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Abstract 

This thesis is an investigation of hybrid compensation topologies for mitigating load cur

rent harmonics, supply and load voltage distortion using a comparison approach. Four 

hybrid topologies are considered with a hybrid load consisting of current source type and 

voltage source type nonlinear loads. The compensation systems use the synchronous 

frame method for harmonic current extraction and propose an extraction scheme for the 

distortion voltage, which is based on a comparison of the distorted voltage with a fixed 

reference. The suitability of the multiple feedback loop control scheme was also investi

gated. It was determined that the scheme is effective in the generation of sinusoidal and 

distortion components of compensating currents and voltages and hence suitable for ac

tive filtering application. 

Using the extraction and control schemes, the performance of the compensation systems 

was examined under different conditions of supply voltage and load currents. The results 

obtained showed the functionality of the control schemes in the compensation of distur

bances caused by non-linear load operations and source end distortions. 

A methodical determination of the ratings of the active filters in the hybrid compensators 

is also presented. The results show that rating curve is a function of the active filter type 

and the impedance of the passive filter. 
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Chapter 1 

Introduction and Literature Review 

Issues associated with power quality have become important consideration for electricity 

companies, utilities and the end users of electrical power. Stringent demands are now be

ing placed on the quality of the power being provided by the power companies and utili

ties. This imposes an obligation on the power providers who in tum place requirements 

on the consumers as regards power quality. Power quality is a term which refers to the 

degree to which the power received at a consumer terminals is distorted, that is, it refers 

to the level of harmonics and distortion present in the voltage at the point of common 

coupling, (PCC). It is an umbrella concept for different types of power system distur

bance. The growing concern is due to the fact that load equipment are becoming more 

sensitive to power quality variations. Many new load devices now contain microproces

sor-based control and power electronic devices that are sensitive to many types of distur

bances. High power quality is generally desirable as it ensures normal operation of loads. 
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On the other hand, low power quality may results in low performance or even failure of 

some critical equipment such as automated systems and computers causing system down

time and associated increase in costs. Also, the need to improve efficiency of loads has 

resulted in the increasing use of power electronic based adjustable speed drives. In

creased efficiency in the load equipment helps defer large investments in new lines, trans

formers, generators and substations i.e. it results in a better use of existing facilities. 

Harmonics generally refer to sinusoidal voltages and currents in the system which are 

integer multiples (usually odd integers) of the frequency at which the supply system is 

designed to operate i.e. the fundamental frequency. Distorted waveforms can be decom

posed into a sum of the fundamental frequency and the harmonics. In single-phase sys

tems the dominant harmonics are the 3rd, 5th and 7th. In general three-phase systems, the 

dominant harmonics are the 5th, 7th and 11th due to cancellation of the 3rd and other tri

plens as a result of the 120° shift between the phases. Harmonics are typically caused by 

the use of non-linear loads such as switch mode power converters, power electronics op

erated adjustable speed drives, fluorescent lamps, arc furnaces, welding equipment and 

other non-linear loads used in both domestic and industrial applications. Although the 

harmonic currents drawn by a single load may be small, large numbers of small loads of

ten concentrated in a small area e.g. an office building may have numerous fluorescent 

lamps, computer equipment, copiers and other pieces of equipment necessary in a modem 

office. A factory may have several small rated adjustable speed drive or a few large ones, 

welding equipment or even an electric furnace. The harmonic currents produced indi

vidually in these situations may combine, resulting in very high levels of current and 
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voltage distortion at the point of common coupling. The presence of harmonics in the 

system results in several effects including increased heating losses in transformers, mo

tors and lines, low power factor, torque pulsation in motors and poor utilization of distri

bution wiring and plant. 

The causes of power quality deterioration include voltage sag and swell. These are short 

duration decrease or increase in the voltage magnitude of typically between 3 and 30 cy

cles. Sags or swells of longer duration are considered under voltages and over voltages 

respectively. Figure 1.1 illustrates a voltage sag and swell. Voltage sags (dips} are mainly 

caused by phenomena resulting in high currents which in turn cause a voltage drop across 

the network impedance with a magnitude which decreases in proportion to the electrical 

distance of the observation point from the .source of the disturbance in accordance to cir

cuit laws. Such phenomena may include the sudden switching on and off of large loads in 

the system as well as faults on the lines. 

Voltage notching is a periodic voltage disturbance caused by the normal operation of 

power electronic devices when current is commutated from one phase to another. Since 

voltage notching is periodic and occurs continuously, it can be characterized through the 

harmonic spectrum of the affected voltage. Figure 1.2 illustrates a typical voltage notch 

caused by current commutation in diode and thyristor converters. During the period when 

notches occur, there is a momentary short circuit between two phases resulting in close to 

zero voltage as permitted by the system impedances. 
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Fig 1.1: Voltage sag and voltage swell 
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Fig 1.2: Commutation notches 
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Voltage flicker, another power quality problem results from the low frequency amplitude 

modulation of the system voltage. The modulation is usually less than 25Hz. Flicker is 

caused by large rapidly fluctuating loads such as arc furnaces and electric welding 

equipment especially during the phase when the arc-is being struck. Figure 1.3 illustrates 

a voltage flicker. 

The effect of such disturbances on the terminals of the load is influenced by the distance 

to the origin of the disturbance, the level of interconnection and the impedance of the 

transmission links. Terminal load voltages are also affected by switching operations such 

as connection and disconnection of large loads, power factor correction devices and the 

operation of static var compensators. In order to counter the adverse effects of these dis

turbances on the terminals of the load, engineers and researchers have come up with vari

ous ingenious ways to mitigate the power quality problem. In the next section, various 

solutions that have been proposed in the literature will be reviewed. All the methods aim 

to achieve constant sinusoidal voltage and currents devoid of harmonics, constant fre

quency, symmetrical three-phase AC power and reliability in the supply, independent of 

load variations 

1.1 Literature Review 

In order to mitigate the power quality problem, various power-conditioning devices have 

been employed to reduce the effects of load current harmonics, voltage sags and distor

tion. Most harmonic sources have been represented as current sources [1] , hence parallel 

or shunt passive filters have been traditionally used to mitigate nonlinear load harmonics. 
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In recent times, active filters have attracted a great deal of attention and have been re

searched intensively for the past 25-30 years [2,3]. They are used to compensate for har

monics and reactive power as well as for balancing unbalanced loads [4,5] and as dy

namic voltage restorers [3]. Active filters are used alone or in combination with other de

vices depending on requirements and control methods. This thesis deals with the applica

tion of active filters in hybrid topologies. 

Devices used for power quality compensation can be classified as passive, active and hy

brid compensators. An overview of each of the compensator type is given below. 

1.2 Passive Compensators 

Passive compensators or filters are combinations of inductors and capacitors connected in 

series or parallel to present high or low impedance to the current or voltage harmonics. 

They are used as shunt passive filters or series passive filters. 

1.2.1 Shunt passive filters 

Shunt passive filters are series resonant circuits connected in parallel to harmonic current 

producing nonlinear loads. Due to their low cost and simplicity, they have traditionally 

been used to absorb the harmonics generated by large loads [6]. At the tuned frequencies, 

a shunt passive filter has lower impedance than the impedance of the supply. In principle, 

the filtering characteristics of the shunt passive filter are determined by the impedance 

ratio of the source and passive filter [6]. 
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Figure 1.4 shows a single-phase model of a harmonic producing load and passive filter. 

The shunt passive filter has the following shortcomings: 

• The source impedance influences the performance of the shunt passive filter and 

since the source impedance may not be easily determined, the performance of the 

shunt passive filter becomes difficult to predict. 

• The filter may create a series or parallel resonance with the source impedance result-

ing in the amplification of the harmonics with negative consequences. 

• In practice, due to possible resonance, the shunt passive filters are usually off-tuned 

with respect to the dominant frequencies which defeats their very purpose of installa-

tion [7] 

Supply 
Voltage 

Shunt passive 

I filter 

Non-linear 
Load 

Fig 1.4: Harmonic compensation using the Shunt Passive Filter 
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1.2.2 Series passive filters 

Series passive filters are parallel resonant circuits connected in series with the harmonic 

causing nonlinear loads. They are low-cost, simple to implement and have been used to 

limit harmonics caused by large loads [9]. The main drawback in the use of the series 

passive filters is the voltage drop that occurs at fundamental frequency due to the diffi-

culty in designing sharply tuned filters. 

Series passive filters are not as widely used for harmonic compensation as the shunt pas-

sive filters. However, it has been proposed that when the load is modeled as a harmonic 

voltage source instead of a harmonic current source, the series passive filters gives better 

performance [1,8,9]. Figure 1.5 shows a model of a series passive filter for compensating 

harmonic voltage-source type nonlinear load. 

Supply 
Voltage 

Series Passive 
filter 

Non-linear 
Load 

Fig 1.5: Harmonic compensation using the Series Passive Filter 
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1.3 Active Compensation Devices 

To overcome the limitation of passive filters, active filters were developed to provide bet

ter harmonic and voltage distortion control. Active filters may also be used for power fac

tor control in static var compensators. Active compensators also known as active filters or 

active power line conditioners are single-phase or three-phase voltage source inverters 

used to generate the compensating voltage or current that is injected into the line. They 

may be connected in series with the line (series active filters) or in parallel with the load 

(shunt active filters). 

1.3.1 Series active filters 

The series compensator is used to eliminate voltage harmonics, compensate for voltage 

dips and swells in dynamic voltage restoration and to generally regulate line voltages 

[10]. It is also used to damp out harmonic propagation caused by resonance with line im

pedance and shunt passive filters [11]. Figure 1.6 is a block diagram of the series active 

compensator and controller. The series active filter does not directly compensate for cur

rent harmonics but is can be controlled to act as high impedance to the current harmonics 

[6]. A drawback to the series active compensator is its inability to directly compensate for 

current harmonics, suppress neutral currents and balance the load current. 

10 



Power 
source 

Controller 

Inverter 

Non-linear 
load 

Fig 1.6: General system configuration of the series active filter 

1.3.2 Shunt active filter 

The shunt active filter is primarily used to compensate for current harmonics, it operates 

by actively generating the harmonic currents equal to those in the load by means of a 

switch mode power electronic inverter. The load current harmonics are measured and ex-

tracted by the control circuits and the~_ usedto regu.Iat~_t~e _inverter of the active filter. 

The performance of the active filter is hence independent of the utility system impedance. 

Figure 1.7 shows the schematic of a shunt active filter. The shunt filter can also be used 

as a static var generator in power system network for stabilizing and improving the volt-

age profile and for correcting for power factor [12, 13]. 
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Voltage 
source 

Controller 

Inverter 

Fig 1.7: General system configuration of the shunt active filter 

Non-linear 
load 

The shunt active filter has the following drawbacks. 

• The VA rating of the power electronic inverter can be quite high since the device is 

connected in parallel to the load. This is due to the fact that the converter must with-

stand the line frequency utility voltage and supply harmonic current. 

• The inverter output low-pass filter provides attenuation of the inverter switching 

harmonics. They are also highly susceptible to utility line interaction and may require 

additional active or passive damping. 

• It does not compensate for the harmonic in the load voltage. 
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1.3.3 Combined series and shunt active filters 

This combination also known as the unified power quality conditioner (UPQC) [14, 15] 

or universal active power line conditioner [16] consists of the series and shunt active fil

ter. Figure 1.8 is the schematic of the UPQC. The UPQC can provide fast and simulta

neous control of the system terminal voltage and active and reactive power flow. The sys

tem is considered as an ideal active filtering system, which eliminates voltage and current 

harmonics and is capable of providing compensation to sensitive loads such as computers 

and medical equipment. 

The series filter is controlled as a voltage source; hence it is used for voltage compensa

tion while the shunt filter compensates for harmonic currents. Hence it has the advantages 

of both the series and shunt filter. The series filter may be used to 

• Provide harmonic isolation i.e. suppress harmonic current through the line. 

• Control active and reactive power flow by controlling the phase and magnitude of 

the injected voltage with respect to the line current. 

• Eliminate voltage harmonics including negative and zero sequence components at 

the fundamental frequency. 

• Compensate for the reactive power demand of the load. 

• Cancel out line current harmonics. 

The major limitation of the UPQC is its high cost and control complexity. 
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Voltage 
source 

vs 
.. 

Controller 

Fig 1.8: The unified Power Quality Conditioner (UPQC) [14] 

1.4 Hybrid Filters 

Non-linear 
load 

Hybrid filters combine the advantages of passive and active filters. They are cost effec-

tive solutions to controlling voltage variations and distortions as well as suppressing har-

monies. Several combinations of passive and active filters exist in the literature. Peng [1] 

has presented 14 hybrid filter topologies for use in solving the power quality problem. A 

few of the more commonly used hybrid compensation topologies are discussed below. 

1.4.1 Hybrid shunt filters 

This consists of a series combination of an active and passive filter in parallel with the 

load. This is an attempt to reduce the high VA rating of the shunt active filter without 
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compromising its functions [1, 17], enabling practical implementation of active harmonic 

current filters. 

Figure 1.9 shows the schematic of a shunt hybrid filter. The VA rating is reduced by the 

fact that the system is designed such that the fundamental voltage is dropped across the 

passive filter. In practice, a small fundamental voltage appears across the active filter as a 

result of the finite leakage impedance of the matching transformer. Due to its high rating 

at fundamental frequency, the var compensating ability of the hybrid filter is diminished. 

However if var compensation is not an issue as in harmonic compensation, it is an effec-

tive device for the dominant harmonic currents. Its major drawback is that the passive 

filter may attenuate other frequencies generated by the active filters hence reducing the 

· range of harmonics that can be covered. 

Power 
source 

Controller 

Inverter 

Fig 1.9: The hybrid shunt filter 
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1.4.2 Hybrid series filters 

The series hybrid compensator is a series combination of a series passive filter and a se

ries active filter [1,18]. Figure 1.10 shows the schematic of the series hybrid filter. The 

series filter operates by injecting a compensating voltage in the line in opposite phase to 

cancel out any voltage distortion. Depending on the control method adopted, the series 

filter can be used for 

• Harmonic isolation: in this mode, the source currents are extracted and used as a 

reference for the PWM inverter used in the active compensator. The output voltage 

from the compensator is injected into the line in phase with the line current harmon

ics resulting in simulated line impedance in series with the source [14,15]. This ac

tive impedance does not significantly affect the fundamental, but serves to constrain 

the load harmonics into the passive filter. This results in improved performance of 

the passive filter since the need for precise tuning is reduced. The active filter also 

provides damping to any resonant current oscillations, which may occur between 

the passive filter and the supply voltage internal impedance. 

• Voltage compensation: if line voltage conditioning is required the series active filter 

can be used to eliminate voltage sags, swells, flicker, commutation notches, voltage 

harmonics and other voltage disturbances. 

The actual use of the series compensator depends on the objective, the harmonic or dis

tortion extraction method and the inverter control scheme adopted. 
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Fig 1.10: The hybrid series filter 

1.5 Harmonic Extraction Methods 

Non-linear 
load 

Several methods exist in the literature for the extraction of the harmonics and distortion 

in the source and load currents and voltages. A review of some of the methods is pro-

vided below. 

1.5.1 Fourier transform based extraction methods 

This extraction method is based on the Fourier transform based analysis of the load or 

source currents and voltage. Using the method, the distorted voltage or current signals is 

separated into its fundamental and harmonic components. The harmonic components are 

then used as the reference for the active filter inverter to generate the compensating volt-
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ages or currents [21, 22]. However the drawback of this method is that the online applica-

tion of the Fourier transform is cumbersome and results in an unacceptable delay, neces-

sitating the inclusion of predictive algorithms in the control scheme for loads with deter-

ministic harmonics. It is difficult to use for loads that are unpredictable. Figure 1.11 

shows a block diagram of the method. 

Line/Load 
currents 

FFT 

Reference 
extractor 

and 
predictor 

IFFf 

Fig 1.11: Fourier transform based extraction 

1.5.2 Instantaneous reactive power theory 

Extracted 
Harmonics 

Proposed in 1984 by Akagi, et al [19], the IRP theory also known as the p-q theory is 

based on instantaneous voltages and currents in three-phase systems, with or without a 

neutral wire. The harmonic components can be estimated by determining the contribu-

tions of the harmonics to pand q, where p and q are the active and reactive power flow-

ing in the line. The estimation is done by computing the instantaneous active and reactive 

powers and then extracting the harmonic active and reactive powers by the use of a high-

pass filter. The major drawback for this scheme is that it considers only balanced condi-

tions without zero sequence components. In the presence of unbalance and zero sequence 
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components, the effectiveness of the scheme is reduced. Figure 1.12 is a block diagram of 

the method. 

va abc 

vb to 
a~ Harmonic iha a~ 

vc Computation current to 
of instant- calcula-

abc 
neous active tion 

ia abc 
ia and reactive 
i powers p, q to lb 

lc 
a~ 

Fig 1.12: Harmonic current extraction based on the IRP theory. 

1.5.3 Synchronous reference frame based extraction scheme 

In this scheme, the voltage and current signals are transformed by the use of Park's trans-

formation into the rotating reference frame, where the fundamental quantities become de 

and all other frequencies are translated downwards in the frequency axis [7]. The de 

value in the rotating reference frame is then removed by passing the signal through a 

high-pass filter. The filtered signal is then transformed to the stationary abc reference 

frame by applying the inverse Park's transformation. Its drawbacks include the computa-

tion involved, its inherent requirement of a three-phase signal, which makes it unsuitable 

for use in single-phase systems and its non-compensation for reactive power. Besides, the 

effectiveness of the extraction scheme is severely reduced in the presence of voltage un-
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balance, making it difficult to achieve independent voltage compensation and voltage 

balancing. Figure 1.13 is a block diagram of the extraction procedure. A method of over-

coming the voltage unbalance limitation was developed by Karthik [27]. The proposed 

method involves balancing the phases independently by the use of phase shifters before 

applying the transformation. 

[Ld .. ... a-b-c 
I HPF I ... 

0-d-q 
... 

.... l J ... 
... ... to to ... .... 

__... 0-d-q [Lq I HPF I ... a-b-c ... .... 
L I .... ... 

.4l A~ 

--. PLL 
cos(O), sin(O) 

Fig 1.13: Synchronous reference frame extraction method. 

1.6 Objectives of the Thesis 

Hybrid filters in general are a compromise between the simplicity and robustness of pas-

sive filters and the performance and cost of active filters. Different hybrid filtering to-

pologies exist and have been studied. To the best of the author's knowledge, no thorough 

investigations of the different topologies have been carried out with the aim of determin-

ing which topologies are best suited for certain load and source conditions. Also, in pre-

vious works, the load has always been modeled as harmonic current sources. However, 

not all loads can be modeled as such. Furthermore, the same extraction scheme is used in 

the existing compensators to extract both harmonic current and voltage. This approach 

20 



leads to a large and complex extraction and control circuitry. The aim of this thesis is to 

present an extraction and control scheme that decouples the current and voltage compen

sation process. The proposed control scheme is applied to four different hybrid-filtering 

topologies with the objective of 

• Investigating the performance of the four hybrid compensation topologies under 

various conditions of the source and load to determine the most appropriate compen

sation method. 

• Investigations of the performance of the compensation topologies when the load is 

hybrid consisting of loads that are modeled as harmonic current sources and loads 

that are modeled as harmonic voltage sources. 

• Determining rating of each of the compensation system. 

1. 7 Organization of the Thesis 

Chapter one introduces the power quality problem. Current power quality issues are dis

cussed and the problems stated. The voltage sag, swell, flicker and harmonics are defined 

and their causes and effects explained. Various methods in use in mitigating the power 

quality problems are identified and presented in a review of existing literature; various 

control schemes and topologies are identified and described highlighting their advantages 

and disadvantages. The objectives of the thesis are presented in this chapter. 

Chapter 2 introduces the active filter control scheme used in this thesis. The control 

scheme is described and its advantages for active filter application are discussed. The per

formance of the scheme in the generation of a replica of the sinusoidal and non-sinusoidal 
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distortion reference voltage is demonstrated. Its limitation is also discussed. The har

monic current extraction scheme is also discussed and its use in the extraction of current 

harmonics is presented. 

In chapter 3, two of the hybrid compensation systems investigated in this thesis are pre

sented. A detailed description, analysis and modeling is carried out to determine the 

compensation characteristics of the systems. Simulation results are presented to validate 

their functionality. 

Chapter 4 presents the other two hybrid compensation systems. Their description, model

ing and analysis are carried out. Also, their performance in the compensation of harmonic 

currents and voltage distortion and their limitations is demonstrated by simulation. The 

results are presented in this chapter. 

In chapter 5, the ratings of the hybrid filters that make up the four hybrid compensation 

systems are determined analytically. A quantitative comparison of the four hybrid com

pensation systems is carried out based on several identified factors. 

Finally, chapter 6 summarizes the thesis highlighting the contribution of the research and 

provides suggestions for further work. 
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Chapter 2 

Active Filter Control 

Voltage source inverters play a very important role in the implementation of active filter

ing schemes. They are used in active filtering schemes to provide compensating voltage 

in the line to condition the line to desirable voltage and current quality levels. The qual

ity and performance of the active power filter depends on three considerations [13]. 

• The design of the power inverter 

• The modulation and control method used to implement the compensation scheme 

• The method used to determine the level of compensation. 

Active filters are used in the series and shunt configuration i.e. the series active filter and 

the shunt active filter. In this chapter, the performance of the series active filter and the 

shunt active filters based on their ability to generate identical replica of the distortion 

voltage reference and extracted harmonic currents are investigated. 

The generation of the harmonic currents and the distortion voltage is dependent on vari-
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ous conditions 

• The effectiveness of the method of extracting the harmonic current and the dis

tortion voltage to be used as a reference for the voltage source inverter 

• The performance of the inverter in generating the reference waveform consider

ing that the reference waveform may be highly non-sinusoidal as a result of the 

presence of various signals of different magnitudes, phases and frequencies. 

2.1 Series Compensation 

In series active compensation schemes, the inverter in the series active filter (also re

ferred to as the series active compensator or conditioner) is coupled to a line in series 

with the load through a matching transformer. The inverter is then used to generate and 

inject the necessary voltage needed for compensation of voltage harmonics, voltage sags 

and swell, voltage flicker and other voltage disturbances that distort the desired sinusoi

dal waveform at the point of common coupling. 

In order to ensure that the compensation is effective, it is important that the generated 

voltage be a replica of the measured distortion voltage as much as possible. The re

sponse of the inverter should also be fast so that it is able to respond to rapidly changing 

distortion levels. The inverter control method used in the series active filter scheme de

termines the inverter performance in terms of stable operation, good dynamic response 

and minimal deviation of the generated output voltage from the reference distortion 

voltage. 
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Several inverter control schemes exist in the literature such as hysterisis control [23], 

dead-beat control [24], sliding mode control [25] and multiple loop control [26]. In this 

work, the suitability of the multiple loop control method proposed by Abdel-Rahim and 

Quaicoe will be examined for series active filter application. The latter scheme has been 

shown to have good dynamic response, good stability and good performance with gen

erating sinusoidal references for UPS application. 

2.2 Operation of the Single-Phase Inverter 

Figure 2.1 shows the scheme proposed by Abdel-Rahim and Quaicoe [26]. It consists of a 

voltage source single-phase half-bridge inverter, a second order filter R1 , L1 and C1 , an 

inner current feedback loop and an outer voltage feedback loop. Proportional controllers 

are used in the feed-forward path of the inner current loop to increase the loop bandwidth. 

The reference voltage Vdis is the voltage distortion i.e. the deviation of the actual voltage 

from the desired one. The series active filter operates to generate the distortion voltage 

and then to inject the generated voltage in opposite phase so as to cancel the distortion in 

the actual voltage. The generated voltage is fed back and compared with its reference and 

the resulting error signal is passed through a proportional controller kv , the output of the 

controller is then summed with the error signal obtained from comparing the capacitor 

current with its reference. The resulting signal is passed through a proportional current 

controller kc in the current control loop and the output of the current controller is com

pared with a fixed switching frequency triangular waveform in a standard sinusoidal 
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pulse width modulation (PWM). The pulse width modulated signals are then used to con-

trol the inverter switches after they have been appropriately processed by the gate-drive 

circuits. 

Triangular 
Wave 
generation 

Gate 
Drive 
Cir
cuit 

to 

transformer 

Fig 2.1: Control strategy of the active filter in harmonic and distortion compensation. 

[26] 

The inverter control system adopted for this work offers many advantages for active filter 

operation. The current control loop provides an inherent peak current limit in the capaci-

tor of the output filter which serves to limit the high current surges at the capacitor output 
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especially during system start up. Also, since the capacitor current represents the rate of 

change of inverter output voltage, the control scheme is capable of predicting and correct

ing near future variation in the output voltage, thus providing fast dynamic response of 

the overall system. The voltage control loop regulates the output voltage and ensures that 

the inverter output closely follows its reference. 

2.3 Characteristics of the LC filter 

Figure 2.2 shows the circuit model of the single-phase inverter with a second order filter 

connected to the power system through a coupling transformer. 

In the figure 

V;" represents the pulse width modulated output voltage obtained from the 

inverter switches. 

R1 is the resistance of the filter inductor 

L1 is the filter inductance 

cf is the filter capacitance 

R, is the equivalent resistance of the coupling transformer and lines 

L, is the equivalent inductance of the coupling transformer and lines 

Vs sin(wt + f/J) is the equivalent instantaneous voltage of the power system at the 

point of coupling. 

The transfer characteristics can be expressed as 
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(2.1) 

Filter Transformer 

,-----------------~ 

R, 

L, 

Fig 2.2: Inverter lowpass filter and transformer. 

(2.2) 

The reactance of the inductor and capacitor are functions of the harmonic order n . 

Equation 2.2 can then be written as 

(2.3) 
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Assuming that the resistance of the filter inductor and that of the coupling transformer 

and lines are negligibly small, (2.3) then reduces to 

(2.4) 

V Xu 

vc = [ ( 2 2JJ in n w 
X l! + Xu 1 - w~ 

(2.5) 

where ~:~(:J (2.6) 

and 
1 

(2.7) 
Wo = ~L!Cf 

The inverter is to be used to generate the distortion voltage which may have sinusoids of 

various magnitudes, frequencies and phases, including the fundamental in the events of 

voltage sags, swell and flicker compensation. Hence the selection of the inverter lowpass 

filter is based on the following criteria: 

• The degree of correlation between the reference voltage distortion and the generated 

output distortion. 

• The rating of the filter inductor and capacitor 
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The size of the lowpass filter is important in the design considerations; an LC filter with 

small size and low ratings is a measure of the efficiency of the active filter system as well 

as its cost. 

2.4 Performance of the Inverter Under Various Conditions 

The circuit of Fig 2.1 was implemented in the Simulink toolbox of Matlab under various 

conditions. The objective was to ensure that the inverter will generate a replica of the ref-

erence voltage i.e. the distortion voltage. Proper selection of the inverter output filter is 

essential in order to achieve this objective. The investigation was carried out under sinu-

soidal reference voltage as well as distorted reference voltages. The carrier frequency was 

chosen to be 5 kHz to minimize switching losses in the implementation. Inverter switch-

ing harmonics will occur at integer multiples of the switching frequency. The proper se-

lection of the inverter LC lowpass filter will ensures that such high frequency harmonics 

do not affect the generated voltage. 

2.4.1 Performance with sinusoidal reference and selection of lowpass 
filter 

In the case when the reference voltage Vdis is sinusoidal as in during a voltage sag or 

swell, the inverter implemented as an active filter will be required to generate a sinusoi-

dal voltage to correct for the deviation from the set reference. Figures 2.3 and 2.4 show 

the generated output waveform with a sinusoidal reference. 
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Fig 2.3: (a) The inverter reference voltage, (b) the frequency spectrum 
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Fig 2.4: (a) The inverter output voltage, (b) the frequency spectrum 
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Total harmonic distortion consideration is used in selecting the lowpass filter components 

for sinusoidal reference input. The selected filter parameters are then used to examine the 

effects on non-sinusoidal voltage generation. 

Figure 2.5 shows the plot of the variation of total harmonic distortion with increasing fil-

ter capacitance and a fixed inductance. The figure shows that the total harmonic distor-

tion in the generated output voltage is a function of the lowpass filter values chosen. 

For a fixed value of filter capacitor, the total harmonic distortion in the inverter output 

voltage drops with increasing inductance. Since in practical applications, the cost of the 

inductor is more critical than that of the capacitor, it is therefore necessary to keep the 

inductance to a minimum for a desired total harmonic distortion and minimum cost. Fig-

ure 2.6 shows the total harmonic distortion as a function of the normalized frequency /, 
Is 

for various values of filter inductance, where f, is the resonance frequency of the LC 

filter, and fs is the fixed switching frequency. 

(2.8) 

It is observed from Fig 2.5 that the total harmonic distortion exhibits linear characteristics 

with increasing normalized frequency until /, = 0.12, from which point the characteris-
fs 

tics become nonlinear. 
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Therefore for linear and predictable behavior of the invener, it is necessary to select the 

filter parameters values such that fr $ 0.12. For the remainder of this thesis, the choice Is . 

of fr = 0.1 is used. This value is chosen to limit the switching frequency and hence the 
fs 

switching loss in the inverter switches since lower values of the frequency ratio implies 

higher switching frequency. The choice of fr = 0.1 ensures that the total harmonic dis-
is 

tortion is below 5%. From Fig 2.5 and 2.6, L:::1mH and C=SO jJF are selected for opti-

mum performance. 

2.4.2 Performance with non-sinusoidal (distortion) reference 

It has been demonstrated in the previous section that the series active filter of Fig 2.1 can 

reliably generate sinusoidal references with an acceptable THD. The use of the series ac-

tive filter in voltage compensation places an additional requirement on its performance 

since voltage distortions of a non-sinusoidal nature can occur due to nonlinear loads. Fig-

ure 2.7 shows the distortion reference voltage and its harmonic spectrum. The harmonic 

spectrum shows that the distortion voltage consists of a combination of the 5th, 7th, 11th, 

13th, 17th 19th and the 23rd harmonics in varying proportions. Fig 2.8 shows the generated 

output voltage. It is observed from a comparison of figures 2.7 and 2.8 that all the fre-

quency components in the reference are present in the generated output voltage wave-

form. 
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For the case when the distortion voltage is a combination of higher frequency harmonics 

and a fundamental voltage, which can occur in the event of voltage sag or swell and other 

distortions resulting from the operations of non linear loads, the active filter must then 

compensate for the deviation of the voltage from the desired value by injecting out of 

phase, the generated distortion voltage to cancel out the distortion. Figure 2.9 shows a 

distorted reference voltage, which is a combination of a fundamental component and 

higher frequency harmonics. The generated output voltage is shown in Fig 2.10. It is ob

served from Fig 2.10 that the frequency contents present in the reference signal is also 

contained in the inverter output voltage. This is an essential requirement for active com

pensation. The error in the generation of the voltages is shown in Fig 2.11, 2.12 and 2.13 

where it is shown that the error in the generation of a signal increases with the frequency 

and is less than 4% up to the 45th harmonic. 
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Fig 2.8: The generated distortion voltage at the active filter terminals. 
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Fig 2.9: Distortion reference voltage with some fundamental components. 
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Fig 2.10: Distortion output voltage with some fundamental components. 
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2.5 The Shunt Active Filter 

In the previous section, the capability of the single-phase inverter with multiple loop con

trol to generate sinusoidal and non-sinusoidal waveforms has been demonstrated. Its suit

ability for use in the series active filter has also been shown. In this section the use of the 

single-phase inverter to generate the replica of the harmonic currents will be demon

strated. 

The shunt active filter is connected in parallel with the load as shown in Fig 2.14. When 

the load is non-linear as in adjustable speed drives and arc furnaces, the harmonic cur

rents tend to be drawn from the source resulting in negative consequences for other con

sumers at the point of common coupling. 

Fig 2.14: The shunt active filter in parallel hybrid topology. 
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The shunt hybrid filter must be controlled such that it provides a path for all the harmonic 

currents generated by the load to flow, thereby ensuring that the source current is very 

near sinusoidal. By Fourier series representation, the non-linear load current is made up 

of an infinite sum of sinusoids i.e. 

The fundamental component flows from the source and the harmonic current are required 

to flow through the shunt filter. 

For the shunt active filter to be able to generate the harmonic current demanded by the 

load, a feedforward harmonic extraction scheme used. It is based on the synchronously 

rotating reference frame controller [3]. The load currents are sensed and their harmonic 

currents are separated from the fundamental, which becomes de in the synchronously ro

tating reference frame. A highpass filter is then used to extract the harmonic content. The 

inverse transformation is then applied to the filtered signal to transform the signal back to 

the stationary reference frame. The control scheme extracts the harmonics in the load cur

rents and uses the shunt active filter to generate a replica of the extracted harmonics. 

The advantages of feedforward schemes are fast response and fewer sensor requirements 

as compared to feedback control schemes. The downside is that they are highly sensitive 

to gain inaccuracies due to non-linearity in the filter impulse response and quantisation 

errors. Feedback schemes on the other hand are self-regulatory (zero steady state error) 

but suffer from a relatively slow dynamic response. Quick response is crucial in a power 
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system environment in the proximity of fluctuating loads such as arc furnaces and adjust-

able speed drives. 

2.5.1 Harmonic current extraction unit 

The harmonic current extraction unit is used to generate the reference current for the sin-

gle-phase inverter in the shunt active filter. The load currents I LLz ,/ Lb, and I Lc in the three 

phases are sensed and transformed to stationary co-ordinates I Lo, I La, and I L/3 and then to 

the synchronous frame values I Lo,/ u, and I Lq respectively. The implementation is sim-

plified by a two-level transformation instead of a one-level direct transformation. The 

transformation is accomplished by means of Park's transformations as follows. 

[

I Lo] 2 [1/2 1/2 
[La =- 1 -1/2 

3 
IL/3 0 .J3/2 

0 

cos(8) 

sin(8) 

(2.10) 

sin~8) ] r~ :] 
- cos( 8) I L/3 

(2.11) 

The phase of the unit vectors ( 8 = wt) is locked in with phase -a voltage using a phase 

locked loop (PU...). 

Since the aim of the harmonic current extraction unit is to block out the fundamental 
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components in the load current from the reference currents provided to the shunt active 

filter a high pass filter with a cut off frequency of 1Hz is used to extract the harmonics. 

The output of the highpass filter is then transformed to the a-b-c frame by applying the 

inverse Park' s transformation given by 

0 

cos(O) 

sin(O) 

0 ]-I 
sin(8) 

-cos( B) 

(2.12) 

(2.13) 

Where I Lah , I Lbh , I Lch are the extracted harmonics in the load currents for the three phases. 

The harmonic current extraction unit is shown in Fig 2.15 

Iu .. 
I L ... a-b-c HPF .... 

0 - d - q 
.... 

.... I J ... 
.. ... to to .... .... 

.. 0-d-q Iz.q I HPF I .. a-b-c .. .....-
I I ... .... 

~~ .n 

-+ PLL 
cos(O), sin(8) 

Fig 2.15: Harmonic current extraction unit 
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The transfonnation rotates the reference frames in the direction of the positive sequence 

component. As a result there is a shift in all frequencies equivalent to the angle of rota

tion. This is illustrated in Fig 2.16. In figure 2.15, fL. abc represents all the frequency in Hz 

of the components present in the load currents and fL. dq represents the frequencies pre

sent after the d-q transformation. 

0 60 120 180 240 300 

0 

Fig 2.16: Shift in frequency in d-q transformation 

The figure illustrates the shift in frequencies as a result of the transformation where the 

fundamental components at 60Hz becomes de and higher frequencies take on the identi

ties of lower frequencies in a shift of 60Hz down the spectrum. Representing the nth 

harmonic of the load current in the stationary reference domain by I Labc (fi) and the cur-

rent in the d-q domain as I Ldq (fn_1t), the shift in frequencies is represented by 

n ~1 (2.14) 

Under balanced conditions the linearity of the transformation is retained i.e. one fre

quency component in the a-b-c frame gives rise to only one component in the d-q frame. 

This results in a one sided spectral shift. 
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2.5.2 Performance of the harmonic current extraction unit 

Computer simulation of the harmonic current extraction unit was carried out to verify its 

performance. The load current was assumed to have a total harmonic distortion of 28%. 

The waveforms of Fig 2.17 are the input current for a rectifier supplying an inductive 

load, extracted harmonic current and the fundamental. Figure 2.18 shows the frequency 

spectrum of the filtered currents. The figures show that the scheme is capable of extract

ing the harmonics and distortion in the line voltage or current for use as a reference in the 

inverter based active filter. The waveforms of Fig 2.19 show the input current of a recti

fier supplying a capacitive load and their extracted harmonic contents. Figure 2.20 is the 

waveform of a hybrid load, having inductive and capacitive components. 
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2.6 Summary 

This chapter has focused on the development of the series and shunt active filter control 

schemes. The series active filter based on the multiple feedback loop controlled active 

filter was investigated and it was demonstrated that the scheme is capable of generating 

a replica of the sinusoidal or non-sinusoidal (distortion) reference voltage. The charac

teristics of the lowpass filter were also investigated and the effects of the filter capaci

tance and inductance on the total harmonic distortion was derived and confirmed by 

simulation. The use of the direct and quadrature axis transformation in the extraction of 

harmonics for the shunt active filter was also considered. The effectiveness of the 

method in the extraction of harmonics was verified by simulation. 
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Chapter 3 

Source-end Voltage and Current Com
pensation Systems 

In the previous chapter the control methods for the series compensation device and the 

shunt compensation device were presented. It was shown that the control scheme with the 

series active filter allowed the series active filter to generate sinusoidal and distorted 

voltage reference. Also the harmonic current extraction scheme was shown to be able to 

extract the harmonics in the load current, using the control scheme, the shunt active filter 

is able to generate a replica of the harmonic currents. In this chapter the application of 

these control methods to the series connected and parallel connected hybrid compensators 

is investigated. 

3.1 Types of Harmonic Sources 

Nonlinear loads can generally be classified into two types, namely Voltage source type 

nonlinear load (VSNL) and Current source type nonlinear load (CSNL). A voltage source 
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type nonlinear load may consist of loads like a diode or thyristor rectifier with a large 

smoothing capacitor at the load end. It has been shown that traditional passive filters 

placed in parallel with the non-linear load are not effective in compensating harmonics 

generated by this kind of load. In addition, the passive filters tend to enlarge the de volt

age ripples and ac peak current of the rectifier [9]. Peng et al [8, 9] proposed and demon

strated that a series LC filter is effective in compensating harmonics sources that behave 

as harmonic voltage sources. 

A current source type nonlinear load may consist of a diode or thyristor converter with 

sufficient de inductance such that it produces a constant direct current [9]. Figures 3.1 

and 3.2 show a typical voltage source and current source nonlinear load. In practice, such 

clear-cut distinctions in load types may be difficult to make as some harmonic sources 

may exhibit the characteristics of both. 

Peng [1] has presented 22 basic filter configurations suitable for compensating current 

source and voltage source nonlinear loads. Among them was the use of a combination of 

the series passive filter and the series active filter for compensating voltage source 

nonlinear loads and a shunt passive and the shunt active filter for compensating harmonic 

current source loads. It is usually not feasible to compensate for harmonics and voltage 

distortion on a load-to-load basis and some sources of harmonics and distortion in the 

system may not be readily classified as harmonic voltage sources or harmonic current 

sources. There is therefore the need to investigate compensation systems that mitigate the 

harmonics and the voltage distortion caused by combinations of both kinds of nonlinear 

loads or hybrid loads. 

53 



The compensation system is expected to establish the following conditions: 

• The source current should be free of harmonics 

• The voltage at the point of common coupling should have a low total harmonic distor

tion 

• The load terminal voltage should have a low total harmonic distortion 

• Harmonic levels in the system should meet harmonic standards (for example, IEEE 

519) 

Fig 3.1: Voltage source nonlinear load (VSNL) 

Fig 3.2: Current source nonlinear load (CSNL) 
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3.2 The Passive Filters 

The performance characteristics of the passive filters are very important in the hybrid 

compensation process. The passive filters used are tuned to the order of the dominant 

harmonics in the system and the voltages across the filter are primarily due to the current 

harmonics flowing through them. The magnitude of the voltage drop depends on the im

pedance characteristics of the filters. The passive filters used in this study are the series 

and the shunt passive filters. The series passive filter is a parallel resonant circuit having 

high impedance at the tuned frequencies, while the shunt passive filter is a series tuned 

resonant circuit having low impedance at the tuned frequencies. The impedance charac

teristics of the passive filters are shown in Figs 3.3 and 3.4. 

Figure 3.3 shows that the series passive filters present a high, impedance to the system at 

the tuned frequencies which in this case are the fifth, the seventh and the eleventh har

monic frequencies, hence serving to significantly attenuate the source currents at those 

frequencies. Its impedance at the fundamental frequency is minimal. This is important 

since high impedance at the fundamental frequency may result in appreciable voltage 

drop. 

Figure 3.4 shows that the impedance of the shunt passive filters is very low at the fifth, 

seventh and eleventh harmonic frequencies and high at the fundamental frequency. The 

filter provides low impedance path for the harmonic currents thus preventing the harmon

ics from flowing through the source and preventing the fundamental frequency current 

from flowing into the passive filter. 
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Fig 3.4: Impedance characteristics of the shunt passive filter 
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3~3 Type A Compensation System 

The single-phase diagram of Type A Compensation System is shown in Fig 3.5. It con

sists of an active filter in series with a parallel resonant passive filter as the hybrid series 

compensator and a shunt active filter in parallel with a series resonant passive filter to 

form the hybrid shunt compensator. The shunt passive filters are tuned to the dominant 

harmonics, i.e. the 5th, 7th, and 11th. The series passive filters are also tuned to the 5th, 7th, 

and 11th harmonics. The system is suitable for a combination of voltage source nonlinear 

loads and current source nonlinear loads. 

3.3.1 Model of Type A compensation system 

Figure 3.6 shows the single-phase equivalent circuit representation of the system. The 

utility voltage is modeled as an ideal voltage source Vs in series with a Thevenin imped-

ance Zs . The distortion in the source voltage at the point of common coupling (PCC) is 

Vsd. The current source nonlinear load (CSNL) is modeled by a harmonic current source 

I lhi while the voltage source non-linear load (VSNL) is modeled by its Thevenin equiva

lent circuit, V lhv in series with Z vh. The active filters and the coupling transformer are 

modeled as controlled sources. The series active filter is represented by a voltage con

trolled voltage source VAFl, while the shunt active filter is modeled as a current controlled 

current source I AF 2 • The impedance of the series passive filter Z sh is in series with the 

active compensator while the shunt passive filter Z ph is in parallel with the shunt active 
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filter. Single-phase steady-state analysis is a reasonable choice since the compensation of 

the three-phase system is achieved via independent compensation of each phase. This 

way, the compensation scheme corrects for imbalance, sags, swells, and harmonic distor-

tion on each phase. 

Hybrid load 

---------------, 
Series compensator 

, __ --- ----------
____________________________ J 

-----------------------------, 

Supply system 
Shunt compensator 

Fig 3.5: A single-phase representation of Type A Compensation System. 
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Fig 3.6: Single-phase circuit model of Type A compensation system 
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3.3.2 Analysis of Type A Compensation System 

The analysis is carried out with the aim of determining the control laws that ensure har-

monic and distortion mitigation. The gain of the series active filter inverter is k1 and is 

defined as the ratio of the inverter output voltage to the distortion reference signal i.e. 

(3.1) 

The gain of the shunt active filter is similarly defined as the ratio of the inverter generated 

compensating current to the reference current signal. 

k - IAF2 
2-

/ rejh 

(3.2) 

The system components are combined and controlled to realize voltage compensation and 

current compensation. The active filters are controlled independently. The series active 

filter is mainly used for voltage compensation hence it is controlled as a voltage con-

trolled voltage source while the shunt active filter is used for current compensation hence 

its representation as a current controlled current source. The respective inverter gains k1 

and k2 are unity when the generated compensating voltage or current equals the refer-

ence. 

For voltage compensation, the series active compensator generates a voltage k1 Vsd and 

injects it into the line in opposite phase, hence canceling out the distortion at the PCC. 

(3.3) 

Applying superposition theorem and KCL at the passive filter terminals, the resulting 

voltage at the load is given as 
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(3.4) 

where I Lh is the harmonic component of the total load currents, and V u is the distortion 

component of the load voltage. The distortion voltage across the load is a combination of 

two components i.e. the component due to the source end distortion voltage Vsd, and the 

component due to the drop across the passive filter I Lhz ph . The source end distortion may 

consists of voltage sag, swell, flicker and harmonics occurring at the point of common 

coupling as a result of the operation of linear or non-linear loads or line faults somewhere 

along the line. Equation 3.4 also shows that if the active filter control gain is tightly con-

trolled such that k1 = 1 , then the distortion component in the load voltage due to the 

source end distortion can be cancelled. The second term in (3.4) shows that the harmonic 

currents flowing in the passive filter produce distortion in the load voltage. A conclusion 

can therefore be reached that Type A Compensation System cannot guarantee a load end 

voltage that is free of distortion. 

From Fig 3.6 the harmonic current tending to flow through the source is obtained as fol-

lows. Applying KCL at the passive filter terminals 

(3.5) 

where 

(3.6) 

and 
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I = Vu -VL.hv 
L.hv Z 

vh 

(3.7) 

The compensating current generated by the shunt active filter is 

(3.8) 

where the extracted reference harmonic current is 

(3.9) 

Equation 3.5 shows that the harmonic current in the source is due to the combined load 

harmonics and the distortion in the source voltage. However, with k1 = 1 and k2 = 1, the 

distortion in the source current can be minimized or eliminated. H the active filters are 

controlled so that the gain conditions are met and the series passive filters are tuned to 

trap any residual harmonics, the source current harmonics can be eliminated. 

3.4 Performance of Type A Compensation System Under 
Various Conditions 

A computer simulation model of the compensation system was constructed in MA TLAB 

(see Appendix A) to verify its performance under various operating conditions such as 

sags, swell, flicker and harmonics and in the absence of distortion. The CSNL load is rep-

resented by a de motor drive with the six-pulse thyristor rectifier rated at 3 KV A. The 

VSNL is represented as a six-pulse thyristor rectifier with a large output capacitor driving 

a de motor, also rated at 3 KVA. The control of the active filters has been discussed in 

Chapter2. 
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The supply is a distribution system of 120V (rms) per phase with a source inductance of 

lmH. The series and shunt passive filter parameters are given in Table 3.1. 

Table 3.1: Passive filter parameters 

5th 7th nm 

L 28.lmH 14.4mH 5.8mH 

c lOuF lOuF lOuF 

Q 20 20 20 

The series active filter parameters are: DC Voltage, V0 c = 250V; Lowpass filter, 

L1 = lmH, C1 = 80pF; Controller gains, kv = 2.0 and kc = 2.0, Carrier waveform fre

quency of 5KHz was used. 

The shunt active filter parameters: DC voltage, V0 c = lOOV; Lowpass filter, 

L1 = lmH, C1 = 80pF. 

3.4.1 Normal operations 

Under normal operations i.e. when there is no system disturbance of any form and with 

the system loaded by the VSNL and CSNL, Fig. 3.7 and 3.8 show the waveform and 

harmonic spectrum of the system currents and voltages. 
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Fig 3.7: (a) VSNL input current; (b) CSNL input current; (c) Harmonic spectrum of 
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Fig 3.8: (a) Total load current; (b) Source current; (c) Harmonic spectrum of the total 

load current; (d) Harmonic spectrum of the source current 
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The total load current harmonic distortion is detennined from Fig. 3.8c as 34% while the 

total source current distortion is obtained from Fig 3.8d as 2.45% a figure which meets 

the recommended harmonic specifications of IEEE 519. 

To further investigate the performance of Type A Compensation System under different 

nonlinear load conditions, the total harmonic distortions of the nonlinear load current was 

varied so as to detennine the resulting THD of the source voltage and current. 

The results of this study are displayed in Table 3.2, where it can be observed that the load 

voltage THD increases with the load current THD and fails to meet specifications for 

large nonlinear loads with high THD in their input current. 

Table 3.2: Source and load total harmonic distortion for Type A 

Load current Source current Load voltage Source voltage 

THD% THD% THD% THD% 

107.59 6.04 8.97 2.58 

83.15 4.49 7.35 2.30 

55.05 3.05 6.54 1.78 

37.62 2.31 5.40 1.20 

26.23 2.01 4.11 0.9 

From the results obtained, Type A Compensation System has the capability of compen

sating for nonlinear load current harmonics and voltage distortions resulting from the 
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supply end. Its weakness is its inability to effectively mitigate load end voltage harmonics 

and the high voltage rating of the shunt active filter as a result of having to withstand the 

line voltage. This is shown in Fig 3.9. The figure shows that the supply voltage is undis

torted having a very low total harmonic distortion of 1.5%, while the load end voltage 

contains distortion components. The load voltage is determined from Fig 3.9d to be 5.6%, 

a figure that exceeds the required specification. 

The system is thus able to prevent harmonic distortion at the point of common coupling, 

but unable to keep the load end voltage free of harmonic distortion. Figure 3.10a shows 

the compensating current generated by the shunt active filter to cancel out the harmonic 

currents resulting from the nonlinear load operations. Fig 3.10b is the generated distortion 

voltage from the series active filter. 
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Fig 3.9: (a) Supply voltage; (b) Load voltage; (c) Harmonic spectrum of the supply volt-

age; (d) Harmonic spectrum of the load voltage. 
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active filter output voltage. 
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3.4.2 Performance under voltage sag, swells and flicker conditions 

Although Type A Compensation System is unable to compensate for voltage distortions 

resulting from the operation of the load, it is capable of compensating voltage distortions 

resulting from the supply end. Figure 3.11 show the performance of the system under 

source end distortion undergoing 30% sag at 0.1second and a 17% swell at 0.2 second. 

Fig 3.llb shows that the load voltage is held constant with the sag and swell condition 

present in the supply. Fig 3.llc shows the response of the series active filter in correcting 

for the deviation of the supply from its fixed reference. 

Figure 3.12 and 3.13 shows an expanded part of Fig 3.11 i.e. the interval between 0.07 

and 0.13 seconds and between 0.17 and 0.23 seconds. These figures show that series ac

tive filter using the adopted multiple loop control scheme has a fast dynamic response. It 

is capable of responding to quick changes in the supply voltage such as sudden sags oc

curring along the line hence keeping the load voltage near constant. Figure 3.14 shows 

the system response to supply voltage sag of 50% and swell of 30%. It shows again that 

the system is capable of compensating for the high values of voltage sags and swells. The 

amount of voltage sag and swell that can be compensated is limited only by the DC sup

ply voltage in the inverter and the ratings of the semiconductor switches. 

Figure 3.15 shows a 30% amplitude modulation of the supply end voltage by an 8Hz si

nusoid resulting in voltage flicker at the load end, the resulting steady load voltage and 

the response of the series active filter, dynamically restoring the load end voltage to a 

fixed value. This demonstrates that the active compensation system is capable of com

pensating for slow variation in the supply voltage and hence results in voltage flicker 
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3.4.3 Simulation results for more complex models for Type A 

Simpler load and inverter models (Appendix A.1, A.5 and A.6) were used in obtaining 

the results of the previous sections 3.4.1 and 3.4.2 in order to reduce the number of equa-

tions to be solved and to speed up the simulation time. More complex models (Appendix 

A. IS and A.16) were then used to present a more realistic view of the system perform-

ance. The results are presented in this section. Figure 3.16 and 3.17 shows that the system 

is just as effective with more complex simulation models. 
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Fig 3.17: Currents and Voltages with more complex models for type A 
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3.5 Type B Compensation System 

Type A Compensation System shown in figure 3.5 has a disadvantage of requiring the 

use of several current sensors in the control scheme since it is necessary to sense the load 

currents in the three phases and the passive filter currents in the three phases as well. This 

results in increase in cost. A series arrangement of the shunt active filter and the passive 

filter can solve the problem of high voltage rating of the shunt active filter and the re

quirement of high number of current sensors. This results in Type B Compensation Sys

tem shown in Fig 3.18 with a single-phase equivalent model shown in figure 3.19. 

3.5.1 System description and analysis 

This compensation system is similar to Type A Compensation System except that the 

shunt compensator is a series type instead of a parallel type as in Type A Compensation 

System. The series active compensator is controlled as a voltage controlled voltage 

source, while the shunt active compensator is controlled as a current controlled voltage 

source. The reference signal for the series active compensator is the extracted distortion 

voltage at the point of common coupling, obtained by comparing the voltage at the PCC 

with a reference signal of the same phase. The error signal is the distortion voltage. The 

reference signal for the shunt active filter is obtained by the extraction of the load current 

harmonics by the synchronous reference frame method discussed in Chapter 2. 

By the application of the circuit law of superposition and Kirchhoffs laws, the control 

equations are obtained as 
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Fig 3.19: Single-phase equivalent model of Type B Compensation System 
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I = Vsd (1- k!) + I (1- k ) 
sh Z + Z IJr 2 

s sh 

(3.10) 

The equation shows that for the inverter gains of unity, the harmonics can be cancelled 

from the source end, due to the load or from source end distortion. 

The load end voltage has two components, one due to source end distortions and the other 

due to harmonic voltage drop across the shunt compensating devices. This is expressed in 

equation 3.11 as 

(3.11) 

For a unity gain of the series active compensator, only the source end voltage distortions 

can be cancelled. The load end voltage will have distortions due to the hannonic voltage 

drop across the passive filter which is proportional to the harmonics in the load current 

and hence to the total harmonic distortion. 

3.6 Performance of Type B Compensation System 

A simulink model of the system was built and used to investigate its performance under 

non-linear load sag, and swell conditions. The system parameters are the same as in com-

pensation system 1. (See Appendix A for the model). 
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3.6.1 Performance under normal load conditions 

Figure 3.20 shows the simulation results of the system for the condition when the system 

is loaded with the VSNL and CSNL, in the absence of voltage sags or swells or other ab-

normal voltage condition. 
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Fig 3.20: (a) Combined load current; (b) source current 
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Fig 3.21: Harmonic spectrum of (a) load and (bfsource currents 

Figure 3.20 shows the simulated results of the load currents of the combined nonlinear 

load and the current drawn from the supply. Figure 3.21 shows the harmonic spectrum of 

the load current with a THD of 33%, and the spectrum of the source current with a THD 

of 4%, an 88% improvement which meets IEEE 519 specifications. The VSNL and 

CSNL currents are shown in Fig 3.22 and their frequency spectra showing their THD is 

shown in Fig 3.23. Figures 3.24 and 3.25 shows the waveform and frequency spectra of 

the source and load terminal voltage. It shows that the load terminal voltage has a high 

total harmonic distortion of 14%. The compensating voltage and current generated by the 

active filters is shown in Fig 3.26. The current and voltage are injected into the line in 

opposite phase to cause a cancellation of existing distortion and harmonics. 
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Fig 3.26: (a) Injected harmonics by the shunt active filter and (b) compensating voltage 

by the series compensator 

To further investigate the performance of Type B Compensation System, the load current 

total harmonic distortion was varied so as to observe the effect on the source current and 

voltage THD levels as well as the load voltage THD level. 

Table 3.3 shows the performance in terms of total harmonic distortion of the source cur-

rent, voltage and load end voltage as a result of variations in the total harmonic distortion 

of the load current. The results in the Table were obtained by simulation. 
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Table 3.3: Source and load Total harmonic distortion for Type B 

Load current Source current Load voltage Source voltage 

THD% THD% THD% THD% 

105 11.0 8.7 12.1 

74 8.0 4.0 8.0 

40 4.5 1.5 6.3 

32 3.0 1.2 6.0 

23 2.7 1.1 5.1 

The simulation result shows that the load end voltage total harmonic distortion consis

tently fails to meet the recommended limits for normal operation of critical loads. It is 

also noted that the load end voltage contains more distortion compared to Type A Com

pensation System. This is a result of the limitation caused by the series connection of pas

sive and active filter, preventing effective compensation of harmonics that are not at the 

tuned frequencies of the passive filters. Also the second component of (4.11) results in 

load voltage distortion and cannot be canceled by the active filters. 

The results show that Type B Compensation System is capable of harmonic cancellation 

and correction of voltage distortion. The performance of the shunt active filter is more 

dependent on the characteristics of the passive filter than in Type A because of the series 

arrangement. This imposes a constraint on the active filter performance, since the passive 
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filters are usually tuned to specific frequencies. Other frequencies extracted by the syn

chronous reference frame control scheme and generated by the shunt active filter will be 

subjected to relatively high attenuation by the passive filter impedance at those frequen-

cies. 

For harmonic producing nonlinear loads where the harmonic orders are known and well 

defined, such as adjustable speed drives using three-phase diode or thyristor converters, 

Type B Compensation System will be more efficient because of the reduction in the volt

age rating of the active devices used in the shunt active filter. However, if the dominant 

harmonic order is unknown or varies rapidly as in arc furnace loads during the striking of 

the arc, Type A Compensation System will be more effective, since the shunt active filter 

is not constrained by the passive filter. Therefore there is a tradeoff between the voltage 

rating of the active devices and the order of harmonics that can be effectively compen

sated. 

3.6.2 Performance in the presence of voltage flicker 

Figure 3.27a shows the supply voltage with a 30% modulation by a low frequency sinu

soid, resulting in voltage flicker conditions. Figure 3.27b shows the load-end voltage, 

which is held constant and 3.27c is the compensation voltage generated by the series ac

tive compensator. As in Type A Compensation System, Type B Compensation System is 

also able to dynamically restore the load end voltage to predefined reference value, mak

ing the load end voltage immune to system disturbances such as voltage sags, swell, 

flicker and other voltage distortion that may be undesirable at the load end. Due to the 
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fact the compensator is constantly online, response to variation in the voltage is fast and 

dynamic. The multiple loop control scheme used in the inverter circuit ensures that the 

inverter output voltage follows the reference and that a stable operation results. 
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3.6.3 Simulation results for more complex models for Type B 

More complex models were also used to present a more realistic view of the system per-

formance. The results are presented in this section. Figures 3.28 and 3.29 shows that the 

system is just as effective with more complex simulation models. The results are consis-

tent with that of the simpler models. 
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3.7 Summary 

In this chapter, two different types of load, the current source type nonlinear load and the 

voltage source type nonlinear load were introduced and discussed. Their harmonic effects 

were also considered as well as the harmonic and distortion mitigation methods. 

Two compensation systems suitable for a combination of both kinds of loads were inves

tigated. Type A Compensation System consisted of a parallel tuned passive filter in series 

with an active filter using multiple loop control method as the series hybrid compensator. 

It also has a series tuned passive filter in parallel with an active filter using the synchro

nous frame based harmonic extraction method as the shunt compensator. Type B Com

pensation System had the same series compensator as in Type A, but a shunt compensa

tor with the passive filter in series. The performance of both compensation systems was 

investigated under various load conditions as well as source variation. Both systems were 

effective in mitigating source end distortions resulting from sags, swell or flicker. How

ever, Type A Compensation System was more effective in reducing the total harmonic 

distortion of the load end voltage and its source end current had a lower level of harmonic 

distortion. However the voltage rating of the active filter can be high. Type B Compensa

tion System results in lower rating of the active filter, but the range of harmonics covered 

by the passive filter limits its performance. This results in a tradeoff between bandwidth 

in Type A Compensation System and rating in Type B. 
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Chapter 4-

Load-end Voltage and Current Compen
sation Systems 

In the previous chapter, the performance and characteristics of two compensation systems 

were examined and it was shown that both systems were effective in compensating for 

harmonics caused by the operation of nonlinear loads in the system. However, it was also 

shown that because of the position of the series active compensator, which in both sys-

terns is between the supply and the shunt hybrid filter, it is unable to compensate for volt-

age distortions in the load terminals caused by the flow of current harmonics in the shunt 

filter. In order to compensate for this drawback, it is proposed that the series active com-
. ' . ' ' . 

pensator be positioned between the passive filter and the load terminals. This will allow 

for the voltage distortions due to source-end variations and the shunt filter to be compen-

sated. This topology is expected to result in better voltage compensation than the two sys-

terns previously considered. In this chapter, the analysis and performance of this compen-
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sation system will be investigated with the aim of demonstrating that the total harmonic 

distortion in the load terminal voltage is improved compared to the previous systems. 

Single-phase equivalent circuit model is used to carry out the analysis as in the previous 

chapter. 

4.1 Type C Compensation System 

The first proposed compensation system referred to as Type C Compensation System is 

shown in schematic form in Fig 4.1 and its single-phase equivalent circuit model is 

shown in Fig 4.2. 

The system topology is comparable to that of Type A Compensation System, with the 

exception that the series active compensator is positioned at the load terminal voltage for 

better voltage compensation. The functions of the active compensators are described as 

follows: 

• As in the previously considered systems, the shunt hybrid compensator is used for 

current compensation since current compensation and voltage compensation are car

ried out separately. The active and passive filters connected in parallel to the load 

complement each other in the harmonic bandwidth covered. The injected harmonics 

by the inverter is given by I AF2 = k2 (I u. -I pfh) • 

• The series active compensator acts as a distortion voltage generator serving to pro

duce the voltage distortion at the passive filter terminals and injecting it in opposite 

phase in the line, hence canceling it out. The output voltage is given by 

VAF I = Vp (1 - kl) where vp is the distortion voltage at the passive filter terminals ob-
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tained by subtracting the actual passive terminal voltage from a reference i.e. 

Vp = v; -V,~1 , where v; is the actual distorted voltage, consisting of the fundamental 

sinusoidal voltage that may be due to sags, swells and distortion voltage. 

--------------, 

Series Compensator 

-------~ ·--------------
Load 

·------------------------·-------------------- -----------, 

I 

~------------------- -------------J 
Supply Voltage Shunt Compensator 

Fig 4.1: Type C Compensation system 
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III - - -

Fig 4.2: Single-phase equivalent circuit of Type C compensation system 
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By applying KCL to the shunt filter terminals in the circuit of Fig 4.2, the harmonic cur-

rent flowing into the supply terminals is given as 

(4.1) 

where I sh has two components; one due to load current harmonics and the other due to 

source end distortion. With the gain of the shunt active filter set to unity, the component 

due to the load current harmonics is cancelled. The components due to the supply distor-

tion are not compensated for actively. However, the high impedance of the series passive 

filter at the tuned harmonic frequencies serves to limit the supply harmonics that can flow 

into the shunt filter. Comparing (4.1) to (3.5), it is observed that the series active com-

pensator has no effect on current compensation in Type C Compensation System, unlike 

in Type A Compensation System, where it serves to cancel out supply end distortion cur-

rent. This can also be seen intuitively since the position of the series active compensator 

in Type C requires the full load current to flow though it. Hence it cannot compensate for 

load current harmonics. Its placement between the load terminals and the passive filter 

also prevents it from being able to compensate for supply current distortion. Hence cur-

rent compensation and voltage compensation are achieved independently in Type C 

Compensation System, the shunt active and passive filter being entirely responsible for 

mitigation of the load current harmonics. 

The series active filter is used to provide voltage compensation for the load terminals. 
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The voltage distortion at the load terminals without the series active filter is the superpo-

sition of supply voltage distortion and the distortion voltage component due to distortion 

current flowing in the passive filter. The load terminal voltage can be written as 

(4.2) 

With the series active filter inserted between the passive filter terminals and the load, the 

passive filter terminal voltage becomes different from the load terminal voltage. 

v z V = sd ph +[ Z 
p Z +Z + Z pfh ph 

ph s sh 

(4.3) 

and the load terminal voltage becomes 

(4.4) 

Equation (4.4) shows that the insertion of the series active filter in the position between 

the passive filter terminals and the load terminals allows for a more comprehensive volt-

age correction as it allows for correction of both the supply end distortion as well as the 

distortion caused by the passive filter. This constitutes a significant improvement of the 

load terminal voltage profile over the previous systems considered. 

The significant improvement in the load voltage profile in terms of its harmonic and dis-

tortion content comes at the cost of a poorer harmonic compensation of the supply current 

if the supply voltage is distorted. However, the series passive filter contributes to limit the 

hannonic current flowing into the shunt passive filter since it blocks the hannonics it is 

tuned to, which usually are the dominant harmonics. This can be seen in (4.1). 
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4.2 Simulation results for Type C Compensation System 

As in Type A and Type B Compensation Systems, the validation of Type C Compensa

tion System performance was accomplished via computer simulation in the Power Sys

tem Block set of Simulink. The simulation model is presented in Appendix A. For the 

purpose of consistency and comparison, the simulation was carried out under the same 

load and supply conditions as for the previous two systems in chapter 3. 

Figure 4.3a shows the input current drawn by the combination of the voltage source type 

nonlinear load and the current source type nonlinear load. Figure 4.4a is the harmonic 

spectrum of the load current, with a total harmonic distortion of 43%. Figures 4.3b and 

4.4b show the resulting source current and its harmonic spectrum, with a total harmonic 

distortion of 4.3%. Figures 4.5 and 4.6 show the individual nonlinear load currents and 

their harmonic contents. Figure 4.7 shows the supply voltage and the load terminal volt

age when the supply voltage has low distortion as shown by their harmonic spectrum in 

Fig 4.8. Figure 4.9 shows the supply voltage with harmonic distortion, and the compen

sated load voltage with no distortion. The compensating harmonic current is shown in Fig 

4.10a. The current is generated by the shunt active filter and injected into the line forcing 

the load current harmonics to flow in the shunt filter path instead of the source. Figure 

4.10b is the generated voltage by the series active filter. It compensates for the voltage 

drop resulting from the flow of fundamental current in the series passive filter. Figure 

4.11 shows that the system compensates for voltage flicker in the source terminal, keep

ing the load terminal voltage constant. 
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To further investigate the performance of the compensation system, the total harmonic 

distortion of the load current was varied to observe the effect on the THD of the source 

current and the THD of the load voltage. The result is shown in Table 4.1. The results 

show that the compensation system is particularly effective in the elimination of load 

voltage distortion. This is expected due to the position of the series active compensator in 

the topology. 

Table 4.1: Source and load total harmonic distortion for Type C 

Load current Source current Load voltage Source voltage 

THD% THD% THD% THD% 

110 4.12 0.76 3.20 

74 2.89 0.50 2.90 

40 1.72 0.43 2.70 

32 1.46 0.31 2.10 

23 1.22 0.15 1.40 

The Table also shows that the system is able to correct for harmonic distortion in the 

source current and in the source voltage. Type C Compensation System is thus able to 

compensate for current distortions caused by the nonlinear load, and it also has the 

advantage of excellent load terminal voltage compensation as indicated by the near zero 
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vantage of excellent load terminal voltage compensation as indicated by the near zero 

total harmonic distortion. 

Due to the parallel connection of the shunt active filter with the passive filter, the har

monic current compensation is accomplished on a complementary basis, since the active 

filter control reference currents are the passive filter harmonics subtracted from the load 

current harmonics. This results in lower current ratings, but has a disadvantage of requir

ing relatively large number of current sensors. A series connection of the shunt active fil

ter and passive filter should remove the need for large number of current sensors, and 

large voltage rating due to direct line connection. This results in a new topology, TypeD 

Compensation System. 

4.2.1 Simulation results for more complex models for Type C 

Again, in this compensation system, more complex models were also used to present a 

more realistic view of the system performance. The results are presented in this section. 

Figures 4.12 shows the nonlinear load currents resulting from the operation of the two 

types of nonlinear loads considered, the combined load currents and the resulting source 

currents having a low total harmonic distortion. The source and load terminal voltage 

waveforms are shown in Fig 4.13. The results show that the system is just as effective 

with more complex simulation models. 
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Fig 4.13: Source and load voltage for more complex models for Type C 

4.3 Type D Compensation System 

This harmonic and distortion compensation system is similar to the Type C Compensa-

tion System except that the parallel passive filter and the shunt active filter are placed in 

series. This arrangement ensures that the same harmonic current flow in both filters, but 

the line voltage is shared. This is advantageous in that it limits the voltage stress on the 

semiconductor switches used in the active filter, resulting in reduced ratings and cost. As 

in the previous systems, a single-phase approach is used in deriving the compensation 

equations. Figure 4.14 shows a singe phase diagram of the compensator and Fig 4.15 

shows the single-phase equivalent model. 
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From the circuit of Fig 4.15, the harmonic current flowing in the source is obtained as 

(4.5) 

Equation (4.5) shows that with a tight control of the shunt active filter, the harmonics 

produced as a result of the nonlinear loads can be cancelled. However, harmonics pro-

duced as a result of supply voltage distortion will tend to flow into the shunt passive fil-

ter, which has low impedance at tuned frequencies. The series passive filter therefore 

serves to limit the flow of supply end harmonics into the shunt compensator at the domi-

nant harmonic frequencies. 

The voltage compensation principles are the same as for the Type C Compensation Sys-

tern; hence (4.2), (4.3) and (4.4) apply. 

4.4 Simulation results for Type D Compensation System 

The system was simulated under the same conditions as for the previous systems. Matlab 

was used for the simulation and the Simulink model is shown in Appendix A. Figure 

4.16 shows the load and source current and their harmonic spectra. The load current total 

harmonic distortion of 33% has been reduced to 1.5% in the source current. Fig 4.17 is 

the VSNL and CSNL currents and their harmonic spectra, showing the magnitude of the 

individual frequency contents. Fig 4.18 is the supply and load voltage and their frequency 

spectrum showing an undistorted supply and load voltage. 
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T~e capability of the system to correct for supply end distortions such as voltage flicker, 

sag and swell is shown by Fig 4.19. The figure shows an undulating supply voltage that 

would result in the flickering of lamps, the load terminal voltage and the compensating 

voltage generated by the active filter. The result shows that the system is able to correct 

for distortion in the supply voltage hence keeping the load voltage constant. 

Table 4.2 shows the performance of the compensation system when the total harmonic 

distortion of the load current was varied to observe the effect on the source current and on 

the load voltage. The results show that the system is very effective in mitigating load 

voltage distortion caused by nonlinear load operation. 

Table 4.2: Source and load Total harmonic distortion for Type D 

Load current Source current Load voltage Source voltage 

THD% THD% THD% THD% 

94.6 5.21 0.17 3.17 

80.4 4.21 0.12 2.75 

66.3 3.72 0.10 1.91 

35.5 1.94 0.09 1.40 

22.7 1.65 0.04 0.93 

The total harmonic distortion in the source current and the load voltage decrease with de

creasing load current THD. 
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4.4.1 Simulation results for more complex models for Type D 

More complex models were also used to obtain more simulation results for Type D com-

pensation system. The result shows that the system is also effective in canceling harmon-

ics and correcting voltage distortion, as in simpler models. The VSNL and CSNL cur-

rents are shown in Fig 4.20. The combined load currents, the supply voltage and the load 

terminal voltage are shown in Fig 4.21. The resulting total harmonic distortion in the 

waveforms for the source currents and voltages demonstrates the functionality of the sys-

tern in harmonic compensation. 
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Fig 4.20: Nonlinear load currents for more complex models for Type D compensation 

system 
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4.5 Summary 

This chapter has focused on two compensation systems having the series active compen

sator on the load terminals, between the load and the shunt compensators. Type C Com

pensation System has a parallel-based shunt compensator while TypeD Compensation 

System has a series based shunt compensator. The principal objective of both topologies 

is the mitigation of the load voltage distortion. The simulated performance of both sys

tems shows that they are effective in the elimination of load voltage distortion and source 

current harmonics. They are also effective in compensating for voltage flicker from the 

supply such that the load voltage is held constant. As in the previous two systems, due to 

the parallel arrangement of the shunt compensator elements and the method of generating 

the current reference for the shunt active filter, Type C Compensation System will have a 

higher bandwidth than that of Type D. However, due to the high voltage stresses the 

shunt active filter is subjected to, its voltage rating and hence cost is increased with re

spect to Type D Compensation System. 
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Chapter 5 

Ratings of the Active Filters in the Hybrid 
Compensators 

A major limitation on the use of the active filter is the cost of the device. The cost of the 

semiconductor switches increases with their ratings so does the size and ratings of associ-

ated circuits components such as drives and snubber circuits. Hybrid topologies were de-

veloped and proposed by researchers partly to help reduce the cost as opposed to using 

pure active filters in the compensation systems and also to improve the performance of 

passive filtering schemes. In this chapter, the ratings of the active compensators in the 

compensation topologies presented in the preceding chapters are investigated. 

In the four compensation configurations presented in the previous two chapters, the ac-

tive filters have been arranged as follows: 

• The series active and passive filters are on the supply side of the shunt filter. With a 

tight control of the harmonics, this means only the fundamental current will flow 
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through the active filter. This filtering arrangement is labeled type 1. 

• The series active filter is on the load end while the series passive filter is on the sup

ply end. In this case, the series active filter is rated for the full load current, which in

cludes the load harmonics. This is labeled is type 2. 

• The shunt active and passive filters are in parallel. In this configuration, the full line 

voltage appears across both the active and passive filters. However, the active filter 

shares the harmonic currents with the passive filter. This is labeled type 3. 

• The shunt active filter and passive filter are in series. This configuration ensures that 

the active filter is subjected to a reduced voltage as a result of the voltage sharing. On 

the other hand, both filters carry the same harmonic currents. This arrangement is la

beled type 4. 

The compensation systems described in the previous chapters are a combination of the 

various hybrid active types. Type A Compensation system consists of type 1 and type 3 

hybrid filters while Type B Compensation System is a combination of type 1 and type 4 

hybrid filters. Type 2 and 3 hybrid filters are employed in Type C Compensation system 

while type 1 and 4 hybrid filters are used in Type D Compensation system. 

5.1 Rating of Type 1 Hybrid Series Filter 

Figure 5.1 shows the type 1 series hybrid filter used in Type A and B Compensation sys

tems. The analysis of the system is carried out with the aim of determining the rating of 

the active filters for a reference load. All voltages and currents are in rms. 
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Shunt 

compensator 

Fig 5.1: Type 1 Hybrid series filter 

S1oad is the total KV A rating of the non-linear load having or causing a known amount of 

distortion. It is important that the distortion level caused by the non-linear load be known 

since it determines the level of compensation that would be needed and hence the rating 

of the active filters. Let S1oad have an input current of I L with a total current harmonic 

distortion of THD; 

From Fig 5.1 

sload = vpiL 

Using KCL on the shunt filter terminals, (5.1) can be written as 

sload = vp ULI + ILh) 
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The total hannonic distortion in the load current is given by 

~ 
THD. = 100-=-V =~( U!-

, Iu 
(5.3) 

The fundamental component of the load current /L1 is drawn from the supply while the 

hannonic currents I u. flow in the shunt compensator. 

(5.4) 

Equation (5.2) can therefore be expressed as 

(5.5) 

The KVA rating of the series active filter is given as 

SAFi = [Li VAFi (5.6) 

where VAFI is the compensating distortion voltage output of the series active compensator. 

Equation (5.6) can be written as 

s AFi = ILl kJ v sd (5.7) 

where V sd is the deviation of the supply voltage from a set reference. From (5.5) and 

(5.7), the rating of the series active compensator can be determined in per unit of the load 

as 

(5.8) 
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Assuming that the dominant component of the distortion voltage is voltage sags and 

swells, and further assuming a sag (s) mitigation of the line voltage, (6.8) becomes 

SAFl -------
sload 

s 
(5.9) 

Figure 5.2 shows that the rating of the series active compensator in per unit of the load 

decreases with increasing total current harmonic distortion. This is expected because in-

creasing the distortion of the load currents for a fixed load implies increasing the higher 

order harmonics and a corresponding decrease in the fundamental. The figure also shows 

that the rating of the series active filter increases with the voltage sag magnitude as ex-

pected. 

Figure 5.3 shows the variation of the rating of the series active compensator for increas-

ing load rating and various sag magnitudes. The plot shows that the active filter rating 

increases for increasing load rating. This is the result of the increasing fundamental com-

ponent in the load currents; the rating also increases for increasing sag magnitude. 
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Fig 5.2: Variation of the rating of the series active compensator with total harmonic dis-

tortion of the load current for various sags s and for a fixed load of 1 per unit. k1 = 1 
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5.2 Rating of Type 2 Hybrid Series Filter 

This hybrid compensator type has the series passive filter on the source side of the shunt 

compensator and the active filter on the load side. Due to the positioning of the series ac

tive filter, it is subjected to the full load current that is, the fundamental and the harmon

ics flow through it; hence it must me rated to carry the full load current. Figure 5.4 shows 

the single-phase equivalent circuit of the type 2 compensator. 

lu. 

Shunt 

compensator 

Fig 5.4: Type 2 Hybrid series filter 

From Fig 5.4, the series active filter rating is 

SAF! = IL VAF! (5.10) 

where VAFI is the compensating voltage generated by the series active filter to cancel the 

distortion in VP , at the shunt compensator terminals. 

If it is assumed that the dominant voltage distortion likely to occur is voltage sags and 
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swells, and allowing for a sag and swell mitigation factor of s , the active filter rating per 

unit of the load rating becomes 

(5.11) 

(5.12) 

for k
1 
= 1, since the compensator ensures that VL = v .. Equation (5.12) indicates that the 

rating of the series active filter in this compensator type is independent of the load current 

total harmonic distortion, but is solely dependent on the load rating and the voltage dis-

tortion compensation factor allowed. 

5.3 Rating of Type 3 Hybrid Shunt Filter 

In this hybrid filter type, the shunt passive filter and shunt active filter are in parallel with 

the load. Figure 5.5 is a schematic of the hybrid shunt filter. Both the active and passive 

filters are subjected to the same load terminal voltage. However, they share the compen-

sating harmonic currents. The control is carried out by first extracting the harmonic cur-

rents of the load (I Lh ) . The harmonic currents flowing through the tuned shunt passive 

filters (I Pf ) are then sensed, measured and subtracte4 fr()m the load harmonic currents. 

The resulting harmonic current is then used as a reference for the shunt active filter. 

Since the passive filters are tuned to known fixed frequencies and are inflexible once they 

are tuned and installed, the active filters can then be used to compensate for the other fre-
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quencies that may be present resulting in increased flexibility, wider range of harmonics 

compensation, and a lower rating for the active filter. 

zph 

III - - -- -

Fig 5.5: Type 3 hybrid shunt filter 

From Fig 5.8 

(5.13) 

Equation (5.15) can be written in terms of the load current THD and the fundamental as 

s = k (THDI ILl -I )V 
AF 2 2 l()() pf P 

(5.14) 

Since the passive filters are usually tuned to specific harmonics for a reference load hav-

ing a total harmonic distortion of THD% in its input current, it follows that the harmonic 
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current through the passive filters are constant. From (5.14), the rating of the active filter 

decreases for increasing values of passive filter current. 

Expressing the rating of the active filter in per unit ofthe load rating, (5.14) becomes 

From (5.3) and (5.4) 

100 
ILl =--IUr 

THD; 

Substituting in equation 5.15 gives 

k THD; (1-I) 
S AF2 _ 

2 100 r 

S1oad - ( 1 + THD;) 
100 

I 
where I = ....1!L 

r I Ur 

(5.15) 

(5.16) 

(5.17) 

For any value of load current total harmonic distortion for a reference load, the ratio of 

the passive filter current to the total load current harmonics I,, strongly influences the 

rating of the active filter. Increasing I , implies that the passive filter compensating cur-

rent is increasing; hence the rating of the active filter falls. 

Figure 5.6 shows the variation of the active filter rating with load current THD for a ref-

erence load with the active filter rating expressed as per unit of the load rating. The figure 

shows that the active filter rating increases with the load current total harmonic distortion 

and decreasing current ratio, I,. Figure 5.7 shows that the active filter rating increases 
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with the load rating for a specific value of load current total hannonic distortion and also 

decreases with increasing current ratio 
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Fig 5.6: Variation of active filter rating with load current THD for a fixed reference load 
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5.4 Rating of Type 4 Hybrid Shunt Filter 

In these compensation system topologies, the shunt active and passive filters are in series. 

The type 4 hybrid shunt filter arrangement is used to reduce the rating of the active de-

vice, since the line voltage divides between the passive filter and the active filter. This is 

the result of the voltage drop across the small leakage impedance of the coupling trans-

former. Figure 5.8 shows a single-phase representation of the type 4 hybrid shunt filter 

Since the active and passive filters are in series, the active filter rating can be written as 

k V ztaf2 
S AF2 = 2/ U. p -~-=---

Zpf + z,af2 
(5.18) 

where Z,a12 is the per unit leakage impedance of the matching transformer and Z Pf is the 

passive filter impedance at the line voltage frequency. 

Fig 5.8: Type 4 hybrid shunt filter. 
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Equation (5.18) shows that the rating of the shunt active filter is proportional to the trans-

former impedance, hence for small ratings; it is desirable to have the leakage impedance 

as small as possible. Equation (5.18) can be written as 

(5.19) 

where (5.20) 

Equation (5.19) can be written in terms of the fundamental current and the total harmonic 

distortion of the load current as 

= k THD; ILl v z 
SAF2 2 100 p r 

Hence the rating of the shunt active filter expressed as per unit of the load rating is 

THDZ 
SAF2 = 100 r 

S1oad 1+ THD 
100 

(5.21) 

(5.22) 

Equation (5.22) shows that the VA rating of the shunt active filter is proportional to the 

load rating and also proportional to the amount of harmonic distortion caused by the load 

input current. This is expected because for a fixed reference load, increasing the har-

monic distortion of its input current results in increased shunt compensating current in-

jected in the line. Also for a given load with a fixed THD, increasing its rating also re-

suits in higher harmonic levels that need compensation. Figures 5.9 and 5.10 are a 

graphical representation of the increasing rating of the shunt active filter with THD and 

load. The plots show that the shut active filter rating increases with the load rating, the 

load current total harmonic distortion and Z, . 
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5.5 Performance Comparison of the Compensation Systems 

The four compensation systems under consideration in previous chapters are composed 

of the four hybrid filter types arranged in various configurations. In this section, the per

formance comparison of the compensation systems is carried out with the aim of deter

mining, with respect to a fixed reference load with a known total harmonic distortion in 

the load current, the current compensation level achieved by each system as well as the 

level of voltage distortion cancellation attained. This is done with a view of providing 

recommendation for the best potential application of each system. 

The current compensation performance of the compensation systems was investigated for 

similar levels of total harmonic distortion in the load current. From the results shown in 

Fig 5.11, and also illustrated in tables 3.1, 3.2, 4.1, and 4.2 in the previous chapters, 

Types A and C Compensation Systems offers better performance in preventing the load 

current harmonics from contaminating the source. This is due to the parallel arrangement 

of the shunt compensator elements, i.e. the shunt passive and shunt active filters are in 

parallel. The control is also carried out to allow for the active filter to complement the 

passive filter. This arrangement is also better for loads whose harmonic components are 

unknown or is rapidly changing such as arc furnace loads. However, for loads with well

known and unvarying harmonic components such as six-pulse drives, the reduction in the 

rating of the shunt active as a result of the voltage dividing between the active and pas

sive filter of Types B and D Compensation Systems may be of more significance than 

their slightly higher total harmonic distortion. 
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In all the compensation systems, the voltage distortion at the load terminals is a superpo

sition of the source end distortion and passive filter caused distortion. Figure 5.12 shows 

the performance of the compensation systems in the elimination of the voltage distortion 

caused by the flow of harmonics in the passive filter. The figure illustrates that Types C 

and D Compensation Systems are more effective in this regard as a result of the position 

of the series active filter in the topologies. When the voltage distortion is from the supply 

end as in voltage sag, swell and flicker, all the compensation topologies are effective in 

correcting the deviation from the reference. This is illustrated in Fig 5.13. 

5.6 Summary 

In this chapter, the various types of basic compensator topologies used in the hybrid ac

tive compensation systems of the previous two chapters have been described. The rating 

of the active compensators with respect to the rating of the load and the total harmonic 

distortion of the load current has also been determined. It was shown that the rating of the 

active compensators strongly depends on the applicable topology, the load rating and the 

total harmonic distortion of the load current. In all types, the active compensator rating 

increased for increasing load. Type 1 series active filter rating decreased with increased 

load current THD for a fixed reference load, while type 4 series active filter rating is un

affected by the THD of the load current. For the shunt active compensators, the ratings in 

both types 2 and 3 follows a similar pattern, increasing with the load rating and the load 

current THD. The various compensation systems were also compared in terms of their 

harmonic current mitigation with respect to a harmonic rich load current. Similarly, the 
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voltage distortion compensation of the four systems was also compared with each other, 

with load caused distortion and the source end distortion as the comparison factors. 
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Chapter 6 

Conclusions and Scope for Future Work 

In this thesis, the analysis and performance of four hybrid compensation topologies have 

been carried out. The performance characteristics were determined and. quantified using 

the total harmonic distortion of the compensated source current with respect to the load 

current. The load voltage and the source voltage distortion levels were also used as indi

cators of the performance of the compensation topologies. 

The multiple feedback loop control scheme, developed for use in UPS applications, was 

first investigated to determine its suitability for use in active filtering applications. The 

following basic features of the scheme made it attractive for active filtering applications. 

The inner current loop of the control scheme has been shown to provide a peak current 

limit in the capacitor of the output filter, hence limiting current surges at start up. It has 

also been shown to be capable of predicting and correcting near future variation in the 

output voltage, hence resulting in fast dynamic response in the inverter. The outer voltage 
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loop ensures that the inverter output voltage is a replica of the reference. It was shown 

that the control scheme is capable of: 

• Generating sinusoidal voltages at the line frequency for injection into the line for 

compensation of voltage sags, swells and flicker. 

• Generating non-sinusoidal voltages and currents for harmonic compensation in the 

line. 

Having established the functionality of the control scheme for active filter applications, 

the harmonic current extraction method was investigated. The scheme based on the syn

chronous reference frame controllers was adopted. It was also demonstrated that the 

scheme is capable of extracting the harmonic currents that may be present in the load cur

rent. The inverter control scheme and the harmonic current extraction method adopted 

were then applied to the four compensation topologies investigated. 

The capacity of the compensation systems to mitigate the harmonic and distortion caused 

by the operation of two kinds of nonlinear loads was the subject of the investigation. The 

hybrid load considered consisted of a voltage source and a current source type nonlinear 

load. A single-phase model of Type A Compensation System was developed and used to 

determine the compensation requirements. Simulation results demonstrating the capacity 

of the system to mitigate load current harmonics and voltage distortion were presented. 

The parallel connection of the shunt hybrid filter in the topology resulted in very good 

harmonic compensation as a result of the complementing effectin the harmonic extrac

tion and control between the active and the passive filters. 
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Type B Compensation System was also investigated. It was an attempt to reduce the rat

ing of the active filter in the shunt hybrid filter by a series arrangement as opposed to a 

parallel arrangement. The price paid is the loss of the advantages of complementation in 

the control. The system was found to result in higher values of total harmonic distortion 

in the source current. Both systems were effective in supply voltage distortion correction 

since they both employ the same type of hybrid series filter. 

Due to the positioning of the series hybrid filter in the previous compensation systems, 

voltage distortions caused by the flow of load current harmonics through the passive filter 

were not compensated for, resulting in relatively high total harmonic distortions in the 

load terminal voltage. To overcome this load voltage distortion, the series active filter 

was positioned at the load side of the shunt hybrid filter. This resulted in Type C and D 

Compensation System. It was shown that the total harmonic distortion in the load volt

age improved significantly compared to the previous two systems. A disadvantage of the 

topologies of Types C and D Compensation Systems is that the series active filter has to 

be rated for the full load current, increasing its size and cost. 

The rating of the active filters in the various types of hybrid configurations was deter

mined. For type 1 hybrid filter, the rating depended on the THO of the load current, the 

VA rating of the load and the level of voltage sag/swell compensation allowed. While the 

rating of type 1 increased with the load rating and the sag compensation factor, it de

creases with increasing load current THD. The rating of type 2 filter on the load side of 

the shunt hybrid filter is independent of the load current THO as it is rated for the full 

load current. The ratings of type 3 and 4 were also determined to increase with the load 
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rating and the total harmonic distortion in the load current. 

The contributions of this work can be summarized as follows: 

• An investigation of the performance of different hybrid filtering topologies and their 

comparison leading to recommendations about their most suited applications. This is 

significant because it allows the designers to make an informed choice regarding the 

type of compensation system depending on the loads in the system. 

• A determination of the rating of the active filters with respect to the load rating, the 

total harmonic distortion of the load current and factors such as voltage sag. This is 

also necessary since the cost increases in proportion to the rating, hence to keep cost 

down; there is the need for a proper choice of the compensation system. 

• A simple voltage distortion extraction method was used. This eliminates the need for 

complicated extraction circuits and large computation time. 

• A successful adaptation of the multiple feedback control scheme for active filtering 

application. The control scheme guarantees accurate generation of the extracted refer

ence-current harmonics and voltage distortion. 

6.1 Suggestions for Future Work 

• The effectiveness of any compensation systems depends on the capability of the con

trol system used to accurately extract the harmonics. The extraction scheme used in 

this work is the synchronous reference frame method. The method is cumbersome 

and requires that the system be three-phase, making it difficult for single-phase appli

cations. It is also difficult to use when there is unbalance voltage or currents in the 
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system. One possible solution to this problem is to use an extraction method based on 

the discrete wavelet transform algorithm. A general overview of the method has 

shown that it is fast, accurate and does not require the system to be three-phase. Fur

ther study is required to confirm its feasibility for active filtering application 

• Ideal coupling transformers were assumed in the models used in this work. A study 

where such an assumption is not made would be interesting, as the effect of the trans

former parameters on the inverter output voltage maybe significant. 

• It may also be advantageous to investigate other control methods such as fuzzy logic 

and neural network based controllers for determining the inverter switching times. 

• An experimental verification of the compensation systems and the control method 

investigated in this work is recommended. 
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Appendix A 

Simulation Models 

The simulation results presented in this thesis were obtained with the aid of Matlab (ver

sion 6) and Simulink (version 4). The models were constructed using the control systems 

and simulink toolboxes as well as the power system block set. The resulting system mod

els are stiff and hence require integro-differential equation solvers suitable for stiff sys

tems. ODE 23tb, a variable step continuous solver was found to result in the convergence 

of the solution with minimum simulation time. 

Since the models required elements from the simulink and power systems block set, Con

trolled voltage and current sources were used to interface between simulink signals and 

Power system blocks signals. Voltage and current measurement blocks were used to 

sense power system voltages and current for input into simulink and control system tools 

for the necessary control actions. 
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A.l Active filter Inverter 
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Fig A. I: Model of the active filter inverter control (Active filter subsystem) 
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A.2 Supply and Passive filters 

Fig A.2: Three-phase supply (voltage sources subsystem) 

5th 7th 11th 

Fig A.3: The series passive filter subsystem 
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Fig A.4: The shunt passive filter subsystem 
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A.3 Load 
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Fig A.5: The voltage source non-linear load (VSNL) subsystem 
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Fig A.6: The current source non-linear load (CSNL) subsystem 
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A.4 Harmonic current extraction 

Fig A.7: Harmonic current extraction unit 

Fig A.8: abc-to-dq transformation block - subsystem of the harmonic current extraction 

unit 

valpha_2 valpha 

ref_angllbeta_2t---~vbeta 

c 
:\!fJPh_beta1 Subsystem 

Fig A.9: dq-to-abc transformation block - subsystem of the harmonic current extraction 

unit 
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A.5 Distortion voltage extraction 

rtf 

Fig A.lO: Distortion voltage extraction subsystem 

A.6 Compensation systems 

The four compensation system models were constructed using the various subsystems in 

a modular setup. The active filters are shown in Fig A.ll-A.14, only in phase a to avoid 

clutter in the figures. The result of the simulation are written to the matlab workspace us

ing the "to workspace block" where calculations and fft analysis are carried out and the 

results plotted where appropriate. "Goto and from" blocks are used to transfer data from 

one point in the subsystems to another to allow for modularity of the systems. 
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Fig A.ll: Type A Compensation System 
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Fig A.12: Type B Compensation System 
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Fig A.13: Type C Compensation System 
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Fig A.14: TypeD Compensation System 

159 



111 

In! 

2 

ln2 

3 

1113 

DC motor 

A.15: Separately excited DC motor load 
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A.16: PWM based Induction motor drive 
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AppendixB 

Matlab Programs 

B.l Basic fft function routine called by the programs 

function [mag, f]=specFFT(x,dt) 

% This function returns the magnitude and frequencies 

% of the sinusoidal signals that make up the function x. The function 

% x should have an even number of points. 

% Frequency (f) is in Hz. 

xfft = fft(x); 

N = length(xfft); 

mag = abs(xfft(l :((N/2)+1))); 

f = (O:(N/2))/(N*dt); 
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B.2 Main analysis and plot program 

%This program accepts the data written into the workspace by the simulink models and 

computes the frequency spectrum by calling the basic function "specFFT", plots the data 

and calculates the total harmonic distortion. 

dt=0.00001; %sampling frequency 

n=length(t); 

subplot(2, 1,1) 

plot(t,iload_a}; 

grid on 

subplot(2, 1 ,2) 

plot(t,ia) 

grid on 

figure 

[ll.A,freq 1]=specFFT(iload_a,dt); % load current analysis 

ILA=ILA *2/n; 

subplot(2, 1,1) 

plot(freq 1/60,1LA) 

grid on 

%axis([O 2000 0 40]) 

Thd=O; 

for f=37:24:10000 

Thd=Thd+ILA(O*ILA(O; 
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end 

Thd=sqrt(Thd)/(ILA(13)); 

disp('the load current thd is') 

disp([Thd]) 

% axis([O 2000 0 40]) 

[IAS,freq2]=specFFf(ia,dt); % source current analysis 

IAS=IAS*2/n; 

subplot(2, 1 ,2) 

plot(freq2/60,1AS) 

%axis([O 2000 0 40]) 

grid on 

Thd=O; 

for f=37:24: 10000 

Thd=Thd+IAS(f)*IAS(f); 

end 

Thd=sqrt(Thd)/(IAS(13)); 

disp('the source current thd is') 

disp([Thd]) 

figure 

subplot(2, 1,1) 

plot(t,va) 
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subplot(2, 1 ,2) 

plot(t,vload_a) 

figure 

[V AS,freq5]=specFFf(va,dt); %Source voltage analysis 

VAS=VAS*2/n; 

subplot(2,1 ,1) 

plot(freq5/60,VAS) 

grid on 

axis([O 1200 0 200]) 

Thd=O; 

for f=37:24: 10000 

Thd=Thd+ V AS(f)*V AS(f); 

end 

Thd=sqrt(Thd)/(V AS(13)); 

disp('the source voltage thd is') 

disp([Thd]) 

[V AL,pha,freq6]=specFFf(vload_a,dt); %Load voltage analysis 

V AL=V AL *2/n; 

subplot(2,1 ,2) 

plot(freq6/60,V AL) 

grid on 

axis([O 1200 0 200]) 
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Thd=O; 

for f=37:24: 10000 

Thd=Thd+ V AL(f)*V AL(f); 

end 

Thd=sqrt(Thd)/(V AL(13)); 

disp('the load voltage thd is') 

disp([Thd]) 

figure 

subplot(2, 1,1) 

plot( t,iload_a1) 

subplot(2, 1 ,2) 

plot(t,iload_a2) 

figure 

[IALl,freq6]=specFFT(iload_a1,dt); %VSNL load current analysis 

IAL1=IAL1 *2/n; 

subplot(2, 1,1) 

plot(freq6/60,IAL1) 

grid on 

axis([O 1200 0 200]) 

Thd=O; 

for f=37:24:10000 

Thd=Thd+IAL1 (f)*IAL1 (f); 
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end 

Thd=sqrt(Thd)/(IAL1(13)); 

disp('the thd of the VSNL is') 

disp([Thd]) 

[IAL2, freq6]=specFFT(iload_a2,dt); %CSNL load current analysis 

IAL2=1AL2*2/n; 

subplot(2, 1 ,2) 

plot(freq6/60,1AL2) 

grid on 

axis([O 1200 0 200]) 

Thd=O; 

for f=37:24:10000 

Thd=Thd+IAL2(t)*IAL2(t); 

end 

Thd=sqrt(Thd)/(IAL2( 13)); 

disp('the thd of the CSNL is') 

disp([Thd]) 

figure 

subplot(211) 

plot(t,ipat) 

subplot(212), plot(t,vs) 
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B. 3 Ratings evaluation program 

B.3.1 Type 1 rating 

%Series active filter rating for a reference load of 1p.u and sag of 0.3-0.7 %percent 

for s = 0.3:0.1:0.7 

sload=1; 

THD=0:100; 

safl=(s./(1 + THD/100)). *sload; 

plot(sload, THO) 

hold on 

xlabel('Total harmonic distortion, THD%') 

ylabel('series active compensator rating, per unit') 

grid on 

%title('increase of series compensator rating for a sag of 50% and various THD') 

end 

% Variation of series active filter rating for increasing load and a fixed THD of 50 per

cent 

for x=0.3:0.1:0.7 

sload=0:0.1: 1; 

THD=50; 

safl=(x./(1 + THD/100)). *sload; 

plot(sload,safl) 
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hold on 

xlabel('load rating') 

ylabel('series active compensator rating per unit') 

grid on 

%title('increase of series compensator rating for a sag of 50% and various THD') 

end 

B.3.2 Type 3 rating 

% This part calculates the rating of the active filter for increasing THO and a fixed refer

ence load of lp.u for various levels of passive filter compensation 

llh=l; 

for lr=0:0.2: 1; 

sload=1; 

THD=0:100; 

saf2=(((THD/100)*(1-Ir))./(1 + THD/100)). *sload; 

plot(THD,saf2) 

hold on 

end 

xlabel('Total harmonic distortion,%') 

ylabel('Active filter rating, pu') 

grid on 

figure 

168 



%This part calculates the rating of the active filter for increasing load %and total har

monic distortion. 

for Ir=O:O.l: 1 

sload::O:O.O 1:1; 

THD=50; 

saf2=(((THD/100)*(1-Ir))/(1+THD1100)).*sload; 

plot(sload,saf2) 

hold on 

end 

grid on 

xlabel('Load rating, pu') 

ylabel('Active filter rating, pu') 

B.3.3 Type 4 rating 

%This part calculates the shunt active filter rating for increasing THD and and a refer

ence load of 1 p.u 

for zr=O.O:O.l:0.7; 

THD=O:IOO; 

saf2=(THD/1 OO)*zr./( 1 + THD/1 00); 

plot(THD,saf2) 

hold on 

end 
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xlabel('total harmonic distortion,%') 

ylabel('shunt active filter rating, pu') 

grid on 

figure 

%This part computes the rating of the shunt active filter for a fixed THD and increasing 

load. 

for zr=O.O:O.l:0.5; 

TH0= 50; 

sload=O:O.Ol:l; 

saf2=((THD/100)*zr./(l+THD/100)).*sload; 

plot(sload,saf2) 

hold on 

end 

xlabel('Load rating, %') 

ylabel('Shunt active filter rating, pu') 

grid on 
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