medium-voltage applications. Instead of using filters and connecting several 

switching devices in series to achieve the required voltage level, several alternative possible 

solutions are reported in the literature and can be broadly categorized into two groups: 

multipulse and multilevel inverters. The first one requires bulky phase-shifting transformers 

and therefore, its application is limited to high-power, high-voltage systems. The second 

approach, multilevel inverters, uses the concept of addition of multiple small voltage levels 

for achieving the required voltage level with the help of additional switching devices and few 

components like diodes or capacitors. This approach does not require bulky phase shifting 

transformers and hence these topologies are best suited for medium-power applications. The 

common multilevel inverters (MLI) topologies are the diode-clamped (DCMLI), flying 

capacitor (FCMLI), and cascaded H-bridge multilevel inverters (CHBMLI).  

The performance of APF depends on the control strategy used for its implementation. 

The control algorithm proposed in this work aims to eliminate harmonics, compensate 

reactive power as well as control and balance the dc capacitor voltages of the APFs in 

steady-state and in transient conditions. The load harmonic currents have been derived by 

using the measured voltages at point of common coupling (PCC), load currents, and the dc 

bus voltages of the capacitors of the APF using proposed control strategies based on 

adaptive neural network such as least mean square (LMS), anti-Hebbian and anti-Hebbian 

based on TLS (Total least square). The controlling performance of the APF depends on the 

controller design. However it is difficult to develop the mathematical model of APF with 

multilevel inverters under parametric varying conditions. Therefore, there is great tendency to 

use unconventional controllers (intelligent controller) namely type-2 fuzzy logic controller. 

The type-2 fuzzy logic controller (T2FLC) is one of the intelligent controllers which handles 

the uncertainty in a better way and has been used in many of the application.  The T2FLC, 

which is a highly nonlinear dynamic controller and does not require the mathematical model 

of system, not only has a strong adaptive and learning ability but also has a good processing 

and nonlinear mapping capabilities with large time delay and uncertain conditions. These 

characteristics result in meeting the control requirement of three level active power filter for 

three phase three wire system. 

A computer simulation study under different load condition has been carried out to 

verify the performance of the three level DCMLI APF for harmonic elimination and reactive 

power compensation. The simulation study of the entire system has been carried out in 

MATLAB/Simulink environment. Various performance indices such as THD, power factor, 

active and reactive powers have been investigated. From these studies it has been observed 

that the adaptive control schemes with proposed controllers can compensates the reactive 
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power of the load and makes the harmonic currents to be less and within the limits imposed 

by IEEE–519–1992. 

The selection of individual inverter topologies for APF applications depends on their 

performance, cost, size, and implementation issues. DCMLI topology appears to be the most 

suited for APF applications. But, the large number of power components and voltage 

unbalance problem at higher levels limits the DCMLI for low power rating applications. On 

the other hand, Cascaded H-bridge multilevel inverter (CHBMLI) is one of the next 

generation multilevel inverters intended for high or medium-voltage power conversion without 

the requirement of line-frequency transformers. The CHBMLI is based on cascade 

connection of multiple single-phase H-bridge converter cells or chopper cells per leg. The 

least, low cost, modular structure, easy expansion to any number of levels, high fault 

tolerance component requirement and absence of bulky complex input transformer and 

without requirement of pre-charging circuit for the capacitor voltages make CHBMLI best 

suited for APF applications.  

The fuzzy logic controller is promising solution for five levels CHBMLI based APF. 

Because, they provide a high degree of robustness and immunity to external disturbances. 

Furthermore, they can be configured to be self-learning and adaptive. However, they require 

substantial computational power, due to the complex decision-making processes. For 

example, conventional FLC involves fuzzification, rule-base storage, inference mechanism, 

and defuzzification operations. For better accuracy in control, a larger set of rules is required, 

which results in longer computational time. However, this may not be practical because there 

are many implementation aspects that must be addressed, namely, sampling time and dc 

voltage excursion. Apart from these constraints, it is known fact that FLC requires simpler 

mathematics and offers a higher degree of freedom in tuning its control parameters 

compared to other nonlinear controllers. Most conventional FLCs use the error and the 

change of error as fuzzy input variables regardless of the complexity of controlled plants. 

These conventional FLCs came from the concepts of linear PD and PI control schemes. 

Such FLCs are suitable for simple lower order plants. However, in case of complex large 

order plants, such as multilevel inverter, all of the states are required to implement state 

feedback-based FLCs. Then, the design of an FLC is very difficult due to an increased 

number of fuzzy control rules as well as tuning parameters. Therefore, it is necessary to 

design an FLC that has a simple control structure and is computationally efficient compared 

to the conventional FLC. In the presents work, the simplified approach to design a fuzzy logic 

controller, known as a single-input fuzzy logic controller (SIFLC). The simplification converts 

two input fuzzy logic controllers to a single input known as signed distance.  In this method, 

the SIFLC control surface can be approximated by a simple piecewise linear (PWL) function, 

which results in a significant simplification of the design and parameter tuning. The individual 
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dc voltage regulation of CHBMLI based APF with anti-Hebbian based on total least square 

using SIFLC and PI controller has been carried out for balancing the voltages of the floating 

dc capacitors to their corresponding reference values.  

Computer simulation studies under different load conditions have been carried out to verify 

the performance of an APF for harmonic elimination and reactive power compensation. The 

simulation study of the entire system has been carried out in MATLAB/Simulink environment. 

The PI and SIFLC have been used to regulate the dc voltage of APF. Extensive simulation 

studies have been carried out to investigate the performance of the three phase three wire 

APF in normal voltage condition. The simulation studies have been performed for both 

steady-state and transient conditions with different non-linear loads. The capacitor voltage 

balance behaviour has been observed among the individual dc capacitors of the APF. 

Various performance indices such as THD, power factor, active and reactive power have 

been investigated. From these studies it has been observed that the PI and SIFLC with the 

anti-Hebbian based on total least square algorithm completely compensates the reactive 

power of the load and makes the harmonic currents to be less and within the limits imposed 

by IEEE–519–1992. 

 The three-phase, four-wire distribution systems have been widely applied to deliver 

electric power to three-phase four wire loads. The asymmetrical distribution of larger number 

of single-phase loads, ranging from few watts to MWs results in voltage and current 

unbalance in the three phase four wire (3P4W) electrical distribution system.  They are 

responsible for excessive neutral current. The problems associated with the excessive 

neutral current are: overloading of distribution feeders and transformers, ground voltage 

fluctuation, flat-topping of voltage waveform and wiring failure etc. Therefore, these excess 

neutral currents must be compensated for the reliable operation of the 3P4W electrical 

distribution system. 

In recent years, a number of APF schemes have been reported for simultaneous 

compensation of reactive power, source current harmonics and neutral current in 3P4W 

electrical distribution systems. They are: (1) split capacitor (2) three H-bridge topology and 

(3) four-leg topology. However, these schemes were complicated in control and require large 

volt-ampere rating inverter. Different transformer topologies such as zigzag, star-delta, Scott-

connected and star/hexagon-connected have also been used in recent years to attenuate the 

neutral current on the utility sides due to the advantages of low cost, high reliability and 

simplified circuit connection. Among these, zigzag transformer based approach requires least 

kVA inverter rating. However, these configurations   also have a low impedance path for 

zero-sequence voltage of the unbalanced utility, which will further cause a significant neutral 

current. Further, their attenuation characteristics are dependent on their locations, 

impedances of the transformers and utility voltage conditions. A reduced rating hybrid 
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topology comprising of a zigzag-delta transformer, a 3P3W active power filter (APF) and a 

single-phase APF had been demonstrated for the compensation of source neutral current 

and phase current harmonics, but, in this topology power factor and displacement factor are 

not improved. Also, the fundamental-frequency phase currents were also not made 

balanced.  Single-phase powers APF can be combined with the zig-zag/ zero sequence 

transformers to advance the performance of the neutral current attenuation have been 

proposed in the literature. However, these schemes suffer from source phase current 

harmonics and unbalance. To address the above limitations, in the present work, two 

reduced rating hybrid 3P4W APF have been proposed. The proposed topologies of hybrid 

3P4W active power filter comprises of three phase three wire APF, zero sequence 

transformer, ac power capacitor  and single phase APF. 

1. A 3P4W active power filter comprises of 3P3W APF, zero sequence transformer 

and single-phase APF. 

2. A 3P4W hybrid active power filter comprises of ac power capacitors, 3P3W APF 

zero sequence transformer and single-phase APF. 

To show the effectiveness of the proposed topologies, extensive simulation studies 

have been carried out in MATLAB/Simulink® environment. The performances of the proposed 

schemes have been studied for reactive power compensation, harmonic elimination and 

neutral current attenuation under various loading and utility voltage conditions. From these 

studies it is observed that the proposed control schemes completely compensates the 

reactive power of the load and makes the harmonic currents to be reduced below the limits 

imposed by IEEE–519–1992. Further, it also attenuates the source neutral current to a very 

large extent. 

In order to further verify the simulation studies, a three-phase downscaled three level 

DCMLI and five level CHBMLI based APF has been designed, constructed, and tested to 

verify the viability and effectiveness of the control scheme with intelligent controller 

techniques. For this purpose, the following prototypes have been developed. 

1. Three-level DCMLI based APF for three phase three wire system (LMS, anti-

Hebbian and anti-Hebbian based on TLS with PI/type-2 fuzzy logic controller )  

2. Five level CHBMLI based APF for three phase three wire system(PI and SIFLC with 

anti-Hebbian based on TLS algorithm) 

3. A 3P4W APF comprising of a zero sequence transformer, CHBMLI based 3P3W 

APF and series connected single-phase APF (anti-Hebbian based on TLS 

algorithm with SIFLC). 

4. Another 3P4W hybrid APF comprising of a zero sequence transformer, 3P3W APF, 

AC capacitors and series connected single-phase APF (anti-Hebbian based on TLS 

algorithm with SIFLC). 
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For hardware implementation, the IGBTs (IRG4PH40KD) have been used as the 

switching devices. Different hardware components as required for the operation of the 

experimental set-up such as pulse amplification, isolation circuit, dead-band circuit, voltage 

and current sensor circuits, and non-linear loads have been designed and developed. By 

using the Real-Time Workshop (RTW) of MATLAB and Real-Time Interface (RTI) feature of 

dSPACE-DS1104, the Simulink models of the various controllers of the prototypes have 

been implemented. The generated firing pulses have been given to the corresponding 

semiconductor devices of APF through isolation, delay, and pulse amplification circuits in 

real-time. An uncontrolled six pulse rectifiers with RL elements on their DC sides have been 

used as nonlinear loads. After compensation with APF, the source currents have been 

observed to be sinusoidal and their corresponding THDs have also been observed to be well 

within the limits of IEEE–519–1992 recommended value of 5%. The switching in response 

and the dynamic performance of APF for a step change in the load has been studied. A 

smooth control of dc voltages ensures the effectiveness of the DC voltage controllers.  

Initially, the simulation and experimentation of three level DCMLI based APF with PI 

and T2FLC with different adaptive neural network algorithm such as LMS, anti-Hebbian and 

Anti-Hebbian based on TLS has been carried out to study the performance of three level 

DCMLI APF for three phase three wire system. From the performance characteristics, it is 

found that the T2FLC with anti-Hebbian based on TLS adaptive algorithm is better for three 

level DCMLI APF. However, the T2FLC is very complex to implement with higher level 

inverter due to the association of length process such as fuzzification, rule base, inference 

and defuzzification. For this purpose, single input fuzzy logic controller is derived using 

Conventional FLC.  The performance of five level CHBMLI based APF with SIFLC as well as 

PI controller is also studied with anti-Hebbian based on TLS algorithm.  It found that the 

performance characteristics of CHBMLI based APF with the SIFLC is superior than PI 

controller. Therefore, for three phase three wire APF, the single input fuzzy logic controller is 

recommended if number of level in three phase APF is more than three.   

Finally, simulation of two 3P4W APF comprising three phase APF, zero sequence 

transformer, ac capacitors and single phase APF is carried out to study performance 

characteristics.  The single input fuzzy logic controller integrated with anti-Hebbian based 

TLS algorithm is used for controlling three phase APF. The single phase APF control is 

implemented using PI controller. The simulated performance characteristics of 3P4W are 

also experimentally validated. 
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CHAPTER 1: INTRODUCTION 

This chapter describes introduction to the research work. It will start with some background on 

foremost power quality problems in distribution systems. Then, the solutions to the problems will be 

discussed through which APF will be selected. Next, harmonics detection, scope of work, author’s 

contribution and thesis outlines are explained. 

1.1 Overview 

From very inception of the interconnected power networks, use of alternating current (AC) 

circuits has been a commonplace. In these power networks, the basic function of generators 

is to produce a clean sinusoidal voltage waveform, of constant frequency, at their terminals. 

However, a pure sinusoidal waveform with zero distortion is a hypothetical entity and not a 

practical one. The voltage waveform, even at the point of generation, contains a small 

amount of distortion, due to non-uniformity in the excitation magnetic field and discrete 

spatial distribution of coils around the generator stator slots. The distortion at the point of 

generation is usually very low, typically less than 1.0%. In past, majority of the loads in power 

distribution systems were of constant in nature, as regards to power, impedance, current or 

any of their combination. Such loads include incandescent lighting, heating, AC motors, etc., 

and are termed as linear loads. However, in recent years, the requirement for more efficient 

operation of electrical equipment and energy conditioning has led to the advancement in 

semiconductor technologies and introduction of new power electronic devices. This has 

significantly changed the nature of load composition because these power electronics based 

loads are nonlinear in nature. This nonlinearity results in non-sinusoidal load currents, which 

are periodic in nature and usually reflect Fourier series expansions. Non-sinusoidal periodic 

waves contain fundamental and higher order frequency components. These higher order 

frequency components are called harmonics. Harmonics can be defined as the undesirable 

components of a distorted periodic waveform whose frequencies are the integer multiples of 

the fundamental frequency [1-10] 

The injected harmonics are responsible for the distortion of voltage and current wave 

shapes. A substantial amount of these harmonics are produced by high rating power 

converters. Other devices responsible for generation of harmonics are static var 

compensators, adjustable speed drives, power supplies, transformers, arc furnaces, personal 

computers, cyclo-converters, etc. In future, there may be many more new harmonic sources, 

such as fuel cells, battery storage devices, photovoltaic cells, etc. Non-sinusoidal currents 

generated by the nonlinear loads are propagated throughout the network, causing voltage 

drops across the impedance of transmission lines and transformers. Thus, the voltage at the 

point of common coupling (PCC) is no longer sinusoidal, but periodic and also possesses 

Fourier series expansions. The quantum of voltage distortion depends on the line impedance 

and the magnitude of current. When several power users share a common power line, the 
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voltage distortion produced due to harmonic current injection by one user can impact the 

quality of power supplied to others. Due to this, standards have been issued to limit the 

amount of harmonic currents fed into the source by an individual customer [6]. 

Harmonics are responsible for increased system losses, equipment heating and reduction in 

useful life, mal-operation of protective devices, failure of reactive power compensating 

capacitors, interference with protection, control and communication circuits as well as 

customer loads and amplification of harmonics by means of parallel resonance between the 

supply system reactance and power factor improvement capacitors [7-50]. 

1.2 Electrical disturbances 

The quality of electric power is closely related to the quality of the voltage wave which 

is characterized by the following parameters [7] 

 Perfectly sinusoidal waveform; no distortion , spikes , dips 

 Balance and perfect symmetry of the amplitude and phase phases 

 RMS within allowable limits 

 Frequency stability. 

 Power factor within tolerable limits 

Disturbances are all internal and external phenomena to the network with a power to amend 

a transitional or permanent in amplitude and / or shape of the electrical parameters of the 

network (current, voltage, frequency). These disturbances can be classified according to two 

criteria: the length of time or the method of allocation is to say, their effects on electrical 

parameters 

According to the first classification, there are two basic categories: 

 Periodic disturbances (which last for a given duration), as the case of harmonic 

distortion, voltage drops due to reactive power flows in the network , and imbalances : 

 Aperiodic disturbances: or mainly in all fugitives‘ phenomena often very difficult to 

predict as transient voltage dips or surges. 

According to their assignment modes, there are three main families: 

 Disturbances on the amplitude or the RMS values , 

 Unbalanced three-phase systems, 

 harmonic distortion 

1.2.1 Current harmonics (and / or) voltage 

1.2.1.1 Sources of harmonics and their effects 

The proliferation of electrical equipment using static converters has led in recent years 

a significant increase in the level of harmonic pollution of power systems. These electrical 

equipment are considered as non- linear loads emitting harmonic currents whose 
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frequencies are integer multiples of the fundamental frequency, or sometimes to any of the 

frequencies (the most significant harmonics being harmonics 5, 7, 11 and 13). The passage 

of these harmonic currents through the impedances of the electrical network may cause 

harmonic voltages at the connection points and then pollute users powered by the same 

electric network. 

The presence of harmonics of current or voltage leads to adverse effects on the 

distribution network, such as 

 The heating of the conductors, cables , capacitors and machinery due to 

additional copper and iron losses, 

 The interference with telecommunication networks , caused by the 

electromagnetic coupling between the electrical network and the 

telecommunication networks which can induce in these significant noises, 

 Dysfunction of some electrical equipment, such as control and regulating 

devices, 

 In the presence of harmonics, voltage and current can change sign several 

times during a half - period. Therefore, sensitive equipment at the zero crossing 

these electrical quantities are disrupted, 

 The resonance frequencies of the circuits formed by the inductances of the 

transformer and cable capacities are usually quite high, but they may coincide 

with the frequency of a harmonic; in this case, there will be a significant 

amplification of voltage/current, which can destroy the equipment connected to 

the network, 

 The degradation of the accuracy of measuring devices, 

 Induced disturbances on the communication lines, electromagnetic radiation in 

particular. 

1.2.1.2 Harmonic distortion rate 

Different criteria are defined to characterize this type of disturbance. THD (the rate Harmonic 

distortion) and power factor are most used to quantify respectively harmonic disturbances 

and reactive power consumption. THD represents the ratio of the RMS value of the 

harmonics to the RMS value of the fundamental. THD is defined by the relation 

2

1

2

1

100
h

n

X

THD
X



 


       (1.1) 

Along With 1X  the effective value of the current (voltage) fundamental and hX  effective 

values different harmonics of the current (voltage). In general, harmonics included in a power 

grid is lower than 2500 Hz, which corresponds to the range of low interference frequencies 
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within the meaning of standardization. Higher frequency harmonics are strongly attenuated 

by the skin effect and the presence of the rows of inductors. In addition, the apparatus 

generating harmonics have, mostly, lower emission spectrum at 2500 Hz, why the field of 

study of harmonics is usually from 100 to 2500 Hz, that is to say rows 2-50 

TDD is the ratio of the RMS value of the harmonics to the maximum value of current drawn 

by the load. It is defined by the relation 

2

2

2
100%



 
 h

h

L

I

TDD
I

         (1.2) 

1.2.1.3 The power factor 

For a sine wave power factor is given by the ratio between the power active P and the 

apparent power S. the generators, transformers, transmission lines and control and 

measurement devices are designed for the maximum rated voltage and current. A low value 

of power factor results in misuse of these equipment. In the case where there are harmonics, 

power factor is degraded additional power called the deforming power (S) given by relation 

(1.3) is added: 

50
2

1

2

3 h

h

S V I


            (1.3) 

The power factor (pf) becomes 

2 2 2

P
PF

P Q S


 
         (1.4) 

To limit the influence of a pollution load on the various loads connected to network standards 

on power quality have been developed. The main standard is IEEE 519: 1992 

[Recommended Practices and Requirements for Harmonic Control in Power Systems] it 

determines the procedure to control the harmonics present on the grid and it also imposes 

the recommended limits of harmonic pollution generated by customers and total harmonic 

distortion on the network. This standard limits harmonic distortion (THD) of current networks 

< 69kV to 5% It is customary to say that in the industrial plants, whose harmonic voltage THD 

is less than 5% does not produce a significant effect . Between 5% and 7% are beginning to 

see effects, and to more than 10% the effects are almost certain 
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Table 1.1 IEEE limits of harmonic current emissions (IEEE 519 :1992)[8] 

Vn < 69kV 

Isc/Icn H<11  11<=h<17 17<=h<23 23<=h<35 35<=h TDD4.0 

<20 4.0  2.0  1.5 0.6  0.3  5.0 

20-50 7.0  3.5  2.5  1.0  0.5  8.0 

50-100  10.0  4.5  4.0  1.5  0.7  12.0 

100-1000  12.0  0  5.0 2.0  1.0  15.0 

69kV <= Vn <161kV 

< 20  2.0  1.0  0.75  0.3  0.15  2.5 

20-50  3.5  1.75  1.25  0.5  0.25  4.0 

50-100  5.0  2.25  2.0  1.25  0.35  6.0 

100-1000  6.0  2.75  2.5  1.0  0.5  7.5 

> 1000  7.5  3.5  3.0  1.25  0.7  10 

 

Where Isc is the short - circuit current Ich is the nominal load current, the rated voltage Vn and 

TDD is the total demand distortion (current distortion from the maximum demand). 

Table 1.2 IEEE limits for harmonic voltage distortion (IEEE 519: 1992) 

Connection point to 

the voltage (Vn) 

Individual Harmonic 

Distortion 

THD Vn(%) 

Vn < =69kV 

 

3.0 

 

5.0 

69kV < Vn <=161kV 

 

1.5 

 

2.5 

1.2.2 Imbalance in the three-phase voltage system 

It is said that there is imbalance in a network, when recording steady, asymmetries of 

amplitudes and phase shifts of the phase voltages. This type of disturbance is caused mainly 

by impedance mismatches lines of the network, and also by short circuits single-phase or 

two-phase. This imbalance is manifested by disturbances in rotating machines, overheating, 

etc. 

1.2.2.1 Consequences of unbalanced three-phase system 

The imbalance of a three-phase system can cause malfunction of the low voltage devices 

connected 
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 Malfunction of a single-phase device powered by a low voltage ( incandescent lamp 

that provides poor lighting) 

 Destruction of a single-phase device powered by a voltage too high, it can be 

destroyed (break-down of a filament lamp overvoltage). 

Regarding power electronics devices, mainly the rectifier bridges, and the operation in the 

presence of imbalance leads to the appearance of components non-characteristic 

harmonics, including multiple harmonics of third. The appearance of these harmonic currents 

can cause problems such as generating an anti-resonant when filtering order of the harmonic 

5. In addition to the classic effects of harmonics, the frequency characteristics cannot lead, in 

some cases, the blocking of the order. The consequence of the negative sequence on 

rotating machinery is the creation of a field rotating in opposite direction to the direction of 

rotation, from which a braking torque and parasitic losses which cause additional heating of 

the machine. Regarding the effect of unbalance zero sequence, it must be reported 

overheating risk neutral conductor in a distribution network, when the size is too small 

diameter, may cause rupture of the wire or fire. 

1.3 Neutral currents effects 

In case of a three-phase four-wire (3P4W) system with balanced nonlinear loads, 

fundamental and harmonics (including triplen harmonics) are present in the phase currents. 

Summing these currents at the neutral point, the fundamental and non-triplen harmonic 

components are found to be zero [12-15]. However, the triplen harmonic components in 

neutral are three times the triplen harmonic phase currents, because they coincide in phase 

and time. Triplen become an important issue for grounded wye system, as they are added in 

the neutral and produce a substantial neutral current. The current may exceed the rating of 

the neutral conductors, resulting in the overheating of power system equipments. The 

excessive neutral current may cause other adverse effects, such as overloading of power 

feeders, overloading of distribution transformers, voltage distortion and common mode noise  

1.4 Compensation solutions 

Two types of solutions are possible, the first is to use less static converters, while the second 

is the implementation of a harmonic filtering components. The first class of solutions focuses 

on the design and the second is to offset current or voltage harmonics. Two groups 

remediation solutions to compensate for any disturbances can be distinguished 
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 Traditional passive filter most commonly used 

 modern solutions ( active power filters ) that are designed to overcome the limitations 

of passive filters 

1.4.1 Passive filters 

These are the first devices used for eliminating harmonic. They are made up of passive 

elements such as inductors, capacitors and resistors. In general, the harmonic filters are 

connected in parallel with the harmonic generating load (rectifier diodes or thyristors, an 

electric arc furnace, etc.). We distinguish four types of passive filter filters set at specific 

frequencies, the high-pass filters, low pass filters and band pass filters. The most common 

choice for the rectifier to high power thyristor is to use a combination of multiple filters set to 

a single frequency (of harmonics 5, 7, 11 and 13) and a high pass filter of the second order 

set of around the harmonic frequency of the Passive harmonic filters have the advantage of 

correcting the power factor capacitors correctly sizing to exchange a certain amount of 

reactive power to the network [27-29, 36-38]. The single-phase circuits of single-tuned, 

double-tuned and second order high-pass damped shunt passive filters are displayed in Fig. 

1.1. However, these filters have some disadvantages: 

 The impedance of the network in the presence of the filters may reveal 

resonances 

 The passive filter can absorb harmonic currents from other non-linear loads and 

in this case , the passive filter can be overloaded, 

 The passive filtering is inflexible and in case of changes in the network, it can 

be difficult to adapt to new needs filtering. 

R

L

C

R1

L1

C1

C2

R3 R2

L2

C

R L

(a) (b) (c)

 

Fig. 1.1: Shunt passive filters: (a) Single-tuned; (b) Double-tuned; (c) Second-order high-
pass damped. 

1.4.2 Active power filters 

These solutions are proposed as effective solutions for Abatement of electrical 

networks to process the disadvantages of traditional solutions posed by passive filters (not 

adaptability to load variations and network appearance of resonances) [21, 22, 39]. The 

purpose of these active filters is to generate either the currents or harmonic voltages so that 
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the current or the voltage again becomes sinusoidal. The active filter is connected to the 

network or in parallel or in series as it is designed to compensate respectively currents or 

harmonic voltages or combined with passive filters to form what we call the hybrid filters 

The most important advantages of active filters compared to passive filters are 

 The physical volume of the filter is reduced, 

 The filtering capacity is higher 

 Flexibility and adaptability are much higher. 

Yet they also have some disadvantages: 

 Their high cost ( which limited their implementation ) 

 The losses are higher (power provided for compensation). 

1.4.2.1 Shunt active power filter 

APF is connected in parallel with the network in real time and injects harmonic 

components drawn by non-linear loads connected to the network. Thus the distorted current 

supplied by the power source is sinusoidal [32]. The aim of the parallel active filter (APF) is to 

prevent interference currents (harmonics, reactive and unbalanced), produced by pollution 

loads to flow through the network impedance, located upstream of the active filter connection 

point. The principle of a shunt active power filter diagram is given by Fig. 1.2. 

VSa

VSb

VSc

Lc

Cdc

Three-phase, 

Three-wire 

Non-linear 

Load

S1a

 

Fig. 1.2: Shunt active power filter. 

1.5 Configurations of active power filter  

APF‗s can be broadly classified based on its power circuit topology and the type of the 

supply and they are discussed below: 
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1.5.1 Power Circuit Based Classification 

The power circuit of active power filter can also be classified as current source-fed-type 

inverters (CSI) and voltage source-fed-type inverters (VSI).  The CSI approach is shown in 

Fig. 1.3 (a) uses a reactor, while the VSI, displayed in Fig. 1.3 (b) uses a dc capacitor.  

VSa

VSb

VSc

Lc

Three-phase, 

Three-wire 

Non-linear 

Load

S1a

Ldc

 

VSa

VSb

VSc

Lc

Cdc

Three-phase, 

Three-wire 

Non-linear 

Load

S1a

 

(a) (b) 
Fig. 1.3: (a) Current source inverter based APF; (b) Voltage source inverter based APF. 

When CSI approach acting as active power filter, it behaves as non-sinusoidal current source 

to meet the requirement of the nonlinear load. However, in CSI approach diode is used along 

with IGBT for reverse blocking. The CSI approach considered to be highly reliable, but have 

higher losses and require higher values of parallel ac power capacitors. Other converter used 

as active power filter is VSI; it has a self-supporting dc voltage bus with a large dc capacitor. 

It has become more dominant, since it is lighter and cheaper [23].  

However, these simple topologies are not suitable for high-power, medium-voltage 

applications because of their high harmonic content and increased cost [30, 32, 33]. For 

high-power, medium-voltage applications, the CSI based APFs can be realized using pulse-

width modulated current source inverters (PWM-CSIs) or load commutated inverters (LCIs) 

[24]. On the other hand, VSI for high-power, medium-voltage applications can be broadly 

categorized into two groups: multipulse and multilevel type inverters. These inverters present 

great advantages compared with conventional and very well-known two-level VSI [69]. These 

advantages are fundamentally focused on improvements in the output signal quality and a 

nominal power increase in the inverter. 

In multipulse inverters, several six-pulse inverter units can be arranged using transformers as 

magnetic interfaces, which is a useful technique to achieve high power rating and perform 

harmonic neutralization. The higher the number of six-pulse units, the lower the distortion of 

the resultant output voltage. 

Multilevel inverters have become increasingly popular in recent years. It uses the concept of 

utilizing multiple small voltage levels to perform power conversion. Advantages of this 

approach include good power quality, good electromagnetic compatibility (EMC), low 

switching losses, and high voltage capability. They synthesize an output voltage waveform 
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from several levels of capacitor voltage sources. As the number of levels increases, the 

synthesized output waveform approaches the sinusoidal wave with the reduced harmonic 

distortion. The most commonly used multilevel inverter topologies are reported in literature. 

They are: 

1. Diode Clamped Multilevel Inverter (DCMLI) 

2. Flying Capacitor Multilevel Inverter (FCMLI)  

3. Cascaded H-bridge multilevel Inverters (CHBMLI) 

These three multilevel inverter topologies could be considered now as the classic or 

traditional multilevel topologies that first made it into real industrial products during the last 

two decades. 

1.5.1.1 Diode-Clamped Multilevel inverter 

The diode-clamped multilevel converter (DCMLI) makes use of capacitors in series to 

divide the DC bus voltage into a distinct set of voltage levels. For example, in order to 

produce a m-level phase voltage, a diode-clamped inverter needs m-1 capacitors on the DC 

bus. A three-phase, five-level diode-clamped inverter is shown in Fig. 1.4. The DC bus 

consists of four capacitors: C1, C2, C3 and C4. For a DC bus voltage Vdc, the voltage across 

each capacitor is divided by the number of DC bus capacitors. The device voltage stress will 

be limited to one capacitor voltage level or Vdc/4, through clamping diodes [63, 68,69 89 ].In 

order to explain how the staircase-shaped converter output voltage synthesized, the neutral 

point N is used as the reference point for the converter output phase voltage. Using the five 

level converter shown in Fig. 1.4, there are five possible switch combinations that can be 

used to generate a five level voltage from point A to point N. Table 1.1 is used to illustrate the 

five possible switching states of the converter as well as their corresponding output phase 

voltage 

From Table 1.1, a 1 is used to represent a condition when the converter switch is on, 

and a 0 represents a condition when the converter switch is off. For each phase leg, a set of 

four adjacent switches is on at any given time. There are four complementary switch pairs in 

each phase 

Table 1.1: Diode-Clamped five-level converter voltage levels and their switch states [118]. 

Output Switch State 

 Sa1 Sa2 Sa3 Sa4 Sa′1 Sa′2 Sa′3 Sa′4 

V5=Vdc 1 1 1 1 0 0 0 0 

V4=3Vdc/4 0 1 1 1 1 0 0 0 

V3=Vdc/2 0 0 1 1 1 1 0 0 

V2=Vdc/4 0 0 0 1 1 1 1 0 

V1=0 0 0 0 0 1 1 1 1 
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Fig. 1.4: Diode clamped multilevel inverter. 

1.5.1.2 Flying-Capacitor Multilevel Inverter 

A flying-capacitor multilevel inverter (FCMLI), as shown inFig. 1.5, makes use of a 

ladder type structure of DC capacitors. The voltage across each capacitor differs from the 

voltage on the next capacitor. In order to generate an m-level staircase output voltage, m-1 

capacitors in the DC bus are needed. The structure of each phase leg is the same. The size 

of the voltage increments between two capacitors is used to determine the number of levels 

of the converter‘s output voltage [119, 124, 125 ] . 

Fig. 1.5 shows three inner capacitors (Ca1, Ca2 and Ca3) in phase A that are used for 

voltage balancing purposes. It must be noted that the capacitors used for voltage balancing 

purposes are different from phase to phase whereas all three phases of the flying-capacitor 

topology share the same DC link capacitors. Table 1.2 shows one possible combination for 

the switching states of the flying-capacitor topology. It must be noted that there is more than 

one possible set of switch combinations that can generate the desired converter output 

voltage. Due to this fact, the FCMC has more flexibility than the DCMLI. 
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Fig. 1.5: Flying capacitor multilevel inverter.  

Table 1.2: Flying-Capacitor five-level converter voltage levels and their switch states. 

Output Switch State 

 Sa1 Sa2 Sa3 Sa4 Sa′1 Sa′2 Sa′3 Sa′4 

V5=Vdc 1 1 1 1 0 0 0 0 

V4=3Vdc/4 0 1 1 1 1 0 0 0 

V3=Vdc/2 0 0 1 1 1 1 0 0 

V2=Vdc/4 0 0 0 1 1 1 1 0 

V1=0 0 0 0 0 1 1 1 1 

1.5.1.3 Cascaded-Multilevel Inverter  

Finally, the last major type of capacitor-voltage synthesized-based converter discussed 

in this thesis is the multilevel converter. The multilevel converter consists of several 

cascaded converters using separate DC sources [63, 66-68, 101, 106, 107, 113. 114]. This 

converter is known as the CMC. The primary function of the CMC is to synthesize a desired 

output voltage from the separate DC voltage sources. There are several different types of DC 

sources that can be used in the CMC. For example, some DC sources include but are not 

limited by batteries, fuel cells, and solar cells. One of the most popular applications of the 
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CMC is the high-power AC power supplies and adjustable-speed motor drives. One of the 

benefits of this converter topology is that the multilevel topology eliminates the use for any 

additional clamping diodes or voltage balancing capacitors. Fig. 1.6 shows a diagram of five 

level cascaded H-bridge multilevel inverter (CHBMLI) or CMC. Each single-phase CMC is 

associated with its own H-Bridge converter. The converter output voltages of each H-Bridge 

converter are connected in series with one another per phase. If the switch combinations of 

switches S1-S4 are varied, it is possible to generate three different converter output voltage 

levels (+Vdc, -Vdc and 0). For the CMC topology, the number of output phase-voltage levels is 

defined as m = 2N+1, where N is the number of separate DC sources. The Table 1.3  voltage 

levels and their corresponding switch states for a five-level CMC. 

Table 1.3: Voltage levels and their corresponding switch states for a five-level CMC 

(CHBMLI) 

Output 
Voltage 

Switch State (1 means switch is ON and 0 means OFF) 

S11 S31 S12 S32 S41 S21 S42 S22 

VAO
 
= +2VDC 1 1 1 1 0 0 0 0 

VAO
 
= +VDC

 

1 1 1 0 0 0 0 1 

0 1 1 1 1 0 0 0 

1 0 1 1 0 1 0 0 

1 1 0 1 0 0 1 0 

VAO
 
= 0

 

1 1 0 0 0 0 1 1 

0 0 1 1 1 1 0 0 

1 0 0 1 0 1 1 0 

0 1 1 0 1 0 0 1 

1 0 1 0 0 1 0 1 

0 1 0 1 1 0 1 0 

VAO
 
= –VDC

 

1 0 0 0 0 1 1 1 

0 1 0 0 1 0 1 1 

0 0 1 0 1 1 0 1 

0 0 0 1 1 1 1 0 

VAO
 
= –2VDC

 
0 0 0 0 1 1 1 1 
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S32c

S31c

Fig. 1.6: Cascaded five level converter 

1.6 Comparison of Multilevel converters for active power filter  

The selection of individual inverter topologies for applications depends on their performance, 

cost, size, and implementation factors. Table 1.4 gives the comparison of power component 

required per phase-leg for the above discussed multilevel converter topologies[118]. As of 

Table 1.4, it can be observed that the CHBMLI inverter requires least number of power 

components 

Table 1.4: Comparison of power component requirements per phase-leg among multilevel 

inverter topologies. 

Power component 
Inverter topology 

DCMLC FCMLC CHBMLI 

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

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

Clamping diodes ( 1)( 2)m m   0 0 

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

2

m   

Flying capacitors 0 ( 1)( 2)

2

m m   0 
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1.7 Supply System Based Classification of active power filters 

The classification of APF can also be based on the supply and/or the load system having 

single-phase, three-phase three-wire (3P3W) or three-phase four-wire (3P4W) systems 

1.7.1.1 Single-phase active power filter 

The single-phase (two-wire) APFs are used for compensation of harmonics and 

reactive power generated by the operation of nonlinear loads, such as residential, office and 

commercial complexes, connected to single-phase supply systems. Fig.1.7 shows the power 

circuit of APFs for harmonics and reactive compensation in single-phase applications. 

VS

Lc

Single-phase 
non-linear

Single-phase  APF

Cdc

 

Fig.1.7: APF for two-wire systems. 

1.7.1.2 Three-phase, Three-wire active power filter 

In three-phase, three-wire (3P3W) distribution systems without neutral wire are used to 

provide supply for high-power loads such as adjustable speed drives, transactions, arc 

furnaces, and other industrial applications. For compensation of harmonics and reactive 

power in these systems, a 3P3W APF is used. Fig. 1.2 shows the connection of APF for 

reactive and harmonic current compensation in 3P3W distribution system 

1.7.1.3 Three-phase, Four-wire active power filter 

APFs are specially designed to 3P4W systems for compensating neutral current along 

with the necessary compensation features of the 3P3W APFs. Three different topologies are 

available for 3P4W systems and are given below: 

1. 3P4W  split-capacitor APFs topology 

2. 3P4W four-leg APF topology 

3. 3P4W APF transformer based topology 
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1. Three-phase, Four-wire split capacitor APF Topology 

The three leg split capacitor APF topology utilizes the standard three-phase 

conventional inverter where the dc side capacitor is split and the neutral wire is directly 

connected to the electrical midpoint of the capacitors through an inductance. Fig. 1.8 shows 

the split capacitor APF topology used in 3P4W system and also known as midpoint clamped 

topology. The split capacitors allow load neutral current to flow through one of the dc 

capacitors Cdc1, Cdc2 and return to the ac neural wire. The split capacitor topology suffers from 

voltage balancing, control complexity and two large dc capacitors. 

Three-phase, 

Four-wire 

Non-linear 

Load

VSa

VSb

VSc

Lc

Cdc1

Cdc2

 

Fig. 1.8: The 3P4W split capacitor. 

2. Three-phase, Four-wire Four-leg APF Topology 

Fig. 1.9 shows the four-leg or four pole APF topology used in 3P4W system. In this topology, 

three of the switch legs are connected to the three phase conductors through a series 

inductance while the fourth leg is exclusively connected to the neutral conductor with an 

inductor. This topology is most suitable for compensation of high neutral currents. Despite 

having higher number of switching devices this topology, outweighed the split capacitor 

topology by number of factors: 

Better controllability: In this topology only one dc-bus voltage needs to be regulated, as 

opposed to two in the capacitor midpoint topology. This significantly simplifies the control 

circuitry with better controllability. 

Lower dc voltage and current requirement: This topology requires a lower dc-bus 

voltage and capacitor current.  
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Fig. 1.9: The 3P4W four-leg topology. 

1.8 Three phase four active power filter comprising zigzag transformer. 
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Fig. 1.10 : three phase four active power filter comprising zigzag transformer.  

Fig. 1.10 shows the arrangement of the 3P4W APF. A 3P3W APF is connected to point of 

common coupling for compensating positive and negative sequence component of 

harmonics requirement of nonlinear load. The 3P3W APF draw or supply real power to keep 

dc side capacitor voltage constant. A zigzag transformer connected parallel to nonlinear load 

for attenuating zero sequence current and APF does not required to compensate the load 

neutral current. Thus effectively reducing the volt-ampere rating of the active power filter. The 

power rating of active power filter saving in this configuration depend on the zero-sequence 

components of load currents. However, the compensating performance of this active power 

filter depends on installation location, impedance and utility voltage conditions [51].  

1.9 APF Controller 

The compensation performance of the APF depends basically on the design 

characteristics of the controller. 
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Control strategy of the APF is implemented in three stages and they are: 

1. In the first stage, the essential voltage and current signals are sensed using voltage 

Hall-effect sensors to gather accurate system information for reference generation. 

2. In the second stage, compensating reference signals in terms of current or voltage 

are derived based on control schemes and APF configurations. This part of the 

control scheme estimates the current reference waveforms for each phase of the 

inverter by maintaining a constant dc bus voltage. 

3. In the final stage of control scheme, the controller forces the active power filter 

inverter to track the desired compensating currents from the source. This part of the 

control scheme is responsible for generation of the gating signals for the solid-state 

devices of the inverter of APF using different current control techniques such as 

PWM, hysteresis, sliding-mode. 

The combined controller of the APFs is realized using analog and digital devices or 

advanced microelectronic devices, such as single-chip microcomputers, DSP‘s, and FPGA. 

1.9.1 Harmonics detection 

The performance of active power filter is depends upon accurate estimation of 

reference signals. The several estimation methods were developed in the literature and 

modification continued. Earlier there were two kinds of control strategies for extracting 

current or voltage harmonics from the corresponding distorted current or voltage signals. 

These are time domain and frequency domain technique. In recent research new methods 

based on wavelet transform and artificial intelligence (AI) are reported for extraction of 

reference signal. In order to generate the reference signal required by the active power filter. 

There are three kinds of approaches as follows. 

a) Load current detection, 

b) Supply current detection and 

c)  Voltage detection. 

Load current detection and supply current detection are commonly used for shunt 

active power filters. 

1.9.2 Frequency domain technique  

Compensation in the frequency-domain is based on the principle of Fourier analysis and 

periodicity of the distorted voltage or current waveform to be corrected. With this strategy the 

inverter switching frequency must be more than the twice the highest compensating 

harmonics frequency. Fourier Transform (either conventional or FET) is applied to the 

captured voltage/current signal. Compensating harmonic components are separated by 

eliminating the fundamental component and inverse Fourier Transform is applied to derive 

compensating reference signal in time domain. In order to reduce response time delay by 
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making computation much faster, some modifications in the Fourier technique were 

proposed and practiced as Modified Fourier —series technique. The principle behind it is that 

only the fundamental component of current /voltage Is calculated and this is used to separate 

the total harmonic signal from the sampled load-current) supply voltage waveform. The 

practical implementation of this technique relies on modifying the main Fourier series 

equations to generate a recursive formula with a sliding window. This technique is adapted to 

use two different circular arrays to store the components of the sine and cosine coefficients 

computed every sampling sub-cycle. The newly computed values of the desire coefficient are 

stored in place of the old ones and the overall sum of the sine and Cosine coefficient is 

updated continuously. The computation time is much less than that of other techniques used 

for single-phase applications. This technique is equally suitable for single or three-phase 

systems. Another modified Fourier-series technique was developed relies on the 

decomposition of the three phase signals into synchronously rotating direct and quadrature 

axes. The technique is used to compensate for all non-active components of load current 

signal. The non-active current definition in the d-q reference frame is used to generate 

desired supply currents. Sliding-window computation techniques are used (similar to that 

above) to calculate the reference value of the filter current/voltage. This technique is suitable 

only for three-phase systems.  

1.9.3   Time domain technique 

It is one among the well-established technique for extraction of compensating signals. It is 

based on instantaneous derivation of compensating commands in the form of either voltage 

or current signal from the distorted and harmonic polluted voltage or current signal. The 

different techniques which are in use are [155]: Instantaneous Reactive Power Theory [156-

158]. Synchronous ‗d-q‘ reference-frame based algorithm[160], Synchronous detection 

algorithm [163,164], Instantaneous power balance method [149], Energy balanced (EB) 

method[161], Direct-detection method [165], Notch-filter based method[166],Sine-

multiplication technique [167], Fictitious Power Compensation Technique [168] etc. some of 

them briefly summarized here.    

a) Instantaneous reactive power theory 

It is based on the α-β-0 transformation which transforms three-phase voltages and 

currents into the α-β-0 stationary reference frame. From this transformed quantities 

instantaneous real and reactive power of the load is calculated, which consists of a DC 

component and an oscillating component. The oscillating component is extracted using high-

pass filter and taking inverse α-β-0 transformation compensating command (or reference) 

signals in terms of either currents or voltages are derived. These signals are distributed 

equally to each phase of the three-phase. This method needs several high accuracy 

multipliers for implementation, so its features are complicated in structure, difficult to adjust, 
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poor in performance, and only suitable for a three-phase balanced system [156]. The original 

‗p-q‘ theory proposed by Akagi et al and then revised by Marshal et al [157] and Nabae et al 

[158] is modified /extended to make It applicable to eliminate neutral current of three-phase, 

four wire systems where source voltages are unbalanced and loads are non-Linear and 

unbalanced. The control scheme based on instantaneous reactive theory is shown in 

Fig.1.11. 
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Fig.1.11: Instantaneous reactive power theory. 

b) Synchronous d-q’ reference-frame based algorithm 

It‘s based on parks transformation. The active and reactive components of the system 

are represented by the direct and quadrature component respectively. In this approach, 

fundamental quantities become d-c quantities, and all harmonic components are transformed 

into dc quantities with a fundamental frequency shift, which can be separated easily through 

filtering. To implement the synchronous reference frame some kind of synchronizing system 

such as PLL should be used [167]. The control scheme based on d-q reference frame is 

shown in Fig. 1.12. 
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Fig. 1.12: synchronous reference frame based algorithm. 
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1.9.4  Wavelet transform based algorithm 

In recent research wavelet analysis have been proposed extensively as a new tool for 

fault detection, localization and classification of different power system transients[137]. It is 

implemented through the Multi Resolution Analysis (MRA) method for extraction of reference 

signal. In this, a Matlab computer program is written to buffer a Window of data, which come 

on-line from simulation program. The sampling rate and time step of simulation Program is 

adjusted based on the maximum harmonic frequency in the System. The reference Signal is 

extracted by defining the resolution level of the fundamental Signal and makes all the 

coefficients of that level to be zero and reconstruct the signal to get the Whole disturbance in 

the signal, the resulting signal is used to generate the reference signal. The block diagram of 

interfacing process is shown in Fig. 1.13.  
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Fig. 1.13: Block diagram of interface process of wavelet. 

1.9.5 Artificial Neural Network (ANN) algorithm 

Recently, Neural Network has generated a good deal of interest in certain applications 

[139, 140, 154]. Some of the literatures have proposed Adaptive Linear Neuron based 

approached to estimate reactive power and harmonics content in the current. For on line 

estimation of harmonics in a power system (ADALINE) structure is used. ADALINE is highly 

adaptive and capable of estimating the variations in the amplitude and phase angle of the 

harmonic components, which will enhance the performance of the active power filter. It is 

based on original decomposition of the measured signal to specify the neural network inputs. 

This new decomposition is based on Fourier series analysis of the measured signal where in 

modified LMS training algorithm carries out the weights. This new estimation strategy 

appreciably improves the performance over traditional compensating methods and is valid 

both for single phase and three phase system. The other advantages include high speed, 

accurate and self- adapting to new environment. The Adaline based harmonics estimator is 

shown in Fig. 1.14. 



 

22 

 

Weight vector
Weight vector

Adaptation 

algorithm

W1

W2

W

W

W

W

Error
Error

 0Y k

Desired 

output

Desired 

output

 k

 W k

 sin t k

 cos t k

 sinN t k

 cosN t k

1

2kT

 

Fig. 1.14: ADALINE based harmonics estimator. 

From the brief review of control techniques, it is apparent that a lot of work has been carried 

out in the area of harmonic power flow studies. Different algorithms for carrying out 

harmonics analysis have been proposed in the literature. As regards the design, 

development, analysis and implementation of shunt APFs based on above control strategies 

is concerned, different researchers around the world have contributed massively, and their 

efforts and work done is summarized here briefly. 

 Shireen and Tao [169] have presented DSP based shunt APF for low voltage 

distribution systems. Authors concluded that the proposed technique requires only the load 

current information to estimate the fundamental current information which is then used to 

calculate the required compensation current using the DSP algorithm. Unique feature of DSP 

have been reported over analog control methods. 

 Li et al. [171] have developed a novel current detection algorithm of shunt APFs, 

based on current decomposition for harmonic elimination, power factor correction and 

balancing of non-linear loads. Several improved/ modified p-q theory have been reported in 

literature [171] to overcome the limitation of conventional p-q theory. 

Performance of the active filter is often degraded due to distorted and/or unbalanced 

main voltage. Huang and Wu [172] have presented a control algorithm for the performance 

improvement of three-phase, three-wire active filter under non-ideal mains.  



 

23 

 

 A systematic evaluation is presented on the results of using the instantaneous reactive 

power algorithm under non-ideal mains and reported that its performance is degraded. Once 

the main voltage become non-ideal. They also reported that the main current can be 

effectively controlled by using a simple controller on the average voltage of the DC capacitor 

voltage. The approach needs only one multipliers, and less number of sensors as compared 

to the d-q methods. By this algorithm, the main current after compensation is expected to be 

balanced and undistorted in spite of the variation in the supply voltage.    

Kale and Ozdemir [173] presented a new control algorithm for a shunt APF to 

compensate harmonic and reactive power of a three-phase thyristor bridge rectifier under 

non-ideal mains voltage scenarios. Sensing load current, dc bus voltage and source voltages 

compute reference currents of the APF.  

Chandra et al. [174] presented DSP based simple control algorithm of shunt APF for 

AC voltage regulation at the PCC, harmonic elimination power factor correction and load 

balancing of non-linear loads, using indirect current control technique. Two closed loop PI 

controllers are used to estimate the amplitude of in-phase and quadrature component of 

reference supply current. The proposed control algorithm has an inherent property to provide 

a self-supporting dc bus and require less number of current sensors resulting in an overall 

cost reduction. Cavallini et al. [175] have made a comparison of various compensation 

strategies for a shunt active power filter and concluded that the strategy based on unity 

power factor control is appropriate when the supply voltage waveform is distorted. Marques 

[147] and Soares et al. [230] have reported simulation and analytical studies of shunt active 

filters under nonsinusoidal conditions.  

 Chatterjee et al. [151] has presented an instantaneous reactive volt-ampere 

compensator and harmonic suppressor system, which operated without sensing the reactive 

volt-ampere demand and non-linearities present in the load. It is operated cycle-by-cycle 

reference current control made by regulating the dc-link voltage to achieve the compensating 

feature. A hardware based PI controller with PLL based sine wave generator was use to 

implement the control algorithm. 

Smedley et al. [176] have presented a unified constant frequency integration (UCI) APF 

control method based on one cycle control. This method employs an integrator with reset as 

its core component to control the pulse width on an ac-dc converter so that its current draw is 

precisely opposite to the reactive and harmonic current draw of the nonlinear load.  

Hirve et al. [93] have explored the theory of UCI or one-cycle control for shunt APF 

control. The scheme compensates unbalanced loads in a three-phase, four-wire system. 

Author presented a PLL-less control scheme and reported that the APF provides 

compensation currents in such a way that the utility supplies only the balanced fundamental 

current at unity power factor, even if the load draws reactive and harmonic currents. The 
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scheme neither requires the service of a PLL nor requires sense the unity voltages. This 

makes the scheme insensitive to the distortions that are generally present in the utility 

voltages. The problem associated with PLL is described.  

 Mishra et al. [177] have discusses a new general algorithm for shunt APFs using 

instantaneous reactive power theory. The general vector expression for desired source 

current has been formulated in terms of instantaneous active and reactive powers. Proper 

choices of source power terms give different levels and types of compensation.  

Chen et al. [178] presented the application of the synchronous detection method for 

reactive and harmonic current compensation in an unbalanced three phase power system. 

Ghosh and Joshi [179] have presented a new approach for generating reference currents for 

an active filter and/or a static compensator by using the theory instantaneous symmetrical 

components to obtain an algorithm to compute three-phase reference currents which, when 

injected to the power system, produce desired results. Mishra et al. [180] have proposed an 

experimental study of the application of instantaneous symmetrical component theory on 

two-quadrant chopper to equalize the voltage of the capacitor.  

 Chen [181] has proposed an algorithm for the generation of compensating current in 

such a way that the source supplies only the balanced fundamental current at unity power 

factor. It does not use any transformation, but uses the sequence components for power 

calculation.  

George and Agarwal [95, 96, 152 ] realized a novel scheme for balancing the currents 

and obtaining the best compromise between the power factor and current distortion under 

non-sinusoidal voltage conditions. The technique neither uses p-q theory nor sequence 

transformation. For power calculations, even though the current is unbalanced. The source 

supplies only the balanced fundamental current at unity power factor.  

Jain et al. [182] suggested a control algorithm for shunt APF that maintains similar 

distortion in the compensated current in present in the source/utility voltage. This attributes 

the responsibilities of the customer and utility at PCC. 

Chandra et al. [183] presented a scheme of presenting an approach to quantify the 

distortion caused by a single customer when there are many customers in the network. And 

then mitigate only that portion of harmonics for which the customer is responsible.  

In many residential, commercial and industrial application power is distributed through 

a three-phase, four-wire system, neutral current is another major problem under such cases. 

Excessive neutral current can cause overloaded power feeders, overloaded transformers, 

voltage distortion and common mode noise. Load unbalance may have under/over utilization 

of the feeders. Conventional three-phase three-wire APF does not perform satisfactory in 

three-phase, four wires to improve power quality. A number of APF schemes have been 

proposed for three-phase, four wire system. A time sharing method has been used to 
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eliminate a predetermine number of harmonic components in [78]. A different approach was 

proposed in [78,] with two converter topologies. In the first termed ―split capacitor‖ topology, 

the system neutral is connected to the electrical midpoint of the dc-bus through an optional 

inductance. In the other, called the ―four switch leg‖ topology, the neutral is returned to a 

fourth switch leg [79] this filter neutralizes the harmonics associated with the load on a three-

phase four wire system and prevent the flow of harmonic currents from flowing in the utility‘s 

neutral conductor. These topologies have been shown to have distinct advantages over 

traditional approaches to the problem, particularly over the three single-phase inverter 

approaches. The controllability of the four-switching-leg inverter topology is reported better 

than the split-capacitor topology; however, the conventional three-lag converter is preferred 

because of its low number of power semiconductor devices. 

Quinn et al. [78] have been implemented a shunt APF control scheme which 

neutralizes current harmonic effects, caused by any configuration of nonlinear loads in three-

phase, four-wire systems. The four switching-leg topology is preferred over capacitor 

midpoint topology, to reduce both voltage and current rating of the DC side capacitor [79]. 

 The theory of instantaneous reactive power, well developed for three-phase, three-

wire systems [7,8] have been extended for application in three-phase, four-wire system in 

[11]. Aredes et al. [11] have proposed a three-phase, four-wire shunt APF using a 

conventional three-leg converter, without the need of power supply at DC bus. Two 

approaches have been developed to control the active filter. Both control strategies consider 

harmonics and zero sequence components in the voltage and current simultaneously.  

 Thomas et al. [32] have presented the performance of a three-phase, four-wire APF 

using three-leg inverter with split capacitor topology, for only harmonic compensation case. 

Authors have reported that the neutral current is considerably reduced without the need of an 

additional leg in active filter. The harmonic component of the load current have been 

extracted using a band-pass filter and serve as the current reference. Error signal is process 

by a PI controller. Detailed design guidelines for the power circuit have been derived and 

applied to a 5kVA IGBT laboratory prototype.  

 Lin and Lee [184] have introduced a three-phase voltage-source inverter for a power 

quality compensator under the unbalanced mains and nonlinear loads is proposed to provide 

balanced three-phase source current and improve input power factor. The proposed 

converter is based on the conventional tree phase VSI with three additional ac power 

switches to achieve three-level pulse-width modulation. The voltage stress of three ac power 

switches to achieve three-level pulse width modulation. The voltage stress of three ac power 

switches is clamped to half the dc-link voltage. 

  Singh et al. [187-190] have developed new/improved approach to eliminate 

harmonics, to compensate for reactive power and neutral current and to balance supply 



 

26 

 

current. Detailed analysis and mathematical modelling of the APFs have been presented and 

supported by in-depth simulation and experimental studies. In [187, 188] a control scheme 

have been proposed which is based on average power calculation as estimation of different 

components of reference supply current. The scheme was proposed for three-phase, three-

wire  and three-phase four-wire] shunt APFs, two type of current control techniques with a 

view to the problem of switching ripples in the supply current caused by switching of an 

active filter have been presented. It discussed closed loop control scheme implementation 

using DSP for direct and indirect current control technique. Significance of indirect current 

control technique is presented. The design, development and experimental investigations of 

an active filter are intensely presented in [188]. A current-controlled VSI is used as an APF 

system. 

 The APF system employs power balance theory, which in this investigation is 

implemented using a DSP. The design details, including necessary equations of a prototype 

model of the AF system, are presented. The p-q theory has been modified to obtain an 

improved control algorithm of the shunt APF in [174]. Filter design and load variation in the 

system. It has been found that the proposed control algorithm offers notches and distortion-

free supply currents during steady and transient operating conditions of the nonlinear load.  

 Singh et al. [190] presented a novel three-phase, four-wire distribution static 

compensator DSTATCOM based on three-leg VSI and a star/delta transformer is proposed. 

Authors have reported that star/delta transformer connection mitigates the neutral current 

and the 3-leg VSI compensates harmonic current, reactive power and balances the load. A 

detailed investigation is made in [52], based on reduced rating voltage source converter with 

a zig-zag transformer as a DSTATCOM is proposed for power-quality improvement in the 

three-phase, four-wire distribution system. Authors concluded that proposed DSTATCOM is 

employed for the compensation of reactive power, harmonics currents, neutral current, load 

balancing and the voltage regulation at the point of common coupling. Despite the above 

mentioned methods, few new control schemes have been also reported in the literature [32, 

53, 55, 56, 57]. 

 Soft computing has experienced an explosive growth in the last decades, partially 

due to uncertainties and vagueness in the process signal and occurrence of random events, 

and partially due to nonlinearity and complexity of the different processes [142, 143,144]. 

Many intelligent algorithms for designing the control of APF are also proposed [27, 54, 

99,112, 138, 139, 194, 195] 

 Singh and Solanki [196] have proposed shunt APF for compensation of reactive 

power, unbalanced loading, and harmonic currents. APF is controlled using ADALINE based 

current estimator to maintain sinusoidal and unity-power-factor source currents. The practical 
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implementation of the SAF is realized using dSPACE DS1104 R&D controller having 

TMS320F240 as a slave DSP. 

 Jain et al. [194] have proposed a fuzzy logic based three-phase shunt APF to 

improve power quality by compensating harmonics and reactive power required by a 

nonlinear load. The advantage of fuzzy control is explained. The fuzzy control scheme is 

realized on dedicated micro-controller (INTEL 8031) based system. Similar approach is 

presented for three-phase four-wire in [195]. An exhausted survey on fuzzy set theory 

applications in electrical power systems is presented in [191]. Dixon et al. [192] presented a 

fuzzy controlled active front-end rectifier with current harmonic filtering characteristics. The 

amplitude of the current is controlled by a fuzzy system, which adjusts the dc-link voltage of 

the PWM rectifier. Authors concluded that the measurement and/or calculation of harmonics 

and reactive power are not required, making the proposed control scheme very simple and 

hence minimizing sensing variables. A comparison between FLC and conventional PI 

controller is presented.  

 Kirawanich and O‘Connell [197] have presented a switch-mode active power line 

conditioner (APLC) that uses fuzzy logic to control the semiconductor switches is described. 

Frequency domain analysis is used to determine the desired compensation current, and a 

rule-based piecewise-linear fuzzy proportional-integral controller (FPIC) provides the 

appropriate switching pattern of the APLC to generate the actual compensation current. An 

experimental measurement on a low-power (700 VA), DSP based hardware prototype has 

been carried out to validate the control scheme and simulation results. 

 Elmitwaliya et al. [198] have presented a three-phase, four-wire shunt APF for 

harmonic mitigation and reactive power compensation in power system supplying nonlinear 

load based on neural network. Two neural networks are utilized in the scheme. Adaptive 

linear neuron is based to extract the active components of three-phase currents from the 

non-sinusoidal load currents. Another feed forward neural controller is used to govern the 

generation of the gating pattern of the inverter. Pecharanin N. et al. [199] have reported a 

methodology of harmonic detection scheme in active power filter from the power line by 

using neural network.  

 Rukonuzzaman and Nakaoka [200] have proposed a magnitude and phase 

determination of harmonic currents by adaptive learning back-propagation neural network. 

This approach introduce adaptive learning multi-layer back propagation neural network, 

which converge faster than simple back-propagation neural network. This method is faster 

than conventional method and this makes possible the no-line determination of 

instantaneous harmonic current components. Marks and Green [201] have presented a 

predictive harmonic identifier for generation of a contemporary estimate of the fundamental 

component of the distorted input current or voltage waveform. 
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 Adaptive neural network techniques like ADALINE have been used in active power 

filtering in various ways by different researchers [196].  

 Singh et al. [83, 196] developed an ADALINE based current decomposer for 

estimating reference currents. Authors have reported a neural network based control scheme 

to decompose the load current into four parts; positive sequence active power current, 

positive sequence reactive power current, harmonic current and negative sequence current. 

1.9.6 Generation of Gating Signal to Control Switches 

After estimation of reference current signals, the next stage of APF control is the generation 

of switching signals for the power electronic devices of the converter circuit. These switching 

signals are obtained by comparing the reference compensating signals with the actual 

current in a controller. Various control techniques for generation of gating signals are 

reported such as linear PWM, predictive, hysteresis, SVM, etc. [7, 31,85, 86,116, 151, 154, 

189, 197]. The performance of an APF is affected significantly by the selection of control 

techniques [189]. 

Therefore, the choice and implementation of the control technique is very important in order 

to achieve satisfactory performance of APF. The control techniques for harmonic current 

tracking are either analog or digital based, and are generally categorized into two control 

schemes, linear and nonlinear controls 

In linear current control techniques, voltage or current PWM, ramp comparison control, 

sinusoidal internal model control, etc. are used for obtaining the PWM signals [86]. Nonlinear 

current control techniques include hysteresis control and space vector modulation (SVM). 

The hysteresis control is robust, but leads to a widely varying switching frequency, and is 

difficult to implement. 

1.10 Scope of Work and Author’s Contribution 

  The term ―power quality‖ has been used to illustrate the variation of voltage current 

and frequency in an electrical power system, it has been found that harmonic currents, 

reactive power requirement of nonlinear load and unbalanced operation are the most 

dominant types of power quality problems in modern distribution systems. This thesis 

explores this fact and evaluating the solutions based active power filter for improving the 

power quality of the distribution systems. In this thesis, an attempt has been made for 

improving power quality in 3P3W and 3P4W systems with APF. 

The main contributions of the author can be summarized as follows: 

To begin with, a literature survey on available inverter topologies for the realisation of APF is 

studied. Based on this study, diode clamped three level inverter and cascaded H-bridge five 

levels have been selected as a power circuit for the APF. Major attempts have been made to 

determine the compensating signals using adaptive control schemes such as least mean 
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square, anti-Hebbian and anti-Hebbian based total least square algorithms. The PI controller 

with proper gain parameter is used to regulate the dc side capacitor voltages. However, PI 

controller requires a precise mathematical modeling of the system which is difficult to obtain 

some time due to parameter variations and/or nonlinear nature of the system. Therefore, it is 

proposed to design and developed a type-2 fuzzy logic controller (T2FLC) based three level 

diode clamped shunt active power filter, which is based on linguistic description of system, 

and offer better transient response without much accurate information of the mathematical 

model of the system. The fuzzy logic controller provides improved performance in terms of 

overshoot limitation and sensitivity to parameter variation. However, the T2FLC is very 

complex to implement with higher level inverter due to the association of length process such 

as fuzzification, rule base, inference and defuzzification. For better accuracy in control, a 

larger set of rules is required, which results in longer computational time. The DCMLI 

topology seems to be the best suited for active power filter applications. But, the large 

number of power components and voltage unbalance problem at higher levels limits the 

DCMLI for three level and low-power rating applications. A simplified control approach to 

design fuzzy logic controller for five level cascaded H-bridge multilevel inverter (CHBMLI) 

based active power filter. The proposed control scheme used is a single input fuzzy logic 

controller (SIFLC). The SIFLC reduces the conventional two input fuzzy logic controller 

(CFLC) to SIFLC controller. The SIFLC also offer significant reduction in the rule inference 

and simplifies the tuning of control parameters. The SIFLC controller is integrated with anti-

Hebbian based on total least square scheme is presented to eliminate current harmonics and 

reactive power requirement of the nonlinear load. The SIFLC controller is integrated with 

anti-Hebbian based on total least square scheme is also extend to three phase four wire 

active power filter for compensation of phase current harmonics, reactive power and neutral 

current under different voltage conditions.   

 

1. Adaptive reference current generation for active power filter is presented and weights 

of the reference current are updated using least mean square, anti-Hebbian and anti-

Hebbian based on total least square algorithm. The systematic integration of PI and 

type-2 fuzzy logic controller (T2FLC) is discussed in detailed with three level DCMLI 

based active power filter.  

 The simulation model of the three level diode clamped active power filter and 

proposed reference current generation schemes are developed in 

MatLab/Simulink environment. The exhaustive simulations are carried out to 

investigate performance of the active power filter under steady state and 

dynamic conditions of nonlinear load. The comparative study of the adaptive 

neural network based control schemes integrated with PI and type-2 fuzzy logic 
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controller has been carried out.  The various performance indices such as total 

harmonics distortion of source current, power factor and magnitude of different 

currents etc. are observed before and after compensation with active power 

filter.  

 The laboratory prototype of diode clamped three level active power filter has 

been developed to validate the adaptive control schemes such least mean 

square, anti-Hebbian and anti-Hebbian based on total least square algorithm 

integrated with PI/type-2 fuzzy logic controller. An experimental study has been 

carried out by developing the complete hardware circuitry of the adaptive neural 

schemes integrated with PI/T2FLC using dSPACE 1104 controller. 

2. The dc side capacitors voltage regulation of five level cascaded H-bridge active 

power filter using single input fuzzy logic controller to improve transient performance 

of the active power filter is discussed. The simplification convert conventional two 

input fuzzy logic controller to single input using signed distance. This simplification is 

accomplished by applying signed distance method. The input to the single input fuzzy 

logic controller is only one variable known as signed distance whereas conventional 

fuzzy logic controller requires two variables known as error and change of error of its 

input. The reduction in number of input from two to one, the rule table also reduced to 

one dimensional. Therefore, single input fuzzy logic controller reduces the 

computational burden of the processor due to the reduction of fuzzy rules from p2 to 

p, where p represents the level fuzzification. In this method, the control surface of the 

single input fuzzy logic controller can be approximated to piece wise linear (PWL) 

function which results in significant reduction of tuning process. The SIFLC controller 

is integrated with anti-Hebbian based on total least square for reference current 

generation.  

 In order to observe these advantages, a MATLAB/Simulink model of the five 

level cascaded H-bridge active power filter is developed using Simpower 

system block sets. The performance of the three phase three wire active 

power filter is investigated. The simulation results of single input fuzzy logic 

controller are compared with conventional fuzzy logic controller. The prototype 

model of the five level active power filter is developed to validate the single 

input fuzzy logic controller. The various results are obtained during transients 

as well as in steady state conditions and compared with results of PI 

controller.   

3. The application of SIFLC controller integrated with anti-Hebbian based total least 

square algorithm is extended to 3P4W active power filter. The reduced rating hybrid 

three phase four wire (3P4W) active power filter is proposed for simultaneous 
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compensation of harmonics and source neutral current. The complete configuration of 

the three phase four wire active power filter comprise of a 3P3WAPF, a zeros 

sequence transformer and a single-phase APF (neutral current compensator). This 

hybrid approaches reduces the rating of the active power filter and improves the 

performance under non-ideal utility voltage conditions.  

 The MatLab/Simulink model of the 3P4W active power filter has been 

developed to test the efficacy of the 3P4W active power filter for simultaneous 

compensation of source phase current and neutral current.  To validate the 

simulated response of the 3P4W active power filter, a prototype model is 

developed and tested for compensation of source phase current.   

4. Another reduced rating 3P4W active power filter is proposed for simultaneous 

compensation of the source current harmonics and neutral current. The proposed 

filter consists of interfacing ac capacitor, 3P3W active power filter and neutral 

compensator. The proposed filter significantly reduces the dc side capacitors voltages 

of the 3P3W active power and rating of the neutral compensator.  

 The MatLab/Simulink model of the 3P4W active power filter has been 

developed to test the efficacy of the 3P4W active power filter for simultaneous 

compensation of source phase current and neutral current.  To validate the 

simulated response of the 3P4W active power filter, a prototype model is 

developed and tested for compensation of source phase current.  

1.11 Organization of the Thesis 

Apart from this chapter, the thesis contains six more chapters and the work included in 

each chapter is briefly outlined as follows: 

CHAPTER 1 starts with an overview of different topologies of inverters used in high-

power, medium-voltage systems. Among the available topologies, the DCMLI and CHBMLI 

based multilevel inverter for the power circuit of active power filter have been selected. 

The testing of three level diode clamped inverter and five-level CHBMLI inverter is 

given in CHAPTER 2, and also the detailed discussion of the experimental set-ups and their 

implementation procedure is given in CHAPTER 2,  

The investigation of the performance of three levels DCMLI new control schemes 

based on adaptive neural network is derived.  The weights of the neural networks are 

updated using least mean square, anti-Hebbian and anti-Hebbian based on total least 

square. The adaptive control schemes are integrated with PI and type-2 fuzzy logic 

controllers are given in CHAPTER 3. In this chapter, a systematic design procedure, 

selection of passive components and generation of reference currents for active power filter 

are also given in detail. Further, simulation results are provided to verify the steady-state and 
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dynamic performance of the compensator with different control schemes integrated with PI 

and type-2 fuzzy logic controller. 

CHAPTER 4 this presents single input fuzzy logic controlled five level CHBMLI based 

active power filter to improve the transient response.  A simulation model of single input 

fuzzy logic controlled active power filter is developed in MATLAB/Simulink environment. 

Various simulation results are obtained for steady state and dynamic condition of load.  The 

validation of single input fuzzy logic controller on CHBMLI based is carried out using dspace 

controller. 

CHAPTER 5 is dedicated to the power quality improvement in 3P4W systems. In this 

chapter reduced rating hybrid APF is proposed. Simulation results are provided to verify the 

steady-state and dynamic performance of the compensators with different utility voltage 

conditions. The detailed discussion for the experimental set-ups is also given in CHAPTER 4. 

 CHAPTER 6 discuss the power quality improvement in 3P4W electrical distribution 

systems. In this chapter reduced rating hybrid APF is proposed. Simulation results are 

provided to verify the steady-state and dynamic performance of the compensators with 

different utility voltage conditions. The detailed discussion for the experimental set-ups is 

also given in CHAPTER 6. The chapter concludes with experimental results and the 

corresponding discussion. 

The main conclusions of the presented work and possible future research have been 

summarised in this CHAPTER 7. 

In the end of thesis, the list of references and regarding appendices software and 

hardware implementations are provided. 
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CHAPTER 2:  EXPERIMENTAL SYSTEM DEVELOPMENT 

The system hardware, dSPACE–DS interfacing and experimentation for the laboratory prototype 

models of the three level diode clamped inverter and five-level CHBMLI inverter for three phase 

systems are described in detail to validate the simulation results presented. Further, these 

experimental studies are validated with simulation results using the experimental parameters. 

2.1 Introduction 

The following prototypes are developed in the laboratory. 

1. Three-phase five-level diode clamped based inverter. 

2. Three-phase five-level cascaded H-bridge based inverter. 

A three-phase downscaled multilevel inverter rated at 100 V, 5 kVA is designed and 

developed to realise the above mentioned inverter topologies based active power filters.  

The inverter topologies mentioned above the power circuits consists of 12 and 24 

switching devices having same voltage and current ratings.  Three level diode clamped 

multilevel inverter produce three line to neutral (5-level line to line voltage).  Whereas, the 

cascaded H-bridge inverter produces a five-level line-to-neutral (9-level line-to-line) voltage 

waveform. In experimental setup, IGBTs (IRG4PH40KD) are used as the switching devices 

for realising these inverters. The other hardware components as required for the operation of 

the experimental set-up such as pulse amplification circuit, dead-band circuit, isolation circuit, 

voltage and current sensor circuits are designed and developed in the laboratory. The 

complete schematic diagram for the realisation of active power filter is shown in Fig. 2.1. 

A Digital Signal Processor (DSP) DS1104 of dSPACE is used for the real-time 

simulation and implementation of control algorithm. By using the Real-Time Workshop 

(RTW) of MATLAB and Real-Time Interface (RTI) feature of dSPACE DS1104, the Simulink 

models of the various controllers of the prototypes are implemented. The control algorithm is 

first designed in the MATLAB/Simulink software. The RTW of MATLAB generates the 

optimized C-code for real-time implementation. The interface between MATLAB/Simulink and 

Digital Signal Processor (DSP, DS1104 of dSPACE) allows the control algorithm to be run on 

the hardware. The master bit I/O is used to generate the required gate pulses and Analog to 

Digital Converters (ADCs) are used to interface the sensed line currents, supply voltages and 

dc-bus capacitor voltages. An opto-isolated interface board is also used to isolate the entire 

DSP master bit I/O. 

The development of different hardware components as required for the operation of the 

hardware prototypes are discussed in the upcoming sections. 
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Fig. 2.1: Schematic diagram for hardware implementation of active power filter. 

2.2 System Hardware 

The developed experimental prototype is comprised of the following basic parts: 

1. Power circuit of inverters extended to use as active power filters 

2. Measurement circuits 

 Source currents 

 Load current  

 Source and dc capacitor voltages 

3. System software 

4. Control hardware 

 IGBT driver circuit 

 Dead-band circuit and isolation 

2.2.1 Power circuit of inverters extended to use as active power filter 

The below mentioned inverter prototypes which are to be extended to use as active 

power filter has been developed in the laboratory.  

i. Three-phase three-level diode clamped inverter. 
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ii. Three-phase five-level cascaded H-bridge inverter. 

These topologies are tested as the inverters and the power circuits were validated to 

use as active power filter. The power circuits of three-phase three-level inverters with suitably 

designed loads and sources on its ac and dc side are developed respectively as shown in 

Fig. 2.2,  

Three level diode clamped inverter and five level cascaded inverter topologies consist 

of 12 and 24 self-commutated power semiconductor switches with anti-parallel diodes. The 

switches are realized by the IGBTs (IRG4PH40KD). Performance of three-phase three-level 

diode clamped based inverter. 
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Fig. 2.2: Power circuit of three-level diode clamped active power filter.  

To protect each switching device, a suitably designed snubber circuit is connected 

across it as shown in Fig. 2.3. The snubber comprises of a parallel combination of a resistor 

and a capacitor connected across a Metal-Oxide Varistor (MOV). All the devices are 

mounted on heat sinks to ensure proper heat dissipation. Further, these inverter topologies 

with the designed parameters and the rating of passive components of active power filters 

are consolidated and tested to validate the simulation results of respective inverter based 

active power filter. The results of these validated inverter topologies based active power 
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filters are discussed in the up-coming chapters followed with their respective simulation 

results. 
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Fig. 2.3: Snubber circuit connected across every switching device of inverter circuits. 

The isolated four dc supplies for the converter are provided by two single-phase, three-

winding transformers with single-phase diode bridge rectifiers and filter capacitors. A three-

phase lamp load is used as a load for the inverter. The parameters used in the experimental 

study are given in Table 2.1. The Simulink models of the PWM controller schemes of the 

inverter are implemented using dSPACE-DS1104 controller. The generated firing pulses are 

given to the corresponding semiconductor devices of the diode clamped inverter through 

isolation, delay and pulse amplification circuits in real-time. 

Table 2.1: Parameters used for the experimental validation of diode clamped and H-bridge 
inverter topologies. 

Parameter Value 

Amplitude modulation 

index 
ma = 0.95 

Carrier signal frequency fcr = 2kHz 

Isolated dc source voltage 

50 V each, provided by three single-phase three-winding 

transformers (230/115/115 V, 3 kVA) with single-phase 

bridge rectifiers (KBPC3510) 

DC smoothening 

capacitors 
450 V, 1800 µF each 

Load Three-phase lamp load (500 W) 

The firing signals generated using dSPACE for phase-a of the inverter with level shifted 

pulse width modulation (LSPWM) technique are shown in Fig. 2.4 (X-axis: 10 ms/div. and Y-

axis: 5 V/div.). As seen in Fig. 2.4 digital oscilloscope different channels (from top to bottom) 

are the firing signals for the switching devices Sa1 and Sa2, respectively (other complementary 

signals are generated with dead band circuit). Fig. 2.5 (a)-(b) shows the experimentally 

obtained line-to-line voltages and line-to-neutral voltages of the three level diode clamped 
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inverter with LSPWM respectively. In these experimental studies the amplitude and 

frequency modulation indices are kept at 0.95 and 30 respectively. The THD values of line-

to-line voltages are 49.5%. 

 
Fig. 2.4: Firing signals of inverter‘s phase leg–a with different modulation techniques (ma = 

0.95, fm= 50 Hz and mf = 30) with basic LSPWM 

 
 

(a) Line-to-line voltage (b) Line-to-neutral voltage 
 

 

(c) Harmonic spectrum of line-to-line voltage 
Fig. 2.5: Experimental waveforms of a three-level diode clamped inverter 
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2.2.1.1  Performance of three-phase five-level cascaded H-bridge inverter. 
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Fig. 2.6: Power circuit of five-level cascaded H-bridge active power filter. 

The isolated dc supplies for the six H-bridge cells are provided by three single-phase, 

three-winding transformers with single-phase diode bridge rectifiers and filter capacitors. A 

three-phase lamp load is used as a load for the inverter. The parameters used in the 

experimental study are given in Table 2.1. The Simulink models of the phase shifted PWM 

controller scheme of the inverter are implemented using dSPACE-DS1104 controller. The 

generated firing pulses are given to the corresponding semiconductor devices of each H-

bridge of the inverter through isolation, delay and pulse amplification circuits in real-time. 

The firing signals generated using dspace1104 for phase-a of the inverter with phase 

shifted pulse width modulation technique are shown in Fig. 2.7 (X-axis: 5 ms/div. and Y-axis: 

5 V/div.). In Fig. 2.7 different channels (from top to bottom) in each waveform are the firing 

signals for the switching devices Sa1, Sa2, Sa3 and Sa4 respectively. Fig. 2.8 shows the 

experimentally obtained line-to-line voltages, line-to-neutral voltages of the five-level 

cascaded H-bridge inverter with phase shifted pulse width modulation technique. In these 

experimental studies the amplitude and frequency modulation indices are kept at 0.95 and 30 

respectively. The THD values of line-to-line voltages are 18.7% . 
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Fig. 2.7: Firing signals of inverter‘s phase leg–a with different modulation techniques (ma = 
0.95, fm= 50 Hz and mf = 30) with phase Shifted PWM. 

 

  
(a) Line-to-line voltage (b) Line-to-neutral voltage 

 
(c) Harmonic spectrum of line-to-line voltage 

Fig. 2.8: Experimental waveforms of a five-level cascaded H-bridge inverter  

2.2.2 Measurement Circuits 

For reliable and accurate operation of a system in closed loop, measurement of various 

system parameters and their conditioning is required. The measurement system must fulfil 

the following requirements: 
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 High accuracy 

 Linearity and fast response 

 Galvanic isolation with power circuit 

 Ease of installation and operation 

With the availability of isolation amplifiers and Hall-effect current sensors, these 

requirements are fulfilled to a large extent. In order to implement the control algorithms of 

active power filter in closed loop, following signals are sensed. 

1. AC source voltages, source and load currents for reference current generation. 

2. DC voltages of the capacitors in all the inverter topologies based active power 

filters (required for the operation of dc voltage regulator). 

2.2.2.1 Sensing of AC Current 

The PCB-mounted Hall-effect current sensors (TELCON HTP25) are used to sense the 

ac source currents. The HTP25 is a closed loop Hall effect current transformer suitable for 

calibrating the currents up to 25 A. This device provides an output current into an external 

load resistance. These current sensors provide the galvanic isolation between the high-

voltage power circuit and the low-voltage control circuit and require a nominal supply voltage 

of the range ±12V to ±15V. It has a transformation ratio of 1000:1 and thus, its output is 

scaled properly to obtain the desired value of measurement. The circuit diagram of the 

current sensing scheme is shown in Fig. 2.9. 
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Fig. 2.9: AC current sensing circuit. 

2.2.2.2 Sensing of Voltage  

The voltages are normally sensed using isolation amplifiers and among them, AD202 is 

a general purpose, two-port, transformer-coupled isolation amplifier that can be used for 

measuring both ac and dc voltages. The other main features of the AD202 isolation amplifier 

are: 

1. Small physical size 

2. High accuracy 

3. Low power consumption 

4. Wide bandwidth 
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5. Excellent common-mode performance 

This voltage sensor can sense voltages in the range of ±1 kV (peak) and it requires a 

nominal supply voltage range of ±12V to ±15V. Fig. 2.10 shows the circuit diagram for the 

voltage sensing scheme, which uses AD202 isolation amplifier. The voltage (ac or dc) to be 

sensed is applied between the terminals 1 and 2 (across a voltage divider comprising of 100 

kΩ and 1 kΩ) and the voltage input to the sensor is available at the pins 1 and 2 of AD202 

via a resistance of 2.2 kΩ. The isolated sensed voltage is available at the output terminal 19 

of AD202. The output of voltage sensor is scaled properly to meet the requirement of the 

control circuit and is fed to the dSPACE via its ADC channel for further processing. 
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Fig. 2.10: AC/DC voltage sensing circuit. 

2.2.3 System Software 

Historically, control software was developed using assembly language. In recent years, 

industry began to adopt MATLAB/Simulink and Real-Time Workshop (RTW) platform based 

method, which provides a more systematic way to develop control software. Fig. 2.11 shows 

the Total Development Environment (TDE) of dSPACE and its major component blocks are 

explained as below: 

 MATLAB is widely used as an interactive tool for modelling, analysis and 

visualization of systems, which itself contains more than 600 mathematical 

functions and supports additional toolboxes to make it more comprehensive. 

 Simulink is a MATLAB add-on software that enables block diagram based 

modelling and analysis of linear, non-linear, discrete, and continuous and hybrid 

systems.  
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 RTW is Simulink add-on software that enables automatic C or ADA code 

generation from the Simulink model. The generated optimised code can be 

executed on PC, microcontrollers and signal processors. 

 Real Time Interface (RTI) by add-on software of dSPACE provides block libraries 

for I/O hardware integration of DS1104 R&D controller and generates optimized 

code for master and slave processors of the board. 

 The dSPACE‘s control desk is a software tool interfacing with real-time 

experimental setup and provides easy and flexible analysis, visualization, data 

acquisition and automation of the experimental setup. The major feature of real-

time simulation is that the simulation has to be carried out as quickly as the real 

system would actually run, thus allowing to combine the simulation and the 

inverter (real plant). 
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Fig. 2.11: Total development environment of dSPACE with MATLAB/Simulink. 

The DSP DS1104 R&D controller board of dSPACE is a standard board that can be 

plugged into Peripheral Component Interconnect (PCI) slot of a desktop computer. The 

DS1104 is specially designed for the development of high-speed multivariable digital 

controllers and real-time simulations for various applications. It is a complete real-time 

control system based on an AMD Opteron™ processor running at 2.6 GHz. It has 256 MB 

DDR-400 SDRAM local memory for handling application and dynamic application data and 

128 MB SDR SDRAM global memory for host data exchange. DS1104 R&D controller is a 

very good platform for the development of dSPACE prototype system for cost-sensitive RCP 

applications. It is used for the real-time simulation and implementation of the control 

algorithm in real-time. 

The sensed ac and dc voltages are fed to the dSPACE Multi-I/O Board (DS2201) of 

DS1006 via the available ADC channels on its connector panel. In order to add an I/O block 

(such as ADCs and master bit I/Os in this case) to the Simulink model, the required block is 

dragged from the dSPACE I/O library and dropped into the Simulink model of these inverter. 
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In fact, adding a dSPACE I/O block to a Simulink model is almost like adding any Simulink 

block to the model. In this case, twelve master bit I/Os, configured in the output mode, are 

connected to the model for issuing twelve gating signals (and twelve complementary signals) 

to the IGBTs of cascaded H-bridge inverter. In addition, 20 ADCs are connected to the model 

for giving the source voltages, source currents, load current and dc capacitor voltages of 

active power filters as input to the DSP hardware.  

For balanced three-phase systems, hardware requirement can be minimized by adding 

electrical quantities of two separate phases and from the resulting quantity, the 

corresponding value for the third phase is obtained. For example, the source phase voltages 

van and vbn are measured and the third phase voltage vcn is obtained by    cn an bnv v v . 

Similarly to sense three phase supply voltages and three load currents, two sensors are used 

in each case. For dc voltage regulator, only phase-a dc voltage of the H-bridge cells of 

cascaded H-bridge are sensed and the total loss component is obtained by multiplying the 

phase-a loss component by three. The sensed signals are used for processing in the 

designed control algorithm. The vital aspect for real-time implementation is the generation of 

real-time code of the controller to link the host computer with the hardware. In dSPACE 

systems, Real-Time Interface (RTI) carries out this linking function. Together with RTW from 

the Mathworks®, it automatically generates the real-time code from Simulink models and 

implements this code on dSPACE real-time hardware. This saves the time and effort 

considerably as there is no need to manually convert the Simulink model into another 

language such as ‗C‘. RTI carries out necessary steps by the addition of the required 

dSPACE blocks (I/O interfaces) to the Simulink model. In other words, RTI is the interface 

between Simulink and various dSPACE platforms. It is basically the implementation software 

for single-board hardware and connects the Simulink control models to the I/O of the board. 

In the present case, the optimized C-code of the Simulink model of the control algorithm is 

automatically generated by the RTW of MATLAB in conjunction with RTI of dSPACE. 

The generated code is then automatically downloaded into the dSPACE hardware 

where it is implemented in real-time and the gating signals are generated. The gating pulses 

for the power switches of converter are issued via the Master-bit I/Os available on the 

dSPACE board. The DS2201 Connector/LED combo panel provides easy-to-use 

connections between DS1104 board and the devices to be connected to it. The panel also 

provides an array of LEDs indicating the states of digital signals (gating pulses). The gating 

pulses are fed to various power devices driver circuits via isolation and dead-band circuits. 

Fig. 2.11 shows the schematic diagram of dSPACE-DS1104 board interfaced with the host 

computer and the real-world plant (power circuit of active power filters). Sensed signals are 

fed to the ADCs and generated gating pulses are given at Master bit I/Os. 
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Fig. 2.12: DSP (dSPACE-DS1104) circuit board interfacing. 

2.2.4 Control Hardware 

The control algorithm is designed and built in MATLAB/Simulink software and the 

control pulses for 24 IGBTs (Here only 12 firing pulses are generated and remaining 12 are 

complementary of generated pulses) are generated by real-time simulation using the DSP of 

dSPACE. The optimized C-code of the Simulink model of control algorithm is generated with 

the help of (RTW of MATLAB. The RTW of MATLAB and the RTI of dSPACE result in the 

real-time simulation of the model. The control pulses are generated at various Master-bit I/Os 

of the dSPACE which are interfaced with the IGBT driver circuits through isolation and dead-

band circuits. This ensures the necessary isolation of the dSPACE hardware from the power 

circuit that is required for its protection. Fig. 2.13 shows the basic schematic diagram of 

interfacing firing pulses from dSPACE board to switching devices of CHBMLI inverter. In this 

figure the details of only the phase-a of CHBMLI inverter are shown. From Fig. 2.13, it can be 

observed that the following hardware circuits are required for interfacing the CHBMLI inverter 

with dSPACE board. 

1. Dead-band circuit 

2. IGBT driver circuits and isolation  
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Fig. 2.13: Schematic diagram of interfacing firing pulses from dSPACE controller board to 
switching devices. 
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2.2.4.1 Dead-band Circuit 

A dead-band (dead-time or delay) circuit is employed to provide a delay time (of about 

1 μs) between the switching pulses to two complementary devices connected in same leg of 

an H-bridge cell. This is required to avoid the short circuit of devices in the same leg due to 

simultaneous conduction. The delay time between switches of the same leg of H-bridge cell 

is introduced by a RC integrator circuit as shown in Fig. 2.14.  

To

Switch
1kohm

0.001uf

 

Fig. 2.14: Dead-band circuit for each switching device. 

An identical dead-band circuit are used for each leg of all H-bridge cells. The different 

switching signals obtained experimentally for semiconductor devices in the same leg of an H-

bridge cell are shown in Fig. 2.15 with 1 µs delay. In Fig. 2.15 the top and bottom signals are 

for the switches S11a and S41a respectively. 

 

Fig. 2.15: Firing signals for the switches S1 and S’1 with dead-band circuit. 

2.2.4.2 IGBT Driver and isolation circuit with MCT2E 

The IGBT driver circuits are used for pulse amplification and isolation purposes. The 

control pulses generated from dSPACE unit are not sufficient drive the switching devices. 

Thus, these signals are further amplified by using proper amplifier circuits. Fig. shows the 

circuit diagram of pulse isolation and amplifier circuit for IGBT driver circuit. The isolation 

between power circuit and control circuit provided using MCT2E.  
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Fig. 2.16: IGBT driver circuit and isolation circuit  

2.2.5 Comparison with Simulation Results 

 

(a) Line to line voltage 

 

(b) Line to neutral voltage 

 

(c) Harmonic spectrum of line-to-line voltage 

Fig. 2.17: simulated waveforms of a three-level diode clamped inverter. 
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(a) Line to line voltage 

 

(b) Line to neutral voltage 

 

(c) Harmonic spectrum of line-to-line voltage 

Fig. 2.18: simulated waveforms of a five-level cascaded H-bridge inverter 

The experimental studies have been conducted at reduced system parameters, for validating 

the experimental results, the simulation is also carried out with same system parameters. 

The parameters used in the actual simulation studies are given in Table 2.1.  

The simulation is carried out with R-load on ac side  and the simulated response are 

shown in Fig. 2.17 and Fig. 2.18 for three level diode clamped inverter and five-level 

cascaded H-bridge inverter respectively . Fig. 2.17 (a)-(c) shows the simulated waveforms of  

line-to-line voltages, line-to-neutral voltages and harmonics spectra of the three-level  diode 

clamped inverter with LSPWM technique, while Fig. 2.18 (a)-(c) shows these results for five-

level cascaded H-bridge inverter with phase shifted PWM technique. As can be seen from 

both these figures, the simulation results are almost with identical experimental results for 

both inverters. 
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2.3 Conclusion 

In this chapter, the detailed descriptions for the design and development of laboratory 

prototype active power filters are given. For the developed multilevel inverters, IGBTs are 

used as switching devices. A DSP DS1104 of dSPACE is used for the real-time 

implementation of various control algorithms of active power filter topologies in the 

MATLAB/Simulink environment. The different hardware components as required for the 

proper operation of experimental set-ups such as isolation and dead-band circuits, voltage 

and current sensor circuits, non-linear/reactive loads are designed, developed and interfaced 

with dSPACE. 

The developed power circuits are tested initially as a dc-ac inverter to experimentally 

test the proper working of inverter topologies which are to be further extended to operate as 

3P3W active power filters and 3P4W active power filter. A three-phase lamp load is used as 

load for the inverter. The line-to-line voltage, phase voltage and harmonic spectrum of line-

to-line voltage of the inverter are recorded with respective to implemented PWM techniques. 

From these studies, it is observed that the designed and fabricated inverter topologies are 

good enough to operate as active power filters. 

The developed prototypes are further tested as active power filters with proposed 

control schemes for harmonic elimination and reactive power compensation and neutral 

current suppression. These results of experimentation as active power filters are given in the 

respective discussions in the upcoming chapters with proposed adaptive control schemes 

integrated with different controller.  
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CHAPTER 3: ADAPTIVE CONTROL OF THREE LEVEL DIODE CLAMPED 
ACTIVE POWER FILTER 

 In this chapter a diode clamped PWM three level inverter used as active power filter, 

by using the multilevel inverter capabilities such as of low harmonics distortion and reduced 

switching losses. It is used to compensate the reactive power and eliminates harmonics 

drawn from nonlinear load. The active power filter control scheme is based on neural network 

such as least mean square (LMS), anti-Hebbian and anti-Hebbian based on total least 

square (TLS).  The dc side voltage of the shunt active power filter is regulated using PI/type-

2 fuzzy logic controller. The level shifted pulse width modulation is implemented to generate 

the switching pulses for inverter of the active power filter. The performance of the proposed 

controller is simulated using MATLAB/Simulink environment. The simulated response of the 

control schemes are validated by developing laboratory prototype. The obtained result shows 

that proposed active power filter has desired performance.  

3.1 Introduction  

The power electronics devices and converters such as single phase and three phase 

rectifier, thyristor converters, adjustable speed drives and arc furnaces introduce 

considerable harmonic and reactive current in electric power system. It is well fact that 

harmonics and reactive current do not have any contribution to real power flow and need to 

be compensated to enhance power quality. In general, current harmonics are responsible for 

low efficiency, poor power factor, torque pulsation and interference with nearby 

communication line. To eliminate harmonics and compensate reactive power requirement of 

the nonlinear load two level active power filter has been widely studied. However, due to the 

limited power handling capability of power semiconductors, these converters are limited to 

low and medium power application only [1-7, 27, 40]. 

Recently, there has been an increasing interest in using multilevel inverters for high power 

drives, reactive power and harmonics compensation. Multilevel inverters are the next 

generation inverter and can be used as active power filter for medium or high power 

applications solving the problem of power semiconductor limitation. The use of neutral-point-

clamped (NPC) inverters allows equal voltage shearing of the series connected 

semiconductors in each phase. It also provides less voltage stress for semiconductor 

switches increases the power handling capability, reduces current/voltage harmonics and 

interference [88, 91, 103, 130, 150].  

3.2 Power circuit of DCMLI based active power filter 

The schematic diagram of an active power filter based on a three-level voltage converter 

(NPC) is given inFig. 3.1.This converter can compensate the harmonic currents and reactive 
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power generated by non-linear loads. This converter operates in the power factor controller 

in the absence of non-linear load. The Lc three reactors are used to raise the voltage and the 

current filter, two capacitors C1 and C2 are necessary to smooth the DC side voltage. It has 

twelve switches, each switch is associated with a freewheeling diode with six power diodes 

for the phases of the output of the connection to the medium voltage. Each switch of the 

blocking voltage is 1/4 of the DC voltage. Each arm of the converter can be clamped to 

continuous terminals P, O and Q and produce three switching states. When the upper two 

switches S1a, S2a are turned ON, the output of this phase is connected to the P terminal of the 

DC voltage. When both switches medium S2a, S1a
‘ are in the ON position, the phase of the 

output voltage is connected to the middle point N. Similarly when the two lower switches S1a
‘, 

S2a
‘ are turned ON, the output of this is connected to the terminal Q. This configuration is 

capable of delivering three different values of the output voltage of each phase of the 

converter. The two switches of each phase of the NPC inverter are closed, while the other 

two are open at each instant of time.  

Vc2

O
a b c
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Fig. 3.1. Power circuit of three level active power filter. 

3.2.1 Design of passive parameter for the active power filter 

Proper design of passive component of active power filter in current tracking mode plays an 

important role in compensating nonlinear load. The important parameter active power filter is 

inductance of interfacing reactor and dc side capacitor. Selection of these components 

depends on the application, operating condition and control strategies.  



 

51 

 

The following assumptions are made for designing these components  

1. Utility voltages area sinusoidal and balanced. 

2. The total harmonics distortion of source current is assumed to be less than 

5% after compensation with APF 

3. The equivalent series resistance Rc associated with interfacing inductor is 

neglected. 

4. Pulse width modulated inverter is assumed to operate in the linear modulation 

mode (i.e. 0 ≤ ma ≤ 1, ma = amplitude modulation index). 

3.2.1.1 Selection of DC side Capacitors 

The capacitance of the capacitor C (in farads) gives its available energy W (in joules) written 

down as follows [53]  

 2 2

dcref dc

1

2
W C V V            (3.1) 

Where Vdcref and Vdc are (in volts) are the reference and actual capacitor voltages, 

respectively. From the principles of energy balance equation can be written down as follow: 

   2 21
3

2
dcref dcC V V V gI t            (3.2) 

 


2 2

3 ( )
2dc

dcref dc

V gI t
C

V V
           (3.3) 

In equation  

Cdc = Capacitance of the capacitor (in farads), 

Vdc = Minimum voltage dc bus voltage  

V = AC phase voltage of the system 

t = Response time of the APF 

I = Rated phase current of the converter, 

g = Over loading factor.  

Considering Vdc = 500 V (considering 5% ripple in dc capacitor voltages), V = 
400

3
V = 230 V, 

I = 




320 10

3 400
A = 28.869 A, t = 300 µs, and a = 1.2, the calculated value of Cdc is 588.2 µF. 

3.2.1.2 Selection of interfacing Inductor 

The selection of the interfacing inductor is important task in the design of active power 

filter.  The pulse width modulated active power filter generates undesirable current harmonics 

around the switching frequency and its multiples. If the switching frequency of the active 

power filter is sufficiently high, these undesirable current harmonics can be easily filtered out 

by the interfacing inductor. A proper value of the interface inductor plays a crucial role in 
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tracking the given reference currents. The connection of the interfacing inductor to the AC 

system is shown inFig. 3.1 . 

The proper design of the interfacing inductance depends on the current ripple icr,(p–p) 

and switching frequency of the active power filter (fc). The value of the interfacing inductance 

is written down as follows [53]:  




,( )

3

12

a c
C

c cr p p

m V
L

gf i
           (3.4) 

Where, switching frequency of the converter (fc) depends on the PWM method used for 

generating switching pulses. For level-shifted PWM technique with carrier signal frequency 

fcr, fc can be calculated as: 

 2c crf f             (3.5) 

Considering 5% peak-to-peak current ripple  ,( )cr p pi


 to be 1.2A rms, the switching frequency 

of the inverter (2fcr) = 2 2 kHz = 4 kHz, amplitude modulation index (ma) = 1, phase-to-

neutral of the inverter (Vc) = 230V and overload factor (g) = 1.2, the value is calculated to be 

5.7mH. 

3.3 Reference current generation  

The performance of the active power filter depends on its reference current generation. The 

instantaneous source voltage is 

   sins mv t V t           (3.6) 

When the nonlinear load connected to the source, then it injects the current harmonics in the 

source. The load current consist of both fundamental and harmonics components, which can 

be expressed as follows: 
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       (3.7) 

Thus, the instantaneous load power can be expressed as follows: 
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      (3.8) 

The load current is modelled as: 

       L f r hi t i t i t i t           (3.9) 

     L f ci t i t i t             (3.10) 
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The compensating current is the sum of the reactive and harmonics current. The 

compensating current injected by active power filter is  

           1 cos sinc L f Li t i t i t i t I t       

From (6), after compensation, the current supplied by the source is  

Where 1 1cosmI I  

     sin  c L mi t i t I t          (3.11) 

The voltage across the dc side capacitors varies with the load demand. In order to maintain 

dc capacitors voltage constant, the PI/type-2 fuzzy logic controller is used [76]. Under this 

conditions, assuming that the current drawn from the source is sinusoidal and in phase with 

respective voltages.  The instantaneous value of source current is  

   sin s mi t I t            (3.12) 

The power delivered by the source  

   
1 1

cos 2
2 2

   s m m m m dc acp t V I V I t p p       (3.13)  

Where  dcp  and acp are ac and dc component of the power delivered by the source. The 

load real power can be expressed as 

         1 1

2

sin sin sin sin     




    l m m n n

n

p t V t I t V t I n t     (3.14) 

   1

1
cos

2
l lac lac ldcp t I t p p p            (3.15) 

Where lacp  and ldcp   are ac and dc components of the load power. The compensating power 

injected by the active power filter is  

     c s lp t p t p t            (3.16) 

     c dc ldc ac lacp t p p p p            (3.17) 

Assume that the reference voltage is dcV  and the change in reference voltage is  dcV  due 

load disturbance. The change in energy handled by the capacitor is  

 
2 21 1

2 2
   dc dc dcE C V V CV         (3.18) 

The 2

dcV is small as compared to dcV   
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  1 1cos  dc mV k I I          (3.20) 

Where 

2

m

dc

V
k

CV
   

   dc m pV k I W   

1


 
  
 

m p dcI W V
k

          (3.21) 

  m p dcI W W  

Where weight 
pW  is the active component of the load current.  The weight dcW is associated 

with the dc voltage regulation.   

m AI W           (3.22) 

Then the compensating current (5) can be modified as 

     sinc L Ai t i t W t           (3.23) 

According to the least square algorithm, the weight for next iteration can be expressed as  

   (i 1) sinA A cW W ri t t           (3.24) 
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B cW W ri t t         (3.25) 
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C cW W ri t t        (3.26)  

The control strategy for derived equation is given in Fig. 3.2. 
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Fig. 3.2: Reference current generation using LMS algorithm for phase-a. 
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The reference current for active power filter according to Anti-Hebbian algorithm [74] from 

(3.22) as shown in Fig. 3.3. 

      (i 1) sin    A A c la AW W ri t t i t W        (3.27) 
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Fig. 3.3: Reference current generation using Anti-Hebbian algorithm for phase-a. 

The reference current generations for active power filter according to Anti-Hebbian algorithm 

based on TLS [141] from (3.22) as shown in Fig. 3.4. 
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Fig. 3.4: Reference current generation using anti-Hebbian based on TLS algorithm for phase-
a. 

3.3.1 Type-2 fuzzy logic controller (T2FLC) 

 Fuzzy sets were designed mathematically to represent vagueness and uncertainty of 

linguistic problems. Fuzzy logic is form of logic, which deals with approximate rather than 

precise mode of reasoning. The most of the controller that have been used to date were 

based on the type-1 fuzzy logic controller. However, the type-1 fuzzy controllers have difficult 

in modeling and minimizing the effect of uncertainty. One the limiting the ability of type-1 

fuzzy logic is its membership function (MF) which handles uncertainty and takes crisp value 

as input. Recently, type-2 fuzzy set introduced, which deal with a fuzzy-fuzzy sets where the 

grade of membership is type-1 fuzzy sets rather than the crisp value as input.  

 

Fig. 3.5: Type-2 fuzzy sets. 

Fig. 3.5: illustrates the type-2 fuzzy MF can be obtained by starting with type-1 fuzzy 

membership function and then blurring it [76, 77]. The blurred area represent the foot point of 

uncertainty (FOU), which is nothing but the area bounded between the lower and upper MFs 

and represents the capacity to handle the degree of uncertainty. Type-2 fuzzy logic is very 

useful in certain application where it is difficult determine the exact membership function for 

fuzzy set. Therefore, it is effective in handling the uncertainties associated with process. The 

block diagram of the type-2 fuzzy logic controller is shown in Fig. 3.6. The process involve 

type-2 fuzzy logic controller is fuzzification, inference, type reduction and defuzzification. 
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Fig. 3.6: Block diagram of type-2 fuzzy logic controller. 

3.3.1.1 Fuzzifier 

The Fuzzifier converts the numeric vector   1 2 1 2... ,....p px x x x X X X X       into a 

type-2 fuzzy set
xA in x  an interval type-2 fuzzy set in this case. We use type-2 singleton 

fuzzifier, in a singleton fuzzification, the input fuzzy set has only a single point on nonzero 

membership. 
xA  is type-2 fuzzy sets singleton if   1 |

1xA
x   for 'x x  and 

  1 |
0xA

x   for 
'x x  

3.3.1.2 Rule base  

The rule base of type-2 fuzzy logics controller is same as that of type-1 fuzzy logic controller, 

where antecedent and consequent represented by type-2 fuzzy sets. The type-2 fuzzy set 

with n   input 
1 1,..... p px X x X   and one output y Y , known as multiple input and single 

output.  If we assume there are M rules, the ith  rule in the type-2 Fuzzy logic set can be 

written down as follows: 

1: ..... 1,.....l i i i i i

nR F F G A G i M            (3.32) 

3.3.1.3 Rule inference 

The inference engine combines rules and gives a mapping from input type-2 fuzzy sets to 

output type-2 fuzzy sets. It is perform the union, intersection as well as extended   sup-star 

compositions (sup star compositions) of type-2 relations. 
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3.3.1.4 Type reducer 

The type-reducer of type-2 fuzzy logic controller generates a type-1 fuzzy set output, which is 

then converted in a crisp output with the defuzzifier. This type-1 fuzzy set is also an interval 

set, for the case of type-2 fuzzy logic set we used center of sets (cos) type reduction, Ycos, 

which can be expressed as 

 
1 1 1 1 1 1
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     (3.33) 

This interval set is determined by its two end points, yl and yr, which corresponds to the 

centroid of the type-2 interval consequent set
iG , 
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      (3.34) 

Before the computation of Ycos (x), we must evaluate Eq. (3.33), and its two end points, yl 

and yr. If the values of fi and yi that are associated with yl are denoted i

lf  and i

ly , respectively, 

and the values of fi and yi that are associated with yr are denoted i

rf  and i

ry , respectively, 

from Eq. (13), we have 
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           (3.36) 

The values of yl and yr define the output interval of the type-2 fuzzy system, which can be 

used to verify if training or testing data are contained in the output of the fuzzy system. 

3.3.1.5 Defuzzifier 

From the type-reducer, we obtain an interval set cosY , to defuzzify it we use the average of ly   

and ry , so the defuzzified output of an interval singleton type-2 fuzzy logic set is 

 
2

l ry y
y x


            (3.37) 

3.3.1.6 DC voltage regulation  

The type-2 fuzzy logic controller used in this application is shown in Fig. 3.7. The inputs to 

the type-2 fuzzy logic controller are error e and rate of change of error ce 

     
*   n dc n dc n dc n

e v v v          (3.38) 
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*

1
   n dc n dc n dc n

ce v v v         (3.39) 

The type-2 fuzzy logic controllers compute the change in desired current. The peak reference 

current  dW n , at the nth sampling time, is determined by adding the previous reference 

current  1dW n to the calculated change in reference current 

   1d d dW W n W n          (3.40) 

Where is the sampling time, dW is the peak value of desired reference current at nth 

sampling time and is gain factor of the type-2 fuzzy logic controller.  The rule base of the 

type-2 fuzzy logic controller is shown in Table 3.1. 

Table 3.1: Rule matrix for voltage regulation. 

E/CE NL NM NS ZE PS PM PL 

NL NL NL NL NL NM NS ZE 

NM NL NL NL NM NS ZE PS 

NS NL NL NM NS ZE PS PM 

ZE NL NM NS ZE PS PM PL 

PS NM NS ZE PS PM PL PL 

PM NS ZE PS PM PL PL PL 

PL NL NM NS ZE PS PM PL 
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Fig. 3.7: type-2 fuzzy logic controller for dc voltage regulation. 
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The dc side capacitor voltage regulation loop is shown inFig. 3.8.   
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Fig. 3.8 dc voltage regulation loop. 

3.3.2 Control scheme based on LMS algorithm integrated with PI/T2FLC 

3.3.2.1 Simulations results  

Simulation results of the active power filter with uncontrolled rectifier on its dc 

presented in this section. The control scheme for the active power filter has also been 

modelled in MATLAB/Simulink environment using Simpower system block sets. The 

reference source currents have been derived from the LMS algorithm discussed in Section 

3.3 by using the measured ac voltages, load currents and dc side capacitors voltage of the 

active power filter.    

An uncontrolled rectifier with RL load on dc side is used as nonlinear load. Fig. 3.9 (a)-

(d) shows the simulated response of currents, dc side capacitor voltages and harmonics 

spectrum respectively of active power filter using LMS algorithm integrated with PI controller. 

Fig. 3.10: shows the simulated response of currents, dc side capacitor voltages and 

harmonics spectrum respectively of active power filter using LMS algorithm integrated with 

type-2 fuzzy logic controller. After compensation with active power filter, in both the cases the 

source current is changed from stepped waveform to sinusoidal waveform as seen in Fig. 3.9 

(a) and Fig. 3.10 (a). Source current is in phase with source voltage to conform the power 

factor becomes almost unity. After compensation with active power filter, the load current 

THD is 26.7% but the source current THD is reduced to 3.41% and 3.40% using LMS 

algorithm integrated with PI controller and LMS integrated with T2FLC respectively as shown 

in Fig. 3.9 (d) and with Fig. 3.10 (d).  In both the cases dc side capacitor voltage is regulated 

at reference level but the settling time required for dc side capacitor to attain reference value 

is 0.06s and 0.05s for LMS integrated with PI and T2FLC respectively as observed from Fig. 

3.9 (b) and Fig. 3.10 (b). At instant t=0.3s, load current is increased from 20.2A to 40A. The 

corresponding change in the source current, compensating current dc side capacitors 
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voltages has been observed to be compensating the increased load current.  However, the 

increase of compensating current observed to be smooth in case of LMS integrated with  

 

 
(a) Compensation characteristics of APF using anti-Hebbian with PI controller. 

 
(b) Dc side capacitors voltages. 

 
 

(c) Source current without compensation  (d) Source current THD Spectrum with 
compensation. 

Fig. 3.9: Performance of APF for an RL load on the dc side of an uncontrolled rectifier using 
anti-Hebbian algorithm integrated with PI controller.  

T2FLC than the PI-controller. The increased load current also causes the decrease in 

the dc side capacitors voltage from it reference value to compensate increase in load current.  
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The settling time of the dc side capacitors voltage is 20ms and 10ms for LMS algorithm 

based control scheme integrated with T2FLC and PI-controller respectively.  The dc voltage 

regulation is smooth in both the cases but restoration time is more in case of LMS integrated 

with PI than with the T2FLC controller. This shows effectiveness of LMS algorithm integrated 

with T2FLC controller for dc voltage regulation in transient also. 

 

(a) Compensation characteristics of APF using anti-Hebbian  with T2FLC controller 

 

(b) DC side capacitors voltages. 
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(c) Source current without compensation (d)  Source current THD Spectrum with 

compensation. 

Fig. 3.10: Performance of APF for RL load on the dc side of an uncontrolled rectifier using 
anti-Hebbian algorithm integrated with T2FLC-controller. 

3.3.3 Control scheme based on anti-Hebbian Algorithm integrated with PI/T2FLC 

3.3.3.1 Simulations results  

Simulation results of the active power filter with uncontrolled rectifier on its dc 

presented in this section. The control scheme for the active power filter has also been 

modelled in MATLAB/Simulink environment. The reference source currents have been 

derived from the anti-Hebbian algorithm discussed in Section 52 by using the measured ac 

voltages, load currents and dc side capacitors voltage of the active power filter.   

An uncontrolled rectifier with RL load on dc side is used as a nonlinear load. Fig. 3.11 

(a)-(d) shows the simulated response of source currents, dc side capacitor voltages and 

harmonics spectrum respectively of active power filter using anti-Hebbian algorithm 

integrated with PI controller. Fig. 3.12 (a)-(d) shows the simulated response of currents, dc 

side capacitor voltages and harmonics spectrum respectively of active power filter using anti-

Hebbian algorithm integrated with type-2 fuzzy logic controller. After compensation with 

active power filter, in both the cases the source current is changed from stepped waveform to 

sinusoidal waveform as seen in Fig. 3.11 (a) and Fig. 3.12 (a). Source current is in phase 

with source voltage to conform the displacement factor and power factor becomes almost 

unity. After compensation with active power filter, the load current THD is 26.7% but the 

source current THD is reduced to 3.41% and 3.40% using anti-Hebbian algorithm integrated 

with PI controller and LMS integrated with T2FLC respectively as shown in Fig. 3.11 (d) and 

Fig. 3.12 (d).  In both the cases dc side capacitor voltage is regulated at reference level but 

the settling time required for dc side capacitor to attain reference value is 20ms and 10ms for 

anti-Hebbian integrated with PI and T2FLC respectively as evident from Fig. 3.11 (b) and Fig. 

3.12 (b). At instant t=0.3s, load current is increased from 20.2A to 40A. The corresponding 

change in the source current, compensating current dc side capacitors voltages has been 

observed to be compensating the increased load current.  However, the increase of 

compensating current observed to be smooth in case of anti-Hebbian integrated with T2FLC 

than the PI-controller. The increased load current also causes the decrease in the dc side 

capacitors voltage from it set reference value to compensate increase in load current.  The 

settling time of the dc side capacitors voltage is 0.03s and 0.04s for anti-Hebbian algorithm 

based control scheme integrated with T2FLC and PI-controller respectively.  The dc voltage 

regulation is smooth in both the cases but restoration time is more in case of anti-Hebbian 

integrated with PI than with the T2FLC. This ensure effectiveness of anti-Hebbian algorithm 

integrated with T2FLC controller for dc voltage regulation in transient also 
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(a) Compensation characteristics of APF using anti-Hebbian with PI controller 

 
(b) DC side capacitor voltage. 

 
 

(c)Source current without  compensation  (d) Source current THD Spectrum with 
compensation. 

Fig. 3.11: Performance of APF for an RL load on the dc side of an uncontrolled rectifier using 
anti-Hebbian algorithm integrated with PI controller. 
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(a) Compensation characteristics of APF using anti-Hebbian  with T2FLC controller 

 

(b) DC side capacitors voltages.  

  

(c) Source current without 
compensation 

(d) Source current THD Spectrum 
with compensation. 

Fig. 3.12: Performance of APF for an RL load on the dc side of an uncontrolled rectifier using 
anti-Hebbian algorithm integrated with T2FLC-controller. 
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3.3.4 Anti-Hebbian based on total least square algorithm.  

3.3.4.1 Simulation results 

The six pulse uncontrolled rectifier with RL load on the dc side has been considered as 

a nonlinear load in this case. Fig. 3.13 (a)-(d) shows the simulated response of source 

current, compensating current, dc side capacitor voltages (Vc1 to Vc2), harmonic spectra of 

load and source currents respectively with anti-Hebbian based on TLS integrated PI, while 

Fig. 3.14 (a)-(d) shows the simulated response of source currents, compensating current, dc 

side capacitor voltages (Vc1 to Vc2), harmonic spectra of load and source currents 

respectively with anti-Hebbian based on TLS integrated T2FLC. At instant t=0.15s, when 

APF is switched-on the source current tend to sinusoidal from stepped waveform in both the 

cases as shown in Fig. 3.13 (a) and Fig. 3.14 (a).  After compensation with active power 

filter, the load current THD is 26.7% but the source current THD is reduced to 2.41% and 

2.1% using anti-Hebbian based on TLS integrated with PI controller and anti-Hebbian based 

on TLS integrated with T2FLC controller respectively as shown in Fig. 3.13 (d) and Fig. 3.14 

(d).  After compensation with active power filter source power factor has been improved from 

0.78 to almost in unity in both the cases. At 0.3 sec., load current is increased from 20.0 A to 

40.16 A. The corresponding change in the source current and compensating current have 

been observed to be very smooth in both cases. However, the number of cycle required for 

source current to attain steady state is 3-4 cycles and 2-3 cycles for anti-Hebbian algorithm 

based on TLS integrated with PI and T2FLC respectively. At instant APF is switched-on at 

t=0.15s, dc side capacitors voltages increases gradually in both cases. However, the settling 

time required for dc voltage to attain reference level is 0.05s in case of the anti-Hebbian 

algorithm integrated with PI and in case of T2FLC settling time required is 0.005s as seen in 

Fig. 3.13 (b) and Fig. 3.14 (b). When load current is changes at t=0.3s, the dc side capacitors 

voltage changes from its set reference level to compensate the increase in load current. This 

which causes drop in capacitor voltage is restored in 0.035s and 0.02s for anti-Hebbian 

integrated based on TLS integrated with PI and T2FLC respectively. This shows that the 

transient performance of the active power filter with T2FLC better than that of the PI 

controller.  
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(a)Compensation characteristics of APF using anti-Hebbian with PI controller 

 

(b) DC side capacitors voltages 

  

(c) Source current without compensation  (d) Source current THD Spectrum with 

compensation. 

Fig. 3.13: Performance of APF for an RL load on the dc side of an uncontrolled rectifier using 
anti-Hebbian algorithm based on TLS integrated with PI controller. 
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(a) Compensation characteristics of APF using anti-Hebbian  with T2FLC controller 

 

(b) Dc side capacitors voltages. 

  

(c) Source current without compensation (d) Source current THD Spectrum with 

compensation. 

Fig. 3.14: Performance of APF for an RL load on the dc side of an uncontrolled rectifier using 
anti-Hebbian algorithm based on TLS integrated with T2FLC controller. 
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3.4 Experimental validation  

In this chapter simulation studies are carried out at 400V. However, due to the 

constraints involved in the development of prototype model, the experimental studies have 

been conducted at a reduced line voltage of 100V. The downscaled prototype model of the 

three level active power filter has been developed for investigation of different control 

schemes integrated with PI/ type-2 fuzzy logic controller. The line to line voltage waveforms 

of the three level diode clamped active power filter are shown in Fig. 3.15 (a)-(c) (scales for 

these figures: X-axis-10ms/div., Y-axis-50V/div).  The six pulse uncontrolled rectifier with RL-

load on dc side used as nonlinear load.  The distorted source phase currents and its 

harmonics spectrum without compensation are shown in Fig. 3.16.  

 

   

(a) (b) (c)  

Fig. 3.15: line to line voltage of three level active power filter.  

3.4.1 Control scheme based on LMS algorithm integrated with T2FLC 

The down scaled prototype of the active power filter has been developed and tested for 

harmonic elimination and reactive power compensation with LMS algorithm integrated with PI 

controller and T2FLC controllers and the experimental waveforms under steady state 

condition are shown in Fig. 3.17. The source voltage, source current, load current and 

compensating current for phase-a with PI and T2FLC is shown in Fig. 3.17 (a) and in Fig. 

3.17 (b) respectively. These figures and all the subsequent figures showing similar 

experimental results, the different waveforms are recognized as: 

Channel–1: source voltage (X-axis: 10 ms/div., Y-axis: 100 V/div.), 

Channel–2: source current after compensation (X-axis: 10ms/div., Y-axis:5 A/div.), 

Channel–3: load current (X-axis: 10 ms/div., Y-axis: 5A/div.), 

Channel–4: compensating current injected by the Active power filter (X-axis: 10 

ms/div., Y axis: 5 A/div.). 

The THD spectrum of load current after compensation with PI controller and T2FLC 

controller are shown in Fig. 3.17 (c) and (d) respectively.  From these figures it is observed 

that after compensation with active power filter, the load current %THD 24.7%, but source 

current %THD is reduced to 3.2% and 3.1% with PI controller and T2FLC controller 

respectively. The power factor becomes unity in both the cases. However, the steady state 
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performance of active power filter with PI controller and T2FLC are identical. The source 

currents THDs after compensation with active power filter are well within the limits imposed 

by IEEE–519–1992 standard in both the cases.   

 
 

(a) (b) 

Fig. 3.16:  (a) Three phase load current (b) load current THD spectrum for phase-a.   

  

(a) (b) 

  

(c) (d) 

Fig. 3.17: Experimental results of 3P3W APF for an RL-load on the dc side of a phase-
uncontrolled rectifier with PI controller and T2FLC. 
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3.4.1.1  Transient performance of the active power filter 

In Fig. 3.18, the load current rms value has been increased from1.7A to 3.3 A and the 

corresponding change in the source current are from 1.5A to 2.9A with PI controller and 1.4 

to 2.8 A in T2FLC controller respectively. It is also observed that the source current is 

distorted and takes 3-4 cycles to reach steady state in case of LMS algorithm integrated with 

PI whereas in case of LMS algorithm integrated with T2FLC, source current takes only 2-3 

cycles to reach steady state which ensure the fast transient response of the LMS algorithm 

integrated with T2FLC controller. 

  

(a) (b) 

Fig. 3.18: Experimental results of 3P3W APF for RL-load: (a) LMS integrated with PI 
controller (b) LMS integrated with T2FLC. 

3.4.1.2 DC capacitor voltage regulation 

The steady-state performance of active power filter dc side capacitors voltages with PI 

controller and T2FLC integrated with LMS algorithm are shown in Fig. 3.19. In Fig. 3.19 

waveforms show the voltage across each capacitor (vc1, vc2.) The scales of these waveforms 

are: Y-axis: 26 V/div, X-axis: 10 ms/div., the reference level dc side capacitor is set at 90 V. 

In Fig. 3.19 (a) that the LMS integrated with PI controller, large ripple content in the 

dc side capacitor voltages is present. The maximum peak-to-peak ripple in the dc voltages of 

the capacitors is around 0.6V which affects the performance of the active power filter. But, 

from Fig. 3.19 (b) it is observed that the maximum peak-to-peak ripple in the dc voltages of 

the capacitors is 0.5 V in case of LMS algorithm integrated with T2FLC. This ensures the 

effectiveness of the LMS algorithm integrated with T2FLC. However, in both the cases the 

capacitors voltage is almost balanced.  

 Fig. 3.20 shows the dc capacitor voltages for a LMS algorithm integrated with PI and T2FLC 

in case of increase in the load current. Fig. 3.20 (a) shows the capacitor voltages vc1 and 

vc2 (X-axis: 25 ms/div. and Y-axis: 26 V/div.) with PI, whereas Fig. 3.20 (b) shows dc 

capacitors voltages of active power filter with T2FLC. 
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At instant, when load current increases, the dc capacitor voltage decreases from its set 

reference value to compensate the increase in the load current. This decrease in capacitor 

voltages are achieved steady state in 3-4 cycles with PI controller. However, these capacitor 

voltages are restored within 2-3 cycles in case of the LMS algorithm integrated with T2FLC, 

which again demonstrates its superior transient response. 

 

  

(a) (b) 

Fig. 3.19: (a) dc capacitors voltages PI controller (b) dc capacitors voltages with T2FLC. 

 

  

(a) (b) 

Fig. 3.20: (a) DC capacitors voltages PI controller (b) dc capacitors voltages with T2FLC. 

3.4.2 Control scheme based on anti-Hebbian algorithm integrated with PI/T2FLC 

The six pulse diode rectifier with RL-load on dc side used as nonlinear load in this case.  Fig. 

3.21 shows the experimental results of active power filter using anti-Hebbian algorithm 

integrated with PI and T2FLC controller. The source voltage, source current after 

compensation, load current and compensating currents for phase-a with PI and T2FLC are 

shown in Fig. 3.21 (a) and Fig. 3.21 (b) respectively. The THD spectra of source currents 

after compensation with PI and T2FLC are shown in Fig. 3.21 (c) and Fig. 3.21 (d) 

respectively. As seen in Fig. 3.21, after compensation with active power filter, the source 
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current %THD has been reduced from 24.7% to 3.9% with PI and 3.5% with T2FLC 

respectively. The anti-Hebbian algorithm based control scheme with the both controllers, 

after compensation, the source current waveform is observed to be in phase with the source 

voltage waveform. This ensures the effectiveness of the anti-Hebbian algorithm based 

control scheme for compensating harmonics and reactive power requirement of the nonlinear 

load.   

 

  

(a) (b) 

  

(c) (d) 

Fig. 3.21: Experimental results of 3P3W APF for an RL-load on the dc side of a phase-
uncontrolled rectifier with PI controller and T2FLC. 

3.4.2.1 Transient performance of the active power filter 

As seen in Fig. 3.22, the load current rms value has been increased from1.7A to 3.3 A 

and the corresponding change in the source current are from 1.5A to 2.9A with PI controller 

and 1.4 to 2.8 A in T2FLC controller respectively. It is also observed that the source current 

is distorted and takes 3-4 cycles to reach steady state in case of anti-Hebbian algorithm 

based control scheme integrated with PI whereas in case of anti-Hebbian algorithm 

integrated with T2FLC, source current is distortion free and takes only 2-3 cycles to reach 

steady state which ensure the fast transient response of the anti-Hebbian algorithm based 

control scheme integrated with T2FLC controller. 
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(a) (b) 

Fig. 3.22: Experimental results of 3P3W APF for RL-load: (a) anti-Hebbian integrated with PI 
controller (b) anti-Hebbian integrated with T2FLC. 

3.4.2.2 DC voltage regulation 

 The steady-state performance of active power filter dc side capacitors voltages with PI 

controller and T2FLC integrated with anti-Hebbian algorithm are shown in Fig. 3.23. In Fig. 

3.23 waveforms show the voltage across each capacitor (vc1, vc2.) The scales of these 

waveforms are: Y-axis: 26 V/div, X-axis: 10ms/div., the reference value of dc side capacitors 

voltage is set at 90 V. 

As seen in Fig. 3.23 (a) that the anti-Hebbian algorithm integrated with PI controller, large 

ripple content in the dc side capacitor voltages is present. The maximum peak-to-peak ripple 

in the dc voltages of the capacitors is around 0.53 V which affects the performance of the 

active power filter. But, from Fig. 3.23 (b) it is observed that the maximum peak-to-peak 

ripple in the dc voltages of the capacitors is 0.43V in case of anti-Hebbian algorithm 

integrated with T2FLC. This shows the effectiveness of the anti-Hebbian algorithm integrated 

with T2FLC. But, with both the controllers capacitors voltage is almost balanced.  

 Fig. 3.24 shows the dc capacitor voltages for anti-Hebbian algorithm integrated with PI and 

T2FLC in case of increase in the load current. Fig. 3.24 (a) shows the capacitor voltages vc1 

and va2 (X-axis: 25 ms/div. and Y-axis: 26 V/div.) with PI, whereas Fig. 3.24 (b) shows dc 

capacitors voltages of active power filter with T2FLC. 

At instant, when load current increases, the dc capacitor voltage decreases from its set 

reference value to compensate the increase in the load current. This decrease in capacitor 

voltages are achieved steady state in 2-3 cycles with PI. However, these capacitor voltages 

are restored within 1-2 cycles in case of the anti-Hebbian algorithm integrated with T2FLC, 

which again demonstrates its superior transient response. 
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(a) (b) 

Fig. 3.23: (a) dc capacitors voltages  PI controller (b) dc capacitors voltages with T2FLC. 

  

(a) (b) 

Fig. 3.24: (a) dc capacitors voltages  PI controller (b) dc capacitors voltages with T2FLC. 

3.4.2.3 Anti-Hebbian algorithm based on total least square (TLS) integrated with 

PI/T2FLC 

Initially, an uncontrolled rectifier with RL-load on its dc side has been considered as a 

nonlinear load and connected to source. The source current waveform and THD spectrum 

before compensation is presented section 3.3.2 .Fig. 3.25 shows the experimental results of 

active power filter using anti-Hebbian algorithm based on TLS based control scheme 

integrated with PI and T2FLC. The steady state source voltage, source current after 

compensation, load current and compensating currents for phase-a with PI and T2FLC are 

shown in Fig. 3.25 (a) and Fig. 3.25 (b) respectively. The THD spectra of source currents 

after compensation with PI and T2FLC are shown in Fig. 3.25 (c) and Fig. 3.25 (d) 

respectively.  

The experimental results are in good agreement with simulation results and fromFig. 

3.25, it can be observed that after compensation with active power filter, the source current 

%THD has been improved from 24.7% to 3.3% with PI and 3.3% with T2FLC. The THDs of 

source current close to the recommended standard of IEEE-519.  The steady state response 
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of the anti-Hebbian algorithm based control scheme integrated with T2FLC is comparable 

with PI controller. In both cases, the source power factor is almost unity. 

  

(a) (b) 

  

(c) (d) 

Fig. 3.25: Experimental results of 3P3W APF for an RL-load on the dc side of a phase-
uncontrolled rectifier with PI controller and T2FLC. 

3.4.2.4 Transient performance of the active power filter 

The load perturbation response of active power filter is investigated by sudden increase 

in load and as shown in Fig. 3.26. Fig. 3.26 (a) shows the load current perturbation response 

during sudden change in load current with anti-Hebbian based on TLS algorithm based 

control scheme integrated with PI controller. The load current is increased from 1.6 A to 2.5 

A. The corresponding change in the source current and compensating current is observed. 

The anti-Hebbian based on TLS integrated with PI controller is shown in Fig. 3.26 (b). It is 

found that the transient response of source current is smooth and fast in case of T2FLC than 

the PI controller. Also steady state is reached almost taking 2-3 cycles in case of PI controller 

whereas in case T2FLC source current achieved steady state within 1-2 cycles.    
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(a) (b) 

Fig. 3.26: Experimental results of 3P3W APF for RL-load: (a) anti-Hebbian based on TLS 

algorithm integrated with PI controller (b) anti-Hebbian integrated based on TLS with T2FLC 

3.4.2.5 DC voltage regulation  

The steady-state performance of active power filter dc side capacitors voltages with PI 

controller and T2FLC integrated with anti-Hebbian based on TLS algorithm are shown in Fig. 

3.27. In Fig. 3.27 show the voltage across each capacitor (vc1, vc2.) The scales of these 

waveforms are: Y-axis: 26 V/div, X-axis: 10ms/div., It is to be noted that the dc voltage 

reference level of capacitor is set at 90 V. 

In Fig. 3.27 (a) that the anti-Hebbian based on TLS integrated with PI controller, large 

ripple content in the dc side capacitor voltages is present. The maximum peak-to-peak ripple 

in the dc voltages of the capacitors is around 0.5V which affects the performance of the 

active power filter. But, from Fig. 3.27 (b) it is observed that the maximum peak-to-peak 

ripple in the dc voltages of the capacitors is 0.3 V in case of anti-Hebbian based on TLS 

algorithm integrated with T2FLC. This ensures the effectiveness of the anti-Hebbian based 

on TLS algorithm integrated with T2FLC. But, with both controller capacitors voltage is 

almost balanced.  

  Fig. 3.28 shows the dc capacitor voltages for anti-Hebbian based on TLS algorithm 

integrated with PI and T2FLC in case of increase in the load current Fig. 3.28 (a) shows the 

capacitor voltages vc1 and vc2 (X-axis: 25 ms/div. and Y-axis: 26 V/div.) with PI, while Fig. 

3.28 (b) shows dc capacitors voltages of active power filter with T2FLC. 

At instant, when load current increases, the dc capacitors voltages decrease from its 

set reference value to release the energy for compensating the increase in the load current. 

This decrease in capacitor voltages are achieved steady state in 2-3 cycles with PI. 

However, these capacitor voltages are restored within 1-2 cycles in case of the anti-Hebbian 

based on TLS algorithm integrated with T2FLC, which again demonstrates its superior 

transient response. 
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(a) (b) 

Fig. 3.27: a) dc capacitors voltages  PI controller (b) dc capacitors voltages with T2FLC 

 

  

(c) (d) 

Fig. 3.28: c) dc capacitors voltages  PI controller (d) dc capacitors voltages with T2FLC. 

3.5 Comparison of control strategies integrated with PI/T2FLC 

As the simulation studies presented in section 3.3.4, the 3P3W DCMLI based three 

level active power simulation is carried out at 400 V. But, due to the constraints involved in 

the development of prototype, the experimentations have been carried out at a reduced line 

voltage of 100V. As the experimentations have been conducted at downscaled system 

parameters, for validating the experimental results, the simulation is also carried out with 

downscaled system parameters. The parameters used in the actual simulation and 

downscaled simulations are given in Table 3.2. The downscaled simulation parameters are 

maintained as that of the experimental parameters given in Table 3.2. 

The simulation results with an uncontrolled rectifier with a RL load on dc side has been 

considered as a nonlinear load and the simulated response are shown in Fig. 3.29  and Fig. 

3.30 with anti-Hebbian based on TLS algorithm integrated with PI and T2FLC respectively. 
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Fig. 3.29 (a)-(d) shows the simulated waveforms, dc side capacitors voltages (vc1 and vc2), 

harmonic spectra of load and source currents respectively using anti-Hebbian based on TLS 

integrated with PI, whereas Fig. 3.30 (a)-(d) shows these results for T2FLC with anti-Hebbian 

algorithm based on TLS. In Fig. 3.29 (a) and Fig. 3.30 (a), the quantities shown are as 

follows (from top to bottom): trace 1: phase–a source voltage (vSa), trace 2: phase–a source 

current (iSa), trace 3: phase–a load current (iLa) and trace 4: phase–a current injected by APF 

(iCa). As can be seen from both these figures, the simulation results are almost with identical 

experimental results for both controllers. 

Table 3.2: The parameters used in the simulation studies. 

Parameters For the actual APF 
For the downscaled 
APF 

AC line parameters 
Three-phase, three-wire, 
400V, 50 Hz 

Three-phase, three-
wire, 100 V, 50 Hz 

DC bus voltage of  APF  500 V (for each capacitor) 
90 V (for each capacitor 
) 

DC bus capacitance of APF 588μF (for each capacitor) 
1800 μF (for each 
capacitor) 

APF interfacing inductor Lc = 5.7 mH Lc = 2.4 mH 

Commutation inductance Lf  = 2 mH Lf  = 1 mH 

PWM switching frequency 1 kHz 1 kHz 

PI controller parameters 
Kp = 1.4, Ki = 0.9 

 

Kp = 0.8, Ki = 1.9 

 

Load 

Three-phase uncontrolled 
rectifier with RL load; 

 

Three-phase 
uncontrolled rectifier 
with RL load; 

 

Sampling time Ts = 10 µs. Ts = 50 µs. 

The source current THDs are less than 5% with both controllers, and these values are 

almost same as that of their equivalent experimental values. Even though sampling time of 

the experimental study is larger than the sampling time of simulation study. This is due to the 

fact that, for implementation of control algorithm in dSPACE platform requires a minimum 

sampling time for execution of program. 

The comparison of experimental and simulation results with anti-Hebbian based on 

TLS algorithm given in Table 3.3 and Table 3.4 for PI and T2FLC controllers respectively. 
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(a) 

 
(b) 

  
(c) (d) 

Fig. 3.29: Performance of APF with scaled down simulation studies for   RL load on dc side 

of uncontrolled rectifier with anti-Hebbian based on TLS integrated with T2FLC. 
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(a) 

 
(b) 

  
(c) (d) 

Fig. 3.30: Performance of APF with scaled down simulation for RL load on dc side of 
uncontrolled rectifier with T2FLC. 
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The comparison of experimental and simulation results with LMS and anti-Hebbian algorithm 

integrated with different controllers such as PI and T2FLC using uncontrolled rectifier as non-

linear load is given in Table 3.4 and  

 

 

Table 3.5 respectively. 

Table 3.3: Comparison of experimental and simulation results with anti-Hebbian based on 

TLS algorithm with different controllers. 

Parameter 
PI controller T2FLC controller 

Exp. Simulation Exp. Simulation 

Load current (A, rms) 3.3 3.43 3.1 3.09 

% THD of load current 24.7 27.12 24.7 27.12 

Source current (A, rms) 3.5 3.61 3.4 3.51 

% THD of source 

current 
3.3 3.31 3.1 3.11 

Maximum peak-to-peak 

ripple in dc voltages (V) 
0.4 0.4 0.3 0.3 

% fall in dc voltage 

during load changes (% 

Vdcref) 

8.8 8.72 5.5 5.42 

Table 3.4: Comparison of experimental and simulation results with LMS algorithm with 

different controllers. 

Parameter 
PI controller  T2FLC controller  

Exp. Simulation Exp. Simulation 

Load current (A, rms) 3.3 3.43 3.1 3.09 

%THD of load current 24.7 27.12 24.9 27.12 

Source current (A, 

rms) 
3.6 3.58 3.3 3.55 

%THD of source 

current 
4.9 4.53 3.9 4.12 

Maximum peak-to-

peak ripple in dc 

voltages  

0.6 0.59 0.5 0.52 

% fall in dc voltage 

during load changes 

(% Vdcref) 

9.92 9.93 6.52 6.61 
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Table 3.5: Comparison of experimental and simulation results with anti-Hebbian algorithm 

with different controllers. 

Parameter 
PI controller  T2FLC controller 

Exp. Simulation Exp. Simulation 

Load current (A, rms) 3.3 3.31 3.2 3.16 

% THD of load current 24.7 24.39 24.7 24.78 

Source current (A, rms) 3.3 3.58 3.5 3.42 

% THD of source current 3.9 4.94 3.5 5.09 

Maximum peak-to-peak ripple 

in dc voltages  
0.53 0.49 0.42 0.39 

% fall in dc voltage during 

load changes (% Vdcref) 
8.94 8.95 5.95 5.95 

 

As can be seen from these tables downscaled simulation results are almost identical 

with the experimental results. However, overall results prove that the control schemes 

integrated with PI and T2FLC works effectively for compensating harmonics and reactive 

power induced due the nonlinear load.  But, the anti-Hebbian based on TLS algorithm 

integrated with T2FLC gives improved performance characteristics of active power filter.  

3.6 Conclusion  

In this chapter, the simulation and experimental study of the DCMLI three level active 

power filter has been carried out with different adaptive neural network based control 

schemes. The adaptive neural network based approaches calculate the weights and these 

calculations perform online. These adaptive control schemes can extract the reference 

current under varying load condition and it is not possible with other control schemes. The 

control schemes based on LMS, anti-Hebbian algorithm and TLS with PI/T2FLC have 

demonstrated satisfactory behaviour of the active power filter. An adaptive control scheme 

using anti-Hebbian based on the TLS integrated with PI/T2FLC has resulted considerable 

improvement of compensation characteristics of the active power filter. The simulation and 

experimental response shows the effectiveness of the control schemes.  



 

84 

 

CHAPTER 4:     ADAPTIVE CONTROL OF FIVE LEVEL CHBMLI BASED ACTIVE 
POWER FILTER 

 The performance of the fuzzy logic control depends on its rule inference. In most of the 

cases to increase the accuracy of the fuzzy logic controller, more number of rules is 

employed. The large set of fuzzy rule requires more computational time. As a result, it may 

not be useful for real time implementation with small sampling time. However, such problem 

can be dealt with artificial intelligent techniques.  This chapter proposes a simplified control 

approach to design fuzzy logic controller for cascaded H-bridge multilevel inverter (CHBMLI) 

based active power filter. The proposed control scheme used is a single input fuzzy logic 

controller (SIFLC). The SIFLC reduces the conventional two input fuzzy logic controller 

(CFLC) to single input fuzzy logic controller. The SIFLC also offer significant reduction in the 

rule inference and simplifies the tuning of control parameters. The anti-Hebbian based on 

TLS algorithm integrated with SIFLC controller is used for reference current generation. The 

simulated performance characteristics of active power filter with PI and single input fuzzy 

logic controller are compared using MATLAB/ Simulink. The performance characteristics 

indicate that the SIFLC require less tuning efforts and execution time as compared to 

conventional FLC. In order to validate the simulated response of SIFLC a prototype of model 

of the cascaded H-bridge based active power filter has been developed and the dSPACE 

1104 is used to generate the firing pulse for prototype. The performance characteristics of 

the CHBMLI based active power filter are recorded for nonlinear load under different load 

conditions. The experimental waveforms are found to be in agreement with simulated 

response. 

4.1 Introduction 

In previous chapter, the DCMLI based three level active power filter has been 

discussed with different adaptive control schemes integrated with PI/T2FLC controller. The 

adaptive control schemes used are LMS algorithm, anti-Hebbian algorithm and anti-Hebbian 

based on TLS.  These adaptive control schemes perform calculation online. Among these 

adaptive control schemes anti-Hebbian based on TLS algorithm integrated with T2FLC 

controller gives improved compensation of harmonics and reactive power requirement of the 

nonlinear load. However, the T2FLC is very complex to implement with higher level inverter 

due to the association of length process such as fuzzification, rule base, inference and 

defuzzification. For better accuracy in control, a larger set of rules is required, which results 

in longer computational time. The DCMLI topology seems to be the best suited for active 

power filter applications. But, the large number of power components and voltage unbalance 

problem at higher levels limits the DCMLI for three level and low-power rating applications.  
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Recently, the multilevel converters are most commonly used in harmonics elimination 

and reactive power compensation in medium and high power application [72, 88, 101, 103, 

106, 107,113]. The multilevel converter, use the concept of addition of multiple small-voltage 

levels for achieving the required voltage level with the help of additional switching devices 

and few components like diodes or capacitors. This approach does not require phase shifting 

transformers and hence these topologies are best suited for medium and high power 

applications. The bench mark topologies of multilevel inverters are (I) Diode clamped 

multilevel inverter (DCMLI), (II) Flying capacitor multilevel inverter (FCMLI) and (II) cascaded 

H-bridge multilevel inverter (CHBMLI). The selection of individual inverter topologies for 

active power filter applications depends on their performance, cost, size and implementation 

issues. The DCMLI topology appears to be the best suited for active power filter applications. 

But, the large number of power components and voltage unbalance problem at higher levels 

limits the DCMLI for low-power rating applications [89]. On the other hand, FCMLI has a 

natural voltage balancing operation and modular structure, but its application as an active 

power filter is limited due to the requirement of a large number of capacitors and their pre-

charging circuit. In contrast, CHBMLI is one of the next generation multilevel inverters 

intended for high or medium-voltage power conversion without the requirement of line-

frequency transformers. The CHBMLI is based on cascade connection of multiple single-

phase H-bridge converter cells or chopper cells per leg. The least component requirement, 

low cost, modular structure, easy expansion to any number of levels, high fault tolerance and 

absence of input transformer and non-initialization of the capacitor voltages make CHBMLI 

best suited for active power filter applications [63, 65-68]. The CHBMLI based active power 

filter is shown in Fig. 4.1. 

The performance of the active power filter depends on its controller and therefore, 

controller is the main part of the active power filter for it operation. Various controllers are 

available in the literature such as PI, sliding mode, predictive, unified constant frequency 

controller and are in use [112]. However, the conventional controllers require precise 

mathematical modelling and fail to perform under parameter variation, nonlinearity and load 

disturbance etc. 

In recent years, use of fuzzy logic controller have generated considerable interest in 

various application and have been introduced in the field of power electronics [112, 114, 191, 

192, 194,195, 197].   The principle advantages of a fuzzy logic controller are that it does not 

require precise mathematical modeling and is able to handle imprecise input, nonlinearity 

and robustness. The fuzzy logic controller involves fuzzification, rule base storage, inference 

mechanism and defuzzification operation etc. In most of the cases, for better accuracy and 

control, large set of rules are required. However, large set of fuzzy rule requires more 

computational time. As a result, it may not be useful for real time implementation with small 
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sampling time. Despite of these issues, it is known that fuzzy logic controller requires simpler 

mathematics and offers a higher degree of freedom in tuning its control parameters 

compared to other nonlinear controllers. To take full advantage of the fuzzy logic controller, 

the computational time associated with it must be reduced. In this chapter a simple fuzzy 

logic controller is developed from the conventional fuzzy logic controller to regulate the dc 

side capacitor of the CHBMLI based active power filter. The method is known as single input 

fuzzy logic controller. The simplification convert conventional two input fuzzy logic controller 

to single input using signed distance. This simplification is accomplished by applying signed 

distance method, which was demonstrated in [109, 110]. The input to the single input fuzzy 

logic controller is only one variable known as signed distance whereas conventional fuzzy 

logic controller requires two variables known as error and change of error of its input. The 

reduction in number of input from two to one, the rule table also reduced to one dimensional. 

Therefore, single input fuzzy logic controller reduces the computational burden of the 

processor due to the reduction of fuzzy rules from p2 to p, where p represents the level 

fuzzification. In this method, the control surface of the single input fuzzy logic controller can 

be approximated to piece wise linear (PWL) function which results in significant reduction of 

tuning process.  
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Fig. 4.1: Five level CHBMLI based active power filter. 

To verify the effectiveness of the proposed controller, Matlab computer simulation of 

CHB MLI based active power filter has been carried for individually balancing the dc side 
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capacitor of the active power filter.  The simulated response show that proposed active 

power filter provides sinusoidal current with low harmonics distortion. 

4.2 Design of passive component of active power filter 

4.2.1 Design of capacitor 

The main objective of an APF is to compensate total reactive and harmonic components of 

load that causes the dc-bus capacitor voltage fluctuation. To get a proper compensation 

performance, this voltage fluctuation must be avoided. It is also desirable that the APF 

should have at least twice the boost in the dc-bus voltage with respect to the amplitude of the 

ac phase voltage at the PCC. This is an important condition to avoid the violation of current 

distortion and current control limits [28, 29]  

Therefore, the energy storage capability of the dc-bus of APF should be sufficient to sustain 

disturbances arising during load perturbation. On load perturbation, a desired increase or 

decrease in amplitude of the reference supply current may not be instantaneously available 

to the current controller, thereby, necessitating an energy exchange between the APF and 

the load. In practice, the APF system should have energy storage and exchange capabilities 

as it ensures local energy management without disturbing the supply system during transient 

conditions of the load. This can be achieved by proper sizing of the dc-bus capacitor. The 

energy W  required to charge the dc-bus capacitor from actual voltage Vdc to the reference 

voltage Vdcref  can be expressed as [55]: 

 2 21

2
dcref dcW C V V            (4.1) 

From the principles of energy transformation equation   can be written as [52]: 

 2 21
3 ( )

2
dc dcref dcC V V V aI t           (4.2) 

 2 2

3 ( )
2dc

dcref dc

V aI t
C

V V



         (4.3) 

In equation, 

Cdc = Capacitance of the capacitor of each H-bridge cell (in farads), 

Vdc =  Minimum voltage level of the dc bus voltage of H-bridge cell, 

V = AC voltage of the each H-bridge cell (in rms)  3SV N , 

I = Rated phase current of the APF, 

t = Response time of the APF, 

a = Over loading factor. 

N= Number of H-bridge cells 



 

88 

 

Considering Vdc = 8000 V (considering 5% ripple in dc capacitor voltages), V = 





311 10

2 3
V = 3175 V, I = 

6

3

1 10

3 11 10



 
A = 52.49 A, t = 300 µs, and a = 1.2, the calculated 

value of Cdc is 58µF. 

4.2.2 Interfacing inductor 

The performance of the active power filter also depends on the interfacing inductor.  

The pulse width modulated APF introduces undesirable current harmonics around the 

switching frequency and its multiples. If the switching frequency of the PWM active power 

filter is sufficiently high, these undesirable current harmonics can be easily filtered out by the 

interfacing inductor (Lc). The connection of the interfacing inductor to the point of common 

coupling is shown in Fig. 4.1. 

The selection of the ac inductance depends on the current ripple icr,(p–p) and switching 

frequency of the converter  (fc). The approximate value of the ac inductance is given as [55]: 

,( )

3

12

a c
C

c cr p p

m V
L

af i


          (4.4) 

Here, switching frequency of the converter (fc) depends on the PWM method used for 

controlling the converter. The level-shifted PWM technique with carrier signal frequency fcr, fc 

can be calculated as: 

2c crf Nf          (4.5) 

Table 4.1:  Parameters used in the simulation study 

Parameter Value 

AC line voltage Three-phase, three-wire, 11 kV, 50 Hz 

Source impedance Rs = 0.5 Ω, Ls = 0.5 mH 

DC bus reference voltage 8000 V (for each capacitor in the H-bridge cell) 

DC side capacitance 58 μF (for each capacitor in the H-bridge cell) 

Interfacing  inductance Lac  =95mH 

PWM switching frequency 2 kHz 

PI controller parameters 
 Kp = .385, Ki = 1.4 

 

Load Three-phase uncontrolled rectifier, Rdc = 40 Ω, Ldc = 16 mH,  

Considering 5% peak-to-peak current ripple  ,( )cr p pi


 to be 2.52 A rms, the switching 

frequency of the converter (2Nfcr) = 222 kHz = 8kHz, amplitude modulation index (ma) = 
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1, phase-to-neutral of the inverter (Vc) =3175V and overload factor (a) = 1.2, the value is 

calculated to be 95.45 mH. 

On one hand, for a better harmonic elimination and reactive power compensation a 

higher value of inductance is generally used. But, a very high value of inductance will result 

in slow transient response of the active power filter and it would result spikes in source 

current.  Therefore, a compromise solution has to be made. To further optimize the value of 

the interfacing inductor, system performance has been investigated around the calculated 

value of the interfacing inductor for the system parameters given in Table. The optimized 

value of the interfacing inductor is given in Table 4.1.  

Table 4.2 shows the compensation performance of APF for the selected values of 

interfacing inductor. It is observed that the APF performance can be significantly improved by 

reducing the filter inductor to an optimum value. In this work, the value of the interfacing 

inductor is selected as 19 mH. At this value of interfacing inductor, APF output current THD 

is minimum and the system transient performance is satisfactory. 

Table 4.2:  Interfacing inductor 

Interfacing  
inductance 

Lf (mH) 

Settling time 

(Cycles) 

%THD of source current 
after compensation 

Source power 
factor after 

compensation 

13 1 4.14% 0.992 

15 < 2 3.25% 0.994 

17 < 2 1.69% 0.999 

19 < 3 1.62% 0.999 

21 3 1.01% 0.993 

23 < 4 2.43% 0.990 

25 4 3.92% 0.976 

4.3 Single input fuzzy logic controller 

In most of the cases, input to the fuzzy logic controller is error ( e ) and rate of change 

of error ( e ).  The rules table of fuzzy logic controller can be created on a 2-D space of phase 

plane as shown Table 4.3 using error and change of error. This is known as the Teoplitz 

structure. This structure has the same output membership in a diagonal direction, which is 

the main property of the Teoplitz structure. In addition to that, each point on the particular 

diagonal line has a magnitude that is proportional to the distance from its main diagonal line 

[16]. The fuzzy logic controller which uses error and rate of change of error as the input 

variable follows the Teoplitz structure. 

The rule table of the conventional fuzzy logic controller is shown in Table 4.3. It can be 

seen from the Table 4.3, the output membership follows consistent pattern and therefore, it is 
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possible to simplify the rule table. It is possible to obtain the corresponding output, using only 

a single variable input known as signed distance. The significance of the reduction was first 

demonstrated in [16] and is known as the signed distance method.  The signed distance 

method reduces the number input into single input variable known as distance. Let us 

consider the nth order nonlinear/linear system, represented by the state equation as follows 

     , ( , )x g w t b w t u t d t


          (4.6) 

y w           (4.7) 

With
 1

1 2[ , ,..., ] [ , ,...., ]
nT T

nw w w w w w w


  ) where  ,g w t and  ,b w t , where ( ) nw t   

representing the state vectors of the process ( )u t   and ( )y t   are respectively, 

represent the input and output of the control system;  g w  and  b w  are the nonlinear 

functions representing the dynamics of the system;  d t  is the unknown external 

disturbance. The control problem is to force  y t  to track a given bounded reference input 

signal  dw t  . So the tracking error vector is as follow 

             1
, ,.....,

T
n

de t w t w t e t e t e t
   

 
    (4.8) 

For sake of simplicity hereafter we omit the parameter t . 

Table 4.3:  FLC rule table with Teoplitz structure 

 

4.3.1 Design of Signed distance SIFLC 

The rule table of conventional FLC has skew symmetry property. For the same control 

input the boundaries of ( , )e e
have a stair case shapes. If the quantization of level of 

independent variable becomes infinitesimal, then the boundaries becomes straight line as 

shown in Fig. 4.2. Also note that absolute magnitude of the control input proportional to 

signed distanced from the straight line called switching line [109, 110]. To find the 
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distance d , let 0 0( , )B e e be an intersection point of the main diagonal line and the line 

perpendicular to it from a known operating point 1 1( , )A e e
as shown in Fig. 4.3. 

It can be noted that the main diagonal line can be represented as a straight-line known as 

the switching line i.e. 

0e me            (4.9) 

Where m  is the slope of the main diagonal line zL as shown in Fig. 4.3.  The distance 

between 1 1( , )A e e
and 0 0( , )B e e can be calculated as follows: 

1 12 2

0 1 0 1
2

( ) ( )
1

e me
d e e e e





 


    


       (4.10) 

Generalization of (5) can rewrite as follows: 

21

e me
d

m

 



           (4.11) 

For any general point ( , )A e e  the signed distance defined as follows: 

 
•

21
s

e me
d sign s

m





          (4.12) 

Where 

 
1 0

-1  0

for s
sign s

for s


 


        (4.13) 

Since the sign of the control input is negative for 0s  and positive for 0s  , and its 

magnitude is proportional to the distance from the line, we can conclude that  

su d             (4.14) 

Hence, the control action can be determined using sd only. Therefore, we call new FLC 

as single input fuzzy logic controller. With the derived distance sd , two dimensional rule table 

of conventional FLC can be converted into one-dimensional rule table. The reduced rule 

table is depicted in Table 4.4, where NLL , NML , NSL , ZL , PSL , PML and PLL are the diagonal line 

of conventional FLC rule Table 4.3. These diagonal lines correspond to the new input, while 

NL, NM, NS, Z, PS, PM, and PL represents the output of the corresponding diagonal lines as 

shown in Table 4.4. 

Table 4.4:  Reduced rule Table  

dS LNL LNM LNS LZ LPS LPM LPL 

u NL NM NS ZE PS PM PL 
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Fig. 4.2:  Rule table with infinitesimal quantization levels. 

 

Fig. 4.3: Derivation of signed distance. 

4.3.2 Comparison of CFLC and SIFLC 

The structure of the single input fuzzy logic controller is shown in Fig. 4.4 this structure is 

obtained by using signed distance method. The input to the fuzzy controller is d  and output 

is change in the control output u . To generate the final output, the u  is multiplied with 

scaling factor say uG .  The structure of conventional fuzzy logic controller block is shown in 

Fig. 4.5. By observing Fig. 4.4 the difference in CFLC and SIFLC can be noticed.  The inputs 

scaling factors for conventional FLC are ek  and 
e

k   respectively, and output scaling factor is 

uk  . The input, output membership function for conventional FLC is shown in Fig. 4.6.  
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Fig. 4.4: SIFLC control structure. 

 

Fig. 4.5: Conventional FLC. 

 

Fig. 4.6: CFLC input ( e and 
e ) and output (u ) membership functions. 

The advantage associated with SIFLC is that the reduction of number of rules. For a 

conventional fuzzy logic controller with p level of fuzzification requires p2 rules whereas, in 

case of SIFLC with p level of fuzzification requires only p rules. 

4.3.3 Stability analysis of single input fuzzy logic controller 

For a n-dimensional SIFLC the switching hyper plane can be represented [110] as follows: 

 1 ( 2)

1 2 1....... 0.
n n

nS e m e m e m e
  

             (4.15) 

Similar to (10),  sd  is changed to a general signed distance sD   as 

( 1) ( 2)

1 2 1

2 2 2

1 2 1

.....

1 ....

n n

n
s

n

e m e m e m e
D

m m m

  





   


   
        (4.16) 
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Where sD  represents the signed distance from the operating point to the switching hyper 

plane as given in (11). With this sD , the control law (9) is changed to 

f su K D             (4.17) 

Now fK  is the control constant obtained from linear functions. The SIFLC satisfies the 

pseudo Sliding mode controller represented in [110].  This fact represent that SIFLC based 

close-loop system is stable. Here, we assume some known upper bounds, say Q  and  D  for 

the unknown dynamic functions   q  and d , respectively. Also, the control gain function f  

has a known bound and is a positive. The stability analysis of the proposed SIFLC is carried 

out as explained in [17].  

Lemma 1: If the following conditions are satisfied: 

min max, , 0q Q d D f f f              (4.18) 

And fK  satisfies following in equalities 

 
1

1

min

1

n
n i

f s d i

i

K D f Q D w m e 






 
     

 
         (4.19) 

0    

Then is stable in the sense of the Lyapunov 

Proof: we consider Lyapunov function as follow 

21

2
sV D             (4.20) 

Then  

1

2 2 2
1

1 2 11 ....

s

n
n is

i

i
n

V D D

D
e m e

m m m










 
  

    


        (4.21) 

By using (3) and (16) 

1

1

n
n is
d i

i

D
V q fu d w m e

m





 
     

 
         (4.22) 

Now, substituting the value of u  from (4.17) into (4.22) 

 
1

1

n
n is

f s d i

i

D
q fK D d w m e

m





 
     

 
         (4.23) 

   
1

1

sgn
n

n is
f s s d i

i

D
q fK D D d w m e

m





 
     

 
        (4.24) 

Substituting (4.22) into (4.24), we get 
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SV D
m



             (4.25) 

Where  
2 2 2

1 2 11 ... .nm m m        Therefore, the proposed SIFLC is stable in the sense of 

Lyapunov. 

4.3.4 Control surface of SIFLC 

The control surface of SIFLC can be reduced   to a two-dimensional plot using 1-

dimensional array of the rule table.  This can be achieved, by satisfying the procedure 

outlined in [111]: 1) The input membership function is triangular shape; 2) the output MF has 

singleton shape; 3) fuzzification using centre of gravity (COG); and 4) defuzzification using 

COG. The control surface of the SIFLC is shown in Fig. 4.7. This control surface is denoted 

by c , which has a constant slope throughout the universe of discourse. This control surface 

can be achieved when the triangular peaks of the input membership functions and the 

spacing in between the Singletons are equal. Under these operating conditions, the control 

output generated by Table II is linear [17], which is given as follows: 

d su K d              (4.26) 

Where dK is a constant obtained by linear FLC. Here, sd is bounded with 1s s sNd d d   , 

where 1sd and sNd  are, respectively, the minimal and maximum values of a signed distance, 

and N is the number of fuzzy sets for a signed distance. 

The piece wise linear (PWL) function easily constructed using look up table. The PWL 

surface based implementation is simple, because it eliminates the complex process of 

fuzzification, rule inference and defuzzification. The control surface of the PWL can be 

constructed with peak location of input and output membership functions.  

 

Fig. 4.7: SIFLC with the PWL control surface. 

The procedure for obtaining PWL control surface as follow 



 

96 

 

 

Fig. 4.8: Input membership functions. 

 

Fig. 4.9: output singleton membership functions 

The output 0



u   can be calculated using the Centre of Gravity (COG) operator as 

2

2
0

1















i i

i

n

i

i

S

u            (4.27) 

From Fig. 4.8 and Fig. 4.9 the output is calculated as  

0 0 1 1
0

0 1

 

 

 




S S
u           (4.28) 

From Fig. 4.8  intersection point of input membership functions are 0,( 1)X  and 1,( 0)X  

 1

1 0

1



 


x X

X X
        (4.29) 

At 
x X  and 0   

 0 1

1 0

1
 

 


X X
X X

         (4.30) 

From Fig. 4.8 other intersection points of input membership function such as 1,( 1)X and 

0,( 0)X  

The line equations is written down as follow 
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  0

1 0

1
  


x X

X X
          (4.31) 

From Fig. 4.8, at 
x X  and 1   

 1 0

1 0

1
  


X X

X X
         (4.32) 

From (3.30) and (3.31), equation (3.28) can be written as follows 

1 0 1 0 0 1
0

1 0 1 0

   
  

  

S S X S X S
u X

X X X X
        (4.33) 

We can conclude that output of SIFLC the is linear function 

0



 u md K            (4.34) 

Where d is the input distance variable and m is the slope of the line. The variable K is the 

output value when input d is zero, i.e. 0

0






d

K u  

4.4 Reference current generation using anti-Hebbian based on TLS algorithm  

The performance of the active power filter depends on its reference current generation. The 

instantaneous source voltage is 

   sins mv t V t           (4.35) 

When the nonlinear load connected to the source, then it injects the current harmonics in the 

source. The load current consist of both fundamental and harmonics components, which can 

be expressed as follows: 

       1 1

1 2

sin sin sin     
 

 

      L n n n n

n n

i t I n t I t I n t     (4.36) 

Thus, the instantaneous load power can be expressed as follows: 

           1 1 1

2

sin cos sin cos sin     




     L n n

n

i t I t I t I n t   (4.37) 

The load current is consists of active power, reactive power and harmonics component and 

can be expressed as: 

       L f r hi t i t i t i t           (4.38) 

The compensating current injected by active power filter is  

           1 cos sinc L f Li t i t i t i t I t           (4.39) 

After compensation, the current supplied by the source is  

Where 1 1cosmI I  

     sin  c L mi t i t I t          (4.40) 
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The voltage across the dc side capacitors varies with the load demand. In order to maintain 

dc capacitors voltage constant, the PI/SIFLC controller is used. Under this conditions, 

assuming that the current drawn from the source is sinusoidal and in phase with respective 

voltages.  The instantaneous value of source current is  

   sin s mi t I t            (4.41) 

The power delivered by the source  

   
1 1

cos 2
2 2

   s m m m m dc acp t V I V I t p p       (4.42)  

Where  dcp  and acp are ac and dc component of the power delivered by the source. The 

load real power can be expressed as 

         1 1

2

sin sin sin sin     




    l m m n n

n

p t V t I t V t I n t     (4.43) 

   1

1
cos

2
   l lac lac ldcp t I t p p p         (4.44) 

Where lacp  and ldcp   are ac and dc components of the load power. The compensating power 

injected by the active power filter is  

     c s lp t p t p t            (4.45) 

     cdc dc ldc ac lacp t p p p p            (4.46) 

Assume that the reference voltage is dcV  and the change in reference voltage is  dcV  due 

load disturbance. The change in energy handled by the capacitor is  

 
2 21 1

2 2
   dc dc dcE C V V CV         (4.47) 

The 
2

dcV is small as compared to dcV   

  1 1

1

2

cos
2

 



 

  



 

dc dc

cdc

m
dc m s

dc

E C V V

E p T

V
V I I

CV

         (4.48) 

  1 1cos   dc mV k I I          (4.49) 

Where 

2

m

dc

V
k

CV
   

 dc m pV k I W     
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1 
   
 

m p dcI W V
k

          (4.50) 

  m p dcI W W  

Where weight pW  is the active component of the load current.  The weight dcW is associated 

with the dc voltage regulation.   

m AI W           (4.51) 

Then the compensating current (4.39) can be modified as 

     sinc L Ai t i t W t           (4.52) 

According to the total least square algorithm [166], the weight for next iteration can be 

expressed as  

      (i 1) sin    A A c la AW W ri t t ki t W       (4.53) 

   ( 1)

2
sin

3




  
     

  
B i B c lb BW W ri t t ki t W      (4.54) 

   ( 1)

4
sin

3




  
     

  
C i C c lc CW W ri t t ki t W       (4.55) 

The control strategy for equation is given in Fig. 4.10 

+

+
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+1
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 fi t

++



 sin t
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Fig. 4.10: Reference current generation using anti-Hebbian based on TLS algorithm for 
phase-a. 

4.4.1 Voltage regulation of dc side capacitors 

 Fig. 4.11 shows the block diagram of the voltage regulation loop for phase-a, which 

balances the voltage of each dc side capacitor of the active power filter. In this voltage 

balancing scheme, each dc side capacitor voltage is summed up and subtracted and 

compared with the dc reference voltage (Vref). The error is processed in a PI/SIFLC controller 

and the output of the PI/SIFLC controller decides the amount of real power required to keep 
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that particular capacitor voltage at its set reference level. When dc voltage reference is 

greater than the capacitor voltage, an amount of active power flows into that particular 

capacitor, thus leading to increase of capacitor voltage. On the other hand, when dc voltage 

reference is lower than the capacitor voltage, an amount of active power is drawn from that 

particular capacitor, thereby bringing down the capacitor voltage to its reference value. The 

sum of the outputs of the SIFLC controllers (Wd) is the total amount of weight required to 

keep the capacitor voltages of individual cells at their corresponding set reference values. 

+

–

 

–

 

++ Wd

PI/SIFLCVref

Va1

Va2 PI/SIFLC

Summer

 

Fig. 4.11: voltage regulation loop for phase-a. 

4.5 Simulation results 

The MATLAB simulation is carried out to show the compensation characteristics of the active 

power filter with PI and SIFLC. The purpose of this simulation study is to show the response 

of the SIFLC is better than PI controller. The Conventional FLC is of the Mamdani‘s inference 

and its input membership functions conversion is shown in Fig. 4.12 (a). Fig. 4.12 (b) shows 

the output membership function with equal spaced singleton. These membership functions 

universes of discourse are designed with trial error approach using the MATLAB/Simulink 

Fuzzy logic Toolbox. The rules base of conventional FLC is given in Table 4.5. The control 

surface of conventional FLC is shown in Fig. 4.13 (a). The reduced rule base of SIFLC is 

given in Table 4.6. Fig. 4.13 (b) shows the resulting piece wise linear control surface. Note 

that the Piece wise linear function is designed to have 0.6969 slope throughout the universe 

of discourse. 

 

Fig. 4.12:  Membership functions (a) error and change of error for inputs and (b) output. 
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Table 4.5: Rule Table with Teoplitz structure for dc voltage regulation (conventional FLC rule 
base) 

e/e. PL  PM  PS ZE NS  NM NL 

NS 0 -33 -66 -100 -100 -100 -100 

NM 33 0 -33 -66 -100 -100 -100 

NL 66 33 0 -33 -66 -100 -100 

ZE 100 66 33 0 -33 -66 -100 

PS 100 100 66 33 0 -33 66 

PM 100 100 100 66 33 0 -33 

PL 100 100 100 100 66 33 0 

 

Table 4.6: Reduced SIFLC rule table 

ds1 -70 -46.6 -23.3 0 23.3 46.6 70 

uSIFLC -99 -66 -33 0 33 66 99 

 

 

Fig. 4.13: (a) Conventional FLC Control surface. (b) Equivalent PWL (SIFLC) control surface 

corresponding to MFs in Fig. 4.12 

Initially, the nonlinear load consist of the diode rectifier with RL load on dc side is connected 

to the source.  This nonlinear load induce high amount of harmonics in the source.   



 

102 

 

 

(a) Simulated current waveforms 

 

(b) DC side capacitors voltages. 

  

(c) Source current before compensation (d) Source current after compensation. 

Fig. 4.14: Performance of APF for an RL load on the dc side of an uncontrolled rectifier using 
anti-Hebbian algorithm based on TLS integrated with PI controller. 
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(a) simulated current waveform 

 

(b) DC side capacitor voltages. 

  

(c) Source current before compensation. (d) Source current after compensation. 

Fig. 4.15: Performance of APF for an RL load on the dc side of an uncontrolled rectifier using 
anti-Hebbian algorithm based on TLS integrated with SIFLC controller. 
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The active power filter is connected at point of common coupling to compensate the 

harmonics and reactive power requirement of six pulse uncontrolled rectifier. Fig. 4.14 (a)-(d) 

shows the simulated response of source current, compensating current, dc side capacitor 

voltages (Va1 to Va2), harmonic spectra of load and respectively with source currents PI 

controller, while Fig. 4.15 (a)-(d) shows the simulated response of source currents, 

compensating current, dc side capacitor voltages (Va1 to Va2), harmonic spectra of load and 

source currents respectively with SIFLC for phase-a. At instant t=0.15s, when APF is 

switched-on the source current tend to sinusoidal from non-sinusoidal waveform in both the 

cases as shown Fig. 4.14 (a) and Fig. 4.15 (a). The THD of the load current is 27.12%, but 

the source current THD is reduced to 2.15% and 2.00% with PI and SIFLC controllers 

respectively. The initial rise of peak value of the source current is 90.92A in case of PI 

controller and 85.26A in case of SIFLC controller respectively. At instant APF is switched-on 

at t=0.15s, dc side capacitors voltages increases gradually in both cases. 

However, the settling time required for dc voltage to attain reference level is 0.05s in 

case of PI and in case of SIFLC settling time required is 0.005s as seen in Fig. 4.14 (b) and 

Fig. 4.15 (b). However, the source current stabilizes almost taking two cycles in case of PI 

controller whereas in case of SIFLC source current stabilize within one cycle. When load 

current is changes at t=0.3s, the dc side capacitors voltage changes from its reference level 

to compensate the increase in load current. This causes drop in capacitor voltage which is 

restored in 0.05s and 0.005s with PI and SIFLC respectively. This shows that the transient 

performance of the active power filter with SIFLC better than that of the PI controller. 

4.6 Experimental validation  

To validate the simulated response of the active power filter with PI controller and 

SIFLC, a scaled down prototype of active power filter is developed. The voltage and current 

signals are measured using LEM voltage and current sensors. The measured voltage and 

current signal conditioned before being fed to DSPACE 1104 digital controller. The dc power 

supply for the drivers of IGBTs are obtained using dc-dc converter.  The nonlinear load is 

realized using power diode and RL load on dc side. The uncontrolled diode rectifier with RL-

load on dc side and active power filter is connected at PCC. Fig. 4.16 shows the load 

currents waveform and corresponding THD spectrum. Initially, uncontrolled rectifier injects 

harmonics and reactive power in the source and the total harmonic distortion is found to be 

24.4%.  The down scaled prototype of the active power filter has been is tested for harmonic 

elimination and reactive power compensation with PI controller and SIFLC controllers and 

the experimental waveforms under steady state condition are shown in Fig. 4.17. The source 

voltage source current, load current and compensating current for phase-a with PI and 

SIFLC is shown in Fig. 4.17 (a) and Fig. 4.17 (b) respectively. These figures and all the 
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subsequent figures showing similar experimental results, the different waveforms are 

recognised as: 

Channel–1: source voltage (X-axis: 10 ms/div., Y-axis: 100 V/div.), 

Channel–2: source current after compensation (X-axis: 10 ms/div., Y-axis: 5 A/div.), 

Channel–3: load current (X-axis: 10 ms/div., Y-axis: 5 A/div.), 

Channel–4: compensating current injected by the active power filter (X-axis: 10ms/div., 

Y axis: 5 A/div.). 

 

  
(a) (b) 

Fig. 4.16: (a) Three phase load current (b) load current THD spectrum for phase-a.   

 
  

(a) (b) 

  

(c) (d) 

Fig. 4.17: Experimental results of 3P3W APF for an RL-load on the dc side of a phase-

uncontrolled rectifier with PI controller and SIFLC.  
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The THD spectrum of load current after compensation with PI controller and SIFLC controller 

are shown in Fig. 4.17 (c) and (d) respectively.  From these figures it is observed that after 

compensation with active power filter, the load current %THD 24.4%, while source current 

%THD is reduced to 3.2% and 3.1% with PI controller and SIFLC controller respectively. The 

power factor becomes unity in both the cases. However, the steady state performance of 

active power filter with PI controller and SIFLC are identical. The source currents THDs after 

compensation with active power filter are well within the limits imposed by IEEE–519–1992 

standard.   

4.6.1.1 Transient Performance of active power filter 

The transient performances of the active power filter with uncontrolled rectifier with RL-

load on dc side are shown in Fig. 4.18. Fig. 4.18 (a) shows the experimental results of source 

voltage, source current after compensation, load current and compensating currents for 

phase-a with PI controller and SIFLC with increase in the load current, while Fig. 4.18 (b) 

show these experimental results with rejection in load current. 

  
(a.1) PI controller   (a.2) SIFLC controller 

(a) with increase in load current 

  

(b.1) PI controller  (b.2) SIFLC controller 

(b) with rejection in load current 

Fig. 4.18: Load perturbation response of active power filter for six pulse diode rectifier RL-

load on the dc side with PI controller and SIFLC controller.   
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In Fig. 4.18 (a), the load current rms value has been increased from 1.5A to 3.2A and 

the corresponding change in the source current are from 1.5A to 5.2 A with PI controller and 

1.5 to 5 A with SIFLC controller respectively. It is also observed that the change in source 

current is very high in case of PI controller than SIFLC controller. The source current is 

achieved steady state almost taking 4-5 cycles in case of PI controller, whereas in case of 

SIFLC, source current reach steady within 1-2 cycles. Thus, the dynamic response of the 

SIFLC is better than the PI controller for an increased load condition. 

As seen in Fig. 4.18 (b), the load current rms value has been decreased from 3.2A to 

1.5A and the corresponding change in the source current are from 3.2 to 1.7 A with PI 

controller and 3.2 to 1.5 A with SIFLC respectively for two cycles of waveform. In this case 

also the observed change in source current is very high in case of PI controller than SIFLC 

controller. The dynamics response is fast in case of SIFLC than PI controller for a decreased 

load condition. 

4.7 DC capacitors voltage regulation  

The steady-state performance of active power filter dc side capacitor voltages of H-

bridge cells for PI controller and SIFLC controller are shown in Fig. 4.19. The scales of these 

waveforms are: X-axis: 10 ms/div., Y-axis: 13 V/div.  

As seen from Fig. 4.19 (a) with PI controller, large ripple content in the dc side 

capacitors voltages is observed. The maximum peak-to-peak ripple in the individual voltages 

of the dc side capacitors is around 0.8 V which affects the performance of the APF. However, 

the dc side capacitor voltages of H-bridge cell is regulated at their set reference value of 60 V 

and almost balanced, But, from Fig. 4.19 (b) it is observed that the in case of SIFLC 

controller, The maximum peak-to-peak ripple in the individual voltages of the dc side 

capacitors is around 0.3V which is better than the PI controller.  The dc side capacitor 

voltages of H-bridge cell are well regulated at their set reference value of 100 V and dc side 

capacitor voltages are almost balanced. 

  
(a) dc side capacitor voltages (va1, va2 and 

vb1)  
(b) dc side capacitor voltages (va1, va2 and 

vb1) 

Fig. 4.19: Experimental results of capacitor voltages of the H-bridge cells for a five-level CHB 
MLI based active power filter. 
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4.7.1.1 DC voltage regulation during Transient Conditions 

The transient performance of dc side capacitor voltages of active power filter with PI 

and SIFLC are also studied for increase and reduction of load current. 

(a) with increase in load current 

Fig. 4.20 shows the experimental results of dc capacitor voltages with PI and SIFLC 

controller for increase in the load current. Fig. 4.20 (a) shows the dc side capacitor voltages 

va1, va2 and vb2 (X-axis: 25 ms/div. and Y-axis: 13 V/div.) with PI controller whereas Fig. 4.20 

(b) shows these dc side capacitor voltages waveform with SIFLC controller. 

  

(a) Capacitor voltages (va1, va2 and vb1) with PI 
controller. 

(b) Capacitor voltages (va1 va2and vb1) with 
SIFLC controller. 

Fig. 4.20: Experimental results of capacitor voltages with increase in load current. 

In both cases, at the instant when load current increases, the dc capacitor voltage 

drops from its set reference value to compensate increased the load current. This drop is due 

to release of the stored energy of the capacitors to compensate the increase load demand 

and restored in 2-3 cycles in case of PI controller. But with SIFLC, the drops in capacitor 

voltages are restored in 1-2 cycles. Thus, the   dynamics response of the SIFLC is better 

than PI controller.  

(b) with step reduction in load current 

The experimental results of dc capacitor voltages with PI and SIFLC for reduction in the 

load current are shown in Fig. 4.21.    

  
(a) Capacitor voltages (va1, va2 and vb1) with PI 

controller. 
(b) Capacitor voltages (va1, va2 and vb1) with 

SIFLC controller. 

Fig. 4.21: Experimental results of capacitor voltages (va1, va2 and vb1) of the H-bridge cell of 
phase–a with decrease in load current. 
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Fig. 4.21 (a) shows the dc side capacitor voltages va1 va2 and vb2 (X-axis: 25 ms/div. 

and Y-axis: 13 V/div.) with PI controller technique while Fig. 4.21 (b) shows these capacitor 

voltages with SIFLC controller. 

In both these cases, at the instant when load current decreases, the dc capacitor 

voltage increases from its set reference level to balance reduction in the load current 

demand. This increase in capacitor voltages are restored in 4–5 cycles with PI controller.  On 

the other hand, with SIFLC, this is achieved in 3-4 cycles.  Hence, dynamic performance of 

the SIFLC controller is better than PI controller in load rejection condition also. The 

experimentally obtained line to line voltage and line to neutral voltages are shown in Fig. 

4.22. 

 

  

(a) (b) 

Fig. 4.22: voltage waveforms: (a) line to line voltage (b) line neutral voltage. 

4.7.2 Comparison with Simulation Results 

In the simulation studies presented in section 4.5, a 3P3W CHBMLI based APF is 

carried out at 11 kV. However, due to the constraints involved in the development of 

prototype, the experimentation is conducted at a reduced line voltage of 100 V. As the 

experimentation is carried out at reduced system parameters, for validating the experimental 

results, the simulation studies is also carried out with reduced system parameters. The 

parameters used in the actual simulation and downscaled simulation studies are given in 

Table 3.2. The downscaled simulation parameters are kept as same as possible to the 

experimental parameters given in Table 3.2 

The simulation results with a uncontrolled rectifier with a RL load on the dc side has 

been considered as a nonlinear load and the simulation studies are shown in Fig. 4.23 and 

Fig. 4.24 for PI and SIFLC controller respectively integrated with anti-Hebbian based on TLS 

algorithm. Fig. 4.23 (a)-(d) shows the simulated waveforms, dc side capacitors voltages of 

the APF (va1 and va2), THD spectra of load and source currents respectively with PI, while 

Fig. 4.24 (a)-(d) shows these results for SIFLC integrated with anti-Hebbian based on TLS 
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algorithm. In Fig. 4.23 (a) and Fig. 4.24 (a), the channels shown are as follows (from top to 

bottom): channel-1: phase-a source voltage (vSa), channel-2: phase-a source current (iSa), 

channel-3: phase-a load current (iLa) and channel-4: phase-a current injected by APF (iCa). As 

can be seen from both these figures, the simulation results are almost identical with 

experimental results for both controller integrated with anti-Hebbian algorithm based on TLS 

algorithm. 

Table 4.7: The parameters used in the simulation studies. 

Parameters For the actual  APF For the downscaled APF 

AC line 

parameters 

Three-phase, three-wire, 11 kV, 50 

Hz 

Three-phase, three-wire, 100 V, 50 

Hz 

DC bus voltage 

of APF 

8000 V (for each capacitor in the 

H-bridge cell) 

60 V (for each capacitor in the H-

bridge cell) 

DC bus 

capacitance of 

APF 

58μF (for each capacitor in the H-

bridge cell) 

1800 μF (for each capacitor in the 

H-bridge cell) 

APF interfacing Lc = 19 mH Lc = 2.4 mH 

Commutation 

inductance 
Lf  = 2 mH Lf  = 1 mH 

PWM switching 

frequency 
1 kHz 1 kHz 

PI controller 

parameters 

Kp = 1.3, Ki = 0.8 

 

Kp = 0.8, Ki = 1.9 

 

Load 
Three-phase uncontrolled rectifier 

with RL load 

Three-phase uncontrolled rectifier 

with RL load 

 

Sampling time Ts = 10 µs. Ts = 50 µs. 

However, in simulations results, the source current THDs are nearly 5% with both 

controller, and these values are almost identical with experimental values. The sampling time 

of the experimental study is larger than the sampling time of actual simulation study. This is 

due to the fact that, for implementation of control algorithm in dSPACE requires a minimum 

sampling time. This ensures the effectiveness of control scheme integrated with P/SIFLC 

controller with larger sampling time gives same results as that of the simulation study.  

The comparison of experimental and simulation results with non-linear load is given in 

Table 4.8 for anti-Hebbian algorithm based on TLS integrated with PI and SIFLC controllers.  
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(a) 

 
(b) 

  
(c) (d) 

Fig. 4.23: Performance of APF with scaled down simulation studies for a RL element at its dc 
side of an uncontrolled rectifier with PI controller  
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(a) 

 
(b) 

  
(c) (d) 

Fig. 4.24: Performance of APF with scaled down simulation studies for a RL load on dc side 
of an uncontrolled rectifier with SIFLC controller. 
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Table 4.8: Comparison of experimental and simulation results with different controller with 

anti-Hebbian based on TLS control algorithm. 

Parameter 
PI controller  SIFLC controller 

Exp. Simulation Exp. Simulation 

Load current (A, 
rms) 

3.3 3.43 3.1 3.09 

% THD of load 
current 

24.7 24.12 24.7 24.12 

Source current (A, 
rms) 

3.2 3.16 3.1 3.12 

% THD of source 
current 

3.9 4.78 3.9 4.91 

Maximum peak-to-
peak ripple in dc 
voltages of H-
bridge cells (V) 

0.8 0.9 0.3 0.5 

% fall of voltage 
during load change  

(%Vdcref) 

2.49 2.89 2.22 2.21 

 

As can be seen from this table the downscaled simulation results are in good 

agreement with the experimental results. However, simulation and experimental results 

shows that the anti-Hebbian algorithm based on TLS works effectively with SIFLC controller. 

4.8 Conclusion 

The dspace implementation of the single fuzzy logic controller for voltage regulation of 

the CHBMLI based active power filter is described in the present chapter. The single input 

fuzzy logic controller is derived from the conventional FLC using concept of the signed 

distance. The single input fuzzy logic controller reduces the 3-D control surface to piece wise 

linear control surface. The single input fuzzy logic controller with PWL simplifies the 

implementation procedure and reduces the complexity such as fuzzification, rule inference 

and defuzzification.   

The compensation performance of the CHBMLI based active power filter is observed 

with PI controller and SIFLC in steady state and transient conditions. Based on simulated 

responses, it can be concluded that the SIFLC based active power filter performs 

satisfactorily for compensation of harmonics current and reactive power requirement of the 

nonlinear load. After providing the compensation by active power filter, input supply current 

tend to sinusoidal and in phase with respective phase voltages. Also, compensation process 

reduces the supply current THD well below 5%. However, steady state performance of the PI 

controller integrated with anti-Hebbian based on TLS algorithm are comparable with results 

obtained with SIFLC integrated with anti-Hebbian based on TLS.  
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Dynamic response of the SIFLC controller integrated with anti-Hebbian based on TLS 

is also explained in detailed simulation studies and found better as compared PI controller 

control scheme, in terms of settling time and % fall/rise in dc side capacitors voltages. The 

simulated response shows that the large deviation of the dc side capacitors voltage with 

longer settling time using PI controller, whereas good compensation, less voltage deviation 

of dc side capacitors voltages with faster settling time from SIFLC controller. Based on 

simulation study, it can observe that the SIFLC has a better transient response over PI 

controller. The SIFLC gives fast response and virtually no overshoot. The SIFLC controller 

integrated with anti-Hebbian based on TLS algorithm provides improved performance in 

terms of overshoot limitation and sensitivity to parameter variation. 

The proposed controller with anti-Hebbian algorithm based on TLS validated 

experimentally for CHBMLI based 3P3W active power filter using dspace controller. Based 

on simulation and experimental results it is found that the compensation process is fast, easy 

to realize and found effective to meet IEEE-519 standard recommendations on harmonics 

levels in nonlinear load conditions using anti-Hebbian based on TLS integrated with SIFLC.  

The simulated and experimental result indicates the efficacy and accuracy of the anti-

Hebbian algorithm integrated with SIFLC controller. 
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CHAPTER 5: THREE PHASE FOUR WIRE REDUCED RATINGACTIVE POWER 
FILTER 

In previous chapter 4, the performance of the five levels CHBMLI based active power 

filter is discussed. However, most of the distribution systems are 3P4W and active power 

filter proposed in chapter 4 may not viable such system, due to large size of active power 

filter. However, the active power filter size can be reduced by adding neutral compensator  A 

3P4W active power filter consists of three phase three wire five level CHBMLI active power 

filter (3P3W APF), zero sequence transformer and single phase active power filter is 

proposed to reduce rating of 3P4W APF.  The reference current for tracking desired source 

current is using anti-Hebbian rule algorithm based on TLS integrated with single input fuzzy 

logic controller. The 3P3W APF compensates the current harmonics and reactive power 

requirement of the nonlinear load. The zero sequence transformer and the single phase APF 

(1P APF) are used to mitigate the neutral current. This proposed hybrid scheme significantly 

(3P4W-APF) reduces the volt-ampere rating of the APF and improves the performance under 

different utility voltage conditions.  The simulation of the proposed 3P4W APF is carried out 

for different voltage conditions. Further, the MATLAB simulated response of 3P4W APF has 

been validated on prototype of the 3P4W-APF. The experimental result obtained from the 

prototype verifies effectiveness and viability of the 3P4W APF with proposed control scheme. 

5.1 Introduction 

In previous chapter, effort has been made to compensate customer generated current 

harmonics and reactive power requirement of the nonlinear load using anti-Hebbian 

algorithm integrated with single input fuzzy logic controller (SIFLC) for three phase three wire 

system. However, three phase four wire electrical distribution system are extensively used by 

small and medium scale power consumers such as domestic, commercial establishment, 

government organization and small scale industries etc. for supplying low voltage.  In these 

locations, most of the loads have nonlinear input characteristics, which create the power 

quality problems such as current harmonics, reactive power and excessive neutral current. 

This adversely affects the other equipment performance connected to distribution system. 

The effect of power quality includes increase of distribution power system losses, malfunction 

of protection equipment, series/parallel resonance and overheating of transformer [12] etc. 

Recently, many numbers of topologies have been reported in the literature to solve the 

power quality problem in three phase four wire distribution system. Three single phase active 

power filter bridges can reduce utility current harmonics and neutral current [14]. However, 

this topology requires more number of switches and complex to control the dc side 

capacitors voltages. The split capacitor and four pole active power filter topologies can 
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mitigate neutral current and the problem of current harmonics. However, these schemes 

were complicated in control and require large volt-ampere rating inverter [90].  

In recent year, different transformer based topologies such as zigzag, star-delta; T-

connected, Scott-connected and star/hexagon-connected have also been used to attenuate 

the neutral current on the utility sides due to the advantages of low cost, high reliability and 

simplified circuit connection. Among these topologies, zigzag transformer based approach is 

most commonly used and it requires least Volt-Ampere rating inverter. However, these 

configurations can attenuate the source neural current to a maximum extent but it will not be 

able to completely attenuate the same [207]. Further, their effectiveness of neutral current 

attenuation is dependent on unknown system impedance, installation location and utility 

voltage conditions [45, 50-57]. To overcome this problem, a reduced rating  hybrid active 

power filter comprises of a zigzag-delta transformer, a 3P3W active power filter (APF) and a 

single-phase neutral compensator has been presented for the compensation of source 

neutral current and phase current harmonics, however, in this topology power factor and 

displacement factor deviates from unity [47, 48]. Also, the source phase fundamental 

currents were not made balanced. Other hybrid topologies consisting of a transformers and a 

single-phase neutral current compensator for neutral current attenuation have been 

proposed in the literature [49, 50, 54 203]. However, these schemes suffer from source 

phase current harmonics and unbalance. To alleviate the above limitations, in this paper a 

reduced rating 3P4W APF has been proposed. The proposed topology comprises of three 

phase three wire APF, zero sequence transformer and single phase APF.  

In order to study the performance of the 3P4W APF computer simulation has been made 

under ideal, unbalanced, distorted and single phase load using MATLAB/Simulink® software. 

From the simulated response it is observed that the proposed topology with proposed control 

schemes can compensates the current harmonics and neutral current. In order to validate 

the simulation result, a downscaled prototype of 3P4W APF has been designed, fabricated 

and tested to verify the viability and effectiveness of the proposed control strategy. 

5.2 Reduced rating 3P4W active power filter 

Fig. 5.1 shows the arrangement of the 3P4W APF. A 3P3W APF is connected to point of 

common coupling for compensating positive and negative sequence component of 

harmonics requirement of nonlinear load is Fig. 5.2. The 3P3W APF draw or supply real 

power to keep dc side capacitor voltage constant. A zero transformer connected parallel to 

nonlinear load and single phase APF (here after it is referred as single phase neutral line 

compensator) is connected in series with the utility neutral conductor as shown in Fig. 5.3 . 

The advantage of connecting neutral line compensator  in series is that, it considerably 

reduces the volt-ampere rating of the inverter due to the fact that only the non-zero sequence 
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current component of the neutral current will flow through neutral line compensator inverter, 

while zero sequence component of the current flows through zero sequence transformers.  
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Fig. 5.1: Configuration of the three phase four wire active power filter (3P4W APF). 
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Fig. 5.2: Five level CHBMLI based APF. 
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The bypass switch (S) is placed in parallel with neutral line compensator and operates 

in case of faulty condition. The neutral line compensator injects the desired compensating 

current to attenuate the utility neutral line current and increase the effectiveness of neutral 

current circulation via zero sequence transformers to the load. The dc side capacitor voltage 

of the neutral line compensator is maintained using auxiliary low voltage regulated power 

supply. 

Vdc

S1

S2

S3

S4

Lf

 

Fig. 5.3 . Single phase active power filter 

5.3 Reference current generation for 3P3W APF 

The reference control scheme is discussed in chapter 3 section 3.3 used in this chapter for 

controlling 3P3W active power filter.  The block diagram of the reference current generation 

is shown in Fig. 5.4 using anti-Hebbian based on TLS control scheme integrated with single 

input fuzzy logic controller. The detail discussion of the single input fuzzy logic controller is 

presented in chapter 4 and as shown Fig. 5.5.   
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Fig. 5.4: Reference current generation for phase-a using anti-Hebbian learning rule. 
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Fig. 5.5: dc voltage regulation using SIFLC controller for phase-a. 

5.3.1 Neutral current attenuation under unbalanced/distorted voltage condition 

The single phase neutral line current compensator is connected in series with three phase 

four wire distribution system neutral. It can be seen from Fig. 5.1, the utility neutral conductor 

and load neutral conductor is connected through single phase neutral line compensator. The 

zero sequence equivalent circuit of three phase four wire distribution system is shown in Fig. 

5.6.  The single phase neutral line compensator is supplied with regulated power supply to 

overcome the switching losses. 

The single phase active power filter is controlled with pulse width modulation and its output 

voltage is represented as 

 c pwm mv g v t           (5.1) 

Where pwmg the gain of the single phase active power is filter, and  mv t  is the modulation 

signal. The gain of the single phase APF can be denoted as 

dc
pwm

tri

V
g

V
            (5.2) 

Where dcV is the dc side capacitor voltage and triV  is the amplitude of the triangular 

carrier signal. From the (19) it can be concluding that single phase APF is dependent voltage 

source. Hence, the single phase neutral compensator has to compensate the zero sequence 

components, it cannot respond to the positive and negative sequence components. The zero 

sequence equivalent circuit of the three phase four wire utility is shown in Fig.2. The 

quantities are shown in figure as follows: snZ  −source neutral impedance; spZ − phase 

impedance; stZ −impedance of the zero sequence transformer; cv is the dependent voltage 

source of the single phase active power filter.  The zero sequence equivalent circuit is power 

by two zero sequence sources 0sV  and 0LI  . Where 0sV is zero sequence source voltage 

generated due to the unbalanced utility voltages.  Let sanV , sbnV   and scnV   be the three-phase 

unbalanced and/or distorted source voltages and LaI , LbI  and LcI   be the three-phase load 
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phase currents. The zero-sequence source voltage ( 0sV ) and zero-sequence load current 

( 0Li  ) are given as: 

 0

1

3
s san sbn scnV V V V           (5.3) 

 0

1

3
s La Lb LcI i i i           (5.4) 

The utility zero sequence current can be computed by applying superposition theorem  

   0 0 0

1st
s L s

sp sn st sp sn st

Z
I I V

Z Z Z Z Z Z
 

   
    (5.5) 

The utility neutral current can represented as 

3sn soI I           (5.6) 

 The first term of (4.5) indicates that the magnitude of the utility side neutral current 

caused by 0LI  will be reduced after applying the zero sequence transformers.  If snZ  is 

decreased or increased, utility neutral current further attenuated. The second term of (4.6) 

shows that due to the presence of zero-sequence supply voltage, the zero sequence 

transformer provides a path for the zero-sequence current flowing between the utility and the 

zero sequence transformer. However, the impedance of the utility system, the zero sequence 

transformer and the neutral conductor are very small in most of the distribution systems. This 

implies that a significant neutral current will be generated after applying the zero sequence 

transformers under the abnormal utility voltages. 

From the above analysis it can be observed that, the zero sequence transformer can 

attenuate the utility neutral current to a maximum extent but their attenuation characteristics 

are dependent on their installation locations, the impedances of the transformers and utility 

voltage conditions as it is evident from (4.6). To alleviate this problem, in the proposed work 

single phase neutral line current compensator is incorporated to improve the attenuation 

characteristics of zero sequence transformer.  The single phase neutral line current 

compensator is controlled by simply sensing the utility neutral current and comparing with 

zero value as shown in Fig. 5.7 The output of the single phase neutral line current 

compensator can be derived as 3c pwm Fv g g  Where gain factor due control scheme. 

Therefore, the zero sequence current of the utility considering the effect of the single phase 

neutral line current compensator can be re-written as follows 

   0 0 0

1

3 3
 

     

st
s L s

sp sn st pwm F sp sn st pwm F

Z
I I V

Z Z Z g g Z Z Z g g
   (5.7) 

From (5.7) it can conclude that the single phase active power filter act as a dynamic 

resister inserted in series with utility neutral. 



 

121 

 

 

Fig. 5.6: Zero-sequence equivalent circuit of the 3P4W distribution system. 

 

Fig. 5.7: Control block diagram for single phase active power filter. 

5.4 Simulation result 

The simulated response of 3P4W APF is obtained using MATLAB/Simulink power 

system tool box. The proposed topology and control method has been simulated under 

different utility voltage conditions. The simulated responses of 3P4W APF with different utility 

voltages is presented below. The parameter used for simulation study is given in Table 5.1. 

Table 5.1: The parameter used for simulation study 

Parameter Value 

AC line voltage Three-phase, three-wire, 440V, 50 Hz 

Source impedance Rs = 0.1 Ω, Ls = 0.1 mH 

DC bus reference voltage  350 V for each capacitor 

DC side capacitance 58 μF  

Interfacing  inductor of APF Lc  = 19 mH 

Commutation inductance Lac  = 2 mH 

PWM switching frequency 2 kHz 

Zero sequence transformer Two single phase transformer of rating 10kVA, 230/230V, 

Load 

Three-phase uncontrolled rectifier, Rdc = 20 Ω, Ldc =16 mH; 

Two single phase uncontrolled rectifier,  Rdc = 20 Ω, Ldc 

=16 mH; 



 

122 

 

5.4.1 Ideal utility voltage 

 

  

(g.1) phase-a load current THD spectra (h.1) phase-a source current THD spectra 

 
 

(g.2) phase-b load current THD spectra (h.2) phase-b source current THD spectra 

  

(g.3) phase-c load current THD spectra (h.3) phase-b source current THD spectra 

Fig. 5.8: Performances of 3P4W active power filter under balance utility voltage. 
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The simulated respose of 3P4W distribution system with  3P4W APF under ideal utility 

condition is shown in Fig. 5.8. The three phase four wire load consist of a three phase 

uncontrolled rectifeir and two single phase uncontrolled rectfier connected between the 

phase and neutral. The symbol used in various figures to represent the waveforms are as 

follow: source voltage–(Vsabc), source current–(Isabc), load current–(ILabc), source neutral 

current–(Isn), current circulation in zero sequence transformer–(ITabc) and capacitor dc  

voltage–(Vdc). In order to study the performance of the 3P4W active  power filter, the zero 

sequence transformer and 3P3W APF is connected at t=0.16 sec whereas the single phase 

APF is connected at t=0.24 sec. Before the operation of the active power filter the utility 

current is distorted, unbalanced and THDs for phase-a, phase-b and phase-c are found to be 

13.91%, 14.61% and 24.06% respectively as shown in Fig. 5.8 (g) . It can be seen from Fig. 

5.8 (b), when zero sequence transformer alone acting as neutral current compensator 

(switch closed (s)), it reduces the neutral current (Isn) from 50A to 20A. Therefore, zero 

sequence transformer reduce the source neutral current to maximum extent but not 

completely as evident from Fig 5(d). At this instant utility current is nearly sinusoidal as seen 

in Fig. 5.8 (b).  The source  current THDs are 5.4% 6.7% and 5.1% for phase-a, phase-b and 

phase-c respectively. This indicates that presence of zero sequnece current in utitlity neutral 

current detoriates the compensation performance of the 3P3W APF. 

However, When neutral compensator switched-on at t=0.24 sec, the source neutral line 

current almost disapear due to the compensating current injected neutral line current 

compensator. The source currents tend to sinusoidal  and balanced as shown in Fig. 5.8 (b). 

The compensated source current THDs are 1.78%, 1.79% and 1.80%  for phase-a, phase-b 

and phase-c respectively as shown in Fig. 5.8 (h). 

5.4.2 Unbalance utility voltage condition 

For ideal utility condition the amplitude of the voltage of each phase is same. However, the 

voltage unbalance may occur frequently in three phase four wire distribution system.  Due to 

the supply voltage unbalance the zero sequence voltage is produced, which results in 

circulation zero sequence current between the source neutral conductor and zero sequence 

transformer. Fig. 5.9 shows the simulated response of 3P4W APF with 10% voltage 

amplitude unbalance condition for the proposed system. 

To study the performance of the 3P4W active power filter, the zero sequence transformer 

and 3P3W APF is connected at t=0.16 sec whereas the single phase APF is connected at 

t=0.24 sec. As seen in Fig. 5.9(d), when zero sequence transformer alone act as source 

neutral compensator, the neutral current (Isn) on utility side increase from 30A to 50A. 
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(g.1) phase-a load current THD spectrum. (h.1) phase-a source current THD spectrum. 

  

(g.2) phase-b load current THD spectrum. (h.2) phase-b source current THD spectrum. 

 
 

(g.3) phase-c load current THD spectra. (h.3) phase-c source current THD spectrum. 

Fig. 5.9.  Performance of 3P4W APF under unbalance utility condition. 
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This large circulation of the zero sequence current is due to the presence of zero sequence 

voltage.  The source currents are also increased and unbalanced. The THDs of the source 

currents are 42.5%, 38.5% and 41.5% for phase-a, phase-b and phase-c respectively. This 

source current is not compensated by the 3P3W APF due to the saturation of the controller. 

When single phase neutral line current compensator switched-on at t=0.24 sec., the 

source neutral line current completely disappear as seen in Fig. 5.9(d). And the source 

current tends to a sinusoidal and it is evident from Fig. 5.9(b). The THDs of the source phase 

current after compensation are 2.31%, 2.50% and 2.41% for phase-a, phase-b and phase-c 

respectively as evident from Fig. 5.9 (h). 

5.4.3 Single phase load condition with ideal utility voltage 

The simulated response of the three phase four wire distribution system with 3P4W 

APF under single phase condition is shown in Fig. 5.10. Before active power filters 

compensation RMS value of the source currents are 25A, 0A and 0A as it is evident from Fig. 

5.10 (b). Then the source currents THD value are 26.6%, 0% and 0% for phase-a, phase-b 

and phase-c respectively as shown in Fig. 5.10 (g).    When only zero sequence transformer 

and 3P3W APF are acting as compensators, the source neutral current is reduced from 

25.0A to 10.5A and it is observed from Fig. 5.10 (d). The source current after compensation 

found to be unbalanced and THD values of source current for phase-a, phase-b and phase-c 

are 31.12%, 17.51% and 13.60% respectively. 

When single phase neutral compensator is switched-on at t=0.24 sec., the source 

neutral line current completely disappear and it is evident from Fig. 5.10 (d). The source 

phase currents tends to sinusoidal and balanced (10.1A, 10.8A and 10.8A for phase-a, 

phase-b and phase-c respectively). The THD values of source currents are reduced to 

4.57%, 4.37% and 4.56% for phase-a, phase-b and phase-c respectively as it can be 

observed from Fig. 5.10. The dc side capacitors voltage of the 3P3W APF is maintained at 

reference level as seen from Fig. 5.10 (f). 
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(g) phase-a load current THD spectrum. (h.2) phase-b load current THD spectrum. 

 
 

(h.1) phase-a load current THD spectrum. (h.3) phase-c load current THD spectrum. 

Fig. 5.10. Performance of 3P4WAPF under single phase load. 
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5.4.4 Distorted voltage conditions 

 

 
 

(g.1) phase-a load current THD spectrum. (h.1) phase-a source current THD spectrum. 

  

(g.2) phase-b load current THD spectrum. (h.2) phase-b source current THD spectrum. 

 
 

(g.3) phase-c load current THD spectrum. (h.3) phase-c source current THD spectrum. 

Fig. 5.11. Performance of 3P4W APF under distorted utility condition.  
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To verify the performance characteristics of the 3P4W APF under distorted utility 

voltage conditions, a 3% third order harmonic component is introduced in the utility voltages. 

Fig. 5.11 (a) shows the distorted voltage waveform under this condition. 

It can be seen from Fig. 5.11 (b) that, before  operation of 3P4W  APF the RMS values 

of three-phase source current are 60.65 A, 60.2 A and 40.12 A and their corresponding THD 

values are 15.04%, 15.02% and 24.06% respectively for  the three phases. At t = 0.15 sec 

when only zero sequence transformer and 3P3W APF are acting as compensators, the 

source neutral current is increased from 30.0 A  to 50.6 A, due to the presence of zero-

sequence voltage in the utility as shown in  Fig. 5.11 (d). The source currents after 

compensation are observed to be unbalanced and the THD values are 41.12%, 67.51% and 

63.60% for phase-a, phase-b and phase-c respectively. The increase of source current THDs 

is due to the circulation of large zero-sequence current between source neutral line and zero 

sequence transformer which is initiated by the zero-sequence voltage in the utility. This 

current is not compensated by the 3P3W APF due the saturation of controller.   

When neutral compensator is switched-on at t=0.24 sec., the source neutral current 

completely disappear as seen in Fig. 5.11 (d) and the source currents tend to sinusoidal and  

balanced (60.24A, 60.4A and 60.8A  for phase-a, phase-b and phase-c respectively) and are 

in synchronous with their respective voltage waveform. The THD values of source currents 

are reduced to 1.86%, 1.82% and 1.75% for phase-a, phase-b and phase-c respectively. 

After attenuation of neutral current with single phase neutral compensator, the current 

circulation in zero sequence transformer is also reduced as seen in Fig. 5.11 (e). 

5.4.5 Comparison of 3P4W APF configurations 

The Table 5.2 shows the advantages of the proposed 3P4W APF topology over the 

conventional schemes. The compensation characteristics of the schemes demonstrated in 

[13-15, 18] are dependents on the voltage conditions, installation location and impedance.  

But, with incorporation of the single-phase APF in series with utility neutral conductor, the 

compensation characteristics of the 3P4W APF is improved under various operating utility 

conditions (unbalance/distorted) and independent of utility voltage and impedance of the zero 

sequence transformer.  
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Table 5.2: Comparison of three-phase four-wire active power filters compensation 
characteristics. 

Characteristic 

Type of configuration 

Proposed3P4W-APF 

3P3W APF and zigzag 

transformer based solution 

[51]   

Three-phase, 

four-wire APF 

[80]  

Operation 

under various 

voltage  

conditions 

Improved 

Abnormal rise of line current 

and neutral current 

 

Degrades  

Installation 

location 
Not dependent Dependent Not dependent 

Impedance of 

transformer 
Not dependent Dependent Not dependent 

Inserted series 

reactor in utility 

neutral (Ls) 

Not required Required Not required 

5.5 Experimental validation 

In order to verify the simulated response of the three phase four wire active filter a 

down- scaled laboratory prototype has been developed. The laboratory prototype of 3P4W 

APF consisting of zero sequence transformers, 3P3W APF and a single phase active power 

filter is shown in Fig. 5.1. The power circuits of three phase three wire (3P3W) APF and 

single phase APF are realized using IGBTs. The zero sequence transformer is realized by 

using two single phase transformer of rating 2kVA, 230/230V. The DC link voltage of the 

single phase neutral current compensator is maintained at 50V using regulated power 

supply. 

5.5.1  Balance utility voltage  

The compensation performance under balance voltage condition with 3P4W APF kept-

on is shown Fig. 5.12. The source voltage, source current after compensation, load current 

and compensating currents for phase a, b and c in steady-state conditions are shown in Fig. 

5.12 (a)-(c), respectively.  
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(a) phase-a waveforms (b) phase-b waveforms (c) phase-c waveforms 

   

(d) Source neutral current 

before compensation  

(e) Source neutral current after 

compensation with transformer 

(f) Source neutral current after 

compensation with single 

phase neutral compensator  

   

(g) Phase-a load current 

harmonics spectra.  

(h) Phase-b load current 

harmonics spectra. 

(i) Phase-c load current 

harmonics spectra. 

  
 

(j) Phase-a source current 

harmonics spectra. 

(k) Phase-b source current 

harmonics spectra. 

(l) Phase-c source current 

harmonics spectra. 

Fig. 5.12. Experimental waveform of 3P4W APF for balance utility voltage. 
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In these Fig. 5.12 (a)-(c), The different channels of waveforms are recognised as; 

Channel-1: source voltage (X-Axis: 5 ms/div. and Y-Axis: 100 V/div.); Channel- 2: source 

current after compensation (X-Axis: 10 ms/div. and Y-Axis: 5 A/div.); Channel-3: load current 

(X-Axis: 10 ms/div. and Y-Axis: 5 A/div.) and channel-4: compensating current injected by the 

active power filter. The three-phase four wire load which is comprises of three phase 

uncontrolled rectifier and two single phase uncontrolled rectifier, the load currents in channle-

3 of Fig. 5.12 (a)-(c) are different shape. As seen from Fig. 5.12 (d) shows the source neutral 

line current before being compensated by neutral line current compensating circuit (X-Axis: 

25 ms/div. and Y-Axis: 5 A/div.). 

The source neutral line current after compensation with zero sequence transformer 

alone is shown in Fig. 5.12 (e) (X-Axis: 25 ms/div. and Y-Axis: 1 A/div.) As seen in Fig. 5.12 

(e), after applying zero sequence transformer, the source neutral line current is reduced to 

great extent but not completely eliminated. As can be seen, after applying single-phase 

neutral compensator the source neutral line current almost disappear. The source neutral 

line current when neutral compensator is connected as shown in Fig. 5.12 (f) (X-Axis: 25 

ms/div. and Y-Axis: 5 A/div.) it can be observed from Fig. 5.12, with the 3P4W APF the 

harmonics elimination reactive power compensation, load balancing, and neutral current 

compensation is realized. When neutral current compensator is switched-on, the source 

neutral line current almost disappear, the three phase source currents tends to sinusoidal 

and source supply balanced current. The experimental responses of 3P4W APF are almost 

identical to the simulated response.  

The THD spectra of load current for phases a, b and c are shown in Fig. 5.12 (g)–(i) 

respectively. Before compensation with 3P4W APF, the THDs of the load currents are 

13.2%, 21.7% and 27.3% respectively. The THD spectra of source current after 

compensation for phases a, b and c are shown in Fig. 5.12, (j)–(l) respectively. The THDs of 

the compensated source currents are 3.4%, 3.6% and 3.3% respectively, which are well 

within the limits imposed by IEEE–519–1992 standards.   

5.5.2 Unbalance utility voltage  

The proposed 3P4W APF has been tested for current harmonics elimination and source 

neutral current attenuation under unbalance utility voltage conditions is shown in Fig. 5.13.  

The source voltage, source current after compensation, load current and compensating 

currents for phase a, b and c in steady-state condition  are shown in Fig. 5.13 (a)-(c), 

respectively.  
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(a) phase-a waveforms (b) phase-b waveforms (c) phase-c waveforms 

  
 

(d) source neutral current before 

compensation 

(e) Source neutral current after 

compensation with transformer 

(f) Source neutral current after 

compensation with single 

phase neutral compensator 

   

(g) Phase-a load current 

harmonics spectrum. 

(h) Phase-b load current 

harmonics spectra. 

(i) Phase-b load current 

harmonics spectra. 

   

(j) Phase-a source current 

harmonics spectra. 

(k) Phase-b source current 

harmonics spectra. 

(l) Phase-c source current 

harmonics spectra. 

Fig. 5.13.  Experimental waveform of 3P4W APF for unbalance utility voltage. 
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In these Fig. 5.13(a)-(c), the different digital oscilloscope channels of waveforms are 

recognised as; channel-1: source voltage (X-Axis: 5 ms/div. and Y-Axis: 100 V/div.); channel- 

2: source current after compensation (X-Axis: 10 ms/div. and Y-Axis: 5 A/div.); channel-3: 

load current (X-Axis: 10 ms/div. and Y-Axis: 5 A/div.) and channel-4: compensating current 

injected by the active power filter. Three-phase four wire load which is composed of three 

phase rectifier and two single phase rectifier, the load currents in channel-3 of Fig. 5.13 (a)-

(c) are different shape. Fig. 5.13 (d) shows the source neutral current before compensation 

(X-Axis: 25 ms/div. and Y-Axis: 1 A/div.). The source neutral line current after applying zero 

sequence transformer with bypass switch (S) closed is shown in Fig. 5.13 (e) (X-Axis: 25 

ms/div. and Y-Axis: 5 A/div.). As seen Fig. 5.13 (e), after applying zero sequence 

transformer, the neutral line current has increased on the source side. 

The increase in the source neutral line current is due to the existence of 3rd harmonics in 

utility voltage. However, after applying neutral current compensator (single phase APF), the 

source neutral line current almost disappears. The source neutral line current after being 

compensated by single phase neutral current compensator as shown in Fig. 5.13 (f) (X-Axis: 

25 ms/div. and Y-Axis: 5 A/div.). 

 The THD spectra of source current before compensation with 3P4W APF for phases a, b 

and c are shown in Fig. 5.13 (g)–(i) respectively. Before compensation, the THD in the 

source currents in phases a, b and c is found to be 13.9%, 18.8% and 28.9% respectively. 

The THD spectra of source current after compensation with 3P4W APF for phases a, b and c 

are shown in Fig. 5.13 (j)–(l) respectively. The THDs of the compensated source currents are 

reduced to 5.0%, 4.3% and 3.4% respectively. Thus, the proposed active power filter with 

anti-Hebbian algorithm based on total least square integrated with single input fuzzy logic 

controller gives satisfactory under unbalanced condition.   

5.5.3 Transients performance of the 3P4W APF 

The transient performance of the 3P4W APF is shown in Fig. 5.14. Initially, zero 

sequence transformer alone operating as compensator, the 3P3W APF and single phase 

APF are from turning off to turning on. As evident from Fig. 5.14 (a)-(b), before compensation 

with 3P3W and single phase neutral compensator the source current is distorted. After 

compensation with 3P3W APF and single phase neutral compensator, source current tend to 

sinusoidal. It can be observed that the proposed 3P4W APF has good transient response for 

this condition Fig. 5.14 (e) shows experimental result for the conditions of 3P3W APF alone 

acting as current harmonic compensator and zero sequence transformer is from switched off 

to switched-on (the scale of channel-4: X-Axis: 25 ms/div. and Y-Axis: 5 A/div.). 
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(a) phase-a waveforms (b) phase-b waveforms (c) phase-c waveforms 

 
 

(e) Transient performance of 3P4W APF with  

Transformer acting as neutral compensator. 

(f) Transient performance of 3P4W APF with  

Transformer and single phase neutral 

compensator acting as compensator 

Fig. 5.14: Experimental waveform under transient condition. 

The source current is distorted and contains zero sequence current. Further, as can be seen 

that the zero sequence current still exists in the source neutral line. Fig. 5.14 (f) shows 

experimental results for the condition of 3P3W APF and zero sequence transformers acting 

as compensator, while single phase APF is from switched-off to switched-on. As seen in Fig. 

5.14 (f), the single phase neutral current completely attenuate neutral current and source 

current tend to sinusoidal. These experimental results show that the proposed filter has good 

transient response.  

5.6 Comparison with Simulation Results 

In the simulated response presented in section 5.4 , the 3P4W active power filter is 

tested at 400 V. However, due to the limitation involved in the development of prototype, the 

experimental studies are conducted at a reduced line voltage of 100 V. As the experimental 

studies are conducted at reduced system parameters, in order to validate the experimental 

results, the simulation is also carried out with reduced system parameters. The parameters 

used in the actual simulation and downscaled simulation studies are also given in Table 5.3. 



 

135 

 

The downscaled simulation parameters are kept as same as possible to the experimental 

parameters as given in Table 5.3. 

The simulated waveforms, load and source current harmonic spectra with nonlinear 

load composed of single-phase and three-phase uncontrolled rectifier with RL load under 

unbalanced/distorted utility voltage conditions are shown in Fig. 5.15 (a)-(h). As can be seen 

from Fig. 5.15, the simulated responses are almost identical with experimental results. 

Furthermore, in simulations results, the THDs in source current are reduced below 5%, but 

their values are slightly higher than their corresponding experimental values. These 

increases in %THD of source currents is due to the large value of sampling time for the 

simulation.  

Table 5.3: The parameters used in the downscaled simulation studies. 

Parameters Actual 3P4W  APF Downscaled 3P4W APF 

AC line 
parameters 

Three-phase, four-wire, 400 V, 50 
Hz 

Three-phase, three-wire, 100 V, 50 
Hz 

DC bus voltage 
of APF 

350 V (for each capacitor in the H-
bridge cell) 

80 V (for each capacitor in the H-
bridge cell)  

DC bus voltage 
of single-phase 
APF 

50 V 50 V 

DC bus 
capacitance of 
APF 

58 μF (for each capacitor in the H-
bridge cell) 

1800 μF, 80 V (for each capacitor 
in the H-bridge cell) 

APF interfacing 
inductor 

Lc = 19 mH Lc = 2.4 mH 

Commutation 
inductance 

Lac  = 1 mH Lac  = 1 mH 

Single-phase 
APF output 
inductor 

Lf  = 1.2 mH Lf  = 0.8mH 

PWM switching 
frequency 

2 kHz  2 kHz  

PWM switching 
frequency for 
single-phase 
APF 

1 kHz 1 kHz 

Two single phase 
Transformers 

10KVA, 230/230V; 2KVA, 230/230V; 

Load 

Three-phase uncontrolled rectifier 
with RL load; 

Two single uncontrolled rectifier 
with RL load 

Three-phase uncontrolled rectifier 
with RL load 

Two single phase uncontrolled 
rectifier with RL load 

Sampling time Ts = 10e–6 sec. Ts = 40e–6 sec. 
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(g.1) phase-a load current THD spectrum. (h.1) phase-a source current THD spectrum. 

  

(g.2) phase-b load current THD spectrum. (h.2) phase-b source current THD spectrum. 

 
 

(g.3) phase-c load current THD spectrum. (h.3) phase-c source current THD spectrum. 
Fig. 5.15: The performance of 3P4W APF with downscaled simulation parameter under 

unbalanced/distorted utility voltage conditions. 
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Table 5.4: Comparison of experimental and downscaled simulation results under normal 

utility voltage conditions with 3P4W APF 

Parameters 

Experimentation Simulation 

phase
-a 

phase-b phase-c phase-a phase-b phase-c 

Load current  (A, rms) 2.6 3.8 1.5 2.711 4.128 1.433 

Source current (A, rms) 3 3 3 2.601 2.642 2.595 

%THD of load current 13.2% 21.7% 27.3% 17.08% 22.27% 29.61% 

%THD of source current 
after compensation 

3.4% 3.6% 3.3% 2.84% 3.74% 3.79% 

Load neutral current (A, 
rms) 

3.5 A 3.6 A 

Peak value of source 
neutral current when 
switch S is closed (A) 

1.6 A 1.5 A 

Source neutral current 
when switch S is open 
(rms, A) 

0.2 A 0.214 A 

Table 5.5: Comparison of experimental and downloaded simulation results under 

unbalanced/distorted utility voltage conditions 3P4W APF. 

Parameters 
Experimentation Simulation 

phase-a phase-b phase-c phase-a phase-b phase-c 

Load current  (A, 
rms) 

3.2 4.6 1.8 3.145 4.723 1.831 

Source current (A, 
rms) 

3.5 3.4 3.5 3.621 3.414 3.569 

%THD of load 
current 

13.9% 18.8% 28.9% 18.93% 15.93% 26.91% 

%THD of source 
current after 

compensation 
5.7% 4.3% 3.4% 2.83% 3.40% 2.74% 

Load neutral current 
(A, peak) 

3.6 A 3.65 A 

Peak value of source 
neutral current when 
switch S is closed (A) 

5A 6 A 

Source neutral 
current when switch 
S is open (rms, A) 

0.12 A 0.24 A 
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The comparison of experimental and simulation results under normal and 

unbalanced/distorted utility voltage condition are given in Table 5.4 and Table 5.5 

respectively. As can be seen from Table 5.4 and Table 5.5 the simulation results are almost 

identical with the experimental results. The increase in %THD of source currents is due to 

the large value of sampling time of the simulation. However, the anti-Hebbian algorithm 

integrated with SIFLC controller work effectively under unbalance/distorted voltage 

conditions. 

5.7 Conclusion  

This chapter presents a reduced rating three phase four wire hybrid active power filter 

for simultaneous compensation of load current harmonics, reactive power, and source 

neutral current. The main reason for reduction in the active power filter rating is that the 

separation of the zero-sequence currents from the positive and negative-sequence currents 

to be compensated. The performance of the proposed 3P4W APF is examined through 

MATLAB simulation and experimental studies. This 3P4W APF is independent of the 

impedance, installation location and utility voltage conditions. To control the 3P3W APF anti-

Hebbian learning rule based on TLS integrated with SIFLC is proposed and implemented 

with dSPACE1104 R&D controller. From the simulation and experimental studies it is 

observed that proposed 3P4W APF can compensate current harmonics and source neutral 

current effectively under different utility voltage conditions. 
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CHAPTER 6: HYBRID 3P4W APF FOR SUPPRESSING HARMONICS AND 
NEUTRAL CURRENT IN 3P4W DISTRIBUTION SYSTEM 

In this chapter, a new hybrid three phase four wire active power filter (3P4WAPF) is 

proposed for compensating current harmonics, reactive power and neutral current in three-

phase four-wire distribution power systems (3P4W). The proposed hybrid 3P4W APF is 

consist of a neutral current compensator and a hybrid 3P3W APF. The hybrid APF, realized 

by a five level CHBMLI 3P3W APF and ac power capacitor, is used for compensating the 

nonzero-sequence currents harmonic in the 3P4W distribution system. The 3P3W APF is 

connected to the power capacitors and its volt-ampere rating can thus be reduced effectively. 

The neutral current compensator is connected between the power capacitors with interfacing 

inductors of the 3P3W APF and compensates the source neutral current in the 3P4W 

distribution system. With the major fundamental voltage of the utility dropping across the 

power capacitors of the 3P4W APF, the power rating of the source current compensator can 

thus be reduced. Hence, the proposed hybrid 3P4W APF can effectively reduce the volt-

ampere rating of passive and active components of the system. A hardware prototype is 

developed to verify the performance characteristics of the proposed 3P4W APF. 

Experimental results show that the proposed hybrid 3P4W APF can compensate current 

harmonics, reactive power and neutral current.  

6.1 Introduction 

In previous chapter, a three phase four wire active power filter have been discussed for 

harmonics elimination, reactive power compensation, load balancing and neutral current 

compensation. The reference current estimated using anti-Hebbian algorithm based on TLS 

integrated with SIFLC. The neural network based control schemes extract the distortion free 

voltage signal and estimates the reference current. However, dc side capacitors voltages‘ 

rating largely influences the compensation performance of an active power filter. In general, 

the dc side voltage for the active power filter has much higher value than the peak value of 

the line-to-neutral voltage. This is done in order to ensure a proper compensation at the peak 

of the source voltage. The primary condition for harmonics elimination and reactive power 

compensation is that the magnitude of reference dc side capacitor voltage should be higher 

than the peak voltage at the point of common coupling [52-57]. 

Recently, many numbers of topologies of the three phase four wires APF has been proposed 

in literature [80, 188] for compensation of current harmonics, reactive power and neutral 

current at higher dc side capacitors voltages. The use of three single phase bridge converter 

can compensates the current harmonics, reactive power and neutral. But, this topology 

requires more number of switches and dc side capacitor voltage is 1.414 times the phase to 

neutral voltage for distortion free compensation of source current harmonics and neutral 
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current. Other, three phase four wire topologies based on split capacitor and four pole can 

compensates the current harmonics and neutral current to large extent.  However, split 

capacitor topology suffers from voltage unbalancing and the four pole topology requires more 

number of switches. The dc side capacitor voltages for both the topologies is 2.815 and 2.45 

times line to neutral voltage of system respectively, for effective compensation current 

harmonics, reactive power and neutral current. With the high value of dc side capacitor, the 

voltage-ampere rating of voltage source inverter increases, which is in turn, make system 

bulky and costly. The switching losses and switching stresses are also increased. 

In literature few attempts have been made to reduce the dc side capacitor voltage of the 

active power filter. A reduced rating hybrid active power filter has been demonstrated in [205] 

and [206] for motor drive application. In [204] reduced rating hybrid APF has been proposed 

for reactive power compensation and neutral current elimination. But, topology suffers from 

dc side capacitor unbalancing problem.   

To alleviate the above limitation, in this paper, a new 3P4W APF topology with reduced 

rating is proposed. The proposed topology composed of 3P3W APF, neutral compensator 

and power capacitor with interfacing inductor. The power capacitor enables reduction in dc 

side capacitor voltage and simultaneously compensating the reactive power requirement of 

the nonlinear load. In order to study the performance of the 3P4W APF computer simulation 

has been made under ideal, unbalanced, distorted and single phase load using 

MATLAB/Simulink® software. From the simulated response it is observed that the proposed 

topology with proposed control schemes can compensates the current harmonics and neutral 

current. In order to validate the simulation result, a downscaled prototype of 3P4W APF has 

been designed, fabricated and tested to verify the viability and effectiveness of the proposed 

scheme. 

6.2 Configuration of the 3P4W APF 

Fig. 6.1 shows, the topology of the proposed three phase four wire active power filter. The 

proposed topology consists of the hybrid three phase three wire active power filter (3P3P 

APF) and neutral current compensator. The neutral current compensator comprises of zero 

sequence transformer and single phase active power filter (APF). The 3P3W APF and 

neutral current compensator integrated to hybrid 3P3W APF. The integration of neutral 

current compensator, the hybrid 3P3W APF is need compensate only non-zero sequence 

current in three phase four wire distribution system. The ac series enable reduction of rating 

of three phase three wire active power filter and neutral current compensator due to voltage 

drop across series capacitor. The ac capacitor has the capability compensate the harmonics, 

reactive power requirement of load and also enable reduction in dc voltage of active power 

filter. The voltage rating of the zero sequence transformer is almost equal to the voltage of 



 

141 

 

interfacing inductors. The size of the zero sequence transformer also reduced in the 

proposed neutral current compensator.  As seen from Fig. 6.1, the single phase active power 

filter is connected in series with source neutral conductor and zero sequence transformer 

directly connected to load neutral.  The advantage of connecting single phase APF in series 

is that, it considerably reduces the volt-ampere rating of the inverter due to the fact that only 

the non-zero sequence current component of the neutral current will flow through single 

phase APF inverter, while zero sequence component of the current flows through zero 

sequence transformers. The dc side of the single phase active power filter supplied with 

diode bridge rectifier and single phase transformer. The bypass switch is placed in parallel to 

the single phase active power filter to protect in case of faulty conditions. 

Zero sequence 

transformer

Rs

Rs

Rs

Ls

Ls

Ls

ISb

3P4W 

unbalanced 

and non-

linear LoadISc

ISa iLa

iLb

iLc

vSa

vSb

vSc

Single-

phase 

inverter

S

3P3W APF

Single-phase APF

PCC

Neutral Lf

Single-

rectifier

iLnLs

Auxiliary

Transfor

mer 

LC

iTnCc Cc
Cc

Isn

Vm

LC

LC

Vdc1

S11 S31

S21 S41

 

Fig. 6.1 A reduced rating hybrid APF for 3P4W distribution systems using transformer, 3P3W 

APF and single-phase APF. 

6.3 Neutral current attenuation under unbalanced/distorted voltage condition 

The zero sequence equivalent circuit of the proposed active power filter is shown in Fig. 6.2. 

Since the three-phase three wire active power filter, it will not appear in the zero-sequence 

equivalent circuit. Furthermore, the interfacing inductors of three phase three wire active 

power filters are not connected to the neutral path, and they will not appear in the zero-

sequence equivalent circuit. The single phase active power filter is connected in series with 

three phase four wire distribution system neutral. It can be seen from Fig. 6.1, the utility 

neutral conductor and load neutral conductor is connected through single phase active power 

filter. The single phase active power filter is controlled with pulse width modulation and its 

output voltage is represented as 
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 c pwm mv g v t           (6.1) 

Where pwmg the gain of the single phase active power is filter, and  mv t  is the modulation 

signal. The gain of the single phase APF can be denoted as 

dc
pwm

tri

V
g

V
           (6.2) 

Where dcV is the dc side capacitor voltage and triV  is the amplitude of the triangular carrier 

signal. From the (5.2) it can be concluding that single phase APF is dependent voltage 

source. The quantities are shown in figure as follows: snZ  −source neutral impedance; spZ − 

phase impedance; ztZ −impedance of the zero sequence transformer; cZ  - impedance due 

to capacitance; cv is the dependent voltage source of the single phase active power filter.  

The zero sequence equivalent circuit is power by two zero sequence sources 0sV  and 0LI  . 

Where 0sV is zero sequence source voltage generated due to the unbalanced utility voltages.  

Let sanV , sbnV   and scnV   be the three-phase unbalanced and/or distorted source voltages 

and LaI , LbI  and LcI   be the three-phase load phase currents. The zero-sequence source 

voltage ( 0sV ) and zero-sequence load current ( 0Li  ) are given as: 

 0

1

3
s san sbn scnV V V V           (6.3) 

 0

1

3
s La Lb LcI i i i           (6.4) 

The utility zero sequence current can be computed by applying superposition theorem  

   0 0 0

1

3 3 3 3


 

      

zt c
s L s

sp sn zt pwm F sp sn zt c pwm F

Z Z
I I V

Z Z Z g g Z Z Z Z g g
 (6.5) 

The utility neutral current can represented as 

3sn soI I           (6.6) 

 

Fig. 6.2: Zero-sequence equivalent circuit. 
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6.3.1 Control of 3P3W APF 

The detailed discussion of the reference current generation using anti-Hebbian based 

on total least square algorithm given in chapter 3 sections 3.3.  The 3P3W active power filter 

is given in chapter 5 section 5.2. 
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Fig. 6.3: reference current generation using anti-Hebbian based on total least square 
algorithm for phase-a. 

6.3.2 DC voltage regulation 

The dc side capacitor voltage regulation using single input fuzzy logic controller is shown Fig. 

6.4. The detailed discussion is given in section  

+

–

 

–

 

++ Wd

SIFLCVref

Va1

Va2 SIFLC

Summer

 

Fig. 6.4: dc voltage regulation using SIFLC controller for phase-a. 

6.3.3 Control of single phase neutral compensator 

The control of single phase neutral current compensator is given in chapter 5 section 

5.3.1. 

6.4 Modelling and simulation results  

The complete power system model of the 3P4W active power filter has been developed 

in MATLAB/Simulink platform to study the performance of the system.  The control 
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algorithms of hybrid APF is also modelled with MATLAB/Simulink® power system block sets.. 

The simulation model of the whole power system is shown in Fig. 6.5. 

 

Fig. 6.5: MATLAB/Simulink model of the proposed system. 

6.4.1 Simulation results  

The performances of the proposed scheme has been studied for reactive power 

compensation, harmonics elimination and neutral current compensation under various 

operating conditions and are discussed below. The three-phase four wire load composed of 

three phase rectifier and two single phase uncontrolled rectifier and used as three phase four 

wire nonlinear load. 

6.4.1.1 Under ideal utility condition 

The simulation results of the three phases four wire distribution system with 3P4W 

active power filter under balance utility condition is shown in Fig. 6.6 The loads are three 

phase rectifier and two single rectifier loads, the load currents are 48.34, 48.25A and 20.22A 

for phase-a, phase-b and phase-c respectively. As seen in Fig. 6.6 (d), the utility neutral 

conductor contains a significant zero-sequence current (30.89 A RMS). 

As seen from Fig. 6.6 (b), before active power filter operation, the source currents are 

48.34, 48.24 and 20.22A for phase-a, phase-b and phase-c respectively and their 

corresponding THD values are 13.97%, 14.61 and 24.06% respectively for phase-a, phase-b 

and phase-c as shown in Fig. 6.6 (g). When the 3P3W and zero sequence transformer 

switched-on at t=0.16 sec. and acting as compensator, the source phase current are 42.5A, 

50.34A and 40.13A for phase-a, phase-b and phase-c respectively.  The source phase 

currents are unbalanced and their THDs values are 12.25%, 8.21% and 5.45% for phase-a, 

phase-b and phase-c respectively, as it can be observed from Fig. 6.6 (h). It can be seen 

From Fig. 6.6 (d), the utility neutral conductor still contains zero sequence current (10.52A). 

This indicates that the zero sequence transformer can attenuates neutral current to some 

extent and not completely to zero. When neutral current compensator is connected in series 

with utility neutral conductor, it inject the compensating current  to completely attenuates 

neutral current to zero as shown in Fig. 6.6 (d).   
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(g.1) phase-a load current THD spectra (h.1) phase-a source current THD spectra 

   

(g.2) phase-b load current THD spectra (h.2) phase-b source current THD spectra 

  

(g.3) phase-c load current THD spectra (h.3) phase-c source current THD spectra 

Fig. 6.6. Performance characteristics of 3P4W APF under balance voltage condition. 
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The source phase currents are tends to sinusoidal and balanced. The THDs values of 

source currents are 1.49%, 1.83% and 1.83% for phase-a, phase-b and phase-c 

respectively. This indicates that the 3P3W APF along with neutral suppressor circuit can 

balance the source currents. The dc capacitor voltage is regulated at set reference value as 

shown in Fig. 6.6 (f).  

6.4.1.2 Unbalance utility voltage 

The performance of the three phase four active power filter under unbalanced utility 

voltages is shown in Fig. 6.7. Before, active power filter operation source current values are 

48.24A, 48.08A and 20A for phase-a, phase-b and phase-c respectively as seen in Fig. 6.7 

(b). Then the corresponding THDs values of source current are 13.78%, 22.25% and 15.26 

as shown in Fig. 6.7 (g). When the 3P3W APF and zero sequence transformer switched-on 

at t=0.16sec and alone operating as compensator then there is significant increase in source 

current and it is observed from Fig. 6.7 (b).  The increase of the source phase current is due 

to the presence of the zero sequence voltage. Because amplitude unbalance generates the 

significant amount of the zero sequence voltage, which result in circulation of zero sequence 

current between the zero sequence transformer and utility as it is evident from Fig. 6.7 (d). 

The source phase current after compensation found to be unbalanced and THDs values are 

50.56%, 45.26% and 66. 24% for phase-a, phase-b and phase-c respectively.  

When neutral current compensator switched-on at t=0.26sec the source neutral current 

becomes almost zero due to the compensation current injected by the neutral current 

compensator as shown in Fig. 6.7 (d). The source phase current waveforms tend to 

sinusoidal and in phase with respective utility voltage waveforms.  Further, the values of 

source current THDs are 2.44%, 2.40% and 2.49% for phase-a phase-b and phase-c 

respectively as shown in Fig. 6.7 (h). As seen from Fig. 6.7 (e), the compensation with single 

phase neutral compensator also reduces the circulation in the zero sequence transformer. 

The dc side capacitors voltages are regulated at the set reference value with single input 

fuzzy logic controller. 
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(g.1) phase-a load current THD spectra (h.1) phase-a source current THD spectra 

  

(g.2) Phase-b load current THD spectra (h.2) phase-b source current THD spectra 

 
 

(g.3) phase-c load current THD spectra (h.3) phase-c source current THD spectra 

Fig. 6.7.  Performance of 3P4W APF under unbalanced utility voltage condition. 



 

148 

 

6.4.1.3 Distorted voltage condition 

 

 
 

(g.1) phase-a load current THD spectra (h.1) phase-a load current THD spectra 

  

(g.2) phase-a load current THD spectra (h.2) phase-b source current THD spectra 

  
 

(g.3) phase-c load current THD spectra (h.3) phase-c source current THD spectra 

Fig. 6.8. Performance of 3P4W APF under distorted voltage condition. 
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Fig. 6.8 shows performance of the hybrid power filter under distorted voltage condition. Due 

to the presence of the zero-sequence harmonics in the utility voltage can cause a substantial 

amount of zero sequence voltage. In order to realize the effect of distorted utility voltage on 

the 3P4W APF 10% of 3rd order harmonic and 5% of 5th order harmonics component is 

introduced in the utility voltages. Because, 3rd harmonics is zero sequence voltage which 

results in circulation of zero sequence current as per analysis seen in (6.5). The simulation 

results under this condition are shown in Fig. 6.8. Before, active power filter operation source 

phase current are 40.8, 40.28 and 20.15 for phase-a, phase-b and phase-c respectively as 

seen in Fig. 6.8 (b). The corresponding THDs values of source current are 15.05%, 15.25% 

and 24.06 as shown in Fig. 6.8 (g) .The 3P3W, zero sequence transformer and single phase 

APF are switched-on at t=0.16sec and t=0.26sec respectively. When the 3P3W APF and 

zero sequence transformer switched-on, source neutral current increases, due to presence 

of the zero sequence voltage.  The source current after compensation found to be 

unbalanced and THDs are 48%, 69% and 50% for phase-a, phase-b and phase-c 

respectively. The increase of source current THDs are due to the circulation of large zero 

sequence current between source and zero sequence transformer. At this instant 

compensation provided by the 3P3W APF is not effective due to the saturation of the 

controller.   

When neutral current compensator is switched-on at t=0.26 sec., the source neutral 

current almost disappear and it is evident from Fig. 6.8 (d). The source phase current 

becomes almost balance and synchronous with respective voltages. The THDs of the source 

currents reduces to 1.76%, 1.82% and 1.82% for phase-a, phase-b and phase-c respectively 

as evident from Fig. 6.8 (h). 

6.4.1.4 Single phase load condition 

The single phase load conditions commonly occur in three phase four wire distribution 

system. Due to the single phase load condition large current circulate between the load and 

source and this can be regarded as most series problem.  The simulation result under this 

condition is shown in Fig. 6.9. Before active power filter operation, the values of the source 

phase current are 20A, 0A and 0A for phase-a, phase-b and phase-c respectively and it is 

evident from Fig. 6.9 (b). The corresponding THDs values of source current before 

compensation are 36.1%, 0%, and 0%  for phase-a, phase-b and phase-c respectively as 

shown in Fig. 6.9 (g).  When the 3P3W APF and zero sequence transformer are switched-on 

at t=0.16sec and act as compensator, the source phase current are 22.02A, 23.21A and 15A 

for phase-a, phase-b and phase-c respectively.  The source phase current is unbalanced and 

THDs are 57.21%, 45.24% and 34% for phase-a, phase-b and phase-c respectively. 
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As seen in Fig. 6.9 (d), when neutral current compensator is switched-on at t=0.24sec., 

the source neutral current almost disappear. Then the source phase currents tend to 

sinusoidal and in phase with respective voltages. The values of the source current THDs are 

4.37%, 4.77% and 4.99% for phase-a, phase-b and phase-c respectively as shown in Fig. 

6.9 (h). 

 

  

(g.1) phase-a load current THD spectra. (h.2) phase-a source current THD spectra. 

 

 

(h.1) phase-a source current THD spectra. (h.3) Phase-c source current THD spectra. 

Fig. 6.9. Performance of 3P4W under single phase load condition. 

6.4.2 Volt-ampere rating of 3P4W APF 

The Volt-ampere rating of the complete filter is the sum of the rating of the 3P3W APF and 

single phase active power filter [207]. The procedure for calculating volt-ampere rating of 

3P3W APF and single phase active power filter is discussed in this section. 
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6.4.2.1 Volt-ampere rating of the Single-phase active power filter 

The volt-ampere rating of the single phase active power filter is calculated as product of the 

peak compensating current and peak voltage. The peak current of the single phase active 

power filter can be calculated by considering fundamental zero-sequence component of the 

load current [207]. The peak voltage rating of the single phase active power filter switches is 

equal to the dc side capacitor voltage. 

6.4.2.2 Volt-ampere rating of the three phase three wire APF 

The Volt-Ampere rating of the 3P3WAPF is calculated as the product of the peak value of 

current injected by 3P3W APF and the peak value of dc side capacitor voltage.  The Table 

6.1 gives the comparison of Volt-Ampere ratings of 3P4W APF against the rating of the 

3P4W APF as given in [80] .As seen in Table 6.1, the overall volt-ampere rating of the 

proposed 3P4W APF is reduced compared to other topologies. 

Table 6.1: Comparison of active power filters ratings  

Parameter 
Split capacitor 

topology[80] 

Four-wire 

pole[80] 

Proposed 

3P4W APF 

Peak compensating current 

of APF (A) 
100 100 40 

DC side capacitor voltage of 

APF (V) 
750 610 400 

Rating of APF (VA) 7500 61000 24000 

Peak compensating current 

of single-phase APF (A) 
0 0 20 

DC side voltage of single-

phase APF (V) 
0 0 25 

Rating of single-phase APF 

(VA) 
0 0 500 

Total rating (VA) 75000 61000 16500 

6.4.3 Experimental validation 

In order to verify the simulated response of the three phase four wire active filter a 

scaled down laboratory prototype has been developed. The laboratory prototype of 3P4W 

APF consisting of zero sequence transformers, 3P3W APF, ac power capacitors and a single 

phase active power filter is shown in Fig. 6.1. The power circuits of three phase three wire 

(3P3W) APF and single phase APF are realized using IGBTs. Two transformers of turn ratio 
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1:1 are used. The DC side voltage of the single phase APF is maintained at 25V using 

regulated power supply. 

6.4.4  Balance utility voltage/distorted  

The compensation performance of the 3P4W active power filter with single input fuzzy logic 

controller integrated with anti-Hebbian based on TLS is shown in Fig. 6.10. The source 

voltage, source current after compensation, load current and compensating currents for 

phase a, b and c in steady-state conditions  are shown in Fig. 6.10 (a)-(c), respectively.  In 

these figures, the channels of the different (DSO) waveforms are identified as; channel-1: 

source voltage (X-Axis: 10 ms/div. and Y-Axis: 100 V/div.); channel- 2: source current after 

compensation (X-Axis: 10 ms/div. and Y-Axis: 5 A/div.); channel-3: load current (X-Axis: 10 

ms/div. and Y-Axis: 5 A/div.) and channel-4: compensating current injected by the 3P3W 

APF (X-Axis: 10 ms/div. and Y-Axis: 5 A/div.). Meanwhile the load is unbalanced, the load 

currents in channel-3 of Fig. Fig. 6.10(a)-(c) are not the same shape. 

Fig. 6.10 (d) shows the source neutral current before compensation (X-Axis: 25 ms/div. and 

Y-Axis: 1 A/div.). The source neutral current when zero sequence transformer is alone acting 

as neutral current compensator (i.e. switch S is closed) is shown in Fig. 6.10 (e) (X-Axis: 25 

ms/div. and Y-Axis:1 A/div.). As seen in Fig. 6.10(e), when zero sequence transformer alone 

operating as neutral current compensator, the source neutral current is reduced maximum 

extent then it is not completely eliminated. When the single-phase neutral compensator is 

switched-on, the source neutral current almost disappear. The source neutral current when 

zero sequence transformer and single-phase neutral compensator are acting as 

compensator as shown in Fig. 6.10 (f) (X-Axis: 25 ms/div. and Y-Axis: 1 A/div.) As seen from 

Fig. 6.10, the harmonic elimination, load balancing, and neutral current compensation is 

achieved with 3P4W hybrid APF. When single-phase neutral compensator is switched-on, 

the source almost disappear, the utility is supplying balanced three-phase currents only. The 

total harmonics distortion THD spectra of load current for phases a, b and c are shown in Fig. 

Fig. 6.10 (g)-(i) respectively. Before compensation with 3P4W APF, the THDs of the load 

currents are 18.2%, 21.7% and 20.3% respectively. The harmonic spectra of source current 

after compensation for phases a, b and c are shown in Fig. 6.10(j)–(l) respectively. The 

THDs of the compensated source currents are 3.1%, 3.6% and 3.1% respectively, which are 

well within the recommended standard of IEEE–519–1992.  
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(a) phase-a waveforms (b) phase-b waveforms  (c) phase-c waveforms 

   

(d) Source neutral current 

before compensation. 

(e) Source neutral 

compensation with zero 

sequence transformer 

(f) Source neutral compensation 

with single phase neutral 

compensator. 

   

(g) Phase-a load current 

harmonics spectra. 

(h) Phase-b load current 

harmonics spectra. 

(i) Phase-c load current 

harmonics spectra. 

 
  

(j) Phase-a source current 

harmonics spectra. 

(k) Phase-b source current 

harmonics spectra. 

(l) Phase-c source current 

harmonics spectra. 

Fig. 6.10: Experimental waveform of 3P4W APF for balance utility voltage. 
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6.4.5 Unbalance utility voltage/distorted.  

The proposed 3P4W APF has also been tested for harmonic elimination, load balancing and 

neutral current compensation in the existence of unbalanced/distorted voltage conditions. 

Fig. 6.11 shows the three-phase unbalanced/distorted source voltages, whereas the THD 

spectra of source voltage are shown in Fig. 6.12 (a)-(c). The THDs of the source voltages are 

7.2%, 8.1% and 6.1% respectively. 

 

Fig. 6.11: Unbalanced/distorted three-phase source voltages 

   

(a) (b) (c) 
Fig. 6.12: THD spectra of source voltages: (a) phase–a; (b) phase–b; (c) phase–c. 

The source voltage, source current after compensation, load current and compensating 

currents for phase a, b and c in steady-state condition is shown in Fig. 6.13 (a)-(c), 

respectively. In these figures, the channels of (DSO) different waveforms are recognised as; 

channel-1: source voltage (X-Axis: 10 ms/div. and Y-Axis: 100 V/div.); channel- 2: source 

current after compensation (X-Axis: 10 ms/div. and Y-Axis: 5 A/div.); channel-3: load current 

(X-Axis: 10 ms/div. and Y-Axis: 5 A/div.) and channel-4: compensating current injected by  

3P3W APF (X-Axis: 25 ms/div. and Y-Axis: 5 A/div.). Fig. 6.13 (d) shows the source neutral 

current before compensation (X-Axis: 25 ms/div. and Y-Axis: 1.3 A/div.). The source neutral 

current when only zero sequence transformer is connected (i.e. switch S is closed) is shown 

in Fig. 6.13 (e) (X-Axis: 25 ms/div. and Y-Axis: 1.3 A/div.). From Fig. 6.13 (e) It can be 

observed that when zero sequence transformer alone acting as a neutral current 

compensator, the source neutral current is increased.  
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(a) phase-a waveforms (b) phase-b waveforms (c) phase-c waveforms 

 
  

(d) Source neutral current 

before compensation 

(e) Source neutral current  

compensation with zero 

sequence transformer 

(f) Source neutral current 

compensation with single 

phase neutral compensator. 

  
 

(g) Phase-a load current 

harmonic spectra. 

(h) Phase-b load current 

harmonic spectra. 

(i) Phase-c load current 

harmonic spectra. 

   

(j) Phase-a source current 

harmonic spectra. 

(k) Phase-b source current 

harmonic spectra. 

(l) Phase-c source current 

harmonic spectra. 

Fig. 6.13: Experimental waveform of 3P4W APF for unbalance utility voltage. 
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The increase in neutral current is due to circulation of large zero sequence current 

which is resulted from the existence of zero-sequence harmonics in source voltage. 

However, when switch S is open, the single-phase neutral compensator is switched-on and 

the source neutral current almost disappear. The source neutral current when single-phase 

APF is connected is shown in Fig. 6.13 (f) (X-Axis: 25 ms/div. and Y-Axis: 1.3 A/div.). As 

seen from Fig. 6.13, the proposed hybrid active power filter effectively compensates under 

unbalanced/distorted voltage conditions also with anti-Hebbian algorithm.  

The harmonic spectra of load current for phases a, b and c are shown in Fig. 6.13 (g)-

(i) respectively. Before compensation, the THDs of the load currents are 13.4%, 21.7% and 

26.0% respectively. The harmonic spectra of source current after compensation for phases 

a, b and c are shown in Fig. 6.13 (j) − (l) respectively. The THDs of the source currents after 

compensation with 3P4W APF are reduced to 4.3%, 4.1% and 4.5% respectively, which 

shows the effectiveness of the 3P4W APF under unbalanced/distorted source voltage 

conditions. The power factors after compensation with 3P4W APF almost become unity. 

6.4.6 Transients performance of the 3P4W APF 

 

   

(a) phase-a waveforms  (b) phase-b waveforms (c) phase-c waveforms 

  

(e)  Transient performance of 3P4W APF with  

Transformer acting as neutral compensator. 

(f) Transient performance of 3P4W APF with  

Transformer and single phase neutral 

compensator acting as compensator. 

Fig. 6.14: Experimental waveform under transient condition. 
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Fig. 6.14 shows the transient performance of the hybrid 3P4W APF. Initially, zero sequence 

transformer connected, the 3P3W APF and single phase APF are enabled are shown in Fig. 

6.14 (a)-(c). As evident from these figures, before compensation with 3P3W and single 

phase APF the source current is distorted. After compensation with 3P3W APF and single 

phase neutral compensator, source phase current tend to sinusoidal. It can be observed that 

the proposed 3P4W APF has good transient response for this condition.  Fig. 6.14 (e) shows 

experimental result for the conditions of 3P3W APF alone acting as current harmonic 

compensator and zero sequence transformer is enabled, the source current is distorted and 

contains zero sequence current. Further, it can be observed that the zero sequence current 

still exists in the source neutral. Fig. 6.14 (f) shows experimental results for the condition of 

3P3W APF and zero sequence transformer acting as compensator, while single phase 

neutral compensator is enabled. As seen in Fig. 6.14 (f), the single phase neutral 

compensator completely attenuate source neutral current and source current tend to 

sinusoidal. These experimental results show that the proposed filter has good transient 

response. 

6.5 Comparison with Simulation Results 

In the simulated response presented in section 6.4.1, the 3P4W hybrid active power 

filter is tested at 400 V. However, due to the limitation involved in the development of 

prototype, the experimental studies are conducted at a reduced line voltage of 100 V. As the 

experimental studies are conducted at reduced system parameters, in order to validate the 

experimental results, the simulation is also carried out with reduced system parameters. The 

parameters used in the actual simulation and downscaled simulation studies are also given 

in Table 6.1. The downscaled simulation parameters are maintained same as that of 

experimental parameters as given in Table 6.1. 

The simulated waveforms, load and source current harmonic spectra with nonlinear 

load composed of single-phase and three-phase uncontrolled rectifier with RL load under 

unbalanced/distorted utility voltage conditions are shown in Fig. 6.15 (a)-(h). As can be seen 

from Fig. 6.15, the simulated responses are almost identical with experimental results. 

Furthermore, in simulations results, the THDs in source current are reduced below 5%, but 

their values are somewhat higher than their equivalent experimental values. These increases 

in %THD of source currents is due to the large value of sampling time for the simulation 

study. The comparison of experimental and simulation results under normal and 

unbalanced/distorted utility voltage condition are given in Table 6.2 and Table 6.3 

respectively.  
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Table 6.1: The parameters used in the downscaled simulation studies. 

Parameters Actual 3P4W  APF Downscaled 3P4W APF 

AC line parameters Three-phase, four-wire, 400 V, 50 Hz Three-phase, three-wire, 100 V, 50 Hz 

DC bus voltage of 
APF 

200 V (for each capacitor in the H-
bridge cell) 

45 V (for each capacitor in the H-
bridge cell)  

DC bus voltage of 
single-phase APF 

25 V 25 V 

DC bus 
capacitance of APF 

58μF (for each capacitor in the H-
bridge cell) 

1800 μF, 450 V (for each capacitor in 
the H-bridge cell) 

APF interfacing 
inductor 

Lc = 19 mH Lc = 2.4 mH 

Commutation 
inductance 

Lac  = 1 mH Lac  = 1 mH 

Single-phase APF 
output inductor 

Lf  = 1.2 mH Lf  = 0.8mH 

PWM switching 
frequency 

2 kHz  2kHz  

PWM switching 
frequency for 
single-phase APF 

2kHz 2 kHz 

Two single phase 
Transformers 

10KVA, 230/230V; 2KVA, 230/230V; 

Ac capacitor 180 μF 10kVAR 180 μF 10kVAR 

Load 
Three-phase uncontrolled rectifier with 
RL load; Two single uncontrolled 
rectifier with RL load. 

Three-phase uncontrolled rectifier with 
RL load; Two single phase 
uncontrolled rectifier with RL load 

Sampling time Ts = 10e–6 sec. Ts = 40e–6 sec. 

Table 6.2: Comparison of experimental and downscaled simulation results under normal 

utility voltage conditions with 3P4W APF 

Parameters 
Experimentation Simulation 

phase-a phase-b phase-c phase-a phase-b phase-c 

Load current  (A, rms) 2.6 3.8 1.5 2.711 4.128 1.433 

Source current (A, rms) 3 3 3 2.601 2.642 2.595 

%THD of load current 18.6% 21.7% 20.3% 17.08% 22.27% 26.61% 

%THD of source current 
after compensation 

3.1% 3.6% 3.1% 2.84% 2.74% 3.79% 

Load neutral current (A, 
rms) 

3.5 A 3.6 A 

Peak value of source 
neutral current when 
switch S is closed (A) 

1.6 A 1.5 A 

Source neutral current 
when switch S is open 
(rms, A) 

0.12 A 0.214 A 
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Table 6.3: Comparison of experimental and downloaded simulation results under 

unbalanced/distorted utility voltage conditions 3P4W APF. 

Parameters 
Experimentation Simulation 

phase-a phase-b phase-c phase-a phase-b phase-c 

Load current  (A, rms) 3.2 4.6 1.8 3.145 4.723 1.831 

Source current (A, rms) 3.28 3.3 3.3 3.621 3.414 3.569 

%THD of load current 13.3% 18.4% 26.0% 15.93% 18.32% 26.91% 

%THD of source 
current after 
compensation 

4.3% 4.1% 5.0% 2.83% 3.40% 2.74% 

Load neutral current (A, 
rms) 

3.6 A 3.65 A 

Peak value of source 
neutral current when 
switch S is closed (A) 

3.9 A 4 A 

Source neutral current 
when switch S is open 

(rms, A) 
0.2 A 0.23 A 

As can be seen from Table 6.2 and Table 6.3 the simulation results are almost identical 

with the experimental results. The increase in %THD of source currents is due to the large 

value of sampling time for experimental study. However, the anti-Hebbian algorithm 

integrated with SIFLC controller work effectively under unbalance/distorted voltage 

conditions in case of 3P4W hybrid active power filter also. 
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(g.1) phase-a load current THD spectrum. (h.1) phase-a source current THD spectrum. 

 
 

(g.2) phase-b load current THD spectrum. (h.2) phase-b source current THD spectrum. 

 
 

(g.3) phase-c load current THD spectrum. (h.3) phase-c source current THD spectrum. 

Fig. 6.15: The performance of 3P4W APF with downscaled simulation parameter under 

unbalanced/distorted utility voltage conditions. 



 

161 

 

6.6 Conclusion 

Three-phase four-wire distribution power systems have been widely applied to low-voltage 

applications; however, they suffer from the problems of source phase harmonic current and 

large neutral current. In this chapter, a new hybrid 3P4W APF, comprised of a hybrid 3P3W 

active power filter, ac power capacitor and a neutral current compensator is proposed. The 

use of ac coupling capacitor enables in reduction in voltage at the point connection of 3P3P 

active power filter and neutral current compensator. In the proposed hybrid 3P4W active 

power filter, the overall power rating of power converters in the hybrid power filter and neutral 

current  compensator can be effectively reduced, thus increasing its use in high-power 

applications and increases the operating efficiency. A prototype is developed and tested. 

Experimental results verify that the proposed hybrid 3P4W APF can compensates the source 

phase harmonic currents and neutral current under the balanced load or unbalanced load 

conditions. Hence, the proposed hybrid 3P4W active power filter is an effective solution to 

the problems of source phase current harmonic and neutral current in 3P4W electrical 

distribution power systems.  
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CHAPTER 7: CONCLUSION 

The thesis dealt with the detailed review on application of shunt active power filter low and 

medium power applications. The digital controlled 3P3W and 3P4W APF have been 

proposed to compensate harmonics and reactive power requirement of nonlinear/ 

unbalanced  to improve the power quality of the source current waveform in 3P3W and 

3P4W distribution systems. The major conclusions derived from this work are summarised as 

follows. 

 The aim of this thesis is to perform the comprehensive study of the issues related to 

power quality, specially, harmonics distortion, reactive power, unbalancing, neutral 

current and their remedies using active power filters. 

 Among different topologies of VSI for high-power, medium-voltage active power filter 

proposed in the literature, diode clamped multilevel inverter and cascaded H-bridge has 

been found to be the best suitable topology for active power filter. 

 In active power filter control, the calculation of the reference current is complex task in 

nonlinear load condition. The reference current is generated using adaptive neural 

network techniques such as least mean square, anti-Hebbian and anti-Hebbian based on 

total least square algorithms. These adaptive control schemes are integrated with PI and 

type-2 fuzzy logic controller. The adaptive neural network based approaches calculate 

the weights and these calculations perform online. These adaptive control schemes can 

extract the reference current under varying load condition and it is not possible with other 

control schemes. These adaptive control schemes are further validated by developing a 

three level DCMLI based active power filter. The different hardware components required 

for the proper operation of experimental set-ups such as pulse amplifier, isolation and 

dead-band circuits, voltage and current sensor circuits, non-linear loads have been 

designed and developed. A DSP of dSPACE has been used for the real-time 

implementation of the control schemes of the active power filter. The experimentally 

obtained source current and dc side capacitor voltage balancing and their corresponding 

harmonic spectra of the active power filter is observed to be in good agreement with 

simulation results. It is concluded that the control scheme based on anti-Hebbian with 

total least square along with T2FLC controller (for regulating capacitor voltage) are found 

to be most effective for three level DCMLI 3P3W active power filter. This proposed 

integrated with T2FLC remain most effective for lower level up to three levels. However, 

for MLI beyond three levels T2FLC controller become more complex to tune the controller 

parameters with larger rule base.   

 The fuzzy logic controller involves fuzzification, rule base storage, inference mechanism 

and defuzzification operation etc. In most of the cases, for better accuracy and control, 

large set of rules are required. However, large set of fuzzy rule requires more 
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computational time. As a result, it may not be useful for real time implementation with 

small sampling time for multilevel inverter. The dspace implementation of the single fuzzy 

logic controller for voltage regulation of the CHBMLI based active power filter is described 

in detail. The single input fuzzy logic controller is derived from the conventional FLC 

using concept of the signed distance. The single input fuzzy logic controller reduces the 

3-D control surface to piece wise linear control surface. The single input fuzzy logic 

controller with piece wise linear simplifies the implementation procedure.  From the 

simulation and experimental results, it can be conclude that the SIFLC with PWL control 

surface has similar performance as that of the conventional FLC. Hence, the 

conventional can be FLC replaced by SIFLC with PWL control surface without significant 

degradation in the compensation performance of active power filter. The comparative 

study of the PI and SIFLC shows that the SIFLC has superior dynamic performance. 

 As most of the distribution system are 3P4W. Therefore, detailed analysis of CHBMLI 

based 3P4W APF is carried out. The application of single input fuzzy logic controller 

integrated with anti-Hebbian based on TLS algorithm has been extend to 3P4W systems 

for simultaneous compensation of source phase current harmonics, neutral current and 

load balancing. To accomplish this, a reduced rating hybrid 3P4W APF have been 

proposed. The hybrid approach comprises of a 3P3W CHBMLI based APF, zero 

sequence transformer and single phase neutral current compensator. The simulation 

study has been presented to verify the efficacy of topology under ideal and non-ideal 

utility voltage conditions with anti-Hebbian algorithm integrated with single input fuzzy 

logic controller. The comparison of performance between transformer based topologies 

and 3P4W APF is presented. The simulated response of the proposed hybrid 3P4W APF 

is validated by developed laboratory prototype. The developed prototype of 3P4W APF is 

studied for compensation of source current harmonic and neutral current compensation 

with different utility voltage conditions. From these studies it has been observed that the 

proposed control schemes improve the power quality of the source currents even under 

distorted/unbalanced utility voltage conditions. Therefore, overall results prove that the 

control algorithm works efficiently and independent of the voltage. 

 In order to further reduce the rating of 3P4W active power filter, a new hybrid three 3P4W 

APF is proposed for compensating current harmonics, reactive power and neutral current 

in 3P4W. The proposed hybrid 3P4W APF is consist of a neutral current compensator, 

CHBMLI based 3P3W APF and AC capacitor. The hybrid APF, realized by a 3P3W APF 

and ac power capacitor, is used for compensating the nonzero-sequence currents 

harmonic in the 3P4W distribution system. The 3P3W APF is connected to the power 

capacitors and its volt-ampere rating can thus be reduced effectively. The neutral current 

compensator is connected between the power capacitors with interfacing inductors of the 
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3P3W APF and compensates the source neutral current in the 3P4W distribution system. 

With the major fundamental voltage of the utility dropping across the power capacitors of 

the 3P4W APF, the power rating of the source current compensator can thus be reduced. 

Hence, the proposed hybrid 3P4W APF can effectively reduce the volt-ampere rating of 

passive and active components of the system. The simulated response of the proposed 

hybrid 3P4W APF is validated by developed prototype. The developed prototype of 

3P4W APF is studied for compensation of current harmonic and neutral current 

compensation with different utility voltage conditions. From these studies it has been 

observed that the control scheme based on total least square with SIFLC   improves the 

power quality of the source currents even under distorted/unbalanced utility voltage 

conditions. 

7.1 Future scope 

Research is an endless process. The end of a research project may begin opportunities for a 

lot of other avenues for future work. There are several important issues, which are 

experienced during this research work and these can be further investigated. Some of the 

important aspects as identified for future research works in this area are as: 

1) The addition of active filter functions in the existing inverter of the grid interactive 

distributed generation systems like photovoltaic, fuel cell and wind with proper 

boosting, maximum power point tracking and conversion is a potential area for further 

research. 

2) An integrated protection scheme and its performance for the proposed topologies of 

the filters under power system faults may be investigated. 

3) Design of the controller of the active power using model predictive control is an active 

area of research. 

4) Development of new modulation techniques for high power inverters with reduced 

power losses and natural balance of capacitor voltages is a potential area of 

research. 

5) The experimental study was conducted based on a model of about 5kVA, while real 

industrial application with much larger powers of the order of several MVA. So it will 

be interesting to extend this study to high power systems to better understand the 

physical limitations imposed on the rise.  

6) Extending our study to other topology such as double star bridge cell multilevel 

converters (seven and eleven levels) without changing control strategies which will 

allow us to reduce the switching frequency at the IGBT switches. 
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PHOTOGRAPHS OF THE EXPERIMENTAL SETUP 

 

 

Fig.1 Host computer generating firing pulses 

 

Fig.2.  Experimental setup 
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Fig. 3 Host computer running dSPACE 

 

 

Fig. 4 Ac power capacitor Fig.5. Dead Band circuit 

 

 

 



 

169 

 

BIBLIOGRAPHY 

[1] R. C. Dugan, M. F. McGranaghan, and H. W. Beaty, Electrical power systems quality: 

2nd Edition, McGraw-Hill New York, 2003. 

[2] A. B. Baggini, Handbook of power quality: John Wiley & Sons Ltd, England, 2008. 

[3] J. Arrillaga and N. R. Watson, Power system harmonics: 2nd Edition, John Wiley & 

Sons Ltd., 2003. 

[4] T. J. E. Miller, Reactive power control in electric systems: John Willey & Sons, 1982. 

[5] N. G. Hingorani and L. Gyugyi, Understanding FACTS: concepts and technology of 

flexible AC transmission systems: IEEE Press, New York, 1999. 

[6] A. Moreno-Munoz, Power quality: mitigation technologies in a distributed 

environment: Springer-Verlag Limited, London, 2007. 

[7] J. S. Subjak Jr and J. S. Mc Quilkin, "Harmonics-causes, effects, measurements, and 

analysis: An update," IEEE Transactions on Industry Applications, vol. 26, no. 6, pp. 

1034–1042, Nov./Dec. 1990. 

[8] IEEE Recommended Practices and Requirements for Harmonic Control in Electrical 

Power Systems, IEEE Standard 519–1992, 1993. 

[9] IEEE 519-1992, IEEE Recommended Practices and Requirements for Harmonic 

Control in Electrical Power Systems (ANSI). IEEE, New York. 

[10] IEC 61000–3–2 International Standard, Electromagnetic Compatibility (EMC)–Part 3-

2: Limits for harmonic current emissions (equipment input current up to and including 

16A per phase), International Electrotechnical Commission, 2001, Geneva, 

Switzerland. 

[11] H. Akagi, E. H. Watanabe, and M. Aredes, Instantaneous power theory and 

applications to power conditioning: Wiley-IEEE Press, NJ, 2007. 

[12] T. M. Gruzs, "A survey of neutral currents in three-phase computer power systems," 

IEEE Transactions on Industry Applications, vol. 26, no. 4, pp. 719–725, Jul./Aug. 

1990. 

[13] A. C. Liew, "Excessive neutral currents in three-phase fluorescent lighting circuits," 

IEEE Transactions on Industry Applications, vol. 25, no. 4, pp. 776–782, Jul./Aug. 

1989. 

[14] L. Sainz, J. Pedra, and J. J. Mesas, "Study of neutral conductor current in three-

phase networks with single-phase converters," IEEE Transactions on Power Delivery, 

vol. 21, no. 3, pp. 1466–1476, Jul. 2006. 

[15] D. O. Koval and C. Carter, "Power quality characteristics of computer loads," IEEE 

Transactions on Industry Applications, vol. 33, no. 3, pp. 613–621, May/Jun. 1997. 

[16] L. W. Pierce, "Transformer design and application considerations for non-sinusoidal 

load currents," in 37th Cement Industry Technical Conference, 1995, pp. 35–47. 



 

170 

 

[17] J. A. Pomilio and S. M. Deckmann, "Characterization and compensation of harmonics 

and reactive power of residential and commercial loads," Power Delivery, IEEE 

Transactions on, vol. 22, no. 2, pp. 1049–1055, Apr. 2007. 

[18] J. Dixon, L. Moran, J. Rodriguez, and R. Domke, "Reactive power compensation 

technologies: State-of-the-art review," Proceedings of the IEEE, vol. 93, no. 12, pp. 

2144–2164, Dec. 2005. 

[19] R. A. Otto, T. H. Putman, and L. Gyugyi, "Principles and applications of static, 

thyristor-controlled shunt compensators," IEEE Transactions on Power Apparatus 

and Systems, vol. PAS-97, no. 5, pp. 1935–1945, Sept./Oct. 1978. 

[20] A. Olwegard, K. Walve, G. Waglund, H. Frank, and S. Torseng, "Improvement of 

transmission capacity by thyristor controlled reactive power," IEEE Transactions on 

Power Apparatus and Systems, vol. PAS–100, no. 8, pp. 3930–3939, Aug. 1981. 

[21] L. Gyugyi, "Dynamic compensation of AC transmission lines by solid-state 

synchronous voltage sources," IEEE Transactions on Power Delivery, vol. 9, no. 2, 

pp. 904–911, Apr. 1994. 

[22] L. Gyugyi, "Reactive power generation and control by thyristor circuits," in IEEE 

Power Electronics Specialists Conference, NASA Lewis Research Center, Cleveland, 

Ohio, 1976. 

[23] M. Routimo, M. Salo, and H. Tuusa, "Comparison of voltage-source and current-

source shunt active power filters," IEEE Transactions on Power Electronics, vol. 22, 

no. 2, pp. 636–643, Mar. 2007. 

[24] B. Sahan, S. Araujo, C. Noding, and P. Zacharias, "Comparative evaluation of three-

phase current source inverters for grid interfacing of distributed and renewable 

energy systems," IEEE Transactions on Power Electronics, vol. 26, no. 8, pp. 2304–

2318, Aug. 2011. 

[25] B. Singh, B. N. Singh, A. Chandra, K. Al-Haddad, A. Pandey, and D. P. Kothari, "A 

review of single-phase improved power quality AC-DC converters," IEEE 

Transactions on Industrial Electronics, vol. 50, no. 5, pp. 962–981, Oct. 2003. 

[26] B. Singh, B. N. Singh, A. Chandra, K. Al-Haddad, A. Pandey, and D. P. Kothari, "A 

review of three-phase improved power quality AC-DC converters," IEEE Transactions 

on Industrial Electronics, vol. 51, no. 3, pp. 641–660, Jun. 2004. 

[27] H. Akagi, "New trends in active filters for power conditioning," IEEE Transactions on 

Industry Applications, vol. 32, no. 6, pp. 1312–1322, Nov./Dec. 1996. 

[28] N.R. Zargari, G. Joos and P.D Ziogas, "Input Filter Design for PWM Current-Source 

Rectifiers," IEEE Transactions on Industry Applications, vol. 30, no.6, pp.1573, 

Nov/Dec 1994. 



 

171 

 

[29] L.T. Moran, P. D. Ziogas and G. Joos, "Analysis and design of a three-phase current 

source solid-state VAR compensator," IEEE Transaction on Industry Applications, 

vol.25, no.2, pp.356,365, Mar/Apr 1989.  

[30] G. Moschopoulos, G. Joos and P.D. Ziogas, "Input characteristics of variable 

modulation index controlled current source inverters," , IEEE Transactions on 

Industrial Electronics, vol.41, no.2, pp.216,223, Apr 1994. 

[31] D. Yazdani, Alireza Bakhshai, G. Joós ―A Real-Time Extraction of Harmonic and 

Reactive Current in a Nonlinear Load for Grid-Connected Converters,‖ IEEE 

Transactions on Industrial Electronics, VOL. 56, NO. 6, June 2009. 

[32] Thomas, T.; Haddad, K.; Joos, G, Jaafari, A., "Design and performance of active 

power filters," IEEE Industry Applications Magazine, vol.4, no.5, pp.38,46, Sep-Oct 

1998 

[33] N. Mohan, H. A. Peterson, W. F. Long, G. R. Dreifuerst, and J. J. Vithayathil, "Active 

filters for AC harmonic suppression," in IEEE/PES Winter Meeting, 1977. 

[34] H. Akagi, "Trends in active power line conditioners," IEEE Transactions on Power 

Electronics, vol. 9, no. 3, pp. 263–268, May 1994. 

[35] F. Z. Peng, "Harmonic sources and filtering approaches," IEEE Industry Applications 

Magazine, vol. 7, no. 4, pp. 18–25, Jul./Aug. 2001. 

[36] J. C. Das, "Passive filters-potentialities and limitations," IEEE Transactions on 

Industry Applications, vol. 40, no. 1, pp. 232–241, Jan./Feb. 2003. 

[37] W. Chi-Jui, C. Jung-Chen, Y. Shih-Song, L. Ching-Jung, Y. Jin-Shyr, and G. Tzong-

Yih, "Investigation and mitigation of harmonic amplification problems caused by 

single-tuned filters," IEEE Transactions on Power Delivery, vol. 13, no. 3, pp. 800–

806, Jul. 1998. 

[38] H. Sasaki and T. Machida, "A new method to eliminate ac harmonic currents by 

magnetic flux compensation-considerations on basic design," IEEE Transactions on 

Power Apparatus and Systems, vol. 90, no. 5, pp. 2009–2019, Sept. 1971. 

[39] L. Gyugyi and E. C. Strycula, "Active ac power filters," in Proc. IEEE Ind. Appl. Ann. 

Meeting, 1976, pp. 529–535. 

[40] B. Singh, K. Al-Haddad, and A. Chandra, "A review of active filters for power quality 

improvement," IEEE Transactions on Industrial Electronics, vol. 46, no. 5, pp. 960–

971, Oct. 1999. 

[41] W. M. Grady, M. J. Samotyj, and A. H. Noyola, "Survey of active power line 

conditioning methodologies," IEEE Transactions on Power Delivery, vol. 5, no. 3, pp. 

1536–1542, Jul. 1990. 



 

172 

 

[42] H. Fujita and H. Akagi, "A practical approach to harmonic compensation in power 

systems-series connection of passive and active filters," IEEE Transactions on 

Industry Applications, vol. 27, no. 6, pp. 1020–1025, Nov./Dec. 1991. 

[43] P. Rodriguez, J. I. Candela, A. Luna, L. Asiminoaei, R. Teodorescu and F. Blaabjerg, 

"Current harmonics cancellation in three-phase four-wire systems by using a four-

branch star filtering topology," IEEE Transactions on Power Electronics, vol. 24, no. 

8, pp. 1939–1950, Aug. 2009. 

[44] V. George and M. K. Mishra, ―Design and analysis of user-defined constant switching 

frequency current-control-based four-leg DSTATCOM,‖ IEEE Transaction on Power 

Electronics., vol. 24, no. 9, pp. 2148–2158, Sep. 2009. 

[45] P. P. Khera, "Application of zigzag transformers for reducing harmonics in the neutral 

conductor of low voltage distribution system," in Industry Applications Society Annual 

Meeting, 1990, p. 1092. 

[46] H. L. Jou, J. C. Wu, K. D. Wu, W. J. Chiang, and Y. H. Chen, "Analysis of zig-zag 

transformer applying in the three-phase four-wire distribution power system," IEEE 

Transactions on Power Delivery, vol. 20, no. 2, pp. 1168–1173, Apr. 2005. 

[47] G. Kamath and N. Mohan, "A novel, reduced rating active filter for 3-phase, 4-wire 

loads," in Industry Applications Society Annual Meeting, 1994, pp. 936–940. 

[48] G. Kamath, N. Mohan, and V. D. Albertson, "Hardware implementation of a novel, 

reduced rating active filter for 3-phase, 4-wire loads," in Applied Power Electronics 

Conference and Exposition, 1995, pp. 984–989. 

[49] S. Choi and M. Jang, "A reduced-rating hybrid filter to suppress neutral current 

harmonics in three-phase four-wire systems," IEEE Transactions on Industrial 

Electronics, vol. 51, no. 4, pp. 927–930, Aug. 2004. 

[50] S. Choi and M. Jang, "Analysis and control of a single-phase-inverter – zigzag 

transformer hybrid neutral-current suppressor in three-phase four-wire systems," 

IEEE Transactions on Industrial Electronics, vol. 54, no. 4, pp. 2201–2208, Aug. 

2007. 

[51] H. L. Jou, K. D. Wu, J. C. Wu, and W. J. Chiang, "A three-phase four-wire power filter 

comprising a three-phase three-wire active power filter and a zig-zag transformer," 

IEEE Transactions on Power Electronics, vol. 23, no. 1, pp. 252–259, Jan. 2008. 

[52] B. Singh, P. Jayaprakash, T. R. Somayajulu, and D. P. Kothari, "Reduced rating VSC 

with a zig-zag transformer for current compensation in a three-phase four-wire 

distribution system," IEEE Transactions on Power Delivery, vol. 24, no. 1, pp. 249–

259, Jan. 2009. 

[53] B. Singh, P. Jayaprakash, S. Kumar, and D. P. Kothari, "Implementation of neural 

network-controlled three-leg VSC and a transformer as three-phase four-wire 



 

173 

 

DSTATCOM," IEEE Transactions on Industry Applications, vol. 47, no. 4, pp. 1892–

1901, Jul./Aug. 2011. 

[54] P. N. Enjeti, W. Shireen, P. Packebush, and I. J. Pitel, "Analysis and design of a new 

active power filter to cancel neutral current harmonics in three-phase, four wire 

electric distribution systems," IEEE Transactions on Industry Applications, vol. 30, no. 

6, pp. 1565–1572, Nov./Dec. 1994. 

[55] B. Singh, P. Jayaprakash, and D. P. Kothari, "A T-connected transformer and three-

leg VSC based DSTATCOM for power quality improvement," IEEE Transactions on 

Power Electronics, vol. 23, no. 6, pp. 2710–2718, Nov. 2008. 

[56] B. Singh, P. Jayaprakash, and D. P. Kothari, "Magnetics for neutral current 

compensation in three-phase four-wire distribution system," in Joint International 

Conference on Power Electronics, Drives and Energy Systems (PEDES) & 2010 

Power India, 2010, pp. 1–7. 

[57] P. Jayaprakash, B. Singh, and D. P. Kothari, "Three-phase 4-wire DSTATCOM based 

on H-bridge VSC with a star/hexagon transformer for power quality improvement," in 

IEEE Region 10 and the Third International Conference on Industrial and Information 

Systems, 2008, pp. 1–6. 

[58] N. G. Hingorani, "Introducing custom power," IEEE Spectrum, vol. 32, no. 6, pp. 41–

48, Jun. 1995. 

[59] M. D. Stump, G. J. Keane, and F. K. S. Leong, "The role of custom power products in 

enhancing power quality at industrial facilities," in International Conference on Energy 

Management and Power Delivery, 1998, pp. 507–517. 

[60] N. H. Woodley, L. Morgan, and A. Sundaram, "Experience with an inverter-based 

dynamic voltage restorer," IEEE Transactions on Power Delivery, vol. 14, no. 3, pp. 

1181–1186, Jul. 1999. 

[61] A. Ghosh and G. Ledwich, "Compensation of distribution system voltage using DVR," 

IEEE Transactions on Power Delivery, vol. 17, no. 4, pp. 1030–1036, Oct. 2002. 

[62] V. Khadkikar, "Enhancing electric power quality Using UPQC: A comprehensive 

overview," IEEE Transactions on Power Electronics, vol. 27, no. 5, pp. 2284–2297, 

May 2012. 

[63] S. Kouro, M. Malinowski, K. Gopakumar, J. Pou, L. G. Franquelo, B. Wu, J. 

Rodriguez, M. A. Perez, and J. I. Leon, "Recent advances and industrial applications 

of multilevel converters," IEEE Transactions on Industrial Electronics, vol. 57, no. 8, 

pp. 2553–2580, Aug. 2010. 

[64] C. K. Lee, J. S. K. Leung, S. Y. R. Hui, and H. S. H. Chung, "Circuit-level comparison 

of STATCOM technologies," IEEE Transactions on Power Electronics, vol. 18, no. 4, 

pp. 1084–1092, Jul. 2003. 



 

174 

 

[65] B. Singh, S. Gairola, B. N. Singh, A. Chandra, and K. Al-Haddad, "Multipulse AC–DC 

converters for improving power quality: A review," IEEE Transactions on Power 

Electronics, vol. 23, no. 1, pp. 260–281, Jan. 2008. 

[66] J. Rodriguez, S. Bernet, B. Wu, J. O. Pontt, and S. Kouro, "Multilevel voltage-source-

converter topologies for industrial medium-voltage drives," IEEE Transactions on 

Industrial Electronics, vol. 54, no. 6, pp. 2930–2945, Dec. 2007. 

[67] L. G. Franquelo, J. Rodriguez, J. I. Leon, S. Kouro, R. Portillo, and M. A. M. Prats, 

"The age of multilevel converters arrives," IEEE Industrial Electronics Magazine, vol. 

2, no. 2, pp. 28–39, Jun. 2008. 

[68] J. Rodriguez, J. S. Lai, and F. Z. Peng, "Multilevel inverters: a survey of topologies, 

controls, and applications," IEEE Transactions on Industrial Electronics, vol. 49, no. 4, 

pp. 724–738, Aug. 2002. 

[69] J. S. Lai and F. Z. Peng, "Multilevel converters-a new breed of power converters," 

IEEE Transactions on Industry Applications, vol. 32, no. 3, pp. 509–517, May/Jun. 

1996. 

[70] S. Mori, K. Matsuno, T. Hasegawa, S. Ohnishi, M. Takeda, M. Seto, S. Murakami, 

and F. Ishiguro, "Development of a large static var generator using self-commutated 

inverters for improving power system stability," IEEE Transactions on Power 

Systems, vol. 8, no. 1, pp. 371–377, Feb. 1993. 

[71] D. A. Paice, Power electronic converter harmonics: multipulse methods for clean 

power: IEEE press, New York, 1996. 

[72] T. A. Meynard, H. Foch, P. Thomas, J. Courault, R. Jakob, and M. Nahrstaedt, 

"Multicell converters: basic concepts and industry applications," IEEE Transactions on 

Industrial Electronics, vol. 49, no. 5, pp. 955–964, Oct. 2002. 

[73] S. Bernet, "Recent developments of high power converters for industry and traction 

applications," IEEE Transactions on Power Electronics, vol. 15, no. 6, pp. 1102–1117, 

Nov. 2000. 

[74] K. Gao, M. O. Ahmad, and M. N. S. Swamy, ―A constrained anti-Hebbian learning 

algorithm for total least squares estimation with applications to adaptive FIR and IIR 

filtering,‖ IEEE Transaction on Circuits System II, Analog Digital. Signal Processing, 

vol. 41, no. 1, pp. 718–729, Nov. 1994.  

[75] S. C. Douglas, ―Analysis of an anti-Hebbian adaptive FIR filtering algorithm,‖ IEEE 

Transaction on Circuits System  Analog Digital Signal Processing, vol. 43, no. 11, pp. 

777–780, Nov. 1996. 

[76] J. M. Mendel, Uncertain Rule-Based Fuzzy Logic Systems: Introduction and New 

Directions. Upper Saddle River, NJ: Prentice-Hall, 2001. 



 

175 

 

[77] J. M. Mendel, R. John, and F. Liu, ―Interval type-2 fuzzy logic systems made simple,‖ 

IEEE Transaction Fuzzy System, vol. 14, no. 6, pp. 808–821,Dec. 2006. 

[78] C. A. Quinn, N. Mohan, and H. Mehta, "A four-wire, current-controlled converter 

provides harmonic neutralization in three-phase, four-wire systems," in Applied Power 

Electronics Conference and Exposition, 1993, pp. 841–846. 

[79] C. A. Quinn and N. Mohan, "Active filtering of harmonic currents in three-phase, four-

wire systems with three-phase and single-phase nonlinear loads," in Applied Power 

Electronics Conference and Exposition, 1992, pp. 829–836. 

[80] V. Khadkikar, A. Chandra, and B. Singh, "Digital signal processor implementation and 

performance evaluation of split capacitor, four-leg and three H-bridge-based three-

phase four-wire shunt active filters," IET Power Electronics, vol. 4, no. 4, pp. 463–

470, Apr. 2011. 

[81] F. Z. Peng, H. Akagi, and A. Nabae, "A novel harmonic power filter," in 19th Annual 

IEEE Power Electronics Specialists Conference, 1988, pp. 1151–1159. 

[82] V. Khadkikar and A. Chandra, "An independent control approach for three-phase 

four-wire shunt active filter based on three H-bridge topology under unbalanced load 

conditions," in IEEE Power Electronics Specialists Conference, 2008, pp. 4643–4649. 

[83] B. Singh and J. Solanki, "A comparison of control algorithms for DSTATCOM," IEEE 

Transactions on Industrial Electronics, vol. 56, no. 7, pp. 2738–2745, Jul. 2009. 

[84] L. Asiminoaei, F. Blaabjerg, and S. Hansen, "Detection is key–harmonic detection 

methods for active power filter applications," IEEE Industry Applications Magazine, 

vol. 13, no. 4, pp. 22–33, Jul./Aug. 2007. 

[85] M. Aredes, J. Hafner, and K. Heumann, "Three-phase four-wire shunt active filter 

control strategies‖ IEEE Transactions on Power Electronics, vol. 12, no. 2, pp. 311–

318, Mar. 1997. 

[86] M. I. M. Montero, E. R. Cadaval, and F. B. Gonzalez, "Comparison of control 

strategies for shunt active power filters in three-phase four-wire systems," IEEE 

Transactions on Power Electronics, vol. 22, no. 1, pp. 229–236, Jan. 2007. 

[87] F. Z. Peng, J. S. Lai, J. W. McKeever, and J. Van Coevering, "A multilevel voltage-

source inverter with separate dc sources for static var generation," IEEE Transactions 

on Industry Applications, vol. 32, no. 5, pp. 1130–1138, 1996. 

[88] A. Nabae, I. Takahashi, and H. Akagi, "A new neutral-point-clamped PWM inverter," 

IEEE Transactions on Industry Applications, vol. IA-17, no. 5, pp. 518–523, Sep./Oct. 

1981. 

[89] J. Rodriguez, S. Bernet, P. K. Steimer, and I. E. Lizama, "A survey on neutral-point-

clamped inverters," IEEE Transactions on Industrial Electronics, vol. 57, no. 7, pp. 

2219–2230, Jul. 2010. 



 

176 

 

[90] B. Wu, High-power converters and AC drives: Piscataway, NJ: IEEE Press, 2006. 

[91] T. Bruckner, S. Bernet, and H. Guldner, "The active NPC converter and its loss-

balancing control," IEEE Transactions on Industrial Electronics, vol. 52, no. 3, pp. 

855–868, Jun. 2005. 

[92] T. Meynard and H. Foch, "Electronic device for electrical energy conversion between 

a voltage source and a current source by means of controllable switching cells," 

European Patent, 92/916336.8, 1992. 

[93] Sachin Hirve, Kishore Chatterjee, B. G. Fernandes, M. Imayavaramban, and Suman 

Dwari, ―PLL-Less Active Power Filter Based One-Cycle Control for Compensating 

Unbalanced Loads in Three-Phase Four-Wire System‖, IEEE Transaction on Power 

Delivery, vol. 22, No. 4, pp. 2457-2465, October 2007. 

[94] Sreeraj E. S., Prejith E. K., Kishore Chatterjee and S. Bandyopadhyay, ―An Active 

Harmonic Filter based on One Cycle Control‖, IEEE Transaction on Industrial 

Electronics, vol. 61, number 8, August 2014. 

[95] S. George, V. Agarwal, "A DSP-Based Control Algorithm for Series Active Filter for 

Optimized Compensation Under Nonsinusoidal and Unbalanced Voltage Conditions,"  

IEEE Transactions on Power Delivery, vol.22, no.1, pp.302,310, Jan. 2007. 

[96] S. George, V. Agarwal ―A Novel, DSP Based Algorithm for Optimizing the Harmonics 

and Reactive Power Under Non-Sinusoidal Supply Voltage Conditions,‖ IEEE 

Transactions on Power delivery, Vol. 20, No. 4, October 2005. 

[97] M. Marchesoni, M. Mazzucchelli, and S. Tenconi, A nonconventional power converter 

for plasma stabilization, IEEE Transactions on Power Electronics, vol. 5, no. 2, pp. 

122–129, Apr. 1990. 

[98] R. H. Wilkinson, T. A. Meynard, and H. du Toit Mouton, "Natural balance of multi-cell 

converters: The general case," IEEE Transactions on Power Electronics, vol. 21, no. 

6, pp. 1658–1666, Nov. 2006. 

[99] C. Turpin, P. Baudesson, F. Richardeau, F. Forest, and T. A. Meynard, "Fault 

management of multi-cell converters," IEEE Transactions on Industrial Electronics, 

vol. 49, no. 5, pp. 988–997, Oct. 2002. 

[100] P. W. Hammond, "A new approach to enhance power quality for medium voltage AC 

drives," IEEE Transactions on Industry Applications, vol. 33, no. 1, pp. 202–208, 

Jan./Feb. 1997. 

[101] H. Akagi, "Classification, terminology, and application of the modular multilevel 

cascade converter (MMCC)," IEEE Transactions on Power Electronics, vol. 26, no. 

11, pp. 3119–3130, Nov. 2011. 



 

177 

 

[102] J. Peralta, H. Saad, S. Dennetière, J. Mahseredjian, and S. Nguefeu, "Detailed and 

averaged models for a 401-level MMC–HVDC system," IEEE Transactions on Power 

Delivery, vol. 27, no. 3, pp. 1501–1508, Jul. 2012. 

[103] H. Akagi, H. Fujita, S. Yonetani, and Y. Kondo, "A 6.6-kV transformerless STATCOM 

based on a five-level diode-clamped PWM converter: System design and 

experimentation of a 200-V 10-kVA laboratory model," IEEE Transactions on Industry 

Applications, vol. 44, no. 2, pp. 672–680, Mar./Apr. 2008. 

[104] M. Hagiwara, P. Phuong Viet, and H. Akagi, "Calculation of dc magnetic flux deviation 

in the converter-transformer of a self-commutated BTB system during single-line-to-

ground faults," IEEE Transactions on Power Electronics, vol. 23, no. 2, pp. 698–706, 

Mar. 2008. 

[105] M. I. Marei, A. B. Eltantawy, and A. A. El-Sattar, "An energy optimized control 

scheme for a transformerless DVR," Electric Power Systems Research, vol. 83, no. 1, 

pp. 110–118, Feb. 2012. 

[106] L. Maharjan, S. Inoue, and H. Akagi, "A transformerless energy storage system 

based on a cascade multilevel PWM converter with star configuration," IEEE 

Transactions on Industrial Electronics, vol. 44, no. 5, pp. 1621–1630, Sep./Oct. 2008. 

[107] M. Malinowski, K. Gopakumar, J. Rodriguez, and M. A. Pérez, "A survey on cascaded 

multilevel inverters," IEEE Transactions on Industrial Electronics, vol. 57, no. 7, pp. 

2197–2206, 2010. 

[108] K. Ishaque, S. Abdullah, S. Ayob and Z. Salam, ―Single input fuzzy logic controller for 

unmanned underwater vehicle,‖ Journal of Intelligent Robotic System, vol. 59, no. 1, 

pp. 87–100, 2010.  

[109] B. J. Choi, S. W. Kwak, and B. K. Kim,― Design of a single input fuzzy logic controller 

and its properties,‖ Fuzzy Sets System, vol. 106, no. 8, pp. 299–308, 1999. 

[110] B. J. Choi, S. Kwak, and B. K. Kim, ―Design and stability analysis of single-input fuzzy 

logic controller,‖ IEEE Transaction on Systems, Man, and Cybernetics, Part B: 

Cybernetics, vol. 30, no. 2, pp. 303–309, Apr. 2000. 

[111] K. Ishaque, S. Abdullah, S. Ayob, and Z. Salam, ―A simplified approach to design 

fuzzy logic controller for an underwater vehicle,‖ Journal of Ocean Engineering, vol. 

38, no. 2, pp. 271–284, 2011.  

[112] Alexander G. Perry, Guang Feng, Yan-Fei Liu and Paresh C. Sen, ―A Design Method 

for PI-like Fuzzy Logic Controllers for DC–DC Converter,‖ IEEE Trans. on Ind. 

Electron., Vol. 54, No. 5, October 2007 

[113] H. Akagi, M. Hagiwara and R. Maeda, "Negative-sequence reactive-power control by 

a PWM STATCOM based on a Modular Multilevel Cascade Converter (MMCC-



 

178 

 

SDBC)," IEEE Transactions on Industry Applications, vol. 48, no. 2, pp. 720–729, 

Mar./Apr. 2012. 

[114] H. Akagi, S. Inoue, and T. Yoshii, "Control and performance of a transformerless 

cascade PWM STATCOM with star configuration," IEEE Transactions on Industry 

Applications, vol. 43, no. 4, pp. 1041–1049, Jul./Aug. 2007. 

[115] C. Rech and J. R. Pinheiro, "Hybrid multilevel converters: Unified analysis and design 

considerations," IEEE Transactions on Industrial Electronics, vol. 54, no. 2, pp. 1092–

1104, Apr. 2007. 

[116] P. Lezana and G. Ortiz, "Extended operation of cascade multi-cell converters under 

fault condition," IEEE Transactions on Industrial Electronics, vol. 56, no. 7, pp. 2697–

2703, Jul. 2009. 

[117] D. Krug, S. Bernet, S. S. Fazel, K. Jalili, and M. Malinowski, "Comparison of 2.3-kV 

medium-voltage multilevel converters for industrial medium-voltage drives," IEEE 

Transactions on Industrial Electronics, vol. 54, no. 6, pp. 2979–2992, Dec. 2007. 

[118] M. H. Rashid, Power electronics handbook: Academic Press, 2001. 

[119] S. S. Fazel, S. Bernet, D. Krug, and K. Jalili, "Design and comparison of 4-kV neutral-

point-clamped, flying-capacitor, and series-connected H-bridge multilevel converters," 

IEEE Transactions on Industry Applications, vol. 43, no. 4, pp. 1032–1040, Jul./Aug. 

2007. 

[120] D. G. Holmes and T. A. Lipo, Pulse width modulation for power converters: principles 

and practice: Piscataway, NJ: IEEE Press, 2003. 

[121] B. P. McGrath and D. G. Holmes, "Multicarrier PWM strategies for multilevel 

inverters," IEEE Transactions on Industrial Electronics, vol. 49, no. 4, pp. 858–867, 

Aug. 2002. 

[122] L. Li, D. Czarkowski, Y. Liu, and P. Pillay, "Multilevel selective harmonic elimination 

PWM technique in series-connected voltage inverters," IEEE Transactions on 

Industry Applications, vol. 36, no. 1, pp. 160–170, Jan. 2000. 

[123] L. G. Franquelo, J. Napoles, R. C. P. Guisado, J. I. Leon, and M. A. Aguirre, "A 

flexible selective harmonic mitigation technique to meet grid codes in three-level 

PWM converters," IEEE Transactions on Industrial Electronics, vol. 54, no. 6, pp. 

3022–3029, Dec. 2007. 

[124] D. W. Kang, B. K. Lee, J. H. Jeon, T. J. Kim, and D. S. Hyun, "A symmetric carrier 

technique of CRPWM for voltage balance method of flying-capacitor multilevel 

inverter," IEEE Transactions on Industrial Electronics, vol. 52, no. 3, pp. 879–888, 

Jun. 2005. 



 

179 

 

[125] B. P. McGrath, T. Meynard, G. Gateau, and D. G. Holmes, "Optimal modulation of 

flying capacitor and stacked multicell converters using a state machine decoder," 

IEEE Transactions on Power Electronics, vol. 22, no. 2, pp. 508–516, Mar. 2007. 

[126] D. W. Kang, Y. H. Lee, B. S. Suh, C. H. Choi, and D. S. Hyun, "An improved carrier 

wave-based SVPWM method using phase voltage redundancies for generalized 

cascaded multilevel inverter topology," IEEE Transactions on Power Electronics, vol. 

18, no. 1, pp. 180–187, Jan. 2003. 

[127] M. Calais, L. J. Borle, and V. G. Agelidis, "Analysis of multicarrier PWM methods for a 

single-phase five level inverter," in IEEE 32nd Annual Power Electronics Specialists 

Conference, 2001, pp. 1351–1356. 

[128] P. C. Loh, D. G. Holmes, Y. Fukuta, and T. A. Lipo, "Reduced common-mode 

modulation strategies for cascaded multilevel inverters," IEEE Transactions on 

Industry Applications, vol. 39, no. 5, pp. 1386–1395, Sept./Oct. 2003. 

[129] O. M. Solomon Jr, "The use of DFT windows in signal-to-noise ratio and harmonic 

distortion computations," IEEE Transactions on Instrumentation and Measurement, 

vol. 43, no. 2, pp. 194–199, Apr. 1994. 

[130] A. A. Girgis, W. B. Chang, and E. B. Makram, "A digital recursive measurement 

scheme for online tracking of power system harmonics," IEEE Transactions on Power 

Delivery, vol. 6, no. 3, pp. 1153–1160, 1991. 

[131] S. M. Williams and R. G. Hoft, "Adaptive frequency domain control of PWM switched 

power line conditioner," IEEE Transactions on Power Electronics, vol. 6, no. 4, pp. 

665–670, Oct. 1991. 

[132] M. Depenbrock, "The FBD-method, a generally applicable tool for analyzing power 

relations," IEEE Transactions on Power Systems, vol. 8, no. 2, pp. 381–387, May 

1993. 

[133] A. Ghosh and A. Joshi, "The use of instantaneous symmetrical components for 

balancing a delta connected load and power factor correction," Electric Power 

Systems Research, vol. 54, no. 1, pp. 67–74, Apr. 2000. 

[134] S. Bhattacharya, A. Veltman, D. M. Divan, and R. D. Lorenz, "Flux-based active filter 

controller," IEEE Transactions on Industry Applications, vol. 32, no. 3, pp. 491–502, 

May/Jun. 1996. 

[135] S. Bhattacharya, T. M. Frank, D. M. Divan, and B. Banerjee, "Active filter system 

implementation," IEEE Industry Applications Magazine, vol. 4, no. 5, pp. 47–63, 

Sep./Oct. 1998. 

[136] H. Akagi, Y. Kanazawa, and A. Nabae, "Instantaneous reactive power compensators 

comprising switching devices without energy storage components," IEEE 

Transactions on Industry Applications, vol. IA-20, no. 3, pp. 625–630, May 1984. 



 

180 

 

[137] J. Driesen and R. Belmans, "Active power filter control algorithms using wavelet-

based power definitions," in 10th International Conference on Harmonics and Quality 

of Power, 2002, pp. 466–471. 

[138] G. van Schoor, J. D. van Wyk, and I. S. Shaw, "Training and optimization of an 

artificial neural network controlling a hybrid power filter," IEEE Transactions on 

Industrial Electronics, vol. 50, no. 3, pp. 546–553, Jun. 2003. 

[139] A. Bhattacharya, C. Chakraborty, "A Shunt Active Power Filter With Enhanced 

Performance Using ANN-Based Predictive and Adaptive Controllers," IEEE 

Transactions on Industrial Electronics vol.58, no.2, pp.421-428, Feb. 2011. 

[140] A. Bhattacharya, C. Chakraborty and S. Bhattacharya, "Shunt compensation," IEEE 

Industrial Electronics Magazine, vol.3, no.3, pp.38-49, Sept. 2009. 

[141] Kaipei and Z. Junmin, ―Harmonic detection based on the TLS estimation algorithm,‖ 

in Proceeding CES/IEEE 5th International Electronics Motion Control Conference,  

vol. 3, pp. 1–5, Aug. 2006. 

[142] B. Changaroon, S.C. Srivastava  D. Thukaram and S. Chirarattananon, "Neural 

network based power system damping controller for SVC, Generation, Transmission 

and Distribution", IEE Proceedings, vol. 146, no. 4, pp. 370 – 376, July 1999. 

[143]  Bansilal, D. Thukaram and K. Parthasarathy," An expert system for power system 

voltage stability improvement", International Journal of Electrical Power & Energy 

Systems, Volume 19, Issue 6,  pp. 385-392, August 1997 

[144] D. Thukaram and G.Yesuratnam, ―Fuzzy Expert Approach with Curtailed   Controllers   

for improved Reactive Power   Dispatch,‖ International Journal of Emerging Electric 

Power System, vol. 8, no.3, arti. 7, 2007. 

[145] M. Aredes, K. Heumann, and E. H. Watanabe, "An universal active power line 

conditioner," IEEE Transactions on Power Delivery, vol. 13, no. 2, pp. 545–551, Apr. 

1998. 

[146] H. Iman-Eini, S. Farhangi, J. L. Schanen and M. Khakbazan-Fard, "A modular power 

electronic transformer based on a cascaded H-bridge multilevel converter," Electric 

Power Systems Research, vol. 79, no. 12, pp. 1625–1637, Dec. 2009. 

[147] 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 Transactions on Industrial 

Electronics, vol. 55, no. 1, pp. 97–106, Jan. 2008. 

[148] J. A. Barrena, L. Marroyo, M. A. R. Vidal, and J. R. T. Apraiz, "Individual voltage 

balancing strategy for PWM cascaded H-bridge converter-based STATCOM," IEEE 

Transactions on Industrial Electronics, vol. 55, no. 1, pp. 21–29, Jan. 2008. 

[149] Ahmed M. Massoud, Shehab, Prasad N. Enjeti and Barry W. Williams Ahmed, 

―Evaluation of a Multilevel Cascaded-Type Dynamic Voltage Restorer Employing 



 

181 

 

Discontinuous Space Vector Modulation,‖ IEEE Transactions on Industrial 

Electronics, Vol. 57, No. 7, July 2010. 

[150] Prasad N. Enjeti, J. Ranjit, ―Optimal Power Control Strategies for Neutral Point 

Clamped (NPC) Inverter Topology,‖ IEEE Transactions on Industry Applications, Vol. 

28, NO. 3, May /June 1992. 

[151] K. Chatterjee, B.G Fernandes, G.K. Dubey, "An instantaneous reactive volt-ampere 

compensator and harmonic suppressor system," IEEE Transactions on  Power 

Electronics, , vol.14, no.2, pp.381,392, Mar 1999. 

[152] S. George, V. Agarwal , "Optimum Control of Selective and Total Harmonic Distortion 

in Current and Voltage Under Nonsinusoidal Conditions," IEEE Transactions on 

Power Delivery, vol.23, no.2, pp.937,944, April 2008. 

[153] A. Bhattacharya , C. Chakraborty and S. Bhattacharya, "Parallel-Connected Shunt 

Hybrid Active Power Filters Operating at Different Switching Frequencies for 

Improved Performance," IEEE Transaction on Industrial Electronics,  vol. 59, no.11, 

pp.4007,4019, Nov. 2012. 

[154] L.H. Tey, P.L. So and Y.C Chu,  "Improvement of power quality using adaptive shunt 

active filter," IEEE Transactions on Power Delivery, , vol.20, no.2, pp.1558-1568, April 

2005. 

[155] N. Mariun, A. Alam, S. Mahmod, H. Hizam, "Review of control strategies for power 

quality conditioners," in Proc. of National Power and Energy Conference (PECON) 

pp.109-115, Nov. 2004.  

[156] H. Akagi, Y. Kanazawa and A. Nabae, ―Instantaneous reactive power compensators 

comprising of switching devices without energy storage components‖ IEEE 

Transaction on industrial  application. vol. 20. No. 3, pp.625-630, May/june 1984.  

[157] D. A. Marshal and J. D. van wyk, ―An evaluation of the real-time compensation of 

fictitious power in electric energy networks‖, IEEE Transactions on Power Delivery, 

vol. 6. no. 4. pp. 1774-1780. October 1991.  

[158] A. Nabae, H. Nakano and S. Togasawa, ―An instantaneous distortion current 

compensator without any coordinate transformation‖, Proc. IEU Int. Power 

Electronics. Conference (IPEC-Yokohama), pp. 1651-1655, 1995.  

[159] S. Bhattacharya. D. M. Divan and B. Banerjee, ―Synchronous harmonics Isolator 

using active series filter‖, European power electronics conference  EPE ‘91, pp. 3-

30,3.035, Firenzi, Italy. 

[160] V. Soares. P. Verdelho, C. D. Marques, ―Active power filter control circuit based on 

the instantaneous active and reactive current id-iq method‖, Power Electronics 

Specialists Conference. PESC 91, St Louis. Missouri. June 22-27, 1997, pp. 1096-

1101. 



 

182 

 

[161] H.-L. Jou, ―Performance comparison of the three-phase active-power filters 

algorithms‖ IEE Proc. Generation Transmission and Distribution. Vol. 142, no.  6, pp. 

646 - 652, Nov. 1995. 

[162] G. W. Chang; ―A new method for determining reference compensating currents of the 

three-phase shunt active power filter‖, IEEE Power Engineering Review, pp, 63-65, 

March 2001. 

[163] C.L. Chen, C.E. Lin, C.L. Huang, The reference active source current for active power 

filter in an unbalanced three-phase power system via the synchronous detection 

method‖, in Conf proc. IMTC 94. pp. 502 -5O5 vol. 210-12 May 1994. 

[164]  C.E. Lin, C.L. Chen, C.L. Huang, ‗Calculating approach and implementation for 

active filters in unbalanced three-phase system using synchronous detection 

method―, in Proc. Int. Conf. on ‗Power Electronics and Motion Control‘, pp. 374 - 380 

vol.1, Nov. 1992. 

[165] L.F.C. Monteiro. M. Aredes. J A. Moor Neto, ―A control strategy for unified power 

quality conditioner‖, in IEEE Symposium on Industrial Electronics. 2003. ISIE ‗03. vol. 

1. pp. 391 - 396, June 2003. 

[166] H. Karimi, M. Karimi-Ghartemani. M. Reza Iravani, A.R Bakhshai. ―An adaptive filter 

for synchronous extraction of harmonics and distortions‖, IEEE Transaction on Power 

Delivery, vol.18, no. 4, pp. 1350- 1356, Oct.3O03. 

[167] C.Y. Hsu, H.Y.Wu, ―A new single-phase active power with reduced energy storage 

capacity,‖ in Proc. of IEE Electrical application, Vol. 143 , no. 1 , pp. 25 -30,  Jan. 

1996, 

[168] J. H.R. Enslin, J.D. Van Wyk, ―A new control philosophy for power electronic 

converters as fictitious power compensators‖, IEEE Transaction on Power 

Electronics. Vol. 5, no.1, pp. 88 - 97, January 1990. 

[169] W. Shireen, T. Li , ―A DSP-based active power filter for low voltage distribution 

systems,‖ Electric Power Systems Research, Vol. 78, no. 9, pp. 1561-1567, Sept. 

2008. 

[170] H. Li H, F. Zhuo , Z. Wang,  W. Lei and L. Wu, ―A novel time-domain current-detection 

algorithm for shunt active power filters,‖ IEEE Transactions on Power Systems,  

vol.20, no.2, pp.644,651, May 2005. 

[171] Z.P. Fang, G.W. Ott  and D.J. Adams, ―Harmonic and reactive power compensation 

based on instantaneous reactive power theory for three phase four wire system,‖ 

IEEE Transactions on Power electronics vol. 13, no.3 pp. 1174-1181 July 1998.  

[172] S.J. Huang, J.C. Wu, ―A control algorithm for three-phase three-wired active power 

filters under non ideal mains voltages,‖ IEEE Transactions on Power Electronics,  

vol.14, no.4, pp.753,760, July 1999. 



 

183 

 

[173] M. Kale, and E. Ozdemir  ―Harmonics reactive power compensation with shunt active 

power filter under noni deal voltage mains,‖ Electric Power Systems Research, Vol. 

74, no. 3, pp. 363-370, June 2005. 

[174] A. Chandra,  B. Singh, B.N. Singh and  K. Al-Haddad, ―An improved control algorithm 

of shunt active filter for voltage regulation, harmonic elimination, power-factor 

correction, and balancing of nonlinear loads,‖ IEEE Transactions on Power 

Electronics, IEEE Transactions on , vol.15, no.3, pp.495-507, May 2000.  

[175] A. Cavallini, A., Montanari, G.C., "Compensation strategies for shunt active-filter 

control," IEEE Transactions on Power Electronics, vol.9, no.6, pp.587-593, Nov. 

1994. 

[176] K.M. Smedley, L. Zhou, C. Qiao, ―Unified constant-frequency integration control of 

active power filters-steady-state and dynamics,‖ IEEE Transactions on Power 

Electronics,vol.16, no.3, pp.428-436, May 2001.  

[177] M.K. Mishra, A. Joshi and A. Ghosh, "A new algorithm for active shunt filters using 

instantaneous reactive power theory," IEEE Power Engineering Review, vol.20, 

no.12, pp.56-58, Dec. 2000. 

[178] C.L. Chen, C.E. Lin and C.L. Huang, ―Reactive and harmonic current compensation 

for unbalanced three-phase systems using the synchronous detection method,‖ 

Electric Power Systems Research, vol. 26, no. 3, pp. 163-170, April 1993.  

[179] A. Ghosh, A. Joshi , "A new approach to load balancing and power factor correction 

in power distribution system," IEEE Transactions on Power Delivery, vol.15, no.1, 

pp.417-422, Jan 2000. 

[180] M.K. Mishra, A. Joshi, A. Ghosh, "Control schemes for equalization of capacitor 

voltages in neutral clamped shunt compensator," IEEE Transactions on Power 

Delivery, vol.18, no.2, pp.538-544, April 2003.  

[181] C. Chen,  Hsu Y., "A novel approach to the design of a shunt active filter for an 

unbalanced three-phase four-wire system under non-sinusoidal conditions," IEEE 

Transactions on, Power Delivery, vol.15, no.4, pp.1258-1264, Oct 2000.  

[182] S.K. Jain S.K., P. Agarwal and H. O. Gupta, "A control algorithm for compensation of 

customer-generated harmonics and reactive power," IEEE Transactions on Power 

Delivery, vol.19, no.1, pp.357-366, Jan. 2004.  

[183] A. Chandra, B. Mbang, K. Srinivasan , B.N. Singh, P. Rastgoufard, "A method of 

implementation of separating customer and supply side harmonic contributions using 

an active filter," in Proc. IEEE of Electrical and Computer Engineering Canadian 

Conference, vol.1, no., pp.553-557, May 2003.  



 

184 

 

[184] B.R Lin, Y.C. Lee, "Three-phase power quality compensator under the unbalanced 

sources and nonlinear loads," IEEE Transactions on Industrial Electronics, , vol.51, 

no.5, pp.1009-1017, Oct. 2004.  

[185] B. Singh ,  K. Al-Haddad , A. Chandra, "A new control approach to three-phase active 

filter for harmonics and reactive power compensation," IEEE Transactions on Power 

Systems, , vol.13, no.1, pp.133-138, Feb 1998. 

[186] B. Singh, K. Al-Haddad,  A. Chandra, ―Harmonic elimination, reactive power 

compensation and load balancing in three-phase, four-wire electric distribution 

systems supplying non-linear loads‖, Electric Power Systems Research, vol. 44, no. 

2, pp.93-100, Feb. 1998.  

[187] B. Singh,  V. Verma, ―An indirect current control of hybrid power filter for varying 

loads,‖ IEEE Transactions on Power Delivery,  vol.21, no.1, pp.178-184, Jan. 2006.  

[188] B.N. Singh, B. Singh, A. Chandra, K. Al-Haddad, "Design and digital implementation 

of active filter with power balance theory," in IEE Proc. Electric Power Applications, 

vol.152, no.5, pp.1149-1160, Sept. 2005.  

[189] B.N. Singh, B. Singh,  A. Chandra, and P. Rastgoufard,  Al-Haddad K., "An Improved 

Control Algorithm for Active Filters," IEEE Transactions on Power Delivery,  vol.22, 

no.2, pp.1009-1020, April 2007. 

[190] B. Singh, P. Jayaprakash and D.P. Kothari, "Three-phase four-wire DSTATCOM with 

H-bridge VSC and star/delta transformer for power quality improvement," India 

Conference, 2008. In IEEE Proc. INDICON 2008, vol.2, no., pp.412-417, Dec. 2008. 

[191] B.K. Bose, "Expert system, fuzzy logic, and neural network applications in power 

electronics and motion control," in Proc. of the IEEE , vol.82, no.8, pp.1303,1323, Aug 

1994. 

[192] J.W. Dixon, J. M. Contardo, L. A. Moran, "A fuzzy-controlled active front-end rectifier 

with current harmonic filtering characteristics and minimum sensing variables," IEEE 

Transactions on Power Electronics, vol.14, no.4, pp.724-729, July 1999.  

[193] W. R. A Ibrahim, M.M. Morcos, "Artificial intelligence and advanced mathematical 

tools for power quality applications: a survey," IEEE Transactions on  Power Delivery, 

vol.17, no.2, pp.668-673, Apr 2002  

[194] S. K. Jain, P. Agrawal, H.O. Gupta, "Fuzzy logic controlled shunt active power filter 

for power quality improvement," IEE Proc. Electric Power Applications, vol.149, no.5, 

pp.317-328, Sep 2002.  

[195] S.K. Jain, P. Agarwal and H. O. Gupta, "Neutral Current Compensation and Load 

Balancing With Fuzzy Logic Controlled Active Power Filter," in proc. Of IEEE Int. 

Symposium on Industrial Electronics, vol.2, no., pp.1311-1316, July 2006. 



 

185 

 

[196] B. Singh, J. Solanki, "An Implementation of an Adaptive Control Algorithm for a 

Three-Phase Shunt Active Filter," IEEE Transactions on Industrial Electronics, vol.56, 

no.8, pp.2811-2820, Aug. 2009. 

[197] P. Kirawanich, O.Connell and M. Robert, "Fuzzy logic control of an active power line 

conditioner," IEEE Transactions on Power Electronics,  vol.19, no.6, pp.1574-1585, 

Nov. 2004.  

[198] A. Elmitwally, S. Abdelkader and M. El-Kateb, "Neural network controlled three-phase 

four-wire shunt active power filter," Generation, in Proc. On Transmission and 

Distribution, vol.147, no.2, pp.87-92, Mar 2000. 

[199]  N. Pecharanin, H. Mitsui and M. Sone, "Harmonic detection by using neural 

network," In Proc. Of IEEE Neural Networks International Conference, vol.2, no., 

pp.923-926 vol.2, Nov/Dec 1995. 

[200] M. Rukonuzzaman, M. Nakaoka, "Single-phase shunt active power filter with 

harmonic detection," in Proc. of IEE on Electric Power Applications,  vol.149, no.5, 

pp.343-350, Sep 2002. 

[201] J.H. Marks, T.C. Green, "Predictive transient-following control of shunt and series 

active power filters," IEEE Transactions on Power Electronics, vol.17, no.4, pp.574-

584, Jul 2002.  

[202] B. Singh, V. Verma and J. Solank, "Neural Network-Based Selective Compensation 

of Current Quality Problems in Distribution System," IEEE Transactions on ,Industrial 

Electronics, vol.54, no.1, pp.53,60, Feb. 2007. 

[203] J. C. Wu, H.L. Jou, K .D. Wu and S.T. Xiao, "Single-phase inverter-based neutral-

current suppressor for attenuating neutral current of three-phase four-wire distribution 

power system," in Proc. of IET  Generation, Transmission & Distribution, vol.6, no.6, 

pp.577-583, June 2012. 

[204] S.B. Karanki, N. Geddada and M.K. Mishra and B.K. Kumar, "A DSTATCOM 

Topology With Reduced DC-Link Voltage Rating for Load Compensation With 

Nonstiff Source," IEEE Transactions on  Power Electronics, vol.27, no.3, pp.1201-

1211, March 2012. 

[205]  H. Akagi and R. Kondo, ―A transformer less hybrid active filter using a three-level 

pulse width modulation (PWM) converter for a medium voltage motor drive,‖ IEEE 

Transaction Power Electronics, vol. 25, no. 6, pp. 1365–1374, June, 2010. 

[206] H. Akagi, ―Trends in power electronics and motor drives,‖ in Proc. 5th Int. Conf. Power 

Electron. Drive Syst., vol. 1, pp. 1–7. 2003. 

[207] D. Sreenivasarao, P. Agarwal, B. Das, ―Performance enhancement of a reduced 

rating hybrid D-STATCOM for three-phase, four-wire system,‖ Electric Power 

Systems Research, Vol. 97, pp. 158-171, Apr. 2013. 



 

186 

 

APPENDIX – A 

In this appendix, the snapshots of the MATLAB/Simulink models of the 3P3W three 

level DCMLI active power filter is shown 

 

Fig. A. 1: Simulation model of three level active power filter. 

 

 

Fig. A. 2: Power circuit of three level DCMLI. 
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APPENDIX – B 

In this appendix, Matlab/simulink model of the 3P3W CHBMLI based five level active 

power filter is shown.   

 

Fig.B.1: Snapshot of five level active power filter. 

 

Fig.B.2. Simulink model of  five level filter. 


